25/A5/2086 16:1A +361-210-93464 MaITREYA KFT PAGE  AL1/89

Voltammetry Retrogpective rs e Fesice &£ T HA e Page 1 of 9

T g et e
Voltammetry Retrospective “ o«

Analytical Chemistry, 2000, Volume 72, No. 9, pp. 346 A-352 A. {"-
Allen J. Bard, University of Texas-Austin
Cynthia G, Zoski, University of Rhade Island

The 20th century coincided with the rise and maturation of clectroanalytical chemistry, with
voltammetry at the Core of the field Within  span of just over 75 years, a large number of different
methods were developed, instruments were designed and constructed, and a rigorous theoretical and
mathematical framework was established. This Report traces the development of voltammetry and
some of its many applications. Qur coverage of the historical aspects are brief (we probably
overemphasize U.S. contributions), and we apologize to those who have contributed to this field to
whom we have failed to give adequate recognition. Detailed accounts of the history of
electrochemical methods can be found in references 1 and 2.

Voltammetry involves the application of a potential that varies with time and the measurement of the
corresponding current that flows between the working and reference electrades (Figure 1). One can

“think of The pofential as the Infensive vmablem.lm) applied to the working electrode,
and one can think of the current as the extensive variable (current in A or C/s) corresponding to the
rate of an eclectrode reaction in resporisc to the potential perturbation. Thus, the resulting
voltammogram of current versus potential may be either transient or steady-state (Figure 2), in which
a potential ramp serves as the potential perturbation,
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Figure 2: Steady-state voltammograms.

(a) Typical polarogram for a reduction reaction
obtained at a DME. (b) Typica! voltammogram for
y  [jan oxidation obtained at an RDE or UME.
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Voltammetry can therefore be broadly defined as the exploration of the three-dimensional space that
interrelates poterifial (%), current (i), and time (z) (Figurc 3). Both of the voltammograms n Figure 2

“feature a platcau or limiting current That corresponds fo the point at which the concentration of
electroactive species at the electrode surface drops to zero and the flux to the electrode surface (and
hence the current) reaches 2 maximum value. Because the limiting current is controlled entircly by
diffusion, it can be used to determine any variable that contributes to its magnitude. Most often this
process involves determining the bulk concentration, but it is sometimes usefu] to determine
electrode area or radius, the number of elcctrons transferred in the electrode reaction, or the diffusion
coefficient. Thus, voltammetry has important analytical applications, some of which are highlighted
in this article.
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Figure 3: Three-dimensional voltammetry.

Representation of the three-dimensional —-E
surface for a Nemstian reaction. The typical steady-
state voltammogram represents a cut paralle] to the
i~E plane. (b) A cut representing a lincar potential
sweep across this surface. (Adapted from Ref, 6.)
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The potential at which the wave occurs, reported as the valye at one-half of the limiting current
(E)/5), 15 characteristic of the electrode reaction and hence of the species undergoing the electron-
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transfer reaction. The position and shape of ;Both the transient and steady-state voltammograms arc
also highly dependent on the presence of homogeneous and heterogeneous kinetic limitations. Thus,
voltammetry is a very popular technique for|initial electrochemical studies of new systems and has
proven very useful in obtaining information about complicated electrode reactions.

Early voltammetry and polamgradhy

Although considerable research in electrochemistry dates back to Faraday’s work in the early 19th
century with important contributions to the understanding of mass transfer by Cottrell and Sand in
the early 20th century, applying these techniques to chemical problems was rare. The birth of
voltammetry really occurred with Heyrovsky’s experiments in Czechoslovakia in 1922 (3).
Measuring the surface tension of mercury had been of interest since Lippman’s work in the late 19th
century because these measurements provided information about the nature of the liquid—metal
interface (and because the capillary electromleter could also serve as a sensitive mall-point detector
for balancing potentiometric bridges). Kuéera in Czechoslovakia had been working on such
clectrocapillary measurements with the dropping mercury electrode (DME), in which a bulb
containing mercury is attached to narrow capillary tubing, The mercury drops that fall from the
capillary were weighed as a function of potential.

Heyrovsky realized that by measuring the cutrent while the potential of the electrode was changed,
he could obtain information about the nature of the species in solution that were reduced at the
mercury drop. Following this discovery, he and his colleagues worked out the theory for the
processes that oceur during electrolysis at thé DME. The carliest measurements of i—E curves were
done manually by applying a potential with a_poténtiometer and measuring the microamp-level
currents with a Tight- galvanometer, a tedious process. In 1925, Heyrovsky and Shikata
developed an alitomatic instrument fo photographically Tecord - curves (Figure 2a) and called it a
polarograph. This term now means voltammetry at the DME. The polarograph was one of the first
automated recording analytical instruments and ushered i the ficld of instrumental analysis.

The classic DME is rarely used now, having been replaced by the static mercury drop electrode.
However, the DME had an enommous impact on the development of voltammetry until the early
1960s. Because mercury has an atomically smooth surface, a high hydrogen overpotential (which
allows a large negative potential range in aqueous solutions), a continuously renewable surface as it
drops (which mcans less contamination and highly reproducible behavior), polarography was widely
used for studying metal ions in solution. It is too bad that the prevailing-—almost pathologic—fear of
mercury has greatly decreased the use of thesc electrodes.

Voltammetry comes to the United $tates

Interest in polarography in the United States Jargely began following a visit by Heyrovsky in 1933,
Kolthoff, Furman, and their respective groﬁps did the initial work in the United States. They
constructed polarographs and initiated studies on analytica] applications, especially metal ions. The
term “voltammetry™ was first introduced in 1940 (4) to describe experiments in which the current as
a function of potential at a solid working electrode is measured. The first and second edition of the
“classic monograph Polarography Dy Kolthoft and Lingane helped spread the technique rapidly
during the 1940s and early 1950s, During this|same period, work in polarography was being done in
several European countries other than Czechoslovakia, and in J apan and Australia.

In these early days, voltammetric work with solid electrodes made of platinum, gold, or carbon was
_secondary compared with studics involving the DME. Even in the sccond edition of Polarography Th
1932, the chapter on solid clectrodes s only 21 pages long, Commercial instruments first became
available from D. V. and J. Nejedly in Czechoslovakia, and they began selling their instruments in
the United States in 1939. The trademark name “polarograph” was licensed to sargent, who
produced manual (the Model II1) and then Photographic (Model XT) recording models. Other
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instruments, such as the Fisher Instruments%Elﬂgdrqudg, also appeared. The advent of electronic

strip chart recorders led to more convenient automated instruments, such as the Sargent Model XX]
and the Leeds & Northrup Elactro_ql,_lgmo,gmph in the early 1950s.

Variations on a theme

Many variations of the basic polarographic method were developed during the 1940s and early
1930s. These investigations were motivated larpely by a desirc to_improve the sensitivity of
polarography by decreasing the contribution lof the capacitive (charging) current and increasmg the
speed of the experiments. Charging current is associated with charging the electrical double-Tayer
capacitance that exists at the interface between the electrode and the solution as the electrode
potential is changed. This current is nonfaradaic (e.g., does not cause a chemical change at the
electrode surface) and produces a baseline current that must be subtracted in voltammetric
measurements. It is particularly ﬁoublesomé at a DME, where the electrode area, and hence the
capacitance, changes with time. :

In the early 1950s, Barker built an electronié pulse polarograph. In this technique, the potential is
changed from a fixed potential to a new valué for a short period of ~50 ms. The current is measured
just before the pulse ends. Because the charging current decays more rapidly than the faradaic
current, the measured current at the end of the pulse is Jargely faradaic. Normal pulse and differential
pulse polarographies are among the most sensitive techniques for directly measuring trace
concentrations. ?

Breyer and co-workers in Australia developed ac polarography in which a small ac potential is
applied to the de ramp, with detection of the ac current. Extensive work in this technique was later
done by Smith and co-workers in the United States and by the Sluyters in The Netherlands. In the
late 1940s, fast linear potential sweeps were applied at the DME, so that the complete potential
sweep occurred during a single drop as the voltammogram was recorded on an osctlloscope, The
Czechoslovakian group investigated a related technique, oscillographic polarography, in which a
large amplitude sinusoidal potential excitation was applied during a single drop.

Square-wave polarography was developed by Barker in the early 1950s. In its earljest form, the
potential waveform consisted of a slowly changing dc potential modulated by a small amplitude
square wave. The potential waveform used now, developed by the Osteryoungs, consists of a large
amplitude symmetrical square-wave perturbation, with each cycle of the square wave coinciding
with one cycle of an underlying staircase. Current is sampled on both the first and second half of the
cycle and can be displayed as a forward current, a reverse current, or the difference between the two
measured currents. 1

These techniques, however, were not widely used at the time because the electronic instrumentation,
such as the square-wave polarograph marketed by Mervyn Instruments, was complicated, required

- considerable operator skill, and was cxpensivé. In addition, strip chart recorders were slow and x—y
recorders had not yet appeared. Thus, for techniques such as linear potential sweep and triangular
wave polarographies, the /—Z curves had tol be recorded on an oscilloscope, which limited the
precision of the measurements. It was also very inconvenient because the traces had to be
photographed with a 35-mm camera. :

By the late 1950s and early 1960, however, the situation was changing. Interest in
chronopotentiometry (also called “constant current voltammctwj, in which a constant current is
applied to the electrochemical cell and the potential-time response recorded, became widespread,
spurred by the work of Delahay and his monoéraph New Instrumental Methods in Elecirochemistry.

_In chronopotentiometry, the constant current applied to the elecirode causes an clocirgachvs Teactant
to_be Teduced t product 4t a constant rate. The potential of the eloctrods attains valucs tatzare

characteristic of the cléctroactive couple and| varies with time as the concentration ratio of the
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electroactive couple changes at the electrode surface, One can think of the process as a titration of
the electroactive reactant in the vicinity of the electrode by a continuous flux of electrons.
Eventually, the concentration of the electroactive reactant drops to zero at the electrode surface and
the flux of the reactant to the surface is insuffictent to accept all of the electrons being forced across
the electrode-solution interface. The potential of the electrode then rapidly changes toward more
negative values unti] a new, second reduction process can start. The period after application of the
constant current for this potential trangitionl to. accur is called fhe “transition time”. This time is
‘related 1o the concentration and diffusion coéfficient of the reactant and is the chronopotentiometric
analog of the peak or limiting current in controlled potential experiments. The shape of the potential—
time curve is governed by the heterogeneous rate constant of the electrode reactjon.

This technique involved simple instrumerntation and theoretical treatments, and was further
developed by Reilley, Murray, Reinmuth, Bard, and others in the early 1960s. This work led to a
new understanding of electrochemical kinetics and mathematical methods of treating thesc systems.
Tafel plotters began to give way to Laplace transformers! Moreover, it encouraged applying
electroanalytical techniques to chemical problems beyond analyzing metal ions, such as kinetic
studies of short-lived species in homogeneous reactions. Methods were proposed in which a constant
charge was rapidly injected into am electrode and the potential-time response was monitored.
However, such coulostatic methods never became popular.

Advances in electrochemical methods were also driven by new instrumentation. Operational
amplifiers, first based on vacyum tubes and later on transistors and integrated circuits, were used for
constructing electrochemical instruments. Pdlamid Land cameras and x—y recorders for recording
oscilloscope traces became available, These developments led the second wave of instrumentation,
in which the earlier mechanical approach to generating waveforms was replaced by transistorized
instruments capable of complex experiments, such as pulse polarography. Typical instruments
included those produced by Princeton Applied Research, for example, Models 170, 173, and 174.
Interest in solid electrodes, especially platinum and carbon, grew for studying the oxidations of
organic molecules as described in Adam’s Electrochemistry at Solid Electrodes, published in 1969.

——— .
An important advance in solid eclectrode voltammetry was the introduction of the rotating disk
electrode (RDE) and later the rotating ring-disk electrode (RRDE) by Levich and co-workers in the
former Union of Soviet Socialist Republics. Although steady-state voltammograms had previously
been obtained for stirred solutions with mdny different electrode configurations, most of these
voltammograms were not amenable to rigorous mathematica) treatments. The RDE, however,
showed hydrodynamic behavior that could bel treated mathematically, which allowed the RDE to be
applied to solution and kinctic studics. The;RDE and RRDE could also be used to study rapid
homogeneous reactions under steady-statc conditions in which the time variable is associated with
the angular velocity or rotation rate of the electrode. Bruckenstein, Miller, Albery, and_others
developed these electrodes and applied them to electrochefmical problems.

Many other related methods were described. For example, further increases in sensitivity could be
obtained by depositing a metal in a stationary mercury drop, a thin mercury film, or a solid electrode
surface for an extended time and then measuring the current when anodically stripping it back into
solptian. Early work in stripping analysis was done by Rogers and Shain in the early 1950s. The
major advantage of stripping analysis, compdred with dircet voltammetric analysis of the original
solution, is that the material to be anal yzed is preconcentrated 100- to 1000-fold or morc $0 that the
voltammetric (stripping) current is less perturbed by the charging current. Siripping analysis is
especially useful for analyzing very dilute solutions down to picomolar concentrations. It is most
frequently used for determining metal ions (c.g., B, Cd, Cu, In, Ph, and Zn), either alone or in
mixtures, by cathodic deposition followed by anodic stripping with a linear potential scan (anodic
stripping voltammetry). An increase in sensifivity can be obtained by using pulse polarographic
square-wave, or coulostatic techniques durning t}]ﬁ'st_rlppm ¢ step. i ,
\
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Linear scan and cyclic voltammetry at statiohary mercury drops and solid electrodes became popular
techniques, spurred largely by Nicholson, Shain, Savéant, and Vianello in the carly 1960s (Figure 4).
In these techniques, the potential is ramped linearly at rates of 0.01-105 V/s, with the resulting
current recorded as a function of potential (which is equivalent to recording current versus time). In a
qualitative way, this technique amounts to traversing the three-ditmensional i——Z realm (Figure 3). It
is the interplay of these three parameters that leads to the complexity in the theory of linear and
cyclic voltammetry f}ﬁnﬁn%l}mban is begun at a potential well-positive of the
ard potential for a reduction. When the electrode potential reaches the vicinity of the standard
potentjal, reduction begins and current starts to flow. As the potential continues to grow more
negative, the surface concentration of the oxidized species must drop and the flux to the surface (and
hence the current) increases. As the potential moves past the standard potential, the surface
concentration drops to near zero and mass transfer of the oxidized species to the surface reaches a
maximum rate, followed by a decline as the deletion effect sets in. A peaked current-potential curve
is observed. If the experiment is stopped at this point, a linear scan voltammogram is recorded. If the
direction of the potential scan is reversed in a positive direction back to the initial potential, an
anodic current flows as the electrochemically generated reduced species 1s reoxidized, leading to the
recording of a cyclic voltammogram (Figure 4).
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Figure 4: Typical cyclic voltammogram,
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ecame _one of the most popular
electrochemical methods and wa ely vsed in_fief analytical chemistry fo obtain
Tﬁéﬁnodxnamic and Knetic information about organic, organometallic, and inorganic species.
Chronocoulometric méthods, in which a charge 1s recorded afier a potenfial step, were introduced by
: fd=T re ratty WSERT for studying the adsorption of eleciroathive
‘Species on an elecirode surface, a topic of continuous interest and sometimes annoyance. At about
“thre same Yiite, investigations-begarron voltammetry in thin-layer cells, T wiich T thin il ot liquid
(2~50 pm) is held between two electrodes ot between an electrode and an insulating wall. These
cells, which contain microliter volumes, werciamong the earliest analytical techniques that examined
such small volumes. ‘

In the late 1950s, the use of aprotic solvents, such as acetonitrile, extended the range of voltammetric
measurements to much more positive and negative potentials than were available in water, even with
platinum and gold electrodes, and to species insoluble in water. Researchers began to use
spectroscopic metheds to study reactions in electrochemical cells. In the early 1960s, Geske and
Maki introduced clectron Spin resonance (E$R) to study electrogenerated species by placing the
electrode directly into a cell in the cavity of? the spectrometer (although physicists advised that it
wouldn't work). This technique became a favorite for studying radical ions generated at clectrodes.
Work in the early 1970s by Goldberg and Bard showed how the high-resistance effects of the usual
ESR cells could be ameliorated and how cells could be constructed so that cyclic voltammograms
could be run and ESR signal intensity recorded as a function of potential. In the mid-to-late 1960s,
Kuwana experimentcd with transparent indium tin oxide electrodes and Murray and Heineman with
minigrids to monitor the optical absorbance of electrogenerated species. In these
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spectroelectrochemical experiments, the opﬁbal absorbance response could be plotted as a function
of potential or time. ‘ i ot i

The availability of electrochemical techniques that could probe the/éution chemisiry of species
- with short lifetimes and the growing use of aprotic solvents wAth vacuum line cells or inert
atmosphere boxes led to studies by many groups q@earmiﬂem@l’hese studies, coupled with
TESR m&asurerients, demonstrated that electrode reactions w minated by one-electron transfers
and that earlier work indicating irreversible two-electron reactions were the result of homogeneous

reactions following the first electron transfer, often involving water (so-called ECE-reaction
schemes).

These ESR and electrochemical studies pointed to the importance of radical ions in organic reactions
at a time when most organic chemistry was still being described in terms of “pushing electron pairs™.
In fact, many aromatic compounds were shown to form quite stable radical anions and cations.
Interest in generating these specics led Chandross and Visco at Bell Labs, Hercules at MIT, and Bard
and co-workers at University of Texas to almost simultaneously study the anmihilation reaction
between radical cations and anions generated at an clectrode, This reaction produced excited states
and light emission in the phenomenon called electrogenerated chermitumimescence {ECL). Now. in

'“vo‘l'tm’mﬁ'ﬂfrc-expe’riumms, theetectrodesemitted light, e S e
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Computers leave their mark

The first impact of mainframe computers in the early 1960s was in computation—Herman and Bard
even managed to get a computer program printed in Analytical Chemistry in an article about eyclic
chronopotentiometry, but that practice was short-lived. However, what did have a major impact were
digital simulation methods, mainly the work of Feldberg. This approach allowed complex
electrochemical mechanisms to be treated, even when the mathematics was daunting. Development
of these methods continued, and they becameé more efficient. When small computers became more
powerful and less expensive, commercial programs such as DigiSim were used to simulate the cyclic
voltammetric response. Today, problems can be treated with a few keystrokes that would have been

impossible to deal with 30 years earlier.

Computers also had a major impact on electrochemical instrumentation. When minicomputers, such
as the FDP3, became available, they were used to generate the potential programs, for example, in
pulse polarography and to record the resulting responses using A/D and D/A converters (5).
However, the power of these computers was limited and they were costly. Moreover, considcrable
programming effort, often in assembly language, was needed to run an experiment. The situation
changed with the advent of microcomputers, and computer-controlled electrochemical instruments
became a reality. Thus, in the mid-1980s, He iand Faulkner described an electrochemical instrument
that could perform many voltammetric experiments by selecting from a menu on the computer
screen. This approach has evolved into the third wave of modern instrumentation based on computer
control and recording, with analog-integrated circuit interfaces for potentiostatic control, such as
those produced by Bioanalytical Systems, CH Instruments, Eco Chemie, Cypress Instruments, and
many others. ‘

What’s been going on lately

Following the burst of activity in the 1960s and early 1970s, interest began to turn to the electrodes
themselves and to a better understanding of how the surfaces could be modified to carry out desired
processes. Elcctroanalytical chemists started: talking about designing and engineering modified
electrodes. Initial efforts involved covalently attaching monolayers to electrodes, which was done by
Hubbard, Kuwana, Murray, and others, followed by the controlled formation of polymer layers on
electrodes by Miller, Bard, Murray, and co-workers in the late 1970s. This work led to a large
mumber of investigations of differcnt types of polymers, including poly(vinylferrocene),
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polylelectrolytes (Nafion), and electronically conducting polymers (polypyrrole). Savéant, Andri-eux,
and co-workers made important contributions to understanding the voltammetry of these modified
clectrodes that allowed determining the various processes that control the rates. More recently, a
whole array of different electrode modification strategies, including coatings made of clays, zeolites,

‘inorganic crystals, enzyme lavers, organic metals, and investicated. Enzyme-
‘modified electrodes have been especially important for designing sensors and have Ted fo

commercial producis for glucose determination.

Instrumentation that allowed measurement of currents in the nanoamp, picoamp, and even femtoamp
range made it possible to do studies with micrometer-sized (or smaller) elecirodes called
ultramicroelectrodes (UMEs) or microelectrodes. Microelectrodes were originally developed for
biological and medical research, and it was not until the late 1970s that electrochemists began
mvestigating the advantageous properties of these small electrodes. Fleischman initiated much of
this activity because he sought to understand electrode mechanisms under conditions of high current
density. At the same time, carbon-based microelectrodes were developed separately by Adams and
Gonon for in vivo determinations of catecholamines, In 1981, Wightman wrote the first
comprehensive review on the properties and prospective applications of microclectrodes. The large
impact of microelectrodes is rooted in their ability to support very useful extensions of
clectrochemical methodology into the domains of time, media, and space that were previously either
completely or practically inaccessible. Advantageous properties of microelectrodes include a relative

immunity to the effects of solution resistance, a dramatically reduced doublé-layer capacitance; and

" increased_nrrent density, New domains fhat have been explored include submicrosecon
elecirochemistry, electrochemistry i Tow-conductivity media, and electrochemistry under time-
“Thdependent conditions. b"' — - —

Ultramicroelectrodes combined with scanning probe techniques showed how electrodes could be
spatially manipulated with very high resolution to study electrode surfaces. In the late 1980s,
Wightman, Engstrom, and co-workers showed how a concentration profile at an electrode could be
mapped with a UME. Kwak, Fan, Lev, and Bard introduced scanning electrochemical microscopy
(SECM) and the concept of scanning a surface and determining information about surface chemistry
and topography from the feedback current. The SECM has since been used for many different types
of surfaces and for kinetic studies of rather fast heterogeneous and homogeneous reactions. CH
Instruments introduced a commercial SECM in 1998..

Work also continued on the_interaction of light with elec i field broadl as

photoelectrochemistry. Early work in this arca in Czechoslovakia, the former Union of Soviet
Socialist Republics, the United Kingdom, and the United States mainly concerned photoelectron
gjection from metal electrodes. Later work centered on semiconductor materials as electrodes, which
also greatly increased the repertoire of solid electrodes that could be used in voltammetry; more
importantly, it led to new insights into the nature of the electrode/solution interface and the electron-
transfer process there. Recording the i~E behavior in the dark and under irradiation was useful in
mapping the energy states at the semiconductor/solution interface. In the same area of light and
electrochemistry, ECL also advanced and, with the discovery of co-reactants, led to reactions carried

out in aqucous solutions. There are now commercial ECL instruments for immunoassays and DNA
analysis.

Another area of growth is voltammetric detectors for HPLC and CZE. Electrochemical detectors,
incorporating microelectrodes in an on-column configuration, were first introduced by Manz and
Simon in 1983 for HPLC, and by Wallingford and Ewing in 1987 for CZE. At that time,
amperometry was the clectrochemical mode most commonly used because of its sensitivity and
simplicity. However, this mode was soon found to be limiting because the potential of the clectrode
15 held at one value, and only those species that are oxidized or reduced at that potential are detected.
To cxtend the detectable range of analytes as they elute from a column, fast-scan linear sweep and
cyclic voltammetry were introduced to HPLC during the 1980s by Jorgenson and to CZE in 1996 by

A
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Ewing. Baranski used square-wave voltammefric dgtcction_fnr_C;E_in_lﬂﬂ&__HPLq and CZE with_
Fast-scan voltammetry have led to exciting investigations of si i which_fi lar

“concentrations of neurotransmitters have been measured.
l_'_'_'’___-_-—l-_"_'_n--—._'-'__-—
[

A look ahead

A large number of methods have been described for exploring the i-E-t domain, though many, such

a5 oscillographic polarography and coulostatic methods, have fallen by the wayside and if is unlikely
That new approaches with significant advantages will B¢ imiroduced. Chemistry has been moving in
e direction of higher speed and smaller size, and voltammetry will also evolve in this direction.
Thus, the development of Spatially resolved electrochemical techniques for analyzing matenals 1n
small domains on surfaces and channels in membranes can be expected, and this will have a huge
impact in biological studies. One should note that electrochemistry does not suffer from size
limitations caused by diffraction that are typical of optical techniques. However, it is difficult to see

“Tow electrochemical techniques will ever approach the picosecond and femtosecond domains
routinely studied by laser methods.

Electrochemical sensors will continue to develop, and sensor arrays, where voltammetry can
simultaneously be performed on many different microelectrode pads, appear to be on the horizon.
These sensors and arrays could form the basis of immunoassays, DNA. probes, and enzyme-based
arrays. Electrochemistry is easily integrated into small areas, so if chemistry on a chip becomes a
reality, electrochemical schemes for synthesis and analysis should be right there, in the forefront.
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