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Voltammetry

oltammetry comprises a group of electro-

analytical methods in which information

about the analyte is obtained by measur-
ing current as a fungtion of applied potential under
conditions that promote polarization of an indica-
tor, or working, electrode. When curren propor-
tional to analyte concentration is monitored at fixed
potential, the technique is called amperometry.
Generally, to enhance polarization, working elec-
trodes in voltammetry and amperometry have sur-
face areas of a few square millimeters at the most
and, in some applications, a few square micrometers

or less.

Throughout this chapter, this logo indicates

an opportunity for online self-study at www
.thomsonedu.com/chemistry/skoog, linking'you to
interactive tutorials, simulations, and exercises.
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Let us begin by pointing out the basic differences
between voltammetry and the two types of electro-
chemical methods that we discussed in earlier chapters,
Voltammetry is based on the measurement of the cur-
rent that developsin an electrochemical cell under con-
ditions where concentration polarization exists. Recall
from Section 22E-2 that a polarized electrode is one
to which we have applied a voltage in excess of that
predicted by the Nernst equation to cause oxidation
or reduction to occur. In contrast, potentiometric mea-
surements are made at currents that approach zero
and where polarization is absent. Voltammetry differs
from coulometry in that, with coulometry, measures are
taken to minimize or compensate for the effects of con-
centration polarization. Furthermore, in voltammetry
there is minimal consumption of analyte, whereas in
coulometry essentially all of the analyte is converted to
another state.

Voltammetry is widely used by inorganic, physical,
and biological chemists for nonanalytical purposes,
including fundamental studies of oxidation and re-
duction processes in various media, adsorption pro-
cesses on surfaces, and electron-transfer mechanisms
at chemically modified electrode surfaces.

Historically, the field of voltammetry developed
from polarography,whichisa particular type of voltam-
metry that was invented by the Czechoslovakian chem-
ist Jaroslav Heyrovsky in the early 1920s.! Polarog-
raphy differs from other types of voltammetry in that
the working electrode is the unique dropping mercury
electrode. At one time, polarography was an important
tool used by chemists for the determination of inor-
ganic ions and certain organic species in aqueous $0-
Jutions. In the late 1950s and the early 1960s, however,
many of these analytical applications were replaced
by various Spectroscopic methods, and polarography
became a less important method of analysis except for
certain special applications, such as the determination
of molecular oxygen in solutions. In the mid-1960s,
several major modifications of classical voltammetric
techniques were developed that enhanced significantly
the sensitivity and selectivity of the method. At about
this same time, the advent of low-cost operational am-
plifiers made possible the commercial development of
relatively inexpensive instruments that incorporated
many of these modifications and made them available

to all chemists. The result was a resurgence ofinterestin

'], Heyrovsky, Chem. Listy, 1922, 16, 256. Heyrovsky was awarded the
1959 Nobel Prize in Chemistry for his discovery and development of
polarography.
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applying polarographic methods to the determination
of a host of species, particularly those of pharma-
ceutical, environmental, and biological interest.2 Since
the invention of polarography, at least 60,000 research
papers have appeared in the literature on the subject.
Research activity in this field, which dominated elec-
troanalytical chemistry for more than five decades,
peaked with nearly 2,000 published journal articles in
1973. Since that time, interest in polarographic meth-
ods has steadily declined, at arate nearly twice the rate
of growth of the general chemical literature, until in
2005 only about 300 papers on these methods appeared.
This decline has been Jargely a result of concerns about
the use of large amounts of mercury in the laboratory as
well asin the environment, the somewhat cumbersome
nature of the apparatus, and the broad availability
of faster and more convenient (mainly spectroscopic)
methods. For these reasons, we will discuss polarogra-
phy only briefly and, instead, refer you to the many
sources that are available on the subject.?

Although polarography declined in importance,
voltammetry and amperometry at working electrodes

2 A, Bond, Broadening Electrochemical Horizons: Principles and Hlustra-
tion of Voltammetric and Related Techniques, New York: Oxford, 2003;
~ M. A. Brettand A. M. Oliveira Brett, in Encyclopedia of Electrochem-
ry, A. L. Bard and M. Stratmann, eds., Vol. 3, Instrumentation and
‘ectroanalytical Chemistry, P. Unwin, ed., New York: Wiley, 2002,
105-243A. 1. Bardand L. R. Faulkner, EIectrochemical Methods, 2nd
New York: Wiley, 2001, Chap. 7, pp. 261-304; Laboratory Techniques
lectroanalytical Chemistry, 2nd ed., P. T. Kissinger and W. R. Heine-
eds., New York: Dekker, 1996, pp- 444 -61.
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FIGURE 25-1 Voltage versus time excitation signals used in voltammetry.

other than the dropping mercury electrode have grown
at an astonishing pace.’ Furthermore, voltammetry
and amperometry coupled with liquid chromatogra-
phy have become powerful tools for the analysis of
complex mixtures. Modern voltammetry also contin-
ues to be an excellent tool in diverse areas of chem-
istry, biochemistry, materials science and engineering,
and the environmental sciences for studying oxidation,
reduction, and adsorption processes.’

25A EXCITATION SIGNALS
IN VOLTAMMETRY

In voltammetry, @ variable potential excitation signal is
impressedona working electrode inan electrochemical
cell. This excitation signal produces a characteristic
current response, which is the measurable quantity in
this method. The waveforms of four of the most com-
mon excitation signals used in voltammetry are shown
in Figure 25-1. The classical voltammetric excitation

+From 1973 to 2005, the annual number of journal articles on voltamme-
try and amperometry grew at three times and two and one-half times, 1€~
spectively, the rate of production of articles in all of chemistry.

sSome general references on voltammetry include A. j. Bard and L. R.
Faulkner, Electrochemical Methods, 2nd ed., New York: Wiley, 2001;
S. P. Kounaves, in Handbook of Instrumental Techniques for Analytical
Chemistry, Frank A. Settle, ed., Upper Saddle River, NI: Prentice-Hall,
1997, pp. 711-28; Laboratory Techniques in Electroanalytical Chemistry,
nd ed., P T. Kissinger and W. R. Heineman, eds., New York: Dekker,
1996; Analytical Voltammetry, M. R. Smythand F. G. Vos, eds., New York:
Elsevier, 1992.
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718 Chapter 25 Voltammetry

signal is the linear scan shown in Figure 25-1a, in which
the voltage applied to the cell increases linearly (usually
over a2-to 3-V range) as a function of time. The current
in the cell is then recorded as a function of time, and
thus as a function of the applied voltage. In amperome-
try, current is recorded at fixed applied voltage.

Two pulse excitation signals are shown in Fig-
ure 25-1b and c. Currents are measured at various times
during the lifetime of these pulses. With the triangular
waveform shown in Figure 25-1d, the potential is cycled
between two values, first increasing linearly to a maxi-
mum and then decreasing linearly with the same slope
to its original value. This process may be repeated nu-
merous times as the current is recorded as a function of
time. A complete cycle may take 100 or more seconds
or be completed in less than 1 second.

To the right of each of the waveforms of Figure 25-1
is listed the types of voltammetry that use the various
excitation signals. We discuss these techniques in the
sections that follow.

258 VOLTAMMETRIC INSTRUMENTATION

Figure 25-2 is a schematic showing the components of
a modern operational amplifier potentiostat (see Sec-
tion 24C-1) for carrying out linear-scan voltammetric
measurements. The cell is made up of three electrodes
immersed in a solution containing the analyte and also
an excess of a nonreactive electrolyte called a support-
ing electrolyte. One of the three electrodes is the work-

Signal source

Linear
sweep
generator

<

Potentiostatic
control circuit

ing electrode, whose potential is varied linearly with
time. Its dimensions are kept small to enhance its ten-
dency to become polarized (see Section 22E-2). The
second electrode is a reference electrode (commonly
a saturated calomel or a silver—silver chloride elec-
trode) whose potential remains constant throughout
the experiment. The third electrode is a counter elec-
trode, which is often a coil of platinum wire that sim-
ply conducts electricity from the signal source through
the solution to the working electrode.

The signal source is a linear-scan voltage generator
similar to the integration circuit shown in Figure 3-16c.
The output from this type of source is described by
Equation 3-22. Thus, for a constant dc input potential
of E,, the output potential E, is given by

—Ei—J'dt =—-— (25-1)

Eg=——
RiCe )y RC;

The output signal from the source is fed into a poten-
tiostatic circuit similar to that shown in Figure 25-2 (see
also Figure 24-6¢). The electrical resistance of the con-
trol circuit containing the reference electrode issolarge
(>10" Q) that it draws essentially no current. Thus, the
entire current from the source is carried from the,
counter electrode to the working electrode. Further-
more, the control circuit adjusts this current so that the
potential difference between the working electrode and
the reference electrode is identical to the output volt-
age from the linear voltage generator. The resulting
current, which is directly proportional to the potential
difference between the working electrode—reference

Tutorial: Learn more about voltammetric instru-
mentation and waveforms.

Data
acquisition
Current-to-voltage system

converter 5

FIGURE 25-2 An operational amplifier potentiostat. The three-electrode cell has a working
electrode (WE), reference electrode (RE), and a counter electrode (CE).
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electrode pair, is then converted to a voltage and re-
corded as a function of time by the data-acquisition
system.® It is important to emphasize that the indepen-
dent variable in this experiment is the potential of the
working electrode versus the reference electrode and
not the potential between the working electrode and
the counter electrode. The working electrode is at vir-
tual common potential throughout the course of the
experiment (see Section 3B-3).

258-1 Working Electrodes

The working electrodes used in voltammetry take a
variety of shapes and forms.” Often, they are small flat
disks of a conductor that are press fitted into a rod of
an inert material, such as Teflon or Kel-F, that has em-
bedded in it a wire contact (see Figure 25-3a). The con-
ductor may be a noble metal, such as platinum or gold;
a carbon material, such as carbon paste, carbon fiber,
pyrolytic graphite, glassy carbon, diamond, or carbon
nanotubes; a semiconductor, such as tin or indium ox-
ide; or a metal coated with a film of mercury. As shown
in Figure 25-4, the range of potentials that can be used
with these electrodes in aqueous solutions varies and
depends not only on electrode material but also on the
composition of the solution in which it is immersed.
Generally, the positive potential limitations are caused
by the large currents that develop because of oxidation
of the water to give molecular oxygen. The negative
limits arise from the reduction of water to produce
hydrogen. Note that relatively large negative poten-
tials can be tolerated with mercury electrodes because
of the high overvoltage of hydrogen on this metal.

5Early voltammetry was performed with a two-electrode system rather
than the three-electrode system shown in Figure 25-2. With a two-
electrode system, the second electrode is either a large metal electrode
or a reference electrode large enough to prevent its polarization during
an experiment. This second electrode combines the functions of the re-
ference electrode and the counter electrode in Figure 25-2. In the two-
electrode system, we assume that the potential of this second electrode is
constant throughout a scan so that the working electrode potential is sim-
ply the difference between the applied potential and the potential of the
second electrode. With solutions of high electrical resistance, however,
this assumption is not valid because the IR drop is significant and increases
as the current increases. Distorted voltammograms are the result. Almost
all voltammetry is now performed with three-electrode systems.

TMany of the working electrodes that we describe in this chapter have di-
mensions in the millimeter range. There is now intense interest in studies
with electrodes having dimensions in the micrometer range and smaller.
We will term such electrodes microelectrodes. Such electrodes have sev-
eral advantages over classical working electrodes. We describe some of the
unique characteristics of microelectrodes in Section 251

95B Voltammetric Instrumentation 719

(b)

7.5cm

(c) ()

FIGURE 25-3 Some common types of commercial
voltammetric electrodes: (a) a disk electrode; (b) a hang-
ing mercury drop electrode (HMDE); () a microelectrode;
(d) a sandwich-type flow electrode. (Electrodes [a], [c],
and [d] courtesy of Bioanalytical Systems, Inc., West
Lafayette, IN, with permission.)

Mercury working electrodes have been widely used
in voltammetry for several reasons. One is the rela-
tively large negative potential range just described.
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Pt

Hg

FIGURE 25-4 Potential ranges for three
types of electrodes in various supporting
electrolytes. (Adapted from A. J. Bard and
L. R. Faulkner, Electrochemical Methods,
2nd ed., back cover, New York: Wiley, |

p———————— 1 M H,50, (P1)

. — pH 7 buffer (Pt)

|

jer————t 1 M N2OH (Pt)
pme——————— 1 M H,SO, (Hg)

e —{ 1 M KCl (Hg)
— — 1 M NaOH (Hg)
— — 0.1 M Et,NOH (Hg)

c{ﬁ,
—
1

—{ | M HCIO, (C)
— 0.1 MKCI(O)

2001. Reprinted by permission of John +3 +2
Wiley & Sons, Inc.)

Furthermore, a fresh metallic surface is readily formed
by simply producing a new drop. The ability to obtain a
fresh surface readily is important because the currents
measured in voltammetry are quite sensitive to clean-
liness and freedom from irregularities. An additional
advantage of mercury electrodes is that many metal
ions are reversibly reduced to amalgams at the surface
of a mercury electrode, which simplifies the chemistry.
Mercury electrodes take several forms. The simplest of
these is a mercury film electrode formed by electrode-
position of the metal onto a disk electrode, such as that
shown in Figure 25-3a. Figure 25-3b illustrates a hang-
ing mercury drop electrode (HMDE). The electrode,
which is available from commercial sources, consists
of a very fine capillary tube connected to a mercury-
containing reservoir. The metal is forced out of the
capillary by a piston arrangement driven by a microm-
eter screw. The micrometer permits formation of
drops having surface areas that are reproducible to 5%
or better.

Figure 25-3c shows a typical commercial microelec-
trode. Such electrodes consist of small-diameter metal
wires or fibers (5-100 pm) sealed within tempered
glass bodies. The flattened end of the microelectrode is
polished to a mirror finish, which can be maintained
using alumina or diamond polish or both. The electri-
cal connection is a 0.060 in. gold-plated pin. Micro-
electrodes are available in a variety of materials, in-
cluding carbon fiber, platinum, gold, and silver. Other
materials can be incorporated into microelectrodes if
they are available as a wire or a fiber and form a good
seal with epoxy. The electrode shown is approximately
7.5 cm long and has a 4-mm outside diameter.

Figure 25-3d shows a commercially available sand-
wich-type working electrode for voltammetry (or am-

| | { | |
+1 0 _1 ) o
E,Vvs. SCEK\Qm Sfrar o~ fed
Col o™
< lect 4

perometry) in flowing streams. The block is made of
polyetheretherketone (PEEK) and is available in sev-
eral formats with different size electrodes (3 mm and
6 mm; see the blue area in the figure) and various ar-
rays (dual 3 mm and quad 2 mm). See Figure 25-17 for
a diagram showing how the electrodes are used in flow-
ing streams. The working electrodes may be made of
glassy carbon, carbon paste, gold, copper, nickel, plat-
inum, or other suitable custom materials.

25B-2 Modified Electrodes

An active area of research in electrochemistry is the
development of electrodes produced by chemical mo-
dification of various conductive substrates.® Such elec-
trodes have been tailored to accomplish a broad range
of functions. Modifications include applying irrevers-
ibly adsorbing substances with desired functionalities,
covalent bonding of components to the surface, and
coating the electrode with polymer films or films of
other substances. The covalent attachment process is
shown in Figure 25-5 for a metallic electrode and a
carbon electrode. First, the surface of the electrode
is oxidized to create functional groups on the surface
as shown in Figure 25-5a and b. Then, linking agents
such as organosilanes (Figure 25-5c) or amines (Fig-
ure 25-5d) are attached to the surface prior to attaching
the target group. Polymer films can be prepared from
dissolved polymers by dip coating, spin coating, elec-
trodeposition, or covalent attachment. They can also be
produced from the monomer by thermal, plasma, pho-

8For more information, see R. W. Murray, “Molecular Design of Elec-
trode Surfaces,” Techniques in Chemistry, Vol. 22, W. Weissberger, found-
ing ed., New York: Wiley, 1992; A. J. Bard, Integrated Chemical Systems,
New York: Wiley, 1994.
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PHPO »— OSi(CH,);NH(CH3);NHC — CH, — C¢H, — FeCp,

(c)

(0]

graphite l—C——NHCH3~©NRu(NH;)f+

(d)

Functiona! groups formed on (a) a metal or
{b) a carbon surface by oxidation. (With permission from
A. J. Bard, Integrated Chemical Systems, New York: Wiley,
1994.) (c) A linking agent such as the organosilane shown
is often bonded to the functionalized surface. Reactive
components, such as ferrocenes, viologens, and metal
bipyridine complexes, are then attached to form the modi-
fied surfaces. A Pt electrode is shown with a ferrocene
attached. (With permission from J. R. Lenhard and R. W.
Murray, J. Am. Chem. Soc., 1978, 100, 7870.) In (d), a
graphite electrode is shown with attached py-Ru(NH3)s.
iwith permission from C. A. Koval and F. C. Anson, Anal.
“hem., 1978, 50, 223.)
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tochemical. or electrochemical polymerization meth-
ods. Immobilized enzyme biosensors, such as the am-
perometric sensors described in Section 25C-4, are a
type of modified electrode. These can be prepared by
covalent attachment. adsorption, or gel entrapment.
Another mode of attachment for electrode modifica-
tion is by self-assembled monolayers, or SAMs.? In the
most common procedure, a long-chain hydrocarbon
with a thiol group at one end and an amine or carboxyl
group at the other is applied to a pristine gold or mer-
cury film electrode. The hydrocarbon molecules as-
semble themselves into a highly ordered array with the
thiol group attached to the metal surface and the chosen
functional group exposed. The arrays may then be fur-
ther functionalized by covalent attachment or adsorp-
tion of the desired molecular species.

Modified electrodes have many applications. A pri-
mary interest has been in the area of electrocatalysis.
In this application, electrodes capable of reclucing oxy-
gen to water have been sought for use in fuel cells and
batteries. Another application is in the production of
clectrochromic devices that change color on oxidation
and reduction. Such devices are used in displays or
smart windows and mirrors. Electrochemical devices
that could serve as molecular electronic devices, such
as diodes and transistors, are also under intense study.
Finally. the most important analytical use for such
electrodes is as analytical sensors selective for a partic-
ular species or functional group (see Figure 1-7).

Figure 25-6 illustrates the appearance of a typical
linear-scan voltammogram for an electrolysis involving
the reduction of an analyte species A to give a product
P at a mercury film electrode. Here, the working elec-
trode is assumed to be connected to the negative termi-
nal of the linear-scan generator so that the applied
potentials are given a negative sign as shown. By con-
vention. cathodic currents are taken to be positive.
whereas anodic currents are given a negative sign.'” In
this hvpothetical experiment, the solution is assumed
to be about 10 * M in A, zero M in P. and 0.1 M in

H. O. Finklea. in Electroanalvtical Chemistry: A Series of Advances. A. 1
Bard and L Rubinstein. eds.. Vol. 19. pp. 109-333. New York: Dekker.
1996.

This convention. which originated from carly polarographic studies. 18
not universally accepted. Many workers prefer to assign a positive sign Lo
wodic currents. When reading the literature. it is important to establish
which contention is being used. See AL J. Bard and L. R. Faulkner. Elec-
rrochemical Methods. 2nd ed.. p. 6. New York: Wiley. 2001,
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FIGURE 25-6 Linear-sweep voltammogram for the reduc-
tion of a hypothetical species A to give a product P. The
limiting current i, is proportional to the analyte concen-
tration and is used for quantitative analysis. The half-wave
potential Ey;, is related to the standard potential for the
half-reaction and is often used for qualitative identification
of species. The half-wave potential is the applied potential
at which the current i is i\/2.

KCl, which serves as the supporting electrolyte. The
half-reaction at the working electrode is the reversible
reaction

A+ne==P E"=-026V (252)

For convenience, we have neglected the charges on A
and P and also have assumed that the standard poten-
tial for the half-reaction is —0.26 V.

Linear-scan voltammograms generally have a sig-
moid shape and are called voltammetric waves. The
constant current beyond the steep rise is called the
diffusion-limited current, or simply the limiting current
i;because the rate at which the reactant can be brought
to the surface of the electrode by mass-transport pro-
cesses limits the current. Limiting currents are usually
directly proportional to reactant concentration. Thus,
we may write

i| = kCA

where c, is the analyte concentration and k is a con-
stant. Quantitative linear-scan voltammetry relies on
this relationship.

The potential at which the current is equal to one
half the limiting current is called the half-wave poten-
tial and given the symbol E, ;. After correction for the

reference electrode potential (0.242 V with a saturated
calomel electrode), the half-wave potential is closely
related to the standard potential for the half-reaction
but is usually not identical to it. Half-wave potentials
are sometimes useful for identification of the compo-
nents of a solution.

Reproducible limiting currents can be achieved
rapidly when either the analyte solution or the work-
ing electrode is in continuous and reproducible mo-
tion. Linear-scan voltammetry in which the solution or
the electrode is in constant motion is called hydrody-
namic voltammetry. In this chapter, we will focus much
of our attention on hydrodynamic voltammetry.

25B-4 Circuit Model of a Working Electrode

It is often useful and instructive to represent the elec-
trochemical cell as an electrical circuit that responds
to excitation in the same way as the cell. In this discus-
sion, we focus only on the working electrode and as-
sume that the counter electrode is a large inert elec-
trode, that it is nonpolarizable, and that it serves only
to make contact with the analyte solution. Figure 25-7
shows a schematic of three of a number of possible
circuit models for the electrochemical cell. In Fig-
ure 25-7a, we present the Randles circuit,!! which con-
sists of the solution resistance Ry, the double-layer
capacitance Cg4, and the faradaic impedance Z;. The
physical diagram of the electrode above the circuit
shows the correspondence between the circuit ele-
ments and the characteristics of the electrode. Al-
though R, and C4 represent the behavior of real elec-
trodes quite accurately over a broad frequency range,
and their values are independent of frequency, the fa-
radaic impedance does not. This is because, in general,
Z; must model any electron- and mass-transfer pro-
cesses that occur in the cell, and these processes are
frequency dependent. The simplest representation of
the faradaic impedance contains a series resistance R,
and the pseudocapacitance C, (Figure 25-7b), which is
so called because of its frequency dependence.!?

In the past, clever methods were devised to deter-
mine values for R, and Cy. For example, suppose that
we apply a small-amplitude sinusoidal excitation signal
to a cell containing the working electrode represented
by Figure 25-7b. We further assume that the value of
the applied voltage is insufficient to initiate faradaic

1], E. B. Randles, Disc. Faraday Soc., 1947, 1, 11.
17 A J. Bard and L. R. Faulkner, Electrochemical Methods, 2nd ed., p. 376,
New York: Wiley, 2001.
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FIGURE 25-7 Circuit model of an electrochemical cell. Ry
is the cell resistance, C, is the double-layer capacitance,
and Z; is the faradaic impedance, which may be repre-
sented by either of the equivalent circuits shown. R is the
cell resistance, C; is the so-called pseudocapacitance, and
Z,, is the Warburg impedance. {Adapted from A. J. Bard
and L. R. Faulkner, Electrochemical Methods, 2nd ed.,

p. 376, New York: Wiley, 2001. Reprinted by permission

of John Wiley & Sons, Inc.)

processes. At relatively high frequencies, the capaci-
tive reactance X = 1/(27fC4) will be quite small (see
Section 2B-4), and C, acts essentially as a short circuit.
If we then measure the peak current I, in the circuit,
we find Rq = V,/I,. This is actually a widely used
method for determining solution conductance G =
URg = I,/V,. In a similar way, each of the circuit ele-
ments of the model can be isolated and their values de-
termined by artful application of ac circuit measure-
ment techniques.

25C Hydrodynamic Voltammetry 723

Figure 25-7c shows a third model for the working
electrode in which the faradaic impedance is repre-
sented as the series combination of the charge-transfer
resistance R, and the Warburg impedance Z,. The
charge-transfer resistance is given by R, = —n/i,where
nis the overpotential for the faradaic process occurring
at the working electrode (see Section 22E-2), and i is
the current.!® The Warburg impedance is a frequency-
dependent circuit analog of the resistance of the work-
ing electrode to mass transport of analyte molecules
across the electrode-solution interface. When experi-
mental conditions are such that the Warburg imped-
ance can be neglected, the charge-transfer resistance
can be easily measured, for example, at excitation fre-
quencies near zero.

With modern computerized frequency-analysis in-
strumentation and software, it is possible to acquire
impedance data on cells and extract the values for all
components of the circuit models of Figure 25-7. This
type of analysis, which is called electrochemical imped-
ance spectroscopy, reveals the nature of the faradaic
processes and often aids in the investigation of the
mechanisms of electron-transfer reactions.! In the
section that follows, we explore the processes at the
electrode-solution interface that give rise to the fara-
daic impedance.

25¢ HYDRODYNAMIC VOLTAMMETRY

Hydrodynamic voltammetry is performed in several
ways. In one method the solution is stirred vigorously
while it is in contact with a fixed working electrode. A
typical cell for hydrodynamic voltammetry is pictured
in Figure 25-8. In this cell, stirring is accomplished with
an ordinary magnetic stirrer. Another approach is to
rotate the working electrode at a constant high speed
in the solution to provide the stirring action (Fig-
ure 25-21a). Still another way of doing hydrodynamic
voltammetry is to pass an analyte solution through a
tube fitted with a working electrode (Figure 25-17).
The last technique is widely used for detecting oxidiz-
able or reducible analytes as they exit from a liquid
chromatographic column (Section 28C-6) or a flow-
injection manifold.

As described in Section 22E-3, during an electroly-
sis, reactant is carried to the surface of an electrode by

131bid., p. 102
14]bid.. pp. 383-88; M. E. Orazem and B. Tribollet, Electrochemical Im-
pedance Spectroscopy, New York: Wiley. 2006.
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Reference
electrode

Working
electrode

Counter
L~ electrode

Salt bridge

Stirring bar

FIGURE 25-8 A three-electrode cell for hydrodynamic
voltammetry.

three mechanisms: migration under the influence of an
electric field, convection resulting from stirring or vi-
bration, and diffusion due to concentration differences
between the film of liquid at the electrode surface and
the bulk of the solution. In voltammetry, we attempt to
minimize the effect of migration by introducing an
excess of an inactive supporting electrolyte. When the
concentration of supporting electrolyte exceeds that
of the analyte by 50- to 100-fold, the fraction of the to-
tal current carried by the analyte approaches zero. As
a result, the rate of migration of the analyte toward the
electrode of opposite charge becomes essentially inde-
pendent of applied potential.

25C-1 Concentration Profiles
at Electrode Surfaces

Throughout this discussion we will consider that the
electrode reaction shown in Equation 25-2 takes place
at an electrode in a solution of A that also contains an
excess of a supporting electrolyte. We will assume that
the initial concentration of A is ca and that of the
product P is zero. We also assume that the reduction

Simulation: Learn more about diffusion at
electrodes.

reaction is rapid and reversible so that the concentra-
tions of A and P in the film of solution immediately
adjacent to the electrode is given at any instant by the
Nernst equation:

0.0592 . ¢p
Eappl = Eg - n log'_(l),' — E (25'3)
Ca

where Eqgp is the potential between the working elec-
trode and the reference electrode and ¢ and ¢}, are the
molar concentrations of P and A in a thin layer of so-
lution at the electrode surface only. We also assume
that because the electrode is quite small, the electroly-
sis, over short periods, does not alter the bulk concen-
tration of the solution appreciably. As a result, the
concentration of A in the bulk of the solution c, is un-
changed by the electrolysis and the concentration of P
in the bulk of the solution cp continues to be, for all
practical purposes, Zero (cp = 0).

Profiles for Planar Electrodes in Unstirred Solutions

Before describing the behavior of an electrode in this
solution under hydrodynamic conditions, it is instruc-
tive to consider what occurs when a potential is ap-
plied to a planar electrode, such as that shown in Fig-
ure 25-3a, in the absence of convection — that is, in an
unstirred solution. Under these conditions mass trans-
port of the analyte to the electrode surface occurs by
diffusion alone.

Let us assume that a square-wave excitation poten-
tial Eqppi i8 applied to the working electrode for a pe:
riod of time ¢ as shown in Figure 25-9a. Let us further
assume that E,p, is large enough that the ratio c}/cA in
Equation 25-3 is 1000 or greater. Under this condition,
the concentration of A at the electrode surface is, for

- Eappl

Current, pA —~

Potential

Time — Time —

(a) (b) .

FIGURE 25-9 Current response to a stepped potential for
a planar electrode in an unstirred solution. {a) Excitation
potential. (b) Current response.
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FIGURE 25-10 Concentration distance profiles during the diffusion-controlled reduction of A
to give P at a planar electrode. (@) E,pp =0 V. ®) Exppt = point Z in Figure 25-6; elapsed time:

1,5,and 10 ms.

all practical purposes, immediately reduced to zero
(c% —0). The current response to this step-excitation
signal is shown in Figure 25-9b. Initially, the current
rises to a peak value that is required to convert essen-
tially all of A in the surface layer of solution to P. Dif-
fusion from the bulk of the solution then brings more
A into this surface layer where further reduction oc-
curs. The current required to keep the concentration
of A at the level required by Equation 25-3 decreases
rapidly with time, however, because A must travel
greater and greater distances to reach the surface layer
where it can be reduced. Thus, as seen in Figure 25-9b,
the current drops off rapidly after its initial surge.
Figure 25-10 shows concentration profiles for A and
P after 0, 1, 5, and 10 ms of electrolysis in the system
under discussion. In this example, the concentration of
A (solid black lines) and P (solid blue lines) are plot-
ted as a function of distance from the electrode sur-
face. Figure 25-10a shows that the solution is homoge-
neous before application of the stepped potential with
the concentration of A being c, at the electrode sur-
face and in the bulk of the solution as well; the con-
centration of P is zero in both of these regions. One
millisecond after application of the potential (Fig-
ure 25-10b), the profiles have changed dramatically. At
the surface of the electrode, the concentration of A
Simulation: Learn more about concentration
profiles at electrodes.

has been reduced to essentially zero and the concen-
tration of P has increased and become equal to the
original concentration of A; that is, ¢} = ca. Moving
away from the surface, the concentration of A in-
creases linearly with distance and approaches c, at
about 0.01 mm from the surface. A linear decrease in
the concentration of P occurs in this same region. As
shown in the figure, with time, these concentration
gradients extend farther and farther into the solution.
The current i required to produce these gradients is
proportional to the slopes of the straight-line portions
of the solid lines in Figure 25-10b. That is,

d
i= nFADA(—C’i)

ox (25-4)

where i is the current in amperes, n is the number of
moles of electrons per mole of analyte, Fis the faraday,
A is the electrode surface area (cm?), Dy is the diffu-
sion coefficient for A (cm?/s), and c, is the concentra-
tion of A (mol/cm®). As shown in Figure 25-10b, these
slopes (8¢, / 9x) become smaller with time, as does the
current. The product Da(dca/dx) is called the flux,
which is the number of moles of A per unit time per
unit area diffusing to the electrode.

It is not practical to obtain limiting currents with
planar electrodes in unstirred solutions because the
currents continually decrease with time as the slopes
of the concentration profiles become smaller.
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FIGURE 25-11 Visualization of flow patterns in a
flowing stream. Turbulent flow, shown on the right,
becomes laminar flow as the average velocity
decreases to the left. In turbulent flow, the molecules
move in an irregular, zigzag fashion and there are
swirls and eddies in the movement. In iaminar flow,
the streamlines become steady as layers of liquid
slide by each other in a regular manner. (From An
Album of Fluid Motion, assembled by Milton Van
Dyke, no. 152, photograph by Thomas Corke and
Hassan Nagib, Stanford, CA: Parabolic Press, 1982))

Profiles for Electrodes in Stirred Solutions

Let us now consider concentration-distance profiles
when the reduction described in the previous section is
performed at an electrode immersed in a solution that
is stirred vigorously. To understand the effect of stir-
ring, we must develop a picture of liquid flow patterns
in a stirred solution containing a small planar elec-
trode. We can identify two types of flow depending on
the average flow velocity, as shown in Figure 25-11.
Laminar flow occurs at low flow velocities and has
smooth and regular motion as depicted on the left in
the figure. Turbulent flow, on the other hand, happens
at high velocities and has irregular, fluctuating motion
as shown on the right. In a stirred electrochemical cell,
we have a region of turbulent flow in the bulk of solu-
tion far from the electrode and a region of laminar flow

Electrode \

Nernst diffusion layer
of stagnant solution

FIGURE 25-12 Flow patterns and regions
of interest near the working electrode in
hydrodynamic voltammetry.
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close to the electrode. These regions are illustrated
in Figure 25-12. In the laminar-flow region, the layers
of liquid slide by one another in a direction parallel
to the electrode surface. Very near the electrode, at a
distance & centimeters from the surface, frictional
forces give rise to a region where the flow velocity is
essentially zero. The thin layer of solution in this re-
gion is a stagnant layer called the Nernst diffusion
layer. 1t is only within the stagnant Nernst diffusion
Jayer that the concentrations of reactant and product
vary as a function of distance from the electrode sur-
face and that there are concentration gradients. That
is, throughout the laminar-flow and turbulent-flow re-
gions, convection maintains the concentration of A at
its original value and the concentration of P at a very
low level.
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Figure 25-13 shows two sets of concentration pro-
riles for A and P at three potentials shown as X.Y,and
/ in Figure 25-6. In Figure 25-13a. the solution is
livided into two regions. One makes up the bulk of
the solution and consists of both the turbulent- and
laminar-flow regions shown in Figure 25-12. where
mass transport takes place by mechanical convection
brought about by the stirrer. The concentration of A
throughout this region is ¢, whereas ¢p is essentially
sero. The second region is the Nernst diffusion layer.
which is immediately adjacent to the electrode sur-
{ace and has a thickness of 8 centimeters. Typically. 6
ranges from 1072 to 10 ¥ cm. depending on the effi-
ciency of the stirring and the viscosity of the liquid.
Within the static diffusion layer. mass transport takes

25¢0 Hydrodynamic Voltammetry 727

Ca
Concentration profiles at an
electrode-solution interface during the electrolysis
A + e~ — P from a stirred solution of A. See Fig-
ure 25-6 for potentials corresponding to curves X,
Y,and Z.
o

place by diffusion alone, just as was the case with the
unstirred solution. With the stirred solution, however,
diffusion is limited to a narrow layer of liquid, which
even with time cannot extend indefinitely into the
solution. As a result, steady. diffusion-controlled cut-
rents appear shortly after applying a voltage.

As is shown in Figure 25-13. at potential X. the equi-
librium concentration of A at the electrode surface has
been reduced to about 80% of its original value and the
equilibrium concentration P has increased by an equiv-
alent amount: that is, cp = ca — ¢A. At potential ¥’
which is the half-wave potential, the equilibrium con-
centrations of the two species at the surface are ap-
proximately the same and equal to ¢4/2. Finally. at
potential Z and beyond. the surface concentration of A
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approaches zero, and that of P approaches the original
concentration of A, c,. Thus, at potentials more nega-
tive than Z, essentially all A ions entering the surface
layer are instantaneously reduced to P. As is shown in
Figure 25-13b, at potentials greater than Z the concen-
tration of P in the surface layer remains constant at
% = ¢, because of diffusion of P back into the stirred
region.

25C-2 Voltammetric Currents

The current at any point in the electrolysis we have just
discussed is determined by the rate of transport of A
from the outer edge of the diffusion layer to the elec-
trode surface. Because the product of the electrolysis
P diffuses from the surface and is ultimately swept
away by convection, a continuous current is required
to maintain the surface concentrations demanded by
the Nernst equation. Convection, however, maintains a
constant supply of A at the outer edge of the diffusion
layer. Thus, a steady-state current results that is deter-
mined by the applied potential. This current is a quan-
titative measure of how fast A is being brought to the
surface of the electrode, and this rate is given by dc, /dx
where x is the distance in centimeters from the elec-
trode surface. For a planar electrode, the current is
given by Equation 25-4.

Note that dc,/dx is the slope of the initial part of
the concentration profiles shown in Figure 25-13a,
and these slopes can be approximated by (ca — cd)se.
When this approximation is valid, Equation 25-4 re-
duces to
. _ hFAD,

TS
where the constant k, is equal to nFAD ,/8.

Equation 25-5 shows that as ¢ becomes smaller
as a result of a larger negative applied potential the
current increases until the surface concentration ap-
proaches zero, at which point the current becomes con-
stant and independent of the applied potential. Thus,
when ¢4 — 0, the current becomes the limiting current
i, and Equation 25-5 reduces to Equation 25-6.15

. nFAD,
=

(ca — C%) = ka(ca — C?\) (25-5)

[ kACA (25'6)

15Careful analysis of the units of the variables in this equation leads to

mol e” c N cm? ) ( mol analyte )
n(mol analyte)F(mol e')A(cm )DA< s JA o /6 (cm)

(9

By definition, one coulomb per second is one ampere.

This derivation is based on an oversimplified picture
of the diffusion layer in that the interface between the
moving and stationary layers is viewed as a sharply
defined edge where transport by convection ceases and
transport by diffusion begins. Nevertheless, this simpli-
fied model does provide a reasonable approximation of
the relationship between current and the variables that
affect the current.

Current-Voltage Relationships
for Reversible Reactions
To develop an equation for the sigmoid curve shown in
Figure 25-6, we substitute Equation 25-6 into Equa-
tion 25-5 and rearrange, which gives
=i

ka

¢l = (25-7)

The surface concentration of P can also be ex-
pressed in terms of the current by using a relationship
similar to Equation 25-5. That is,

nFADp
)

i= (cp — D) (25-8)
where the minus sign results from the negative slope of
the concentration profile for P. Note that Dp is now the
diffusion coefficient of P. But we have said earlier that
throughout the electrolysis the concentration of P ap-
proaches zero in the bulk of the solution and, there-
fore, when cp = 0,
—nFADpcd

= = kpc} (25-9)

where kp = —nFADy/5. Rearranging gives
(25-10)

Substituting Equations 25-7 and 25-10 into Equa-
tion 25-3 yields, after rearrangement,
00592 kn 0.0592 i

log —l; - log

Cg = i/kp

— 0 _
Eappl - EA

f . T Doref
-t

(25-11)

When i = i;/2, the third term on the right side of this
equation becomes equal to zero, and, by definition,
E,pp is the half-wave potential. That is,

. k
0.0592 log—2 — E. (25-12)
n kp

Eappl = E1I2 = Eg -
Substituting this expression into Equation 25-11 gives
an expression for the voltammogram in Figure 25-6.
That is,
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0.0592 i
Euppl =E;— n IOg: (25-13)
1

Often, the ratio k/kp in Equation 25-11 and in Equa-
tion 25-12 is nearly unity. so that we may write for the
species A

Ep= EA — Ew (25-14)
utrent-Voltage Relationships
« Irreversible Reactions

Many voltammetric electrode processes, particularly
those associated with organic systems, are irreversible,
which leads to drawn-out and less well-defined waves.
To describe these waves quantitatively requires an ad-
Jditional term in Equation 25-12 involving the activa-
tion energy of the reaction to account for the kinetics
of the electrode process. Although half-wave poten-
tials for irreversible reactions ordinarily show some de-
pendence on concentration, diffusion currents remain
linearly related to concentration. Some irreversible
processes can, therefore, be adapted to quantitative
analysis if suitable calibration standards are available.

stammograms for Mixtures of Reactants

he reactants of a mixture generally behave inde-
pendently of one another at a working electrode. Thus,
a voltammogram for a mixture is just the sum of the
waves for the individual components. Figure 25-14
<hows the voltammograms for a pair of two-component
Luixtures. The half-wave potentials of the two reactants
differ by about 0.1 V in curve A and by about 0.2 V in
curve B. Note that a single voltammogram may permit
ihe quantitative determination of two or more species
provided there is sufficient difference between succeed-
ing half-wave potentials to permit evaluation of individ-
ual diffusion currents. Generally. a difference of 0.1 to
(1.2 V is required if the more easily reducible species un-
Jergoes a two-electron reduction; a minimum of about
(13 V is needed if the first reduction is a one-electron
process.

codic and Mixed Anodic-Cathodic
ONEITTIOQrais

Anodic waves as well as cathodic waves are encoun-
tered in voltammetry. An example of an anodic wave is
illustrated in curve A of Figure 25-15, where the elec-
(rode reaction is the oxidation of iron(1D) to iron(I1I)
in the presence of citrate ion. A limiting current is
observed at about +0.1 V (versus a saturated calomel
electrode [SCE]), which is due to the half-reaction
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Current, A

Eupph v

+IGURE 25-14 Voltammograms for two-component
mixtures. Half-wave potentials differ by 0.1 Vincurve A,
and by 0.2V in curve B.

Feltf==Fe™ +¢”

As the potential is made more negative, a decrease in
the anodic current occurs; at about —0.02 V, the cur-
rent becomes zero because the oxidation of iron(1I)
jon has ceased.

Curve C represents the voltammogram for a solu-
tion of iron(IIf) in the same medium. Here, a cathodic
wave results from reduction of iron(111) to iron (II).
The half-wave potential is identical with that for the
anodic wave, indicating that the oxidation and reduc-
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FIGURE 25-15 Voltammetric behavior of iron{}}) and
iron(lll) in a citrate medium. Curve A: anodic wave for a
solution in which cge= = 1 X 10 * M. Curve B anodic-
cathodic wave for a solution in which cge: = ¢res = 0.5 X
10 -“ M. Curve C: cathodic wave for a solution in which
Crar = 1% 1074 M.
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12
H,0, + 2H" + 2¢” <=2H,0

8 —
<
=l
g
=}
O 4 - _

0, +2H™ + 2¢” = H,0,
Oxygen-free solution
0

0 -04 -08 -12 -16 =20

Eyppi» V vs. SCE

FIGURE 25-16 Voltammogram for the reduction of
oxygen in an air-saturated 0.1-M KClI solution. The lower
curve is for a 0.1-M KCI solution in which the oxygen is
removed by bubbling nitrogen through the solution.

tion of the two iron species are perfectly reversible at
the working electrode.

Curve B is the voltammogram of an equimolar mix-
ture of iron(II) and iron(III). The portion of the curve
below the zero-current line corresponds to the oxida-
tion of the iron(II); this reaction ceases at an applied
potential equal to the half-wave potential. The upper
portion of the curve is due to the reduction of iron(III).

25C-3 Oxygen Waves

Dissolved oxygen is easily reduced at many working
electrodes. Thus, as shown in Figure 25-16, an aqueous
solution saturated with air exhibits two distinct oxygen
waves, The first results from the reduction of oxygen to
hydrogen peroxide:

Oz(g) + 2H+ + 2e" = H202

The second wave corresponds to the further reduction
of the hydrogen peroxide:

H,0, + 2H* + 2¢~ == 2H,0

Because both reactions are two-electron reductions,
the two waves are of equal height.

Voltammetric measurements offer a convenient
and widely used method for determining dissolved
oxygen in solutions. However, the presence of oxygen
often interferes with the accurate determination of
other species. Thus, oxygen removal is usually the first
step in amperometric procedures. Oxygen can be re-

moved by passing an inert gas through the analyte so-
lution for several minutes (sparging). A stream of the
same gas, usually nitrogen, is passed over the surface
of the solution during analysis to prevent reabsorption
of oxygen. The lower curve in Figure 25-16 is a voltam-
mogram of an oxygen-free solution.

25C-4 Applications of Hydrodynamic
Voltammetry

The most important uses of hydrodynamic voltamme-
tryinclude (1) detection and determination of chemical
species as they exit from chromatographic columns or
flow-injection apparatus; (2) routine determination of
oxygen and certain species of biochemical interest, such
as glucose, lactose, and sucrose; (3) detection of end
points in coulometric and volumetric titrations; and
(4) fundamental studies of electrochemical processes.

Voltammetric Detectors in Chromatography
and Flow-Injection Analysis

Hydrodynamic voltammetry is widely used for detec-
tion and determination of oxidizable or reducible
compounds or ions that have been separated by liquid
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FIGURE 25-17 (a) A schematic of a voltammetric system
for detecting electroactive species as they elute from a
column. The cell volume is determined by the thickness of
the gasket.
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{continued) (b} Detail of a commercial flow cell assembly. (c) Configurations of

working electrode blocks. Arrows show the direction of flow in the celt.

Bioanalytical Systems, Inc., West Lafayette, IN.)

chromatography or that are produced by flow-injec-
fion methods.’® A thin-layer cell such as the one shown
schematically in Figure 25-17a is used in these applica-
tions. The working electrode in these cells is usually
crbedded in the wall of an insulating block separated

“\oltammetric detectors are a particular type of transducer called finiit-
ia-current transducers. n this discussion and subsequent discussions in-
volving voltammetric transducers. we use the more common term voltan-
snetric derecroi . When a voltammetric transducer is inherently sclective
far a particular species by virtue of control of various experimental vari-
ables or when itis covered with a chemically sclective layer of polymer or
ather membranous material, we refer to it as a voltamumetric sensor. For
2 discussion of transducers. deteetors, Sensors. amd their definitions, see
section 1C-4.

(o] and [¢] courtesy of

from a counter elcctrode by a thin spacer as shown.
The volume of such a cell is typically 0.l to Lul. A
voltage corresponding to the limiting-current region
for analvtes is applied betwecen the working electrode
and a silver—silver chlotide referencc electrode that
is located downstream from the detector. We present
an exploded view of a commercial flow cell in Fig-
ure 25-17b, which shows clearly how the sandwiched
cell is assembled and held in placc by the quick-release
mechanism. A locking collar in the counter electrode
block. which is electrically connected to the poten-
tiostat, retains the reference electrode. Five different
configurations of working electrode are shown in
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Figure 25-17c. These configurations permit optimiza-
tion of detector sensitivity under a variety of experi-
mental conditions. Working electrode blocks and elec-
trode materials are described in Section 25B-1. This
type of application of voltammetry (or amperometry)
has detection limits as low as 107° to 10 ' M. We dis-
cuss voltammetric detection for liquid chromatogra-
phy in more detail in Section 28C-6.

Voltammetric and Amperometric Sensors

In Section 23F-2, we described how the specificity of
potentiometric sensors could be enhanced by applying
molecular recognition layers to the electrode surfaces.
There has been much research in recent years in ap-
plying the same concepts to voltammetric electrodes.'’
A number of voltammetric systems are available com-
mercially for the determination of specific species in
industrial, biomedical, environmental, and research
applications. These devices are sometimes called elec-
trodes or detectors but are, in fact, complete voltam-
metric cells and are better referred to as sensors. In the
sections that follow, we describe two commercially
available sensors and one that is under development in
this rapidly expanding field.

Oxygen Sensors. The determination of dissolved oxy-
gen in a variety of aqueous environments, such as sea-
water, blood, sewage, effluents from chemical plants,
and soils, is of tremendous importance to industry, bio-
medical and environmental research, and clinical med-
icine. One of the most common and convenient meth-
ods for making such measurements is with the Clark
oxygen sensor, which was patented by L. C. Clark Jr. in
1956.'8 A schematic of the Clark oxygen sensor is shown
in Figure 25-18. The cell consists of a cathodic platinum-
disk working electrode embedded in a centrally located
cylindrical insulator. Surrounding the lower end of this
insulator is a ring-shape silver anode. The tubular insu-
lator and electrodes are mounted inside a second cylin-
der that contains a buffered solution of potassium chlo-
ride. A thin (~20 um), replaceable, oxygen-permeable
membrane of Teflon or polyethylene is held in place at
the bottom end of the tube by an O-ring. The thickness
of the electrolyte solution between the cathode and the
membrane is approximately 10 pm.

17For a recent review of clectrochemical sensors. see E. Bakker and Yu
Qin. Anal. Chem.. 2006. 78, 3965.

% For a detailed discussion of the Clark oxygen sensor. see M. L. Hitchman.
Measurement of Dissolved Oxygen. Chaps. 3-5. New York: Wiley, 1978.
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thick 0 O,

FIGURE 25-18 The Clark voltammetric oxygen sensor.
Cathodic reaction: O, + 4H* + 4e == 2H,0. Anodic
reaction: Ag + CI" == AgCl(s) + e".

When the oxygen sensor is immersed in a flowing or
stirred solution of the analyte, oxygen diffuses through
the membrane into the thin layer of electrolyte imme-
diately adjacent to the disk cathode, where it diffuses
to the electrode and is immediately reduced to water.
In contrast with a normal hydrodynamic electrode,
two diffusion processes are involved — one through
the membrane and the other through the solution be-
tween the membrane and the electrode surface. For
a steady-state condition to be reached in a reasonable
period (10 to 20 s), the thickness of the membrane and
the electrolyte film must be 20 pm or less. Under these
conditions, it is the rate of equilibration of the transfer
of oxygen across the membrane that determines the
steady-state current that is reached.

Enzyme-Based Sensors. A number of enzyme-based
voltammetric sensors are available commercially. An
example is a glucose sensor that is widely used in clin-
ical laboratories for the routine determination of glu-
cose in blood serum. This device is similar in construc-
tion to the oxygen sensor shown in Figure 25-18. The
membrane in this case is more complex and consists
of three layers. The outer layer is a polycarbonate film
that is permeable to glucose but impermeable to pro-
teins and other constituents of blood. The middle layer
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is an immobilized enzyme (see Section 23F-2), glucose
oxidase in this example. The inner layer is a cellulose
acetate membrane, which is permeable to small mole-
cules, such as hydrogen peroxide. When this device is
immersed in a glucose-containing solution. glucose dif-
fuses through the outer membrane into the immobi-
lized enzyme, where the following catalytic reaction
occurs:

glucose + O, ~glueoeoxidaw 10, + gluconic acid
The hydrogen peroxide then diftfuses through the inner
layer of membranc and to the electrode surface, where
it is oxidized to give oxygen. That is,

H202 + OH — O:) + H'_\O + 2¢

The resulting current is directly proportional to the
glucose concentration of the analyte solution. A var-
jation on this type of sensor is often found in home
glucose monitors widely used by diabetic patients.
This device is one of the largest-selling chemical in-
struments in the world."

Several other sensors are available that are based
on the voltammetric measurement of hydrogen perox-
ide produced by enzymatic oxidations of other species
of clinical interest. These analytes include sucrose, lac-
{ose, ethanol, and L-lactate. A different enzyme is, of
course, required for each species. In some cases, en-
zvme electrodes can be based on measuring oxygen or
on measuring pH as discussed in Section 23F-2.

Immunosensors. Sensor specificity is often achieved
by using molecular recognition elements that react ex-
clusively with the analyte. Antibodies are proteins that
have exceptional specificity toward analytes and are
‘he recognition elements most commonly used in im-
munosensors.2 Immunosensors are typically fabri-
cated by immobilizing antibodies on the sensor surface
either through adsorption, covalent attachment. poly-
mer entrapment, or other methods.

A variety of assay formats are used with immuno-
sensors. One of the most common methods uses two an-
tibodies. one that is immobilized on the sensor surtace
and is used to capture the target analyte, and one that
is labeled and is used to detect the captured analyte
(a sandwich assay). Traditionally. radionuclides were

Sec Figure 33-19 for a photo of a home glucose monitor and Sec-
{ron 33D-3 for a discussion of discrete clinical analyzers.
“Farareview of the principles and applications of immunosensors. see P.B

[ uppa. L. J. Sokull and D. W. Chan. Clinica Chimica Acta. 20013741
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used as labels in immunoassays, but these have largely
been replaced by more convenient labels such as fluo-
rescent molecules and enzymes. Thus. immunosensors
can use a variety of detection methods, such as optical
and electrochemical techniques. More recently, label-
free immunosensors have been developed based on
piezoelectric (Section 1C-4), surface plasmon reso-
nance (Section 21E-1), and other detection strategies.

Figure 25-19 shows a scheme and an amperometric
biosensor for determining specific proteins using a
sandwich assay.2! In this scheme (Figure 25-19a).an an-
tibody appropriate for the desired analyte is immobi-
lized on the surface of an electrode (A). In thisexample.
the antibody is immobilized by physical adsorption.*>
When the electrode is in contact with a solution con-
taining the analyte, which is represented as blue trian-
gles in the figure, it binds preferentially with the anti-
body (B). The electrode is thenrinsed and brought into
contact with a second antibody that has been tagged, or
labeled, which is indicated by the stars in the figure (C).
[n this example, the antibody is tagged with the enzyme
alkaline phosphatase, which catalyzes the conversion
of hydroquinone diphosphate to hydroquinone. When
a voltage of 320 mV versus Ag-AgCl is applied to the
working electrode, hydroquinone undergoes a two-
electron oxidation to quinone (D). The resulting cur-
rent is directly proportional to the original concentra-
tion of the analytc.

Figure 25-19b is a photo of the biosensor array used
to carry out the immunoassay described in the previ-
ous paragraph. Lhe biosensot consists of an array of
electrodes. with each electrode being an independent
immunosensor. This arrangement permits multiple
proteins to be determined simultaneously. The array
was fabricated on glass using photolithographic techni-
ques that are common in the semiconductor industry.
In this procedure. the glass substrate was patterned
with a polymer (photoresist) that is easily removed by
solvent. The pattern of the polymer was the negative
of the pattern of the electrodes. Iridium (~ 100 nm)
was then deposited over the entire substrate using
sputtering. The polymer was then removed to leave the
iridium working and counter electrodes on the sub-
strate. The reference electrode was prepared using a
similar procedure and depositing silver. The reference

CAL S, Wilson and W, Nie. Anal. Cheni.. 2006, 78. 2507

> For a discussion of the terms and definitions associated with chemically
madified clectrodes. see R AL Dust. AL L Baumner. R, W Murray. RO P
Buck. and C. P. Andiicus. Pure and Applied Cliemisiry. 1997 69. 1317
hup Swww.aupac.org ‘publications pac 1997 pdl 6906513 17.pdl
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FIGURE 25-19 (a) A: electrode containing immobilized
antibody (Y); B: binding of target analyte (V) to electrode-
bound antibody; C: binding of alkaline phosphatase-labeled
antibody to electrode-bound analyte; D: application of 320
mV to the electrode and addition of hydroquinone diphos-
phate (HQDP). Electrochemical oxidation of AP-generated
hydroquinone (HQ) generates a current at the electrode
that is proportional to the amount of analyte bound to the
electrode. (b) Photograph of the biosensor showing the
arrangement of IrOx 1-mm-diameter working electrodes,
4-mm-diameter counter electrode, 7-mm-outside-diameter
Ag-AgCl reference electrode, and electrical contacts on the
substrate (28 X 35 X 1 mm). For clarity, the sample well is
not shown. (Adapted from M. S. Wilson and W. Nie, Anal.
Chem., 2006, 78, 2507, with permission of the American
Chemical Society.) Image reprinted with permission from
Anal. Chem. Copyright 2006 American Chemical Society.

electrode was then completed by electrochemical de-
position of AgCl from a solution containing KCl and
added Ag®. The array was coated with an insulating
polymer film leaving the electrode and contact areas
exposed, and finally, a cylindrical polycarbonate well
(not shown) was attached over the electrodes to con-
tain the analyte solution.

The 0.785-mm? Ir working electrodes were then
electrochemically activated to build up a layer of irid-
ium oxide on each. The porous oxide was grown to in-
crease the surface area available for antibody immobi-
lization on the electrode. Drops of solution containing
the appropriate antibodies were then applied over the
working electrodes, and the array was incubated at 4°C
to complete the immobilization.

Analyses were performed on serum samples con-
taining a mixture of goat IgG, mouse IgG, human IgG,
and chicken IgY antibodies (0-125 ng/mL). In this as-
say, the target analytes were also antibodies (IgG and
IgY), and so the capture and detection antibodies were
antibodies toward antibodies (anti-IgG and anti-IgY).
Analyte solutions were added to the sensor well, fol-
lowed by a mixture of detection antibodies. To perform
the electrochemical measurements, the biosensor was
connected to a multichannel computer-controlled po-
tentiostat via the edge contacts of the array, and cur-
rent measurements were made on all eight working
electrodes.

The precision of the measurements ranged from
1.9% to 8.2% relative standard deviation, and the de-
tection limit was 3 ng/mL for all analytes. The results
compare quite favorably (2.4%—6.5% difference) with
results from commercial single-analyte assays using
spectroscopic enzyme-linked immunosorbent assays
(ELISAs). In this application, four analytes were de-
termined in duplicate, but any combination of up to
eight analytes may be determined simultaneously. It is
anticipated that when the array biosensor is coupled
with a microfluidics system (Section 33C) for solution
handling, the combined device will become a powerful
tool for the routine determination of this important
class of biochemical analytes.

Amperometric Titrations

Hydrodynamic voltammetry can be used to estimate
the equivalence point of titrations if at least one of the
participants or products of the reaction involved is
oxidized or reduced at a working electrode. Here, the
current at some fixed potential in the limiting-current
region is measured as a function of the reagent volume
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: . Typical amperometric titration curves:
(a) analyte is reduced, reagent is not; (b) reagent is

reduced, analyte is not; (c) both reagent and analyte
are reduced.

or of time if the reagent is generated by a constant-
current coulometric process. Plots of the data on either
side of the equivalence point are straight lines with dif-
ferent slopes; the end point is established by extrapo-
jation to the intersection of the lines.**

Amperometric titration curves tvpically take one of
the forms shown in Figure 25-20. Figure 25-20a repre-
<ents a titration in which the analyte reacts at the elec-
:rode but the reagent does not. Figure 25-20b is typical
of a titration in which the reagent reacts at the work-
ing electrode and the analyte does not. Figure 25-20c¢
~orresponds to a titration in which both the analyte
and the titrant react at the working clectrode.

There are two types of amperometric electrode sys-
tems. One uses a single polarizable electrode coupled
t0 a reference electrode; the other uses a pair of iden-
rical solid-state electrodes immersed in a stirred solu-
tion. For the first, the working electrode is often a ro-
tating platinum electrode constructed by sealing a
platinum wire into the side of a glass tube that is con-
nected to a stirring motor.

Amperometric titrations with one indicator elec-
irode have. with one notable exception, been contined

¢ R. Crouch and F. J. Holler. Applications of Microsofi” Fycel in Ana
ead Chemsiry. Belmont. CA: BrooksCole, 2004 pp. 214 IR,
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to titrations in which a precipitate or a stable complex
is the product. Precipitating reagents include silver
nitrate for halide ions. lead nitrate for sulfate ion, and
several organic reagents, such as 8-hydroxyquinoline,
dimethylglyoxime, and cupferron, for various metallic
ions that are reducible at working electrodes. Several
metal ions have also been determined by titration with
standard solutions of ethylenediaminetetraacetic acid
(EDTA). The exception just noted involves titrations
of organic compounds, such as certain phenols, aro-
matic amines. and olefins; hydrazine; and arsenic(1IT)
and antimony(11f) with bromine. The bromine is often
generated coulometrically. 1t has also been formed by
adding a standard solution of potassium bromate to an
acidic solution of the analyte that also contains an ¢x-
cess of potassium bromide. Bromine is formed in the
acidic medium by the reaction

BrO,” + SBr~ + 6H" — 3Br, + 3H,0

This type of titration has been carried out with a ro-
tating platinum electrode or twin platinum electrodes.
There is no current prior to the equivalence point: after
the equivalence point. there is a rapid increase in cur-
rent because of the electrochemical reduction of the ex-
cess bromine.

There are two advantages in using a pair of iden-
tical metallic electrodes to establish the equivalence
point in amperometric titrations: simplicity of equip-
ment and not having to purchase or prepare and main-
tain a reference electrode. This type of system has
been incorporated in instrutients designed for routine
automatic determination of a single species, usually
with a coulometrically generated reagent. An instru-
ment of this type is often used for the automatic dcter-
mination of chloride in samples of serum, sweat, tissue
extracts, pesticides. and food products. The reagent in
this system is silver ion coulometrically generated from
a silver anode. About 0.1 V is applied between a pair
of twin silver electrodes that serve as the indicator sys-
tem. Short of the equivalence point in the titration of
chloride ion. there is essentially no current because no
electroactive species is present in the solution. Be-
cause of this. there is no electron transfer at the cath-
ode. and the electrode is completely polarized. Note
that the anode is not polarized because the reaction

Ag=—=Ag" +¢

occurs in the presence of a suitable cathodic reactant
or depolarizer.
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Past the equivalence point, the cathode becomes
depolarized because silver ions are present; these ions
react to give silver. That is,

Agt +e” —=Ag

This half-reaction and the corresponding oxidation of
silver at the anode produce a current whose magnitude
is, as in other amperometric methods, directly pro-
portional to the concentration of the excess reagent.
Thus, the titration curve is similar to that shown in Fig-
ure 25-20b. In the automatic titrator just mentioned,
an electronic circuit senses the amperometric detec-
tion current signal and shuts off the coulometric gener-
ator current. The chloride concentration is then com-
puted from the magnitude of the titration current and
the generation time. The instrument has arange of 1to
999.9 mM ClI~ per liter, a precision of 0.1%, and an ac-
curacy of 0.5%. Typical titration times are about 20 s.
The most common end-point detection method
for the Karl Fischer titration for determining water
(see Section 24D-1) is the amperometric method with
dual polarized electrodes. Several manufacturers of-
fer fully automated instruments for use in performing
these titrations. A closely related end-point detection
method for Karl Fischer titrations measures the po-
tential difference between two identical electrodes
through which a small constant current is passed.

Rotating Electrodes

To carry out theoretical studies of oxidation-reduction
reactions, it is often of interest to know how ka in
Equation 25-6 is affected by the hydrodynamics of the
system. A common method for obtaining a rigorous
description of the hydrodynamic flow of stirred solu-
tion is based on measurements made with a rotating
disk electrode (RDE), such as the one illustrated in
Figure 25-21a and b. When the disk electrode is ro-
tated rapidly, the flow pattern shown by the arrows in
the figure is set up. At the surface of the disk, the lig-
uid moves out horizontally from the center of the de-
vice, which produces an upward axial flow to replenish
the displaced liquid. A rigorous treatment of the hy-
drodynamics is possible in this case® and leads to the
Levich equation®

i, = 0.620nFADw"?v™"c, (25-15)

2 A J. Bard and L. R. Faulkner, Electrochemical Methods, 2nd ed., New
York: Wiley, 2001, pp. 335-39.
25y, G. Levich, Acta Physicochimica URSS, 1942, 17,257,
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FIGURE 25-21 (a) Side view of an RDE showing solution
flow pattern. (b) Bottom view of a disk electrode. (c) Photo
of a commercial RDE. (Courtesy of Bioanalytical Systems,
Inc., West Lafayette, IN.) (d) Bottom view of a ring-disk
electrode.

The terms n, F, A, and D in this equation have the same
meaning as in Equation 25-5, w is the angular velocity
of the disk in radians per second, and v is the kinematic
viscosify in centimeters squared per second, which is
the ratio of the viscosity of the solution to its density.
Voltammograms for reversible systems generally have
the ideal shape shown in Figure 25-6. Numerous studies
of the kinetics and the mechanisms of electrochemical
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FIGURE 25-22 Disk (a) and ring (b) current for reduction of oxygen at the rotating-ring-disk
electrode. (From Laboratory Techniques in Electroanalytical Chemistry, 2nd ed., P. T. Kissinger
and W. R. Heineman, eds., p. 117, New York: Dekker, 1996. With permission.)

reactions have been performed with RDEs. A common
experiment with an RDE is to study the dependence of
ijon »'2 A plot of i, versus w"* isknown as a Levich plot,
and deviations from the linear relationship often indi-
cate kinetic limitations on the electron-transfer pro-
cess. For example, if i; becomes independent of w at
large values of w'?, the current is not limited by mass
transport of the electroactive species to the electrode
surface, but instead, the rate of the reaction is the limit-
ing factor. RDEs, such as the versatile commercial
model shown in Figure 25-21c, have attracted renewed
interest in recent years for both fundamental and quan-
titative analytical studies as enthusiasm for the drop-
ping mercury electrode (polarography) has faded.
RDE detection with a mercury film electrode is some-
times referred to as pseudopolarography.

The rotating-ring-disk electrode is a modified RDE
that is useful for studying electrode reactions; it has
little use in analysis. Figure 25-21d shows that a ring-
disk electrode contains a second ring-shape electrode
that is electrically isolated from the center disk. After
an electroactive species is generated at the disk, it is
then swept past the ring where it undergoes a second
electrochemical reaction. Figure 25-22 shows voltam-
mograms from a typical ring-disk experiment. The
curve on the left is the voltammogram for the reduc-
tion of oxygen to hydrogen peroxide at the disk elec-
trode. The curve on the right is the anodic voltammo-
gram for the oxidation of the hydrogen peroxide as it
flows past the ring electrode. Note that when the po-
tential of the disk electrode becomes sufficiently nega-
tive so that the reduction product is hydroxide rather
than hydrogen peroxide, the current in the ring elec-
trode decreases to zero. Studies of this type provide
much useful information about mechanisms and inter-
mediates in electrochemical reactions.

25D CYCLIC VOLTAMMETRY

In cyclic voltammetry (CV),26 the current response of
a small stationary electrode in an unstirred solution is
excited by a triangular voltage waveform, such as that
shown in Figure 25-23. In this example, the potential is
first varied linearly from +0.8 V to —0.15 V versus an
SCE. When the extreme of —0.15 V is reached, the scan
direction is reversed, and the potential is returned to
its original value of +0.8 V. The scan rate in either di-
rection is 50 mV/s. This excitation cycle is often re-
peated several times. The voltage extrema at which

%For brief reviews, see P. T. Kissinger and W. R. Heineman, J. Chem.
Educ., 1983, 60, 702; D. H. Evans, K. M. O'Connell, T. A. Petersen, and
M. J. Kelly, J. Chem. Educ., 1983, 60, 290.

+
(=]
N

Potential, V vs. SCE
+
o
s

L I

0 20 40
Time, s

FIGURE 25-23 Cyclic voltammetric excitation signal.
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reversal takes place (in this case, —0.15and +0.8 V) are
called switching potentials. The range of switching po-
tentials chosen for a given experiment is one in which a
diffusion-controlled oxidation or reduction of one or
more analytes occurs. The direction of the initial scan
may be either negative, as shown, or positive, depending
on the composition of the sample (a scan in the direc-
tion of more negative potentials is termed a forward
scan,and one in the opposite direction is called a reverse
scan). Generally, cycle times range from 1 ms or less to
100 s or more. In this example, the cycle time is 40 s.

Figure 25-24b shows the current response when a
solution that is 6 mM in K;Fe(CN)s and 1 M in KNO,
is subjected to the cyclic excitation signal shown in Fig-
ures 25-23 and 25-24a. The working electrode was a
carefully polished stationary platinum electrode and
the reference electrode was an SCE. At the initial
potential of +0.8 V, a tiny anodic current is observed,
which immediately decreases to zero as the scan is con-
tinued. This initial negative current arises from the
oxidation of water to give oxygen (at more positive po-
tentials, this current rapidly increases and becomes
quite large at about +0.9 V). No current is observed
between a potential of +0.7 and +0.4 V because no re-
ducible or oxidizable species is present in this potential
range. When the potential becomes less positive than
approximately +0.4 V, a cathodic current begins to de-
velop (point B) because of the reduction of the hexa-
cyanoferrate(II1) ion to hexacyanoferrate(Il) ion. The
reaction at the cathode is then

Fe(CN)s + e ==Fe(CN)s*"

A rapid increase in the current occurs in the region of
B to D as the surface concentration of Fe(CN)s*™ be-
comes smaller and smaller. The current at the peak is
made up of two components. One is the initial current
surge required to adjust the surface concentration of
the reactant to its equilibrium concentration as given
by the Nernst equation. The second is the normal
diffusion-controlled current. The first current then de-
cays rapidly (points D to F) as the diffusion layer is ex-
tended farther and farther away from the electrode sur-
face (see also Figure 25-10b). At point F(—0.15 V), the
scan direction is switched. The current, however, con-
tinues to be cathodic even though the scan is toward
more positive potentials because the potentials are still
negative enough to cause reduction of Fe(CN)s*". As
the potential sweeps in the positive direction, eventu-
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Simulation: Learn more about cyelic voltammetry.
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FIGURE 25-24 (a) Potential versus time waveform and
{b) cyclic voltammogram for a solution that is 6.0 mM in
KsFe(CN) and 1.0 M in KNQ,. (From P. T. Kissinger and
W. H. Heineman, J. Chem. Educ., 1983, 60, 702. Copy-
right 1983; Division of Chemical Education, Inc.)

ally reduction of Fe(CN),*" no longer occurs and the
current goes to zero and then becomes anodic. The an-
odic current results from the reoxidation of Fe(CN)s*"
that has accumulated near the surface during the for-
ward scan. This anodic current peaks and then de-
creases as the accumulated Fe(CN),* " is used up by the
anodic reaction.
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Important variables in a cyclic voltammogram are
the cathodic peak potential E,, the anodic peak poten-
tial E,, the cathodic peak current i,.. and the anodic
peak current iy, The definitions and measurements of
these parameters are illustrated in Figure 25-24. For a
reversible electrode reaction, anodic and cathodic peak
currents are approximately equal in absolute value but
opposite in sign. For a reversible electrode reaction at
25°C, the difference in peak potentials, AE . is expected
to be

AE, = |Ey = Epl =00592/n  (25-16)

where # is the number of electrons involved in the
half-reaction. [rreversibility because of slow electron-
iransfer kinetics results in AE; exceeding the expected
value. Although an electron-transfer reaction may
appear reversible at a slow sweep rate, increasing the
sweep rate may lead to increasing values of AE, a sure
sign of irreversibility. Hence, to detect slow electron-
transfer kinetics and to obtain rate constants, AE is
measured for different sweep rates.

Quantitative information is obtained from the
Randles-Sevcik equation. which at 25°C is

i, = 2.686 X 10" AcD" v (25-17)

where i, is the peak current (A), A is the electrode area
{cm?), D is the diffusion coefficient (cmzfs). cis the con-
centration (mol/em?), and v is the scan rate (Vis). CV
offers a wav of determining diffusion coefficients if the

nncentration. electrode area. and scan rate are known.

-4 Fundimendal SGasdies

he primary use of CV is as a tool for fundamental and
diagnostic studies that provides qualitative informa-
tion about electrochemical processes under various
conditions. As an example, consider the cyclic voltam-
mogram for the agricultural insecticide parathion that
is shown in Figure 25-25.27 Here. the switching poten-
tials were about — 1.2 V and +0.3 V. The initial forward
<can was. however. started at 0.0 V and not +0.3 V.
Ihree peaks are observed. The first cathodic peak (A)
results from a four-electron reduction of the parathion
ra give a hydroxylamine derivative

R—CH,NO. + ¢ +4H — R—CH,NHOH + H,O
(25-18)

[his discussion and the voltammogram are from W R, Heinenan and
[ Kissinger. Amer. Lab 1982 (1) 24
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#1446 20 Cyclic voltammogram of the insecticide

parathion in 0.5 M pH 5 sodium acetate buffer in 50% eth-
anol. Hanging mercury drop electrode. Scan rate: 200 m
V/s. (From W. R. Heineman and P. T. Kissinger, Amer. Lab.,
1982, no. 11, 34. Copyright 1982 by International
Scientific Communications, Inc.)

The anodic peak at B arises from the oxidation of the
hydroxylamine to a nitroso derivative during the re-
verse scan. The electrode reaction is

R—C,H,NHOH — R—C,H,NO + 2H + 2¢
(25-19)

The cathodic peak at C results from the reduction of
the nitroso compound to the hydroxylamine as shown
by the equation

R—CHNO + 2 +2H — R—C,H.NHOH
(25-20)

Cyclic voltammograms for authentic samples of the
two intermediates confirmed the identities of the com-
pounds responsible for peaks B and .

CV is widely used in organic and inorganic chem-
istry. [t is often the first technique selected for investi-
gation of a system with electroactive species. For ex-
ample, CV was used to investigate the behavior of the
modified electrodes described in Section 25B-2 and
shown in Figure 25-5. The resulting cyclic voltammo-
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FIGURE 25-26 Cyclic voltammograms of the modified
electrodes shown in Figure 25-5. (a) Cyclic voltammogram
of a Pt electrode with ferrocene attached. (With permis-
sion from J. R. Lenhard and R. W. Murray, J. Am. Chem.
Soc., 1978, 100, 7870.) In (b), cyclic voltammogram of a
graphite electrode with attached py-Ru(NH,)s. (With per-
mission from C. A. Koval and F. C. Anson, Anal. Chem.,
1978, 50, 223.)

grams shown in Figure 25-26 show the characteristic
symmetrical peaks of a reversible surface redox couple.
Cyclic voltammograms can reveal the presence of in-
termediates in oxidation-reduction reactions (for ex-
ample, see Figure 25-25). Platinum electrodes are often
used in CV. For negative potentials, mercury film elec-
trodes can be used. Other popular working electrode
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Amine-terminated @
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materials include glassy carbon, carbon paste, graphite,
gold, diamond, and recently, carbon nanotubes. Chem-
ically modified electrodes, which are discussed in sev-
eral sections of this chapter, have also been used in CV,

25D-2 Determination of Analytes Using CV

Equation 25-17 shows that peak currents in CV are di-
rectly proportional to analyte concentration. Although
it is not common to use CV peak currents in routine an-
alytical work, occasionally such applications do appear
in the literature, and they are appearing with increasing
frequency. As we have mentioned, many modified elec-
trodes are being developed as biosensors. An example
is an enzyme-amplified, sandwich-type immunosensor
for detecting the interaction between an antigen and an
antibody using redox mediation to facilitate electron
transfer.?® In this scheme, a self-assembled monolayer
is first attached to the surface of a gold electrode to
provide a uniform surface with the proper functional-
ity, for attaching subsequent biosensor layers. In the
next layer, a ferrocenyl-tethered dendrimer is synthe-
sized as shown in the reaction sequence at the bottom
of the page to provide a redox mediator for efficient
electron transfer (ferrocene). A dendrimer is a spheri-
cal polymer molecule that is synthesized in a stepwise
fashion to build up onion-like layers of organic func-
tionality. Each successive layer has a larger number of
functional sites for binding target molecules.
Approximately 30% of the sixty-four amine groups
on the surface of the dendrimer are combined in an
imine-formation reaction with the ferrocene carbox-
aldehyde. Part of the remaining sites are available for
binding to the molecular recognition element, which in

%8, J. Kwon, E. Kim, H. Yang, and J. Kwak, Analyst, 2006, 131, 402.
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FIGURE 25-27 Schematic illustration of an enzyme-
amplified immunosensor using redox mediation of Fc-D.
The analyte igG is shown in blue. (From S. J. Kwon, E.
Kim, H. Yang, and J. Kwak, Analyst, 2006, 131, 402, with
permission.)

this example is biotin, on one side of the dendrimer,
and part bind to the SAM on the other side.

Figure 25-27 shows how the sandwich arrangement
is assembled on the surface of the gold electrode. The
SAM layer consists of a 4:1 molar ratio of mercapto-
undecanol and mercaptododecanoic acid, so it has on
its surface one carboxyl group for every four hydroxyl
groups. The ferrocenyl-tethered dendrimer (Fe-D) is
then added to the SAM so that a few of the remaining
amine groups on the surface of the dendrimer react
with carboxyl groups on the SAM to attach the den-
drimer to the surface. The final step in the preparation
of the working electrode surface is the addition of bi-
otin that is chemically modified with the N-hydroxy-
succinimide group, with the modified biotin combin-
ing with amine groups remaining on the surface of the
dendrimer.

In the sandwich immunoassay, the analyte antibody
(anti-biotin IgG in the example shown in Figure 25-27)
is brought into contact with the working electrode
where it binds specifically with the biotin on the surface
of the dendrimer. Alkaline phosphatase—conjugated
[gG is then added, and it binds specifically with the
analyte. The working electrode is then immersed in
a buffer containing | mM p-aminophenylphosphate
(p-APP) as shown in the figure. This species is con-
verted by alkaline phosphatase to p-aminophenol

(p-AP). which then diffuses to the surface of the den-
drimer. Ferrocene (Fc) on the surface of the dendrimer

250 Cyclie Yolhammetry 741

is oxidized to Fc* when an anodic potential is applied
to the working electrode, and Fc* then oxidizes p-
aminophenol to the quinoid structure Q1 shown in the
figure. The magnitude of the resulting current is a mea-
sure of the surface concentration of the analyte IgG.

Cyclic voltammograms of working electrodes in the
presence of antibodies other than anti-biotin 1gG pro-
duced no anodic peaks. For analyte solutions contain-
ing anti-biotin [gG, CV peak currents were propor-
tional to the concentration of the analyte, and working
dose—response curves of CV peak current versus con-
centration provided an effective means for completing
the immunoassay. The detection limit is 0.1 ug/mL,
and the range of the technique is 0.1 to 100 pg/mL of
anti-biotin IgG.

25D-3 Digital Simulation
of Cyclic Voltammograms

Digital simulation of chemical phenomena is a potent
tool in fundamental investigations. Over the past four
decades, many user-written software applications have
appeared in the literature for the simulation of a broad
range of electrochemical processes.? In recent years,
investigators and students have benefited from the
commercial availability of specialized software pack-
ages such as DigiSim®.* This PC-based software uses
the fast implicit finite difference method?! to simulate
cyclic voltammograms for any electrochemical mecha-
nism that can be expressed in terms of single or mul-
tiple electron-transfer reactions and to simulate first-
and second-order homogeneous chemical reactions. In
addition, DigiSim can generate dynamic concentration
profiles and display them using a feature called CV —
The Movie™. The software can fit simulated data to
experimental data that may be imported in a variety of
text formats for comparison using least-squares proce-
dures. It can also simulate a range of electrode geome-
tries, finite diffusion, and hydrodynamic mass trans-
port in addition to semi-infinite diffusion.

Figure 25-28 shows an experimental cyclic volt-
ammogram of the Fe(CN);*~-Fe(CN),'™ couple at 2
boron-doped diamond thin-film electrode compared to
a cyclic voltammogram simulated by DigiSim. Note the

B, Speiser. in Electroanalytical Chemistry. A. J. Bard and L. Rubinstein.
eds.. Vol. 19. New York: Dekker. 1996. pp. 1-108.

. Cable and E. T. Smith. Anal. Chint. Acta.2005.337. 299: A. E. Fischer.
Y. Show, and G. M. Swain. Anal. Chem.. 2004, 76. 2553: E. T. Smith. C. A.
Davis. and M. J. Barber. Anal. Biochem.. 2003. 323. 114: for a comprehen-
sive bibliography of principles and applications of DigiSim. see htip://www
.epsilon-web.net Ec/digisim/bibdig.html.

3 M. Rudolph. D. P. Reddy.and S. W. Feldberg. Anal. Chenn.. 1994.66.589A.
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FIGURE 25-28 Experimental and simulated
cyclic voltammograms of 0.1 mM Fe(CN)s® -
Fe(CN)g*~ in 1 M KCl at a commercial dia-

«—— Simulation
Experimental

mond electrode. (From A. E. Fischer, Y. Show,
and G. M. Swain, Anal. Chem., 2004, 76,
2553 with permission of the American
Chemical Society.)

Current, pA

300

good agreement in the general shape of the two cyclic
voltammograms and the excellent correspondence of
E,and E,,. The peak separation AE, = E,. — E, can
be used to extract the standard heterogeneous rate
constant for the electron-transfer process. The two
plots are offset because the experimental data contain
both faradaic and nonfaradaic (background) contribu-
tions to the current, and the simulation represents only
the faradaic current.

256 PULSE VOLTAMMETRY

Many of the limitations of traditional linear-scan
voltammetry were overcome by the development of
pulse methods. We will discuss the two most important
pulse techniques, differential-pulse voltammetry and
square-wave voltammetry. The idea behind all pulse-
voltammetric methods is to measure the current at a
time when the difference between the desired faradaic
curve and the interfering charging current is large.
These methods are used with many different types of
solid electrodes, the HMDE, and rotating electrodes
(Section 25C-4).

25E-1 Differential-Pulse Voitammetry

Figure 25-29 shows the two most common excitation
signals used in commercial instruments for differential-
pulse voltammetry. The first (Figure 25-29a), which is

-200 —100 0 100 200 300
Potential vs. Ag/AgCl, mV

400 500 600 700

usually used in analog instruments, is obtained by
superimposing a periodic pulse on a linear scan. The
second waveform (Figure 25-29b), which is typically
used in digital instruments, is the sum of a pulse and a
staircase signal. In either case, a small pulse, typically
50-mV, is applied during the last 50 ms of the period of
the excitation signal.

As shown in Figure 25-29, two current measure-
ments are made alternately — one (at SI), which is
16.7 ms prior to the dc pulse and one for 16.7 ms (atS2)
at the end of the pulse. The difference in current per
pulse (Ai) is recorded as a function of the linearly in-
creasing excitation voltage. A differential curve results,
consisting of a peak (see Figure 25-30) whose height is
directly proportional to concentration. Fora reversible
reaction, the peak potential is approximately equal to
the standard potential for the half-reaction.

One advantage of the derivative-type voltammo-
gram is that individual peak maxima can be observed
for substances with half-wave potentials differing by as
little as 0.04 to 0.05 V;in contrast, classical and normal-
pulse voltammetry require a potential difference of
about 0.2 V for resolving waves. More important,
however, differential-pulse voltammetry increases the
sensitivity of voltammetry. Typicatly, differential-pulse
voltammetry provides well-defined peaks at a concen-
tration level that is 2 X 107* that for the classical
voltammetric wave. Note also that the current scale for
Ai is in nanoamperes. Generally, detection limits with

i . et S
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FIGURE 25-29 Excitation signals for differential-pulse voltammetry.

differential-pulse voltammetry are two to three orders
of magnitude lower than those for classical voltamme-
try and lie in the range of 10 7to 10 ¥ M.

The greater sensitivity of differential-pulse voltam-
metry can be attributed to two sources. The first is an
enhancement of the faradaic current, and the second is
a decrease in the nonfaradaic charging current. To ac-
count for the enhancement, let us consider the events
that must occur in the surface layer around an electrode
as the potential is suddenly increased by 50 mV. If an
electroactive species is present in this layer, there will be
a surge of current that lowers the reactant concentra-
tion to that demanded by the new potential (see Fig-
ure 25-9b). As the equilibrium concentration for that
potential is approached, however, the current decays to
a level just sufficient to counteract diffusion; that is, to
the diffusion-controlled current. In classical voltamme-
try. the initial surge of current is not observed because
the time scale of the measurement is long relative to the
lifetime of the momentary current. On the other hand,
in pulse voltammetry, the current measurement is made

Epcak
1

T
|

Al

— E—>

FIGURE 25-30 Voltammogram for a differential-pulse
voltammetry experiment. Here, Ai = is; — sy (see Fig-
ure 25-29). The peak potential, E,.., is closely related
to the voltammetric half-wave potential.

before the surge has completely decayed. Thus, the cur-
rent measured contains both a diffusion-controlled
component and a component that has to do with reduc-
ing the surface layer to the concentration demanded by
the Nernst expression; the total current is typically sev-
eral times larger than the diffusion current. Note that,
under hydrodynamic conditions, the solution becomes
homogeneous with respect to the analyte by the time
the next pulse sequence occurs. Thus, at any given ap-
plied voltage, an identical current surge accompanies
each voltage pulse.

When the potential pulse is first applied to the elec-
trode, a surge in the nonfaradaic current also occurs as
the charge increases. This current, however, decays ex-
ponentially with time and approaches zero with time.
Thus, by measuring currents at this time only, the non-
faradaic residual current is greatly reduced, and the
signal-to-noise ratio is larger. Enhanced sensitivity
resuits.

Reliable instruments for differential-pulse voltam-
metry are now available commercially at reasonable
cost. The method has thus become one of the most
widely used analytical voltammetric procedures and is
especially useful for determining trace concentrations
of heavy metal jons.

25E-2 Square-Wave Voltammetry

Square-wave voltammetry is a type of pulse voltam-
metry that offers the advantage of great speed and
high sensitivity.*> An entire voltammogram is obtained

2 For further information on square-wave voltammetry. see A. J. Bard and
L. R. Faulkner. Electrochemical Methods, 2nd ed.. New York: Wiley. 2001,
Chap. 7. pp. 293~99:J. G. Osteryoung and R. A. Osteryoung. Anal. Chem..
1985. 57, 101A.
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FIGURE 25-31 Generation of a square-wave voltammetry
excitation signal. The staircase signal in (a) is added to the
pulse train in (b) to give the square-wave excitation signal

in (c). The current response Ai is equal to the current at
potential 1 minus that at potential 2.

in less than 10 ms. Square-wave voltammetry has been
used with HMDEs and with other electrodes (see Fig-
ure 25-3) and sensors.

Figure 25-31c shows the excitation signal in square-
wave voltammetry, which is obtained by superimpos-
ing the pulse train shown in 25-31b onto the staircase
signal in 25-31a. The length of each step of the stair-
case and the period 7 of the pulses are identical and
usually about 5 ms. The potential step of the staircase
AE, is typically 10 mV. The magnitude of the pulse
2E,, is often 50 mV. Operating under these conditions,
which correspond to a pulse frequency of 200 Hz, a

1-V scan requires 0.5 s. For a reversible reduction
reaction, the size of a pulse is great enough so that
oxidation of the product formed on the forward pulse
occurs during the reverse pulse. Thus, as shown in Fig-
ure 25-32, the forward pulse produces a cathodic cur-
rent i;, and the reverse pulse gives an anodic current i,
Usually, the difference in these currents Ai is plotted to
give voltammograms. This difference is directly pro-
portional to concentration; the potential of the peak
corresponds to the voltammetric half-wave potential.
Because of the speed of the measurement, it is possible
and practical to increase the precision of analyses by
signal-averaging data from several voltammetric scans.
Detection limits for square-wave voltammetry are re-
ported to be 1077 to 10 M.

Commercial instruments for square-wave voltam-
metry are available from several manufacturers, and as
a consequence this technique is being used routinely
for determining inorganic and organic species. Square-
wave voltammetry is also being used in detectors for
liquid chromatography.

15

—
o

(=]

Dimensionless function of current
W

-5 : !
200 100 0 -100 -200 -300 -400 -500
n(E —Eyp), mV

FIGURE 25-32 Current response for a reversible reaction
to excitation signal in Figure 25-31c. This theoretical re-
sponse plots a dimensionless function of current versus

a function of potential, n(E — E,j;) in millivolts. Here, iy =
forward current; i, = reverse current; i; — i, = current
difference. (From J. J. O'Dea, J. Osteryoung, and R. A
Osteryoung, Anal. Chem., 1981, 53, 695. With permission.
Copyright 1981 American Chemical Society.)
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>5F  HIGH-FREQUENCY AND HIGH-
SPEED VOLTAMMETRY

As the science, technology, and art of voltammetric
instrumentation and data reduction methods have de-
veloped, so too have the time and spatial regimes of
voltammetry decreased in scale. Traditionally, voltam-
metric measurements were made at dc and relatively
low frequency. As a result, only relatively slow electron-
transfer processes could be explored using these
methods.

25F-1 Fourier Transform Voltammetry

Just as Fourier transform (FT) methods revolutionized
nuclear magnetic resonance and IR spectroscopies, FT
methods may have a similar impact on voltammetry.
Bond et al.®® have shown how off-the-shelf PC-based
stereo gear coupled with common data-reduction soft-
ware (MATLAB and LabVIEW) can be used to per-
form FT voltammetry at sampling frequencies up to
40 kHz. Excitation waveforms of any shape can be
synthesized and applied to potentiostatic circuitry, and
the resulting response can be analyzed very rapidly to
obtain voltammograms corresponding to each of the
frequency components of the excitation waveform.
The data output from FT voltammetry provides power
spectra for each frequency component of the input
wave in a new and visually intriguing format. Patternsin
the data can be recognized for various types of electron-
transfer mechanisms in the chemical systems under
study. These workers give several examples, includ-
ing FT voltammetric measurements on ferrocene and
hexacyanoferrate(III), to illustrate the ways that pat-
terns in the output may be analyzed visually. As more
and varied systems are explored, databases of mecha-
nisms are cataloged, and software algorithms are
applied to recognition of mechanistic patterns, FT
voltammetry may become a mainstay in the electro-
chemical toolkit.

25F-2 Fast-Scan Cyclic Voltammetry

Fast-scan cyclic voltammetry (FSCV) is being extended
into biomedical fields, particularly in the areas of neu-
rophysiology and interdisciplinary psychoanalytical

“A. M. Bond. M. W. Duffy. $. X. Guo, J. Zhang, and D. Elton. Anal.
Chem.. 2005, 77. 186A.
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FIGURE 25-33 Dopamine release during cocaine self-
administration. Rats were trained to press a lever
(arrowhead) to receive a small intravenous injection of
cocaine. The lower trace shows changes in dopamine.
Peak 1 indicates an increase in dopamine before the rat
pressed the lever. The two peaks (2) indicate transients
that occurred after the lever press. Underneath the trace,
the dark blue bar marks the time the audiovisual cues
associated with the lever press were on. The light blue
bar indicates when the pump was activated to deliver
cocaine. The cyclic voltammogram (black) of behaviorally
evoked dopamine matches the electrically evoked voltam-
mogram (blue). (Adapted with permission from P. E. M.
Phillips, Nature, 2003, 422, 614.)

electrochemistry. Venton and Wightman have de-
scribed how FSCV with carbon fiber electrodes can be
used to carry out in vivo measurements of dopamine
release in rat brains during behavioral stimulation.™ In
the experiment illustrated by the data in Figure 25-33,
a carbon fiber microelectrode (see Section 25[) im-
planted in the brain of a rat was used as the working
electrode as 450-V/s CV scans over +1.4 to —0.6 V
were performed at 100-ms intervals. The rat had been
previously taught to autoadminister doses of cocaine
by pressing a lever.

The two cyclic voltammograms in the upper left of
the figure show that dopamine was released both by
behavioral stimulation (black trace) and cocaine ad-
ministration (blue trace). The blue trace in the center
shows the concentration of dopamine as a function of
time calculated from the peak currents of the voltam-
mograms. The trace was extracted from 200 discrete
cyclic voltammograms acquired over the 20-second pe-
riod shown. The peak at position 1 shows that there

“B. J. Venton and R. M. Wightman, Anal. Chent.. 2003.75. 414A.
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was a release of dopamine just prior to the rat autoad-
ministering cocaine as indicated by the black triangle.
The peaks at position 2 show a dramatic increase in the
release of dopamine as the dosage of cocaine contin-
ued, as indicated by the light-blue bar. Studies such as
this permit researchers to correlate behavior with
chemical changes in the brain.

25F-3 Nanosecond Voltammetry

To expand frontier knowledge of the electron-transfer
process, it is important to be able to conduct CV ex-
periments on a very fast time scale. Careful considera-
tion of the circuit model of Figure 25-7 suggests that
the solution resistance and the double-layer capaci-
tance in a voltammetric cell place limitations on the
time scale of CV. The time required to charge the
double layer is on the order of R,Cg, which for a CV
cell with a 1-mm-radius Pt electrode immersed in a
1-mM solution of a typical electroactive species might
be 500 Q x 0.3 pF = 0.15 ms. Furthermore, the /R
drop across the solution resistance in a CV cell carry-
ing a current of | mA would be 0.5 V. Acquiring useful
CV data at a scan rate of 1000 V/s would be virtually
impossible under these conditions. On the other hand,
for a 5-um-radius-disk microelectrode, the IR drop is
2.5mV and RaCy = 750 ns.* If, in addition to decreas-
ing the size of the working electrode, iterative positive
feedback is applied to the excitation waveform,”” the
IR drop can be compensated completely, and scan
rates of up to 2.5 million V/s can be achieved with
properly optimized potentiostatic circuitry. Using such
an optimized instrumental setup, cyclic voltammo-
grams of pyrylium cation have been acquired, and ki-
netics of the dimerization of the reduction product
have been measured along with the rate constant of
the reaction, which is kg, = 0.9(£0.3) X 10? M/s. This
value corresponds to a half-life for the pyrylium
radical of about 200 ns. The time scale of these mea-
surements is comparable to that of nanosecond flash
photolysis experiments. These innovative techniques
have opened an entirely new time window for voltam-
metric measurements, and it is hoped that the goal of
observing single-electron-transfer events may be in
sight.?®

3P, E. M. Phillips. Nature, 2003, 422, 614.

»C. Amatore and E. Maisonhaute. Anal. Chem., 2005, 77. 303A.
VD, O. Wipf, Anal. Chem.. 1996, 68. 1871.

wSee note 36.

25G APPLICATIONS OF VOLTAMMETRY

In the past, linear-scan voltammetry was used for the
quantitative determination of a wide variety of inor-
ganic and organic species, including molecules of bio-
logical and biochemical interest. Pulse methods have
largely replaced classical voltammetry because of their
greater sensitivity, convenience, and selectivity. Gener-
ally, quantitative applications are based on calibra-
tion curves in which peak heights are plotted as a func-
tion of analyte concentration. In some instances the
standard-addition method is used in lieu of calibration
curves. In either case, it is essential that the composi-
tion of standards resemble as closely as possible the
composition of the sample, both as to electrolyte con-
centrations and pH. When this is done, relative pre-
cisions and accuracies in the range of 1% to 3% can
often be achieved.

25G-1 Inorganic Applications

Voltammetry is applicable to the analysis of many inor-
ganic substances. Most metallic cations, for example,
are reduced at common working electrodes. Even the
alkali and alkaline-earth metals are reducible, provided
the supporting electrolyte does not react at the high
potentials required; here, the tetraalkyl ammonium
halides are useful electrolytes because of their high re-
duction potentials.

The successful voltammetric determination of
cations frequently depends on the supporting electro-
lyte that is used. To aid in this selection, tabular com-
pilations of half-wave potential data are available.®
The judicious choice of anion often enhances the se-
lectivity of the method. For example, with potassium
chloride as a supporting electrolyte, the waves for
iron(I1I) and copper(II) interfere with one another; in
a fluoride medium, however, the half-wave potential of
iron(1II) is shifted by about —0.5 V and that for cop-
per(1l) is altered by only a few hundredths of a volt.
The presence of fluoride thus results in the appearance
of well-separated waves for the two ions.

Voltammetry is also applicable to the analysis of
such inorganic anions as bromate, iodate, dichromate,
vanadate, selenite, and nitrite. In general, voltammo-
grams for these substances are affected by the pH of

WFor example, see J. A. Dean, Analytical Chemistry Handbook, Sec-
tion 14, pp. 14.66-14.70, New York: McGraw-Hill, 1995; D. T. Sawyer,
A..Sobkowiak. and J. L. Raberts. Experimental Electrochemisiry for
Chemists, 2nd ed.. pp. 102-30. New York: Wiley. 1995.
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the solution because the hydrogen ion is a participant
in their reduction. As a consequence, strong buffering
to some fixed pH is necessary to obtain reproducible
data (see next section).

25G-2 Organic Voltammetric Analysis

Almost from its inception, voltammetry has been
used for the study and determination of organic com-
pounds, with many papers being devoted to this sub-
ject. Several organic functional groups are reduced
at common working electrodes, thus making possible
the determination of a wide variety of organic com-
pounds.® Oxidizable organic functional groups can be
studied voltammetrically with platinum, gold, carbon,
or various modified electrodes.

Effect of pH on Voltammograms

Organic electrode processes often involve hydrogen
ions, the typical reaction being represented as

R + nH* + ne"=—=RH,

where R and RH, are the oxidized and reduced forms
of the organic molecule. Half-wave potentials for or-
ganic compounds are therefore pH dependent. Fur-
thermore, changing the pH may produce a change in
the reaction product. For example, when benzalde-
hyde is reduced in a basic solution, a wave is obtained
at about —1.4 V, attributable to the formation of ben-
zyl alcohol:

C(H;CHO + 2H" + 2¢~ == C¢H;CH,0H

If the pH is less than 2, however, a wave occurs at
about —1.0 V that is just half the size of the foregoing
one; here, the reaction involves the production of
hydrobenzoin:

2C¢H;CHO + 2H" + 2¢~ == C;H;,CHOHCHOHCH;

At intermediate pH values, two waves are observed,
indicating the occurrence of both reactions.

We must emphasize that an electrode process that
consumes or produces hydrogen ions will alter the pH
of the solution at the electrode surface, often dras-
tically, unless the solution is well buffered. These
changes affect the reduction potential of the reaction

©For a detailed discussion of organic electrochemistry, see Encyclopedia
of Electrochemistry, A. J. Bard and M. Stratmann, eds., Vol. 8, Organic
Electrochemistry, H. J. Schiifer, ed., New York: Wiley, 2002; Organic
Electrochemistry, 4th ed., H. Lund and O. Hammerich, eds., New York:
Dekker, 2001.
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and cause drawn-out, poorly defined waves. Moreover,
where the electrode process is altered by pH, as in the
case of benzaldehyde, the diffusion current-concen-
tration relationship may also be nonlinear. Thus, in or-
ganic voltammetry good buffering is generally vital for
the generation of reproducible half-wave potentials
and diffusion currents.

Solvents for Organic Voltammetry

Solubility considerations frequently dictate the use of
solvents other than pure water for organic voltamme-
try; aqueous mixtures containing 'varying amounts of
such miscible solvents as glycols, dioxane, acetonitrile,
alcohols, Cellosolve, or acetic acid have been used.
Anhydrous media such as acetic acid, formamide, di-
ethylamine, and ethylene glycol have also been inves-
tigated. Supporting electrolytes are often lithium or
tetraalkyl ammonium salts.

Reactive Functional Groups

Organic compounds containing any of the following
functional groups often produce one or more voltam-
metric waves.

1. The carbonyl group, including aldehydes, ketones,
and quinones, produce voltammetric waves. In gen-
eral, aldehydes are reduced at lower potentials than
ketones; conjugation of the carbonyl double bond
also results in lower half-wave potentials.

2. Certain carboxylic acids are reduced voltammetri-
cally, although simple aliphatic and aromatic mono-
carboxylic acids are not. Dicarboxylic acids such as
fumaric, maleic, or phthalic acid, in which the car-
boxyl groups are conjugated with one another, give
characteristic voltammograms; the same is true of
certain keto and aldehydo acids.

Most peroxides and epoxides yield voltammetric

waves.

4, Nitro, nitroso, amine oxide, and azo groups are gen-
erally reduced at working electrodes.

5. Most organic halogen groups produce a voltam-
metric wave, which results from replacement of the
halogen group with an atom of hydrogen.

6. The carbon-carbon double bond is reduced when it
is conjugated with another double bond, an aro-
matic ring, or an unsaturated group.

7. Hydroquinones and mercaptans produce anodic
waves.

3

In addition, a number of other organic groups cause
catalytic hydrogen waves that can be used for analysis.
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These include amines, mercaptans, acids. and hetero-
cyclic nitrogen compounds. Numerous applications to
biological systems have been reported.*!

Stripping methods encompass a variety of electro-
chemical procedures having a common, characteristic
initial step.*> In all of these procedures, the analyte is
first deposited on a working electrode, usually from a
stirred solution. After an accurately measured period,
the electrolysis is discontinued, the stirring is stopped.
and the deposited analyte is determined by one of the
voltammetric procedures that have been described
in the previous section. During this second step in the
analysis, the analyte is redissolved or stripped from the
working electrode; hence the name attached to these
methods. In anodic stripping methods, the working
electrode behaves as a cathode during the deposition
step and as an anode during the stripping step, with the
analyte being oxidized back to its original form. In a
cathodic stripping method, the working electrode be-
haves as an anode during the deposition step and as a
cathode during stripping. The deposition step amounts
to an electrochemical preconcentration of the analyte;
that is, the concentration of the analyte in the surface
of the working electrode is far greater than it is in the
bulk solution. As a result of the preconcentration step.
stripping methods vield the lowest detection limits
of all voltammetric procedures. For example, anodic
stripping with pulse voltammetry can reach nanomolar
detection limits for environmentally important spe-
cies, such as Pb”*", Ca”".and Tl .

Figure 25-34a illustrates the voltage excitation pro-
gram that is followed in an anodic stripping method for
determining cadmium and copper in an aqueous sol-
ution of these ions. A linear scan method is often used
to complete the analysis. Initially, a constant cathodic
potential of about - 1 V is applied to the working elec-
trode. which causes both cadmium and copper ions to
be reduced and deposited as metals. The electrode is
maintained at this potential for several minutes until a
significant amount of the two metals has accumulated

v Enevclopedin of Elecirochemisiry. A. 1. Bard and M. Stratmann. eds..
Vol. 9. Bioclectrochemistry, G, S. Wilson. ed . New York: Wiley. 2002.

+ For detailed discussions of stripping methods, see H. D. Dewald. in Wod
ern Techniques in Eleciroanaivsis, P Vanysek. ced.. Chap. 4o po 151 New
York: Wilev-Interscience. 1996: L Wang. Suipping Analvis. Deerfield
Buach. FL: VCOH. 1985,
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at the electrode. The stirring is then stopped for 30's
or so while the electrode is maintained at —1 V. The
potential of the electrode is then decreased linearly
to less negative values and the current in the cell is re-
corded as a function of time, or potential. Figure 25-34b
shows the resulting voltammogram. At a potential
somewhat more negative than -0.6 V, cadmium starts
to be oxidized, causing a sharp increase in the current.
As the deposited cadmium is consumed, the current
peaks and then decreases to its original level. A second
peak for oxidation of the copper is then observed
when the potential has decreased to approximately
-0.1 V. The heights of the two peaks are proportional
to the weights of deposited metal.

Stripping methods are important in trace work be-
cause the preconcentration step permits the determi-
nation of minute amounts of an analyte with reason-
able accuracy. Thus. the analysis of solutions in the
range of 10 “to 10 * M becomes teasible by methods
that are both simple and rapid.



Only a fraction of the analyte is usually deposited dur-
ing the electrodeposition step; hence, quantitative re-
sults depend not only on control of electrode potential
but also on such factors as electrode size, time of dep-

ssition. and stirring rate for both the sample and stan-
Jard solutions used for calibration.

Working electrodes for stripping methods have been
formed from a variety of materials, including mercury.
gold, silver, platinum. and carbon in various forms. The
most popular electrode is the HMDE shown in Fig-
ure 25-3b. RDEs may also be used in stripping analysis.

To carry out the determination of a metal ion by an-
udic stripping, a fresh hanging drop is formed, stirring
1> begun, and a potential is applied that is a few tenths of
i voltmore negative than the half-wave potential for the
inofinterest. Deposition is allowed to occur for a care-
fully measured period that can vary from a minute or
less for 10 7 M solutions to 30 min or longer for 10 ' M
solutions. We should reemphasize that these times sel-
dom result in complete removal of the ion. The elec-
frolysis period is determined by the sensitivity of the
method ultimately used for completion of the analysis.

I'he analyte collected in the working electrode can be
determined by any of several voltammetric proce-
iures. For example, in a linear anodic scan procedure,
as described at the beginning of this section, stirring is
discontinued for 30 s or so after stopping the deposi-
fion. The voltage is then decreased at a linear fixed rate
ftom its original cathodic value, and the resulting an-
odic current is recorded as a function of the applied
voltage. This linear scan produces a curve of the type
shown in Figure 25-34b. Analyses of this type are gen-
erally based on calibration with standard solutions of
the cations of interest. With reasonable care, analytical
precisions of about 2% relative can be obtained.

Most of the other voltammetric procedures de-
scribed in the previous section have also been applied
in the stripping step. The most widely used of these ap-
pears to be an anodic differential-pulse technique. Of-
ten. narrower peaks are produced by this procedure,
which is desirable when mixtures are analyzed. An-
other method of obtaining narrower peaks is to use a
mercury film electrode. Here, a thin mercury film is

‘ectrodeposited on an inert electrode such as glassy
varbon. Usually, the mercury deposition is carried out

2511 Swipping Methods 749

simultaneously with the analyte deposition. Because
the average diffusion path length from the film to the
solution interface is much shorter than that in a drop
of mercury, escape of the analyte is hastened; the con-
sequence is narrower and larger voltammetric peaks,
which leads to greater sensitivity and better resolution
of mixtures. On the other hand, the hanging drop elec-
trode appears to give more reproducible results, espe-
cially at higher analyte concentrations. Thus, for most
applications the hanging drop electrode is used. Fig-
ure 25-35 is a differential-pulse anodic stripping volt-
ammogram for five cations in a sample of mineralized
honey, which had been spiked with { X 10" ¥ M GaCl,,
The voltammogram demonstrates good resolution and
adequate sensitivity for many purposes.

Many other variations of the stripping technique
have been developed. For example. a number of cations
have been determined by electrodeposition on a plat-
inum cathode. The quantity of electricity required to
remove the deposit is then measured coulometrically.
Here again, the method is particularly advantageous
for trace analyses. Cathodic stripping methods for the
halides have also been developed. In these methods, the
halide ions are first deposited as mercury(l) salts on a
mercury anode. Stripping is then performed by a ca-
thodic current.

Adsorptive stripping methaods are quite similar to the
anodic and cathodic stiipping methods we have just
considered. In this technique, a working electrode is
immersed in a stirred solution of the analyte for sev-
eral minutes. Deposition of the analyte then occurs by
physical adsorption on the electrode surface rather
than by electrolytic deposition. After sufficient ana-
lyte has accumulated, the stirring is discontinued and
the deposited material determined by linear scan or
pulsed voltammetric measurements. Quantitative in-
formation is acquired by calibration with standard so-
lutions that are treated in the same way as samples.
Many organic molecules of clinical and pharmaceu-
tical interest have a strong tendency to be adsorbed
from aqueous solutions onto a mercury or carbon sus-
face. particularly if the surface is maintained at a volt-
age where the charge on the electrode is near zero.
With good stirring, adsorption is rapid, and only | to
5 min is required to accumulate sufficient analyte for
analysis from 10 7 M solutions and 10 to 20 min for

o * Tutorial: Learn more about stripping methods.



W RY

Cama b i aeme %

e

750 Chapter 25 Voltammetry

6.0

50 —

4.0 |

FIGURE 25-35 Differential-pulse anodic
stripping voltammogram in the analysis of a
mineralized honey sample spiked with GaCl,
(final concentration in the analysis solution:

1 X 10~5 M). Deposition potential: —1.20 V;
deposition time: 1200 s in unstirred solu-
tion; pulse height: 50 mV; and anodic po-
tential scan rate: 5 mVs ™. (Adapted from

G. Sannaa, M. I. Pilo, P. C. Piu, A. Tapparo,

Current X 100, A

and R. Seeber, Anal. Chim. Acta, 2000, 415, -1.2
165, with permission.)

1072 M solutions. Figure 25-36a illustrates the sensitiv-
ity of differential-pulse adsorptive stripping voltam-
metry when it is applied to the determination of calf-
thymus DNA in a 0.5 mg/L solution. Figure 25-36b
shows the dependence of the signal on deposition
time. Many other examples of this type can be found in
the recent literature.

FIGURE 25-36 Effect of preconcen-
tration period on the voltammetric (a)
stripping response at the pretreated
carbon paste electrode. Preconcen-
tration at +0.5 V for (A) 1, (B) 30, (C) 60,
(D) 90, (E) 120, and (F) 150 s. Square-
wave amplitude, 10 mV; frequency, 40 |
Hz; 0.5 mg/L calf-thymus DNA. (b) Peak
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Adsorptive stripping voltammetry has also been
applied to the determination of a variety of inorganic
cations at very low concentrations. In these applica-
tions the cations are generally complexed with surface
active complexing agents, such as dimethylglyoxime,
catechol, and bipyridine. Detection limits in the range
0f 1071 to 10~ M have been reported.
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current versus deposition time. (Adapted 1.2
from J. Wang, X. Cai, C. Jonsson, and M.
Balakrishnan, Electroanalysis, 1996, 8,

20, with permission.)
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251 VOLTAMMETRY WITH
MICROELECTRODES

In recent years, many voltammetric studies have been
carried out with electrodes that have dimensions
smaller by an order of magnitude or more than nor-
mal working electrodes. The electrochemical behavior
of these tiny electrodes is significantly different from
classical electrodes and appears to offer advantages
in certain analytical applications.** Such electrodes
are often called microscopic electrodes, or microelec-
trodes, to distinguish them from classical electrodes.
Figure 25-3c shows one type of commercial microelec-
trode. The dimensions of these electrodes are typically
smaller than about 20 pm and may be as small as 30 nm
in diameter and 2 pm long (4 ~ 0.2 pm?). Experience
has led to an operational definition of microelectrodes.
A microelectrode is any electrode whose characteris-
tic dimension is, under the given experimental condi-
tions, comparable to or smaller than the diffusion layer
thickness, 8. Under these conditions, a steady state or,
in the case of cylindrical electrodes, a pseudo-steady
state is attained.*

251-1 Voltammetric Currents
at Microelectrodes

In section 25C-2, we discussed the nature of the cur-
rent that is produced at an ordinary planar electrode in
voltammetric experiments. Using a more elaborate
treatment, it can be shown* that the concentration
gradient at a spherical electrode following application
of a voltage step is

aCA 0( 1 1) 0(1 1)
8 _ + =)= — 4+ = _
) Ca Dt , Ca 5 , (2521)

where 7 is the radius of the sphere, 8 = V@Dt is the
thickness of the Nernst diffusion layer, and ¢ is the time
after the voltage is applied. Note here that & is propor-

“See R. M. Wightman, Science, 1988, 240, 415; Anal. Chem., 1981, 53,
1325A; S. Pons and M. Fleischmann, Anal. Chem., 1987, 59, 1391A; J.
Heinze, Agnew. Chem., Int. Ed., 1993, 32, 1268; R. M. Wightman and D. 0.
Wipf, in Electroanalytical Chemistry, Volume 15, A. J. Bard, ed., New
York: Dekker, 1989; A. C. Michael and R. M. Wightman, in Laboratory
Techniques in Electroanalytical Chemistry, 2nd ed., P. T. Kissinger and
W. R. Heinemann, eds., Chap. 12, New York: Dekker, 1996; C. G. Zoski,
in Modern Techniques in Electroanalysis, P. Vanysek, ed., Chap. 6, New
York: Wiley, 1996.

#For a discussion of microelectrodes, including terminology, characteri-
zation, and applications, see K. Stulik, C. Amatore, K. Holub, V. Marezek,
and W. Kutner, Pure Appl. Chem., 2000, 72, 1483, http://www.iupac.org/
publications/pac/2000/7208/7208pdfs/7208stulik_1483.pdf.

#*See note 43.
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tional to ¢'2. By substituting this relation into Equa-
tion 25-4, we obtain the time-dependent faradaic cur-
rent at the spherical electrode.

i= nFADc%(% + 1) (25-22)

Note that if r > 8, which occurs at short times, the 1/6
term predominates, and Equation 25-22 reduces to an
equation analogous to Equation 25-5. If r < 8, which
occurs at long times, the 1/r term predominates, the
electron-transfer process reaches asteady state, and the
steady-state current then depends only on the size of
the electrode. This means that if the size of the elec-
trode is small compared to the thickness of the Nernst
diffusion layer, steady state is achieved very rapidly, and
a constant current is produced. Because the current is
proportional to the area of the electrode, it also means
that microelectrodes produce tiny currents. Expres-
sions similar in form to Equation 25-22 may be formu-
lated for other geometries, and they all have in common
the characteristic that the smaller the electrode, the
more rapidly steady-state current is achieved.

The advantages of microelectrodes may be summa-
rized s as follows:

1. Steady state for faradaic processes is attained very
rapidly, often in microseconds to milliseconds. Mea-
surements on this time scale permit the study of in-
termediates in rapid electrochemical reactions.

2. Because charging current is proportional to the
area of the electrode A and faradaic current is pro-
portional to A/r, the relative contribution of charg-
ing to the overall current decreases with the size of
the microelectrode.

3. Because charging current is minimal with microelec-
trodes, the potential may be scanned very rapidly.

4. Because currents are so very small (in the picoam-
pere to nanoampere range), the IR drop decreases
dramatically as the size of the microelectrode de-
creases.

5. When microelectrodes operate under steady-state
conditions, the signal-to-noise ratio in the current
is much higher than is the case under dynamic
conditions.

6. The solution at the surface of a microelectrode used
in a flow system is replenished constantly, which
minimizes & and thus maximizes faradaic current.

7. Measurements with microelectrodes can be made
on incredibly small solution volumes, for example,
the volume of a biological cell.

#See note 43.
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FIGURE 25-37 Most important geometries of micro-
electrodes and microelectrode arrays: (a) microdisk,

{b) microring; (c) microdisk array (a composite electrode);
(d) lithographically produced microband array; (e) micro-
band; () single fiber (microcylinder); (g) microsphere;

(h) microhemisphere; (i) fiber array; (j) interdigitated array.
(From K. Stulik, C. Amatore, K. Holub, V. Mareek, and
W. Kutner, Pure Appl. Chem., 2000, 72, 1483, with
permission.)

8. Tiny currents make it possible to make voltammet-
ric measurements in high-resistance, nonaqueous
solvents, such as those used in normal-phase liquid
chromatography.

As shown in Figure 25-37, microelectrodes take sev-
eral forms. The most common is a planar electrode
formed by sealing a 5-um-radius carbon fiber or a 0.3-
to 20-pm gold or platinum wire into a fine capillary
tube; the fiber or wires are then cut flush with the ends
of the tubes (see Figures 25-3c and 25-37a and b).
Cylindrical electrodes are also used in which a small
portion of the wire extends from the end of the tube
(Figure 25-37f). This geometry has the advantage of
larger currents but the disadvantages of being fragile
and difficult to clean and polish. Band electrodes (Fig-
ure 25-37d and e) are attractive because they can be
fabricated on a nanometer scale in one dimension, and
their behavior is determined by this dimension except
that the magnitude of their currents increases with
length. Electrodes of this type of 20 A have been con-
structed by sandwiching metal films between glass or
epoxy insulators. Other configurations such as the mi-
crodisk array, microsphere, microhemisphere, fiber ar-
ray, and interdigitated array (Figure 25-37¢, g, h, i, and

Current, nA
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FIGURE 25-38 Detection of dopamine at a muitiwall carbon nanotube-based nanoneedie
electrode. Differential-pulse voltammograms of dopamine at the nanoneedle electrode in
various concentrations from 100 to 1000 uM. Inset is the calibration curve. (From H. Boo
etal., Anal. Chem., 2006, 78, 617. With permission. Copyright 2006 American Chemical

Society.)
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j, respectively) have been used successfully. Mercury
microelectrodes are formed by electrodeposition of
the metal onto carbon or metal electrodes.

251-2 Applications of Microelectrodes

In Section 25F-2, we described the use of a carbon fi-
ber electrode to monitor concentration of the neuro-
transmitter dopamine in rat brains in response to be-
havioral change. In Figure 25-38, we see the results of
the differential-pulse voltammetric determination of
dopamine at 100-1000 pM levels.#” The working elec-
trode in this study was a nanoneedle consisting of
a multiwall carbon nanotube attached to the end of
a tungsten wire tip. This electrode may be the small-
est fabricated up to this time. The entire surface of
the probe except the nanoneedle (30 nm in diameter
and 3 pm long) was coated with a nonconducting
UV-hardening polymer. Both CV and differential-
pulse voltammetry were performed with the nano-
needle electrode with good results. The inset in the fig-
ure shows a working curve of the peak currents from
the voltammograms plotted versus concentration. In
light of tremendous interest in nanomaterials and

4TH. Boo et al., Anal. Chem., 2006, 78, 617.
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biosensors for determining analytes in minuscule vol-
umes of solution, it is likely that research and develop-
ment in this fertile area will continue for some time.

251-3 The Scanning Electrochemical
Microscope

Another application of microelectrodes is the scan-
ning electrochemical microscope (SECM), introduced
by Bard in 1989.4¢ The SECM is closely related to the
scanning probe microscopes (SPMs) discussed in Sec-
tion 21G. The SECM works by measuring the current
through a microelectrode (the tip) in a solution con-
taining an electroactive species while the tip is scanned
over a substrate surface. The presence of the substrate
causes a perturbation of the electrochemical response
of the tip, which gives information about the charac-
teristics and nature of the surface. Surfaces studied
have included solids, such as glasses, polymers, metals,
and biological substances, and liquids, such as mercury
or oils. The SECM, which is now commercially avail-
able, has been used to study conducting polymers, dis-
solution of crystals, nano materials, and biologically
interesting surfaces.

A J. Bard, E-R. F. Fan, J. Kwak, and O. Lev, Anal. Chem. 1989, 61, 132.

QUESTIONS AND PROBLEMS

*Answers are provided at the end of the book for problems marked with an asterisk.

Problems with this icon are best solved using spreadsheets.

25-1 Distinguish between (a) voltammetry and amperometry, (b) linear-scan voltam-
metry and pulse voltammetry, (c) differential-pulse voltammetry and square-
wave voltammetry, (d) an RDE and a ring-disk electrode, (e) faradaic imped-
ance and double-layer capacitance, (f) a limiting current and a diffusion current,
(g) laminar flow and turbulent flow, (h) the standard electrode potential and the
half-wave potential for a reversible reaction at a working electrode, (i) normal
stripping methods and adsorptive stripping methods.

25-2 Define (a) voltammograms, (b) hydrodynamic voltammetry, (c) Nernst diffusion
layer, (d) mercury film electrode, (¢) half-wave potential, and (f) voltammetric

Sensor.

25-3 Why is a high supporting electrolyte concentration used in most electroanalyti-

cal procedures?

25-4 Why is the reference electrode placed near the working electrode in a three-

electrode cell?

25-5 Why is it necessary to buffer solutions in organic voltammetry?

25-6 Why are stripping methods more sensitive than other voltammetric procedures?
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25.7 What is the purpose of the electrodeposition step in stripping analysis?

25-8 List the advantages and disadvantages of the mercury film electrode compared
with platinum or carbon electrodes.

25-9 Suggest how Equation 25-13 could be used to determine the number of electrons
n involved in a reversible reaction at an electrode.

*25.10 Quinone undergoes a reversible reduction at a voltammetric working electrode.
The reaction is

H
0 o~

@ + 2H' + 2e"= Q E° =059V
0 o\H

(a) Assume that the diffusion coefficient for quinone and hydroquinone are
approximately the same and calculate the approximate half-wave potential
(versus SCE) for the reduction of hydroquinone at an RDE from a solution
buffered to a pH of 7.0.

(b) Repeat the calculation in (a) for a solution buffered to a pH of 5.0.

*25-11 In experiment 1, a cyclic voltammogram at an HMDE was obtained from a
0.167-mM solution of Pb?* at a scan rate of 2.5 V/s. In experiment 2, a second
CV is to be obtained from a 4.38-mM solution of Cd*" using the same HMDE.
What must the scan rate be in experiment 2 to record the same peak current
in both experiments if the diffusion coefficients of Cd** and Pb** are 0.72 X
1075 cm?s~! and 0.98 cm? 5™, respectively. Assume that the reductions of both
cations are reversible at the HMDE.

25-12 The working curve for the determination of dopamine at a nanoneedle electrode

by differential-pulse voltammetry (Figure 25-38) was constructed from the fol-
lowing table of data.

Concentration Peak Current,

Dopamine, mM nA
0.093 0.66
0.194 1.31
0.400 2.64
0.596 451
0.991 597

(a) Use Excel to perform a least-squares analysis of the data to determine the
slope, intercept, and regression statistics, including the standard deviation
about regression.

(b) Use your results to find the concentration of dopamine in a sample solution
that produced a peak current of 3.62 nA. This value is the average of dupli-
cate experiments.

(c) Calculate the standard deviation of the unknown concentration and its 95%
confidence interval assuming that each of the data in the table was obtained
in a single experiment.

*25.13 A solution containing Cd?* was analyzed voltammetrically using the standard
addition method. Twenty-five milliliters of the deaerated solution, which was 1 M

o ﬁ,,;,—
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in HNO,, produced a net limiting current of 1.78 pA at a rotating mercury film
working electrode at a potential of —0.85 V (versus SCE). Following addition of
5.00 mL of a 2.25 X 1073 M standard Cd?* solution, the resulting solution pro-
duced a current of 4.48 uA. Calculate the concentration of Cd?*" in the sample.

Sulfate ion can be determined by an amperometric titration procedure using
Pb2* as the titrant. If the potential of a rotating mercury film electrode is ad-
justed to —1.00 V versus SCE, the current can be used to monitor the Pb2* con-
centration during the titration. In a calibration experiment, the limiting current,
after correction for background and residual currents, was found to be related to
the Pb2" concentration by i; = 10¢p, where iy is the limiting current in mA and
cpy+ is the Pb2* concentration in mM. The titration reaction is

SO2™ + Pb? ==PbSO,s) K,=16x10""

If 25 mL of 0.025 M Na SO, is titrated with 0040 M Pb(NO»),. develop the titra-
tion curve in spreadsheet format and plot the limiting current versus the volume
of titrant.

Suppose that a spherical electrode can be fabricated from a single nano onion,
Coo—Caa0~ Caao—Coso— Cison— Ca160~Caoa0~ Canao— Cagenr ShOWD here. Nano onions
comprise concentric fullerenes of increasingly larger size as indicated in the for-
mula. Assume that the nano onion has been synthesized with a carbon nanotube
tail of sufficient size and strength that it can be electrically connected to a 0.1 pm
tungsten needle and that the needle and nanotube tail can be properly insulated
so that only the surface of the nano onion is exposed.

(a) Given that the radius of the nano onion is 3.17 nm, find the surface area in
cm2, neglecting the area of the nanotube attachment.

(b) If the diffusion coefficient of analyte A is 8 X 107" m?s, calculate the con-
centration gradient and the current for A ata concentration of 1.00 mM at
the following times after the application of a voltage at which A is reduced:
1% 1078s,1% 10775, 1 X 107,110 ¥s,1 X 107%s,1 X 10 ?s,1 X 10 25,
1 X 10 's,1s,and 10s.

(c) Find the steady-state current.

(d) Find the time required for the electrode to achieve steady-state current
following the application of the voltage step.

(e) Repeat these calculations for a 3-pum spherical platinum electrode and for a
spherical iridium electrode with a surface area of 0.785 mm®.

(f) Compare the results for the three electrodes. and discuss any differences
that you find.

(a) What are the advantages of performing voltammetry with microelectrodes?
(b) Is it possible for an electrode to be too small? Explain your answer.

Questions and Problems
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Challenge Problem i

25-17 A new method for determining ultrasmall (nL) volumes by anodic stripping
voltammetry has been proposed (W. R. Vandaveer and I. Fritsch, Anal. Chem.,
2002, 74, 3575). In this method, a metal is exhaustively deposited from the small
volume to be measured onto an electrode, from which it is later stripped. The so-
lution volume V, is related to the total charge Q required to strip the metal by

V= <
nFC
where n is the number of moles of electrons per mole of analyte, F is the faraday, ¢
and C is the molar concentration of the metal ion before electrolysis. ;.
(a) Beginning with Faraday’s law (see Equation 22-8), derive the above equation
for ‘/s T‘
(b) In one experiment, the metal deposited was Ag(s) from a solution that was §<..Ya_-
8.00 mM in AgNOs. The solution was electrolyzed for 30 min at a potential
of —0.700 V versus a gold top layer as a pseudoreference. A tubular nano-
band electrode was used. The silver was then anodically stripped off the s
electrode using a linear sweep rate of 0.10 V/s. The following table repre- ki
sents idealized anodic stripping results. By integration, determine the total i
charge required to strip the silver from the tubular electrode. You can do a ]
manual Simpson’s rule integration or do the integration with Excel.** From A
the charge, determine the volume of the solution from which the silver was SEb A&
deposited. -
Potential, V Current, nA Potential, V Current, nA 1 F
-0.50 0.000 -0.123 -1.10 : ;a
~045 ~0.02 ~0.10 ~0.80 S
=040 —0.001 -0.115 -1.00 ol
-0.30 -0.10 -0.09 -0.65 B
-0.25 -0.20 -0.08 -0.52
-0.22 -0.30 -0.065 -0.37
-0.20 -0.44 —-0.05 -0.22
-0.18 —-0.67 -0.025 -0.12 :
-0.175 —0.80 0.00 -0.05 RGelE
-0.168 -1.00 0.05 -0.03 L
-0.16 -1.18 0.10 -0.02 s
-0.15 ~1.34 0.15 ~0.005 oy
-0.135 -128 - - :,ﬁ,,*‘
(c) Suggest experiments to show whether all the Ag* was reduced to Ag(s) in
the deposition step. @
(d) Would it matter if the droplet were not a hemisphere? Why or why not? LA §
(e) Describe an alternative method against which you might test the proposed 3-?) i

method. i

4§, R, Crouch and F. J. Holler, Applications of Microsoft® Excel in Analytical Chemistry, Chap. 11, Belmont, CA:
Brooks/Cole, 2004.



