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Preface

Electrochemistry now plays an important role in a vast number of fundamental research
and applied areas. These include, but are not limited to, the exploration of new inorganic
and organic compounds, biochemical and biological systems, corrosion, energy applica-
tions involving fuel cells and solar cells, and nanoscale investigations. There are many
excellent textbooks and monographs, which explain the fundamentals and theory of elec-
trochemistry. This handbook is not a textbook, however, but rather a source of electro-
chemical information, details of experimental considerations, representative calculations,
and illustrations of the possibilities available in electrochemical experimentation. It is
most closely allied with the textbook Electrochemical Methods: Fundamentals and
Applications by Allen J. Bard and Larry R. Faulkner, second edition.

The Handbook of Electrochemistry is divided into five parts: Fundamentals (Chapter 1),
Laboratory Practical (Chapters 2–10), Techniques (Chapters 11–14), Applications (Chapters
15–17), and Data (Chapters 18–20). Chapter 1 covers the fundamentals of electrochemistry
that are essential for everyone working in this field and sets the stage for the following 
19 chapters. Thus, Chapter 1 presents an overview of electrochemical conventions, terminol-
ogy, fundamental equations, electrochemical cells, experiments, literature, textbooks, and spe-
cialized books. Laboratory aspects of electrochemistry are emphasized in the following nine
chapters that include Practical Electrochemical Cells (Chapter 2), Solvents and Supporting
Electrolytes (Chapter 3), Reference Electrodes (Chapter 4), Solid Electrode Materials:
Pretreatment and Activation (Chapter 5), Ultramicroelectrodes (Chapter 6), Potentiometric
Ion-Selective Electrodes (Chapter 7), Chemically Modified Electrodes (Chapter 8),
Semiconductor Electrodes (Chapter 9), and Microelectrode Arrays (Chapter 10).
Electrochemical techniques covered in this handbook range from classical experiments
(Chapter 11) to Scanning Electrochemical Microscopy (SECM) (Chapter 12), Electro-
generated Chemiluminesence (Chapter 13), and Spectroelectrochemistry (Chapter 14).
These four chapters also include representative applications based on the method described.
Specific electrochemical applications based on the preceding chapters illustrate the impact
of electrochemistry in exploring diverse topics ranging from electrode kinetic determina-
tions (Chapter 15), unique aspects of metal deposition (Chapter 16) including micro- and
nanostructures, template deposition, and single particle deposition, and electrochemistry in
small places and at novel interfaces (Chapter 17) including biological cells, single molecule
electrochemistry, and electrochemistry at liquid/liquid interfaces. The remaining three
chapters provide useful electrochemical data and information involving electrode potentials
(Chapter 18), diffusion coefficients (Chapter 19), and methods used in measuring liquid-
junction potentials (Chapter 20). The majority of the chapters were supervised by a single
corresponding author. Exceptions to this are Chapters 6, Ultramicroelectrodes; Chapter 16,
Metal Deposition; and Chapter 17, Electrochemistry in Small Places and at Novel
Interfaces, where several authors contributed to different sections in a specific chapter.
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Fundamentals

Madalina Ciobanu, Jeremy P. Wilburn, 

Morgan L. Krim, and David E. Cliffel

Department of Chemistry, Vanderbilt University, 
Nashville, TN 37235, USA

1.1 CONVENTIONS IN ELECTROCHEMISTRY

The science of electrochemistry is concerned with electron transfer at the solution/elec-
trode interface. Most of the basic principles and relationships, however, were described
prior to the discovery of the electron by J. J. Thompson in 1893. In 1800, Alessandro Volta
invented the first battery, then known as a voltaic pile, by alternating stacks of copper and
zinc disks separated by paper soaked in acid solutions. With the discovery of a sustainable
source of electrical current, the stage was set for the rapid development of the area of sci-
ence now known as electrochemistry. By 1835, Michael Faraday had already defined the
anode, cathode, electrode, electrolyte, and ion: concepts without which any definitive
description of electrochemistry is virtually impossible.

The positive and negative mathematical convention for electrical charge is attributed to
Benjamin Franklin (1). Charles-François de Cisternay du Fay had earlier theorized the
existence of only two types of electrical charge. Du Fay had named the charge generated
by rubbing a glass rod as “vitreous,” while the equivalent charge generated by rubbing
amber, or resin, as “resinous.” Franklin, however, envisioned electrical charge as being
attributed to the level of a single invisible fluid present inside objects (i.e., a negatively
charged object had a lesser amount of this fluid and a positively charged one had an excess
amount). Franklin accordingly renamed resinous charge as negative and vitreous charge
positive, thereby establishing the convention that would eventually demand the electron to
be defined as a negative charge.

1.1.1 Potential conventions

Although the work of Faraday had established early on the relationship between the current
generated during electrolysis and the amount of generated species, the dependence of cell
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potential on the concentration of electroactive species remained theoretically elusive until
the advent of thermodynamics. Let us consider the following reduction reaction:

(1.1.1)

where O is the oxidized species, R is the reduced species, and n is the number of elec-
trons exchanged between O and R. The relationship between the concentration of oxi-
dized species [O], concentration of reduced species [R], and free energy (�G [J mol�1])
is given as

(1.1.2)

where R is the gas constant (8.3145 J mol�1 K�1) and T [K] is the temperature. The 
critical aspect of this equation is that the ratio of reduced to oxidized species can be
related to the Gibbs free energy change (�G), from which we can then derive the poten-
tial (E [V]):

(1.1.3)

Here E is the maximum potential between two electrodes, also known as the open-circuit
potential (OCP) or the equilibrium potential, which is present when no current is flowing
through the cell, and F is Faraday’s constant (1F � 96,485.3 C mol�1). If the reactant and
product have unit activity, and E is for the reaction in the direction of reduction (left to
right in equation (1.1.1)), then equation (1.1.3) can be written as

(1.1.4)

In this case, the potential is known as the standard electrode potential (E0 [V]) or the stan-
dard potential and it relates to the standard Gibbs free energy change (�G0 [J mol�1]). It
should be noted here that due to the minus sign in equation (1.1.4), all spontaneous reac-
tions (i.e., with �G0 � 0) will have a positive standard electrode potential (E0 � 0).

The mathematical expression describing the correlation between potential and concen-
tration for a cell reaction is a central tenant of electrochemistry and is known as the Nernst
equation (obtained by combining equations (1.1.2)–(1.1.4)):

(1.1.5)

In addition to the use of the standard potential (E0), reaction potentials may also be
reported with the convention of electromotive force (emf or E [V]). The convention of emf
was adopted to make the calculation of cell potentials, from the combination of two half-
reactions, more straightforward. For a reduction reaction, the standard potential and the
emf have the same value, while for the same reaction written in the direction of oxidation
(e.g., the reverse reaction), their signs are opposite. Using the example of a silver iodide
cell, consider the complete cell schematic:

(1.1.6)( ) ( )anode Ag Ag Ag cathode0 0→ + + →+ − −e e/electrolyte/AgI

E E
RT

nF
= +0 ln

O

[R]

[ ]

�G nFE0 0= −

�G nFE= −

� �G G RT= +0 ln
R

[O]

[ ]

O R+ −ne � 
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The calculation of cell potential for emf requires only the addition of the emf values for
each half-reaction, while the same cell potential calculation using standard potentials
requires the usage of the following convention:

(1.1.7)

The anode half-reaction can be written either as a reduction (equation (1.1.8)) or as an oxi-
dation (equation (1.1.9)):

(1.1.8)

(1.1.9)

The standard potential of the anodic oxidation reaction is given in equation (1.1.9), and
the standard potential of the cathodic reduction reaction is

(1.1.10)

First, we will use the emf convention. The anodic reaction is an oxidation, and therefore
the sign of the standard potential must be reversed to give the emf. For the cathodic reac-
tion, however, the reaction is a reduction, and therefore the emf is the same as the standard
potential. The cell emf would be given as

(1.1.11)

The same calculation for the standard potential convention would be

(1.1.12)

Therefore, the result is the same regardless of the convention used. We can also calculate
the standard free energy change for the net reaction by using equation (1.1.4):

(1.1.13)

The results from equations (1.1.12) and (1.1.13) indicate that this net reaction is not spon-
taneous; therefore it requires energy input in order to occur.

Each half-cell reaction has a specific standard potential reported as the potential of the
reduction reaction vs. the normal hydrogen electrode (NHE). In an electrochemical cell,
there is a half-cell corresponding to the working electrode (WE), where the reactions under
study take place, and a reference half-cell. Experimentally the cell potential is measured
as the difference between the potentials of the WE half-cell and the reference electrode/ref-
erence half-cell (see Chapter 4). The archetypal reference electrode is the NHE, also
known as the standard hydrogen electrode (SHE) and is defined, by convention, as 0.000
V for any temperature. Although the NHE is not typically encountered due to difficulty of
operation, all conventional electrodes are in turn referenced to this standard to define their
absolute potential (i.e., the Ag/AgCl, 3 M KCl reference has a potential of 203 mV vs. the
NHE). In practice, experimental results are either stated as being obtained vs. a specific
reference electrode, or converted to potentials vs. NHE.

Numerous tables exist referencing E0 values for the most typically encountered redox
reactions (see Chapter 18). Initially these tables were derived from thermodynamic data,

�G F0 11 0 951 91 76= − − = + −( ) ( . ) . V  kJ mol

E E E0 0 0 0 152 0 799 0 951cell cathode anode= − = − − = −. . . V  V  V

E E Ecell cathode anode= + = − + − = −0 152 0 799 0 951. ( . ) . V  V  V

AgI  I        V+ + = − =− −e E� Ag0 0 0 152. E

Ag   Ag        V,  V0 � + −+ = + = −e E 0 0 799 0 799. .E

Ag Ag0+ −+ = + = +e E�      V,  V0 0 799 0 799. .E

E E Ecell cathode anode
0 0 0= −
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and as the science has progressed these values have been confirmed in most cases via elec-
trochemical experimentation.

1.1.2 Current conventions

As previously mentioned, Faraday initially coined the expressions ion, anode, and cath-
ode. Faraday called the active species in his electrolysis experiments ions, using a Greek
word loosely translated as wanderer. Therefore, anodic currents are generated by species
(anions) diffusing (wandering) toward the anode and cathodic currents by those (cations)
diffusing toward the cathode. The anode and cathode are defined by convention, with the
anode always being the site of oxidation and the cathode the site of reduction. The math-
ematical signs of currents and potentials measured at the anode and cathode depend on the
type of electrochemical cell being investigated. There are two basic classifications: cells
are either galvanic, where reactions are spontaneous (such as batteries), or electrolytic
where a current or potential is applied to drive a chemical reaction (see Section 1.6).

Additionally, there are two conflicting conventions dictating the graphical depiction of
combined voltage/current plots, known as voltammograms (see Figure 1.1); both conven-
tions are currently found in the literature. In both conventions, the potential is plotted on the
x-axis and the current on the y-axis. In the older convention, known as the polarographic or
American convention, positive potentials lie to the left of the origin and cathodic current is
positive, while the International Union of Pure and Applied Chemistry (IUPAC) has
adopted the opposite convention, also known as the European convention, where positive
potentials are to the right of the origin, and anodic currents are positive. The American con-
vention (positive cathodic currents and negative potentials to the right) will be used
throughout this book, unless otherwise indicated.

1.2 TERMINOLOGY

The definitions provided here tend to follow the IUPAC instructions (2), where possible.
Additional explanations are present, as some terms have specific meanings in electro-
chemistry (3).

6 1. Fundamentals
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Figure 1.1 American (left) and IUPAC (right) voltammogram conventions.
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Anode: electrode where the oxidation takes place.
Auxiliary (Counter) Electrode (CE): electrode that helps pass the current flowing through
the cell; the current travels between the WE and CE; typically no processes of interest
(under study) occur at the surface of CE; example: Pt wire.
Battery: one or more galvanic cells.
Cathode: electrode where the reduction takes place.
Cell Potential (E [V]): the sum of electrical potentials within an electrochemical cell that
also accounts for all redox processes occurring at the electrodes.
Chronoamperometry: electrochemical methods that utilize a potential step and have the
output current readings vs. time.
Electrochemical Cell: device that involves the presence of faradaic currents as a result of
redox chemical reactions; it can be either a galvanic cell, when the reactions are sponta-
neous, or an electrolytic cell, when the reactions are non-spontaneous.
Electrochemical Mediator: the electrochemically active species with fast kinetics that will
undergo a reduction or an oxidation reaction at the electrode, thus yielding a faradaic cur-
rent that can give information about a kinetically slow process.
Electrode: it represents an electrical conductor/semiconductor in an electrochemical cell;
in electrochemistry, it is the conductive phase where the electron transfer occurs; it can be
an anode or a cathode.
Electrolytic Cell: energy-consuming device that converts electrical energy into chemical
energy; it consists of at least two electrodes and an electrolyte solution; cathode is nega-
tive as compared to the anode; example: electrolysis cell.
Equilibrium Potential (Eeq [V]): the potential associated with an electrode when all redox
processes are in equilibrium; the net current is zero under these conditions and the elec-
trode potential is given by the Nernst equation.
Faradaic: the multitude of processes involving redox chemical reactions.
Fuel Cell: device similar to a galvanic cell used for the conversion of chemical energy into
electricity, sustained by a continuous supply of chemical reactants from outside the cell;
example: H2–O2 cell.
Galvanic (Voltaic) Cell: self-powered device that produces electricity by means of chem-
ical energy; it is limited by the supply of the chemicals contained inside the device; it con-
sists of two electrodes (anode and cathode) and an electrolyte solution; the cathode is
positive as compared to the anode.
Half-cell: the anode or the cathode compartment of an electrochemical cell, including all
reactions that occur at that particular electrode.
Half-reaction: the redox reaction that occurs in one half-cell, either at the anode or at the
cathode.
Ideal Non-polarizable (Depolarized) Electrode: it is a type of electrode that does not
change its potential upon passage of current; example: reference electrode.
Ideal Polarizable (Polarized) Electrode (IPE): it is a type of electrode that exhibits a large
change in potential for an infinitesimal change in current; example: WE.
Interface (Junction): in an electrochemical cell, it represents the location where two dis-
tinct phases come in contact with each other: solid–liquid (electrode–solution), two liquids
of different concentrations and/or compositions (reference electrode–solution), etc.
Nernstian: a reversible redox process that follows equilibria equations.

1.2 Terminology 7
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Non-faradaic: processes that follow Ohm’s law; they are comprised of all processes that
occur at the electrode (excluding chemical reactions) and account for solution conductiv-
ity and capacitive charging.
Normal/Standard Hydrogen Electrode (NHE/SHE): it is the standard reference elec-
trode; all standard potentials are referred to NHE; its potential is by definition 0.000 V.
Oxidation: refers to the process in which a chemical species loses one or more electrons;
it is the reverse of the reduction.
Oxidized Species/Oxidizing Agent/Oxidant (O): the chemical species that undergoes the
reduction, enabling the oxidation of a different species.
Overpotential (��  [V]): deviation of the electrode/cell potential from its equilibrium value,
� � E – Eeq; it can be either positive or negative.
Potentiometry: electrochemical methods that utilize near zero currents and have the out-
put potential readings vs. time, using the Nernst equation to find analyte concentrations.
Redox: a process that involves both a reduction and an oxidation.
Redox Couple: the chemical species that has at least two oxidation states, and thus can act
either as the reduced or the oxidized species (depending on the oxidation state); example:
Fe3+/Fe2+.
Reduced Species/Reducing Agent/Reductant (R): the chemical species that undergoes the
oxidation, enabling the reduction of a different species.
Reduction: refers to the process in which a chemical species gains one or more electrons;
it is the reverse of the oxidation.
Reference Electrode (RE): electrode that can maintain a constant potential under chang-
ing experimental conditions; the WE potential is referenced vs. the RE potential; REs are
typically anodes in electrochemical cells; example: NHE.
Standard Reduction Potential (E0 [V vs. NHE]): is defined as the potential of the reduc-
tion half-reaction at the electrode, with respect to the NHE; each redox couple has a fixed
standard reduction potential.
Supporting Electrolyte: an ionic substance (typically a salt) that is present in a solution
to ensure its conductivity; example: KCl. The supporting electrolyte reduces the migra-
tion effects in the solution; it does not undergo redox chemistry, and thus its ions are
called spectator ions. Sometimes the supporting electrolyte is referred to simply as the
electrolyte.
Voltammetry: electrochemical methods that utilize a potential ramp (e.g., increase or
decrease with time) and have the output current vs. potential.
Working Electrode (WE) /Indicator Electrode: electrode where the redox processes under
study occur; WEs are typically cathodes; example: ion-selective electrode or noble metal.

1.3 FUNDAMENTAL EQUATIONS

The ability to predict how a system will behave under certain conditions is very important
for practicing electrochemists. In this regard, the fundamental equations described in this
section can be quite useful. Let us consider the case of a simple redox process:

(1.3.1)O R+ −ne �
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1.3.1 Nernst equation

The Nernst equation solves the potential of an electrochemical cell containing a reversible
system with fast kinetics and it is valid only at equilibrium and at the surface of the electrode:

(1.3.2)

(1.3.3)

where E0� [V] is the formal potential, E0 [V] is the standard potential, C* [mol L�1] is the
bulk concentration for the considered species, and a [mol L�1] is the activity. A common
assumption is to ignore the activity coefficients resulting in E0 � E0�. The formal potential
in equation (1.3.2) accounts for the activity coefficients for the species O and R. The val-
ues for the formal potential (see Chapter 18) are dependent upon the nature of both the sol-
vent and the supporting electrolyte. If we consider the reduction reaction for a platinum
solution (Pt2+) with a concentration of 1 mM at a solid platinum electrode:

(1.3.4)

then we are able to apply the Nernst equation to calculate the voltage drop across this sys-
tem; since the reduced form is a solid, it has unity activity; the activity for very dilute solu-
tions (1 mM) is the same as the concentration, so we can write

(1.3.5)

The standard electrode potential for platinum is 1.188 V and the temperature is 25 �C. The
voltage of this half-reaction is 1.1 V.

1.3.2 Equilibrium constant

The free energy change in the form of equation (1.1.4) can be related to the equilibrium
constant (K), assuming unit activity for electrons:

(1.3.6)

This relationship is an example of the power of electrochemistry. A single experimental
measurement, such as E0, can be used to directly calculate K. For example, a cell consisting
of a silver electrode and a silver electrode coated with solid silver iodide can be used to deter-
mine the solubility product (Ksp) of silver iodide. For the net chemical reaction of the cell:

(1.3.7)

since AgI is a solid, K becomes Ksp. Given that the cell potential is �0.951 V, that it is a
one electron reaction, and from equation (1.1.4):

(1.3.8)�G0  V  V= − − =( ) ( . ) ( . )1 0 951 0 951F F
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The value obtained for the change in free energy can be then substituted into equation
(1.3.6) and Ksp calculated for 25 �C as follows:

(1.3.9)

1.3.3 Mass-transfer limited current

The expression for the mass-transfer limited current il [A] is given by

(1.3.10)

where C [mol cm�3] represents the concentration of the electrochemically active species
that gets converted at the electrode; if the entire analyte gets converted, then C is equal to
the initial bulk concentration of the analyte, C*. If in equation (1.3.10) we know that the
analyte (C* � 20 mM) reacts completely at an electrode that has the area A � 0.1 cm2 in
a process that involves the transfer of n � 2 electrons, and that the solution is stirred in
such a manner that the mass-transfer coefficient m � 0.01 cm sec�1, we can then calculate
the value for the mass-transfer limiting current il � 4 mA.

1.3.4 Cottrell equation

The Cottrell equation is derived from Fick’s second law of diffusion (Section 1.5) and pre-
dicts the variation of the current in time, when a potential step is applied under conditions
of large overpotential. For this equation to be valid the current must be limited by diffu-
sion of the analyte to the electrode surface, and thus the solution has to be unstirred. The
overpotential at which the reaction is driven must be large enough to ensure the rapid
depletion of the electroactive species (O) at the electrode surface, such that the process
would be controlled by the diffusion to the electrode. This equation is most often applied
to potential step methods (e.g., chronoamperometry; see Chapter 11):

(1.3.11)

where DO [cm2 sec�1] is the diffusion coefficient for the species O, and A [cm2] is the elec-
trode area.

In an unperturbed solution, when a potential step is applied that causes a surface reac-
tion to occur, the current decays according to the Cottrell equation. One application is the
determination of the diffusion coefficient for an electrochemically active species O, with
the initial concentration of 0.1 M, that undergoes a single electron reduction at a 1 mm
diameter electrode. The current decays to a diffusion limited current of 68 �A after 2 sec.
When applying the Cottrell equation it is important to note that the concentration has to be
converted to mol cm�3 (in our case 0.1 M corresponds to 10�4 mol cm�3). The electrode
area is 7.85 	 10�3 cm2, and the value for the diffusion coefficient can be calculated as 
5 	 10�6 cm2 sec�1.
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1.3.5 Faraday’s law

Faraday’s law correlates the total charge, Q [C], passed through a cell to the amount of
product, N [mol]:

(1.3.12)

where F is Faraday’s constant, F � 96,485.3 C mol�1, and n is the number of electrons
transferred per mole of product. Faraday’s law can be used in many applications, such as
electrogravimetry (to find the amount of substance deposited at an electrode) and coulome-
try (to find the total amount of electricity required for complete electrolysis of a compound);
it can also be used for finding the number of electrons implicated in an electrolytic process.
In order to reduce one mole of a generic reactant according to equation (1.3.1) (n � 1), we
need to pass through the cell a total charge equal to 9.65 	 104 C.

When we pass a 2 A current for 3 h through a solution containing copper ions, we are
able to collect 7.11 g of pure copper. We can now find what was the oxidation state of the
copper ions in the initial solution. The total charge passed through the solution is 21,600 C.
Upon converting the mass of copper into moles (0.11 moles), we can use equation (1.3.12)
to find n � 2. Thus our starting solution contained Cu2+ ions.

1.4 FACTORS AFFECTING REACTION RATE AND CURRENT

1.4.1 Current, current density, and rate

In order to grasp what is taking place in an electrochemical reaction, the concept of cur-
rent and how the current changes when a stimulus is applied must be understood. The
current is equal to the change in charge with time, or

(1.4.1)

where i [A] is the faradaic current, t [sec] is the time, and Q [C] is the charge given by
Faraday’s law (equation (1.3.12)).

Chemical reactions can be either homogeneous or heterogeneous. The first type occurs
in a single phase, and its rate is uniform everywhere in the volume where it occurs:

(1.4.2)

Heterogeneous reactions occur at the electrode-solution interface, and they are character-
istic of electrochemistry. While the expression for the reaction rate is similar to equation
(1.4.2), it depends upon the area of the electrode, A [cm2], or the area of the phase bound-
ary where the reaction occurs:
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where j [A cm�2] is the current density. In order to compare processes that take place at elec-
trodes of varying size, the rate of reaction has to be normalized for the area of the electrode
(equation (1.4.3)). The size of the electrode is crucial to the amount of product created in a
bulk electrolysis experiment, for example. For a one electron reaction, with 0.1 moles of
reactant that gets converted into product for 1 h at an electrode of 1 cm2 area, we can calcu-
late the charge Q � 9.6 	 103 C, the current i � 2.7 A, and the current density j � 2.7 A cm�2.
From equation (1.4.3) we can then obtain the reaction rate: 28 �mol sec�1 cm�2.

There are four major factors that govern the reaction rate and current at electrodes: (i)
mass transfer to the electrode surface; (ii) kinetics of electron transfer; (iii) preceding and
ensuing reactions; (iv) surface reactions (adsorption). The slowest process will be the rate-
determining step. Let us consider the case of the simple reaction:

(1.4.4)

This reaction may be considered as a set of equilibria involved in the migration of the reac-
tant to the electrode, the reaction at the electrode, and the migration of the product away
from the electrode surface into the bulk of the solution (Figure 1.2).

For this reaction to proceed, O is required to move from the bulk solution near the elec-
trode surface. This aspect of the mechanism is related to mass transfer and is governed by
equations such as Fick’s laws of diffusion and Nernst–Planck. Mass transfer from the bulk
solution towards the electrode surface could limit the rate of the reaction (Section 1.5).

When all of the processes leading to the reaction are fast, this leaves the electron trans-
fer reaction as the limiting factor. The measurement of fast electron transfer rates is still
limited by the non-faradaic time constant for the electrode, � [sec]:

(1.4.5)

where Rs [�] is the solution resistance and Cd [F] is the double layer capacitance. In a
potential step experiment, if Rs � 1000 � and Cd � 10 �F, we can calculate the time con-
stant � � 10 msec. The double layer charging will be complete (95%) in a time frame equal
to 3� (30 msec for our example) (3). For the same type of potential step experiment, the
variation of the non-faradaic current, inf [A], in time, t [sec], is given by

(1.4.6)i
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Figure 1.2 Processes involved in an electrode reaction (adapted from reference (3), with permission).
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where E [V] is the magnitude of the potential step. The expression of the current from
equation (1.4.6) indicates that the reaction cannot proceed faster than �. One way to meas-
ure faster electron transfer kinetics is to increase the solution conductivity by lowering Rs.
In voltammetry/amperometry this is accomplished by using a three-electrode cell instead
of a two-electrode cell (Section 1.7).

In a potential sweep experiment (see Chapter 11) the output is the current, which
accounts for both the faradaic and non-faradaic processes. Since the scan rate, � [V sec�1]
is known, it is possible to calculate the non-faradaic current, inf [A]:

(1.4.7)

For an electrode with A � 0.2 cm2 and a capacitance of 15 �F cm�2, we can calculate 
Cd � 3 �F. If this electrode is employed in a potential sweep experiment where the scan rate
is 10 mV sec�1, then the corresponding non-faradaic current (equation (1.4.7)) is 30 nA.

The oxidized species from Figure 1.2 might undergo a chemical reaction preceding the
reaction at the electrode surface. The coupled preceding chemical equilibrium can have a
dramatic effect and is critical to understanding the system. If the electron transfer at the
electrode is fast while the preceding chemical equilibrium is slow, then the slow chemical
reaction is the rate-determining step and has the largest influence on the faradaic current.
Also, a similar examination of reactions that occur after a fast electron transfer may pro-
vide information about the system under study (see Chapter 15).

Reactions involving changes in the electrode surface also affect the rate of the reaction.
These reactions include adsorption, desorption, and crystallization. They are able to affect
the system by changing the electrolyte-electrode interface, and thereby changing the elec-
trochemical behavior of the electrode. When the electroactive species is directly adsorbed
onto the surface of an electrode, the effect of “pre-concentrating” the reactant species
makes them instantly available at the electrode. In a voltammetry experiment, this would
lead to a curve whose shape is not affected by diffusion (Chapter 11).

1.4.2 Reversibility

Reversibility is a key concept when dealing with electrochemical reaction mechanisms. An
electrochemical cell is considered chemically reversible if reversing the current through
the cell reverses the cell reaction and no new reactions or side products appear:

(1.4.8)

An electrochemical cell is considered chemically irreversible if reversing the current leads
to different electrode reactions and new side products. This is often the case if a solid falls
out of solution or a gas is produced, as the solid or gaseous product may not be available
to participate in the reverse reaction. When a solid zinc electrode is oxidized in an acidic
system with a platinum electrode the following two reactions take place:

(1.4.9)

(1.4.10)2 2 2H H  (Pt electrode)g
+ −+ →e ( )

Zn Zns( ) → ++ −2 2e

Sn Fe 2Fe Sn2 3 2 42+ + + ++ +�

i vCnf = d
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When this system is reversed, by the application of a potential with a greater magnitude
than the cell potential with the opposite bias, a different set of reactions occur, rendering
this system chemically irreversible:

(1.4.11)

(1.4.12)

The concept of thermodynamic reversibility is theoretical. It applies to adiabatic
changes, where the system is always at equilibrium. An infinitesimal change causes the
system to move in one particular direction, resulting in an infinitesimal response; the anal-
ogy in electrochemistry is that a small change in potential could result in the reversal of
the electrochemical process. In electrochemistry, the researcher is concerned with practi-
cal reversibility. In reality electrochemical processes occur at finite rates, and as long as
the experimental parameters are set in a manner that allows for the reversal of the reaction
to regenerate the original species, the processes are deemed practically reversible. For
these systems the Nernst equation (equation (1.3.2)) holds true at all times.

1.4.3 Kinetics

1.4.3.1 Overpotential

For a non-spontaneous cell reaction to occur, an overpotential, � [V], must be applied. The
extent to which the reaction is driven beyond the equilibrium potential, Eeq [V], is

(1.4.13)

In order to deposit a metal ion, such as Pt2+, from a solution at a certain rate, without con-
sideration of ion concentration and the surface effects at which the deposition occurs, an
application of a potential, i.e., E � 2 V, greater than the Eeq � 1.2 V, is necessary. In this
case � � 0.8 V.

1.4.3.2 Butler–Volmer Equation

The Butler–Volmer equation can be used to predict the current that results from an over-
potential when mass-transfer limitations are eliminated. Let us consider the case of a sim-
ple reduction reaction (Butler–Volmer always assumes that n � 1):

(1.4.14)

where kf [cm sec�1] and kb [cm sec�1] are the heterogeneous rate constants for the forward
reduction and backward oxidation electrode reactions, respectively. The final form of the
Butler–Volmer equation (equation (1.4.25)) predicts the current of a system as a function of
the overpotential in a well-stirred cell. The overall current, i [A], can be viewed as the dif-
ference of the cathodic (reduction) current, ic [A], and the anodic (oxidation) current, ia [A]:

(1.4.15)i i i= −c a

O Rf

b

+ −e
k

k
� ⇀��

↽ ���

� = −E Eeq

2 4 42 2H O O H  (Pt electrode)g→ + ++ −
( ) e
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Each of the currents is proportional to their corresponding heterogeneous rate constant:

(1.4.16)

(1.4.17)

where F is Faraday’s constant, A [cm2] is the area of the electrode, and Cj(x,t) [mol cm�3]
is the concentration of species j at the distance x [cm] from the electrode at the time t [sec].
Here we are considering reactions at the electrode surface, therefore x � 0. The forward
and reverse rate constants can be written as a function of the standard heterogeneous rate
constant, k0 [cm sec�1]:

(1.4.18)

(1.4.19)

where the coefficient f � F/(RT) and the transfer coefficient, �, is a dimensionless param-
eter with values between 0 and 1, and is often estimated to be 0.5.

By dividing the expressions for the rate constants from equations (1.4.18) and (1.4.19)
we obtain a relation that governs all models of electrode kinetics, not only for equilibrium
cases (3):

(1.4.20)

where k [J K�1] is Boltzmann’s constant.
By combining equations (1.4.15) – (1.4.19), the current of the reaction may be described

by the complete current–potential characteristic:

(1.4.21)

This equation is the basis for all accounts of heterogeneous electrode kinetics, including
the expression for the Butler–Volmer equation.

When an electrochemical cell is at equilibrium there is no net current, because the sys-
tem contains a cathodic current balanced by an equal and opposite anodic current:

(1.4.22)

where i0 [A] is the exchange current and can be written as

(1.4.23)

where Cj
* [mol cm�3] is the bulk concentration for the j species. The exchange current can

be derived experimentally from Tafel plots (Figure 1.3). Equation (1.4.23) can be used for
calculating the standard heterogeneous rate constant. If the exchange current is determined
to be 15 �A at a 1 mm2 electrode in a solution where the concentrations of both the oxi-
dized and reduced forms are 0.1 M, then k0 � 1.6 	 10�4 cm sec�1.

i FAk C C0
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From equations (1.4.21) and (1.4.23) we can obtain the current–overpotential equation:

(1.4.24)

where � [V] is the overpotential. With efficient mass transfer the concentrations of the
bulk solution and the solution at the electrode surface (x � 0) are equal and the current–
overpotential equation (equation (1.4.24)) reduces to the Butler–Volmer equation:

(1.4.25)

This equation can be used to predict the current when the mass-transfer limitation is elim-
inated. In a well-stirred solution diffusion to the electrode is no longer the limiting factor
in the experiment. In a cell at 25 �C, if � � 0.5 and i0 � 10 �A, for an overpotential of 200
mV the resultant current calculated with equation (1.4.25) is 0.49 mA.

1.4.3.3 Tafel equation

The Tafel equation links the applied overpotential to the current, i [A], that passes
through the circuit:

(1.4.26)

In equation (1.4.26), the y-axis intercept at no overpotential can be used to calculate the
exchange current, i0 [A]. Tafel equation can be written in a very simple form as

(1.4.27)

where a and b are constants that can be easily inferred from equation (1.4.26). A graphic
representation of log |i| vs. � is known as a Tafel plot. The utility of equation (1.4.27) is lim-
ited by the reverse reaction and diffusion. When the overpotentials are small (�50 mV), the
slope increases because the backward reaction becomes greater than 1% of the forward
reaction, changing the relative concentrations at the electrode surface (equation (1.4.24)).
When very large overpotentials (�few hundred mV) are applied, the slope of the line can
deviate below the prediction of the Tafel equation because of mass-transfer limitations.
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Figure 1.3 Tafel plot (adapted from reference (3), with permission).
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Tafel plots are composed of an anodic branch for positive overpotentials and a cathodic
branch for negative overpotentials. The slope of the linear region on the Tafel plot (between
50 mV and very large overpotentials) can be used to calculate �, the transfer coefficient:

(1.4.28)

(1.4.29)

If the slope is 8.46, then at 25 �C the transfer coefficient � � 0.5. Tafel plots can also be
used to calculate exchange current from the y-intercept of the Tafel regions. From Figure 1.3,
log |i0| � �5, and thus i0 � 10 �A.

1.5 EQUATIONS GOVERNING MODES OF MASS TRANSFER

Mass transfer can be accomplished in three different ways and/or a combination of these
modes: (a) migration—movement of charged particles in an electric field; (b) diffusion—
movement of species against a concentration gradient; (c) convection—movement of
species induced by stirring or density gradients. The more modes of mass transfer are pres-
ent concurrently, the more complicated the equations that describe them are.

1.5.1 Nernst–Planck equation

The Nernst–Planck equation below relates the unidirectional (x) flux of a species j to dif-
fusion, migration, and convection:

(1.5.1)

where Jj (x) [mol cm�2 sec�1] is a one-dimensional flux for species j at distance x [cm]
from the electrode; Dj [cm2 sec�1], zj, and Cj [mol cm�3] are the diffusion coefficient, the
charge, and the concentration for the species j, respectively; �(x) [cm sec�1] is the rate with
which a volume element moves in solution; �Cj(x)/�x is the concentration gradient; and
�φ(x)/�x is the potential gradient along the x-axis. In equation (1.5.1), the first term is con-
cerned with the diffusion and is, in fact, Fick’s first law (equation (1.5.2)), the second term
accounts for the migration of the species in the solution, and the last term represents the
convection of the solution.

1.5.2 Fick’s laws of diffusion

Fick proposed two laws of diffusion in solution. These equations describe the relation
between the flux of a substance and its concentration as a function of both time and position.
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The first law describes the flux of a species, O, as a function of the change in its concentra-
tion, CO [mol cm�3], with distance, x [cm], from an electrode, at a time t [sec]:

(1.5.2)

where JO(x,t) [mol cm�2 sec�1] is the flux of species O, and DO [cm2 sec�1] is the diffu-
sion coefficient. The second law relates the change in concentration with time to the
change in flux with position:

(1.5.3)

From the point of view of an experimentalist that has to interpret data, it is desirable to
reduce the complexity of the equations that govern the mass transfer. This can be accom-
plished by minimizing the effects of convection, for example, by using quiescent condi-
tions (not stirring). Migration can be reduced by adding a supporting electrolyte to the
solution to carry the current and to minimize Rs and (�φ/�x); the appropriate supporting
electrolyte should be inert and present in high concentration (ca. 100 times greater than the
concentration of the analyte).

Alternatively, the solution can be stirred so fast that the flux J becomes a function of
convection only. Under constant stirring,

(1.5.4)

where m [cm sec�1] is the mass-transfer coefficient, and it represents the speed with which
the species j gets at the surface of the electrode. Thus,

(1.5.5)

The flux can also be written as

(1.5.6)

where A is the area of the electrode. Since

(1.5.7)

we can combine equations (1.5.5)–(1.5.7) to get the expression for the mass-transfer lim-
iting current il [A],

(1.5.8)

The mass-transfer coefficient can be quantified for particular applications, such as the
rotating disk electrode (see Chapters 11 and 19):
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where � [sec�1] is the angular frequency of rotation and υ[cm2 sec�1] is the kinematic vis-
cosity; and for an ultramicroelectrode of radius r0, at steady state,

(1.5.10)

Mass transfer occurs before charge transfer (Figure 1.2), and we always have both
processes occurring. The slower of the two processes is the rate-limiting step. If the
applied potential has small values, then the charge transfer is going to be slow and will
become the limiting factor; in this case we can often totally neglect the contribution of the
mass transport. However, if the applied potential is high, then the charge transfer is very
fast, and the mass transfer is the rate-limiting step. At low potentials, we can write the fol-
lowing expression for the current:

(1.5.11)

where the reaction rate k (Section 1.4) has the same units as m. Whichever of the two is the
smallest governs the reaction. If k � m, we are kinetically limited and apply equation (1.5.11);
if k � m, then we are mass-transfer limited and apply equation (1.5.8).

The mass-transfer limiting current, which is by definition independent of potential, can
be also written as

(1.5.12)

where 	 [cm] is the thickness of the Nernst diffusion layer. The values for 	 are in the
range 10�3–10�1 cm (4). Equations (1.5.8) and (1.5.12) are practically the same because
m � D/	.

If the mass transfer is governed by diffusion, then

(1.5.13)

From equations (1.5.12) and (1.5.13), for a diffusion-controlled unidirectional process, the
current i will decrease with time, as shown by Cottrell equation:

(1.5.14)

Equation (1.5.13) enables the calculation of the period that takes for a molecule of analyte to
wander a certain distance. If the diffusion coefficient for the analyte is 5 	 10�6 cm2 sec�1,
then it will take 6.4 sec to wander 0.01 cm.

If in equation (1.5.14) we know that i � 1 mA, n � 1, D � 5 	 10�6 cm2 sec�1, A �
0.1 cm2, and 	 � 10 �m, then we are able to calculate C � 21 mM. Cottrell equation
enables many electrochemical techniques by relating the current in a directly proportional
manner to the concentration of the electrochemically active species.
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1.6 ELECTROCHEMICAL CELLS

Electrochemical cells (see Chapter 2) are divided into two sub-types, galvanic and elec-
trolytic. Galvanic cells are those whose reactions are spontaneous (�G � 0) when the
electrodes are connected via a conductor (i.e., a copper wire), while an electrolytic cell
requires a potential in excess of its OCP to be applied in order to drive an electrochemi-
cal process (e.g., non-spontaneous, �G 
 0). In order to better describe the composition
of an electrochemical cell, a notation system has been devised to represent both the indi-
vidual components of the cell and the phases in which they reside. A comma separates
components that exist within the same phase in this system, and phase boundaries are rep-
resented by a single slash mark. Phase boundaries that possess a potential that is consid-
ered to be a negligible component of the overall cell potential (i.e., a salt bridge) are
depicted with a double slash. The activities or concentrations of all species should also be
specified, and the cell is always written from the anode (at left) to the cathode (at right).
For example, a copper plating electrolytic cell comprised from copper and platinum elec-
trodes immersed in an aqueous solution containing H2SO4 and CuSO4 (Figure 1.4) would
be written as

(1.6.1)

If the cell contained two divided chambers linked by a KCl salt bridge, with the first con-
taining the platinum electrode in CuCl2 and the second containing the copper electrode in
HCl, it would then be written as

(1.6.2)

Electrolytic processes are used by the pharmaceutical industry (electrochemical synthe-
sis) and heavily by the metal-refining industry where they represent the only currently uti-
lized means of production of aluminum from alumina ore. These industrial electrolytic
processes, by some estimates, use a significant fraction of the electricity produced world-
wide today (5).

Cu/H //Cu /Pt+ +2

Cu Cu H SO Pt4
2/ , , /2+ + −
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Figure 1.4 An electrolytic electrochemical cell. (for colour version: see colour section at the end
of the book).
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The schematic depiction of Volta’s battery (Section 1.1), which is composed of stacked
copper and zinc disks separated by paper soaked in an acidic solution (Figure 1.5), could
be represented as

(1.6.3)

This is an example of a primary (non-rechargeable) cell. Other types of important galvanic
cells include secondary (rechargeable) cells and fuel cells. It should be noted that when a
secondary galvanic cell is being recharged, it becomes an electrolytic cell, because a
potential is being applied in order to reverse the direction of the spontaneous electro-
chemical reaction.

While it may suffice to describe the electrodes of a galvanic cell as simply an anode or
cathode, electrodes in electrolytic cells are called on to perform more specialized roles. In
order to differentiate the electrodes, they are labeled according to their specific role in the
cell: the working electrode (WE), the reference electrode (RE), and the counter electrode
(CE), also known as the auxiliary electrode. The use of these labels helps to avoid confu-
sion since in some experiments, where the direction of current flow reverses periodically,
the WE and CE alternate between acting as anode and cathode.

The WE, typically a cathode, is generally where the reaction of interest occurs. Typical
WEs (see Chapters 5 and 6) include the noble metals (especially gold and platinum), car-
bon (including pyrolytic carbon, glassy carbon, carbon paste, nanotubes, and vapor-
deposited diamond), liquid metals (mercury and its amalgams), and semiconductors
(indium-tin oxide, Si, see Chapter 9). WEs can be chemically modified (see Chapter 8) in
order to increase their sensitivities toward specific species (i.e., become chemical sensors)
or to decrease the potential required to drive a particular reaction (i.e., catalysis).

Regardless of whether an electrolytic cell is of the two-electrode or three-electrode con-
figuration, it must contain a reference electrode, typically classified as an anode. The RE
(see Chapter 4) is composed of a system of phases, which retain an essentially constant
composition, and therefore provides a stable potential by which the WE potential can be
monitored. The phases present in REs undergo reversible redox processes at a very high
rate, enabling them to rapidly adjust to changes in the solution’s ionic activity, but leaving
them sensitive to the passage of large current densities. For some systems, where there are
no major fluctuations of ionic activity, a noble metal electrode (e.g., a platinum wire) may

Zn/Zn Cu /Cu2 2+ +//
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Figure 1.5 A galvanic electrochemical cell. (for colour version: see colour section at the end of
the book).
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be substituted for the reference electrode. In this case, the substitute is referred to as a
quasi-reference electrode.

Since REs can be damaged by the presence of large current densities and may lose their
ideal non-polarizable behavior, a three-electrode configuration is often used. The third
electrode, called the CE/auxiliary electrode, is provided as a current sink to shunt excess
current away from the RE. The CE is generally chosen to be inert under the reaction con-
ditions (i.e., a large-area noble metal electrode such as platinum is common), and may be
placed in a separate cell joined by a sintered glass frit for experiments where very large
currents are generated.

1.7 CELL RESISTANCE; CAPACITANCE; UNCOMPENSATED RESISTANCE

Two types of current may flow in an electrochemical cell, faradaic and non-faradaic. All
currents that are created by the reduction and/or oxidation of chemical species in the cell
are termed faradaic currents. Faradaic currents may be described by the following equation:

(1.7.1)

where Q [C] is the charge, t [sec] is the time, n is the number of electrons transferred, F is
Faraday’s constant, and N is the number of moles reacted. All other current is deemed non-
faradaic in nature, and is directly related to Ohm’s law:

(1.7.2)

where i [A] is the current, V [V] is the potential, R [�] is the resistance, and Z [�] is the
impedance. While the resistance is applicable when considering Ohm’s law in an electri-
cal circuit, the application to an electrochemical cell requires the usage of impedance,
which includes elements of resistance and capacitance.

In order to describe the effects of resistance and electrode capacitance in electrochemi-
cal cells, it is useful to introduce the concept of the ideal polarizable electrode (IPE). The
IPE (Figure 1.6) is one that will not pass any charge across the solution/metal interface
when the potential across it is changed. The behavior of the IPE then mimics that of a
capacitor in an electrical circuit, with the one difference being that the capacitance of an
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Figure 1.6 The ideal polarizable electrode in theory (dashed line) and in practice (solid line).
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IPE will be dependent on the potential placed across it, while for a normal capacitor it will
not. In Figure 1.6 the dashed line depicts how close a real electrode can come to behaving
as an IPE over a limited potential range. Above and below that range, the real electrode
will begin to pass a charge. Therefore within that specific potential range, the real elec-
trode will mimic the IPE and behave as a capacitor.

The electrode/solution interface itself is thought of as an electrical double layer com-
posed of the electrical charge at the surface of the electrode itself and the charge of the ions
disbursed in the solution at a small distance from the electrode surface. This double layer
is formed when a potential is applied to the electrode and causes a charging current (non-
faradaic current) to pass through the cell. The solution half of the double layer can be
thought of as being made up of distinct sub-layers (Figure 1.7). The first layer consists of
solvent molecules and specifically adsorbed (desolvated) ions. The locus of the electrical
centers of this layer is termed the boundary of the inner Helmholtz plane (IHP) and lies at
a distance of 
1 from the electrode surface. The second layer consists of solvated ions.
Since these ions are completely surrounded by solvent molecules, they may approach no
closer than 
2 and the locus of the electrical charges from these ions is known as the outer
Helmholtz plane (OHP). Ions that remain solvated are termed non-specifically adsorbed,
and may only approach up to the OHP. The interactions of non-specifically adsorbed ions
with the electrode surface only involve long-range electrostatics and are independent of
chemical properties. The ionic species in this plane are less compact than the IHP and are
disbursed in a three-dimensional region called the diffuse layer, which extends well into
the bulk of the solution.

During most electrochemical experiments, only the reaction occurring at one electrode,
usually the WE, is of interest. In these cases, an IPE is paired with an electrode whose
behavior approaches that of an ideal non-polarizable electrode (e.g., an RE). When the
potential is measured between the WE (IPE) and the RE, there will be a voltage drop
observed that is equivalent to iRs, as given by Ohm’s law:

(1.7.3)V iR iR= = s

1.7 Cell Resistance; Capacitance; Uncompensated Resistance 23

Figure 1.7 The electrical double layer (adapted from reference (3), with permission). (for colour
version: see colour section at the end of the book).
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where i [A] is the current passing through the cell and Rs [�] is the solution resistance. For
systems where iRs is small (� 1–2 mV) a two-electrode system may be used. If iRs is larger,
a two-electrode cell may still be used, but it will require a smaller current. The usage of an
ultramicroelectrode (UME, Chapter 6), with diameter �50 �m, will result in a drastic
decrease in current. Currents measured in systems with UMEs are typically in the nA–pA
(10�9–10�12 A) range. Therefore, with a UME even non-polar solvents can be utilized
without breaking the 2 mV barrier (Rs of 2 MΩ and i of 1 nA give 2 mV of potential drop).

For cases where iRs cannot be kept below 2 mV, a three-electrode cell must be used.
Usually potentiometric applications employ two-electrode cells, whereas three-electrode
cells improve results for voltammetry and amperometry. The third electrode is a CE and is
used as a current sink for the cell (Figure 1.8). In the three-electrode cell, the majority of
the current passes between the WE and the CE, which lowers the potential drop resulting
from iRs measured between the RE and the WE, but does not completely eliminate it. If
the cell is pictured as a potentiometer (Figure 1.9), the solution resistance (Rs) can be split
into two components, termed the compensated resistance (Rc) and the uncompensated
resistance (Ru), one of which (Rc) can be eliminated from the measurement based on the
positioning of the RE. By positioning the RE as close as possible to the WE, a majority of
Rs can be eliminated. In some cases (e.g., where an organic solvent is used) the total resis-
tivity of the solution cannot be minimized sufficiently through the placement of the RE,
due to the low conductivity (i.e., higher Rs) of the solvent itself. In these cases ultramicro-
electrodes are generally required, since their very much smaller area greatly reduces the
current, which reduces the overall value of iRs.

24 1. Fundamentals

Figure 1.8 Schematic representation of two-electrode (left) and three-electrode (right) electro-
chemical cells. (for colour version: see colour section at the end of the book).

Figure 1.9 Schematic representation of an electrochemical cell as a potentiostat.
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1.8 OVERVIEW OF ELECTROCHEMICAL EXPERIMENTS

The electrochemical techniques can be divided into two major groups: static (i � 0) and
dynamic (i � 0) (6). Potentiometry is a static method, and it measures the rest potential vs.
time; the most common applications in potentiometry are the use of ion-selective elec-
trodes and pH meters. The dynamic methods comprise mostly all the other electrochemi-
cal techniques (3). Table 1.1 lists the most commonly used methods among this group.

1.9 ELECTROCHEMISTRY LITERATURE; TEXTBOOKS; 

SPECIALIZED BOOKS

The scope of this book is to outline the basic theories and concepts that may be encoun-
tered by a researcher in the course of basic electrochemical experimentation. This section

1.9 Electrochemistry Literature; Textbooks; Specialized Books 25

Chronoamperometry;
Amperometry Double Potential 

Step Chronoamperometry

Potential Chronocoulometry; Double Potential Step
Step Chronocoulometry

Sampled Current Voltammetry; Differential Pulse
Voltammetry; Square Wave Voltammetry

Stationary
Linear Scan Voltammetry

Controlled Cyclic Voltammetry
Potential Stirred Solution/

Flow Cell
Potential Voltammetry

Hydro-
Rotating Disk Electrode;

Sweep
dynamic

Rotating Ring-Disk
Electrode

Anodic Stripping Voltammetry
(Stationary/Hydrodynamic)

Constant Bulk Stirred Solution
Potential Electrolysis Flow Electrolysis

Constant-Current
Linearly Increasing Current

Controlled
Chronopotentiometry

Current Reversal
Current Cyclic

Coulometry Coulometric Titrations

Electrolysis

Controlled Charge Charge Step Coulostatic Methods

Impedance ac Voltammetry (ac Polarography)
Techniques Electrochemical Impedance Spectroscopy

TABLE 1.1

General classification of electrochemical dynamic methods
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aims to serve as an introduction to a few of the types of literature (published in English)
that may be relied upon to provide additional assistance to those researchers. There are a
few key scientific journals that focus exclusively on electrochemistry, and those will be
listed here along with their publishers. Also included are publications that, while not exclu-
sively focusing on electrochemistry, often include significant articles on the science.
Additionally, there is a well-established pool of review series and more specialized texts
that give a far more in-depth consideration of specific electrochemical principles than is
the goal of this book. The lists here are intended as a starting place, and as always should
supplement, rather than replace, a search of current scientific literature.

1.9.1 Electrochemical journals

Analytical Chemistry (1947- ), ACS Publications.
Bioelectrochemistry (1974- ), Elsevier.
Electroanalysis (1989- ), Wiley.
Electrochemical and Solid State Letters (1998- ), The Electrochemical Society.
Electrochemistry Communications (1999- ), Elsevier.
Electrochimica Acta (1959- ), Elsevier.
Journal of the American Chemical Society (1879- ), ACS Publications.
Journal of Applied Electrochemistry (1971- ), Kluwer Academic Publishers.
Journal of Electroanalytical Chemistry and Interfacial Chemistry (1959–1992),
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2.1 MATERIALS

There are a variety of materials that can be used to make electrochemical cells. The most
common ones include glass (Pyrex and quartz), Teflon, Kel-F, and Nylon. A practical
consideration in selecting these materials is that the materials should be easily process-
able, inert to the electrochemical reactions, and cost-effective. For most electrochemical
reactions, a Pyrex glass cell is used because it is easy to make and glass is generally a
very low cost material. However, when the reaction involves media that are corrosive to
glass (e.g., high pH, hydrofluoride, etc.), Teflon, Kel-F, Nylon or other plastic materials
should be used instead. In the presence of some organic solvents, however, the plastic mate-
rials might decompose leading to contamination and hence interference in sensitive meas-
urements. It should also be noted that in the presence of some strong acids, sometimes
Nylon may not be stable and therefore glass should be the material of choice.

2.2 GENERAL CELL DESIGNS

The exact design of an electrochemical cell varies with the specific needs of an experiment.
On the laboratory scale, typically if the amount of analytes is not a concern, a 25–50 mL
cell (or even larger) can be used for the sake of convenience. With limited quantities of
samples, a solution volume of a few mL is reasonable. Even smaller volumes of sample
solutions (say, ��L) are also possible. However, in these cases, electrodes of ultrasmall
dimensions (UMES, see Chapter 6) will have to be used and aligned properly. Complication
in the current/potential measurements might occur as a result from solution resistance (see
Chapters 1 and 3) and heterogeneity of the electrolyte solutions. These may render data
analysis difficult and sometimes ambiguous.

In this chapter, we will describe several examples of electrochemical cell designs for a
variety of systems and applications in a research laboratory. It should be noted that the

© 2007 Elsevier B.V. All rights reserved.
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overview is not intended to be exhaustive. Rather, it provides some illustrating examples
where one may adapt or modify the fundamental principles for their specific needs. The
readers may refer to other reviews for more information (1).

2.2.1 Two-electrode cells

Two-electrode cells (see Chapter 1) consist of a working electrode and a reference elec-
trode. Since the potential of the working electrode is monitored relative to the reference
electrode, the potential of the reference electrode must be maintained at a constant value.
In other words, the reference electrode must behave as an ideal nonpolarized electrode
with current passing between working and reference electrodes. Classically, two-electrode
cells have been used in polarographic studies with a dropping mercury electrode (DME)
as the working electrode and a large mercury pool as the reference (Figure 2.1). These two
electrodes are aligned concentrically. Since the area of the pool is substantially large com-
pared to that of the DME electrode, the pool is considered unpolarized and hence a rea-
sonably good reference for potential control (though of an unknown potential). Another
issue that one has to bear in mind is the solution resistance (Rs) and consequently the iRs

drop. Typically in these polarograhic measurements, i � 10 �A and Rs � 100 � and hence
iRs � 1 mV, which is negligible. For more resistive systems such as nonaqueous media,
one can use a very small electrode (for instance, an ultramicroelectrode, see Chapter 6) to
keep a very low current profile, on the order of nA. With such a current scale, solution
resistance within the range of k� to M� can still be acceptable.

Two-electrode cells have also been used in measurements of the solid-state electronic
conductivity of nanoparticles and other materials. A typical cell is a concentric tubular
structure with an inner dimension on the order of a few mm where a pair of disk-shaped
electrodes can be plugged in and sandwich the electrolyte confined within a tubular inte-
rior (Figure 2.2). To maintain good contact between the electrode and the electrolyte, the
two electrodes have to be pressed in where the interelectrode distance can be accurately

34 2. Practical Electrochemical Cells

Figure 2.1 Two-electrode cell for polarography (2, 3).
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measured by a micrometer scale. Therefore, the cell materials should be able to sustain a
relatively high mechanical pressure. Materials with good mechanical toughness such as
Kel-F are generally a good choice; glass is generally too brittle, while Nylon and Telfon
are too soft. To maintain the electrode positions during experimental measurements, some
screw threads can be machined onto the electrodes and the interior of the electrochemical
cell such that hand tightening may be good enough to achieve a satisfactory contact
between the electrode and the electrolyte.

2.2.2 Three-electrode cells

Three-electrode cells (see Chapter 1) are the most commonly used setup in electrochemical
studies, especially when the cell resistance is relatively high. In this configuration, the poten-
tial of the working electrode is still monitored relative to the reference potential; however,
the current passes between the working electrode and a separate auxiliary (counter) elec-
trode. Since no (or little) current passes to the reference electrode (see Chapter 4), it
approaches ideal nonpolarizability and is hence a reliable reference for potential control.
Experimentally, the tip of the reference electrode is placed as close as possible to the work-
ing electrode in order to minimize (uncompensated) solution resistance where control of the
voltammetric current scale will also be critical, as mentioned above. The position of the ref-
erence tip should not interfere with the mass transfer of electrolyte species. Two typical con-
figurations are shown in Figure 2.3. Generally the cell constitutes three compartments that
can be separated by a glass frit with medium porosity (top panel). The glass frits are used to
reduce the interference of electrochemical reactions at the counter electrode and yet allow
electrical conductivity. Generally, the center compartment contains the supporting elec-
trolyte and the redox molecules, whereas in the two side compartments only the supporting
electrolyte is added. An additional opening can be added for degassing purposes (details
below). In cases where no substance is produced at the counter electrode via electrolysis that
can reach the working electrode, a frit separator is not necessary (bottom panel).

2.3 ELECTROCHEMICAL CELLS FOR SPECIFIC APPLICATONS

2.3.1 Flow-through cells

Flow-through cells involve a continuous feeding of sample solution and hence can be used
for real-time detection and monitoring. The exact configuration varies with the specific
needs of an experiment. Figure 2.4 shows some typical cell arrangements (e.g., thin-layer
cell (TLC) and wall-jet cell) and electrode geometries including tubular electrodes, planar

2.3 Electrochemical Cells for Specific Applicatons 35

Figure 2.2 Two-electrode cell for solid-state conductivity measurements. (for colour version: see
colour section at the end of the book).
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electrodes with parallel flow, planar electrodes with perpendicular flow, and wall-jet elec-
trodes. Flow cells can be in two- or three-electrode configurations.

Figure 2.5 shows a two-electrode flow cell with reticulated vitreous carbon (RVC) as
the working electrode. There are a wide variety of electrode materials for flow cell appli-
cations ranging from microconical platinum, to platinum grid, to gold micromesh, to
graphite packing, etc. In this configuration, the sample solution is fed through the cell
under a constant flow and a steady-state current is measured. It should be noted that here
the reference electrode is isolated from the sample solution by a cation-exchange mem-
brane and the internal filling solution is also replaced continually. The immediate advan-
tage of such a design is drastic simplification of instrumentation and accurate and precise
measurements of low concentrations of analytes.

36 2. Practical Electrochemical Cells

Counter

Working

Reference

Glass
Frits

Figure 2.3 Three-electrode electrochemical cells. Three-compartment cell with (top panel) and
without (bottom panel) glass frits (3, 4). (for colour version: see colour section at the end of the book).
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2.3 Electrochemical Cells for Specific Applicatons 37

Figure 2.4 Typical cell arrangements and electrode geometries for electrochemical flow cells. Top:
(A) thin-layer cell, (B) wall-jet cell. Bottom: Various electrode geometries: (a) tubular electrode, 
(b) planar electrode with parallel flow, (c) planar electrode with perpendicular flow, (d) wall-jet
electrode (5, 6).

Figure 2.5 Flow-through cell with RVC electrode and reference electrode. a, sample solution inlet;
b, sample solution outlet (Tygon); c, lead to reference electrode; d, O-ring; e, RVC electrode, one
disk shown; f, cation exchange membranes; g, reference solution inlet; h, reference solution outlet;
i, lead to working electrode (7).
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In a three-electrode configuration, the flow direction is typically parallel to the working
electrode surface; the working electrode is placed opposite to the auxiliary electrode in the
walls of the thin flow channel. Thus, the current density across the electrode is not signif-
icantly influenced by iR drop due to the low impedance between the electrodes. The per-
formance can be further enhanced by using parallel or series working electrodes, as shown
in Figure 2.6. Such flow cells can be used as detector cells in liquid chromatography
(Figure 2.7), where there can be at least two configurations: (a) the auxiliary and reference
electrodes can be placed downstream from the working electrode; (b) the working and
auxiliary electrodes are facing each other across the flow channel and the reference elec-
trode is placed downstream.

In other systems, the flow is perpendicular to and centered on the electrode surface. The
main advantage is to reduce the dead volume and enhance the mass transfer to the work-
ing electrode surface. An example is shown in Figure 2.8 and such a configuration has
been used as a detector in microbore chromatography. For bulk electrolysis, perpendicular
flow cells have also been used with a working electrode of large surface area (Figure 2.9).

Flow cells can also be equipped with dual working electrodes that serve as the genera-
tor and collector electrodes. The working principle is similar to that of a rotating ring-disk
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Figure 2.6 Cross-flow cell design with parallel or series working electrodes (8).
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Figure 2.7 Thin-layer LC detector cells. Left: Cell with auxiliary and reference electrodes in thin-
layer portion downstream from working electrode (9). Right: Cell with working and auxiliary elec-
trodes facing each other and reference electrode downstream in flow channel (10, 11).

Figure 2.8 Radial flow thin-layer electrochemical cell for microbore chromatography (8).
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Figure 2.9 Flow electrolytic cells. Left: cell utilizing glassy carbon granule working elect-
rode (k), silver auxiliary electrode (g), Ag/AgCl reference electrode (o, i) with porous glass 
separator (h). Other components are (a, c) lead for working electrode; (b) lead to auxiliary 
electrode; (d) solution outlet; (e) solution inlet; (f) glass or plastic tube; (j, p) porous carbon 
tube; (l) saturared KCl solution; (m) silicon rubber (12). Right: cells with reticulated vitreous 
carbon (RVC). (l): (a) RVC cylinder, (b) heat shrink tube, (c) graphite rid sidearm, (d) glass 
tube, (e) glass and epoxy support. (2) Schematic diagram of complete apparatus. (a) Solution
reservoir, (b) pump, (c) RVC electrode, (d) platinum electrode, (e) saturated calomel electrode
(SCE) reference electrode, (f) downstream reservoir, (g) run-over collector, (h) potentiostat,
(i) recorder, and (j) digital voltmeter (13, 14).
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electrode. A setup is shown in Figure 2.10 where the two electrodes are large beds of
glassy carbon particles.

It is anticipated that, in comparison with the two-electrode counterpart, the three-
electrode design will provide better control of electrode potential and voltammetric
detection in reaction media of high resistance and high currents.

2.3.2 Thin-layer cells (TLCs)

Thin-layer cells (TLCs) typically involve a micrometer-thick (2–100 �m) layer of elec-
trolyte solution that is confined at the electrode surface (the above-mentioned thin-layer
flow cell is one example). This confinement can be created by two working electrodes that
face each other (twin-electrode mode) or a working electrode facing a flat barrier (single-
electrode mode), as shown in Figure 2.11. Since the cell thickness is generally smaller than
the diffusion layer thickness, mass transfer within the layer can be ignored. Therefore, the
reaction is akin to bulk electrolysis, but within a confined interfacial environment. The
thickness of the solution layer can be accurately adjusted and measured by a micrometer
scale. For the twin-electrode (generator–collector) configuration, ideally, the two working

Figure 2.10 (a) Schematic representation of a dual-electrode flow cell. (b) Actual complete dual
electrode flow assembly. Solution flows by gravity from upper reservoir. For greater clarity, 
the “O-ring joint” portion of the cell with the dual working electrodes is shown in exploded form. 
A close-up view of this portion with the porous silver electrodes is shown in (c) (15, 16).
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electrodes are of the same geometric area and positioned concentrically facing each other.
The bottom electrode is embedded in the cell housing with the electrode surface at the
same level as the compartment bottom. The entire housing can be attached to the station-
ary end of a micrometer scale (by a set screw, for instance). The top electrode is attached
to the moving piston of the micrometer scale. A lid can be put on the cell chamber for
enclosure purpose. In the center there is an opening for the top working electrode and two
small holes are drilled for electrical contacts for the reference and counter electrodes (an
additional one can be made for deaerating purpose). It is important that the electrode sur-
faces are flat and ideally should parallel to each other. In addition, the thin-layer area is
generally kept much larger than that of the working electrodes to minimize mass transfer
effect from the edge. Since the counter electrode is generally placed outside the thin-layer
portion, a rather significant resistive drop may occur between the working electrode and
the counter electrode which may complicate the distributions of electrode potential and
current density.

42 2. Practical Electrochemical Cells

Figure 2.11 (a) Schematic diagram of a single-electrode thin-layer cell. (b) Micrometer, twin-
electrode thin-layer cell with adjustable solution layer thickness. (c) Close-up of electrode portion for
single-electrode configuration of (b). (d) Capillary-wire single electrode thin-layer electrode (17, 18).
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The cell can be made of Teflon, Kel-F, or Nylon with electrical contacts to the electrodes
achieved by set screws. This type of setup generally works very well for aqueous electro-
chemical systems. For volatile organic media, leaking and evaporation of solvents will be
an issue. One possible solution is to put the entire cell setup inside a housing container that
is saturated with the respective solvent.

2.3.3 Spectroelectrochemical cells

Spectroscopic measurements can be carried out concurrently with electrochemical control
(see Chapter 14), with each technique providing complementary information about the
chemical systems of interest. These studies mainly involve two modes, transmission and
reflection, and the measurements can be in situ or ex situ. In transmission experiments, the
typical setup involves a light beam passing through the working electrode. One can then,
for example, measure the optical absorbance as a function of electrochemical potentials.
Figure 2.12 shows one of these cells used in UV–vis measurements. One can also use a
quartz cuvette as the electrochemical cell inside which the three electrodes are placed.
Here the (quasi)reference and counter electrodes are placed at the corners of the cuvette
while the working electrode is typically made of materials of optical transparency so that
it will not interfere with the optical pathway. There are a variety of electrodes that are 
optically transparent, including indium-tin oxide (ITO), gold or platinum minigrids, and
ultrathin gold films (e.g., �50 nm) deposited onto a glass substrate. Figure 2.13 shows 
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Figure 2.12 (A) Cell for transmission spectroelectrochemistry involving semi-infinite linear dif-
fusion. Light beam passes along vertical axis (19). (B) Optically transparent thin-layer system:
front and side views. (a) Point of suction application in changing solutions; (b) Teflon tape spacers; 
(c) 1 � 3 in. microscope slides; (d) test solution; (e) gold minigrid, 1 cm height; (f) optical beam
axis; (g) reference and auxiliary electrodes; and (h) cup containing test solution (20, 21).
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Figure 2.13 Assembly of sandwich-type optically transparent electrochemical cell for EXAFS
spectroelectrochemistry (22).

a sandwich-type electrochemical cell for extended X-ray absorbance fine structure
(EXAFS) spectroelectrochemistry where the cell body is of MACOR and the working
electrode is RVC.

One may recognize that there exists a concentration gradient of the reaction product at
the electrode surface. This might complicate the quantitative spectroscopic evaluation. In
combination with the flow cells described above, one can design a spectroelectrochemical
flow cell for continuous monitoring of the sample solutions, where the concentration of the
electrogenerated species can be maintained uniform in the solution. The feeding of the
solution is through a thin channel between a working electrode and a counter electrode and
is controlled by an outside pump. Figure 2.14 depicts a representative stop-flow spectro-
electrochemical setup.

In the reflection mode, typically specular reflectance is measured on the electrode sur-
face. It is anticipated that the variation of the surface structure (e.g., surface adsorption,
phase transitions, etc.) will result in appreciable changes in the reflectivity properties. One
can thus correlate the structural characteristics gleaned from spectroscopic measurements
with electrochemical results. Figure 2.15 shows a cell assembly for internal reflection
spectroelectrochemistry. Several spectroscopic techniques have been used, such as
infrared, surface plasmon resonance, and X-ray based techniques (reflectivity, standing
wave, etc.). Figure 2.16 depicts a cell setup for (A) infrared spectroelectrochemistry (IR-
SEC) and (B) surface X-ray diffraction.
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Figure 2.14 A stopped-flow optical absorption cell equipped with two column-type cells for rapid
electrolysis. R, solution reservoir; DP, N2 gas bubbling; EC, electrochemical cell for flow electroly-
sis; M, mixer; FC, flow-type optical absorption cell; L, light beam; D, photodetector, CV, control
valve (23, 24).
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In these studies, generally a very thin layer of solution is used to cover the electrode sur-
face in order to minimize the reflective effect of the solvent and to make electrical con-
tacts. On top of this solution layer, a Mylar film is used to enclose the solution to prevent
solvent vaporization. The general principle of cell design is quite similar to that of TLCs
described above except that the top cover of the cells must be spectroscopically transpar-
ent (for instance, replaced by a Mylar film here).

Electrochemical measurements can also be coupled with mass spectrometry. Figure 2.17
shows a schematic diagram of the apparatus for differential electrochemical mass spec-
trometry (DEMS). Here the chamber connected directly to the electrochemical cell and the
mass spectrometer (MS) is pumped differentially by turbo pumps PA and PB. Electrolysis
products are passed into the ionization chamber (i), analyzed in the quadrapole mass filter
(ii), and detected with either a Faraday cup (iii) or electron multiplier (iv). Such DEMS
measurements can be used in situ to identify electrolysis products. This may lead to an
understanding of the electron-transfer reaction mechanism and optimization of the reac-
tion process.
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Figure 2.15 Cell assembly for internal reflection spectroelectrochemistry (25, 26).
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Electron paramagnetic resonance (EPR) spectroscopy has also been coupled with elec-
trochemical measurements where radical species are involved in the electrochemical reac-
tions. Figure 2.18 shows a cell for simultaneous electrochemical-EPR studies. The EPR
measurements can be ex situ where the radicals are formed outside of the spectrometer
(Figure 2.19). In addition, in combination with the flow cell design described above, one
can also use electrochemical-EPR technique to monitor the generation of free radicals in
a continuous stream of solutions (Figure 2.20).

2.3.4 Electrochemical cells for molten salts 

Molten salts (or ionic liquids) represent a unique class of electrochemical systems. These
materials may be corrosive, moisture- or oxygen-sensitive, and/or with a high melting tem-
perature. All these factors must be taken into account in the design of electrochemical cells
for molten salt research. Figure 2.21 depicts two gas-tight Pyrex glass electrochemical
cells for use with moderate-melting molten salts. Figure 2.22 demonstrates a setup for
high-melting molten salts. Typically, in these cell setups, additional provision must be
made for temperature measurements and control (through a thermocouple or thermistor).
More comprehensive reviews regarding cell designs for molten salts can be found in the
literature (37, 38).
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Figure 2.16 Spectroelectrochemical cells for (A) IR-SEC (27) and (B) X-ray diffraction experi-
ments. In (B) a single-crystal gold electrode is used with a thin layer of solution held between the
polypropylene window and the electrode. The window is held in place by an O-ring that clamps it
to the Kel-F cell body. A and C are electrolyte ports and B is the counter electrode (28).
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Figure 2.17 Top left: (a) schematic diagram of apparatus for DEMS. Right: (b) electrochemical cell
for on-line mass spectrometry with a porous electrode. Electrode show is Pt with Teflon (PTFE)-
treated glass frit (29). Bottom left: (c) electrochemical cell with a rotating cylinder electrode and
sampling with separate inlet to MS (30, 31).

Figure 2.18 Cells for simultaneous electrochemical-EPR experiments. (a) Flat cell with platinum
working and tungsten auxiliary electrodes for use in a rectangular cavity (32). (b) Cell with a heli-
cal gold working electrode (E) that forms the center conductor of a coaxial cylindrical microwave
cavity (G). A, auxiliary electrode lead; B, central platinum auxiliary electrode; C, Luggin capillary
for reference electrode; D, working electrode lead; F, quartz tube (33).
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2.3.5 Attachment to a vacuum line

For electrochemical systems that are sensitive to air and/or moisture, the cells are typically
attached to a vacuum line. Here the solution is bubbled with a dry inert gas of ultrahigh
purity (e.g., Ar, N2, etc.) to remove dissolved oxygen. The cell is then attached to a vacuum
line or introduced into a glove box to prevent back-contamination. Figure 2.23A shows a
simple vacuum cell that consists of two glass units with a three-electrode configuration,
which have been used extensively in preliminary work and for elevated-temperature
studies with molten scintillator dyes as solvents (39). Figure 2.23B depicts a similar vac-
uum cell but with several additional features including an attached sidearm chamber for
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Figure 2.19 Cell used for generation of radicals outside the spectrometer for EPR detection (34).
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freeze-pump-thaw cycles, a microelectrode as the working electrode and a macroeletrode
for bulk electrolysis (4, 42). For extremely air-sensitive compounds, one can add an inter-
nal Al2O3 drying column into the vacuum electrochemical cell.

For quantitative electrochemical studies, one would like to be able to adjust the solution
concentration. This can be achieved by using a cell shown in Figure 2.24 where one can
control the addition of a certain amount of solution by attaching to the electrochemical cell
a buret or a graduated ampule, for example.

Vacuum cells have also found use in spectroelectrochemical studies. Here, optically
transparent electrodes may have to be used. Figure 2.25 shows a schematic setup of a
vacuum spectroelectrochemcial cell that can be used in UV–vis spectral measurements,
for example. Attachments to a main vacuum line and a solution ampule can also be
accommodated.

2.4 ESTABLISHING AND MAINTAINING AN INERT ATMOSPHERE

In many electrochemical studies, an inert atmosphere is needed to prevent the interference
of the oxygen reaction at the electrode surface. Typically ultra-high-purity (UHP) nitrogen
or argon is used. Nitrogen is less expensive, whereas the density of argon is greater than that
of air and hence provides a better protection layer over the electrochemical solution. The
inert gas must be saturated with the pure solvent used in preparing the reaction solution

50 2. Practical Electrochemical Cells

Figure 2.20 EPR-electrochemical cells for flowing electrolysis: (a) gravity-flow system with inter-
nal generation; (b) recirculating electrolyte with external generation; (c) flow-mixing cell to study
kinetics of reactions with electrochemically generated radicals (35).
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Figure 2.21 Gas-tight Pyrex glass electrochemical cell for use with (A) moderate-melting molten
salts (35) and (B) gas-tight cell with a magnetically coupled drive for rotating-disk electrode voltam-
metry in moderate-melting salts (36).
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such that the loss of solvent during degassing can be minimized. This is particularly impor-
tant when dealing with volatile organic media. In practice, the solution is bubbled with the
inert gas for at least 20 min by inserting the tubing into the solution. Then the tubing is
withdrawn from the solution with a separation of a few mm above the solution surface. In
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Figure 2.22 Cell used for high-melting alkali metal fluorides: (A) tube with screw cap, (B) brass
head, (C) Viton O-ring, (D) cooling jacket, (E) Pyrex glass support tube, (F) cell body made from
nickel or Inconel, (G) stainless-steel conductor block, (H) graphite or tungsten cathode, (I) graphite
anode, (M) stainless steel tube, (N) Pyrex glass gas inlet tube, (O) ball joint, (P) vacuum valves (37).
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so doing, an inert atmosphere is maintained within the reaction compartment. One can
increase the efficiency of protection by reducing the exposure of the reaction compartment
to the outside atmosphere, for instance, by sealing the opening with parafilm or Teflon
tapes (but make sure to have a small leak so that pressure will not be built up inside the
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Figure 2.23 (A) Simple vacuum electrochemical cell that is suitable for direct freeze-pump-thaw
of the solution. It is very useful for rapid exploratory experiments under vacuum (40). (B) Vacuum
electrochemical cell with freeze-pump-thaw chamber (41).
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Figure 2.24 Vacuum electrochemical cell and assorted glassware that allows for concentration-
dependent electrochemical studies using a dropping mercury electrode (43).

Figure 2.25 Vacuum electrochemical cells (A) vacuum spectroelectrochemical cell that contains
an optically transparent thin-layer electrode (OTTLE) and (B) electrochemical cell assembly (44).
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reaction chamber). Another concern is the choice of tubing used in the setup. For aqueous
solutions, generally most synthetic tubings (Nylon, Teflon, etc.) are acceptable. For
organic solutions, care must be taken to make sure that the tubing is inert in the solvent to
prevent the interference in electrode reactions. This is particularly important in in situ
spectroscopic studies such as fluorescence or infrared measurements. Therefore, it is
always helpful if one can do a control experiment prior to any new setup.

REFERENCES

1. F. M. Hawkridge, in Laboratory Techniques in Electroanalytical Chemistry, 2nd ed., P. T. Kissinger,
W. R. Heineman, Eds., Marcel Dekker: New York, 1996.

2. L. Meites, Polarographic Techniques, 2nd ed., Wiley-Interscience: New York, 1965.
3. A. J. Bard, L. R. Faulkner, Electrochemical Methods, 2nd ed., John Wiley & Sons: New York,

2001, p. 26.
4. A. Demortier, A. J. Bard, J. Am. Chem. Soc. 95, 3495 (1973).
5. H. Gunasingham, B. Fleet, Electroanal. Chem. 16, 89 (1989).
6. A. J. Bard, L. R. Faulkner, Electrochemical Methods, 2nd ed., John Wiley & Sons: New York,

2001, p. 448.
7. W. J. Blaedel, J. Wang, Anal. Chem. 51, 799 (1979).
8. S. M. Lunte, C. E. Lunte, P. T. Kissinger, in Laboratory Techniques in Electroanalytical

Chemistry, 2nd ed., P. T. Kissinger, W. R. Heineman, Eds., Marcel Dekker: New York, 1996.
9. J. A. Wise, W. R. Heineman, P. T. Kissinger, Anal. Chim. Acta 172, 1 (1985).

10. Bioanalytical Systems, Inc.
11. A. J. Bard, L. R. Faulkner, Electrochemical Methods, 2nd ed., John Wiley & Sons: New York,

2001, p. 449.
12. T. Fujinaga, S. Kihara, CRC Crit. Rev. Anal. Chem. 6, 223 (1977).
13. A. N. Strohl, D. J. Curran, Anal. Chem. 51, 353 (1979).
14. A. J. Bard, L. R. Faulkner, Electrochemical Methods, 2nd ed., John Wiley & Sons: New York,

2001, p. 442.
15. J. V. Kenkel, A. J. Bard, J. Electroanal. Chem. 54, 47 (1974).
16. A. J. Bard, L. R. Faulkner, Electrochemical Methods, 2nd ed., John Wiley & Sons: New York,

2001, p. 447.
17. A. T. Hubbard, F. C. Anson, Electroanal. Chem. 4, 129 (1970).
18. A. J. Bard, L. R. Faulkner, Electrochemical Methods, 2nd ed., John Wiley & Sons: New York,

2001, p. 453.
19. N. Winograd, T. Kuwana, Electroanal. Chem. 7, 1 (1974).
20. W. R. Heinman, B. J. Norris, J. F. Goelz, Anal. Chem. 47, 79 (1975).
21. A. J. Bard, L. R. Faulkner, Electrochemical Methods, 2nd ed., John Wiley & Sons: New York,

2001, p. 681.
22. L. R. Sharp, W. R. Heineman, R. C. Elder, Chem. Rev. 19, 705 (1990).
23. M. Oyama, K. Nozaki, T. Nagaoka, S. Okazaki, Bull. Chem. Soc. Jpn. 63, 33 (1990).
24. M. Oyama, K. Nozaki, S. Okazaki, Anal. Chem. 63, 1387 (1991).
25. N. Winograd, T. Kuwana, J. Electroanal. Chem. 23, 333 (1969).
26. A. J. Bard, L. R. Faulkner, Electrochemical Methods, 2nd ed., John Wiley & Sons: New York,

2001, p. 694.
27. A. Bewick, K. Kunimatsu, B. S. Pons, J. W. Russel, J. Electroanal. Chem. 160, 47 (1984).
28. J. McBreen, in Physical Electrochemistry, I. Rubinstein, Ed., Marcel Dekker: New York, 1995,

Chap. 8.

References 55

Ch002.qxd  12/22/2006  10:45 AM  Page 55



29. B. Bittins-Cattaneo, E. Cattaneo, P. Konigshoven, W. Vielstich, Electroanal. Chem. 17, 181
(1991).

30. S. Wasmus, E. Cattaneo, W. Vielstich, Electrochim. Acta 35, 771 (1990).
31. A. J. Bard, L. R. Faulkner, Electrochemical Methods, 2nd ed., John Wiley & Sons: New York,

2001, p. 721.
32. I. B. Goldberg, A. J. Bard, J. Phys. Chem. 75, 3281 (1971).
33. R. D. Allendoerfer, G. A. Martinchek, S. Bruckenstein, Anal. Chem. 47, 890 (1975).
34. I. B. Goldberg, T. M. McKinney, in Laboratory Techniques in Electroanalytical Chemistry, 2nd

ed., P. T. Kissinger, W. R. Heineman, Eds., Marcel Dekker: New York, 1996.
35. C. L. Hussey, in Laboratory Techniques in Electroanalytical Chemistry, 2nd ed., P. T. Kissinger,

W. R. Heineman, Eds., Marcel Dekker: New York, 1996.
36. P. G. Zambonin, Anal. Chem. 41, 868 (1969).
37. S. H. White, in Molten Salt Techniques, D. G. Lovering, R. J. Gale, Eds., Plenum: New York,

1983, Vol. 1, Chap. 2.
38. F. Lantelme, D. Inman, D. G. Lovering, in Molten Salt Techniques, R. J. Gale, D. G. Lovering,

Eds., Plenum: New York, 1984, Vol. 2, Chap. 5.
39. C. P. Keszthelyi, A. J. Bard, J. Electrochem. Soc. 95, 2395 (1973).
40. N. E. Tokel, C. P. Keszthelyi, A. J. Bard, J. Am. Chem. Soc. 94, 4872 (1972).
41. V. Katovic, M. A. May, C. P. Keszthelyi, in Laboratory Techniques in Electroanalytical

Chemistry, 2nd ed., P. T. Kissinger, W. R. Heineman, Eds., Marcel Dekker: New York, 1996.
42. A. J. Bard, Pure. Appl. Chem. 25, 379 (1971).
43. J. L. Mills, R. Nelson, S. G. Shore, L. B. Anderson, Anal. Chem. 43, 157 (1971).
44. E. A. Blubaugh, L. M. Doane, Anal. Chem. 54, 329 (1982).

56 2. Practical Electrochemical Cells

Ch002.qxd  12/22/2006  10:45 AM  Page 56



– 3 –

Solvents and Supporting Electrolytes

Stephen Creager
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3.1 INTRODUCTION

All electrochemical reactions and phenomena occur in a medium, usually a solvent contain-
ing dissolved ions (often called the supporting electrolyte or just the electrolyte) which are
mobile and able to support current flow. The properties of this medium (which we will call
the solvent–electrolyte combination, or sometimes the electrolyte for short) are critically
important to any electrochemical experiment. A medium containing mobile ions must exist
between the electrodes in an electrochemical cell to allow for control and/or measurement of
the electrode potential in the cell, which is required in nearly all electrochemical experiments.
A medium with good solvating power is needed to dissolve reactants and products from the
electrode reaction, and one with reasonably low viscosity is often needed to allow for rapid
transport of reactants and products to and from electrodes. Finally, a medium with low reac-
tivity, or at least with a specific desired reactivity, is needed that will be compatible with oxi-
dizing and reducing electrodes and with reactive species which might be created at electrodes,
for any of a wide variety of reasons including analysis, synthesis, energy conversion, or sim-
ply the novelty of making a new species for the first time and studying its properties.

This chapter will focus on the properties of some solvent–electrolyte combinations that
are commonly used in electrochemical science. Many excellent reviews exist on the prop-
erties of solvents and solvent–electrolyte combinations for use as media for performing
electrochemical experiments (1–5) and we will not attempt to present a comprehensive
review of this material. Rather, we present a discussion focusing on some critical aspects of
solvent and electrolyte properties as they relate to electrochemical science, along with some
select data on particular solvent and electrolyte combinations that are commonly used. We
also include some suggested methods for purifying commonly used solvents and elec-
trolytes. Our purpose is to present a chapter that will provide the reader with some intuition
regarding the factors that can be important in selecting a suitable solvent–electrolyte com-
bination for a particular application or experiment, and some practical guidance for prepar-
ing and using selected solvents and electrolytes.

© 2007 Elsevier B.V. All rights reserved.
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3.2 ELECTROLYTE CONDUCTIVITY

One of the most important qualities that a medium must possess to be useful in electro-
chemical science is an ability to support current flow. Electrochemical reactions always
produce or consume ions at electrodes, and the electrolyte provides the pathway for ions
to flow between and among electrodes in the cell to maintain charge balance. The ability
of a phase to support current flow by motion of charged particles (ions in an electrolyte)
when an electric field exists within the phase is called the conductivity, usually abbrevi-
ated as �. Conductivity has units of ohm�1 cm�1, sometimes called siemens cm�1.
Conductivity is a property of a phase or material; for an electrolyte phase of uniform cross-
section of area A and length L, whose electrical resistance is R, the ionic conductivity is
given by � = (1/R)(L/A). Conductivity is the inverse of resistivity, usually abbreviated as �,
with units of ohm cm. Representative values for ionic conductivity for some commonly
used solvent–electrolyte combinations in electrochemistry are presented in Table 3.1.

A full consideration of all the factors affecting ionic conductivity in electrolytes is
beyond the scope of this chapter. Even so, it is worthwhile to consider, in a simplified way,
the factors affecting ionic conductivity to gain an understanding of how the conductivity of
various solvent–electrolyte combinations depends on the solvent and electrolyte properties.

Ionic conductivity in electrolytes depends on two main factors: (i) the concentration of
free charge carriers (ions) and (ii) the ability of the charge carriers (ions) to move in an
electric field. Obviously, charge carriers tend to be present at high concentration when the
concentration of dissolved salt in an electrolyte phase is high, and in general more con-
centrated salt solutions are expected to exhibit higher conductivities. This expectation is
generally true, and fails only at very high salt concentrations near the solubility limit
where the properties of electrolyte phases change drastically mainly due to the limited
availability of solvent. For example, the room-temperature ionic conductivity of an aque-
ous lithium chloride solution increases monotonically with concentration to reach a peak
value of 0.17 ohm�1 cm�1 for a 20 wt.% solution (approximately 5.3 M) but then decreases
to a value of 0.15 ohm�1 cm�1 for a 30 wt.% solution (approximately 8.3 M) (7). This fact
may be understood by noting that in a 30 wt.% aqueous lithium chloride solution there
are only 2.7 water molecules present for each ion which is not enough to form a proper
salvation shell for each ion. Also the viscosity of highly concentrated salt solutions can
be large, which can limit ion mobility and yield diminished conductivity.

Electrolytes may be broadly considered in two groups: the strong electrolytes and the
weak electrolytes. Strong electrolytes are electrolytes that are normally fully dissociated
into ions when dissolved. A good example is sodium chloride in water. Weak electrolytes
are electrolytes that normally exist in a partially dissociated state such that some portion,
often a large portion, of the dissolved electrolyte exists in an uncharged form, usually a
neutral molecule. A good example of a weak electrolyte is acetic acid in water. A 0.1 M
solution of acetic acid in water is only about 1% dissociated into protons and acetate ions,
with approximately 99% of the acetic acid being present as neutral molecules. This fact
makes the conductivity of an acetic acid solution much less than would be expected if one
assumed full dissociation of the acid into free protons and acetate ions. Normally, the elec-
trolytes chosen for making solvent–electrolyte combinations for use in electrochemical
experiments are strong electrolytes. All the electrolytes in Table 3.1 are strong electrolytes.
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One factor that can limit the free ion concentration in a strong electrolyte solution is ion
pairing, whereby free ions associate with ions of opposite charge to make electrically neu-
tral ion pairs that do not contribute to the conductivity. Ion pairing differs from the process
described above for weak electrolytes because the bonding in an ion pair is entirely elec-
trostatic, whereas that in most weak electrolytes involves formation of covalent molecular
bonds. Ion pairing may be understood as a competition between the energy of electrostatic
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Table 3.1

Selected ionic conductivity values for solvent–electrolyte combinations

Solvent Electrolyte Electrolyte Temperature Conductivity Reference
concentration (M) (�C) (ohm�1 cm�1)

Water HCl 6.0 25 0.84 (6)
Water HCl 1.0 25 0.33 (6)
Water HCl 0.1 25 0.039 (6)
Water H2SO4 0.53 25 0.21 (7)
Water H2SO4 0.10 25 0.048 (7)
Water KCl 1.05 25 0.11 (7)
Water KCl 0.1 25 0.013 (6)
Water LiClO4 0.1 25 0.0089 (6)

Acetonitrile TEAClO4 1.0 25 0.050 (8)
Acetonitrile TEAClO4 1.0 22 0.026 (9)
Acetonitrile TEAClO4 0.1 22 0.0084 (9)
Acetonitrile TEABF4 1.0 25 0.056 (8)
Acetonitrile TEAPF6 1.0 25 0.055 (8)
Acetonitrile TEACF3SO3 1.0 25 0.042 (8)
Acetonitrile TBAClO4 1.0 22 0.023 (9)
Acetonitrile TBAPF6 1.0 25 0.031 (8)
Acetonitrile LiPF6 1.0 25 0.050 (8)
Acetonitrile LiCF3SO3 1.0 25 0.0097 (8)

Dimethyl-
formamide TBABF4 1.0 25 0.0145 (10)
Propylene 
carbonate TBABF4 1.0 25 0.0074 (8)
Propylene 
carbonate TBAPF6 1.0 25 0.0061 (8)
Dichloro-
methane TBAClO4 1.0 22 0.0064 (9)
Dimethoxy-
ethane TBABF4 1.0 25 0.0044 (10)
Tetrahydro-
furan TBABF4 1.0 25 0.0027 (10)
Butyronitrile TBAPF6 0.3 25 0.0079 (11)
Dichloro-
methane TBAPF6 0.1 Ambient 0.0014 (12)
Trifluoro-
toluene TBAB(C6F5)4 0.1 Ambient 0.0013 (12)
Tetrahydro-
furan TBAPF6 0.1 Ambient 0.0005 (12)
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attraction of two oppositely charged ions toward each other, which serves to keep the ion pair
together, and the thermal energy in the medium, which serves to break the ion pair apart. A
full consideration of the theory of ion pairing is beyond the scope of this chapter and the
reader is referred to some excellent references for a more thorough treatment (13, 14). Even
so, it is useful to consider some predictions from theory regarding how ion pairing should
depend upon solvent and electrolyte properties. The Bjerrum theory of ion pairing, which is
the earliest and simplest such theory, predicts that ion pairing will be greatest when the salt
concentration is high, the salt ions are small and have high charge, the temperature is low,
and the solvent permittivity (dielectric constant) is low. These predictions are generally borne
out in experiments. For example, in a potassium chloride solution in water (dielectric con-
stant = 78) at ambient temperature the extent of ion pairing is reported to be so low as to be
undetectable, whereas in a 0.1 M solution of KCl in methanol solvent (dielectric constant =
32.6) approximately 32% of the KCl is reported to exist as K+Cl� ion pairs, and for a simi-
lar solution in acetic acid solvent (dielectric constant = 6.2) over 99.9% of the dissolved KCl
is reported to exist in an ion-paired state (14). In solvents of low dielectric constant the effect
can be particularly strong; for example, Koryta reports that a 3 � 10�5 M solution of
tetraisopentylammonium nitrate in water shows no evidence of ion pairing whereas in a sim-
ilar solution of dioxane, which has a dielectric constant of 2.2, the concentration of free
nitrate ions is reduced to the very low value of 8 � 10�12 M (14). In general, ion pairing may
be considered to occur to only a small extent in most aqueous electrolyte solutions, but it can
be quite substantial for electrolyte solutions in organic solvents with low dielectric constants,
e.g. free ions are thought to be nearly absent in electrolyte solutions in solvents with dielec-
tric constants below approximately 5 (14).

The ability of free ions to move in an electric field is described in terms of the ion mobil-
ity, abbreviated ui for an ion i. Ion mobility is the velocity that an ion attains per unit of
electric field. Considering an ion as a charged sphere and the solvent as a continuum fluid,
the ion mobility for an ion i is given by the equation ui = |zi|e/(6��ri) where z is the ion
charge, e the electronic charge, � the solvent viscosity, and r the ion radius. We see from
this equation that ion mobilities (and therefore electrolyte conductivities) are expected to
be highest for highly charged small ions in solvents of low viscosity. This is generally true,
and solvents of very high viscosity (e.g., dimethylsulfoxide (DMSO) and benzonitrile)
tend to be less widely used when rapid mass transfer is important.

An interesting trade-off arises when considering the effect of ion size on electrolyte con-
ductivity. Large ions would appear to be disfavored due to their low mobility. However,
large ions can sometimes be more easily solvated than small ions, especially in low-polarity
solvents for which ion solvation energies are likely to be low and salts of small, highly
charged ions are often insoluble. Salts of large ions are also less prone to undergo ion-pairing
interactions in such solvents. Thus, especially in low-polarity solvents, it is often necessary
to use salts of very large ions despite their low ion mobility.

3.3 CELLS, ELECTRODES, AND ELECTROLYTES

Current flow between electrodes in electrochemical cells occurs through the electrolyte phase
and is described in terms of a solution resistance for the electrolyte between the electrodes.
The magnitude of this resistance depends on the ionic conductivity of the electrolyte, as
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described above, and also on the geometric arrangement of electrodes in the cell. We consider
here the effect of electrode and cell geometry on the solution resistance in the cell.

The dependence of solution resistance on cell and electrode geometry is complicated for
the general case and requires integration over the full three-dimensional geometry of the cell
for a rigorous solution. Although such treatments are beyond the scope of this chapter, it is
useful to consider some limiting cases. Figure 3.1 presents two such cases: one for a disk
electrode embedded in an insulator and immersed in an electrolyte phase, and the other for
a pair of parallel planar electrodes with an electrolyte phase interposed between them. The
figure includes equations for estimating the solution resistance using only the electrolyte
conductivity and parameters relating to electrode size and spacing for the calculation.

Table 3.2 presents some calculated values of solution resistance for various combinations
of electrode size and spacing with reasonable assumptions for electrolyte conductivity. We
see that for the microdisk configuration solution, resistance increases with decreasing elec-
trode size, and that for the parallel planar electrode configuration, resistance decreases
with decreasing spacing. Calculations of this sort can be useful when trying to evaluate
ohmic losses associated with uncompensated solution resistance in cells in which a net
current flows. Ohmic losses are of approximate magnitude I � R where I is the cell cur-
rent and R the solution resistance. A more thorough treatment must consider how current
depends on electrode geometry, which is a rich subject that is considered in more depth in
Chapters 6, 11, and 19 of this handbook. For the present, we note only that ohmic losses
usually represent a source of error in attempts to control and/or measure the potential of a
working electrode relative to a reference electrode while current is flowing. It is usually
desirable to keep such losses as low as possible, and one way to achieve this is to use elec-
trolytes having conductivity as high as possible.
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Table 3.2

Calculated solution resistance values for microdisk and planar electrodes in contact
with electrolytes

Microdisk configuration Parallel plane configuration

rdisk (cm) Rsol (ohm)a dspace (cm) Rsol (ohm)a

1 5 10 200
0.1 50 1 20
0.01 500 0.1 2
0.001 5000 0.01 0.2
aSolution resistances were calculated assuming an electrolyte conductivity of 0.05 ohm�1 cm�1.

r = disk radius

Microdisk electrode:

L

Parallel planar electrodes:

A R = 
L
A

1
kR = 

1
k

1
4r

Figure 3.1 Relationships between solution resistance and cell geometry for two limiting cases of
electrodes in contact with electrolytes. (for colour version: see colour section at the end of the book).
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3.4 CELL TIME CONSTANTS

Simple electrochemical cells have characteristic time constants associated with them. The
cell time constant may be thought of as the time it takes for the electrical double layer at
a polarizable working electrode to be charged or discharged. A simple cell may be consid-
ered as a series combination of the solution resistance and a double-layer capacitance, and
the time constant for such a combination is simply the product of the resistance and the
capacitance. It is instructive to consider the magnitudes of cell time constants for some
simple cells in common electrolytes. Using the resistance values in Table 3.2 for microdisk
electrodes, and making the reasonable assumption that the specific capacitance of a work-
ing electrode is approximately 20 �F cm�2, we readily calculate that the time constant for
a 1 mm radius disk electrode in contact with a 0.05 ohm�1 cm�1 electrolyte is approxi-
mately 30 �sec, and that for a 10 �m radius disk electrode is approximately 0.3 �sec. These
values represent lower limits on the timescale over which methods involving current flow
at electrodes may be used to study dynamics associated with electrode reactions.

The use of solvent–electrolyte combinations having low ionic conductivity will result in
substantial increases in cell time constant. Thus, another reason for using electrolytes with
high conductivity is that doing so allows for more rapid control of applied potential at elec-
trodes, which allows for study of more rapid chemical dynamics in cell reactions.

3.5 SOLVENTS

Many organic liquids (in addition to water) have been used as solvents for electrochemical
experiments, and many excellent reviews exist on the properties of solvents and solvent–
electrolyte combinations for use as media for performing electrochemical experiments (1–5).
We will not attempt a comprehensive review of this collected material here. Rather, we
present a brief discussion of the solvent properties that are especially relevant for the use
of solvents in electrochemical experiments, followed by a discussion focusing on a few
solvents that are commonly used in electrochemistry.

There is no such thing as a “universal solvent” for electrochemistry, any more than there
is a universal solvent for any other type of chemistry. The solvent properties that are most
important are dictated by the application and can vary widely. Even so, it is possible to
focus on a few groups of solvent properties that are particularly important for applications
in electrochemistry. One important property is the ability of a solvent to dissolve and dis-
sociate salts to achieve a reasonably high ionic conductivity. We have seen that there are
problems associated with the use of solvents that do not have adequate ionic conductivity.
The ability of a solvent to dissolve and dissociate salt is in fact a special case of a more
general solvent property, which is the solvating power of the solvent. Except in special
cases such as electrodeposition or electrochemically induced precipitation, it is usually
desired that solvents solvate the reactants and products in electrochemical reactions.
Solvents are often chosen for their ability to do this.

The other general solvent property category that is often especially important in electro-
chemistry is reactivity, including acidity/basicity, nucleophilicity/electrophilicity, redox,
polarity, and many other types of reactivities which are limited only by the chemistry one
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is attempting to perform on the solvent. Susceptibility to oxidation or reduction is espe-
cially important in electrochemistry since the solvent is often in contact with electrodes
that are held at very oxidizing and/or reducing potentials, and at which highly oxidized
and/or reduced species are produced. Figure 3.2 presents a summary of selected potential
limits for some common combinations of solvent, electrolytes, and electrode. Other fac-
tors that can be important include liquid range, optical properties, volatility, toxicity, and
cost. Table 3.3 presents a summary of selected properties of a few commonly used solvents
in electrochemistry, and Figure 3.3 presents the structures of some of these solvents, grouped
so as to highlight the structural similarities between and among various solvents.

3.5.1 Protic solvents

The common protic solvents for electrochemistry are water and the lower alcohols such as
methanol and ethanol. All protic solvents are prone to proton reduction to yield hydrogen
gas, and they are used for reductive electrochemistry only with electrodes such as mercury
or carbon for which proton reduction is kinetically slow, or in circumstances where a
species of interest is added with the intent that it be protonated or that it reacts with sol-
vent in a desired way. Of course, much electrochemistry is performed in water due to its
ubiquity in the natural world and its excellence as a solvent for salts.
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Table 3.3

Properties of some commonly used solvents in electrochemistry (6)

Common Molecular Freezing Boiling Density Viscosity Dielectric Dipole 
name weight point (�C) point (�C) (g cm�3) (centipoise) constant moment

(g mol�1) (DC)

Water 18.02 0.0 100.0 0.997 0.890 80.1 1.85
Methanol (MeOH) 32.04 �97.5 64.6 0.79120 0.544 33.0 1.70
Acetone 58.08 �94.7 56.1 0.78525 0.306 21.0 2.88
Acetonitrile (AN) 41.05 �43.8 81.7 0.78620 0.369 36.6 3.92
Butyronitrile 69.11 �111.9 117.6 0.79420 0.553 24.8 3.9
Benzonitrile 103.12 �14.0 191.1 1.00915 1.267 25.9 4.18
Dichloromethane 84.93 �97.2 40.0 1.32720 0.413 8.93 1.6
N,N�-dimethyl-
formamide (DMF) 73.09 �60.5 153 0.94525 0.794 38.3 3.82
N-methyl-
pyrrolidinone 
(NMP) 99.13 �23.1 202 1.02325 – 32.6 4.1
�-Butyrolactone 86.09 �43.6 204 1.13020 – 39.0 4.27
1,2-dimethoxy-
ethane (glyme) 90.12 �69.2 84.5 0.86425 0.455 7.3 –
Tetrahydrofuran 
(THF) 72.11 �108.44 65 0.88325 0.456 7.52 1.75
Dimethylsulfoxide 
(DMSO) 78.13 17.89 189 1.10125 1.987 47.2 3.96
Sulfolane 120.17 27.6 287.3 1.27218 – 43.3 4.8
Propylene 
carbonate (PC) 102.09 �48.8 242 1.20520 – 66.14 4.9
Trifluoro-toluene 146.11 �29.0 102.1 1.18820 – 9.22 2.86

Note: Superscript numbers represents the temperature, in degree celsius, at which the density was measured.
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Figure 3.3 Structures of organic solvents commonly used in electrochemistry.
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3.5.2 Nitriles

The organic nitriles acetonitrile, butyronitrile, and benzonitrile are widely used in electro-
chemistry. They offer a quite favorable combination of good organic solvating power from
their hydrocarbon character, and high polarity from the polar nitrile group. The nitrile
group is not easily oxidized or reduced and nitriles are not strongly acidic or basic, which
gives them excellent stability under both oxidizing and reducing conductions in electro-
chemical cells. They are good general-purpose aprotic organic solvents for electrochem-
istry. Acetonitrile is also fully miscible with water, and can be useful for studies in which
a mixed solvent system is desired for solubility and/or reactivity reasons.

3.5.3 Halogenated organics

Halogenated organic solvents such as dichloromethane and dichloroethane, and in some
cases ortho-dichlorobenzene (e.g., fullerenes) and trifluorotoluene, have excellent sol-
vating power for a wide range of organic and organometallic compounds and, as such,
they have been widely used as electrochemical solvents. Their use has declined in recent
years due to concerns about their toxicity and the disposal of halogenated solvents,
which certainly limits their use in any large-scale application. Still, for research applica-
tions they present a good compromise between polarity and organic solvating power and
they are still widely used. Halogenated solvents will in general be subject to electro-
reduction, which can limit their use in situations involving generation of powerful reducing
agents or application of highly reducing potentials. They are good choices for oxidative
electrochemistry.

3.5.4 Amides

Organic amide solvents such as dimethylformamide (DMF) and N-methylpyrrolidinone
(NMP) are good choices when a polar, high-boiling solvent is desired. These solvents are
often useful for dissolving polar organic molecules that do not dissolve in water or in con-
ventional organic solvents. They are also often used to dissolve polar polymers, in part
because they can be heated to quite high temperatures before boiling. DMF can be diffi-
cult to purify since it decomposes slightly at its normal boiling point to produce small
amounts of dimethylamine. NMP is a cyclic analog of DMF that is a good all-purpose
polar organic solvent.

3.5.5 Sulfoxides and sulfones

Dimethylsulfoxide (DMSO) and sulfolane are also good choices when a polar, high-boiling
solvent is desired. DMSO has a quite high viscosity that limits transport rates and ionic
conductivities, but it is also quite polar and dissolves many salts and organic compounds
easily. Sulfolane is among the highest boiling organic solvents that can be used for elec-
trochemical studies, and is therefore useful for high-temperature electrochemical studies.
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3.5.6 Ethers, carbonates, lactone

Tetrahydrofuran (THF) and 1,2-dimethoxyethane (glyme) are the most commonly used
ether solvents in electrochemistry. They are very inert, especially toward reducing condi-
tions. They are fairly non-polar (low dielectric constants), which can make dissolving elec-
trolytes and achieving high conductivity in salt solutions in these solvents difficult.
Organic carbonates such as propylene carbonate (PC) and ethylene carbonate (EC), and
lactones such as �-butyrolactone are especially good choices for lithium salts such as
LiPF6, LiTriflate, and LiTFSI, which are all widely used in lithium battery technology.
They have not been widely used for other applications in electrochemistry but they should
be well suited for such applications.

3.6 SALTS

The number of salts that are widely used as supporting electrolytes in electrochemical
experiments is surprisingly small, considering how many salts are known. This is particu-
larly true of organic solvents, which are not normally considered as good solvents for salts
and for which salts must usually have substantial organic characteristics to be soluble. To
a certain extent, the anions and cations in such salts may be considered separately since
both species are generally stable and in most cases the anions and cations may be “mixed
and matched” to produce the desired salt.

Figure 3.4 presents structures of some cations and anions that are the components of com-
monly used salts for preparing organic electrolytes. By far, the most commonly used cations
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are the tetra-alkylammonium ions; their organic character combined with their relatively low
electroreductive reactivity makes them well suited for use in electrochemical experiments.
Tetraethylammonium (TEA) and tetrabutylammonium (TBA) ions are the most widely used.
There is more diversity among the anions. Perchlorates have been widely used in the past
but their use is discouraged today due to explosion hazard concerns. Tetrafluoroborate and
hexafluorophosphate salts are excellent replacements for perchlorates and are widely used.
Tetraphenylborate salts are also suitable, as are salts based on the tetrakis-(pentafluo-
rophenyl)borate anion which is an extremely unreactive, non-coordinating anion with good
solubility in low-reactivity solvents such as triflurotoluene (12). Finally, lithium salts of flu-
orosulfonates such as triflate, fluorosulfonimides such as bis[(trifluoromethyl)sulfonyl]imide
(TFSI), and borates such as bis-oxaloborate (BOB) are being developed for use in lithium
battery technology. These anions are attractive because they are resistant to electro-oxida-
tion and reduction and they dissolve in organic solvents to produce electrolytes with high
conductivity, which should make them useful in a variety of electrochemical experiments.

3.7 “EXOTIC” ELECTROLYTES

It is useful to compare the properties of the solvent–electrolyte systems we have consid-
ered so far with those of some more “exotic” electrolytes, meaning electrolytes with
unusual properties not found in conventional electrolytes. Table 3.4 presents a compilation
of ionic conductivities of some electrolytes that are extreme in some ways. The first four
entries illustrate that an otherwise conventional electrolyte, TBAPF6 in butyronitrile, can
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Table 3.4

Ionic conductivity values for some “exotic” electrolytes

Medium Electrolyte Electrolyte Temperature Conductivity Reference
concentration (M) (�C) (ohm�1 cm�1)

Butyronitrile TBAPF6 0.2 0 0.0033 (15)
Butyronitrile TBAPF6 0.2 �40 0.0016 (15)
Butyronitrile TBAPF6 0.2 �80 0.0004 (15)
Butyronitrile TBAPF6 0.2 �120 0.00002 (15)

Nafion 1100 EW Fluorosulfonate 1 (approx.) 25 0.06–0.08 (16, 17)
PC/EC/polyacryl LiTFSI, 5–15 wt.% 30 0.001–0.005 (18)
onitrile gel LiTriflate, LiPF6
Polyethylene-
glycol-
dimethylether
(350 MW) with 
fumed silica 
additive LiTFSI 1 (approx.) 30 0.0025 (19)
Polyethylene LiTFSI, 8–15 wt.% 50 0.0001–0.0002 (20)
oxide LiTriflate,

LiClO4
Imidazolium BF4/PF6/TFSI/ionic 3–6 Ambient 0.010–0.001 (21)
liquids
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be used at ultralow temperatures. Combinations of butyronitrile with various halogenated
organic solvents have been used to produce liquid electrolytes that can be used at temper-
atures as low as �160 �C (or 113 K) (15). Low-temperature electrochemistry can be use-
ful for a variety of purposes including slowing down very fast reactions to capture reactive
intermediates, measuring activation energies as part of a mechanistic study, or even for
studying phenomena such as magnetism or superconductivity that are manifested only at
very low temperature.

The next entry is for Nafion, a proton-conducting fluorosulfonic acid ionomer material
which in membrane form is widely used in PEM fuel-cell technology. The conductivity
value quoted is for a fully hydrated membrane at an ambient temperature. Note that the
conductivity is less than that of a comparable aqueous acid solution, for example 0.5 M
sulfuric acid, but by a factor of only 3–4. Heavily hydrated Nafion membranes contain a
lot of water, and consequently they behave a lot like aqueous acid solutions. The next three
entries are for various gel and solid-polymer electrolytes containing lithium salts. All these
material are membranes; some contain some potentially volatile solvents, while others do
not. Conductivities for these materials are low relative to true liquid solvents but they are
still well within the range of usable values for electrochemical experiments. The semi-solid
character of these materials, combined with their near-zero volatility (for solid-polymer
electrolytes which do not contain volatile solvents), makes them suitable for use under
high-vacuum conditions which makes them potentially useful for fabrication of electro-
chemical devices which are targeted for use in vacuum or under conditions which could
otherwise result in solvent loss by evaporation.

The last entry in Table 3.4 is for a series of room-temperature ionic liquids based on
combinations of imidazolium cations with hexafluorophosphate, tetrafluoroborate, and flu-
orosulfonimide anions. These materials are interesting because they contain only ions (e.g.,
no volatile or uncharged components). Room-temperature ionic liquids based on chloroa-
luminate anions with various organic cations have also been described (22). Conductivity
values are perhaps surprisingly low for these materials considering that they contain only
ions at relatively high concentrations. This fact probably reflects the relatively large size 
of the ions, the still somewhat high viscosity of the ionic liquids, and some degree of ion
association/pairing. Still, the low volatility, low reactivity, low water solubility, and rela-
tively high ionic conductivity of these ionic liquids make them attractive for use in elec-
trochemical studies where the complete absence of a volatile and/or reactive solvent is
desired.

3.8 PURIFICATION PROCEDURES FOR SOME COMMONLY USED

SOLVENTS IN ELECTROCHEMISTRY

It is difficult to generalize about the need for solvent and electrolyte purification or the best
procedures to follow in a particular application. Common impurities in nearly all organic
solvents and electrolytes are water and oxygen, which can be present in commercial mate-
rials in concentrations ranging from zero to a few millimolar depending on the source of
the material. The nature and amounts of other impurities are highly dependent on the par-
ticular material in question. In general, care should be taken to ensure that solvent and
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electrolytes are free from impurities when highly reactive species are being used or gener-
ated at electrodes which could react with impurities and/or when impurities in the solvent/
electrolyte could contaminate an electrogenerated product that is being collected. Problems
can be particularly acute when concentrations of electroactive species are low (e.g., less
than millimolar) since under such conditions, solvent and electrolyte impurities can be
present at concentrations greater than that of the component being studied. Whenever pos-
sible, the best policy is often to use solvents and electrolytes from commercial sources in
the best purity available, and to adopt additional purification procedures if initial experi-
ments suggest that the materials in as-received form are not adequate for the task in hand.

Many procedures for purifying solvents and electrolytes have been described in the
original literature. Some excellent compilations have also appeared; one that this author
has found to be particularly useful is “Purification of Laboratory Chemicals”, in the fifth
edition, by Armarego and Chai (23). This volume is an update of the volume of the same
name, originally authored by Perrin and Armarego (24). Many of the procedures described
below are summaries of the procedures that appear in this volume. The interested reader
is encouraged to consult the book by Armarego and Chai for further details and references
to the original literature.

3.8.1 Acetonitrile

Acetonitrile is available commercially in sufficiently high purity for routine applications.
Common contaminants in commercial acetonitrile are water, acetamide, ammonia, and
ammonium acetate. Removal of water by shaking with silica gel or 4 Å molecule sieves,
or with activated alumina (activated by heating at 250 �C for 4 h) is effective. Subsequent
treatment with calcium hydride until hydrogen evolution stops, followed by fractional dis-
tillation over calcium hydride, provides an acceptably pure solvent. Calcium sulfate and
calcium chloride are reported to be ineffective as drying agents for acetonitrile, and distil-
lation using phosphorous oxide (P2O5) as drying agent is discouraged because use of
excess P2O5 can cause formation of an orange polymer. Storage over activated 3 Å molec-
ular sieves is recommended to keep water levels low following purification.

3.8.2 Butyronitrile

Treatment with concentrated HCl is recommended to remove isonitriles, followed by 
drying over potassium carbonate and fractional distillation. Further drying over activated
alumina is effective for removing water.

3.8.3 Benzonitrile

The same treatment described above for butyronitrile is also effective for benzonitrile,
with the single difference that the fractional distillation is recommended to be performed
under reduced pressure (boiling point 69 �C/10 torr).
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3.8.4 Propylene carbonate

Common contaminants in commercial PC include propylene oxide, carbon dioxide,
propanediols, allyl alcohol, ethylene carbonate, and water. Purification may be accomplished
by percolation through 5 Å molecular sieves (activated by treatment at 350 �C for 14 h under
argon), followed by distillation under vacuum and storage under molecular sieves.

3.8.5 Dichloromethane

A rapid treatment involves reflux over solid calcium hydride followed by fractional distil-
lation and storage over 4 Å molecular sieves. A more comprehensive and effective proce-
dure involves treatment with concentrated H2SO4 until the acid layer remains colorless,
followed by washing with water, aqueous base (carbonate, bicarbonate, or hydroxide solu-
tion), and water again, followed by drying over CaCl2 and distillation over CaSO4, CaH2,
or P2O5, gives material of acceptable purity. Storage over 4 Å molecular sieves helps keep
water levels down. Dichloromethane should be stored in brown bottles to prevent photol-
ysis by ambient light.

3.8.6 Dimethylformamide

Dimethylformamide (DMF) decomposes slightly via a process which is catalyzed by strong
acids or bases, so such materials should be avoided during purification. A recommended pro-
cedure is to use a preliminary drying step with CaSO4, MgSO4, silica gel, or type 4 Å molec-
ular sieves, followed by vacuum distillation and storage over 3 or 4 Å molecular sieves.

3.9 PURIFICATION PROCEDURES FOR SOME COMMONLY USED 

SALTS IN ELECTROCHEMISTRY

Most of the following salts are available from commercial sources in the indicated form
and may be used as received for routine applications. The following purification proce-
dures are recommended when very pure materials, free from all undesirable impurities
including water, are needed.

3.9.1 Tetraethylammonium tetrafluoroborate

Recrystallization from a 5:1 mixture of ethyl acetate/hexane, or from methanol/diethyl
ether, followed by storage under vacuum at 95 �C for 48 h.

3.9.2 Tetraethylammonium tetraphenylborate

Recrystallization from aqueous acetone followed by drying at 60 �C under vacuum for 
several days.
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3.9.3 Tetraethylammonium hexafluorophosphate

Recrystallization from hot water.

3.9.4 Tetrabutylammonium tetrafluoroborate

Recrystallization from water or aqueous ethanol, or ethyl acetate/pentane, or pure ethyl
acetate with cooling in dry ice to induce precipitation, followed by drying at 80 �C under
vacuum.

3.9.5 Tetrabutylammonium hexafluorophosphate

Recrystallization from aqueous ethanol, or from absolute ethanol, followed by drying in
vacuum at 70 �C for 10 h.

3.9.6 Lithium perchlorate

Recrystallization from water or aqueous methanol, followed by heating at 170–180 �C in
an air oven (vacuum is also suitable) to remove waters of hydration. Subsequent crystal-
lization from acetonitrile is also suggested to improve purity.
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Reference Electrodes

Timothy J. Smith and Keith J. Stevenson

The University of Texas at Austin, USA

4.1 INTRODUCTION

The composition of a good reference electrode (RE) must remain effectively constant,
unvarying for the duration of an experiment, in order to provide a stable potential for
controlled regulation of the working electrode (WE) potential. The chosen RE should be
an ideal nonpolarizable electrode (1), i.e., its potential does not change regardless of
current flow through the RE. The reaction at the RE should be reversible, permitting a
potential to be calculated from the Nernst equation, as well as have the capability to
recover its potential after a current stress. This requires that the RE act as a source or a
sink for small currents due to imperfections in potentiostat or galvanostat design with-
out displaying a change in its potential throughout the duration of the experiment.

4.1.1 Selecting a reference electrode

Many considerations must be weighed in choosing a suitable RE for an experiment.
Proper experimental design must prevent incompatible species present in the electrolyte
from reacting with the RE materials. For instance, an ionic species with poor solubility
can precipitate in the frit, clogging the RE, and thus increasing the junction potential.
Additionally, species that are in the electrochemical cell can interfere with the perform-
ance of an RE by poisoning the controlling redox process (i.e., H2 catalysis), or increase
the solubility of the reference couple (i.e., Ag|AgCl). Cell conditions such as pressure
and temperature must also be considered in choosing the appropriate RE for a particular
experiment as the equilibrium of the redox couple is dependent on these parameters.
Time requirements can allow the use of a less robust RE, permitted that the RE is stable
over the duration of the measurement. One option that allows for flexibility in the selec-
tion of an RE is the incorporation of a double junction, or a salt bridge, to separate the
RE from the WE. Nonetheless, several different RE varieties are available for use in
electrochemical experiments. In the following, we describe common elements for the
construction of a stable RE and provide tips for their calibration and maintenance.
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4.1.2 Converting between aqueous potential scales

It is often useful to compare experimentally measured cell potentials. A useful conversion
chart is provided in Table 4.1 for conversions between reference scales.

4.2 BASIC COMPONENTS OF A REFERENCE ELECTRODE

All REs consist of four essential parts: body, top seal, junction, and active component of the
electrode. Many of these elements are interchangeable and can be tailored to meet a variety
of experimental conditions. However, the active component is what defines the reference
potential.

4.2.1 Body material

The material selected for the tube or body of the RE must withstand the usage require-
ments for the electrode as well as the fabrication process. This typically precludes the use
of plastics for most hydrogen electrodes as well as the use of glass (and Vycor) for extreme
alkaline or hydrofluoric acid (HF) solutions. Table 4.2 lists the general chemical stability
of some commonly used materials.

4.2.2 Top seal

The presence of a seal at the top of an RE will affect the performance of the RE in several
ways. An air-tight, leak-proof seal is used to retain H2 in some varieties of hydrogen elec-
trodes and can both reduce the flow of filling solution through the junction at the base of an
RE and eliminate filling solution evaporation. A leaky seal will have the opposite effect and
should only be used with saturated filling solutions.

(a) Platinum–glass seal. A platinum–glass seal (3) can be made using flint (soft) glass
and a propane torch. Borosilicate glass (i.e., Pyrex) used with platinum requires a
hotter flame and produces a poor seal. If required, this type of seal should be made
with assistance from an experienced glass blower. The platinum glass seal should be
leak proof. Two examples of this type of seal are shown in Figure 4.1A.

(b) Polymer cap. A polymer cap can be made using a metal wire that is force fit into a
machined piece of Teflon or other polymer where it can be fit to the inside diameter
(male cap) or outside diameter (female cap) of a glass or polymer body as shown in
Figure 4.1B. This type of seal can be made leak proof with the addition of an o-ring
to the Teflon end piece. Care must be taken so that high forces are not placed on the
inside diameter of a glass tube, due to the stresses that can be created from the cutting
of the tube. Fire polishing can create a poorly toleranced hole that is difficult to make
leak proof. For electrodes where a vent is required to produce a “leaky reference”
electrode, this type of seal can be made to meet these requirements. This type of seal
simplifies refilling the RE by functioning as a filling port.
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Table 4.1

Aqueous RE potential scale conversions

Electrode description Hydrogen Mercury Silver chloride

Calomel Sulfate Oxide

To convert From→To NHE or SCE SSCE NCE MSRE 1M Saturated 3M
SHE NaOH KCl/NaCl KCl/NaCl

Hydrogen NHE or 0 �0.241 �0.236 �0.280 �0.640 �0.098 �0.197 �0.209
SHE

Mercury Calomel SCE �0.241 0 �0.005 �0.039 �0.399 �0.143 �0.044 �0.032
SSCE �0.236 �0.005 0 �0.044 �0.404 �0.138 �0.039 �0.027
NCE �0.280 �0.039 �0.044 0 �0.360 �0.182 �0.083 �0.071

Sulfate MSRE �0.640 �0.399 �0.404 �0.360 0 �0.542 �0.443 �0.431
Oxide 1M NaOH �0.098 �0.143 �0.138 �0.182 �0.542 0 �0.099 �0.111

Silver chloride Saturated �0.197 �0.044 �0.039 �0.083 �0.443 �0.099 0 �0.012
KCl/NaCl
3M KCl/NaCl �0.209 �0.032 �0.027 �0.071 �0.431 �0.111 �0.012 0

NHE: Normal Hydrogen Electrode ( ); SHE: Standard Hydrogen Electrode ( ); SCE: Saturated Calomel Electrode (saturated KCl);
SSCE: Saturated Salt Calomel Electrode (saturated NaCl); NCE: Normal Calomel Electrode (1 M KCl); MSRE: Mercury(I) Sulfate Reference Electrode
(saturated K2SO4).
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Table 4.2

Solvent compatibility chart (2)

Body material Acids Bases Organics

Organic Inorganic Aromatics Ketones Aldehydes Ethers Amines Halogenated Aliphatic

Halogenated
Polytetrafluoro-ethylene PTFE A A A A A A A A A A

Teflon®

Perfluoro (ethylene-propylene) FEP A A A A A A A A A A
copolymer Teflon®

Polychlorotri-fluoroethylene PCTFE A A A A A A B A B A
Kel-F®

Fluoroelestomer Viton® B B B A C B C B B A
Polyolefins

Polypropylene PP B B A C B B C A B B
Polyethylene LDPE B B B C B B B B B B

HDPE B B B C B B B B B B
Polyacetal Delrin® C C C A A A A B B A

A: acceptable; B: not all members of class acceptable; C: not acceptable.
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(c) Wire–epoxy seal. The wire–epoxy seal, shown in Figure 4.1C, is a simple, quick, and
inexpensive seal for REs. This type of seal is leak proof, but concerns should be
raised about any volatiles emitted or leached from the epoxy that could be electro-
active or coat the active surface of the electrode. This seal can make changing the
filling solution difficult, requiring removal of the junction unless a filling port is 
built into the RE.

4.2.3 Junction (4)

The junction separates the internal filling solution of the RE from the external electrolyte
of the electrochemical cell. In some instances, no junction is used due to the similarity
between filling solution and the electrolyte in the electrochemical cell. In others, a double
junction is used to prevent mixing of incompatible species between the RE and electro-
chemical cell. Junctions are covered in more detail in Section 4.4.

(a) Vycor, polyethylene, or Teflon frit. The frit material can be sealed to the body material
with heat shrink tubing. The recovery temperature of the heat shrink must be low
enough that no damage is done to the frit material during the sealing process. This
type of junction is shown in Figure 4.2A.

(b) Ceramic junction. A ceramic frit can be sealed into a glass RE body using standard
glass blowing techniques. The ceramic must be held tightly in the glass with no
spaces on the sides of the ceramic, otherwise solutions will bypass the ceramic. This
type of junction, shown in Figure 4.2B, typically has a very low leak rate.

(c) Glass wool, cellulose pulp, or agar. Glass wool or other junction material can be
filled or wedged into a restricted end of the RE body as shown in Figure 4.2C. The
leak rate can be adjusted by changing both the type and the density of the material.
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A.  Platinum - glass seals
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Figure 4.1 Reference electrode top seal types: (A) platinum–glass seals; (B) polymer caps;
(C) wire–epoxy seal.
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(d) Platinum wire, quartz, or asbestos fiber. An imperfect seal (5) can be created
between the fiber or wire and the glass body of the RE. This serves as a leak through
which the filling solution can interact with the electrolyte of the electrochemical cell.
This type of junction is shown in Figure 4.3D.

(e) Cracked glass bead. Fusing a glass bead to a hole in a glass RE body using a torch,
and then initiating a crack at the interface, will create a cracked glass bead junction.
This type of junction is shown in Figure 4.2E.
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A.  Vycor, polyethylene, or teflon frit B.  Ceramic junction C.  Glass wool, cellulose pulp, or agar

D.  Platinum, quartz, or asbestos fiber E.  Cracked glass bead
F.  Luggin capillary

Figure 4.2 Reference electrode junction types: (A) Vycor, polyethylene, or Teflon frit; (B) ceramic
junction; (C) glass wool, cellulose oulp, or agar; (D) platinum, quartz, or asbestos fiber; (E) cracked
glass bead; (F) Luggin capillary.

CAUTION:
EXTREME HEAT

Hot air 

Rotate electrode Electrode Body

VariacHeat
shrink
tubing

Frit

Components
centered in coil

Coiled Nichrome resistance wire

A.  Heat gun with concentrator adapter B.  Nichrome resistance wire (powered with a variac)

Figure 4.3 Suggested methods to shrink heat shrink tubing: (A) heat gun with concentrator adapter;
(B) nichrome resistance wire (powered with a variac).
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(f) Luggin capillary. A Luggin capillary, shown in Figure 4.2F, can be constructed by
pulling a fine capillary at the end of a glass electrode body. The diameter of the cap-
illary will determine how fast the filling solution leaks out of the RE.

4.2.3.1 Sealing junctions to the RE body with heat shrink tubing

Heat shrink tubing can be recovered to its minimum diameter through the careful exposure
to heat. This can be accomplished with an oven, hot air gun, or a coil of nichrome wire. Care
must be taken so that the filling solution is not heated excessively as localized boiling could
occur, creating high pressure inside the electrode. Excessive heat can also cause the heat
shrink to become brittle, or melt the frit, closing the pores and destroying its functionality.
Several types of heat shrink tubing that are commercially available are listed in Table 4.3,
and methods to apply heat to shrink the tubing are shown in Figure 4.3.

4.2.4 Active component of RE

The active component of an RE defines the baseline potential that is developed by the 
RE. The details of this RE component are illustrated in Figure 4.4 and are discussed in the
following sections of this chapter.
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Figure 4.4 Reference electrode active component: (A) metal wire; (B) platinum flag; (C) metal
wire/sparingly soluble salt; (D) mercury/sparingly soluble mercury compound.

Table 4.3

Heat shrink recovery data

Heat shrink polymer Recovery temperature
± 5% (°C)

Teflon® (6) PTFE 340
FEP 190

Fluoroelastomer (7) Viton® 175
Polyolefin (6) Polyolefin 100
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4.3 ELECTRODE DETAILS AND FABRICATION

4.3.1 Hydrogen electrodes

Controlling redox process:

The Normal Hydrogen Electrode (NHE) or Standard Hydrogen Electrode (SHE) is the
standard reference point for standard electrochemical reduction potentials, with its poten-
tial, E°, assigned as 0.0000 volts (V) at all temperatures by convention. By definition, the
hydrogen must be at 1 atm pressure and the activity of hydronium ions equal to 1. These
requirements are difficult to attain experimentally, and lower concentrations of acid are
often used, as well as a slightly higher pressure of hydrogen gas, due to experimental
necessity. As such, the hydrogen RE deviates from the defined potential of 0.0000 V, but
is calculable using the Nernst equation, expressed in the following form:

(4.1)

(8) (4.2)

where h is the depth of delivery of the H2 supply to solution (in mm), Pbarometric the baromet-
ric (atmospheric) pressure (in atm), and the partial pressure of water vapor that can be
estimated for dilute solutions as the same as pure water. Values are listed in Table 4.4.

4.3.1.1 Active component for hydrogen electrodes

The active body of an NHE is typically a platinized platinum foil, but it can be any mate-
rial that catalyzes hydrogen. Other alternatives include platinized gold foil, palladized
gold, or platinum foils. Palladium is sometimes used for the catalyst due to the increased
ability of hydrogen to permeate into bulk palladium compared with platinum. This can be
advantageous since palladium can be presaturated with hydrogen prior to measurement,
removing the need for a hydrogen gas supply. Unplatinized platinum surfaces can be used,
but they remain active only for a short duration, typically a few hours. The platinum
deposit should not be too heavy, otherwise a sluggish electrode will result (10).
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Table 4.4

Partial pressure of water vapor from 0 to 100 °C (9)

t (°C) (atm) t (°C) (atm) t (°C) (atm)

0 6.0330 � 10�3 30 4.1900 � 10�2 70 0.30768
10 1.2120 � 10�2 40 7.2849 � 10�2 80 0.46754
20 2.3082 � 10�2 50 0.12183 90 0.69200
25 3.1276 � 10�2 60 0.19671 100 1

PH O2
1 10 3 10 4 10 1 10 7 108 4 7 3 5 2 4 3= × − × + × + × +− − − −( ) ( ) ( ) ( ) .t t t t × −

PH O2
PH O2

PH O2
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(a) Electrode preparation
Cleaning a platinum substrate (11). The platinum substrate is soaked in 50% aqua
regia (1:3 concentrated HNO3 � HCl) for several minutes, and then rinsed in dis-
tilled water. Next, it is placed in concentrated nitric acid for several minutes, and then
again washed in distilled water. Just prior to platinization, the platinum substrate is
cycled between �1.0 and 0 V (vs. NHE) in dilute sulfuric acid (~0.1 M).

Platinizing substrate. Several methods are available for platinization of electrodes.
The first two include lead in the recipe, the addition of which serves as an additive
that leads to a blacker deposit, and allows for good adhesion to the substrate. If lead
in the deposit is a problem, it can be removed (12) by soaking in an aerated 1 M per-
chloric acid solution for 24 h. The last method does not contain lead, and results in a
gray to golden deposit. Any of the three methods listed in Table 4.5 are acceptable
for hydrogen electrode fabrication.

(b) Storage
Platinized electrodes should be stored in distilled water and not left to sit in air as this
quickly destroys the catalytic activity and necessitates replatinization.

(c) Renewal
Platinized electrodes can be renewed by removal of previous platinization with 50%
aqua regia, followed by cleaning and fresh platinization as described above.

4.3.1.2 H2 purification and presaturation (16)

The purity of the hydrogen supply will affect the potential of the electrode by poisoning
the catalyst sites (CO and CO2) or changing the reactions taking place at the catalyst (O2).
Purification of an H2 supply can be accomplished with a series of filters, including O2 and
CO2 removal. A particle filter should also be included in the purification train.

(a) O2 removal
Recombination catalyst. A recombination catalyst is used to recombine O2 impurities
with H2 to form H2O. One example is the platinum catalyst that operates at room
temperature and is available commercially.
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Table 4.5

Platinization recipes

I II III

Chloroplatinic acid 0.072 M (3.5%) 0.072 M (3.5%) 0.042 M (2%)
Lead acetate trihydrate 1.3 � 10�4 1.3 � 10�4 –

M (0.005%) M (0.005%)
Hydrochloric acid – 2 M 2 M
Current density (mA/cm2) 30 30 10–20
Deposition time (min) 5 5 10–20
Deposit color Very black Very black Light gray

to golden
Reference Bates (13) Feltham and Hill and

Spiro (14) Ives (15)

Note: Stirring is required for all recipes.
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Sacrificial reduced metal. A sacrificial metal filler is oxidized in the presence of
oxygen, trapping the O2 as a solid metal oxide. Typically, these must be operated at
higher temperatures to promote faster kinetics, such as reduced copper that requires
an operating temperature of between 450 and 700 °C. An example configuration is
shown in Figure 4.5A.

(b) CO2 removal
The removal of CO2 from an H2 gas stream can be accomplished with a glass tube
packed with KOH pellets, as shown in Figure 4.5B. This works best if used after a
recombination-type O2 removal system because the H2O present in the effluent
increases the solubility of CO2 into the thin layer of water on the KOH pellets.

(c) Presaturation
If dry H2 is used for an RE, the bubbling gas will slowly increase the concentration
of the electrolyte due to the H2O that is dissolved in the exiting H2 stream. To mini-
mize this, the H2 gas stream can be presaturated prior to introduction into the RE by
bubbling it through a chamber filled with the same electrolyte as that in the electrode,
as shown in Figure 4.5C.

4.3.1.3 Normal Hydrogen Electrode (NHE) and Reversible Hydrogen Electrode (RHE)

(a) Filling solutions
NHE. By definition, the NHE should have a hydronium ion activity of unity, and a
partial pressure of hydrogen gas of 1 atm. Being experimentally difficult to attain,
other concentrations and pressures are typically used, and the potential is corrected for
these conditions using the equations listed above. Table 4.6 lists the activity of H� for
dilute HCl solutions at 25 ºC.

82 4. Reference Electrodes

H2

Copper Mesh

Reduced Copper
Heating
Shroud

Vitreous
Silica Tube

H2

H2

Glass Wool or 
metal mesh

H2

KOH pellets

H2

H2

Filling
solution

Glass
frit

A.  Sacrificial reduced metal (16)

B.  CO2 removal

C.  Presaturation

Figure 4.5 H2 purification and presaturation: (A) sacrificial reduced metal (16); (B) CO2 removal;
(C) presaturation.
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RHE. The RHE is assembled directly in an electrochemical cell, with the elec-
trolyte in the cell as the RE filling solution. This necessitates the calculation of the
potential from the Nernst equation using the pH of the cell solution and the applied
H2 partial pressure (Figure 4.6).

4.3.1.4 Convenient Hydrogen (CHE)/Self-Contained Hydrogen (SCHE) Electrodes

The Convenient Hydrogen Electrode (21) (CHE) or the Self-Contained Hydrogen
Electrode (22) (SCHE) is an RE with a hydrogen bubble contained within the electrode
body that replaces the hydrogen gas supply required for typical hydrogen REs. The thin
layer of solution drawn by capillary action onto the platinized electrode surface quickly
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Figure 4.6 Normal Hydrogen Electrode and Reversible Hydrogen Electrode designs (17):
(A) Hildebrand (18); (B) Pittman (17, 19).

Table 4.6

Mean molal activity coefficients of HCl(aq) at 25 ºC (20)

mHCl (mol/kg) �± bHCl (mol/kg) �±

0.001 0.9650 9.650 � 10�4 0.005 0.9280 4.640 � 10�3

0.002 0.9519 1.904 � 10�3 0.010 0.9040 9.040 � 10�3

a
H+a

H+
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saturates the active surface of the electrode with H2, mimicking the action of bubbling gas
near an electrode in the NHE. This electrode is stable for several weeks and is easily
refilled with hydrogen. This electrode makes no effort to exclude oxygen, so the potential
will deviate several millivolts from the NHE, requiring calibration with another RE. This
electrode is very useful for studies in acids, especially fuel cell studies, where counter ions
such as chloride can poison the catalyst being studied. One key advantage of a CHE is that
its size can be tailored to meet experimental requirements. The H2 can either be elec-
trolytically generated within the electrode or filled from an external H2 gas supply. Two
different CHE electrodes are shown in Figure 4.7.

(a) Electrode preparation
Platinization. Platinization should be carried out as described for the NHE, produc-
ing a light gray platinized surface.

(b) Filling solution (other filling solutions possible)
0.05–0.5 M H2SO4.
0.1–1 M NaOH.
Works best between pH 0–2 and 12–14; other pHs may need to be buffered to

increase the current sink/source capability of the RE.
(c) H2 filling

Hydrogen can be bubbled into the electrode with a Teflon or glass tube connected
to an H2 gas supply. Alternatively, making the CHE negative with respect to an
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Figure 4.7 Convenient Hydrogen Electrode.
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inert counter electrode (CE) can generate H2, taking care that the CE is sufficiently
separated from the CHE so as to prevent excess O2 from entering the electrode
body. During electrolytic hydrogen generation, any restrictive junction must be
removed from the electrode, due to the possibility of dangerous pressures being
created by the generation of gas in a confined space.

(d) Junction exceptions
In some experimental situations, no junction is used, especially with microscale REs
(�REs). When using the CHE in alkaline solutions of pH � 8, a VYCOR® frit can-
not be used, as it will dissolve.

4.3.1.5 Dynamic Hydrogen Reference Electrode (DHRE)

The Dynamic Hydrogen Reference Electrode (23) (DHRE) functions by producing 
H2 and O2 at a pair of electrodes, using the H2-producing electrode as a reference poten-
tial. This potential will deviate from the NHE due to the overpotential applied for the H2

generation. The electrode pair is vertically separated (1 cm) with the upper electrode pro-
ducing O2 (positive) with respect to the lower H2-producing electrode. The H2-producing
electrode is typically platinized, to reduce the overpotential required to produce a stable
potential. The electrodes can be microfabricated so long as the electrodes are separated
sufficiently to prevent diffusion of O2 from one electrode to the H2-producing electrode
within the experimental time frame. One type of DHRE is shown in Figure 4.8.
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(a) Active components. Two electrodes are required for this RE. The H2-generating elec-
trode should be platinized platinum, and the O2 can be any inert electrode, but is
often platinum. These electrodes can be reduced in size from the macroscale 1 cm2

platinum flag electrodes to UMEs. Care must be taken so that the O2 generated does
not readily diffuse to the H2 electrode, otherwise the potential will change.

(b) Platinization. Platinization should be carried out as with the NHE to produce either
a thin light gray coating or a thick black coating.

(c) Power circuit. The DHRE requires a constant-current power supply to support the
electrolysis of both O2 and H2. Care should be taken that the current does not devi-
ate during the experiment, otherwise the reference potential will drift. A stable DC
power supply capable of delivering 1–10 mA/cm2 of constant current (see below)
should be used to prevent drift. With a 1 mA/cm2 current source (Figure 4.9A), the
potential should stabilize after approximately 20 min to the H2 reference potential.
To reduce the time required for stabilization, a switch can be used (Figure 4.9B) that
first supplies 10 mA/cm2 current for 10 min, and then can be switched to 1 mA/cm2

current for constant operation during the electrochemical experiment.

4.3.2 Mercury electrodes (24)

Mercury REs are formed with mercury in its purified, liquid form, along with a spar-
ingly soluble mercury salt (i.e., mercury(I) chloride, mercury(I) sulfate, or mercury(II)
oxide). Because mercury is easy to purify through distillation, it is easy to reuse and
forms a consistent surface, adding to the ability to create REs repeatedly. Due to envi-
ronmental concerns, mercury electrodes are less favored today. Two modern styles of
mercury REs are shown in Figure 4.10.

(a) Hg purification
Mercury is available in �99.9999% purity levels commercially, removing the need
for purification in the laboratory as was required in the past.

(b) Glass considerations
The glass in the mercury-containing portion of the RE should be made hydrophobic,
thus eliminating solvent entrapment on the sides of the mercury and the possibility of
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Figure 4.9 DHRE power supply circuits: (A) power supply I; (B) power supply II.
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producing a sluggish or erratic RE. This treatment can cause problems with a platinum
glass seal requiring an alternate electrode design or in the least care should be taken
so that the glass in the vicinity of the platinum wire or at a Pt/glass seal is not treated.

Hydrophobic glass treatment. Clean dry glass should be heated to 100 °C, before
being filled with 1% Dow-Corning Silicone Fluid No. 200 in CCl4. The glass should
then be emptied, drained, and baked at 300 °C for 2 h, before being thoroughly
extracted with CCl4 to remove any unbonded silicone (25). Other commercial treat-
ment procedures are available.

4.3.2.1 Saturated Calomel Electrode (SCE)

Controlling redox process:

Mercury|mercury(I) chloride (also mercurous chloride or calomel), abbreviated as
Saturated Calomel Electrode (SCE), is the most widely used mercury RE (26). The prepa-
ration of this electrode, especially the purity of the mercury and the method of addition of
mercury(I) chloride to the mercury, strongly affects the performance and potential exhib-
ited. This RE can be very reproducible if produced and handled carefully. The potential of

Hg Cl e Hg Cl V versus NH  CHg Hg Cl2 2 |,    6 E+ + =− −2 2 0 2 8 25
2 2

�

�E . ( ° ))
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the mercury(I) chloride RE is defined by the chloride concentration in the filling solution,
and can be calculated as shown below:

(4.3)

This electrode displays hysteresis upon heating and cooling (27), and it is not recom-
mended that the electrode be used above 70 °C. Temperature effects are discussed in
Section 4.8.1.3.

(a) Electrode preparation
Mercury preparation. No special preparative steps are required if mercury of suffi-
cient purity is used.

Hg2Cl2 preparation. High-purity Hg2Cl2 is available commercially, or it can be
produced by chemical precipitation as described below. The Hg2Cl2 must be a finely
divided powder (0.1–5 �m) to produce a well-behaved RE.

Hg|Hg2Cl2 electrode preparation (see Figure 4.11). Method I (28). On adding the
Hg2Cl2 to the dry mercury; it will rapidly form a pearly skin on the surface. Once the
surface is completely covered, the addition of Hg2Cl2 is stopped, otherwise the elec-
trode will be sluggish. This interface must be prepared prior to the introduction of
filling solution for a stable potential to develop.

Method II (29). Hg and Hg2Cl2 should be ground together with a few drops of
KCl filling solution using a mortar and pestle to form a paste. The paste should be
placed in the tube, in direct contact with the Pt wire. About 1 cm thick paste should
be used.

(b) Filling solution
SCE—saturated KCl.
SSCE—saturated NaCl.
NCE—1N KCl.

EHg Hg Cl Hg Hg Cl Cl2 2 2 2| |= −E
RT

F
a� ln −
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Figure 4.11 SCE active electrode body: (A) method I; (B) method II.
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(c) Hg2Cl2 preparation
Chemical precipitation (30). About 1 g of reagent-grade mercury(I) nitrate dihydrate,
Hg2(NO3)2 2H2O, should be mixed with 200 �l of concentrated nitric acid and ~20 ml
of water. Add this solution dropwise for 2 min into a covered beaker containing
approximately 100 ml of 0.1 M HCl, using a magnetic stir bar to continuously stir the
solution. After the addition is completed, stir the suspension for an additional hour.
Allow the precipitate to settle, decant the supernatant solution, and repeat this twice
to completely rinse the precipitate. Filter the precipitated mercury(I) chloride with a
sintered glass crucible, rinsing quickly with four portions of cold distilled water, and
then transfer it to a vacuum desiccator. It is important that the HCl used be free from
traces of other halogens, otherwise the mercury(I) chloride produced will be contam-
inated with other mercury(I) halides, resulting in an RE with a mixed potential.

Electrochemical production. Electrochemically prepared Hg2Cl2 can be produced
(30) in a similar fashion as HgSO4 described in the next section, but it is less stable than
chemically precipitated material and therefore its preparation is not discussed further.

4.3.2.2 Mercury Sulfate Reference Electrode (MSRE)

Controlling redox process:

Mercury|mercury(I) sulfate (also mercurous sulfate), abbreviated as Mercury Sulfate
Reference Electrode (MSRE), is the second (26) most used mercury RE after SCE. The
construction of the MSRE is similar to that of the SCE, although it is less sensitive to the
purity of the mercury. The reproducibility (31) of the MSRE is second only to the NHE,
and given the absence of chloride ion in the construction of the MSRE, it has found use in
systems with sensitivity to chloride content. The reference potential of the MSRE is cal-
culated as follows:

(4.4)

(a) Electrode preparation
Mercury preparation. No special preparative steps are required if mercury of sufficient
purity is used (31).

Hg2SO4 preparation. High-purity Hg2SO4 is available commercially, can be pro-
duced electrochemically, or by chemical precipitation as described below.

Hg|Hg2SO4 electrode preparation (32) (Figures 4.12 and 4.13). Approximately
2.5 mm thick layer of Hg2SO4 should be coated on the mercury before flushing out
the assembly five times with the filling solution. To equilibrate, the RE should sit
overnight in fresh filling solution.

(b) Filling solution.
Saturated K2SO4 or �1 M H2SO4—dilute solutions exhibit poor reversibility (33).

(c) Mercury(I) sulfate production (32, 34)
Mercury(I) sulfate must be prepared, washed, and stored in acid as hydrolysis occurs
in neutral solutions. The details for its preparation are described below.

EHg HgSO Hg HgSO SO| |4 4 4
= − −E

RT

F
a� ln 2

H 2 02 4 4 | 4
g SO e Hg SO    V versus NHE CHg HgSO+ + =− −

�

�2 615 252 , . (E ° ))
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Electrochemical preparation. Galvanostatic (see Figure 4.13A). Mercury can be oxi-
dized in 2.5 M H2SO4 by applying a current density of 40 mA/cm2 between an Hg pool
electrode and a platinum coil CE. The setup, depicted in Figure 4.13A, consists of a
glass stirrer that is positioned so as to not agitate the Hg pool electrode, but to keep the
Hg2SO4 in suspension and allow for mixing. This method will produce 1–1.2 g of
Hg2SO4 per cm3 Hg. The Hg2SO4 is gray and contains finely divided mercury.

Potentiostatic (see Figure 4.13B). Mercury can also be oxidized using a dropping
Hg electrode created by employing a funnel filled with Hg. As shown in Figure 4.13B,
the Hg is dropped into 2.5 M H2SO4 at an applied potential of 2 V. The Hg2SO4

produced is gray and contains finely divided mercury as above.
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Figure 4.12 MSRE active electrode body.
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Figure 4.13 Electrochemical Hg2SO4 preparation: (A) galvanostatic; (B) potentiostatic.
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Chemical precipitation. Mercury(I) sulfate can be prepared in a similar fashion as
mercury(I) chloride (31). First, about 1 g of reagent-grade mercury(I) nitrate dihy-
drate, Hg2(NO3)2 2H2O, is moistened with 200 �l of concentrated nitric acid and dis-
solved in 20 ml of water. This solution is then added dropwise for 2 min into a covered
beaker containing approximately 100 ml of 1 M H2SO4 while using a magnetic stir bar
to continuously stir the solution. After addition, the suspension should be stirred for
an hour. The precipitated mercury(I) sulfate is rinsed in a sintered glass crucible with
ample cold 1 M H2SO4, and then stored in �1 M H2SO4, protected from light.
Chemically precipitated mercury(I) sulfate can be recrystallized (35) by first dissolv-
ing the Hg2SO4 in concentrated sulfuric acid in the presence of Hg. This solution is
then added dropwise to an excess of absolute methanol causing the mercury(I) sulfate
to precipitate. The mercury(I) sulfate that is precipitated is white. The precipitate 
is washed 20 times employing decantation. Again, the Hg2SO4 should be stored in �1
M H2SO4 and protected from light.

4.3.2.3 Mercury(II) oxide reference electrode (Hg|HgO)

Controlling redox process (36):

The mercury(II) oxide (mercuric oxide) RE is limited to use in highly alkaline solutions
due to the stability of the oxide. While mercury(II) oxide is the only stable oxide, it can
exist as either red or yellow powders that differ in solubility (37). The potential of the mer-
cury(II) oxide RE is independent of the electrolyte, but depends on the activities of both
OH� and H2O (36). The potential can be calculated as follows (36):

(4.5)

This electrode is stable for several days and reproducible to ±0.1 mV (38).

(a) Electrode Preparation
Mercury Preparation. No special preparative steps are required if mercury of sufficient
purity is used.

HgO preparation. Method I. Either high-purity mercury(II) oxide (available to
99.999% purity commercially) or reagent-grade mercury(II) oxide that is thor-
oughly extracted with water on a steam bath (39) can be used. Note: Yellow oxide
will equilibrate more slowly than red oxide.

Method II (39). The mercury(II) oxide can also be produced by the ignition of mer-
cury(II) nitrate that has been carefully crystallized. The mercury(II) oxide must be
washed before use.

Hg|HgO electrode preparation (39) (see Figure 4.14). The RE is assembled sim-
ilarly to the SCE but with an alkaline solution, typically saturated Ca(OH)2, as the
filling solution.
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(b) Filling solution
Saturated Ca(OH)2.

4.3.3 Silver electrodes

4.3.3.1 Silver/silver chloride reference electrode (Ag|AgCl)

Controlling redox process:

The silver–silver chloride RE is the most regularly used RE due to its simplicity, inex-
pensive design, and nontoxic components (40). The simplicity of the Ag|AgCl RE lends
itself to microfabrication as well as incorporation into sensors. The potential is calculated
as follows:

(4.6)

(a) Electrode preparation (Figure 4.15)
High-purity silver wire (�99.999% Ag) preparation. High-purity silver wire will have
an oxide on its surface that must be removed before use. This can be accomplished by
dipping (41) the wire in 0.1 M HNO3 for a few seconds. The wire should be rinsed
with 18 M� cm water prior to use in subsequent steps.

Anodic AgCl coating (42). The freshly cleaned silver wire can be chloridized by
placing it in a compartmentalized cell containing 0.1–1 M HCl or KCl and applying
0.4 mA/cm2 current for 30 min. The coated wire should be washed with 18 M� cm
water and soaked for 1–2 days in 18 M� cm water. The color of the AgCl should be
sepia (dark brown with a reddish tint) if chloridized in the absence of light or pale tan
to brown if chloridized while exposed to a light source. After washing, the coating
color will range from pink to a shade of plum.

EAg AgCl Ag AgCl Cl| | ln = − −E
RT

F
a�

A , .|gCl e Ag Cl V versus NHE CAg AgCl+ + = °− −
�

�E 0 222 25( )
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(b) Filling solution
KCl—saturated, 3.5 M, 3 M.
NaCl—saturated, 3.5 M, 3 M HCl—dilute.
Saturated KCl should be presaturated with AgCl due to higher solubility of AgCl (43).

4.3.3.2 Silver/silver cation reference electrode (Ag|Ag��)

Controlling redox process:

This RE is typically used as a nonaqueous RE with AgNO3 and a supporting electrolyte
dissolved in MeCN or other organic solvents as the filling solution. The potential can be
calculated as follows (44):

(4.7)

where is the degree of ionization of Ag in the solvent, the molality of Ag�,
and the molal ionic activity coefficient of Ag� in the solvent.
There may be variability in the potential of the RE prepared with different solvents due to
differences in the degree of ionization of the silver ion in each solvent. The potential of a
10 mM AgNO3 in MeCN is reported (45) as 0.3 V versus SCEaq. This RE cannot be used
in solvents that are readily oxidized by Ag� (46).

�
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(a) Electrode preparation (Figure 4.16)
High-purity silver wire (�99.999% Ag) preparation. See Ag|AgCl preparation
procedure.

(b) Filling solution
A range of filling solutions is used with the Ag|Ag� RE. Typical solutions are listed
below:

Silver ion source: 10 mM or 0.1 M AgNO3.
Solvents: acetonitrile, propylene carbonate, dimethyl formamide, or dimethyl
sulfoxide.
Supporting electrolyte: 0.1 M tetrabutylammonium perchlorate (TBAP), or same
as that used in electrochemical cell.

4.3.4 Quasi-reference electrodes (QRE)

A quasi-reference electrode (QRE) is a general phrase for any poorly defined or unpoised
RE. A QRE typically consists of an inert metal wire such as platinum or gold. A silver
wire can also be used, so long as silver ions do not interfere with the measurements. The
potential should ideally be steady, but the actual potential is not predictable if it is
unpoised. Some methods to circumvent the ill-defined potential are to compare the
potential to a conventional RE, or to include an electrochemical couple as an internal
standard (see Section 4.6.2). A QRE is a low-impedance RE, but is also a polarizable
electrode.
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4.4 JUNCTIONS

As previously mentioned, the primary task of the junction on an RE is to separate the
filling solution of the RE from the electrolyte of the electrochemical cell. If the two
solutions being separated contain either electrolytes with different mobilities, or the
same electrolyte in different solvents, a junction potential will develop. The potential
drop (�V) that is developed across the junction is the product of the impedance (Z) of
the junction and the ion flux (or current, i) that flows through it, according to Ohms Law
(�V � iZ). Experimentally, it is best to minimize the junction potential, and to ensure
that it remains constant during any experiment. The current that the RE experiences is
typically limited by the potentiostat input impedance in its electrometer and is typically
beyond the control of the experimenter. Additionally, the impedance of the junction is
controlled by the pore size and density of the material as well as the nature of the elec-
trolytes on either side of the junction. To minimize the potential drop for any given
junction, the electrolytes on either side should have similar ionic mobilities, which are
listed in Table 4.7.

When using a high-flow rate junction, the impedance is effectively decreased, but the
amount of filling solution that can interact with the sample increases, requiring careful
design, and sometimes a compromise. Some data on common frit materials are shown in
Table 4.8.

4.4.1 Filling solutions

When choosing (54) a filling solution for an RE, several factors must be considered. The
filling solution should not react with any species in the electrochemical cell, or interfere
with the measurement in any way. While difficult to do in highly acidic or basic solu-
tion due to the high mobilities of hydroxyl and hydronium ions, it is best to match the
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Table 4.7

Ionic mobilities of various ions calculated for infinite dilution at 25 ºC (47)

Cations Mobility (cm2/(V sec)) Anions Mobility (cm2/(V sec))

H� 3.625 � 10�3 OH� 2.05 � 10�3

K� 7.619 � 10�4 Cl� 7.912 � 10�4

Na� 5.193 � 10�4 Br� 8.13 � 10�4

Li� 4.010 � 10�4 I� 7.96 � 10�4

NH4
� 7.61 � 10�4 NO3

� 7.404 � 10�4

1/2 Ca2� 6.166 � 10�4 OAc� 4.24 � 10�4

ClO4
� 7.05 � 10�4

1/2 SO4
2� 8.27 � 10�4

HCO3
� 4.610 � 10�4

1/3 Fe(CN)6
3� 1.047 � 10�3

1/4 Fe(CN)6
4� 1.145 � 10�3

Note: The mobility is the limiting velocity of the ion in an electric field of unit
strength (48).
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mobilities of anionic and cationic species, minimizing the junction potential. Due to the
difficulty in balancing all these parameters, it is sometimes necessary to use a salt bridge
or a double-junction RE, minimizing both electrolyte interactions and the potential
across the junctions.

4.4.2 Salt bridges

Salt bridges are used to both minimize and stabilize the junction potential between solu-
tions of different compositions as well as minimizing any cross-contamination between
solutions. One vital consideration in setting up a salt bridge between different solvents is
ensuring that the electrolyte in the bridge is soluble in both and interferes with species in
neither. Typical electrolytes (55) for salt bridges include KNO3, KCl, NaSO4, and NH4NO3.
In some cases, the electrolyte in a salt bridge is gelled to reduce cross-contamination while
maintaining a high conductivity. This is described in more detail below.

(a) Gelling an electrolyte (56)
Aqueous. A 4% agar solution can be used to gel an electrolyte by first dissolving the
agar in hot water and adding the electrolyte salt. The hot agar solution is then transferred
to the target vessel by pouring it, drawing it in with a vacuum, forcing it in with slight
backpressure such as with a syringe, or by using pipette. It is extremely important that
bubbles are not trapped in the gelled material, creating breaks in the ion flow path. The
agar solution is then permitted to cool to room temperature, forming a gel. This proce-
dure is equally useful to gel the electrolyte in an RE, salt bridge, or double-junction RE,
but is not recommended for bridging from an aqueous to an organic solution.

Organic. Methylcellulose can be used as a gelation agent in pyridine and possibly
other organic solutions. This is done by adding 5 g of methylcellulose to 100 ml of a
0.5 M solution of LiClO4 in pyridine. This will produce a colorless, transparent, and
conductive electrolyte gel.

96 4. Reference Electrodes

Table 4.8

Common frit materials

Type Pore size Impedance Leak ratea Compatibility
(saturated KCl) (�l/h) issues

Vycor (49, 50) 4 nm 500 � Modest Not compatible with strong
bases, HF

Polyethylene (51) – – – Used in strongly basic solutions
Ceramic (52) – 1000 � 3–30 Can be used in strong bases;

avoid precipitates and colloids
Ceramic/ Pores 500 �– 7.4 � 10�4 Resistant to strong acids,
conductive filled with 2.7 k� to alkalis, and organic solvents
polymer (53) conductive 5.7 � 10�5

composite polymer
aThe leak rate is dependent on several factors in addition to the porosity of the junction, including the
height of solution over the frit, the pressure on this solution, as well as the depth that the junction is
immersed and the pressure on that solution.
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4.4.3 Double-junction reference electrodes

A double-junction RE incorporates a salt bridge into the RE design, typically to improve the
compatibility of the electrolytes in the filling solution with those in the electrochemical cell.
Chloride-containing electrodes are often isolated from an electrochemical cell due to the con-
tamination and catalyst-poisoning potential of chloride ions. This is easily done using a K2SO4

solution between the two junctions. Two types of double junctions are shown in Figure 4.17.

4.4.4 Reference electrode impedance

The impedance of an RE can be measured with any potentiostat with built-in electro-
chemical impedance spectroscopy (EIS) capabilities or with the addition of a separate fre-
quency response analyzer (FRA). One method is described below.

(a) Measuring the impedance of an RE (57)
The RE and an inert CE of sufficient size are placed in a beaker containing elec-
trolyte. The RE is connected to the WE terminal of the potentiostat, and the CE is
connected to both the RE and the CE terminals. An impedance scan is set up from at
least 10 kHz down to 1 Hz, with no DC potential (VDC) applied (VDC � VOCP, where
VOCP is open circuit potential) and an AC waveform (VAC) of 5–10 mV amplitude.
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Figure 4.17 Double junctions: (A) temporary double junction using an independent RE; (B) per-
manent double junction with the RE built-in.
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Caution: If VDC is set to any potential other than the open circuit potential, appre-
ciable current can flow, possibly destroying the RE! The impedance at high frequen-
cies is the impedance of the RE. At these frequencies, there should only be a real
component to the impedance, and no imaginary components (the phase angle should
be at or near 0°). The interpretation of sample data is shown in Figure 4.18 with a
diagram of setup required for this measurement.

4.5 REFERENCE ELECTRODES: NONAQUEOUS SOLVENTS

Nonaqueous solvent systems introduce additional considerations into the process of
selecting an RE for electrochemical measurements. There are relatively few REs
designed for these systems, with most based on exotic formulations specific to the elec-
trochemical system of study. Due to space constraints, only the Ag|Ag� RE is described
here. In certain circumstances, aqueous REs can be used, but the electrolyte must be 
soluble in the nonaqueous solvent. In some cases, alternative filling solutions (58) for
aqueous Ag|AgCl or SCE REs can be used, such as aqueous lithium chloride or quater-
nary ammonium chloride. Another possible solution for using an aqueous RE in a 
nonaqueous solution is through the use of a salt bridge or a double-junction RE. Both
tetraethylammonium picrate and tetra-n-butylammonium tetraphenylborate (NBu4

�BPh4
�)

are nearly equitransferent in many organic solvents (59) and either can be used within a
salt bridge.

One caveat to using aqueous REs in nonaqueous solvents is that the potential measure-
ments carried out cannot be related (59) from solvent to solvent even though the same RE
is used. This is due to the difference in junction potentials that exist between systems. The
acceptability of various REs in different solvents is summarized in Table 4.9.

As described in Section 4.3.3.2, the Ag|Ag� RE can be used with a variety of organic
solvents. Using the same solvent in the RE filling solution as in the electrochemical cell
will minimize the junction potential of the RE. The limitations of this electrode are that
only solvents in which a silver salt is soluble and not oxidized by the Ag� can be used.
Similar to the difficulty in comparing potentials between different solvents using aqueous

98 4. Reference Electrodes

W
CE
RE

Potentiostat

Pt Coil
CEElectrolyte

RE

RE CE

WE

10m 100m 1 10 100 1k 10k 100k 1M
2.7

3.0

3.3

3.6

3.9

4.2

4.5

4.8

5.1

5.4

-10

0

10

20

30

40

50

60

70

80

lo
g 

|Z
| (

o)

Frequency (Hz)

 P
ha

se
 (

de
g)

 (
+

)

Extrapolation

The impedance at high frequencies in this Bode 
plot can be extrapolated to the y-axis.  Here,

log(Z) = 2.821   therefore   Z = 662Ω.

Note:  The phase angle is 0˚ at high frequencies  

Figure 4.18 Measuring the impedance of a reference electrode.
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REs, this RE suffers the same limitation. One solution to this problem is calibration of the
RE using internal standards as described in Section 4.6.2. In some cases with nonaque-
ous solvents, solubility limitations provide reduced conductivity in the electrochemical
cell resulting in large uncompensated resistances between the RE and WE. One way to
reduce the uncompensated resistance is to use a Luggin capillary to sample the electro-
chemical cell in the vicinity of the WE by placing the outlet of the Luggin capillary in
close proximity to the WE. To prevent shielding of the WE, the minimum distance
between the Luggin capillary and the WE should be no closer than two times (61) the
diameter of the WE. The placement of the capillary with respect to a WE is shown in
Figure 4.19.
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Table 4.9

Reference electrodes for use in dipolar aprotic solvents (58, 60)

RE Acetonitrile Propylene carbonate Dimethyl formamide Dimethyl sulfoxide

Pt|H3O
�, H2 S S S NR

Ag|Agsolv
� S S S S

Ag|AgCl NR NR NR NR
Ag|AgCl|| S S S S
Hg|Hg2Cl2 NR NR NR NR
Hg|Hg2Cl2|| S S S S
Li|Li(OH2)4

� S S S

S: satisfactory stability and reproducibility; NR: not recommended (unstable and/or not reproducible); the sym-
bol ‘||’ denotes a salt bridge.

CE

WE

WELuggin
Capillary

RE

Luggin
Capillary

Figure 4.19 Luggin capillary placement.
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4.6 REFERENCE ELECTRODE CALIBRATION

4.6.1 Versus a second reference electrode

The potential of all REs should be checked periodically. This is easily accomplished by
using a high-impedance voltmeter and a second RE that is held as a laboratory standard
(62), shown in Figure 4.20. This laboratory-standard RE should be a well-behaved RE,
such as Ag|AgCl (saturated KCl), and maintained in the laboratory solely for the purpose
of calibration. This will prevent any questions as to fouling, clogging, or contamination
and will give confidence in the calibrations conducted. To calibrate an RE or check its
potential, both the RE in question and the laboratory-standard RE are placed in a common
electrolyte of high conductivity (e.g., saturated KCl) that is maintained at a constant tem-
perature. The standard RE is connected to a common meter, and the voltage of the RE in
question is read. If the potential takes a long time to settle, the RE must be evaluated and
possibly rebuilt, as the junction is likely clogged. An RE evaluated in this way is consid-
ered acceptable if its potential is within a few mV of the accepted standard potential. The
two electrodes should not be left connected to the voltmeter or the potentiostat, as
described below, for any extended duration since to measure the potential, a small, nonzero
current must flow.

4.6.2 Using a well-defined redox couple

A well-defined redox couple can be used to calibrate an RE or as an internal standard in
electrochemical experiments. The reference redox couple must be stable for the duration
of the measurement, and must exhibit a repeatable potential in the system used. A good
reference redox couple (63) for nonaqueous, and some carefully controlled aqueous sys-
tems, is the ferrocene/ferrocenium (Fc|Fc�) couple at 0.5–10.0 mM concentration.
Standard reduction potentials, E°, for various solvents (64) are listed in Table 4.10. Other
couples can be found in References (64–66).
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Figure 4.20 Calibration of a reference electrode with a second reference electrode.
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4.6.2.1 Verifying the potential of an RE with a well-defined redox couple

In addition to checking the reference potential with a second RE, an RE can be checked
using a well-defined redox couple. This is done by running a cyclic voltammogram (CV)
and comparing the E1/2 value to that which is expected of the redox couple, as shown in
Figure 4.21. As when checking an RE versus a laboratory-standard RE, agreement
between calculated and experimental E1/2 within a few mV for the reference couple indi-
cates an acceptable RE.

4.6.2.2 Defining potentials with a well-defined redox couple as an internal standard (68)

Internal standards are routinely used in analytical measurements to aid in the quantifica-
tion of analyte signals in chromatography, or as reference energy standards in NMR. An
internal standard can be used in electrochemistry as a reference potential standard in cir-
cumstances that an RE alone does not provide an adequately known reference potential in
a particular system. This may be the case if a QRE (Section 4.3.4) is used or if large junc-
tion potentials are encountered within an electrochemical cell, as with an aqueous RE in a
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Table 4.10

Suggested reference redox systems (65)

Solventa (V versus NHE) (66)

Ferrocene|ferrocenium
H2O 0.40
MeCN 0.69
DMF 0.72
Py 0.76
Me2SO 0.68

Note: Other reference redox systems include: Rb/Rb� and Fe(bpy)3
2�/

Fe(bpy)3
3� (where bpy: 2,2�-bipyridine).

aUnstable in some organics due to decomposition.
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Figure 4.21 Calibration of an RE using a well-defined redox couple (67).
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nonaqueous system (Section 4.5). In either case, a well-defined redox couple can be used
as an internal standard. The redox potential (E1/2) of the internal standard should be well
separated from the electrochemical system under study, and should not chemically inter-
fere. Care must also be taken that no electrode fouling or inactivation occurs from the use
of the internal standard.

Figure 4.22 demonstrates how to calculate a potential scale with an internal standard
using a sample system of 5 mM Ru(acac)3 in CH3CN with 0.1 M TBAP as a supporting
electrolyte. Initially (Figure 4.22A), a CV is acquired without internal standard (plot I), and
then a measured amount of ferrocene is added and an additional CV is collected (plot II).
This verifies the sufficient separation between analyte and internal standard peaks, as well
as provides a simple way to distinguish which peak belongs to the internal standard. The
half-wave potential (E1/2) can be calculated for the internal standard as demonstrated in
Figure 4.21. This is shown in Figure 4.22B for the same system with ferrocene added as
an internal standard versus three different REs. The experimental potential scale can then
be adjusted such that the E1/2 of the reference couple is used as a 0 V reference point on
the potential axis. Figure 4.22C shows the potential scales of each CV normalized to the
experimentally determined E1/2 value of the ferrocene internal standard, demonstrating that
with this technique, the peaks line up regardless of the RE used, so long as the RE is sta-
ble for the duration of the experiment.

4.7 MAINTENANCE

All REs need to be rebuilt or regenerated several times during their life, but with care-
ful handling and proper storage conditions, the time between rebuilding cycles can be
maximized. Even with the utmost care, junctions will clog, current will pass, and filling
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Figure 4.22 (A–C) Calculating a potential scale with an internal standard.
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solution will become contaminated. This section provides information on proper storage
and maintenance of REs.

4.7.1 Storage

The majority of REs should be stored in solutions that are the same as the filling solution
(e.g., SCE in saturated KCl). The manufacturers of some specialty REs provide directions
with the RE. Storage solutions for REs with nonsaturated filling solutions should be pro-
tected from evaporative losses, otherwise the concentration of the filling solution will
increase through diffusion with the storage solution. An RE should never be permitted to
dry out. Certain REs are light sensitive (Ag|AgCl and MSRE) and should be shielded from
light sources for maximum life.

4.7.2 Cleaning junctions

Junctions can become clogged through several means including precipitation within the
junction, plugging the pores with colloids from sample solutions, proteins binding within the
pores, and organic contamination. Using an RE in an incompatible electrolyte such as K�

with ClO4
� will form an insoluble salt, clogging the junction. Due to the colorless nature of

Vycor, it will typically change color when contaminated, turning yellowish when contami-
nated with organics and even brown with severe organic contamination followed by heat-
ing. In many cases, it is possible to renew a clogged junction, whereas for others, it must be
replaced. In the simplest cases, a precipitated salt can be dissolved out, otherwise the con-
tamination must be digested. When cleaning a junction, attention must be paid to both the
junction material and the contaminant, otherwise the junction may be dissolved along with
the contamination. Several junction cleaning methods are described in Table 4.11.

4.7.3 Replacing filling solutions

Through normal use of an RE, the filling solution and the electrolyte of the electrochemi-
cal cells with which it is used will diffuse together, diluting and contaminating each other.
This requires that the filling solution of any RE be changed periodically, the frequency of
which is dependent on the actual usage of each RE. When changing the filling solution,
the replacement solution should have the proper concentration for the RE (i.e., Ag|AgCl
(saturated KCl) the filling solution should be saturated with KCl and AgCl.) The intro-
duction of air bubbles upon introducing the new filling solution should be avoided, and
removed if inadvertently introduced.

4.7.4 Regenerating the reference electrode

When required, most REs can easily be refreshed with new filling solution or a new frit,
but in some cases, the entire electrode must be rebuilt. The possible actions for each RE
are summarized in Table 4.12.

4.7 Maintenance 103
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4.8 TROUBLESHOOTING

4.8.1 Special notes

4.8.1.1 High-frequency effects

The impedance of an RE, particularly if large, can have undesired effects in electrochem-
ical experiments (Table 4.13). This is especially true for high-frequency or high-speed

104 4. Reference Electrodes

Table 4.11

Junction cleaning procedures

Before cleaning Before the washing procedure, the RE filling solution must be removed, and
if possible, the active portion of the RE should be removed from the elec-
trode body or the frit removed from the electrode body and cleaned alone, to
prevent any contamination or reactions from destroying the RE

Cleaning Contaminant Procedure

Proteins (69) Soak in a 0.1 M HCl and 1 wt% pepsin solution followed
by thorough rinsing with deionized water

Silver Soak in a 0.1 M HCl and 7.5 wt% thiourea solution 
sulfide (70) followed by thorough rinsing with deionized water

Organic (49) Soak the frit in a strong oxidizing solution (e.g., 30% 
(i.e., yellowed H2O2 or concentrated HNO3 with a few crystals of KClO3
Vycor) or NaClO3) heated to 100 °C until any color disappears.

The frit should then be washed thoroughly with deionized
water

After cleaning After cleaning, the junction and/or RE body should be rinsed with filling solu-
tion to remove all traces of the cleaning solutions, and the RE rebuilt and refilled

Table 4.12

Renewal and regeneration possibilities for reference electrodes

Electrode Possible actions for regeneration

NHE or SHE Replace filling solution; if H2 supply is bad, replace; replatinize electrode

CHE Replace filling solution and/or junction; refill with H2; replatinize electrode

DHRE Replace filling solution; if no bubbles or low current, replace power supply
and/or replatinize H2 electrode

SCE, MSRE, If new filling solution and/or new junction do not work, electrode must be rebuilt 
Hg|HgO using new or repurified mercury and the appropriate mercury salt. See appropri-

ate section above

Ag|AgCl If new filling solution and/or new junction do not work, rechloridize the silver
wire. This is accomplished by first removing the old AgCl by soaking in con-
centrated NH4OH, and then following the same procedure as building an new
RE, outlined in Section 4.3.3.1

Ag|Ag� Replace filling solution and/or junction; clean Ag wire
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measurements. This can show itself as a noise in most methods, and as a discontinuity in EIS
measurements at high frequency. Figure 4.23A shows a bode plot of an EIS measurement
displaying this characteristic discontinuity between frequencies of 100 kHz and 1 MHz.

The discontinuity occurs even with an RE with very low impedance (~600 �). Problems
of this type can be addressed using a double RE, or a high-frequency shunt. This is created
using a typical RE connected in parallel with a capacitor and a platinum wire that is placed
directly in the electrochemical cell, as shown in Figure 4.24. Its purpose is to pass high fre-
quencies directly into the cell solution, effectively bypassing the RE with a high-pass fil-
ter. This double RE used in the same experiment described above in place of the solitary
RE is shown in Figure 4.23B. Notice that the discontinuity at high frequencies disappears
when the shunt is incorporated.

In fast-sweep rate cyclic voltammetry, an RE with high impedance can cause noise to
be superimposed onto the CV due to a slowed potentiostat response, as well as contribu-
tions from environmental noise sources (71). This effect is shown in Figure 4.25 with CVs
at 10 V/sec in a solution of 0.59 mM Co(III)(Salen)� in DMF with 0.1 M NBu4PF6 as a
supporting electrolyte. Potentiostat sensitivity settings of both 10�4 A/V (Figure 4.25A)
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Table 4.13

Troubleshooting reference electrodes

Problem Cause Solution

Incorrect potential Filling solution is not at the Replace filling solution
correct concentration, or 
species that diffused into the 
RE are interfering with the 
redox couple in the RE

Clogged frit Clean or replace frit as it may be clogged
with insoluble salts
Do not polish the junction of an RE. You will
only embed polishing media and ground
pieces of frit material in the frit

Sparingly soluble salt is Replate if Ag|AgCl RE. Rebuild if 
completely dissolved (i.e., Hg-based RE
silver wire in Ag|AgCl looks 
like silver)

Sluggish (potential Clogged frit Clean or replace frit
appears to change or 
settle over time of 
experiment)

Platinization too thick Remove old platinization; replatinize the 
electrode

Mercury salt too thick Rebuild RE with new or repurified Hg and
new mercury salt

Erratic and/or Bubble on frit Tap or flick RE to remove bubbles
sluggish

Noisy voltammetry RE impedance too high Use a double RE (high-frequency shunt)
Discontinuity in EIS
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and 10�5 A/V (Figure 4.25B) result in noisy data. The incorporation of a double RE, as
described above, produces a less noisy CV, shown in Figure 4.25C.

4.8.1.2 Microscale reference electrodes

In many cases, modern electrochemists are probing systems where classical REs are much
too large. Microscale reference electrodes (�REs) are now being used, such as with solid-
state REs incorporated into biosensors. These �REs are typically miniaturized versions of
the classical electrodes that utilize novel solutions to attain the size required, usually using
polymer films for both the electrolyte and the junction material. The most popular in the
literature is the Ag|AgCl �RE using either thick- or thin-film polymer methods to create a
mixed polymer–electrolyte and an additional polymer layer that serves as a membrane
junction. Simonis et al. (72) recently compared thin- versus thick-film techniques for the
Ag|AgCl �RE. In addition to the Ag|AgCl �RE, Ag|Ag� �REs have been described (73),
and general methods for the miniaturization of REs through the use of micromachining
techniques are presented by Suzuki (74). The DHRE could also be miniaturized using stan-
dard microfabrication techniques.

4.8.1.3 Temperature effects on reference electrode potentials

Using an RE at a temperature other than standard temperature (25 °C) requires a correction
to be made to the potential due to differences in solubility and activity of the components

4.8 Troubleshooting 107

(a) (b)

(c)

Figure 4.25 (A–C) Effect of high RE impedance on fast-scan rate CV. [Reprinted with permission
from reference (71). Copyright 1994, Bioanalytical Systems, Inc.]
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of the RE. The SHE is defined as 0.0000 V at all temperatures, so no correction is required.
Listed in Table 4.14 are temperature correction formulas for Ag|AgCl, NCE, SCE, and
MSRE REs. It has been recommended (29) that calomel-based electrodes should not be
used above 70 °C for long durations.
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Solid Electrode Materials: Pretreatment 

and Activation
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5.1 INTRODUCTION

Solid electrodes have been a mainstay in electroanalytical chemistry for nearly five
decades now (1). For a solid material to function as an electrochemical electrode, it must
possess several characteristics: electrical conductivity, chemical and electrochemical sta-
bility over a wide range of conditions, rapid electron transfer for a wide variety of redox
systems, and reproducible electrical, microstructural, and chemical properties. Table 5.1
lists some desirable electrode properties for materials used in electroanalytical measure-
ments. A challenge with making high-quality electroanalytical measurements is repro-
ducibly controlling the electrode’s physicochemical properties in such a way as to achieve
a low background current and a rapid rate of electron transfer for the target analyte.
Electrodes exhibiting these properties are referred to as being “active” or in an “activated
state”. Activation is accomplished by a process known as electrode pretreatment, which
involves conditioning the surface morphology, microstructure, and chemistry in a manner
that promotes low background current and rapid reaction kinetics (both electron and pro-
ton transfer) with a redox analyte dissolved in solution or confined to the surface.

Electrochemical reactions are heterogeneous in nature with the reaction kinetics being
controlled by the properties of the electrode–electrolyte interface and the concentration of
reactant available at this interface. Therefore, the physical, chemical, and electronic proper-
ties of the electrode surface are of paramount importance. Several factors will influence the
electron-transfer kinetics for a redox system: (i) type of electrode material, (ii) surface clean-
liness, (iii) surface microstructure, (iv) surface chemistry, and (v) electronic properties 
(e.g., charge carrier mobility and concentration, which can be potential dependent for some
semiconducting electrodes). Of course, if the solid is not a good electrical conductor (low
charge carrier mobility and/or carrier concentration), then the current flow will be limited
and the material will have drawbacks for electrochemical measurements. With the exception

© 2007 Elsevier B.V. All rights reserved.
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of the electronic properties, the extent to which any one of the above-listed factors influences
the electrochemical reaction kinetics very much depends on the particular redox system (2–8).
The effectiveness of the pretreatment for a particular redox system also depends on the elec-
trode material. For example, the same pretreatment applied to two different electrode materi-
als often results in different levels of activation for each toward the same redox system.
Surface cleanliness is a critical property for every electrode and all redox systems. For exam-
ple, it is highly unusual for a researcher to simply take an electrode out of laboratory storage
and use it as it is to make a high-quality measurement. This is because contaminants from the
air adsorb onto the surface, particularly carbon materials, and block sites for electron transfer.
This leads to complete electrode blocking and, at the very least, an increased electron-tunnel-
ing distance and/or alteration in the local double-layer structure. Air oxidation of the surface
can also occur producing a change in the surface chemistry, wettability, and microstructure.
Furthermore, every electrode has a past history of use that affects its performance. Therefore,
every electrode needs to be first pretreated in order to make it ready for the electrochemical
measurement. Pretreatments activate the electrode by some combination of surface cleaning,
alteration of the exposed microstructure (i.e., edge plane exposure), and manipulation of the
surface chemistry (i.e., introduction of surface carbon–oxygen functionalities).

Every pretreatment protocol should have some sort of surface cleaning as its first step,
although it should be pointed out that the apparent heterogeneous electron-transfer rate con-
stant, , for some redox systems is more strongly influenced by surface cleanliness than
other factors. For instance, for Fe(CN)6

3�/4� can decrease by orders of magnitude
(10�2–10�5 cm sec�1) for an unclean compared to a clean electrode surface (2–8). In con-
trast, for Ru(NH3)6

3+/2+ might decrease by only a factor of 5–10 for the same unclean
surface (2–8). The rate constants are referred to as “apparent (app)” because they are often
not corrected for electric double-layer effects (so-called Frumkin effects). As
I have already mentioned, oxidation reactions can occur, particularly with carbon electrodes,
that will alter the electrode surface chemistry and even the microstructure if severe enough.
These oxidation reactions occur during exposure to the ambient air or can be potential-
induced. Depending on the redox system, surface oxidation can accelerate or decelerate the
rate of electron transfer. Incorporating oxygen makes electrode surfaces more polar and
hydrophilic and, consequently, more wettable with water. It also makes them more suscepti-
ble to molecular adsorption involving polar adsorbates whether the molecule be a contami-
nant or the redox analyte under study. When reaction intermediates or products adsorb, active
sites on the electrode may be blocked. At the very least, molecular adsorption creates a prior
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Table 5.1

Material and electrochemical properties of an ideal electrode

High electrical conductivity
Hard and durable
Homogeneous microstructure throughout the bulk
Reproducible physical, chemical, and electronic properties
Good chemical inertness
Low and stable background current
Morphological and microstructural stability over a wide potential range
Rapid electron-transfer kinetics for a wide range of redox systems
Easily fabricated, shaped, and inexpensive in cost
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history that can be carried over to the next measurement if the electrode is not properly
cleaned. Table 5.2 shows some of the common redox systems used to probe the electro-
chemical activity of electrode materials, along with a listing of the relative influence of sur-
face cleanliness, microstructure, and chemistry on for each. In summary, factors, such
as the surface microstructure, surface oxides, adsorption strength, and surface cleanliness,
influence for all redox systems to varying extents. The challenge is to reproducibly pre-
treat an electrode in a manner that activates it for the particular redox system under study.

Extensive research has been conducted over the years within the electroanalytical com-
munity in an effort to understand how solid electrodes are “activated” by pretreatment. Many
pretreatment protocols have been established that can reproducibly activate various electrode
materials. These include mechanical polishing, vacuum heat treatment, laser-based thermal
treatment, electrochemical polarization, radio-frequency plasma treatment, and microwave
plasma treatment. The ability to reproducibly activate macrosized electrodes results, to a
large degree, because the surface can be polished prior to treatment. Polishing removes the
effects of the electrode’s past history and allows a particular pretreatment to be performed on
a fresh surface. Thus, polishing is often the first step in any pretreatment protocol. A prereq-
uisite for performing high-quality electrochemical measurements is the preparation of an
electrode with reproducible physical, chemical, and electronic properties. It is very easy,
even for the novice, to pretreat an electrode and improve from say 10�5 to 10�3 cm
sec�1, but difficult to achieve large rate constants of �10�2 cm sec�1. Great care and atten-
tion must be given to how an electrode is pretreated if one intends to use it in a high-quality
electroanalytical measurement.

The commonly used pretreatment protocols for activating solid electrodes are reviewed
in this chapter. Specifically, the pretreatment of carbon, metal, and semiconductor elec-
trodes (thin conducting oxides) is discussed. Details of how the different electrode mate-
rials are produced, how the particular pretreatment works, and what effect it has on
electron-transfer kinetics and voltammetric background current are given, since these fac-
tors determine the electroanalytical utility of an electrode. Issues associated with cell
design and electrode placement (Chapter 2), solvent and electrolyte purity (Chapter 3), and
uncompensated ohmic resistance (Chapter 1) are discussed elsewhere in this book. This
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Table 5.2

Common redox analytes: relative effect of factors on the heterogeneous electron-transfer 
rate constant

Redox analyte Cleanliness Microstructure Surface chemistry

Ru(NH3)6
3+/2+ Weak Weak Weak

Chlorpromazine Weak Weak Weak
Methyl viologen Weak Weak Weak
IrCl6

2�/3� Weak Weak Weak
Ferrocene Weak Weak Weak
Ferrocene carboxylic acid Weak Weak Weak
Fe(CN)6

3�/4� Strong Strong Strong
Ascorbic acid Strong Strong Minor
Catechol Strong Strong Strong
Fe3+/2+ Strong Strong Strong
Eu3+/2+ Strong Strong Strong
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chapter is divided into three main sections: carbon electrodes (highly oriented pyrolytic
graphite (HOPG), glassy carbon, pyrolyzed photoresist films, fibers, nanotubes, diamond
films, and tetrahedral amorphous carbon (Ta-C) films), metal electrodes (Pt and Au), and
semiconductor electrodes (indium tin oxide (ITO)). Since carbon is widely employed in
electroanalysis, a significant portion of this chapter is devoted to it. The various types of
high-surface-area carbon powders used as catalyst support materials, for example, are not
discussed as these materials typically are not used in electroanalysis.

5.2 CARBON ELECTRODES

Carbon is the most commonly used electrode material in electroanalytical chemistry and
it is available in a variety of microstructures: graphite, glassy carbon, carbon fiber, nan-
otube, amorphous powders, and diamond. The electrochemical properties of many of these
carbon types are discussed in the seminal book by Kinoshita (9). Some carbon electrode
types (e.g., glassy carbon) have been studied and used extensively for ~40 years now. Even
so, there are still incompletely understood points about the structure–performance rela-
tionship and how this relationship affects electrochemical activity. Details of this research
history are given in monographs by McCreery (10–12). Carbon exists in two distinct crys-
talline structures: diamond and graphite. The diamond crystal is cubic and the carbon
atoms are arranged in a tetrahedral configuration with sp3-hybridized bonding between
them. This strong covalent bonding makes diamond the hardest known substance. For this
reason, two commercial applications of diamond are as a grit for abrading and polishing
metals and as a coating for cutting tools. Graphite consists of a hexagonal structure with
the carbon atoms arranged in a trigonal configuration of sp2-hybridized bonding. This
atomic arrangement leads to the formation of layer planes or graphene sheets with a spac-
ing of 3.354 Å. Strong covalent bonding exists between the atoms within the graphene
sheet (a-axis). Unlike diamond though, weak van der Waals forces exist between the layer
planes to hold them together (c-axis). It is because of these weak interactions that the
graphene sheets can slide across one another, making the material a good lubricant. There
are permutations of the graphitic microstructure that characterize other types of sp2 carbon
electrode materials. For instance, when the in-plane dimension of the graphene sheets is
small (i.e., high fraction of crystallite edges) and the spacing between them is large, this
carbon is categorized as amorphous (e.g., powders, glassy carbon, etc.). Amorphous films
of diamond also exist with mixtures of sp3- and sp2-bonded carbon, such as Ta-C. There is
also a more exotic form of carbon known as the “buckyball” or fullerene that was discov-
ered in 1985. The “buckyball” resembles a soccer ball in shape and contains 60 carbon
atoms (C60) in a spherical structure consisting of 20 hexagons and 12 pentagons arranged
on the surface. The discovery has led to an expansion of research on C60 and variations of
this structure (e.g., nanotubes) (13). The important take-home message is that carbon elec-
trode materials possess different microstructures and surface chemistries depending on the
type and how each was processed. As a consequence, the electrochemical properties can
vary from material to material. Of all the solid electrodes utilized in electroanalytical
chemistry, carbon materials are probably the most challenging and problematic from this
perspective.
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5.2.1 Highly oriented pyrolytic graphite

Highly oriented pyrolytic graphite (HOPG) is a special type of carbon that is analogous to
a single-crystal metal (1, 9–12). It is prepared by exposing pyrolytic graphite, a material
formed from the decomposition of hydrocarbon gases on a heated surface, to high pressure
and temperature. It is composed of a lamellar arrangement of condensed polyaromatic
planes (i.e., graphene sheets) stacked in a slightly staggered fashion. The material is tur-
bostratic, which means that the graphene sheets are rotationally disordered (i.e., random
angular orientations to one another) and the alternating ABAB…stacking pattern of single-
crystal graphite (that is produced naturally) is observed only over short distances along the
c-axis. The interplanar spacing generally ranges from 3.35 to 3.39 Å. Organized arrange-
ments of these graphene sheets are termed crystallites with the dimensional parameters Lc

(stacking height), La (layer plane width), and d (interplanar distance). La is the mean size of
the graphitic microcrystallite along the a-axis that always lies in the plane of the hexagonal
lattice. Lc refers to the coherence length of the graphene sheet stacking in a direction per-
pendicular to La. Knowledge of these parameters, obtained from X-ray diffraction meas-
urements, is usually sufficient to predict many of the material properties. An exposed
hexagonal surface that is perpendicular to the c-axis is referred to as a basal plane whereas
a cut surface parallel to the c-axis is called an edge plane. Raman spectroscopy is a useful
tool for characterizing the microstructure of carbon materials, in particular, for examining
the edge/basal plane ratio (14–16). The spectrum for the low-defect material (i.e., primarily
basal plane exposed) has a single sharp peak at 1582 cm�1 (so-called G band), which has
been assigned to an E2g or a lattice “ring breathing” mode. Such a spectrum is seen for mate-
rials with large La and Lc parameters. The E2g peak broadens and shifts to a higher frequency
with decreasing La and Lc. If the graphene sheets are separated by intercalants (e.g., staging),
a shoulder can develop on the 1582 cm�1 peak that is upshifted to ca. 1620 cm�1. When La

is decreased (i.e., significant edge plane is exposed), a new peak develops at 1360 cm�1 (the
so-called D band). This peak correlates with the presence of edge plane density and the
1360/1580 cm�1 relative peak intensity ratio scales proportionally with 1/La (i.e., decreas-
ing microcrystallite size) (14–16). The 1360 cm�1 band has been assigned to an A1g mode
and arises from a breakdown of the selection rules for optical excitation of phonons in the
graphite lattice caused by the termination of the extended graphene sheets. As a conse-
quence, new vibrational modes, including A1g, become active. The important take-home
message is that the 1360 cm�1 band correlates with microstructural disorder.

The reason HOPG is analogous to a single-crystal metal is because of the ordered
arrangement of the carbon atoms within a graphene sheet. Each carbon atom is bonded to
three others in the layer plane. The distance between neighboring carbon atoms is 1.42 Å,
which is very close to the C�C bond distance in benzene. In addition to being well ordered,
the surface is atomically smooth over relatively large dimensions (micrometers), making
the material quite useful for studying electrochemical reactions, molecular adsorption, and
potential-induced microstructural degradation at the atomic level. Physically, its stiffness
along the a-axis is due to the strong � bonds between the carbon atoms. However, the
material is held together along the c-axis by weak van der Waals forces acting on the layer
planes. Electronically, the material is also anisotropic because of the extended �-electron
system. The material has metallic conductivity along the a-axis and semiconducting to
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semimetallic conductivity along the c-axis. For example, the electrical conductivity is on
the order of 105 (� cm)�1 along the a-axis and 103 (� cm)�1 along the c-axis, producing
an anisotropy factor about 100, or so (10–12, and references therein).

The background current for the relatively defect-free basal plane is typically low within
the working potential window with values �5 �A cm�2 (8, 10–12). This is because of the
characteristically low double-layer capacitance, Cdl, of 1–5 �F cm�2 (8, 10–12). The more
defective the basal plane is, the greater the 1360/1580 cm�1 Raman peak intensity ratio and
the background current are. The magnitude of the peak ratio correlates with the fraction of
edge plane exposed, hence the microstructural disorder. Gewirth and Bard used STM to
characterize the types of defects native to the basal plane (17). The adsorption of polar mol-
ecules is generally weak on the basal plane with the adsorption enthalpy and coverage scal-
ing with the amount of exposed edge plane and the increased carbon–oxygen functionality
that exists there. Molecular adsorption tends to be much stronger on this surface for both
chemical and electronic reasons (10–12, 18–20). HOPG has some very well-established
electrochemical characteristics with the activity of the edge plane sites differing greatly from
the basal plane sites (1, 8, 10–12). Microstructurally, chemically, and electronically, the edge
plane sites are unique. Therefore, depending on the exposed microstructure and the particu-
lar redox system under study, the electrochemical properties of HOPG can be quite varied.

5.2.1.1 Layer plane cleavage

Since HOPG is a soft, microstructurally ordered material, some conventional pretreatment
methods are typically not employed. For instance, one does not usually mechanically polish
the electrode because of the microstructural damage this would introduce. The microstructural
changes and the corresponding alterations of surface chemistry would have a significant
impact on the magnitude of the background current, the extent of molecular adsorption, and

for those redox systems that are “surface sensitive”. A very good way to achieve a clean
basal plane, without microstructural damage, is to carefully cleave the layer planes. The scotch
tape method is one of the means to accomplish this. In this method, one simply presses a piece
of ScotchTM tape across the surface of HOPG and then carefully lifts the tape, peeling away
graphene sheets. Another cleavage method involves the use of a sharp knife blade to remove
the graphene sheets. For this and all pretreatments, gloves should be worn and the electrode
should be handled with tweezers to avoid contamination. As long as either of these methods
is performed carefully, minimal damage to the basal plane will result. The basal plane surface
is fragile and also susceptible to damage during physical manipulation and mounting in the
electrochemical cell. In order to conduct electrochemical measurements on a low-defect basal
plane, an o-ring is often used with gentle pressure to define the area exposed to the solution.
Care should be taken to avoid damaging the surface during handling and mounting. The two
AFM images in Figure 5.1 show a surface after a careful cleavage (left) with no evident dam-
age over a 5 � 5 �m2 area and a surface (right) with some layer plane damage (i.e., cleavage
plane). This is a useful first step in any pretreatment protocol for this electrode material.

5.2.1.2 Solvent cleaning

Exposure to clean organic solvents is another useful method for cleaning the HOPG sur-
face without introducing alterations in the surface microstructure and chemistry. It is often
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applied in conjunction with layer plane cleavage. In fact, all the pretreatments for HOPG
discussed here are often performed with layer plane cleavage as the first step. This pre-
treatment method works by dissolving and/or desorbing adsorbed contaminants from the
surface (21). An exposure time of 20–30 min is usually sufficient. Solvent cleaning can be
performed on the entire electrode or on the electrode surface when mounted in the elec-
trochemical cell. Several different solvents can and should be used including acetonitrile,
isopropanol, dichloromethane, and toluene. The type of solvent required for activation
ultimately depends on the molecular structure of the admolecule or contaminant on the
surface. In other words, the solvent should be selected for its solubilizing power of the
admolecule(s). The solvent should also be purified by distillation and stored over activated
carbon (AC) prior to use because reagent-grade solvents often contain impurities that may
adsorb on and contaminate the electrode surface (21). The large surface area of suspended
AC particles provides numerous sites for the preferential adsorption of solvent and/or
impurities, thereby removing the latter from the solvent. Effective solvent clean-up can
usually be achieved after exposing the distilled solvent to AC for 2 days. The use of
“clean” organic solvents is critical for the success of this activation method. Care should
be taken to avoid transferring the AC in the solvent to the electrochemical cell containing
the HOPG, or any other electrode for that matter. This is usually accomplished by filter-
ing. If the particle transfer occurs, the carbon will contact the surface and change the elec-
trode’s behavior. No new active sites are created by this pretreatment. Existing ones are
simply cleaned and made ready for electron transfer. This is a general pretreatment appli-
cable for all electrodes and for all redox systems.

5.2.1.3 Laser activation

This pretreatment can be used to activate HOPG for electron transfer and it can be damag-
ing or non-damaging to the surface microstructure, depending on the conditions (10, 11, 22).
Through a combination of active site generation and surface cleaning, short intense laser
pulses in situ can increase for several redox systems (e.g., Fe(CN)6

3�/4�, dopamine,
and ascorbic acid) by several orders of magnitude. In this treatment, short (ca. 10 nsec) and
intense (ca. 10–100 MW cm�2) pulses of light from a Nd:YAG or N2 laser are applied to

k�app

5.2 Carbon Electrodes 117

Figure 5.1 Atomic force micrographs of the basal plane of HOPG after (left) careful layer plane
cleavage and (right) damaging cleavage leaving a fracture plane. (for colour version: see colour
section at the end of the book).
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the HOPG surface immersed in a supporting electrolyte solution. If the incident power
density is low (�50 MW cm�2), then microstructural alterations of the basal plane do not
occur and the pretreatment simply heats the electrode surface. This “heat treatment” acti-
vates the electrode by desorbing contaminants and exposing “clean” existing edge plane.
However, at power densities �50 MW cm�2, the basal plane microstructure is altered, lead-
ing to the formation of new edge plane sites. These microstructural changes are manifested
in an increase in the 1360/1580 cm�1 Raman peak intensity ratio. Increased surface rough-
ening, background current, and molecular adsorption also occur as a consequence of
increased microstructural disorder. If this pretreatment is performed in situ, then a clean edge
plane is exposed and for Fe(CN)6

3�/4� can increase from �10�5 to ca. 10�1 cm sec�1

(10, 11, 22). In solution, limited surface oxide formation occurs at these newly exposed edge
plane sites if the applied potential is maintained below about +1.0 V vs. SCE. However, once
exposed to the laboratory atmosphere, the laser-activated surface tends to be quite reactive
and surface oxygen is incorporated at the newly formed edge plane. This pretreatment can
both clean existing active sites and create new ones, depending on the conditions. As stated,
the most active regions on HOPG for electron transfer, and other sp2 carbons, are generally
associated with the graphitic edge plane.

5.2.1.4 Heat treatment

Heat treatment activates HOPG by desorbing contaminants and/or removing chemisorbed
oxygen from the exposed edge plane sites, depending on the temperature. This pretreat-
ment is effective at cleaning and producing low-oxide carbon surfaces. For best results, the
pretreatment should be performed under the clean conditions of high vacuum (�10�6

Torr); however, activation can also be achieved if the treatment is conducted under a thor-
ough inert gas purge. Surface carbon–oxygen functional groups will populate any exposed
edge plane and defect sites. Contaminant adsorption, particularly polar molecules, will be
strongest near these sites. Heating the electrode to about 500 �C in the absence of oxygen
is effective at desorbing contaminants and exposing a clean surface. The electrode will still
retain much of the surface oxygen as these functional groups do not decompose at a sig-
nificant rate until temperatures �500 �C (23). A treatment time of 10–30 min is usually
sufficient for cleaning. If higher temperatures are employed, the carbon–oxygen functional
groups will decompose (CO and CO2 evolution) and this can lead to pitting and exposure
of new edge planes. The pretreatment needs to be performed under vacuum or an inert gas
atmosphere if a clean, low-oxygen surface is desired. If significant levels of oxygen are
present in the gas phase during heat treatment, then surface oxidation and corrosion (gasi-
fication) will occur. The morphological and microstructural changes associated with 
gas-phase oxidation of HOPG have been reported by Beebe and coworkers (24). The heat-
treated HOPG surface will be deactivated by contaminant adsorption and reaction with the
atmosphere after short-term exposure to the air, so electrochemical measurements should
be made immediately after treatment for best results.

5.2.1.5 Electrochemical polarization

Although altering both the surface microstructure and the chemistry, electrochemical
polarization can be used to activate HOPG. Anodic polarization, depending on the severity,
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can clean the surface, create new edge plane, and introduce surface oxygen. The
1360/1580 cm�1 Raman peak intensity ratio is a useful indicator of the microstructural dis-
order and XPS can be used to quantify the level of surface oxygen. Of all the pretreatments
used to activate HOPG, electrochemical polarization has the most dramatic effect on sur-
face microstructure and chemistry (10–12). Generally, the background current and the
extent of molecular adsorption track the fraction of edge plane exposed. for some
redox systems (e.g., ascorbic acid and Fe(CN)6

3�/4�) increases by several orders of mag-
nitude after electrochemical polarization. For example, the surface-sensitive Fe(CN)6

3�/4�

has a value of ca. 10�5 cm sec�1 on a low-defect basal plane surface and a value of
ca. 10�2 cm sec�1 on the same surface after anodic polarization (8, 10–12, 25). The extent
of microstructural damage depends on the charge passed at the particular applied poten-
tial. Exposure of edge plane increases both the density of electronic states in the vicinity
of the site and the surface oxygen content (8, 10–12, 25). The increased density of elec-
tronic states necessarily means that a different double-layer structure exists at these sites.
This may lead to a greater potential drop locally, hence faster electron-transfer kinetics.
Increasing the surface oxygen content can result in the acceleration of electron-transfer
rates if specific functional groups are involved in the redox reaction mechanism (26). An
important point to remember about pretreatment methods such as electrochemical polar-
ization is that they can affect more than one electrode property (e.g., electronic structure,
surface oxides, wettability, etc.) and this makes it difficult to elucidate structure–function
relationships.

The mechanism of edge plane formation during anodic polarization in mild acid has been
studied by McCreery and coworkers (25, 27) using in situ Raman spectroscopy. They found
that the first step is separation of the graphene sheets due to the interlayer incursion of sol-
vent molecules and/or intercalated anions. The extent of anion intercalation depends on the
electrolyte composition, specifically the anion type, ionic strength, existing defect density
on the basal plane surface, and the applied potential. The important potential is actually the
applied potential relative to the point of zero charge. The second step involves fracturing of
the graphene sheets, a process by which the new edge plane is exposed. Solvent and/or
anion intercalation, driven by the positive potentials used for polarization, produces
microstructural strain. Eventually, the strain gets large enough to fracture the layer planes
because they can no longer bend and flex. This fracturing exposes the new edge plane and
increases the local density of electronic states and the surface oxygen content.

There are many electrochemical pretreatment protocols reported in the literature.
Potentiostatic, potentiodynamic, and galvanostatic methods have been used. An excellent
method for electrochemically pretreating HOPG is potential cycling between �0.5 and 
1.5 V vs. SCE in 0.1–1 M KNO3 at 50 mV sec�1. Anodic potential limits below ~1.0 V
produce “minor” microstructural alterations and minimal surface oxidation, whereas
potential limits �1.5 V lead to “severe” damage and extensive oxygen incorporation
(25–28). In general, one needs to balance the need for active site generation (e.g., edge
plane formation) with the consequential effects listed above that can have a limiting effect
on the electroanalytical utility of the electrode.

The severity of the polarization depends on the anodic potential limit. The electrochem-
ical oxidation of HOPG at positive potentials (�1.5 V) has been studied by numerous
groups. For example, Gewirth and Bard used in situ scanning tunneling microscopy to
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study the basal plane of HOPG during potentiodynamic polarization in 0.1 M H2SO4 (17).
They proposed that a graphite oxide layer forms following a nucleation and growth
process. The early stages of potential cycling between 0 and 1.8 V vs. AgQRE produced
roughened and apparently oxidized regions of the surface with lower barrier height than
the untreated surface. Continued potential cycling caused further roughening and expan-
sion of the oxidized regions to completely cover the surface. Similar observations were
made by Zhang and Wang (29). Goss et al. studied the oxidation of HOPG in 1.0 M KNO3

using in situ atomic force microscopy, and found that potential cycling to potentials
between 1.5 and 2.0 V SSCE produced isolated surface blisters (30). The outermost layer
of the blister was found to be the top-most graphene sheet, whereas the interior of the 
blister contained graphite oxide. The authors proposed that following potential-dependent
intercalation of electrolyte anions and solvent, blisters form as a result of electrolytic gas
evolution at subsurface active sites with accompanying graphite oxide formation. The 
initially formed graphite intercalation compound subsequently oxidizes water or carbon to
form graphite oxides. The surface oxides can be problematic in some electrochemical
measurements. For example, the voltammetric background current increases and peaks
develop in the 0–0.5 V vs. SCE range at acidic pH when redox-active surface carbon–oxy-
gen functional groups are present. The redox-active functional groups are of the
quinone/hydroquinone type (20, 31, 32). Their presence can interfere with the electro-
chemical measurement of the redox analytes at low concentration by causing a reduction
in the signal-to-background (S/B) ratio for the measurement. The background voltam-
metric peaks associated with the redox-active oxygen functional groups shift with 
pH (�59 mV dec�1) (20, 31, 32).

The increased carbon–oxygen functional group content produced by electrochemical
polarization has been correlated with increased rates of electron transfer for some redox
systems. For example, Kepley and Bard showed that the value for the quinone/hydro-
quinone redox couple tracked the thickness of the oxide layer formed by severe anodic
polarization (33). McCreery and coworkers reported that for the Fe3+/2+ redox system
can be increased by orders of magnitude when surface oxygen is incorporated at the edge
plane sites on the HOPG surface, particularly carbonyl functional groups (26). These authors,
as well as others, have proposed that the electrochemical polarization mechanism involves
the creation of oxygen functional groups that act as electron- and/or proton-transfer media-
tors. Oxygen functional groups can impact upon electrochemical reactions directly or indi-
rectly. They can directly affect the reaction kinetics and mechanism by providing (i) specific
reaction or adsorption sites for a particular redox system and (ii) sites that facilitate proton
exchange with those redox systems that undergo proton transfer. The functional groups can
indirectly affect the reaction kinetics by providing sites for contaminant adsorption from the
solution. Furthermore, the increased electrode reaction kinetics might not be due to the 
oxygen functional groups at all, but rather due to the increased density of electronic states
that accompanies the edge plane formation, sites at which the oxides form (2–5, 22). The 
carbon–oxygen functional groups can impact the structure of the electric double layer. The
nature of water interaction with a hydrophobic basal plane and a hydrophilic, oxygen-
containing edge plane site will be different. Some of the functional groups that can form are
not electroactive but are acidic in nature and undergo deprotonation. This ionization alters
the charge on the surface of the electrode and leads to pH-dependent for some redoxk�app

k�app

k�app

120 5. Solid Electrode Materials: Pretreatment and Activation

Ch005.qxd  12/22/2006  10:54 AM  Page 120



systems. For example, carboxylic acid functional groups can form during polarization with
a pKa of ca. 4.5. Deprotonation of these groups occurs at pH values above the pKa, creating
increased negative surface charge. For electrochemically treated glassy carbon, and the
same should hold true for HOPG, Deakin et al. observed that the ko for anionic redox sys-
tems (Fe(CN)6

3�/4� and IrCl6
2�/3�) decreased with increasing solution pH (i.e., increasing

negative surface charge) (31). The opposite behavior was seen for the cationic redox sys-
tems (Ru(NH3)6

3+/2+). Blurton looked at the surface chemistry changes of low-porosity
graphite during potentiodynamic polarization in H2SO4 (34). It was observed that multiple
anodic and associated cathodic peaks develop in the 0–1.5 V vs. SHE window, which were
attributed to redox-active quinone/hydroquinone functional groups. Panzer and Elving also
studied the surface chemistry of pyrolytic graphite during potentiodynamic polarization in
aqueous and non-aqueous media (35). Generally speaking, from all the published work with
HOPG, applied potentials of 1.5 V or greater are needed to expose new edge plane sites. The
formation of these sites leads to an increase in for some surface-sensitive probes such
as Fe(CN)6

3�/4�. Rate constant increases from 10�5 to 10�2 cm sec�1 should accompany
new edge plane formation.

5.2.2 Glassy carbon

Glassy carbon (GC), also referred to as vitreous carbon, is the most commonly used car-
bon electrode for electroanalysis (10–12). It is available in variety of architectures includ-
ing rods, disks and plates. Unlike HOPG and other graphites, GC is hard and
microstructurally isotropic (the same in all directions). It is impermeable to gases and liq-
uids and has slightly lower electrical and thermal conductivity (9–12, 36, 37). The mate-
rial is prepared by heat treating polyacrylonitrile (PAN) or phenolic resin under pressure
at temperatures between 1000 and 3000 �C. The heat treatment is often applied slowly over
days and causes expulsion of non-carbon atoms. This produces a conjugated carbon
microstructure. The original polymer backbone stays largely intact, preventing the forma-
tion of extended graphitic domains (9–12, 36, 37). The resulting microstructure is a com-
plex one of interwoven graphitic ribbons with La and Lc values of ca. 50 and 15 Å,
respectively (9–12, 36, 37). The accepted model for the GC microstructure is the one pro-
posed by Jenkins and Kawamura (37). The interwoven sp2 carbon ribbon gives rise to
mechanical hardness, so the material is polishable and impermeable to gases and liquids.
The density of GC (ca. 1.5) is less than HOPG, indicating that the material contains some
void space (nanoporosity). Since the material is impermeable to gases and liquids, the
voids are small and unconnected. Two peaks are present in the Raman spectrum for GC at
1350 and 1580 cm�1 with the ratio of the two reflecting the extent of microstructural dis-
order. Typical 1350/1580 cm�1 peak intensity ratios are in the 1.3–1.5 range. The material
possesses a complex surface chemistry consisting of various types of carbon–oxygen func-
tional groups at the graphitic edge plane sites (9–12).

5.2.2.1 Mechanical polishing

The surface of GC, like other solid electrodes, is gradually deactivated during exposure to
the atmosphere or during electrochemical use (38, 39). Therefore, periodic pretreatment is
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necessary. The most common method for activating GC is mechanical polishing. As indi-
cated above, polishing is often a first step in any activation protocol. Polishing serves to
renew the surface by cleaning, removing the effect of past history, and exposing a fresh
microstructure. Since GC possesses an isotropic microstructure, a similar edge-to-basal
plane ratio is always exposed after conventional polishing. Polishing should be per-
formed under ultraclean conditions if the highest “activity” is to be achieved. Numerous
polishing procedures have been reported in the literature. A good protocol to follow
is the one described by Kuwana and coworkers (39, 40). In their method, the electrode
is polished using successively smaller sizes of alumina on a smooth glass plate.
Deagglomerated alumina powders work best in sizes from 1.0 down to 0.05 �m. The alu-
mina is slurried in ultrapure water to make a paste. The electrode should be polished
using circular motions with an even force applied. Starting from the largest grit size, the
electrode should be polished and then carefully cleaned by (i) rinsing with ultrapure water
and (ii) ultrasonication in the same medium for about 15 min. The GC should be placed
in a clean beaker, submerged in ultrapure water and covered during the ultrasonic clean-
ing. Eventually, a mirror-like finish should be obtained, hence the name glassy carbon.
The electrode should be used immediately after the polishing, or any pretreatment for that
matter, for best results. for a surface-sensitive redox system like Fe(CN)6

3�/4�

should be at least in the high 10�2 cm sec�1 range if the electrode surface is adequately
cleaned and renewed.

Polishing is damaging to the material because the mechanical abrasion breaks
carbon–carbon bonds. Polishing debris (e.g., a carbon and alumina microparticle layer),
if not removed by thorough cleaning, will remain on the surface and affect the electro-
chemical properties (41). Oxygen is generally incorporated during the pretreatment as
the dangling carbon bonds created on the surface readily react with oxygen in the air or
from the water. Low-oxygen surfaces can be created if the polishing is done in an
anaerobic environment. For example, McCreery and coworkers have produced low-
oxygen GC by polishing in deoxygenated hexane (42). Unlike HOPG, the GC
microstructure is isotropic and homogeneous throughout the bulk so that the same
disordered microstructure is present regardless of how many layers are removed by
polishing.

5.2.2.2 Solvent cleaning

Exposure to clean organic solvents is a useful method for activating GC without intro-
ducing new microstructure and surface chemistry. Usually, this pretreatment is applied
in conjunction with mechanical polishing. Such is the case for the other pretreatment
methods described herein for GC. As discussed above, this pretreatment method 
works by dissolving and/or desorbing adsorbed contaminants from the surface, 
generating clean edge plane (i.e., active sites) (21). Exposure times of 20–30 min are
usually sufficient. Several different solvents can be used including acetonitrile, iso-
propanol, dichloromethane, or toluene. The solvents should be purified by distillation
prior to use. AC should also be added to the distilled solvent for additional purification
(21). for a surface-sensitive redox system like Fe(CN)6

3�/4� should be at least in
the high 10�2 cm sec�1 range if the electrode surface is adequately cleaned and
renewed.
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5.2.2.3 Vacuum heat treatment

Vacuum heat treatment can be used to renew and activate GC (43, 44). As discussed
above, this pretreatment method cleans the surface by desorbing contaminants from
“active” sites and creates a low-oxygen surface by decomposing carbon–oxygen function-
alities as CO and CO2. Vacuum heat treatment generally does not alter the surface mor-
phology or microstructure. The heat treatment is best performed under high-vacuum
conditions (�10�6 Torr). Heating the electrode to about 500 �C in the absence of oxygen
is effective at desorbing contaminants. The electrode will still retain much of the surface
oxygen as these functional groups do not decompose at a significant rate until tempera-
tures �500 �C are reached. Treatment times from 10 to 30 min are usually sufficient. If
higher temperatures are employed, ca. 1000 �C, then the carbon–oxygen functional groups
will decompose (CO and CO2 evolution) causing some minor pitting and new edge plane
exposure. In general, this pretreatment activates the surface for electron transfer, lowers
the background current, and reduces the surface functionality. for a surface-sensitive
redox system like Fe(CN)6

3�/4� should be at least in the high 10�2 cm sec�1 range if the
electrode surface is adequately cleaned.

5.2.2.4 Laser activation

Through a mechanism of contaminant desorption, this pretreatment activates GC for elec-
tron transfer (45). Short (ca. 10 nsec) and intense (ca. 10–100 MW cm�2) pulses of light
from a Nd:YAG or N2 laser are applied while the electrode is immersed in a supporting
electrolyte solution. Surface heating occurs as a result of the laser light being absorbed by
the carbon. The heating causes the desorption of contaminants from the surface, particu-
larly from the active edge plane, and this leads to improved rates of electron transfer for
most redox systems. Since GC is a microstructurally isotropic electrode material, laser
activation generally does not alter the microstructure by creating new edge plane, as is the
case for HOPG. for a surface-sensitive redox system like Fe(CN)6

3�/4� should be at
least in the high 10�2 cm sec�1 range if the electrode surface is adequately cleaned.

5.2.2.5 RF plasma treatment

Treatment in an RF plasma can be used to activate GC (46). Small RF plasma cleaners are
available (e.g., Harrick Scientific) for treating electrodes at powers up to about 100 mW
and pressures in the 100 mTorr range. The plasma chamber is attached to a mechanical
rough pump, and sometimes also to an oil diffusion pump, in order to maintain a reduced
pressure. A short 10–15 min treatment in an Ar plasma (10–100 mTorr) is useful for clean-
ing GC and this involves a sputtering type of mechanism in which energetic argon ions
(Ar+) collide with the surface. The electrode surface tends to be roughened after the plasma
treatment. If the treatment is performed in a relatively oxygen-free gas environment, then
the surface oxygen content is usually decreased as compared to the typical oxygen content
for a freshly polished electrode. RF plasma treatment can also be used to chemically mod-
ify the GC surface (46). For example, researchers have incorporated surface oxygen by
exposing GC to an oxygen or water/oxygen plasma (46). The alterations in the electrode
surface chemistry and microstructure can range from mild to severe depending on the
plasma conditions (e.g., gas phase, power, pressure, and duration).
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5.2.2.6 Hydrogen plasma treatment

GC surfaces prepared in air and/or used in aqueous environments have edge plane and
defect sites that are terminated with surface oxides of varying type and coverage (8, 10–12).
The heterogeneous distribution of these functional groups can be a cause for significant
variability in the electrochemical response for some redox systems and can generally lead
to poor response stability. Some of these oxides are redox-active (e.g., quinone/hydro-
quinone couple) and others are electroinactive but ionizable (e.g., carboxylic acid). Both
types of functional groups give rise to pH-dependent voltammetric and amperometric back-
ground current over a wide potential range. Several approaches have been employed for
removing surface oxides from sp2 carbon electrodes including high-vacuum heat treatment
(43, 44) and mechanical polishing in an anaerobic environment (42). A relatively new pre-
treatment, and one analogous to vacuum heating, is hydrogen plasma treatment (47–49).
Hydrogenated glassy carbon (HGC) is prepared by exposing GC to a hydrogen microwave
plasma or to hydrogen gas activated by passage over a heated metal (e.g., tungsten) fila-
ment. Atomic hydrogen, not molecular hydrogen, is the principal reactant that chemisorbs
at the exposed edge plane and leads to the replacement of terminal oxygen functional
groups (47–49). This treatment is fundamentally different from vacuum heat treatment or
mechanical polishing in an anaerobic environment because it not only removes the surface
oxides but also stabilizes the surface carbon atoms by forming strong covalent C�H bonds.
The hydrogenated surfaces are low in oxygen content (atomic oxygen-to-carbon ratio (O/C)
�0.02), as determined by X-ray photoelectron spectroscopy (XPS), and hydrophobic with
a water contact angle �65�. In fact, the oxygen content remains low even during air expo-
sure for weeks due to the stability of the C�H bonds (49). Based on static secondary ion
mass spectrometry (SIMS) results, it was proposed that the hydrogenated surface is com-
posed of aliphatic hydrocarbon moieties (e.g., CH3, C3H3, C2H5, C3H5, etc.) rather than sim-
ply hydrogen, as the chemisorption of atomic hydrogen not only replaces terminal oxygen
groups but also causes ring opening reactions that lead to the formation of surface hydro-
carbon moieties (48). Figure 5.2 shows a proposed surface structure for HGC.
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HGC exhibits lower voltammetric background current, comparable electrochemical activ-
ity for several redox systems, enhanced S/B ratios, and improved response stability com-
pared with freshly polished (i.e., oxygenated) GC. Cyclic voltammetric investigations
revealed relatively rapid electrochemical reaction kinetics for Fe(CN)6

3�/4� and
Ru(NH3)6

3+/2+, and slightly slower kinetics for dopamine and 4-methylcatechol. Very sluggish
kinetics were found for Fe3+/2+. For example, of 0.01–0.03 cm sec�1 were determined for
Fe(CN)6

3�/4� and Ru(NH3)6
3+/2+, whereas slightly lower values of ~5 � 10�3 cm sec�1 were

found for dopamine and 4-methylcatechol (48). Significantly lower rate constants of ~3 �
10�5 cm sec�1 were seen for Fe3+/2+ (48). The low for Fe3+/2+ was attributed to the
absence of mediating carbonyl functional groups on the HGC surface (26, 50). The electrode
response for all five redox analytes was extremely stable even after a 3-month period of air
exposure. This reflects how resistive this hydrophobic surface is to deactivation (fouling) 
via contaminant adsorption. Further evidence for the lack of molecular adsorption (polar 
molecules) was revealed from chronocoulometric measurements performed with
anthraquinone-2,6-disulfonate (2,6-AQDS) (51). AQDS strongly physisorbs at high cover-
ages on the polar, oxygenated GC (51, 52). However, negligible adsorption was detected on
HGC. These results demonstrate that hydrogenation is a suitable modification method for
producing an active, stable, and low-oxide GC surface.

5.2.2.7 Electrochemical polarization

Electrochemical polarization, depending on the conditions, can improve the surface clean-
liness, alter the surface microstructure, and/or change the surface chemistry. Numerous
methods have been reported in the literature. Electrochemical pretreatment is best per-
formed in conjunction with mechanical polishing and/or solvent cleaning. For many elec-
troactive species, polarizing GC anodically at potentials from 1.5 to 2.0 V vs. Ag/AgCl is
required for activation. Generally, anodic and cathodic polarization applied in unison 
provide the highest degree of activation. For example, a protocol used by our group to
reproducibly activate GC is 5 min of potential cycling between �1.0 and 1.5 V vs. SCE
(50 mV sec�1) in 0.1 M phosphate buffer, pH 2, or 0.1 M HClO4. This would be catego-
rized as a “mild” pretreatment as only minor changes in background current are observed.
There are also other protocols that work well for activation. The effectiveness of a partic-
ular pretreatment method for activating an electrode very much depends on the redox sys-
tem under study. Engstrom described the activation of GC for several different redox
systems using potential step anodization (0.5–2.0 V vs. SCE) followed by cathodization 
(0 to �0.5 V) in 0.1 M KNO3 + 0.01 M phosphate buffer, pH 7 (53). It was proposed that
three different surface conditions exist on the electrode during the course pretreatment: 
(i) the inactive state that results from some combination of inadequate surface cleanliness
and/or minimal functional group coverage, (ii) the active surface after anodization with the
oxidized form of the oxide layer and (iii) the active surface after cathodization with the
reduced form of the oxide layer. Wang and Lin applied short-duration (5–60 sec) potential
steps to anodic potentials between 1.0 and 2.5 V followed by steps to cathodic potentials
between �1.0 and �2.0 V vs. SCE (54). The potential excursions required for activation
depended on the particular redox system (e.g., phenol and uric acid). The activation was
performed in neutral phosphate buffer or 1 M NaCl. Wightman and coworkers described
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the activation of GC by an anodic potential step to +1.4 V vs. SCE in citrate buffer, pH
5.2, for 20 min (55). The electrode activity was assessed using Fe(CN)6

3�/4� and ascorbic
acid. There are other potentiostatic, potentiodynamic, and galvanostatic pretreatments
reported (56–59). The paper by Beilby et al. discusses the influence of the anodic and
cathodic potentials, the ionic strength and pH of the supporting electrolyte, and the length
of time of the oxidation or reduction on the degree of activation (59).

5.2.3 Pyrolyzed photoresist films (PPF)

Thin films of sp2-bonded carbon can be produced by pyrolyzing photoresist layers. These
films (PPF) are an attractive alternative to thick-film electrodes because of their smooth-
ness and amenability to patterns. Kinoshita and coworkers were the first to report on the
electrochemistry of PPF (60). McCreery and coworkers examined the formation,
microstructure, chemical properties, and electrochemical behavior of these thin films in
detail, and are using the material as an electrode for molecular electronic assemblies
(61–64). This is a new form of conductive carbon, so a complete understanding of the
interrelationship between the microstructure, surface chemistry and electrochemical prop-
erties has yet to be fully developed. In general, PPF is an electrically conducting material
(~5 � 10�3 � cm) that possesses a microstructure much like that of GC, but is low in
surface oxygen. Presumably, some of the carbon atoms at the exposed edge plane are ter-
minated by hydrogen during the pyrolysis. One of the most practical properties of PPF is
its near-atomic smoothness as the surface roughness is on the order of 0.5 nm over square
micrometer dimensions (61–64).

PPF is produced by spin coating a thin layer of photoresist onto a clean and smooth sub-
strate, such as Si or quartz. Multiple coatings can be applied to control the final film thick-
ness, which is usually a few micrometers. The coated substrate is then baked in an oven
under atmospheric conditions at approximately 90 �C for 30 min. This step cures the pho-
toresist layer. The substrate can then be cut into smaller pieces, if required, for placement
in a tube furnace for pyrolysis. A quartz tube furnace is used for this purpose with a forming
gas of 95% N2 + 5% H2 continuously flowing at approximately 100 sccm (61–64). The
main purpose of the forming gas is to keep oxygen from reacting with the hot carbon sur-
face. If oxygen is present then significant carbon gasification will occur. The pyrolysis is
conducted by slowly raising the temperature (10 �C min�1) from ambient to 1000 �C and
then holding it there for 60 min. The samples are then cooled to room temperature under
the constant flow of the forming gas. Film shrinkage occurs due to decomposition of the
photoresist and gas evolution. The shrinkage occurs primarily in the film thickness and not
so much in the lateral film dimensions. Weight loss and densification also occur during the
pyrolysis. About 70% loss of the initial dry weight is typical. The weight loss, though,
depends on the heat treatment temperature and, at least at low temperatures, results from
the evolution of H2O, CO, CO2 and other gaseous decomposition products. Film densifi-
cation and aromatization occur at the higher heat treatment temperatures.

The microstructure and surface chemistry of PPF have been studied as a function of the
pyrolysis temperature (62–64). Raman spectra for PPF reveal the characteristic bands of
sp2 carbon at ~1358 and ~1580 cm�1. The “D” (1358 cm�1) and “G” (1580 cm�1) bands
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have been studied extensively and the peak area or intensity ratio (1358/1580) has been
correlated with the extent of microstructural disorder (i.e., fraction of exposed edge plane)
(62–64). The spectrum for PPF resembles that for glassy carbon. Typical 1358/1580 peak
intensity ratios are 1.2–1.5, reflective of a relatively disordered microstructure. The bands
narrow with increasing heat treatment temperature suggestive of more microstructural
ordering. In terms of the surface chemistry, PPF is generally low in surface oxygen (O/C =
ca. 2%) after pyrolysis and somewhat resistant to oxidation in air. McCreery and cowork-
ers have shown, for example, that PPF slowly incorporates oxygen during exposure to the
atmosphere over a 2-h period at room temperature, as indicated by an XPS-determined
O/C that increases to only about 6% (62–64). The low-oxygen content of PPF is much like
that of HGC (47–49). More remains to be learned about how the surface microstructure
and chemistry change as a function of the electrode potential.

Clean PPF films possess a low Cdl, 5–10 �F cm�2, and exhibit relatively rapid electron-
transfer kinetics for several outer-sphere redox systems. For instance, in the low to mid 
10�2 cm sec�1 range is observed for Ru(NH3)6

3+/2+, chlorpromazine and Fe(CN)6
3�/4� (62–64).

5.2.3.1 Mechanical polishing

Even though the adhesion of the PPF to the substrate is generally strong, pretreatment by
mechanical polishing is not practical. The films are relatively thin and soft, so polishing
with even a 0.05 �m diameter alumina grit would cause significant roughening and
destruction of the PPF layer.

5.2.3.2 Solvent cleaning

PPF is probably best and most easily activated by solvent cleaning. As described above,
soaking the electrode for 20–30 min in isopropanol (cleaned by distillation and exposure
to AC) is effective at cleaning the surface without causing any roughening or microstruc-
tural damage (21). This pretreatment effectively dissolves site-blocking contaminants
from the surface, particularly from the regions around the edge plane. The pretreatment
only affects the surface cleanliness and does not alter the electronic properties, surface
microstructure, or surface chemistry. Solvent cleaning is a good starting point for the acti-
vation of PPF.

5.2.3.3 Heat treatment

Heat treatment can be used to remove surface oxygen and clean the PPF surface. The elec-
trodes are heat treated during the pyrolysis but the effects of past use can only be removed
by a postgrowth heat treatment. For optimum results, the treatment is best performed under
high-vacuum (�10�6 Torr) conditions. Heating the electrode to about 500 �C in the
absence of oxygen should be effective at desorbing contaminants. The surface oxygen con-
tent, which is low to begin with, will be retained as these functional groups do not decom-
pose at significant rates until temperatures �500 �C are reached. Treatment times from 15
to 30 min are usually sufficient. If higher temperatures are employed, the carbon–oxygen
functional groups will decompose (CO and CO2 evolution) possibly leading to pitting and
new edge plane site exposure. Due to differences in thermal expansion coefficient, heat
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treatment at high temperature might result in film delamination from the substrate.
Therefore, care should be taken to perform the heat treatment at a temperature where the
PPF film is physically and chemically stable on the substrate surface. As is the case for all
other heat-treated carbon electrodes, electrochemical measurements with treated PPF
should be made immediately after treatment.

5.2.3.4 Electrochemical polarization

Depending on the severity of the conditions, electrochemical polarization can cause surface
roughening and microstructural damage, as well as oxygen incorporation. An advantage of
the PPF is its atomic smoothness. In most instances, one would not want to pretreat the
electrode by severe electrochemical anodization (�1.5 V) or cathodization because of 
the microstructural damage that would be caused. McCreery and coworkers have studied
the stability and surface chemistry of PPF during electrochemical polarization. The mate-
rial was found to behave in much the same manner as GC during mild potentiodynamic
cycling in 0.2 M HClO4 between �0.5 and 1.5 V vs. Ag/AgCl (61–64). As the number of
cycles was increased, the O/C increased, resulting in faster Fe3+/2+ electron-transfer kinet-
ics. They also examined the electrode after constant potential polarization in 0.1 M H2SO4

at +1.8 V for 1 min. Significant oxygen incorporation and microstructural damage occurred
as reflected by an increase in Cdl to �50 �F cm�2. If polarization is to be employed as a
pretreatment, then mild conditions (�1.5 V) should be used.

5.2.4 Carbon fibers

Carbon fibers are classified as microelectrodes (Chapter 6) because of their small size.
Typical diameters range from 1 to 40 �m. Microelectrodes offer advantages over conven-
tional macroelectrodes in electroanalytical measurements in terms of (i) a lower back-
ground current (i.e., double-layer charging) due to a smaller exposed area, (ii) a smaller
size that enables measurements to be made with high spatial resolution, (iii) a faster
response time because of a shorter RC time constant, which enables measurements to be
made with high temporal resolution and (iv) the ability to make measurements in resistive
media due to low ohmic (iR) potential losses (65, 66). The fast response time of micro-
electrodes allows measurement of redox systems with large ko. For example, for
redox systems has been found to be in excess of 1 cm sec�1 (67).

Carbon fibers are manufactured from several starting materials including rayon, PAN,
pitch, and lignin, with all materials possessing different chemical compositions. Fibers can
also be produced by gas-phase deposition from a carbon precursor. A wide variety of syn-
thesis and heat treatment procedures exist for the preparation and post-treatment of the
fibers. For this reason, fibers are available with different exposed microstructures and sur-
face chemistries. One has to be cognizant of this when selecting a fiber for a particular elec-
troanalytical application. One way to classify carbon fibers is in terms of the temperature
employed for their production. Generally, as the pyrolysis temperature increases, the fiber
becomes more enriched with carbon and the microstructure becomes more “graphitized” or
ordered. The three general classifications are (i) partially carbonized fibers at temperatures
near 500 �C with up to 90 wt % carbon, (ii) carbonized fibers at temperatures between 500

k�app

128 5. Solid Electrode Materials: Pretreatment and Activation

Ch005.qxd  12/22/2006  10:54 AM  Page 128



and 1500 �C with 91–99 wt % carbon, and (iii) graphitized fibers at temperatures between
2000 and 3000 �C with �99 wt % carbon (68). The microstructure and surface chemistry
can vary considerably from fiber type to type, depending on the source material and the fab-
rication procedures, and this will have a significant impact on the electrochemical proper-
ties. Furthermore, many commercial fibers receive a final surface treatment to improve their
adhesion with binders in carbon–carbon composite materials. Removal of such coatings is
necessary prior to electrochemical use. The most commonly used fibers in electroanalytical
chemistry are the microstructurally disordered types (PAN and pitch). These fiber types have
an inherently high fraction of exposed edge plane, and therefore a high active site density.

Carbon fiber microelectrodes can be used in either a disk or a microcylinder geometry.
The fiber is usually sealed or insulated with pulled glass or polymeric coatings (65, 66, 69).
A disk geometry is one in which the fiber is cut flush with the insulation material. A micro-
cylinder geometry is one in which the fiber protrudes some distance (hundreds of microm-
eters or more) beyond the end of the insulation. Like every other type of carbon electrode,
the basic electrochemical properties of carbon fibers depend on their exposed microstruc-
ture and chemical composition. Untreated fibers usually exhibit sluggish electron-transfer
kinetics for most redox systems, as evidenced by poorly shaped voltammetric i–E curves.
As with other carbon electrodes, pretreatment is usually a prerequisite for carbon fiber
microelectrode use. The background current, Cdl, and the extent of molecular adsorption are
strongly influenced by the exposed microstructure and surface chemistry, which are
affected by the pretreatment method. These factors track the fraction of edge plane exposed,
as determined from the Raman 1360/1580 peak intensity ratio, as well as the surface oxy-
gen content. The more graphitic the exposed microstructure is, the lower Cdl (2–10 �F
cm�2) is and the lower the background voltammetric current and surface oxygen content
are. Recall that Cdl for the basal plane of HOPG is low (i.e., in the 1–5 �F cm�2 range).
Increased Cdl results, at least in part, from a higher density of electronic states at the exposed
edge plane sites. This translates into a greater potential-dependent excess surface charge
that is counterbalanced by greater ion accumulation and solvent dipole orientation on the
solution side of the interface. The background voltammetric current increases because of
the larger Cdl, but there can also be a contribution from pseudocapacitance associated with
electroactive surface carbon–oxygen functionalities. As discussed above, the redox-active
functional groups undergo electron transfer in the 0–0.5 V range (acidic solution) and their
presence is manifested in a larger background current. The study of carbon fibers is chal-
lenging because they often consist of multi-phase microstructures; this means that one
orientation is present on the surface, whereas another is present in the core. In addition, the
fragility of the fiber, at least in the microcylinder geometry, precludes any polishing to clean
and renew the surface. The anisotropic microstructure and inability to polish the surface can
make response reproducibility with carbon fibers a challenge.

Figures 5.3a–e show representations of different carbon fiber microstructures (68). The
fiber microstructure can be determined by Raman spectroscopy and X-ray diffraction, as
discussed above for HOPG and glassy carbon. Carbon fibers come in several different
microstructures, as indicated above. A concentric arrangement of the graphene sheets
exists in Figure 5.3a (circumferentially orthotropic) with primarily exposed basal plane.
This fiber has a single-phase microstructure that is observed for vapor-grown fibers. The
physical and chemical properties of such fibers have been previously discussed (70).
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A center void occurs because of the large energies required to bend the graphene sheets
into smaller circumferences.

Figures 5.3b (radially orthotropic) and 5.3c (transversely isotropic) show single-phase
microstructures. The graphene sheets are well ordered in a radial alignment with a large
portion of exposed graphitic edge plane in one microstructure. A more random distribution
of the graphene sheets is seen in the other with an isotropic distribution of both edge and
basal plane throughout.

Diagrams of a two-phase microstructure are shown in Figures 5.3d (circumferentially
orthotropic with an isotropic core) and 5.3e (radially orthotropic with an isotropic core).
The exterior of the fiber has a high degree of basal character with the graphene sheets cir-
cumferentially oriented in one microstructure. The thickness of the concentric layers is less
than that for the fiber type shown in Figure 5.3a. The fiber core has a random distribution
of graphene sheets similar to that for glassy carbon. There is a gradual transition from the
ordered surface structure to the disordered core. This fiber is an example of an onion-skin
exterior and a random-core interior. The other type has an ordered radial alignment of the
graphene sheets at the exterior and a more random, isotropic distribution in the core.

5.2.4.1 Mechanical polishing

Carbon fibers in a microcylindrical geometry are too fragile to be polished. However, a fiber
in a disk geometry can be polished in a manner similar to that for GC. The same ultraclean
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polishing conditions described above for GC should be employed. Care should be taken
to avoid damaging the insulation layer. This means a special jig needs to be constructed
to hold the microelectrode in a fixed position, if polishing by hand. Alternately, a special
microelectrode beveler with a micromanipulator/electrode holder can be used. It is
important that all polishing debris be removed from the electrode surface by copious rins-
ing and ultrasonic cleaning. To avoid damaging the end of the electrode during cleaning,
it should not be allowed to “bounce” on the bottom of the solution container. It is best to
suspend the microelectrode in the sonicated solution during cleaning. At least for the disk
geometry, polishing is a useful first step for electrode activation. One must remember,
though, that polishing can roughen the surface and alter the exposed microstructure, par-
ticularly for the fiber types with more ordered surface microstructures.

5.2.4.2 Solvent cleaning

Exposure to clean organic solvents can be useful for cleaning and activating carbon fibers.
Several different solvents can be used to clean the electrode surface including acetonitrile,
isopropanol, dichloromethane, and toluene. The solvents should first be distilled for purifi-
cation. Reagent-grade solvents often contain impurities at levels that can cause significant
electrode deactivation. AC can be added to the distilled solvents for additional purification.
Soak times of 20–30 min are usually adequate. The solvent cleaning can also be performed
by Soxhlet extraction.

5.2.4.3 Heat treatment

Achieving an ideal carbon fiber reference surface for studies of electrode structure–function
is difficult to achieve. Another good method for cleaning carbon fibers without signifi-
cantly altering the microstructure is high-vacuum heat treatment. Heating the surface in
the UHV (10�9 Torr) to temperatures near 1000 �C for 30 min causes impurities to desorb
and surface oxygen functional groups to decompose. Therefore, this pretreatment cleans
the surface by desorbing contaminants and removes surface carbon–oxygen if the temper-
ature is high enough (71). Swain, under the direction of Kuwana, studied the activation of
different carbon fiber types by heat treatment (72). The heat-treated fiber surfaces are low
in surface oxygen as the carbon–oxygen functionalities decompose between 500 and 900
�C (71, 72). However, the loss of surface oxygen creates dangling bonds on the surface that
quickly react in the atmosphere when brought out of the vacuum chamber for use.
Therefore, electrochemical measurements should be performed as soon as possible after
removal from the chamber. Alternately, the heat treatment can be performed in a quartz
tube furnace, carefully purged with nitrogen or argon, at a temperature of ca. 400–800 �C
for 30 min. It is more difficult to remove trace levels of oxygen from the tube furnace than
in the high vacuum; carbon oxidation and gasification can be a problem. Heat treatment in
a tube furnace, if the temperature is kept low, ~400 �C, results in a clean surface but not
one that is as low in oxygen as is achieved by vacuum heat treatment. In general, heat treat-
ment is a good starting point for the activation of any carbon fiber type as it produces a
clean and low-oxygen surface.
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5.2.4.4 Laser activation

Laser treatment is useful for cleaning and activating carbon fibers without altering the
microstructure or surface chemistry, at least if the treatment is performed under mild con-
ditions (i.e., low incident laser power). Strein and Ewing used a pulsed N2 laser operating
at 337 nm to activate a carbon fiber microdisk electrode (73). The treatment works by both
heating the surface (absorbed light), resulting in the desorption of contaminants and cre-
ation of new edge plane (e.g., active sites). The extent of edge plane formation depends on
the pulse power density, pulse duration, as well as the native fiber microstructure. If sig-
nificant new edge plane is exposed, then for different redox systems will increase as
will the background voltammetric current and the surface oxygen content.

5.2.4.5 Electrochemical polarization

Electrochemical pretreatment is the most common method for activating carbon fibers.
There are many electrochemical pretreatment methods reported in the literature. It is best
to apply the pretreatment to a clean and reproducibly conditioned surface for best results.
Such a surface can be obtained by mechanical polishing (disk electrodes only), solvent
cleaning, or vacuum heat treatment. Usually, electrochemical pretreatment involves anodic
polarization in acidic, neutral, or basic media with the magnitude of the potential, the time,
and the medium being critical parameters. The polarization can be performed potentiosta-
tically, potentiodynamically, or galvanostatically. Mild polarization in acid (�1.5 V) can
be used to activate the more disordered fibers when only surface cleaning and minimal
oxidation are desired. Severe polarization (�1.5 V) can be used to activate more ordered
fibers by creating new edge plane. As a consequence of the edge plane formation, the
background voltammetric current, the surface oxygen content, and molecular adsorption
will increase. A few representative examples are given below.

Gonon and coworkers demonstrated that the response of a pyrolytic carbon fiber can be
dramatically improved by immersing the fiber in a phosphate-buffered saline (PBS) solu-
tion (0.2 g L�1 KCl, 0.2 g L�1 KH2PO4, 0.047 g L�1 MgCl2, 8 g L�1 NaCl, and 1.15 g L�1

Na2HPO4, pH 7.4) and alternating the potential between 0 and 3 V vs. Ag/AgCl at a fre-
quency of 70 Hz and a duration of 20 sec (74). This is a rather severe treatment (the 
so-called French-fry method) that improved the sensitivity, reversibility, and selectivity of
this particular fiber type for catecholamines. An interesting feature of the treated electrode
was its ability to resolve the voltammetric oxidation of catechols from ascorbic acid.
Ewing et al. activated PAN-based carbon fibers by potentiodynamic cycling between 0 and
1.8 V vs. SCE at 250 V sec�1 in pH 7.4 citrate–phosphate buffer (75). The duration of the
cycling can be varied from several minutes to several tens of minutes. The anodic limit is
well into the oxygen evolution regime at this solution pH so that microstructural and
chemical changes (i.e., increasing the surface oxygen content) occur. The electrode sensi-
tivity and reproducibility for various redox systems (e.g., catecholamines) were improved
after pretreatment. Kovach et al. treated carbon fibers in a microcylinder geometry by
potentiodynamic cycling between 0 and 3 V vs. SCE in phosphate buffer, pH 7.4, for 
20 sec (76). This was followed by potentiostating the electrode at 0 V in the buffer solution
for 30–60 min. The latter was noted to improve the response stability. Again, the anodic
limit is well into the oxygen evolution regime at this solution pH so that microstructural
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and chemical changes occur. Many reported pretreatments for carbon fibers involve anodic
potential excursions of ~3 V (74, 76–78), which according to Adams and coworkers is
“overkill” for surface oxidation as a significant portion of the current passed goes toward
oxygen evolution (79). Adams and coworkers found that milder electrochemical polariza-
tion was also effective at activating carbon fibers. They reported two protocols, both in 
pH 7.4 PBS solution: (i) potentiodynamic cycling from 0 to 2.6 V vs. Ag/AgCl for 30 sec
and (ii) potentiodynamic cycling from 0 to 1.3 V vs. Ag/AgCl for 30 sec. These are two
recommended methods for activating most fiber types. The authors demonstrated that
electrochemical polarization increases the electrode sensitivity toward catechols but
decreases the response time and they recommended that future applications of pretreated
fibers include experimental checks of the electrode response time.

5.2.5 Carbon nanotubes

These are new and interesting members of the carbon electrode family offering unique
mechanical and electronic properties combined with chemical stability (80–82). So far,
they have not been used extensively in electroanalytical chemistry but this is likely to
change in the near future. Carbon nanotubes are formed as two structures: multi-walled
(MWNT) and single-walled (SWNT) (82). MWNTs are composed of concentric and
closed graphene tubules, each with a rolled-up graphene sheet. A range of diameters can
be produced from a few to about 30 nm. The majority of the research in this field over the
years has utilized MWNTs because of the difficulty in producing phase-pure and oriented
SWNTs. An SWNT is made of a single graphite sheet rolled seamlessly with a diameter of
1–2 nm. SWNTs are usually arranged in a regular pattern of bundles that consist of tens to
hundreds of tubes in contact with each other. Nanotubes can be grown in a “spaghetti
mesh-like” arrangement or in an ordered array or network (82). An interesting property rel-
evant to electrochemistry is the fact that the material can possess either metallic or semi-
conducting electrical properties depending on the diameter and lattice helicity.

As discussed by Dai and others, nanotubes can be synthesized by arc discharge, laser
ablation, and chemical vapor deposition (CVD) methods (82). The first two employ a
solid-state precursor as the carbon source and involve vaporization at high temperatures
(thousands of degrees centigrade). These well-established methods produce high-quality
nanotube structures, despite the by-products that are formed. CVD utilizes a hydrocarbon
source gas and a metal catalyst particle as a “seed” for nanotube growth. Growth by CVD
occurs at lower temperatures (500–1000 �C) than the arc discharge or laser ablation meth-
ods. The preparation of the catalyst is a critical step in the nanotube growth. Catalysts have
been prepared as thin metal layers, thin metal salt layers, and dispersed nanoparticles (83).
Fe, Co, and their alloys with Mo are used as catalysts (82, 83). Both SWNTs and MWNTs
can be produced by all three methods. Great progress has been made in recent years, par-
ticularly by the CVD method, producing SWNTs with high crystallinity and perfection.

Carbon nanotubes can be grown on conducting Si, Au, Pt, and glass. The first three sub-
strates are useful for making nanotubes into electrochemical electrodes. There are three
ways nanotubes have been configured as an electrochemical electrode. First, nanotubes
have been made into the equivalent of a carbon paste electrode by dispersion into mineral
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oil and cast into a Teflon cavity. Valentini et al. found that a mixture of 60% nanotube (by
mass) and 40% mineral oil produced an electrode with good electrochemical properties
(84). Second, the “spaghetti mesh-like” arrangement of nanotubes can be physically
attached to an electrode surface. Luo et al. cast a network of SWNTs on a glassy carbon
electrode (84). This was accomplished by dispersing 1 mg of nanotubes in N,N-dimethyl-
formamide. Approximately 10 �L of this dispersion was dropped on the glassy carbon
electrode and the solvent evaporated. The electrochemical response of this electrode, how-
ever, contains a contribution from both the nanotubes and the underlying support elec-
trode. Third, an individual nanotube or bundle can be fabricated into a microelectrode.
Crooks and coworkers reported the electrochemical behavior of a single nanotube,
attached to a conducting wire and insulated with polyphenol (85). The use of this carbon
type in electroanalytical chemistry is so new that there is not a wealth of literature yet
available on pretreatment methods and their efficacy.

5.2.5.1 Chemical oxidation

Because of their structure, carbon nanotube electrodes are not amenable to conventional
pretreatment. The material is too fragile for mechanical polishing and heat treatment
would likely not be practical due to the way nanotube electrodes are formed (paste elec-
trode or physically contacted to another electrode). Laser activation could be used but, so
far, this pretreatment method has not been studied. One of the challenges faced while
working with nanotubes is their purification after growth. Nanotubes are routinely sub-
mitted to various chemical and physical treatments to remove graphitic nanoparticle,
amorphous carbon, and metal catalyst impurities (82). Chemical oxidation is often used
for this purpose and therefore can serve as a pretreatment method. Purification of the
nanotubes is a critical step in their application, so much work has gone into developing
appropriate cleaning and dispersing treatments. In one method reported by Valentini et al.,
the authors oxidized the nanotubes in a tube furnace at 400 �C in flowing air for 1 h (84).
This was followed by exposure of the nanotubes to 6 M HCl for 4 h under ultrasonic agi-
tation. The nanotubes were then washed with ultrapure water before being placed in 
2 M HNO3 for 20 h under ultrasonic agitation. The final step involved a copious rinse
with ultrapure water. This chemical oxidation removes amorphous carbon and metal 
catalyst impurities and introduces significant carbon–oxygen functionalization at the
exposed edge plane and defect sites.

5.2.5.2 Electrochemical polarization

Potentiodynamic and potentiostatic methods can also be used to activate nanotubes.
Similar to chemical oxidation, electrochemical pretreatment can effectively remove impu-
rities and cause the creation of carbon–oxygen functional groups at the exposed edge plane
and defect sites. The same authors reported on an electrochemical pretreatment that
involved potentiostating the electrode at +1.7 V vs. Ag/AgCl in pH 7 phosphate buffer for
3 min followed by 3 min at �1.5 V (84). Both the chemical and electrochemical oxida-
tions improved the electrode response (smaller voltammetric �Ep and larger ip values) for
Fe(CN)6

3�/4�, serotonin, and caffeic acid.
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5.2.6 Diamond films

Electrically conducting diamond is a new type of carbon electrode material that is begin-
ning to find widespread use in electroanalysis (86–88). The material possesses properties
superior to other forms of carbon that include (i) low and stable background current over a
wide potential range, (ii) wide working potential window in aqueous media, (iii) relatively
rapid electron-transfer kinetics for several redox systems without conventional pretreat-
ment, (iv) weak molecular adsorption, (v) dimensional stability and corrosion resistance,
and (vi) optical transparency. The material is now available from several commercial
sources and is not overly expensive, as commonly perceived (89).

Diamond is often grown as a thin film on a conducting substrate, such as highly doped
Si, Mo, W, or Ti, using one of the several methods: microwave plasma, hot-filament or
combustion flame-assisted CVD. The most common method is microwave plasma CVD.
One reason for this is the commercial availability of such reactor systems. While the mech-
anism of film growth is somewhat different from method to method, all serve to activate
a carbonaceous source gas producing a growth precursor in close proximity to the sub-
strate surface (90). A typical CVD reactor consists of the growth chamber and equipment
associated with the particular activation method (e.g., microwave power source) as well as
various accessories, such as mass flow controllers for regulating the source gas, a throttle
exhaust value and controller for regulating the system pressure, a pumping system, tem-
perature measurement capability, and the gas handling system for supplying the source
gases. A block diagram of a typical CVD system is shown in Figure 5.4. The same reactor
design can be used for growing carbon nanotubes, for example. In the case of microwave-
assisted CVD, the microwave energy from the generator is directed to, and focused within,
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a quartz cavity producing a spherically shaped, glow-discharge plasma directly above the
substrate. The substrate can be positioned either outside of (few mm), or immersed within,
the intense discharge region. The plasma is where the reactive species involved in the dia-
mond growth are formed. The key deposition parameters to control are the source gas
composition, microwave power, system pressure, and substrate temperature.

There are two types of synthetic diamond thin film routinely produced: microcrystalline
and nanocrystalline (91, 92). The classification of these two film types is based on their
nominal crystallite size and morphology. Figure 5.5 shows SEM images of the two types
of boron-doped diamond deposited as thin films on Si. High-quality microcrystalline dia-
mond films are deposited from CH4/H2 source gas mixtures with volumetric ratios of
0.3–1.0%, microwave powers of 0.8–1 kW, pressures of 35–65 Torr, and substrate tem-
peratures of 700–800 �C. Under these conditions, is the primary growth precursor.
The added hydrogen serves several critical functions: (i) abstraction of hydrogen from
chemisorbed methyl groups on the growing film surface thereby producing active sites for
carbon addition, (ii) activation of reactive methyl radicals in the gas phase by hydrogen
abstraction, (iii) passivation of dangling bonds on the growth surface, which is important
for minimizing reconstruction from sp3 to sp2 bonding, and (iv) gasification of any sp2-
bonded, non-diamond carbon impurity that forms on the growth surface. It can be seen
from the image that microcrystalline films are well faceted with crystallite sizes on the
order of a few micrometers, or greater, in lateral dimension. The individual crystallites are
randomly oriented and there tends to be significant twinning. A grain boundary is present
at the junction between two or more crystallites, which has structural, chemical, and elec-
tronic properties that are different from the grains.

One way high-quality nanocrystalline diamond films are deposited is from CH4/Ar
source gas mixtures using a volumetric ratio of 0.5–1.0% with little or no added hydrogen,
microwave power of 0.8–1 kW, pressure of 130–160 Torr, and substrate temperature of
700–800 �C. Gruen and coworkers discovered some years ago that phase-pure nanocrys-
talline diamond can be grown from hydrogen-poor CH4/Ar gas mixtures (93–103). The
most remarkable difference in films grown using hydrogen-poor gas mixtures, compared
with those grown from conventional hydrogen-rich mixtures, is the nanocrystallinity and

CH3 i

136 5. Solid Electrode Materials: Pretreatment and Activation

Figure 5.5 SEM images of (left) a boron-doped microcrystalline (scale bar = 2 �m) and (right) a
boron-doped nanocrystalline (scale bar = 500 nm) diamond thin film grown on Si.

Ch005.qxd  12/22/2006  10:54 AM  Page 136



smoothness (rms roughness ~10–30 nm over large areas) of the former, as can be seen in
the SEM image shown above. Noble or inert gas addition to hydrogen-rich plasmas (e.g.,
0.5% CH4/H2) enhances the growth rate of films by increasing the and atomic
hydrogen concentrations in the plasma. The low excitation energy of inert gases, such as
Ar or Xe, results in a plasma discharge with a higher electron density, and this leads to the
higher levels of and . There is a fundamental change in the plasma chemistry,
growth mechanism, growth rate, and film properties as one transitions from a hydrogen-
rich to a hydrogen-poor plasma. In particular, hydrogen-poor plasmas have a high con-
centration of carbon dimer, C2, which serves as both the primary growth and the nucleation
species. The nanocrystallinity is a result of a growth and nucleation mechanism involving
the insertion of C2 into surface C�H bonds. Apparently during growth, there is sufficient
hydrogen from the CH4 to minimize surface reconstruction to an sp2-bonded phase. The
C2 addition is believed to occur by a two-step growth mechanism (93–103). A C2 molecule
approaches the unreconstructed monohydride surface and inserts into a C�H bond. The C2

molecule then rotates to insert its other carbon into a neighboring C�H bond on the sur-
face. A C2 molecule then inserts into an adjacent C�H bond, parallel to the newly inserted
C2 dimer. The original state of the surface is recovered by the formation of a bond between
carbon atoms in the adjacent surface dimers. Very high rates of heterogeneous renucleation
are observed on the order of 1010 cm�2, and the resulting films consist of randomly ori-
ented, phase-pure grains of diamond with well-delineated grain boundaries (93–103).
Nanocrystalline films produced in Ar-rich plasma possess a very fine, uniform grain size
(3–5 nm is typical for high-quality ultrananocrystalline diamond) and a small but non-neg-
ligible amount of sp2-bonded carbon at the abrupt grain boundaries.

The instantaneous nucleation density during diamond growth on untreated, smooth 
non-diamond substrates is generally low. Therefore, substrate pretreatment is a prerequi-
site for achieving thin continuous films. A common substrate preparation involves either
mechanical polishing with small-diameter diamond powder (0.01–1 �m) suspended in
ethanol or ultrasonication in a diamond powder/solvent suspension. For example, with the
latter, the diamond powder can be suspended in ethanol and the ultrasonic agitation per-
formed in this medium. Either pretreatment results in the formation of scratches and
defects, as well as the dispersion of some embedded diamond particles over the surface.
Subsequent substrate washing to remove polishing debris and clusters of diamond parti-
cles from the surface is critical. The washing typically involves sequential ultrasonic
cleanings in organic solvents (isopropanol, acetone, and methanol). Enhancement of the
instantaneous heterogeneous nucleation density results from both the physical defects
introduced and the dispersed diamond seed particles.

A number of tools are useful for characterizing the physical and chemical properties of
diamond thin films including scanning electron microscopy, Raman spectroscopy, X-ray
diffraction, X-ray photoelectron spectroscopy, conductivity-probe atomic force
microscopy, and near-edge X-ray absorption spectroscopy. Detailed characterization of
diamond electrodes has been reported in the literature. Raman spectroscopy is particularly
useful. A sharp first-order phonon mode at 1332 cm�1 is seen for diamond. The line width
is inversely related to the defect density (phonon scattering) and the line position can reflect
tensile or compressive stress within the film (104, 105). Scattering intensity also is present
in the 1500–1560 cm�1 range when the film contains non-diamond carbon impurity. This

HiCH3 i

CH3 i

5.2 Carbon Electrodes 137

Ch005.qxd  12/22/2006  10:54 AM  Page 137



impurity is not graphitic but possesses a mixed sp2 and sp3 bonding. The scattering cross-
section for the non-diamond carbon is approximately 50 times greater than that for
diamond, so Raman spectroscopy is particularly sensitive to the presence of non-diamond
carbon impurity (106). The ratio of the 1332/1580 cm�1 bands is reflective of the film
quality. The higher this ratio, the lower the film quality. This is manifested in a higher
voltammetric background current, a narrower working potential window, and a greater
molecular adsorption (107, 108). The Raman spectral features for microcrystalline and
nanocrystalline films are quite different, and the spectral features, particularly for the
microcrystalline films, can change depending on the boron-doping level (109–111).

Diamond is one of the mother nature’s best electrical insulators. In order to have sufficient
electrical conductivity for electroanalytical measurements (�0.1 � cm or �10 S cm�1),
diamond films must be doped. The most common dopant is boron with doping levels in
the 1 � 1019 cm�3 range, or greater, being the norm. The introduction of boron imparts 
p-type electrical properties to the film. Other dopants have also been used, such as nitro-
gen, phosphorous, and sulfur, but all suffer from either low solubility or high activation
energy (90). The boron can be added to the source gas mixture in the form of B2H6 or
B(CH3)3. B2H6 is the preferred gas as B(CH3)3 not only adds boron to the source gas mix-
ture but also extra carbon. This extra carbon can alter the film morphology and decrease
the quality. The electrically active boron is that which substitutionally inserts into the
growing lattice. The films are rendered electrically conducting through incorporation of
boron dopant atoms during deposition, although the electrical conductivity depends in a
complex manner on lattice hydrogen, defects, and dangling bonds, in addition to the dop-
ing level. For example, films can be doped as high as 1021 cm�3 with little alteration of the
morphology or microstructure. Typical film resistivities are �0.05 � cm, carrier concen-
trations are 1019 cm�3, or greater, and carrier mobilities are in the 0.1–10 cm2 V�1 sec�1

range. Thus far, there has been little study of how to activate diamond electrodes for elec-
tron transfer. Actually, one of the interesting features of this electrode material is the fact
that pretreatment is usually not required to achieve an “activated” electrode. The most
active surface tends to be the hydrogen-terminated one.

5.2.6.1 Mechanical polishing

As mentioned above, most pretreatments of carbon electrodes initially involve mechanical
polishing to remove contaminant layers and expose a fresh surface. Due to its hardness,
mechanical polishing of diamond is not practical in this sense. Contaminant layers can be
removed but a fresh surface will not be exposed. The polishing also likely causes the rup-
ture of the surface carbon–hydrogen bonds leading to the incorporation of surface oxygen.
If polishing is performed, then a thorough cleaning is necessary to remove all the polishing
debris prior to use, particularly the alumina powder. Extensive ultrasonic cleaning in clean
organic solvents (isopropanol and acetone) and ultrapure water is useful for this purpose.

5.2.6.2 Acid washing and rehydrogenation

Diamond electrodes tend to be quite “active” for electron transfer without pretreatment,
at least for some outer-sphere redox systems. Exposure to the laboratory atmosphere does
not deactivate this electrode like it does other sp2 carbons (39). As deposited diamond
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electrodes exhibit relatively rapid heterogeneous electron-transfer rate constants for sev-
eral redox systems (91, 92). It is our experience that in cases where pretreatment 
is required, the most active diamond electrodes are produced by a two-step procedure: 
(i) acid washing and (ii) hydrogen plasma treatment. The acid washing involves soaking
the electrode for 30 min each in a 3:1 (v/v) HNO3/HCl solution and a 30% (v/v) H2O2 solu-
tion. The solutions are warmed to about 50 �C. Copious rinsing with ultrapure water is per-
formed after each solution exposure. Exposure to these oxidizing solutions removes
chemical contaminants, metal impurities, and adventitious non-diamond carbon impurity
from the surface. Oxygen is also incorporated as the surface becomes much more
hydrophilic. XPS-determined O/C atomic ratios increase from ~0.002 to 0.15. After water
rinsing, the electrodes are transferred to the CVD reactor for a 15–30 min hydrogen plasma
treatment (atomic hydrogen). This treatment removes the surface oxygen by incorporating
hydrogen. The resulting film is low in surface oxygen and it is hydrophobic. In order to
retain the hydrogen surface termination, the films must be slowly cooled in the presence
of atomic hydrogen by lowering the power and pressure over a 5–15 min period until the
electrode surface temperature is below 400 �C. Typical heterogeneous electron-transfer
rate constants range from 0.02 to 0.2 cm sec�1 for redox systems such as Fe(CN)6

3�/4�,
Ru(NH3)6

3+/2+, and IrCl6
2�/3� (91, 92).

5.2.6.3 Solvent cleaning

Diamond thin-film electrodes in our laboratory are routinely cleaned by soaking in distilled
isopropanol for 20 min prior to use. While no detailed study has been performed yet, it is
presumed that the solvent exposure cleans the diamond surface by desorbing and/or dis-
solving contaminants. A controlled study of the effect of solvent cleaning on the electro-
chemical response of diamond is needed; however, it is expected that this pretreatment will
be an effective, non-destructive one for activating diamond electrodes, when necessary.

5.2.6.4 Heat treatment

Although not studied as yet either, heat treatment is expected to be an effective, non-
destructive method for activating diamond electrodes, if performed under the appropriate
conditions. Heat treatment of boron-doped diamond cleans the surface by desorbing
adsorbed contaminants, but it also can alter the electronic properties. It is expected that
adsorbed contaminants would possess low activation energies for desorption; therefore,
low heat treatment temperatures should be needed for cleaning. Temperatures of 250–500 �C
for 30 min, either in high vacuum or a quartz tube furnace under an inert gas atmosphere,
should be adequate. Exposure to this temperature is also sufficient to desorb subsurface
hydrogen, which has been shown to function as a charge carrier and increase the electri-
cal conductivity in semiconducting diamond (112–114). This reduces the number of
charge carriers in the surface region. However, this carrier density is orders of magnitude
lower than that arising from the substitutionally inserted boron, so little change in the
electrical conductivity is expected. In contrast, heat treatment at these temperatures is
also sufficient to desorb hydrogen from B–H complexes on the surface. The interacting
hydrogen functions as an electron donor and compensates the boron acceptor (115). 
This compensation leads to a reduction in the carrier concentration. Destruction of these
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complexes is expected to increase the active carrier concentration and, consequently, the
film conductivity.

At heat treatment temperatures in the 700–900 �C range, the desorption of contaminants
and the surface terminating hydrogen will also occur. This will create dangling bonds on
the surface, which will result in surface reconstruction to form sp2-bonded clusters and/or
introduce surface oxygen once exposed to the atmosphere. For this reason, heat treatment
of diamond at these high temperatures should be avoided.

5.2.6.5 Electrochemical polarization

Potentiostatic and potentiodynamic polarizations in either strong acid or base have been
investigated, to a limited extent, as a pretreatment. Unlike most sp2 carbon electrodes,
electrochemical pretreatment does not alter the diamond microstructure, if the film qual-
ity is high, but does change the surface chemistry, causing the incorporation of oxygen. So
far, there has been no controlled, systematic study of the effect of electrochemical polar-
ization on the electron-transfer kinetics for different redox systems, so the full extent of
the activation method is unknown. What has been reported is (i) converting from a hydro-
gen to an oxygen surface termination improves the electrode response stability toward
some redox systems and (ii) in the case of adsorbed reaction products (e.g., phenol oxida-
tion), anodic polarization can remove these adsorbed contaminants presumably by complete
oxidation to CO2 with being the reactive species. One example of a severe anodic
polarization applied to a microcrystalline diamond electrode was reported by Fujishima
and coworkers (116). It involved potentiostating the electrode at 2.6 V vs. SCE for 4 min
in pH 2 Britton–Robinson buffer. A total anodic charge of 720 mC cm�2 was passed. The
pretreatment presumably did not alter the microstructure or crystallinity, but did increase
the surface oxygen content.

5.2.7 Tetrahedral amorphous carbon (Ta-C) films

The use of conducting diamond as an electrochemical electrode has stimulated recent
interest in the study of diamond-like carbons (DLCs) as electrode materials. Amorphous
carbon thin films (0.1–20 �m thick) with a mixed sp2- and sp3-bonded microstructure can
be produced by several deposition methods. These films, depending on their microstruc-
ture, can have hardness, strength, and chemical inertness close to that of crystalline dia-
mond, yet be produced as a smooth and relatively stress-free film at low temperatures
(�200 �C). These kinds of amorphous films include a variety of DLCs and Ta-C, which
is sometimes referred to as amorphous diamond. In general, these materials have local
bonding that falls between that for graphite and diamond—a mixed sp2 (threefold coordi-
nated) and sp3 (fourfold coordinated) microstructure. Films can contain hydrogen or be
relatively hydrogen-free, depending upon the growth conditions. The type of microstruc-
ture formed very much depends on the film deposition conditions. While their study as
electrochemical electrodes is a relatively recent research undertaking, DLC and Ta-C
films have been used for a number of years as wear- and corrosion-resistant coatings for
cutting tools (89, 117–121).
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The hardness of these coatings can be tailored from something comparable to graphite
up to diamond by controlling the ratio of the sp3 to sp2 carbon–carbon bonding and the
hydrogen content in the film. This is accomplished by adjusting the deposition conditions.
The coating of stainless steel, electrically conducting Si, and other temperature sensitive
materials (e.g., Ti and Al alloys, plastics, etc.) is rather commonplace nowadays. Not only
do the film hardness and coefficient of friction depend on the microstructure and hydro-
gen content, but so do the electrical properties. The deposition of DLC films with a high
level of sp3 bonding (�80%) is possible when the carbon ions used for growth have kinetic
energies in the range of 30–600 eV. Based on the pioneering work with mass selected ion
beams (MSIB), DLC formation on substrates is understood by the subplantation model of
Lifshitz and coworkers (122, 123) and Robertson (123). In general, DLC films are
deposited from ionized carbon plasmas. Ta-C is a specific type of DLC material that is
very low in hydrogen content and possesses high hardness and density.

Ta-C films can be produced by pulsed laser, vacuum-arc, laser-arc, and high-current-arc
deposition (117–123). Common to all four methods is the use of a high-purity graphite 
target and the formation of energetic carbon ions with kinetic energies in the 30–600 eV
range. These ions are accelerated toward the substrate in the presence of an electric field
and they penetrate into the superficial atomic layers (subplantation model) (122, 123).
There they produce a highly compressive stress, which promotes sp3-hybridized bonding.
The deposition is carried out under high-vacuum conditions to minimize loss of carbon ion
kinetic energy by interaction with residual gas species. The required conditions for 
Ta-C deposition are the combination of sufficient carbon particle kinetic energy and low
deposition temperature. A common problem with the arc deposition methods is particle
emission (e.g., clusters of carbon atoms and other impurities) from the cathode. These par-
ticles can get incorporated into the deposited film and disturb the film growth. Therefore,
filtering techniques have been developed to isolate the primary growth species from the
impurities during deposition. Typically, ion filtration is accomplished using electromag-
netic fields (122, 123).

Ta-C films can be viewed as nanostructured or nanocomposite materials. The electrical
conductivity depends on the extent of sp2-bonded carbon in the microstructure.
Amorphous DLC films with high sp3 carbon content are poor electrical conductors and
therefore have limited application as electrochemical electrodes. The sp2 carbon content
has to be increased to make the films more electrically conducting. The microstructural
disorder and composition (e.g., hydrogen and sp2 carbon fraction) affect the electrical con-
ductivity. One way this is accomplished is through ion bombardment. During ion bom-
bardment, the sp3 carbon bonding is gradually converted into an sp2-bonded phase.
Growing, clustering, and ordering of the sp2 carbon domains occur during this process, as
revealed by Raman spectroscopy (122–125). The extent of structural rearrangement
depends on the ion energy and dose, but the change in electrical resistivity can vary from
the original 108 to 10�3 � cm (122, 123). The ions can either be carbon, in which case no
impurity is added, or others, such as nitrogen.

The electrochemical properties of electrically conducting Ta-C films have not yet been
extensively studied. In fact, there have only been a couple of literature citations. Yoo et al.
studied the electrochemical behavior of nitrogen-incorporated Ta-C thin-film electrodes
(118). A low background current and a wide working potential window (�3 V) in aqueous
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media were reported. Cyclic voltammetric studies of Ru(NH3)6
3+/2+ and Co(III)-sepulchrate

revealed electrochemical reversibility at par with that of highly boron-doped diamond
electrodes. In addition, the electrochemical reversibility of the Cl2/Cl� and quinone/hydro-
quinone redox systems was better than that observed for highly boron-doped diamond.
Evstefeeva et al. performed electrochemical impedance measurements on Ta-C films
annealed at 700–900 �C in vacuum or ion implanted with C+ ions (118). Fe(CN)6

3�/4� was
used as the redox test system to evaluate electrode activity. The authors observed that both
the vacuum heat treatment and the ion implantation imparted electrochemical activity to
inactive Ta-C films. There has simply not been enough work yet with this form of carbon
to know how different pretreatments affect the electrochemical response. The following
provides some speculation as to how this material might best be prepared for use in elec-
troanalytical measurements.

5.2.7.1 Mechanical polishing

Like diamond, polishing is not practical due to the material hardness. There would simply
be no new carbon exposed, but contaminant layers would be removed from the surface.
There would also likely be some surface oxygen incorporation if the polishing is per-
formed in the ambient.

5.2.7.2 Solvent cleaning

Solvent cleaning, as applied to other carbon electrodes, is expected to be an effective, non-
damaging method of electrode pretreatment. Several different solvents can be used to
clean the electrode surface including acetonitrile, isopropanol, dichloromethane, and
toluene. The solvents should first be distilled for purification. Reagent-grade solvents
often contain impurities at levels that can cause significant electrode deactivation. AC can
be added to the distilled solvents for additional purification. Soak times of 20–30 min
should be adequate. The solvent cleaning can also be performed by Soxhlet extraction.

5.2.7.3 Heat treatment

Heat treatment, depending on the conditions, is expected to be effective at both desorbing
contaminants and improving the electrical conductivity. Low-temperature heat treatment
in an inert atmosphere or in vacuum at temperatures �500 �C should be effective at des-
orbing contaminants. Care should be taken to minimize the presence of oxygen as signif-
icant gasification will occur at this temperature. Heat treatment at higher temperatures
might also desorb hydrogen from the lattice, thereby improving the electrical conductivity
as the loss of hydrogen leads to the formation of sp2-bonded carbon (� states).

5.2.7.4 Electrochemical polarization

Electrochemical polarization might also be a useful pretreatment method, but this
remains to be determined. Surface oxygen would certainly be incorporated during such a
treatment but the extent of morphological and microstructural alteration would depend on
the sp3/sp2 fraction of the film. The more sp2-bonded carbon there is, the greater is the
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extent of morphological and microstructural degradation expected. Conditions, such as
those described for activating glassy carbon, would likely be useful for Ta-C films. For
example, potentiodynamic cycling in 0.1 M KNO3 between �0.5 and +1.8 V vs. SCE
would introduce some surface carbon–oxygen functionality and possibly clean the sur-
face. In summary, the activation of this type of carbon films remains an open area for
research.

5.3 METAL ELECTRODES

A wide choice of solid metal electrodes exists for use in electroanalysis including plat-
inum, gold, nickel, and palladium. Of these, platinum and gold are the most commonly
used. In general, metal electrodes exhibit fast electron-transfer kinetics for many redox
systems and possess a relatively wide anodic potential window. The cathodic window
for some, such as platinum, is more limited due to hydrogen evolution. The background
voltammetric i–E curves for metals usually are characterized by a larger overall current
per geometric area than that for carbon electrodes and exhibit features or peaks associ-
ated with the formation and reduction of surface oxides, and the adsorption and des-
orption of H+ and other ions. Metals have a larger Cdl than most carbon electrodes and
this contributes to the larger background current. The presence of the surface oxides,
for example, can alter the electrode reaction kinetics and mechanism for certain redox
systems and this can lead to variability in the electroanalytical measurement. Due to the
specific adsorption of anions, the heterogeneous electron-transfer rate constant for
some redox systems at metal electrodes is quite sensitive to the electrolyte composi-
tion, more so than for carbon. For instance, anions such as Cl�, Br�, I�, CN�, S2�, etc.,
show a strong tendency to adsorb on metal surfaces. The adsorption can block sites
involved in the electrochemical reaction and alter both the reaction kinetics and the
mechanism (126).

Metal electrodes can come in either bulk or thin-film form. This discussion will focus
on the thin-film forms of platinum and gold. The fabrication and characterization of thin-
film metal electrodes have been comprehensively described by Anderson and Winograd
(127), so only a brief discussion is given herein. In general, thin films of a metal can be
formed on a variety of substrates by vacuum evaporation, DC and RF sputtering, screen
printing and CVD. Common substrates are glass (soda-lime and quartz), silicon, and
mica. The substrates should possess a relatively smooth morphology with low surface
roughness. The preparation of the substrate is a key step in the formation of well-adhering,
electrically conducting and optically transparent (if needed for the application) films.
Cleaning is a critical step in the substrate preparation that is sometimes overlooked. A
common procedure for cleaning glass or oxide-coated silicon involves boiling in an aque-
ous detergent solution, rinsing with ultrapure water, followed by degreasing with clean
organic solvents, such as isopropanol or methanol. When the surface is clean, distilled
water will run off the surface as a continuous sheet and not bead up in the form of
droplets. Mica is best prepared by cleaving the layer planes with tape or a sharp knife,
which results in the exposure of a clean basal plane. The cleaning step should be per-
formed immediately prior to film deposition.
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5.3.1 Polycrystalline platinum and gold

As mentioned above, several methods can be used to deposit thin-film metal electrodes.
Vacuum evaporation is performed at reduced pressures (ca. 10�6 Torr or lower).
Deposition in the high vacuum is necessary to ensure that the mean free path of the evap-
orated growth species is long enough to reach the substrate. Evaporation is accomplished
by melting a piece of the metal that is attached to a conductive support. This enables the
metal to be resistively heated. Electron beam heating is also sometimes used. The key to
keeping the deposited film chemically pure is the high-vacuum environment.

DC or RF sputtering is closely related to the cleaning process for activating electrodes
described above. An electrical discharge is maintained between two electrodes, one of
which is the material to be deposited (i.e., target), or a glow-discharge plasma is formed in
the vicinity of the target. Both types of discharge can be formed in the presence of low-
pressure (~10 mTorr) argon gas. Energetic argon ions (cations) are formed and accelerated
into the negatively biased target. The ions gain kinetic energy and momentum from the
accelerating bias voltage (approximately a few kV). Momentum is transferred to the tar-
get material causing the ejection of atoms or ions that deposit on the substrate with rela-
tively high velocities. DC sputtering is best for electrically conducting targets, whereas the
RF method is more useful for depositing films from insulating targets. Sputtered films
often have better adhesion to the substrate than do evaporated films. This is because of the
greater physical force with which they are deposited. Unlike evaporative deposition, sput-
ter deposition methods can be carried out at lower temperatures. However, the films are
not deposited in the high vacuum, so the chemical purity of the sputtered films can be
lower than that of evaporated films.

The screen-printed approach for depositing thin films of metal has become popular in
recent years. This approach is especially useful for producing multiple electrodes on a sub-
strate or electrode array structures. Patterns are photolithographically formed on a screen,
whose mesh contains open and blocked zones. An ink containing the metal of interest is
applied to the screen and forced through the open zones onto the substrate using a
squeegee blade. Once the solvent has been evaporated (air dry or an oven cure), the elec-
trode is ready for use. In the CVD approach, molecules of a volatile precursor are trans-
ported in a carrier gas to a heated substrate. The compounds reach the substrate and react
to form the desired metal film.

Both platinum and gold films are routinely deposited by vacuum deposition, sputtering,
and screen-printing techniques. Macrosized electrodes can be formed or microlithography
can be used to produce arrays of metal microelectrode structures. Adhesion layers are often
used to produce well-adhering films. The best adhesion layers tend to be formed from met-
als (particularly the transition metals) that readily form oxides. The metal atoms deposited
can then form covalent bonds with the oxide substrate lattice while simultaneously alloying
with the metal film. Both chemical processes contribute to anchor the metal film to the sub-
strate. In the case of gold, a thin chromium layer (~5–50 nm) is deposited on the substrate
first prior to the metal deposition. Key for electrochemical applications is the burial of the
chromium layer. This means that the gold films need to be �200 nm thick. Treatments have
been designed to selectively remove chromium contaminant atoms from the gold surface.
These include chemical etching in a Ce(SO4)2/HNO3 solution or electrochemical etching.
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In the case of platinum, chromium is also used as an adhesion layer as are niobium and
titanium (128). For this metal, chemical treatments have also been developed for the
removal of adhesion layer contaminants (129).

Often the final step in the growth of thin-film electrodes is annealing. The electrical
resistivity of thin films of gold and platinum is usually greatly improved by annealing in
either air or high vacuum. The annealing probably works by causing the coalescence of
islands of metal on the surface into a more continuous film. Typical annealing temperatures
are in the 400–700 �C range, sufficiently low so as to not cause the metal film evaporate.

5.3.1.1 Mechanical polishing

Bulk platinum and gold electrodes can be prepared for use by mechanical polishing in 
a manner similar to that described for GC. In order to achieve the most rapid electron-
transfer kinetics, one needs to polish under ultraclean conditions. The electrode should be
polished using successively smaller sizes of alumina on a smooth glass plate (38–41).
Deagglomerated alumina powders work best in sizes from 1.0 down to 0.05 �m. The alu-
mina is slurried in ultrapure water to make a paste. The electrode should be polished using
circular motions with an even force applied. Starting from the largest grit size, the electrode
should be polished and then carefully cleaned by (i) rinsing with ultrapure water and 
(ii) ultrasonication in the same medium for about 15 min. The metal electrode should be
placed in a clean beaker, submerged in ultrapure water, and covered during the ultrasonic
cleaning. Eventually, a mirror-like finish should be obtained. The electrode should be used
immediately after the polishing, or any pretreatment for that matter, for best results.
Polishing metal film electrodes is often not possible due to the thinness of these layers and
the mechanical damage caused by polishing. As is the case for many types of carbon, the pre-
treatment of platinum and gold often involves two steps with the first being polishing. This
can be followed up by laser irradiation, vacuum heat treatment, solvent cleaning, or electro-
chemical polarization. As is the case for carbon electrodes, several surface-sensitive and -
insensitive redox systems should be used to assess the electrode activity after pretreatment.

5.3.1.2 Heat treatment

Vacuum heat treatment can be used to clean the electrode surface by causing the desorp-
tion of contaminants. Performing the treatment in the high vacuum (�10�6 Torr) in the
400–900 �C range is sufficient for cleaning and activating both platinum and gold. For
example, surfaces of single-crystal Au(III) can be atomically ordered and cleaned by vac-
uum heat treatment up to temperatures of 900 �C, as evidenced by low-energy electron dif-
fraction (LEED) and auger electron spectroscopy (AES) (130, 131). The heat treatment
can be performed in the high vacuum or in a tube furnace with an inert atmosphere, such
as N2 or Ar gas. Since this environment is not as clean as the vacuum, it is supposed that
the degree of activation, as measured by the for different redox systems, would not
be as high as that for the vacuum treatment.

5.3.1.3 Solvent cleaning

Solvent cleaning or solution soaking should also be effective at activating the metal elec-
trodes, although one must be careful about the molecular adsorption of some solvent types
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on the surface. This adsorption could block sites and deactivate the electrode. For metals,
one should stay away from aromatic solvents and use only distilled and AC-cleaned iso-
propanol or dichloromethane. It is beneficial to complete the solvent cleaning by soaking
the electrode in warm ultrapure water for about 30 min. In some cases, simply prolonged
exposure to an acid solution is sufficient to clean metal surfaces. For example, platinum
can be cleaned by simply soaking for 0.5–2 h in highly concentrated sulfuric acid of ultra-
high purity (�1 M H2SO4).

5.3.1.4 Laser activation

Laser irradiation has been used by McCreery and coworkers to activate platinum elec-
trodes (132). This involves applying pulses from a Nd:YAG laser (1064 nm) to the elec-
trode immersed in a supporting electrolyte solution. The laser beam diameter is a few mm
and output powers of 5–100 MW cm�2 can be employed. Importantly, the activation was
performed in the presence of a few mM of CN� anion. Several researchers have reported
that CN� stabilizes for Fe(CN)6

3�/4� by forming an adlayer that prevents electrode
deactivation. The deactivation is caused by the decomposition of Fe(CN)6

3�/4� on the bare
platinum surface. McCreery and coworkers showed that laser irradiation of platinum
exposed to the air in the presence of 5 mM KCN + 1 M KCl produced of 0.5 cm sec�1,
or greater. It is presumed that similar laser irradiation of gold would activate this surface
for electron transfer as well by a surface cleaning mechanism. However, one would want
to avoid contacting the gold with CN� due to the formation of soluble AuCN4

�2 (i.e.,
corrosion).

5.3.1.5 Electrochemical polarization

A common method for cleaning platinum and gold electrodes is potential cycling in 0.1 M
H2SO4 between the oxygen and the hydrogen evolution regimes. This process serves to
oxidize contaminants at potentials where the metal oxide layer forms or where water dis-
charge commences ( radical generation). The potential range for cycling is different
for each metal and depends on the pH. For example, the cycling potential window for plat-
inum in acidic media (pH 1) would be between �0.2 and 1.5 V vs. Ag/AgCl. Both metals
form stable oxide layers on the anodic potential cycle prior to oxygen evolution that can
be fully reduced to the bare metal during the cathodic sweep. Surface roughening occurs
during such a cycling treatment and this can influence some measurements, particularly
those in which the redox reaction involves an adsorbed state (e.g., oxygen reduction)
(133). It should be noted that gold is susceptible to corrosion in the presence of Cl�, so
care should be taken when using chloride-containing supporting electrolytes.

5.3.2 Single-crystal platinum and gold

Polycrystalline gold and platinum electrodes can be converted into clean, well-ordered 
single-crystal electrodes by heating the respective wires in an H2 + O2 flame. This is the 
so-called Clavilier method (134–137). Such electrodes are prepared by melting one end of a
pure wire (1 mm diameter)—a zone-refining process. The crystallinity of the bead is usually

OHi
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indicated by faceting that develops. These facets possess well-defined terrace-step struc-
tures extending over a large area, as evidenced by STM (138, 139). The single-crystal bead
with (1 1 1) facets is oriented by the laser beam deflection method, sealed in epoxy and
polished down with alumina grit. The metal is thoroughly solvent cleaned by both rinsing
and ultrasonication with the electrode suspended in the solution. Sometimes a heat treat-
ment in an H2 + O2 flame is performed to remove polishing debris and surface damage. As
a final treatment, the electrode is flame annealed and quickly quenched to expose the
clean, ordered surface. This is accomplished by heating the metal in an H2 flame for sev-
eral seconds and then quickly quenching it in ultrapure water that is purged with H2. This
is done by having the quenching solution, in a special cell, right below the flame so that
the electrode always is exposed to a reducing environment. This cools the electrode to
room temperature in an H2 environment. The electrode is then transferred to an electro-
chemical cell for use with the surface covered and protected with a droplet of ultrapure
water.

5.4 SEMICONDUCTOR ELECTRODES

5.4.1 Indium tin oxide (ITO)

Indium tin oxide (ITO) is a tin-doped In2O3-based n-type wide-bandgap semiconductor
(140–144). The two dominant markets for this and other transparent conducting oxides are
architectural applications (e.g., energy efficient windows) and flat panel displays. ITO, in
particular, has been used extensively for many years in spectroelectrochemical measure-
ments that involved a combined electrochemical and spectroscopic measurement. It is gen-
erally thought that the structure of ITO tracks that of the bixbyite lattice with tin incorporated
substitutionally for indium to create n-type doping (145). Its attractive properties include
high electrical conductivity (10�5 � cm), high optical transparency in the visible (85%),
good physical and chemical properties (at least under some conditions), and strong adhesion
to many kinds of substrates. For many years, InxSn1�xO2 and ZnO were the transparent, con-
ducting oxides of focus. However, in recent years, the perception that these materials are
sufficient for many applications has begun to change. This is a consequence of the
acknowledgement of the limitations of existing materials as well as the realization that
new materials can pave the way for new and improved devices (141). Recent work has
begun to explore new binary and ternary oxide combinations, including CdSnO4, ZnSnO4,
and ZnIn2O5 (141). It should be mentioned that these new oxides have not yet been used
extensively in electroanalysis but may in the future.

The two most common ways of preparing transparent, conducting oxides are RF and
DC-magnetron sputtering from an appropriate target. ITO films are often deposited by
RF cathode sputtering of a 90% SnO2–10% In2O3 sintering target in moderate vacuum
(10�6 Torr) (142). Glass, quartz, and Si are the common substrates. The structural prop-
erties, surface roughness, optical transmission, and transport properties of low-tempera-
ture-deposited films will depend on the power density, total pressure, oxygen partial
pressure flow rate, substrate bias, and anode-to-cathode distance (142). ITO films can
also be deposited by DC-magnetron sputtering at room temperature using 10 W of power
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and a total pressure of 20 mTorr (0.05% oxygen in argon) (140). Of course, the target
must be of an appropriate composition.

5.4.1.1 Mechanical polishing

Polishing the thin-film electrodes is not practical due to the thinness of these layers and
the mechanical damage caused by polishing.

5.4.1.2 Solvent cleaning

ITO is probably best activated by solvent cleaning. As described above, soaking the
electrode for 20–30 min in isopropanol, cleaned by distillation and exposure to AC,
should be effective at cleaning the surface without causing any roughening, bulk oxide
reduction, or microstructural damage (21). This pretreatment works by dissolving site-
blocking contaminants from the surface. Importantly, the pretreatment only affects the
surface cleanliness and does not alter the electronic properties, surface microstructure,
or surface chemistry. Solvent cleaning is both an end treatment as well as a good start-
ing point for the further pretreatment of ITO. ITO is stable during exposure to methanol,
toluene and hexane but unstable in dichloromethane (146). Upon exposure of ITO to this
solvent, isolated film dissolution was observed, which caused an increase in the resis-
tivity and optical transparency.

Another cleaning routinely used is washing the ITO surface with a solution of Triton 
X-100 (a surfactant) and water (140, 144). Other surfactant solutions might also be used
for washing the surface. This is followed up by ultrasonic washing in ultrapure water and
ethanol for at least 10 min each.

Donley et al. referred to an ITO surface cleaned by the detergent solution as “as
received”. They also reported four additional pretreatment/cleaning procedures that were
designed to affect both the level of adventitious carbon and the control of the coverage of
hydroxide on the surface (140). They adapted a piranha treatment that consisted of three
steps: (i) heating the ITO in a 10 mM NaOH solution for 4 h at 80 �C, (ii) soaking the ITO
in piranha solution (4:1 H2SO4/H2O2) for 1 min, and (iii) heating the ITO to 160 �C for 2 h.
The ITO was rinsed with copious amounts of ultrapure water between each step.

The same authors reported an RCA treatment that involved heating the ITO in a 1:1:5
solution of NH4OH/H2O2/H2O for 30 min at 80 �C. This was followed by a thorough rins-
ing with ultrapure water and drying with a stream of nitrogen gas.

5.4.1.3 RF plasma treatment

Cleaning by an air plasma treatment can be accomplished using a standard Harrick plasma
cleaner (Model PDC-32G) at 60 W and 100–200 mTorr for 15 min. The samples should
first be solvent cleaned as described above.

5.4.1.4 Heat treatment

ITO can also be cleaned and activated by vacuum heat treatment. The treatment should be
performed in a vacuum that is relatively free of residual oxygen. Relatively low tempera-
tures should be used to avoid desorbing the ITO film from the substrate or decomposing

148 5. Solid Electrode Materials: Pretreatment and Activation

Ch005.qxd  12/22/2006  10:54 AM  Page 148



it. For example, Chaney and Pehrsson cleaned ITO surfaces by heat treatment in UHV at
50 �C (143). Treatment times of 15–30 min should be sufficient. To the best of our knowl-
edge, there has been no systematic study of the effect heat treatment has on the optical,
electrical, or electrochemical properties of ITO.

Another similar pretreatment involves argon-ion sputtering for 45 min at 750 eV in the
UHV using an argon gas pressure of 10�7 Torr (140). These conditions were selected to
remove the adventitious carbon and surface hydroxides but not to cause extensive oxide
reduction or lattice damage. Before either of these treatments, the samples should first be
solvent cleaned as described above.

5.4.1.5 Electrochemical polarization

In general, electrochemical polarization can cause surface and bulk chemical changes in
ITO as well as significant morphological and microstructural damage. Therefore, this pre-
treatment is not recommended. The effects of electrochemical polarization on the electri-
cal and optical properties of ITO have been reported (146). In general, anodic polarization
in strong acid (1 M HNO3) or base (1 M NaOH) causes extensive film roughening and
some isolated film loss from quartz substrates. Cathodic polarization causes metal reduc-
tion and this leads to reduced optical throughput.

5.5 CONCLUSIONS

The field of electroanalytical chemistry is as vibrant as ever today. New platforms for detec-
tion and sensing are being developed for a wide variety of chemically, biologically, and
environmentally important analytes, and many of these involve some sort of electrochemi-
cal signal transduction. At the heart of any electroanalytical method is the working or indi-
cator electrode. These methods are made possible by the unique nature of the specific
working electrode material, namely the electronic, structural, and chemical properties. With
few exceptions, electrode pretreatment is required for top analytical performance. If the
electrode is to be activated optimally and reproducibly, one must have a good understand-
ing of how the above-listed properties are affected by the particular pretreatment method.
The goal of any pretreatment is to improve the electron transfer kinetics for the target ana-
lyte and to reduce the background signal. This chapter described some of the commonly
used protocols for pretreating carbon, metal, and semiconductor electrodes. If a sensitive,
reproducible, and stable electrode response is desired, then one must apply the appropriate
pretreatment with an understanding of how the pretreatment affects the electrode’s physi-
cal, chemical, and electronic properties.
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Ultramicroelectrodes

6.1 BEHAVIOR OF ULTRAMICROELECTRODES

Robert J. Forster and Tia E. Keyes

National Centre for Sensor Research, School of Chemical Sciences, 
Dublin City University, Ireland

Ultramicroelectrodes (UMEs) are electrodes with characteristic dimensions on the microm-
eter or sub-micrometer scale. Faster double-layer charging, reduced ohmic loss, and high
mass-transport rates have allowed them to revolutionize thermodynamic, kinetic, and elec-
troanalytical measurements (1, 2). These properties have pushed the boundaries of electro-
chemistry into small length scales, nanosecond timescales, hydrodynamic applications, and
environments, such as liquid CO2 and single biological cells that are not possible using con-
ventional-sized electrodes (3, 4). The currents observed at microelectrodes typically lie in
the pA to nA range, which is several orders of magnitude smaller than those observed at
conventional macroelectrodes, where the radius is usually several millimeters. These
reduced currents are a key element in the successful application of microelectrodes:

● Unusual media: Traditionally, electrochemistry suffered relative to spectroscopy
because electrochemical measurements could be made only in highly ionic conducting
solutions. This restriction arose because resistance between the working or sensing
electrode and the reference electrode limited the precision with which the applied
potential could be accurately controlled. The small electrolysis currents observed at
microelectrodes often completely eliminate these ohmic effects.

● Small volumes: Electrochemical methods offer significant advantages over spec-
troscopy when working with small reactions volumes (e.g., as found in biochips and
capillary electrophoresis separation systems). Electron transfer occurs at an electrode
surface and the limits of detection are not compromised by a small sample volume.
This property contrasts with absorption spectroscopy where the signal intensity
depends directly on the path length. Moreover, electrochemistry does not require an
optical waveguide to deliver the interrogating light (absorption) or collect the resulting

© 2007 Elsevier B.V. All rights reserved.
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signal (emission) making the approach less costly to implement in mass diagnostic
devices for analytes, such as glucose (diabetes). From a biological perspective, voltam-
metric measurements have been successfully performed in picoliter vials allowing
single cells to be interrogated and reactions to be monitored in extremely small vol-
umes (see Chapter 17).

● Short timescales: Many electrochemical events, such as electron and proton transfers,
ligand exchanges, isomerizations, and ejection of leaving groups, occur on the
microsecond and nanosecond time domains. To achieve a meaningful insight into these
redox processes, it must be possible to measure rate constants under a wide range of
experimental conditions, such as driving force, temperature, etc. However, conven-
tional electrochemical methods cannot fulfil this role as they are restricted to millisec-
ond, or longer, timescales. Thus, although modern laser-based spectroscopy has
provided a powerful new insight into chemical processes that occur on femtosecond
timescales, it is only recently that it has been possible to reach megavolts per second
scan rates in cyclic voltammetry. For a solution phase reactant, this scan rate corre-
sponds to a time resolution of a few tens of nanoseconds. This capability allows stan-
dard potentials and reaction rates of short lifetime intermediates (e.g., electronically
excited states) in molecular electrochemistry. Moreover, high-speed electron transfer
dynamics (e.g., of self-assembled monolayers) can be measured.

In Sections 6.1 and 6.2, we look in detail at the fundamental properties of microelec-
trodes, consider some of the practical aspects of using microelectrodes and discuss the
experimental factors that influence the choice of electrode size.

6.1.1 Electrode response times

First, we consider the properties of a microelectrode in contact with a solution of pure elec-
trolyte in the absence of a dissolved or immobilized redox active analyte. The objective is
to understand the fundamental behavior of microelectrodes in the absence of an electroac-
tive analyte and to discuss strategies for optimizing the electrode’s temporal response. The
existence of the double-layer capacitance (see Chapter 1) at the working electrode com-
plicates electrochemical measurements at short timescales. Figure 6.1.1.1 is an equivalent
circuit of an electrochemical cell where ZF is the faradaic impedance corresponding to the
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Figure 6.1.1.1 Equivalent circuit for an electrochemical cell and associated electrochemical
process.
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electrochemical reaction. In seeking to make transient measurements, the electrochemical
cell must respond to the applied potential waveform much more rapidly than the process
one is seeking to measure. However, the potential across a capacitor cannot be changed
instantaneously and the double-layer capacitance must be charged through the solution
resistance to change the potential across the faradaic impedance.

The time constant for this charging process is given by equation (6.1.1.1):

(6.1.1.1)

where R is the cell resistance (�), C is the total interfacial capacitance (F), r0 is the elec-
trode radius (cm) and � is the conductivity of the solution (S cm�1). The RC time constant
is typically hundreds of microseconds for a conventional millimeter-sized electrode plac-
ing a lower limit on the useful timescale of the order of several milliseconds. The use of
UMEs with critical dimensions in the micron and even nanometer range has opened new
possibilities for fast kinetic studies because of the greatly diminished capacitance of these
ultrasmall probes.

For an electrode immersed in a dilute solution of supporting electrolyte that does not
contain any electroactive species, a charging current, ic, will flow following a potential
step according to equation (6.1.1.2):

(6.1.1.2)

where �E is the magnitude of the potential step.
Figure 6.1.1.2 shows the chronoamperometric (current–time) response for a 10 �m

radius platinum microelectrode where the supporting electrolyte is aqueous 0.1 M LiClO4.
This figure shows that current flows for approximately 10 �sec due to double-layer

i t E R t RCc ( ) / exp( / )= Δ −

RC
r C
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Figure 6.1.1.2 Current–time transient for a 10-�m radius platinum microelectrode in contact with
an aqueous solution of 0.1 M LiClO4 as supporting electrolyte following a potential step from 0.000
to 0.050 V. The inset shows the corresponding semi-log current vs. time plot.
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charging. Every electrochemical measurement has a lower timescale limit that is imposed
by the RC cell time constant (i.e., the product of the solution resistance, R, and the double-
layer capacitance, C, of the working electrode). Meaningful electrochemical data can only
be extracted at timescales that are longer than the cell time constant, typically 5–10 times
the RC time constant (5). Therefore, an important objective when seeking to make tran-
sient measurements is to minimize the cell time constant.

Equation (6.1.1.2) indicates that a semi-log plot of the capacitive current vs. time should
be linear with slope 1/RC and intercept ln �E/R thus allowing the cell resistance and elec-
trode capacitance to be determined. For the experiment illustrated in Figure 6.1.1.2, a lin-
ear semi-log plot is observed indicating that there is a single response time characterizing
the electrochemical cell. This behavior is consistent with a clean, unmodified electrode
surface and a well-constructed electrode (Section 6.1.3). The measured resistance and
capacitance for this 10 �m radius platinum microelectrode are 19,500 � 780 � and 1.5 �
0.1 � 10�10 F, respectively.

As discussed in detail by Newman (6) and described by equation (6.1.1.3), the solution
resistance for a disk-shaped UME is inversely proportional to the electrode radius:

(6.1.1.3)

Equation (6.1.1.3) shows that R increases as the electrode radius decreases. Taking the con-
ductivity of aqueous 0.1 M LiClO4 as 1.28 S m�1, equation (6.1.1.3) predicts a theoretical
resistance of 19,530 �, which is entirely consistent with the experimental result. The resist-
ance can be a useful diagnostic of problems with the electrochemical cell (e.g., as discussed
in Section 6.1.3). Surface films and imperfect seals can cause R to increase significantly. An
important feature of equation (6.1.1.3) is that changes in the cell resistance with decreasing
electrode radius do not have the desired effect of reducing the RC cell time constant.

Altering the potential that is applied to an electrode causes the charge on the metal side
of the interface to change and some reorganization of the ions and solvent dipoles in the
double layer on the solution side of the interface will occur. This process causes electrons
to flow into or out of the surface giving rise to the charging or capacitive response. The
double-layer capacitance for a disk-shaped UME is proportional to the area (A = �r0

2 for
an inlaid disk UME) of the electrode surface and is given by:

(6.1.1.4)

where Cd is the specific double-layer capacitance of the electrode. Thus, shrinking the
size of the electrode causes the interfacial capacitance to decrease with decreasing r0

2.
The capacitance determined from the data shown in the inset of Figure 6.1.1.2 is 150 pF.
Taken in conjunction with a microscopic area of the 10 �m radius microelectrode of
3.8 � 10�6 cm2 (roughness of 1.2), this specific capacitance yields an area normalized
value of 39.5 �F cm�2. This value is typical of that found for a clean platinum surface
in contact with a dilute aqueous electrolyte. Surface contamination (e.g., by adventitious
organic adsorbates) causes the interfacial capacitance to decrease by as much as a fac-
tor of two.

C AC r C= d d= � 0
2

R
r

=
1

4 0�
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6.1.2 Factors that influence the electrode response time

6.1.2.1 Electrode size

Equation (6.1.1.1) suggests that the electrode response time should decrease with decreasing
electrode radius. Figure 6.1.2.1 shows how the RC cell time constant measured in 0.1 M
LiClO4 depends on the radius of platinum microdisk electrodes. Consistent with equation
(6.1.1.1), as the electrode radius decreases from 25 to 1 �m, the cell time constant
decreases linearly from approximately 2 �sec to 80 nsec. The slope of the best-fit line is
consistent with equation (6.1.1.1) where the double-layer capacitance is about 40 �F cm�2.
Moreover, the intercept is approximately 4.3 nsec indicating that the stray capacitance
(Section 6.1.3.3) of these microelectrodes is very small. Thus, cell time constants of tens
of nanoseconds can be achieved with UMEs of micron radii.

6.1.2.2 Electrolyte concentration

The overall cell resistance influences the cell time constant. Therefore, decreasing the
resistance of the solution, through which the faradaic and charging currents must flow, will
decrease the cell time constant. Figure 6.1.2.2 illustrates the decrease in cell time constant
that is observed for a 5-�m radius platinum microdisk as the solution conductivity is 
systematically varied by changing the supporting electrolyte concentration from 0.05 to
2.0 M. As predicted by equation (6.1.1.1), this figure shows that a linear response is
obtained and the specific double-layer capacitance is estimated as 41.7 � 2.1 �F cm�2

over this range of supporting electrolyte concentrations. Figures 6.1.2.1 and 6.1.2.2 indi-
cate that microdisk electrodes can be manufactured that respond ideally to changes in the
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Figure 6.1.2.1 Relationship between the RC cell time constant and the radius of platinum
microdisks where the supporting electrolyte is 0.1 M HCl. Cell time constants were measured using
chronoamperometry conducted on a microsecond to sub-microsecond timescale by stepping the
potential from 0.200 to 0.250 V vs. Ag/AgCl.
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applied potential at timescales as short as 30 nsec. Experiments performed in more con-
ducting solutions (e.g., highly concentrated acids) indicate that RC cell time constants as
short as 5 nsec can be achieved.

However, there are a number of practical problems associated with the design and fab-
rication of microelectrodes that cause micron-sized electrodes to have RC time constants
that greatly exceed those predicted by equation (6.1.1.1).

6.1.3 Origins of nonideal responses

6.1.3.1 Electrode geometry problems

A challenge in this field is to reproducibly manufacture perfect microdisk electrodes. This
is especially difficult when the radius of the microwire is less than 2 �m. Figure 6.1.3.1
illustrates some the most common structural nonidealities that can occur. Figure 6.1.3.1B
illustrates an elliptical electrode caused by the wire sealing at an angle within the insula-
tor. Figure 6.1.3.1C shows a protruding, irregular cylindrical electrode caused either by
insufficient mechanical polishing or because the electrode material is very much softer
than the insulator. In contrast, when the electrode material is soft (e.g., gold), it is possible
to polish the working electrode to a lower level than the surrounding insulator thus creat-
ing a recessed electrode in which the opening in the insulator is of same size (Figure
6.1.3.1D), or larger than the microdisk size (Figure 6.1.3.1E). Figure 6.1.3.1F illustrates
the imperfect seals that can result when heat-sealing microwires within an insulator (e.g.,
glass), if the thermal coefficients of expansion of the insulator and wire are not closely
matched. Similarly, failure to adequately clean both the insulators and microwires can lead
to imperfect seals. Table 6.1.3.1 indicates the changes in the resistance and capacitance
expected for each of these nonideal electrode geometries.
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Figure 6.1.2.2 Relationship between the RC cell time constant of a 5-�m radius platinum
microdisk and the reciprocal of the solution conductivity. Cell time constants were measured using
chronoamperometry conducted on a microsecond to sub-microsecond timescale by stepping the
potential from 0.200 to 0.250 V vs. Ag/AgCl.
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6.1.3.2 Surface impurities

For electrodes with radii in the micrometer range, scanning electron microscopy (SEM)
provides a useful insight into the geometry of the structure formed. However, surface
charging is often a difficulty even when the electrode itself is grounded and for smaller
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(A) (B) (C)

(D) (E) (F)

Figure 6.1.3.1 Different shapes of ultramicroelectrodes (UMEs). (A) A perfect microdisk elec-
trode. (B) A conical disk-type planar UME due to sealing of the microwire at an angle relative to the
insulating shroud. (C) An irregular cylindrical protruding from the insulator. (D) A recessed
microdisk electrode. (E) A recessed electrode in which the cavity in the insulator is large than the
microwire. (F) A leaky UME due to an imperfect wire-insulator seal.

Table 6.1.3.1

Effect of nonideal microelectrode geometry on resistance and capacitancea

Geometry R (�) C (�F cm�2) Comment

Elliptical (1B) � � Capacitance increases but resistance decreases 
relative to ideal due to increased electrode area.

Protruding (1C) � � Capacitance increases relative to ideal due to
increased effective electrode area.

Microcavity/lagooned (1D) � � Resistance typically increases significantly 
relative to ideal due to difficulties of ion mass
transport within pore.

Recessed (1E) � � Resistance may increase moderately but 
diagnostic abilities of chronoamperometry are
limited.

Imperfect seal (1F) � � Resistance and capacitance both very 
significantly larger than ideal.

aA common feature of nonideal geometry is that the capacitive current–time response following a
potential step fails to decay according to a single exponential.
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microelectrodes, it may be necessary to destructively dissolve the insulator to expose the
microwire. Even when it has been established that a close to ideal geometry microelectrode
has been created, the observed resistance and capacitance behavior may deviate significantly
from that predicted by theory. In particular, imperfect surface cleanliness (e.g., due to adven-
titiously adsorbed organics) can cause lower capacitance values and nonsingle exponential
current–time transients to be observed. Electrochemical cleaning by cycling in dilute sulfuric
acid represents a useful approach to producing pristine surfaces in an experimentally acces-
sible way. Figure 6.1.3.2 illustrates two cyclic voltammograms for a 10 �m radius platinum
microelectrode when electrochemically cycled in 0.1 M H2SO4 to create an oxide monolayer
that is subsequently reduced. It is important to restrict the potential window and to avoid
excessive cycling so as to prevent bulk oxidation of the metal. The microscopic or “real” area
of the electrode can be determined by measuring the charge passed during the reduction of
the surface oxide monolayer at approximately 0.600 V or the hydrogen adsorption/desorption
peaks at approximately �0.200 V. To produce a clean electrode surface, the purity of the
electrolyte significantly affects the voltammetry obtained. As illustrated in Figure 6.1.3.2, in
99.999% pure sulfuric acid, well-defined oxide monolayer formation and reduction, double
layer, and hydrogen adsorption and desorption regions are observed. However, the presence
of chloride even at nanomolar concentrations (e.g., arising from electrolyte leakage from the
reference electrode) makes the oxide monolayer formation ill-defined, shifts the hydrogen
adsorption/desorption potentials, and causes the double-layer region (expected between
approximately 0.08 and 0.20 V) to be either significantly diminished or totally absent.

6.1.3.3 Experimental setup: stray capacitance

One cause of a nonideal response is stray capacitance within the electrochemical system
that may arise from the electrode itself, the leads, or the electrical connections.Stray capac-
itance will increase the cell time constant as described by equation (6.1.3.1).

(6.1.3.1)RC
r

r C C= +
1

4 0
2

0�
�( )Stray
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Figure 6.1.3.2 Cyclic voltammograms for a polished platinum microelectrode. The solid black line
is obtained in 0.5 M H2SO4 (99.999%). The thick line/open circles show the effect of chloride con-
tamination at a nanomolar concentration. Note that reduction currents are negative and oxidation
currents positive in this figure.
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where CStray is the stray capacitance. Although it depends on the microelectrode design and
the experimental setup, this stray capacitance is typically between a few pF and several tens
of pF. The cell time constant observed in these circumstances depends strongly on the rela-
tive magnitudes of the double layer and stray capacitances. At a normal-size electrode, the
stray capacitance is negligible compared with the double-layer capacitance, and therefore,
does not significantly affect the observed cell time constant. However, when the magnitude
of the double-layer capacitance is reduced by shrinking the size of the electrode to micron
and sub-micron dimensions, the stray and double-layer capacitances can become compara-
ble. For example, taking a typical value of 40 �F cm�2 as the specific double-layer capaci-
tance for a platinum electrode in contact with 1 M aqueous electrolyte solution, the
double-layer capacitance of a 1 mm radius disk will be approximately 1 �F. This value is very
significantly larger than the pF stray capacitance found in a typical electrochemical experi-
ment. However, for a 1-�m radius microdisk, the interfacial capacitance will decrease by six
orders of magnitude to approximately 1 pF. Therefore, stray capacitance of even a few pF will
cause the observed RC time constant to increase significantly beyond the minimum value
dictated by double-layer charging alone. This increased cell time constant will cause the
transient response characteristics of the electrodes to become nonideal. Thus, an objective in
implementing ultrafast transient techniques is to minimize the stray capacitance.

Two major sources of stray capacitance are: (i) the capacitance of the cell leads and
capacitive coupling between leads, and (ii) the microelectrode itself. By using high-quality
cable of minimum length (e.g., by mounting the current-to-voltage converter directly over
the electrochemical cell) and by avoiding the use of switches as far as possible, stray
capacitance from the electrochemical system can be minimized. However, the importance
of good microelectrode fabrication and design should not be overlooked. For example, if
there is a small imperfection in the seal between the insulator and the electrode material,
then solution leakage will cause the RC cell time constant to increase massively and the
faradaic response may become obscured by charging/discharging processes. Moreover,
using silver epoxy or mercury to make the electrical connection between the microwire
and a larger hook-up wire can cause the RC cell time constant to increase dramatically (7, 8).
This increase arises because the electronically conducting mercury/glass insulator/ionically
conducting solution junctions cause significant stray capacitance. It is important to note that
these effects may only become apparent in high-frequency measurements.

6.1.3.4 Ohmic effects

When faradaic and charging currents flow through a solution, they generate a potential
that acts to weaken the applied potential by an amount, iR, where i is the total current. This
is an undesirable process that leads to distorted voltammetric responses. It is important to
note that, as described by equation (6.1.1.3), the cell resistance increases with decreasing
electrode radius. Thus, the ohmic drop is not reduced at microelectrodes 
relative to macroelectrodes because of reduced resistance. However, the capacitive or
double-layer charging current depends on the electrode area or r0

2. Similarly, for
reversible redox reactions under semi-infinite diffusion control, the faradaic current
depends on the electrode area. This sensitivity to area means that the currents observed at
microelectrodes are typically six orders of magnitude smaller than those observed at
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macroelectrodes. These small currents often completely eliminate ohmic drop effects even
when working in organic solvents. For example, the steady-state current observed at a 
5-�m radius microdisk is approximately 2 nA for a 1.0-mM solution of ferrocene. Taking
a value of 0.01 ��1 cm�1 as the specific conductivity, then equation (6.1.1.3) indicates
that the resistance will be of the order of 50,000 �. This analysis suggests that the iR drop
in this organic solvent is a negligible 0.09 mV. In contrast, for a conventional macroelec-
trode, the iR drop would be of the order of 5–10 mV. Under these circumstances, distorted
current responses and shifted peak potentials would be observed in cyclic voltammetry.

It is useful at this point to discuss the effect of experimental timescale on the iR drop
observed at microelectrodes. In the following section, we discuss how the diffusion field at
microelectrodes depends on the characteristic time of the experiment. In general, at short
times, the dominant mass transport mechanism is planar diffusion and the microelectrode
behaves like a macroelectrode. Therefore, at short times, the current i decreases with
decreasing electrode area (r0

2). As the resistance increases with decreasing electrode radius
rather than electrode area, the product iR decreases with decreasing electrode radius in short
timescale experiments. Thus, beyond the reduced iR drop because of low currents, decreas-
ing the electrode radius from say 1 mm to 10 �m decreases the ohmic iR drop observed at
short times by a factor of 100. In contrast, at long experimental timescales, the faradaic cur-
rent depends directly on the radius making the product iR independent of the electrode
radius and a constant value, which is inversely proportional to the solution conductivity.

6.1.4 Fundamentals of faradaic electrochemistry

Oxidation or reduction of a redox-active species at an electrode surface generates a con-
centration gradient between the interface and the bulk solution. This redox process requires
electron-transfer across the electrode/solution interface. The rate at which electron transfer
takes place across the interface is described by the heterogeneous electron-transfer rate con-
stant, k. If this rate constant is large, then diffusional mass transport will control the current
observed. Our objective is to describe how these diffusion fields evolve in time and then to
look at experimental parameters that influence the ideality of the response. The experiment
of interest involves stepping the potential from an initial value where no electrode reaction
occurs, to one where electrolysis proceeds at a diffusion-controlled rate. We consider the
case of a spherical electrode of radius rs placed in a solution that contains only supporting
electrolyte and a redox-active species of concentration C*. The concentration gradient at
the electrode surface is obtained by solving Fick’s second law in spherical coordinates:

(6.1.4.1)

The boundary conditions for the potential step experiments described above are:
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where r is the distance from the center of the sphere, D is the diffusion coefficient for the
redox active species, and C is the concentration as a function of distance r and time t.

Equation (6.1.4.1) can be solved using Laplace transform techniques to give the time
evolution of the current, i(t), subject to the boundary conditions described. Equation
(6.1.4.2) is then obtained:

(6.1.4.2)

where n is the number of electrons transferred in the redox reaction, F is Faraday’s con-
stant, and A is the geometric electrode area.

Equation (6.1.4.2) shows that the current response following a potential step contains both
time-independent and time-dependent terms. The differences in the electrochemical
responses observed at macroscopic and microscopic electrodes arise because of the relative
importance of these terms at conventional electrochemical timescales. It is possible to distin-
guish two limiting regimes depending on whether the experimental timescale is short or long.

6.1.4.1 Short times

At sufficiently short times, the thickness of the diffusion layer that is depleted of reactant
is much smaller than the electrode radius and the spherical electrode appears to be planar
to a molecule at the edge of this diffusion layer. Under these conditions, the electrode
behaves like a macroelectrode and mass transport is dominated by linear diffusion to the
electrode surface as illustrated in Figure 6.1.4.1A.

At these short times, the t�1/2 dependence of the second term in equation (6.1.4.2) makes
it significantly larger than the first and the current response induced by the potential step
initially decays in time according to the Cottrell equation (Chapter 11):

(6.1.4.3)

Figure 6.1.4.2 shows the relationship that exists between the range of useable scan rates
and electrode radius subject to the condition that ohmic drop is negligible and that the
dominant mass transport regime is linear diffusion (9).
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Figure 6.1.4.1 Diffusion fields observed at microelectrodes. (A) Linear diffusion observed at short
times. (B) Radial (convergent) diffusion observed at long times.
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6.1.4.2 Long times

At long times, the transient contribution given by the second term of equation (6.1.4.3) has
decayed to the point where its contribution to the overall current is negligible. At these
long times, the spherical character of the electrode becomes important and the mass trans-
port process is dominated by radial (spherical) diffusion as illustrated in Figure 6.1.4.1B.

The current attains a time-independent steady-state value given by equation (6.1.4.4) for
a spherical electrode.

(6.1.4.4)

The steady-state response arises because the electrolysis rate is equal to the rate at which
molecules diffuse to the electrode surface.

As “short” and “long” times are relative terms, it is useful to determine the times over
which transient and steady-state behaviors will predominate and how this time regime is
affected by the electrode radius.

This objective can be achieved by considering the ratio of the transient to steady-state
current contributions (equations (6.1.4.3) and (6.1.4.4), respectively). This analysis gives
a dimensionless parameter (�Dt)1/2/rs that can be used to calculate a lower time limit at
which the steady-state contribution will dominate the total current to a specified extent.
For example, one can calculate the time required for the steady-state current contribution,
iss, to be 10 times larger than the transient component, it. Taking a typical value of D as 
1 × 10�5 cm2 sec�1 for an aqueous solution, for an electrode of radius 5 mm, the experi-
mental timescale must be longer than 80 sec. Therefore, steady state is not observed for
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Figure 6.1.4.2 Theoretical limitations on ultrafast cyclic voltammetry. The shaded area between
the slanted lines represents the radius that a microdisk must have if the ohmic drop is to be less than
15 mV and distortions due to nonplanar diffusion account for less than 10% of the peak current. (a)
Without iR drop compensation by positive feedback, and (b) with 90 and 99% ohmic drop compen-
sation. The dotted area in (a) and (b) represent the regions where transport within the double layer
affects the voltammetric response. Limits are indicative and correspond approximately to a 5-mM
anthracene solution in acetonitrile, 0.3 M tetrafluoroborate as supporting electrolyte. [Reproduced
by permission of Marcel Dekker from C. Amatore, Electrochemistry at Microelectrodes, I. Rubenstein,
Ed., 1995, Chapter 4, p. 198.]
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macroelectrodes at the tens of mV sec�1 timescale typical of conventional cyclic voltam-
metry experiments. However, reducing the electrode radius by a factor of a thousand to 5 �m,
means that a steady-state response can be observed for times longer than 80 �sec. As the
steady-state current becomes more dominant with increasing time, steady-state responses
are easily observed for microelectrodes in electrochemical experiments run at conven-
tional timescales. Figure 6.1.4.3A shows the sigmoidal-shaped responses that characterize
steady-state mass transfer in slow scan-rate cyclic voltammetry. In contrast, at short exper-
imental timescales (high scan rates), peaked responses (Figure 6.1.4.3B) similar to those
observed at conventional macroelectrodes are seen. There is no theoretical barrier to
observing steady-state behavior for any size of the electrode. However, for conventional
millimetre dimensioned macroelectrodes, the time taken (�10,000 sec) is far too long to
be experimentally practical. Moreover, unintentional convection (e.g., because of building
vibrations) will play an important role in the mass transport process at these long
timescales.

The preceding analysis considered a spherical electrode because its surface is uniformly
accessible, and a simple closed-form solution to the diffusion equation exists (10). The
microdisk is the most widely used geometry, but derivation of rigorous expressions describ-
ing their experimental response is complicated because the surface is not uniformly acces-
sible. For disks, electrolysis at the outer circumference of the disk diminishes the flux of the
electroactive material to the center of the electrode. However, microdisk and microring
geometries share the advantage of spherical microelectrodes in that quasi-spherical diffusion
fields are established in relatively short periods of time. The steady-state limiting current
obtained from these rigorous derivations is given by:

(6.1.4.5)

where � is a shape parameter, which is 4 for a disk electrode. Consistent with equation
6.4.4.4, � is 4� for a spherical electrode and 2� for a hemispherical electrode.

Observing a steady-state response depends on all the electrode dimensions being small,
not just the radius, and is, therefore, not achieved for every geometry at the timescales con-
sidered above. For example, band electrodes whose thickness is in the micrometer range,
but whose length is several millimeters, do not exhibit true steady-state responses.

i nFDC rss = � * 0
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Figure 6.1.4.3 Effect of scan rate on the cyclic voltammetry of 1.0 mM ferrocene at a 6.5-�m gold
microdisk where the supporting electrolyte is 0.1 M tetrabutyl ammonium perchlorate in acetonitrile.
(a) Scan rate is 0.1 V sec�1; (b) scan rate is 10 V sec�1. [Reproduced with permission from J. O. Howell,
R. M. Wightman, Anal. Chem. 56, 524 (1984). Copyright 1984, American Chemical Society.]
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However, a high analyte flux to the ends of the band often makes it possible to observe a
pseudo-steady-state condition in a practical sense.

Radial diffusion gives very high rates of mass transport to the electrode surface with a
mass transport coefficient of the order of D/r. Therefore, even at rotation rates of 104 rpm,
convective transport to a rotating macroelectrode is smaller than diffusion to a 1-�m
microdisk. The high flux at a microelectrode means that one does not observe a reverse
wave under steady-state conditions (Figure 6.1.4.3A), because the electrolysis product
leaves the diffusion layer at an enhanced rate.

6.1.5 Origins of nonideal faradaic responses

6.1.5.1 Electrode area effects

Capacitive currents are generated by events occurring within very small distances from an
electrode surface and their magnitude is controlled by the microscopic area of the elec-
trode. In most electrochemical experiments designed to probe the redox properties of solu-
tion phase reactants, the timescale of the measurement is often such that the diffusion layer
is several times larger than the critical dimension (e.g., radius) of the microelectrode. For
example, the depletion layer thickness, �, can be estimated as:

(6.1.5.1)

where D is the diffusion coefficient of the electroactive species (cm2 sec�1) and t is the
experimental timescale (sec). Given a characteristic diffusion coefficient of 10�5 cm2 sec�1,
equation (6.1.5.1) reveals that the depletion layer thickness will exceed the 10 �m radius
of a typical microelectrode within approximately 32 msec, which corresponds to a scan
rate slower than approximately 0.8 V sec�1 in cyclic voltammetry (see Chapter 11).
Typically, electrodes are prepared by mechanical polishing using small particle size (0.05
�m) alumina or diamond paste and the microscopic area can be a factor of two larger than
the geometric one. Therefore, at the timescales usually used in electrochemical experi-
ments, the depletion layer thickness will be much larger than the scale of roughness of a
polished electrode and the electrode appears flat to molecules approaching the electrode
surface.

The short RC time constants possible with microelectrodes facilitates electrochemical
measurements at short timescales. For example, in a chronoamperometry experiment
conducted at a nanosecond timescale, the depletion layer thickness will be of the order of
a few hundred nanometers thick, which may be comparable with the length scale of the
surface roughness. Under these circumstances, the depletion layer will tend to follow the
structural contours of the microscopically rough surface and the area of the depletion layer
will generally be larger than the geometric area. Such effects are important for electrodes
partially covered by a blocking layer (e.g., due to poor fabrication) with pinholes through
which the electroactive species may access the electrode surface. At short timescales, the
diffusion layer thickness is small compared with the size of the active region and a deple-
tion region will be established at each active region. The area of the overall diffusion field
is the sum of the geometric areas of the individual active spots. At longer times, the

� �= ( ) /Dt 1 2
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individual depletion zones begin to extend beyond the active regions, and linear diffusion
is augmented by a radial component. For sufficiently long reaction times, the individual
depletion layers become much thicker than the distances between the active regions and 
a single merged depletion layer covering the entire electrode surface (i.e., both active and
inactive regions) is formed. The current response is now once again controlled by semi-
infinite linear diffusion and the current magnitude is controlled by the geometric area of
the electrode. Similar evolutions in the diffusion field from semi-infinite linear to radial
and back to semi-infinite linear are observed when using a lithographically defined micro-
electrode arrays (see Chapter 10) consisting of an ensemble of nonindependently address-
able electrodes or when the electrode is a composite material based on immobilizing
conducting particles (e.g., graphite) within an insulating phase (e.g., a polymer) (see
Chapters 10 and 16).

6.1.5.2 Surface contamination

The electron transfer kinetics (see Chapters 1 and 15), and current response of redox-
active species can be dramatically affected by the surface condition of the working elec-
trode. This sensitivity to surface contamination arises because the rate of heterogeneous
electron transfer decreases exponentially with increasing distance. Pretreatment of the
electrode surface is often necessary to obtain reproducible results. Typically, a microelec-
trode is polished with successively smaller particle size abrasive (e.g., 12.5, 5, 1, 0.3, and
0.05 �m alumina or diamond paste) so as to achieve a mirror finish. The progression of
polishing should always proceed from coarse to fine abrasive, with thorough rinsing and
a change of polishing pads between each step. Fabric pads attached to glass plates are typ-
ically used as the platform onto which the polishing suspensions are applied. Thorough
rinsing is required after each polishing and the electrodes polished using 0.05 �m alumina
should be ultrasonically cleaned in deionized water for a few minutes, to remove any
residual alumina.

Although mechanical polishing may provide a sufficiently clean electrode for many
applications, cleaner surfaces can be produced by treating the surface with piranha solu-
tion or through electrochemical cleaning. Piranha solutions are used to remove organic
residues from substrates, particularly in microfabrication labs. The traditional piranha
solution is a 3:1 mixture of sulfuric acid and 30% hydrogen peroxide. The solution may be
mixed before application or directly applied to the material, applying the sulfuric acid first,
followed by the peroxide. (Caution: Piranha solutions are extremely energetic and may
result in explosion or skin burns if not handled with extreme caution.) Electrochemical
cleaning represents a useful alternative and provided that care is taken with the potential
limits and the number of cycles to prevent surface roughening, it not only generates clean
surfaces but also provides the microscopic area. In a typical application, the electrode is
cycled in 0.1 M HClO4 by cycling between potential limits chosen to initially oxidize, and
subsequently to reduce the surface of the platinum electrode. The potential is then held in
the double-layer region to ensure complete reduction of any surface oxide and desorption
of the hydrogen. After use, it may be sufficient to rinse the electrode surface with water
and/or methanol, followed by air drying to remove adsorbed species and to ensure that the
working electrode is in pristine condition. Otherwise, repolishing may be required.
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6.1.5.3 Instrumental challenges

A challenge in using microelectrodes is the ability to measure very low currents (down 
to femto ampere, 10�15 A). Measuring small currents is a particular challenge when the
experimental timescale is short (e.g., tens of nanoseconds are accessible using micrometer
dimensioned electrodes). For example, taking values of 100 �M and 1 � 10�5 cm2 sec�1

for the concentration and diffusion coefficient, respectively, the steady-state current is of
the order of 200 pA for a 5-�m radius microdisk. As described by equation (6.1.4.4), the
magnitude of this current will decrease with decreasing electrode radius and femtoampere
currents (i.e., approximately 6000 electrons transferred per second!) will be observed for
a 10-nm radius electrode. Thus, in some microelectrode experiments, potentiostats work
close to the capabilities of contemporary electronics.

Consider the equivalent circuit shown in Figure 6.1.5.1 in which the objective is to
measure the cell impedance given by Zcell.

This circuit includes several components associated with both the electrochemical cell
itself and measuring electronics. For example, the parasitic resistance and capacitance
(e.g., arising from leads, switches, etc.) in the cell are described by Rp,cell and Cp,cell,
respectively, while the stray input resistance and capacitance of the measurement circuit
are denoted as Rin and Cin, respectively. In the ideal current measurement circuit, Rin is
infinite, while Cin and Iin are zero and all the current generated in the cell flows through
the resistance of the measuring circuit, Rm. To measure the small currents generated at
microelectrodes, Rm needs to be large (hundreds of k� to many M�). With an ideal cell
and voltage source, Rp,cell is infinite and Cp,cell is zero and all of the current flowing into the
current measurement circuit is due to Zcell. The voltage developed across Rm is measured
by the meter as Vm and Zcell and is given by:

(6.1.5.2)

As described by equation (6.1.5.2), the contribution from the electrode resistance to
Zcell increases with decreasing electrode radius and the total cell impedance can become
very large. The precision with which high-impedance measurements can be made is lim-
ited for several reasons including: (a) current measurement circuits always have
nonzero input capacitance, (b) an infinite input resistance cannot be achieved with real

Z E R Vcell s m m= /
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Figure 6.1.5.1 Equivalent circuit of the electrochemical cell and potentiostat measuring circuit
incorporating nonideal elements.
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circuits, and (c) the amplifiers used in the meter need a small but tangible input current,
i.e., Iin � 0. For example, the best commercially available input amplifiers have input
currents of around 50 fA, making it impossible to make absolute current measurements
(DC signal) of low fA currents. Also, as discussed in Section 6.1.5c, the cell, potentio-
stat, and leads all contribute to parasitic resistance and capacitance components. In par-
ticular, the stray capacitance reduces the frequency or time domain over which
meaningful electrochemical data can be obtained. In seeking to push the boundaries of
time and media in which electrochemical measurements can be performed, fundamen-
tal physics is now influencing the experimental outcome. For example, Johnson noise
associated with thermal agitation of electrons gives rise to a random fluctuation in the
voltage across the resistor terminals, which may limit ultrahigh frequency, short
timescale, and measurements.
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6.2 MICROELECTRODE APPLICATIONS

The properties and applications of microelectrodes, as well as the broad field of electro-
analysis, have been the subject of a number of reviews. Unwin reviewed the use of dynamic
electrochemical methods to probe interfacial processes for a wide variety of techniques and
applications including various flow-channel methods and scanning electrochemical
microscopy (SEM), including issues relating to mass transport (1). Williams and
Macpherson reviewed hydrodynamic modulation methods and their mass transport issues
(2). Eklund et al. reviewed cyclic voltammetry, hydrodynamic voltammetry, and sono-
voltammetry for assessment of electrode reaction kinetics and mechanisms with discus-
sion of mass transport modelling issues (3). Here, we focus on applications ranging from
measurements in small volumes to electroanalysis in electrolyte free media that exploit the
unique properties of microelectrodes.
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6.2.1 Electroanalysis at the micro- and nano-length scale

Microelectrodes have played an important role in the movement of analytical chemistry
toward small-volume techniques as well as real time and spatially resolved measurement-
techniques. The advantages of microelectrodes are exploited in many areas of electro-
analysis, including environmental, biomedical, and material science areas. It is now
possible to obtain electrochemical information at length scales ranging from meters to
micrometers and even nanometers (4). As illustrated in Figure 6.2.1.1, microelectro-
chemistry is a rapidly developing field that forms interdisciplinary bridges from funda-
mental science to medicine, corrosion research, microelectronics, and biology.

The small physical size of microelectrodes allows the dimension of the electrochemical
cell to be dramatically reduced allowing direct measurements to be performed in nanoliter
and even picoliter volumes.

6.2.1.1 Electrochemical cells

Figure 6.2.1.2 illustrates the range of electrochemical cells that have been developed for
microelectrochemical measurements. Significant features include the cell volume, distance
of the electrodes, electrolyte flow, and optical transparency. For example, scanning electro-
chemical microscopy (SECM, see Chapter 12) is performed in a macroscopic cell, but the
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local resolution is achieved by limitation of diffusion. Microelectrodes formed using litho-
graphic techniques in which the electrode is surrounded by a hydrophobic photoresist can be
used to perform electrochemical measurements in nanoliter volumes by wetting the electrode
surface and introducing counter and reference electrodes into the nanoliter drop (16). Various
modifications of the capillary cell and the optical microcell have been described and are sim-
ilar in concept to a movable mask (10, 11). Perhaps, the smallest two-electrode electrochem-
ical cell is that created by vapor condensation between a substrate and an SPM-tip (5) and
has proven to be useful in the creation of nanodimensional structures (e.g., through “dip-pen
nanolithography”). Beyond nanolithography, Bard and Fan developed an approach to detect
single redox molecules using a piezoelectric positioner to move a microelectrode toward a
large counter electrode to create a microvolume electrochemical cell (6). When a redox active
molecule is moved from bulk solution into the microvolume defined by the two electrodes,
it can be repeatedly electrolyzed to generate a measurable current. Transport of the elec-
troactive species was dictated by Brownian motion causing the events to be infrequent.

Another approach to confining the volume is to use vials that have picoliter volumes (7).
These can be fabricated with lithographic techniques. Electrochemical experiments using
a standard reduction–oxidation couple, ferrocene-carboxylic acid, have been performed in
volumes as small as 1 pL. Peak-shaped voltammetry and an increase in the current on the
reverse wave of the cyclic voltammogram are observed in the voltammetric response when
ultrasmall volumes (16 pL or less) are used. This deviation from bulk microelectrode
behavior is observed only at slower scan rates in the smaller microvials. The voltammet-
ric behavior in the small-volume experiments depends on the scan rate, vial size, and ana-
lyte concentration. A physical model based on restriction of analyte in these well-defined
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Figure 6.2.1.2 Cell constructions for microelectrochemical experiments: (a) water droplet on a pho-
toresist electrode (8, 9); (b) water droplet in oil (10); (c) movable mask (11); (d) scanning droplet or
capillary cell (12); (e) optical microcell (13); (f) biological cell (14); (g) vapour condensation cell with
two electrodes or ‘electrochemical nano cell’ (15) and (h) SECM (16). [Reprinted from J. W. Schultze,
A. Bressel, Electrochimica Acta, 47, 3 (2001). Copyright (2001) with permission from Elsevier.]
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microenvironments is proposed to explain the differences in current compared with that
predicted by microelectrode theory in bulk solutions.

Irrespective of the sample volume, the amount of sample probed in an electrochemical
experiment depends on the timescale. This sensitivity arises because, for solution phase
reactants, diffusion is typically the dominant mode of mass transport. When the response
is under semi-infinite linear diffusion control, the thickness of the diffusion layer, �, is
given by equation (6.1.5.1). Taking a typical diffusion coefficient of 1 � 10�5 cm2 sec�1

in aqueous solution, equation (6.1.5.1) indicates that for a conventional electrochemical
experiment employing an electrode of 3 mm diameter and an electrolysis time of 1 sec, a
volume of approximately 10 �L will be electrolyzed. In contrast, for a 5-�m radius micro-
electrode and a 50-�sec electrolysis time, the volume will be less than 30 fL!

This approach can be exploited to monitor reactions involving single molecules. For
example, Wightman and co-workers investigated electrochemiluminescent reactions
involving individual reactant pairs (17). Their approach was to use 50 �sec potential steps
at a 5-�m radius microelectrode to electrolyze a few femtoliters of 9,10-diphenylanthracene
so as to generate a small population of radical anions. By allowing these radical anions to
diffuse into a solution containing the radical cation of the same molecule, singlet excited
states of 9,10-diphenylanthracene were created. This electronically excited state then
decays back to the ground state by emission. Because of the low concentrations involved,
these reactions are seen as individual light producing events.

6.2.1.2 Analytical applications

Microelectrodes have been used in combination with classical analytical techniques, such
as anodic stripping voltammetry (ASV) to determine the concentration of a wide range of
analytes, especially metal ions (18, 19). However, here we focus on more contemporary
approaches that modify the surface of the microelectrode to produce sensors.

Cholesterol is a major structural component of the mammalian cell plasma membrane
that regulates fluidity and permeability. It is a key component in signal transduction among
cells, as well as in the immune response, cell infection, and cell surface polarity. Complete
elucidation of the pathways governing the initial steps in atherogenesis requires the devel-
opment of microscopic sensors capable of following the dynamics of intracellular choles-
terol trafficking to and from the plasma membrane. Devadoss and Burgess (20) have
probed the steady-state detection of cholesterol in the plasma membrane of a single cell
using lipid bilayer-modified microelectrodes incorporating cholesterol oxidase. Their
single-cell approach uses a platinum microelectrode modified with a lipid bilayer mem-
brane containing cholesterol oxidase in which the steady-state electrode response appears
to correlate with the cholesterol content of the cell plasma membrane. As shown in Figure
6.2.1.3, positioning the electrode directly adjacent to the cell (within ~1 �m or partially
touching) produces an intermediate response, while contacting the cell with some force
yields maximum current. The response observed adjacent to the cell may reflect detection
of cholesterol efflux (i.e., solution-phase cholesterol). The apparent steady-state responses
suggest that cholesterol oxidation is not limited by lateral diffusion of cholesterol in the
plasma membrane to the electrode contact site (i.e., no current decay for depletion is
observed).
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6.2.2 Spatially heterogeneous systems: biological structures

In biological systems, chemical events of interest are often restricted to the interior or exte-
rior surfaces of single cells. To provide useful information about in vivo biochemistry, these
measurements must be performed with a high degree of spatial and temporal resolution as
well as a high degree of sensitivity and selectivity (21). Spectroscopic techniques, such as
fluorescence microscopy, magnetic resonance imaging, ion-mass spectrometry, and even
X-ray emission imaging can provide useful information about the two-dimensional struc-
ture of biosystems. However, they are typically restricted to high analyte concentrations,
millimeter rather than micrometer resolution and slow (�msec) time responses.

The mammalian brain (22) represents an extraordinarily challenging environment. At
every level of organization, the brain is temporally and spatially heterogeneous: neuronal
structures of differing sizes (from nanometer to meter) communicate with each other at
timescales ranging from the microseconds to hours or days. Structurally, the brain contains
small nuclei, such as the suprachiasmatic nucleus as well as larger nuclei that are not struc-
turally homogeneous (e.g., the laminar structures of the cortex and hippocampus are well
documented). When the objective is to elucidate the structure– function relationship of
these structures, the ability to make spatially resolved measurements with microprecision
is paramount. Thus, the spatial region that the chemical probe samples need to have
dimensions similar to those expected for the phenomena of interest. Also, the concentra-
tions of species present are nonuniform and the concentration of a target molecule is fre-
quently higher close to its release site than it is in the surrounding tissue. Although the
local concentration may be easily measurable, the total number of molecules in the small
volume may be quite low (e.g., there are only 30,000 molecules in 50 fL of a 1 �M solu-
tion). For this reason, analysis in heterogeneous structures demands both high spatial res-
olution and a high mass, as opposed to concentration and sensitivity (23).
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Figure 6.2.1.3 Amperometric data for detection of cellular cholesterol at a microelectrode (11.5 �m
diameter) modified with a lipid bilayer membrane containing cholesterol oxidase. No contact: baseline
data; no cholesterol detection. Adjacent: data for positioning the electrode within ~1 �m of (or partially
touching) the plasma membrane. Cell contact: data for contacting the oocyte plasma membrane.
Arrows approximate the times of changing electrode position. The buffer is 0.1 M sodium phosphate,
pH 6.5. The electrode potential is 800 mV vs. NHE. [Reproduced with permission from A. Devadoss,
J. D. Burgess, J. Am. Chem. Soc. 126, 10214 (2004). Copyright 2004, American Chemical Society.]
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Another consequence of performing analysis at short length scales is that random
processes (e.g., Brownian motion in response to a concentration gradient) can cause the
instantaneously measured concentration to vary significantly from the time-averaged
value. For example, equation (6.1.5.1) shows that diffusion will not significantly perturb
the measured concentration over a sample interval of 1 cm for several hundred seconds. In
contrast, if the concentration is measured only over 1 �m, diffusion will change the “sam-
ple” composition within a millisecond. Thus, electroanalysis becomes possible at short
length scales only with the short response times of microelectrodes. It is important to note
that amperometry consumes the target molecule (through oxidation or reduction) thus
altering the chemical microenvironment and creating a driving force for molecular diffu-
sion. In addition, the newly created species can interact with the sample. It is also fre-
quently difficult to relate the measured current to concentration because of the challenge
of replicating the heterogeneous nature of the sample during calibration.

Investigations elucidating neurotransmitter release have revealed the location and
dynamics of neurotransmitter release through exocytotic events. A challenge in this field
is to avoid fouling of the electrode surface through adsorption and carbon-fiber micro-
electrodes are frequently used. Neurotransmitter release occurs at short timescales making
fast-scan cyclic voltammetry a powerful tool to temporally resolve neurotransmitter
release. A disadvantage of electrochemistry is that the voltammetric response of each ana-
lyte is a significant fraction of the available potential window that rarely exceeds 1.5 V in
aqueous media. Therefore, the task of resolving individual neurochemicals benefits greatly
from advanced data analysis techniques. Wightman and co-workers evaluated the ability
of cyclic voltammograms recorded at fast scan rates to resolve neurochemicals when ana-
lyzed by principal component regression (24). In their approach, a calibration set of 30
cyclic voltammograms was constructed from nine different substances at a variety of con-
centrations. The set was reduced by principal component analysis, and it was found that
99.5% of the variance in the data could be captured with five principal components. This
set was used to evaluate cyclic voltammograms obtained with one or two compounds pres-
ent in solution. In most cases, satisfactory predictions of the identity and concentration of
analytes were obtained. Chemical dynamics were also resolved from a set of fast-scan
cyclic voltammograms obtained with the electrode implanted in a region of a brain slice
that contains dopaminergic terminals. Following stimulation, principal component regres-
sion of the data resolved the changes in dopamine and pH that were evoked. In a second
test of the method, vesicular release was measured from adrenal medullary cells and the
data were evaluated with a calibration set composed of epinephrine and norepinephrine.
Cells that secreted one or the other were identified. Overall, the results show that principal
component regression with appropriate calibration data allows resolution of substances
that give overlapping cyclic voltammograms.

The utility of combining electrochemical and spectroscopic detection has also been
demonstrated. Xin and Wightman demonstrated simultaneous detection of catecholamine
exocytosis and calcium-ion release from single bovine chromaffin cells with a dual 
amperometric/calcium-selective dye-bound fluorescence sensor and demonstrated that
catecholamine and calcium release were temporally and spatially correlated (25). In
microelectrode measurements, individual exocytotic events associated with neurotrans-
mitter release appear as spikes with the area of the amperometric spikes providing a
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coulometric measure of the number of molecules released from each secretory event. On
an average, the spikes from chromaffin cells yield an attomole of material. Despite the
tiny amount of materials released, the signals are robust due to the small volume.
However, because of diffusional dispersion, the concentration spikes are transient and are
diluted to negligible values within a few milliseconds.

Microelectrode structures have been created that mimic aspects of brain function.
Amatore and coworkers have described assemblies of paired microband electrodes that
behave like a neuronal synapse (26). The generator electrode in these devices mimics a
synaptic terminal, and the collector electrode functions as a postsynaptic membrane. These
artificial synapses can be designed in several configurations to perform Boolean logical
operations, such as AND or OR operations.

6.2.2.1 Reactive surfaces and bioelectronics

A number of successful bioelectronic devices have been created that exploit microelec-
trode technology. These include the cochlear implant and peripherally implantable stimu-
lators (27). Other devices including retinal or cortical implants are less developed and not
yet applicable. A challenge in this field is to engineer microelectrode surfaces so that they
are both biocompatible and can be used to direct cell adhesion and growth (e.g., to stimu-
late nerve growth across an interrupted neuronal pathway).

Controlling the interfaces between cells and solid substrates is an important objective
(28–30) that impacts areas as diverse as microfluidic, lab-on-a-chip separations, cellular
biology, and tissue engineering. Modified surfaces offer excellent possibilities for real
progress, most notably using molecular self-assembly to create low-defect density sur-
faces of controlled charge, hydrophobicity, and chemical reactivity (e.g., with respect to
biomolecule binding (31–33)). Nishizawa recently described a strategy for the real-time
local manipulation of the cell-adhesive properties of a substrate in the presence of
attached living cells (34, 35). The strategy involves rapid switching of the cytophobic
nature of albumin-coated substrates to a cell-adhesive surface by exposing it to an oxi-
dizing agent, such as hypobromous acid. The oxidizing agent can be generated electro-
chemically at the tip of a microelectrode to create arbitrary cellular micropatterns. It is
also possible to guide cellular growth and migration on substrates during cultivation.
Figure 6.2.2.1 shows that the culturing of HeLa cells depends on the scanning height
above the reactive surface. Approaches of this kind that facilitate the spatially controlled
growth of individual cells will simplify bioassays based on cellular motility as well as
contribute to cell and tissue engineering by creating micropatterned cocultures of differ-
ent kinds of cell types.

6.2.3 Low conductivity media

Theoretical and practical applications of voltammetry in low ionic strength solutions have
been reviewed by Ciszkowska and Stojek (36). Here, we present a selective overview of
the importance of the area and the increased range of media that are now amenable to elec-
trochemical investigation with microelectrodes.
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6.2.3.1 Voltammetry in the absence of deliberately added electrolyte

Voltammetry in highly pure water without added electrolyte is now well established
(37–41). The ability to perform stripping analysis of metals without the need to add poten-
tially contaminating supporting electrolyte is an important application (37). Ciszkowska
and Osteryoung (38) have probed the voltammetric reduction of three metal cations: thal-
lium, cadmium, and lead in solutions of various salts (TlNO3, Tl2SO4, Cd(NO3)2,
Pb(NO3)2, and CdSO4), containing either no supporting electrolyte or where LiClO4 or
Ca(NO3)2 were added at various concentrations. The influence of migration was studied
for a wide range of concentrations of the electroactive species and supporting electrolyte.
As predicted by theory (39), the ratio of the limiting current, il, to the diffusion limited cur-
rent, id, was 1.5 and 2 in solutions with and without excess supporting electrolyte, for the
reduction of Tl+ cation in the solutions with mono- and divalent anions.
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Figure 6.2.2.1 Size of cellular adhesion area at various distances between the electrode tip and the
substrate surface during the electrochemical treatment. (a) Phase contrast micrograph of HeLa cells
cultured for 24 h on the BSA-coated glass substrate, which was pretreated by a Br – oxidation pulse
of 30 sec at the tip–surface distance indicated in the micrograph. (b) Plots of the radius of the cell adhe-
sion area versus the distance of electrode tip–substrate surface for the electrolysis periods of 10 sec
(4) and 30 sec (O). Error bars for the plots were calculated from the standard deviation of at least
four cellular patterns. Solid curves were calculated assuming a diffusion-limited surface reaction.
[Reproduced with permission from H. Kaji, K. Tsukidate, T. Matsue, M. Nishizawa, J. Am. Chem.
Soc. 126, 15026 (2004). Copyright 2004, American Chemical Society.] (for colour version: see
colour section at the end of the book).
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6.2.3.2 Voltammetry in pure liquid organics

White and coworkers pioneered the use of microelectrodes in neat organic liquids and their
theoretical interpretation (40–47). The low dielectric constant of these materials usually
means that supporting electrolyte is often added to avoid catastrophic ohmic effects. 
A very low level of electrolyte, which results in a support ratio not higher than 0.001, helps
to lower the ohmic potential drop and permits well-defined voltammetric waves to be
obtained. Voltammograms were obtained for redox processes of several organic com-
pounds, including nitrobenzene (40, 41), 4-cyanopyridine (42), aniline and pyrrole (48),
acetonitrile (49), simple alcohols (50), dimethylsulfoxide (51), and DMF (52). Because the
analyte concentration is so high in these experiments, water and other impurities do not
influence the observed responses to any great extent.

A characteristic feature of voltammetry of pure organics is the formation of a microlayer
of an ionic liquid at the electrode surface. This microlayer forms at the wave plateau, where
the concentration of the substrate drops to zero and the charged product is neutralized by a
counterion. For an oxidation reaction at potentials sufficiently negative of E�	, the mole frac-
tion of the analyte is 1. For potentials sufficiently positive of E�	, the molar fraction of both
the product and counterion is 0.5. This change in relative concentrations leads to a specific
type of convection called diffusion-engendered convection (42). This thin layer of ionic liq-
uid also leads to strong changes in the viscosity of media, which change both the activities
of all species close to the electrode surface and their diffusion coefficient. These layers can
be very stable especially for the electrooxidation of simple alcohols, and the electroreduc-
tion of nitrobenzene. In extreme situations, precipitation may occur at the electrode surface.
White and coworkers have used interferometry (44) and voltammetry at elevated pressure
(45) to probe the interfacial structure in these systems. These careful studies allow the pres-
sure dependence of molecular transport to be investigated and have demonstrated that the
interfacial layer can be compressed (45). The presence of this interfacial layer complicates
the interpretation of voltammetric peak or steady-state currents because the diffusion coeffi-
cient of the analyte within the microlayer will be significantly different from that found in
dilute solution. Ragsdale and White (47) used the Cullinan–Vignes equation to predict the
reduction wave height of nitrobenzene in acetonitrile over a wide range of compositions. The
deviations of experimental data from theoretical predictions for mole fractions of nitroben-
zene less than 0.4 allowed self-association of the solution components to be detected.

6.2.3.3 Complexation equilibria

Traditionally, voltammetric investigations of complexation suffered relative to spectroscopy
because of the need to add an excess of supporting electrolyte. A high concentration of 
electrolyte can cause contamination or can compete with the analyte of interest in the com-
plexation reaction itself. The high ionic strength can cause the activity of the analyte to
deviate significantly from its concentration. The ability to perform electrochemical meas-
urements without deliberately adding supporting electrolyte may extend the range of 
analyte/ligand concentrations that can be investigated.

Palys and coworkers extended the work of Myland and Oldham (53) and developed a
theoretical model that describes the steady-state microelectrode response for a wide range
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of complexes that are inert on the experimental timescale (54). The theory shows that the
steady-state limiting current depends on the type of complexation equilibrium, the type of
the change in the reactant charge number, and the complex formation constant. The theory
provides a good description of the experimental data found for the complexation of
europium(III) with 1,4,8,11-tetraazacyclotetradecane (cyclam) in a 4:1 mixture (v/v) of
methanol and dimethylsulfoxide. The influence of the concentration of the electroinactive
ionic species on the limiting currents was also considered. For cases where migration con-
tributes significantly to the transport, relationships between the measured steady-state lim-
iting currents and � are given in the form of fitted equations.

Stojek and co-workers (55) found that in the case of neutral ligands, the shift of the half
wave potential caused by the formation of the complex has the same magnitude in solu-
tions with and without supporting electrolyte. For charged ligands, it is possible to find a
value for the ligand/reactant concentration ratio above which migrational effects can be
neglected. This behavior allows the classic analytical approaches to be applied to charged
ligands. This approach was applied to experimental results obtained for Tl+ with 18-
crown-6 ligand in water without addition of supporting electrolyte.

6.2.4 Ultrafast electrochemical techniques

Ultrafast electrochemical techniques provide information about the kinetics and thermo-
dynamics of redox processes that occur at sub-millisecond or nanosecond timescales. This
short timescale is achieved either by making very rapid transient measurements or by
using ultrasmall probes to achieve high rates of diffusion under steady-state conditions.
Microelectrodes play pivotal roles in both approaches. Electrochemistry has several
advantages over spectroscopy in that it provides direct information about electron transfer
and coupled chemical reactions. In transient measurements, decreasing the lower accessi-
ble timescale depends critically on fabricating ultramicroelectrodes (UMEs) that continue
to respond ideally as their critical dimension (e.g., the radius of a microdisk) decreases.
The principal difficulty with transient approaches that use extremely short duration poten-
tial perturbations is ohmic drop as a small diffusion layer corresponds to a large concen-
tration gradient, and so the current is large. The second difficulty is to produce
microelectrodes with extremely short response times. It is now possible to assemble
microelectrodes that respond to changes in applied potential within less than a few
nanoseconds. In steady-state approaches, ultrasmall probes are required to make short
timescale measurements. Various approaches that yield “nanodes” (i.e., electrodes of
nanometer dimension) have been developed but the production of well-characterized nan-
odes remains a challenge.

6.2.4.1 Transient techniques

In transient electrochemical measurements involving a solution phase redox couple, one
seeks to create a competition between the reaction of interest, electron transfer at the elec-
trode surface or coupled homogeneous steps, and diffusion of the species to and from the
electrode surface (56).
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(a) Heterogeneous electron transfer dynamics
At short times, the diffusion layer thickness is much smaller than the microelectrode radius
and the dominant mass transport mechanism is planar diffusion. The heterogeneous elec-
tron transfer dynamics of a diverse range of organic and inorganic species have been inves-
tigated using transient techniques. For example, cyclic voltammetry of the anthracene/
anthracene anion radical has been used extensively as a reference system for characteriz-
ing new electrodes or instruments. This focus arises because the aromatic nature of the
molecule leads to very small changes in the bond lengths and bond angles (i.e., the Marcus
inner sphere reorganization energy is small (57)) thus causing the heterogeneous electron
transfer rate constant to be large. Wightman (58) has studied this reaction using cyclic
voltammetry at scan rates up to 105 V sec�1 and good agreement between the predictions
of the Nicholson and Shain theory and experiment was found after correcting for the
nonspherical nature of the microdisk used.

Despite the many elegant investigations that have been conducted on heterogeneous
electron transfer dynamics of solution phase reactants, the magnitude of the diffusion-
controlled current at short times ultimately places a lower limit on the accessible
timescale. For diffusive species, the thickness of the diffusion layer, �, is defined as � =
(�Dt)1/2 (equation (6.1.5.1)) and is, therefore, proportional to the square root of the polar-
ization time, t. One can estimate that the diffusion layer thickness is approximately 50 Å
if the diffusion coefficient is 1 � 10�5 cm2 sec�1 and the polarization time is 10 nsec.
Given a typical bulk concentration of the electroactive species of 1 mM, this analysis
reveals that only 10,000 molecules would be oxidized or reduced at a 1-�m radius
microdisk under these conditions. The average current for this experiment is only 170 nA,
which is too small to be detected with low nanosecond time resolution.

Therefore, to probe the dynamics and energetics of ultrafast heterogeneous electron
transfer dynamics, this diffusion limitation must be eliminated. One successful approach
to achieving this objective is to use self-assembled or spontaneously adsorbed mono-
layers. When immobilized on an electrode surface, the electroactive species no longer
needs to diffuse to the electrode to undergo electron transfer. Moreover, the electroac-
tive species is preconcentrated on the electrode surface. For example, in the situation
considered above, there will be approximately 1.7 � 10�20 mol of electroactive material
within the diffusion layer. Given that the area of a 1-�m disk is approximately 3.1 �
10�8 cm2, this translates into an “equivalent surface coverage” of about 5.4 � 10�13 mol
cm�2. In contrast, the surface coverage, �, observed for dense monolayers of adsorbates
is typically more than two orders of magnitude larger with coverages of the order of
10�10 mol cm�2 being observed. This higher concentration gives rise to much larger cur-
rents that are easier to detect at short timescales. As exemplified by the work of Chidsey
(59), Abruña (60), Faulkner (61), and Finklea (62), electroactively adsorbed monolayers
have been developed that exhibit close to ideal reversible electrochemical behavior
under a wide variety of experimental conditions of timescale, temperature, solvent, and
electrolyte.

(b) Homogeneous chemical kinetics
The decrease in the lower accessible time limit possible using microelectrodes has impor-
tant implications for probing the dynamics of rapid homogeneous chemical reactions.
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Bimolecular reactions in solution cannot proceed faster than the rate at which molecules
come into close contact. Thus, bimolecular rate constants cannot exceed the diffusion lim-
ited rate constant that is of the order of 109�1010 M�1 sec�1 in most organic solvents. As
the characteristic time of cyclic voltammetry is RT/F�, where � is the scan rate, experiments
performed at MV sec�1 scan rates allow kinetic information, such as lifetimes that are close
to the diffusion limit, to be obtained (63). As illustrated in Figure 6.2.4.1, Wightman (64)
has shown that the irreversible response observed for the oxidation of anthracene at slow
scan rates becomes fully reversible at a scan rate of 104 V sec�1. This behavior is opposite
to that expected when heterogeneous electron transfer is slow and suggests that the cation
radical undergoes a following chemical reaction. The ability to make the voltammetric
response reversible means that the formal potentials of highly reactive species can be accu-
rately measured.

The kinetics and mechanism of homogeneous reactions following the reduction of
NAD+ and synthetic analogues continue to be investigated. Several reaction mechanisms
have been observed for NAD+ analogues, with molecules containing at least one hydro-
gen at the 4-position (i.e. direct analogues of NAD+) typically undergoing a dimerisation
reaction (65). The effect of changing the substitution pattern on the mechanism and kinetics
of the homogeneous solution reactions of electrogenerated 1-methyl-carbamidopyridinyl
radicals has been investigated. Fast-scan cyclic voltammetry (CV) and double potential
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Figure 6.2.4.1 Effect of scan rate on the voltammetric response observed at a 5-�m platinum
microdisk for the oxidation of 2.36 mM anthracene in DMF containing 0.6 M tetraethyl ammo-
nium perchlorate. [Reproduced with permission from J. O. Howell, R. M. Wightman, J. Phys.
Chem. 88, 3915 (1984). Copyright 1984, American Chemical Society.]

Ch006.qxd  12/22/2006  10:54 AM  Page 182



step chronoamperometry (DPSC) conducted on a microsecond timescale reveal that 
1-methyl-3-carbamidopyridinyl radicals react via a dimerisation mechanism involving
direct coupling of the electrogenerated neutral radicals at a rate of approximately 1.6 �
0.1 � 107 M�1 sec�1 in DMF. The 1-methyl-4-carbamidopyridinyl and 1-methyl-3,4-
dicarbamidopyridinyl radicals react via a pH-dependent ECE-DISP1 mechanism, where
E, C and DISP denote electron transfer, following chemical and disproportionation reac-
tions, respectively.

6.2.4.2 Steady-state electrochemistry

Under steady-state conditions, the time required for diffusion, tD, is not related to the actual
duration of the experiment as the diffusion layer thickness depends only on the radius.
Under these conditions, tD is approximately equal to r0

2/D. This property has a profound
impact on the size of microelectrodes required to make measurements at a steady state.
Given a typical diffusion coefficient of 10�5 cm2 sec�1, microelectrodes with radii less
than 30 nm are required to address sub-microsecond timescales. In using steady-state
methods to determine kinetic parameters for fast reactions, experimental conditions are
chosen so that there is mixed control by kinetics and diffusion. Aoki (66), Fleischmann
(67), and Oldham (68) have addressed this issue and provided several equivalent
approaches for analyzing experimental current–voltage curves. Bard and coworkers (69)
developed an approach for determining kinetic parameters of simple quasi-reversible elec-
tron transfer reactions. In principle, only the one-quarter (E1/4), one-half (E1/2), and three-
quarters (E3/4) potentials from a single steady-state voltammogram are required, although
more precise values of k� and 	 can be obtained by fitting the full voltammogram. The
analysis is independent of the electrode area and the concentration of the electroactive
species, which improves the reliability of the analysis.

Parameters describing the kinetics of heterogeneous electron transfer for several solu-
tion phase redox active molecules have been reported and a representative sample is given
in Table 6.2.4.1. These data show that the rate of electron transfer across the electrode/
solution interface is influenced by the identity of the redox couple. These variations reflect
differences in the reaction adiabaticity and activation barriers that exist for the individual
systems. However, even for a single species, a considerable range of k� values are
observed (e.g., for the archetypal reversible couple ferrocene, reported k� values range
from 0.09 to 220 cm sec�1). Reasons for these discrepancies include electrode fabrication
protocol, purity of the ferrocene, solvent and electrolyte, and the method used to analyze
the data. For high ferrocene concentrations, the electrode becomes pacified by an insoluble
layer. Electrode surface blocking impedes diffusion and causes a nonproportional increase
in current with increasing ferrocene concentration. Even for a standard electrochemical test
system, considerable care must be taken over all aspects of the experiment, chemicals,
electrode fabrication, experimental setup, as well as data collection and analysis if accu-
rate kinetic parameters are to be obtained.

(a) Homogeneous chemical kinetics
Steady-state measurements are important in studies of chemical reactivity. Steady-state
measurements using electrodes of different radii provide insight into the kinetics of
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homogeneous reactions where the limiting current density depends on the magnitude of
the homogeneous rate constant. Coupled chemical (C) and electron transfer (E) reactions
(e.g. CE mechanisms, catalytic follow-up processes, as well as reactions involving dis-
proportionation (DISP)) have been characterized. However, reactions such as chemical
reactions that follow electron transfer (EC) mechanisms cannot be investigated in the same
way as the current density is not influenced by the following chemical reaction. In these
circumstances, the homogeneous reaction does not affect the height or shape of the
reversible steady-state voltammogram. As indicated in Figure 6.2.4.2, the position of the
wave on the potential axis depends on the homogeneous reaction rate and kinetic infor-
mation can be obtained by probing how E1/2 depends on the electrode radius.

6.2.5 AC electrokinetics

Electrochemical investigations are found in the areas of molecular electronics and nan-
otechnology. Electrochemistry can be used to produce and characterize clean surfaces
(e.g., electrochemical cleaning of metals). It can direct the assembly and structure of
supramolecular assemblies (e.g., by using self-assembled or spontaneously adsorbed
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Table 6.2.4.1

Rate constants for heterogeneous electron transfer determined using steady-state methods

Analyte Electrodea k� (cm sec�1) Reference

Anthracene Au ring �r = 0.09 �m; r = 5 �m 3.33 � 0.05 (70)
(C6H6) Cr (CO)3

+ Pt, 25 �m 
0.3 (71)
(CpCOOCH3)2Co

+ Pt, 23 Å�4.7 � 130 � 70 (72)
Cytochrome c C, 6.3 �m �0.4 (73)
9,10-Diphenylanthracene Au ring �r = 90 �m; r = 5 mm 5.7 � 0.1 (70)
Ferrocene Au ring �r = 0.09 �m; r = 5 �m 0.09 � 0.005 (70)

C, 6 �m 2.3 � 0.8 (74)
Pt, 0.3�25 �m 
6 (75)
Pt, 1 �m �2 (76)
Pt, 16 Å�2.6 �m 220 � 120 (72)

Fe(OEP)(N-Melm)2
+ Pt, 1�25 �m 0.4 (77)

Pt, 0.5�12.5 �m 0.38 (78)
Pt, 1�25 �m 0.35 (77)

Fe(TPP) (Hlm)2
+ Pt, 1�25 �m 0.5 (77)

Fe (TPP) py2
+ Pt, 1�25 �m 0.6 (77)

MV2+(F) Pt, 22 Å�0.21 �m 170 � 90 (72)
Naphthalene Au ring �r = 0.2 �m; r = 20.5 �m 0.88 � 0.02 (70)
Oxygen Pt, 12.7�250 �m 0.63 � 0.05 (79)
Ru (NH3)6

3+ Au, 5 �m 0.076 (80)
Pt, 1.3�4.6 �m 0.26 � 0.13 (72)
Pt, 11 Å�11.1 �m 79 � 44 (72)

Tetracyanoethylene Au ring �r = 0.2 �m; r = 20.5 �m 0.15 � 0.01 (70)
Tetracyanoquinodi-ethane Au ring �r = 0.2 �m; r = 20. 5 �m 0.23 � 0.01 (70)
Zn(TPP) Pt, 1�25 �m �1 (77)
aDimension given is the radius of a microdisk electrode unless otherwise stated.
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monolayers). It can address molecular components (e.g., by switching their oxidation
state). It can read their state (e.g., through measurements of the open circuit potential).
Microelectrodes offer the possibility of selecting and moving nanometer dimensioned
objects with precision by using AC electrokinetics. AC electrokinetics offers advantages
over scanning-probe methods of nanoparticle manipulation in that the equipment used is
simple, inexpensive, and has no moving parts, relying entirely on the electrostatic interac-
tions between the particle and the dynamic electric field. There is a theoretical evidence
that as manufacturing technology further improves, single particles considerably smaller
than presently studied using AC electrokinetics may be manipulated.

AC electrokinetics uses an electric field created between two or more microelectrodes
to induce a dipole within a cell, particle or macromolecule. With a suitable electrode
design, a variety of motions including attraction, repulsion, and rotation can be induced by
changing the nature of the dynamic field. These forces may be viewed as an electrostatic
equivalent to optical tweezers (81) and optical spanners (82) in that they exert translational
and rotational forces on a body due to the interaction between a body and an imposed field
gradient. AC electrokinetic techniques, such as dielectrophoresis (83) and electrorotation (84)
have been utilized for many years for the manipulation, separation, and analysis of cellular-
scale particles. Recent advances in semiconductor manufacturing technology have enabled
researchers to develop electrodes for manipulating macromolecules as small as 9 kDa using
both attractive (85) and repulsive AC electrostatic forces and to concentrate 14 nm beads
from solution (86). Trapping of single particles such as viruses and 93 nm diameter latex
spheres in contactless potential energy wells (87) has also been demonstrated.

An application of AC electrokinetic phenomena is the preconcentration of a target mol-
ecule within a small volume. Crooks and coworkers (88) have achieved enrichment fac-
tors for DNA exceeding 100 using channels that are 5 mm in length, require only a single
homogeneous analyte phase, and avoid complex microfluidic designs. The approach
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Figure 6.2.4.2 Dependence of E1/2 for an EC reaction on the logarithm of the electrode radius.
[Reproduced from K. B. Oldham, J. Electroanal. Chem. 313, 3 (1991). Copyright (1991) with per-
mission from Elsevier.]
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appears versatile and should be applicable to any charged molecule or object. As illustrated
in Figure 6.2.5.1, their approach relies on exerting spatial control over the electrokinetic
velocity of the analyte. The electro-osmotic (eo) velocity of the buffer solution in one
region of a microfluidic system opposes the electrophoretic (ep) velocity of the analyte in
a second region. This results in ep transport of DNA to a location where the ep and eo
velocities are equal and opposite, and DNA concentrates at this location.

When a forward bias (negative potential in the source reservoir) was applied between the
electrodes, the concentration of DNA is apparent within 30 sec and reaches an enrichment
factor of 11 within approximately 1 min. When the bias is reversed, DNA immediately
transports through the PETE membrane indicating that concentration is not a consequence
of physical blocking or size exclusion, and is trapped in the left channel (Figure 6.2.5.1) by
the same balance of ep and eo velocities that were initially responsible for concentration in
the right channel. This enrichment method is conceptually distinct from field-amplification
stacking, isotachophoresis, micelle sweeping, size exclusion, and solid-phase extraction,
but it is conceptually linked to a recent report in which micrometer-scale beads were
trapped within a microfluidic channel by opposing pressure-driven flow and eo flow (89).
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6.3 UME FABRICATION/CHARACTERIZATION BASICS

6.3.1 Platinum and gold inlaid disks 

5 ��m diameter

Fu-Ren F. Fan1, Jose Fernandez1, Biao Liu1, 
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6.3.1.1 Introduction

The fabrication of ultramicroelectrodes (UMEs) has been reviewed (1–3) and involves
several steps. First, the end of a glass capillary is sealed such that a conical shape is
obtained. A straight 25, 10, or 5 �m diameter metal wire is then positioned at the bottom
of the sealed borosilicate glass capillary and put under vacuum for 30 min. The capillary
is slowly sealed onto the wire using a heated resistor coil. The sealed wire is then electri-
cally connected to a larger wire using a conducting silver epoxy. The connected tip is
placed in the oven at 120 �C overnight to cure the epoxy.

This procedure can also be applied to 5 and 10 �m platinum and gold wires (where the
use of soft glass capillaries is sometimes preferred). For smaller tips (1–2 �m diameter), a
Wollaston wire (a metal wire covered by a silver layer) is first placed in weak nitric acid
solution to dissolve the silver layer prior to sealing the tip (Section 6.3.2). A laser puller
can also be used with small diameter quartz capillaries to make submicron size electrodes
(Section 6.3.3). Such sealing techniques require much practice and patience.

UME tip fabrication also includes electrode polishing, sharpening, and characterization.
The voltammetric behavior of the electrode is recorded to evaluate the quality of the glass/
metal seal and the tip radius and that value is compared with the one observed optically.
Conducting and insulating approach curves using scanning electrochemical microscopy
(SECM) (see Chapter 12) can also be acquired and fitted to theory to determine the radius
of the UME and the thickness of the insulating glass.

6.3.1.2 Sealing the capillary tube

Take a clean and dry Pyrex (borosilicate) glass capillary (at least 15 cm long to manipu-
late in a flame, inner diameter 1 mm, outer diameter 2 mm). The precleaned capillary
should be moisture- and dust free so as to avoid bad sealing of the glass onto the wire.
Polluting substances and water can lead to bubble formation next to the wire as the glass
is melted. To circumvent this, the glass capillaries can be soaked in 1:10 diluted HNO3,
rinsed with copious amounts of distilled water, oven dried, and stored in an enclosed vial.
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Use a gas/oxygen flame to seal one end of the glass capillary. Choose an adequate flame
temperature, which is not too hot to avoid bending the glass. Rotate the capillary continu-
ously on the side of the flame to obtain a conical shape (Figure 6.3.1.1). This shape must
be obtained to adequately place the Pt wire in the capillary.

Check the capillary under a microscope and make sure that it is completely sealed at the
base. Cut the glass capillary to about 5 cm length using a file.

6.3.1.3 Manipulating the platinum wire

Now that the capillary is sealed and shows a conical shape, a straight Pt wire must be
inserted at the bottom of the capillary into the crack of the cone. Straightening the wire and
positioning it is a time-consuming work and it is possible that you might have to take the
wire out, straighten it several times before getting the desired results.

Using gloves, cut a piece of approximately 1.5 cm of hard (i.e., not annealed) platinum
wire (5, 10, or 25 �m diameter, 99.9% purity) and rinse with acetone. The gloves are nec-
essary to prevent finger oils from contaminating the wire.

Carefully straighten the wire with your fingers and without twisting it on a white piece
of paper. This can be done by rolling the wire on a sheet of white glossy paper with a fin-
ger or the flat side of a wooden ruler. This might take several attempts.

Bring the straight wire to the edge of the paper and introduce the wire into the sealed
glass capillary. At this point, special care must be taken not to bend the wire. The wire must
go in straight. The use of tweezers tends to crimp the end of the wire making it difficult to
fall into the glass capillary properly.

Position the wire at the bottom of the capillary in the crack of the cone (Figure 6.3.1.2) by
gently tapping the capillary on the bench top. If the capillary is tapped too forcefully against
the bench, the wire can sometimes bounce out of the capillary or curl up at the end. Checking
under an optical microscope, the wire should be aligned as shown in Figure 6.3.1.2. If this
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Figure 6.3.1.1 The end of a sealed glass capillary with an internal conical shape.
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is not the case, then the glass/wire assembly can be dropped through an approximately 10
cm glass tube of larger diameter, resting on a layer of Kimwipes to cushion the fall.
Approximately 2 or 3 falls should align the wire in the capillary. If this does not center the
wire, then it is often easiest to remove the wire from the capillary and start again.

6.3.1.4 Sealing the electrode

To seal the Pt wire into the glass capillary, a setup like that shown in Figure 6.3.1.3 is used.
It is composed of a Nickel–Chromium resistor coil (gauge 18) that can be electrically
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Figure 6.3.1.2 The 25 �m Pt wire is inserted at the base of the cone and remains straight. (for
colour version: see colour section at the end of the book).

Figure 6.3.1.3 Left-hand side: Diagram of the setup where the capillary is aligned with the resis-
tor coil. Right-hand side: Picture of the sealing setup.
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heated up to 800 �C. By turning the screw on the right-hand side of the vertical metal sup-
port, the coil can be moved vertically.

The power supply is an old pipette puller that has a 2.5-A fuse, a 120-V output, and a
maximum power of 300 W. The Nickel–Chromium wire has a thickness of approximately
1 mm. It is coiled to a length of about 1 cm, with five or six turns, and an inner and outer
diameter of 5 and 7 mm, respectively. The alligator clip above the coil is used to hold the
glass capillary and help to align it perpendicularly to the bench top.

Connect the capillary tube to a vacuum line by inserting it into rubber tubing and clamp-
ing it to the alligator clip shown in sealing setup in Figure 6.3.1.3. Align the tip such that the
capillary is perpendicular to the bench top and at the center of the resistor coil as depicted in
Figure 6.3.1.3 on the left-hand side. If the capillary is not in the center of the coil and is closer
to the sides, it will cause the capillary to bend during sealing. Take the time to make a good
alignment and to move the coil up and down the capillary.

There should be a T joint between the UME capillary and the vacuum pump. Before turn-
ing on the vacuum, check that the T joint is in the closed position such that the capillary is
not yet directly connected to the vacuum line. Turn on the vacuum. Slowly turn the T joint to
the open position. This must be done slowly in order not to displace the Pt wire.

Leave the capillary under vacuum for 30 min. If the pump used is bad or the evacuation
time is too short, air bubbles occur during the sealing process.

Center the glass capillary in the coil with the bottom of the capillary just inside the coil.
This means that the bottom of the tip should be approximately 1 mm (or one coil diameter)
inside the coil.

Turn on the power. The color of the coil should be orange yellow and not bright yellow.
Leave the capillary at the bottom of the coil for 20 min so that the volatile compounds and
residual moisture are evacuated.

Move the coil up the glass capillary very slowly to assure a proper sealing. Take steps of
1 mm every 5 min to seal approximately 1 cm of the capillary tube. Using a Kimwipe placed
behind the capillary, make sure that the glass does not seal past the wire. Also, be very care-
ful not to bump the setup while manipulating. If the glass capillary touches the hot sides of
the coil, the process has to be repeated from the start.

Turn the power supply and vacuum off. Wait for the glass capillary to cool down. Remove
the glass capillary and check under the microscope (Figure 6.3.1.4) to make sure that the wire
has been properly sealed.

Once sealed, electrical contact between the Pt wire and a lead wire must be made. Using
a hypodermic syringe (for example, a 3-ml syringe with a 22 G1.5 gauge needle works
best for this size glass capillary), inject a premixed silver epoxy mixture (Epotek) into the
glass capillary around the sealed wire. The epoxy must be inserted all the way down where
the Pt wire is sealed. Next introduce a conductive wire (30AWG wire for this size capil-
lary) into the tube and put the electrode in the oven (120 �C) overnight (i.e., for 10�12 h)
to cure the epoxy.

6.3.1.5 Polishing the electrode

A small amount of 5-min epoxy should be patched between the connection wire and the
end of the capillary to restrict the strain put on the connection wire. Allow to dry.
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To polish the electrode, a polishing wheel can be used as shown in Figure 6.3.1.5.
Sandpaper or micropolishing cloths are put at the center of the wheel. The lower speed
levels of the polishing wheel are used to polish the electrodes.

Using sandpaper (Buehler, 400 or higher grit sandpaper), remove the glass from the bot-
tom of the tip until the sealed platinum wire is exposed and observe under a microscope
(Figure 6.3.1.6). Using water on the sandpaper while polishing sometimes reduces the
strain on the glass.

Polish the tip by gradually increasing the grit size of the sandpaper (400, 600, 800,
1200). Try to maintain the electrode as vertical as possible so that the tip stays completely
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Figure 6.3.1.4 Sealed 25 �m Pt wire in a Pyrex capillary. A small air-pocket is observed at the
beginning of the wire but the rest of the body is properly sealed. This is not unusual and can be
shaved off during the polishing steps. (for colour version: see colour section at the end of the book).

Figure 6.3.1.5 Polishing wheel.
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Figure 6.3.1.6 Polished capillary exposing the 25 �m Pt wire at the center. (for colour version: see
colour section at the end of the book).

flat. Observe the polishing progress under the microscope. Always wash the surface of the
electrode with Milli-Q water before changing from one sandpaper grit to another.

Use polishing cloth (Buehler) and solutions of alumina with different particle size (typi-
cally 1.0, 0.30, and 0.05 �m) to perform the final polishing. Always go from the larger grain
size to the smallest one and use a different polishing cloth for each alumina size grain. The
polishing cloths can be reused (as they are quite expensive). Make sure to wash the electrode
surface extensively between alumina solutions. Decrease the particle size gradually and
check under the microscope. A smooth surface must be obtained, as shown in Figure 6.3.1.7.

6.3.1.6 Checking the glass/metal seal

A steady-state voltammogram is recorded to check the seal between the glass capillary and
the Pt wire. No matter how good the tip looks under the microscope, a steady-state 
voltammogram where the reverse scan retraces the forward scan, as shown in Figure 6.3.1.8,
must be obtained. A solution of FcOH (1 mM in 0.1 M KCl) and a scan rate of 20 mV sec�1

were used in recording the voltammogram.
The initial potential was set to �0.2 V vs. Ag/AgCl, the reversal potential to 0.5 V, the

final potential to �0.2 V, the initial scan polarity to positive, the scan rate to 0.02 V sec�1,
and the current sensitivity to 1 � 10�8 A.

If the steady-state voltammogram does not resemble that in Figure 6.3.1.8, one has two
choices: to throw away the tip or to repeat the polishing again to remove more glass to find
a better sealed segment of electrode. The most common cause for electrode failure is
unsuccessful sealing.
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If the CV is satisfactory, the quantitative behavior of the tip can be checked by back
calculating the radius of the electrode using the theoretical expression for the steady-state
current. The steady-state current, iss (A = coulombs sec�1), for a microdisk electrode can
be expressed as:

(6.3.1.1)i nFDaCss = 4 *
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Figure 6.3.1.8 Steady-state voltammogram at a 25-�m diameter Pt disk UME in a solution of 1 mM
ferrocenemethanol (FcOH) in 0.1 M KCl electrolyte. The potentials are given with respect to
Ag/AgCl.

Figure 6.3.1.7 Smoothly polished 25 �m Pt UME that has been slightly sharpened.
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where n is the number of electrons involved in the electrochemical reaction (n = 1 eq. mol�1),
F is the Faraday’s constant (96,485 C eq.�1), D is the diffusion coefficient of the reacting
species (for FcOH: D = 7 � 10�6 cm2 sec�1), C* is the bulk concentration of the species
(1 � 10�6 mol cm�3), and a is the radius of the electrode (in cm).

From the optical measurements, we know that the radius of the electrode should be 
12.5 � 10�4 cm. The value extracted from the voltammogram using equation 6.3.1.1
should be very close to that value.

When micron or sub-micron size electrodes are used, it can sometimes be very difficult
to optically define the radius of the electrode. It is thus useful to use available analytical
expressions to determine these values (as in equation 6.3.1.1) or to monitor decreases in
electrode active area as a result of adsorption processes (4).

6.3.1.7 Electrode sharpening

Electrode sharpening of the glass insulator surrounding the metal electrode is necessary in
scanning probe techniques, such as SECM (see Chapter 12), in experiments where small
volumes of solution are used, and in those where the electrode is inserted into small places,
such as in biological cells. The goal of electrode sharpening is to reduce the ratio of the
diameter of the (metal + glass) to the diameter of the metal to 10 or less, with 2–5 being opti-
mum. Thus, the ratio of the diameter of (metal + glass) to the diameter of the metal is the
so-called RG value. The process of electrode sharpening is very individualistic. However,
we describe a general method below and encourage the experimentalist to make modifica-
tions. It is important to emphasize that if a UME is fabricated for routine purposes, then a
larger RG 
 20 is adequate for equation (6.3.1.1) to be valid. Electrode polishing also
becomes easier because one can see under an optical microscope if the metal has become
recessed in the glass, such that the polishing material collects around the metal/glass seal.
This is much harder to see if the metal is surrounded by glass of infinite RG.

Electrode sharpening begins with the use of 800-grit sandpaper on a polishing wheel.
Hold the electrode at about a 45� angle while rotating the electrode in your fingers. Check
on the RG value frequently under a microscope that is equipped with a measurement grid
in the eyepiece. When RG 
 20, change to 1200-grit sandpaper and continue using the
polishing wheel, but stop more frequently to check under the microscope. At about RG = 10,
it is advisable to sharpen the electrode manually on the 1200-grit paper with frequent trips
to the microscope.

Desirable final shapes of the electrode tip are shown in Figure 6.3.1.9.
Depending on how one does the final polishing, the overall appearance of the tip can be

different as seen in Figure 6.3.1.9. On the left-hand side, 0.3 �m alumina was used to fin-
ish sharpening the tip. This yields a much smoother glass rim that is often hard to photo-
graph and gives the appearance of a recessed disk. The use of a 1200-grit sandpaper on the
right-hand side yields a more defined edge that is easier to observe. Using sandpaper is
faster, but requires more skill because it is more likely that the electrode area will be
scratched up by glass debris or that the side of the Pt wire will be exposed.

Again, there is no one way of sharpening a UME tip and many people end up develop-
ing a method that works best for their skill and applications.

Before collecting experimental data, it is always a good practice to repolish the electrode
manually with 0.05 �m alumina and to record a steady-state voltammogram of the tip, which
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should look like that shown in Figure 6.3.1.8. It is important to note that when polishing with
alumina particles greater than 0.05 �m or with grit paper, the RG value will increase. Thus,
one needs to be constantly aware of the condition of the microelectrode that is being used.
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6.3.2 Platinum and gold inlaid disks ��5 ��m diameter

Biao Liu

Department of Chemistry and Biochemistry, The University of Texas at
Austin, Austin, Texas 78712-0165, USA

6.3.2.1 Fabrication with Wollaston wire

The fabrication of disk-shaped Pt or Au microelectrodes of diameter less than 5 �m is sim-
ilar to that described in Section 6.3.1 but employs a Wollaston wire (Goodfellow Metals,
Cambridge, UK), i.e., a metal wire covered by a 50- to 100-�m silver coating (1, 2). The
fabrication process is diagrammed in Figure 6.3.2.1. A 2-cm long Pt or Au Wollaston wire
is inserted into one end of a 1-mm inner diameter glass capillary (Pyrex or soft glass) such
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Figure 6.3.1.9 Left-hand side: 25 �m Pt tip with RG = 4; right-hand side: 25 �m Pt tip with RG = 3.
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that one end of the metal wire is flush with the capillary opening. This end is then dipped
into a 50% nitric acid solution to dissolve the silver coating. The quantity of nitric acid
solution that fills the capillary by capillary action is controlled by judicial finger placement
on the top end of the capillary so that about 3–5 mm of the metal wire is exposed. The nitric
acid solution is then removed by placing the end of the capillary filled with nitric acid on
a piece of filter paper or on a Kimwipe. The exposed wire must be thoroughly washed
with distilled water to assure complete removal of the nitric acid. This typically requires
approximately 20 separate flushings with water in the capillary by capillary action and sub-
sequent removal via a Kimwipe. The glass capillary/wire assembly is then dried in an oven
at 100 �C for 2 h. Extreme care must be taken during the dissolution of the silver coating
and the washing procedure because the exposed wire is very fragile and easily broken.

The wire is secured in position by melting the glass tip of the capillary around the etched
wire using a gas/oxygen flame, and then sealed into the glass using a heating coil by the
same procedure as described in Section 6.3.1. It is essential that the junction between the
bare and silver-coated section of the wire is sealed to prevent breakage of the wire during
the use of the electrode. The electrical connection and polishing of the sealed wire are car-
ried out by the same procedure as described in Section 6.3.1.

6.3.2.2 Fabrication with commercial pipette pullers

An alternative procedure for fabricating disk-shaped UMEs less than 5 �m diameter involves
pulling metal wires into a glass capillary with the use of a commercial pipette puller (3–5)
(see Section 6.3.3 for more detail). A 2-cm piece of wire with a diameter of 25 or 50 �m is
inserted into a 10-cm long borosilicate or quartz capillary (1.2 mm outer diameter and 0.3 mm
inner diameter) such that the wire is placed in the middle part of the capillary. It is important
that microwire be classified as annealed and not hard be used. A laser-based pipette puller 
(P-2000, Sutter Instrument Co., Novato, CA) is used to pull the metal/glass assembly
together. Usually two pulling programs are necessary. The first program is used to pull the
glass capillary so that a firm connection between the glass and the platinum is formed. When
the second program is run, the metal wire is pulled simultaneously with the glass leading to
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Figure 6.3.2.1 Schematic of Pt or Au UMEs with Wollaston wires. (a) Insert a 2-cm long Pt or Au
Wollaston wire into one end of a glass capillary. (b) Remove the silver coating with 50% nitric acid.
(3) Seal the wire into glass and polish it.
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a drastic decrease in its diameter and a simultaneous tight seal of the metal within the glass
capillary. Both radii of the metal and surrounding glass can be controlled by changing the
parameters of the pulling program, e.g., the temperature of heating and the strength of pulling.

Immediately after pulling, the platinum core may be covered with glass and must be
exposed. In order to obtain disk-shaped UMEs, the pulled UME can be polished using a
micropipette beveller (e.g., Sutter BV-10) equipped with a micromanipulator. The micro-
manipulator is used to move the pulled UME toward a slowly rotating abrasive disk cov-
ered with 0.05-�m alumina. The axis of the pulled UME is kept perpendicular to the plane
of the abrasive rotating disk. The diameter of the exposed platinum wire increases with the
length of polishing. Optical microscopy is used to check the polished UME and the pol-
ishing is stopped when a desired size is obtained. UMEs with diameter of 1–3 �m can be
obtained using this procedure. Nanometer-sized electrodes can also be obtained if the
polishing is carefully controlled (see Section 6.3.3).

Once fabricated, the UMEs can be characterized using SEM and steady-state voltam-
metry as described in Section 6.3.1. If the UMEs are used as SECM tips, the size and the
shape of the tips can be evaluated using SECM (6) as described in Chapter 12.
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6.3.3 Laser-pulled ultramicroelectrodes

Janine Mauzeroll1 and Robert J. LeSuer 2
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6.3.3.1 Introduction

This section discusses the fabrication of microelectrodes with diameters of a few
micrometers to tens of nanometers using a laser-pulled technique. The methods dis-
cussed focus on the fabrication of platinum (Pt) ultramicroelectrodes (UMEs) sealed in
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quartz, although the concepts can be readily applied to other glass/metal combinations.
A general review of UME fabrication has been presented (1) and several publications
have demonstrated the utility of laser-pulled tips (2, 3). This section provides a compre-
hensive description of laser-pulled UME fabrication, highlighting key steps and provid-
ing insight into trouble spots. The many parameters used in making laser-pulled UMEs
add a significant amount of complexity but provide a comparable amount of flexibility
in the final shape of the UME.

6.3.3.1 Microelectrode fabrication

(a) Equipment requirements (4)
The most important tool for fabricating pulled microelectrodes is a micropipette puller. A
popular micropipette puller used for scanning electrochemical microscopy (SECM) micro-
electrodes is the Sutter Instrument (Novato, CA, http://www.sutter.com/) P-2000 CO2 laser
puller. A laser puller, which in 2004 cost approximately $13k, has several advantages over
resistance-based pulling systems. The most relevant of them to microelectrode fabrication
are the ability to heat quartz and better control the heat distribution. Metal wire (Goodfellow)
typically used is 25 �m in diameter though other diameters can be used. Platinum wire can
be purchased in two different forms: hard or annealed. Annealed wire is generally softer
and can be pulled at lower temperatures than hard Pt wire. However, hard Pt wire is eas-
ier to manipulate and is less likely to be damaged by mechanical stress. The parameters
given below were designed for pulling annealed wire, but optimizations for hard wire con-
figurations will be discussed as well.

Quartz capillaries (Sutter Instrument, Co.) with an outer diameter (OD) of 1 mm and
inner diameter (ID) of 0.3 mm are preferred. Softer glass can be used, and must be used,
if the microelectrode puller is based on resistance heating. The ID of the capillary will
influence both the ability to position the wire properly and the thickness of the insulating
glass sheath surrounding the metal surface of the UME. Sutter claims that their capillaries
maintain a constant OD/ID ratio throughout the pull when making micropipettes. It is not
clear how this translates to the construction of a UME as the wire is sealed into the glass
capillary prior to pulling. Ideally, one would prefer a small OD/ID ratio as this means less
insulating sheath will need to be removed during the polishing and beveling steps.
However, for capillaries with the same OD, a thicker wall provides extra electrode stabil-
ity as well as a smaller hole through which to align the axis of the microwire with that of
the capillary.

Additional equipment includes a vacuum pump for evacuating the capillary prior to seal-
ing along with vacuum tubing of appropriate size. After the electrode is pulled, contact can
be made between the microwire and an electrode lead with either premixed silver epoxy,
mercury, or a concentrated electrolyte solution. Additional larger capillaries as well as
quick setting epoxy may be used to reinforce the microelectrode prior to exposing and pol-
ishing. To expose the UME wire with either sharpening or beveling, either commercial
instruments (WPI or Sutter) or home built designs can be used. The basic necessities for
polishing and beveling UMEs include: a method to rotate the electrode; a flat surface to
apply polishing cloths of varying abrasiveness (600 or higher grit sandpaper, micropolish-
ing cloths, 0.05 �m alumina slurries and diamond pastes, all of which can by supplied by
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Buehler, Lake Bluff, IL); a method to manipulate the plane of the polishing surface; and a
microscope or other method to facilitate viewing the UME tip. An optical microscope is a
necessity for monitoring the various stages of pulled UME construction.

(b) Capillary and wire preparation
All materials should be handled with gloves and kept free of dust and debris to eliminate
sealing of contaminants into the glass along with the microwire. Capillaries can be cleaned
with a dilute (10% v/v) nitric acid solution, rinsed with water, and allowed to dry thoroughly
in an oven. Pt wire can be cleaned with either dilute nitric acid or organic solvents (ace-
tone and hexanes) followed by a rinse with high purity (18 M� cm) water and a thorough
drying. The next step is to straighten the microwire to be inserted into the center of the cap-
illary. One to two centimeters of microwire should be carefully straightened by rubbing
along the axis of the microwire. One should avoid twisting the microwire or introducing
other mechanical stress that may result in breaks in the pulled microelectrode. Hard wire
twists and bends less but requires more power in the pulling step to generate a useable
UME. Using a stiff wire small enough to fit into the capillary, the Pt microwire is then
positioned into the middle of the capillary so that, ideally, two symmetric microelectrodes
can be produced from a pull.

(c) Wire sealing
After positioning the microwire into the center of a capillary, it is placed into the puller
and a vacuum is attached to each end of the capillary (Figure 6.3.3.1). A vacuum is
applied to the capillary for up to 30 min to remove residual moisture and to minimize
bubble formation in the glass during the sealing. The safety shield of the P-2000 is not
designed to support the vacuum tubes that are connected to the end of the capillary to be
pulled. However, it is possible to apply a vacuum to the capillary without interfering with
the safety mechanisms of the pipette puller and it is strongly encouraged that the reader
contacts the manufacturer before diverging from recommended instrument use. To insure
that the instrument exerts no pulling force on the capillary during the sealing step, stop-
pers (which can be home built or purchased from Sutter) are placed on each of the pulling
sleds (Figure 6.3.3.2a). When the capillary is sufficiently evacuated, a heating program is
applied to seal several millimeters of the microwire into the quartz. Of the five variables
available on the P-2000 laser puller, only the heating power (H) and filament (F) are
important for the sealing step. Two sets of parameters have been used successfully by the
authors. With a heating power set to 900, the filament size is set to 4; or heating power and
filament can be set to 925 and 15, respectively. The difference between the two programs
lies in the amount of wire that will be sealed in the glass. For filament 15, the laser scans
slowly over 8 mm of the capillary. A filament of 4 scans the laser over 6.5 mm of the cap-
illary more quickly. The amount of metal sealed into glass will influence the length of the
taper formed during the pull. In both cases, the heating program was applied for 50 sec,
followed by a 25-sec cooling time. A total of five heating/cooling cycles were performed
to insure a proper seal (Figure 6.3.3.2b). Schuhmann (3) reports that much lower heating
can be used successfully (H: 775; F: 5) with five cycles of 40 sec heating and 20 sec cool-
ing. The sealing and pulling parameters are influenced by the wear and tear of individual
instruments. Thus, when optimizing the sealing step, one should monitor the extent of a
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Figure 6.3.3.2 Diagram of the sealing and pulling protocol for the fabrication of Pt laser-pulled
UME. (a) The straight Pt wire is inserted into the quartz capillary. The capillary is installed in the
puller and connected to a vacuum. The sleds have been secured using stoppers. (b) The sealing pro-
gram is run five times. (c) The pulling program is applied following the removal of vacuum and stop-
pers. (d) The pulled tips are electrically connected and strengthened with a larger diameter glass
capillary.
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Figure 6.3.3.1 Diagram of the P-2000 laser-puller setup for the fabrication of Pt laser-pulled UME.
The secured quartz capillary is connected via a rubber joint to a machine metal tube that is connected
to a vacuum pump with a Y-joint. Two homemade stoppers are added to the sleds of the puller.
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seal after each cycle to minimize the amount of heating time required, because prolonged
heating cycles could result in damage to the puller.

(d) Wire pulling
The P-2000 uses five parameters to conduct a pull. The heating power, H, is the amount
of heat applied to the capillary. Filament, F, can be 1 of 16 values that determines the
length of capillary heated as well as the speed at which the laser is scanned (Table 6.3.3.1).
For a given H, slower scan speeds and smaller scan lengths result in greater heating of the
capillary. Velocity, V, determines the point at which the glass has reached the desired 
temperature based on changes in glass viscosity. Once the velocity is achieved, the laser is
shut off. On the P-2000, the magnitude of this value is counterintuitive; a higher value for
velocity means the laser will shut off when the glass reaches a lower temperature. Delay, D,
is the time between the laser shutting off and the hard pull. A delay of 127 indicates that
the hard pull will trigger when the laser is shut off. Values above 127 (to a maximum of
255) indicate the millisecond delay between shutting off the laser and the hard pull. Values
lower than 127 allow the user to initiate the pull with the laser still on. Pull, P, is the force
exerted on the capillary to create the UME. With the exception of the delay, all of the
parameters have units that are not easily translated into physical quantities. Each parame-
ter has an important effect on the shape of the microelectrode and these are summarized in
Table 6.3.3.2.

Optimization of a pulling program requires patience, practice, and a bit of luck. The effi-
ciency of UME fabrication using this technique is rarely more than 60% and when every step
is taken into consideration, is typically much less. Under ideal conditions, one capillary
should produce two identical microelectrodes. However, small imbalances in the pulling
solenoids or imprecise calibration of the laser scanning results in less than ideal behavior.
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Table 6.3.3.1

Filament number corresponding to the scan length and scan speed of the laser for the 
Sutter P-2000

Speed Length (mm)

1.5 1.9 4.5 6.5 8

Fast 1 2 3 4 5
medium 6 7 8 9 10
slow 11 12 13 14 15

Table 6.3.3.2

Effect of pulling parameter on the shape of the pull

Parameter Increase Decrease

Heat Smaller tip; longer taper Larger tip; shorter taper
Velocity Smaller tip Larger tip
Pull Smaller tip; longer taper Longer tip; shorter taper
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When attempting to optimize a pulling program, one should start with one of the programs
listed here or a program suggested by the manufacturer that closely resembles the desired
dimensions. Only one parameter should be adjusted at a time (for the P-2000, Sutter rec-
ommends changing values other than F in intervals of 5). The P-2000 reports the time
required to pull the UME, and this value can be diagnostic of the success of the pull. To
maximize the reproducibility of a parameter set, the values should be adjusted such that a
pull takes between 4 and 6 sec to complete.

Two very similar procedures have been used by the authors with similar success. The
first performs the pull within 25 sec of the final heating step, such that the quartz has not
completely cooled prior to the pull. The laser is turned off, the vacuum tubes removed
from the capillary and the stoppers removed from the pulling sleds followed by a pull
using the parameters: Heat: 875; Filament: 2; Velocity: 130; Delay: 150; Pull: 200. This
procedure results in electrode tapers of 3–5 mm and metal disk diameters from 200 nm to
4 �m. Alternatively, the sealed capillary can be cooled to room temperature prior to exe-
cuting a pull using the parameters: Heat: 875; Filament: 2; Velocity: 50; Delay: 120; Pull:
200. This method results in electrodes with tapers of roughly 1 cm and electrodes as small
as 3 nm diameter have been fabricated.

It is important to inspect a pulled UME to insure continuity of the Pt wire. Oftentimes,
small cracks from 1 to 100 �m will occur. These cracks typically occur either where the
glass begins to taper or at the very tip of the UME and are most likely due to a section of
Pt wire being pulled when it has cooled too much. Cracks at each of these locations can
be avoided by systematically optimizing the pulling parameters (Figure 6.3.3.3). When a
crack is at the start of a taper, the glass surrounding that portion of wire likely absorbs
much of the heat from the laser and the Pt microwire does not melt sufficiently. Either a
smaller velocity or higher heat value can be used to supply more heating to the capillary
at this stage of the pull. When the crack occurs at the tip of the UME, the wire has cooled
too much toward the end of the pull, and the delay between the hard pull and the laser shut
off trigger should be lowered. Note that by changing these values, the shape of the UME
will change as well, so parameters should be changed only enough to eliminate the break
in the Pt wire.

(e) Electrical connection and reinforcement
Connection of an electrode lead to the unsealed Pt wire can be made with mercury, sil-
ver epoxy, or a concentrated electrolyte solution. Mercury is the easiest material for
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Figure 6.3.3.3 Optical micrographs of a break in the Pt wire, which occurred during the pulling
step. Small cracks likely appear where the pulling force is exerted on a cooled portion of the electrode.
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making electrical contact but can easily be displaced and results in loss of contact. An elec-
trolyte solution can be used for making electrical contact but problems related to a shift in
electrode potentials and the possibility of solution evaporation over time can occur. Silver
epoxy provides a solid contact with the least amount of capacitance. However, delivery of
the epoxy into a small capillary is challenging. To deliver mercury into a 0.3-mm ID cap-
illary, a long syringe was custom made from HPLC-like needles that could fit onto a typ-
ical disposable syringe (SGE Inc., Austin, TX). We have had the most success with Hg
contacts and Schuhmann (3) reports good results with silver epoxy. To provide additional
stability, the UME can then be sealed in a larger, reinforcing glass tube using 5-min epoxy.
This step is sometimes avoided since it is critical that the axis of the UME be parallel to
the reinforcement tube. However, rotation of the UME/reinforcement tube while the epoxy
dries gives a satisfactory result. Figure 6.3.3.2 summarizes the four steps of UME fabri-
cation using a laser puller.

( f ) Exposing the metal surface
The authors used a home built beveller to expose the Pt disk and sharpen the UME; how-
ever, commercial bevellers are available (WPI or Sutter). Generally, solid-surface bev-
ellers use a high quality lapping film that is widely used in the fiber optics industry and
can be easily replaced if the abrasive is damaged or saturated with glass particles. Other
models rely on optically-flat mirrored glass disks, wetted with an abrasive slurry to bevel
fluid-filled microelectrodes that are commonly used in microinjection applications. In the
former case, the beveller spins at 4000 rpm to provide sufficient cutting force to produce
a sharp, uniform tip in a very short time. The latter model spins at 60 rpm and is said to be
preferred for pipettes that are 1 �m or less. Fluid-filled pipettes are hollow and much more
delicate than pulled tips and so in designing our home-built system, we elected to work
with high spin rates so that a minimum amount of time would be needed to expose and
shape the tips. Only one touch to the polishing cloth is necessary to change the surface of
the electrode and the least amount of manipulation is desirable.

The home-built beveller consisted of a rotating-disk electrode combined with a flat sur-
face that could be translated up and down and tilted (Figure 6.3.3.4a). To expose the Pt sur-
face, the UME is wrapped in Teflon tape, placed in a rotating-disk electrode setup (Pine
Instrument, Co., Grove City, PA) and rotated at 5000 rpm. The desired polishing material
is applied onto a flat surface, which is brought in contact with the rotating UME. Touching
the tip of the UME to the abrasive surface can be observed as an oscillation of the long
quartz end. This procedure is repeated until a reasonable CV response is obtained. The pro-
cedure is repeated with various polishing materials, typically starting with wet 1200 grit
sandpaper and finishing with 0.05 �m alumina on a polishing cloth, until the CV response
of the UME is ideal (Figure 6.6.3.4b).

Alternatively, the exposing step can be performed using hydrofluoric acid (2).Unlike
polishing, HF etching will produce a conical or cylindrical UME. Although this may cause
complications in the quantitative analysis of data, a protruding metal tip minimizes the dif-
ficulties of crashing the insulating sheath into a surface, and precise knowledge of zero
tip/substrate distance can be obtained. Very small UMEs have been obtained by dipping a
pulled tip in 49% HF solution for 3 sec three times (Figure 6.3.3.5). Concentrated HF solu-
tions dissolve quartz very quickly, especially on UMEs with taper thicknesses less than 
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1 �m. Very little work has been done with HF etching of UMEs. However, as the SECM
theory for conical tips has been developed (5), this method should be explored as a viable
alternative to mechanical polishing.

(g) Sharpening and etching
The final step in making an UME for SECM techniques is also the most challenging. The
goal is to remove enough of the insulating glass sheath from the tip of the electrode such
that the diameter of the sheath is (ideally) less than 10 times the diameter of the metal disk.
Like sharpening a pencil, quartz surrounding the exposed Pt disk can be removed by pol-
ishing the UME at an angle. A flat surface with fine grit (600+) sandpaper is tilted and
brought into contact with the UME. Unlike exposing the metal surface, where a UME
slightly off the rotation axis was advantageous, UME sharpening requires the tip to be on
the rotation axis in order to avoid asymmetry in the sharpening and, worse, breaking of
the UME. Quartz tapers are surprisingly flexible and can withstand a small amount of
bending, thus allowing contact between the tip and the abrasive surface to be observed
(Figure 6.3.3.6a). UMEs sharpened in this way result in insulating sheath diameters that
are approximately 10–20 times larger than the disk diameter (Figure 6.3.3.6b).

6.3.3.2 Microelectrode characterization

(a) Voltammetry
Voltammetric techniques are used in analyzing the qualities of a new UME as discussed
in Section 6.3.1. Slow scan (�100 mV sec�1) linear sweeps should result in a scan rate
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Figure 6.3.3.4 (a) Exposing the Pt surface using a homebuilt beveller. (b) Voltammetric response
of exposed tips in 1 mM ferrocenemethanol/0.1 M KCl.
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Figure 6.3.3.5 Scanning electrochemical micrograph (SEM) of an etched HF UME. Etching of a
sealed Pt UME in concentrated HF for several seconds can provide electrodes with very small RGs.
However, the etching process is not easily controlled and can yield nonideal results.
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independent sigmoidal curve with a current height equal to nFr0DC* where n is the
number of electrons transferred, F is the Faraday constant, r0 is the radius of the disk, D is
the diffusion coefficient, and C* is the concentration of the electroactive component in
solution. Ideal voltammetric behavior consists of a steady-state plateau in the forward
portion of the potential sweep and a reduced capacitive hysteresis on the return portion of
the sweep. As seen in Figure 6.3.3.4b, pulled-laser UMEs behave like ideal UMEs in terms
of retraceability, reduced capacitance, and stability of the steady-state current. In electro-
chemical studies where small analyte concentrations are of interest, these tips are well
suited (6). These electrodes maintain a well-shaped sigmoidal behavior even at high scan
rates and the lack of background current indicates that the electrodes are tightly sealed.

Measuring the resistance between a UME and an indium/gallium alloy is an alternative
method of estimating the electrode surface area of a UME (2). This method has been
incorporated into some commercial bevellers for monitoring exposure of the UME disk
during polishing. However, this method has the disadvantage of contaminating the elec-
trode with the alloy.

Neither voltammetry nor resistance methods can easily differentiate between planar and
nonplanar geometries, and other techniques need to be used in order to fully characterize
a UME. Two other techniques, SECM (see Chapter 12) and scanning electron microscopy
(SEM), help to differentiate between an inlaid disk, recessed, and conical-shaped UMEs.
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Figure 6.3.3.6 (a) Sharpening of the exposed Pt UME using the homebuilt beveller. (b) Optical
micrographs of a sharpened UME.
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Feedback mode SECM experiments (Figure 6.3.3.7a) can distinguish between different
UME geometries of conventional size (7–13). In the case of laser-pulled tips, present
SECM theory can also distinguish between inlaid and noninlaid geometry (Figure 6.3.3.7b).
The feedback current response for a recessed and a convex geometry (hemispherical, con-
ical, and spherical) will both result in a lower normalized current response than that of the
inlaid geometry (2). In positive feedback mode, the recessed geometry will yield a posi-
tive feedback response when slightly recessed and what appears to be kinetically con-
trolled behavior when deeply recessed. It will also have a maximum current related to the
contact of the glass opening with the metal surface and the sealing of the microcavity. The
convex geometries will yield positive feedback and present a short circuit current when put
in contact with the conductive substrate.

SEM can be used to “visually” inspect UMEs (Figure 6.3.3.8). Images allow one to
determine the approximate diameter and geometry of a UME as well as to determine the
electrode RG and observe if the disk is centered in the quartz. The biggest difficulty in
obtaining suitable SEM images is that the large amount of insulating material surrounding
a small, conductive disk sometimes results in a significant amount of distortion due to
charging of the quartz sheath.

6.3.3.3 Microelectrode maintenance and storage

Maintenance of UMEs is a misnomer because the time it takes to “repair” a nonfunc-
tioning electrode can be better spent fabricating a new UME. However, broken or fouled

Figure 6.3.3.7 (A) Steady-state current–distance curves for mercury/Pt (25 �m diameter) hemi-
spherical tip (line) as compared with theoretical behavior of a planar disk (�) and hemispherical (●).
[Reproduced with permission from J. Mauzeroll, E. A. Hueske, A. J. Bard, Anal. Chem. 75,
3880–3889 (2003). Copyright 2003, American Chemical Society.] (B) Steady-state current–distance
curves for a “lagooned” tip over a planar conductive substrate corresponding to different values of
the parameter l/a (where l is the depth of metal recession and a is the tip radius) and the analogous
working curve for a disk-shaped tip. l/a: 10 (�), 5 (�), 1 (●), 0.5 (�), and 0.1 (�). The upper curve
was computed for a disk-shaped tip from equation S11 of reference (2). [Reproduced with permis-
sion from Y. Shao, M. V. Mirkin, G. Fish, S. Kokotov, D. Palanker, A. Lewis, Anal. Chem. 69, 1627
(1997). Copyright 1997, American Chemical Society.]
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UMEs can be cut to larger diameters (2–5 �m) and used as conventional electrodes for
many months. Electrodes can be stored dry, typically on a glass slide or taped to some
other surface to protect the fragile tip, or they can be stored in distilled water to mini-
mize contamination from air pollutants. Unlike larger (25 �m diameter) microelec-
trodes, polishing is not a suitable cleaning method unless an increase in the electrode
area is acceptable. UMEs on the order of 1 �m diameter and larger can, in principle, be
polished and sharpened by hand without increasing the electroactive area. Fouled
UMEs can sometimes be cleaned electrochemically via cycling through the potential
window of 0.5 M H2SO4 for 20 min (14). It is also possible to renew a UME by bathing
it in the vapor of refluxing HNO3 followed by electrochemical reduction of the PtO sur-
face (15). One should note, however, that with very small UMEs, the formation of an
oxide layer and its subsequent removal can result in the active surface becoming
recessed.

6.3.3.4 Conclusions

This section has described the fabrication of sub 100 nm electrodes based on a laser-pulling
technique. Because laser-pulled UMEs with an inlaid disk geometry require a mechanical
sharpening step, micrometer to submicrometer dimensions might be the practical limit for
electrodes fabricated with this technique. If an inlaid disk is not a requirement, the lower
limit of electrode size can be extended to the 10 nm region by using HF-etching techniques
to expose a conical surface.

The push towards nanometer sized electrodes brings with it challenges in some of the
fundamental assumptions made in electrochemistry as discussed in reference (16).
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Figure 6.3.3.8 Scanning electron micrographs of 50-nm radius conductive Pt disk somewhat dis-
placed toward the edge of the 1-�m radius glass ring. [Reproduced with permission from Y. Shao,
M. V. Mirkin, G. Fish, S. Kokotov, D. Palanker, A. Lewis, Anal. Chem. 69, 1627 (1997). Copyright
1997, American Chemical Society.]
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6.3.4 Platinum conical ultramicroelectrodes

Biao Liu

Department of Chemistry and Biochemistry, The University of Texas at
Austin, Austin, Texas 78712-0165, USA

6.3.4.1 Introduction

Conical-shaped ultramicroelectrodes (UMEs) are of special interest in connection with the
imaging of surfaces, in kinetic studies, in probing thin films, and in probing minute envi-
ronments, such as single cells. The most common fabrication procedure is by the etching
of platinum wire or carbon fibers followed by coating with an insulating material except
at the apex of the electrode. In this section, the fabrication of both blunt and sharp conical
electrodes are discussed.

6.3.4.2 Blunt conical UMEs

Pt conical UMEs are constructed from 25 �m or 50 �m diameter Pt or Pt–Ir wires. A 2-cm
length of Pt wire is connected to a conductive wire with silver epoxy (Epotek, H20E, Epoxy
Technology, Inc., Billerica, MA). The ensemble is then enclosed in a glass capillary, which
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has first been drawn to a fine point using a pipette puller, such that ~5 mm of the microwire
is protruding. The Pt wire is sealed in the glass capillary by melting the glass tip of the 
capillary around the wire using a heating coil or by heating over a gas/oxygen flame
(Figure 6.3.4.1).

The Pt wire is then electrochemically etched in a solution containing saturated CaCl2

(60% by volume), H2O (36% by volume), and concentrated HCl (4% by volume) (1).
Other etching solutions, such as concentrated NaNO2 (2, 3), NaCN, or NaOH (4, 5) can
also be used. About 2 mm of the wire is immersed in the solution. An alternating voltage
of ~5 V rms is applied between the Pt wire and a large area carbon plate electrode using a
Variac transformer. As the etching proceeds at the air/solution interface, bubbles form at
the Pt/solution interface. The Variac transformer is switched off immediately upon cessa-
tion of bubbling as the top part of the electrode in air loses contact with the solution. The
electrode shape at this point is not perfectly conical and has a longer sharp protrusion from
the tip (i.e., the etched wire is very sharp). This is “trimmed” by turning the Variac trans-
former back on and very rapidly immersing the tip into the etching solution for very short
(�1 sec) periods several times. Repeated “trimming” may be necessary to get a desired
aspect ratio of the conical electrode. After “trimming”, the wire is thoroughly rinsed with
deionized water. The etched wire is then dipped for ~3 sec in a 3:1 HCl:HNO3 solution to
clean the Pt surface, washed with copious amounts of deionized water, and then dried in
an oven at 110 �C for 2 h.

The etched conical Pt tips are then coated with an insulating material, except at the
apex of the tip. A number of coating procedures have been reported in the literature,
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Figure 6.3.4.1 Schematic of the setup for the fabrication of Pt conical UMEs. (a) A Pt wire is
sealed into glass capillary. (b) The etched wire is insulated with electrophoretic paint.
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including RF sputtering of insulating materials (6), dipping the tip in a varnish (7, 8) or
molten paraffin (9), and translating the tip through a molten bead of glass (5, 10),
poly(	-methylstyrene) (5), or apiezon wax (4, 11) held on a heated support. The etched
Pt UMEs have also been coated by electrodepositing insulating layers onto the metal
surface (2, 3, 12–15).

A commonly used anodic electrophoretic paint consists of poly(acrylic acid) (PAAH)
with an excess of base added to make it water-soluble by deprotonation of the acidic groups
thus forming the PAA� species. Prior to use, the anodic paint is diluted with water (1:15 by
volume). The etched wire is immersed in the dilute aqueous paint solution and positioned
in the center of a Pt coil (0.5 mm diameter), as shown in Figure 6.3.4.1b. A dc potential of
~2 V is applied between the etched wire and the Pt coil until the current reaches a steady
state (after ~30 sec). The anodic current flow produces a local pH decrease at the electrode
surface, induced by water oxidation, and generates water insoluble PAAH that deposits onto
the etched metal surface. The insulated electrode is removed from solution and dried at 150
�C for 3 min. During heat curing, the insulating layer shrinks so that the sharp end of the tip
is exposed, while the shaft of the tip is completely insulated. Usually, the entire coating pro-
cedure is repeated one or two times with more dilute anodic paint solution (1:20 by volume)
to insure any pinholes formed in the first curing are sealed. The exposed end of the conical
electrodes prepared using the approach described above is usually nanometer sized.

6.3.4.3 Sharp conical UMEs

Recently, an approach has been developed to prepare micrometer-sized conical Pt electrodes
(16). In this method, the conical Pt microelectrodes are constructed from 25 �m diameter Pt
wire. The Pt wire is electrochemically etched as described above. Working under an optical
microscope, the etched Pt wire is inserted into one end of a pulled glass capillary with an
inner diameter of ~20 �m such that the sharp end of the Pt tip is flush with the capillary open-
ing, which is then melted around the Pt wire by using a gas/oxygen flame. The glass capil-
lary is placed on the stage of an optical microscope, and the etched wire is inserted into the
capillary until the sharp end of the wire is flush with the capillary opening. The inserting
process is monitored under the optical microscope. The 20-�m diameter glass capillary is
prepared by pulling a borosilicate glass tube (O.D. = 1.0 mm, I.D. = 0.58 mm) with a
micropipette puller (Model P-2000, Sutter Instrument Co.). A one-line program can be used
in the pulling with the parameters: Heat = 300, Filament = 4, Velocity = 35, Delay = 200,
and Pull = 0.

Careful control of the flame temperature and heating time is critical to obtaining a well-
sealed tip. Thus, the Pt tip/capillary assembly is held in the cone part of the flame near 
the nozzle outlet for ~2 sec. The melted glass retracts from the tip on cooling, giving 
conical Pt electrodes with the base radius of the cone of 
5–10 �m and the cone height
of 
10–20 �m, as shown in Figure 6.3.4.2.

Once fabricated, the conical electrodes can be characterized by scanning electron
microscopy (SEM), transmission electron microscopy (TEM), steady-state voltammetry
(SSV), and scanning electrochemical microscopy (SECM) (see Chapter 12).

The conical UMEs are first characterized by steady-state voltammetry to get an estimate
of the radius from the limiting current. When using steady-state voltammetry in this way,
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well-characterized systems having rapid heterogeneous electron transfer are used.
Commonly used aqueous systems include the oxidation of ferrocenemethanol and the
reduction of ruthenium hexamine. Figure 6.3.4.3 shows a typical CV obtained at a conical
Pt. In steady-state voltammetry at UMEs, the current–potential curve is sigmoidal in
shape. The voltammetric response for a well-insulated UME shows little hysteresis on the
return scan. Large hysteresis on the return scan is an indication that the sweep rate is too
fast, or that there is a poor seal between the insulator and metal wire. The apparent elec-
trochemical radius of the electrode is calculated from the diffusion-limited plateau current,
ilim, assuming a hemispherical or disk geometry.

(6.3.4.1)

(6.3.4.2)

where n is the number of electrons, F is Faraday’s constant, D is the diffusion coefficient,
C* is the bulk concentration of electroactive species, and ro is the radius of a hemisphere
or a disk. Using these equations, the electrode radius for a specific UME geometry can
be determined and compared with values obtained from electron microscopy images.

i nFDC rlim * (= 4 o disk)

i nFDClim (= 2� *ro hemisphere)
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Figure 6.3.4.3 Steady-state voltammogram of a conical Pt tip in an aqueous solution contained 
1 mM ferrocenemethanol and 0.1 M KCl. The potential scan rate was 20 mV sec�1.

25 μm

Figure 6.3.4.2 The optical image of a micrometer-sized conical Pt electrode. (The photo was pro-
vided by the Electrochemistry Laboratory of the Department of Chemistry and Biochemistry,
University of Austin at Texas.)
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Figure 6.3.4.4 The schematic of a finite conical electrode.

SEM and TEM have also been used for the characterization of conical UMEs. From
SEM or TEM images, one can obtain an estimate of the radius of the electrode as well as
the radius of the insulating material (2, 17). The side-view images can also provide infor-
mation regarding whether the metal or fiber is in the plane of, recessed within, or pro-
truding from the insulating material.

SECM has proven to be a valuable tool for the characterization of conical UMEs to
obtain the geometrical parameters of a UME, including the insulating sheath (11, 16, 18,
19). Electrode characterization with SECM is based on approach curve measurements 
of a UME tip current, iT, as a function of the tip–substrate separation, d, over either a

Figure 6.3.4.5 The electrochemical approach curves of a Pt UME insulated with electrophoretic
paint to an air/solution interface. (a) Electrode insulation is good. (b) Electrode insulation is poor.
The solution contained 10 mM K3Fe(CN)6 and 0.1 M KCl. The tip potential was 0.1 V vs. Ag/AgCl.
(The data was from the Electrochemistry Laboratory of the Department of Chemistry and
Biochemistry, University of Austin at Texas.)
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conducting or insulating substrate (refer to Chapter 12 for the theory and application of
SECM). The SECM approach curves depend on the ratio of the base radius of the cone (ro)
to the height of the cone (h) and on the thickness of the insulating sheath (RG = rg/ro,
where rg is the radius of the insulating sheath, Figure 6.3.4.4). The shape parameters of a
conical electrode, including ro, h, and RG can be obtained by fitting experimental SECM
approach curves to theoretical ones (16).

SECM can also be used to gain information about the quality of the insulation on the
conical tips. An approach curve is obtained at the air/solution interface, where the solution
contains a redox mediator such as Fe(CN)6

3�. The potential sufficient to reduce Fe(CN)6
3�

is applied to the tip and the tip current is monitored as the tip is moved from air into the
aqueous ferricyanide solution. Figure 6.3.4.5a shows the air/solution approach curve for a
finite conical tip insulated with anodic paint. No current flows until the tip first enters the
solution, where the current then rises sharply in an UME transient, which decays to a con-
stant steady-state current value. This constant value is maintained as more of the tip is
immersed in solution. Figure 6.3.4.5a indicates that the tip is completely insulated with
only the very end of the tip uncovered. In contrast, a poorly insulated tip showed leaks
along the sides as more of the tip is immersed into the solution (Figure 6.3.4.5b). The tip
current increases stepwise as more of the tip enters the solution. This behavior is an indi-
cation of pinholes in the insulating film.
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6.3.5 Flame-etched carbon nanofibers

Ran Tel-Vered

Department of Chemistry and Biochemistry, The University of Texas at
Austin, Austin, Texas 78712-0165, USA

6.3.5.1 Introduction

Of the more prominent advantages in the preparation of flame-etched carbon fiber elec-
trodes are that they can be easily obtained at minimal cost and with short fabrication times
(1, 2). Moreover, their preparation involves only benign materials, avoiding the need for
corrosive substances and high voltages that are often used in wet-etching techniques.
Following flame etching and electrophoretic insulation, the radius of curvature of the car-
bon fiber at the apex ranges between several tens to less than 200 nm, primarily depend-
ing on variations in the etching time, flame temperature, and the exact position of the tip
in the flame.

6.3.5.2 Probe preparation

Borosilicate tubes (Sutter Instrument Co., Novato, CA) of 1.0 mm outer diameter and 0.58
mm inner diameter are immersed in 0.5 M HNO3 for 15 min and sonicated for 10 min in
deionized water. The tubes are then pulled using a laser pipet puller (Model P-2000, Sutter
Instrument Co.), employing the following pulling parameters: heat = 385, filament = 4,
velocity = 30, delay = 150, and pull = 0. This yields micropipet tips with inner diameters
of approximately 20 �m and tapers that are approximately 0.5 cm in length.
Approximately 1 cm of a 10-�m diameter carbon fiber (Strem Chemicals, Newburyport,
MA) is attached to one end of a straight Ni–Cr wire using a small amount of silver epoxy
and cured in an oven for 45 min at 100 �C. The wire/fiber assembly is then manually
inserted into the top of the micropipet and pushed through so that approximately 3 mm of
the fiber protrudes from the micropipet tip. At that point, epoxy cement is applied for seal-
ing the other side of the capillary to form a stable connection between the Ni–Cr wire and
the glass. The capillary is then sealed around the carbon fiber using a cool low oxygen nat-
ural gas flame by inserting the pipet tip into the flame for approximately 0.5 sec. To ensure
hermetic seals, the tips are immersed in DI water and then examined with an optical micro-
scope. At this stage, tips that show a slight intake of water are resealed in the flame
whereas electrodes that show slight bending caused by the flame treatment are discarded.
The part of the carbon fiber that protrudes from the glass pipet is then flame etched in an
oxygen-rich (bright blue color) natural gas flame to a length of 50 �m or less (Figure 6.3.5.1).
During this step, it is very important to etch the carbon alone, without melting the glass
seal. This is done by a very slow manual approach of the fiber to the vicinity of the outer
region at the base of the flame (Figure 6.3.5.2) and periodic observation by optical
microscopy to monitor the progress of etching. An orange glow from the carbon fiber indi-
cates that etching is proceeding. Insulation of the etched carbon fiber is carried out by
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using anodic electrophoretic paint (Glassophor ZQ 84-3225 from BASF, Münster,
Germany). The etched fiber is immersed into a 1:20 solution of the paint in water and a Pt
coil surrounding the tip serves as the reference/auxiliary electrode. A dc potential of 2.2 V
is applied to the carbon electrode for 40 sec, typically showing a gradual decrease in the
oxidation current from several tens of nanoamperes to a steady value of 0.2–1.0 nA,
depending on the length of the etched fiber. The electrode assembly is then washed with
DI water and heated at 150 �C for 3 min, allowing the deposited paint polymer film to fuse
and shrink while exposing the tip apex (3). The entire deposition and heating process is
repeated once more to ensure good insulation of the fiber. A typical oxidation current dur-
ing the second deposition is in the range of tens of picoamperes.

6.3.5.3 Tip characterization

To probe for pinholes in the electrophoretic paint insulation, the carbon nanofiber elec-
trodes are tested with a scanning electrochemical microscope (SECM, see Chapter 12)
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Figure 6.3.5.1 Schematic drawing of a flame-etched carbon nanofiber electrode.

Figure 6.3.5.2 Slow, manual approach of the fiber to the outer region at the base of the flame.
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amperometric technique known as approach into liquid (4). Figure 6.3.5.3 presents an
example for both properly (A) and poorly (B) insulated tips. The carbon tip is positioned
in air approximately 500 �m above the surface of a 1-mM ferrocenemethanol (FcOH) in
0.1 M KCl solution and polarized to 0.35 V vs. Ag/AgCl where a steady-state FcOH oxi-
dation current is expected to occur when exposed parts of carbon are in contact with the
electrolyte solution. In the next stage, the tip is slowly (200 nm sec�1) lowered toward the
solution, until an initial touch between the exposed carbon apex and the electrolyte is
achieved as indicated by a combined faradaic/charging current jump. The tip is further
scanned down until no increase in the measured current can be detected, corresponding to
a full immersion inside the solution. As the tip is held above the mediator’s oxidation
potential, any current spikes along the scanned path can be attributed to pinholes in the
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Figure 6.3.5.3 Approach from air into liquid for a flame-etched carbon nanofiber with (A) and
without (B) pinholes. The electrolyte is 1 mM ferrocenemethanol (FcOH) in 0.1 M KCl. Tips are
held at 0.35 V vs. Ag/AgCl. Approach rate: 200 nm sec�1.
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electrophoretic paint layer. It is important to note that although the occurrence of pinholes
decreases sharply by flame etching the carbon fiber to only a few micrometers in length;
and that in most cases, no holes are detected even at very slow scans, tiny pinholes can still
be undetectable due to the small currents associated with their size.

Scanning electron microscopy (SEM) is effective in characterizing the geometry, radius,
and shape of the flame-etched carbon nanofiber. Figure 6.3.5.4 shows a hemispherical tip
apex supporting a radius of curvature of nearly 150 nm. In practice, smaller tips down to 
r = 50 nm can be fabricated depending on variations in the etching time, flame temperature,
and the exact position of the tip in the flame. For a properly insulated tip (such as the one
in Figure 6.3.5.3A), a comparison between the visible radius (rvis) measured by SEM and
the steady state electrochemically evaluated radius (rec) measured by cyclic voltammetry at
a slow scan rate in the presence of a nerenstian redox mediator, shows a good correlation
with the equation for a hemisphere with an error of less than 10%, and hence:

(6.3.5.1)

where Do is the diffusion coefficient of the mediator species, is the mediator bulk con-
centration, and iss is the steady-state diffusion limiting current.

The good agreement between the radii measured by the different methods indicates that
for properly insulated fibers, most of the electroactive area is concentrated at the very end
of the apex and that the contribution of undetected pinholes to total faradaic current is neg-
ligible. Furthermore, the correlation between the radii is useful in evaluating the aspect
ratio (H) at the nanofiber apex. A closer look at Figure 6.3.5.4 shows a radius of curvature
that is nearly 150 nm. As the tip starts to broaden right from its apex, this geometry cor-
responds to an aspect ratio of approximately H = 0.5 or less. Such carbon nanofiber tips
are especially useful for electrochemically probing surfaces, as they possess a conical
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Figure 6.3.5.4 SEM image of a carbon nanofiber after insulation with electrophoretic paint. Beam
energy is 5.00 kV and the focal distance is 11 mm.
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geometry that facilitates closer approach to the substrate and maintain high sensitivity to
redox feedback currents in accordance with the small H value.
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6.3.6 Electrochemically etched carbon fiber electrodes

Anthony Kucernak

Department of Chemistry, University of Tennessee, Knoxville, 
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6.3.6.1 Introduction

Etched insulated carbon fiber electrodes can be prepared from a suitable source of graphi-
tized carbon fibers (e.g., PANEX®33 CF, 95% Carbon, Zoltek Corporation, MO, USA),
copper wire, colloidal graphite (e.g., type G303 from Agar Scientific Ltd., UK), and a
cathodic electrophoretic paint (e.g., Clearclad HSR, from LVH Coating Ltd., UK). Etching
of the electrodes requires a variable voltage AC source (50 Hz, 1–10 Vac), an AC current
meter capable of measuring in the �A range and a suitable linear translation stage.
Insulation of the electrode requires a DC power supply (0–20 V), linear translation stage,
microscope, and oven. Testing of electrodes requires a high-gain low-noise potentiostat.

The processes involved in the production of these electrodes involve mounting the car-
bon fibers, etching them to produce a sharp tip, and subsequent insulation of the tip so that
only the very end of the tip is exposed (1, 2). Testing of the electrode is then performed to
determine whether there are any pinholes in the insulation.

6.3.6.2 Preparation and etching of electrodes

Individual single fibers of about 5–6 mm in length are attached to one end of a 1-mm diam-
eter copper wire with a drop of colloidal graphite. The mounted fiber can then be left to
cure in air at room temperature for several hours. Prior to etching of the fiber, it is suc-
cessively rinsed with ethanol and water. A linear translation stage is prepared with a screw
connector so that the mounted carbon fiber can be affixed to the stage via the copper wire.
The screw connector also provides electrical contact to the power supply. The configura-
tion is displayed in Figure 6.3.6.1. The mounted fiber is then gently translated into the
etching solution (0.01 M NaOH) with about 0.5�1 mm of the fiber immersed. A 50-Hz

6.3 UME Fabrication/Characterization Basics 221

Ch006.qxd  12/22/2006  10:55 AM  Page 221



AC voltage is then applied between the mounted fiber and a glassy carbon rod auxiliary
electrode for a defined period.

The magnitude of the applied AC voltage and its duration has a critical effect on the
shape of the resultant tip, as does the source of carbon fiber. In order to produce good elec-
trodes, the cone-angle of the tip should be around 30� – if the angle is much smaller, then
the tip will be overly fragile and liable to break during handling. If the cone angle is much
larger, then it becomes difficult during the insulation process to prevent the end of the elec-
trode from being coated. In general, three different etching regimes can be characterized
as shown in Figure 6.3.6.2.

When the applied potential is too high (Figure 6.3.6.2(a), Vapplied = 8 Vac), etching of the
carbon proceeds at a very fast rate (i ~ 70 �A) accompanied by significant amounts of gas
evolution. The measured current quickly decays away and the resulting electrode shows a
severely pitted and etched end without any tapering of the fiber. If the applied potential is
reduced (Figure 6.3.6.2(b), Vapplied = 5 Vac), the measured AC current is significantly
reduced (i ~ 5–15 �A) and the etching proceeds predominantly at the electrolyte/air inter-
face, leading initially to a fiber with a “neck” in it. Etching of the immersed portion of the
fiber appears to be quite slow. If etching is allowed to continue, eventually the neck
becomes so narrow that the immersed section of the fiber drops off, and the current
becomes very small. At still lower applied potentials (Figure 6.3.6.2(c), Vapplied = 3 Vac),
etching occurs much more slowly (i ~ 2–6 �A), but homogeneously distributed along the
entire length of the fiber, leading initially to a significantly thinned carbon electrode. These
thin carbon electrodes are quite fragile, and easily destroyed. Continued etching leads to
eventual total dissolution of the carbon except for a sharp tip formed at the electrolyte/
air interface. Tips produced at either of the lower potentials typically have radius of 
curvatures �50 nm and are suitable for the subsequent steps.
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Figure 6.3.6.1 Schematic diagram of the experimental configuration used to etch the mounted
carbon fiber electrodes.
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After etching, the fibers are rinsed with water to remove any residual alkaline solution
and left to dry prior to the insulation step.

6.3.6.3 Insulation of etched carbon fiber electrodes

The insulation process involves two separate stages: electrophoretic deposition of paint
onto the tip surface followed by a curing step at high temperatures during which the paint
particles fuse together. As some shrinkage of the deposited film will occur accompanying
the heating process, the insulating film tends to retract slightly from the tip apex, allowing
the surface of the tip apex to be exposed in a natural and spontaneous way without the need
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Figure 6.3.6.2 Variation of AC current with time and SEM images of the different tip morpholo-
gies obtained at different times during the etching of Zoltek PANEX®33 CF carbon fibers in 0.01 M
NaOH as a function of applied AC voltage. (a) 8 Vac; (b) 5 Vac; (c) 3 Vac.
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for any manual intervention. This is a major advantage of the electrophoretic deposition
process in making nanometer-sized electrodes compared with other insulating techniques.
However, the shrinkage process also brings about some complexities. To be able to expose
the tip end during the heating stage, a thin paint layer must be deposited. Otherwise, a fully
insulated electrode would be produced even after the subsequent heating stage. In contrast,
if the coating layer is too thin, pinholes tend to be left in the film, probably caused by rough
protrusions on the surface of the fiber. These additional pinholes will provide an additional
faradaic current contribution, bringing about uncertainties in the voltammetric response.

Cathodic electrophoretic paint is the preferred polymeric material used to insulate the
carbon fibers as the negative potentials required for deposition avoid any possibility of fur-
ther oxidative dissolution of the carbon fiber. The usual approach for electrophoretic dep-
osition is to suspend the article being coated in an appropriate suspension of polymer
particles and polarising the item versus a secondary electrode.

A modification of this process allows the formation of a tapering deposit of polymer par-
ticles so that after the curing process, the shaft of the carbon electrode is coated by a rela-
tively thick layer of polymer, whereas closer to the tip, the polymer layer becomes thinner.
The modification of the process involves immersing the carbon electrode in the elec-
trophoretic solution and translating the entire electrode so that the tip of the electrode almost
breaks the surface. As shown in Figure 6.3.6.3(a), the tip apex remains in contact with the
solution by a very thin liquid meniscus. Such an arrangement will lead to virtually no dep-
osition on the very end of the tip, and an increase in deposition density moving away from
the tip. Figure 6.3.6.3(b) shows an overhead photomicrograph taken with side illumination.
Light reflects off the meniscus, and produces a small bright patch where the meniscus exists.

A deposition voltage of 5–7 V employed for 60–90 sec is used during the first deposi-
tion. Subsequent deposition steps employ the same potential and a deposition time of
20–40 sec. A glassy carbon auxiliary electrode was used, and again, no effect of auxiliary
electrode position was obvious. After deposition, spray rinsing is used to remove any loose
solution from the fiber. The copper-fiber assembly is then heated at ~195 �C for about 30
min to let the deposited film cure. This heat cure process hardens the film and fuses the
resin particles together forming an insulating film. Repeated deposition and cure steps are
performed to obtained electrodes with smaller effective radii. Typically two deposition/
curing cycles are performed to produce relatively large electrodes, and up to five cycles
are performed to produce carbon electrodes with the smallest active surface area.

The final step is to seal the copper-fiber assembly into a glass tube with epoxy resin.
Only the insulated carbon fiber should be allowed to protrude from the epoxy sealed glass
tube. Electrodes may be re-used and have lifespans of a few weeks.

6.3.6.4 Testing of insulated carbon fiber electrodes

Assuming that the exposed portion of the electrodes fabricated above possess a hemi-
spherical shape, then the diffusion-limited current is expected to follow (3):

(6.3.6.1)

where D and C* are respectively the diffusion coefficient and the bulk concentration of
electroactive species in the electrolyte, reff is the effective radius of the electrode, and n is

i nFDC rd eff= 2� *
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the number of electron involved in the electrode reaction. Thus, the value of reff can be
determined from the measured steady-state limiting current in the presence of excess sup-
porting electrolyte by using equation (6.3.6.1) with the known values of D, C*, and n.

The quality of the coating of the electrode may be assessed in a nondestructive manner by
measuring the diffusion limited current response as a function of the extent of immersion of
the electrode into a suitable electrolyte solution. An example is shown in Figure 6.3.6.4,
which displays two overlapping cyclic voltammograms for an insulated carbon fiber elec-
trode with and effective radius of 4.3 nm inserted only ~5–10 �m and inserted 3 mm into
an electrolyte containing 0.01 M K3FeCN6 + 0.5 M KCl. The absence of any difference
between the two scans suggests that there are no defects in the insulation along the shaft
of the electrode.

A more destructive approach to assessing the quality of the coating may be performed
by polarising the electrode in an electrolyte containing a suitable metal salt (e.g., 0.005 M
CuSO4) at a potential at which metallic copper will deposit, and examining the electrode
under an SEM after the electrode has been removed. The presence of any defects will be
evident by the obvious growth of copper deposits at sites away from the tip.
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Figure 6.3.6.3 (a) Schematic diagram of the “inverted deposition” configuration used during the
electrophoretic deposition of insulator onto the etched carbon electrode. (b) Photomicrograph of sur-
face of electrophoretic paint showing the carbon fiber disappearing into the solution and the extent
of the meniscus (white disk) made visible by illumination parallel to the surface of the paint solution.
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6.3.7 Gold spherical microelectrodes

Christophe Demaille

Laboratoire d’Electrochimie Moléculaire, Université Paris 
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6.3.7.1 Spherical microelectrodes: self-assembly of gold nanoparticles

(a) Fabrication technique
This original ultramicroelectrode (UME) fabrication technique, developed by Bard and
coworkers (1a,b), makes use of the finding of Schiffrin and coworkers (2) who showed
that, in the presence of dithiol linkers, gold nanoparticles self-assemble to form an electri-
cally conductive gold-like material. By confining the dithiol linker molecules inside the
micrometer-sized tip of a glass micropipette, that was then immersed into a solution of
gold nanoparticles, the dithiol–nanoparticle encounter could be restricted to the very tip of
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Figure 6.3.6.4 Comparison of the cyclic voltammograms for the reduction of 0.01 M K3FeCN6 in
0.5 M KCl on a carbon electrode with an effective radius of 4.3 nm as a function of the distance the
electrode is immersed into the solution. �: 5–10 �m; —: 3 mm. dE/dt = 0.05 V sec�1.
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the micropipette, thus limiting the growth of the self-assembled material to this region.
This method was observed to result in the formation of perfectly spherical structures at the
micropipette tip, as seen in Figure 6.3.7.1.

The complete self-assembly process of the spherical gold microstructures is represented
schematically in Figure 6.3.7.2 and is described in detail below.

Quartz capillaries are pulled to form micropipettes having a tip orifice of a size rang-
ing from 0.1 to 1 �m depending on the pulling conditions, using for example, a Sutter
Instrument (Novato, CA) P2000 laser puller. The micropipette is then immersed in a 
1,9-nonanedithiol solution in 2-propanol for ~1 h in order to fill the micropipette tip with
a small amount of the dithiol solution. The micropipette is then thoroughly rinsed with
toluene and immersed in a toluene solution containing octylammonium-protected ~8-nm
gold nanoparticles prepared as described by Schiffrin and coworkers (2). The sphere then
self-assembles at the tip of the capillary in ~2 h with the final diameter depending on the
dithiol concentration and on the micropipette size. As a rule of thumb, the sphere diame-
ter ranged from 2 to 20 times the micropipette tip diameter for dithiol concentrations rang-
ing, respectively, from 1 to 5 mM. Spheres of a diameter ranging from 1 to 30 �m can be
reproducibly assembled by this technique. Larger spheres can be produced but they tend
to become mechanically unstable. Submicrometer-sized spheres can also be assembled but
only with a low yield.

6.3 UME Fabrication/Characterization Basics 227

Figure 6.3.7.1 Optical (a–c) and scanning electron (d) microscope images of spherical gold UMEs
self-assembled at the very tip of micropipettes. The horizontal scale bar in (d) represents 1 �m.
Electrode diameters: (a) 26 �m, (b) 8 �m, (c) 3 �m, and (d) 0.9 �m. (Reprinted with permission from
reference (1a), Copyright © 1997 American Chemical Society.)
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To use the self-assembled spheres as UMEs, electrical contact has to be established
between the sphere and the macroscopic end of the supporting micropipette. The solution
proposed by Bard and coworkers (1c) was to coat the inner walls of the pulled
micropipette by a thin layer of pyrolitic carbon extending from the top to the very tip of
the capillary. This carbon film deposition technique was adapted from previous work (3).
The carbonization setup, presented in Figure 6.3.7.2, was constructed for better control 
of the carbon film quality and is used as follows. The micropipette, held in a gas-
chromatography ferrule, is filled with methane under high pressure (240–500 psi) and
introduced into a quartz tube heated to ~1000 �C. The quartz tube is continuously flushed
with helium to avoid methane combustion. The heat source originally proposed was a
Bunsen-burner (3), but it can be conveniently replaced by a Nichrome wire coil (1c). For
a given micropipette size, the appropriate pressure is the one for which methane bubbles
start to come out from the micropipette when immersed in water. A better quality film 
is formed when oxygen is pumped out from the micropipette before filling with high-
pressure methane. Deposition of a thin conducting carbon film onto the inner walls of the
capillary occurs when the micropipette is introduced into the quartz tube and passed slowly
back and forth through the heated zone. This ensures that the interior of the micropipette
is properly coated while the micropipette tip is still open. To gain better control of the car-
bonizing process, the motion of the micropipette into the heated tube can be controlled via
the use of a mechanical positioner. Carbon-coated micropipettes are then used in the
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Figure 6.3.7.2 Schematic representation of the self-assembled spherical gold UME fabrication
technique. (Adapted with permission from reference (1a,b)).
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sphere assembly process detailed above. A small amount of gallium indium eutectic, intro-
duced from the macroscopic side of the micropipette, establishes the final connection
between the carbon layer and the biasing circuit, as shown in Figure 6.3.7.2.

(b) Electrochemical behavior: self-assembled spherical UMEs
Although it has been demonstrated that the nanoparticles maintain their individualities
within the self-assembled spheres (1a,b), the electrochemical behavior of the self-
assembled UMEs is similar to that of UMEs made of bulk gold. In particular, voltam-
metric peaks corresponding to gold oxide formation/reduction (4) were recorded at the
self-assembled spherical UMEs in acidic media. Integration of the gold oxide reduction
peak yielded an electrode surface roughness of 1.0, which confirmed the remarkable
smoothness of the self-assembled spheres. The use of the self-assembled spherical struc-
tures as UMEs was tested both in aqueous solution and in acetonitrile. In both cases, ide-
ally shaped reversible steady-state cyclic voltammograms (5a) (Section 6.1) were recorded,
as shown in Figure 6.3.7.3.

Recording of such well-defined voltammetric signals, especially in nonaqueous solvent,
together with the fact that this ideal behavior was maintained even at the highest scan rate
explored (10 V sec�1), shows that the self-assembled spherical UMEs are not porous and
are tightly sealed to the supporting glass capillary surface.

Self-assembled spherical electrodes have been successfully used as SECM amperomet-
ric probes both in positive and negative feedback modes (1a,b) (Chapter 12). A very close
tip–substrate separation could be attained due to the great smoothness of the self-assembled
structures.

The self-assembled spherical electrodes have a fabrication success rate over 70%. In
some instances, the presence of a golden conducting film adjacent to the sphere was
seen on the outside wall of the micropipette tip. This thin film could be removed by
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Figure 6.3.7.3 Cyclic voltammograms recorded at self-assembled gold UMEs. (a) In a 7.5-mM
aqueous solution of hexaamineruthenium (III) chloride, 1 M KCl electrolyte. UME diameters (top
to bottom): 10, 5, 4, 3, and 1.7 �m. (b) In a 6.5-mM solution of tetracyanoquinodimethane in ace-
tonitrile, 0.1 M tetrabutylammonium tetrafluoroborate electrolyte. UME diameter: 6 �m. (Reprinted
with permission from reference (1a), Copyright © 1997 American Chemical Society.)
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briefly dipping the micropipette tip in a dilute aqua-regia solution (HNO3/HCl/H2O
1:3:10, caution! highly corrosive solution!). The self-assembled spherical electrodes
were observed to be quite robust and could be handled without any particular caution.
Indeed, when used as SECM probes, these microelectrodes even survived brief contacts
with a hard substrate surface. Fall-out of the sphere from the supporting glass capillary
has been observed, but only as a result of very harsh handling. Self-assembled gold
UMEs have been stored in air for at least a week without any loss of their mechanical
stability (6).

6.3.7.2 Submicrometer-sized spherical electrodes produced by spark-induced melting

(a) Fabrication technique
In this technique developed by Abbou et al. (7), a spark-discharge of controlled intensity
is used to melt the tip of a sharpened (etched) gold microwire, which balls-up instanta-
neously upon cooling. Extremely smooth spherical structures of controllable sizes, rang-
ing from 0.1 to 1 �m in diameter, can be formed in this way (Figure 6.3.7.4).

Successive steps for the fabrication of gold spherical UMEs from these preformed struc-
tures are summarized graphically in Figure 6.3.7.5.

(b) Sharpening the tip of a gold microwire by electrochemical etching
Sharpened gold microwires, the starting material for this technique, are produced by elec-
trochemical etching of commercial gold microwires (60 �m in diameter) in a saturated
CaCl2:water:ethanol solution (10:40:5 v:v:v), under a DC-voltage of +7 V. Etching is com-
plete in ~2 min and results in giving the extremity of the microwire a smooth conical aspect.

(c) Spark-induced melting of the tip of the etched gold microwire
The diameter of the gold sphere ultimately formed at the tip of the etched microwire
depends on the intensity of the spark-discharge, which can be controlled by the use of the
spark-generating setup presented in Figure 6.3.7.6.

The electronic circuit shown in Figure 6.3.7.6 was designed to generate a single high-
voltage pulse of an amplitude as high as 6 kV required to trigger the arc discharge. Most
of the electronic components necessary to built such a high-voltage generating circuit can
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Figure 6.3.7.4 Scanning electron microscopy images of spherical gold UMES formed by spark-
induced localized melting of the tip of etched gold microwires. To form the submicrometer spheres
shown, the spark-generator (Figure 6.3.7.6) was operated in an open-circuit configuration with the
following settings: R = 0, ds = 0.5 mm, the shielding gas was air (a) or helium (b and c). (Adapted
with permission from reference (1). Copyright © 2002 American Chemical Society.)
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be found in commercial electric gas-lighters. The sharpened gold wire, as the anode, is
connected to the low-voltage terminal of the circuit while a sharpened tungsten wire, used
as a cathode, is connected to the high-voltage (�) terminal. Using the home-made posi-
tioning apparatus shown in Figure 6.3.7.6b, the gold microwire can be positioned exactly
facing the tungsten wire. The spark-discharge intensity can be controlled by varying both
the distance, ds, separating the extremities of the gold and the tungsten wires, and the value
of the resistance, R, in series with the cathode. The smaller the value of ds, and conversely,
the higher the value of R, the smaller the diameter of the sphere formed. It was shown that
for ds values of ~1 mm, spheres of a diameter ranging from ~10 �m to a few �ms were
formed when R was increased from 1 to 500 k�. It was observed that spheres as small 
as ~1 �m in diameter could reliably be formed for ds ~ 0.5 mm and R ~ 1 M�.
Submicrometer-sized spheres could only be formed when the setup was used in an open-
circuit configuration; that is, when the gold wire was disconnected from the electronic
setup, while ds was kept at ~0.5 mm and R set to zero. A further decrease of the sphere
diameter could be obtained by continuously blowing helium within the inter-electrode
gap during the spark generation. Helium has a much larger thermal conductivity than air,
so that more heat is driven away from the wire and very small spheres, of a diameter
of ~100 nm, were then observed to form. To use the spheres as microelectrodes, the
body of the gold microwire must be insulated. This was achieved by electrophoretic
deposition of an insulating cathodic paint as described below.

(d) Insulation of the gold microwire
The gold microwire, bearing the preformed sphere at its tip, is immersed in a solution
containing cathodic electrophoretic paint (BASF, CathodipTM FT83-0250) diluted in a
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Figure 6.3.7.5 Schematic representation of the technique to fabricate submicrometer-sized spher-
ical gold electrodes.
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1:1 (v:v) ratio by water, and acidified by 3 mM acetic acid. The gold microwire is then
connected to a potentiostat as the cathode of a two-electrode configuration, the anode
being a platinum coil. The potential of the microwire is scanned from 0 to �5 V at a rate
of 50 mV sec�1 to trigger deposition of the paint. At such a negative potential, protons are
reduced and the ensuing local pH rise causes the deprotonation of the NH3

+ moieties borne
by the polymer chains composing the cathodic paint that then precipitate onto the gold
microwire surface. After deposition, the gold microwire is rinsed with water and placed in
an oven heated to 180 �C for 20 min. This thermal curing step results in the cross-linking
of the amine-bearing chains by diisocyanate linkers also present in the paint composition.
When the painted gold microwires were characterized in an aqueous solution of fer-
rocenedimethanol by cyclic voltammetry, no faradaic current was recorded. This behavior
was observed for more than 80% of the painted wires and demonstrates that the cured paint
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Figure 6.3.7.6 Schematic diagram of the high-voltage single pulse/spark generator setup. (a)
Schematics of the electronic circuit of the high-voltage single pulse generator. (b) Diagram of the
microwire positioning setup. The configuration shown is the closed-circuit configuration used to pre-
form spherical microstructures at the end of etched gold microwires. In the open-circuit configura-
tion, the gold wire is disconnected from the (+) terminal in point A. When this setup is used for the
selective exposure of UMEs, the painted microwires are connected in point C and the resistance R
is short-circuited. (Reprinted with permission from reference (1). Copyright © 2002 American
Chemical Society).
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layer forms a perfectly insulating coating over the entire surface of the gold microwire. A
technique to selectively expose only the preformed spherical extremity of the microwires
follows below.

(e) Selective exposure of the spherical end of the microwire
This technique makes use of the same spark-generating setup described above, but the
gold microwire connected to the (+) terminal of the setup is here a sacrificial microwire,
whereas the microwire to be exposed is connected to the high-voltage (�) terminal of the
setup in point C of Figure 6.3.7.6(b), i.e., in parallel to the spark-generating circuit. The
spark is thus generated between the tungsten and the sacrificial gold wire and not at the
painted microwire. However, being connected to the high-voltage terminal of the setup,
the painted microwire experiences the same sudden high-voltage pulse as the tungsten
cathode does. The highest voltage experienced by the painted microwire can be controlled
by varying the interelectrode spacing ds; the smaller ds the lower the voltage reached.
Typical values of ds in the 0.5�2 mm range translate to an applied voltage of 1.5–6 kV.
It was observed that, once subjected to this high-voltage pulse, painted microwires sys-
tematically exhibited sigmoidal-shaped cyclic voltammograms typical of UMEs (5a)
(Figure 6.3.7.7).

The high-voltage pulse resulted in exposure of a small portion of the insulating film
covering the microwire. The size of the exposed area, as determined from the plateau cur-
rent of the steady-state voltammogram (5b), corresponds to the diameter of the spherical
tip-end of the microwire, as measured from SEM images. In addition, when a spherical
microelectrode, fabricated as described above, was used to reduce Fe2+ ions in solution,
the resulting iron deposit was observed to grow exclusively onto the spherical tip-end of
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Figure 6.3.7.7 Cyclic voltammetry of ferrocenedimethanol at submicrometer-sized spherical gold
UMEs produced by spark-induced melting of the tip of etched gold microwires. The cyclic voltam-
mograms (a and b) were recorded, respectively, at the UMEs shown in the SEM pictures (a and b)
of Figure 6.3.7.4. From the value of the plateau currents, the UME diameters were estimated to 
be of (a) 250 nm and (b) 150 nm. The scan rate was of 20 mV sec�1. The forward and backward
traces of each voltammogram are perfectly superimposable at this scan rate. The open circles corre-
spond to the fit of the whole voltammogram using the equation given in the text and the following
parameter values: E� = 235 mV vs. SCE, D = 7.4 � 10�6 cm2 sec�1, ks = 0.4 cm sec�1, 	: = 0.5.
Ferrocenedimethanol is at a concentration of 1 mM in 0.1 M KH2PO4.
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the microelectrode. All of the above conclusively show that the high-voltage pulse
method actually results in selectively exposing the preformed spherical tip-end of the
microwires. The physical reasons behind such remarkable selectivity is not absolutely
clear. It is thought that the high electric field created at the very end of the microwire
blows away the insulating paint covering the spherical structure. This process seems to
be facilitated by the bottle-neck shape of the extremity of the preformed electrodes
(Figure 6.3.7.4) as much poorer results were obtained with nonpreformed (simply etched
and painted) microwires.

( f ) Electrochemical characterization of spherical gold UMEs
From the value of the plateau current iss of the cyclic voltammograms recorded in an aque-
ous solution of ferrocenedimethanol, the radius ro of the submicrometer-sized spherical
gold UMEs could be obtained using the expression: iss  4�FDC*r0, where D is the dif-
fusion coefficient of ferrocenedimethanol and C* is its concentration (Section 6.1) (5b).
The cyclic voltammograms were fitted using the theoretical expression for steady-state
voltammograms at spherical UMEs (5a).

(6.3.7.1)

where ks and E� are, respectively, the heterogeneous electron transfer rate constant and
standard potential of ferrocenedimethanol (7). The good fit obtained (Figure 6.3.7.7, open
circles) demonstrates the ideal voltammetric behavior of the spherical submicrometer-
sized gold UMEs.

Another interesting aspect of the cyclic voltammetric response recorded at these spher-
ical gold UMEs is the absence of hysteresis between the forward and backward traces of
the voltammograms. This is indicative of the relatively low capacitance of the microelec-
trodes resulting from the good insulating property of the reticulated paint film. A typical
value of ~5 pF was reported for the capacitance of the spherical UMEs. This value is low
enough for the capacitive charging current not to interfere with the cyclic voltammetry sig-
nals for scan rates as high as a few volts per second. It was also reported that the UMEs
could be used in a large potential window, ranging from � 1.2 to +1.7 V/SCE in a pH 4.4
aqueous solution without damaging the insulating coating film. The spherical UMEs can
be fabricated as described with an overall success yield of ~60%. The microelectrodes can
be stored in air for as long as a year without any degradation of their electrochemical
behavior (8).

This fabrication technique was also successfully applied to combined AFM-SECM
probes (7, 9). Following a reported technique (10), the gold microwire was bent to a
right angle ~1 mm away from one of its ends while its other end was flattened between
stainless-steel plates. The flattened part of the microwire serves as a flexible AFM can-
tilever arm while its short extremity is converted into a spherical microelectrode fol-
lowing the method described above. The AFM-SECM experiments using these
combined probes, confirmed the ideal behavior of the spherical gold microelectrodes
formed by the spark-method.

i
i

F E E RT D r k F E E RT
=

− − + − −
ss
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6.3.8 Hg microhemispherical electrodes

Janine Mauzeroll

Laboratoire d’Electrochimie Moléculaire, Université Paris, 
7-UMR CNRS 7591, France

6.3.8.1 Introduction

The Hg/Pt ultramicroelectrodes (UMEs) described here are hemispherical in shape and can
be used in both electrochemical and scanning electrochemical studies (scanning electro-
chemical microscopy (SECM), Chapter 12 of this handbook) when it is necessary to work in
negative potential regions where proton reduction occurs at Pt. Examples include the detec-
tion of Tl(I) as a surrogate for K(I) in studies of ion transport through channels in membranes
(1, 2) or in studies where a very negative redox couple, like methyl viologen, is needed.

This section describes the deposition and characterization of a Hg hemisphere on Pt UMEs
(3). Two methods of fabricating hemispherical Hg/Pt UMEs are described: electrodeposition
from an inorganic mercury solution or from controlled contact of the Pt UME with a mercury
drop. Electrochemical characterization can be performed using linear sweep voltammetry,
amperometry (see Chapter 11) and SECM feedback experiments (see Chapter 12).

6.3.8.2 Importance of the choice of substrate

Ideally, the solid support should be easily wet by and have a low solubility in mercury. In
the case of glassy carbon, the surface is poorly wet leading to the formation of scattered
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mercury droplets (4). For metals like gold, platinum and silver, the formation of inter-
metallic compounds at the base metal can occur. Thermal evaporation experiments have
shown that the formation of inter-metallic species leads to a potential window that extends
to less negative potentials than that of the hanging mercury drop electrode (HMDE) (5).
Since the dissolution of Pt is hindered by the presence of surface oxides, Pt supports can
still be used in voltammetric studies following the deposition of a sufficiently thick mer-
cury layer (6). Also, in the case of a Hg–Au amalgam UME, Mandler and coworkers (7)
have demonstrated the use of such probes in SECM studies of surface reactions catalyzed
by Pt. Another possible substrate material is iridium. Osteryoung and coworkers fabricated
and studied Ir (8) and Ir/Pt (9) alloy-based mercury UMEs. They are very useful for elec-
trochemical studies but are more brittle than Pt UMEs.

6.3.8.3 Hg/Pt hemispherical UME fabrication by electrodeposition

The solid support for the Hg hemisphere is a conventional Pt UME as reported in detail in
Section 6.3.1 of this Handbook and other published work (10).

(a) Solutions
To deposit mercury onto a Pt UME, a 10 mM Hg2(NO3)2 (J.T. Baker Chem. Co.,
Phillipsburg, NJ) in 0.1 M KNO3 solution acidified to 0.5% with HNO3 is used. Following
deposition, cyclic voltammetry and SECM characterization experiments use 1 mM in cobalt
sepulchrate trichloride (Aldrich), hexamineruthenium (III) chloride (Strem Chem., Newbury
Port, MA), or methyl viologen (Aldrich) redox couples. The supporting electrolyte used is
formed by 0.1 M KCl solutions buffered by a 1:1 molar ratio of NaH2PO4/Na2HPO4 of
total concentration of 0.01 M at pH 7. All solutions are prepared with Milli-Q (Millipore
Corp.) reagent water and degassed with Ar for 30 min prior to all experiments.

(b) Instruments
A CHI Model 900 scanning electrochemical microscope (CH Instruments, Austin, TX) can
be used to control UME tip potentials, obtain approach curves and monitor the tip to
underlying substrate distance. Voltammetric and SECM experiments can be performed
either with the SECM head in a glove bag under positive pressure or the SECM cell cov-
ered with parafilm and in the presence of an argon blanket. Where SECM characterization
is not possible, any potentiostat can be used to deposit and characterize the Hg/Pt UME.

(c) Reaction cell
To monitor mercury deposition in situ, a microscope reaction cell can be used. The work-
ing Pt UME and counter electrode are inserted through a hole at the base of the cell while
the reference electrode is positioned in a side compartment as shown in Figure 6.3.8.1.
Once mounted on an optical microscope equipped with a water immersion objective
(Olympus FLxw40), a camera and personal computer can then be used to record images
of the mercury deposition.

(d) In-situ mercury deposition
Mercury is deposited onto a Pt UME from a Hg2(NO3)2 solution in a three-electrode setup
and controlled by a potentiostat. A 1 mm Pt wire serves as a counter electrode and a fritted
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Ag/AgCl electrode serves as a reference electrode. The deposition curve is recorded dur-
ing a 300 sec potential step of �0.1 V vs. Ag/AgCl. In the first stages of deposition, a very
thin layer of inter-metallic species (Pt2Hg) is formed (5). This is followed by the sponta-
neous formation of mercury nuclei (Figure 6.3.8.2a) close to the edge of the Pt/glass inter-
face where the current density is the highest (11). With time, the nuclei coalesce until a full
hemisphere is formed. This coalescence alters the surface area of the electrode and leads
to indentations in the current deposition curves (Figure 6.3.8.2b). These results are con-
sistent with previously reported work (7).

(e) Hg/Pt hemishperical UME characterization: voltammetry
The electrochemical behavior and stability of a Hg UME is evaluated using linear sweep
voltammetry. After mercury deposition, proton reduction shifts to more negative potentials
from that seen at bare Pt by about 800 mV (Figure 6.3.8.2c). Dirty or damaged electrodes
only shift the potential by about 200 mV and show prewaves characteristic of Pt micro
arrays. Clean UMEs with a thick mercury deposit, however, are well behaved.

Proton reduction at Pt is catalyzed by methyl viologen. Electrochemical studies of this
couple in aqueous media must, therefore, be performed at a mercury electrode. The methyl
viologen voltammogram at the Hg UME is well behaved (Figure 6.3.8.3a) and confirms
good coverage of the Pt disk.

The change in geometry from a disk to a hemisphere can be observed by the change
in limiting current in voltammograms of Ru(NH3)6

3+ (Figure 6.3.8.3a). This follows the-
oretical equations of the steady-state current at microelectrodes (see Section 6.1 in
Chapter 6 of this handbook) where the ratio of the limiting current of a disk UME (12)
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Underwater 
Objective

Pt UME
PT counter

Fritted Ag/AgCl
ref. electrode

Figure 6.3.8.1 Experimental setup for the formation of Hg/Pt hemispherical UME by electrode-
position from a Hg2(NO3)2 solution with 0.1 M KNO3 acidified to 0.5% with HNO3 as supporting
electrolyte. This glass cell was joined at the base with a microscope slide. The underwater objec-
tive was lowered into solution and the deposition curve recorded during a 300 sec potential step
of �0.1 V vs. Ag/AgCl. Reprinted with permission from reference (3). Copyright, the American
Chemical Society.
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and that of a hemispherical UME is close to �/2. The observed change of steady-state
current (ih/id = 1.47) from the Pt UME to the Hg UME is close to this value for
Ru(NH3)6

3+, confirming the near hemispherical geometry of the UME. A similar increase
in the steady-state ratio (ih/id = 1.57) was observed for cobalt sepulchrate trichloride
(Figure 6.3.8.3a). Thus, both the optical and voltammetric analyses confirm the hemi-
spherical geometry of the UME.

( f ) Hg/Pt hemispherical UME characterization: SECM
Theory (13, 14) and applications of SECM are discussed in Chapter 12. Relevant here is
the effect of UME tip geometry on SECM approach curves as shown in Figure 6.3.8.3b–d.
Approach curves to a Hg/Pt hemispherical UME are compared with those at a Pt disk for
three redox couples and the comparison demonstrates the reduced sensitivity of the Hg/Pt
hemispherical UMEs relative to Pt disk electrodes in terms of SECM feedback experiments.
The Hg/Pt experimental approach curves are consistent with an analytical approximation
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(a)

t = 0 s t = 5 s t = 25 s t = 300 s
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Figure 6.3.8.2 Characterization of a 25 �m Hg/Pt hemispherial UME. (a) In-situ micrographs of
mercury deposition (0–300 sec) from a 10 mM Hg2(NO3)2 solution with 0.1 M KNO3 supporting
electrolyte acidified to 0.5% with HNO3. (b) The deposition curve recorded during a 300 sec poten-
tial step of �0.1 V vs. Ag/AgCl. A 1 mm Pt wire served as the counter electrode and a fritted
Ag/AgCl electrode served as the reference electrode. (c) Current potential curves at Pt and Hg/Pt
UMEs in 0.1 M KNO3. Reprinted with permission from reference (3). Copyright, the American
Chemical Society.
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for positive feedback (�1%) (normalized current vs. distance) for a hemispherical UME
developed by Selzer and Mandler (15):

(6.3.8.1)

where iT is the tip current, iT,� is the steady-state current when the tip is far from the sub-
strate and L is the ratio of the tip to substrate spacing (d) and the active electrode radius
(12.5 �m) (i.e., L = d/r0). The response is significantly different from that reported for a
disk UME (16):

(6.3.8.2)
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Figure 6.3.8.3 (a) Voltammetric behavior of the 25 �m (--) Pt UME and (solid line) Hg/Pt hemi-
spherical UMEs in 1 mM Ru(NH3)6Cl3, cobalt sepulchrate trichloride, and methyl viologen in 0.1 M
KNO3. (b) Positive feedback SECM fitting of the (�) finite disk theory, (♦) hemispherical disk the-
ory, and (line) experimental results for the 1 mM Ru(NH3)6Cl3. (c) Positive feedback SECM fitting
of the (�) finite disk theory, (♦) hemispherical disk theory, and (line) experimental results for the 1
mM cobalt sepulchrate trichloride in 0.1 M KNO3. (d) Positive feedback SECM fitting of the (�)
finite disk theory, (♦) hemispherical disk theory, and (line) experimental results for the 1 mM methyl
viologen. Reprinted with permission from reference (3). Copyright, the American Chemical Society.
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Previously reported studies of gold spherical UMEs prepared by self-assembly of gold
nanoparticles (17) show similar behavior (see Section 6.3.7).

6.3.8.4 Hg/Pt hemispherical UME fabrication by contact to a mercury pool

(a) Solution
The supporting electrolyte used is identical to that in the first protocol. The redox couples
used for electrochemical characterization are 2 mM hexamineruthenium (III) chloride
(Strem Chem., Newburyport, MA) and 0.1 mM Tl(I) nitrate (Aldrich). All solutions are
prepared using Milli-Q (Millipore Corp.) reagent water and degassed with Ar for 30 min
prior to all experiments.

(b) Instruments
A CHI Model 900 scanning electrochemical microscope (CH Instruments, Austin, TX) can
be used to control UME tip potentials, obtain approach curves and to approach a Pt UME
to a mercury pool. Similar results can be achieved with a micromanipulator and an inde-
pendent potentiostat.

(c) In-situ mercury deposition
A Hg/Pt UME can be formed by applying –1.1 V vs. Hg/Hg2SO4 (Radiometer, Copenhagen,
Denmark)) at a Pt UME and contacting it with the mercury (Bethlehem Instr., Hellertown,
PA) of an HDME (Metrohm Instr., Herisau, Switzerland) or a Hg pool in phosphate buffer
(Figure 6.3.8.4a).

(d) Hg/Pt hemispherial UME characterization: voltammetry
As shown in Figure 6.3.8.4b, a 0.5 V overpotential for hydrogen evolution is observed in
deaerated phosphate buffer (pH = 7) following Hg deposition onto Pt. The response shown
in Figure 6.3.8.4b suggests full coverage of Pt by Hg. The extension of the potential win-
dow allows the detection of Tl(I) electrochemistry at the Hg/Pt UME (Figure 6.3.8.4c).
The voltammogram shows a stable steady-state current for the Tl(I) reduction and a char-
acteristic stripping peak for the oxidation of the Tl amalgam.

(e) Hg/Pt hemispherical UME characterization: SECM
Hg/Pt hemispherical UME show positive feedback with Ru(NH3)6

2+ when approaching an
HMDE (Figure 6.3.8.5) or a Hg pool. The experimental approach curves fit theory devel-
oped by Selzer and Mandler (15) for a hemispherical UME as described in Section 6.3.8.2.
Reproduction of the voltammetric and SECM characterization confirms the equivalency of
the two methods used to form Hg/Pt hemispherical UMEs.

In SECM experiments, the close approach of the disk UME is often hampered by the
insulating sheath, which may strike the substrate due to misalignment of the tip. The pro-
trusion of the active electrode area as in the mercury hemisphere permits an uninhibited
approach and a better estimation of the true zero distance.

6.3.8.5 Microelectrode maintenance and storage

Once formed, the mercury hemisphere is firmly attached to the Pt substrate and can with-
stand washing; however, it cannot be stored in air and left to dry. When dry, the hemisphere
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Figure 6.3.8.4 Formation and characterization of the Hg/Pt hemispherical submarine UME. 
(a) The Pt submarine electrode in phosphate buffer (pH = 7) as it approached the HMDE while
poised at �1.1 V vs. Hg/Hg2SO4. Upon contact with the HMDE, a hemispherical mercury layer is
deposited onto the Pt UME. (b) Hydrogen evolution at Pt and Hg/Pt submarine UME in phosphate
buffer. (c) Voltammogram of the 10�4 M Tl(I) at the Hg/Pt submarine electrode in phosphate buffer.
Reprinted with permission from reference (2). Copyright the American Chemical Society.
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shrinks and sometimes exposes Pt as a result of surface tension changes. Hg UMEs should
therefore be stored in a degassed potassium nitrate solution.

The main limitation of Hg/Pt UMEs is their reusability. For studies where the redox
couples do not adhere to the mercury or form an amalgam, electrochemical cycling and
storage in PBS is sufficient. In cases where amalgam formation is important, no amount
of cycling is able to completely remove all traces of amalgam. Many times, it is easier to
mechanically polish the UME to remove the mercury and expose a fresh Pt surface. In
SECM studies, where mechanical polishing implies an increase in RG, this cleaning
method can become cumbersome.

6.3.8.6 Conclusions, limitations and prospects

Hg/Pt hemispherical UMEs can be fabricated by two methods which produce identical
UMEs and characterized using optical and electrochemical instrumentation.
Voltammograms are well behaved and the extension of the potential window to more neg-
ative potentials facilitates the use of mediators such as methyl viologen. Approach curves
recorded over conductors for different redox couples show good agreement with hemi-
spherical theory (3).

These electrodes can be used in voltammetric, amperometric, and SECM studies in neg-
ative potential regions where proton reduction occurs at Pt. They are also very smooth and

Figure 6.3.8.5 Positive feedback SECM curve fitting of (line) Hg/Pt hemispherical submarine
UME approach curve to (♦) hemispherical SECM theory and (�) disk SECM theory for a 2 mM
hexamineruthenium chloride solution in phosphate buffer (pH = 7). The Hg/Pt hemispherical UME
approached an HMDE. Reprinted with permission from reference (2). Copyright the American
Chemical Society.
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easily adaptable to stripping voltammetry studies. Their positive potential region is limited
by stripping (oxidation) of the mercury deposit.
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6.3.9 Clarke oxygen microelectrode

Katherine B. Holt

Department of Chemistry and Biochemistry, The University of Texas at
Austin, Austin, Texas 78712-0165, USA

6.3.9.1 Introduction

Platinum and carbon ultramicroelectrodes (UMEs) are commonly used to determine the
concentration of dissolved oxygen in solution, by measuring the current for the reduction
of oxygen (1, 2). However, difficulties with signal stability are often encountered, associ-
ated with interference by other electroactive species, or poisoning of the electrode surface
by adsorbed impurities. These problems can be overcome by covering the electrode with
a membrane that is permeable to oxygen but not to other solution species, as first proposed
by Clarke in his design for the membrane oxygen electrode (3–6). If both working and
counter electrodes are placed behind the membrane, with electrochemical contact main-
tained through a thin layer of immobilized electrolyte, then measurements of oxygen con-
centration in the gas phase are possible. The use of an UME tip as the basis for a Clarke
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membrane electrode allows the gas-phase measurement of oxygen concentration to be
extended to scanning electrochemical microscopy (SECM, see Chapter 12) (7).

6.3.9.2 Construction and electrochemical response of Clarke UME

(a) Construction
The fabrication of the Clarke UME is illustrated schematically in Figure 6.3.9.1. It con-
sists of a 25 �m Pt disk working electrode sealed in glass with a silver coating on the out-
side of the glass acting as a reference/counter electrode. Electrochemical contact between
the two electrodes is made possible by a thin electrolyte layer maintained behind an 
oxygen-permeable membrane pulled over the tip and held in place with an o-ring.

(b) UME oxygen sensor
The basis of the electrode is a 25 �m diameter Pt wire sealed in glass by the procedure
described in Section 6.3.1 and elsewhere (8). For use in SECM, the electrode is sharpened
to a tip using sandpaper to reduce the RG to values of 3–4. It is important that a thin mem-
brane can be pulled tightly over the tip without tearing, so care must be taken during sharp-
ening that the glass edges remain relatively smooth. After sharpening, a layer of silver
paint (GC Electronics) is applied to the outside of the glass from the tip to approximately
two-thirds of the length of the electrode. The electrode is placed in a 110 �C oven for 1 h
to evaporate the solvents from the silver paint solution. Contact is made to the silver layer
by coiling a wire around the body of the electrode and then painting over the wire with
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Figure 6.3.9.1 Schematic diagram of membrane UME-based oxygen sensor: (A) 25 �m diameter
disk Pt working electrode sealed in glass; (B) Ag layer acting as reference/counter electrode; (C)
electrolyte layer forming electrolytic contact between working and reference electrodes; (D) 10 �m
thick high density polyethylene (HDPE) membrane; (E) rubber o-ring. Inset: bottom view of elec-
trode surface; (A) 25 �m diameter disk Pt working electrode sealed in glass; (B) Ag paint creating a
ring reference/counter electrode. [Reprinted with permission from M. Carano, K. B. Holt, A. J. Bard,
Anal. Chem. 74, 5071 (2003). Copyright 2003. The American Chemical Society.]
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silver paint. The electrode is left overnight in the oven to ensure all solvents are evapo-
rated from the silver paint. Before use, the tip is polished thoroughly with 1, 0.3 and 0.05
�m alumina to remove any silver paint in contact with the Pt disk working electrode.

The most important factor in operation of an oxygen electrode is that a reproducible lim-
iting current for oxygen reduction is obtained which does not deteriorate over time. For
this reason, reproducible and stable cyclic voltammograms (CVs) for the bare electrode
should be obtained in solution before the membrane electrode is constructed. Repeated
cycling in the oxygen reduction region, from 0 V to �1.2 V vs. Ag/AgCl should result in
a stable oxygen reduction current after 20 min, as shown in Figure 6.3.9.2a. Formation of
surface oxides by electrochemical oxidation should be avoided. Typically, oxygen reduc-
tion currents of ~10 nA should be obtained for a 25 �m diameter disk electrode in an air-
saturated solution (oxygen concentration = 0.27 mM, Ds = 2 � 10�5 cm2 sec�1).
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Figure 6.3.9.2 (a) Typical CV (scan rate 0.2 V sec�1) for the reduction of oxygen in air-saturated
0.2 M pH 7 PBS at a bare 25 �m Pt disk–Ag ring UME, after 10 min continuous cycling; (b) CV
(scan rate 0.2 V sec�1) for the reduction of oxygen in air-saturated 0.2 M NaNO3 solution for 25 �m
Pt disk–Ag ring UME covered with 10 �m thick HDPE membrane containing drop of 0.2 M pH 7
PBS electrolyte; (c) CV (scan rate 0.2 V sec�1) for the reduction of oxygen in air for 25 �m Pt
disk–Ag ring UME covered with a 10 �m thick HDPE membrane containing drop of 0.2 M pH 7
PBS electrolyte. [Reprinted with permission from M. Carano, K. B. Holt, A. J. Bard, Anal. Chem.
74, 5071 (2003). Copyright 2003. The American Chemical Society.]
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(c) Electrolyte
Any inert aqueous electrolyte solution is suitable for use in a Clarke electrode (4–6). There
may be some benefits to using a buffered electrolyte solution because the product of the
four-electron reduction of oxygen is the hydroxide ion, which causes a localized shift in
pH at the electrode surface during use. However, satisfactory behavior is obtained using
unbuffered solutions.

The electrolyte layer should be reduced to the smallest possible thickness, dictated by
the roughness of the tip surface and the stretching of the membrane. However, the layer
should not be too thin, as it is essential to maintain good electrochemical contact between
the working and reference electrodes and also to allow the efficient removal of the hydrox-
ide ion products from the surface of the cathode. The thickness of the electrolyte layer may
be estimated by adding a redox active species to the electrolyte layer and performing
SECM approach curves (see Chapter 12) to an insulator. An estimate of electrolyte layer
thickness of 20–60 �m was obtained for a typical Clarke UME using this technique (7).

The lifetime of the electrolyte layer, that is the time before the composition changes due
to the build up of hydroxide ions, depends on the rate at which oxygen is reduced. Probes
with cathodes of UME dimensions, producing currents in the nA range, will typically have
a longer electrolyte life than probes using cathodes of macro-dimensions, with a similar
electrolyte thickness. In this case, it was found that the Clarke UME behaved reproducibly,
without changing the membrane or electrolyte, for up to 8 h. If deactivation begins to
occur, or if the oxygen reduction current becomes unstable, then the membrane and elec-
trolyte layer should be replaced and the Pt electrode repolished.

(d) Membrane
Membranes suitable for use in a Clarke electrode must be readily permeable to oxygen,
but not to species that interfere with the oxygen reduction process. They should also be
largely nonpermeable to water molecules so that the integrity of the electrolyte layer is
maintained when used in the gas phase. Typical membrane materials used for Clarke elec-
trodes include polytetrafluoroethylene (PTFE), polyethylene, polystyrene, collodion and
polyvinyl chloride (4, 5). Thicknesses generally range from 10 to 50 �m. For the Clarke
UME, a 10 �m thick high density polyethylene (HDPE) membrane was used, as it is com-
monly available, being the constituent of most supermarket plastic bags. A square of 
30 mm � 30 mm was cut and a drop (0.5–1 �L) of electrolyte placed in the center. The tip
was placed in contact with the electrolyte drop and the membrane pulled around the tip
and secured using a rubber o-ring. The membrane must be pulled tightly against the sur-
face of the working electrode; however care must be taken not to tear the membrane dur-
ing this procedure. The solution and gas-phase CVs for oxygen reduction in air-saturated
solution and in air should then be recorded to ensure the integrity of the membrane.

The response time, �, of the electrode is the time taken for 99% of the current change
on alteration of oxygen concentration and can be calculated according to the equation (5):

(6.3.9.1)

where zm is the thickness of the membrane and Dm is the diffusion coefficient of the oxygen
through the membrane. Assuming a 10 �m thick membrane, with Dm = 1 � 10�7 cm2 sec�1

� = 0 53 2. /z Dm m
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Figure 6.3.9.3 (a) Cyclic voltammograms (scan rate 0.05 V sec�1) in the gas-phase for the reduc-
tion of oxygen at 25 �m Pt disk–Ag ring UME with 10 �m thick HDPE membrane and 0.1 M pH 7
PBS electrolyte in: (i) 100% oxygen; (ii) air (20.9% oxygen); and (iii) argon (0% oxygen). (b)
Calibration plot for the relationship between tip current at �0.85 V and gas-phase oxygen concen-
tration for a 25 �m Pt disk–Ag ring UME with 10 �m thick HDPE membrane and 0.1 M pH 7 PBS
electrolyte. [Reprinted with permission from M. Carano, K. B. Holt, A. J. Bard, Anal. Chem. 74,
5071 (2003). Copyright 2003. The American Chemical Society.]
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in the gas phase, a value of � = 5 sec is obtained. In contrast, the UME response time with-
out a membrane is ~70 ms, as given by the expression � = r2/Ds, where r is the radius of
the electrode. The increase in response time for the Clarke UME should be taken into con-
sideration for time-dependent applications.

6.3.9.3 Typical electrochemical behavior of Clarke UME

If the membrane is pulled tightly against the electrode and there are no holes, a CV simi-
lar to that in Figure 6.3.9.2b should be obtained for a Clarke UME, in air-saturated solu-
tion ([O2] = 0.27 mM). Compared with the CV obtained without a membrane, in the same
solution (Figure 6.3.9.2a), the oxygen reduction current is smaller, due to the reduced 
diffusion coefficient of oxygen through the membrane. For a 25 �m disk electrode with a
10 �m thick HDPE membrane, limiting currents of 1.5–2 nA are typical for oxygen reduc-
tion in an air-saturated solution. This corresponds to a diffusion coefficient, Dm,s, for oxy-
gen through the membrane in solution, of 1 � 10�6 cm2 sec�1. The exact value of the
limiting current will vary according to the tightness of the membrane and thickness of the
electrolyte layer, but should be of this order. Currents closer to 10 nA indicate a hole in the
membrane, or that the membrane is too loose.

Figure 6.3.9.2c shows a typical CV for a Clarke UME in air. The limiting current is ~2 nA,
corresponding to diffusion coefficient of oxygen through the membrane in the gas phase,
Dm,a, of 1 � 10�7 cm2 sec�1. Limiting currents of the order of 10 nA indicate that diffu-
sion through the membrane is not rate-limiting and that the membrane is too loose, or has
a hole. The limiting currents obtained indicate that different diffusion coefficients are
obtained for oxygen diffusion through the HDPE membrane in solution and in the gas
phase. Diffusion of oxygen through the membrane is actually faster when the electrode is
used in the solution phase, which may be attributed to water incorporation into the mem-
brane polymer matrix (9). It is therefore important to calibrate the electrode according to
the medium in which it will be used. Figure 6.3.9.3a shows typical oxygen reduction CVs
obtained for the Clarke UME in the gas phase, at (i) 100% oxygen flow, (ii) 20.9% 
oxygen (air) and (iii) 0% oxygen (100% argon). Figure 6.3.9.3b shows the limiting current
of the CVs at �0.85 V vs. Ag plotted against oxygen concentration, showing that a linear
response is obtained. For use in the solution phase, the membrane electrode should be cal-
ibrated using degassed, air-saturated and oxygen-saturated solutions.

Several unique complications are encountered when using a Clarke UME as a SECM tip
(7). Increased response time of the membrane UME and convection in the gas phase mean
that conventional approach curves cannot be obtained. In addition, care must be taken dur-
ing imaging not to touch the substrate surface with the membrane, as changes to the tip
current are then observed, due to deformation of the membrane and electrolyte layer.
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6.3.10 Nitric oxide microsensors

Youngmi Lee

Department of Chemistry, University of Tennessee, Knoxville, 
TN 37996, USA

Nitric oxide (NO) had been considered nothing more than toxic gas (e.g., air pollutant)
until its physiological functions were discovered in the 1980s (1). NO (enzymatically pro-
duced within mammalian cells) plays critical roles in vasodilatation (1), inhibition of
platelet adhesion and activation (2), mediation of anti-tumor activities (3, 4), and neuro-
transmission (5). Quantitative measurement of NO at biological levels is challenging not
only because biological cells generate a trace-amount of NO, but also because NO decays
relatively fast to form nitrite (NO2

�) and/or nitrate (NO3
�) by reaction with NO scavengers

(e.g., oxygen, hemoglobin)(6). Electrochemical detection with the use of a NO microsen-
sor is advantageous for real-time quantitative analysis of NO generated from its sources
(e.g., biological samples as well as synthesized materials which generate NO). The small
dimension of a NO microsensor allows one to estimate the local concentration of NO in
close proximity to the NO source (7). The fabrication and characterization of planar
amperometric NO microsensors and electrochemical NO measurements using the NO
microsensors are discussed in this section.

6.3.10.1 Electrochemical detection of NO

Nitric oxide can be electrochemically oxidized to nitrite and then to nitrate via a three-
electron transfer reaction. The overall reaction is:

(6.3.10.1)

The oxidation of NO to nitrite and the subsequent oxidation of nitrite to nitrate cannot be
clearly discriminated due to their similar oxidation potentials (8). To detect NO electro-
chemically, the complete three-electron oxidation of NO to nitrate (at ca. 0.9 V vs.
Ag/AgCl) at the surface of a working electrode is accomplished (9, 10) amperometrically
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by polarizing the working electrode at a constant potential sufficient for the complete oxi-
dation of NO to nitrate. The oxidation current is directly proportional to NO concentration.

Electrochemical oxidation of NO at the surfaces of novel electrode materials (e.g., plat-
inum, gold, glassy carbon, carbon fiber) is known to be kinetically slow. However, acceler-
ated electron-transfer kinetics of NO oxidation have been reported for a variety of chemically
modified electrodes with polymeric metalloporphyrin films (11, 12) and platinized Pt (13).
These electrodes require less positive potentials for NO oxidation to nitrate (~0.65�0.75
V vs. Ag/AgCl) and generate higher current (5–10 fold) than bare metal electrodes.

To fabricate NO sensors, chemically modified electrodes are commonly covered with an
additional membrane layer. This increases the selectivity for NO by cutting off other eas-
ily oxidized and interfering species. A variety of membranes (e.g., cellulose acetate (14,
15), Nafion (16)) have been used to modify the surface of working electrodes via elec-
tropolymerization or classic dip coating methods.

6.3.10.2 Fabrication of NO microsensors

NO sensors based on chemically modified electrodes have been reported to exhibit both
enhanced electrode kinetics and larger currents compared with bare solid electrodes. Wire-
type NO microsensors have also been widely used due to their larger sensing areas (17).
In fact, most commercially available NO microsensors are of the wire-type. However, it is
the planar configuration of sensors that is essential in gaining access to concentration pro-
files of analytes (especially for unstable analytes) as a function of distance from a source.
Amperometric NO microsensors have been thoroughly reviewed (18). Despite the advan-
tage of a planar configuration, few NO microsensors of this type have been reported.

Planar NO microsensors are constructed similarly to the planar metal disk microelec-
trodes commonly used in scanning electrochemical microscopy (SECM, see Chapter 12).
The working electrodes are prepared as follows: (i) The metal (e.g., Pt) disk electrode is
encased in glass and the surrounding glass sheath reduced as described in Section 6.3.1
and in reference (19). The bare metal electrode is then chemically modified to enhance the
kinetics for electrochemical oxidation of NO on its surface.

For a platinized Pt-based Clark-type NO microsensor (13), the surface of a bare Pt disk
electrode is electrochemically platinized by cyclic voltammetry in a platinizing solution
(3% chloroplatinic acid in water). As the potential is scanned (from +0.6 to –0.35 V vs.
Ag/AgCl) using cyclic voltammetry (see Chapter 11), Pt(IV) ions are electroplated on the
bare Pt disk electrode to create a porous and roughened electrode surface. The platinized
Pt electrode has a larger active surface area as demonstrated by the larger recorded cur-
rents and lower detection limits for NO measurements compared with bare Pt electrodes
as shown in Figure 6.3.10.1.

In this Clark-type NO microsensor, a PTFE gas permeable membrane was used for
selectivity specific to NO. A capillary structure with the bottom end simply covered with
a thin PTFE gas permeable membrane (~30 �m thick) was used as an outer sleeve of the
sensor. A platinized Pt working electrode with a Ag wire reference electrode coiled around
its glass sheath was inserted into the outer sleeve filled with an internal solution (aqueous
30 mM NaCl and 0.3 mM HCl solution as recommended by Shibuki) to optimize kinetics
of NO oxidation at the platinum working electrode of the NO gas sensor (20). The Pt
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electrode was pushed smoothly toward the PTFE membrane to cause the inner working
electrode to protrude from the end plane of the outer sleeve without tearing the membrane.
Therefore, the dimension of the NO microsensor is the sum of the inner electrode diame-
ter and the membrane thickness.

Other types of planar NO microsensors include Pt microelectrodes chemically modified
by electrodeposition of metalloporphyrin-like nickel(II) complexes. For example, tetrasul-
fonated phthalocyanine tetrasodium (NiTSPc) was electrodeposited on the bare electrode
surface by repetitive cyclic voltammetry (21). Alternatively, electrode functionalization
using nickel(4-N-tetramethyl)pyridyl porphyrin (NiTmPyP) as an electrocatalyst was also
carried out by applying multiple pulses in differential pulse amperometry (22). In this case,
the electrocatalyst was entrapped in a NO selective polymer network of a negatively
charged acrylic acid resin that prevented access by anionic interfering species.
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Figure 6.3.10.1 (a) Typical dynamic response curves for bare Pt-based NO microsensors and pla-
tinized Pt-based NO microsensors; (b) Corresponding calibration curves for bare Pt-based NO
microsensors (�) and platinized Pt-based NO microsensors (�). [Reprinted with permission from
Y. Lee, B. K. Oh, M. E. Meyerhoff, Anal. Chem. 76, 545–553 (2004). Copyright 2004, American
Chemical Society.]
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6.3.10.3 Characterization of NO microsensors

Effective NO sensors have high selectivity for NO, good sensitivity (low detection
limit), linearity, fast response times, and long-term stability. These features can be 
evaluated using dynamic sensor response curves in which the sensor current (propor-
tional to the concentration of NO) is recorded at a constant working electrode potential
(sufficient to oxidize NO to nitrate) while a given amount of NO standard solution is
successively added to the stirred deaerated background solution. The NO standard solu-
tion is prepared by bubbling NO gas into the same kind of deaerated solution as the
sample background solution (assuming a concentration of NO in this saturated solution
of 1.9 mM (23)).

The sensitivity (in A/M) and the linear dynamic range for any given sensor are deter-
mined from calibration curves (i.e., plots of the steady-state currents from the dynamic
response curves vs. the corresponding NO concentrations). Typical dynamic response
curves and calibration curves are shown in Figure 6.3.10.1. Compared with sensors based
on a bare Pt electrode, NO sensors based on a platinized Pt electrode have significantly
improved sensitivity. The stability of a NO sensor is tested through the reproducibility of
calibration curves obtained with time. Electrochemically stable sensors should generate
similar and reproducible calibration curves in repeated measurements regardless of sensor
operating time. The selectivity of a NO sensor is determined by monitoring sensor
responses in the presence of interfering species which can be easily oxidized at the redox
potential for NO. For example, in the same experimental setup used for obtaining NO
dynamic response curves, sensor currents are monitored in the presence of varying amounts
of possible interferents (e.g., dopamine, ascorbic acid, nitrite, etc.) instead of NO added
into the solution. No (or little) response of the NO sensor to the addition of these species
verify the selectivity of the sensor exclusively for NO. Lastly, response times are calculated
as the time required to reach a certain percentage (e.g., 90%) of the steady-state response
currents when NO concentration changes. The response time depends primarily on the
thickness of the membrane covering the bare or platinized Pt electrode. Fast response times
are essential for real-time detection of unstable analytes with short life-time (like NO).
Therefore, it is important to fabricate NO sensors with thin gas permeable membranes.

6.3.10.4 Bulk vs. surface NO measurements

When the concentration of an analyte is constant (i.e., the analyte molecules are homoge-
neously distributed) through a sample solution, a sensor generates an identical signal (only
proportional to the analyte concentration) regardless of its location in the solution. [Note
that the sensor should be positioned away from the container walls so that mass transport
of analytes to the sensor is unhindered.] In contrast, the position of a sensor becomes a key
factor when the concentration of an analyte is highly location dependent as in measure-
ments of NO generated from biological samples (e.g., mammalian endothelial cells) or NO
releasing materials. Because the life-time of NO is relatively short, positioning an NO
microsensor near the surface of its source is crucial to detecting NO before it decays.
Recently, it was reported that NO-microsensor signals measured over endothelial cells
were a function of the distances between the sensor and the surfaces of NO generating
cells (22). In fact, a higher current was measured at a shorter distance over the same cells.
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This result indicates that the distance of the sensor from the NO source plays an important
role in quantitative measurements of NO.

The effect of the size of a sensor on the levels of NO detected near the surface of its
source has been investigated (13). A larger sensor exhibited a higher signal even at the
same distance from the surface of the same NO releasing samples. The higher signal also
occurred in NO sensors having different insulating sheath sizes but with an equal electrode
area. This result was attributed to a NO trapping effect where the large insulating sheath
of a large sensor prevents free diffusion of NO generated from the sample, thus leading to
falsely elevated NO local concentrations near the large NO sensor (relative to levels at the
same distance when no sensor was present). Therefore, the sensor distance from NO
sources and the sensor size and geometry must be known for accurate NO measurements
near NO generating samples.
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6.3.11 Glass nanopore electrodes

Bo Zhang, Gangli Wang, and Henry S. White
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UT 84112, USA

6.3.11.1 Introduction

The truncated conical-shaped glass nanopore electrode (for brevity, hereafter referred to as a
“glass nanopore electrode” or GNE) comprises a Pt microdisk electrode sealed at the bottom
of a conical-shaped pore in glass (1). The radius of the pore orifice can be varied between 5
nm and 1 �m. The GNE was developed as a structurally simple platform for nanopore-based
sensors and for investigating molecular transport through orifices of nanoscale dimensions.

Fabrication of a GNE, depicted in Figure 6.3.11.1, involves four general steps: (i) elec-
trochemically etching a small diameter Pt wire to produce a sharp tip with a radius of cur-
vature of a few nanometers; (ii) sealing the sharpened Pt tip into a glass capillary; (iii)
polishing the capillary until a Pt nanodisk is exposed; and (iv) electrochemically etching
the exposed Pt to produce a truncated cone-shaped nanopore in glass, the bottom of the
pore defined by a Pt microdisk electrode. Each step can be performed in an electrochem-
ical laboratory without any specialized equipment.

Owing to the conical shape of the pore, transport of redox molecules from the bulk solu-
tion to the electrode surface, Figure 6.3.11.2, is largely determined by the solution resist-
ance in vicinity of the pore orifice (2). This geometry-based localization of the pore
resistance to the orifice, originally described by Martin and coworkers (3, 4), suggests that
transport selectivity can be achieved by chemical modification of the interior glass surface
near the pore orifice. Two additional advantages are associated with the conical shape
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Figure 6.3.11.1 Fabrication of a GNE.
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pore. First, higher ionic conductance can be achieved with conical-shaped pores relative
to straight cylindrical pores, without sacrificing the ability to localize the resistance to the
pore orifice. Second, the steady-state flux of molecules (or ionic conductivity) in a 
conical-shaped pore is independent of the pore depth for pores that have a depth �20� the
orifice radii (2). This characteristic is advantageous in the fabrication of nanopores. As
with other types of micro- and nanometer-scale electrodes, the GNE can be used for quan-
titative measurements in highly resistive solution without suffering from prohibitive
Ohmic potential losses (5).

6.3.11.2 Fabrication (6)

Fabricating a nanopore in glass, Figure 6.3.11.1, is primarily limited by the initial sharp-
ness of the Pt tip and the ability to expose a very small Pt disk by polishing the glass.

(a) Pt tip preparation
A 25-�m diameter Pt hard wire (Alfa-Aesan, 99.95%), about 4 cm in length, is attached to
a stiff W wire using Ag conductive epoxy. The W/Pt wire is then carefully inserted into a
glass capillary, leaving ~2 cm of the Pt wire out of the capillary. The end of the Pt wire
(~1 cm) is immersed vertically into a 15% CaCl2 solution prepared from a 1:1 (v/v) mix-
ture of H2O and acetone and an ac voltage of 3 V is applied between the Pt tip and a larger
Pt wire, resulting in vigorous bubbling at the Pt tip. The ac voltage is removed as the bub-
bling ceases, indicating complete etching of the wire to the solution/air interface. The
sharpened Pt tips were cleaned by rinsing in H2O, EtOH, and piranha solution. Tips 
prepared by this method were found by transmission electron microscopy to have radii of
curvature of ~50 nm. The tips were further sharpened by electropolishing in dilute H2SO4

using the procedure described by Libioulle et al. (7). The etched Pt tip is inserted into 0.1
M H2SO4 solution and positive 15 V pulses (vs. a large Pt electrode) of 16 �s duration were
applied using a homemade waveform generator at a repeating frequency of 4 kHz for ~1
sec. A �1.1 V dc voltage is then applied to the Pt wire for ~60 sec to reduce any remain-
ing surface oxide. This two-step electropolishing process is repeated three times. Pt tips
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Figure 6.3.11.2 Flux as a function of position at a GNE. Note that the flux reaches a maximum
value at the pore orifice, rather than at the electrode surface. This behavior is a result of the diffu-
sion resistance being localized at the pore orifice (5).
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with apex radii less than 20 nm, Figure 6.3.11.3, as measured by transmission electron
microscopy, are obtained by this method.

(b) Sealing the Pt tip in glass
Soda–lime (Warner Instruments Inc., i.d. = 0.75 mm; o.d. = 1.65 mm) and Pb-doped
Corning 8161 glass (Warner Instruments Inc., i.d. = 1.10 mm; o.d. = 1.50 mm) capillaries
were chosen based on their low softening temperature (700 and 604 �C, respectively), elec-
trical properties, and thermal expansion coefficients (6, 8). The softening temperatures of
these glasses are ~1100 �C lower than the melting point of Pt (1769 �C), allowing the Pt
tip to be sealed without melting. Following step (i), the W/Pt wire is pulled back into the
capillary, leaving ~5 mm of glass extending past the Pt tip. The glass capillary is inserted
into the center of a ceramic tube without touching the tube, and the outside of the ceramic
tube is heated using a H2�O2 torch. During heating, the glass capillary is rotated slowly
by hand, allowing the softened glass to collapse around the end of the sharpened Pt wire.
Approximately 3 mm of solid glass extends past the end of the Pt tip.

(c) Exposing the Pt nanodisk
The glass-sealed Pt electrodes are sanded using 400, 800, 1200 grit papers until the glass
gap between the Pt tip and its mirror image, viewed under an optical microscope (40�) is
less than ~1 �m. The electrode is then polished on microcloth wetted with an aqueous
slurry of 50 nm aluminum oxide power (Alfa Aesar) containing 0.1 M KCl. An electrical
continuity measurement employing a simple electrical circuit is used to determine when
the dc resistance between the W wire extending from the top of the capillary and the wet-
ted polishing cloth decreased below ~2 G� (8). Electrode radii (a) are determined at this
point by measuring the diffusion-limited voltammetric current (id) for the oxidation of 5
mM ferrocene (Fc) in CH3CN, using the equation id = 4nFDC*a, where n is the number of
electrons transferred, F is Faraday’s constant, and D is the diffusion coefficient of Fc 
(2.4 � 10�5 cm2 sec�1). An example is shown in Figure 6.3.11.4. For larger electrodes 
(a � 75 nm), the electrochemical measurement yields values that are within 20% of values

256 6. Ultramicroelectrodes

Figure 6.3.11.3 Sharpened Pt wire with ~2 nm tip radius (8).
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determined by scanning electron microscopy (SEM). The radii of smaller nanodisks are
difficult to measure by SEM due to surface charging of the glass surface.

(d) Etching the Pt disk to create a pore
The Pt surface of the nanodisk electrode is electrochemically etched in a 15% CaCl2 solu-
tion (pH ~ 5.5) with the entire cell placed in an ultrasonic bath to increase the rate of trans-
port of the etching products out of the pore. A 5 V ac voltage is applied between the Pt
nanoelectrode and a Pt wire counter. Large nanodisk electrodes (�100 nm) required sig-
nificantly shorter etching times (10–20 sec) than smaller nanodisk electrodes (�50 nm,
5–20 min) to generate a pore in the glass with a depth at least 10� the pore orifice radius.
The electrode is then rinsed with water.

6.3.11.3 Characterization of GNEs (2)

Determination of the GNE geometry requires experimental measurement of at least three
of the four geometrical parameters shown in Figure 6.3.11.5: the pore depth (d), orifice
radius (a), microdisk radius at the pore base (ap), and the pore half-cone angle (�).

(a) Pore orifice radius
The value of a is also equal to the radius of the Pt disk prior to etching the Pt to generate
the pore. The disk radius is determined by measuring the steady-state diffusion-limited
current in a solution containing millimolar concentrations of a redox-active molecule. The
accuracy in determining a based on id depends on whether the geometry of the pore walls
after etching faithfully reproduces the shape of the original Pt wire surface. Scanning elec-
tron microscopy images have shown that the orifice radius is within 20% of the original Pt
disk radius after etching the Pt.

(b) Half-cone angle
Values of � are determined to within 1� by optical and electron microscopy of the etched
Pt wire prior to sealing it in glass. The angle � is constant except at the very apex of the
sharpened wire. Limitations of a varying � near the tip of the wire have been discussed (2).
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Figure 6.3.11.4 Voltammetric response of a 10.5-nm radius Pt nanodisk electrode corresponding to
the oxidation of ferrocene in acetonitrile. Also shown is the i�V response prior to exposing the Pt disk.
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(c) Radius of Pt disk at the bottom of the pore
At sufficiently high scan rates in a voltammetric experiment, the current becomes limited
by planar diffusion of redox molecules initially present in the pore and adjacent to the Pt
surface. The voltammetric response of the GNE is identical to that of a shielded macro-
scopic planar electrode in this limit (2). The value of ap is determined from the slope of a
plot of the voltammetric peak current, ip, versus the square root of scan rate, �1/2, accord-
ing to the expression:

(6.3.11.1)

(d) Pore depth
A value of d is obtained by geometry if a, �, and ap are previously measured by the above
methods. Alternatively, at intermediate scan rates, the GNE behaves as a thin-layer elec-
trochemical cell, exhibiting symmetrical cathodic and anodic voltammetric peaks corre-
sponding to redox molecules initially present in the pore. This thin-layer cell response is
superimposed on the steady-state diffusion current (equation (6.3.11.3), presented below
in Section 6.3.11.4) and the peak current is approximated by:

(6.3.11.2)

where R is the gas constant, T is absolute temperature, and Vp is the pore volume. If any
pair of geometrical parameters is known (e.g., � and ap), then d can be computed from the
value of Vp obtained from a linear plot of ip versus �.
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Figure 6.3.11.5 Geometrical parameters of a GNE (2).
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6.3.11.4 Voltammetric response of GNEs

The transient and steady-state voltammetric responses of GNEs have been analyzed by
simulation, theory, and experiment (1, 2). An approximate analytical expression for the
diffusion-limited steady-state current at a GNE, ilim, is given by equation (6.3.11.3):

(6.3.11.3)

where all variables and constants are defined above. Equation (6.3.11.3) is derived from the
general definition of the limiting current, , where RMT is the steady-state
mass-transfer (diffusion only) resistance comprising the internal pore resistance, Rin, and
the external solution resistance, Rex. The latter is equivalent to the mass-transport resistance
at a disk electrode, Rex = 1/4Da. For small cone angles, � � 20�, the pore resistance can be
approximated as Rin = d/Da�(a + d tan �) with reasonable accuracy (�5% error), which,
when combined with the above expression for Rex and RMT, yields equation (6.3.11.3).

In the limit d → 0, the GNE geometry reduces to that of a disk electrode of radius a and
equation (6.3.11.3) reduces to:

, (6.3.11.4)

the well-known expression for the steady-state limiting current at a disk-shaped electrode.
Conversely, in the limit d → �, corresponding to a very deep pore, equation (6.3.11.3)
reduces to:

(6.3.11.5)

A key prediction of equation (6.3.11.5) is that is independent of d, a consequence of
the radial divergent flux within a conical-shaped pore. For typical values of � obtained in
preparing GNEs (~10�), the current (equation (6.3.11.1)) asymptotically approaches the
depth-independent value (equation (6.3.11.5)) when the pore depth is at least 20� greater
than the radius of the pore orifice. For instance, for a pore with a 20-nm radius orifice, any
pore depth greater than ~400 nm will yield a similar value of the steady-state limiting cur-
rent. Experimental measurements of ilim as a function of d confirm the behavior predicted
by the above set of equations (2).

Figure 6.3.11.6 shows typical behavior of a GNE with a 74-nm radius orifice (includ-
ing the voltammetric response of the nanodisk electrode prior to etching the Pt to create
a pore). Etching the pore to micrometer depths results in an ~75% decrease in the steady-
state current relative to the unetched nanodisk electrode, in quantitative agreement with
equation (6.3.11.5) using the measured value of � ~ 10�. This current reflects the rate
atwhich ferrocene diffuses across the pore orifice (mol sec�1). When the same GNE is re-
etched to create an even deeper pore, the voltammetric response displays a “thin-layer”
shape, corresponding to oxidation of the ferrocene molecules initially within the pore.
The thin-layer response of the GNE can be exploited to detect very small numbers of
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molecules contained within the pore. Finite-element simulations of the transient voltam-
metric response have also been reported and are in good agreement with experimental
observations (1, 2).
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Figure 6.1.11.6 Voltammetric response of a GNE in a 5 mM ferrocene/acetonitrile solution as a
function of pore depth. The radius of the Pt nanodisk prior to etching is 74 nm. All curves were
recorded at 10 mV sec�1.
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Potentiometric Ion-Selective Electrodes

Shigeru Amemiya

Department of Chemistry, University of Pittsburgh, 219 Parkman Avenue,
Pittsburgh, PA 15260, USA

7.1 INTRODUCTION

Potentiometric ion-selective electrodes (ISEs) are one of the most important groups of
chemical sensors. The application of ISEs has evolved to a well-established routine ana-
lytical technique in many fields, including clinical and environmental analysis, physiol-
ogy, and process control. The essential part of ISEs is the ion-selective membrane that is
commonly placed between two aqueous phases, i.e., the sample and inner solutions that
contain an analyte ion. The membrane may be a glass, a crystalline solid, or a liquid (1).
The potential difference across the membrane is measured with two reference electrodes
positioned in the respective aqueous phases

reference electrode 2 || sample solution | membrane | inner solution || reference electrode 1
(cell 1)

Under equilibrium conditions, the measured potential (or emf of the cell), E, can be
expressed as

(7.1.1)

where zI is the charge of the analyte ion, I, aI
W is its activity in the sample solution, and

the constant term, EI
0, is unique for the analyte and also includes the sum of the potential

differences at all the interfaces other than the membrane/sample solution interface. This
well-known “Nernst” equation for ISEs represents their unique response properties, i.e.,
Nernstian responses, where the sensor signal, E, is proportional to logarithm of the analyte
activity rather than the activity itself. The slope in an E versus (or more commonly

) plot is used for identification of the analyte based on the charge. A wide range 
of the analyte activity can be determined because of the logarithmic dependence of the
logaI
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Figure 7.1 Schematic view of the equilibrium between sample, ion-selective membrane, and inner
filling solution (cell 1). The cation-selective membranes are based on (A) cation exchanger (R�), (B)
electrically neutral ionophore (L) and anionic sites (R�), and (C) charged ionophore (L�) and
cationic sites (R�). The aqueous solutions contain an analyte cation (I�) and its counter anion (X�).
Adapted from reference (2).

potential on the analyte activity. Moreover, a very low analyte activity can be determined
only by measuring the potential difference rather than detecting a very small signal. A
well-known example is a glass membrane pH electrode, which has a detection limit of
down to 10�12 M for H�.

How can we create such a membrane for a wider range of analytes? The most suc-
cessful approach is to use ion-selective liquid membranes (2, 3). The liquid membranes
are hydrophobic and immiscible with water, and most commonly made of plasticized
poly(vinyl chloride). The selectivity is achieved by doping the membranes with a
hydrophobic ion (ionic site) and a hydrophobic ligand (ionophore or carrier) that selec-
tively and reversibly forms complexes with the analyte (Figure 7.1). Whereas the tech-
nique has been well established experimentally since the 1960s, it is only recently that
the response mechanisms are fully understood. In this chapter, principles of liquid mem-
brane ISEs will be introduced using simple concepts of ion-transfer equilibrium at
water/liquid membrane interfaces. Non-equilibrium effects on the selectivity and detec-
tion limits will also be discussed. This information will enable practitioners of ISEs to
better optimize experimental conditions and also to interpret data. Additionally, exam-
ples of ISEs based on commercially available ionophores are listed. More comprehen-
sive lists of ionophore-based ISEs developed so far are available in recent IUPAC
reports (4–6).
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7.2 CLASSIFICATION AND MECHANISM

7.2.1 Phase boundary potential

Potentiometric responses of liquid membrane ISEs depend on a change in the phase
boundary potential at the membrane/sample solution interface, which is controlled by bulk
equilibrium (7). When an ion, i, with charge zi is transferred across the interface between
the sample and membrane phases, the ion-transfer reaction is defined as

(7.2.1)

Under equilibrium conditions between the two phases, the electrochemical potentials of
the ion in the sample and membrane phases, and , respectively, is equal

(7.2.2)

which is equivalent to

(7.2.3)

where ai
W and ai

M are the ion activities in the sample and membrane phases, respectively,
�i

W,0 and �i
M,0 are the standard chemical potentials of the ion in the respective phases, and

φW and φM are the inner potentials in the respective phases. Rearrangement of equation (7.2.3)
gives the phase boundary potential, , as a function of the ion activities

(7.2.4)

with

(7.2.5)

(7.2.6)

where ki is the so-called single ion distribution coefficient. Equations (7.2.1) and (7.2.4)
for the ion-transfer reactions are counterparts of the half reaction and the Nernst equation
for redox reactions at liquid/solid electrode interfaces, respectively.

To obtain a Nernstian response to the ion, its membrane activity must be constant and
independent of the sample activity so that equation (7.2.4) can be simplified to

(7.2.7)

where the constant term is . The activity term of equation (7.2.7) is the
origin of the activity term of equation (7.1.1) for Nernstian responses. Also, the constant

( ) ( )RT z F k a/ ln /i i i
M

�W
M

i
i
Wconstantφ = +

RT

z F
aln

k
RT

z Fi
i
M,0

i
W,0

i

= −
−⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

exp
( )� �

�W
M M W

φ φ φ= −

�W
M

i

i i
W

i
M

φ =
RT

z F

k a

a
ln

�W
M

φ

� �i
M,0

i
M

i
M

i
W,0

i
W

i
W+ + = + +RT a z F RT a z Fln lnφ φ

� �i
M

i
W=

�i
M�i

W

i membrane i samplez zi i( ) ( )�

7.2 Classification and Mechanism 263

Ch007.qxd  12/22/2006  10:56 AM  Page 263



term of equation (7.1.1) includes that of equation (7.2.7) so that, in an E versus 
plot, not only the response slope but also the intercept depends on the transferred ion,
which is an expression of the ion selectivity. In any potentiometric experiment, the sam-
ple solutions of an analyte ion (primary ion) also contain its counter ions and, in most
cases, its co-ions (interfering ions). Nernstian responses can be obtained when the primary
ion is the only major ion that is selectively transferred across the interface between the two
phases as demonstrated below.

7.2.2 Ion-exchanger-based ISEs

Since the sample solutions always contain similar concentrations of an analyte ion and its
counter ions, the primary requirement for Nernstian responses is selective membrane per-
meability for the analyte against the aqueous counter ions. The selectivity can be obtained
simply by doping a membrane with ionic sites that have a charge opposite to that of the
analyte. This type of membrane electrode based on ionic sites is called ion-exchanger-
based ISEs or more specifically, ionophore-free ion-exchanger-based ISEs because any
liquid membrane ISE has an ion-exchange capability for Nernstian responses. Table 7.1

logai
W
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Table 7.1

Membrane compositions and selectivity coefficients of ion-exchanger-based ISEs

Ion Membrane compositiona b Method Reference

Na�c DOS (66.15), PVC  H�, (0.8); K�, (0.5); Ag�, (0); FIM (9)
(33.40), NaTFPB (0.45) N(CH3)4

�, (1.6); Mg2�, (�2.2); 
Ca2�, (�2.2); Cu2�, (�2.2); Cd2�, (�2.2)

Cl�c oNPOE (66), PVC (33), F�, �1.8; Br�, 1.3; I�, 3.3; HCO3
�, SSM (10)

TDDMACl (1) �1.4; NO2
�, 1.1; NO3

�, 2.0; SCN�, 3.8; 
ClO4

�, 5.1; acetate�, �1.5; SO4
2�, �1.6

aThe weight percentages of ionic site, plasticizer, and PVC are given in parentheses.
bUnbiased selectivity coefficients are given in parentheses.
cThe selectivity coefficients were determined for another primary ion (Pb2� and NO2

� for the cation- and anion-
exchange electrodes) and then recalculated for the present ion.

logkI,J
pot
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lists examples of the electrodes and the structures of representative ionic sites and mem-
brane plasticizers. Cation selectivity against anions can be obtained by doping a membrane
with an analyte salt of a tetraphenylborate derivative as an anionic site, whereas anion
selectivity can be obtained by doping a membrane with an analyte salt of a lipophilic
tetraalkylammonium as a cationic site.

When a membrane doped with anionic sites is in contact with an aqueous solution of
I�X�, I� is exchanged across the interface (Figure 7.1A). The aqueous counter ion is
excluded from the membrane phase because of the “common ion” effect. Transfer of an
aqueous counter ion into the membrane phase must be followed by simultaneous transfer of
the analyte so that the electroneutrality is maintained in the two phases. The salt-extraction
process can be defined as

(7.2.8)

Also, the equilibrium reaction can be quantified by salt-partitioning constant, KP, as
defined by

(7.2.9)

The high membrane concentration of the analyte as a counter ion of the ionic sites shifts
the equilibrium such that the aqueous counter ion is excluded from the membrane. Thus,
the concentration of the aqueous anion in the cation-selective membrane doped with
anionic sites is negligible in the charge balance in the membrane phase

(7.2.10)

where brackets indicate the membrane concentration of the species. Since the membrane
concentration of the analyte is fixed by the concentration of the anionic site, the phase
boundary potential given by equation (7.2.4) depends only on the analyte activity in the
sample solution, resulting in a Nernstian response.

While ion-exchanger-based ISEs provide a very high selectivity against the counter ions
of an analyte, a drawback is the lack of the selectivity against the co-ions. The selectivity
against interfering co-ions is primarily determined by hydrophobicity of the ions as quan-
tified by ki. It is well known that selectivity of anion-exchanger-based ISEs among inor-
ganic anions follows so-called Hofmeister series

(7.2.11)

This selectivity sequence means that, for example, Cl� in the membranes can be easily
replaced with more hydrophobic anions. When it is completely replaced with another anion,
the phase boundary potential becomes independent of the sample activity of Cl� and is
determined by that of the interfering anion. The ion-exchange equilibrium is defined as
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with the ion-exchange equilibrium constant, KE

(7.2.13)

When Y� is more hydrophobic than X�, kY � kX, so that KE is �1. In the sample solution
containing both X� and Y�, X� can be more easily replaced by Y� at higher activity of
Y� and lower activity of X�. Because of this selectivity mechanism, ion-exchanger-based
electrodes were developed mostly for hydrophobic ions such as organic ions and drugs for
pharmaceutical applications (8).

7.2.3 Neutral-ionophore-based ISEs

Selectivity of ion-exchanger-based ISEs can be modified by adding an electrically neutral
ionophore to the membranes (Figure 7.1B). Examples of ISEs based on commercially
available neutral ionophores are summarized in Table 7.2. The neutral-ionophore-based
electrodes were first developed using an antibiotic such as valinomycin as a K�-selective
ionophore (K�-1). In addition to naturally occurring ionophores, many neutral ionophores
were synthesized for alkaline cations, alkaline earth cations, heavy metal ions, and inor-
ganic anions.

When a membrane containing anionic sites is doped with a cation-selective neutral
ionophore, the cationic analyte in the membrane phase forms complexes with the
ionophore

(7.2.14)

where the formation constant, �, is given by

(7.2.15)

When the formation constant is large enough and the membrane contains an excess
amount of the free ionophore, the complexation reaction proceeds completely so that most
analytes in the membrane are in the complexed form. Therefore, the charge balance in the
membrane phase can be simplified as

(7.2.16)

where RT is the total concentration of ionic sites (anionic sites in this example). Also, com-
bination of the mass balance equation for the ionophore with equation (7.2.16) gives the
membrane concentration of the free ionophore as
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Table 7.2

Membrane compositions and selectivity coefficients of ISEs based on commercially available neutral ionophores and their complexation constants

Ion Membrane compositiona b Method log � (n)c Reference

H� H�-1 (1), PVC (30), oNPOE (69), Li�, �6.9; Na�, �5.6 FIM � (13)
KTpClPB (70)

Li� Li�-1 (1), oNPPE/TEHPd (70), H�, �2.6; Na�, �2.5; K�, �2.4; Rb�, �1.5; SSM 5.33 (1) (14)
PVC (28), KTpClPB (71) Cs�, �1.2; NH4

�, �2.4; Mg2�, �4.1; Ca2�, �3.8; 
Sr2�, �3.9; Ba2�, �3.7

Li� Li�-2 (2.5), PVC (33), H�, �2.6; Na�, �1.9; K�, �3.2; Rb�, �3.1; Cs�, �3.8; SSM 10.40 (1) (15)
oNPOE (66), KTpClPB (15) NH4

�, �3.8; Mg2�, �2.4; Ca2�, �1.0; Sr2�, �0.9; 
Ba2�, �1.1

Na� Na�-1 (0.66), o-NPOE (70), H�, �2.2; Li�, �2.5; K�, �2.0; Cs�, �2.1; SSM (FIM)e 10.27 (1) (16)
PVC (28), KTpClPB (50) NH4

�, �2.7; Mg2�, �2.9; Ca2�, �2.6

Na� Na�-2 (1), o-NPOE (65), H�, �0.8; K�, �1.5; Mg2�, �3.8; Ca2�, �1.6 SSM 10.91 (2) (17)
PVC (33), KTpClPB (11)

K� K�-1 (1.2), DOS (65), Na�, �4.1 (�4.5); Mg2�, �5.2 (�7.5); SSM 10.10 (1) (18)
PVC (33), NaTFPB (60) Ca2�, �5.0 (�6.9)

K� K�-2 (2), oNPOE (33), Li�, �3.8; Na�, �3.2; NH4
�, �2.1; SSM 10.04 (1) (19)

PVC (65), KTpClPB (70) Mg2�, �5.0; Ca2�, �4.5

Cs� Cs�-1 (0.4), PVC (33.2), Li�, �3.3; Na�, �2.1; K�, �3.2; Rb�, �0.8; SSM � (20)
oNPOE (66.3), KTpClPB (62) Rb�, �1.0; Mg2�, �3.0; Ca2�, �3.5

NH4
� NH4

�-1 (3), PVC (30), Li�, �3.5; Na�, �2.4; K�, �1.0; Rb�, �1.5; SSM � (21)
BEHS (66.5), KTpClPB (25) Cs�, �2.4; Mg2�, �4.0; Ca2�, �3.8; Sr2�, �3.6; 

Ba2�, �4.0

Mg2� Mg2�-1 (1), PVC (33), H�, �6.5; Li�, �0.9; Na�, �2.3; K�, �1.2; SSM 13.84 (3) (22)
oNPOE (65), KTpClPB (50) Rb�, �0.6; Cs�, �0.3; Ca2�, �1.5; Sr2�, �0.3; 

Ba2�, �0.3

Mg2� Mg2�-2 (2), oNPOE (66), Li�, �3.6; Na�, �3.0; K�, �1.4; Rb�, �0.5; Cs�, �0.6; SSM � (23)
PVC (32), KTpClPB (100) NH4

�, �2.0; Ca2�, �2.5; Sr2�, �2.9; Ba2�, �2.3

Ca2� Ca2�-1 (0.46), oNPOE (66), Na�, �3.4 (�8.3); K�, �3.8 (�10.1); SSM 29.2 (3) (24)
PVC (33), NaTFPB (50) Mg2�, �4.6 (�9.3)
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Ion Membrane compositiona b Method log � (n)c Reference

Ca2� Ca2�-2 (1), oNPOE (64), H�, �4.4; Li�, �2.8; Na�, �3.4; SSM 24.54 (2) (25)
PVC (34.5), KTpClPB (69) K�, �3.8; Mg2�, �4.4

Ca2� Ca2�-3 (2), oNPOE (66), H�, �3.7; Li�, �4.1; Na�, �4.1; K�, �4.5; Rb�, �4.2; SSM � (23)
PVC (32), KTpClPB (100) Cs�, �4.0; NH4

�, �4.2; Mg2�, �5.0; Sr2�, �1.0; 
Ba2�, �2.0

Ba2� Ba2�-1 (1), PVC (33), H�, �1.6; Li�, �3.2; Na�, �2.7; K�, �2.7; Rb�, �2.9; SSM � (26)
oNPOE (66), KTpClPB (65) Cs�, �2.9; NH4

�, �3.2; Mg2�, �7.8; Ca2�, �1.8; 
Sr2�, �0.2

Cu2� Cu2�-1 (1.2), PVC (57.2), Na�, �2.7; K�, �2.3; Mg2�, �3.6; Ca2�, �3.6; FIM � (27)
oNPOE (34.3), KTpClPB (24) Sr2�, �3.7; Mn2�, �2.5; Ni2�, �3.2; Co2�, �4.0; 

Zn2�, �2.2 Cd2�, �4.4; Pb2�, �0.7

Ag� Ag�-1 (1.1), DOS (66), Na�, �3.4 (�6.2); K�, �3.3 (�5.7); Ca2�, �4.0 (�8.0); SSM � (24)
PVC (32), KTpClPB (29) Pb2�, �4.3 (�6.0); Cu2�, �4.1 (�7.7)

Pb2� Pb2�-1 (1.57), DOS (66.15), H�, (�7.5); Na�, (�7.5); K�, (�6.9); Ag�, f (9.5); SSM � (9)
PVC (33.40), NaTFPB (34) N(CH3)4

�, (�6.5); Mg2�, (�13.9); Ca2�, (�13.1); 
Cu2�, (�4.0); Cd2�, (�6.3)

Pb2� Pb2�-2 (1.24), DOS (66.15), H�, (4.4); Na�, (3.5); K�, (4.5); Ag�, (21.8); SSM � (9)
PVC (33.40), NaTFPB (17) N(CH3)4

�, (6.7); Mg2�, (�1.7); Ca2�, (�1.1); 
Cu2�, (0.3); Cd2�, (�0.3)

Cl� Cl�-1 (2), DOS (65), PVC (33), F�, �5.2; Br�, �0.7; I�, �0.7; HCO3
�, �4.7; SSM � (28)

TDDMACl (1) NO3
�, �2.5; SCN�, �0.3; ClO4

�, �0.2; acetate�, �5.2; 
salicylate�, �0.8; SO4

2�, �5.5; HPO4
2�, �5.2

CO3
2� CO3

2�-1 (9.7), DOS (59.0), Cl�, �5.0; Br�, �3.6; NO3
�, �1.8; SCN�, 0.5; SSM � (29)

PVC (2 9.5), TDDMACl (13.8) salicylate�, 3.6; SO4
2�, �5.0; HPO4

2�, �5.0

aThe weight percentages of ionophore, plasticizer, and PVC are given in parentheses. The amount of ionic sites is in mol% relative to the ionophore.
bUnbiased selectivity coefficients are given in parentheses.
cData from reference (30). n is the assumed stoichiometry.
d98:2 mixture of o-nitrophenyl phenyl ether and tris(2-ethylhexyl)phosphate.
eSSM for monocations and FIM for dications.
fObtained with oNPOE.
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where LT is the total concentration of the ionophore. Since the membrane contains both
free and complexed ionophores, the free analyte concentration in the membrane phase is
buffered to be low and independent of the sample composition. Combination of equations
(7.2.15)–(7.2.17) gives the free analyte concentration, and subsequently its activity as

(7.2.18)

where and are the membrane activities of the complexes and the free ionophore,
respectively. The sample-independent membrane activity results in the Nernstian response
to the analyte ion. Moreover, because of the complexation process, the analyte in neutral-
ionophore-based membranes is more stabilized than that in ion-exchanger-based mem-
branes. The lower free analyte activity in the membrane phase shifts the ion-exchange
equilibrium (see equation (7.2.12) for anions) such that the analyte is not exchanged with
an interfering ion at a lower analyte activity or at a higher interfering-ion activity in the
sample solution, leading to higher selectivity for the analyte.

While selective complexation makes the membrane more permeable to the analyte ion
than the co-ions, selectivity against counter ions in neutral-ionophore-based membranes is
achieved by ionic sites, not by the ionophore. In fact, the ionophore–analyte complexation
decreases the free analyte activity in the membrane to enhance the salt extraction into the
membrane phase, which may result in counter-ion interference due to Donnan exclusion
failure (7). Although the PVC matrix has inherent negative sites as an impurity (11), the
concentration is so low that the anionic sites were initially introduced in cation-selective
ISEs based on neutral ionophores to suppress the counter-ion interference (12).

7.2.4 Charged-ionophore-based ISEs

Another way to improve selectivity against interfering co-ions is to use electrically
charged ionophores. Commercially available charged ionophores and selectivity of the
ISEs based on them are listed in Table 7.3. This system appears to be an ion-exchanger-
based membrane based on the ionic sites that form a complex with an analyte selectively.
For example, Ca2�-selective electrodes based on organophosphate compounds are well-
known examples of charged-ionophore-based ISEs although they have also been called
ion-exchanger-based electrodes because of the ion-exchange capability. In this case, the
charged ionophore provides selectivity for Ca2� against both anions and other cations
simultaneously. Another important class of charged ionophores is positively charged met-
alloporphyrins for anions (31). For example, membranes doped with a chloride salt of
Mn(III)prophyrins respond selectively to Cl�, which is due to selective coordination of
Cl� to the positively charged metal center.

Despite the dual selectivity inherent to the charged ionophores, they have been studied
much less than neutral ionophores, limiting the number of examples. This is partially
because of the belief that the membranes with charged ionophores are less suited for 
potentiometric ISEs than those with neutral ones (32), which turned out to be wrong 
only recently. When a membrane is doped only with an electrically neutral complex of a
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Table 7.3

Membrane compositions and selectivity coefficients of ISEs based on commercially available
charged ionophores

Ion Membrane compositiona Method Reference

H� H�-2 (0.7), PVC (33), Li�, �9.6; Na�, �9.5; K�, �9.4 FIM (34)
oNPOE (66), 
TDDMACl (50)

Ca2� Ca2�-4 (1), DOPP (66), H�, 0.2; Li�, �1.2; Na�, �2.0; SSM (35)
PVC (33) K�, �2.3; Rb�, �2.2; Cs�, �2.4; 

NH4
�, �1.6; Mg2�, �1.6; Ba2�, �1.6; 

Sr2�, �0.9

Ca2� Ca2�-5 (1), DOS (65), H�, 1.0; Li�, �1.6; Na�, �1.4; SSM (35)
PVC (33), K�, �1.1; Rb�, �1.1; Cs�, �1.1; 
TDDMACl (48) NH4

�, �0.9

Sr2� Sr2�-1 (1.2), PVC (33), Mg2�, �4.9; Ca2�, �3.5; Ba2�, 0.8 SSM (36)
oNPOE (65), 
KTpClPB (50)

Cl� Cl�-2 (5), NPOE (90), Br�, 0.3; I�, 1.3; NO2
�, 0.5; NO3

�, �0.9; SSM (37)
1-decanol (4), ClO4

�, 1.5; acetate�, �3.7; SO4
2�, �5.9

TDDMATpBClPB (1)b

NO2
� NO2

�-1 (1),c NPOE (65), F�, �3.9; Cl�, �3.7; Br�, �3.3; SSM (10)
PVC (33), KTpClPB I�, �2.2; HCO3

�, �3.7; NO3
�, �3.5; 

(36.6) SCN�, 0.2; ClO4
�, �2.2; 

acetate�, �3.8; SO4
2�, �4.1

aThe weight percentages of ionophore, plasticizer, and PVC are given in parentheses. The amount of ionic sites
is in mole percent relative to the ionophore.
bUsed as a supporting electrolyte so that the weight percentage is given in the parentheses.
cThe ionophore structure is given in Figure 7.6.
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negatively charged ionophore and a cationic analyte, the complex partially dissociates in
the membrane

(7.2.19)

The reaction can be quantified with a formation constant as defined by equation (7.2.15) for
neutral ionophores. In contrast to the neutral ionophore system, free charged ionophore
does not exist in excess in the membrane so that complex dissociation is enhanced. With a
sufficiently large formation constant, the analyte activity in the membrane phase is given as

(7.2.20)

The analyte activity depends only on the square root of the formation constant rather than
the constant itself, which contrasts with the case of neutral ionophores. While the constant
analyte activity in the membrane phase results in a Nernstian response, the membrane
activity is relatively high and uncomplexed analytes are available for exchange with an
interfering ion.

It was recently found that use of ionic sites in charged-ionophore-based ISEs improves
the selectivity against interfering co-ions by providing excess free ionophores (10, 33).
Figure 7.1C illustrates a charged-ionophore-based membrane that contains a salt of a
cationic site and the charged ionophore in addition to the ionophore–analyte salt. Since the
ionophore interacts weakly with the cationic site, the salt of the cationic site dissociates
efficiently. Excess free ionophore provided from the ionic-site salt shifts the complexation
equilibrium in equation (7.2.19) such that the ionophore–analyte complexation is
enhanced. With the assumption that the ionophore–ionic-site salt dissociates completely,
the charge and mass balances in the membrane phase are given as

(7.2.21)

(7.2.22)

Combination of equations (7.2.21) and (7.2.22) with an expression for the formation con-
stant gives the membrane activity of the free analyte as

(7.2.23)

With the ionic sites, most analyte is in the complexed form so that the membrane activity
is not only independent of the sample solution but also very low. Equation (7.2.23) with
the buffering effect by ionophore is very similar to equation (7.2.18) for neutral
ionophores. Therefore, charged-ionophore-based membranes must be doped with ionic site
to improve the selectivity against interfering co-ions. In this specific example, the charge
sign of ionic sites is opposite to that of the ionophore, which is not always the case (34).
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Charge sign of ionic sites significantly affects the selectivity of charged-ionophore systems
as discussed in Section 7.3.2.

7.3 EQUILIBRIUM POTENTIOMETRIC RESPONSES

7.3.1 The Nikolsky–Eisenman equation and phase boundary 

potential model

Most ionophores form complexes not only with the analyte ion but also with the 
aqueous co-ions. Interference by co-ions is a major origin of experimental errors in the
analysis. The Nernst equation (7.1.1), however, does not describe the contribution of the
interfering ions to the measured potential. Traditionally, the influence of the interfering 
ions on the potentiometric responses has been described using the Nikolsky–Eisenman
equation (38)

(7.3.1)

where is the selectivity coefficient for the analyte ion, I, against an interfering co-ion, J,
and aJ and zJ are the sample activity and charge of the interfering ion. In a solution containing
no interfering ion, equation (7.3.1) is equivalent to the Nernst equation (7.1.1) for the ion.
Also, with only an interfering ion in a solution, equation (7.3.1) can be simplified to a Nernst
equation for the interfering ion as

(7.3.2)

with

(7.3.3)

Therefore, the selectivity coefficient can be determined by potential measurements in sep-
arate solutions containing only the analyte or interfering ion (Figure 7.2A: the separate
solution method, SSM). With potentials EI and EJ at sample activities of the respective
ions, aI (SSM) and aJ (SSM), or with the intercepts of the E versus log a plots, the selec-
tivity coefficient is given as

(7.3.4)

Importantly, the potentials must be measured in activity ranges in which the electrode
responses are Nernstian to the ions (39). While this requirement for equilibrium conditions
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can be checked experimentally, it is not always satisfied because of the non-equilibrium
effects as discussed in Section 7.4.

The selectivity coefficient can also be determined by measuring the cell potentials at
different analyte concentrations in the presence of a fixed concentration of an interfering
ion (Figure 7.2B: the fixed interference method, FIM). In this case, the Nernstian response
at high analyte activities is represented by equation (7.1.1). The constant potential at low
analyte activities is determined by the interfering ion, whereas the Nernstian response to
the interfering ion at the fixed activity should be confirmed in additional experiments (39).
Linear extrapolations of these responses at high and low activities result in a cross point,
which is defined as a detection limit. The selectivity coefficient can be obtained as

(7.3.5)

where aI(DL) is the analyte activity at the detection limit and aJ(FIM) is the fixed activity
of the interfering ion.

Despite the wide use of the Nikolsky–Eisenman equation and the selectivity coeffi-
cients, it is not so obvious whether this equation is valid when both analyte and inter-
fering ions significantly contribute to the phase boundary potentials (for example, near
the detection limit in Figure 7.2B). The equation was originally derived under equilib-
rium conditions for ions with the same charge number (specifically, zI � zJ � 1) and then
extended empirically (40). The experimental potentiometric responses in mixed ion
solutions may deviate from the Nikolsky–Eisenman equation when the (1) experimental
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Figure 7.2 Representation of the separate solution method (A; SSM) and fixed interference
method (B; FIM) under equilibrium conditions. Solid lines, response to monovalent primary ion;
dashed and dotted lines, monovalent and divalent interfering ions, respectively. In the case of the
FIM, the arrows indicate the detection limit. From reference (39). Copyright 2000 American
Chemical Society.
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conditions are not at equilibrium and (2) empirically extended equation is not valid, i.e.,
when the charge numbers are different.

To address the theoretical limitation of the Nikolsky–Eisenman equation, a more general
description of the equilibrium responses of liquid membrane ISEs in mixed ion solutions
was proposed (41). The model is based on phase boundary potentials under an equilibrium
exchange of an analyte and an interfering co-ion at the membrane/sample solution interface.
With ionophore-based membranes, the ion-exchange process is followed by complexation
of the ions with an ionophore, where free ionophore was assumed to be always present
in excess to simplify the model. The charge of the ions was not fixed so that their effect on
the potentiometric responses can be addressed by the model. Under equilibrium conditions,
the model demonstrated that the Nikolsky–Eisenman equation is valid only for ions with the
same charge (zI � zJ). The selectivity coefficient, however, can still be used in the new model
to quantify the potentiometric responses in the mixed ion solution. For example, the poten-
tiometric responses to a monovalent cation in the presence of a divalent cation are given as

(7.3.6)

Figure 7.3 shows potentiometric responses to Na� in the presence of Ca2� as obtained with
an Na�-selective electrode based on a neutral ionophore (Na�-2). Equation (7.3.6) fits the
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Figure 7.3 Sodium calibration curves in a background of 0.001 or 0.0001 M CaCl2, for an Na�-
selective electrode based on a membrane of Na�-2 in DOS/PVC (2:1, w/w). Solid line according to
equation (7.3.6); dotted lines according to Nicolsky–Eisenman equation (7.3.1) when Na� (upper
curve) or Ca2� (lower curve) is assumed to be the primary ion. From reference (41). Copyright 1994
American Chemical Society.

Ch007.qxd  12/22/2006  10:56 AM  Page 275



experimental responses better than the Nikolsky–Eisenman equation. More recently, the
model was extended to describe the simultaneous responses for any number of monova-
lent, divalent, and trivalent ions (42).

7.3.2 Effect of ionic sites on selectivity

Besides hydrophobicity of ions and stability of their ionophore complexes, the concentra-
tion and charge of the ionic sites in the membrane phase also affect the ion selectivity 
of ionophore-based ISEs. This effect was first found for neutral-ionophore-based ISEs 
(14, 43), then for charge-ionophore-based ISEs (10, 33), and most recently implemented
in an equilibrium phase boundary potential model generalized for both systems with pri-
mary and interfering ions of any charges and their complexes of any stoichiometries (34).

In ionophore-based ISEs, the analyte ion must be buffered to achieve a low and sample-
independent membrane activity for a selective Nernstian response. This condition is sat-
isfied when the membranes contain both free and complexed ionophores (Figure 7.4A:
ionophore-based response mechanism). The membrane responds to an ion, i, on the basis
of an ionophore-based mechanism when the concentration and charge of ionic sites sat-
isfy the following relationship based on mass and charge balances in ionophore-based
membranes (34):

(7.3.7)

where zL and zR are the charges of the ionophore and the ionic sites, respectively, and ni is
the stoichiometry of the ionophore–ion complexes. Otherwise, free ionophore in the mem-
brane is depleted by complexation with the ion so that the potentiometric responses become
independent of the complexation process and are determined by the excess free ions as in
the case of ionophore-free ion-exchanger electrodes (Figure 7.4B: ionophore-independent
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Figure 7.4 Schematic diagram of the major components in membranes that respond according to 
(A) an ionophore-based mechanism and (B) an ionophore-independent mechanism. In the latter case,
the membranes contain a high concentration of free analyte ions but no significant concentration of
free ionophore. The boxes designate the membrane phases: i, the primary or interfering ion; ,
the lipophilic ionic site; , the ionophore; and , the 1:ni complexes of the ion with the

ionophore. From reference (34). Copyright 2000 American Chemical Society.
iL

i

i i L
n
z n z+L Lz

R Rz

Ch007.qxd  12/22/2006  10:56 AM  Page 276



mechanism). Also, the response mechanism of the same membrane to an interfering ion
depends on the charge and complexation stoichiometry of the ion. When ,
equation (7.3.7) is satisfied simultaneously for primary and interfering ions so that the
membrane responds to both ions on the basis of an ionophore-based mechanism, where
the ionic sites do not affect the selectivity significantly. With , the mem-
brane responds to the analyte and interfering ions on the basis of ionophore-based and
ionophore-independent mechanisms, respectively, when the following equation is satisfied:

(7.3.8)

When , the selectivity can be dramatically improved by optimizing the
concentration and charge of ionic sites to satisfy equation (7.3.8). Figure 7.5 shows the
effect of anionic sites on the Mg2� selectivity of a neutral-ionophore-based ISE as deter-
mined by the SSM (14). The selectivity coefficients strongly depend on the membrane
concentration of the anionic sites and result in optimum values against most ions with 120
mol% anionic sites relative to the ionophore concentration. With 1:1 complexes between
the ionophore and Mg2�, a large amount of the free ionophore is available for the ion in
the membrane with 120 mol% anionic sites, i.e., ionophore-based mechanism. Ca2� and
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Figure 7.5 Selectivity coefficients, , of liquid membranes containing neutral ionophore
ETH 5282 and oNPOE as the membrane solvent as determined by the SSM. From reference (14).
Copyright 1991 American Chemical Society.
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Ba2�, however, form 1:2 complexes so that the free ionophore in the same membrane is
depleted in contact with the separate solutions containing these ions. Since the interfer-
ing ions remain partially uncomplexed in the membrane phase, the electrode responds to
the interfering ions on the basis of an ionophore-independent mechanism.

The effect of ionic sites on the selectivity is more complicated for charged ionophores
because not only the concentration but also the charge of the sites affects the selectivity.
Figure 7.6 shows the effects of ionic sites on the selectivity of NO2

�-selective electrodes
based on a positively charged ionophore (NO2

�-1). As discussed in Section 7.2.4, addition
of anionic sites improves the selectivity by increasing free ionophore concentration in the
membrane. Most anions coordinate to the metal center of the ionophore for 1:1 complex-
ation so that the selectivity coefficient depends slightly on the site concentration. 
Free anions are introduced by doping a membrane with cationic sites, resulting in a selec-
tivity similar to that of ionophore-free anion-exchanger electrodes. In this example,

so that the membranes function on the basis of the same mechanism
(ionophore-based or ionophore-independent mechanism) to the primary and interfering
ions. This example supports that charged ionophores require ionic sites of opposite charge
(10, 33), which is not always true (34).

Figure 7.7 shows selectivity coefficients for Sr2� against other alkaline earth cations as
obtained with an electrode based on lasalocid (Sr2�-1) as a negatively charged ionophore.

z n nI I J J/ = z /
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Figure 7.6 Selectivity coefficients, of liquid membranes containing charged ionophore
NO2

�-1 and oNPOE as the membrane solvent as determined by the SSM. The membrane IX is based
only on an anion exchanger TDDMA. Selectivity coefficients of the membranes III and IX are also listed
in Tables 7.3 and 7.1, respectively. From reference (10). Copyright 1994 American Chemical Society.
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As predicted by the generalized mode (34), the highest selectivity was achieved by addi-
tion of anionic sites rather than cationic sites. Also, the selectivity coefficients against Ca2�

and Mg2� give the minimum values as observed with an Mg2�-selective electrode based
on a neutral ionophore, suggesting difference of complexation stoichiometry among the
divalent cations. The selectivity dependence on the concentration and charge of ionic sites
can be explained by formation of 1:1 and 1:2 complexes for the analyte and interfering
ions, respectively. Importantly, the concentration and charge of ionic sites that give the
highest selectivity can be calculated (14, 34), even when each analyte and interfering ion
forms more than one type of complexes with different stoichiometries (34).

7.3.3 Apparently “non-Nernstian” equilibrium responses

The Nikolsky–Eisenman equation and a more general phase boundary model discussed in
Section 7.3.1 are based on a common assumption that a well-defined amount of a free
ionophore is always present in the membrane, implying that the membrane always functions
on the basis of an ionophore-based mechanism. As discussed in Section 7.3.2, however, the
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Figure 7.7 Selectivity coefficients, , as determined with the SSM for oNPOE–PVC (2:1,
w/w) membranes based on lasalocid (Sr2�-1) and ionic sites. Selectivity coefficients of the mem-
branes with 50 mol% anionic sites are also listed in Table 7.3. From reference (34). Copyright 2000
American Chemical Society.
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concentration and charge of ionic sites can be such that the free ionophore can be depleted
for some ions. Recently, potentiometric responses of the latter systems in mixed ion solu-
tions were studied theoretically and experimentally to establish a novel response mecha-
nism where equilibrium potentiometric responses can be apparently “non-Nernstian” in a
wide activity range (44–46).

The apparently “twice-Nernstian” responses of ISEs based on acidic ionophores
(Figure 7.8A) are the first examples of apparently “non-Nernstian” responses that could
be explained on the basis of equilibrium phase boundary potentials (44). In this system,
the acidic ionophores such as lasalocid (Sr2�-1) in their deprotonated form, L�, can bind
both to dications, M2�, as primary ions and to H� ions as secondary ions. With the assump-
tion of 1:1 complexes for both ions and equilibrium exchange of the ions at the membrane/
sample interface, the potentiometric response was demonstrated to depend simultane-
ously on the two ions over several orders of magnitude of the sample primary-ion activ-
ity in pH-buffered solutions. In the “twice-Nernstian” response region, the ionophores in
the complexed forms with H� and M2� are present simultaneously, whereas free
ionophores are depleted (Figure 7.8B). The free M2� concentration in the membrane
phase is inversely proportional to the sample activity (Figure 7.8C), which results in a

280 7. Potentiometric Ion-Selective Electrodes

Figure 7.8 (A) Calculated phase boundary potentials as a function of the activity of a divalent
cation in the sample solution for a membrane with an acidic ionophore and anionic sites. Responses
are shown for sample solutions of pH 4.0, 7.0, and 10.0. Calculated equilibrium concentrations of
(B) the deprotonated ionophore, L�, and its complexes, LH, LM�, and LHM2�, and (C) the depro-
tonated ionophore and the free primary ion, M2�, and hydrogen ion, H�, in the membrane phase for
pH 7.0. From reference (44). Copyright 1998 American Chemical Society.

Ch007.qxd  12/22/2006  10:56 AM  Page 280



response slope twice as large as the Nernstian slope. This result contrasts to conventional
Nernstian responses of ionophore-based ISEs, for which the membrane activity of the free
primary ion is buffered with the ionophore and remains sample-independent. As predicted
theoretically, these ISEs gave Nernstian, apparently twice-Nernstian, and again Nernstian
responses to the primary dications when samples of high, intermediate, and low pH were
used, respectively (Figure 7.9).

Analogously, apparently “super-Nernstian” responses to monoanions as observed with
metalloporphyrin-based ISEs were shown to result from the formation of OH�-bridged
metalloporphyrin dimers in the ISE membranes (31, 45). Apparently super-Nernstian
responses to F� with slopes from �70 to �85 mV/decade were obtained with membranes
based on Ga(III)octaethylporphyrin and anionic sites, which were quantitatively explained
as responses co-determined by F� as the primary ion and OH� ions as the secondary ion
with 1:1 and 1:2 complexation stoichiometry, respectively.

More recently, a generalized phase boundary potential model that describes apparently
“non-Nernstian” equilibrium responses of ionophore-based ISEs was developed (46). The
model predicts that ionophore-based ISEs can give three types of apparently non-Nernstian
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Figure 7.9 Potentiometric responses to Ba2� as obtained with oNPOE–PVC (2:1, w/w) mem-
branes based on lasalocid (Sr2�-1) and 50 mol% KTpClPB: (❑) pH 2.0 (10 mM HCl), (�) pH 4.0 
(1 mM (CH3COO)2Mg/HCl), and (❍) pH 7.0 (0.1 M Tris/HCl). The three response curves have been
shifted vertically for enhanced clarity. From reference (44). Copyright 1998 American Chemical
Society.
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equilibrium responses, i.e., apparently “super-Nernstian”, “sub-Nernstian”, and “inverted-
Nernstian” responses (response slopes with a sign opposite to that of the conventional
Nernstian responses). The response slopes depend on the charge numbers of the primary
and secondary ions and on the stoichiometries of their complexes with the ionophore

(7.3.9)

where nIzJ � nJzI. The generalized model also revealed other requirements for apparently
“non-Nernstian” equilibrium responses such as binding site and formation constants of the
ionophore, and the concentration and charge of the ionic sites.

7.4 NON-EQUILIBRIUM POTENTIOMETRIC RESPONSES

7.4.1 Mixed ion-transfer potentials

ISEs are operated under open circuit condition, where no significant current flows. When
a Nernstian response is obtained, only one ion is exchanged significantly between the
membrane and sample phases so that there is no net current carried by the ion at the inter-
face. In contrast, when co-extraction of the analyte and its aqueous counter ion (Donnan
exclusion failure) or exchange of the analyte and its interfering co-ion occurs at the inter-
face, the partial current carried by each ion, Ii, may become significant. The partial cur-
rents, however, cancel each other so that the total current at the interface, I, is zero

(7.4.1)

The non-equilibrium ion-exchange processes can cause deviation of the potentiometric
responses from those predicted by the Nikolsky–Eisenman equation and the equilibrium
phase boundary potential model.

The non-equilibrium effects on potentiometric responses can be described using the
concept of mixed ion-transfer potential (47). When ion transfers at a sample solution/mem-
brane interface are fast enough, a local equilibrium at the interface is always achieved. The
salt-extraction and ion-exchange processes, however, induce concentration polarization of
the ions near the interface so that the potential is determined by the interfacial ion con-
centration as

(7.4.2)

where Emix is the mixed ion-transfer potential, Ei
0 is a constant term unique for the ion,

and are the ion concentrations at the water and membrane sides of the interface,
respectively, and and are the activity coefficients of the ion at the respective�i
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sides of the interface. The interfacial concentrations are related to the partial current car-
ried by the ion, which can be obtained under steady-state diffusion layer approximation as

(7.4.3)

where A is the interfacial area, DW and DM are the diffusion coefficients of the ion in the
sample and membrane phases, respectively, �W and �M are the thickness of the steady-state
diffusion layers in the respective phases, and cI

W and cI
M are the bulk concentrations of the

ion in the respective phases.
Consider an ion-exchanger-based membrane doped with a salt of a cationic analyte and

an anionic site, which is in contact with a sample solution containing both the analyte and
an interfering cation. Under steady-state conditions, combination of equations (7.4.2) and
(7.4.3) for the analyte ion gives the partial current versus potential relationship based on
transfer of the analyte ion between the membrane and sample phases as illustrated by
curve 1 in Figure 7.10. The potential at zero current in the curve, Eeq, corresponds to the
equilibrium potentiometric response of the membrane in the absence of the interfering ion
in the sample solution. Also, the partial current versus potential relationship is obtained for
transfer of the interfering ion from the sample solution to the membrane phase as repre-
sented by curves 2–4 depending on hydrophobicity of the ion. Because of the zero-current
condition, the measured potential must be such that the partial current carried by the inter-
fering ion exactly cancels current carried by the analyte. Therefore, in the presence of the
interfering ion, the measured potential shifts from the equilibrium potential to a mixed ion-
transfer potential (see curves 5–7).

The concept of this mixed ion-transfer potential was recently extended to quantify the
non-equilibrium responses of neutral-ionophore-based ISEs (48). Figure 7.11 shows the
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Figure 7.10 Schematic representation of the partial current versus potential curves for the transfer
of primary ion, I (curve 1), and interfering ions, J, with different EJ

0 values (curves 2–4) across the
sample solution/membrane interfaces. Curves 5–7 represent the total current versus potential rela-
tionships corresponding to curves 2–4, respectively. The curves are calculated using equations (7.4.2)
and (7.4.3). See also reference (47).
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effect of the interfering ions on the potentiometric responses in a solution containing a
fixed concentration of the analyte Na�. When 10�4 to 10�3 M Rb� is added to the sample
solution as a more preferred interfering ion, the potential increases from the equilibrium
potential determined by Na�, resulting in a super-Nernstian response (curve 1). In this
activity region, the analyte ion in the membrane is significantly replaced with the interfer-
ing ion so that the potential is based on mixed ion-transfer potentials. Since the interfering
ion is significantly depleted at the sample side of the interface, the measured potential is
lower than the equilibrium potential as extrapolated from the Nernstian response at higher
interfering-ion activities. In contrast, addition of a more discriminated Li� gives a sub-
Nernstian response even in a high activity range (curve 3), where Na� in the membrane
phase is only partially replaced with Li�. Good fits of the experimental potentials with the
theoretical ones demonstrate usefulness of this concept for quantifying the non-equilib-
rium effects on the potentiometric responses.

7.4.2 Elimination of non-equilibrium effects in separate solutions

Liquid membranes are usually soaked in an analyte solution, which is high in activity,
overnight before measurements so that all exchangeable ions in the membranes are replaced
with the analyte ion for a Nernstian response. This process is called conditioning. When a
membrane conditioned in an analyte solution is in contact with the separate solution of an

284 7. Potentiometric Ion-Selective Electrodes

Figure 7.11 Potentiometric responses of Na�-ISE to (■) Rb�, (●) K�, and (▲) Li� in sample
solutions containing 1 mM Na�. The membrane is a nitrobenzene solution of 0.05 M dibenzo-
18-crown-6 and 1 mM NaTFPB as a neutral ionophore and anionic sites, respectively. Solid lines
represent theoretical curves. From reference (48).
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interfering ion, the ion-exchange process at the interface may cause a non-equilibrium
effect. The membranes give sub-Nernstian or no responses to highly discriminated ions,
where the responses to the discriminated ions are masked by the analyte ion released from
the membranes. Therefore, the selectivity coefficients thus determined are upper limits
rather than those determined thermodynamically.

The non-equilibrium effects on the selectivity determination can be eliminated by meas-
uring the bi-ionic potential in the following cell (49, 50):

solution (I) | membrane (I) | | membrane (J) | solution (J) (cell 2)

where the membrane compositions are the same except for the exchangeable ions given in
parentheses. With this cell, the measured potential is the difference between the equilib-
rium phase boundary potentials at the left and right membrane/solution interfaces as deter-
mined by distributions of ions I and J, respectively, as far as the liquid junction potential
between the two membranes is negligibly small. Therefore, an unbiased selectivity coeffi-
cient can be obtained directly from the measured potential difference, EI � EJ, using equa-
tion (7.3.4) for the SSM, where the analyte and interfering-ion activities correspond to
those in the solutions at the left- and right-hand sides of the cell, respectively.

On the basis of a similar concept, a more simple method was proposed for determina-
tion of unbiased selectivity coefficients (24). With this method, a membrane is conditioned
in a solution of a highly discriminated ion rather than the highly preferred analyte ion so
that the membrane gives a Nernstian response to the discriminated ion. Then, the poten-
tiometric responses to a less discriminated ion are measured. Whereas a super-Nernstian
response based on a mixed ion-transfer potential may be observed in a lower activity
region, completion of the ion-exchange process at the interface at higher activities results
in a Nernstian response. The procedure is carried out in the rigid sequence of exposure of
the membranes to the ions of interest from a highly discriminated one to a highly preferred
one, allowing a determination of the unbiased selectivity coefficients against a series of the
ions. Figure 7.12 shows the potentiometric responses of K�-selective membranes based on
a neutral ionophore valinomycin (K�-1), which were conditioned in a KCl solution and in
an NaCl solution. When conditioned in highly discriminated Na�, the membrane gives
Nernstian responses to all ions (even to more discriminated Ca2� and Mg2�) so that the
selectivity coefficients can be determined under equilibrium conditions by the SSM. In
contrast, the membrane conditioned in a K� solution gives almost no response to the dis-
criminated ions because of the non-equilibrium effect.

Importantly, the unbiased selectivity coefficients are thermodynamically meaningful.
When an interfering ion, such as tetraethylammonium ion for cation-selective electrodes,
does not bind to an ionophore, the selectivity coefficient for an ion of interest against such
an interfering ion can be used to determine the formation constant of the ion–ionophore
complexes (9). For example, when a neutral ionophore forms 1:ni complexes with an ion,
i, and does not bind to an interfering ion, j, the formation constant is given as
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where and are the unbiased selectivity coefficients as obtained with an
ion-exchanger-based membrane and an ionophore-based membrane, respectively, which
contain the same concentration of ionic sites.

Formation constants can also be determined by measuring the potential of the following
cell (51):

solution (i) | ion-exchanger-based membrane (i) || ionophore-based membrane (i) | solution (i)
(cell 3)

Whereas the potential is transient because of the gradual mixing of the membrane compo-
nents, the initial potential is directly related to the formation constants without requirement
of a reference ion. Assuming the same ionophore and ion as equation (7.4.4), the forma-
tion constant is given by

(7.4.5)

where EM is the potential of cell 3 with the same aqueous solutions measured using the
same reference electrodes. This technique is called the sandwich method and can be used
to determine equilibrium constants for complexation, ion-exchange, and salt-partitioning
processes (51, 52).
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Figure 7.12 Potentiometric responses of liquid membranes based on valinomycin (K�-1) and
NaTFPB conditioned in (A) 0.01 M KCl and (B) 0.01 M NaCl to (❍) K�, (●) Na�, (■) Mg2�, and
(❑) Ca2�. Dotted lines with Nernstian response slopes of 58.4 and 29.2 mV for monovalent and diva-
lent cations, respectively. From reference (2). Copyright 1997 American Chemical Society.
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The formation constants determined so far for representative neutral ionophores and the
primary ions are listed in Table 7.2. Also, Table 7.4 lists the formation constants for both
primary and interfering ions and reveals the very high complexation selectivity of the
ionophores.

7.4.3 Effects of transmembrane ion flux on detection limit

Potentiometric responses of liquid membrane ISEs can be explained in most cases by con-
sidering ion-transfer processes only across the membrane/sample solution interfaces. It,
however, was recently found that ion flux across the bulk membrane affects the interfacial
processes and subsequently determines the detection limit (54, 55). When the analyte con-
centration in the sample solution is very low, a much higher analyte concentration in the
inner solution drives the analyte flux from the inner solution to the sample solution.
Therefore, the analyte activity at the sample side of the interface is determined not by the
sample concentration but by the transmembrane ion flux. The analyte flux can be balanced
by the flux of the aqueous counter ion from the inner solution to the sample solution
(Figure 7.13A), maintaining the electroneutrality in the membrane and the two aqueous
phases. Also, the counter flux of the interfering co-ion from the sample solution to the
inner solution can balance the analyte flux (Figure 7.13B and C).

Pretsch and co-workers demonstrated for the first time that a detection limit of liquid
membrane ISEs can be as low as the picomolar range by controlling the transmembrane
flux (54). Figure 7.14 shows the responses of the same Pb2�-selective electrodes with dif-
ferent inner solution compositions. When Pb2� is buffered in the inner solution containing
EDTA, the detection limit can be improved by almost five orders of magnitudes down to
~10�12 M. The low Pb2� concentration in the inner solution suppresses the co-extraction

7.4 Non-Equilibrium Potentiometric Responses 287

Table. 7.4.

Formal complex formation constant, log�n, and stoichiometries, n, of ionophore–ion complexes in
PVC membranesa

Ion Pb2+�1b Pb2+�2b,c K+�1d K+�2d

log�n n log�n n log�n n log�n n

Li+ – – – – (6.74)e (1)e 4.22 1
Na+ 3.1 1 �3 1 (6.65)e (1)e 6.00 1
K+ �3 1 �3 1 9.95 1 8.10 1
Ag+ – – 12.6 1 – – – –
Pb2+ 15.9 1 �3 1 – – – –
Cu2+ 12.1 1 �3 1 – – – –
Cd2+ 10.0 1 �3 1 – – – –

aThe ionophore structures are given in Table 7.2.
bDetermined using a reference ion in DOS/PVC membranes.
cThe ionophore is also known as a Ag+ ionophore because of its strong binding with Ag+.
dDetermined by the sandwich method in DOS/PVC membranes.
eDetermined using two ionophores. From reference (53).
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at the inner solution side of the membrane, decreasing the Pb2� flux directed to the sam-
ple solution. A high Na� concentration in the inner solution further decreases the mem-
brane concentration of Pb2� at the side of the inner solution by ion exchange, resulting in
dramatic improvement of the detection limit. An improvement of detection limit was also
observed for an interfering ion Na�. The subsequent Nernstian response to Na� allows
determination of the unbiased selectivity coefficient.

So far, detection limits of liquid membrane ISEs for Pb2�, Cd2�, Ag�, Ca2�, K�,
NH4

�, ClO4
�, and I� have been improved to nanomolar and picomolar levels (56). The

transmembrane ion flux at a Pb2�-selective membrane was directly detected using
scanning electrochemical microscopy (57). Potentiometric ISEs, however, are a passive
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Figure 7.13 Schematic representation of the processes influencing the lower detection limit of
ISEs based on an ionophore (L) forming 1:1 complexes with the monovalent primary (I�) and inter-
fering ions (J�). Gradients are generated in the aqueous Nernstian phase boundary (thickness �aq)
because of (A) co-extraction of I� and A� from the inner solution and (B and C) partial exchange of
primary ions by interfering ones at the sample and reference side, respectively. From reference (55).
Copyright 1999 American Chemical Society.
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electrochemical sensor so that control of the transmembrane flux is a challenging task.
An optimum composition of the inner solution strongly depends on the sample compo-
sition (55). When the transmembrane flux of an analyte toward the inner solution
becomes much larger than the analyte flux sustainable from the bulk sample solution to
the interface, the analyte is completely depleted at the sample side of the interface
(Figure 7.13C), where the phase boundary potential becomes insensitive to the analyte
in a low sample activity range and then changes only at higher activities, resulting in a
super-Nernstian response. Besides optimization of the membrane and inner solution
compositions, detection limits were lowered by suppressing the transmembrane ion
flux by applying an external current (58) or by enhancing the analyte flux to the mem-
brane surface with a rotating-electrode configuration (59) though more instrumentation
is necessary.

Effects of the transmembrane flux on the detection limits were also studied theoretically
(60). The phase boundary potential model in mixed ion solutions as discussed in Section 7.3.1
was extended by implementing the steady-state transmembrane flux to demonstrate that the
detection limit of a highly selective electrode, cI (DL), is given approximately as
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Figure 7.14 Response of two Pb2� ISEs with the same membrane but different internal electrolytes.
Conventional (empty symbols): 1:1 mixture of 10�3 M PbCl2 and 0.1 M MgCl2. New (full symbols):
1 mL of 0.1 M Pb(NO3)2 in 100 mL of 0.05 M EDTA-Na2; measured pH 4.34. Calculated activities:
10�12 M Pb2� and 10�1 M Na�. From reference (54). Copyright 1997 American Chemical Society.

Ch007.qxd  12/22/2006  10:56 AM  Page 289



with

(7.4.7)

where zI � zJ, �M is approximated to be equal to the membrane thickness, and 
for highly selective electrodes. Comparison of the detection limit

under the transmembrane ion flux conditions given by equation (7.4.6) with that under
equilibrium conditions given by equation (7.3.5) reveals that the non-equilibrium effect
worsens the detection limit, i.e.,

(7.4.8)

where is the detection limit under equilibrium conditions as given by 
equation (7.3.5) with activity coefficients of 1. Therefore, elimination of the transmem-
brane flux will improve the detection limit to the thermodynamically determined one. A
possible approach is the use of solid-contact ISEs where a membrane is directly mounted
on a solid electrode without an inner solution so that the major source of the transmembrane
ion flux is eliminated. Although establishment of a reliable electrical contact at the mem-
brane/electrode interface is challenging, there are a few examples of solid-contact ISEs
with nanomolar detection limits (61). Potentiometric measurements under complete two-
phase equilibrium will be an idealistic condition not only for practical application with a
low detection limit but also for fundamental characterization of the membrane equilibrium.

7.4.4 Non-equilibrium responses for polyion detection

While selectivity and detection limit are biased by the non-equilibrium effects, it is inter-
esting to point out that liquid membrane ISEs for polyions were successfully developed 
by taking advantage of mixed ion-transfer potentials (62). Two typical examples of the
electrodes are those for heparin and protamine. Heparin is a highly sulfated polysaccha-
ride (Mr 5000–25,000), which is extensively used as an anticoagulant in many medical
procedures for prevention of blood clotting, especially during open heart surgery.
Protamine is a naturally occurring polycationic protein rich in arginine (Mr ~4500), which
is used to neutralize the anticoagulant activity of heparin. These electrodes are based on
membranes doped with an anion-exchanger tridodecylmethylammonium (TDDMA) for
heparin or with a negatively charged ionophore dinonylnaphthalene sulfonate (Ca2�-5) for
protamine. Equilibrium partitioning of such multiply charged ions between the membrane
and aqueous phases results in a very small potential change as predicted by the Nernst
equation (Figure 7.15). However, a non-equilibrium ion-exchange process between a
polyion in the aqueous phase and a counter ion of the ion-exchanger sites in the membrane
phase causes a large potential change, resulting in a non-equilibrium super-Nernstian
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response. This classical response mechanism based on mixed ion-transfer potentials turned
out to be analytically useful for detection of biological polyions even beyond protamine and
heparin. Moreover, rotating-electrode potentiometry was first developed for the polyion
sensors to improve the detection limit (63), where a higher ion flux from the bulk sample
solution to the membrane surface is achieved by reducing the diffusion layer thickness.

7.5 CONCLUSIONS

Development of various ionophores in the last four decades has allowed detection of more
than 60 analyte ions with liquid membrane ISEs (3). Recent progress in the theory of liquid

7.5 Conclusions 291

Figure 7.15 Potentiometric responses of (A) protamine and (B) heparin sensors in 0.12 M NaCl
solution at different response times: (●) 5 min and (❍) 24 h. The membranes were composed of 66
wt% PVC, 32.5 wt% plasticizer (oNPOE and DOS for respective polyions), and 1.5 wt% ion
exchangers (Ca2�-5 and TDDMA, respectively). Dotted line, theoretical curve. From reference (62).
Copyright 1994 American Chemical Society.
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membrane ISEs has clarified the response mechanisms so that several long-standing prob-
lems of practical importance in the field have been solved. Potentiometric responses in mixed
ion solutions can be explained and quantified under both equilibrium and non-equilibrium
conditions. The effect of ionic sites on the potentiometric response is fully understood so that
the optimum membrane compositions for the highest selectivity can be predicted theoreti-
cally. Most impressively, finding and controlling the transmembrane ion flux now allows
detection of trace amounts of ions at the picomolar level by ion-selective potentiometry.

These theoretical advances have led to the development of potentiometric methods for
quantifying fundamental membrane processes. The stoichiometry of the ionophore–ion
complexation in the membrane phase can be determined by studying the effects of ionic
sites on potentiometric selectivity. Such a study also reveals whether an ionophore serves
as a neutral or a charged ionophore (64). Formation constants of the complexes with the
corresponding stoichiometry can be determined from the unbiased selectivity coefficients
or more directly by the sandwich method. Quantitative information about the complexa-
tion processes in the membranes, which eventually limits practical performances of the
electrodes, will be useful for future design of selective ionophores.

Non-equilibrium processes at the sample/membrane interface and across the bulk mem-
brane bias the selectivity and detection limits of the electrodes. Elimination of these non-
equilibrium effects by operating the electrodes under complete equilibrium conditions will
be of both practical and fundamental significance. While non-equilibrium responses are use-
ful for potentiometric polyion-selective electrodes, it is not obvious whether potentiometry
based on mixed ion-transfer potentials is a better transduction mechanism than amperome-
try/voltammetry based on selective polyion transfer (65, 66). Ion-transfer electrochemistry
at polarized liquid/liquid interfaces is introduced in Chapter 17 of this handbook.

REFERENCES

1. W. R. Fawcett, Liquids, Solutions, and Interfaces: From Classical Macroscopic Descriptions to
Modern Microscopic Details, Oxford University Press: New York, 2004.

2. E. Bakker, P. Bühlmann, E. Pretsch, Chem. Rev. 97, 3083 (1997).
3. P. Bühlmann, E. Pretsch, E. Bakker, Chem. Rev. 98, 1593 (1998).
4. Y. Umezawa, P. Bühlmann, K. Umezawa, K. Tohda, S. Amemiya, Pure Appl. Chem. 72, 1851

(2000).
5. Y. Umezawa, K. Umezawa, P. Bühlmann, N. Hamada, H. Aoki, J. Nakanishi, M. Sato, 

K. P. Xiao, Y. Nishimura, Pure Appl. Chem. 74, 923 (2002).
6. Y. Umezawa, P. Bühlmann, K. Umezawa, N. Hamada, Pure Appl. Chem. 74, 995 (2002).
7. R. P. Buck, E. Lindner, Acc. Chem. Res. 31, 257 (1998).
8. V. V. Cosofret, R. P. Buck, Crit. Rev. Anal. Chem. 24, 1 (1993).
9. A. Ceresa, E. Pretsch, Anal. Chim. Acta 395, 41 (1999).

10. U. Schaller, E. Bakker, U. E. Spichiger, E. Pretsch, Anal. Chem. 66, 391 (1994).
11. A. Van den Berg, P. D. van der Wal, M. Skowronska-Ptasinska, E. J. R. Sudholter,

D. N. Reinhoudt, P. Bergveld, Anal. Chem. 59, 2827 (1987).
12. J. H. Boles, R. P. Buck, Anal. Chem. 45, 2057 (1973).
13. U. Oesch, Z. Brzozka, A. Xu, B. Rusterholz, G. Suter, H. V. Pham, D. H. Welti, D. Ammann,

E. Pretsch, W. Simon, Anal. Chem. 58, 2285 (1986).

292 7. Potentiometric Ion-Selective Electrodes

Ch007.qxd  12/22/2006  10:56 AM  Page 292



14. R. Eugster, P. M. Gehrig, W. E. Morf, U. E. Spichiger, W. Simon, Anal. Chem. 63, 2285 (1991).
15. M. Bochenska, W. Simon, Mikrochim. Acta III, 277 (1990).
16. T. Grady, A. Cadogan, T. McKittrick, S. J. Harris, D. Diamond, M. A. McKervey, Anal. Chim.

Acta 336, 1 (1996).
17. M. Huser, P. M. Gehrig, W. E. Morf, W. Simon, E. Lindner, J. Jeney, K. Tóth, E. Pungor, Anal.

Chem. 63, 1380 (1991).
18. E. Bakker, J. Electrochem. Soc. 143, L83 (1996).
19. E. Lindner, K. Tóth, J. Jeney, M. Horvath, E. Pungor, I. Bitter, B. Agai, L. Toke, Mikrochim.

Acta I, 157 (1990).
20. A. Cadogan, D. Diamond, M. R. Smyth, G. Svehla, M. A. McKervey, E. M. Seward, S. J. Harris,

Analyst 115, 1207 (1990).
21. D. Siswanta, H. Hisamoto, H. Tohma, N. Yamamoto, K. Suzuki, Chem. Lett. 945 (1994).
22. M. V. Rouilly, M. Badertscher, E. Pretsch, G. Suter, W. Simon, Anal. Chem. 60, 2013 (1988).
23. K. Suzuki, K. Watanabe, Y. Matsumoto, M. Kobayashi, S. Sato, D. Siswanta, H. Hisamoto,

Anal. Chem. 67, 324 (1995).
24. E. Bakker, Anal. Chem. 69, 1061 (1997).
25. U. Schefer, D. Ammann, E. Pretsch, U. Oesch, W. Simon, Anal. Chem. 58, 2282 (1986).
26. M. W. Laubli, O. Dinten, E. Pretsch, W. Simon, F. Vogtle, F. Bongardt, T. Kleiner, Anal. Chem.

57, 2756 (1985).
27. S. Kamata, H. Murata, Y. Kubo, A. Bhale, Analyst 114, 1029 (1989).
28. M. Rothmaier, U. Schaller, W. E. Morf, E. Pretsch, Anal. Chim. Acta 327, 17 (1996).
29. C. Behringer, B. Lehmann, J.-P. Haug, K. Seiler, W. E. Morf, K. Hartman, W. Simon, Anal.

Chim. Acta 233, 41 (1990).
30. Y. Qin, Y. Mi, E. Bakker, Anal. Chim. Acta 421, 207 (2000).
31. L. Gorski, E. Malinowska, P. Parzuchowski, W. Zhang, M. E. Meyerhoff, Electroanalysis 15,

1229 (2003).
32. W. E. Morf, The Principles of Ion-Selective Electrodes and of Membrane Transport, Elsevier:

New York, 1981.
33. V. V. Egorov, V. A. Repin, T. A. Ovsyannikova, J. Anal. Chem. 47, 1235 (1992).
34. S. Amemiya, P. Bühlmann, E. Pretsch, B. Rusterholz, Y. Umezawa, Anal. Chem. 72, 1618 (2000).
35. Y. Mi, C. Green, E. Bakker, Anal. Chem. 70, 5252 (1998).
36. U. Schaller, E. Bakker, E. Pretsch, Anal. Chem. 67, 3123 (1995).
37. P. C. Hauser, N. D. Renner, A. P. C. Hong, Anal. Chim. Acta 295, 181 (1994).
38. G. G. Guilbault, R. A. Durst, M. S. Frant, H. Freiser, E. H. Hansen, T. S. Light, E. Pungor,

G. Rechnitz, N. M. Rice, T. J. Rohm, W. Simon, J. D. R. Thomas, Pure Appl. Chem. 48, 127
(1976).

39. E. Bakker, E. Pretsch, P. Bühlmann, Anal. Chem. 72, 1127 (2000).
40. Y. Umezawa, K. Umezawa, H. Sato, Pure Appl. Chem. 67, 508 (1995).
41. E. Bakker, R. V. Meruva, E. Pretsch, M. E. Meyerhoff, Anal. Chem. 66, 3021 (1994).
42. M. Nägele, E. Bakker, E. Pretsch, Anal. Chem. 71, 1041 (1999).
43. P. C. Meier, W. E. Morf, M. Läubli, W. Simon, Anal. Chim. Acta 156, 1 (1984).
44. S. Amemiya, P. Bühlmann, Y. Umezawa, Anal. Chem. 70, 445 (1998).
45. E. D. Steinle, S. Amemiya, P. Bühlmann, M. E. Meyerhoff, Anal. Chem. 72, 5766 (2000).
46. S. Amemiya, P. Bühlmann, K. Odashima, Anal. Chem. 75, 2997 (2003).
47. T. Kakiuchi, M. Senda, Bull. Chem. Soc. Jpn. 57, 1801 (1984).
48. Y. Yoshida, M. Matsui, K. Maeda, S. Kihara, Anal. Chim. Acta 374, 269 (1998).
49. G. M. Shean, J. Membr. Sci. 2, 133 (1977).
50. S. Koizumi, T. Imato, N. Ishibashi, J. Membr. Sci. 132, 149 (1997).
51. Y. Mi, E. Bakker, Anal. Chem. 71, 5279 (1999).

References 293

Ch007.qxd  12/22/2006  10:56 AM  Page 293



52. Y. Qin, E. Bakker, Anal. Chem. 74, 3134 (2002).
53. E. Bakker, E. Pretsch, Anal. Chem. 70, 295 (1998).
54. T. Sokalski, A. Ceresa, T. Zwickl, E. Pretsch, J. Am. Chem. Soc. 119, 11347 (1997).
55. T. Sokalski, T. Zwickl, E. Bakker, E. Pretsch, Anal. Chem. 71, 1204 (1999).
56. E. Bakker, E. Pretsch, Anal. Chem. 74, 420A (2002).
57. R. E. Gyurcsanyi, E. Pergel, R. Nagy, I. Kapui, B. T. T. Lan, K. Toth, I. Bitter, E. Lindner, Anal.

Chem. 73, 2104 (2001).
58. K. Pergel, R. E. Gyurcsanyi, K. Toth, E. Lindner, Anal. Chem. 73, 4249 (2001).
59. T. Vigassy, R. E. Gyurcsanyi, E. Pretsch, Electroanalysis 15, 1270 (2003).
60. A. Ceresa, A. Radu, S. Peper, E. Bakker, E. Pretsch, Anal. Chem. 74, 4027 (2002).
61. J. Sutter, E. Lindner, R. E. Gyurcsanyi, E. Pretsch, Anal. Bioanal. Chem. 380, 7 (2004).
62. B. Fu, E. Bakker, J. H. Yun, V. C. Yang, M. E. Meyerhoff, Anal. Chem. 66, 2250 (1994).
63. Q. S. Ye, M. E. Meyerhoff, Anal. Chem. 73, 332 (2001).
64. E. Bakker, E. Malinowska, R. D. Schiller, M. E. Meyerhoff, Talanta 41, 881 (1994).
65. Y. Yuan, S. Amemiya, Anal. Chem. 76, 6877 (2004).
66. J. Guo, Y. Yuan, S. Amemiya, Anal. Chem. 77, 5711 (2005).

294 7. Potentiometric Ion-Selective Electrodes

Ch007.qxd  12/22/2006  10:56 AM  Page 294



– 8 –

Chemically Modified Electrodes

Grant A. Edwards, Adam Johan Bergren, and Marc D. Porter

Iowa State University, Ames, IA 50011, USA

8.1 INTRODUCTION

Electrode surfaces are modified in a quest to render an electrochemical function either not
possible or difficult to achieve using conventional electrodes. Targeted improvements
include increased selectivity, sensitivity, chemical and electrochemical stability, as well as
a larger usable potential window and improved resistance to fouling. Furthermore, elec-
trodes with tailored surfaces enhance fundamental studies of interfacial processes.
Therefore, the need for improved electrode performance and logically designed interfaces
is rapidly growing in many areas of science.

The definition of a chemically modified electrode (CME) is: a conducting or semicon-
ducting material that has been coated with a monomolecular, multi-molecular, ionic, or
polymeric film (termed adlayer; see Figure 8.1) which alter the electrochemical, optical,
and other properties of the interface (1, 2). The conductive and semiconductive substrates
are derived from conventional electrode materials (see Chapter 5), while the adlayers are
widely diverse in their origins and properties. This diversity extends or enhances the range
and scope of electrochemical techniques.

Ideally, the properties of the adlayer impart a predictable function to the electrode.
Recent improvements in surface characterization techniques enable a molecular-level
understanding of modified interfaces. These techniques, coupled with electrochemical
characterizations, not only provide a means to verify the function, but also serve as a basis
for refinements of the modification strategy to further enhance its performance.

The extensive nature of electrode modification procedures prevents a comprehensive
description of all types of modified electrodes, their uses, and the techniques used to char-
acterize them. This chapter therefore focuses on providing the reader with concepts cen-
tral to electrode modification through several examples of established systems.
Specialized reviews are noted in each section, where appropriate; these and topical texts
(3–10) should be consulted for more detailed information.

© 2007 Elsevier B.V. All rights reserved.
Handbook of Electrochemistry
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8.2 SUBSTRATE MATERIALS AND PREPARATION

The substrate is the platform electrode that supports the adlayer. Commercially available
or custom fabricated substrates can be used. While any conventional electrode material can
serve as a substrate, some materials are more convenient to modify. Of the conductive met-
als, Au, Ag, and Pt are the most commonly modified (11). These surfaces benefit from the
ease with which reproducible and clean surfaces can be produced and maintained in the
laboratory environment. Carbon electrodes (12, 13) are also commonly employed for sim-
ilar reasons. Other metals and semiconductors are used less frequently, but are nonetheless
high-profile materials (4, 5).

In most electrode preparation schemes, the electrode surface is treated before modifica-
tion to provide reproducible surface attributes. These procedures often involve conven-
tional electrode treatments (see Chapter 5), with adaptations or additions where needed.
The pretreatment is critical: the electrochemical behavior of a derivatized electrode is
often sensitive to small variations in the substrate properties (e.g., crystallinity, roughness,
chemical functionality). Thus, preparation procedures must frequently be refined through
trial and error to achieve the desired performance. On the other hand, the function of the
electrode can often be fine-tuned by changing pretreatment variables, enhancing the ver-
satility of a modification scheme.

Specific functional groups may also be necessary for some modification strategies. In
these cases, pretreatment methodologies can include steps designed to create a high
population of active sites on the substrate surface. Likewise, requirements of adlayer char-
acterization methods may require specific substrate properties. For example, atomically
smooth surfaces are preferable for high-resolution scanning tunneling microscopic (STM)
characterizations of adlayer structures. Thus, the intended application of the modified elec-
trode, requirements of surface characterization techniques, and the modification chemistry
often direct the choice of substrates and pretreatment procedures.

8.3 MODIFIED ELECTRODE TYPES

Modified electrodes can be classified by the film–substrate attachment method (e.g.,
physisorption, chemisorption, and covalent attachment) and film composition (e.g., clays,

296 8. Chemically Modified Electrodes

Figure 8.1 Generic illustration of a modified electrode. The film (or adlayer) is anchored to a con-
ventional electrode to enhance performance or achieve a specialized function.
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zeolites, sol-gels, polymer, and DNA). Choice of modification methods and film identity
stems from the demand of the end-application. Multiple combinations of attachment
methodologies and film compositions may be realized. The anchoring mechanisms, struc-
tural characteristics, and electrochemical uses of some example systems are discussed
within this section.

8.3.1 Langmuir-Blodgett

The Langmuir-Blodgett (L-B) assembly technique (8, 14, 15) offers a versatile way to 
prepare a modified electrode. L-B layers are created by transferring organized monomol-
ecular films from a liquid phase in a Langmuir trough onto a solid support. Attractive non-
covalent interactions hold the film in a cohesive unit on the electrode surface. However,
the weak nature of these forces limits adlayer stability.

L-B films are useful in biological studies, as they can easily be prepared to act as mim-
ics of lipid membranes. Thus, modified electrodes of this type are often used in studies of
transport phenomena (16) and enzyme activity. These electrodes are also often used as
molecular recognition sensors (17–20) and in molecular electronics (20–22).

8.3.1.1 Structural description and preparation

Langmuir-Blodgett films are formed by the deposition of a Langmuir film onto a solid
substrate. Langmuir films are composed of an organized monolayer of amphiphilic mole-
cules at a liquid/gas interface. These molecules, by virtue of possessing a hydrophobic tail
and a hydrophilic head, are spontaneously oriented at a liquid/gas interface. For example,
a sparingly water-soluble amphiphile spread onto an aqueous phase results in partial solu-
bilization of the head group, while the hydrophobic tail group extends partially into the
gaseous phase to minimize the free energy of the system. The resulting film is depicted in
Figure 8.2. Some amphiphiles commonly used in the construction of Langmuir films are
given in Table 8.1. Films with mixed composition can be prepared by spreading mixtures
of amphiphiles onto a common solvent (20, 23). Homogeneous or phase segregated films
result from the chemical properties of the molecules spread at the interface.
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Figure 8.2 Diagram of a Langmuir film (only two molecules are shown for clarity).
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After a desired composition (single- or multi-component) is achieved, lateral pressure is
applied to increase the two-dimensional film concentration. In practice, pressure is applied
using a moveable barrier in a Langmuir trough. As the film is compressed, the system goes
through a series of phase transitions, as shown in Figure 8.3 At the end of the compression
cycle, a highly ordered two-dimensional film is formed.

After creation of the compressed film, it can be transferred to an electrode surface. The
characteristics of the substrate can tremendously affect the quality of the resulting
Langmuir-Blodgett film (20), and dictate how the initial layer is transferred. Figure 8.4
depicts a common film transfer method, where a hydrophilic substrate is vertically lifted
through a Langmuir film. The attractive forces between the surface and the head groups
result in transfer of the layer, such that the film physisorbs on the electrode surface. These

298 8. Chemically Modified Electrodes

Table 8.1

Functionalized aliphatic amphiphiles used to form Langmuir-Blodgett filmsa

Molecule Formula Attributes

Acids CnH2n+1COOH Easy to vary n
Alcohols CnH2n+1OH Difficult to form L-B layers
Esters CnH2n+1COOR Form monolayers and multilayers
Amides CnH2n+1CONH2 Form alternating multilayers
Amines CnH2n+1NH2 Alternate with acids
Nitriles CnH2n+1CN
aOther examples include aromatics, heterocycles, highly conjugated molecules (dyes), porphyrins,
pthalocyanines, fullerenes, polymers and biological compounds (phospholipids, pigments, peptides,
and proteins).
Source: Adapted from reference (8) with the permission of Cambridge University Press.

Figure 8.3 Two-dimensional phase diagram of a Langmuir film. Reproduced from: K. Kolasinski,
Surface Science: Foundations of Catalysis and Nanoscience, John Wiley & Sons, Ltd.: Chichester,
2002. Copyright 2002 by John Wiley & Sons, Limited. Reproduced with permission.
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forces are often sufficient to exclude solvent molecules from the interface between the
solid support and the film. Upon careful transfer, the electrode-supported adlayer retains
the packing density and orientation of the precursor Langmuir film.

Extending deposition transverses the substrate downwards from the gas phase through
the Langmuir film into the liquid layer, orienting the head groups away from the surface.
Conversely, the example shown in Figure 8.4 is termed receding deposition; as the sub-
strate is withdrawn from the liquid, hydrophilic head groups are deposited directly onto
the substrate surface. Multiple layers can be deposited by repeated cycles in which the
substrate is raised and/or lowered through the Langmuir film.

Complex layer architectures can be developed using different deposition cycles. Figure 8.5
shows some examples of layers that can be created, where X, Y, Z, and A-B-A types are
represented. X-type films are created by repeated extending deposition, resulting in head-
to-tail orientation of molecules in adjacent layers. Z-type layers are formed from succes-
sive receding deposition cycles. Alternating extending and receding deposition results 
in a Y-type film, orienting the monomolecular layers in a head-to-head and tail-to-tail
configuration. Mixed multilayers (termed A-B-A layers) are deposited using more than
one amphiphile, and a multiple tank trough, with a variety of possible structural features.

8.3.1.2 Overall characteristics

The power of the L-B technique is the vast array of possible layer types and orientations.
However, the forces that hold the film in a coherent unit on the substrate surface consist of
van der Waals interactions. These forces are much smaller than those resulting in chemical
bond formation. Thus, L-B layers may not be stable for long periods of time or in harsh envi-
ronments. Moreover, specialized equipment is required to create them, and special care must
be taken to ensure reproducible and well-ordered films. This approach is particularly demand-
ing with respect to high-purity reagents and liquids, and surface preparation procedures.
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Figure 8.4 Receding deposition of an L-B film. Adapted from reference (8) with the permission of
Cambridge University Press.
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8.3.1.3 Applications

L-B films often resemble lipid membranes. Thus, electrodes modified with these layers
are particularly relevant as mimics in studies of biological functions, including transport
phenomena (16), enzyme activity (20), and molecular recognition (17–20, 22). Finally,
the ability to control the thickness of an L-B layer on the nanometer scale is well-suited
for studies of molecular electronics and nanotechnology (20–22).

8.3.2 Self-assembly

Modification of a substrate surface by spontaneous adsorption (24), now more commonly
referred to as self-assembly, is one of the most utilized modification pathways. These films
are typically bound to the substrate by chemisorption; however, intermolecular forces
within the film are also important. Chemisorption is the strong adsorption of a molecule
onto a surface through the spontaneous formation of a chemical bond (1). This chemical
bond forms between a functional group in the molecule and a site on the electrode.
Monomolecular layers prepared by chemisorption are known as self-assembled monolay-
ers (SAMs). These adlayers can be used to impart the desired function to the electrode
directly, or can serve as a foundation for more complex electrode architectures.

8.3.2.1 Structural description and preparation

A schematic illustration of a SAM is shown in Figure 8.6. Chemisorption occurs through
the head group, or �-end. A spacer chain separates the head group from the tail group,

300 8. Chemically Modified Electrodes

Figure 8.5 Langmuir-Blodgett film types. Adapted from reference (8) with the permission of
Cambridge University Press.
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or �-end. The head group is responsible for the largest energetic contribution to self-
assembly, while the tail group strongly influences interfacial properties. The micro-
scopic structure of the film is dependent on the forces acting between the spacer chain
and tail groups, and include dispersive (or van der Waals), electrostatic, and steric
interactions. Densely packed layers are formed when the spacer chains and tail groups
maximize attractive forces and have comparable van der Waals radii. Less dense and
more disordered adlayers may also form as a consequence of repulsive interactions, mis-
matches in packing radii, and/or registry with the substrate, but are still suitable for a
wide range of studies.

SAMs are created by exposure of an adsorbate precursor (liquid or vapor) to a suitable
substrate. Usually, the substrate is immersed in a dilute solution (10�4�10�3 M) for a pre-
determined time (seconds to days) after which the electrode is removed, rinsed copiously
with neat solvent, and dried before use. Mixed monolayers can be formed by the simulta-
neous deposition of multiple precursors from the same solution. However, caution must be
exercised since the solution concentration ratio usually does not reflect the resulting sur-
face composition.

Many sulfur-containing functional groups chemisorb onto metal electrodes (11, 25–30).
For example, thiols and disulfides spontaneously adsorb on gold. Thiols also chemisorb at
silver, copper, platinum, and mercury; however, gold is by far the commonly used sub-
strate electrode due to its relative inert nature. Several examples of SAMs that have been
reported in the literature are listed in Table 8.2. A detailed discussion of an example (alka-
nethiolates on gold) is given below.

8.3.2.2 Formation and structure of alkanethiolates on gold

Alkanethiolates on gold (Au-S-(CH2)n-X) serves as an ideal system for demonstrating the
important concepts and techniques used in the fabrication, characterization, and applica-
tion of SAM-based modified electrodes. There are many excellent examples of their appli-
cation in practical and fundamental areas related to electroanalytical and surface chemistry
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Figure 8.6 Schematic of a self-assembled monolayer. Adapted from reference (6) with permission.
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(6, 43, 44). However, the adsorption mechanism and the resulting structural details of these
adlayers are complicated (45, 46).

The assembly mechanism of alkanethiols onto gold from the liquid phase (45–55) and
the vapor phase (56) has been investigated using scanning tunneling microscopy (STM)
and other techniques. A generalized mechanism is illustrated in Figure 8.7. The adsorption
process is characterized by two distinct stages. The first stage results from the affinity of
the thiol head group for the Au surface, driving the formation of a disordered layer with
sub-monolayer coverage, as depicted in Figure 8.7A�C. During this stage, the surface
becomes saturated with molecules having an average orientation parallel to the surface; the
layer does not reach its full thickness. The second stage, shown in Figure 8.7D�E, pro-
ceeds over a longer time scale, and is driven by interactions (van der Waals forces)
between the spacer chain and tail groups. These lateral interactions orient the molecules
more perpendicular to the surface, allowing the coverage and thickness to increase to pack-
ing density limits. This combination of head-group binding and intermolecular forces
leads to an equilibrium structure characterized by high packing density (formation of a full
monolayer), molecular ordering (all-trans zigzag conformation of sequences with the
alkane chains), and stability.

Although SAMs are capable of forming dense adlayers, many subtle variables, espe-
cially during the early stages of formation (57, 58), can result in the variation of the
microscopic film structure. These differences can significantly alter the behavior of the
electrode.

SAMs are stable within an extended potential window: –0.8 to +0.8 V vs. Ag/AgCl (59).
However, the pH of the solution can alter these limits. Nevertheless, the positive limit is
defined by oxidation of the adlayer. Furthermore, electrochemical experiments have
revealed that upon cathodic potential sweeps, a surface wave is observed that corresponds
to the one-electron reduction of a complete monolayer of thiolates (60). The film packing
density can be determined from integration of the peak current obtained upon reductive
desorption. Moreover, insights into the structural features and formation mechanism is
available from reductive desorption data (59). This desorption process limits the cathodic
potential possible for SAM modified electrodes.

302 8. Chemically Modified Electrodes

Table 8.2

Examples of modifying layers formed by chemisorption

Molecule Electrode material

RSH Au (29), Ag (31), Pt (4), Cu (30), Hg (32)
RSSR� Au (26)
RSR� Au (33)
R3P Zr (34, 35)
RNC Au (36–40), Pt (41), Cu (36)
RCOOH Ag (6), Al2O3 (6)
R(OArCH(NH2)2)2 Au (42)
Silanes Hydroxlyated surfaces (6, 43)

Note: A more extensive table could be found in reference (25).
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Extensive surface characterizations have been applied to alkanethiolates on gold. For
instance, X-ray photoelectron spectroscopy (XPS) has been used to identify the electronic
state of the adsorbed sulfur atom as a thiolate (26) with a partial charge of �0.2 (61). STM
has also been used extensively to interrogate the resulting adlayer structure. The binding
site of the sulfur head-group has been speculated to occur at threefold hollow sites at
Au(111), forming a (√3 � √3)R30� adlayer, as shown in Figure 8.8 (62, 63). There are also
numerous studies indicating more complicated lattice structures, showing that perhaps,
many different structures are possible (43).

8.3.2.3 Overall characteristics

The main limitation of self-assembly is the requirement of a specific functional group 
that will drive assembly onto the substrate of interest. Moreover, the rational design and
formation of tailored mixed systems are complicated by an interwoven multi-step assem-
bly mechanism. Fortunately, these limitations could be overcome on most occasions, and
self-assembly allows facile control of interfacial properties at the molecular level (64).
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Figure 8.7 Illustration of the self-assembly mechanism of alkanethiols onto gold. Adapted from
reference (56) with permission. Copyright 1996 AAAS.
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Although SAM precursors are amphiphilic molecules, as in L-B films, SAMs are more
stable due to the specific nature of chemisorption. Thus, the preparation of SAMs is much
more facile and the resulting adlayers are more stable. Functionalities can also be intro-
duced into the adlayer that allows for further modification of the interface. Therefore,
SAMs are attractive as coatings in many applications.

8.3.2.4 Applications

SAMs are widely used in electrochemistry to block access of solution-based molecules
(11). A well-defined thickness between the substrate surface and redox couple is provided
by SAMs with electroactive tail groups (11, 65–72). The spacer chain is used to hold the
redox center away from the surface of the electrode, enabling studies of long-range
heterogeneous electron transfer.

The use of SAMs as a facile way to attach other functionalities to the electrode surface
has been exploited in the development of chemical sensors (44, 45). Functionalities pre-
sented at the electrode easily modulate the selectivity of the electrode surface for an analyte
of interest. Cyclodextrins, calixarenes, and other molecules with size and shape specificity
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Figure 8.8 (A) STM image of ethanethiolate on Au(111). (B) Representation of the (√3 � √3)R30�
overlayer structure of a thiolate monolayer. Open circles represent Au atoms while filled circles rep-
resent S atoms (not to scale). Adapted from reference (63) with permission.Copyright 1991
American Chemical Society.
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can be tethered to the surface of the SAMs lending chemical specificity to the electrode
surface (73, 74). SAM modified electrodes are also utilized in biomimetics (45), studies of
interfacial phenomenon (25), nanotechnology (25), and molecular electronics (45).

8.3.3 Covalent attachment

By taking advantage of traditional synthetic chemistry, surface-based functional groups can
be modified through the formation of new chemical bonds (4, 5, 75). These covalent attach-
ment schemes are used to modify the surface of an electrode. The reactions used for deriva-
tization are determined by the identity of the chemical components on the electrode surface.
Therefore, the choice of the modifier must account for the reactivity of the target surface site.

Covalent anchoring can result in stable, reusable modified electrodes. However, adlayer
stability is not guaranteed (especially for organosilane linkages) and increased robustness
may be offset by the complicated preparation required for many covalent modification
schemes. Moreover, highly organized layers are often difficult to achieve, and repro-
ducibility of the fine structure of the layer can be limited.

8.3.3.1 Overall description and electrode pretreatment

A variety of functional groups exist on the surface of many common electrode materials.
Enrichment of these groups is normally required to realize acceptable reactive site popu-
lation (4, 5). Additional activation steps can be employed to increase the efficiency of cou-
pling (i.e., by converting the functional group to a more reactive form). The enrichment
and activation steps can be accomplished in a single step, or may require multiple steps.
Figure 8.9 illustrates common covalent electrode modification schemes.
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Figure 8.9 Covalent modification schemes (4, 5, 76).
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8.3.3.2 Covalent modification of carbon electrodes

Considering the scope of organic chemistry, carbon electrodes are an obvious choice as
a substrate for covalent anchoring schemes (5). The bulk of carbon electrode materials
are extended networks of fused aromatic rings (see Chapter 5). The terminal surface region
of the network is often rich in reactive sites. Oxygen-containing functional groups (i.e.,
carboxylic acids and alcohols) and sp2 hybridized carbon atoms have been exploited in
covalent modification strategies (5).

There are two categories of covalent modification schemes for carbon electrodes: (1)
chemical and (2) electrochemically assisted. Common functional groups on carbon elec-
trodes include carboxylic acids, alcohols, and ketones. Most chemical methods employ
carboxylic acid or hydroxyl groups, while electrochemically assisted modification can
occur by direct reactions with aromatic surface carbon atoms.

(a) Chemical reactions at carbon
Organosilane chemistry can be used to anchor modifying layers to any hydroxyl-contain-
ing moiety, as shown in Figure 8.9A. Thus, organosilanes are commonly used to modify
carbon electrodes. In practice, dense hydroxyl group populations are formed by reduction
of acids. The silane can be used directly as the adlayer or serve as a linker molecule.

Although silane chemistry provides a very versatile method for modification of carbon
electrode surfaces, it is difficult to obtain ordered layers with well-defined thickness (see
Figure 8.10). Moreover, these layers show poor reproducibility and stability, and thus far
have mainly been used in fundamental studies (43).

Hydroxyl groups can also be reacted with cyanuric chloride (76–79), as shown in
Figure 8.9B. Each cyanuric chloride moiety has three reactive sites, which can be used for
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Figure 8.10 Organosilane reactions with metal oxide surfaces. Reproduced from reference (5)
with permission. Copyright 1984 Marcel Dekker, Inc.
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immobilization. This leaves one or two reactive sites for the formation of an adlayer of
amines, alcohols, Grignard reagents, or hydrazines (5).

On the other hand, carboxylic acid groups, due to their rich synthetic chemistry and nat-
ural occurrence on carbon electrode surfaces, are often used in covalent anchoring of
adlayers onto carbon electrodes. The surface density of carboxylic acid groups can be
increased by heating the electrode in air or by oxygen plasma treatment (77). To increase
the efficiency of the reaction between surface sites and amines or alcohols, the carboxylic
acids are often converted to acid chlorides (e.g., using thionyl chloride). After activation,
these surfaces can be further reacted with amines and alcohols to allow attachment of other
functional groups or electrode-modifying layers (Figure 8.9C�D ). Often, these reactions
are used to tether electroactive groups to the surface, and the resulting systems are used in
electron transfer studies (5).

(b) Electrochemically assisted reactions at carbon
A powerful strategy to covalently derivatize carbon electrodes with monolayers and
multilayers utilizes electrochemical reactions (75). Electron transfer is used to activate
a heterogeneous chemical reaction. The adlayer is formed after generating the highly
reactive species by oxidation or reduction of the solution-based molecule or a surface-
based functional group. In most electrochemically assisted modification schemes, the
reaction involves a carbon radical.

Electrochemically assisted modification of carbon electrodes has been accomplished by
oxidation of amines (80, 81) and arylacetates (82), reduction of aryl diazonium salts (83),
and anodization (oxidation) in a solution with alcohols (75). Of these schemes, reduction
of diazonium salts, shown in Figure 8.11, provides a particularly convenient pathway for
carbon electrode modification.

The electrochemical reduction of aryl diazonium salts is generally carried out in ace-
tonitrile or acid solutions (75). This method allows diverse functionality (84, 85), and the
possibility of monolayers or multilayers (86, 87). Although a high adlayer coverage can be
obtained (88), the blocking efficiency depends on the details of the modification proce-
dures (89). The convenience and diversity offered by diazonium reduction have led to the
application of this modification procedure in areas ranging from studies of electron trans-
fer kinetics (90), molecular electronics (91), sensor design (92), and even in the chemical
modification of carbon stationary phases in liquid chromatography (93).

8.3.3.3 Covalent modification of metal electrodes

Many different metals can be electrochemically oxidized, providing a high density of
hydroxyl groups (4, 5). Organosilane and cyanuric chloride chemistry can be utilized to
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Figure 8.11 Reaction scheme for covalent attachment by phenyldiazonium reduction. Adapted
from reference (75) with permission.
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modify oxidized metal surfaces as shown in Figure 8.9A�B, analogous to carbon elec-
trodes (10, 43).

8.3.4 Clay modified electrodes

Clays possess many properties that make their use as electrode modifiers intriguing. These
features include abundance, low cost, diversity, high chemical stability, negligible toxic-
ity, and pliability (94–98). The diversity stems from differences in chemical composition,
charge, size, and major associated ions (95). Clays can also withstand highly oxidizing
environments and temperatures (98). Therefore, they are often used as electrode modifiers
when the experiments demand harsh conditions where the integrity of other adlayers
would be compromised. Perhaps most importantly, the structural composition of clays
imparts functions that are particularly amenable to electrochemistry. An overview of the
chemical and physical characteristics is necessary to understand their utility in electro-
chemistry.

8.3.4.1 Structural description

Clays are abundant throughout the world; approximately 4250 distinct clay minerals have
been identified (98), of both natural and synthetic origin. Clays are phyllosilicate miner-
als, so-called because of their sheet-like (1:20 thickness:length) structure (99). The sheets
(phyllo) consist of aluminosilicate networks composed of silicon oxide tetrahedra (SiO4)
or aluminum oxide octahedra (AlO6). These sheets form layers (platelets) when oxygen
atoms are shared between two or more adjacent sheets, and can combine in various ways
to form many different types of clays.

Clays are categorized by a tetrahedral:octahedral numbering system. A 1:1 layer is com-
posed of one tetrahedral sheet linked to one octahedral sheet. 2:1 layers are also common,
where one octahedra is sandwiched between two tetrahedral sheets (99). Some of the com-
mon clay materials are presented in Table 8.3.

Clay platelets may be dispersed or stacked in pseudo-crystalline arrangements. Regular
groupings of layers in face-to-face, edge-to-face, or edge-to-edge configurations 
(and combinations of these) result (96) in crystals having grain sizes in the colloidal range
(�2 �m) (99). Cohesive van der Waals and electrostatic forces hold the grains together
when present in a modifying layer on the substrate. The surface of a platelet contains
oxygen or hydroxide groups, imparting a hydrophilic nature to the region between two
platelets. Therefore, this region can swell and accommodate water molecules (98).

The number of different clays is greatly extended by replacement of the Al3+ or Si4+

cations in the crystalline lattice (i.e., Mg2+, Fe2+, or Li+ for Al3+) (98). Usually, the replace-
ment cations are less positively charged, resulting in an inherent excess negative charge on
each platelet. Exchangeable cations, on the other hand, such as Na+ and Ca2+, reside in the
aqueous interlayer region, neutralizing the excess negative charge and electrostatically
binding the platelets. Thus, the cation-exchange capacity (CEC) of clays is generally large.
The natural occurrence of anion-exchange clays is far more infrequent than cation-
exchange clays. However, anion-exchanged clays have been prepared synthetically. An
outline of the different types of clay is presented in Table 8.3.
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8.3.4.2 Pretreatment

Before immobilization on the substrate, the clay must be treated to ensure uniform and pre-
dictable properties. Naturally occurring clays contain particulate and chemical impurities.
Moreover, the native ionic species in the interlayer region may vary, requiring different
procedures to realize effective and reproducible ion-exchange properties. Pretreatment
steps also influence the conductivity and porosity of the clay.

The heterogeneity inherent in natural clays can be overcome by simple treatments. The
following procedure is described by Bard and Mallouk (96), while similar treatments
involving freeze drying have been presented (94, 100). First, large particles are removed
by decanting an aqueous suspension of the clay. The decanted suspension is stirred in a
concentrated (1 M) solution of NaCl for 48 h to ensure Na+ is the major interlayer ion. This
solution is centrifuged and washed, then dialyzed to remove excess electrolyte. Finally, a
last centrifugation step is used to ensure the solution contains particles under 0.2 �m in
diameter. Other impurities can be removed by procedures that are more specialized. Iron
oxide, for example, can be removed from the interlayer region by dithionite and citrate
treatments (96) without disturbing the iron content of the crystalline lattice.

Pillared clays are prepared by intercalation of bulky cations (e.g., [Al13O4(OH)28]
3+) to

provide a fixed spacing between platelets (96). A well-defined interlayer spacing (between
10 and 20 Å) is adjustable by changing the cation identity. Pillared clays are utilized to pro-
vide a regular cavity size, allowing the incorporation of molecular guests of specific size.

8.3.4.3 Immobilization

The plastic nature of clays makes their immobilization onto a solid substrate electrode
straightforward: spin-coating, drop-casting, and screen-printing techniques have all been
successfully implemented (97, 98). Covalent attachment using silane linkages has also
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Table 8.3

Clay materials commonly used to modify electrodes

Tet:Oct Name

Cation–exchange 1:1 Kaolinite
Halloysite

2:1 Prototype montmorillonite
Montmorillonite
Nontronite
Illite
Hectorite
Laponite
Saponite
Vermiculite

Anion exchange 2:1 Chlorite
0:1 Brucite

Hydrotalcite
Layered double hydroxide

Source: Adapted from reference (95) with permission.
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been reported (95). Other, less common methods include Langmuir-Blodgett film transfer
and electrophoretic deposition, and have resulted in hybrid films (films containing other
amphiphilic molecules), and extremely smooth films, respectively (97). Drop-casting and
spin-coating are the most commonly reported techniques for immobilizing clays on elec-
trodes (96). However, clay materials are also often utilized in composite carbon paste elec-
trodes (97). It is important to note that the electrolyte identity and concentration, and the
solvent in which the clay is dissolved prior to deposition affect the structure of the film
(94–96), and therefore the function of the resulting electrode.

8.3.4.4 Applications

Clay modified electrodes are used in fundamental studies of electron transfer, and in the
construction of sensor devices. The ionic aqueous environment in the interlayer region is
highly amenable to electrochemical processes. Furthermore, this environment is con-
trollable and fairly innocuous, allowing many different species to retain their activity.
Molecular recognition, chemical catalysis, electrocatalysis, and preconcentration of ana-
lyte molecules are all applications of this class of modified electrodes. A condensed list of
clay modified electrodes is given in Table 8.4. Reference (96), Table 6.1 on pages 280–281
contains a more comprehensive list.

The ion-exchange properties of clay materials lead to several practical applications. The
analytical signal results from heterogeneous electron transfer between electroactive ions
and the substrate. This signal arises from the permeation of electroactive molecules
through the clay layer to the underlying electrode. Thus, electroactive ions (e.g., dissolved
metals) can be preconcentrated through ion-exchange, and quantified with high sensitivity
and selectivity using stripping voltammetry (98). Analytes that do not appreciably perme-
ate the clay film can be determined by a mediation reaction.

Neutral molecules can also be incorporated into clay materials by taking advantage of
their sorption properties. The mild environment of the interlayer region provides an ideal
matrix for biologically active molecules. Thus, biosensors can be constructed by incorpo-
ration of enzymes into the film (98). The enzyme can then act as a mediator for the target
biomolecule.
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Table 8.4

Electrochemical uses of clay modified electrodes

Electrode materials Analyte Benefits

Glucose oxidase in nontronite on GC Glucose Stable, reusable, reduced interference
Nafion-coated nontronite on GC Methyl viologen Reduced interference
Nafion-coated nontronite on GC Uric acid, dopamine Reduced interference
Mercury-plated nontronite on GC Cu2+, Zn2+ Enhanced selectivity
Cellulose acetate membrane with [Cu(NH3)4]

2+ Trace analysis of Cu2+

montmorillonite or nontronite
Screen-printed nontronite Codeine, amitole, FIA and voltammetry

purine bases
Nontronite stabilized catalyst Dopamine LOD 0.54 nM

Source: Information adapted from reference (98).
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Finally, the properties of the solution should be considered. Competition between elec-
trolyte cations and analyte molecules for ion-exchange sites within the film make high
concentrations of electrolyte undesirable. Moreover, small variations in the electrolyte
concentration can have a large effect on the interlayer spacing of the clay material. pH also
affects the stability and electrochemical response of the film. Furthermore, some solvents
may degrade the film. For example, polar organic molecules are known to intercalate,
dramatically changing the interlayer spacing in some clays (96).

8.3.5 Zeolite modified electrodes

A class of aluminosilicates called zeolites offer a number of chemical, physical, and struc-
tural characteristics that merit use as electrode modifiers (7, 101–106). The chemical com-
position of zeolites is similar to that of clays; however, zeolites are three-dimensional
aluminosilicate crystals rather than two-dimensional sheet structures. This distinction
imparts unique chemical and physical properties that can be exploited for preconcentra-
tion, size and shape selectivity, and catalysis. However, molecules that can be incorporated
into zeolites are more limited due to spatial constraints of the zeolite cavity.

8.3.5.1 Structural description

A zeolite is an inorganic molecule consisting of a base matrix of aluminosilicates arranged
in a three-dimensional crystal (107–112). They have high ion-exchange capacities due to
charge excesses inherent in their structure. The distinguishing feature of zeolites is the
three-dimensional framework, which results in channels and cages of molecular dimen-
sions. These apertures act as molecular sieves, allowing the passage of small, appropri-
ately shaped molecules. Once within a zeolite, chemical reactions are often facilitated
through geometric confinement. That is, the molecule or molecules are forced into a 
configuration that increases their reaction probability. These combined properties (ion-
exchange, size and shape selectivity, and catalytic activity) are particularly useful in 
electrochemistry.

The basis of the three-dimensional structure of zeolites is the framework of tetrahedral
silicon and aluminum oxide rings shown in Figure 8.12. Bridging oxygen atoms are
shared between the silicon and aluminum atoms in variable ratios, giving rise to diversity
in the types of ring structures that can be formed. These rings come together in the third
dimension because of the extended tetrahedral bonding scheme. Therefore, different ring
structures result in different cage dimensions and geometries. Figure 8.13 depicts struc-
tures of four zeolite types, exemplifying the porous, cage-like openings with dimensions
on the molecular scale. Approximately 40 different naturally occurring zeolites have been
discovered (96).

The structure of the AlO2/SiO2 network induces a fixed negative charge at each Al atom
(see Figure 8.12). Associated cations maintain electroneutrality, with common species
being Na+, K+, Ca2+, Mg2+, H+, NH4

+, and some organic cations (96); these cations are
exchangeable. The strong acid nature, arising from terminal hydroxyl groups at the crys-
tal faces (104), is key to the catalytic activity of zeolite–acid catalyzed reactions.
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Expansive efforts to identify new zeolites have been driven by their importance in
industrial applications (112). The most prominent industrial use is cracking of crude oil.
These efforts have resulted in the preparation of numerous synthetic zeolites. There are
five broadly defined classes of synthetic zeolites, as outlined in Table 8.5.
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Figure 8.12 Chemical structure of an aluminosilicate zeolite, illustrating the Al-O-Si network, 
the terminal hydroxyl groups, and the fixed anionic sites (with charge compensating cations).
Reproduced from reference (104) with permission.

Figure 8.13 Three-dimensional representations of the framework structure of zeolite types A, XY,
L, and a two-dimensional framework structure of mordenite. The vertices of lines in the above struc-
tures indicate the Si or Al atoms, with bridging oxygen slightly displaced from the lines. Reproduced
from reference (102) with permission. Copyright 1990 American Chemical Society.
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8.3.5.2 Immobilization

Many different procedures for modification of electrode surfaces by zeolites have been
proposed (106). In practice, fabrication of zeolite modified electrodes is complicated by
at least two factors: first, zeolites are electrically insulating, and second, immobilization
of the film by physical or chemical bonding is difficult. Most successful zeolite modifi-
cation schemes employ composites, where polymers or conductive powders are used as
a matrix to support the zeolite. In any successful scheme, electroactive analyte mole-
cules and counter-ions must be able to undergo rapid mass transport within the zeolite-
based film.

Four different strategies for immobilizing zeolites on the surface of an electrode can be
identified (106). The desired zeolite can be: (1) dispersed within a solid matrix; (2) com-
pressed onto a conductive substrate; (3) embedded in a polymeric film; or (4) covalently
anchored. Figure 8.14 outlines these broad approaches and the many different possible
electrode structures. Further elaboration on these immobilization schemes can be found in
Tables I and II of references (102) and (106), respectively. These references also contain
specific examples of preparation procedures for zeolite modified electrodes.
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Table 8.5

Classes of zeolites (reference (96))

Abbreviation Name General structure

AlSiO4 Aluminosilicate AlSiO4
AlPO Aluminophospate AlPO4
SAPO Silicoaluminophosphate SiPO4
MAPOa Metal-containing aluminophospate AlPO4
MAPSOa Metal-containing silicoaluminophosphate SiPO4

aDoped with Li, Be, Mg, or transition elements.

Figure 8.14 Strategies applied to prepare zeolite modified electrodes. (PDMS: polydimethylsilox-
ane; PS: polystyrene; PEO: polyethylene oxide). Reproduced from reference (106) with permission.
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8.3.5.3 Applications

The unique three-dimensional aluminosilicate crystalline lattice of zeolites gives rise to
three intriguing characteristics (104). These characteristics are: high cation-exchange
capacity, sensitive molecular recognition (size and shape selectivity), and good catalytic
activity. These properties give rise to the use of zeolite modified electrodes in sensor devel-
opment, and electrocatalysis (106). These and other applications are outlined in Table 8.6.
More detailed descriptions can be found in recent reviews (7, 96, 102–106), with exten-
sive lists compiled by Rolison (Table II in (102)) and Walcarius (Tables 1 and 3 in (105)
and Table 1 in (106)).

8.3.6 Sol-gel modified electrodes

Amorphous sol-gel materials have become increasingly appealing as electrode modifiers
in the past 20 years (113). The initial interest in these materials was based on applications
of their optical characteristics (silica, zirconia, and other transparent oxides) (113). As
electrochemists sought convenient methods for combining different metal oxides in a crys-
talline product, their interest in sol-gel materials was sparked.

Sol-gel materials possess attractive properties which can be exploited as electrode mod-
ifiers in electrochemical detection schemes (114, 115). These properties include: high
adsorption capacity, acid/base functionality, and thermal stability. Moreover, the inclusion
of functional groups, enzymes, and proteins in sol-gels is easily achieved, expanding the
possible applications.
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Table 8.6

Applications of zeolite modified electrodes

(1) Molecular recognition
Molecular discrimination
Self-assembled multi-component systems

(2) Charge and mass transport characterization
Ion-exchange
Diffusion (analytes and counter-ions)
Electron transfer mechanisms
Intrazeolite effects

(3) Electroanalysis
Amperometry (preconcentration, indirect detection)
Potentiometry (membranes)

(4) Electrocatalysis
Mediation by exchanged species
Encapsulated species
Dispersion electrolysis

(5) Batteries
Reactant hosts
Dispersion electrolysis

Source: Reproduced from reference (104) with permission.
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8.3.6.1 Structural description

The term sol-gel is used to describe a broad class of solid structures created through gela-
tion of a colloidal suspension (i.e., sol) (113). Upon dehydration, a xerogel, or “dry gel”
state forms. Subsequent heat treatment can be used to remove unreacted organic residues,
increase stability and density, or introduce crystallinity (113).

The chemical composition of sol-gels is typically a basic inorganic oxide. A common
example of a sol-gel is silica gel, which has particular utility as stationary phase supports
in chromatographic columns. The sol-gel materials used for electrode modification are
typically created from two different classes of material: inert and redox active. Many dif-
ferent types of sol-gels are derived from these classes, as outlined in Table 8.7 (113).

The first class, inert inorganic sol-gels, are not redox active (e.g., silica, alumina, and
zirconia) (113). In the gel form these materials have a large surface area, high ion-exchange
capacity (due to surface hydroxyls), and exhibit good adhesion to metal oxide and ceramic
supports.

The second class of sol-gels contains redox-active metal oxides, such as tungsten oxide,
vanadium pentoxide, manganese oxide, and other transition metal oxides. Moreover, many
n-type semiconductors such as zinc oxide, barium titanate, and titanium dioxide can be
used in this class (113). The structures of these gels are sensitive to the pH and oxidation
state of the precursors. Many redox-active sol-gels exhibit electrochromism (different oxi-
dation states exhibit different colors, allowing spectroscopic determination of redox states).
These gels can also accommodate the reductive insertion of lithium and other moieties.

Introduction of guest species into class one and two sol-gels can be accomplished
through a variety of techniques (113), including chemical reactions and impregnation
schemes. These procedures yield many different types of sol-gels that can be classified
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Table 8.7

Classification of sol-gel materials and attributes relevant to electrode modification

Sol-gel classes Attributes

(1) Inert, inorganic materials Electroinactive (silica, alumina, and zirconia)
(2) Redox-active metal oxides Electroactive (vanadium pentoxide, manganese oxide, 

tungsten oxide, etc.)

Modified sol-gel types Definition

Organic–inorganic hybrids Inclusion of organic functionalities
(i) Covalently bound Creation of sol-gel-C bond during/after formation of gel
(ii) Doped Molecules incorporated in the sol starting solution 

(large-scale catalysts or electrode modifiers)
(iii) Impregnated Adsorption or precipitation of organic compounds onto 

prepared gels
(iv) Intercalated Materials are placed into a swelled gel that are 

encapsulated upon dehydration

Macroscopic and microscopic Encapsulated unicellular microorganisms, whole cells, 
inclusion and powders

Source: Information adapted from reference (113).
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(113) as outlined in Table 8.7. The different methods for modification of class one and two
sol-gels are outlined below.

Sol-gel networks can be further modified by covalently linking molecules to the matrix.
These linkages can be added before or after sol-gel formation. To introduce the modifier
before formation, it is important that the bond between the precursor and modifier be
resistant to attack by the reactive groups of the precursor involved in gel formation.
Carbon–silicon bonds are typically used for this purpose. Alternatively, the gel can be
derivatized after formation, through a wider range of steps (e.g., using silanes) with direct
covalent attachment to the sol-gel matrix by inorganic or organic reactions. Moreover, by
combination of these two approaches, a functionalized precursor can be designed for sec-
ondary reactions with other types of molecules.

Compounds can be introduced into the gel network by entrapment (113). Doping
involves the addition of a molecular guest to the sol-gel precursor solution. Alternatively,
the gel may be modified by impregnation after formation by precipitation–adsorption or
intercalation into the oxide network by swelling agents. When modifying the gel with
small molecules, care must be exercised because doping, impregnation, and intercalation
procedures often result in electrodes with guests that are prone to loss through leaching.
Therefore, these techniques are more useful for immobilization of large catalysts or
organic modifiers (113).

In addition to molecular guests, macroscopic species can be used to form composite
materials, using the sol-gel as a matrix. To this end, conductive powders and other species
have been incorporated in sol-gels (113). These large-scale objects are usually captured in
the network during gel formation. Electrodes with unique qualities can be fabricated using
these procedures. For example, a gel doped with conductive carbon particles results in a
carbon paste-like electrode, having the electrochemical activity of carbon in conjunction
with the robust mechanical characteristic of the sol-gel material. Furthermore, metal par-
ticles or conductive polymers can be used to increase the redox activity of the resulting
electrode. Polymers can be incorporated by initiating a polymerization reaction within a
preformed sol-gel matrix, introduction of a preformed polymer during gelation, or con-
current polymerization and polycondensation.

8.3.6.2 Immobilization

In constructing a sol-gel modified electrode, thin films may be necessary due to the insu-
lating properties of the gel (115). Thus, they are often fabricated by growing a thin film on
the substrate. For such cases, sol-gels with high adhesion characteristics are ideal (most
sol-gels adhere to metal, metal oxide, and semiconducting electrode materials). When nec-
essary, more robust linkages can be formed by covalent bonding through silane chemistry.
Incorporation of charge mediators, chromophores, organometallic catalysts, preconcentra-
tion agents, ionophores, and active proteins into the sol-gel matrix provide the basis for the
function of the electrode.

To overcome the limitations of conductivity, bulk-modified sol-gels can be used (113).
These electrodes incorporate conductive materials into the gel. The resulting structures 
are able to serve as a carbon-paste-like electrode (see Chapter 5). The sol-gel backbone 
is solid-like, providing a mechanically robust and convenient electrode embodiment. 
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This property is combined with the attributes of the conductive elements incorporated in
the gel, allowing many novel functions to be realized.

8.3.6.3 Applications

The properties of sol-gels that are useful in electroanalysis include abrasion and corrosion
resistance, ionic conductivity, optical transparency, and electrochromism. These, along
with the ease with which sol-gels can be constructed with variable chemical composition
have led to their use in electrocatalysis (116), sensing, and as robust reference electrodes
(113). Other applications are summarized in references (113, 115). Table 1 in (115) includes
an in-depth list of useful sol-gel modified electrodes.

8.3.7 Polymer modified electrodes

The extended nature of a polymer network provides many opportunities for enhancing
electroanalytical measurements and enabling studies of long-range interfacial phenomena.
The relative thickness of a polymeric film allows a high number of active sites on the elec-
trode surface, increasing utility in sensor design (117–120) and fundamental studies (4).
For example, polymer modified electrodes can be used to study extended charge transport
phenomena or electron transfer mediation reactions (121–123).

These modifiers are classified by the type of polymer (5). To this end, four classes are
identified: redox, ion-exchange, conductive, and nonconductive, as shown in Figure 8.15.
The first three classes of polymers are able to participate in electron transfer events; the
distinction between them lies in the mode of electron-transport that dominates their
observed behavior, as shown in Figure 8.16 (4). Nonconducting polymers are used to cre-
ate selective physical barriers or for surface passivation (118).

A variety of methods exist for immobilization of polymeric films on substrate surfaces.
These can be divided into two broad classes: coating a preformed polymer or polymerization-
deposition. A dissolved polymer can be adsorbed onto a substrate by drop-casting, dip-
coating, or spin-coating (124). Alternatively, a polymerization reaction can be initiated
with the electrode immersed in the monomer solution to create a polymer-coated substrate.

Anchoring of polymer films is accomplished through the same forces that immobilize
other films. They are easily physisorbed, due to high molecular weight and hydrophobic-
ity. Therefore, as long as these interactions are not altered, for example, by a strong sol-
vent for the polymer, the film remains stable. A synopsis of the characteristics,
construction, and uses of each of the four classes of polymer modified electrodes follows.

8.3.7.1 Redox polymers

Redox polymers and co-polymers contain redox-active molecules covalently incorporated
into the polymer. Each redox site is capable of exchanging electrons with other sites within
the polymer or guests, as shown in Figure 8.17A. Only those sites in close proximity to the
solution–polymer interface typically participate in electron transfer with solution-based
redox couples. However, electron transfer with the substrate only occurs at immobilized
sites in close proximity to the polymer–substrate interface. Thus, an analytical signal is
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318 8. Chemically Modified Electrodes

Figure 8.15 Examples of common polymers used to modify electrodes.

Figure 8.16 Illustration of four electron-transfer modes in polymer modified electrodes. Polymers
containing redox molecules (where A + e = D) can mediate electrons to a solution-based analyte
(where O + e = R) through an electron hopping mechanism (1a), or by diffusion of free redox mol-
ecules within the film (1b). Permeable polymer layers, on the other hand, provide a suitable chemi-
cal environment for diffusion of O through the layer (2a) or contain channel/pinholes where
electron-transfer occurs (2b). This material is adapted with permission from: A. J. Bard, Integrated
Chemical Systems: A Chemical Approach to Nanotechnology; John Wiley & Sons, Inc.: New York,
1994. Copyright 1994 John Wiley & Sons, Inc.
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derived from electrons that are effectively shuttled by electron hopping through the poly-
mer film. The extended nature of this electron hopping network has contributed greatly to
our understanding of neural networks and other biological systems (122).

The synthesis of redox polymers is generally performed before deposition (124). First, a
polymer is synthesized by condensation or addition polymerization with at least one
monomer that is redox-active. The polymer is immobilized on the substrate by dip-coating,
drop-casting, or spin-coating. These procedures must be carefully applied if homogeneous
and pinhole free films are needed.

Redox polymers can also be covalently coupled to a substrate surface (5). A preformed
polymeric film is covalently bound to the substrate by reaction of active sites on the sur-
face and functional groups within the polymer. The main advantage of this second syn-
thetic route is the stability provided by tethering the polymer.

Electron transfer events within this class of modified electrodes involve the transfor-
mation of a molecule between stable oxidation states; therefore, transport of counter-ions
within the film must be realized to maintain electroneutrality. Electron hopping between
the redox centers is often rate-limited by ion transport. Although control of the spacing of
redox centers within the polymer may provide experimental advantages, ion transport lim-
itations must be overcome. As a result, only when closely spaced, fast-reacting redox sites
reside in the film, will significant extended electron hopping be observed.

The main drawback of redox polymer electrodes, both in fundamental studies and in
chemical analysis, stems from the difficulty in controlling the concentration and spatial
organization of redox sites within the film (4). The main use of redox polymer modified
electrodes has been in fundamental studies of electron transfer mechanisms. These elec-
trodes are also used as electrochemical sensor devices, but on a much more limited scale
(117). Many of these limitations are overcome by the use of ion-exchange polymers, as
outlined below.
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Figure 8.17 Schematic representation of the processes that take place in a redox-containing poly-
mer film consisting of (A) a redox polymer and (B) an ion-exchange polymer filled with free redox
molecules. Filled circles depict the reduced form of the couple and open circles the oxidized form.
Smooth arrows show electron-transfer events between the two forms, and wavy arrows indicate dif-
fusional processes. This material is adapted from reference (4) with permission. Copyright 1992
John Wiley & Sons, Inc.
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8.3.7.2 Ion-exchange polymers

A powerful and elegant way to overcome the limitations encountered in redox polymers
makes use of ion-exchange polymers (5). This class of modified electrode can be con-
structed using any polymer with ion-exchange properties by exchanging the native
counter-ion for an appropriately charged electroactive ion. This ion will serve as the elec-
tron transfer site within and on the surface of the film. The result is a layer with the abil-
ity to transport electrons as illustrated in Figure 8.17B.

In contrast to redox polymers, the electroactive molecules can diffuse between the 
ion-exchange sites on the polymer, resulting in a number of advantages. The polymer
backbone need not flex for effective electron transfer like a redox polymer film, and there-
fore, occurs at a much faster rate. The concentration of redox sites in the film can be easily
controlled through the ion-exchange process. Furthermore, the requirements of the redox
molecule are greatly relaxed (any redox-active ion can be used). However, the active ion
is prone to leaching from the ion-exchange polymer. This complication usually can be
overcome by dosing the contacting solution with a small amount of the associated ion.

The preparation of ion-exchange redox polymer modified electrodes usually involves
two steps. A preformed ion-exchange polymer (e.g., Nafion®) is immobilized on the elec-
trode surface through drop-casting, spin-coating, or dip-coating. The desired redox ion
(carrying the appropriate charge) is ion-exchanged into the polymer. Thus, variation of the
polymer identity allows cationic or anionic redox molecules to be used.

The ease of preparation and the variety of electron active ions make ion-exchange
polymers amenable to fundamental studies of electron transfer mechanisms. The system-
atic variation of the concentration (effective density) of redox sites within a coating has
been useful in the construction of electron hopping models (4). These models are based on
the apparent rate of electron diffusion through the film. Because the redox centers are able
to diffuse within the polymer, the apparent rate is related to two parameters: redox mole-
cule diffusion and the rate of electron self-exchange.

Ion-exchange polymers on electrode surfaces can also be used to perform practical
tasks, such as preconcentration of ionic analyte molecules, and electron transfer mediation.

8.3.7.3 Electrically conductive polymers

The third class of polymer modified electrodes includes those derived from electrically
conductive polymers. These materials have special structural properties (such as highly
conjugated �-bonds) that facilitate the conduction of electrons through delocalized elec-
tronic bands (125). The electron transfer mechanism, therefore, occurs by movement of
electrons through overlapping and unoccupied electronic energy states. Conductive
polymers have several positive attributes, especially related to their synthesis and
application.

The intrinsic conductivity of many conductive polymers is typically in the semicon-
ducting range (10�14�102 ��1 cm�1). The polymer is often doped to increase conductiv-
ity into the range associated with metallic materials (1�105 ��1 cm�1) (126). Doping is
accomplished by injection of positive or negative charge using chemical reagents or
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electrochemical reactions (126), creating charge-carriers in the form of excess electrons or
holes. Small ions are also incorporated during doping to maintain electroneutrality.

Although conductive polymers can be made by a variety of methods, electropolymer-
ization is by far the most convenient method in constructing a polymer modified electrode.
The polymerization proceeds by an electrochemical reaction at the electrode surface,
resulting in immobilization of a polymer film. For example, Figure 8.18 shows current–
potential curves for electropolymerization of fluorene. The peaks in each curve show the
deposition of an additional layer of polyfluorene (127). The peak currents during elec-
tropolymerization of different types of polymer can increase or decrease with each sub-
sequent scan depending on the electron transfer characteristics of the polymer and the
deposition rate (127, 128).

The advantages offered by electropolymerization stem from the versatility and con-
venience provided by direct reaction of the monomer at the electrode surface. Moreover,
after formation on the electrode surface, charge injection (doping) is easily controlled and
optimized using potential programs and/or changing the electrolyte identity (126). Other
advantages include facile, reproducible control over film thickness and the ability to 
use diverse electrode geometries and form thick films (up to ~1 �m) (126). The solution
conditions required for the synthesis are unusually mild, allowing entrapment of biologi-
cal molecules while retaining their activity (126).

The most common use for conductive polymer modified electrodes has been in the con-
struction of sensor electrodes. These can be very selective and sensitive, and made to
enhance the analysis of many different molecular entities. Thus, many different inorganic,
organic, and biological species have been targeted (117).
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Figure 8.18 Cyclic voltammogram of 0.010 M fluorene in 0.20 M tetrabutylammonium tetrafluo-
roborate in acetonitrile at a Pt working electrode, scan rate 100 mV s�1. Reproduced from reference
(127) by permission of The Electrochemical Society, Inc.
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8.3.7.4 Nonconductive polymers

Nonconducting polymers are not involved in electron transfer reactions, and therefore 
are partially or totally passivating. However, these polymers are useful in constructing
permselective films. These films are deposited on substrate surface by the same methods
as other polymers: dip-coating, spin-coating, drop-casting, or electropolymerization. The
most elegant and useful approach to construct a highly selective modified electrode using
a nonconducting polymer film is molecular imprinting.

The distinguishing feature of molecularly imprinted polymer films stems from the addi-
tion of a recognition molecule to the polymerization solution (129–131). During the reac-
tion of monomer, the recognition molecule becomes trapped within the newly formed
polymer. After polymerization, the recognition molecule is removed, resulting in structural
voids having a structure that is complementary to the recognition molecule (129).
Although imprinted polymer modified electrodes can be made using a nonconductive
polymer template, the imprinting process is a generic one; any type of polymer can, in
principle, be used.

The synthetic protocols needed to produce imprinted polymers are not trivial. However,
successful construction of an imprinted polymer modified electrode is extremely rewarding:
obtaining sites having affinities comparable to antibodies may be possible (129). Unlike
current biorecognition elements, the selectivity of the imprinted layer remains high in a vari-
ety of environments. This stability results from the robust nature of the polymeric material.
Recently, combinatorial approaches are being utilized for optimization of synthetic proto-
cols in order to overcome synthetic challenges of creating these films (129, 131).

8.3.8 DNA modified electrodes

Deoxyribonucleic acid (DNA) is increasingly used for molecular recognition purposes
(132–134). Electrodes modified with DNA, therefore, are useful in the construction of
electroanalytical sensors. Analytes, including carcinogens, drugs, and mutagenic pollu-
tants with high binding affinities for DNA, will be important in testing water, food, soil,
and plant samples. Electroactive molecules may be detected directly upon binding to DNA
bound at the electrode surface. Indirect detection of electroinactive molecules may be
accomplished by monitoring changes in the signal attributed to the bound DNA (134).
Sensors can also be used to detect gene sequences (134) such as mutations associated with
human diseases. Further information on DNA modified electrodes, including fabrication
(i.e., immobilization of DNA using many of the techniques discussed above) and applica-
tion can be found in references (134–142).

8.4 CONCLUSIONS AND PROSPECTS

The properties of chemically modified electrodes that have driven their development
include: increased selectivity and sensitivity, chemical and electrochemical stability, larger
usable potential windows, and resistance to fouling. Chemically modified electrodes will
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remain important tools in applied and fundamental science. This area has blossomed upon
development of a molecular-level understanding of the synthesis and characterization of
interfacial architectures. This will continue as new and improved surface characterization
techniques are developed. However, challenges remain in the successful construction of
modified electrodes; especially needed are advances in our understanding of the subtleties
of adlayer formation processes and the related fundamental electron transfer mechanisms.
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9.1 INTRODUCTION

Electrochemistry with semiconductor electrodes represents an interesting and highly inter-
disciplinary area of science—especially in physical chemistry. It involves concepts of
physics including band structure, zone theory, and charge transport as well as chemical
concepts including electrodics, photochemistry, surface chemistry, catalysis, and Marcus
theory. Semiconductor electrodes have been used in a variety of applications including liq-
uid junction solar cells, photolytic splitting of water, pollutants and organic molecules,
semiconductor processing, and sensor technology.

It is instructive to examine first the historical evolution of this field. The use of a semi-
conductor as an electrode in an electrochemical cell was first demonstrated by E. Becquerel
in 1839. He observed a photovoltaic effect when AgCl electrode was illuminated with 
UV light. The ‘Becquerel effect’ was not clearly understood until 1954, when researchers
from Bell Laboratories studied photoelectrochemistry on Ge single crystals. They demon-
strated that photochemical reactions occurring at Ge electrodes are affected substantially
by the impurity levels in Ge. Based on these experiments and the zone theory that was
developing at that time, the Becquerel effect was modeled as a photoinduced charge sep-
aration at the AgCl–liquid interface. The effect was further tested with other semiconduc-
tor electrodes such as Si, GaAs, GaP, CdS, CdSe, ZnS, ZnSe, ZnTe, TiO2, SrTiO3, and
Ta2O5. Electron transfer theories were also rapidly evolving during this period, starting
from homogeneous systems at heterogeneous metal–electrolyte interfaces leading, in turn,
to semiconductor–electrolyte junctions.

Until the early 1970s, the work was fundamental in nature and mainly of academic inter-
est. The report by Fujishima and Honda (1) in 1972 describing photoassisted splitting of
H2O to H2 and O2 on TiO2, however, suggested the possibility of using semiconductor elec-
trodes in converting solar energy into the chemical/electric energy. Electrolysis of water
using sunlight is extremely attractive because (a) the hydrogen evolved can be stored more
easily than either electricity or heat and (b) it is non-polluting, renewable, inexhaustible,

© 2007 Elsevier B.V. All rights reserved.
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and very flexible with respect to conventional fuel alternatives. This report was published
during a period when the entire world was, for the first time, experiencing soaring gasoline
prices due to fossil fuel depletion. This led to an intense interest in understanding the semi-
conductor–electrolyte interface (SEI) pertaining to renewable energy sources and remains
an active area of research. The goal is to discover an ideal SEI, which can deliver an effi-
ciency of about 15% without fouling the electrodes. To date, there has been limited success
due to the inverse relationship between photocorrosion and efficiency. Oxide semiconduc-
tors such as TiO2 and ZnO are stable against photocorrosion to some extent but deliver poor
efficiency due to a wide band gap. Sulfides and selenides are more efficient due to an opti-
mum band gap but are unstable under sunlight.

Despite the limited success of semiconductor electrodes in solving energy problems,
they provide an interesting alternative to traditionally used working electrode materials in
electrochemical investigations. An important advantage of semiconductor electrodes is
that the electrochemical response can be varied extensively by simply changing the impu-
rity levels, surface treatments, or surface adsorption. In this way, semiconductor electrodes
have a major edge over conventional metal electrodes where the properties of a given
metal electrode are less easily controlled. This property of semiconductor electrodes has
potential applications in developing sensors.

The photoelectrochemistry of semiconductor electrodes will not be the focus of this
chapter due to the thousands of articles and reviews available in the literature. Instead, the
semiconductor as an electrode in the ‘dark’ will be discussed. The journey begins with
zone theory, which addresses the energetics of semiconductors. Next is the interface
between the semiconductor and electrolyte, which is described using Gerischer’s model.
We then enter the solution side and use the Marcus theory to explain the distribution of
energy states associated with solvent reorganization energy. We discuss how electrochem-
ical techniques such as cyclic voltammetry (CV, see Chapter 11) and scanning electro-
chemical microscopy (SECM, see Chapter 12) can be used to deduce the energetics of the
interface and kinetics of electron transfer, respectively. We describe measurements on sus-
pended quantized semiconductor particles by simple electrochemical methods. We also
describe various methods of preparing semiconductor electrodes.

9.2 SEMICONDUCTOR BASICS

9.2.1 Band theory of solids

The properties of semiconductor electrodes and their differences compared with metal
electrodes can be understood by examining their electronic structure. Semiconductors are
unique in their electronic properties due to their band structure. The origin of the energy
bands is generally discussed using band or zone theory, where the motion of a single elec-
tron in the crystal lattice is considered. It is assumed that there is no interaction between
individual electrons or between the electrons and lattice points (the potential energy is
zero). Therefore, the model is sometimes referred to as the nearly free electron model.

The time-dependent Schrödinger equation for a free electron is written as

(9.2.1)− = ⋅
�

2
2

2m
x y z E x y z

e

� � �( , , ) ( , , )
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where me is rest mass of a free electron, E is the kinetic energy, � is a single electron wave
function, and . The solution for equation (9.2.1) is given by

(9.2.2)

where is the position vector and k is the wave vector given by .
The multiplier, , is a normalization constant that accounts for the presence of the
electron in the volume element, V. Based on the de Broglie wavelength (2) associated with
microscopic particles, the linear momentum and kinetic energy of the electron in a single
crystal can be expressed in terms of k by the expressions

(9.2.3)

and

(9.2.4)

where and h is Planck’s constant. A plot of energy E(k) vs. k is given in
Figure 9.1a, where the relationship is essentially parabolic and the allowed energy values
are distributed continuously from zero to infinity. In a real crystal, however, electrons
interact with the periodic potential field, U(r), created by orderly arranged ions in the lat-
tice such that

(9.2.5)

where R is the unit vector. In this situation, the electron wave scatters on these lattice
points. It is analogous to the diffraction of X-rays on a periodic lattice governed by Bragg’s
law. The electronic waves, which satisfy Bragg’s condition, scatter on the lattice points and
cannot propagate in the lattice. It leads to the formation of forbidden energy gaps in the
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Figure 9.1 (a) Plot of energy E vs. wave vector k for the free electron, which suggests that the elec-
tron can acquire any value of energy or all transitions are allowed. (b) The effect of scattering of the
electron at periodic lattice points, which gives rise to gaps of forbidden energy levels. Lower hashed
area within ��/a is called the first allowed band or first Brillouin zone, where a is the lattice con-
stant along the ‘a’ direction in the crystal. Upper hashed area is called the second Brillouin zone. 
(c) More familiar band structure for a solid. It is a plot of electronic energy vs. distance.
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band, called band gaps. The region in the k space between ��/a has allowed energy states
and is called the first Brillouin zone. It is shown in Figure 9.1b. A more familiar picture of
the band structure to the chemist is depicted in Figure 9.1c where an average value of the
energy along three axes vs. distance in arbitrary unit is plotted. The electrons are filled in
these allowed bands similar to the filling of electrons in the atomic and molecular orbitals.
The probability that an electron can occupy a particular energy level E is governed by
Fermi–Dirac statistics and is expressed as

(9.2.6)

where EF refers to the Fermi level. From a chemist’s point of view, EF represents an elec-
trochemical potential of electrons ( ) in the solid. kB is the Boltzmann constant. The
probability distribution function f(E) as a function of E at various temperatures is plotted
in Figure 9.2a. In a solid, the energy states are not distributed uniformly throughout the
energy values. Rather, the number of states per unit volume (i.e., density of states)
increases with increasing energy value. The density of (available) states in an energy inter-
val dE as a function of E is given by (3)

(9.2.7)

which is plotted in Figure 9.2b. The product of equations (9.2.6) and (9.2.7) will lead to
the following expression that represents the density of occupied states:

(9.2.8)

The function is plotted in Figure 9.2c and represents the density of states within the energy
interval dE. The hashed area represents the density of occupied states. Depending on the
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Figure 9.2 (a) Fermi–Dirac distribution function for a single electron at various temperature val-
ues. E and EF are the energy of the allowed states and Fermi energy, respectively. (b) Density of state
(DOS) as a function of energy. It represents density of available states in the energy interval dE and
at energy E. (c) When Fermi–Dirac distribution function blends with density of available states, one
gets density of occupied states shown as hashed area. Please note the position of EF, below which all
the states are occupied and above all the states are empty.
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number of valence electrons available and the probability distribution (f(E)), the bands can
be either partially or completely filled. Materials with partially filled bands are classified
as metals. If the band is completely filled and the immediate higher energy band is empty,
then the material has properties of either an insulator or a semiconductor. These possibili-
ties are shown in Figure 9.3.

For semiconductors (and insulators), the completely filled lower band is called the
valence band (VB) and the higher energy band immediately above it is called the conduc-
tion band (CB). The average energy gap between these two bands is called the band 
gap (Eg). Based on equation (9.2.8), the density of energy states above the CB edge Ec is
given by

(9.2.9)

Similarly, the density of states below the VB edge Ev is given by

(9.2.10)N
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m E Ev h v= −
8 2
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Figure 9.3 Band structure of (a) metal and (b) semiconductor. Left-hand side illustrations in both
cases are a more explicit depiction of band theory. Right-hand side illustrations are more familiar
and approximate.
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where and are effective masses1 of an electron and a hole in the crystal, respec-
tively. For semiconductors (Eg � ca. 1 eV), thermal energy at room temperature (kBT) is
sufficient to promote a few electrons from the VB to the CB. The corresponding density
of electrons in the CB (n) and density of holes in the VB (p) are given by

(9.2.11)

and

(9.2.12)

where EF,n and EF,p are corresponding Fermi energies of electrons and holes, respectively.
At equilibrium, the Fermi levels of electrons and holes are equal. That is

(9.2.13)

which leads to

(9.2.14)

where n0 and p0 are the respective densities of electrons in the CB and holes in the VB at
equilibrium. Substituting the equilibrium condition described in equation (9.2.14) into
equations (9.2.11) and (9.2.12) leads to

(9.2.15)

At room temperature (300 K), the equation simplifies to

(9.2.16)

The mobility of electrons in the CB and holes in the VB imparts conductivity to the semi-
conductor as illustrated in Figures 9.4a and b. This type of semiconductor is called an
‘intrinsic’ semiconductor.

Electron–hole pairs can also be introduced by substitution of acceptor and donor atoms by
a process called doping. These ‘doped’ semiconductors are called extrinsic semiconductors.

n p
E

k Ti i

g

B

= × −
⎛

⎝⎜
⎞

⎠⎟
 � 2 5 10

2
19. exp

n p N N
E E

k T
n0 0

2=
−⎛

⎝⎜
⎞
⎠⎟

=c v
c v

B
iexp

n n p p= =0 0;          

E E EF n F p F, ,= =

p N
E E

k T
= −

−⎛

⎝⎜
⎞

⎠⎟v

v F p

B

exp ,

n N
E E

k T
= −

−⎛
⎝⎜

⎞
⎠⎟c

c F n

B

exp ,

mh
*me

*

334 9. Semiconductor Electrodes

1The effective mass of an electron in a crystal is given as , which is different from the rest
mass of an electron, me. The equation suggests that the mass of an electron in the crystal changes with the cur-
vature of the Brillouin zone (Figure 9.1b). For most of the values of k, . However, near the edges of the
zone, i.e., k = � n�/a, , differs considerably from me. At the bottom of the zone, (d2E/dk2) is positive and the
effective mass is positive. At the top of the zone, (d2E/dk2) is negative and the effective mass is negative.
Physically, it represents an exchange of momentum with the lattice as the moving electron gets retarded near the
Brillouin zone boundaries.
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For example, if Si crystal is doped with P, As, or Sb atoms (group V elements), donor 
states are created in the band gap. For a moderately doped semiconductor (ca. ND = 10�14

donor atoms per cm3), these states lie ca. 0.02–0.03 eV below the CB. Thus, even at room
temperature, these states get fully ionized by promoting electrons into the CB. The pres-
ence of electrons in the CB is due not only to their promotion from the VB but also from
the ionized donor states. Thus, the overall density of electrons in the CB due to doping is
given by

(9.2.17)

where ED is the energy gap between donor states and Ec; it has a magnitude of approxi-
mately 0.02–0.03 eV at room temperature as Figures 9.5a and b illustrate. The density of
electrons in the CB is increased compared with the density of holes in the VB. The
observed conductivity is attributed to CB electrons, which are called majority carriers.
Such a material is called an n-type semiconductor.

If Si crystal is doped with trivalent impurity atoms (e.g., B, Al, Ga, and In), then the
acceptor levels are introduced into the band gap approximately 0.02–0.03 eV above the
VB. Thus, the electrons from the VB get promoted to the acceptor levels, leaving holes
behind. The overall density of holes in the VB is given by
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Figure 9.4 Two-dimensional representation of crystal structure of an intrinsic semiconductor such
as Si crystal. The original tetrahedral structure is oversimplified to a square one for clarity. Dark
spots in the sketch illustrate shared valence electrons among Si atoms and form covalent bonds. 
(a) Situation at 0 K where no ionization takes place. (b) At higher temperature, valence electrons gain
sufficient energy and are delocalized, which form the holes in the VB. (c) Energy diagram for the
intrinsic semiconductor crystal. Mobility of holes in VB and the electrons in CB imparts conductiv-
ity to the intrinsic semiconductor crystal.
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where EA is the energy gap between acceptor states and Ev; it is approximately 0.02–0.03 eV
at room temperature as shown in Figures 9.5c and d. In this case, there are more holes in
the VB than electrons in the CB. Thus, the holes are majority carriers and electrons are the
minority carriers. The material is referred to as a p-type semiconductor.

9.2.2 Size quantization in semiconductors

It is generally assumed that the electronic properties of a semiconductor are independent of
crystal size. However, recent studies have shown that if the particle size of the semicon-
ductor is less than approximately 10 nm, then many of their physicochemical properties
appear to be substantially different from analogous properties of a bulk material. This is
because the electrons and holes are confined in the region of space defined by potential
barriers that are comparable to or smaller than their respective de Broglie wavelengths 
so that allowed energy states become discrete (or quantized). This effect is referred to as
the size quantization effect (SQE) or the quantum size effect. SQE is also observed in 
the noble metals (4). For semiconductors, the critical dimension for SQE depends upon the
effective masses of the electrons ( ) and the holes ( ). For example, for m* ~ 0.05, the
critical dimension is approximately 30 nm. Thus, for semiconductors, SQE is observed in

mh
*me

*
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Figure 9.5 (a) Two-dimensional representation and (b) corresponding energy bands for n-doped
Si. An extra valence electron from As atom is ionized and occupies the CB of Si. Similarly, (c) and
(d) are respective illustrations for p-doped Si. Valence electron from Si occupies the vacancy created
(acceptor levels) at Ga atoms, thus leaving a hole in the VB for conduction. Note the shift in posi-
tion of the Fermi level (EF) due to doping.
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the nanometer size regime and the particles are called nanoparticles or size-quantized par-
ticles. The band structure for the semiconductor in its size-quantized state is illustrated in
Figure 9.6. As can be seen, the energy bands observed in a bulk semiconductor (Figure 9.1b)
are replaced by discrete states, which leads to a dramatic change in its electronic proper-
ties. Currently, there is intense scientific and technological interest in size-quantized 
semiconductor structures. This is because electronic properties such as optical, catalytic,
electrical, and redox potentials can be tuned and manipulated in fascinating ways by con-
trolling the dimension, rather than just the chemical composition alone.

SQE is modeled similarly to the ‘particle in a box problem’, in which the smaller the ‘box’,
the larger is the lower energy eigen value. The correlation for energy states between bulk
material and corresponding size-quantized particle is schematically depicted in Figure 9.7.

It suggests that on decreasing the particle size, the energy of the first electronic transi-
tion of the semiconducting material shifts toward higher energy, which can be measured
by using UV–vis absorption spectra. The blue shift in the absorption peak as a function of
size for CdSe size-quantized particles (5) is shown in Figure 9.8. Furthermore, phase tran-
sition pressure, melting point, optical, optoelectronic, catalytic, and magnetic properties of
nanomaterials differ from those of bulk solids and also from the molecular species from
which they are made. Chemists can view this as a giant molecule or a new state of matter.

Two models have been used to explain SQE in the case of semiconductor nanoparticles.
The first model is an effective mass approximation (6–11) developed for relatively larger
particles. The second model assumes a tight-binding framework for well-defined small

k

E

Eg(r)Eg

+π/a-π/a
(a) (b)

Figure 9.6 (a) Schematic plot of the energy E vs. wave vector k for the electron confined in a size-
quantized semiconductor crystal. The dark dots over the parabola indicate the discrete and allowed
energy values for the transition. (b) The band structure in the form of discrete energy states that sug-
gest ‘molecular-like states’ for the size-quantized particles. Eg indicates the band gap for the bulk
semiconductor, whereas Eg(r) indicates energy separation between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) in the case of size-quantized
particles, where Eg(r) � Eg.
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Figure 9.7 Spatial electronic state correlation diagram relating cluster states to bulk crystal states.
Adapted from reference (6).

Figure 9.8 UV–vis spectra recorded for various sizes of trioctylphosphine oxide (TOPO)-
capped CdSe clusters dispersed in hexane. Blue shift in the absorption edge is due to a larger sep-
aration between electronic states with decrease in particle diameter. Reprinted with permission
from reference (5). Copyright 1993, American Chemical Society.
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clusters (12). In the effective mass approximation, the electrons and holes are considered
to be trapped in the spherical potential well. It is characterized only by a continuum of a
solid having a dielectric constant �. Electrons and holes are considered to be well separated
from each other and uncorrelated. Variational methods (13) have been employed to solve
the resulting Hydrogenic Hamiltonian. The ground-state energy of the exciton (minimum
energy required to produce the electron–hole pair) is given by (11)

(9.2.19)

where and are the respective effective masses of the electron and the hole, and 
d and � refer to the diameter and dielectric constant of the semiconductor particles, respec-
tively. The effective mass approximation gives a good understanding of the blue shift of
the optical absorption threshold. However, it fails in the case of small crystallites due to
the oversimplified description of the crystal potential.

A better description of the band structure for nanoparticles can be obtained by consid-
ering the tight-binding framework model (12). In this model, the atomic structure of a solid
is implicitly considered. The energy levels are obtained by using the semi-empirical tight-
binding theory. The energy levels and wave functions are, respectively, the eigen values
and eigen vectors of the Hamiltonian matrix H. Its bases are either atomic orbitals or a lin-
ear combination (hybridization) of them. The numerical calculation results obtained for
CdS and ZnS nanocrystallites are summarized in Figures 9.9a and b, respectively.
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Figure 9.9 (a) Variation of band edge as a function of diameter of CdS clusters. The origin is taken
as bulk values. The variational results are represented as ‘�’ in the figure. �Ec = Ec � 2.5 eV(+).
The dashed curves are the results of the effective mass approximation. (b) Similar results for ZnS
cluster. �Ec = Ec � 3.7 eV(+). Reprinted with permission from reference (12). Copyright 1989 by
the American Physical Society.
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Semiconductor nanoparticles that arise due to the confinement of electrons/holes in zero
spatial dimension are called quantum dots. Quantum wires and quantum films or wells
arise when the charge carriers in the corresponding semiconductor are confined in one or
two spatial dimensions. These dimensional confinements and corresponding density of
states are illustrated in Figures 9.10 and 9.11, respectively.

9.3 ENERGETICS OF A SEMICONDUCTOR

Key factors in the utilization of semiconductor electrodes in electrochemical cells 
and devices are (a) knowledge of the relative location of the energy levels in the
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Figure 9.10 Three quantization configurations in semiconductors. (a) Confinement of charge car-
riers in ‘two dimensions’ called a quantum well. A narrow band gap (Eg(2)) is sandwiched between
two wide band gap (Eg(1)) semiconductors. The charged carriers are trapped in a two-dimensional
potential well. (b) Confinement of charge carriers in ‘one dimension’ called quantum wires. 
(c) Confinement of charge carriers in ‘zero dimension’ called quantum dots. ‘w’ represents width of
confined direction, which is of the order of 1–20 nm. Adapted from reference (14).
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Figure 9.11 The density of electronic states (DOS) as a function of energy for three size regimes:
(a) quantum well—DOS is a step function, (b) quantum wire, and (c) quantum dots. For the quan-
tum wire, DOS distribution is in between a quantum well and quantum dots.
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2Inner potential φ is defined as the work done to bring a unit positive charge from the vacuum level to the phase
� electric force field �. Thus, .
3Standard free energy change of formation ( ) for a hydrogen atom from ions is assumed to be zero at all tem-
peratures. It implies that E0(H2(1 atm)/H+(a = 1)) = 0.0 V with .Δ = −f

� �G nFE
Δ f

�G
φ = �( , , )

( , , )
x y z l

x y z
d

	∫

semiconductor and solution and (b) understanding the role of surface states in the charge
transfer. Two important parameters are the Fermi level (EF) of the semiconductor and the
corresponding electrochemical potential ( ) of electrons in solution. The Fermi level
was introduced in Section 9.2. From equation (9.2.6), the probability of finding an elec-
tron at E = Ef is found to be 1/2. Thus, the Fermi level can also be defined as the energy
level where the probability of an electron occupying it is one half. The probability of
occupying levels above EF is 0 and below EF is 1. In case of an intrinsic semiconductor,
EF is expressed as

(9.3.1)

At absolute zero, the first term in equation (9.3.1) vanishes and

(9.3.2)

Thus, EF lies about midway in the forbidden region as illustrated in Figure 9.4c. The posi-
tion of EF also depends upon the relative density of electrons and holes. For example, for
the case of an n-type semiconductor (ND � 1015 cm�3), EF lies midway between Ec and
ED. Similarly, for the case of a p-type semiconductor, EF lies midway between Ev and EA,
as illustrated in Figures 9.5b and d. From a chemist’s point of view, EF is simply the elec-
trochemical potential of the electron in a given phase (in the present context, it is a semi-
conductor phase) that is expressed as

(9.3.3)

where and φ� are the chemical potential and the inner potential2 of an electron in phase
�, respectively. It is measured in electron volts (eV) with reference to the energy of an
electron in a vacuum, which is assumed to be zero. Similarly, the electrochemical poten-
tial of electrons in a dilute redox solution is given by

(9.3.4)

where [O] and [R] are the concentrations of oxidized and reduced species, respectively.
Redox potentials are expressed with reference to the normal hydrogen electrode (NHE)
whose reduction potential is the assigned standard of 0.0 V at all temperatures.3 In order
to compare the energetics of a redox reaction with those of a semiconductor, we need to
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express on a vacuum or absolute scale. As discussed, of a redox system is
equivalent to the Fermi level EF,redox; that is

(9.3.5)

On an absolute scale, it is given by

(9.3.6)

where Uredox is the redox potential in volts vs. NHE and Eref is the energy of the reference
electrode vs. this absolute scale. The standard reduction potential of the NHE (0.0 V) is
accepted to be equivalent to �4.5 eV on an absolute scale (15).

(9.3.7)

The position of bands of various semiconductors using the vacuum and electrochemical
scales is shown in Figure 9.12. In fact, this is an important bridge between semiconductor
physics and electrochemistry. For example, Si has EF = �4.8 eV on a vacuum scale. The
corresponding value with reference to NHE in solution is +0.3 V.

E eUF redox redoxeV, .= − −4 5

E E eUF redox ref redox in eV, ( )= −

EF redox e redox, ,= �

�e re o, d x�e re o, d x
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Figure 9.12 Position of energy bands of various semiconductors with respect to vacuum and elec-
trochemical scales (adapted from reference (14)). The scale marked as (a) is for the vacuum scale.
The scale marked as (b) is for the normal hydrogen electrode (NHE) scale and the scale marked as
(c) is for saturated calomel electrode (SCE) scale.

Ch009.qxd  12/22/2006  10:57 AM  Page 342



9.3 Energetics of a Semiconductor 343

vacuum level

λ

Dox (empty states)

λ
EF,redox

EA

Eg

Ec

EF

Ev

E
le

c
tr

o
n
 e

n
e
rg

y

(a) (b)

Dred (occupied states)

Φ

Figure 9.13 (a) Energy levels in the semiconductor. EA and � stand for the electron affinity and
work function of the semiconductor, respectively. (b) Energy distribution of occupied and unoccu-
pied states of a redox couple. Adapted from reference (14).

A redox couple will also have a distribution of energy levels similar to semiconductors.
These were first described by Gerischer (16, 17) in terms of a Gaussian-type distribution
function, which is given by

(9.3.8)

and

(9.3.9)

where Dox and Dred are the distribution functions for oxidized and reduced species, respec-
tively. � is the solvent reorganization energy from electron transfer theory (18). A detailed
picture of energy levels of semiconductor bands and a distribution of occupied and unoc-
cupied states for a redox couple are given in Figure 9.13.

9.3.1 Semiconductor–electrolyte interface (SEI)

When the semiconductor and redox solution are brought in contact with each other, their
Fermi levels must match at equilibrium. If they differ initially, then charge transfer must take
place between these phases to eliminate the disparity in their Fermi levels. For example, if
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Figure 9.14 Energetics of the semiconductor–electrolyte interface, when n- and p-type semiconduc-
tors are brought in contact with the redox couple having in between the band gaps. (a and b)
The situations before contact. (c and d) The situations after contact. Arrows shown in (a) and (b)
show the direction of electron flow before equilibrium is established.

�e re o, d x

EF of an n-type semiconductor lies above the of the solution as shown in Figure 9.14a,
then to remove the difference in Fermi energies, the electrons will flow from the semicon-
ductor to the solution side.

Thus, the semiconductor will acquire a positive charge and the solution will become
negatively charged as shown in Figure 9.14c. Similarly, a p-type semiconductor will
acquire a negative charge with respect to the solution as shown in Figure 9.14d. In the
case of moderately doped semiconductors, the density of states available on the surface
is not sufficient to accommodate these excess charges. Therefore, charges will be dis-
tributed inside the semiconductor region at a distance on the order of approximately
10–1000 nm. This region is called the space charge region. The resultant electric field
in the space charge region affects the local energy of the electrons. Thus, the electro-
chemical potential of electrons in the semiconductor is different near the space charge
region than that of the bulk of the semiconductor. It appears as band bending in the
Gerischer diagram.

Thus, if charge separation occurs in this region, electrons in the CB will have a tendency
to ‘roll down’ into the bulk. At the same time, holes in the VB will ‘bubble out’ on the sur-
face. Thus, the space charge region is responsible for charge separation at the SEI. The poten-
tial difference created between the bulk of the semiconductor and the interface due to band
bending is called the barrier height (�φ). It is depicted in Figure 9.15. There will also be a
potential gradient toward the solution side due to the Helmholtz layer as shown in Figure 9.16.

�e re o, d x
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Figure 9.15 Details of the semiconductor–electrolyte interface for (a) n-type and (b) p-type semi-
conductors. �φ represents the barrier height. Adapted from reference (14).
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Figure 9.16 Potential distribution across the SEI. φSC and φH are potential drops across space
charge and Helmholtz regions, respectively. Adapted from reference (14).

Thus, the SEI can be modeled as two parallel plate capacitors in series. Because the
value of the space charge region capacitor is generally smaller than that of the Helmholtz
layer, it dominates the overall capacitance of the SEI.

One of the important advantages in using a semiconductor as an electrode is that the
energetics of the SEI can be modulated by applying a potential bias.
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Figure 9.17 shows the effect of an applied bias on the structure of the SEI. On applying
a negative bias to an n-type semiconductor, �φ is reduced and at a particular value of EMF,
it is eliminated completely. The applied potential at which no space charge region exists is
called a flat-band potential Efb, which is related to the barrier height by the expression

(9.3.10)

The capacitance of the space charge region Csc can be related to �φ by the Mott–Schottky
equation

(9.3.11)

Thus, a plot of vs. applied potential E (a Mott–Schottky plot) can be used to deter-
mine the Efb of the SEI.

9.4 SEMICONDUCTOR ELECTRODES

9.4.1 Electron transfer at semiconductor–electrolyte interface

An observed current in an electrochemical cell is usually viewed as charge transfer across
the electrode–solution interface. Consequently, it is not necessary to use individual electrons
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Figure 9.17 Effect of applied potential on the structure of the SEI. The corresponding current–
voltage curve is also shown for n-type semiconductor. The negative bias increases from left to right side
of the figure. Situation (a) occurs at extremely positive bias from Efb. The flow of current is attributed
to the tunneling process, when diode breaks down. In situations (b) and (c), the electron transfer takes
place, overcoming the barrier height, which progressively reduces with more and more negative bias.
Situation (d) is an unique one at which bands become flat and current increases exponentially. Further
increase in the negative bias leads to inverted bands and semiconductor starts behaving like a metal.
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or holes in theoretical calculations. The electron transfer can be modeled as an adiabatic
process (19, 20) in which an ‘electron cloud’ interacts with an electron acceptor (cloud) in a
solution (redox); that is, the (symmetrically) favorable configuration in terms of spatial and
angular momentum compatibility is achieved on matching the energy levels.

In the case of metallic electrodes (e.g., Pt), the observed cathodic current for the reaction

(9.4.1)

at a given potential E is given by

(9.4.2)

where n and F are the number of electrons involved in elementary steps and Faraday’s con-
stant, respectively, A is the area of the electrode and is the surface concentration
of the oxidized species O. is the heterogeneous rate constant (cm s�1) of the electron
transfer, which is an exponential function of E and the transfer coefficient (�). In metals,
the electron density near the Fermi level is very high compared with the concentrations of
O and R. Therefore, there is hardly any change in electron density at steady state so that
the rate of electron transfer is often limited by the surface concentration of ions and it fol-
lows pseudo-first-order kinetics.

In the case of a semiconductor electrode, densities of electrons and holes are limited.
Therefore, the current is often governed by the density of the charge carriers (17) that can
be treated as individual reactants. Thus, in the case of charge transfer across an SEI, a
bimolecular heterogeneous rate constant must be considered. Unlike metals, the charge
transfer can follow two different pathways.4 It can occur by electron transfer from the CB
to O and by electron transfer from R to the VB. The latter case is viewed as a transfer of
holes from the VB to R as illustrated in Figure 9.18. Unlike a metal electrode, its concen-
tration can be varied over a wide range by simply controlling the applied potential E.

Consider the SEI as shown in Figure 9.14 where of ions lies between EVB

and ECB. The semiconductor electrode is immersed in a well-stirred solution so that the
�e re o, d x

k
f

Co ( )x = 0

i nFAk C x o� 
f ( )= 0

O e R+ →n
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4In this model, complications often arise in the charge transfer due to surface states. These states lie between the
VB and CB and are not considered.
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Figure 9.18 Electron transfer reaction at SEI in dark for (a) n-type and (b) p-type semiconductors.
Faint arrows indicate that the process is less dominating.
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current is not limited by the mass transfer of ions in the solution. In the dark, the electron
transfer will be dominated by the majority carriers in the semiconductor. Thus, in case of
an n-type semiconductor, there are excess electrons (from the donor states) in the CB
compared with the holes present in the VB. The transfer of electrons from the CB to O in
solution will proceed at a higher rate than the electron transfer from R to the holes in the
VB. Thus, the reduction of O will take place in solution. Since the electrons need to over-
come �φ in order to pass current in the forward direction, a net cathodic current will flow
according to

(9.4.3)

where kf (cm4 sec�1) is the bimolecular heterogeneous rate constant for the forward reaction
(reduction) and nsc (cm�3) is the density of electrons in the space charge region. Similarly,
for the p-type semiconductor, oxidation of R would be the most favorable process. Similar
to equation (9.4.3), the net anodic current for given potential is expressed as

(9.4.4)

where kb (cm4 sec�1) is the heterogeneous rate constant for the backward reaction (oxida-
tion) and psc (cm�3) is the density of holes in the space charge region. This represents the
situation where no external bias is applied to the interface and the system is driven by the
barrier height (�φ). At equilibrium, both rates will be equal and no net current will flow
at the SEI.

When an EMF (E) is applied to the electrode, the heterogeneous rate constants (kf and kb)
will vary with E according to the Butler–Volmer equations

(9.4.5)

and

(9.4.6)

where is the formal reduction potential of the redox O/R couple and k � is the stan-
dard rate constant that can be related to the exchange current density i0 at the interface.
Its value depends upon the overlap of the electronic wave function of the semiconductor
and the redox couple (21). The higher the overlap, the more facile are the kinetics and the
faster is the charge transfer. The heterogeneous rate constants kf or kb depend upon the
potential drop (�φ
) at the Helmholtz layer across the SEI, which may change with
applied potential.5 It follows that the quantity ( ) can be replaced by �φ
 in equa-
tions (9.4.5) and (9.4.6). Thus, these equations are applicable to both metal and semicon-
ductor electrodes.
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5This is a property of the interface at the solution side and is therefore applicable to metal electrodes also.
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Unlike metals, semiconductors have a space charge region. Therefore, the applied
potential will affect the composition of the space charge region through the equations

(9.4.7)

and

(9.4.8)

Here again, (E � Efb) is equal to the amount of band bending that is also the barrier height
(�φ). The applied bias changes the magnitude of the barrier height and thus controls the
current in the cell. This is analogous to the current through a metal–semiconductor
Schottky barrier (22). Under these conditions, variation of E mainly affects nsc and psc in
an n- and a p-type semiconductor, respectively. This means that the slope of a plot of ln(i)
vs. E will be RT/F that implies that � = 1 (23). For an n-type semiconductor, if E is made
more negative than Efb, then the electrons accumulate at the semiconductor surface, called
an accumulation layer. In this situation, nsc is no longer a function of E, which was earlier
governed by equation (9.4.7). Thus, the applied potential will change kf as per equation
(9.4.3); that is, there will be a change in potential drop in the Helmholtz region (�φ
).
Semiconductor electrodes essentially behave like a metal with � � 1. Similar arguments
are applicable to a p-type semiconductor when a potential more positive than that of Efb is
applied. If we substitute equations (9.4.5) and (9.4.7) into equation (9.4.3) and plot a Tafel
plot, it would typically follow the function as shown in Figure 9.17. In this illustration,
current is assumed to be purely faradaic and not limited by mass-transfer processes. Thus,
in using semiconductor electrodes experimentally, the density of charge carriers is con-
trolled as function of potential; this feature is lacking in metal electrodes.

9.4.2 Illuminated semiconductor electrodes

Consider the situation of an SEI between an n-type semiconductor electrode and redox
couple, which we have discussed in Section 9.3. On illuminating this interface with a light
having photon energy (h	) greater than the band gap (Eg) of the semiconductor,6 a transi-
tion of electrons from the VB to the CB will occur, leaving behind holes in the VB. The
charge pairs generated in the bulk of the semiconductor will eventually neutralize each
other and the energy will dissipate in terms of heat (lattice vibrations).

However, the charge pairs generated near the SEI experience a potential gradient due to
the space charge region. The electrons promoted in the CB experience the lower energy in
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6The feasibility of excitation of an electron from the VB to the CB is allowed if the angular momenta of the pho-
ton and electron are conserved during excitation. The semiconductor is then called a direct band gap semicon-
ductor. For example, CdS, CdSe, GaAs, InP, etc., are direct band gap semiconductors, whereas Si is an indirect
band gap semiconductor.
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the bulk of the semiconductor and thus ‘roll back’ into the bulk. In contrast, holes experi-
ence an opposite force field and thus ‘bubble out’ at the interface. The situation is demon-
strated in Figure 9.19. The holes, which are ‘surfaced’ at the SEI, have an effective redox
potential equal to that of the VB edge and thus oxidize R into O. The electrons travel in
the semiconductor bulk and proceed into the external circuit, which eventually reduces O
at the counter electrode. Thus, in the case of an n-type semiconductor, the reduction will
be facilitated in the dark. However, on illumination, oxidation is prevalent. Therefore, irra-
diation of an n-type semiconductor promotes an oxidation reaction called photo-oxidation
at the semiconductor surface. The corresponding steady-state current–potential curves are
drawn in Figure 9.20.
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Figure 9.19 n-Type semiconductor–electrolyte interface under the illumination. (a) Charge pair
generated in the bulk gets eventually annihilated and generates heat. (b) Charge pair generated in the
space charge region gets separated from each other due to the potential gradient. Holes bubbled out
at the interface can oxidize the redox R into O. Thus, net oxidation reaction will take place at the
SEI of n-type semiconductor on illumination.
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Figure 9.20 i–v curve for semiconductors/redox junction in dark (dotted line) and on illumination
(hard line) for (a) n-type semiconductor, which on illumination leads to photoanodic current, and 
(b) p-type semiconductor, which on illumination leads to photocathodic current. The onset for pho-
tocurrents in both the diagrams suggests the flat-band potential, Efb.
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9.4.3 Cyclic voltammetry (CV) at semiconductor electrodes

Cyclic voltammetry (please see Chapter 11) (24) has been extensively used to probe the
behavior of SEI in the dark and under illumination. Bard and co-workers (21, 25–27),
Wrighton and co-workers (28, 29), Lewis and co-workers (30, 31), and Chazalviel et al.
(32) have carried out pioneering work in this field. These studies unambiguously demon-
strated the use of CV to deduce critical parameters of SEI including, for example, EV, Ec,
and Efb. In Section 9.4.1, it was demonstrated that a change in EMF at a semiconductor
electrode results in a large change in the density of charge carriers at an SEI. Only the
redox couples, which are energetically closer to the VB and CB, are expected to undergo
charge transfer. For example, Laser and Bard (21) recorded CVs with a single-crystal TiO2

electrode in redox couples chosen such that their Eredox accommodates the entire potential
window from the VB to the CB.

The various redox couples used in this experiment and their potentials on TiO2 and Pt
are listed in Table 9.1. The idea was to judge the position of energy bands based on the
reversibility of the CV for redox couples of known potentials. Based on these results, three
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Table 9.1

Electrochemical data for redox couples

Pt TiO2

E 0 (V vs. SCE) Epc Epa (V vs. SCE)

Ru(bipy)3
3+ +1.3 +0.36 None

�1.3 �1.34 �1.27
�1.49 �1.52 �1.46
�1.73 �1.77 �1.70
+1.23 +0.40 None
+0.82 +0.28 None
+0.22 �0.31 None

�0.42 �0.80 None
�1.30 �1.65 None (adsorption probe)

p-BQ �0.52 �1.00 None
�1.64 (irreversible) �1.89 None

Ru(TPTZ)2
3+ �0.81 �0.90 �0.72

�0.97 �1.09 �0.88
�1.63 �1.76 �1.55
�1.88 �2.03 �1.83

AQ �0.94 �1.12 Some oxidation beginning at ca. �0.90
ca. �1.61 (quasi-reversible) �1.84 �1.44

DBM �1.55 �1.68 �1.44
9,10-DPA �1.84 �1.93 �1.74
A �1.94 �2.06 �1.80

Reprinted with permission from reference (33). Copyright 1975, American Chemical Society.
aAbbreviations used in this table: Th, thianthrene; 10-MP, 10-methylphenothiozine; TMPD, N,N,N
,N
-tetramethyl-
p-phenylenediamine; Ox-1, oxazine-1; p-BQ, p-benzoquinone; AQ, anthraquinone; DBM, dibenzoylmethane;
9,10-DPA, 9,10-diphenylanthracene; A, anthracene.

Ox-1i+
TMPDi+
10-MPi+
Thi+
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potential regions were identified: (a) a region positive to approximately �0.8 V, where a
redox couple, which is reversible at platinum, becomes totally irreversible at TiO2. In some
cases, the reduction wave was shifted by about 1 V more negative compared with that
recorded on platinum. However, on illumination of the SEI, quasi-reversibility was
observed. (b) In the second potential region, negative to about �0.8 V, there is no change
in the redox profile on TiO2. The reduction of all redox couples on TiO2 is reversible, sim-
ilar to that recorded on a Pt electrode. (c) In the third potential region, redox couples that
reduce at potentials positive of 0.4 V on platinum are reduced between +0.3 and +0.4 V at
TiO2 irrespective of their reduction potentials on Pt.

The redox reaction observed in the first potential region between approximately �0.8
and +0.3 V is attributed to electron transfer through a rectifying junction; this explains the
irreversibility of the CV curve and the quasi-reversibility observed under illumination.
This behavior indicates that the redox potentials of the chosen redox couple are within the
band gap region. The behavior of the CV more negative than �0.8 V can be attributed to
the formation of an accumulation layer and metallic behavior of the semiconductor. This
behavior indicates that the redox potential is above EC. The CV behavior in the third poten-
tial region positive of +0.4 V is attributed to the mediation of electron transfer through the
surface state. Based on these results, the suggested band diagram for TiO2 electrode is
depicted in Figure 9.21.
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Figure 9.21 Band diagram for n-type single-crystal TiO2 electrode based on CV measurements. 
(a) CV recorded for redox having redox potential above EC. Reversibility of CV indicates metallic
behavior of the electrode. (b) CV recorded for a redox having redox potential below EC.
Irreversibility of CV indicates rectifying nature of the junction. (c) Same CV for redox couples hav-
ing redox potentials negative to ca. �0.3 V, indicating electron transfer through the surface states in
this potential region.
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C.B.

V.B.

E0(1)

E0(2)

Figure 9.22 Determination of flat-band potential by CV. Reversible redox couple with two-electron
transfer systems is chosen such that E 0(1) lies in the CB and E 0(2) lies in the band gap.

Thus, with the help of voltammetric experiments in a judiciously chosen redox couple,
one can pinpoint various energy states in the bulk as well as on the surface of the semi-
conductor. This model was further supported by CV results obtained on WSe2 in aqueous
solution (34, 35), GaAs in molten salt (36), Si, n-type ZnO, CdS, and GaP electrodes in
acetonitrile (21), and CdS, GaP, GaAs, and p-type Ge in N,N
-dimethylformamide (37).

To obtain information about the energetics of semiconductor electrodes using CV, it is
not necessary to have a series of redox couples whose Eredox are distributed in the entire
band structure. In fact, one can pinpoint the flat-band position Efb by recording CVs for
just one redox couple having two-electron systems, A+/A and A2+/A1+, with respective
redox potentials E0(1) and E0(2), such that these potentials lie above and below EC. The
situation is sketched in Figure 9.22.

A typical result reported (38) on an n-MoS2 electrode with redox couples BF and
TMPD7 is depicted in Figure 9.23. Note that both TMPD and BF exhibit two reversible
one-electron waves at Pt as shown in Figures 9.23a and c. However, at MoS2 in the dark,
there is one reversible wave under the same condition and at the same potential as at Pt
(refer to Figures 9.23b and d).

This situation indicates that the electrode is degenerated at that potential and behaves
like a metal. The second oxidation wave appears on illumination, which was not seen 
in dark. As discussed in Section 9.4.2, photo-oxidation at an n-type semiconductor is
prevalent if the redox potential lies within the band gap. Thus, the second wave observed
upon illumination was assigned to the oxidation of TMPD+ to TMPD2+ or BF+ to BF2+.
Quite interestingly for BF, the CVs recorded in the dark and under illumination are sepa-
rated by approximately 0.20 V. The onset of a photocurrent for both TMPD and BF is at

7BF and TMPD refer to biferrocene and N,N,N
,N
-tetramethyl-p-phenylenediamine, respectively.
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approximately +0.3 V. Thus, one can bracket EFB between 0.3 and 0.5 V where a second
wave appears on illumination.

Though CV has been extensively used to probe the SEI, there are very few papers that
describe the analytical theory for the CV response of a semiconductor electrode in the dark
as well under illumination. Of the few, the prominent one is developed by Lewis and co-
workers, where analytical solutions have been proposed for a redox couple that is adsorbed
on the surface (30) as well as one having diffusion freedom (31) in solution. The model
was later supported by relevant experiments (39). The equivalent circuit used for the sim-
ulation is shown in Figure 9.24.

The additional circuit elements account for the effect of capacitance (Cd) at the 
electrode–solution interface, background current (IZ), and solution resistance (Rs). Figure 9.25
represents some of the results that were compared with simulated CVs obtained for an Si
electrode in 1.2 mM Me2CoCp2PF6 (redox)/1.0 M TEABF4 (supporting electrolyte) in ace-
tonitrile in an electrochemical cell having a Pt counter electrode and at various illumina-
tion periods. As can be seen, there is an excellent agreement between simulations and
experiments.

354 9. Semiconductor Electrodes

Figure 9.23 Comparison of CV for TMPD (a and b) and biferrocene (c and d) at Pt and MoS2 (dark
or illuminated). Illumination was with 632.8-nm light at 50 mW cm�2. Reprinted with permission
from reference (38). Copyright 1979, American Chemical Society.
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9.4.4 Fermi-level pinning in semiconductor electrodes

Most of the results discussed in Section 9.4.3 have been explained on the basis of a sim-
ple model for an ideal SEI, which was first proposed by Gerischer (16). In the model,
the redox system in solution is considered to have fluctuating energy levels 
(distribution functions, clarify with Figure 9.13) described by Marcus (19). The band
structure of the interface will be decided by bulk energy levels of the semiconductor
and redox couple. Charge transfer takes place between the semiconductor and redox
states by tunneling through Helmholtz layers. However, as seen in Section 9.4.3 with
the TiO2/redox system, identical CVs were observed over a particular potential range
irrespective of the redox potential. This suggests that there are states on the surface8

that are involved in the charge transfer. If these states are present in the band gap, then
the charge transfer will be preferentially mediated by a surface state as illustrated in
Figure 9.26.

The energetics of the SEI will now be driven by surface states rather than by the bulk
state of the semiconductor. In such a situation, the barrier height (or band bending),
which can be changed by choosing the appropriate redox couple (41), is now more sen-
sitive to the parameters as a result of surface pretreatment, cleaning of the surface,
adsorption, etc. It appears as if the Fermi level of a semiconductor is ‘pinned’ at the given
energy. The phenomenon is called Fermi-level pinning. Historically, this phenomenon is
reported for a semiconductor/metal Schottky barrier in which surface states of the semi-
conductor give rise to a fixed barrier height, independent of the metal (42, 45). It has
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Figure 9.24 The equivalent circuit used as a model for the ideal semiconductor–liquid interface,
including the effects of capacitance at the metal electrode–solution interface (Cd), background cur-
rent (Z), and series resistance losses in the electrolyte (Rs). Adapted from reference (39).

8The surface of any solid is energetically different from that of the bulk. This is due to a variety of reasons includ-
ing unsatisfied valence of surface atoms, formation of oxide layers, and adsorption of foreign atoms and mole-
cules. It amounts to a different set of energy states at the surface than that of the bulk, which are called surface
energy states or simply ‘surface states’.
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been further identified in the case of various semiconductors including GaAs (26, 46), Si
(32, 40), n-CdSe (47), and n-CdS (48) in solutions. These investigations suggest that
ionic semiconductors (large band gap oxides) give more ideal behavior (41) than the
covalent (e.g., GaAs) and elemental semiconductors (e.g., Si) do. Thus, the observed
Fermi energy pinning can be unambiguously attributed to the surface states. Note that

356 9. Semiconductor Electrodes

Figure 9.25 Experimental (dash) and simulated (dotted) cyclic voltammograms of n-Si photodiode at
various levels of illumination (various values of light-induced current (IL)). At (I) IL = 4.40 � 10�5 A,
(II) IL = 2.80 � 10�5 A, and (III) IL = 1 � 10�5 A. All figures with label (a) are I–V curves and 
label (b) are plots of voltage drop across photodiode (Vd) as a function of applied voltage Vs vs. SCE.
Reprinted with permission from reference (39). Copyright 1998, American Chemical Society.
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due to the dynamic nature of the SEI interface, the surface constituents may change with
time; this amounts to time-dependent electrochemical behavior.

Consider the following example. Figure 9.27 shows a CV recorded on an n-Si electrode
immersed in acetonitrile with two redox couples: anthraquinone and its monoanion
(AQ/AQ�) and ferrocene/ferrocenium (Fe(Cp)2/Fe(Cp)2

1+). In this experiment, care was
taken in the experimental set-up so that once the electrode was introduced into the cell, it
was not further exposed to the external atmosphere. Thus, effects due to surface oxidation
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Figure 9.26 Schematic diagrams for energy vs. density of states for semiconductor–electrolyte
interface (SEI). (a) An ideal interface described by Gerischer’s model, where direct transfer of
charge between bulk energy states of semiconductor and redox takes place, and (b) transfer of charge
mediated through surface states. The hashed curves represent filled states. � represents solvent reor-
ganization energy from Marcus theory. Adapted from reference (40).

Figure 9.27 CVs for two representative redox systems (a) AQ/AQ� and (b) Fe(Cp)/Fe(Cp)+ at dif-
ferent durations of immersion, t: (1) t = 5 min, (2) t = 30 min, (3) t = 1 h, and (4) t = 2 h. The increase
of the cathodic peak in part (b) is due to the increase of the (initially zero) ferricinium concentration
upon potential cycling. Reprinted with permission from reference (32). Copyright 1981, American
Chemical Society.
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were minimized. As shown in Figure 9.27a, the electrochemistry of AQ/AQ� initially
gives a reversible CV similar to that obtained on a Pt electrode; this is indicative of a com-
plete non-rectifying junction. As time passes (from curves 1 to 4 in Figure 9.27), the
anodic peak reduces and finally disappears completely (curve 4) and the junction becomes
rectifying. A similar observation was also found for the Fe(Cp)2/Fe(Cp)2

1+ couple (refer to
Figure 9.27b). Interestingly, the photocurrent measurements carried out with these and
various other redox couples exhibited the conversion of the barrier height to a single value
(�φ � 0.7 eV), irrespective of the redox potential of the couples. All of these results sug-
gest a change in the interface with immersion time in solution from a non-pinning to a
completely pinned regime, and the behavior can be attributed to a change in the surface
properties due to adsorption. This behavior has also been reported in the case of CdS (49),
GaAs (50), InP (29, 51), and CdTe (52) electrodes.

9.4.5 Characterization of the SEI by scanning electrochemical 

microscopy (SECM)

Scanning Electrochemical Microscopy (SECM) (53) is an electroanalytical technique that
has been used to study the kinetics of electron transfer in a variety of substrates (54–58).
However, there are very few reports about its use in investigating the SEI (23, 59–64). A
detailed description of SECM is given in Chapter 12. There are also many review articles
that deal extensively with this technique (65–68).

In short, SECM is a scanning probe technique similar to STM or atomic force
microscopy (AFM). A tip current arises due to an electrochemical reaction (faradaic
process) at an ultra-microelectrode (UME) tip (see Chapter 6). The tip generally consists of
a Pt wire of diameter between 1 and 25 �m that is sealed in a glass capillary and polished
to get a flat electrode surface. A typical voltammogram recorded on a UME is shown in
Figure 9.28b. It is a sigmoidal, steady-state current–potential curve without any hysteresis.
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Figure 9.28 (a) An electrochemical reaction occurring at UME and (b) a corresponding voltam-
metric response. ET and IT stand for applied tip potential and measured tip current, respectively. 
IL stands for limiting current.
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To study the kinetics of electron transfer, SECM can be operated in two modes: a feedback
mode (53, 69) and a substrate generation-tip collection mode (53). In the feedback mode, a
mediator redox couple is required to probe the interface. The tip is poised to a potential
well above Eredox. The steady-state current observed due to hemispherical diffusion of O
toward the tip is expressed as (Figure 9.29a)

(9.4.9)

where a is radius of the tip. When a tip poised with a potential �Eredox is brought very
close (dimension on the order of the radius of the UME tip) to a substrate (in our case,
the substrate is the semiconductor), then the diffusion of species O to the substrate will
be blocked (Figure 9.29b), leading to a corresponding decrease in the tip current iT.

A plot of tip current vs. distance between the tip and the substrate is called an approach
curve and the decrease in current due to the blocking of diffusion to the tip is called negative
feedback. In certain situations, R is regenerated back to O by the substrate as shown in Figure
9.29c. The result is a large flux of O to the tip and a corresponding increase in the tip cur-
rent. Thus, the current at the tip increases as a function of its distance d from the substrate
and the rate at which O is regenerated at substrate. This is called positive feedback. Typically,
blocked diffusion is observed over an insulating substrate while positive feedback is
observed over a conducting substrate when the kinetics of the redox process are reversible.
Intermediate values of iT are observed when electron transfer at the substrate is limited. In
such situations, it is possible to deduce the rate constant of the charge transfer reactions.

Conventional techniques have limitations in studies of electron transfer kinetics at an
SEI. In transient techniques such as CV, parallel processes such as electrode corrosion,
charging of the double layer, and interference of IR drop contribute significantly to the
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Figure 9.29 Feedback modes of SECM operations. The UME tip is poised at a potential ET
such that R will oxidize to O. (a) UME is freely hanging in the redox solution, iT = iT,	; (b) UME
near the insulating substrate, the diffusion is blocked, called negative feedback, iT � iT,	; (c) UME
near the conducting substrate, positive feedback from the substrate as O gets reduced back to R that
leads to iT � iT,	.
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measured current as the electrode is poised to a desired potential. Hence, there is often a
lack of agreement between an observed i–E curve and a proposed theory. Any attempt to
use a low concentration of a redox couple to reduce the IR drop is likely to increase the
contribution of the electrode corrosion current to the measured current. Steady-state
voltammetric measurements with rotating disk electrodes (RDE) (23), wall jet electrodes
(70, 71), or UMEs overcome these difficulties to some extent but it is very difficult to use
semiconductors in an inlaid disk configuration.

These limitations can be overcome by SECM. One of the important advantages of SECM
is that the tip does not need to be a semiconductor. Therefore, any semiconductor electrode
can be probed using a Pt UME tip, for example. Since very small currents are measured at
the UME tip, the IR drop is minimal. Additionally, the UME tip quickly reaches a steady state
due to the small area of the electrode so that effects due to double layer charging are avoided.
Because the UME tip is poised at a potential specific to the redox couple used, corrosion
processes taking place at semiconductor electrode do not contribute to the tip current.

In the SECM feedback mode, the tip can be used to generate a high local concentration
of a mediator. For example, if the semiconductor electrode is expected to reduce O to R
from a solution of reduced species R, then the species O can be generated locally near the
semiconductor surface underneath the tip by poising the tip at a sufficiently positive poten-
tial as shown schematically in Figure 9.30a.

If the semiconductor electrode does not reduce O to R, then the current at the tip will
decrease due to blocked diffusion. The resulting tip current vs. distance approach curve can
be fitted to the equation for an approach over an insulator. If the semiconductor substrate is
poised to a potential sufficiently negative (ES), then R is regenerated on the surface and the
tip current increases. A typical plot of tip current (iT) vs. substrate potential (ES) is shown
in Figure 9.30b. At intermediate values of ES, the tip current may be limited by the hetero-
geneous rate constant (ket) involved in the electron transfer reaction at the substrate.

The total tip current, iT, can be expressed as the sum of the current due to the diffusion
of O in the gap between the tip and the semiconductor surface, iins, and the feedback cur-
rent due to regeneration of R at the substrate in the gap, ifb (23)

(9.4.10)

The current component ifb is the current at substrate is. Thus,

(9.4.11)

Therefore, the flux or mass transport rate (mol s�1 cm�2) at the semiconductor substrate is
given by

(9.4.12)

where is the bulk concentration of the redox molecule. For a uniformly accessible elec-
trode, the current due to an irreversible electron transfer is given by
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where k is the electrochemical heterogeneous rate constant that follows Butler–Volmer
kinetics according to

(9.4.14)

where � is transfer coefficient and is the formal redox potential. Thus, the heteroge-
neous rate constant for a reaction taking place at semiconductor electrodes can be deter-
mined from SECM feedback approach curves.

Figure 9.31 shows a typical steady-state voltammogram (iT�ES) reported by Bard and
co-workers (23) for the oxidation of Ru(NH3)6

2+ on p-WSE2 in 0.5 M Na2SO4. A UME tip
was poised more negative than the E1/2 (�0.23 V vs. saturated calomel electrode (SCE) in
Na2SO4) of Ru(NH3)6

2+/3+ so that Ru(NH3)6
3+ generated at the p-WSe2 semiconductor is

reduced to Ru(NH3)6
2+ on the Pt tip.
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Figure 9.30 Schematics of the feedback SECM for measurements of electrochemical heteroge-
neous rate constant at semiconductor electrode. (a) UME tip is poised at positive potential, so that R
will get oxidized to O at diffusion control rate. When the tip is closed to the substrate surface, O may
get re-reduced at semiconductor electrode, depending on the potential at which semiconductor elec-
trode is polarized (Es). Thus, IT depends upon rate of reduction of O on semiconductor surface. (b)
A steady-state irreversible voltammogram (IT vs. Es).
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The potential of the substrate, i.e., p-WSE2, was scanned from a region where
Ru(NH3)6

2+ is not oxidized (below +0.66 V vs. SCE, which is the VFB of p-WSE2) to a
potential region where the accumulation layer forms. As can be seen in Figure 9.31a, there
is a transition from a low-current to a high-current regime at ca. +0.6 V, which fits very
well to the theory (refer to Figure 9.31b). The m0 and ket values estimated for various redox
concentrations are listed in Table 9.2.

SECM in the feedback mode has also been used to study the photoelectron transfer
kinetics at an illuminated CdS/MV2+/1+ interface (63). The set-up used for these measure-
ments is shown in Figure 9.32. In these experiments, CdS films were back-illuminated in
the solution of a redox species (e.g., MV1+) and a hole scavenger (e.g., triethanolamine
(TEOA)). The Pt tip was poised for the oxidation of MV1+, which is reduced back to MV1+

362 9. Semiconductor Electrodes

Figure 9.31 Kinetic voltammograms (iT vs. Es) for the oxidation of Ru(NH3)6
2+ on p-WSe2 in 0.5 M

Na2SO4. The tip was 10-�m diameter platinum and the concentration of Ru(NH3)6
2+ in the bulk solu-

tion was 4.78 mM. (a) A raw data and (b) a fitted voltammogram (bold line is experimental).
Reprinted with permission from reference (23). Copyright 1994, American Chemical Society.
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Table 9.2

Kinetic data for the oxidation of Ru(NH3)6
2+ on p-WSe2/0.5 M Na2S04

Ru(NH3)6
2+ (mM) mo (cm sec�1) (V) k� (10�16 cm sec�1) Ket (10�17 cm4 sec�1)

4.8 0.038 0.846 1.9 6.5
4.8 0.046 0.850 1.9 6.6
4.8 0.046 0.852 1.8 6.1
4.8 0.046 0.850 1.9 6.6
4.8 0.042 0.858 1.3 4.4
4.8 0.023 0.831 2.0 6.9
4.8 0.019 0.825 2.1 7.2
2.8 0.046 0.861 1.3 4.3
2.8 0.046 0.862 1.2 4.2
1.7 0.048 0.855 1.7 5.7
1.7 0.048 0.855 1.7 5.7
1.0 0.049 0.859 1.4 4.9
1.0 0.051 0.855 1.8 6.0
1.0 0.050 0.859 1.5 5.1

1.7 � 0.6a 5.7 � 1.0a

Reprinted with permission from reference (23). Copyright 1994, American Chemical Society.
aMean value.

E1 2/ − E�


Figure 9.32 The set-up used for PET-SECM measurements. CdS film was back-illuminated. The
cell was enclosed in the Plexiglas box. The positive pressure of Ar was always maintained in the box
throughout the experiment in order to avoid air oxidation of MV1+. Adapted from reference (63).

on the illuminated CdS film. Figures 9.33 and 9.34 show approach curves recorded for var-
ious light intensities and TEOA concentrations, respectively. As expected, there is a tran-
sition of the approach curve from insulating to conducting behavior on increasing either
the light intensity or the TEOA concentration.
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Figure 9.33 Approach curves recorded at various light intensities on CdS film in 0.1 mM MV+ as
a redox, 50 mM TEOA as a hole scavenger, and 0.1 M KCl supporting electrolyte in an inert atmos-
phere. (a) In the dark and (e) high intensity of illumination. The values of photon flux are given in
the box. The solid lines are fitting to theory at various values of keff. The inset depicts a plot of keff
vs. photon flux. The hyperbolic nature of the curve was attributed to the mass-transfer limit reached
at high photon flux. The actual keff could be higher than 0.2 cm sec�1 at higher illumination at those
intensities. Reprinted with permission from reference (63). Copyright 2001, American Chemical
Society.

SECM in the substrate generation and tip collection mode (72) has been used for the
estimation of spatially localized active sites on semiconductor electrodes (60, 61, 73). In
this mode, electroactive species are generated by a redox reaction at the substrate and
detected by a UME probe either amperometerically or potentiometrically. A typical set-up
used for these kinds of experiments is given in Figure 9.35.

The corresponding SECM images obtained by these measurements are given in
Figure 9.36a.

A local current density as large as 0.14 A cm�2 was observed for the oxidation of Br�,
which is four orders of magnitude higher than the average current density. These data also
suggested that sites smaller than ca. 10 �m diameter are the most active for oxidation.
Similar work has also been reported for Ta2O5 electrodes (60). Figure 9.37 shows the
SECM image obtained for the oxidation of I � on a Ta2O5 substrate. These results again
suggest that a small cluster provides the most active site for the oxidation of I �.

In another set of novel SECM experiments, a ZnO microelectrode (ca. 50 �m) was used
as the UME tip instead of platinum and used to record steady-state voltammograms in vari-
ous redox couples. The rates of electron transfer between the semiconductor tip and redox
species such as ferricinium (FC+), dimethyl-ferricinium (diM+), and decamethyl-ferricinium
(DM+) have been estimated (64). Figure 9.38 shows steady-state voltammograms recorded
with a 100-�m diameter ZnO microelectrode in various concentrations of diM+.
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Figure 9.34 Approach curves recorded at various TEOA concentrations. [MV+] 0.1 mM in 0.1 M
KCl. The solid lines are fitting to theory at various values of keff. The inset depicts a plot of keff vs.
[TEOA]. Reprinted with permission from reference (63). Copyright 2001, American Chemical Society.

Figure 9.35 SECM set-up described in reference (71) for the determination of spatial distribution
of active sites on semiconductor electrodes. Substrate potential (Es) and the tip potential (ET) were
controlled independently by bi-potentiostat. Redox species generated on substrate were collected
using UME tip, which is raster over surface by x–y piezo. The contrast is generated by the tip cur-
rent iT measured at (x, y) coordinates. Reprinted with permission from reference (73). Copyright
1998, American Chemical Society.
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Figure 9.36 (a) 300 � 300 �m SECM image of the electroactive site in a solution containing 
50 mM KBr and 10 mM H2SO4. The potential of Ti/TiO2 electrode (Es) was held at 1.5 V to oxidize
Br�. The potential of SECM tip (ET) was held at 0.0 V, sufficiently negative to reduce Br2 at the 
mass-transport limited rate. SECM tip was scanned at a height, d, of 5 �m above Ti/TiO2 electrode.
The image was recorded after the current at Ti/TiO2 electrode had decayed to a steady-state value.
(b) Schematics depicting SECM tip positioned above an oxide-covered Ti electrode. The tip radius
and tip-to-Ti electrode separation are drawn approximately to scale. TiO2 film (ca. 65 Å) is much
thinner than drawn. Reprinted with permission from reference (73). Copyright 1998, American
Chemical Society.

The steady-state current densities obtained from these data can then be approximately
related to rate constants by the expression

(9.4.15)

where ket and k0 are the pseudo-first-order rate constant (cm sec�1) and the bimolecular
rate constant (cm4 sec�1), respectively, and esf is the surface concentration of electrons that
is related to Efb by the following relationship:
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where E is the applied bias to the ZnO UME. A plot of the log of current density vs.
applied potential is expected to be a straight line and the extrapolation at E = Efb gives
values of k0 as shown in Figure 9.39. These have been estimated to be 4 � 10�18 and 7 �
10�23 cm4 s�1, respectively, at E = Efb.

9.5 TYPES OF SEMICONDUCTOR ELECTRODES

9.5.1 Single crystal and epitaxial film electrodes

The theory for semiconductor electrodes discussed in the previous sections is applicable to
materials having long-range order in the lattice, as demonstrated by single-crystal material
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Figure 9.37 Representative SECM images (300 � 300 �m) of Ta/Ta2O5 electrode in a solution
containing 10 mM KI and 0.1 M K2SO4. The dark regions correspond to sites of high activity for the
oxidation of I� at Ta/Ta2O5 electrode: (a) an isolated site and (b) a cluster of sites. Four-micrometer
radius SECM tip was scanned at 10 �m s�1 at a tip-to-surface separation, d = 5 �m, ET = 0.0 V, and
Es = 1.0 V vs. Ag/AgCl. Reprinted with permission from reference (59). Copyright 1999, American
Chemical Society.
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Figure 9.38 An example of a concentration study is given here for diM+ in which [diM+] is
increased from 0.16 to 3.2 mM. The plateau current at a 100-�m diameter ZnO electrode was found
to be linear with [diM+] and the range of E1/2 values was within 30 mV of the average of 510 mV,
indicating that the rate constant did not change significantly with concentration. Reprinted with per-
mission from reference (64). Copyright 2000, American Chemical Society.

Figure 9.39 A plot of log of current density at steady state vs. applied bias at various concentrations
of FC+ and DM+ on 500 �m ZnO electrode. The reduction current is extrapolated to Vfb and k� is
extracted from the result by the use of equations (9.4.15) and (9.4.16). Reprinted with permission from
reference (64). Copyright 2000, American Chemical Society.
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and epitaxial films. Their interfacial properties are spatially uniform and reproducible. Thus,
many equations describing the transport and transfer of charges in them can be applied with
accuracy. Layered metal dichalchogenide (LMD) semiconductors such as MoS2, WSe2, and
SnSSe2, however, have anisotropic crystallographic properties that strongly influence the
bulk and surface properties of the electrodes. Nevertheless, the molecularly smooth, chem-
ically inert, and reproducible van der Waals surface of LMDs can easily be obtained by sim-
ply piling of the upper few layers with the help of adhesive tapes (34).

It is often difficult to obtain single crystals of semiconductors except for a few such
as Si, GaAs, and InP that are routinely used by electronic industries. In a few cases, it is
possible to grow a film of a few atomic layers thickness on the substrate with matching
lattice parameters; these are called epitaxial layers. Techniques such as molecular 
beam epitaxy (MBE) and metal organic chemical vapor deposition (MOCVD) have 
been employed (74–77) for this purpose. It is also possible to grow a thick film (up to
few micrometers) with long-range ordering; this is a semiconductor single-crystal mem-
brane (78).

One of the important limitations in using single-crystal and epitaxial films as electrodes
is that they are very expensive to prepare. Therefore, most of the studies have been under-
taken with polycrystalline electrodes.

9.5.2 Polycrystalline electrodes

It is relatively easier to prepare electrodes of many semiconducting materials in which the
size of the individual crystallites is small with respect to the diffusion length of the charge
carriers. These charge carriers get scattered across the boundaries of the crystallites, called
grain boundaries, and this poses a serious limitation in applying the Gerischer model for
charge transfer. Additionally, the efficiency of charge transport is greatly compromised so
that quantification of the electronic properties of the polycrystalline semiconductor elec-
trodes is often difficult. Despite this problem, the preparation and characterization of poly-
crystalline electrodes have been intensely investigated. The rationale for this interest is the
low-cost preparation of polycrystalline electrodes with a large surface area. The following
sections describe methods of fabricating such electrodes.

9.5.2.1 Electrochemical deposition of semiconductor films

Electrochemical deposition has emerged as a powerful tool for growing high-quality
semiconductor films (79) and nanostructures on a suitable substrate. Recent efforts have
been focused on achieving atomic-level control on the growth process, which leads to the
formation of well-ordered, epitaxial deposits of the desired material. Various baths used
for electrodeposition of semiconductor films are listed in Table 9.3.

For chalcogenide films, a suitable complex of metal ions and selenium (H2SeO3) or a
sulfur source is allowed to reduce simultaneously. The role of the complexing agent is
twofold: (a) it avoids the reaction between the precursors in the bulk solution and (b) it
helps in shifting the reduction potential of the metal ions to an optimum value so that one
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can bring both potentials to a value that facilitates simultaneous reductions. Plausible steps
in the electrochemical reactions include

(9.5.1)

where due to proton involvement in the mechanism, an acidic pH facilitates the reaction

(9.5.2)

where Se formed on the electrode may also get reduced further through the mechanism

(9.5.3)

One of the major obstacles in electrodeposition of high-quality films of binary semi-
conductors is that one of the constituent elements may get plated simultaneously, leading
to non-stoichiometric films. Thus, subsequent heat treatment is necessary to produce a film
of acceptable quality. This problem can be overcome by sweeping the potential between a
range where both constituents are reduced. For example, in the deposition of CdSe films,
the potential was swept between �0.4 and �0.8 V vs. SCE in a low concentration of Se,
which led to stoichiometric films. Using this technique, one can control the thickness of
the film up to a few monolayers (83). By choosing the appropriate substrate and under-
potential for deposition, it is possible to achieve an epitaxial growth of a semiconductor
nanostructure called electrochemical atomic-layer epitaxy (ECALE) (91). The advantage
of this method is that several kinds of structurally well-ordered thin films of compound
semiconductors such as GaAs, CdTe, CdSe, and ZnS can be deposited.
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( , , )( ) ( ,( .) ( ) ( .)Cd Zn Pb EDTA Se H e Cd Zaq s aq
electrode+ + ⎯ →⎯⎯⎯+ −2 2 nn Pb Se H EDTAs aq, ) ( ) ( .)+ 2

HSeO aq H aq e Se s H O3
2

25 4 6− + −+ + → +( .) ( .) ( )

370 9. Semiconductor Electrodes

Table 9.3

Chemical bath conditions reported for deposition of semiconductors

Films Bath Substrate Potential/ Bath References
current temperature

CdSe 50 mM Cd(ClO4)2 + Mica, Au Galvanostatic 90–140 °C (80–82)
5 mM Se in DMSO

CdSe 50 mM CdSO4 or CdCl2 + Ti, Ni Potentiostatic R.T. (83)
0.3 M SeO2

Cu2O CuSO4 + NaOH + Cu Galvanostatic R.T. (84)
lactic acid 

ZnO Zn(NO3)2 + tetra-sulfonated ITO Potentiostatic 70 °C (85)
metallothiocyanine 

CdS CdCl2 + S in DMSO ITO Galvanostatic R.T. (86)
Ge GeI4 in ionic liquids Pt Potentiostatic R.T. (87)
Ag2Se AgNO3 + KSCN + SeO2 ITO Potentiostatic R.T. (88)
CuInSe2 CuCl + InCl3 + KSCN Au Potentiostatic R.T. (89)
PbSe Lead acetate + SeO2 ITO Potentiostatic R.T. (90)

R.T.: room temperature.
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Though it is relatively easy to carry out the electrodeposition from an aqueous bath, its
major disadvantage is the narrow potential window available for the deposition. This prob-
lem has been overcome by carrying out the deposition in non-aqueous solvents. Moreover,
elemental S and Se have the desired solubility in solvents such as N,N-dimethylformamide
(DMF) and dimethyl sulfoxide (DMSO). Baranski and Fawcett were first to report the
electrodeposition of CdSe films using non-aqueous baths of DMF (92) and DMSO (93).
Non-aqueous solvents are also known to result in a deposition having nanocrystalline form
(82). Use of cadmium salts having anions with adsorbing properties (such as Cl� and Br�)
has been reported to result in deposition of CdSe nanoparticles (94). Precise control over
bath temperature is known to control the size of the nanoparticles (82).

Besides non-aqueous solvents, it is possible to use room-temperature ionic liquids
(RTILs) as media for electrodeposition (87). RTILs are fused organic salts that are in the
liquid state at room temperature. They possess a wide range of liquid temperatures, in
some cases higher than 400 °C, and have intrinsically useful characteristics including
negligible vapor pressure, a wide liquid range and thermal stability, high ionic conduc-
tivity, and a large electrochemical window (95). Endres et al. demonstrated the elec-
trodeposition of elemental semiconductors such as Ge films and nanoparticles in RTIL,
namely 1-butyl-3-methylimidazolium hexaflurophosphate (87, 96).

9.5.2.2 Electroless deposition of semiconductor films

Electroless deposition (ED) or chemical bath deposition (CBD), in general, consists of a
spontaneous deposition of films on a conducting or an insulating substrate by carrying out
a redox reaction in solution. These techniques have been known for hundreds of years for
silvering mirrors. CBD has also been used for a long time to deposit semiconducting films.
Various group II–VI materials such as lead, zinc, and cadmium chalcogenides in the form
of films have been prepared routinely by this method. There are many review articles that
describe this method (74, 75, 97, 98) in detail.

The basis of the CBD method is the slow release of anions (sulfide or selenides) with
free metal ions (Cd2+, Zn2+, or Pb2+) into a solution such that their concentration just
exceeds the solubility product of semiconductor. In the bath, a low concentration of the
cations is maintained by their complexation with ligands such as TEOA and/or ammonia.
The anions are formed by hydrolysis of thiourea, in the case of sulfide, or hydrolysis of
selenosulfate or selenourea, in the case of selenides. The material is precipitated due to a
super-saturation condition when the concentration of sulfide/selenide anions exceeds the
solubility product of CdS/Se.

A general reaction scheme for the deposition of group II–VI semiconductor films is as
given below (98–101):

(9.5.4)

(9.5.5)
SeSO OH HSe SO
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(9.5.6)

(9.5.7)

(9.5.9)

The rate-determining step in this series of plausible reactions is probably the slow
release of selenide or sulfide by equation (9.5.5). Sulfide/selenide anions are consumed by
two different mechanisms: one by nucleation and the other by growth of existing nuclei.
The second step (i.e., growth) seems to be energetically more favorable.

AFM investigations of the electroless deposited CdS film on mica (102) suggest that the
film can also be formed by ion-by-ion deposition on the substrate. This is in addition to
the usually accepted notion of precipitation of clusters on the substrate that are already
formed in the solution by homogeneous precipitation. Three plausible mechanisms are
illustrated in Figure 9.40. In our experience, the film formed by deposition of clusters is
powdery or chalky (refer to the mechanism illustrated in Figure 9.40b), and can be wiped
off by tissue paper.

The ion-by-ion deposition growth, however, leads to an adherent mirror-like film, which
cannot be pulled off even by a scotch adhesive tape. Ion-by-ion deposition methods have
also been demonstrated for tandem deposition of CdS and ZnS thin films and Zn1�xCdxS
composites (103) on conducting glass. The effects of chelating agent, pH, and type of
counter anions on the quality of ion-by-ion deposition have also been investigated (104).
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(a) (b) (c)

Substrate Substrate Substrate

Cd2+

Se2-

CdSe clusters

Figure 9.40 Three speculated mechanisms for the formation of semiconductor films by ED
method: (a) ions are adsorbed on the substrate one by one, heterogeneous precipitation; (b) some of
the clusters formed in the solution are deposited on the substrate; (c) mixed mechanism.

(9.5.8)
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It is possible to use the substrate as one of the precursors. Deposition of thin films of
Cu2�xSe has been carried out by reacting a Cu substrate or a Cu film electrodeposited on
Pt or Ti with H2SeO3 at an acidic pH (105, 106).

(a) Electroless deposition bath for the preparation of CdS and ZnS films
Various baths have been proposed for the ED of CdS thin films (98, 100, 103). As described
in Section 9.5.2.2, a complex of Cd2+ ions is allowed to react with sulfide ions formed by
the hydrolysis of thiourea. In principle, Na2S or H2S can also be used as the sulfurating
agent but the reaction proceeds so fast that the deposition results in a powdery deposit. A
typical protocol used by many authors for the deposition of CdS thin films on borosilicate-
and indium tin oxide (ITO)-coated glasses is as follows:

One hundred and fifty milliliters, 0.2 M TEOA is mixed with 10 mL, 0.1 M cadmium acetate
solution in a 250 mL reagent bottle. After stirring for about 30 min, 10 mL of 0.2 M
thiourea is added. The solution is stirred for approximately 10 min. One milliliter of 30%
NH4OH solution is added to the bath. All of the contents are then transferred into a pre-
heated (60 �C) and thermostated crystallization dish with a lid. Prior to the addition, about
eight precleaned glass slides are arranged vertically in PTFE, with a ring-shaped holder
having vertical notches. The solution is stirred continuously during the deposition. After
an hour, the substrates are withdrawn and transferred immediately to preheated (60 �C)
distilled water to avoid peeling of the films due to the thermal shock. After cooling to room
temperature, the films are rinsed with a copious amount of distilled water and dried under
vacuum.

The quality of the films is strongly dependent on the cleaning and pretreatment of the
substrates. Prior to deposition, the glass slides are etched with Piranha solution.9 ITO-
coated slides are cleaned with a solution of 2 M KOH in 2-propanol. After cleaning, these
are stored in distilled water. In our experience, acidic surfaces do not give a desired depo-
sition. We observed that etched slides soaked overnight in ammonia solution lead to a uni-
form deposit. So far, the reason is not clearly understood. Hydroxyl groups formed on the
surface possibly lead to the formation of Cd(OH)2 on the surface that, perhaps, acts as
nucleation center (97). ZnS films can also be prepared using a similar strategy. Various
baths used for these films have been reported by O’Brien and McAleese in detail (97).

(b) Electroless deposition bath for the preparation of CdSe films
CdSe films are deposited by reacting Cd2+ ions with Se2� ions that are generated in situ by
the hydrolysis of Na2SeSO3 in ammonium hydroxide. Ammonium ions in the solution also
act as complexing agents that facilitate the slow release of Cd2+ ions in the solution (99).
Better results are obtained by using separate complexing agents such as amines. The pro-
tocol suggested by Hodes (98) for the ED of CdSe is as follows:

Two milliliters of 0.5 M Cd2+ is diluted with approximately 3.4 mL of distilled water. To
this, 2.1 mL of 0.7 M potassium salt of nitrilotriacetic acid (KNTA)-complexing agent is
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9Mixture of 30% H2O2 and concentrated H2SO4 in 1:3 ratio. Extreme precaution is necessary in handling the solu-
tion. Experiments should not be done without a proper fume-hood.
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added. The pH of the solution is adjusted to 8 and 5 mL of 0.2 M Se (Na2SeSO3) is added
to it. After stirring, the solution is transferred to the thermostated bath containing pre-
cleaned slides and the deposition is carried out as described previously.

Na2SeSO3 is prepared by refluxing Se metal powder with concentrated Na2SO3 solution
(107). Typically, to prepare a 50 mM solution of Na2SeSO3, 0.0987 g of Se powder is
refluxed with 0.5 g Na2SO3 in 20 mL distilled water in a round bottom flask fitted with an
air condenser for 3–4 h. An excess concentration of Na2SO3 is necessary to prevent decom-
position of Na2SeSO3 back into Se and Na2SO3. After cooling down, the solution is filtered
and diluted to 25 mL in a standard measuring flask. This solution should be used immedi-
ately for the synthesis.

9.6 NANOSTRUCTURED SEMICONDUCTOR ELECTRODES (NSSE)

The effect of size quantization on the electronic properties of semiconductors, discussed
in Section 9.2.2, demonstrates that semiconductor electrodes made of nanostructured par-
ticles are of great practical interest. Based on size quantization, these films can be catego-
rized into: (a) thin semiconductor films deposited or epitaxial growth on a substrate where
the SQE is due to the space confinement in two dimensions (i.e., a quantum well) and (b)
particulate films of size-quantized nanoparticles that may be several micrometers thick;
their properties are due to the combined effect of film and isolated size-quantized parti-
cles. Both the situations are illustrated in Figure 9.41.
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Figure 9.41 Types of nanostructured semiconducting films: (a) quantum well prepared by epitax-
ial growth in nanometer thickness and (b) particulate film in micrometer thickness.
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9.6.1 Epitaxial methods for the preparation of NSSE

Nozik and Memming have worked extensively on the electrochemistry and photoelectro-
chemistry of quantum well semiconductor electrodes (14). As discussed in Section 9.5.1,
the quantum wells are produced by either MBE or MOCVD method. Both of these tech-
niques are capable of creating epitaxial layers exhibiting quantum size effects. Their prop-
erties can be varied by film thickness, interfacial abruptness, and crystalline perfection.

In MBE, ultra-high vacuum chambers are outfitted with a number of evaporation cells.
Each cell has a shutter to control the molecular flux. The molecular beam can be pulsed
within 0.1 sec and the growth rate can be controlled within a few Å sec�1. During the
growth, the substrate temperature is maintained at ca. 500–700 �C. Atomic species most
commonly used include Al, In, Sb, Be, Ge, Se, Te, Cd, Hg, Zn, Mn, Pb, and Si. The most
common quantum well electrodes produced by MBE are the III–V semiconductors binary
and ternary compounds. Some II–VI quantum well structures have also been prepared.

MOCVD is used only to prepare III–V semiconductors. Using this method, the group
III metals are introduced in the form of their organometallic vapors. Each reacts with the
gaseous precursors of non-metalloid group V components of the desired semiconductor
compound to form a crystalline, epitaxial film on a hot substrate. For example, Ga, Al, and
In are commonly introduced in the form of their trimethyl compounds. As and P are intro-
duced in the form of arsine or tetrabutylarsine and phosphine or tetrabutylphosphine,
respectively. Organometallics are introduced in the reaction chamber by passing hydrogen
gas at a controlled flow rate through liquid organometallics. The single-crystal substrate is
kept on the graphite block preheated at 650–750 �C.

9.6.2 Preparation of particulate films

Nanocrystalline particulate films, which exhibit pronounced quantum size effects in three
dimensions, are of great interest due to applications in solar cell (108–112) and sensor (57,
113–115) applications. They exhibit novel properties due to not only the SQE manifested
by individual nanoparticles but also the total surface area. Unlike MBE and MOCVD
methods used to prepare quantum well electrodes, these electrodes can be prepared by con-
ventional chemical routes described in Section 9.5.2.2. For example, II–VI semiconductor
particulate films were prepared by using low concentrations of precursors and by control-
ling the temperature of the deposition bath. Hodes demonstrated the SQE for CdSe thin
films deposited by an electroless method (98). The blue shift in the spectra of CdSe films
has been demonstrated to be a function of bath temperature. As described in Section
9.5.2.1, electrodeposition of semiconductors in non-aqueous solvents leads to the forma-
tion of size-quantized semiconductor particles. On a single-crystal substrate, electrodepo-
sition methods result in epitaxial growth (116, 117), and demonstrate quantum well
properties.

Nanoparticles can be ‘anchored’ on a substrate by forming covalent bonds between
the substrate and the capped nanoparticles. For example, ITO glass can be modified by
(3-mercaptopropyl)trimethoxysilane (MPTMS), which leads to the formation of thiol
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pendants on the glass surface (118–120). Nanoparticles can be anchored to ITO glass
through these pendants, as shown in Figure 9.42.

Similar work has been reported by Bard and co-workers where CdS nanoparticles were
attached to a gold substrate using hexanedithiol (121). Using this method, it is possible to
deposit multilayers that form an addressable three-dimensional quantum dot structure.
Template methods have been used to deposit semiconductors of various shapes and sizes.
For example, Li demonstrated the use of anodic aluminum oxide (AAO) templates to
deposit CdS nanowires with a large aspect ratio (122).

Fendler’s group recognized that semiconductor nanoparticle films can be synthesized by
exposing a fatty acid monolayer complex of Cd2+ ions to gases (123, 124) such as H2S.
These films are called Langmuir–Blodgett (LB) films; they can be transferred to a suitable
substrate for further characterization and use. The LB technique was further refined by 
Pan et al. to form LB films with CdS nanorods (125). Yoneyama and co-workers reported
the fabrication of two-dimensional organized CdS nanoparticle films by cross-linking 
2-aminoethanol-capped CdS nanoparticles with glutaraldehyde prior to their transfer to the
substrate (126), as shown in Figure 9.43.

Coulombic interaction between capped particles can be used to organize the particles on
the substrate (127–129). In one such example, polyacrylate-capped CdS nanoparticles were
synthesized and assembled layer by layer on poly(diallyldimethylammonium chloride)
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(i) Cd(ClO4)2/ THF
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SH SH

Si Si
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Figure 9.42 Schematic for surface modification of ITO glass with (3-mercaptopropyl)trimethoxysi-
lane (MPTMS) followed by anchoring of CdS nanoparticles to the pendant thiol group. Adapted
from reference (118).
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Figure 9.43 Schematic illustration of two-dimensional cross-linking of 2-aminoethanethiol-capped
CdS nanoparticles spread on air–water interface that is transferred on suitable substrate. Reprinted
with permission from reference (126). Copyright 1999, American Chemical Society.

coated on various substrates by virtue of the coulombic attraction between the negatively
charged polyacrylate surface of the particles and cationic polyelectrolyte on a substrate. It
is depicted schematically in Figure 9.44.

9.6.3 Electrochemistry on nanostructured semiconductors

Electrochemistry on nanostructured semiconductors may be classified according to the mode
of charge transfer between the nanophase materials, the substrate, and the redox couple. The
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Figure 9.44 A schematics for coulombic interaction between particles and support; negatively
charged polyacrylate-capped Q-CdS embedded in positively charged polyelectrolyte. Adapted from
reference (127). Copyright 2001, American Chemical Society.

electrochemistry involved in charge transfer between an electrode modified with semicon-
ductor nanoparticles and a redox couple in solution is similar to that discussed in Section 9.4
for bulk materials. A series of papers published by Gratzel and co-workers (109, 110), Liu
and Kamat (130), Hodes (98, 117), and Fendlar and co-workers (62) report the electro-
chemistry of particulate films including TiO2, ZnO, CdS, and CdSe pertaining to photoelec-
trochemical (PEC) applications.

Studies on charge transfer between addressable semiconductor nanoparticles and redox
couples are quite novel. Riley and co-workers reported PEC measurements on CdS
nanoparticles ‘tailored’ to ITO glass by a covalent linkage (118) as shown in Figure 9.42.
A plot of photocurrent vs. the wavelength of light, called an action spectrum, recorded on
these devices as a function of the size of the nanoparticles is shown in Figure 9.45. This
group further investigated the kinetics of charge transfer between well-addressed tailored
particles and the redox couple by electrochemical impedance spectroscopy and photocur-
rent transient measurements (119, 120).

9.6.4 Electrochemistry on suspended semiconductor nanoparticles

Photoelectrochemical (PEC) measurements on small semiconductor particles are of
interest because of their possible applications in photocatalysis in addition to being a
fundamental probe to study photolytic and electron transfer reactions at interfaces. The
energetics of the particles differ, however, from the bulk. For extremely small particles,
the Fermi level shifts to more negative values due to the quantum size effect. With
slightly larger particles, photogenerated electrons can have energy that is different from
that of the CB edge Ec of the bulk semiconductor in contact with the same solution.
Thus, measurements of the energetics of dispersed particles are very important in decid-
ing whether a given particle is in a position to reduce or oxidize the species in the solu-
tion. One of the ways to measure these properties is to collect the photogenerated
electrons at an inert metal electrode immersed in the particle dispersion. The potential
of the electrode can be adjusted such that it will be in position to collect the electrons,
which will give an idea about the redox properties of the electrons photogenerated on
the particles. Such a measurement carried out on a TiO2 suspension is shown in Figure
9.46, where the onset of the anodic photocurrent suggests the position of the Fermi level
in the particles.

These types of measurements have been confirmed for various semiconductor dispersions
(27, 131–133) including TiO2, In2O3, SnO2, CdS, WO3, and Fe2O3, and demonstrated that the
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Fermi level of particles is a function of irradiation intensity. The photo-onset potentials were
shifted toward more negative values as a function of the photon flux. These experiments
were supported by a blue shift of the absorption peak in the UV–vis spectra measured imme-
diately after a high-intensity flash (134). This phenomenon is known as the ‘Burstein shift’
(135). Various potentials were applied to dispersions on an optically transparent electrode,
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Figure 9.45 A plot of normalized photocurrent vs. wavelength of illumination, called action spec-
trum for CdS nanoparticle-modified ITO glass electrode. Particle size of CdS increases from (a) 2 nm
and (b) 4 nm to (c) 10 nm diameter. The onset of action spectra shows red shift as a function of size,
which is in concordance with the SQE. From reference (118). Reproduced by permission of The
Royal Society of Chemistry.

Figure 9.46 Photocurrent voltage response of suspended TiO2 particles at In2O3 electrode. The
anodic photocurrent indicates the electron transfer from the particles to electrode. From the onset,
the potential for the photogenerated electrons was estimated to be �0.46 V vs. NHE. Reprinted with
permission from reference (27). Copyright 1981, American Chemical Society.
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and the UV–vis spectra were recorded as a function of applied potentials (136). The change
in absorption values was observed after a certain critical potential. It was observed that as
particle size decreases, the critical potential shifts toward more and more negative values.
These measurements were attributed to the quantum size effect.

The energetics of these particles have also been studied by CV and differential pulse
voltammetry (127). The cyclic voltammograms recorded on alkylthiolate-capped PbS
nanoparticles (3 nm diameter) in acetonitrile (137) are shown in Figure 9.47.

The peaks observed in the CVs were attributed to the redox reactions occurring due to
the electrochemical decomposition of the PbS particles. For example, quasi-reversible
cathodic peaks marked as I, II, and III were attributed to the reduction of PbS to Pb. The
anodic peaks marked IV and V were attributed to the anodic stripping of deposited lead.
The CVs recorded on Q-CdS particles in DMF however gave a cathodic and anodic peaks
at extreme potential values as shown in Figure 9.48.

The peak positions marked as A1 and C1 were found to be shifted with particle diame-
ter as shown in Figure 9.49.

In fact, there is a direct correlation between potential separation between peaks A1 and
C1 and the observed band gap for various size particles. It is summarized in Table 9.4.

Based on these results, peak A1 is attributed to electron transfer from the highest occu-
pied molecular orbital (HOMO) to the electrode and peak C1 is attributed to electron trans-
fer from the electrode to the lowest unoccupied molecular orbital (LUMO), thus
introducing the concept of ‘electrochemical band gap’ for semiconductor nanoparticles.
Such a band gap was also observed earlier for extremely small metal nanoparticles (4). The
decomposition of compound semiconductor particles on charge transfer poses a serious
limitation on these studies, which was overcome by carrying out these measurements on
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Figure 9.47 CVs recorded on hexanethiol-capped PbS nanoparticles in acetonitrile. Peaks marked
(I), (II), and (III) are attributed to the reversible reduction of PbS. Anodic peaks marked (IV) and 
(V) are attributed to the oxidation and stripping of Pb from the electrode. Reprinted with permission
from reference (137). Copyright 2000, American Chemical Society.
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elemental semiconductor nanoparticles such as Si (139). Differential pulse voltammo-
grams (DPV) recorded on Si nanoparticles in DMF are shown in Figure 9.50.

Reversible peaks at about +0.09 and �0.7 V were attributed to the transfer of electrons
from the HOMO and the LUMO to the electrode. The separation between these two peaks
matches very well with the band gap obtained by spectroscopic methods. The reversibility
of these peaks suggests that elemental semiconductor nanoparticles such as Si do not
decompose on charge transfer. The peaks observed in the range �0.7 to �2.3 V are attrib-
uted to quantum double layer charging (140, 141), which is commonly observed in the
case of monolayered protected clusters (MPCs).

9.7 SEMICONDUCTOR ELECTRODE APPLICATIONS

Semiconductor electrodes show electronic properties different from those of metal elec-
trodes due to the space charge region present at SEI. The electric field gradient in the
space charge region facilitates the separation of charge pairs generated at the SEI. This
property of the SEI leads to numerous applications of semiconductor electrodes in the
field of solar energy conversion (130, 131) and in sensor (132, 133) applications.
Attention will be focused on the basic principles behind the use of semiconductor elec-
trodes in these applications.

9.7.1 Solar cells

Solar cell applications can be broadly classified into two types: (a) photolytic or photoas-
sisted conversion including the oxidation of water to H2 and O2 or decomposition of
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Figure 9.48 CVs recorded on thioglycol-capped CdS nanoparticles in DMF: (a) in full potential
range and (b) at various starting potentials which suggests that peaks C1 and C2 are due to oxida-
tion product from A1 and the peaks A2 and A3 are due to reduction products from C1. Reprinted
with permission from reference (138). Copyright 2001, American Chemical Society.
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Figure 9.49 CVs recorded on various sizes of thioglycol-capped CdS nanoparticles. As the parti-
cle size increases from top to bottom, the separation between A1 and C1 decreases. Reprinted with
permission from reference (138). Copyright 2001, American Chemical Society.

Table 9.4

Correlation of optical and electrochemical band gaps for fractions I–IV

Fraction �E (V)a �E (V)b Band gapsc (eV) Sized (nm)

I e 2.63 3.06 4.5
II 2.47 2.98 3.10 4.3
III 2.53 2.88 3.13 4.2
IV 2.96 3.39 3.23 3.9

�E refers to the peak separation between Al and Cl. Reprinted with permission from reference (138). Copyright
2001, American Chemical Society.
aC1–A1 peak separation at 10 mV s�1.
bC1–A1 peak separation at 100 mV s�1.
cEstimated from UV–vis absorption peaks.
dEstimated from electronic spectra.
ePeak not well defined.
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organic pollutants (142, 143) and (b) conversion of solar energy into electric energy using
PEC solar cells or wet-photovoltaic cells.

The basic principle in both types is based on charge separation at the depletion 
semiconductor–electrode interface. As discussed in Section 9.3.1, in the case of direct band
gap semiconductors, if the incident photon energy is higher than the band gap, the electrons
are promoted into the VB by creating holes in the CB. The charge pairs generated in the
depletion region are separated under the influence of the electric field gradient. For exam-
ple, in the case of n-type semiconductors, holes will ‘bubble out’ at the SEI and can be used
to carry out a desired oxidation. Electrons will travel through the semiconductor bulk, pass
through the external circuit, and can be used to carry out a desired reduction at the counter
electrode as shown in Figure 9.51a. Thus, a semiconductor electrode can be effectively used
as a photocatalyst in carrying out photoassisted chemical conversion.

In PEC solar cells, the redox molecules used are reversibly oxidized and reduced at the
semiconductor electrode and counter electrode. The current flowing through the external
circuit can be used to drive a load and the device will effectively convert solar into elec-
trical energy as shown in Figure 9.51b. Unfortunately, the decomposition potentials of
most semiconductors lie in their own band gaps, leading to photocorrosion of the semi-
conductor surface, and put a question mark on the use of these devices. Oxide semicon-
ductors such as TiO2 and ZnO are more stable against photocorrosion but they absorb only
in the UV region and are thus less efficient for terrestrial applications.
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Figure 9.50 Differential pulse voltammogram (DPV) recorded on 1.74 nm Si nanoparticles. The
reversible peaks near +0.09 and �0.7 V are attributed to the electron transfer through HOMO and
LUMO of Si NPs. Reprinted with permission from reference (139). Copyright 2002, AAAS.
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This problem is partially solved by sensitizing the electrode with a dye that absorbs in
the visible region as illustrated in Figure 9.51c. Upon photoexcitation, the dye molecule
injects a photoelectron in the CB that rolls down into the bulk semiconductor, passes
through the external circuit, and reduces the redox mediator at the counter electrode. The
reduced form of the mediator may diffuse and reduce the oxidized dye that completes the
cycle. TiO2-based PEC cells are more efficient when particulate films are used; these are
referred to as ‘Gratzel cells’. Among the various dyes explored for this purpose, ruthe-
nium bipyridine complexes and their analogs have proven to be most efficient. However,
these are not economically viable due to the cost of ruthenium, and thus have not yet been
commercialized.

9.7.2 Sensors

The surface chemistry of semiconductors in sensor applications has been reviewed by
Ellis and co-workers (144). Here, the basic principles behind the use of semiconductor
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Figure 9.51 Schematics of (a) photochemical cell, where two different molecules undergo redox
reaction, which leads to the photoassisted decomposition of molecules; (b) PEC solar cell, where
same redox gets reduced and oxidized reversibly at photoelectrode and counter electrode, and thus
net conversion of light into the electricity; (c) dye-sensitized PEC solar cell. The light is absorbed
by dye molecule (D) and in an excited state, it injects the electron to CB. Electron travels through
external circuit and reduces the mediator molecule, for example, I2 into I2

�. I2
� reduces D+ and the dye

is regenerated for next electron transfer.
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electrodes as sensors are discussed. The origin of the transduction mechanism of semi-
conductor electrodes can be realized using the band structure of the interface. It is charac-
terized by not only EC, EV, and EF positions on the surface but also surface states present
in the band gap. The molecule to be sensed will interact with these energy levels by the
processes of adsorption and desorption. These can influence the rate of surface recombi-
nation, producing observable changes in the electrical or optical properties of semicon-
ductors. For example, the surface states present in the band gap are an efficient mediator
for non-radiative recombination, leading to low photoluminescence (PL) yields for most
‘pinned’ systems. An adsorption-induced shift in the energy position of surface traps away
from the band gap can produce an increase in the semiconductor PL intensity. For the 
n-type semiconductor, adsorbed donors can effectively return the surface-trapped charge
to the semiconductor bulk, thereby reducing the surface electric field at the depletion layer.
It may cause a contraction of its width so that both the PL intensity and the bulk conduc-
tance are expected to increase.

The depletion region of the semiconductor is not only an insulating layer but also rela-
tively non-emissive and hence commonly referred to as a ‘dead layer’. If we oversimplify
the semiconductor interface into a near-surface non-emissive zone and an underlying
emissive zone, then the adsorption-induced PL behavior is quantitatively related to
changes in the thickness of the dead layer according to

(9.7.1)

where PL0 and PLx are initial and adsorption-induced PL intensities, respectively. �
 is the
semiconductor absorptivity, corrected for self-absorption, and �X is the resulting change
in dead layer thickness from D0, the initial dead layer thickness, to Dx in the presence of
adsorbate (145, 146). Based on a similar argument, adsorption of acceptors should
decrease PL yield and conductance. If the thickness of the semiconductor film approaches
the width of the depletion layer, a measurable change in the conductivity of the sample can
be used as a method of analyte detection.
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10.1 INTRODUCTION

The behavior of microelectrodes (radius smaller than 50 �m) differs from conventional-
sized electrodes (radius 1 mm or greater) in that nonlinear diffusion is the predominant
mode of transport. This difference in mass transport from the bulk solution toward the
electrode has several important implications that make microelectrodes very attractive in
many areas of electroanalytical chemistry. These include reduced ohmic potential drop, 
a decreased time constant, a fast establishment of steady-state signals, and an increased
signal-to-noise ratio.

Since the beginning of the 1980s (1, 2), the development of microfabrication techniques
has allowed these electrodes to become widely used even though the benefits of the prop-
erties of small electrodes was recognized much earlier. Microelectrodes have thus been
employed for those applications demanding electrochemistry in restricted volumes, in
solutions of high resistance as well as in short-time regimes (1, 2). For a more detailed dis-
cussion about microelectrodes, see Chapter 6.

It was around the same time that the first reports on microelectrode arrays appeared.
Both experimental and theoretical works (3–27) have demonstrated the advantages of such
electrode assemblies, which result from the specific mass transport of electroactive mate-
rials or diffusion regimes taking place at their interface. These include the following:

(1) As long as the microelectrodes in the array do not interact with each other, a steady-
state current is monitored at long times. This regime is a characteristic of the spher-
ical or hemispherical diffusion achieved at individual electrodes of the array.

(2) In conditions where individual diffusion layers overlap, the array may be considered
as a single macroelectrode at which planar diffusion occurs.

© 2007 Elsevier B.V. All rights reserved.
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(3) Arrays of microelectrodes exhibit higher signal-to-noise ratios than macroelectrodes
having an equivalent surface area. Lower current detection limits can be achieved that
are important for electrochemical detectors in measuring small quantities of materials.

(4) Interactions between individual electrodes in the arrays permit regeneration of elec-
troactive substances through redox cycling or collection of very unstable intermediates.

Owing to these advantages, miniaturized electrochemical sensors for probing electroactive
species at particular microscopic locations are in demand. This miniaturization is particularly
important for diverse applications in biology where in situ measurements on living organ-
isms are of interest. The aim of this chapter is to give a comprehensive understanding of
the different types of microelectrode arrays (random, ordered, paired, etc.) and a general
classification scheme based on their operating mode or electrochemical properties. An
overview of the diverse methods employed to construct microelectrode arrays together
with some recent areas where microelectrode arrays have been used will be presented. The
specific properties of microelectrode arrays can, however, not be understood without a
fundamental understanding of the diffusion on microelectrode arrays. A basic discussion
around these phenomena will be given.

10.2 CLASSIFICATION OF MICROELECTRODE ARRAYS

The shapes of the electrodes in the array are limited mainly by the way the array is fabri-
cated and by one’s imagination. Microelectrode arrays are classified according to the
design of the array and the function/use of the array.

10.2.1 Microelectrode designs

Individual electrodes in an array may assume a disordered (random) or periodical arrange-
ment. Random microelectrode arrays are characterized by a statistical distribution of elec-
trodes that may be of identical or dissimilar dimension and shape. Ordered microelectrode
arrays generally consist of an ensemble of electrodes of identical dimensions with a peri-
odic arrangement.

10.2.1.1 Random microelectrode arrays

The main advantage of such arrays (Figure 10.1A) is the ease with which they can be fab-
ricated. They are mostly formed by sealing single metal wires (Pt, Au, Ag, Cu, Ni, etc.) or
conducting carbon fibers into an insulating matrix, such as glass or an epoxy resin. The
disadvantage is that they are geometrically ill-defined and, therefore, do not permit a clear
comparison with theoretical predictions. The ill-defined spacing between conducting sur-
faces can lead to overlapping diffusion layers. Electrode dimensions and interelectrode
distances ranging from tenths of angstroms to micrometers are possible.

One of the first random microelectrode arrays reported consisted of sealing a bundle of
individually conducting carbon fibers into epoxy (29). This array consisted of five layers
of 20 electrodes where each electrode had a radius of 5 �m. Each disk was located at least
six diameters from its nearest neighbor electrode so that diffusional cross-talk between
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disks did not occur. This array has proven to be advantageous as a flow rate independent
amperometric detector.

A recent addition to this class of arrays is the construction of self-assembling arrays.
Statistical arrays of microspheres with random radii have been realized by depositing mer-
cury on an inactive substrate (30, 31) or by partial covering of a conducting electrode by
a monolayer of insulating organic film (32, 33). In the same way, arrays of disk electrodes
of a few hundred angstroms diameter have been made from polymeric membranes. The
irradiation and local polymerization of the membranes led to the formation of transmem-
brane pores of calibrated dimensions in which platinum or gold were deposited (7, 18, 20).
Opto-electrochemical microring arrays based on the deposition of gold around optical
fibers (34–36) have recently been reported.

10.2.1.2 Ordered microelectrode arrays

The design of microelectrode arrays with well-defined geometries is largely preferred for
electroanalytical, biological, as well as theoretical purposes. An ordered microelectrode array
configuration, where each electrode in the array is regularly spaced with respect to another is
shown in Figure 10.1B. A notable advantage of ordered arrays is their ability to be fabricated
using silicon technology procedures, such as photolithography, which also accommodates
bulk fabrication. The most common electrode materials are gold deposited on silica sub-
strates, but platinum, iridium, and diamond have also been used. These devices do not endure
mechanical pretreatment (polishing and removal of some coating on the electrode) but this is
a minor problem, as their high interelectrode reproducibility and inexpensive nature permits
disposability. Still, high-quality ordered microelectrode arrays are not easy to be fabricated
and found. Regular arrays with well-defined geometries generally consist of parallel band

10.2 Classification of Microelectrode Arrays 393

Figure 10.1 Classification of microelectrodes: (A) random array, (B) ordered array, (C) paired elec-
trode, schematic representation of a double band assembly, (D) interdigitated array, schematic presen-
tation of IDA electrodes vertically arranged (E) linear array, (F) three-dimensional array, Utah electrode
array (reprints from reference (28)). (for colour version: see colour section at the end of the book).
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electrodes or disk electrodes arranged in a hexagonal array. These two geometries are pre-
ferred because their symmetry allows modeling of diffusion at these assemblies. Specific
geometries have included an ensemble of microdisks sealed in a hexagonal or a square array
(37–47), or parallel microbands of identical nature or alternatively polarized as an anode or a
cathode. This latter configuration is generally known as paired electrodes (48–58) (Figure
10.1C) or as interdigitated electrode arrays (Figure 10.1D) (16, 20, 24, 27, 59–83).

A popular variation of ordered microelectrode arrays is the two-dimensional array
(Figure 10.1E) (84) where the diffusion properties extend in two dimensions rather than
three dimensions. Linear arrays with up to 16 electrodes have been reported and used for
the investigation of anatomical muscle properties (85) and for basic and applied studies 
of the neuromuscular system (84).

10.2.1.3 Three-dimensional microelectrode arrays

This geometry has found wide application in biosensing and in recording electrical neural
signals from nervous systems. Planar microelectrode arrays are not advantageous for acute
tissue slice experiments. However, by using three-dimensional electrodes, it is possible to
monitor the electrical activity of the tissue directly after placing it onto the electrodes. The
geometry of the electrodes improves the penetration into the tissue slice, thereby reducing
the distance between the active cells and the electrode. These arrays have a cylindrical
structure (Figure 10.1F) and are mostly based on the etching of silicon wafers. Another
configuration of a three-dimensional microelectrode array is based on the etching of opti-
cal fiber bundles and covering the surface with gold (36, 86). McKnight et al. have
recently reported the fabrication and characterization of a microarray of individually
addressable vertically aligned carbon nanofiber electrodes (87).

10.2.2 Microelectrode array behavior

Microelectrode arrays can be classified according to the way the array is operating.

10.2.2.1 Microelectrode arrays as amplifiers

If all of the microelectrodes in the array are polarized at the same potential, higher currents
per unit area are possible (88). The signal-to-noise ratio of each individual electrode can
be preserved and this so-called amplification effect is maintained as long as no overlap
between individual diffusion layers occurs. Amplification remains effective at long times
if the interelectrode spacings are at least 10 times larger than the radius of an individual
microelectrode on the array. For a microelectrode of 5 �m radius, a minimal spacing of 
50 �m would be necessary (88, 89).

10.2.2.2 Individually addressable arrays

Identical or different potentials can be applied to each electrode in an individually address-
able array allowing multiparametric analysis while avoiding diffusional cross-talk. The
development of an individually addressable microelectrode array places sophisticated
demands on microfabrication technology. The conventional way to individually address
each electrode of an array is to connect an electrode line to a corresponding bonding pad
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at the end of a circuit chip (39, 90, 91). The electrochemical measurements are then car-
ried out on each electrode either simultaneously, or sequentially. When carried out sequen-
tially, however, recording a complete cyclic voltammogram on a 64 individually
addressable microelectrode array can take up to 3 h (92) depending on the scan rate.

Simultaneous current measurements are possible using integrated circuits (ICs) where
the addressing hardware is built onto each microelectrode array chip (40, 93). Such an
approach was recently reported in which 64 individually addressable gel-integrated 
Hg-plated Ir-based microelectrodes were used (46, 94). The IC is based on a double multi-
plexing system and a single potentiostat. This was the first system reported allowing simul-
taneous recording of complete voltammograms for a large number of individually
addressable microelectrodes with fast dynamic techniques, such as square wave anodic
stripping voltammetry. This probe has been used for real-time, high spatial resolution con-
centration profile measurements at interfaces (46). The use of complementary metal oxide
semiconductor (CMOS) technology (42, 95, 96), the major type of transistor set nowadays
(97), permits local amplification just behind the electrodes to significantly decrease the
electrode density. The main drawback of the standard CMOS technology is that it uses alu-
minum alloys as the metallic layer. This alloy shows limited stability in physiological solu-
tions and is not biocompatible; therefore, it is not a suitable electrode material for
biologically oriented investigations. However, by modifying the electrode surfaces, these
arrays can be adapted for studies in biological media. Such an approach was reported by
Berdondini et al. who electrolessly deposited gold from gold cyanide plating solutions (98).

10.2.2.3 Generator/collector scheme

Although all efforts in the individually addressable configuration are put into avoiding inter-
actions between the electrodes in the array through overlap of individual diffusion layers,
cross-talk in the collector/generator mode between closely spaced electrodes is the basic prin-
ciple of their functioning. The simplest configuration for a generation/collection scheme is
the paired electrode configuration mentioned above (Figure 10.1C). The intermediate gener-
ated on one electrode (the generator), diffuses to the other electrode (the collector), where it
can be regenerated to the reactant initially present in bulk solution (Figure 10.2). In contrast
to the rotating disk electrode where the regenerated species is swept into the bulk solution,
the regenerated species at the collector electrode can diffuse back to the generator electrode
and participate in the redox cycle again. The recycling or feedback between the paired elec-
trodes results in amplifying the generator current far above the value it would have were the
collector electrode disconnected (51, 53). Band electrodes are mostly used for the genera-
tor/collector mode and are fabricated generally by a sandwich method (48, 51–57).

A more sophisticated version of the paired electrode is the interdigitated array electrode
(IDA). The IDA is an outgrowth of lithographic microfabrication technology (16, 20, 24,
27, 59–74, 76–83). The IDA consists of a series of parallel microband electrodes in which
alternating microbands are connected together forming a set of interdigitated electrode fin-
gers (Figure 10.1D). Typical dimensions of an individual microband “finger” are 100–200 nm
in height, 1–10 �m in width and 5–10 mm in length. The typical interfinger separation
(gap) is 1–10 �m. The potential of each finger set of electrodes can be controlled inde-
pendently of the other relative to that of a reference electrode. The gap between the “fin-
gers” is small enough so that for a sufficiently long electrolysis, diffusional coupling can
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occur between fingers and a collector/generator scheme similar to a paired electrode is set
(Figure 10.2). With interdigitated electrodes, the small gap dimensions and the use of an
array rather than a single generator/collector electrode pair results in very large collection
efficiencies (larger than 0.98), which give the IDA an advantage in detecting trace amounts
of electroactive species.

10.3 THEORY: DIFFUSION AT MICROELECTRODE ARRAYS

A quantitative description of mass transport to microelectrode arrays must take into
account possible interactions between the diffusional fields of individual microelectrodes.
The major complication arises from the difficulty in describing and modeling these inter-
actions, which depend on the way the microelectrodes are arranged within the array but
also on the way, the array is being operated.

10.3.1 Arrays of electrodes operating at identical potentials

When each electrode in the array is operating at the same potential, the overall response
of the electrode array depends on two parameters: the density of the electrode distribution
and the relative dimensions of the electrodes with regard to the thickness of the diffusion
layer, �, developing at each active element of the array. In other words, for a given array
geometry, its electrochemical behavior will be strongly dependent on the time scale of the
electrochemical perturbation (21, 26).

396 10. Microelectrode Arrays

Figure 10.2 Generator/collector scheme: oxidation of 2 mM ferrocene (Fc) in 0.1 M nBu4BF4/
CH3CN. Dashed line: single band experiment (only one electrode is biased). Solid lines: generator/
collector experiment with Ecollector = 0 V/SCE. Band width, w = 5 �m; gap width, g = 2.5 �m; and
scan rate, v = 0.1 V sec�1.
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When the duration of the experiment is sufficiently short for the diffusion layer to be
small with respect to the radius r of the electrodes, planar diffusion is observed at each
electrode and the current monitored at the array is proportional to the sum of geometric
areas Sel of the individual active elements (Figure 10.3A). Under these conditions, the
detected current is given by the well-known Cottrell equation:

(10.1)

At longer times, the individual diffusion layers become larger than the electrode dimen-
sions and a transition regime occurs whose characteristics depend on the distance d sepa-
rating two active elements of the array. When this distance is relatively large in comparison
to the size of the diffusion layers, steady-state or quasi-steady-state diffusion takes place
at each element depending on their shape (Figure 10.3B). The current is still equal to the
sum of the currents at each active element but is proportional to the total active area Sel

with a proportionality factor, which depends on the shape of the electrodes. This factor is
introduced by �(r), which is the equivalent diffusion layer thickness at each electrode
under steady-state regime:

(10.2)

This relation is only valid when the distance d separating the electrodes is much larger than
their dimensions. If this is no longer the case, the diffusion layers developing at adjacent
electrodes interpenetrate each other before reaching the steady- or quasi-steady-state dif-
fusion regime observed separately at each element. The overlap of individual diffusion
layers results in an apparent global diffusion layer that extends over the array in a planar
diffusion regime (Figure 10.3C). In this condition, the array behaves like a large electrode
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Figure 10.3 Schematic representation of diffusion layers of concentration profiles developing at
arrays of electrodes at different times of the electrochemical perturbation: (A) planar diffusion at
short times, (B) hemispherical or cylindrical diffusion at intermediate times, and (C) planar diffusion
and overlap of individual diffusion layers at longer times.
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having an area equal to the geometric area of the entire array Sarray, including the total
active area Sel and insulating zones Sinsul (i.e., Sarray = Sel + Sinsul):

(10.3)

The situation where no diffusional overlap occurs presents a major interest for inde-
pendently addressable arrays. At short times, the electrodes behave independently and the
array performs like a simple current amplifier. This amplification is small compared with
that achieved by classical electronic means. At long times, the current corresponds to an
electrode of a dimension equal to that of the entire array. As the noise in electrochemical
experiments is related to the capacity of the conductor and thus proportional to its surface
area, the signal-to-noise ratio under these conditions is improved by a factor equal to
Sarray/Sel. This ratio can be improved up to two orders of magnitude and even more with the
present technologies developed in nanolithography. This great advantage has been used for
low current detection in the design of electrochemical detectors adapted for chromatogra-
phy purposes (15, 83, 99).

Another advantage concerns heterogeneous electron transfer kinetics at such electrode
interfaces. When the size of the active elements and distances separating the sites are small
compared with the diffusion layer thickness, nonlinear diffusion is confined to a layer,
which is adjacent to the array surface. As a result, considerable torsions of flux lines occur
near each active element and the local rate of diffusion is drastically enhanced compared
with that occurring far from the array surface where linear diffusion prevails (14). Even
though the array behaves like a larger electrode, high diffusion rates may be generated
locally on the arrays while keeping a relatively low overall diffusion rate. One must note
that if the array is considered as a single large electrode at which planar diffusion occurs,
the evaluation of the heterogeneous kinetics will be strongly affected, leading to an under-
estimation of the electron transfer rate (see Section 10.5.1). The same applies to fast homo-
geneous kinetics for which the kinetic layers are smaller than the distance separating two
electrodes in the array (14).

All the limiting behaviors and their transitions described above have been observed
experimentally at electrode arrays (19, 29, 74, 100–103). These situations have been
treated theoretically for cases in which the active areas are uniform in size and situated
in regular arrays (3, 9, 10, 13, 22, 104–106). Some differences have been observed
among the calculations especially in the description of diffusion regimes at intermediate
times, while the separate diffusion fields merge into a single larger field. It is only dur-
ing this critical interval that the currents or diffusion regimes depend on the way the
electrodes are arranged in the array. At shorter times, the electrodes behave as if they
were individually separated and at longer times, the individual active areas are no longer
distinguishable. The problem in dealing with mass transport to arrays of electrodes
arises from the coupling between the expansion in three dimensions of the individual
diffusion layers and the two-dimensional distribution of the electrodes in the array. The
earliest theories of diffusion at arrays of electrodes have been developed to analyze the
electrochemical responses at partially blocked surfaces of large electrodes (5, 9, 14, 101,
107, 108). Rigorous solutions of diffusion at statistical arrays are obviously impossible
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and are generally adapted from those estimated at regular arrays by the introduction of
statistical corrections (22, 108, 109). This is why the problem has been most frequently
undertaken with microelectrodes packed in regular arrays. The common approach is to
approximate the surface of the array as an ensemble of independently performing diffu-
sion domains. The electrodes are supposed to be distributed in a regular two-dimensional
lattice (square or hexagonal lattice form) with elements considered as the base of semi-
infinite unit cells. Because of symmetry considerations, there is no flux of species at the
boundary between the unit cells. Simplification of the problem is usually achieved with
this construction by using a cylindrical geometry (Figure 10.4). Results have been
obtained analytically (9, 105) and numerically (3, 10, 13, 104, 106, 107). Analytical
solutions of the models give accurate results but appear limited to the semi-infinite dif-
fusion regime at short and long time ranges (see Section 10.5.1). Good agreement
between experimental data and results based on simulations were reported over the
entire time regime taking into consideration the transient character of radial diffusion by
explicit finite-difference techniques (10) and using the hopscotch algorithm (106). The
transition from spherical to planar diffusion at arrays of electrodes has also been treated
as the overlap of equivalent diffusion zones in the case of square, hexagonal, and ran-
dom arrays (22). The analytical expressions show that the current is significantly reduced
if the distribution of microelectrodes is random as compared with when the microelec-
trodes are regularly distributed. More recently, the diffusion processes for a finite 
number of active elements have been investigated with regular (110, 111) or arbitrary
distributions (112), in thin layer cells (110) or taking into account convection influences
of the solution (111).

10.3 Theory: Diffusion at Microelectrode Arrays 399

Figure 10.4 Approximate model of individual elements in arrays of electrodes with cylindrical
coordinates. The electrode surface is represented in gray and insulating surface in white.
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10.3.2 Arrays of electrodes operating in generator/collector mode

The intrinsic difficulties of modeling diffusion at arrays of electrodes are increased in the
generator/collector mode because the transport equations must be solved numerically rather
than analytically. The discontinuities between electrodes and insulators are amplified as the
two adjacent electrodes interact with each other leading to cross talk at their immediate bor-
ders. Moreover, the communication between each electrode involves long-distance diffu-
sional pathways, which connect the electrodes by their opposite borders. As a consequence,
all numerical techniques have to deal with fine space grids between the electrodes to
describe precisely the diffusion pathways at distances exceeding the electrode dimensions.
The problem must be solved simultaneously at two different scales depending on the dis-
tance z from the array surface. For these reasons, simulations performed in real space are
extremely difficult to handle as they require grid spaces perfectly adapted to the problem
under investigation with a large number of points or nodes to be treated together. In an
effort to reduce the number of grid elements required, simulations at electrodes arrays have
employed exponential space grids (54, 74) or particular grid discretization (77) with the
advantage of producing a high grid density in the vicinity of the electrodes without a dra-
matic increase in the overall number of elements required for the simulation of the com-
plete diffusion layer. However, one major disadvantage is that the grid lines do not follow
the actual lines of flux to the electrode surface especially at the edges of the electrodes
where they are strongly curved. Moreover, it is impossible to define precisely a single grid
accounting for the time-dependent shape of the concentration profiles.

An alternative to these difficulties consists of performing simulations in a nonreal space,
which leads to linearization of isoconcentration and flux lines. The use of a conformal map
is particularly useful and adapted for modeling diffusion at these assemblies. In many
cases, it provides a simple way to estimate the steady-state currents for each type of elec-
trode (26). This method has been used to describe analytically the current at interdigitated
arrays (24, 76). In addition, the Schwarz–Christoffel transformation (Figure 10.5) allows
the best change of space according to the geometry of the assemblies and time scale of
experiments (27, 48, 51–53, 77, 113). Looking at a compromise between the simplicity of
the transformed space and ease of formulations, it is possible to convert the real space into
a conformal space, which affords a set of isoconcentration lines that is considerably more
regular (Figure 10.6). Beyond the ease of calculations, these transformations allow simple
comparisons or equivalences to be made between the different types of arrays. Indeed, it
has been demonstrated for symmetry reasons that configurations like double-band, triple-
band, and interdigitated electrodes have equivalencies (53). The nature of the original con-
figuration is reflected only by the relative sizes of distance separating the electrodes and
electrode dimensions. Nonetheless, the nature of the exact configuration is reflected
through the rapidity with which the quasi-steady-state or steady-state regime is achieved.

Conformal mapping techniques often allow explicit analytical equations to be formu-
lated for steady-state currents observed at electrode arrays in a generator/collector mode
(48, 52, 53, 114). The steady-state regime is experimentally the most useful regime in
these operating conditions. Under steady-state conditions, the enhanced cross-talk
between electrodes leads to a reduced diffusional flux of species toward the solution as
time proceeds. A steady-state regime is rapidly reached in the generator/collector mode in
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Figure 10.5 Schematic representation of band electrodes in real space and after Schwarz–
Christoffel transformations. Double-band assembly in real space (A) and conformal space (B, C) for
steady-state (B) and non-steady-state (C) conditions. Interdigitated array of band electrodes in real
space (D) and conformal space (E).

Figure 10.6 Theoretical concentration profiles calculated in the conformal space of a double-band
assembly (Figure 10.3C) operating in generator/collector mode in near-steady-state conditions.
w/g = 1 and g/2(Dt)�1/2 = 0.1. C* is the bulk concentration of the reactant in solution.
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contrast to arrays of electrodes operating at the same potential. The greater the feedback
and collection efficiency between the electrodes, the more rapid is the approach to the
steady state. The conformal space also allows effective numerical simulations to be per-
formed under non-steady-state conditions whenever planar diffusion is significantly
altered by nonplanar diffusion. Under non-steady-state conditions, the grid lines do not
necessarily follow those of the conformal map, but the map is advantageous over other
configurations as it more closely approximates the actual grid. A smaller number of nodes
are necessary to obtain a numerical solution with the accuracy required. These conformal
techniques also allow the effect of electrode perturbation on the electrochemical response
to be evaluated for simple geometries. It has been demonstrated for double-hemicylindrical
electrodes that these effects are no longer negligible when the resulting heights of the elec-
trodes from the insulating plane become comparable to their widths or to the distance sep-
arating the electrodes (114).

All the descriptions above clearly show the strong correlation between collection effi-
ciency, feedback, and steady-state character of the currents detected at electrode arrays.
This can be established more rigorously by analyzing the response at a paired-electrode
assembly operating in a generator/collector mode. The cross-talk between the two elec-
trodes is characterized by two parameters: the collection efficiency coll(t) and the amplifi-
cation factor ampl(t), with coll(t) = ic/ig and ampl(t) = ig/ib. The currents ic, ig, and ib are,
respectively, the currents at the collector, generator, and single electrode (i.e., when the sec-
ond electrode is not connected). The collection efficiency reflects the capture yield of
species at the collector that were produced at the generator. The amplification factor is
related to the feedback of species from the collector to the generator. The relationship
between these two parameters depends on the configuration of the assembly and is a func-
tion of time (Figure 10.7A). The collection and amplification factors increase with time and
tend toward a steady-state limit theoretically (1/ampl(�) = 0 and coll(�) = 1), which is not
easily reached experimentally due to the diffusional escape of species toward the solution.
It is noteworthy that even if the steady-state limit is never achieved experimentally for
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Figure 10.7 Double-band assembly operating in generator/collector mode. (A) Relationship
between feedback (1/ampl(t) = ib/ig) and collection efficiency (coll(t) = ic/ig) in absence of a chemi-
cal reaction. (B) Effect of a chemical reaction (EC mechanism) on the collection efficiency as a func-
tion of kg2/D. w/g = 2 and g/2(Dt)�1/2 = 0.005. k is the first-order rate constant of the chemical
reaction.

Ch010.qxd  12/22/2006  10:58 AM  Page 402



micrometric arrays, an intermediate regime is attained. In these conditions, a simple rela-
tion exists between coll(t) and ampl(t):

(10.4)

with � = 0.5 for a double-band assembly (113), � = 0.25 for a triple-band configuration
(one generator flanked by two collectors) (31) and even smaller for an interdigitated array.
The � value accounts for the extent of diffusional escape toward the solution according 
to the configuration of the assembly. It thus reflects the time dependence or rapidity in
which the steady-state regime is achieved. Indeed, this regime is approached faster for an
interdigitated array whereas it remains a virtual limit for a double-band configuration of
micrometric size.

The collection efficiency is related to the geometry of the assembly itself but depends
also on the lifetime of species produced at the generator. Indeed, one of the main interests
of these assemblies is their capability to address kinetic problems. When this lifetime
exceeds the time required to diffuse between the two electrodes, the collection efficiency is
thus maximal according to the configuration of the assembly. In contrast, when the gener-
ated species is no longer stable, the collection efficiency tends to be zero. In this case, the
temporal notion is replaced by a spatial notion linked to the dynamics of diffusion taking
place between the electrodes. This is true whatever the geometry of the assembly provided
that the duration of the experiment is sufficiently long for the diffusion layer developing at
the generator to extend over the collector. The collection efficiency is thus a function that
compares the relative values of lifetime with the time of flight over the distance separating
the two electrodes (Figure 10.7B). Under these conditions, experimental determinations of
rate constants or electrochemical mechanism need preliminary working curves to be estab-
lished with respect to the configuration and geometry of the device (27, 53). This remains
valid even if the generator/collector mode is employed in an electroanalytical approach for
diffusion layer titrations in which the reactant is produced at the generator and reacts with
the target analyte. As the collection efficiency is very sensitive to the heterogeneous kinet-
ics of electron transfer at the generator (49), the need for analytical measurements to pro-
ceed with quantitative simulation appears to be obvious. Moreover, the array and especially
the distance between the generator and collector must be adapted to the kinetics under
investigation. Indeed, for the majority of molecules, the diffusion coefficient is equal to 
D � 10�5 cm2 sec�1, which means that a lifetime of 1 ms requires formally a interelectrode
distance of about 1 �m (Figure 10.7B).

10.4 FABRICATION OF MICROELECTRODE ARRAYS

Numerous methods for fabricating microelectrode arrays have been devised depending on
the type of array required (6, 20, 35, 41, 49, 62, 63, 65, 115–134).

Low-aspect-ratio (ratio of the height of the microelectrode divided by its lateral dimension
is larger than 0.2) microelectrode arrays are fabricated using conventional silicon-based
microfabrication technologies, such as lithographic techniques to yield arrays of thin films
of metallic or carbon electrodes on a silicon substrate. These arrays often have limited sta-
bility and life times as a result of defects in the metal layer; poor resistance to corrosion is
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observed together with subsequent swelling and delamination of the metal layers. These
microfabricated arrays are typically fragile and cannot be cleaned using conventional clean-
ing methods, for example, polishing, washing with solvents, and sonication. They are mostly
cleaned using reactive ion etching with oxygen plasma.

High-aspect-ratio (ratio of the height of the microelectrode divided by its lateral
dimension is larger than 2) microelectrode arrays are mostly fabricated using silicon
micromachining, silicon microfabrication, or techniques involving bundling of multiple
metal wires. These arrays are mostly designed to penetrate brain tissue to permit highly
localized electrical stimulation and/or recording signals from neural tissue. These arrays
are more robust compared with arrays formed by lithography and the surface is rather
easy to clean. However, solid wire electrode arrays do not have more than a handful of
electrodes in the array. The Utah Electrode Array contains about 100 electrodes but is less
prone to delamination.

10.4.1 Mechanical methods

A variety of methods have been used in fabricating microdisk electrodes (see Chapter 9).
One of the most successful methods is that in which a wire is sealed in glass and the sur-
face is subsequently polished (or etched away) until the electrode is revealed (135). The
manufacturing of microdisk arrays is based on the same technique as for simple electrodes.
Although lithographic methods or silicon technology are the preferred ways in industry for
the mass fabrication of ordered arrays, these techniques are not always accessible to most
analytical users of microelectrodes. There is thus demand for the availability of inexpen-
sive, conventionally manufactured microelectrodes. These processes, which are mostly
mechanical methods, are at present limited due to the poor reproducibility of the manu-
facturing methods. Mechanical methods, summarized in Figure 10.8, can be classified
according to how the array is constructed. A major limitation is that a careful polishing
technique has to be employed. Otherwise, the electrodes have a tendency to recess below
the surface of the insulating sheet leading to voltammograms that are slightly different
from those for a perfectly coplanar electrode. Careful design is essential to ensure that the
diffusion layers at each microelectrode do not interfere with others.

10.4.1.1 Wire techniques

One of the current technologies involves sealing conducting wires (gold, platinum, and
carbon fibers) into an insulating material (epoxy resin and glass tube), which is resistant
to water and some organic solvents, such as acetonitrile and methanol (Figure 10.8A) (29,
65, 90, 117, 137). Electrical contact between the metal wires is made by using silver epoxy
resin. This method was used by Schwarz et al. (137), in developing microelectrode arrays
of gold and platinum with different numbers of single electrodes in the array. They showed
that the construction of disk as well as band microelectrode arrays is possible using this
mechanical method. The ordered arrays were constructed by clamping the metal wires on
an H-shaped body made of bronze. The wires are fixed in notches with fixed internal dis-
tance of 120–130 �m between the single wires. Then the wires are put into a mould and
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epoxy resin is poured in to give a cube-shaped epoxy resin body. Arrays of disks as well
as band electrodes were constructed in this way.

Band electrodes were formed by pressing gold foils with resin-impregnated glass silk
fabric, as the insulation layer, at temperatures of 120–150 �C (137). The distance between
the bands is 120 �m and the length of the bands is 600 �m with 2 mm width. The elec-
trodes are provided with an electrical connector at the end of the contact cap. The radii of
the sensor surfaces are 2 mm, with complete lengths of 25 mm.

Carbon fibers have been used for array construction because they are more rigid than
gold. The construction of carbon fiber arrays consisting of five layers of 20 electrodes was
introduced by Caudill et al. (29) and used as a flow rate independent amperometric detec-
tor. Sleszynski et al. (25) reported the design of ensembles based on reticulate vitreous
carbon embedded in epoxy resin.

10.4.1.2 Sandwich method

Sandwich techniques (Figure 10.8B) are ideal for the construction of double-band
assemblies (53, 113). The schematic of a double-band electrode is seen in Figure 10.1C.
An insulator (Mylar film of 2.5 �m thickness, insulating gap) is placed between two
sheets of platinum foil (5 �m) and the entire assembly inserted between two pieces of
soft glass (about 3 mm thick and 8 mm width). Each layer of this sandwich is sealed with
a small amount of epoxy resin, before firmly pressing into position. After hardening of
the epoxy, each platinum foil was independently connected to an electrical copper lead
with silver epoxy. This assembly can be glued into a glass tube (1 cm internal diameter).

10.4 Fabrication of Microelectrode Arrays 405

Figure 10.8 Construction principles of microelectrode arrays: (A) wire technique, (B) sandwich
method, (C) composite formation (reprint with permission from reference (15)), and (D) Sono-
chemical formation, electrical micrograph with permission from reference (136).
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The cross-section of this assembly can be exposed by saw yielding an assembly of two-
paired microband electrodes.

An inexpensive and general method for the construction of microelectrode arrays is
based upon thermal lamination of metal foils, which is very similar to the sandwich tech-
nique described before (138). The polyester/polyethylene laminating foil used is resistant
to DMSO as well as to DMF. Electrical connections to the foil have been established either
by spot welding a thin metal wire contact to the foil or by using a piece of copper foil with
a conducting adhesive on one side. Gold, platinum, and silver microbands were fabricated
in this way in addition to disks ranging from 10 to 125 �m. A linear array of microdisk
electrodes was prepared by laminating two gold meshes (Figure 10.8E).

10.4.1.3 Formation of compositions (composite electrodes)

Ke�I graphite electrodes are composite electrodes with islands of graphite particles in a
sea of Ke�I (13). Each island of graphite is in effect a microelectrode, each separated from
other microelectrodes by insulating regions of Ke�F. The electrode surface is thus consid-
ered to consist of an array of microelectrodes (Figure 10.8C). It can be considered as a par-
tially blocked solid carbon electrode. The electrode can be fabricated by mixing graphite
(particle size of less than 1 �m) with Ke�F (150–450 �m particle size) with a mortar and
pestle. This mixture was put into a vacuum chamber to remove the air from the compos-
ite and heated to 300–325 �C for 5 min. As the pressure increased, the heater turned off
resulting in the composite pellet, which was mounted on a glass tube and sealed in place
with epoxy. The dimensions of active and inactive sites on the electrode surface can be
adjusted by varying the Ke�I particle size and carbon content. The graphite particles incor-
porated in an inert binder were found to exhibit microelectrode character in the range of
5–25% graphite. These electrodes are widely used as oxidative working electrodes in flow-
ing streams because of their favorable noise and detection limit.

Another composite electrode is constructed by filling the voids of reticulated vitreous
carbon with nonconductive epoxy to produce two-dimensional electrode materials (25).
Reticulated vitreous carbon has been used as a three-dimensional highly porous electrode
material and has been used in flowing systems as well as in thin slices as an optically trans-
parent electrode.

Electrodes constructed of a single piece of material, such as reticulated vitreous carbon,
have the advantage of good electrical contact to each conducting surface, but possess the
attendant disadvantage that the magnitude of the interdistance spacing between the elec-
trodes is limited by the requirement that the material be dimensionally stable. Microcellular
foams made out of carbonized poly(acrylonitrile) (PAN) foams have been shown to be
advantageous as the interelectrode spacing increases as the void fraction of the foam also
increases. These foams are prepared via a thermally induced phase separation that allows
control of density, pore size, and large void volume (97%). By incorporating an insulator
into this matrix, an array can be made of average conducting particle size of 1 �m and
smaller (139). Cylindrical samples of PAN foams were fashioned by using a simple drill
press. The drill was suspended over a lab jack where the sample was placed. As the jack
was raised, the drill slowly turned cutting the fragile foam structure. Filling of the foam
with epoxy was accomplished in a vacuum through capillary action.
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10.4.1.4 Sonochemical fabrication

Arrays can also be fabricated by sonochemical ablation of polydiamidobenzene ultra thin
films deposited on gold-coated glass slides (136). These electrodes were then immersed in
a beaker containing distilled water and sonicated for an hour using a 25-kHz sonic bath.
The sonic bath employed 12 transducers geometrically arranged and bonded to the base of
the stainless steel tank. 1,2-Diaminobenzene dihydrochloride can be electropolymerized at
conductive surfaces via a two-electron process to form essentially defect-free insulation
polymer films of less than 100 nm thickness. The rational underpinning of this work is that
sonochemical ablation of thin insulation polymer films at electrode surfaces may expose
localized areas each of which can act as localized microelectrodes and collectively as a
microelectrode array. Ultrasound in the kHz range passing through solvents, such as water
causes thermal agitation and localized hotspots of up to several hundreds to a few thou-
sand K. This in turn gives rise to the formation of superheated vapor bubbles, which are
cooled by the solvent at ambient temperature and asymmetrically implode with the ejec-
tion of micro-jets of solvents at speeds of up to several hundreds msec�1. This micro-jet
can cause the shattering of hard brittle solids. Soft polymer may, however, be ablated by
such jets. A SEM image for a 60-sec sonicated electrode assembly is shown in Figure 10.8D
showing the cavitations of the polymer surface. The size of the cavities are about 3 � 1 �m
or sub-micron diameter.

10.4.2 Template approaches

A general template method for preparing nanomaterials has been investigated by Martin
and others for the formation of micro- and nanoelectrode arrays (140). The method entails
synthesis of the desired metal (or polymer, protein, semiconductor, carbon nanowire)
within the cylindrical and monodisperse pores of a membrane or another porous material
(Figure 10.9) (see also Section 16.2 in Chapter 16).

Both acid anodized aluminum (alumite membrane) (141, 142) and nuclear track-etched
membranes have been used as a template. The nuclear track-etched membranes are prepared
by irradiation/chemical etching (143) and contain linear, cylindrical pores of nearly uniform
pore diameter. This ensures that the holes in the template are circular and approximately of
the same diameter. More recently, porous nano-channel glass (144), and etched wafers of
micro-channel plate glass have served as templates (125). The advantage of using porous
membranes as templates can be found in their function as arrays of microelectrodes. They
exhibit small potential drops, which make the electrochemical measurements possible when
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Figure 10.9 Schematic diagram of the procedure used to prepare the microelectrode array using
templates. (for colour version: see colour section at the end of the book).
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a low-concentration electrolyte is used. Furthermore, membranes with pore radii ranging
from 6 �m to 50 Å and pore densities, ranging from 1 � 105 pores cm�2 to about 6 � 108

are commercially available allowing the formation of arrays with a broad range of element
radii. The ability to control the length of the electrodes formed in the template is another
important feature of the template method. The length of the wire can be controlled by vary-
ing the deposition time (electrochemical plating method) or by varying the thickness of the
template in the electroless plating approach. The template technique is so advanced that gold
metal wires as small as 80 Å in diameter can be produced (142).

The fabrication of these arrays presents three challenges:

(1) Preparation of the porous template
(2) Electrodeposition of the metal within the hollow parts of the template
(3) Final preparation of the array following electrodeposition

One of the earliest applications of the template method was to prepare ensemble micro-
scopic (7, 18) and nanoscopic electrodes (116, 141). Such electrodes were prepared by
electrochemically depositing noble metals within the pores of the commercially available
polymeric filtration membranes. The fabrication of a microelectrode “ensemble” based on
the electrochemical deposition of platinum into the pores of a track-etched microporous
polycarbonate host membrane was first shown in 1987 by Charles Martin (7). The word
ensemble was used to describe the final device because the elements in the device are not
evenly spaced. The procedure is simple, and requires only routine and inexpensive elec-
trochemical instrumentation. It was ultimately found that electroless plating allowed for
more uniform metal deposition (116). Both plating methods are important for the fabrica-
tion of the array, and further considerations continue in the following.

10.4.2.1 Electrochemical plating method

Electrodeposition of metallic wires throughout the void spaces of porous nanostructure
templates was first shown by Possin in 1970 (145), who developed an electrochemical
synthesis method for producing different single metal wires in a 15-�m thick mica wafer
with the density of the pores in the order of 104 pores cm�2. As the membranes employed
have cylindrical pores of uniform diameter a micro- as well as nanometer-sized cylinder
or fibril of the desired material is obtained in each pore (7, 146–150).

To electrodeposit metal throughout the channels of the template, the porous material
is mounted on a metal-coated glass substance; typically, a metal-coated glass slide
(Figure 10.9). The slide provides support for the template and the metal coating on the
slide provides the electrical connection needed to drive the electrodeposition. The tem-
plates are often coated on one side with a thin metal layer (100 nm of titanium, platinum,
or gold) through sputtering in the vacuum at an angle of 45� with respect to the plane of
the wafer. This allows the metal to deposit uniformly on the edges of the template as well
as a short distance into the channels. These metalized templates adhere well to the glass
and provide a surface from which the electrodeposited metal can grow. Ideally, the metal
film should completely occlude the channel ends, providing a continuous conducting sur-
face in the channels. Large channels (�1 �m) cannot be efficiently occluded by sputtering
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layers of metal from which wire growth can be initiated. The template can be bound to the
metal-coated slide using epoxy applied around the periphery: a light downward force
applied to the center of the template during the epoxy step followed by curing to ensure
that the template maintains good electrical contact. Electrodeposition is often enhanced at
elevated temperatures and the solutions are often chemically harsh. Thus, a hard, inert
epoxy is needed to withstand harsh conditions. Electrodeposition of gold, platinum, silver,
copper, nickel, rhodium, and cobalt in templates has been reported (7, 125, 141, 142, 145,
150–152) as well as deposition of polymer (149), semiconductors (153), and carbon (154)
into these templates.

10.4.2.2 Electroless metal deposition

Electroless deposition of metals is based on the deposition and reduction of metallic ions
(reducing agents are formaldehyde, hydrazine, hydroxylamine) (155–158) from a solution
to a surface without applying an electrical potential (159). The key feature of the electro-
less deposition process is that gold deposition begins at the pore wall. The advantage of
the electroless method is that the surface to be coated does not need to be electrochemi-
cally conductive. The key requirement of an electroless deposition bath of this type is to
arrange the chemistry such that the kinetics of homogeneous electron transfer from the
reducing agent to the metal ion is slow. This is essential because otherwise the metal ion
would simply be reduced in the bulk solution. A catalyst that accelerates the rate of metal-
ion reduction is thus applied to the surface to be coated. In this way, metal ions are reduced
only at the surface and the surface becomes coated with the desired metal.

Electroless deposition of various metals into templates was pioneered by Martin who
also showed that more uniform metal films are obtained as thicker metal layers are formed
(116). Furthermore, the electroless deposition chemistry allows routine fabrication of gold
disk electrode arrays, in which the disk can have a diameter as small as 10 nm. To make
the electroless deposition process compatible with the membrane chemistry, a “sensitizer”
(Sn2+) was first applied to the surface of the membrane, by simply immersing the mem-
brane in a solution of SnCl2/trifluoroacetic acid (0.026/0.07 M) (Figure 10.10).
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Figure 10.10 Schematic diagram of the electroless procedure used to deposit gold into templates.
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The Sn2+ sensitized polycarbonate membrane is then activated by immersion in an
aqueous solution of AgNO3 for some minutes. This causes a redox reaction in which the
surface-bound Sn2+ is oxidized to Sn4+ and the Ag+ is reduced to elemental Ag together
with some silver oxide. As a result, the pore walls become coated with discrete nanoscopic
Ag particles. A gold-coated membrane can be obtained by immersing it into a Au plating
bath (Na3Au(SO3)2) (commercially available from Technic Inc., Craston, RI: OROMERSE
SO Part B) in the presence of formaldehyde and Na2SO3. The Ag particles are galvanically
displaced by gold as gold is the more noble material. Furthermore, the silver particles
show excellent catalytic sites for the oxidation of formaldehyde:

(10.5)

(10.6)

Another way of filling the pores of a template with conducting material is filling its pores
with carbon paste (18). This is, however, really difficult to do and takes a long time and a
lot of patience. The carbon paste was prepared by mixing Carbopack C powder (particle
size diameter is 150–180 �m) with vacuum grease using a glass mortar and pestle, which
also reduced the size of the carbon particles to 100–300 nm in diameter. By rubbing the
paste into the pores of the membrane, after first removing the poly(vinylpyrrolidine) wet-
ting agent by ultrasonicating the membrane in glacial acetic acid, until the carbon paste
began to leak out from the opposite side of the membrane. This procedure was repeated
and placed onto the surface of a macrosized carbon paste electrode and held in place with
a rubber O-ring (Figure 10.11).

Recently, electroless deposition of gold on optical fibers forming ring microelectrodes
was reported by Szunerits and Walt (35, 36). Hundreds of gold-coated and -insulated optical
fibers were bundled together in a coherent way to form an opto-electrochemical ring elec-
trode array (Figure 10.12). The advantage of microelectrode arrays were thus combined with
the imaging properties offered by optical fiber bundles providing users with two levels of
control and selectivity. Much of the work on this opto-electrical device has been performed
using electrochemiluminescence (ECL) (refer to Chapter 13) as the detection method.
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Figure 10.11 Electron micrograph of (A) the surface of an microelectrode array prepared from a
microporous polycarbonate host membrane (diameter of 1 �m) (reprint with permission from 
reference (7)); (B) Pt fibrils obtained after the polycarbonate host membrane is dissolved away from
the microelectrode array (reprint with permission from reference (7)); (C) SEM micrograph of the
surface of a microchannel glass wafer etched but unfilled (reprint with permission from reference
(125)); (D) etched and with Rh-filled array (125) (reprint with permission from reference (125)).
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10.4.3 Lithographic techniques

Lithographic methods have the advantage of being highly controllable and reproducible
over mechanical and template approaches. Fabrication of highly sophisticated electrode
geometries is a possibility that has been utilized only to a limited extent so far. Lithography,
in general, is a technique that transfers a copy of a master pattern onto the surface of a solid
material, such as a silicon wafer, and advances in lithographic techniques can be found in
the comprehensive literature (160, 161). Photolithography and soft lithography with reac-
tive ion etching have been widely used for the fabrication of electrode arrays and will be
discussed in more detail here.

10.4.3.1 Photolithography (lift off and reactive ion etching)

The most widely used form of lithography is photolithography. This is partly because of
the fact that in the ICs industry, pattern transfer from masks onto thin films is accom-
plished almost exclusively via photolithography. Photolithographic methods all share the
same operational principle: exposure of an appropriate material to electromagnetic radia-
tion (near UV: 350–500 nm, Mercury lamps; deep UV: 150–300 nm, KrF excimer laser,
X-ray, soft X-ray (EDU)) introduces a latent image into the material as a result of a set of
chemical changes (usually a change in solubility) in its molecular structure. The resolution
of photolithography increases as the wavelength of the light used for the exposure
decreases. With 193 nm light from an ARF eximer laser and synthetic fused silica lenses,
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Figure 10.12 Electrochemiluminescence (ECL) imaging using an opto-electrochemical microring
array. (for colour version: see colour section at the end of the book).
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patterns as small as 150 nm are achieved (162). However, it has been pointed out that pho-
tolithographically produced electrodes are difficult to resurface by means of polishing
(163). One should keep in mind that the procedure of polishing electrodes between meas-
urements is out of the question when it comes to practical applications, such as process
monitoring or in situ investigations.

Three steps are important for the success of photolithography and for forming micro-
electrode arrays:

(1) Photo mask design
(2) Photoresist step
(3) Development

(a) Photo mask design
Although a scanned aperture can be used to write arbitrary patterns, the predominant use
of photolithography is in replicating a pattern on a mask into a layer of photoresist. Such
a mask, also called photo mask, is either a nearly optical flat glass, which is transparent to
near UV or a quartz plate, transparent to deep UV covered with a metal absorber pattern
(about 800 Å thick chromium layer). Such a mask is either placed in physical contact with
the resists (contact mode), or an image of the mask is reduced and projected into the resists
with an optical system (projection mode).

(b) Photoresist step
In addition to advances in the physics and engineering of new light sources and projection
optics, clear designs for the chemistries of the photoresist have been critical to the success
of photolithography. Photoresists must meet several rigorous requirements: high sensitivity,
high contrast, good etching resistance, good resolution, easy processing, high purity, min-
imal solvent use, low cost, and a high glass transition temperature, Tg. Most resists are
amorphous polymers. At temperatures above the glass transition temperature, these poly-
mers exhibit viscous flow with motion of the polymer chain segments. At a temperature
below Tg, the motion of the segments is halted and the polymer behaves as a glass rather
than as a rubber. Thus, heating the resists film above the Tg enables the film to anneal into
its most stable energetic state, the rubber state. Here, the solvent easily can be removed
from the polymer matrix through soft-bake. The photoresist is dispensed from a vicious
solution of the polymer into the wafer laying on a wafer plate in a resist spinner.

The principle components of photoresists are a polymer, a sensitizer, and a casting sol-
vent. During radiation, the polymer changes structure. The solvent allows spin coating and
thin layer formation on a wafer surface. Sensitizers control the chemical reactions in the
polymeric phase. There are two types of resists: positive and negative resists. We talk
about a positive resist when the photochemical reaction during exposure weakens the poly-
mer by rupture or scission of the main and side polymer chains. The exposed resists
become more soluble in developing solutions. The development rate for the exposed resist
is larger than for the unexposed one. A negative resist is where the reaction strengthens the
polymer by random cross-linking, thus, becoming less soluble. The best known positive
photoresist is poly(methylmethacryalte) (PMMA). PMMA becomes soluble through chain
scission under deep UV illumination with the maximal sensitivity at 220 nm. Negative
photoresists are mostly based on cross-linking of polymer chains, rendering the exposed
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parts of the resist insoluble. One negative resist commonly used is a bis(aryl)azide rubber
resist, whose matrix is cyclized poly(cis-isoprene). Upon photolysis, this resist loses nitro-
gen and generates a highly reactive nitrene, which undergoes a series of reactions that
result in the cross-linking of the resin. New types of resists include polyimides, polyamic
acids, photosensitive polyimide precursors, SU-8 (an epoxy-based transparent photore-
sist). All the resists are deposited through spin coating, which is of primary importance to
the effectiveness of pattern transfer.

(c) Development
The development of the resin to form microelectrode arrays is mostly based on the “lift-off
process” (164). A solvent dissolves the remaining soluble positive photoresist underneath
the metal, starting at the edge or lip of the unexposed photoresist and lift off the metal in
the process (Figure 10.13). When the photoresist is removed, all metal on top of the pho-
toresist strip strips off automatically while metal on the top of the photoresist lines stays.

Photolithographically patterned gold microelectrodes have been used extensively (165).
Pishko et al. reported recently the fabrication of glucose, lactate, and pyruvate sensor
arrays by depositing electrostatically complexed monolayers on lithographically patterned
individually addressable, gold microelectrodes. Standard photolithographic techniques
combined with metal deposition were used to fabricate gold arrays of both SiO2/Si and
flexible Mylar substrates.

Reaction Ion Etching is another possibility for the development of photolithographically
treated surfaces (Figure 10.14). It is based on insulating a silicon wafer by growing a 
high-quality silicon dioxide (SiO2) layer. A semiconductor interface like silicon is often
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Figure 10.14 Photolithography and reactive ion etching. (for colour version: see colour section at
the end of the book).

Figure 10.13 Gold microelectrode array made using photolithography (positive resin) and lift off.
(for colour version: see colour section at the end of the book).
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preferred over glass as it is perfectly flat and withstands the subsequent processing steps.
Onto the SiO2, a thin metal film (10–100 nm) is deposited followed by deposition of an
insulating film, Si3N4, on top of the metal using plasma chemical vapor deposition (CVD).
This multilayer surface is modified with a photoresist, covered with a photomask, exposed
to UV light, and developed. The area, which is not protected with resin, is exposed to reac-
tive ion etching to etch away the top insulator and the metal. The advantage of reactive ion
etching is that the patterns have extremely sharp and vertical steps.

10.4.3.2 Other lithographic techniques (X-ray, electron-beam, ion-beam)

The improvement in optical resolution can be achieved either by increasing the numerical
aperture or by reducing the wavelength of the illuminating light. This is a consequence of
equation 10.7. The theoretical resolution of an optical system for projection printing is lim-
ited by Rayleigh diffraction:

(10.7)

where � is the wavelength of the illumination system, NA is the numerical aperture of the
lens system, and k1 is a constant dependent on the imaging technology and process control
but typically must be �0.7 for adequate production yield.

The most likely technology to push beyond photolithography is X-ray lithography. X-ray
lithography is superior to optical lithography because of the use of shorter wavelength and
a very large depth of focus. UV photons are scattered at all interfaces, leading to standing
waves and proximity effects, X-rays are absorbed but do not scatter. Furthermore, in com-
parison to electron lithography and ion-beam lithography, no charged particles are directly
involved thus eliminating the need for the use of vacuum. There are, however, two major
limitations. One is the low sensitivity of the photoresists (PMMA, PGMA (poly(glycidyl
methacrylate-co-ethyl acrylate)) to X rays as well as the high cost of sufficiently bright 
X-ray sources. The second is the mask making, which basically consists of a pattern of 
X-ray absorbing materials (like gold) on a substrate transparent to X-rays (Ti, Si, SiC, BE).
Structures of about 30 nm are now routinely fabricated (161).

Methods based on writing with particles (electrons or ions) rather than photons accom-
plish the same task. Focused electron beams (electron beam lithography), beyond observing
samples as in scanning electron microscopy (SEM) or transmission electron microscopy
(TEM), can be used to form patterned nanostructures in an electron sensitive resist film, such
as PMMA (166). Interaction of the electron beam with the resist causes local changes in its
solubility, and in the case of PMMA, the electrons induce local chain scission and formation
of micropores that cause the material to be soluble in a developer, such as methylisobutyl
ketone and 2-propanol (164). Some of its attractive features are that no mask is needed, that
precise control of the energy to a resist-coated wafer (0.0005 nm for 50 keV) is possible, the
ability to register accurately over small areas of a wafer, a large depth of focus because of
continuous focusing over topography. However, electrons also need to be held in vacuum
and scatter in solids, limiting practical resolution to dimensions greater than 10 nm.

In contrast, ion-beam lithography has a better resolution than electron beam lithography
because the secondary electrons produced by an ion beam are of lower energy and have a
shorter diffusion range so that hardly any back scattering occurs. The ion-beam spot has the

R k= 1� / NA
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smallest possible size and is reaching 8 nm. It offers direct writing and masking fabrication
opportunities. Ions (H+, He2+, Ar+) react with the substrate allowing a greater variety of sur-
face modifications, such as patterned doping.

10.4.3.3 Soft lithography

Soft lithography is the collective name for a set of lithographic techniques: replica modeling
(REM), micromolding in capillaries (MIMIC), microtransfer molding (�TM), solvent-
assisted micromolding (SAMIM), near-field conformal photolithography using an elas-
tomeric phase-shifting mask (which has been developed as an alternative to photolithography
and replication technology for micro- and nanofabrication), and microcontact printing (�CP).
These techniques have in common the use of a patterned elastomer as the mold/stamp/mask
(Figure 10.15) to generate/transfer patterns on solid interfaces. The elastomer usually used is
poly(dimethoxysiloxane) (PDMS). Soft lithography offers immediate advantages over pho-
tolithography in applications where patterning of nonplanar substrates or large area pattern-
ing are the main concerns. For an excellent review on soft lithography, see Xia et al. (161).
�CP has also been used for the construction of microelectrode arrays.

(a) Soft lithography: microcontact printing
The technique of �CP is a routine way of fabricating chemical patterns with micrometer
dimensions (161, 167, 168). Being a “dry” process, it only involves transient contact
between a gold surface and an inked “stamp”. No liquid drops are present that might influ-
ence the quality of the film. �CP has mainly been developed with self-assembled mono-
layers (SAM) of alkanethiolates on gold (169), silver (170), and copper (171). The
procedure for carrying out �CP is rather simple and is shown in Figure 10.15 together with
the formation of the stamp.

The technique requires stamps generated by casting PDMS against a “master” consist-
ing of a surface having the desired pattern in low relief (this gives a low relief pattern on
the surface (Figure 10.15). The master can be fabricated photolithographically in thin
PMMA films supported on silicon wafers, provided the mask required for photolithogra-
phy is available (167). Chrome mask generation is too expensive and slow to make this
method practical for exploratory work requiring microfabrication. “Rapid prototyping”, a
technique for the generation of masks developed by Whitesides is an alternative. It uses
high-resolution printing to make photo masks generating lines of 20–50 �m width (172).
Another method that does not require the generation of conventional photo masks and is
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Figure 10.15 Schematic procedure for micro-contact printing. (for colour version: see colour sec-
tion at the end of the book).
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capable of resolution higher than rapid prototyping is laser ablation of thin polymer films
(173). Whitesides has developed an inexpensive bench top technique for the fabrication 
of PDMS stamps using laser ablation of dye-doped thin polymer films with a low power
visible laser yielding features as small as 1 �m. The PDMS stamp is then inked with an
appropriate solution, often an alkanethiol, because it forms a very stable and organized
monolayer on gold (174). This chemically modified stamp is brought into contact with the
gold substrate as seen in Figure 10.15, and the ink molecules are transferred to those regions
of the substrate that contact the stamp. The success of �CP relies on the conformal contact
between the stamp and the surface of the substrate, on the rapid formation of highly ordered
monolayers (	1 sec), and on the autophobicity of the SAM, which effectively blocks the
reactive spreading of the ink across the surface. Another advantage of microcontact pat-
terning is that it is a parallel method and SAMs can be formed over relatively large surfaces
in a single process. It is thus a useful tool for the fabrication of microelectrode arrays.
Figure 10.16 shows a variety of micropatterns on gold using �CP. Figure 10.16A shows the
friction force image of a microelectrode array formed using hexadecylmercaptane
((HS(CH2)15CH3) stamped using �CP onto gold (41). The key point of SAM-based micro-
electrodes is that the closely packed SAM terminated with hydrophobic functional groups
can efficiently block electron transfer and mass transfer between the gold substrate and the
redox couple in solution.

10.4.5 Etching techniques

A number of subtractive and/or additive processes, where material is removed/added to a
device in a selective manner, precede lithographic processes. One way of removing mate-
rial for the construction of electrode arrays is through etching. Reactive-ion etching has

416 10. Microelectrode Arrays

Figure 10.16 Microcontact printing (�CP): (A) friction force image of the prepared SAM-based
microelectrode array 1 �m in diameter and 5 �m in pitch (41); (B) optical micrograph of lines pat-
terned by stamping hexadecanethiol onto gold, followed by selective etching of gold. The patterns
were generated by stamping hexadecanethiol onto a gold surface, followed by selective etching 
of the gold. Stamps used in generating these patterns were obtained via ablation through an 
objective (80�) and with a laser scan rate of 10 mm min�1, power 10 mW. The white regions cor-
respond to the unetched gold (167), and (C) array of 35 nm trenches fabricated in gold by �CP with
hexadecanethiol (175).
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been discussed. However, subtractive etching techniques range from wet etching, electro-
chemical etching, photo-electrochemical etching to focused ion-beam milling, plasma
etching, laser machining, ultrasonic drilling, and mechanical methods (160).

Chemical etching has been widely used for the fabrication of three-dimensional micro-
electrode arrays. These kinds of electrode array configurations have been widely used to
explore and assess intracortical brain activity (176). It is widely accepted that the cerebral
cortex provides the easiest access to motor intent and sensory perception and is thus an
attractive region for interfacing potential future devices for restoring neurological func-
tions lost due to degenerative muscular diseases, strokes, or spinal cord injury (177). Much
is still unknown about the generation of different motor behaviors, but it has been recog-
nized that for clinical applications of such “brain-machine” interfaces, the activities of
hundreds of thousands of neurons must be simultaneously sampled. A three-dimensional
electrode array allows capturing neural signals from a collection of recording sites with 
a pre-selected spatial distribution. Two well-known approaches include the development
of microelectrode arrays at the University of Utah (178, 179) and at the University of
Michigan (180). Fofonoff reported the fabrication of a three-dimensional array by electri-
cal discharge machining followed by chemical etching (181). To reduce the dimensions of
the micromachined array, it was placed into a hot HCl bath heated close to its boiling point
(Figure 10.17A). Electroplating with gold followed by platinum and final electrical insu-
lation into parylene formed an array of platinum-coated electrodes (Figure 10.17B).

A rather different approach for the fabrication of three-dimensional electrode arrays
is based on the use of optical imaging fiber arrays. An imaging fiber array has thousands
of individual optical fibers (diameter of 3–4 �m) melted and drawn together in a coher-
ent way. This imaging fiber can be used as a platform for the construction of a three-
dimensional electrode array through chemical etching of the optical fibers. In the case of
a silica fiber, the optical fiber is chemically etched in one-step procedure by dipping the
fiber array into a solution of hydrofluoric acid (160) and ammonium fluoride (NH4F)
buffer (34, 182). The fiber’s etch rate is dependent on the dopant concentration in the
fiber and the concentration of the acid solution. In the case of the fibers used by Walt et al.,
etching occurs at different rates between the pure SiO2 of the fiber cladding and the GeO2

doped SiO2 of the core (Figure 10.17B1). The chemical reaction of SiO2 and GeO2 with
HF acid can be summarized by reactions (10.8)–(10.10). The fluorosilicic acid (H2SiF6)
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Figure 10.17 Microelectrodes array formed through chemical etching. (A1) SEM of an 1141-
electrode titanium alloy electrode array, (A2) SEM image of a parylene-coated assembly of platinum-
coated electrodes (181), (B1) SEM of an etched optical imaging fiber bundle, and (B2) SEM of a
with gold covered and with electrophoretic paint insulated microelectrode array (with permission
from reference (34)).
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and the hexafluorogermanic acid (H2GeF6) is produced either directly (reactions (10.8a)
and (10.8b)) or as outlined by reactions (10.9)–(10.11).

(10.8a)

(10.8b)

(10.9a)

(10.9b)

(10.10a)

(10.10b)

If an ammonium fluoride buffered etching solution is used, there is a further possible dis-
solution step involved, which arises from the involvement of ammonic ionized from the
solution (reactions (10.11a) and (10.11b)).

(10.11a)

(10.11b)

It is the difference in the solubility of the resultant (NH4)2SiF6 and (NH4)2GeF6, which
leads to the difference in etching rates between the core and cladding. The tip cone angle
is thus primarily a function of the etching solution and the GeO2 doping level of the fiber
core, while the temperature, the type, and concentration of the acid used, and the etching
time are crucial for the optical and geometrical characteristics (such as cone angle and
aperture diameter) of the tips formed. An ordered array of individual microelectrodes 
(6 �m center-to-center spacing) was fabricated by coating such a chemically etched imag-
ing fiber bundle with gold and insulating the base of the fiber array with an electrophoretic
paint. Electrophoretic paints have been shown to be useful for the fabrication of micro-
electrodes (183, 184). The electrophoretic paint consists mainly of two types of resins:
polyacrylates and polyurethanes, where the cross-linking reaction is between the iso-
cyanate group on the urethane resins and the hydroxyl groups in the polyacrylates. The
principle mechanism of deposition is by depletion of hydrogen ions at the cathode via
application of a positive DC voltage between the cathode (fiber bundle) and the anode (Cu
wire). The resulting increase in pH destabilizes the cationic resin emulsion and the resin
loses the colloidal condition and deposits onto the cathodic surface. Curing the fiber sub-
sequently at 200 �C results in the shrinking of the deposited film and insures that the tip
apex is not covered (Figure 10.17B2).

10.5 ELECTROCHEMICAL CHARACTERISATION OF 

MICROELECTRODE ARRAYS

Microelectrode arrays are generally characterized using a combination of voltammetry,
SEM, and atomic force microscopy (185, 186). In addition to these techniques, other
methods are reported which have been shown to be important in characterizing in situ the

H GeF NH NH GeF2 6 3 4 2 62+ → ( )

H SiF NH NH SiF2 6 3 4 2 62+ → ( )

3 2 24 2 2 6 2GeF H O H GeF GeO aq+ → + ( )

GeO HF GeF H O2 4 24 2+ → +

3 2 24 2 2 6 2SiF H O H SiF SiO aq+ → + ( )

SiO HF SiF H O2 4 24 2+ → +

GeO HF H GeF H O2 2 6 26 2+ → +

SiO HF H SiF H O2 2 6 26 2+ → +
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electrochemical reactivities of ensembles of microelectrodes operating at the same poten-
tial or addressed individually.

10.5.1 Chronoamperometry and cyclic voltammetry

For a microelectrode array, chronoamperometric responses are complex and depend on the
time frame of the experiment and the limiting behaviors described in section 10.3.1 (26).
In the case of a regular ensemble of electrodes, the general trend of the chronoampero-
metric response is well known. At short times, the array behaves as individual electrodes
and the response to a potential step shows planar diffusion (Cottrellian behavior with
dependence of the current as 1/√(�) since no interference from overlapping diffusion
occurs. At longer times, this behavior changes to a mixed regime where hemispherical dif-
fusion prevails and this regime is finally converted again to one of planar diffusion. In this
last case, the diffusion layers fully overlap and the entire array behaves as a macroelec-
trode whose area is equal to the total geometric surface area (see Section 10.3.1).

An analytical expression for the current was provided by Shoup and Szabo (106) for an
infinite number of microdisk interfaces operating at the same potential in a hexagonal
array:

(10.12)

where � is the dimensionless time with � = 4Dt/r2, � the array coverage with � - (2r/d)2, r
the radius of the microdisks, d the center-to-center distance between microdisks, and B a
constant equal to 0.7823. At short times, the predicted currents follow the Cottrell equa-
tion given for linear diffusion to the area of a single microdisk (i.e., �r2), while at longer
times, they converge to the Cottrell equation corresponding to linear diffusion to the total
geometric area (i.e., �d2/4). The characteristic time corresponding to a nonlinear to a lin-
ear transition from when diffusion layers overlap depends on both the size of the individ-
ual microelectrodes and their packing in the array as well as on the diffusion coefficient of
redox species. This time tc can be evaluated by (106)

(10.13)

However, equation 10.13 is not always experimentally appropriate (187) and gives only a
crude estimation of the transition time tc when individual diffusion layers begin to overlap
according to the packing density of the array. Similar results have been also derived from
a simple analytical approach to hexagonal, square, and random arrays (21). It must be
emphasized that all these approaches remain valid over a specific range of parameters
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resulting from particular assumptions or approximations (see Section 10.3.1). For exam-
ple, numerical simulations of chronoamperometric responses of infinite arrays (110)
showed that equation 10.12 was valid only for values of � exceeding 0.9. The electro-
chemical properties depend strongly on the way the microelectrodes are packed as arrays
of recessed microelectrodes behave differently from arrays of inlaid electrodes in the short
and medium time domains (110).

The interpretation of the response of an assembly of microelectrodes to a cyclic voltam-
metric waveform is more complicated than in the case of chronoamperometry. When
applied to microelectrode arrays, it is mainly used in the steady-state limit. From an elec-
troanalytical point of view, the major issue is to choose an appropriate scan rate 	 to ensure
steady-state diffusion at the array interface. If the scan rate is not properly chosen, a peak-
shaped voltammogram is observed whose characteristics can be derived only from simu-
lations (188). Figure 10.18 shows simulated cyclic voltammograms obtained at an infinite
number of microdisks (r = 10 �m) in a hexagonal array with d/r ranging from 3 to 100
and d ranging from 20 to 1000 �m.

Two characteristic polarization curves can be observed. In the case of high d/r ratios,
a sigmoidal shape is related to the individual mipcrodisk electrode behavior (hemi-
spherical diffusion). As in the case of low d/r ratios, a peak-shaped voltammogram is
obtained corresponding to linear diffusion. For intermediate d/r ratios, a mixed diffusion

420 10. Microelectrode Arrays

Figure 10.18 Simulated cyclic voltammograms obtained at an infinite number of microdisks 
in a hexagonal array having various interelectrode (center-to-center) distance, d. d/r = 3–100, 
	 = 10 mV sec�1, r = 10 �m, D = 10�7 cm2 sec�1 (with permission from reference (188)).
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regime takes place where the current slowly increases with d/r and the peak separation
widens. Moreover, the peak-to-peak separation becomes larger in the same way as when
the apparent electron transfer process is lowered, even if a Nernstian system is assumed
during simulation. The characteristic scan rate 	 from which a steady-state voltammo-
gram is observed can be easily derived from equation 10.12 as the equivalency in
voltammetry between time and scan rate is straightforward (i.e., tc = RT/F	). This behav-
ior has been predicted by Amatore et al. (14) for charge transfer at partially blocked
electrodes (see Section 10.3.1). The shapes and characteristics of the voltammograms
can be deduced from a zone diagram (Figure 10.19), which defines four main domains
where different characteristic behaviors are encountered. Vertical frontiers delimit the
linear and spherical diffusion fields. From the upper side to the lower side, a distinction
is made between voltammograms exhibiting either a fast electron transfer or an appar-
ent quasi-irreversible electron transfer. This zone diagram shows clearly the strong
influence of the fractional coverage or packing density of the array on the apparent stan-
dard rate constant of the electrochemical reaction. It can be easily derived for a hexag-
onal array of microdisk electrodes with the assumption of disk inactive sites rather than
hexagonal ones (188).

10.5 Electrochemical Characterisation of Microelectrode Arrays 421

Figure 10.19 Zone diagram representing the main characteristics of cyclic voltammograms as a func-
tion of two dimensionless parameters, K�1/2 and 
(1 � �) with 

and . � represents the fractional coverage of
the insulating sites and is defined as with Sins and Sact the insulating and electro-
active surface areas, respectively. k is the standard rate constant for the electron transfer at the active site.
tc = RT/F	 with 	 the scan rate. Adapted from reference (14).
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10.5.2 Scanning electrochemical microscopy

Scanning electrochemical microscopy (SECM) is commonly used to characterize different
substrates and microelectrodes as well as to image their interfaces (189). For a more
detailed discussion about SECM see Chapter 12. In comparison to conventional micro-
scopies, this method gives valuable information regarding the conductivity, connectivity,
and reactivity of microelectrode arrays (190). It can be used not only to map microelec-
trode arrays or track patterns but also to determine at the same time the integrity of the
insulator coatings. Different SECM modes can be used depending on whether the micro-
electrodes in the array and the tips used for imaging the surface are reciprocally biased or
unbiased. The feedback and the substrate generation/tip collection (SG/TC) modes of
SECM were found to address each of these issues (190). The features of these two SECM
modes have found to be particularly useful when random microelectrode arrays are being
fabricated and characterized.

10.5.3 Optical microscopy

Information about the geometry, homogeneity, and morphology of array surfaces may be
obtained from scanning methods, like AFM, STM, SECM, or SEM. However, these meth-
ods are not capable of giving direct evidence of the electrochemical activities of micro-
electrodes in arrays. Except for SECM, one way to overcome this difficulty is to detect
optically the ECL initiated on each microelectrode. Indeed, by placing the microelectrode
array under an optical microscope fitted with a high sensitivity CCD camera, ECL images
can be acquired from the focal plane, which are directly correlated to the electrochemical
activities of each microelectrode of the array (34). Furthermore, according to the mecha-
nism of the ECL reaction involved, the size of the individual diffusion layers can be eval-
uated from the size of the ECL spots, which in turn, gives an estimation of the electrode
dimension. The resolution achieved by this method allows the imaging of sub-micrometer
electrodes.

Another way to characterize the electrochemical activity of microelectrode arrays is to
map the electroactive species generated at each electrode by confocal Raman spec-
troscopy. Indeed, the use of confocal signal detection enables Raman spectroscopic meas-
urements of very small sample volumes (even down to a few �m3). Applied to a
microelectrode array, it provides a statistical picture of the distribution of active sites on
the array (60). As in the case of SECM, these two optical methods are particularly useful
to verify if individual diffusion layers do not overlap and if the microelectrodes in the array
are diffusely independent, particularly for random microelectrode arrays.

10.6 CONCLUSION AND PROSPECTS

Microelectrode arrays have been widely discussed in the literature from theoretical and
practical viewpoints and these have led to a better understanding of typical characteristics
encountered during their operation. Such devices offer advantages in a number of areas of
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investigation. The main achievement in recent years has been the development of reliable
methods for fabricating microelectrode arrays. The availability of these methods should
open the field for further studies and development of novel applications in physical elec-
trochemistry, imaging science, analytical science, and within the medical and biosensing
fields.

Current research is also directed at decreasing the dimensions of the individual elec-
trodes in the array in order to produce nanoelectrode arrays. In these nanoelectrode arrays,
the critical dimension is decreased to the same order as the thickness of the electrical dou-
ble layer or the molecular size of redox species, and the experimental behavior starts to
deviate from extrapolations of behavior at larger electrodes. This point may be viewed as
the separation point between nanoelectrodes and microelectrodes arrays (191).
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Classical Experiments

Guy Denuault, Maciej Sosna, and Kirsty-Jo Williams

School of Chemistry, University of Southampton, 
Southampton, SO17 1BJ, UK

11.1 INTRODUCTION

This chapter focuses on a selection of key electrochemical techniques, chosen because they
constitute the majority of experiments carried out in most laboratories, including research
laboratories. Some less common methods have been included purely for pedagogical rea-
sons, e.g. double potential step since it is one of the simplest reversal techniques. Classical
experiments are broadly defined as those commonly found on commercial instruments,
namely potential steps, potential sweeps, sweep and step combinations, AC impedance,
microelectrodes and rotating disc electrodes. A section on numerical simulations is
included since the availability of commercial software widens access to the powers of 
modelling. The chapter concludes with guidelines for troubleshooting electrochemical
experiments, especially voltammetric ones, with conventional and microelectrodes. Many
techniques including controlled current, polarography, hydrodynamic (e.g. flow cells) and
spectroelectrochemical methods were considered to be too exotic and have been left out.
With Part I of this handbook providing a solid theoretical background, this chapter only
covers a brief reminder of the theoretical principles for each experiment considered.

Electrochemical experiments are always conducted under diffusion-controlled mass
transport. This is achieved by (1) adding a large concentration of electrolyte to suppress
the migration of ions due to the electrical field between the working and counter elec-
trodes, (2) avoiding natural convection by completing the experiment under 30 s, (3) using
controlled hydrodynamics to limit the diffusion layer thickness or (4) using microelec-
trodes to yield a true steady-state diffusion-controlled current before the onset of natural
convection. Hence, all the cases presented involve the diffusion of the reactant towards
and of the product away from the electrode. Unless stated otherwise, the model system
considered is the one electron reduction of O to R where both are soluble and only O is
initially present in solution. The theory is initially covered for diffusion control then
extended to include the effect of electron transfer kinetics. Where appropriate, the effects
of coupled chemical reactions are mentioned but not developed.

© 2007 Elsevier B.V. All rights reserved.
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11.2 SELECTED EXPERIMENTAL TECHNIQUES

11.2.1 Potential steps

11.2.1.1 Principles

This section presents a selection of equations used in interpreting and predicting the exper-
imental response of a simple electrochemical reaction to a step change in potential. For
complete derivations and information on more complex systems, e.g. coupled chemical
reactions, the reader should consult references (1–3).

In chronoamperometry, one observes the current–time behaviour of an electrochemical
system after a potential step in a still solution. Consider a system where species O is elec-
troinactive at Ei and the potential of the electrode is stepped to Ef (Figure 11.1a), where O
is reduced in a simple charge transfer reaction: O + e� → R.

Ef is chosen so that the concentration of O at the electrode surface remains zero. The
current (Figure 11.1b) is only due to the diffusion of O towards the electrode as illustrated
in Figure 11.1c. The theoretical expression for the evolution of the concentration profile is
obtained by solving Fick’s second law of diffusion with appropriate boundary conditions.
To derive the solution, one often uses the Laplace transform (2). For a planar electrode:

Mass transport equation:

(11.2.1)

Initial condition:

(11.2.2)

Boundary conditions:

(11.2.3)

(11.2.4)C tO ( , )0 0 0> =

C t CO O( , ) *� > =0

C x CO O( , ) *≥ =0 0

�
�

�
�
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t
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= O
O
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2
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Figure 11.1 Potential step experiment to a planar electrode: (a) potential waveform, (b) current
response and (c) concentration profile in the vicinity of the electrode.
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Concentration profile:

(11.2.5)

Current definition:

(11.2.6)

Current transient:

(11.2.7)

For a spherical electrode:

Mass transport equation:

(11.2.8)

Initial condition:

(11.2.9)

Boundary conditions:

(11.2.10)

(11.2.11)

Concentration profile:

(11.2.12)

Current definition:

(11.2.13)

Current transient:
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Equation (11.2.7) is known as the Cottrell equation (4) and a typical current transient is
shown in Figure 11.1b. For spherical electrodes, the current transient (11.2.14) contains a
steady-state term accounting for the effect of radial diffusion. This term will dominate at
larger t when the Cottrell term tends to zero and the current reaches a steady-state value. The
time required to establish the steady state is a function of the electrode radius. The smaller
the electrode, the sooner the radial diffusion term becomes dominant (see Section 11.2.4 in
this Chapter and Section 2.4 in Chapter 2, and Chapters 6 and 19 on Microelectrodes). To
test whether the current response is controlled by diffusion, one plots i vs. t�1/2. For both
geometries, the graph should be linear but its intercept will be zero for a planar electrode
and equal to the steady-state current for a spherical electrode. For planar electrodes, the
current is therefore expected to decay to zero at long times. In practice, this cannot be
observed because of the onset of natural convections after 30 s.

Equations (11.2.7) and (11.2.14) were derived assuming that Ef was such that the sur-
face concentration of O was zero. The Nernst equation (11.2.15) predicts the ratio of sur-
face concentrations of O and R in terms of the electrode potential and it is thus possible to
predict the current for any value of the potential between Ei and Ef.

(11.2.15)

For planar electrodes and spherical electrodes at short times:

(11.2.16)

For spherical electrodes under steady-state conditions:

(11.2.17)

where

(11.2.18)

(11.2.19)

The expressions given above assumed that the electron transfer kinetics was very fast.
Those given in Table 11.1 consider the case where the current is controlled by both mass
transport and kinetics. Hence, the forward and reverse rates of electron transfer are taken
into account.
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Table 11.1

Chronoamperometric responses for kinetically limited one electron electrochemical reactions

Irreversible Planar (11.2.20)

Spherical (11.2.21)

Quasi- Planar (11.2.22)
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where the forward and backward electron transfer rate constants are given by

(11.2.26)

(11.2.27)

with

The expression exp(�2)erfc(�), where erfc(�) is the complementary error function (5), is
represented by a power series of �. Retaining only its linear terms, it reduces to ,
which in turns simplifies equation (11.2.20) to

(11.2.28)

The equation predicts a linear variation of i with t�1/2 from which the value of kf can be
derived. As erfc(�) strongly depends on �, kf restricts the validity of equation (11.2.28).
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In general, the larger the kf, the shorter is the time over which equation (11.2.28) is
accurate.

It is worth reiterating that all the equations given above are for mass transport by diffu-
sion alone. Therefore, experimental responses will deviate from the predicted ones at long
times because of natural convection (vibration, thermal and density gradients) or forced
convection if using a rotating disc electrode. Moreover, at short times, the experiment will
be affected by the charging of the double layer. The charging current ic occurs in parallel
to the faradaic current and contributes to the overall current response; see Section 11.2.6.
It decays exponentially with time (equation (11.2.29)) and its magnitude depends on the
solution resistance R� and the double layer capacity Cd which is directly proportional to
the electrode surface area. Ninety-five percent of the charging is completed in 3�c, where �c

is the time constant for charging (equation (11.2.30)):

(11.2.29)

(11.2.30)

11.2.1.2 Double potential steps

The double potential step method (6) is included in this chapter as it underpins many other
reversal techniques designed to study the stability of the product. Its principle is rather
simple and it is a good stepping stone before tackling cyclic voltammetry. The potential is
stepped to a value E1 where species R is formed at a diffusion-controlled rate, and then,
after a time �, to a more anodic value E2 where R is oxidised (Figure 11.2a).

The current response for the first step (Figure 11.2b) is treated as shown in Section
11.2.1.1. For the reverse step, however, the initial conditions have to be derived from the
concentration profile of R at time �. The calculation of the response is complex and often
treated as a superposition of two signals (7–13). In the simplest case where both reactions
are diffusion-controlled, the i(t) relationships are:
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Figure 11.2 Double potential step experiment: (a) potential waveform and (b) current response.
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(11.2.31)

Additional theories are available for complex systems, including cases where one or
both reactions are kinetically controlled (8, 12) or where a homogeneous reaction follows
the electrode reaction (14).

11.2.1.3 Bulk electrolysis

Unlike most electroanalytical techniques where the amount of substance consumed or pro-
duced at the electrode is not appreciable, bulk electrolysis significantly alters the bulk con-
centration. This requires a large electrode surface area (A) to solution volume (V) ratio and
very efficient mass transport conditions. Usually electrolysis is carried out under poten-
tiostatic conditions by stepping the potential from a value where no faradaic current is
observed to one where the reaction is mass transport-controlled. The i(t) equations for a
potential step apply but require corrections for the bulk concentration, , as it evolves
with time. Considering the model reaction O + ne� → R, the current transient is obtained
by equating the current at a time t of the step (11.2.32) with the current indicating the rate
of consumption of O (assuming 100% efficiency) (equation (11.2.33)). The evolution of
the bulk concentration with time is derived (equation (11.2.34)) and using equation
(11.2.32)), the corresponding current transient is given by equation (11.2.35). Integration
of the current (often done in real time with an electronic integrator) yields the charge
(equation (11.2.36)), where Q0 is the charge at the end of the electrolysis (equation
(11.2.37)). This is the most useful information since it provides the value of n. Q0 may be
determined from the charge transient (Figure 11.3a) or from the intercept of the straight
line obtained when plotting i(t) vs. Q(t) (Figure 11.3b), since the current and charge tran-
sients are linearly related (equation (11.2.38)).
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(11.2.34)

(11.2.35)

(11.2.36)

(11.2.37)

(11.2.38)

Typical applications of bulk electrolysis include the determination of n or of the total
amount of species present (e.g. by electrogravimetry), small-scale preparative electrosyn-
thesis and electroseparation. In addition, any deviation in the linearity of ln(i(t)) vs. t or
Q(t) vs. i(t) indicates complexity in the reaction mechanism (e.g. coupled reactions).

11.2.2 Potential sweeps

11.2.2.1 Principles

In potential sweep methods, the current is recorded while the electrode potential is
changed linearly with time between two values chosen as for potential step methods. The
initial potential, E1, is normally the one where there is no electrochemical activity and the
final potential, E2, is the one where the reaction is mass transport controlled. In linear
sweep voltammetry, the scan stops at E2, whereas in cyclic voltammetry, the sweep direc-
tion is reversed when the potential reaches E2 and the potential returned to E1. This con-
stitutes one cycle of the cyclic voltammogram. Multiple cycles may be recorded, for
example, to study film formation. Other waveforms are used to study the formation and
kinetics of intermediates when studying coupled chemical reactions (Figure 11.4c).

Choosing the waveform parameters is the most important step when preparing the exper-
iment. The starting and reversal potentials determine the driving force for electron transfer
and the oxidation state of the species involved. Appropriate choice of the potentials will

Q t nFVC
V

Am
i t( ) ( ) ( )*= O

O

0 −

Q nFVC0 0= O
* ( )

Q t Q
m A

V
t( ) exp= −0 1 −⎛

⎝⎜
⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

O

i t nFAm C
m A

V
t( ) ( )exp*= O O

O0 −⎛
⎝⎜

⎞
⎠⎟

C t C
m A

V
tO O

O* *( ) ( )exp= −0
⎛
⎝⎜

⎞
⎠⎟

438 11. Classical Experiments

E2

E1

t
(a)

� �
�

E2

E1

t

(b)

E2

E1

t
(c)

E3

Figure 11.4 Waveforms used in linear sweep (a) and cyclic voltammetry (b and c). E1, E2 and E3
are the starting and reversal potentials while v is the scan rate.
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thus determine whether a species is formed or consumed, and whether the reaction is under
kinetic or mass transport control. The potential scan rate sets the timescale of the experi-
ment, e.g. with coupled homogeneous reactions, the value of v will determine whether
intermediates are formed or consumed and to what extent. Typically v ranges from a few
mV sec�1 to a few V sec�1, although this upper limit can easily be extended to a few kV s�1

with microelectrodes; see Section 11.2.4.
Voltammetric methods produce current–voltage curves with features characteristic of

the reaction mechanism and kinetic conditions. Combining this with the ease of changing
the waveform parameters, cyclic voltammetry is nearly always the first technique used to
study a new system. It is particularly useful for assessing reaction mechanisms, even when
there are additional complications such as coupled homogeneous reactions, or surface
adsorption. These techniques also provide quantitative information as will be shown below
with a selection of theoretical expressions.

When first looking at a system with cyclic voltammetry, it is useful to carry out qualita-
tive experiments. Typically, E1, E2, v, pH and are varied systematically and the differ-
ence in the shape of the voltammogram is analysed. Points to note are the number of peaks
present, the shape, size (peak current) and position (peak potential) of the peaks. By moni-
toring how each of these varies, it is possible to derive mechanistic and kinetic information.

11.2.2.2 Classical cyclic voltammetry

The cyclic voltammogram for a diffusion-controlled electron transfer reaction on an
inert planar electrode is shown in Figure 11.5. Its shape derives from the evolution of the
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*
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concentration profiles resulting from the potential sweep and planar diffusion. Changing
the electrode potential produces new surface concentrations for O and R and induces their
diffusion between the bulk and the electrode. From Fick’s first law of diffusion, the cur-
rent is proportional to the gradient of concentration at the electrode surface. To illustrate
the relationship between the concentration profiles and the current–voltage curve, selected
points along the voltammogram have been linked to their corresponding concentration
profile (Figure 11.5).

For points 1–7, species O is consumed at the electrode and a reduction current is observed,
whereas for points 8–10, O is regenerated by oxidation of R and an oxidation current is
observed. Note that the change of sign in the current is directly related to the inversion of the
concentration gradient for O at the electrode surface: the gradient is positive for points 1–7
and negative for points 8–10. For additional theoretical background readers should consult
Chapters 6 in reference (1), 6 in reference (2), 6 in reference (3) and 10 in reference (15).

One of the key features of the voltammogram is the peak height. For a planar diffusion-
controlled case, the peak current is given by:

(11.2.39)

This equation, known as the Randles–Sevčik equation, predicts that the peak current is
proportional to the square root of the sweep rate. This is analogous to the inverse square
root of time dependence found with potential steps (equation (11.2.7)). Therefore, a plot
of ip vs. v1/2 should be linear, pass through the origin and have a gradient from which the
diffusion coefficient may be estimated. Below is a list of the diagnostic criteria used to
characterise a reversible voltammogram:

(11.2.40)

(11.2.41)

(11.2.42)

(11.2.43)

(11.2.44)

The shape of the voltammogram changes significantly when the rate of mass transport
overcomes the rate of electron transfer (Figure 11.6). When the mass transfer coefficient
is comparable to the rate constant for electron transfer, the voltammogram is almost iden-
tical to the diffusion-controlled one (Figure 11.5). However, when the mass transfer coef-
ficient is increased, i.e. at large values of v, the voltammogram becomes drawn out. The
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peaks broaden and the peak separation increases because a greater overpotential is needed
to achieve the same rate of electron transfer.

As the rate of mass transport increases, the reverse peak becomes less and less pro-
nounced. In the limit of a very slow rate of electron transfer, a case known as an irre-
versible system, the reverse peak disappears. Below are diagnostic criteria used to
characterise an irreversible voltammogram:

(11.2.45)

(11.2.46)

(11.2.47)

(11.2.48)

11.2.2.3 Potential sweep experiments in the steady state

In cases where the mass transport conditions reach a steady state, e.g. with a microelec-
trode where spherical diffusion dominates (Section 11.2.4) or with a rotating disc electrode
where hydrodynamic convection controls the diffusion layer thickness (Section 11.2.5),
the current–voltage curve takes the form of a sigmoidal wave (Figure 11.7). The voltam-
mogram is described by equation (11.2.49) when the kinetics are reversible. If however the
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Figure 11.6 Voltammograms under kinetic control. The current scale has been normalised to illus-
trate either the effect of changing the sweep rate for a given electron transfer rate constant or chang-
ing the electron transfer rate constant for a given sweep rate. (a) The mass transfer coefficient is
smaller than the electron transfer rate constant. (b–d) The mass transfer coefficient is increasingly
larger than the electron transfer rate constant.
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kinetics of electron transfer become limiting, then the current–voltage curve is said to be
quasi-reversible or even irreversible and is described by equation (11.2.50):

(11.2.49)

(11.2.50)

where kf and kb, respectively, the forward and reverse electron transfer rate constants, are
both functions of the electrode potential as defined in equations (11.2.26) and (11.2.27).
Both id, the mass transport-controlled limiting current, and mO, the mass transfer coeffi-
cient for O, depend on the technique used.

When the standard rate constant for electron transfer k0 is very small, kf and kb are also
both very small. Moreover, kb becomes negligible as the electrode potential is made increas-
ingly negative to drive the reduction of O. In this case, the voltammogram is said to be totally
irreversible and equation (11.2.50) reduces to equation (11.2.51). After substitution of kf and
further rearrangement, the potential is expressed in terms of the current (equation (11.2.52)):
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Figure 11.7 Steady-state voltammograms under different kinetic regimes: (a) reversible, (b) quasi-
reversible and (c and d) totally irreversible.
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Thus, a plot of the electrode potential against ln((id � i)/i) should be linear and yield the
values of � and k0.

The shape of the current–voltage curve is easily analysed with the Tomeš criteria:

(11.2.53)

(11.2.54)

Steady-state voltammograms also reflect the mechanism and kinetics of coupled chem-
ical reaction (16) but this is outside the scope of this chapter. For additional material, read-
ers should consult Chapter 5 in references (2) and reference (17).

11.2.2.4 Potential sweep experiments involving adsorbed species

Potential sweep experiments are very sensitive to redox reactions involving adsorption of
a reactant or a product. The cyclic voltammetry where both O and R are adsorbed on the
electrode surface is different to that when both are in solution. This is because there is no
mass transport step to consider. The typical shape of a cyclic voltammogram for an ideal
Nernstian electron transfer with the Langmuir isotherm describing adsorption (only short-
range repulsive interactions between the adsorbates) is shown in Figure 11.8. It consists of
two symmetrical peaks, where the charges (the areas under the peaks) for oxidation and
reduction are equal as all the adsorbed species undergo reduction/oxidation. The current
peaks and decays to zero because there is a fixed amount of reactant present. The charged
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Figure 11.8 Cyclic voltammogram for a redox process with O and R adsorbed on the electrode
surface.
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passed must remain constant. Therefore, if the scan rate is increased, the peak current must
also increase as shown by the following expression:

(11.2.55)

where is the maximum coverage for species O.
The list below shows the characteristic features of a cyclic voltammogram involving an

ideal Nernstian adsorption with Langmuir isotherm:

(11.2.56)

(11.2.57)

(11.2.58)

(11.2.59)

The shape of the peaks is indicative of the nature of the interactions between the adsor-
bates and other isotherms have been used to model these interactions (18). Similarly, the
position of the peaks along the potential axis is indicative of the reversibility of the elec-
tron transfer process. The larger the �Ep, the more irreversible is the electron transfer. For
additional information on these effects, see Chapter 14 in reference (2).

Quantitatively, the voltammetric response of reactions involving adsorption is remark-
ably sensitive and without any special effort or experimental precautions, the voltammo-
gram indicates the reduction or oxidation of a very small number of molecules, as low as
a fraction of a monolayer. Qualitatively, the position and shape of the peaks give a signa-
ture, the voltammetric fingerprint, of the surface processes (Figure 11.9). Overall, this
makes potential sweep experiments highly suited to the study of redox processes with
adsorption steps.
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Strong hydrogen adsorption/desorption, (3 and 4) weak hydrogen adsorption/desorption and (5 and 6)
formation/reduction of Pt oxides.
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11.2.3 Combinations of sweeps and steps

11.2.3.1 Pulse voltammetry

Methods employing complex potential waveforms involving combinations of sweeps and
steps evolved from polarography, mainly to improve detection limits. They were particu-
larly advantageous in Dropping Mercury Electrode (DME) experiments, where a continu-
ous charging current resulting from the drop growth is observed. The move to the Static
Mercury Drop Electrode (SMDE) eliminates this requirement. Applied to stationary elec-
trodes, pulsed voltammetric methods yield significant enhancements. The most important
pulse voltammetric techniques together with key references are presented in Table 11.2.
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Table 11.2

Potential waveforms and typical current responses for selected techniques

Technique Potential waveform Current response References

The dot indicates the time when the current is sampled. The current response is that for the reduction of a
reversible redox couple.
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All four methods can be considered as fixed potential techniques with the current being
sampled after the potential has remained constant for sufficiently long time, typically 40
msec. Discrimination against charging current is thus achieved by sampling the current
just before the end of the pulse (or the end of the step for a staircase), where the charging
current is negligible compared to the faradaic component. DPV and SWV further improve
the sensitivity by subtracting current values sampled at two different times. SWV com-
bines advantages of the other three and offers significant improvements. The result is a
voltammetric response akin to a Gaussian, characterised by an excellent suppression of
background current and yielding improved quantitative information with a wider range of
timescales.

11.2.3.2 Stripping analysis

Stripping techniques extensively described by Wang (32) are used in quantitative determi-
nation and speciation in particular of metals and metal complexes. The procedure involves
a pre-electrolysis step followed by a potential sweep to strip the pre-concentrated species
of interest (Figure 11.10). Depending on the nature of the analyte, different modes of strip-
ping analysis are used. The most common is Anodic Stripping Voltammetry (ASV),
employing an SMDE or a Mercury Film Electrode (MFE). The main application of this
method is the analysis of metal ions and the pre-electrolysis step allows detection in very
diluted solutions (down to 10�11 M). Metal cations are reduced forming an amalgam and
subsequently oxidised by means of potential sweep (LSV or DPV). A typical stripping
response is shown in Figure 11.10b.

The amount of metal is calculated from the charge under the stripping peak. Using stan-
dard addition or calibration, this amount can be related to the concentration of the metal
ion in the analyte. For this, all parameters—pre-concentration potential and time, stirring
conditions, temperature and quantity of Hg—should remain constant throughout the cali-
bration and be identical to those used with the sample.

10-100 s30 s

Stirring off

Rest period StrippingDeposition
2-15 min

E

t
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2

0.00

0.04

0.08

0.12

0.16

Cu

Pb

Cd

i /
 n

A

E / V vs Hg/Hg2SO4
(a) (b)

Figure 11.10 (a) Potential waveform for a typical ASV experiment and (b) anodic stripping analy-
sis in 0.1 M NaClO4 solution containing 0.2 mM Cu2+, 0.25 mM Pb2+ and 0.25 mM Cd2+. The strip-
ping was performed by LSV at v � 10 mV s�1 on an Hg film microdisc electrode.
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Potentiometric Stripping Analysis is an alternative for metal ions analysis. As with ASV,
the pre-electrolysis is carried out under potential-controlled conditions. Amalgamated met-
als are subsequently stripped by either applying a controlled anodic current or addition of
an oxidising agent to the solution (e.g. dissolved oxygen). The resulting chronopoten-
tiogram presents stripping plateaus corresponding to the different metals. These plateaus
are qualitatively identified using the Nernst equation for each Mn+/M(Hg) couple. The
quantitative analysis can be facilitated by differentiating the E vs. t curve yielding a peak-
shaped response.

Cathodic Stripping Voltammetry (CSV) can be used to detect organic and inorganic
compounds. An anodic potential is applied during the pre-concentration step and the com-
pound of interest forms an insoluble salt with mercury. Stripping is carried out with a
potential sweep towards negative potentials.

Adsorptive Stripping Voltammetry broadens even more the range of species that can be
analysed by the stripping techniques. It often offers a significant improvement in sensitivity
and selectivity of metal ions analysis. The principle of the method is the formation of 
surface-active metal complex which is subsequently adsorbed and undergoes reduction at the
electrode surface. The electrochemical process may involve the ligand as well as the metal
centre. The method is also suitable for numerous important organic compounds (polycyclic
hydrocarbons, nucleic acids and drugs). For different species, either cathodic or anodic strip-
ping can be utilised. While very useful for trace analysis, the technique has limitations for
higher concentrations due to the limited number of adsorption sites at the electrode surface.

11.2.4 Microelectrodes

The practical characteristics of microelectrodes are discussed in Chapter 6 of this hand-
book; hence, this section is restricted to a brief theoretical background followed by a dis-
cussion of key experiments where microelectrodes have made significant improvements.

Microelectrodes are defined as electrodes having at least one dimension small enough
that their properties are a function of this size (33). This characteristic dimension (radius,
width or thickness depending on geometry) must be smaller than circa 50 �m, otherwise
the electrode behaves like a conventional electrode. Three key electrochemical properties
are significantly affected by the size of the electrode: (1) the mass transport regime, (2) the
charging of the double layer and (3) the ohmic drop in solution. Only two geometries will
be considered: spherical microelectrodes because of their simple theory and microdisc
electrodes because they offer the best compromise between ease of fabrication, robustness
and “friendly” theoretical treatment.

11.2.4.1 The mass transport regime

Diffusion to a microelectrode is notably different than that to a conventional electrode,
including mm-size electrodes. For a simple fast electron transfer process, the application of
a potential step from a value where no current flows to one where the reaction is diffusion
controlled produces different diffusion regimes. At short times, the diffusion layer is very
thin relative to the electrode. Diffusion to and from the electrode is planar (irrespective of
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the electrode geometry) and the microelectrode behaves like a conventional electrode. As
time increases, the diffusion layer thickness becomes comparable, and then larger than the
dimensions of the electrode. The diffusion regime evolves from planar to spherical (quasi-
hemispherical for a microdisc) (Figure 11.11) and yields a steady-state rate of mass trans-
port to the electrode. So in contrast to the constant planar diffusion regime observed with
large electrodes, a microelectrode shifts from planar to spherical diffusion. This, of course,
depends on the characteristic dimension of the electrode. Below 50 �m, the microelectrode
can fully develop its diffusion layer without influence from natural convection. Larger
electrodes produce thicker diffusion layers which soon become affected by natural
convection. In this case, the steady rate of mass transport observed is greater than that for
diffusion alone.

11.2.4.2 Double layer charging

Because microelectrodes have a very small electroactive area, the time required to charge
or discharge the double layer is very short. Hence, a great property of microelectrodes is
to significantly improve the discrimination against charging current. Reliable recordings
of the faradaic current can be made at times shorter than those with a conventional elec-
trode and this has opened the application of voltammetric and chronoamperometric exper-
iments to the sub-millisecond timescale.

11.2.4.3 Ohmic drop

Due to their small size, the faradaic current flowing to microelectrodes typically ranges
from a few pA to a few nA. In contrast, the resistive drop is small because most of it occurs
very close to the microelectrode (e.g. within a few radii for a spherical or microdisc elec-
trode). This is in contrast with large electrodes where the resistive drop continually
increases with distance between the working electrode and the reference electrode. Taking
these two effects into account, the ohmic drop due to the passage of the current in the solu-
tion is much reduced and the distortion of voltammetric curves becomes negligible. This
property enables voltammetric experiments to be conducted in poorly conducting media,
such as organic solvents, and even in the absence of supporting electrolyte.

Classical experiments performed with microelectrodes derive from the mass transport
regimes and include steady-state voltammetry, fast scan cyclic voltammetry and

448 11. Classical Experiments

Microdisc Microdisc Microdisc

Figure 11.11 Diffusion regimes following a potential step to a microdisc electrode. From left to
right: planar diffusion at short times, transition from planar to quasi-hemispherical, and then hemi-
spherical diffusion at long times.
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chronoamperometry. A key decision to make in microelectrode experiments is the choice
of the timescale since this determines the diffusion regime. In the next few lines, a simple
analysis based on the chronoamperometric response to a spherical electrode (equation
(11.2.14)) is used to provide guidelines for the choice of timescale.

Comparing the two terms in equation (11.2.14) yields the time tplanar below which the
response is controlled by planar diffusion and the time tspherical above which the response is
controlled by spherical diffusion:

(11.2.60)

(11.2.61)

Extending this analysis to all geometries, any microelectrode has therefore a characteris-
tic diffusion time tdiffusion given by

(11.2.62)

and the rule of thumb is that the response will be under planar diffusion if the experi-
mental time is much less than tdiffusion or under spherical diffusion (for a sphere, quasi-
hemispherical for a microdisc and hemicylindrical for a microband) if the experimental
time is greater than tdiffusion. Figure 11.12 summarises the relationship between the
timescale, the corresponding diffusion field and the chronoamperometric and voltammet-
ric responses.

Since at short times, a microelectrode behaves as a conventional electrode, all the theo-
ries developed for potential steps and potential sweeps at large electrodes are applicable.
Conversely, at long times, the theories developed for steady-state techniques are applica-
ble. However, the geometry of the electrode determines the expression for the limiting cur-
rent. The most important ones are given in Table 11.3. For microbands and microcylinders,
the current reaches a quasi-steady state. This is a consequence of the infinite length of the
electrode relative to its characteristic dimension.

For the sphere, hemisphere and disc electrodes, the limiting current is proportional to
the characteristic length. This has led to one of the classical experiments with a microdisc
electrode where steady-state voltammograms are recorded for microdiscs of different radii
and the limiting current is plotted against the radius of the electrodes. If the electrochem-
ical process is diffusion controlled, the plot should be linear and yield the diffusion coef-
ficient of the reactant. This is analogous to recording the limiting current for various
rotation rates on a rotating disc electrode. However, the drawback is that one needs to fab-
ricate different microdisc electrodes to perform this experiment.

Overall, microelectrodes offer three key advantages: (1) high rate of steady-state mass
transport, (2) decreased ohmic drop distortion and (3) decreased double layer charging

t
Ddiffusion

characteristic dimension
≈

( )2

t
r

Dspherical
0

O

�

2

�

t
r

Dplanar
0

O

�

2

�

11.2 Selected Experimental Techniques 449

Ch011.qxd  12/22/2006  11:00 AM  Page 449



450 11. Classical Experiments

10-3 10-2 10-1 100 101 102 103

0

5

10

15

20

25

30

35

i /
 i s

s

t / tdiffusion

i

E
i

E

Figure 11.12 Current transient to a microdisc. The dashed lines have been arbitrarily drawn at
tplanar � tdiffusion/10 and tspherical � 10 � tdiffusion. The grey scale contour lines, simulated concentration
maps, illustrate the shape of the diffusion layer for each regime. The corresponding transient and
steady-state voltammetric responses are also indicated.

Table 11.3

Expression for the limiting current at various microelectrode geometries

Geometry Characteristic length Steady-state current

Sphere r0 (11.2.63)

Hemisphere rh (11.2.64)

Disc a (11.2.65)

Banda w (11.2.66)

Cylindera rc (11.2.67)

al is the length of the electrode.
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distortion. This has led to simpler experiments (e.g. steady state instead of transient meas-
urements) and easier data analysis (e.g. no need to correct for ohmic drop), and enabled
electroanalytical experiments on to microsecond timescale (voltammetry up to MV s�1).
In all the following cases, microelectrodes should be considered:

● when a high current density is obtained: namely high concentrations of reactants, short
time experiments and high rate processes (electron transfer or homogeneous kinetics);

● where a steady-state measurement is desirable;
● where access to sub-millisecond timescale is required, e.g. for high rate processes

(electron transfer or homogeneous kinetics);
● where electroanalytical measurements need to be performed in poorly conducting

media, even in absence of supporting electrolyte.

For additional information, consult references (34–37), and Chapter 6 of this handbook.

11.2.5 Rotating disc electrodes

The rotating disc electrode (RDE) is the classical hydrodynamic electroanalytical tech-
nique used to limit the diffusion layer thickness. However, readers should also consider
alternative controlled flow methods including the channel flow cell (38), the wall pipe and
wall jet configurations (39). Forced convection has several advantages which include: (1)
the rapid establishment of a high rate of steady-state mass transport and (2) easily and
reproducibly controlled convection over a wide range of mass transfer coefficients. There
are also drawbacks: (1) in many instances, the construction of electrodes and cells is not
easy and (2) the theoretical treatment requires the determination of the solution flow veloc-
ity profiles (as functions of rotation rate, viscosities and densities) and of the electro-
chemical problem; very few cases yield exact solutions.

The RDE consists of a disc (e.g. of Pt, Ni, Cu, Au, Fe, Si, CdS, GaAs, glassy carbon and
graphite) set into an insulating (PTFE) surround. The electrode is rotated about its vertical axis
(Figure 11.13), typically between 400 and 10,000 rpm. The theory for the hydrodynamics at
the RDE (40–42) assumes that the electrode is uniformly accessible and affords a precise
and reproducible control of the convection and diffusion of reactant to the electrode.
Hence, the RDE can be used to study the kinetics of interfacial processes.

The theoretical treatment yields the concentration profile of reactant towards the RDE
and defines a layer with thickness 	O where diffusion is the sole mode of mass transport
(Figure 11.14)

(11.2.68)

where 
 is the rotation rate in rpm.
From the concentration profile is derived an expression for the limiting current, known

as the Levich equation:

 in rpm:

(11.2.69)i nFAD Cl = −0 201 2 3 1 6 1 2. / / * /
O O� 


	 � 
O O= −4 98 1 3 1 6 1 2. / / /D
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Figure 11.13 Streamlines for flow and vector representation of fluid velocities near a rotating disc
electrode.
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Figure 11.14 Steady-state concentration profile at the RDE, showing the well-stirred bulk where
convection dominates and the thin stagnant layer at the electrode surface where diffusion dominates.
	0 is the diffusion layer thickness. DO � 10�5 cm2 s�1, � � 0.01 cm2 s�1 and 
 � 100 Hz.
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 in rad s�1:

(11.2.70)


 in Hz:

(11.2.71)

Classically, the limiting current is reached by recording a linear sweep voltammogram at a
low scan rate (1–10 mV s�1). Under such mass transport conditions, the current–voltage
curve is a sigmoidal wave analogous to that found with a spherical microelectrode under
steady-state conditions. So the same criteria apply to analyse the shape of the curve.
Whereas a range of microelectrodes with different radii is needed to obtain a range of
steady-state mass transfer coefficients, the RDE simply needs a range of rotation rates.
Hence, the classical RDE experiment consists in recording a series of linear sweep
voltammograms at a low scan rate for a range of rotation rates. The Levich equation pre-
dicts that a plot of the limiting current vs. the square root of the rotation rate should be a
straight line passing through the origin with a slope determined by the number of electrons,
the geometric area of the electrode, the diffusion coefficient, the bulk concentration O and
the kinematic viscosity of the solution, �.

When the redox process is reversible, the shape of the wave should not depend on 
.
Hence, at any potential, the current should, like the limiting current, be proportional to

1/2. If the shape of the curve depends on 
, then the redox process is kinetically limited.
In this case, one can measure the current at fixed potentials along the voltammogram and
for each potential plot the inverse of the current vs. 
1/2. This is known as a
Koutecký–Levich plot and follows the Koutecký–Levich equation:

(11.2.72)

where iK is the kinetically controlled current that would be obtained for 
�1/2 � 0, i.e. for
an infinite rotation speed where the mass transfer would be so efficient that the surface
concentration of CO would be equal to . Thus, a plot of 1/i vs. 
�1/2 should be linear
and extrapolation to 
�1/2 � 0 should yield iK. By repeating this plot for different poten-
tials along the voltammogram, it is possible to determine the kinetic parameters k0 and �;
see Chapter 9 in reference (2).

One of the most important refinements of the RDE is the rotating ring disc electrode
(RRDE) where the central disc is surrounded by an insulating ring, and then by a second-
ary annular working electrode. The purpose of this configuration is to perform steady-state
generation–collection experiments. This is analogous to the reversal techniques, double
potential steps or transient cyclic voltammetry but without the problems inherent to tran-
sient methods. Typically, the disc acts as the generator while the ring acts as the collector.
The disc need not be an electrode and it is possible to study interfacial processes on the
disc by electrochemically detecting the products with the ring. Interested readers should
refer to reference (40). The geometry of the RRDE is critical to the quality of the results
and good ring–disc assemblies are difficult to make.
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11.2.6 Small amplitude perturbations and impedance methods

Most, if not all, of the classical experiments considered so far involve large amplitude per-
turbations of the electrode–solution interface. That is, in a typical voltammetric experi-
ment, the electrode is subjected to a potential ramp often spanning several hundred millivolts
(from a potential where no current flows to one where a mass transport-controlled reaction
occurs on the electrode surface) and representing several orders of magnitude in electro-
chemical driving force. As a consequence, the current–potential response is nonlinear
(Figure 11.15) and it is customary to analyse the voltammogram in terms of a few key val-
ues: Epa, Epc, E1/4, E1/2, E3/4, ipa, ipc or il. Similarly, in chronoamperometry, the potential step
amounts to a large perturbation and the current–time response is nonlinear.

Another methodology consists in applying small amplitude perturbations where the
steps or sweeps are sufficiently small to yield a linear current–potential relationship
(Figure 11.15). This approach is at the heart of electrochemical impedance methods.

Electrochemical impedance experiments comprise the following steps: (1) the electro-
chemical cell is subjected to a small amplitude periodic (usually sinusoidal, although
square waves can be used) electrical perturbation (Figure 11.16); (2) its electrical response
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Ef

Ei

Figure 11.15 A large amplitude perturbation, here a potential sweep to a mass transport-controlled
region, yields a nonlinear current–potential relationship. In contrast, a small amplitude perturbation,
a few mV between Ei and Ef, yields a linear relationship between current and potential.

i 

E

Figure 11.16 Solid arrows: an AC current is applied to the electrode and an AC potential response
is obtained. Dashed arrows: an AC potential is applied to the electrode and an AC current is obtained.
In both cases, the i–E relationship is recorded over a range of frequencies. Because of the small
amplitude used, the current is proportional to the potential and the response is also sinusoidal. The
perturbation is shown here around E1/2 for the clarity of the drawing.
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is acquired over a range of perturbation frequencies; (3) an equivalent electrical circuit is
worked out; (4) components of the equivalent circuit are related to key physical or chem-
ical characteristics of the electrochemical system.

As for conventional electrical circuits, the electrochemical impedance of the electro-
chemical cell is defined as

(11.2.73)

where Ecell is the voltage across the cell and icell the current circulating through the cell.
Alternatively, the admittance is defined as

(11.2.74)

where Z is akin to a generalised resistance and has units of �, whereas Y is analogous to a
conductance and has units of ��1 or Siemens. By definition, Z and Y are ratios of AC sig-
nals and thus each will have a phase and an amplitude. To facilitate interpretation, both are
written as complex numbers in Cartesian or polar coordinates.

The experimental configuration commonly used is shown in Figure 11.17. Alternatively,
one may use a low-pass filter and a lock-in amplifier to obtain the DC part, AC part and
phase of the cell response.

The key step in electrochemical impedance experiments is the construction of an equiv-
alent circuit that mimics the electrical behaviour of the cell. For this, it is necessary to con-
sider the different ways in which the ionic charges are involved in the passage of current.

Between the electrodes, the solution behaves as an ionic conductor with a resistance, R�,
known as the ohmic solution resistance. At the electrode–solution interface, some of 
the ions are used to adjust the ionic atmosphere until the charge balance between the elec-
trode surface and the solution is reached. Electrically, this is equivalent to the charge or
discharge of a capacitor with capacitance Cd, known as the double layer capacitance.
Simultaneously, i.e. in parallel, redox species undergo an electron transfer with the elec-
trode; this yields the faradaic current whose magnitude reflects the rate of arrival of the
reactants (the rate of mass transport) and the rate of the electron transfer process.
Electrically, this is equivalent to two resistors in series: one for the kinetics of the electron
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Figure 11.17 The common experimental arrangement for electrochemical impedance experiments
relies on the use of a frequency response analyser to derive the Cartesian or polar coordinates of the
impedance and admittance.
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transfer process, Rct, known as the charge transfer resistance and one for the rate of mass
transport, Zw, known as the Warburg impedance. Pulling all this together, the simplest elec-
trical equivalent circuit consists of four components connected as shown in Figure 11.18.

The solution resistance is determined by the solution conductivity and the geometry of
the cell, namely the distance between the electrodes and the cross-sectional area of solu-
tion linking the electrodes. The double layer capacitance reflects the electrostatic interplay
between the electrode and the electrolyte and depends on the electrode area and nature and
the electrolyte ionic strength and permittivity. Together, Rct and Zw make up the faradaic
impedance. Rct reflects the charge transfer kinetics and can be thought of as the ratio of
overpotential to current in absence of mass transfer limitation. Rct goes through a maxi-
mum at the equilibrium potential; hence, it is best to perturb the electrochemical system
around this value. There, the current–potential relationship can be linearised, and Rct is
found to be inversely related to the exchange current, i0:

(11.2.75)

The mass transfer impedance depends on the mode of mass transport within the cell. For
semi-infinite linear diffusion, Zw is a complex number whose real and imaginary parts
depend on the perturbation frequency:

(11.2.76)

with

(11.2.77)

and

(11.2.78)
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Figure 11.18 The equivalent circuit for a simple reversible electron transfer. R�, the Ohmic solu-
tion resistance; Rct, the charge transfer resistance; Zw, the Warburg impedance or mass transfer resist-
ance; Cd, the double layer capacitance; ic, the charging current; if, the faradaic current.
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Combining the impedance of the four components gives the overall impedance of the cell:

(11.2.79)

with

(11.2.80)

and

(11.2.81)

The frequency response of the cell is represented by plotting �ZIm vs. ZRe. This is known
as a Nyquist plot (Figure 11.19). Alternatively, Bode plots (log(|Z|)) and phase angle vs.
log(frequency) or log(ZRe) and log(ZIm) vs. log(frequency)) may be used.

Figure 11.19 is best understood by considering the dominant impedance for various fre-
quency limits as shown in Table 11.4.

It is usual to extract the following information from the impedance diagram:

● R� from the high frequency intercept on the real axis;
● Rct from the diameter of the circle;
● Cd from the frequency at the maximum of the circle.

Increasingly complex equivalent circuits are used to model a wide range of electrochem-
ical processes (e.g. corrosion, adsorption or porous electrodes) and to facilitate analysis,
commercial impedance software includes libraries of equivalent circuits which can be
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Figure 11.19 (a) Nyquist plot calculated from equations (11.2.80) and (11.2.81) with R� � 500 �,
Rct � 600 �, T � 298 K, Cd � 2 � 10�4 F, n � 1, A � 1 cm2, DO � 7.2 � 10�6 cm2 s�1, DR �
6.5 � 10�6 cm2 s�1 and CO � CR � 1 mM. Numbers by points are frequencies in Hz. (b) Key fea-
tures of an impedance diagram.
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fitted to the experimental impedance data. However, users should resist the temptation to
improve the fit by adding new components to the circuit. Instead, the values of some of
the components should be backed up by other electrochemical experiments.
Electrochemical impedance methods should be considered as complementary techniques
to large amplitude methods. One of their main advantages is to provide a complete elec-
trochemical response over a wide timescale. For in depth reviews and early articles, read-
ers should consult references (1, 43–52).

11.3 SIMULATIONS

With the availability of significant desktop computing power and of electrochemical mod-
elling software, the possibility of simulating electrochemical experiments is no longer
restricted to the programming aficionados. For this reason, the present chapter covers the
basic principles and applications of numerical simulations of electrode reactions. The sec-
tion starts with a series of questions, continues with a consideration of simulation princi-
ples and finishes with an example.

11.3.1 Electrochemical simulations—a few questions

11.3.1.1 Why use a simulation?

(1) To predict the electrochemical response when the problem has no known or simple
analytical solution, e.g. cyclic voltammetry, microelectrodes, coupled chemical reac-
tions, etc.

458 11. Classical Experiments

Table 11.4

Impedance-frequency dependence and equivalent circuit for a typical electrochemical cell

Frequency Equivalent circuit Impedance diagram

The dotted lines indicate the least resistive current path.
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(2) To test a proposed model against experimental results and derive experimental
quantities.

(3) To learn or teach the principles of a technique, e.g. the evolution of concentration
profiles during a cyclic voltammogram.

11.3.1.2 What do they do?

Typically, an electrochemical simulation models the transport of the reactant from the bulk
to the electrode surface, the transfer of electrons at the electrode/solution interface and the
transport of the product away from the electrode. Depending on the complexity of the elec-
trochemical process, the simulation may account for the rate of electron transfer kinetics,
the possibility and rate of preceding or following chemical reactions, the possibility and
rate of adsorption processes and even combinations of different forms of mass transport
(planar or spherical diffusion, convection and migration). In other words, the simulation
performs a series of actions which mimic the sequence of events thought to occur in the
electrode reaction.

11.3.1.3 How is a simulation put together?

Traditionally, a simulation is constructed as follows: (1) the real world problem is analysed
and cast in terms of mathematical expressions (e.g. the differential equations for mass
transport and the initial and boundary conditions for what happens at the electrode surface
and in the bulk); (2) the expressions are then rewritten in dimensionless form; (3) the con-
tinuous variables (typically, concentration, space and time) are discretised; (4) the differ-
ential equations and boundary conditions are discretised; (5) an algorithm is chosen and a
program written in Fortran, Pascal, Basic or C; (6) the simulation is tested with conditions
yielding a known solution; (7) finally, the simulation is applied to the conditions of
interest.

Physical approaches not requiring the numerical solution of the differential equations
have also been developed. For example, an “atomistic” model considers the cell as a
domain filled with a population of particles and diffusion is simulated by the random walk
of the particles within the domain (53, 54). The current is computed by counting the num-
ber of particles that reach the electrode per unit time. Convection and migration can even
be included. Another model, the “box” method used in the early days of electrochemical
simulation (55), divides the solution in thin slabs (boxes wherein the concentration is
assumed to be uniform) and calculates the movement of species between slabs using Fick’s
first law of diffusion. Although more intuitive, these approaches are in fact equivalent to
solving the transport equation.

11.3.1.4 How are they used?

It was common to run the simulation for a range of dimensionless parameters and produce
working curves and case diagrams. The experimental data were then cast in dimensionless
form and analysed by comparison with the simulated working curves. The tendency is now
to move towards a direct fitting of simulated data to experimental data by adjusting the
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simulation parameters and running the simulation in real time until a fit is obtained. This
is made possible by the computing power available nowadays and is in contrast to con-
ventional procedures where an analytical expression is fitted to the experimental data.

The “home-made” simulation is still required for demanding situations (e.g. voltamme-
try at a microdisc electrode) but for most problems, DigiSim (56–61), a commercial sim-
ulation software, and DigiElch (62), a free equivalent software, offer a much simpler
alternative. An electrochemical simulator operates as a black box requiring almost no prior
knowledge about numerical simulations of electrode reactions. The user may exploit it as
a virtual instrument to predict a theoretical response for a given set of conditions, as an
analytical tool to fit experimental results to a model and derive experimental parameters
or as a learning or even a teaching tool. At the click of the mouse, the software offers an
array of simulation conditions: (1) a range of electrode geometries (planar and spherical);
(2) a range of mass transports (semi-infinite diffusion, finite diffusion and convection); 
(3) single or multiple electron transfer reactions; (4) first- and second-order-coupled chem-
ical reactions; (5) a dynamic display of concentration profiles during cyclic voltammetry;
(6) the possibility to import experimental data files for comparison and least-squares fit-
ting with simulated data. DigiElch even includes 2D simulations for microdiscs and
microband electrodes. Other free softwares are available (63, 64), including a site for
online data analysis and simulations (65).

11.3.2 Basic principles of an electrochemical simulation

Although a simulator may be taken as a black box, the user will soon find that some basic
knowledge of the principles of electrochemical simulations is essential. A simple simulation
will now be described to highlight the fundamental principles of electrochemical modelling.
For additional information, readers should consult Britz’s excellent book (66) and
Speiser’s extensive review (67).

The following assumptions are made: (1) the electrode is planar and the reaction is a fast
electron transfer; (2) only O is present in the cell initially; (3) the diffusion coefficients of
O and R are identical; (4) the potential of the electrode is stepped from a value where no
reaction occurs to one where the reaction is diffusion controlled; (5) the objective is to pre-
dict the current transient and the concentration profiles as a function of time. Under these
conditions, the latter should be given by equation (11.2.5) and the former by equation
(11.2.7). Using the following definitions:

Dimensionless concentration:

(11.3.1)

Dimensionless distance:

(11.3.2)X
x

=
	

c
C

C
= O

O
*
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Dimensionless time:

(11.3.3)

Dimensionless current:

(11.3.4)

Diffusion layer thickness:

(11.3.5)

where � is a characteristic time of the experiment (e.g. the duration of the experiment); the
transport equation (11.2.1), the initial condition (equation (11.2.2)), the boundary condi-
tions (equations (11.2.3) and (11.2.4)) and the current (equation (11.2.6)) are recast in
dimensionless form to avoid unnecessary runs of the simulation.

(11.3.6)

(11.3.7)

(11.3.8)

(11.3.9)

(11.3.10)

Using finite difference approximations (66), the discrete form of equation (11.3.6) is
obtained:

(11.3.11)

where is the discretised dimensionless concentration at location i along the profile and
time k equivalent to CO(x, t) in the usual units. Rearranging yields:

(11.3.12)
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All the concentrations on the RHS correspond to the present and are known. Thus, it is
possible to calculate the concentration in the future, . This scheme is known as explicit
finite difference or EFD and works as shown in Figure 11.20. The ratio �T/�X2 is akin to
a dimensionless or model diffusion coefficient and should be as large as possible to make
the simulation efficient. However, it cannot be greater than 0.5 or the scheme becomes
unstable and produces negative concentrations. In practice, a value of 0.45 is chosen. 
This is one of the main limitations of EFD and other more efficient algorithms are available
(66). Increasing imax and kmax improves the resolution of the discretisation and therefore the
accuracy of the simulation but at the expense of computing time. With the desktop com-
puters available nowadays, this is no longer a limitation.

The current at time k is calculated by discretising equation (11.3.10):

(11.3.14)

Thus, equations (11.3.13) and (11.3.14) provide the means to calculate the current value
and concentration profile for each time iteration. See Figure 11.21 for an example of
simulation codes. With �T/�X 2 � 0.45, the scheme converges rapidly with current val-
ues accurate to 5% after 25 iterations (Figure 11.22). The algorithm is rather simple and
yet very powerful. For example, to simulate the transient current for a double potential
step, it is simply a matter of changing the surface concentration while the simulation 
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is running. The concentration profile gradually adjusts to the new boundary condi-
tion and the current follows the characteristic feature of a double pulse experiment
(Figure 11.23). Compared to the theoretical treatment, the simulation is exceedingly
simple. Similarly, incorporation of potential sweep, heterogeneous or homogeneous
kinetics is not difficult and the algorithm can be tailored to simulate complex electro-
chemical problems.

Many different numerical simulations have been reported, often more accurate and more
efficient than EFD. Some include two-dimensional mass transport but they are outside the
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'    c(i) : concentration 
' cnew(i) : new concentration 
'     cur : current 
' dt : time increment 
' dx : space increment
'  i : counter for space increments 
'    imax : number of space increments 
'  k : counter for time steps 
'    kmax : number of time steps
'     mdc : model diffusion coefficient 
'     tim : time 
Dim c(1000), cnew(1000) 
kmax = 1000 
mdc = 0.45 
dt = 1 / kmax 
dx = Sqr(dt / mdc) 
imax = CInt(6 * Sqr(mdc * kmax))

For i = 0 To imax + 1 
  c(i) = 1 
Next i 
c(0) = 0 
For k = 1 To kmax 
  cur = (c(1) - c(0)) / dx 

tim = k / kmax 
' output tim and cur here
  For i = 1 To imax 
    cnew(i) = c(i) + mdc * (c(i - 1) – 2

     * c(i) + c(i + 1)) 
  Next i 
  For i = 1 To imax 

c(i) = cnew(i) 
  Next i 
Next k 

Figure 11.21 Typical codes used to simulate the current transient for a diffusion-controlled reac-
tion on a planar electrode. Written in Visual Basic as found in a spreadsheet macro. For a given time
t, diffusion does not affect the concentration profile beyond a distance equal to , hence the
relationship linking imax to kmax.

6 Dt

0 5 10 15 20 25
-10

-5

0

5

10

15

20

er
ro

r 
in

 %

time iterations

Figure 11.22 Convergence plot for the explicit finite difference algorithm.
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scope of this chapter and interested readers should consult references (55, 66, 67). The fact
is that EFD remains the simplest algorithm and offers the easiest route to implementing
complex mechanisms and electrochemical techniques. Since computer power is no longer
an issue, EFD’s inefficiency is not a concern anymore and interested readers should try to
write their own simulation.

11.4 TROUBLE SHOOTING ELECTROCHEMICAL EXPERIMENTS: 

A CHECKLIST

11.4.1 Checking the results

Electrochemical experiments are often carried out in similar conditions and it is easy to
check whether the magnitude of a result is in agreement with expectations. Table 11.5
presents a list of the parameter values typically used to check whether the experimental
results obtained have the correct order of magnitude. Many incidents can occur in the
course of an electrochemical experiment and the remainder of this section aims to identify
the most common causes of problems, as well as how to recognize and correct them.

11.4.2 No current response

Assuming the instruments are turned on, no current indicates that the electrochemical cir-
cuit is incomplete. Check the quality of the wires and of the connections. A broken wire at
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Figure 11.23 Simulated concentration profiles and current transient for a double potential step at
a planar electrode under diffusion control. The profiles were taken at the times indicated by the cor-
responding numbers on the transient.
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the back of a rusty crocodile clip is not uncommon. Ensure that the electrodes are fully
immersed in the solution. Test the electrochemical circuit by replacing the electrochemi-
cal cell with a resistive dummy cell. Connect the WE connector to one end of the resistor,
the CE and RE to the other side and run a potential sweep. The current–voltage plot
obtained should be purely ohmic: that is, a straight line through the origin with a gradient
equal to the inverse of the resistance of the dummy cell. Should this be the case, then the
problem lies with the electrochemical cell. Check that the internal connections within the
WE, CE or RE are intact. With microelectrodes, it is common to find that the microwire is
loose and no longer in electrical contact with the main wire. If the problem is not obvious,
replace each electrode in turn to identify the culprit. If the problem does not lie with the
electrochemical cell, simply replace each lead/connection/equipment in turn until the
problem is resolved.

11.4.3 Potential shift

First, using a DVM, check the potential difference between the WE and the RE. An unex-
pected potential shift in the current response is likely due to the reference electrode. If a
problem with the RE is suspected, run a voltammogram with a pseudo-reference (e.g. Ag
or Pt wire). To test the faulty RE, place it in an electrolyte and measure its potential against
a commercial RE of the same type. The potential difference between them should be less
than 5 mV and stable. Major sources of error in a RE can come from either the electrode
being stored in the wrong solution or the presence of a bubble in the electrode. If in doubt,
empty the solution from the electrode and replace with fresh solution. A freshly made RE
needs time to equilibrate, so store it in the same solution as the internal one and check its
potential against a commercial RE. After 24 h, the difference should be less than 5 mV and
stable. If it is not, then dismantle the electrode and recondition it (e.g. for an SCE ensure
that the internal solution is saturated in KCl). With non-aqueous solvents, it is not advised
to use a RE with an aqueous internal solution; instead, use a quasi-RE with an internal
redox standard, such as ferrocene.

11.4 Trouble Shooting Electrochemical Experiments: A Checklist 465

Table 11.5

Values used to check the magnitude of experimental results.

Quantity Value Conditions

Cd 20 �F/(cm2 real area) Pt electrode
DO, DR 10�5 cm2 s�1 Aqueous solution
il 0.4 nA/mM/(�m radius) Microdisc electrode, n � 1
il 10 �A/(cm2 geometric area)/mM/rpm2 RDE, n � 1, aqueous solution
ip 200 �A/(cm2 geometric area)/mM Voltammetry, n � 1, � � 0.1 V s�1

Qmonolayer 200 �C/(cm2 real area) Pt electrode
R� 1 � cm/(cm radius)�1 Spherical electrode, 0.5 M NaCl
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11.4.4 Currents lower than expected

If the current–voltage curve obtained is correct in shape, but not in magnitude, then the
most probable cause is the working electrode. The WE is very susceptible to fouling and
requires regular cleaning. Polymers or adsorbed species can easily block the surface, so
the electrode should be polished on a polishing pad covered with damp alumina powder
(or diamond paste), starting with a high grain size (approximately 1 �m) and reducing
down to approximately 0.05 �m, rinsing off between grain sizes. Some electrodes can also
be reconditioned by potential cycling in 1 M H2SO4 between oxygen and hydrogen evolu-
tions. For example, once cleaned, a Pt electrode should present its typical “fingerprint”
(Figure 11.9). Other problems that affect working electrodes include a poor seal between
the glass and the electrode, a poor connection between the electrode wire and the con-
necting wire or the electrode recessing over time (especially in cases where the electrode
is much softer than the glass, e.g. carbon fibre electrodes). Diffusion-controlled currents
are very sensitive to temperature changes (D increases by 1–2% 	C�1), so to enable com-
parison between data recorded at different times (morning vs. afternoon and summer vs.
winter), any diffusion-controlled experiment should be thermostated to within 1 	C.

11.4.5 Slanted voltammogram

If the correct shape is seen, but is slanted slightly, then this implies that there is an added
resistance in the circuit. The most common reason for this is a bubble inside the RE. This
creates a discontinuity in the conductivity of the reference electrode filling solution. The
RE should be reconditioned as mentioned above.

11.4.6 Noisy current

This is a particular problem with microelectrodes where the current is typically a few nA.
The noise is likely due to the mains and appropriate shielding is required. The cell should
be placed inside a grounded Faraday cage. The electrochemical circuit should consist of
shielded cables (e.g. BNC) and the instruments should be grounded avoiding ground loops.
If possible, battery-operated instruments (e.g. current followers) should be used. A common
problem is the use of a thermostatic water bath with a pumped water circuit and a jacketed
cell. The water circuit transmits the mains noise which is easily picked up by the WE by
coupling through the glass walls. Any mains powered instrument, stirrer or heating mantle,
should be removed from the Faraday cage or replaced with battery-operated ones.

11.4.7 Other common problems

(a) Ohmic distortion: Increase supporting electrolyte concentration, reposition
Luggin capillary, use a microelectrode, decrease reactant concentration or use iR
compensation.
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(b) Double layer charging: Reduce the WE area and lower the scan rate.
(c) Migration: Increase supporting electrolyte concentration.
(d) Natural convection: Work under 30 s.
(e) Oxygen reduction: Purge with N2 or better, Ar.
(f) Electrode contamination: Use ultra-pure water and ultra-pure reagents.
(g) Chloride contamination: Use SMSE instead of SCE.
(h) Bad cell geometry: Position CE opposite WE and ensure CE area is greater than

WE area.
(i) Poor WE geometry: Avoid geometries with corners.
(j) Offset and linearity: Calibrate instruments.
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