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ELECTROCHEMICAL TECHNIQUIES,
INTRODUCTION

Modern electrochemistry provides both a synthetic
methodology to the materials scientist and an analytical
tool for the evaluation of compositions and the kinetics of
charge transfer processes. On the one hand, a variety of
bulk materials and functional surfaces are prepared
electrochemically. Historically this includes the electro-
refining of materials such as aluminum, gold, and cop-
per; surface preparation asillustrated in the anodization
of aluminum, the electroetching of semiconductors, and
the electroplating of thick metallic films. Similarly, the
electrosynthesis of soft materials, for example, conduct-
ing organic polymers, is an important route in select
cases. More recently, the electrosynthesis of quantum
structures, either by direct deposition as in the case of
ultra-thin film layered metal structures or by electro-
etching as exemplified in the synthesis of porous silicon,
has become an important application of electrochemis-
try. On the other hand, electroanalytical chemistry has
been developed as an extremely sensitive physical char-
acterization technique for the quantification of conduct-
ing and semiconducting surfaces and interfaces. The
corrosion properties/processes of metallic surfaces and
semiconductor electronic properties are two key areas
where electrochemical characterization has had high
impact. In keeping with the central analytical theme of
this work, this article limits its focus to the class of
electrochemical techniques specifically aimed at char-
acterizing materials and their interfaces (as opposed to
synthetic electrochemistry). In some cases, the line
between materials synthesis and measurement can
become hazy. The field of sensors based on chemically
modified electrodes (CMEs) is a good example of this
confusion. Often sensors of this type are electrosynthe-
sized and the synthesis parameters represent an impor-
tant portion of the systems characterization. Cases
such as this are included in the topical coverage of
this article.

Electrochemistry differs from other analytical tech-
niques in an important way. Unlike most instrumental
characterization techniques, the sample under study is
made into part of the measuring circuitry, and thus,
inappropriate sample preparation can effectively lead
to a malfunction of the instrument. This synergism
between instrument and sample demands that the user
have some knowledge of the detailed circuitry associated
with the instrument being employed. While many instru-
ments can be treated as “black boxes” where the user
need only understand the rudiments of the instrument’s
functions, if this approach is employed in the execution
of an electrochemical experiment, the result is often
an artifactual instrument response that is easily mis-
interpreted as the chemical response of the sample.
Unfortunately, the electrochemical literature repeatedly
testifies to the preeminence of this problem, which has
been made that much worse by modern instrumental
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techniques that superimpose a computer interface
between the user and the experiment.

Modern electroanalytical techniques have become
viable characterization tools because of our ability both
to precisely measure small currents and to mathemat-
ically model complex heterogeneous charge transfer
processes. Detailed modeling of electrode-based charge
transfer processes is best accomplished using digital
simulation methods. There are presently several com-
mercial software packages provided by the major poten-
tiostat providers to this end. The mathematics and
computer science related to this underpinning of elec-
trochemistry is sophisticated and beyond the scope of
this article. In most cases, an incomplete understanding
of this aspect of electroanalysis will not affect the quality of
the experimental outcome. In cases where the experi-
menter wishes to obtain a more detailed understanding
of the physical chemical basis of electrochemistry, a vari-
ety of texts are available. Two volumes, the first by Bard
and Faulkner (2001) and the second by Gileadi (1993) are
particularly well-suited to a more detailed understanding
of electrochemistry and electroanalysis. The latter volume
is specifically aimed at the materials scientist, while the
former work is one of the central texts in physical electro-
chemistry. A third text edited by Kissinger and Heine-
man (1996) is an excellent source of experimental
details and analytical technologies. All these texts will
be most valuable as supplements to this article, providing
more chemical details but less materials-characterization
emphasis than found here. In cases where specific data
about the electrochemical behavior of an element or com-
pound is required, it is typically necessary to consult the
primary literature; however, an excellent starting point is
the “Encyclopedia of the Electrochemistry of the
Elements,” edited by Bard (1973-1986).

Electrochemical measurements can be divided into
two categories based on the required instrumentation.
Potentiometric measurements utilize a sensitive voltme-
ter or electrometer and measure the potential of a sample
against a standard of known potential. Voltammetric
measurements utilize a potentiostat to apply a specified
potential waveform to a sample and monitor the induced
current response. Amperometric or galvanostatic mea-
surements, in which the potential is held constant and
the current monitored as a function of time, are included
in this latter category. Potentiometric measurements
form the historical basis of electrochemistry and are of
present utility as a monitoring technique for solution-
based processes (i.e., pH monitoring or selective ion
monitoring). However, potentiometry is limited with
regard to materials characterization. Thus, this article
focuses on voltammetric measurements and the use of
the potentiostat/galvanostat. The potentiostat is funda-
mentally a feedback circuit that monitors the potential of
the test electrode (referred to as the working electrode)
versus a reference half-cell (typically called a reference
electrode). If the potential of the working electrode drifts
from a prescribed offset potential versus the reference
electrode, a correcting potential is applied. A third elec-
trode, the counterelectrode (or auxiliary electrode), is
present in the associated electrochemical cell to
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complete the current pathway. The potentiostat typically
contains a current-following circuit associated with the
auxiliary electrode, which allows a precise determina-
tion of the current that is reported to a recording device
as a proportional potential. The rudimentary operation
of the potentiostat is covered in this article. However, for
many applications a more detailed analysis of potentio-
stat electronics is desirable. To this end, the reader is
directed to Kissinger and Heineman's volumne (Kissinger
and Heineman, 1996).

Potentiostats are available from a series of vendors
and range in price from about $1,000 to $50,000. Almost
all research-grade potentiostats today employ digital
circuitry; thus, an external computer is required to carry
out both control and data collection functions. Digital
potentiostats have the major advantage that a wide
variety of potential waveforms can be inexpensively pre-
programmed giving the user access to a wide variety of
experimental techniques. Typically, a decent quality
digital potentiostat costs between $11,000 and
$15,000. The price increases as specialized techniques
requiring additional circuitry such as high-frequency AC
impedance, rotating disk, or a bipotentiostat capability
(i.e., two independently controlled working electrodes)
are added. Although it is typical to advertise a potentio-
stat based on the number of techniques it can undertake
along with the friendliness of the software, it is the size of
the power supply utilized, the maximum slew (or step)
rate of the unit, the dynamic stability of the circuitry, and
the limiting current sensitivity that determines the qual-
ity of the instrument.

Material-based  electrochemical investigations
involve making the sample of interest into one electrode
of an electrochemical cell. As such, it is immediately
obvious that this technique is limited to materials having
excellent to good conductivity. Inorganic metal samples
and conducting organic polymers, therefore, immedi-
ately jump to mind as appropriate samples, and in this
vein, issues related to the corrosion properties of the
materials, the analytical composition of materials, and
the electrocatalytic properties of materials are issues
well-mated to electrochemical investigation. What may
be less obvious is the application of electrochemical
techniques to the characterization of semiconductor
interfaces; however, this application is historically cen-
tral to the development of electronic materials and con-
tinues to play a key role in semiconductor development
to date; most recently the advent of organic semicon-
ductor devices has been aided by electrochemical eval-
uation. Electrochemical investigation has played a key
role in the development of junctions that both convert
light to electrical energy and emit light, as well as control
(switching) and sensing junctions.

Thelisting above points to obvious overlaps with other
materials-characterization techniques and suggests
complimentary strategies that may be of utility. In par-
ticular, the characterization of electronic systems using
electrical circuit responses (see article ELECTRICAL AND
ELECcTRONIC MEASUREMENT) Or electron spectroscopy (see
article ELecTrRON TECHNIQUES) is often combined with elec-
trochemical characterization to provide a complete

picture of semiconducting systems. Thus, for example,
one might employ solid-state electronics to determine
the doping level or n-type versus p-type character of a
semiconducting sample prior to evaluation of the sample
in an electrochemical cell. Likewise, electron spectros-
copy might be used to evaluate band-edge energetics or
the nature of surface states in collaboration with elec-
trochemical studies that determine interfacial energet-
ics and kinetics. In passing, it is interesting to note that
the first “transistor systems” reported by Bell Laborato-
ries were silicon- and germanium-based three-electrode
electrochemical cells (Brattain and Garrett, 1955). While
these cells never met commercial requirements forcing
the development of the solid-state transistor, these stud-
ies were critical in the development of our present under-
standing of semiconductor interfaces.

This article considers the most commonly utilized
techniques in modem electrochemistry: polarography
(i.e., currents induced by a slowly varying linear potential
sweep), cyclic voltammetry (i.e., currents induced by a
triangular potential waveform), and AC impedance spec-
troscopy (i.e., therealand imaginary current components
generated in response to an AC potential of variable
frequency). The characterization of semiconducting
materials, the corrosion of metallic interfaces, and the
general behavior of redox systems are considered in light
of these techniques. In addition, the use of electrochem-
istry as a scanning probe microscopy technique for the
visualization of chemical processes at conducting and
semiconducting surfaces is also discussed. In the work
presented here, the analytical power of electrochemistry
is the focus, and the utility of electrochemistry as a
synthetic tool is not as well developed. However, today
electrochemical synthetic methodologies are playing a
keyrole in the development of nanostructured materials,
and the contribution by Arbuckle-Keil on the electro-
chemical quartz crystal microbalance highlights a key
hybrid technique that brings together the synthetic and
analytic abilities of modern electrochemistry.
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CYCLIC VOLTAMMETRY

ANDREW B. BocARsLy

Department of Chemistry, Princeton University,
Princeton, NJ, USA

INTRODUCTION

A system is completely characterized from an electro-
chemical point of view if its behavior in the three-dimen-
sional (3D) space composed of current, potential, and
time is fully specified. In theory, from such phenomeno-
logical data one can determine all the system’s control-
ling thermodynamic and kinetic parameters, including
the mechanism of charge transfer, rate constants, dif-
fusion coefficients, standard redox potentials, electron
stoichiometry, and reactant concentrations. A hypothet-
ical i(E.t) (current as a function of potential and time)
dataset is shown in Figure 1. This particular mathemat-
ical surface has been synthesized using the assumption
that the process of interest involves a reversible one-
electron charge transfer. The term “reversible” is used
here in its electrochemical sense, to indicate that charge
transfer between the electrode and the redox-active spe-
cies both is thermodynamically reversible—that is, the
molecule(s) of interest can be both oxidized and reduced
at potentials near the standard redox potential—and
occurs at a rate of reaction sufficiently rapid that for all
potentials where the reaction occurs, the process is
never limited by charge-transfer kinetics. In such a case,
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the process is completely described by the standard
redox potential of the electrochemical couple under
investigation, the concentration(s) of the couple compo-
nents, and the diffusion coefficients of the redox-active
species.

On the other hand, one can imagine a redox reaction
thatistotally controlled by the kinetics of charge transfer
between the electrode and the redox couple. In this case,
adifferent 3D current-potential-time surface is obtained
that depends on the charge-transfer rate constant, the
symmetry of the activation barrier, and the reactant
concentrations. Of course, a variety of mechanisms in
between these two extremes can also be obtained, each
leading to a somewhat different 3D representation.
In addition, purely chemical processes can be coupled
to charge-transfer events, providing more complex
reaction dynamics that will be reflected in the current-
potential-time surface.

The enormous information content and complexity of
electrochemical dynamics in the current-potential-time
domain introduces two major experimental complica-
tions associated with electrochemical data. First is the
pragmatic consideration of how much time is necessary
to obtain a sufficiently complete dataset to allow for a
useful analysis. The second, far more serious complica-
tion is that different charge-transfer mechanisms often
translate into subtle changes in the i(E, t) response.
Thus, even after one has access to a complete dataset,
visual inspection is typically an insufficient means to
determine the mechanism of charge transfer. Further-
more, knowledge of this mechanism is critical to deter-
mining the correct approach to data analysis. Thus,
given the requisite dataset, one must rely on a series
of large calculations to move from the data to chemically
meaningful parameters.

The approach described so far is of limited value as
a survey tool, or as a global mechanistic probe of
electrochemical phenomena. It is, however, a powerful
technique for obtaining precise thermodynamic and
kinetic parameters once the reaction mechanism is
known. The mathematical resolution to the problem
posed here is to consider the projection of the i(E, t)
surface onto a plane that is not parallel to the i-E-t
axis system. This is the basis of cyclic voltammetry.
Not surprisingly, a single projection is not sufficient to
completely characterize a system; however, if judi-
ciously chosen, a limited set of projections (on the
order of a half dozen) will provide sufficient informa-
tion to determine the reaction mechanism and obtain
the key reaction parameters to relatively high preci-
sion. Perhaps more importantly, reduction of the
data to two dimensions allows one to determine the
mechanism based on pattern recognition, and thus
no calculational effort is required. Practically, the
projection of interest is obtained by imposing a
time-dependent triangular waveform on the electrode
as given by Equation 1:

_ [E+ot for 0<t<y
E(t)—{E,+(ut;_—(:)t for t; <t )
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E1/2

t

Figure 1. Theoretically constructed current-potential-time
[i(E,t)] relation for an ideal, reversible, one-electron charge-
transfer reaction taking place at an electrode surface. The
half-wave potential, E, /2, is the redox potential of the system
under conditions where reactant and product diffusion coeffi-
cients are similar and activities can be ignored.
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Figure 2. (a) Triangular E(f) signal applied to the working elec-
trode during a cyclic voltammetric scan. EZ is the switching
potential where the scan direction is reversed. (b) Cyclic voltam-
metric current versus potential response for an ideal, reversible
one-electron redox couple under the E(f) waveform described
in (a).

where E, is the initial potential of the scan, w is the scan
rate (in mV/s), and t; is the switching time of the trian-
gular waveform as shown in Figure 2a. The induced
current is then monitored as a function of the electrode
potential as shown schematically in Figure 2b. The wave
shape of the i-E plot is diagnostic of the mechanism.
Different projection planes are simply sampled by vary-
ing the value of w for a series of cyclic voltammetric scans.
Although the 2D traces obtained offer a major simplifi-
cation over the 3D plots discussed above, their chief
power, as identified initially by Nicholson and Shain
(1964), is that they are quantified from a pattern-
recognition point of view by two easily obtained scan-
rate-dependent parameters. Nicholson and Shain
showed that these diagnostic parameters, peak current
(s) and peak-to-peak potential separation, produce typ-
ically unique scan-rate dependencies as long as they are
viewed over a scan-rate range that traverses at least 3
orders of magnitude. The details of this analysis are
provided later. First, one needs to consider the basic
experiment and the impact of laboratory variables on the
results obtained.

The qualitative aspect of cyclic voltammetry has made
it a general tool for the evaluation of electrochemical
systems. With regard to materials specifically, the tech-
nique has found use as a method for investigating the
electrosynthesis of materials (including conducting poly-
mers and redox-produced crystalline inorganics), the
mechanism of corrosion processes, the electrocatalytic
nature of various metallic systems, and the photoelec-
trochemical properties of semiconducting junctions.
Here a general description of the cyclic voltammetric
technique is provided along with some examples focusing
on materials science applications.

PRINCIPLES OF THE METHOD
Reaction Reversibility

The Totally Reversible Reaction. The simplest charge-
transfer mechanism to consider is given by Equation 2, a
reversible redox process:

Ox+ne” & Red (2)

For this process, the concentration of the reactant and
products at the electrode surface is given by the Nernst
equation (Equation 3) independent of reaction time or
scan rate:

E = Er—(2.303) %log [%e:]] (3)

where E is the electrode potential, Eg is the standard
redox potential of the redox couple, [Red] and [Ox] are
the concentrations of the reduced and oxidized species,
respectively, Ris the gas constant, T'is the temperature
(K), Fis Faraday's constant, and n is defined by Equa-
tion 2. [At room temperature, 298K, 2.303 (RT/nF) =
59mV/n.] Equation 3 indicates that the electrode



potential, E, is equal to the redox couple’s redox poten-
tial, Er, when the concentrations of the oxidized species
and reduced species at the electrode/electrolyte inter-
face are equal. It can be shown that this situation is
approximately obtained when the electrode is at a
potential that is halfway between the anodic and
cathodic peak potentials. This potential is referred to
as the cyclic voltammetric half-wave potential, E, /.
More precisely it can be demonstrated that the half-
wave potential and the standard redox potential are
related by Equation 4:

» 1/2
Eyjp = EREIII(’OX [P—Rﬂ] ) (4)

7Red Dox

where Do, and Dg.q are the diffusion coefficients of the
oxidized and reduced species, respectively, and the y
values represent the activity coefficients of the two
halves of the couple. While this result is intuitively
appealing, a solid mathematical proof of the relation-
ship is complex and beyond the scope of this unit. The
mathematical details are well presented in a variety of
textbooks, however (Gileadi et al., 1975; Bard and
Faulkner, 2001; Gosser, 1993).

By its very nature, the reversible redox reaction can-
not cause a substantial change in the connectivity or
shape of a molecular system. As a result, the diffusion
coefficients of the oxidized and reduced species are
expected to be similar, as are the activity coefficients—
in which case Equation 4 reduces to E, ,, = Ez. Even if
there is some variation in the diffusion coefficients, the
square root functionality invariably produces a ratio
close to 1, and thus the second term in Equation 4
can safely be ignored. Likewise, at a low concentration
of electroactive species (as is typically employed in
cyclic voltammetry), the activity coefficients can safely
be ignored. Once a system has been demonstrated to
be reversible (or quasireversible, as discussed later), the
redox potential can then be directly read off the cyclic
voltammogram.

For the reversible mechanism, the idealized cyclic
voltammetric response is illustrated in Figure 2b.
Within the context of the Nicholson and Shain diagnos-
tic criteria, this cyclic voltammetric response provides a
coupled oxidation and reduction wave separated by
~60/nmV independent of the scan rate. The exact
theoretical value for the peak-to-potential separation
is not critical since this value is based on a Monte Carlo
approximation and is somewhat dependent on avariety
of factors that are often not controlled. In a real elec-
trochemical cell, the ideal value is typically not
achieved. The peak height of the anodic and cathodic
waves should be equivalent, and the current function
(for either the anodic or cathodic waves) is expected to
be invariant with scan rate. Under such conditions
the peak current is given by Equation 5 (Bard and
Faulkner, 2001):

i, = (2.69 x 10%)n%2AD}2w'/2C, (5)
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where nis as defined by Equation 3, Ais the area of the
working electrode in cm?, Dy is the diffusion coefficient
of the electroactive species having units of cm?/s, w is
the scan rate in mV/s, and Cy is the bulk electrolyte
concentration in moles/cm?®. (Note that these are not
the standard units of concentration.)

One important caveat must be noted here: the peak-
to-peak separation is not solely dependent on the
charge-transfer mechanism; cell resistances, for exam-
ple, will increase the peak-to-peak separation beyond
the anticipated 60/nmV. Thus, the practical application
of the diagnostic is a constant small peak-to-peak sep-
aration (~100/nmV) with scan rate. It is also important
to realize that the impact of cell resistance on potential
(V=1R) is scan-rate-dependent since the magnitude of
the observed current increases with scan rate. Thus,
under conditions of high cell resistance (e.g., when a
nonaqueous electrolyte is used), a reversible couple may
yield a scan-rate-dependent peak-to-peak potential var-
iation significantly greater than the ideal ~60-mV shift.
It is therefore critical to evaluate all three of the diag-
nostics over a reasonable range of scan rates before
reaching a mechanistic conclusion.

The Totally Irreversible Reaction. The opposite extreme
of areversible reaction is the totally irreversible reaction.
Asillustrated by Equation 6, such areaction is kinetically
sluggish in one direction, producing a charge-transfer-
limited current. The reaction is assigned a rate constant
k; however, it is important to note that kis dependent on
the overpotential, #, where y is the difference between the
redox potential of the couple and the potential at which
the reaction is being observed (Eg—E.eccurodd- It is
convenient to define a heterogeneous charge transfer
rate constant, ks, which is the value of k when n=0.

Ox ™% Red (6)

For this case, a mass transport-limited current is only
achieved at large overpotentials, since the rate constant
for charge transfer is small for reasonable values of the
electrode potential. The concentrations of redox species
near the electrode are never in Nernstian equilibrium.
Thus, one cannot determine either the redox potential
or the diffusion coefficients associated with this sys-
tem. However, careful fitting of the cyclic voltammetric
data can provide the heterogeneous charge-transfer
rate constant, ks, and activation-barrier symmetry fac-
tor as initially discussed by Nicholson and Shain (1964)
and reviewed by Bard and Faulkner (2001; Gosser,
1993). In the case of a very small value of k, the
irreversible cyclic voltammogram is easily identified,
since it consists of only one peak independent of the
scanrate employed. This peak will shift to higher poten-
tial as the scan rate is increased. For moderate but still
limiting values of kg one will observe a large peak-to-
peak separation that is scan-rate dependent. The E, /»
value will also vary with scan rate. In this case, it
is important to rule out unexpected cell resistance
as the source of the potential dependence, before
concluding that the reaction is irreversible. Often
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modern digital potentiostats are provided with software
that allows the direct measurement (and real time cor-
rection) of cell resistance via a current-interrupt
scheme in which the circuit is opened for a short (mil-
lisecond) time period and the cell voltage is measured.
Analog potentiostats often have an iR compensation
circuit (Kissinger and Heineman, 1996).

The Quasireversible Reaction. Although arbitrary, it is
practically useful to define reversible charge-transfer
systems as those having a heterogeneous charge-
transfer rate constant in excess of 0.3w'/2, while
totally irreversible systems are those exhibiting rate
constants less than 2 x 107 °w!/2. (Note that this
definition is quite surprising in that the requisite
minimum rate constant for a reversible reaction
depends on the potentiostat being employed. As the
slew rate of the system increases, the ability to see
large charge-transfer rate constants is enhanced. This
is unfortunate, in that it clouds the distinction between
thermodynamics and kinetics). This definition pro-
duces a large number of reactions having intermediate
rate constants (0.3w'/? >k, >2 x 10 %w'/?), which are
referred to as quasireversible systems. These systems
will appear reversible or irreversible depending on the
scan rate employed. For sufficiently large scan rates,
the rate of interfacial charge transfer will be limiting and
the system will appear irreversible. For slower scan
rates, the system response time will allow the Nernst
equation to control the interfacial concentrations and the
system will appear reversible. Depending on the scan rate
employed, one can determine systemic thermodynamic
parameters (redox potential, n, and diffusion coefficient)
or kinetic parameters. As in the reversible case, the
current function for quasireversible systems tends to
be scan rate independent. The peak-to-peak potential
dependence is also often an inconclusive indicator.
However, the potential of the peak current(s) as a
function of scan rate is an excellent diagnostic. At low
scan rates, the peak potential can approach the
theoretical ~30/nmV separation from the half-wave
potential in a scan rate—independent manner;
however, as the scan rate is increased and the system
enters the irreversible region and the peak potential
shifts with log . This dependence is given by
Equation 7 (Gileadi, 1993):

- Do 1/2
Ep :E1/2—0' 0.52 +log T —lngS (7)

where ¢ is the Tafel slope, a measure of the kinetic barrier,
and the other terms are as previously defined. Note that
the slope of E,, versus —0.5logw allows one to determine
(6/D), while D and E,,, can be obtained from cyclic
voltammograms taken in the reversible region allowing
one to determine K(E, ;) (see Fig. 5¢ for an example of this
type of behavior).

Nonreversible Charge-Transfer Reactions. In contrast to
mechanistically “irreversible reactions,” which indicate

a kinetic barrier to charge transfer, a mechanistically
“nonreversible reaction” refers to a complex reaction
mechanism in which one or more chemical steps are
coupled to the charge-transfer reaction (Nicholson and
Shain, 1965; Poleyn and Shain, 1966a,b; Saveant,
1967a,b; Brown and Large, 1971; Andrieux et al.,
1980; Bard and Faulkner, 2001; Gosser, 1993;
Rieger, 1994). For example, consider the generic
chemical reaction shown as Equation 8:

Ox+ ne” < Red 8
Red % Product )

where k represents the rate constant for a non-
electrochemical transformation such as the formation
or destruction of a chemical bond. This reaction
couples a follow-up chemical step to a reversible
charge-transfer process and is thus referred to as an
EC process (electrochemical step followed by a
chemical step). Consider the effect of this coupling on
the cyclic voltammetric response of the Ox/Red system.
At very fast scan rates, Ox can be converted to Red and
Red back to Ox before any appreciable Product is formed.
Under these conditions, the Nicholson and Shain
diagnostics will appear reversible. However, as the scan
rate is slowed down, the redox couple will spend a longer
time period in the Red state and thus the formation of
Product will diminish the amount of Red below the
“reversible” level. Therefore, at slow scan rates the ratio
of peak currents (i,/i) will increase above unity (the
reversible value). On the other hand, the current
function for the cathodic current will decrease below
the reversible level as Red is consumed and thus
becomes unavailable for back-conversion to Ox. The
peak-to-peak potential is not expected to change for the
mechanistic case presented. This set of diagnostics is
unique and can be used to demonstrate the presence of
an EC mechanism. Likewise, one can consider
mechanisms where a preliminary chemical step is
coupled to a follow-up electrochemical step (a CE
mechanism) or where multiple chemical and
electrochemical steps are coupled. In many of the cases
that have been considered to date, the Nicholson and
Shain diagnostics provide for a unique identification of
the mechanism if viewed over a sufficiently large scan-
rate window. An excellent selection of mechanisms and
their expected Nicholson and Shain diagnostics are
presented in Brown and Large (1971).

PRACTICAL ASPECTS OF THE METHOD

Since a cyclic voltammetric experiment is fundamentally
a kinetic experiment, the presence of a well-defined
internal “clock” is essential. Thatis, the time dependence
is provided experimentally by the selected scan rate
since the input parameter E({) is implicitly a time param-
eter. However, in order for this implicit time dependence
to be of utility it must be calibrated with a chemically
relevant parameter. The parameter used for this purpose



is the diffusion of an electroactive species in the electro-
lyte. Thus, the cyclic voltammetric experiment is funda-
mentally a “quiet” experiment in which convective
components must be eliminated and the diffusion con-
dition well defined. This is done by considering the
geometry of the electrochemical cell, the shape of the
electrode under investigation, and the time scale of
the experiment.

Additionally, from the essence of the experiment, the
application of an electrode potential combined with the
monitoring of the induced current, it is important to
know to high precision the time-dependent electrode
potential function, E(t), for all values of t. This capability
is established by using a potentiostat to control an
electrochemical cell having a three-electrode cell config-
uration. Successful interpretation of the electrochemical
experiment can only be achieved if the experimenter has
a good knowledge of the characteristics and limitations
of the potentiostat and cell configuration employed.

Electrochemical Cells

Cyclic voltammetric experiments employ a “three-elec-
trode” cell containing a working electrode, counterelec-
trode (or auxiliary electrode), and reference electrode.
The working electrode is the electrode of interest; this
electrode has a well-defined potential for all values
of E(f). The counterelectrode is simply the second
electrode that is requisite for a complete circuit. The
reference electrode is in fact not an electrode at all, but
rather an electrochemical half-cell used to establish a
well-defined potential against which the working elec-
trode potential can be measured. Typically, a saturated
calomel electrode (SCE—a mercury—-mercurous couple)
or a silver-silver chloride electrode is utilized for this
purpose. Both of these reference half-cells are commer-
cially available from standard chemical supply houses.
While the consideration of reference half-cells is impor-
tant to any electrochemical experiment, it is beyond
the scope of this unit; the reader is referred to the
literature for a consideration of this topic (Gileadi, 1993;
Gosser, 1993; Rieger, 1994). The exact geometry of the
three electrodes, along with the shape and size of the
working electrode, will determine the internal cell resis-
tance and capacitance. These electrical parameters will
provide an upper limit for both the current flow (via
Ohm’s law: i=V/R, where V is voltage and R is resis-
tance) and the cell response time (via the capacitive time
constant of the cell). The contact between the reference
half-cell and the remainder of the electrochemical cell is
typically supplied through a high-impedance frit,
ceramic junction, or capillary. A high-impedance junc-
tion is employed for two purposes: to eliminate chemical
contamination between the contents of the reference
electrode electrolyte and the electrolyte under investiga-
tion and to guarantee a minimal current flow between
the reference and working electrodes; the voltage drop
associated with this current, referred to as iR drop
(Ohm's law), is uncompensated by standard potentiostat
circuitry. If this voltage drop becomes substantial (see
Equation 9 and discussion below), the data will be highly
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distorted and not representative of the chemical ther-
modynamics/kinetics under investigation.

Potentiostats and Three-Electrode Electrochemical Cells

At its heart, the potentiostat is a negative-feedback
device that monitors the potential drop between the
working electrode and the reference electrode. If this
value deviates from a preselected value, a bias is applied
between the working and counterelectrodes. The work-
ing/counterelectrode voltage drop is increased until the
measured working electrode versus reference electrode
potential returns to the preset value (Gileadiet al., 1975;
Gileadi, 1993). In order to carry out a cyclic voltammetric
experiment, a potential waveform generator must be
added to the potentiostat. The waveform generator pro-
duces the potential stimuli presented by Equation 1.
Depending on the instrument being utilized, the wave-
form generator may be internal to the instrumentation or
provided as a separate unit.

The cyclic voltammetric “figure of merit” of a potentio-
stat will depend on the size of the power supply utilized
and the rise time (or slew rate) of the power supply. The
rise time determines the maximum scan rates that can
be used in fashioning the E(f) waveform. In addition to
the power-supply slew rate, the cell requirements of a
nonconvective system coupled with practical limits at
which the potential of the working electrode can be
varied (due to the resistance—capacitance (RC) time con-
stant associated with a metal/electrolyte interface) pro-
vide upper and lower limits for the accessible scan-rate
range. Unless the cell is carefully insulated from the
environment, thermal and mechanical convective cur-
rents will set in for scan rates much below ~1-2 mV/s;
this establishes a practical lower limit for the scan rate.
The upper limit is dependent on the size of the electrode
and the resistance of the cell. For typical cyclic voltam-
metric systems (electrode size ~1 mm?), scanrates above
~10V/s tend to introduce complications associated
with the cell RC time constant. However, scan rates as
high as 100,000V/s have been reported in specially
engineered cells employing ultramicroelectrodes and
small junction potentials. More realistically, careful lim-
itation of cell resistance allows one to achieve maximum
scan rates in the 10-100-V/s range.

The size of the power supply determines the potentio-
stat compliance voltage (the largest voltage that can be
applied between the working and counterelectrodes).
This voltage determines the potentiostat’s ability to con-
trol the potential of the working electrode. If one is work-
ing in a single-compartment cell with an aqueous
electrolyte containing a relatively high salt concentration
(>0.1 molar salt), then a relatively modest power supply
(~10V) will provide access to all reasonable working
electrode potentials. However, in order to carry out cyclic
voltammetric studies in high-resistance cells (i.e., those
with low salt concentrations, multiple electrochemical
compartments, and/or nonaqueous electrolytes) a com-
pliance voltage on the order of 100 V may be required. Itis
extremely important to note when using a high-compli-
ance voltage potentiostat that the potential reported by
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the potentiostat is the voltage drop between the reference
electrode and the working electrode. Although this value
will never exceed ~3V, in order to achieve this condition,
the potentiostat may have to apply ~100V between the
counter and working electrodes. Since the leads to these
electrodes are typically exposed, the researcher must use
utmost care to avoid touching the leads, even when the
potentiostat is reporting a low working electrode potential.
If the experimenter is accidentally inserted into the circuit
between the working and counterelectrodes, the full out-
put voltage of the power supply may run through the
experimenter’s body.

In order to determine the potential of the working
electrode with regard to the reference electrode, the
potentiostat employs an electrometer. The value meas-
ured by the electrometer is used both to control the
potentiostat feedback loop and to produce the potential
axis in the cyclic voltammogram. As such it is assumed
that the electrometer reading accurately reflects
the potential of the working electrode, ¢. In fact, the
electrometer reading, E,.s, is better represented by
Equation 9:

Eobs=¢+iR <9)

where iRis the uncompensated voltage drop between the
working and reference electrodes. In general, applica-
tion of a voltage between two electrodes (in this case, the
working and reference) may cause a current to flow. This
would result in a large value for the iR term (and be
deleterious to the reference half cell). This problem is
circumvented by employing a high-impedance junction
between the working electrode and reference electrode,
as noted earlier. This junction ensures that the value of i
will be quite small and thus iR will have a small value. In
this case E;,s = ¢ and the potentiostat readingisreliable.
However, if Ris allowed to become excessively large, then
even for a small value of i, the iR term cannot be ignored,
and an error is introduced into the cyclic voltammogram.
High scan rates produce large peak currents, not only
exacerbating the iR drop but introducing a phase-lag
problem associated with the cell's RC time constant.
Both these effects can severely distort the cyclic vol-
tammogram. If this occurs, it can be remedied by
switching to a low-impedance reference electrode.
Decreasing the cell R improves both the iR and RC
responses at the cost of destabilizing the potential of
the reference half-cell.

The Working Electrode

The working electrode may be composed of any conduct-
ing material. It must be recognized that the shape, area,
and internal resistance of this electrode affect the result-
ing current (Nicholson and Shain, 1964; Bard and Faul-
kner, 2001; Kissinger and Heineman, 1996), and
therefore these parameters must be controlled if the
cyclic voltammetric data is to be used analytically.
Almost all the kinetic modeling that has been carried
out for cyclic voltammetric conditions assumes a semi-
infinite linear-diffusion paradigm. In order to meet

this condition, one needs a relatively small electrode
(~1mm? that is planar. The small size assures low
currents. This both limits complications associated with
iR drop and provides well-defined diffusion behavior. If
the above conditions cannot be met, then a correction
factor can be employed prior to data analysis (Kissinger
and Heineman, 1996).

In cases where cyclic voltammetric studies are
applied to solution species, typical working electrode
materials include platinum, gold, mercury, and various
carbon materials ranging from carbon pastes and cloths
to glassy carbon and pyrolytic graphite. These materials
are selected because they are inert with respect to cor-
rosion processes under typical electrochemical condi-
tions. A second selection criteria is the electrode
material’s electrocatalytic nature (or lack thereof). Plat-
inum, broadly speaking, presents a catalytic interface.
This is particularly true of reactions involving the hydro-
gen couple. As a result, this material is most often
utilized as the counterelectrode, thereby ensuring that
this electrode does not kinetically limit the observed
current. For the same reasons, platinum tends to be the
primary choice for the working electrode. The other
materials noted are employed as working electrodes
because they either are electrocatalytic for a specific
redox couple of interest, provide exceptional corrosion
inertness in a specific electrolyte of interest, or present a
high overpotential with respect to interfering redox cou-
ples. With respect to this latter attribute, carbon and
mercury are of interest, since both have a high over-
potential for proton reduction. As such, one can access
potentials significantly negative of the water redox
potential in aqueous electrolyte using a carbon or mer-
cury working electrode. Typically, potentials that are
either more negative than the electrolyte reduction
potential or more positive than the electrolyte oxidation
potential are not accessible, since the large current
associated with the electrolysis of the electrolyte masks
any other currents. Carbon also presents an interesting
interface for oxidation processor in aqueous electrolytes
since it also has a high overpotential for water oxidation.
Mercury, on the other hand, is not useful at positive
potentials since it is not inert in this region, oxidizing to
Hg?*. In addition to standard metal-based electrodes, a
variety of cyclic voltammetric studies have been reported
for conducting polymer electrodes, semiconducting elec-
trodes, and high-T, superconducting electrodes.

An alternate basis for selecting an electrode material
is mechanical properties. For example, the mercury
electrode is a liquid electrode obtained by causing mer-
cury to flow through a glass capillary. The active elec-
trode area is at the outlet of the capillary, where a droplet
of mercury forms, expands, and eventually drops off.
This has two major electrochemical consequences. First,
the electrode surface is renewed periodically (which can
be helpful if surface poisoning by solutions species is an
issue); second, the area of the electrode increases in a
periodic manner. One can control (as a function of time)
the electrode area and lifetime by controlling the pres-
sure applied to the capillary. Obviously, this type of
control is not available when using a solid electrode.



