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1.1.1
Context

Many advances in understanding electro-
chemical processes, described throughout
this Encyclopedia, have come about as a
result of continued developments in tech-
niques and instrumentation for studying
electrode reactions and interfaces. This vol-
ume is concerned with some of the most
important general electrochemical meth-
ods, and also highlights some of the more
specialized techniques that are of wide
applicability in chemistry and its borders
with other fields.

Simple electroanalytical techniques fall
into three groups: potentiometry, con-
ductivity, and voltammetric/amperometric
techniques. This volume is mostly con-
cerned with the third type of method,
often referred to under the general head-
ing dynamic electrochemistry. Given the
importance of potentiometric methods
of analysis, these will be introduced
and discussed in this chapter. As men-
tioned in Sect.1.1.3, there is renewed

interest in potentiometric ion-selective
electrodes (ISEs) following the massive
breakthrough in detection limits to the
pM level [1, 2]. Moreover, potentiomet-
ric methods are used in some scan-
ning electrochemical microscopy (SECM)
experiments, discussed in Chapter 3.3
and some biosensor formats (Chap-
ter 2.11), and so it is useful to provide
a brief summary of the basic princi-
ples here.

Conductivity measurements are much
less chemically specific and so are not
considered in detail in this volume,
although Chapter 2.11 describes some
biosensors that operate on conductimetric
principles. It is also important to note,
in passing, the use of conductimetric
methods in analysis [3], particularly for
capillary electrophoresis [4, 5] and in ion
chromatography [6].

Our understanding of electrochemical
methods has also been greatly enhanced
by the introduction of spectroscopic, struc-
tural and other probes of electrochemical
surfaces and systems [7]. This continues
to be a developing area and consequently
there is little scope within a single volume
to review all of the techniques avail-
able, rather the focus is on some of
the most commonly encountered struc-
tural and chemical probes of interfaces
and solutions.
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Asdiscussed in more detailin Sect. 1.1.5,
this volume of the Encyclopedia is divided
into three broad sections. The first section,
of which this chapter is an element, is con-
cerned with introducing some of the basic
concepts of electroanalytical chemistry, in-
strumentation — particularly electronic cir-
cuits for control and measurements with
electrochemical cells — and an overview of
numerical methods. Computational tech-
niques are of considerable importance in
treating electrochemical systems quanti-
tatively, so that experimental data can
be analyzed appropriately under realistic
conditions [8]. Although analytical solu-
tions are available for many common
electrochemical techniques and processes,
extensions to more complex chemical
systems and experimental configurations
requires the availability of computational
methods to treat coupled reaction-mass
transport problems.

The second section of this volume is con-
cerned with electroanalytical techniques,
starting with the principles of standard
voltammetric and amperometric meth-
ods, then progressing to more specialized,
but equally important, experimental ap-
proaches that can provide major insights
into electrochemical processes. Finally, the
last section of this volume focuses on
spectroelectrochemistry and surface mi-
croscopy techniques.

1.1.2
Basic Concepts and Terminology

In order to set the scene for some of the
chapters that follow, it is useful to provide a
brief overview of some of the terminology
and basic concepts needed to understand
electroanalytical techniques. Electrochem-
istry is a broad field, encompassing those
processes that involve the passage of
charge across the interface between two

phases. Electron transfer from a metal
electrode to a redox active species in an
electrolyte solution, and the transfer of
an ion from an aqueous phase to an im-
miscible organic phase are examples of
electrochemical processes. The first case is
the most common class of electrochemical
process and will be discussed in detail in
most of the chapters in this volume. Ion
transfer processes are, however, of signif-
icant interest in many areas, for example
in bioenergetic and cellular processes [9],
and in the switching behavior of polymer
modified electrodes [10], to name but two.
These areas are visited in Volumes 9 and
10 of the Encyclopedia and some aspects
are highlighted in the treatments of scan-
ning electrochemical microscopy (SECM)
and the electrochemical quartz crystal mi-
crobalance (EQCM), in Chapters 3.3 and
2.7 of this volume.

Although the interest in an electro-
chemical system is generally on a single
interface, it is important to recognize that
an individual interface cannot be studied
experimentally. It is necessary to investi-
gate electrochemical cells that involve several
types of interface coupled together in se-
ries. In the simplest form, electrochemical
cells involve two electrodes in a single
electrolyte phase. The difference in elec-
trical potential between the two electrodes
in such a cell can readily be measured,
usually with a high impedance voltmeter,
to ensure that no current is drawn when
the measurement is made. The cell poten-
tial is a measure of the energy inherent
in the system to transfer charge between
the two electrodes via an external circuit.
The overall cell potential comprises the
individual changes in potential that occur
when crossing each of the interfaces in the
cell. Tt is important to recognize that the
change in electric potential when moving
a test charge from one conducting phase
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to an adjacent conducting phase usually
occurs over a short length scale so that
huge electric fields may predominate at the
interfaces in electrochemical cells. There
are consequently significant effects on the
structure of solvents in the interfacial re-
gion and the ion distribution, as discussed
further in several of the chapters in Sect. 2
of Volume 1 of the Encyclopedia. More gen-
erally, the magnitude of the potential dif-
ference at an interface controls both the di-
rection and kinetics of electron transfer. It
follows that the control and measurement
of cell potential is an important aspect
of dynamic electrochemistry experiments
and methods for achieving this through
the appropriate design and operation of

.
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electronic instrumentation are explained
in detail in Chapter 1.2 of this volume.
For a two-electrode cell, the net reac-
tion comprises two half-reactions, involving
the processes at the two electrodes. As
already mentioned, usually only one of
these processes is of interest, and this oc-
curs at the working electrode in dynamic
electrochemistry experiments or indicator
electrode in equilibrium (potentiometric)
experiments. The other electrode is made
up such that it maintains a constant com-
position throughout the measurement,
thus providing a reference potential. The
most common reference for aqueous so-
lution is the saturated calomel electrode
(SCE), depicted in Fig. 1, and this provides

/
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a useful example with which to introduce
some electrochemical notation, terminol-
ogy, and convention. The half-cell reaction
for this electrode is

Hg,Cl, + 2e===2Hg+2Cl~ (1)
The use of saturated (and solid) KCI
in this electrode ensures that the CI™
concentration is maintained at a constant
level. Any reduction of Hg,Cl, (driving
Eq. (1) from left to right) produces Cl~, but
this cannot exceed the saturated value. A
shift in Eq. (1) from right to left (oxidation
of Hg and formation of Hg,Cl,) will tend
to deplete Cl~, but this is replenished via
the dissolution of solid KCI. Note that both
Hg,Cl, and Hg, as solid and pure liquid,
respectively, have an activity of unity.

It is convenient to develop a notation
for electrochemical cells and half-cells. In
the case of Eq. (1), the half-cell would be
represented as

Hg|Hg,Cl;|KCl(aq, saturated) 2)
Here, a vertical line signifies a boundary
between two phases. If a phase contains
two or more components, a comma is used
to separate them, while a double vertical
line denotes a phase boundary in which the
interfacial potential drop is negligible, as
usually occurs in the case of a salt bridge.
It should be noted that the international
standard reference electrode is the stan-
dard hydrogen electrode (SHE), sometimes
referred to as normal hydrogen electrode
(NHE), in which all the components have
unit activity (@ = 1):
Pt|Hy(a = D|HY(aqa =1  (3)
This electrode is not easy to use practically,
but the potential of the NHE electrode is
assigned the value zero and, strictly, all
other electrode potentials are compared

with this. For comparative purposes, tables
of electrode (or half-cell) potentials have
been constructed, with the half-cell reac-
tions atunitactivity. Following convention,
they are written as reductions. Such in-
dexes [11, 12] are essentially a measure
of the free energy of redox couples, as
highlighted below, so allowing one to pre-
dict whether a redox reaction of interest
will occur spontaneously. Moreover, these
tables provide valuable data to permit the
calculation of equilibrium constants and
complexation constants.

When constructing a cell, by the com-
bination of two half-cells, the convention
adopted is that the right-hand electrode
is always considered as a reduction (ca-
thodic) process and the left-hand electrode
is an oxidation (anodic) process. This for-
malism can be illustrated by considering
the following cell:

PtHz(a = 1)|H"(ag, @ = 1)

|Agt(a = 1)|Ag 4)

for which the half-cell reactions are

right-hand electrode: Agt + e —— Ag
©)
iH;—e —— HT
(6)
In this case, the cell potential is +0.799 V at
298 K and the silver electrode is positive.
This means that the standard potential
of the Agt/Ag couple has this value, in
other words the standard potential for the
reduction of Ag™ to Ag is +0.799 V versus
SHE. On the other hand, if the cell had
been written with the Ag electrode on
the left-hand side, the cell would have a
potential of —0.799 V, implying that the
Ag electrode is negative and the oxidation
potential of Ag to Ag™ is —0.799 V versus
SHE. Strictly then, the potential of any cell,

left-hand electrode:
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Ecen, is

Ecen = ERHE — ELHE (7)

where Eryr and E1yg represent the poten-
tials of the right- and left-hand electrodes,
respectively, written as reduction pro-
cesses in the particular schematic of a cell.
The terminology adopted to describe
electrochemical cells implies that a sponta-
neous process has a positive electrode poten-
tial. E e defines the maximum work (free
energy), AG, that a cell can provide:

AG = —nFEq ®

where n is the number of electrons in the
redox process and F is Faraday’s constant
(96485 C mol~!). Under standard condi-
tions, with all substances at unit activity:

0 0
AG™ = _nFEcell ®

where Egeu is the standard cell potential. A
detailed treatment of electrode potentials
is given in Chapter 1 of Volume 1 of the
Encyclopedia.

In contrast with potentiometry, where
an electrode potential is measured (with
no current flowing), in most dynamic elec-
trochemistry experiments, the potential of
the working electrode is controlled with
respect to a reference electrode and the
resulting current is measured. There are
exceptions to the latter class of measure-
ments, notably chronopotentiometry [13]
in which a constant current is generated
and the potential of the working elec-
trode is measured, but for the purposes
of this introduction it is appropriate to
consider simple potential control of the
working electrode. Chronopotentiometry
is discussed later in Chapter 2.2 of this
volume (Sect. 2.2.5). Since the reference
electrode potential is fixed, changing the
potential applied to the working electrode

alters the energy of the Fermi level in
the electrode compared with the energy
levels of the chemical moieties in the elec-
trolyte (or immobilized on the electrode
surface). For example, taking the electrode
to negative potentials increases the en-
ergy of electrons and ultimately a level
will be attained where the electrons flow
from the electrode to vacant states on the
chemical species, as shown in Fig. 2(a).
This causes a reduction current to flow.
Conversely, if the electrode is taken to-
ward positive potentials, a situation will
be achieved where electrons will transfer
from chemical species in solution to the
electrode, causing an oxidation current to
flow, as illustrated in Fig. 2(b). The elec-
trode potentials at which these processes
occur will clearly be related to the standard
potential of the redox process of interest,
while the current flow is governed by the
kinetics of the reaction. These aspects of
dynamic electrochemistry are considered
further in Sect. 1.1.4. In the next section,
we first consider the analytical applica-
tions of electrochemical cells and potential
measurements at equilibrium.

1.1.3
Potentiometry

In contrast with amperometric electrodes,
potentiometric electrodes are passive in
that they do not convert the analyte. The
main use of potentiometry is to measure
the concentration (strictly activity) of a
target analyte and so it is useful to
revisit the Nernst equation, relating the
cell potential to activity. For this purpose,
consider a simple redox reaction at the
right-hand electrode of a cell, with SHE as
the left-hand electrode. The process at the
right-hand electrode is

voO + ne——wvRrR (10)

7
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Here, v; (=0 or R) represents the
stoichiometric coefficients. The overall cell
reaction for the case defined is

Vo0 + (%) H, —— wgR 4+ nH* (11)

The free energy of the process is [14]
aﬁ“a”l_l+

vo nj/2
Ao Ay,

AG = AG° + RTIn (12)

Since the activities of Ht and H; in the
SHE are unity, it follows from Egs. (8 and
9) that

o RT ag
nF ag

This is the Nernst equation, describing the
potential of the O/R couple as a function
of the activities of O and R. We may
also write the Nernst equation in terms

Fig.2 Schematic of heterogeneous
electron transfer for (a) reduction
processes and (b) oxidation processes.

of concentrations:
RT %" RT [RI®
E:EO——lnLﬁEo——ln[ ]
nF vy nF  [O]%©
(14)
where 3 (=0 or R) denotes the

activity coefficient. Under conditions in
which the activities are effectively constant
(for example in systems with a large
excess of supporting electrolyte), we may
introduce the formal potential, E 0 of the
O/R couple:

RT . vt

EY = E° n
nF yovo

(15)

allowing us to simplify the Nernst relation:

o _ RT | IR)™
nF " [O]

E=E (16)

It is convenient to express Eq. (16) on a
log; scale so that

2.303RT
nkF

(R]™
[O]*

E=E"

log (17)
Evaluating the prelogarithmic term, this
shows that the potential of the cell changes
by +59/nmV (at 298 K) for a decade
change in concentration of either the O
or R species (for vo = vgr = 1), which is
the basis of analytical potentiometry.

A practical example of an O/R couple
would be Fe**/Fe?T in aqueous solution.
To record the potential of such a system,
one would typically use an inert metal,
such as Pt, as the indicator electrode.

There are many other examples of
potentiometric electrodes, including a
metal in contact with a solution containing
the corresponding metal ions, as in
the case of the Ag|Ag™t electrode. This
electrode, which comes under the classical
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term electrode of the first kind, responds to
the concentration of Ag* ions in solution.
An electrode of the second kind involves
a metal coated in a sparingly soluble
salt of the metal, which responds to the
concentration of the anion of the salt in
solution. The most well-known example is
Ag|AgCl|Cl~, which provides a simple, but
effective method for chloride ion analysis
in aqueous solution. The SCE, already
mentioned, is another example of this type
of electrode.

The pH electrode is perhaps the best
known ISE [15, 16], in which a thin glass
membrane (50 um dimension) separates
an internal solution of fixed pH from an
external test solution in which the pH
is to be determined[17]. The potential
across the glass-barrier membrane is
measured with reference electrodes in
each phase. The functioning of the glass
electrode is complicated, with the majority
of the glass membrane in a dry state
and a layer about 50nm into each
side of the membrane involved in an
exchange process of protons for Nat,
K* and Li* [18, 19]. It follows that these
ions are the major interferents for pH
measurements with this type of electrode,
but the effect of each ion depends on the
type of glass used. Conduction through the
resistive membrane is thought to occur via
the movement of mobile cations in the
silicate glass network.

The selective membrane may also be
a single crystal, as in the F~ ISE [20, 21],
which utilizes LaF3 doped with EuF; to cre-
ate fluoride vacancies that facilitate ionic
conduction via F~. This electrode shows
excellent selectivity with pM detection lim-
its, governed by the sparingly soluble
nature of LaF3 in aqueous solution. The
only interferent to consider is OH ™ ion.

The most versatile class of potentio-
metric ISEs employ liquid and polymer

membranes, tailored to respond selectively
to a specific primary ion [22-28]. Poly-
meric membranes are frequently based on
plasticized polyvinyl chloride or silicone
rubber. As with the other membrane-based
electrodes described, these act to separate
an internal solution containing the ion of
interest at a fixed concentration from an
external solution containing the target ion
at an unknown concentration, which is to
be determined. Membrane materials have
been developed that have appropriate prop-
erties so that they interact selectively with
the ion of interest. The response of these
electrodes is governed by two-phase host
(ionophore)—guest (ion) binding processes
and the associated kinetics and thermo-
dynamics of the binding process [25-28].
The membrane-active recognition compo-
nent of the membrane can either be an
ion exchanger or a neutral carrier, such
as a macrocyclic compound. A difference
in activity across the membrane produces
a free energy difference and hence poten-
tial difference:
RT . af™

_ i
Em = ZiF h’l a}nt

(18)

where a™ and a™ are the activities of
the ion, i, of interest (charge z;) external
and internal to the membrane. The ion-
recognition event generates an interfacial
potential at each side of the membrane
and it is the difference in these potentials,
E,,, that is measured with two reference
electrodes, one on either side of the mem-
brane, as shown schematically in Fig. 3.

In practice, the activity of the target ion
in the filling solution of an ISE is constant,
so the potentiometric response of a cell
comprising an ISE and reference electrode
should obey the relation

E o = constant +

RT
- Ina™ (19

Zi

9
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Fig.3 Principles of membrane-based
ISEs. The potential difference between
reference electrodes in the solutions on
each side of the membrane is
determined. In the case shown, the ion
of interest is a cation that interacts
selectively with the membrane.
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The constant in Eq. (19) includes all of
the contributions to the cell potential that
are invariant and the value is unique
to a particular cell. Equation (19) repre-
sents the ideal situation in which the
ISE responds selectively to only one type
of ion, i. In reality, interfering ions, j
(charge z;) may have an effect on the po-
tential. Assuming a linear concentration
gradient within the membrane, the Nicol-
sky— Eisenman equation [29, 30] is obtained
for the potential difference:

E o = constant +

Zi

xIn [ a2+ 3" Kyai' | (20)
j

where K;; is the potentiometric selectivity
coefficient. Figure 4 shows how an inter-
fering ion changes the relation between
the cell potential and the activity of the ion

ofinterest, g;, in the case of one interfering
ion type, z; = z;. Clearly, as the product
K;jaj increases, there is a deviation from
Nernstian behavior at higher g; and the
detection limit of the ISE method suffers
increasingly.

The selectivity coefficient of an ISE can
be measured in several ways [28], the most
popular of which are as follows:

1. The fixed interference method: The cell
potential is determined using solutions
in which the primary ion activity is var-
ied, with a constant level of interferent
ion present, until a Nernstian response
to the primary ion is seen. The corre-
sponding linear response in this region
is extrapolated to the potential for the
background interferent alone and Eq. (20),
in rearranged form, is used to determine
Ki;.

2. The separate solution method: The cell
potential is measured for two solutions,
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Fig. 4 Effect of an interferent ion, activity, aj, on the response of an ISE to an
ion of interest, activity, a;. The charges on the two ions are the same (unity),
for this example, and the curves are labeled with values of the product, Kja;.
The cell potential is assumed to have a value of zero for unit activity of the ion

of interest.

one containing the primary ion only at a
known activity and one with the interferent
only at the same activity. As with the
fixed interference method, the responses
obtained are analyzed using Eq. (20).

Given the reliance of these methods on
Eq. (20), it is important to note that
deviations from this equation have been
reported, particularly for mixtures of
ions of different charge [31]. Moreover, it
has been pointed out that many biased
values have been reported using these
methods [28]. This has led to a resurgence
of interest in the matched potential
method [32], which provides a measure of
the selectivity of an ISE. Details of the
relative merits of each of these methods
have been summarized in an excellent
review [28].

For analytical purposes, concentration
rather than activity is usually of inter-
est. This can readily be obtained through
the use of calibration plots. Given the
logarithmic dependence of cell poten-
tial on activity, calibration plots are in

semilogarithmic form. Moreover, if the
ionic strength of solutions is maintained
at a fixed level, the Nernst equation can
be written in terms of concentrations, as
already outlined in the case of cell poten-
tials, in Eqs. (16 and 17). The logarithmic
response of ISEs means that the stabil-
ity and reproducibility of the cell potential
are of critical importance. Small uncertain-
ties in cell potential can have a significant
impact on concentration measurements,
even for an ideally responsive electrode.
It follows from Eq. (19) that a small un-
certainty, dE ., in a cell potential results
in a corresponding error in the measured
activity (or concentration):

RT da
dEcell = T -

21
ZiF a 20

In other words, there is a relative error
(Aa/a) in the determination of activity that
depends on the error in the cell potential

AE e
(&) _ Zi FAE
a

RT (22)

n



12

1 Introduction and Basic Principles

Thus, an error, AE = +1 mV results in
an error of +4% in activity for a monova-
lent ion and £8% for a divalent ion.
Conventional ISEs typically exhibit a
Nernstian response over the concentration
range 10~1-107> M, with deviation from
linearity occurring atlower concentrations,
usually in the range 107°>-107% M. A sig-
nificant breakthrough in detection limits
by up to six orders of magnitude has been
achieved by recognizing that a major factor
affecting detection limits is the diffusion
of ions from the inner filling solution,
across the membrane into the external
analyte solution [1, 2]. Internal filling solu-
tions have typically been of concentration
about 1-10 mM to ensure that a constant
concentration is maintained in the body
of the ISE. However, with a much lower
concentration external to the membrane,
there is a large driving force for diffu-
sion from the electrode filling solution
into the analyte solution. Such leakage
appears to cause uM levels of primary

ions at the external membrane surface,
thereby preventing the detection of sub-
uM concentrations. By simply lowering
the concentration of the inner electrolyte
solution, it has been shown that detec-
tion limits may be extended to the 10 nM
level [2].

To achieve pM detection, the leaching
process was further minimized by using
an ion exchange (buffering) process in the
filling solution, involving the primary ion
and a second ion [1], thereby lowering the
concentration of the primary ion in the
ISE. This created a flux of primary ion
toward the inner solution, but the ion
buffering process ensured that the con-
centration of primary ion within the filling
solution remained constant. To establish
that the response of the ISE was not biased
in the opposite direction, it was important
that the flux in the inward direction was not
too high, requiring careful experimental
design. Figure 5 shows typical potentio-
metric data for a Pb?™ selective electrode of

150 =

100 —

—-14 -12 -10 -8

log ay

Fig.5 Response of a Pb?t ISE of conventional design (open symbols) and
with an ion buffer as the filling solution (solid symbols); see text for details.
(Data are taken from Ref. [1], with permission from the American

Chemical Society.)
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conventional composition (1:1 mixture of
10~3 M PbCl; and 0.1 M MgCl,) compared
to the response for the same membrane,
but with an ion buffer filling solution
comprising 1 cm? of 0.1 M Pb(NO3); in
100 cm? of 0.05 M EDTA-Na, (pH 4.34).
The calculated activity of Pb?* in the latter
solution was 10712 M and this clearly ex-
tends the detection limits of the electrode
toward the pM regime, compared to the
uM limits of a conventional ISE. Several ex-
cellent reviews covering developments in
this area are available [25-27]. The use of
potentiometry in biosensors is considered
further in Chapter 2.11 of this volume.

1.1.4
Dynamic Electrochemistry

As already introduced in Sect. 1.1.2, dy-
namic electrochemistry involves the appli-
cation of a potential to a working electrode,
with respect to a reference electrode, to
promote electron transfer at the elec-
trode—solution interface. We also note, in
passing, that a variant on this theme is the
use of an interface between two immiscible
electrolyte solutions as a working electrode
to promote either a redox reaction or an
ion transfer current [33, 34]. Investigations
of liquid-liquid interfaces have extended
the range of species that are detectable
with dynamic electrochemistry, but will
not be discussed further as charge transfer
atliquid-liquid interfaces is considered in
detail in Chapter 4.2 in Volume 2 of the
Encyclopedia. Further information on the
structure and nature of liquid-liquid in-
terfaces can also be found in Chapter 2.3 in
Volume 1. The use of SECM to investigate
liquid-liquid interfaces is highlighted in
Sect. 3.3.4.2 of Chapter 3.3 in this volume.
There are also excellent texts available that
cover theoretical and practical aspects of
liquid-liquid interfaces [35, 36].

A basic question when introducing
dynamic electrochemistry is: what does
the current, i, that flows represent?
By definition

. dq
T

where g is the charge passed in unit time, 7.
Charge is simply related to the number of
moles of reagent converted by electrolysis,
N, via Faraday’s law:

(23)

q

= 24)

It follows that the rate of reaction is
therefore directly related to the current:

AN 1dg i
dt  nFdt nF
Since the electrochemical process occurs
at an electrode of area, A, it is appropriate
to express the rate as a surface flux, jo

(mol m~2 s71):

(25)

1dN i
~Adr  nF
In this last equation, the current density is
i=i/A.

It follows that in dynamic electrochem-
istry the applied potential represents the
driving force for charge transfer (usu-
ally electron transfer) and the current
that flows is a measure of the rate of
the reaction. Electrochemical experiments
of this type are classified as voltam-
metry or amperometry, and several of
the most important techniques are con-
sidered in subsequent chapters of this
volume. These techniques differ in the
form of the potential signal applied to the
working electrode, the type of mass trans-
port regime employed and the current
response measured. For example, cyclic
voltammetry, discussed in Chapter 2.1, uti-
lizes a triangular potential waveform with

Jo (26)

13
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respect to time and the signal is the
current as a function of applied poten-
tial. Step and pulse techniques, considered
in Chapter 2.2, involve sudden jumps in
the potential. For large potential pertur-
bations, the resulting current is usually
measured as a function of time, but
for small potential perturbations superim-
posed on a potential ramp, as in differential
and normal pulse voltammetry, the sig-
nal is current versus potential. With the
advent of digital instrumentation (Chap-
ter 1.2), the type of waveform applied to the
working electrode is essentially unlimited
and there are consequently a huge num-
ber of possible dynamic electrochemistry
techniques.

In the simplest situation, a voltammetric
circuit involves a measurement cell such
as that shown in Fig. 6. A potential is
applied to the working electrode, with
respect to a reference electrode, and
the current is measured. Further details
on the instrumentation for this type of
measurement are given in the following
chapter (Sect. 1.2.1). The applied potential,
Eqpp, falls sharply across the various
phase boundaries in the cell and we

may write
Eapp = (pwWE — Dsol) + (@0l — Pref)
+ iRy 27)
Eapp = (PWE — Pref) + i Ryl (28)

where ¢wE, ¢sol and ¢rer are, respectively,
the potentials of the working electrode,
solution and reference electrode. The
product, i Ry, is an ohmic term associated
with the passage of current through the
finite resistance of the solution.

The type of set up shown in Fig. 6 is
only used for situations where low cur-
rents are measured (100 nA and smaller
for typical electrolyte solutions), notably for
experiments with microelectrodes (or ul-
tramicroelectrodes), discussed in detail in
Chapter 2.5. The requirement of a small
current is both to make the ohmic term
negligible and to ensure that there are
minimal changes to the reference elec-
trode composition that would, otherwise,
lead to an unstable reference electrode po-
tential. The ohmic term may, of course,
also be minimized by making Ry as small
as possible, for example, by working with
added supporting electrolyte to increase

[ Ao r v | .
Apply E [V] Measure i [A]
Reference | | Working
electrode electrode

Fig. 6 Simple two-electrode arrangement for dynamic electrochemistry

experiments.
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the conductivity of the solution. This also
ensures that migration of any charged an-
alytes of interest is negligible, and that
the full potential drop at the working
electrode/solution boundary (¢pwr — ¢s1)
occurs over sufficiently short distances
commensurate with electron tunneling
(10 A).

For experiments in which the current is
larger, for example, when larger electrodes
are used, it is necessary to use a three-
electrode mode (Fig. 7) and make use of a
potentiostat. A wide range of potentiostats
is available commercially [37]. In addition
to the working and reference electrodes,
the set up utilizes an auxiliary electrode.
The control potential is applied between
the working and reference electrodes, but
no current flows through the reference,
rather this is the role of the auxiliary elec-
trode, which provides the current required
by the working electrode without in any
way limiting the response. The associated
process at the auxiliary (counter) electrode
is usually electrolysis of the supporting

electrolyte or solvent, so that current flows
without the need for a large overpoten-
tial. A consequence is that the auxiliary
electrode should have a much larger area
than the working electrode. Gauze mate-
rials, with high surface area, have proved
to be particularly popular as auxiliary elec-
trode materials.

To minimize errors in the applied po-
tential due to uncompensated solution
resistance, the reference electrode can be
connected to the solution via a tapered
glass Luggin probe that may be placed
close to the working electrode surface [38].
The optimal position is about twice the di-
ameter of the probe, which decreases the
potential drop due to uncompensated re-
sistance seen between the working and ref-
erence electrodes [39]. Although moving
the probe closer still would decrease this
term further, there are detrimental conse-
quences in terms of shielding the current
path and perturbing the current distribu-
tion. It is also important that the Luggin
probe does not perturb mass transport,

Apply E[V] Measure i [A]
<>i =0
Working
electrode
Reference | Counter
electrode electrode

Fig. 7 Three-electrode arrangement for dynamic electrochemistry

experiments.
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particularly when convective transport is
used to deliver material to the surface of the
working electrode. Even with these precau-
tions, it is important to note that the ohmic
term, due to uncompensated resistance,
may not be completely negligible, espe-
cially when the solution comprises resis-
tive nonaqueous media. In this case, there
are several instrumental methods that can
be used to compensate, some of which are
discussed in the next chapter (Sect. 1.2.6).
Further details on cell and electrode design
are available [40] and discussed in many of
the chapters in this volume.

We saw from Eq. (26) that the current
in a dynamic electrochemistry experiment
is a measure of the rate of the electrode
process and to complete this section a
brief overview is given of the factors that
can limit the rate of such reactions. The
textbook view [41] of some of the steps that
might be involved in an electrode reaction
is given in Fig. 8. The steps involved are

1. Mass transfer of species between bulk
solution and the electrode surface.

2. Heterogeneous electron transfer at the
electrode/solution interface.

Electrode surface region

Chemical
Electrode reactions
O —= Ox
DesoW
i Adsorption
X ads
ne — 5 l
Red’
e'aas Desorption
\ Chemical
Adsorption reactions
Red’ Z———>Red

3. Chemical reactions, either preceding or
following electron transfer.

4. Surface reactions such as adsorp-
tion, desorption and electrodeposi-
tion—dissolution.

The simplest electrode processes involve
only Steps 1 and 2, for example, in the case
of the redox reaction of the Ru(NH3)2+/3+
couple. As already alluded to in Sect. 1.1.2,
electron transfer rates are strongly poten-
tial dependent and this topic is discussed
in several chapters in Volume 2 (Chap-
ters 1.1, 1.2 and 1.3). Mass transfer may
occur by diffusion, migration and convec-
tion. As discussed above, most dynamic
electrochemistry experiments are carried
out with a large excess of supporting elec-
trolyte so that if the reactants and products
are charged, migration of these species
can be neglected [42]. Diffusion is the
key transport step because concentration
gradients are always involved in elec-
trochemical processes. This is the mass
transfer mode assumed for the treatments
of cyclic voltammetry in Chapter 2.1 and
step and pulse techniques in Chapter 2.2.
An overview of transport by diffusion and

Bulk solution

Mass

-<——
surf -

transfer

N OXpuik

Massitransfer
surf e~ Redpui

Fig. 8 Typical steps involved in an electrode reaction.
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migration is given in Chapter 2.1 in Vol-
ume 2. Convection may occur naturally
on long timescales and under conditions
in which there are significant density
and temperature gradients, but such ef-
fects are usually undesirable because mass
transport is difficult to treat quantitatively
under such conditions. On the other hand,
well-characterized forced convection can
considerably enhance mass transport to
electrode surfaces, as in hydrodynamic
electrodes [43], discussed in Chapter 2.4.
Such electrodes are beneficial in the study
of fastheterogeneous electron transfer pro-
cesses or coupled chemical reactions be-
cause the slowest process in the scheme of
Fig. 8 limits the rate of the electrode reac-
tion and the associated current flow. When
mass transport (or diffusion) limits the rate
of the reaction, the electrode process is said
to be transport (or diffusion) limited. Con-
versely, if heterogeneous electron transfer
is the sluggish step in the process, one may
term the reaction to be in a surface-limited
regime. Microelectrodes (Chapter 2.5) and
SECM (Chapter 3.3) have found appli-
cation in the characterization of rapid
heterogeneous and homogeneous kinet-
ics due to the very high mass transfer
rates available, which has expanded the
timescale of dynamic measurements be-
fore transport effects dominate.

Electrode reactions are often compli-
cated by additional chemical reactions
(step 3), which may occur either homo-
geneously in solution or on the electrode
surface. In addition to the techniques
mentioned, the use of cyclic voltammetry
to investigate such processes is consid-
ered in Chapter 2.1 (Sect. 2.1.2.4) in this
volume together with several examples
of these reactions (Sect.2.1.5). Adsorp-
tion and deposition processes (step 4) are
considered extensively in Sects. 3 and 4,
respectively, of Volume 1. The EQCM,

scanning tunneling microscopy (STM) and
atomic force microscopy (AFM) have also
become important tools for investigating
these processes, as discussed later in this
volume (Chapters 2.7, 3.1 and 3.2).

1.1.5
Outline of This Volume

Modern electroanalytical chemistry is a di-
verse subject covering instrumentation,
technique development, modeling, sur-
face and interfacial science, sensor de-
sign, spectroscopy and microscopy, among
other topics. Consequently, the chapters
and themes selected for this volume re-
flect the broad scope of electroanalytical
chemistry. The scene is set in the first
section, which covers some of the core
aspects of electroanalytical chemistry. Fol-
lowing this chapter is a treatment of
analog and digital instrumentation by Wipf
(Chapter 1.2), describing the basic princi-
ples of control/measurement protocols in
electrochemical systems, including poten-
tiostatic and galvanostatic circuits. Signal
transduction, ohmic drop compensation
and data acquisition are among the topics
that receive particular attention. Chap-
ter 1.3 by Britz considers the application
of digital simulation to solve coupled mass
transport-reaction problems in electroana-
lytical chemistry. This chapter covers the
basics of digital simulation, by exam-
ple, and introduces a flavor for some of
the more advanced simulation techniques
that are becoming increasingly popular.
An overview of packages available com-
mercially and from academic groups is
also provided.

Section 2 of this volume is concerned
with electroanalytical methods, predomi-
nantly connected to dynamic electrochem-
istry. The most widely used techniques
in electrochemistry are linear sweep and
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cyclic voltammetry (LSV and CV), and
consequently Chapter 2.1, by Speiser, cov-
ers the basics of these techniques. After an
introduction to voltammetric terminology,
this chapter presents the theoretical back-
ground to LSV and CV, covering mass
transport, heterogeneous electron trans-
fer, coupled chemical reactions in solution
and surface-bound redox systems. The ef-
fects of nonlinear and restricted diffusion,
compared to planar diffusion, are also
highlighted. Practical considerations, in-
cluding electrodes, cells, supporting elec-
trolyte and solvents, are discussed along
with some of the more common pitfalls
that might be encountered when making
voltammetric measurements. Advances in
LSV and CV, including the use of micro-
electrodes (or ultramicroelectrodes), are
given special attention. This treatment
complements Chapter 2.5 on microelec-
trodes, summarized below. Applications
of LSV and CV are described, including
both classical examples and more recent
developments.

Closely related to LSV and CV are
step and pulse techniques, described in
Chapter 2.2 by Brett and Oliveira Brett.
These techniques are widely used in elec-
troanalytical chemistry and a treatment
is provided of discrete step techniques,
such as single and double potential step
chronoamperometry, staircase voltamme-
try and pulse techniques such as nor-
mal pulse voltammetry, differential pulse
voltammetry and square wave voltamme-
try. Current steps are also considered,
including applications in potentiometric
stripping analysis, which serves as a link
to Chapter 2.3 on stripping methods by
Wang. Although more specialized than
the other voltammetric techniques dis-
cussed above, stripping analysis is an
extremely sensitive method for trace-level
detection. This is achieved by using a

potential waveform in which there is a
preconcentration step, prior to voltam-
metric analysis (usually by LSV). The
preconcentration step needs to be car-
ried out under conditions of well-defined
and efficient mass transport, such as the
use of hydrodynamic control (the sub-
ject of Chapter 2.4) or microelectrodes
(Chapter 2.5). Chapter 2.3 covers the main
stripping techniques, that is, anodic strip-
ping voltammetry, which is predominantly
used for the detection of heavy met-
als, stripping potentiometry (introduced
in Chapter 2.2, Sect. 2.2.5) and adsorptive
stripping voltammetry. The latter method
allows the detection of a wide range of
species, including metals and organic com-
pounds that cannot be readily deposited
(preconcentrated) by electrolysis. Practi-
cal considerations when using stripping
methods are highlighted, including elec-
trode materials, cells and instrumentation.

Many of the methods discussed so far
rely on diffusion as the mode of mass
transport. The addition of mechanical con-
vection, as well as diffusion, through the
forced movement of the solution or elec-
trode can be beneficial for enhancing the
reproducibility of mass transport and de-
livering a steady state regime. Chapter 2.4
by Mount is concerned with hydrodynamic
electrodes, which make particular use of
forced convection. The focus is on solid
electrodes such that the dropping mer-
cury electrode (and polarography), which
is of historical interest in the develop-
ment of electroanalytical chemistry as a
subject, is not considered. The interested
reader should consult Refs. [44, 45], while
Ref. [46] provides an excellent historical
overview of the development of electro-
analytical chemistry, including the key
role of polarography. After an introduc-
tion to the basic principles, Chapter 2.4
reviews the main hydrodynamic methods,
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including the rotating disc electrode (RDE)
and its ring-disc and optical versions. In
the RDE and related devices, solution flow
to the electrode surface occurs because of
the rotating motion of a disc-shaped elec-
trode, which establishes a well-defined and
calculable flow pattern in the solution. Al-
ternatively, the solution can be flowed past
a stationary electrode, as in the wall-tube,
wall-jet and channel (or tube) electrodes,
which are also reviewed. A recent trend
has been the development of microhydro-
dynamic systems, which are highlighted
briefly. A detailed review of such systems
is also available [47].

As already mentioned several times
in this chapter, and elsewhere in this
volume, microelectrodes (ultramicroelec-
trodes) have, in many ways, revolutionized
the practice of voltammetry. In Chap-
ter 2.5, Forster describes how microelec-
trodes are pushing the boundaries of
electrochemistry in many ways, includ-
ing basic electroanalysis, in applications
in biological systems, in artificial noses
and array devices, and for investigations
in low conductivity media and the solid
state. The exploitation of microelectrodes
in the study of ultrafast processes, under
both steady state conditions and with fast
scan/transient methods, is given particular
attention. The earlier parts of this chapter
set the scene by reviewing the properties
of microelectrodes, including mass trans-
port effects, while the concluding part of
the chapter speculates on where the field
might develop further.

Impedance spectroscopy differs from
many of the voltammetric techniques dis-
cussed above, such as linear sweep and
potential step methods, in that only a
small perturbation (usually of sinusoidal
form) is applied to the electrochemi-
cal cell. In Chapter 2.6, Krause discusses
impedance methods, introducing the basic

principles and theory together with some
of the applications. The instrumentation
forimpedance is described and experimen-
tal details are discussed thoroughly. The
main impedance techniques make mea-
surements averaged over a macroscopic
sample, but it is also possible to make spa-
tially resolved measurements, which are
discussed in this chapter.

Several aspects of impedance spec-
troscopy interface well with the EQCM
described in the following chapter by
Hillman (Chapter 2.7). The EQCM is a
powerful technique for investigating the
formation and properties of thin films on
electrode surfaces. For thin, rigid films,
the EQCM serves as a gravimetric sensor
of surface processes. For thicker films, the
associated viscoelastic properties can be in-
vestigated under electrochemical control.
Chapter 2.7 provides a detailed status re-
port on EQCM, covering the history of
the technique, the principles and exper-
imental details, including the integration
of EQCM with complementary techniques.
The diverse range of applications of EQCM
are organized by system and discussed
in detail.

An aim of this volume is to highlight
rapidly developing areas of electroanalyt-
ical chemistry and electrochemistry. In
this context, the application of ultrasound
on electrochemical processes is a topic
of particular interest. In a series of three
chapters, Compton and coworkers pro-
vide a treatment of the underlying phys-
ical aspects connected with the coupling
of ultrasound to electrochemical systems
(Chapter 2.8) and applications in electro-
analysis (Chapter 2.9). The first of these
chapters considers the effect of ultrasound
on mass transport, on the electrode sur-
face and on chemical reactions in solution,
while the second chapter looks at the
use of sonoelectrochemical methods in
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analysis, notably stripping voltammetries,
developing some of the ideas in Wang’s
earlier chapter. The investigation of bipha-
sic systems also receives attention. Tra-
ditionally, one of the major interests in
sonochemistry has been the possibility of
changing the course of chemical reactions
and synthetic pathways. For completeness,
Chapter 2.10 therefore considers the im-
pact of ultrasound on electrosynthesis,
with a discussion of cell design, and a
range of examples of sonoelectrosynthetic
reactions, which mainly originate from
the organic chemistry arena. Further in-
formation on organic electrochemistry is
provided in Volume 8 of the Encyclopedia,
while Volume 7 is concerned with inor-
ganic systems.

Perhaps the area of analysis in which
electrochemistry has had the biggest im-
pact on society is in biosensors, no-
tably the glucose biosensor [48]. Although
Volume 9 is concerned with bioelectro-
chemistry, it is important that this area
of electroanalytical chemistry is repre-
sented appropriately in Volume 3. Conse-
quently, Schuhmann and Bonsen provide
an overview of the physical principles and
applications of biosensors in Chapter 2.11.
A comprehensive overview is given of
amperometric, potentiometric, conducti-
metric and impedimetric formats for
biosensors, and the relative merits of each
are fully assessed. Potential new directions
are highlighted, particularly connected to
miniaturization and multisensor array de-
tection strategies.

The final section of this volume is
entitled In situ structural and spectroscopic
probes of electrochemical systems. The six
chapters in this section describe some
of the most important microscopy and
spectroscopy techniques that have found
application in the study of electrode
surfaces and systems. It should be noted,

in passing, that a great deal of ex situ work
has been carried out on electrode surfaces,
but these studies are beyond the scope of
this volume. Many of these techniques are
based on ultrahigh vacuum electron and
ion spectroscopies [49], and consequently
the electrode must be transferred from
the electrochemical environment to an
evacuated chamber prior to analysis.
Although special apparatus has been
designed to minimize the exposure of
the electrode to the atmosphere [50], there
are the questions of possible artefacts
due to the transfer process [51] and how
realistically the conditions of the solid
surface in contact with the liquid are
maintained after transfer.

The advent of STM has had a signifi-
cant impact on surface electrochemistry,
providing unprecedented information on
the structure and dynamics of electrode
surfaces. STM is a natural technique for
electrochemical surface science, since it
allows the electron density of metal and
semiconductor surfaces to be imaged with
subatomic resolution, while also allow-
ing surface processes to be imaged in a
wide variety of environments, including
the solid-liquid interface. Chapter 3.1 by
Moffat focuses on the use of in situ STM as
a probe of electrode surfaces. This includes
the principles of the STM technique, ex-
perimental details and a glimpse of some
of the many applications, ranging from
imaging to surface modification.

The related technique of AFM uses
the force between a probe and a surface
to investigate either structure on the
nanometer scale or interfacial forces. As
with STM, AFM is much more than
a technique for electrochemistry, but it
has found considerable application in this
area, given that so many electrochemical
processes and electroanalytical methods
require an understanding of interfacial
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structure and properties at high resolution.
In Chapter 3.2, Macpherson introduces
the principles of AFM and its application
to electrified interfaces, covering both
measurements of surface structure and
interfacial forces. A recent direction has
been the integration of microscopic and
nanoscopic electrodes into AFM tips,
so allowing simultaneous topographical
(force) and electrochemical imaging of
surfaces, with high spatial resolution [52].
Developments in this area of combined
SECM-AFM are highlighted.

The last section of Chapter 3.2 leads
neatly into Chapter 3.3 by Horrocks, which
is concerned with SECM. This chapter pro-
vides a comprehensive overview of the
principles and applications of this tech-
nique, which continues to attract consid-
erable interest from the electrochemistry
community and beyond. The main SECM
techniques are described along with the
theoretical methods that can be used to
treat the SECM response. Selected appli-
cations cover solid-liquid, liquid-liquid
and liquid—gas interfaces, with examples
spanning the life sciences and materi-
als science.

Traditionally, UV-visible spectroscopy
has been the main spectroscopic probe
of electrochemical systems, covered in
Chapter 3.4 by Crayston. This chapter
describes the main techniques, theory
and applications in the study of solution
species (inorganic and organic), thin films
and modified electrodes, along with other
topics. A wide variety of cells have
been described, to allow the use of UV-
visible spectroscopy in electrochemistry,
and consequently these are described in
some detail.

In the past two decades, infrared spec-
troscopy has become a powerful tool
for the investigation of electrochemical
systems, as described by Christensen

in Chapter 3.5. This chapter provides a
detailed insight into how in situ in-
frared spectroscopy may be implemented
and used most effectively to investigate
electrode surfaces. The wide-ranging appli-
cations of the various infrared techniques
are highlighted through a series of se-
lected examples.

Raman spectroscopy is attracting in-
creasing interest from electrochemists
interested in areas as diverse as elec-
trocatalysis, corrosion, electrodeposition,
battery technology, and sensor develop-
ment. In Chapter 3.6, Tian and Ren lay
the foundations of Raman spectroscopy
and describe how it may be used effec-
tively to investigate electrode surfaces in
situ. This chapter covers the basic prin-
ciples and theory at a readily accessible
level and describes the various experimen-
tal configurations that can be used for
both macroscopic and microscopic inves-
tigations. A wide range of applications
from several areas of electrochemistry,
and some of the current developments
and future prospects for the technique are
highlighted.
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1.2
Analog and Digital Instrumentation

David Wipf
Mississippi State University, Starkville,
Mississippi, U.S.A.

1.2.1
Electrical Control

Controlling the flow of electricity in an
electrochemical cell is fundamental to
faradaic electrochemistry. Experiments are
arranged to control the potential (voltage)
applied across an electrochemical cell or
to regulate current flow through a cell. A
DC voltage source can be used to apply
a voltage between the counterelectrode
(CE) and the working electrode (WE) as
illustrated in Fig. 1(a). This, and any other
DC voltage source, is considered to consist
of an ideal internal voltage source (Viy) and
aninternal series resistor (Riy). Current (I)
passing through the cell alters the voltage
applied to the cell

Veell = Vin — (I X Rin) €5
Rin in battery voltage sources varies from
about 35 Q in a 9-V zinc—carbon battery
to less than 6 mQ in a lead-acid cell.
Electronically controlled sources produce
very low Rj,, an important point to which
we will return.

IR drop generated by the Rj;, of a voltage
source compromises accurate potential
control, particularly for high cell currents.
This point led many early investigators to
prefer controlled current methods. A real
current source can be considered to consist
of an ideal current source in parallel with
an internal resistance (Fig. 1b). Current
passing through the parallel resistance

reduces current flowing through the cell.

Ieen =1 — Iin (2)
Making Rin much larger than the resis-
tance in the electrochemical cell allows
the source to produce nearly the desired
current. Adequate current sources can
be constructed from high-voltage batter-
ies and a large series resistor. In Fig. 2(a),
a 10-uA current source is made from a
100-V battery and a 10-MQ series resis-
tor. The rated current is available when
the load, Ry, is a short circuit. This cir-
cuit can be drawn in an equivalent way
(Fig. 2b), with a 10-uA current source in
parallel with a 10-MQ parallel resistor.
These two representations illustrate the
presence of a compliance voltage, that is,
the maximum voltage available for forc-
ing current through a load. The current
is only approximately constant for this
source and Ry must be 100 times smaller
than Rp to maintain a 1% accuracy on
supplied current.

The limitations of these voltage and
current sources have led to the use
of electronic circuitry that allows more
efficient and accurate electrical control. A
brief discussion of the relevant electronic
circuits is required to understand basic
electrochemical instrumentation.

1.2.2
Electronic Principles

An essential component of modern elec-
trochemical instrumentation is the opera-
tional amplifier (OA or op amp) [1]. An OA
is a high-gain differential amplifier with
an output voltage (Vo) proportional to the
difference between noninverting (V4) and
inverting (V-) inputs

Vo=A(Vy = Vo) 3)
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(a) Voltage and (b) current sources connected to a

two-electrode electrochemical cell.

Fig.2 Current sources applied to a
load resistance. (a) Source constructed
from a battery and resistor and (b) an
equivalent representation of an ideal
current source and a parallel source
resistance.
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where A is the open-loop DC voltage gain.
Typically, an OA has an open-loop DC volt-
age gain greater than 100 000 and input
impedances of 10! to 10'* Q. OAs are rep-
resented schematically as a three-terminal
device with two inputs and one output
(Fig. 3a). OAs require a power source; how-
ever, power connections are often omitted
for clarity. The very high open-loop gain
of the OA is useful in negative feedback
(closed-loop) configurations. In fact, OAs
are rarely operated in an “open-loop” con-
figuration since A varies significantly with
signal frequency and temperature. The
voltage-follower configuration (Fig. 3b) is
a typical OA circuit. Connecting the output
to the inverting input forces the output to
match the noninverting input. This is un-
derstood by considering the consequence
of an unequal input and output voltage.
The high differential gain greatly ampli-
fies the voltage difference between the

Fig.3 (a) An operational

amplifier (OA) symbol. (b) An

OA connected as a
voltage-follower amplifier.

100V 10pA

10 MQ

R
10,a® Festome SR

inverting and noninverting inputs. This
produces a restoring voltage that forces
the inverting input voltage to approach the
value of the noninverting input, eventually
stabilizing at equal input and output volt-
ages. In contrast, if the feedback path is
reversed, so that the output is connected
to the noninverting input, unstable posi-
tive feedback forces the output away from
the input.

Under negative feedback, a portion, 8,
of the output is subtracted from Vi,
(i-e. V4 — V_). Thus, the output is V, =
A(Vin — BV,) and the closed-loop voltage
gain, G = V,/Vip is

A
G =
1+ AB

For the voltage follower of Fig. 3(b), B is 1,
so the voltage gain is

“)

G = 4 (5)
T 144
V. :l; V_
VO VO
+ V+
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The high open-loop gain of the OA
increases gain stability. As long as A
is much larger than unity, it can vary
considerably with little change in G.

Negative feedback also causes the output
resistance (R)) to be reduced

R, = R
1+ AB

©)

where R, is the open-loop output resis-
tance. Figure 4 illustrates this important
consequence of negative feedback. A sim-
ple model of an OA is made with an
internal voltage gain block having inter-
nal input and output resistances, Rj, and
Ro. In an open-loop configuration, a volt-
age divider is formed by R, and the load
resistance, Ry. The voltage divider reduces
the output by the ratio Rp/(Ro + RL).
In closed-loop configuration, the negative
feedback loop compensates the voltage
drop caused by current flowing at the
output. Essentially, the voltage difference
between inputs, Vj, is adjusted to make
Vo equal to Vi, within the limits of the
open-loop gain. The net effect is to reduce

|||-o 5§0

the output resistance (or impedance) by
the factor 1/(1 + AB).

Voltage followers are used to “buffer”
the output of voltage sources. An un-
buffered voltage source is “loaded” when
a load causes current to flow from the
source. In Fig. 5(a), a battery and a poten-
tiometer are used to construct a variable
voltage source. In the presence of a load
resistance, the load parallels a portion of
the potentiometer, changing the parallel
portion of the potentiometer resistance
to Rp = Ry, RL/(Ry, + Ry). This causes the
output voltage to depend on the load, that
is, Vo = Vin(Rp/(Rp + R,) when Ry, is not
smaller than R;. Incorporating a voltage
follower improves the situation (Fig. 5b).
The follower has a high-input resistance
and thus does not significantly load the
potentiometer. The low-output impedance
of the follower permits small Ry values
(i-e. heavy load currents). Thus, the volt-
age follower is an amplifier. Allowing a
very small input current to generate a
large current through a load produces a
net power gain.

R Fig4 A simplified model of an
OA-based voltage-follower
amplifier showing input and
output resistance and

internal gain.

v. Fig.5 (a) Avariable voltage source
o .
constructed with a battery and
potentiometer. (b) An improved variable
voltage source that employs a
—  voltage-follower buffer to minimize
loading by the load resistance.



Three simplifying assumptions often
suffice to analyze most OA circuits. These
are: (1) the open-loop gain is infinite;
(2) the input impedance of the OA is infi-
nite; and (3) the output impedance of the
OA is zero. These assumptions are un-
realistic but do provide good results for
low-frequency applications. An implica-
tion of these assumptions is that, under
negative feedback, the output voltage will
swing to precisely the value required to
make the inverting and noninverting in-
puts equal.

Applying these assumptions to the volt-
age follower predicts that V, = Vi, the
input impedance is infinite, and the out-
put impedance is zero. With large A
values, these predictions are very close
to the analysis above. A simple varia-
tion of the voltage-follower circuit pro-
duces the voltage-follower-with-gain circuit
of Fig. 6(a). Ry and R, produce a voltage
divider that sets V_ = V,R1/(R1 + R2).
With the noninverting and inverting in-
puts equal, Vo = Vin(R1 + R2)/R1. Thus,
the follower-with-gain circuit has a voltage
gain, G, equal to 1 + R;/R; and an input
impedance equal to the input impedance
of the noninverting input (i.e. “infinite”).

R.

v, y R
Ry

Vs
Ry

Vs

(c)
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The circuit in Fig. 6(b) is an invert-
ing amplifier and has an overall gain of
Vo/Vin = —Rin/R¢. This circuit is ana-
lyzed by assuming that negative feedback
maintains the inputs at the same potential.
With the noninverting input connected to
circuit common, the inverting input poten-
tial is also maintained at circuit common.
Since the inverting input is maintained at
the common potential but is not connected
to common, the inverting input is at vir-
tual common (or virtual ground). Circuit
common (the inverted triangular symbol),
rather than earth ground, is used because
earth ground is not always necessary or
desirable. For example, there is no direct
ground connection in a floating or isolated
circuit. Circuit common is the designated
voltage reference point and is the ultimate
sink or source of current of the circuit.

Tracking the current flow at the inverting
input simplifies analysis of the inverting
amplifier. A voltage applied to Ri, is
dropped across virtual ground, producing
an input current Il = Vi/Riy. Since no
current is allowed to enter the inverting
input, an equal and opposite current,
Ir = Vi /R¢, must flow from the output to
the virtual ground of the inverting input.

Ry

V, v,
(d)

Fig. 6 Various OA amplifier circuits: (a) follower-with-gain; (b) inverting;
(c) summing (adding); and (d) current follower.
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With Iin = —Ir, Vo/Vin = —Rin/Rs. The
inverting amplifier has a linear gain,
easily adjusted by R¢, and can deamplify
or amplify input signals. The output
inversion is rarely a problem because a
second inverting amplifier can restore the
signal polarity. The main difficulty with
the inverting circuit is that the input
impedance is equal to Ry, which may
cause loading of some signals.

The presence of a virtual ground in
the inverting amplifier configuration per-
mits a number of other useful amplifier
circuits. The adder circuit of Fig. 6(c) al-
lows a scaled summation of a number
of voltage sources with Vo, = —(ViR; +
VoRy + V3R3 + ---)/Rs. Analysis of this
circuit follows that of the inverting ampli-
fier; each input produces a current flow
to virtual ground. A current flowing from
the output to virtual ground cancels the
net input current. The current follower of
Fig. 6(d) produces V, = —Iin/Rs, where
Ly is from a current source (such as an
electrochemical cell). Note that the mul-
tiple current sources can be connected
to the inverting input to produce the
equivalent of the adder circuit, where
Vo=—U1+ L+ 13+---)/Rf.

The simple analysis described above
breaks down in the absence of negative
feedback. For example, exceeding the
electrical specifications of the OA prevents
negative feedback. A common problem
is exceeding the OAs current or voltage
capabilities. Most OAs are low-power
devices capable of supplying no more than
about 20 mA. In addition, the maximum
output voltage is usually limited to values
somewhat less than the supply voltages
(typically £15 V). Low signal levels also
challenge the analysis. Offset or bias
voltages at the OA inputs range from
several millivolts to tens of microvolts. This
produces output errors that are particularly

apparent with low-level inputs or high-gain
circuits. OAs also do not have infinite input
impedances, resulting in nanoampere to
femtoampere currents flowing in or out of
the inputs. These currents produce voltage
drops across input resistors or offset the
input currentin a current follower. In most
cases, circuits can be designed to minimize
the effects of voltage and current offsets
but these methods will not be discussed
here. The most serious deviation from
the simplifying assumptions made above
occurs when OAs are applied to high-
frequency signals. Most OAs are designed
for low-frequency operation and their use
with signals above 100 kHz requires care
and careful component selection. The
effect of frequency on OA response will
be discussed in more detail below.

1.2.3
Electronic Electrical Control

Using OAs allows construction of potential
and current control circuitry that operates
more ideally than the simple voltage and
current sources of Fig.1[2]. In voltage
control applications, the use of an OA
buffer between a voltage source and the
cell replaces the internal resistance of
the voltage source with the low-output
impedance of the OA. However, a simple
extension of the OA buffer permits
elimination of a large fraction of the
solution resistance of the electrochemical
cell. This OA circuit is called a potentiostat
or voltage clamp.

1.2.3.1 Potentiostat Circuits

A simple model of an electrochemical cell
is made with an electrical resistor, con-
necting the counter and working electrodes,
representing the electrolyte solution. Flow
of current between these electrodes pro-
duces an ohmic voltage (I x R), opposing



the applied voltage. As described in Eq. (6)
above, introducing a negative feedback
connection between the amplifier output
to its inverting input reduces the output re-
sistance of an OA. Extending the negative
feedback loop further, to include a portion
of the solution resistance, reduces ohmic
drop. A model of this process is illustrated
in Fig. 7, where the solution resistance,
Rg, is modeled as two components: the
compensated, R, and the uncompensated
resistance, Ry. A probe, reference elec-
trode (RE), placed between the CE, and
the WE, completes a negative feedback
loop between RE and the inverting OA
input. This connection reduces R. by the
following amount:
R. = Re

1+ A
where R, is the new compensated resis-
tance and A is the open-loop OA gain. For
example, if Rc is 1k, R, is 0.010 2, with
A =10°. As R.. becomes negligible, R; is
reduced to Ry. The potential at point RE
is now equal to Ej, (inverting and nonin-
verting inputs have equal potentials under
negative feedback) and thus the potential
applied across Ry, is Ej. Drawing this
same circuit connected to an electrochem-
ical cell illustrates a simple potentiostat
circuit (Fig. 8). The potentiostat maintains

@)

Fig. 7 Using a voltage follower
to eliminate the effect of Rc in a
simple electrical model of an

electrochemical cell.

Fig. 8 A potentiostat based on
a voltage-follower circuit.

1.2 Analog and Digital Instrumentation

a potential difference (equal to E) between
RE and WE.

A potentiostat is a significant improve-
ment over the simple voltage source of
Fig. 1(a). A reference electrode diminishes
the total resistance between counter and
working electrodes by sensing (and thus
correcting) the voltage near the working
electrode. This lowers the IR drop in the
cell. Another advantage is that the voltage
controlling the cell potential, E, is not
required to be a low-impedance source,
allowing a number of different control-
ling sources to be used without regard to
their ability to drive the necessary current
through the cell.

The potentiostat requires a third elec-
trode, RE, to act as a sensing electrode.
Although the use of a third electrode may
seem to be a disadvantage, in fact, the
third electrode is important beyond its
role in reducing the cell resistance. A two-
electrode voltage source requires that the
CE serve both as an RE and as a source or
sink of the electrical current flowing at the
WE. In order to supply the current with-
out unduly perturbing their equilibrium
half-cell potential, CEs must be physically
large. In a three-electrode cell, controlled
by a potentiostat, the CE function is split
between two electrodes: a large surface
E
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area auxiliary electrode, AE, which supplies
the cell current, and a reference electrode,
RE, which maintains a cell potential refer-
ence. The RE is not required to supply any
significant current to the high-impedance
input of the OA. In consequence, the RE is
smaller, conserving space and cost. Thus,
three-electrode potentiostatic cell control
is advantageous even when ohmic drop is
not an issue.

However, potentiostatic circuits are not
always necessary. A common situation is
found in the use of ultramicroelectrodes,
UMEs, in which the cell current is in
nanoamperes and smaller due to the
small size of the WE [3]. With such small
currents, even small reference electrodes
are used as counterelectrodes without fear
of significant perturbation of their half-cell
potential. The potentiostat of Fig. 8 can
accommodate this case by connecting both
the AE and RE leads together. Note that
this converts the potentiostat into a simple
voltage follower. UMEs are considered fur-
ther in Chapter 2.5 and Sect.2.1.4.1 of
Chapter 2.1.

A different type of potentiostat circuit is
constructed by an adder-type OA circuit
(Fig. 9) rather than the follower type
of Fig.8. The adder (or summing) OA
input allows multiple control inputs; for
example, an offset potential may be added
to a separate voltage ramp. Since the adder
inputs are not high impedance, a voltage
follower buffers the output of the reference
electrode. Also, note that inverted control

inputs are required when compared with
the follower potentiostat. As in the follower
potentiostat, negative feedback is used to
reduce cell resistance and the buffered
RE voltage again allows small reference
electrodes to be used.

Using either the follower or adder po-
tentiostats does permit a very serious fault
condition to exist. Negative feedback is
only present when AE and RE are in elec-
trolyte solution. Removing either of the
electrodes from solution or disconnecting
them from the potentiostat prevents the
stabilizing effect of negative feedback. An
electrocution hazard exists when the AE
connection is not present. The lack of neg-
ative feedback will force the potentiostat
into saturation and voltages from ten to
several hundred volts will appear on the
AE lead (depending on the power output
capability of the potentiostat). In addition,
the absence of potential control allows sig-
nificant current flow between RE and WE.
RE can thus be greatly perturbed from
equilibrium perhaps ruining the reference
electrode. Alternately, disconnecting or re-
moving the RE from solution, produces
large potentials between AE and WE as
the potentiostat goes into saturation. At
the least, this can ruin an experiment or
damage the WE. To avoid this, most po-
tentiostats are equipped with a switch to
turn the cell potential control off between
experiments or during setup. However, se-
curely fastening cell leads and electrodes
is a safe practice, as well as disconnecting

Fig.9 A potentiostat based on
a summing amplifier circuit.



and connecting the WE first and last,
respectively, in any experiment.

1.2.3.2 Galvanostatic Circuits
Galvanostats are instruments that provide
a controlled current through an electro-
chemical cell. As in the potentiostatic cir-
cuits, negative feedback produces superior
current control. A galvanostat constructed
from an OA is illustrated in Fig. 10. The
current flowing through the cell, ..y, is

Ein

" Ru ®

Ieen = —1Iin =
Conveniently, the input voltage programs
the magnitude and polarity of the cur-
rent. Changing the value of Rj, scales
the current range. Analyzing the operation
of the circuit is straightforward. Negative
feedback holds the inverting input at vir-
tual ground by matching the current flow
across the load to the opposite current
produced by dropping Ei, across Rin. As
long as negative feedback conditions can
be maintained, the current will be main-
tained at a value programmed by Ej, and
Rjy. Physical limitations of the OA prevent
certain current flows through the load. An
open-circuit condition cannot support a
current flow and the OA itself can only
supply a limited amount of current (about
10-20 mA for typical devices). The voltage
required to produce the current (the com-
pliance voltage) is limited to values near

Fig. 10 A programmable
current source. Replacing LOAD
with an electrochemical cell
converts the current source to a

galvanostat.
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the supply voltages (about 13-15V for the
typical £15 V supplies). The voltage out-
put of the OA is I ¢ X Rpgaq and this can
be used to verify correct operation of the
galvanostat; outputs near the compliance
voltage indicate impending loss of negative
feedback control. Rj,.q is not necessarily
“ideal”. Such is often the case when the
generalized load is replaced with an elec-
trochemical cell, which presents aload that
varies nonlinearly with potential and time.
The load terminals are the working and
auxiliary electrodes. By connecting the WE
to the inverting input (virtual ground), the
WE potential can be monitored by measur-
ing the potential of RE versus ground. The
reference electrode is not necessary for op-
eration of the galvanostat but, since the
potential of the working electrode is often
desired in constant-current experiments,
is often included. Controlled current ex-
periments are not affected by IR drop (as
long as the galvanostat has sufficient com-
pliance voltage to overcome the IR drop)
but the measurement of WE voltage will
include an IR, drop component. Proper
placement of the reference electrode will
minimize this but an advantage of gal-
vanostatic operation is that the measured
potential is corrected by simply subtracting
the IR, voltage.

A difficulty with the galvanostatic circuit
of Fig. 10 is that the programming voltage
Ein, must supply the identical magnitude

—Ewe

ILOAD

F
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[

Rin —
Ein
2
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Fig. 11 An improved galvanostat circuit.

of current flowing through the load (cell).
This can be a problem for heavy current
applications. The galvanostatic circuit in
Fig. 11 avoids this problem. The output
current is programmed by Ej, and a
“sense” resistor Rg in which

Ieen = — 9

In operation, the current flow through
the cell (or load) produces a voltage drop
across Rs, which is buffered by the sense
amplifier (S). The output of S is applied to
the inputs of the differential amplifier (D).
A “buffer” amplifier placed in the negative
feedback loop provides greater current
capacity. Buffer amplifiers, of the type used
here, can produce high-output currents, as
much as several amperes. Since negative
feedback is operating in the differential
amplifier feedback loop, the inverting and
noninverting inputs are equal, and the
output of the buffer amplifier is precisely
that required to maintain the programmed
current through Rs and, thus, through the
cell. For good results, the voltage drop
across Rg should be small compared to the
compliance voltage of the galvanostat. By
using different values of the sense resistor,
currents of nanoamperes to amperes
can be controlled and programmed by
Ein.

—Ewe

1.24
Signal Transduction

A potentiostat’s function is to maintain a
constant potential between the WE and the
RE. In most cases, a potentiostat includes,
as a separate function, a means to con-
vert the current flowing through the cell
into a signal measurable by an external
recorder. The current is transduced into
a voltage and often further amplified and
filtered before presentation at the output
terminal. A classical transduction method
is to simply measure the voltage developed
across a resistor. A measuring resistor,
Ry, inserted between WE and common
(cf. Figs. 8 and 9) generates a voltage ac-
cording to Ohm’s law, V, = I Ry. Note
that Ry, is in series with the solution re-
sistance and the total ohmic drop in the
circuit is I x (Ry + Rm). Thus, a disad-
vantage of this circuit is that Ry must
be carefully matched to the expected cell
current to avoid excessive ohmic drop. An
alternative procedure is to insert Ry, in
the CE as illustrated in Fig. 12. Ry, is in
series with the cell solution resistance but,
in this case, Ry, is included in the com-
pensated part of the solution resistance
and does not contribute to the overall
cell ohmic drop. In this method, neither
terminal of Ry, is connected to circuit com-
mon (i.e. it is “floating”). A differential
OA is used in this situation to measure



Fig. 12 Current measurement
by use of a differential amplifier
to measure the voltage drop
across Ry, connected to the
auxiliary electrode. Other
control circuitry is not shown.

a potential difference across a floating
source. However, a differential OA is not
suitable when the resistor terminals are at
several tens of volts, or higher, above cir-
cuit common (as can occur in high-power
potentiostats). In such cases, measuring
the small differential voltage across the
resistor in the presence of a much larger
“common-mode” voltage requires use of
an instrumentation amplifier. Instrumenta-
tion amplifiers are designed to accurately
extract the differential voltage while reject-
ing common-mode voltages five orders of
magnitude larger. The figure of meritis the
common-mode rejection ratio (CMRR), often
specified as decibels (i.e. 100 dB is a 10°
rejection). Although mostinstrumentation
amplifiers do not allow the common-mode
voltage to be higher than the amplifier sup-
ply voltage, several allow common-mode
voltages of up to 200 V, permitting use on
high-power potentiostats.

The current-follower OA configuration
(Fig. 6d) is often used as a current trans-
ducer in potentiostat circuits (Fig. 13). The
output voltage is proportional to the feed-
back resistor, Ry, making amplification of
the current signal straightforward. In this

Fig. 13 Current measurement
using a current-follower circuit.
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configuration, the WE potential is main-
tained at “virtual ground”. A disadvantage
of this circuit is that loss of negative feed-
back and potential control occurs when the
amplifier’s electrical capacity is exceeded.
This is especially a problem for heavy cell
currents, where the OA must supply an
equal current to maintain virtual ground.
The addition of a buffer amplifier will allow
operation with cell currents larger than the
OA capabilities. Potential control is also
lost when the combination of cell current
and Ry would require an output voltage
greater than the power supply voltage of
the OA. In addition, virtual ground is lost at
high frequency because of the inadequate
high-frequency gain of OAs. High-gain cir-
cuits can lose control at frequencies as low
as 100 Hz. A more detailed discussion of
the frequency response of potentiostatic
circuitry is presented in Sect. 1.2.7.

1.2.5
Alternate Control Circuits

In some experiments, such as a rotat-
ing ring-disk electrode (see Section 2.4.2.2

of Chapter 2.4) or liquid chromatography

Ry

Eou=-1R;
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detection, it is desirable to control two or
more working electrodes in the same elec-
trochemical cell. Although separate poten-
tiostats can be used to control the working
electrodes, several problems occur. The
control and measurement functions of the
potentiostats must be electrically isolated.
This requires isolated power supplies (e.g.
batteries), control signals, and outputs. In
addition, each working electrode requires a
separate auxiliary and reference electrode.
An alternate strategy is to use a bipoten-
tiostat; a potentiostatic circuit designed
to allow simultaneous potential control
of two working electrodes. A simplified
schematic of a bipotentiostat circuit is il-
lustrated in Fig. 14. The circuit is based
on the adder-type potentiostat (Fig. 9). The
addition of amplifiers OA4—OA?7 provides
control of the second working electrode.
The bipotentiostat maintains working elec-
trode 1 (WE1) at circuit common, while
WE2 is lifted off circuit common by
an amount equal to the potential differ-
ence between the two working electrodes
(i-e. Ew2 — Ew1). OAG is the differential

amplifier that generates this potential
difference, which, when applied to the
noninverting input of current-transducer
amplifier OA4, shifts the potential of WE2
to a value equal to Ewy — Ewi. Amplifier
OA4 transduces the WE2 current. Since
the voltage output of OA4 is not referenced
to circuit common, differential amplifier
OA7 is used to restore the output to a
circuit common reference. In the bipoten-
tiostat, the auxiliary electrode supplies the
total current required at WE1 and WE2;
however, OA2 and OA1 act to maintain
the potential difference between the first
working and RE at Ew;. If desired, addi-
tional working electrodes can be added to
this circuit by duplicating the circuits of
OA4-0A7 as many times as necessary.
An alternate method for construction of
multipotentiostats is to use a grounded ref-
erence configuration (Fig. 15). Here the RE
is maintained at virtual ground and the po-
tential of the working electrode is changed
at the noninverting input of the current
transducer. Since the output of the current
transducer floats above circuit common by

Ry

OA3

Eout = _IRH

Eout=~IRr

Fig. 14 A bipotentiostat circuit. Circuitry enclosed by the dashed line is that added to support a

second working electrode.
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R

Eout =-IR;

Fig. 15 A multipotentiostat circuit based on a grounded reference configuration. The
dashed line surrounds the circuitry required for each working electrode.

Ein, the output s referenced to common by
a differential amplifier. Additional work-
ing electrodes are added by replicating
the current-transducer/differential ampli-
fier combination. All working electrodes
share the auxiliary and reference electrodes
in this configuration.

In bipotentiostats employing shared ref-
erence and auxiliary electrodes, the degree
to which the solution resistance can be
eliminated by RE placement is limited.
In such cases, the RE should be located
nearest the WE with the heaviest cur-
rent flow. Obviously, the operation of
these bi- or multipotentiostats will be
compromised under conditions in which
ohmic drop is large. Experimental arti-
facts are introduced when the loop does
not instantaneously respond to changes in
current at the working electrode. In par-
ticular, potential steps at either working
electrode will introduce spurious current
transients at the other electrode due to
the finite response time of the feedback
loop. The transients not only obscure
the current signal but also indicate a
brief loss of potential control. Using dual
potentiostats is not necessarily a solu-
tion to this problem, since large currents
flowing from either of the two auxil-
iary electrodes to closely spaced working
electrodes will cause a similar loss of po-
tential control.

1.2.6
Ohmic Drop Compensation

In galvanostatic or amperometric ex-
periments, the solution, electrode, and
connection resistance produce an ohmic
voltage in proportion to the cell current. In
galvanostatic measurements, ohmic drop
distorts the measured cell voltage. How-
ever, a more serious effect occurs in
voltammetry in which the ohmic drop op-
poses the applied potential. Voltage sweeps
become nonlinear and potential steps have
prolonged rise times producing a distorted
voltammetric response. There are many
reports of methods to alleviate ohmic drop
in the literature [4, 5]. The use of a po-
tentiostat provides a partial solution by
employing a negative feedback loop to
eliminate a fraction of the solution resis-
tance. Numerous methods to minimize
the remaining ‘“‘uncompensated” resis-
tance (Ry) have been proposed [6—9], but
the two most commonly used compensa-
tion procedures are positive feedback and
current-interruption compensation.

1.2.6.1 Current Interruption

In the current-interruption method, the
flow of current through the cell is periodi-
cally stopped. During this time, there is no
ohmic drop in the cell (IR = 0); therefore,
the true potential of the working electrode
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Fig. 16 A simplified schematic and timing diagram of a
current-interruption potentiostat used for IR drop elimination. The
FET switch is closed and the S/H is in sample mode when digital
control signals SC and SHC are high.

can be measured [10]. Figure 16 illustrates
the basic instrument. An electronic switch
[typically a field-effect transistor (FET)
switch] at the auxiliary electrode is dis-
connected for several microseconds at a
frequency of 10 to 50 kHz. At the moment
of disconnection, the ohmic potential
rapidly drops to zero (the drop is not in-
stantaneous because of the cell inductance
and the finite response time of the ampli-
fiers). After a delay to allow the ohmic drop
potential to collapse, a pulse signal is sent
to a sample-and-hold (S/H) circuit, which
monitors the RE potential. The double-
layer capacitance maintains the working
electrode potential until it eventually de-
cays through faradaic reactions. An S/H
circuit collects a sample of the potential
using a set of switches to charge a low-
leakage capacitor during a sampling pulse.
At the pulse end, the capacitor value is out-
put through a buffer amplifier to “hold”
the sample potential until another sample
pulse occurs. The S/H output is applied to
the inverting input of the potentiostat OA.
Asin the follower potentiostat, the negative

feedback loop maintains the potential be-
tween the WE and reference at the control
potential (E.). Unlike the simple follower
potentiostat, however, the potential is
controlled without ohmic drop distortion.
It should be noted thatimplementation of a
properly performing current-interruption
potentiostat is significantly more complex
than that suggested by the illustration in
Fig. 16 [11-13]. Since the potential is not
controlled continuously, the potentiostat
feedback loop must operate more slowly
than otherwise. By adding a compensation
capacitor (Cst) in the feedback loop, the
frequency response is reduced to a value
lower than the pulse frequency. Without
this, the interruption pulses will destabi-
lize the feedback loop. In addition, the
current follower filters the cell current by
the combination of Cy and Ry, which elim-
inates transients caused by the current
switch. Although a higher pulse frequency
is desirable, increasing the pulse frequency
beyond 100 kHz is practically difficult.
This limits this technique to relatively slow
measurements. The current-interruption



technique is well suited for corrosion,
battery, and electrosynthesis applications
that often do not require rapid measure-
ments and in which heavy current flows
introduce unacceptable ohmic drop in
even highly conducting electrolytes.

1.2.6.2 Positive Feedback

This method introduces a positive feed-
back path into the potential control circuit.
Normally, positive feedback is not desir-
able but is used here in conjunction with
negative feedback such that the overall
amount of feedback remains negative. An
illustration of an adder-type potentiostat
incorporating positive feedback is shown
in Fig.17. A fraction, f, of the voltage
output (created by the potentiometer) is
summed with the RE potential. (Note that
the potentiometer resistance should be
much less than the resistance, R, at the
inputs of the control amplifier to avoid
loading the potentiometer output. Alter-
nately, a voltage follower can by inserted
after the potentiometer.) Because of the in-
verted current-follower output, the signal
is fed back as positive feedback. Positive
feedback reduces the uncompensated re-
sistance since the amount of ohmic drop
is proportional to the cell current. Thus,
adding a voltage proportional to the cell
current to the auxiliary electrode potential
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offsets the ohmic drop. It is important
to realize that the correction occurs con-
tinuously. A one-time correction will not
suffice since the current flowing is that
observed with ohmic drop present. For full
correction, the current used for correction
must have no ohmic drop. A continuous
correction is able to approach this ideal but,
out of necessity, the correction signal will
always lag the cell current, preventing com-
plete correction. For this reason, any delay
in the correction loop reduces the amount
of correction possible and, as discussed
below, can destabilize potential control.
The compensation fraction amount is
given by f X R¢/Ry. Although complete
compensation is not possible for the
reasons given above, the amount of com-
pensation actually achieved in practice
is surprisingly low —80% compensation
is typical. Delays introduced in the cur-
rent transduction and in measuring the
RE potential are the main reason for in-
complete compensation. Positive feedback
also requires knowledge of R,. Although,
Ry can be determined before an experi-
ment in many cases, some experiments,
notably corrosion, present situations in
which the solution or electrode resistance
varies with time. A number of authors
have presented methods to automatically
measure R, during an experiment [6,

Eou =—1F;

fR/R,

!

Fig. 17 Potentiostat circuit with positive feedback IR drop correction.
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7, 9]. Because of the relatively simple
implementation, positive feedback is a
popular method for reducing ohmic drop.
Positive feedback can also operate more
rapidly than current-interruption methods
and so is useful in analytical or physical
measurements.

1.2.7
Control Loop Frequency Response

The behavior of the control loop was
previously considered at low frequencies;
however, the ability to control the poten-
tial or current at higher frequencies is
important in many electrochemical meth-
ods, including ac impedance and short-
timescale voltammetry. Although the be-
havior of a potentiostat or galvanostat at all
frequencies can be determined through ex-
periment or calculation for a well-defined
system (such as when connected to a
dummy cell) [14-16], in practice real elec-
trochemical cells are not only electrically
complex but also extremely variable. Deter-
mining the behavior of a general-purpose
instrument is impractical over the wide
range of conditions that might occur
under normal operation. However, it is
possible to determine with some confi-
dence what conditions might cause loss of

T _STa_bﬁiZirTg_:
Cst network

potential or current control. To illustrate
this, a test circuit (Fig. 18) was modeled
using a SPICE-based electronic simula-
tor [17].

Initially, the simulation uses the circuit
components noted in the figure and this
will serve as a comparison point. A triangle
wave generator produces a cyclic voltam-
metry (CV) wave at 2000 V s~ ! as the input
for the potentiostat. OA1 is a common low-
cost LF356 (National Semiconductor) de-
vice and stabilizing capacitor Cgr is 10 pF.
The electrochemical cell is simulated as a
dummy cell with 1200 © of solution re-
sistance, a double-layer capacitance, Cq,
of 0.2 uF, and faradaic impedance, Z, of
10° Q. The reference electrode is situated
to provide R. = 1000 2 and an uncom-
pensated resistance, Ry of 200 Q. Rgg and
CRrg are included to simulate the behavior
of a reference electrode. A Luggin—Haber
capillary, used to provide for close RE-WE
spacing, often exhibits high resistance and
capacitance. Initially, Rrg and Cgg are set
to 10k and 1 pF, respectively. OA2 is
simulated as an ideal OA. The current
follower, OA3, is an LT1007 (Linear Tech-
nology) OA, a higher performance OA
than the LF356 OA. At 2000 Vs, the
maximum double-layer charging current
is 400 pA and the 200 Q R¢ value produces

i ¢ Fiter&)
TWET T : ”Ff gain :
I'interface : f I

i
I
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Fig. 18 Model potentiostat and electrochemical cell circuit used in stability calculations.
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Fig. 19 Calculated CV curves with a 2000 V s~ scan rate applied to the

model potentiostat of Fig. 18. (

) Re = 1000 €, R, = 200 ,

CST =10 pF, Cd| =0.2 MF, RRE =10 kQ, CRE =1 pF,

R =200Q,C=1nF;(----)R.=1198Q,R, =2, Cst =10 pF;
() Re = 1198 2, Ry = 2 2, Cs7 = 1000 pF; (- - - - ) Re = 1000 £,
R, =200 2, Cst = 1000 pF.

an output voltage of 80 mV. A connection
for positive feedback ohmic compensation
is included. Initially, the potentiometer,
Ry, is set to give zero positive feedback.

1.2.7.1 Effect of Reference Position

For Ry of 200 €, the CV current in Fig. 19
shows that the charging current does not
level off to the expected 400 pA until
about 200 us into the wave. This slow rise
is caused by the ohmic drop or, more
precisely, the R, Cyqj time constant of 40 ps.
Moving the reference electrode closer to
the working electrode decreases Ry. A
simulation with Ry = 2 Q(R. = 1198 Q)
might be expected to show a 100-fold
speed-up in the rise time. In fact, a
set of damped oscillations (ringing) is
observed on the rising and falling edge of
the charging current. The oscillations are
evidence of destabilization of the potential
control by decreasing Ry,. The control loop
is unable to maintain the desired potential

because OA1 is unable to supply sufficient
current to charge Cyq at the rate demanded
by the negative feedback loop. Since the
OA is unable to supply current at the
required rate, there is a delay introduced
into the control loop. The bode and phase
shift plots of Fig. 20(a, b) plot the behavior
ofa series of sine waves applied to the input
of the circuit. The result is a log—log plot of
loop gain and phase shift versus frequency
for this circuit. The amount of phase shift,
with respect to the low-frequency behavior,
is a measure of delay in the feedback loop.
At low frequencies, the Bode plot indicates
that the magnitude of the gain is 1 (0 dB).
At higher frequencies, the voltage gain
drops to about 70% (—3 dB) of its DC value
for R, = 200 Q2 at a frequency of 270 kHz.
This drop is mainly due to the inherent
frequency response of the OA. For clarity,
only the phase shift in excess of the 180°
shift produced by negative feedback is
plotted in Fig. 20(b). For R, = 200 €, the
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Fig. 20 Calculated (a) bode and (b) phase shift curves for the

circuit of Fig. 18. Conditions are given in Fig. 19.

phase shift only becomes appreciable in
the region in which the loop gain is already
decreasing. However, in the case in which
Ry is 2 Q, the phase shift rapidly grows
to 90° near a frequency of 32kHz. The
Bode plot also shows a peak in the gain
at the same frequency. The nature of the
ringing in the CV in Fig. 19 is now clearer:
at the frequency at which the phase shift
increases to 90° and the gain is larger
than unity, oscillations (at 32 kHz) caused
by positive feedback are possible. Further

decreases in Ry cause increased ringing
duration and amplitude.

Stabilizing the control loop to avoid
oscillation is possible in several ways.
A recommended procedure to increasing
the stability of amplifiers driving capaci-
tive loads is the introduction of a small
resistance in series with the load. The
benefit of this is clear from the figures
above: a too-small R, value destabilizes
the loop. Some amplifiers are specified
to drive larger capacitive loads and would



be preferred here. An alternate method
is to reduce the loop gain below unity at
the oscillation frequency. Changing Cst
to 1000 pF stabilizes the potentiostat with
Ry = 2 Q. Ringing is reduced in the CV
(Fig. 19). The Bode and phase shift plots
(Fig. 20) show that a Cst of 1000 pF re-
duces the gain below unity for frequencies
at which the phase shift is greater than
90°. Note that this reduces the overall
frequency response of the potentiostat to
below 16 kHz. This is clearer in the CV
and bode plots in which R;, is 200 Q and
Cst = 1000 pF; the CV response is clearly
affected by the slower rise time of the
potentiostat circuitry.

The RE itself can also destabilize the
control loop. Figure 21 shows the CV
acquired under the initial conditions but
with Rrg = 50 kQ, Crg = 300 pF. These
values are reasonable for a long, thin
Luggin—Haber capillary. The effect is to
reduce the frequency response of the RE
connection, that is Rgg and Cgg for a

0.20
0.15
0.10
0.05
0.00

I
[A]

-0.05

1.2 Analog and Digital Instrumentation

low-pass filter. This adds an additional
delay in the loop, producing oscillations
at 50 kHz, as indicated by the peak in
the Bode plot at the 90° phase shift
(Fig. 22).

1.2.7.2 Positive Feedback Stability

Addition of positive feedback for IR, com-
pensation produces a control situation
similar, but not identical, to condition
in which Ry is reduced by moving the
RE closer to the WE. The bode plot and
CV curve of Fig.23(a, b) illustrate the
potentiostat response when Ry = 200
(Rc = 1000 ©2) and the compensation frac-
tion is set to 0, 90, and 99%, that is,
an effective R, value of 200, 20, and
2 Q, respectively. Compare these curves
to Figs.19 and 20, which have actual
values of R, of 200, 20, and 2 Q. In
addition, the effect of a 1000 pF stabi-
lizing capacitor (Cst) is plotted for an
effective Ry of 2 Q. Except for one ex-
ception, the CV curves of Figs. 23(b) and

-0.10
-0.15
-0.20

O T T T T LT 11T

o

Fig. 21

model potentiostat of Fig. 18. (

A\

Calculated CV curves with a 2000 V s™' scan rate applied to the

) Re = 1000 €, R, = 200 ,

Cst = 10 pF, G4y = 0.2 uF, Rre = 10 k2; Crg = 1 pF; Rf = 200 ©;
Cr=1nF; (- ---) Rre = 50 k2; Cre = 300 pF.
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Fig. 22 Calculated (a) bode and (b) phase shift curves for the

circuit of Fig. 18. Conditions are given in Fig. 21.

19 are essentially identical. Note the ex-
ception that the stabilizing capacitor is
much less effective in reducing ringing
in the positive feedback case. The Bode
plots of Figs. 23(a) and 20(a) are quite dif-
ferent. Gain rises above unity over a larger
range of frequencies in the positive feed-
back case. This reflects the fact that the
frequencies necessary to reduce IR, drop
must be supplied at increased gain. Note
also that the “job” of reducing IR, drop
is shifted to the current transducer, OA3,
in positive feedback, which partly explains
the reduced effectiveness of Cst in mini-
mizing ringing.

1.2.7.3 Other Destabilizing Conditions

The simple R,Cq model of the elec-
trochemical cell provides a challenging
control situation. The presence of dif-
fusional faradaic current reduces the
reactance of the working electrode in-
terface by adding a parallel noncapaci-
tive current path across Cg. However,
some electrode processes can transiently
increase the reactance of the interface,
thus decreasing the control loop sta-
bility. For example, potential-dependent
adsorption or desorption of ions at the
interface or passivation/depassivation phe-
nomena can destabilize an otherwise
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Fig. 23 Calculated (a) and (b) CV curves with a 2000 V s~! scan rate
applied to the model potentiostat of Fig. 18 using different amount of
positive feedback IR compensation. ( ) 0% compensation,

R. = 1000 2, R, =200 €2, Cst = 10 pF, C4y = 0.2 uF, Rpe = 10 k€2;
Cre =1 pF; Rf =200 ©; Gf = 1 nF; (-.-.-.) 90% compensation,

Cst =10 pF; (- - - - ) 99% compensation, Cst = 10 pF; (- - - - ) 99%
compensation, Cst = 1000 pF.

stable control loop. In such cases, the
control loop must be further stabilized,
often at the cost of a decreased frequency
response.

Maintaining control is more difficult
with certain potential excitation wave-
forms. Step functions (as in chronoam-
perometry) are particularly severe tests for
potentiostats. As an example, consider the

requirements for a 1-V step applied to the
test circuit of Fig. 18. With R. = 1000 €,
Ry =200 €, and Cst = 10 pF, OAl is re-
quired to supply a transient voltage and
current greater than 35 V and 30 mA, re-
spectively. This is excess of what most
simple OAs can supply and a buffer ampli-
fier (as in Fig. 11) would be required. Re-
ducing Ry to 2 Q (R. = 1198 Q) increases
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the voltage and current required to greater
than 350 V and 300 mA, respectively. How-
ever, this transient occurs during the first
microsecond after a step. Degrading the
frequency response of OAl (e.g. by in-
creasing Csr) reduces the transient power
requirements.

1.2.8
Excitation Signals and Data Acquisition

A variable voltage source is often used to
program the magnitude and time course
of the potential or current excitation sig-
nal applied to an electrochemical cell. The
controlling voltage can be as simple as
a battery connected to a manually ad-
justed potentiometer. The output signal
of a potentiostatic or galvanostatic circuit
is usually a voltage proportional to the
current at the WE or cell voltage. Tradi-
tionally, the output of an electrochemical
experiment would be recorded by hand ina
laboratory notebook or with an electrome-
chanical recorder using a pen on graph
paper. Oscillographic recorders, storage
oscilloscopes, or magnetic tape are used for
transient experiments. However, the avail-
ability of inexpensive personal computers
(PCs) has essentially eliminated these tra-
ditional analog recording methods in favor
of more versatile digital recording. Sim-
ilarly, analog methods of programming
excitation signals have been supplanted by
digital means. This section discusses digi-
tal methods of experiment control and data
acquisition.

1.2.8.1 Excitation Signals

Signals for programming a controlling
potential or current in an electrochemi-
cal cell include large amplitude potential
sweeps or steps (as in cyclic voltammetry
or chronoamperometry), sine and square
waves, pulse sequences, pseudorandom

noise, and various combinations of these.
Applications of some of these methods are
discussed in the following chapters (e.g.
Chapter 2.1 considers cyclic voltammetry
and Chapter 2.2 describes chronoamper-
ometry. Although traditional analog elec-
tronic methods were used to generate
any of these excitation waveforms, digi-
tal methods are much more efficient and
versatile and can replace nearly all tradi-
tional analog signal generation methods.
The use of high-accuracy and very fast
digital-to-analog converters (DACs) in con-
sumer electronics, such as in compact disc
players and in high-resolution PC graphics
cards, has made DAC-based signal sources
widely available and, in general, signif-
icantly less expensive and more precise
than equivalent analog sources.

A DAC converts a set of binary digits
into an analog current or voltage. The
number of the binary digits used in each
conversion sets the output resolution of a
DAC. A typical DAC might have 12 bits of
resolution, corresponding to 2'2 (i.e. 4096)
possible analog outputs. An internally or
externally supplied reference sets the DAC
output range. This allows a DAC to provide
a wide range of possible outputs. For
example, the DAC reference might be
used to set an output range of +10V
or, alternately, 0 to —1 V. In either case,
the DAC resolution (e.g. 12 bits) fixes
the digital resolution but the accuracy
of the analog output depends on the
output range. The number of bits of
resolution, n, sets the full-scale accuracy
according to this equation 100%/(2" — 1).
Thus, a 12-bit DAC has an accuracy of
0.024%, which corresponds to 4.9 mV or
0.24 mV accuracy on a £10 or 0-1V
range, respectively. Toggling the value
of the least significant bit (Isb) produces
the smallest possible output change.
Increasing the output accuracy of a DAC



requires increasing the number of bits
or decreasing the full-scale output range.
The rate at which the digital codes are
sent to the DAC is governed by a clock,
which also, necessarily, sets the maximum
rate at which the analog output can vary.
The clock is simply a sequence of digital
pulses occurring at regular intervals. The
maximum rate at which a DAC can
produce an output is typically limited by
the ability of the analog output to settle to a
fraction of the Isb value. In general, a DAC
with greater resolution will not be able to
generate output as rapidly as a DAC with
lower resolution.

A concern with using a DAC-based sig-
nal source is the limited output resolution.
Commonly, the DAC resolution is 12 bits
on PC-based instrumentation. With a +10-
V scale, the Isb change is 4.9 mV, which
means that a voltage sweep generated with
this DAC has a staircase appearance. How-
ever, changing the output range to £2V
improves the resolution to less than 1 mV,
which makes the sweep essentially identi-
cal to the ideal linear response. The 2 V
range still permits most voltammetry ex-
periments, butif necessary, using a second
DAC provides an additional offset voltage.
Using a higher-resolution DAC is an even
better option. For example, a 16-bit DAC
allows better than 0.3 mV accuracy with a
full-scale range of £10 V.

1.2.8.2 Data Acquisition

In most cases, data from electrochemical
experiments are acquired using analog-
to-digital converters (ADCs) [18]. An ADC
converts an analog signal (usually voltage)
to a binary code. As in DACs, ADCs use
a digital clock to set the rate at which
digital codes are generated. The number
of bits in the digital output is related
to the accuracy with which the signal is
encoded. For highest accuracy, the input
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signal should be no smaller than one-half
of the full-scale range. For example, an
input signal of between £1 V presented to
a 12-bit ADC with a £10 V input range will
be digitized with only 9 bits of resolution,
limiting the ultimate precision to 0.2% of
the full scale. Most ADC systems provide
on-board amplification that can be used
to better match the input signal to the
full-scale range of the data. More recently,
inexpensive 16-bit and higher-resolution
ADC systems have become available. A 16-
bit ADC retains a precision of 0.01% over
a £10 V range. The higher resolution also
allows a “zoom” into the data to extract
small signals from a large background.

Increased accuracy is possible with
sample averaging. Rather than acquire a
single sample at sample rate f, n samples
are acquired at sample rate n x f. The
samples are then averaged to retain the
effective sampling rate f. Averaging has a
number of advantages. If a signal contains
only white noise, the signal-to-noise ratio,
SNR, is improved by a factor of n'/2.
In addition, the effective resolution in
the digitized sample is increased by a
factor of 0.5 x log,(n). Averaging 16 12-
bit samples, produces one sample with
an effective 14-bit resolution. A point
of diminishing returns occurs with this
method since all ADC cards show a loss in
their effective number of bits (ENOB) as
the sampling rate increases. The sample
rate must be proportionately increased to
allow for averaging and the input circuitry
may not completely settle at the highest
acquisition rate, decreasing resolution.
However, the ENOB often does not drop
significantly until sample rates of greater
than 10 kHz are used.

The Nyquist criterion states that an in-
put signal can be recovered if it is sampled
at least two times the bandwidth of the
signal. Sampling slower than the Nyquist
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rate leads to aliasing, where the undersam-
pled signal appears as an artifact at lower
frequencies. Aliasing is avoided by using
a low-pass filter on the input to the ADC
and sampling at twice the filter cutoff fre-
quency or higher. Note that the filter will
attenuate the signal power at frequencies
higher than the filter cutoff but strong
noise sources above the cutoff frequency
may produce aliased signals. Failure to pre-
vent aliasing will place the noise present at
frequencies higher than the Nyquist rate
into the digitized data samples.

1.2.8.3 Microcomputer Control and
Storage

ADCs and DACs rely on a microcomputer
or microcontroller to acquire and provide,
respectively, the digital codes needed for
their operation [19]. In some commercial
instrumentation, a microcomputer is em-
bedded into the instrument along with
memory and other circuitry to provide for
timing and external communication. Such
integrated devices are referred to as micro-
controllers. In addition to acquiring data
and generating excitation signals, the mi-
crocontroller accepts user input from the
front panel (e.g. pushbuttons or switches)
or from a PC over a digital communi-
cation channel. The microcontroller also
maintains displays and data output. The
computer program for the microcontroller
is highly specific for the hardware found
in the instrument and is typically stored in
read-only memory (ROM) where it is pro-
tected against user modification for both
reliability and security reasons. Some in-
struments employ rewriteable ROM that
allows the manufacturer to send out up-
dated command sets or fix program bugs.
Newer instruments will probably allow
the manufacturer or vendor to enable fea-
tures remotely via the Internet or special
computer commands. This allows a user

to purchase an instrument with limited ex-
perimental capabilities and then enable a
set of experiments if needed at a future
date. The new feature set will be per-
manently enabled or leased for a specific
time interval or number of experiment
repetitions.

In other instruments, a general-purpose
computer communicates with separate de-
vices containing ADC and DAC circuitry.
Often the ADC and DAC circuitry is on a
computer board that plugs into an inter-
nal expansion slot of the PC. Alternately,
the ADC and DAC might be part of a
general-purpose test instrument such as
an oscilloscope, high-resolution voltam-
meter, or an arbitrary waveform generator.
In such cases, data and control signals are
exchanged between the PC and the test in-
strument via an external bus. Serial busses,
such as RS-232, are included as standard
equipment on most PCs and have been
a popular choice. The general-purpose in-
terface bus (GPIB or standardized as the
IEEE-488) is widely used on many types
of test and measurement equipment. It
has the advantage that up to 15 devices
can be attached to one GPIB controller.
GPIB busses are not standard equipment
on PCs but can be added with a plug-in
controller card.

Arecenttrend in PCs is towards “legacy-
free” systems, which ultimately will lead
to a loss of internal expansion slots.
Introduction of standardized, high-speed
communication ports compensates this
loss. Importantly, test equipment will not
be restricted for use with specific hard-
ware or operating systems (such as plug-in
data-acquisition boards). The Universal Se-
rial Bus, USB, and IEEE-1394 (FireWire)
are examples of low- (1.5-12 Mb s~!) and
high-speed (up to 400 Mbs™!), respec-
tively, serial communication busses that
are available on modern PCs [20]. These



are superior to RS-232 and GPIB busses
since either is faster and both support
more that 60 devices per controller while
also supplying power to the device. Electro-
chemical equipment employing these or
similar communication busses are likely
to appear since the busses are now ubig-
uitous and commercialization has made
interface circuitry inexpensive. Communi-
cation links can also be established using
Internet or similar protocols (e.g. TCP/IP).
Some test equipment is now available with
Ethernet ports, allowing remote data col-
lection. The use of wireless connections to
test equipment is likely in the future given
the rapid commercialization of comput-
ing in this area. An emerging technology
is Bluetooth, which uses a 2.4 GHz RF
link to provide a low-speed (1 Mbs™}),
short-range (10 m) data link to other Blue-
tooth devices [21]. Current Internet and
wireless data connections are probably
too unreliable and slow for many appli-
cations. For example, the 2.4 GHz band
of Bluetooth and other RF links is sus-
ceptible to interference from microwave
ovens, which operate at the same fre-
quency and, ironically, are the reason for
the availability of the 2.4 GHz commu-
nication band. However, several reports
of remote or “teleoperated” experiments
over Internet links are available and it is
likely that these applications will rapidly
increase in number [22-25].
Microcontroller systems and PCs use
software programs to manage the hard-
ware in electrochemical instruments. Mi-
crocontroller systems are designed to op-
erate in “real time”. Data must be acquired
and stored without interruption from other
tasks, such as updating a display or ac-
cepting user input. For this reason, the
control programs are usually designed
to be the sole program running on the
instrument’s microcontroller. In addition,
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efficient coding of programs is necessary
to minimize the expense in purchasing
and preparing the ROM storage chips, es-
pecially for commercial instrumentation.
For this reason, programming in assem-
bly or in an efficient compiled language
such as C is common. In contrast, PCs are
general-purpose computers and, as such,
are required to run an operating system
as wells as other programs that run si-
multaneously with the instrument control
software. This requires the various pro-
grams to cooperate with each other and,
thus, share hardware and processor re-
sources. Modern operating systems, such
as Window, Macintosh, or Linux, enforce
limits on the ability of a single program
to directly control a piece of hardware or
respond in a guaranteed time to a hard-
ware signal. Thus, programming at a low
level is inconvenient. The solution is to
use a higher-level programming language
that allows the user to interact with the
hardware through vendor-supplied drivers.
One example is LabView (National In-
struments), a platform-independent data-
flow language programmed by connecting
iconic representations of functions, exe-
cution blocks, hardware, and so forth.
Vendors also supply drivers for conven-
tional programming languages such as
Basic, C, and Fortran.

Use of a general-purpose computer
for controlling an electrochemical instru-
ment allows using computing power to
perform many data manipulation and dis-
play functions. An example is the use
of the computer to perform coulomet-
ric experiments by digital integration of
the cell current. This task would require
a separate circuit in a completely ana-
log instrument but incorporation into a
computer-controlled instrument requires
only a few lines of computer code. The
amount of analog circuitry in modern
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and future instruments will be reduced to
the bare minimum required to maintain
electrical control with all other functions
assigned to increasingly faster computers.

1.2.9
Example Instrument

There are many examples of electro-
chemical instrumentation in the literature.
Unlike the basic ideas presented here,
practical instruments often contain a great
deal of additional circuitry. A concern,
especially with commercial instruments,
is that the circuit operates reliably and
within specification. Circuitry to provide
protection from input and output over-
voltage/overcurrent is present. Often, ad-
dition of calibration circuitry allows the
instrument to self-calibrate and report
out-of-specification or fault conditions. De-
spite this additional complexity, the basic
operation of the instrument follows the
electronic principles outlined above. A
block schematic diagram of the Solartron
Instruments Model 1287 ““Electrochemi-
cal Interface” illustrates a typical high-
end commercial instrument (Fig. 24). The
SI1287 is similar to other commercial in-
strumentation in that it is designed to
provide an experimenter with a wide range
of possible experiments. There is no direct
control of the internal circuitry by the user;
the internal microprocessor mediates all
aspects of the instrument. Although man-
ual operation of the SI1287 is possible
with the front-panel controls, the designers
clearly intended control of the instrument
by a personal computer. To that end, a
RS-232 or GPIB interface provides a com-
munication bus. The block diagram is not
intended to be a complete description and,
for example, does not indicate the cir-
cuitry involved with the digital control or
front-panel display.

The section of Fig.24 to the left is
marked “Polarization Control” and is in-
volved in electrical control of the cell
potential or current. Note that the instru-
ment can operate as either a potentiostat
or galvanostat and the potential or current
applied to the cell is programmed by sum-
ming the internal sources, marked DC Ref
and Sweep, with an external polarity in-
put. The box marked Feedback/Bandwidth
control represents actual control circuitry
similar to that in Figs.8 and 11. Re-
lays and electronic switches, controlled by
the internal microprocessor, allow switch-
ing between potentiostatic or galvanostatic
mode. The microprocessor also sets the
control loop bandwidth, which allows the
experimenter to trade bandwidth for in-
creased control loop stability. Other inputs
to the feedback control circuitry are the
RE potential and IR compensation (if nec-
essary). A power amplifier is inserted at
the counter (auxiliary) electrode connec-
tion. This allows currents of up to 2 A to
be applied to the cell.

Current flow at the working electrode is
determined from the voltage drop across
a measuring resistor. Unlike in Fig. 9,
a differential amplifier (cf. Fig. 12) mea-
sures the voltage drop, which permits a
floating WE configuration. An optional
offset, x10 gain, and low-pass filter is
applied to the current signal before it
is sent to the current output terminal.
Voltage measurement with the S11287 em-
ploys a somewhat unusual configuration.
Two REs are provided and a differential
amplifier measures the voltage difference
between them (ARE). The use of two REs
has a number of significant advantages. As
discussed previously, using a measuring
resistor at the working electrode intro-
duces an additional voltage drop caused
by the product of cell current and Rp,.
Connecting RE2 to the WE and RE1 to
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the RE avoids this problem. The voltage
difference between references does not in-
clude the voltage drop produced by Rpy. A
second use for dual reference electrodes
is to monitor the voltage dropped across
a membrane or phase boundary. An op-
tional offset, x10 gain, and low-pass filter
is applied to the current signal before it is
sent to the voltage output terminal. Either
positive feedback or current-interruption
methods is used for IR compensation.
The SI1287 uses two internal ADCs
with accuracy greater than 16 bits for all
measurements. The nine different mea-
surement points are marked on the dia-
gram by oval-shaped labels, that is, POL
or ARE. Measurements are made by us-
ing the internal microprocessor to switch
measurement points as required. The mea-
surements are sent to the PC as they are
collected or a small amount of internal
memory is used to store measurements.

1.2.10
Conclusion

It was once said that there were more
different types of electrochemical instru-
ments than electrochemists to operate
them. The nature of an electrochemist is to
tinker in the desire to squeeze a bit more
signal-to-noise or a few more ohms of IR
drop out of an experiment. This section
only presents a small portion of the in-
formation required to fully comprehend
or construct instrumentation for electro-
chemistry. It is hoped that the information
given will allow the reader to appreciate the
design and operation of electrochemical
instrumentation.
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1.3
Digital Simulation in Electroanalytical
Chemistry

Dieter Britz
Aarhus Universitet, Arhus C, Denmark

1.3.1
Introduction

In this chapter, digital simulation, as ap-
plied in electroanalytical chemistry, will
be described. The description must nec-
essarily be brief, but references are pro-
vided for more detail. In particular, the
classical chapter by Feldberg [1] and the
more detailed (and more up-to-date) mono-
graph [2], as well as the excellent review of
the field by Speiser [3], going up to 1996,
are recommended reading.

Very broadly speaking, digital simu-
lation in electrochemistry is the nu-
merical solution of Fick’s second diffu-
sion equation,

9%c
dx2

ac 1
3 = (€3]
where c is the concentration of a diffusing
species, ¢ is the time, x is the distance from
the electrode, and D is the diffusion coefhi-
cient of the diffusing species. The equation
as given is one-dimensional and in Carte-
sian coordinates, and can take other forms
according to the number of species consid-
ered and other coordinate systems. Except
in some simple (model) cases, numerical
solution is the only way to get results. The
most popular electroanalytical techniques
are linear sweep or cyclic voltammetry
[LSV, CV, ¢f Chapter 1.1 and 2.1 in this
volume] and potential step voltamme-
try [Chapter 2.2 in this volume]. In the
sections to follow, there will be names and
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techniques referred to without citation;
these can all be found in the Refs. [1-3].

1.3.2
Historical

Electrochemists consider Feldberg as the
person who introduced digital simulation
to the field. The extensive chapter de-
scribing the method was written between
the years 1964 [4] to 1969. This was the
standard text for a long time. It is not
always appreciated that Randles, in fact,
used finite differences to solve the LSV
problem in the year 1948 [5], thus mak-
ing him the first electrochemist to do
so. Finite differences (the technical term
mathematicians use for digital simulation
or, more precisely, for the implementa-
tion of one method of digital simulation),
go back to about 1911 (Richardson) and
the technique was formalized in 1924.
Feldberg used what the present author
calls the box method (see Sect. 1.3.4), yet
the standard procedure in the mathemat-
ics/computer field is the point method.
The box method will get brief treatment
here but the accent is now on points. They
make advanced methods (see Sect. 1.3.9),
such as the implicit methods that have
made possible great advances in efficiency,
easier to implement.

Up to the writing of the present au-
thor’s monograph [2], in 1988, there was
a number of unsolved problems, mainly
concerned with homogeneous chemical
reactions, which introduce several prob-
lems such as thin reaction layers and
coupled sets of equations. These prob-
lems have now been solved, at the cost
of programming complexity. Bieniasz [6]
introduced variable grids to enable dy-
namic gridding, thereby overcoming the
reaction layer problem (and problems
with sharp transients); and Rudolph [7]
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solved the problem of coupled equations
by introducing the block-tridiagonal nota-
tion (see Sect. 1.3.9). The next push is now
into the area of ultramicroelectrodes (see
Sect. 1.3.11).

133
Some Mathematics

In order to simulate an electroanalytical
problem, it is necessary first to express
it in a suitable mathematical form. For
one-dimensional problems, Eq. (1) must
be augmented by the boundary conditions,
including initial conditions. There are
some typical systems (experiments) that
illustrate the procedure: potential step and
controlled current experiments, and LSV
of a reversible electrochemical reaction.
These will suffice, although in later
sections, other more complicated systems
will be mentioned.

1.3.3.1 Three Model Systems

In a potential step experiment such as the
Cottrell experiment, we must know the
starting conditions, that is, the concen-
trations for the whole cell; since we are
dealing (for the moment) in only one di-
mension, this means concentrations along
the space variable x. As the experiment
proceeds, the concentrations at a range of
distances from the electrode will change,
but at the electrode (x = 0), it will be fixed
at zero, and at some sufficient distance
from the electrode, it will retain the value
c*, the initial bulk concentration. All this
is expressed formally as a set of bound-
ary conditions:

t <0, allx:c =c*
t>0,x=0c=0 2)

t>0,x —> ooic=c"

This, classical Cottrell, system has an
analytical solution that can be used to test
methods and programs. That solution is in
terms of concentrations (see Chapter 2.2
in this volume for the solution). What
one normally wants is the current i at
a given time, and this is derived from
the concentration profile by using Fick’s
first diffusion equation, relating flux to
concentration gradients:

. dac
i=nFADc Py 3)

X lx=0

where n is the number of electrons
transferred, F the Faraday constant, and
A the electrode area. Differentiating the
solution c(x,t) as given in Chapter 2.2
in this volume and inserting this into
Eq. (3), gives the well-known solution for
the current. Equation (3) is also the basis
for the calculation of current in digital
simulation.

The constant current (chronopotentio-
metric) experiment has a different set of
boundary conditions, the main difference
being the imposition of a constant current
or, via Eq. (3), a constant concentration
gradient at the electrode. The set is

t <0, allx:c =c*

dc
t>0,x=0—
ax x=0

= const

“4)
t>0,x —> o0oic=c*

(note that it is only the middle one of the
three equations that is different).

The above two cases involve only a single
species of concern. In LSV or CV, however,
one must follow the development in time
and space of both species (if not more) of
the electrochemical reaction, for example,

A+e” =B ()



and we designate the respective concen-
trations by ca and cp. There are now two
diffusion equations and more boundary
conditions. If the system is reversible and
there is no B present initially, and if the po-
tential scan starts at Eq and proceeds with
the scan rate —v (see Chapter 2.1, this vol-
ume) then the combined set of boundary
conditions is

t <0, allxica=c";cg =0
t>0,x ——> ooica=c",cg=0
t<0:E=E

t>0E=FE—vt

cA (nF 0 )
t>0,x=0—=exp| —=(E—-E")
CB RT

6)
in which we note a form of the Nernst
equation and the standard potential E°,
and the bulk concentration ¢* refers to
species A (as is usual for a set of species
involved in a reaction system). The two
species each have some of their own
boundary conditions and are also coupled
by the Nernst condition.

1.3.3.2  Normalization

Normally, the equations as presented
above, are rendered dimensionless (nor-
malized) by expressing the variables as
multiples of reference values. For the Cot-
trell system, the reference time value is the
observation time, or duration of the exper-
iment, t; concentrations are referred to c*
and distance x to a suitable length scale §.
In view of the solution of Eqs. (1 and 2) (see
Chapter 2.2, this volume and Ref. [2]), this
scale is conveniently defined as § = v/ Dr,
which means that the concentration profile
will extend into the solution bulk by only
a few §-units. We then have the following
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normalizing relations:

¢
c=25
C*
T—t 7
=7 )
yo¥_ X
8 Dt

thus forming the new dimensionless
variables C, T, and X. Equation (1) then
transforms to the simpler form,
aC _ 09*C ®
T 0X?
and the boundary conditions for the
Cottrell experiment also normalize to
the set

T<0 alx:C=1

T>0X=0C=0 9)

T>0X—o0C=1

The solution of this Eq.(8) with (9)
now applies to all sets of experimental
parameters ¢*, D, and t and is thus much
more useful. In all cases, the solution
will be within the bounds 0<T <1
and 0 < X <mé, in which m must be
chosen suitably (this will be described
in Sect. 1.3.7). Current is also expressed
without dimensions, simply (in view
of Eq.3) as the dimensionless gradient
aC

ﬁ X=0
G in this chapter.

For chronopotentiometry, a good choice
for the observation time is the transition
time itself, and this has the interesting
consequence that the constant current
reduces to constant G = 1/2./mw, the

, which will be given the symbol
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boundary conditions (4) becoming

T<0adlx,C=1

T>0X=0G=3/7 (10)

T>0X——oc0:C=1

and the solution must be that C(X = 0)
falls to zeroat T = 1.

The LSV system is also normalized,
eliminating the scan rate as well. It was
noted above (Equation set 6) that the swept
potential changes at the rate —v, where v
has units of Vs~1. First, we refer voltages
to units of RT/nF and shift it relative to
EO:

= ﬂ(E —EY% (11)
P=%T

which makes the dimensionless unit p
equal to about 25.69n mV and itis centered
on the standard potential E°. The scan rate
too is now expressed in terms of changes
in p-units per s:

p=p1—at (12)

with the new unit a defined as the
inverse time

nkF

a =

We can now define a reference time <,
being the time taken for the potential to
change by one p-unit. Normalizing time ¢
as above (Eq. 8), thatis T = ¢/t (t = a™}),
we now have a sweep starting at p; and
moving, for all experimental parameter
sets, with the dimensionless sweep rate 1,
as is seen in the new dimensionless

boundary conditions

T <0 all X:Cpo=1;Cg =0
T>0X—0c0:CA=1,Cg=0
T<0p=p

T>0:p=p1—T

C
T>0X=0—==exp(p)
Cg

(14)
(note the much simpler form of the Nernst
condition in the last line).

1.3.3.3 Denormalization

Having obtained a solution to a given
problem in dimensionless terms, we
might wish to go back to dimensioned
variables, in order to compare with an
experiment. This simply reverses the
normalizing equations. Thus, we have

c=c"C
t=1T
x=68-X (15)
E:Eo—i—Ep
nk

and the current through (computed) G:

*
i = nFADl/Z%G (16)
The groundwork is now laid for the
simulation methods themselves.

1.3.4
The Box Method

In this section, a very brief description
of the “box method” is given. This
is the method as originally devised by
Feldberg [1]. It is, in the opinion of the
present author, awkward and outdated,
although many prefer it because it appears



to provide a closer definition for what is
being done, in contrast with the “point
method”, which is the way numerical
mathematicians have always solved partial
differential equations.

Consider Fig. 1, showing three boxes
along a narrow tube representing the
diffusion path in one dimension. The
tube has been sectioned into short lengths
(boxes) of equal length 8x, and they are
numbered consecutively, starting from 1.
The essence of the box method is to use
Fick’s first diffusion equation, relating the
unit area flux f, in moles per second
per m?, of the diffusing substance at a
given point (or plane) to the concentration
gradient there:

de
dx

This is very intuitive and perhaps explains
the appeal of the method. The problems
begin with finding approximations to the
derivative term. The boxes are considered
to have uniform concentration within each
box, and the gradient between two boxes is
expressed by the concentration difference
divided by the distance between adjacent
boxes. For example, the flux of substance
from box i into box i + 1 is approximated
as —D(cj+1 — ¢;)/3x and this, combined
with the analogous expression for the flux
from box i — 1 into box i and converting
to concentration change in the center box,
gives the discrete explicit formula for the
new concentration in the center box i after

f=-D (17)

Fig. 1 Three boxes in the
solution bulk.

Fig.2 End-boxes at the
electrode.
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a time interval §t,

1)
ci(t+8t) =ci(t)+ D—tz(ci,l(t)
dx

—2¢i(t) +ci+1(1))  (18)
(for details of the derivation of this
formula, see Refs. [1, 2]). It will be seen
in Sect. 1.3.5 that this is identical with
the expression derived there, using points.
However, there are problems with the box
method. First of all, consider the end
elements close to the electrode, Fig. 2.
At the electrode, how does one express
the concentration gradient between the
electrode and the first box? The way this
has normally been handled is to assume
a distance of half §x between these. As
explained in [2], however, this gives rise
to an incorrect formula that happens to
work surprisingly well by accident. When
dealing with geometries other than the
simple ones depicted here — for example,
boxes that do not all have the same
length, or curved shells as one gets
with a cylindrical or spherical diffusion
space — the question of how far adjacent
boxes are from each other becomes
vexing. Feldberg and his coworkers have
devised corrections for curved elements, to
overcome such problems. It is the strong
view of the present author that all these
problems vanish with the use of points,
and this method will be used in the rest of
this chapter.

Civl

€ &)
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1.35
Point Discretizations

The point method proceeds from the
discrete approximation of Fick’s second
diffusion equation, for example, Eq. (1) or,
after normalization, Eq. (8) or variants of
that equation according to the chosen ge-
ometry. Both time and space are sampled
at a set of points, and approximations for
the left-hand and the right-hand sides of
the equation are sought. If the spacing of
the points is even throughout time (inter-
vals 8¢ or, dimensionless, §T') and space (A,
or H), then it is always straightforward to
develop good approximations in terms of
concentration values at these points. Con-
sider Fig. 3, showing a number of points
in space along the single dimension X
with the corresponding concentration val-
ues, and intervals H between the points.
The usual discrete approximation of the
right-hand side of Eq. (8) is

”Cc 1

axz 2 (Ci-1—2Ci 4+ Cip)  (19)

applying at the point X =iH. If we
represent (sample) the whole diffusion
space by N points, placing the electrode
at X =0 and including one more point
outside the diffusion space at X = (N +
1)H (which will be the convention here),
we then have N expressions of the
type (19), for which the first (i = 1) uses
the boundary point at the electrode and the
last (i = N) uses the outer boundary, or
the bulk of the solution. The latter will not
normally change during an experiment.
The approach described up to this point
is called the method of lines, or MOL. It is
also called the semidiscretization approach,
because so far, we have only discretized the

right-hand side of the diffusion equation,
and produced a set of ordinary differential
equations. There are N of these:

dC; 1

e m(co —2C1 +Cy)

dc, 1

O = m(cl —2C+C3)

dc; 1

P m(ciﬂ —2C;i + Cit1)

dc 1

d—tN = m(cN—l —2CN +Cn+1)

(20)
This is a useful approach, leading to a large
variety of methods. Note that nothing has
yet been said about how to handle the
boundary values that are not subject to
diffusion in themselves. The outer value
is normally constant at the bulk value.
The value at the electrode, Cy, is the
problem, and will be dealt with in the
next section in detail. For the moment,
let us dwell on the Set (20). We need to
find discrete expressions for the left-hand
sides, the time derivatives. Here, we can
draw on the practice in the field of ordinary
differential equations (ode’s). Taking the
ith equation out of (20) and expressing it
in the simple form

dc;
o o

(21)

there are several common ways to dis-
cretize it. The Euler formula, or forward
difference, is

Cit+41) - Ci(1)
8t

= fi(®) (22)



where the right-hand side indicates that
the expression is intended to pertain to
time ¢. This, as will be seen in Sect. 1.3.7,
is the easiest — but least efficient — method
to follow. By using Taylor expansions (see
Ref. [2]for details), it can be shown that this
scheme is first order with respect to time.
This means that if we try to reduce the
errors in a given computation by making
the time interval 8¢ smaller, the error will
get smaller proportionally with §¢. This is
not very good. The method has another
limitation, of stability, and this may be the
point to mention this problem.

1.3.5.1 Stability

If we combine the above forward difference
in time (22) with the discretization (19), we
can get an explicit expression for the new
concentration at the point (i H, t + §1):

Ci(t+6t)—Ci(t) _i .
X = (€0

—2Ci(1) + Ciy1(D)

(23)

We now introduce some simplifying no-
tation. Unless certain advanced methods
are used, the situation is always that one
has, at a given time, a row of known con-
centrations, at time 7, and develops a new
row of concentrations at time (r + §r). It
is necessary to mark the X-positions (the
subscripts), but time can be marked more
conveniently. If there is no time marked,
this implies time ¢; and time (¢ + 8¢) will
be indicated by a superscript dash on
the concentration, for example C’. Using
this notation and now also rearranging
Eq. (23), we get the explicit expression for
the new concentration

ot

C;ZC,'-I-HZ

(Ci-1 —2C; + Ciy1)
(24)
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and substituting the symbol A, defined as

St
A:Ei (25)
this becomes
C/=Ci+1(Ci—1 —2Ci + Ciz1) (26)

Now, without going into details, it is well
known that the calculation will deviate
from the proper values more and more
within a few time steps, unless A < 0.5
for this explicit method. Such a deviation
(which might take the form of increasingly
wild swings, or wide one-sided divergence)
is called instability. Thus, the stable range
for A is 0 — 0.5. This is inconvenient, as
it makes for inefficient computation. If
one attempts to lower errors by decreasing
the spacing along X (that is, the value of
H), one must also reduce 8¢ such that A
remains within the stable range.

The explicit (Euler) method described
above has this stability limitation. There
are other methods that do not. One of
them (reverting again to the ode 21) is the
backward difference (or backward implicit,
BI) formula:

Cit+481) - Ci(0)
8t

= fi(t+80)  (27)
Note that the left-hand side is identical
with (22), which is the forward difference
formula. The difference is in the right-
hand side, which is a function of values at
the next time level, to which the same left-
hand-side approximation now pertains.
Intuitively, one might expect this form
to be about as inefficient as the forward
difference and this is in fact true; this
formula, too, is first order with respect to
time, as is the forward difference formula.
The big difference is that this formula,
applied to the diffusion equation, yields
a method that is stable for all A. This is
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the formula

and is known as the BI method, or
the Laasonen method (see Ref.[2]). The
reader will realize, on perusal of the
system (20) that, if this formula is applied
to that system, the result is a system of
N unknowns, no longer explicit in each
equation, and the system needs to be
solved as a whole. The method is one
of several implicit methods that will be
discussed in Sect. 1.3.9. Despite its poor
performance in its simple form, the BI
method forms the basis for some highly
efficient methods.

The last way to be mentioned here to
discretize the ode (21) is what is called the

trapezium method:
ot
=fi (t + 7) (29)

Ci(t+61) — Ci(1)
ot

where the same left-hand-side expression
now pertains to the midpoint (in time),
and becomes a central difference. This
one is second order with respect to
time or O(8t%), meaning that the error
is proportional to 8t2. This is much
more efficient than first-order methods.
As with the BI (Laasonen) method, the
application of this formula to system (20)
(see Sect. 1.3.9) yields an implicit system of
equations that must be solved as a whole.
This is the Crank—Nicolson method; and
it, like the Laasonen method, is stable for
all values of A. In fact, this statement can
be misleading; there are problems with
this method, to be discussed later.

One last example should suffice to illus-
trate the way the point method can be used.
If we take the diffusion equation in cylin-
drical coordinates and add a homogeneous
first-order chemical reaction,

aCc  9*Cc  14cC

dT  9R2 ' ROR

KC (30

then, taking a shell i at some radius, the
explicit discretization of the equation is

St

2HR;
(1)

C; = MCi—1 —2Ci + Ciy1) +
x (Ciy1 — Ci—1) — KétC;

where the second term on the right-hand
side of (30) has been replaced by a central
difference (hence the division by 2H). If
we take R; = i H, then this becomes

A
Cl/ =ACi=1 —2C; + Ciy1) + Z(CH—l

—Ci_1) — KétC; (32)
1.3.5.2 Gradients at the Electrode
Equation (3) shows how the current is
related to the gradient of concentration
at the electrode, and in dimensionless
computations, the gradient G, as defined
above, is often required, either as an output
(expression of current), or as a boundary
condition (see the next section). Thus,
a way of expressing it is needed. The
simplest approximation is

_C1—Cy
T H

G (33)
This is a forward difference, applied at
one end of the interval. It is rather a poor
approximation, first order with respect to
H. Tt is nevertheless favored by many
and may be justified, especially if that
first interval is very small, in which case
the approximation is not too bad (this
argument comes in with unequal intervals,
see Sect. 1.3.9). It is however rather easy to
use better approximations. Formula (33)
uses just two concentration points; if one
uses more, the approximation becomes
better, of higher order. The present author
tends to use a six-point approximation, but
there is reasonable argument for using the



three-point formula:

G ~ —3Co+2C1 - 3G,
H

(34)

which is O(H?) and thus matches the
order of the approximation (19) used in
simulations. In general, the formula for
an n-point approximation is

1 n—1
G~ gﬁici (35)

where the S-coefficients depend on n and
are tabulated in Ref. [2]. The values, for
example, for n = 3 (Eq. 34), are (—1.5, 2,
—0.5).

The reader should now have a good
idea of how the various forms of the
diffusion equation are discretized, using
the point method.

1.3.6
Boundary Conditions

In the last section, discretization of the par-
tial differentials away from the boundaries
was described; those boundaries must now
be added to complete the picture. In the last
section, the convention was established
that the diffusion space is represented
by a number of points, counting from
zero to N + 1, where the points numbered
1...N are those at which concentrations
will change as a result of diffusion, and
the other two are boundaries, subject to
other relationships. Thus, point N + 1 is
normally held constant, at the initial bulk
value for the species concerned (there are
exceptions to this).

For the point at the electrode, there are
technically three classes of conditions. The
Dirichlet condition is that in which the con-
centration there has a certain value (per-
haps time variant); the Cottrell experiment
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is an example of this, the value Cy being
fixed at zero (see Equation sets 2 and 9).

A different boundary condition is the
Neumann condition or derivative bound-
ary condition. An example is seen with
chronopotentiometry, Equation sets (4 and
10). The procedure here is thata value of Cg
is computed such that it fits with the con-
centration profile (set of points Cy ... Cn),
so as to satisfy the gradient specification.
Using the simple two-point approxima-
tion (33) and given a G value, this yields
an explicit expression for Co,

Co=C1—HG (36)

Extensions to higher-order formulae, us-
ing (35), are obvious. Note however, that
in more complex contexts, an equation
like (36) might not be explicit; it might be
one of a set of such equations for a number
of species and the variables on the right-
hand side might themselves be unknowns
(see Sect. 1.3.9).

A third kind of boundary conditions
lies in between the two presented above;
they are the mixed boundary conditions
and normally involve two species. Take
Reaction (5), involving the two species A
and B. In Sect. 1.3.3 (boundary conditions
set 14), the reversible case was mentioned,
and a boundary condition was

Ca
= = exp(p) (37)
C,0
better expressed as
Ca,0 — Cpoexp(p) =0 (38)

where p was the dimensionless electrode
potential. This condition couples the two
species. It is not enough, however, there
being the two unknowns, Ca ¢ and Cgo.
The other required condition comes from
the fact that the fluxes at the electrode of
the two substances must be equal and op-
posite (B is generated at the same rate as
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A is used up):
fa+/8=0

Flux was defined in (17) and we must here
take note of the fact that the two species’
diffusion coefficients might not be the
same. For this reason, we define diffusion
coefficient ratios, all referred to that of the
main species, whose bulk concentration is
also the reference, ¢*. Thus, for species B,
we have

(39)

Dg
= bn
The flux now being equal to the diffusion
coefficient multiplied by the concentra-
tion gradient, Condition (39) becomes, in
terms of dimensionless gradients.

dp (40)

Ga+dgGp =0 (41)

where we now have two different gradients
G, both expressed in discrete terms by a
form of Eq. (35). If, for illustration, the sim-
ple two-point formula (33) is chosen, the
discretized boundary condition becomes

Ca1—Capo
H
and eliminating the H terms and rear-

ranging the unknowns on the left-hand
side, finally,

B,1 — CBo

c
+ dp =0 (42)

Ca0+dpCro=Ca1+deCp1 (43)

This now, taken together with Condi-
tion (38), determines the two unknowns.
Note again, as with Eq. (36), that (43) need
not be explicit but may, in complex situa-
tions, be merely one of several statements
involving a larger set of unknowns.

Lastly, the system described by Reac-
tion (5) might be quasireversible or even
irreversible, in which case the boundary
condition is given by the Butler—Volmer
equation. It is preferable to express it in
dimensionless form, using potential p,
and the heterogeneous rate constant ko

is normalized to the dimensionless K¢ by

Kozko,/%

where t is the designated reference time
and D the diffusion coefficient of the
reference species. If we further define two
convenient dimensionless rate constants,
the forward and backward rates,

(44)

K¢ = Ko exp(—ap)
Ky, = Koexp((1 —a)p)

then, the Butler—Volmer equation be-
comes

(45)

Ga = K¢Ca0 — K1,CBo (46)

and if we again, for example, use the two-
point approximation for G 5 and rearrange,
this gives the discrete expression

1+ KfH)Cp o — KpHCBo = Ca1
(47)
This must be paired with the flux condi-
tion (43) to yield the two unknowns.

1.3.7
The Explicit Method

Here, the simple explicit method is briefly
gone through, in practical detail. The
example taken is the one-dimensional Cot-
trell system, diffusion Eq. (8) and bound-
ary conditions (9). In writing a simulation
program, some practical decisions have to
be made. Normally, the time interval for
a complete simulation is 0 < 7 <1, and
that leaves only the number of steps Nr
or its inverse 87 to set. Then there is the
interval H in X. This is related to the time
interval by the important parameter A (see
Eq. 25), and it might be better to decide on
its value, which then provides that for H.
Another quantity is the distance along X
to which the simulation is to extend. Here,
experience (and the solution of the Cottrell
equation, see Chapter 2.2 in this volume)



tells that a value of 6 units of § as defined
in Equation set (7) is sufficient. In case one
wants to change it later for some reason, it
is good practice to make it a program pa-
rameter, Xjip,, and set that in the program
preamble (or, if using Fortran 90, a mod-
ule). This then determines the number of
points N along X, and the required ar-
ray(s) can be allocated. The present author
prefers these steps:

1. Read in Nt and A;

2. Calculate H (needed for the calculation
of G) and thus N;

3. Allocate the concentration array
Co...Cn41 and initialize it (all C; =1,
Co = 0);

module STUFF

integer, parameter

real (kind=dbl) ,parameter
end module

X1lim=6

program COTTSIM

! To simulate the Cottrell experiment,

! at doubling intervals.
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4. For all Nt values of T, recalculate
the concentration array using Eq. (26),
outputting the desired quantities at
chosen times; these might be G(T)
values and/or the errors in G.

There is a small point to watch in
point 4. When moving along the points
in X, it is important to use old concen-
trations only in applying Eq. (26). This
is easily achieved using a moving trio
of concentration scalars equal to the old
values, while replacing the actual concen-
tration array with the newly computed
values. A short program in Fortran 90,
which carries out the above steps, is given
below.

dbl=selected_real_kind(14)
.0,

pi=3.14159265358979

outputting the current

Current G is calculated as 3-pt approx.

use STUFF; implicit none
integer : NT, N, iT, 1X, next_out
real (kind=dbl) dT, H, lambda, G, Cl, C2, C3
real (kind=dbl) ,allocatable :: C(:)
print ' ("NT, lambda?")'’; read*, NT, lambda
dT = 1.0_.dbl / NT; H = SQRT(dT/lambda); N = CEILING (Xlim/H)
ALLOCATE (C(O:N+1)); C = 1; C(0) = 0; next.out = 1 ! C set up
print *(4x, "iT", 5%, "T", 7x, "G", 3%, "G(analyt)")’ ! Header
do iT = 1, NT ! Grand T-loop
Cl = C(0); C2 = C(1) ! Running scalars
do iX =1, N ! X-loop
C3 = C(ixX+1) ! Next scalar grabbed
C(iX) = C2 + lambda * (Cl - 2*C2 + C3) ! new C in array
Cl = C2; C2 =C3 ! Scalars shifted along
enddo
if (iT == next_out. OR. iT == NT) then
G = (=3*C(0) + 4*C(1) - C(2)) / (2*H)
print ’(i6, 3£8.3)’, iT, iT*dT, G, 1.0_dbl/SQRT(pi*iT*dT)
next_out = 2 * next_out
endif
enddo
DEALLOCATE (C)

end program COTTSIM



62

1 Introduction and Basic Principles

This rather reduced program produces
the following output (excluding the I/O
dialogue) when run with the input param-
eters Ny = 100, A = 0.4:

iT T G G (analyt)
1 0.010 4.427 5.642
2 0.020 3.921 3.989
4 0.040 2.808 2.821
8 0.080 1.996 1.995
16 0.160 1.414 1.410
32 0.320 0.999 0.997
64 0.640 0.706 0.705
100 1.000 0.565 0.564

Clearly, we can do better, introducing
error calculations and so forth, but this will
suffice as a briefexample. The program can
be easily converted to doing a simulation of
chronopotentiometry. Here, the quantity
of interestis Co, which should fall to exactly
zero at T = 1. Its value there, then, is the
simulation error. The boundary conditions
set (10) applies and, rather than Eq. (36),
the three-point equivalent, obtained from
Eq. (34) is used to set Cp at the beginning of
every iteration in 7. This is a nontrivial
point. The explicit method calculates
a new array of concentration values
from an old array. That old array must
include the appropriate Co, whose value
satisfies the boundary condition, such
that Eq. (36) (or another, perhaps higher-
point approximation of it) is satisfied. This
causes some apparent redundancy in the
program, arising from the fact that Cy is
set before and, whenever there is output,
also after, an iteration. Here is the middle
part of the program, in which it differs
from the Cottrell one:

do iT = 1, NT ! Grand T-loop

C(0) = (4*C(1) - C(2) - 2*H*G)/3
! New C(0), 3-pt approx
Cl = C(0); C2 = C(1)

! Running scalars

do iX = 1, N ! X-loop
C3 = C(iX+1) ! Next scalar grabbed
C(iX) = C2 + lambda*(Cl - 2*C2 + C3)

! new C in array

CcC2; C2 = C3

! Scalars shifted along

enddo

if (iT == next_out
then

T = iT * 4T

C(0) = (4*C(1)

! C(0) again

print ’(i6, 3£8.3)",
1-SQRT(T)

2 * next_out

Cl =

.OR. iT == NT)

- C(2) - 2*H*G)/3

iT, T, C(0),
next_out =

endif
enddo

Using the same parameters as for the
Cottrell program, this produces the output

iT T C(0) C(0) (analyt)
1 0.010 0.857 0.900
2 0.020 0.825 0.859
4 0.040 0.774 0.800
8 0.080 0.698 0.717
16 0.160 0.586 0.600
32 0.320 0.424 0.434
64 0.640 0.193 0.200
100 1.000 -0.006 0.000

showing that the error is —0.006 at the
end. The explicit method is first order
with respect to the time interval 8z. A
run using the input Nt = 200 (double the
previous) yielded the final error of —0.003,
confirming the order. As will be seen,
there are better methods. Here, these two
examples will have to suffice.

1.3.7.1 Fudging

There is, especially among adherents of
the box method, a rather widespread
custom of adjusting the time value, after
a number of iterations, by subtracting
half a time interval, and assigning that
adjusted time to the calculated current.



Thus, after j iterations, when T = jéT,
the current is presented as belonging
to (j —0.5)8T. The only argument for
this is that it seems to work, providing
more accurate current values for systems
like the Cottrell experiment. However,
there is no formal justification for the
trick. This is a fudge and should not
be used. The trick is also applied in the
case of backward differentiation formula
(BDF) (see Sect. 1.3.9) and there it is fully
justified, as will be seen later.

1.3.8
Homogeneous Chemical Reactions

The major reason for doing electrochem-
ical digital simulations is the occurrence
of chemical reactions taking place in the
solution, involving either the starting sub-
stances or products of the electrochemical
reactions at the electrode, called hetero-
geneous reactions. In contrast, reactions
taking place in the solution are called ho-
mogeneous. These are of interest in several
ways, either for themselves in mechanistic
studies or, if they are known, their rates.
These can in principle be determined from
comparison of experimentally measured
curves with those calculated. These calcu-
lations almost always involve simulation,
since analytical solutions are known only
for rather trivial and therefore uninterest-
ing cases.

A systematic classification of homoge-
neous chemical reactions (hcr) in electro-
chemical cells can be read in Chapter 1
in Volume 8 and here, only some exam-
ples that impinge on simulations will be
mentioned.

The following problems arise with hcrs.
In a system such as

A+e <= B

B —— prod (48)
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(in which the product of the decay of
species B is of no interest), the concen-
tration profiles of the two species A and B
will have different extents into the solution,
depending on the (often first-order) rate
constant of the decay reaction. The faster
this reaction runs, the more species B will
be confined to a thin “reaction layer” near
the electrode. This has been quantified; if
the diffusion coefficient be D and the rate
constant of the decay reaction (assumed ir-
reversible) k, then the characteristic thick-
ness u of the reaction layer, (analogous to
the diffusion layer) is given by

D

T (49)

I,L =
steady state is often established. For first-
order reactions, the rate constant can
be normalized by the chosen time ref-
erence T:

K =kt (50)

and then the normalized reaction layer
thickness, in terms of the unit §, is

M* — K71/2 (51)
This was, until recent years, a major prob-
lem for simulations, because large values
of the rate constant can mean that there are
few, or even no, points placed within the
concentration profile of the species form-
ing a reaction layer. This led to the use
of unequal intervals (see Sect. 1.3.9) but
this, too, is limited if a fixed distribution of
the unequally placed points is used. That
problem has been solved by using dynamic
grids, also described briefly in Sect. 1.3.9.

Another problem, not solved until
recently, comes from so-called coupled sys-
tems. Take the catalytic (EC’) system

A+e «——B

B—— A

(52)
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in which the product B reverts, in
a (pseudo-) first-order reaction, to A.
There will be two transport equations
to describe this system (assume equal
diffusion coefficients for simplicity, and
a normalized rate constant K for the
catalytic decay),

aCA  0%2Ca

L - 24 KC

oT — oxz TACB

aCg  9%Cp

= =__"_KC 53
aT  9X?2 B (53

Note that the first of the two equations has
terms in both variables, C5 and Cg. This
is not a problem when using an explicit
method, but these are practically useless
when hcrs are involved and implicit meth-
ods are normally chosen for their greater
efficiency. However, while these produce
tridiagonal systems of equations for sin-
gle species or uncoupled multireactions,
they produce more complicated systems
for coupled reaction systems, which are
not amenable to the usual solution tech-
niques. This problem was solved recently
by Rudolph [7] and references therein, who
introduced the technique known as block-
tridiagonal solution into electrochemical
simulations, (see Ref.[2], 3rd edn. only)
and Sect. 1.3.9.

Second-order reactions present a few
small problems. They introduce nonlinear
terms into the transport equations and one
wishes to avoid these in the discretized
equation systems. There are some tricks
that work rather well, see Ref. [2]. Another
problem associated with second-order
reactions, such as

2B ——>C (54)

is that the associated discrete equation will
approximate in some linear way the term
—KC% into the transport equation. The
result is that if Cp at some stage falls

below zero, it can never recover from that
erroneous condition and the simulation
deviates more and more from reality. This
happens especially with methods that have
oscillatory responses.

1.3.9
Advanced Methods

In this limited space, it is not pos-
sible to provide an exhaustive survey
of the advanced techniques for simula-
tions, for which see Ref.[2], especially
the 3rd edition. Here, only those ad-
vances that have helped to overcome the
major problems of thin reaction layers,
coupled systems, and efficiency, will be
mentioned. Such excellent methods as or-
thogonal collocation, finite elements, or
other sophisticated methods are left out of
necessity.

1.3.9.1 Unequal Intervals

In Sect.1.3.8, the reaction layers often
formed when homogeneous chemical
reactions are involved, were mentioned.
The higher the homogeneous reaction
rates, the thinner the layers become, and
it is harder and harder to ensure that
even a few sample points are placed
in that thin region. In practice, first-
order reaction rates have an upper limit
of (dimensionless) about 10'°, so that
reaction layers can get as thin as 107°.
Using equal intervals in the usual interval
0 < X < 6, this would mean of the order
of 10° points along X and, in order not
to have too high a A value (Eq.25), a
correspondingly large number of time
intervals. However, the changes are most
marked near the electrode and clearly it
is of advantage to crowd more points
into that region, loosening up further out.
There are two ways to implement unequal
intervals.



A simple transformation of the X-axis
can do the trick, for example, the formula

Y =1In(1 + aX) (55)

with the adjustable parameter a; the
greater its value, the more compression
there is of points near the electrode. Hav-
ing chosen the value, it is then a simple
matter to divide the Y-range into a small
number of (equally spaced) points. Using
this transformation, the diffusion equa-
tion must also be transformed, replacing
derivatives with respect to X with those
to Y, the new space variable. For de-
tails, see Ref.[2]; Eq.(8) transforms to
a slightly different form, the details of
which will not be gone into here, for
the following reason. Numerical special-
ists regard transformation, and discretiza-
tion on the (equally spaced) transformed
grid, as the best method to use. How-
ever, Rudolph[10] has recently shown
that direct discretization on the unequally
spaced grid in fact yields better results.
The transformation (55) is mathematically
equivalent to a sequence of points x;,
i=1, N+1, spaced according to the
expression

p—1
B—1

where x; is the first point away from the
electrode and B a stretching parameter
>1. However, the method does not require
this specific placing of the points, and any
suitable placing can be used. How this is
implemented is explained below.

Both the transformation and direct
techniques suffer from the fact that the
placement of the points (or boxes) is
static during a given simulation. If one
is attempting, for example, to fit a reaction
rate to an experimental curve, one cannot
choose the transform parameter suitably.

(56)

Xi = X1
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Feldberg and Rudolph [7] handle this by
always choosing a very unequal spacing
(in effect, large B) that hopefully will be
able to cope with the highest possible
reaction rates. This means an extremely
small first interval near the electrode, and
then also justifies these authors’ use of the
simple two-point approximation for the
current (G).

A better way is, clearly, to use a grid
of points whose spacing dynamically ad-
justs itself suitably. This was introduced
by Bieniasz [6], and see references therein
who has concluded that his latest scheme,
which he calls the patch-adaptive strat-
egy [6], is to be preferred. It is apparently
quite simple. One starts with a number
of equally spaced points along X. The
program calculates a new concentration
array, and then it exactly halves all the
intervals and calculates another new con-
centration array. The two solutions are
then compared, enabling an error esti-
mate. For those regions in which the
error estimate exceeds some threshold, the
points in that region (and in that region
only) are doubled once more. Thus, locally,
one always deals with equal intervals, but
the intervals themselves vary with X. This
algorithm will always adapt the point dis-
tribution to conditions. If a thin reaction
layer is formed, points will be doubled
up repeatedly in that region until satis-
factory solutions are found there. Note
that this will work, even when there are
sharp concentration changes away from
the electrode, whereas unequal intervals
as normally used, will not. Clearly, this
is not an easy programming job, but one
must pay a price for progress. This is one
reason that electrochemists will increas-
ingly make use of commercial packages
(see Sect. 1.3.10).

In general, Rudolph’s recent findings
point to an arbitrary grid of points,



66

1 Introduction and Basic Principles

set by some unspecified method, at the
positions x;, i =1, N+ 1. The second
spatial derivative at each point x; then
deviates from the form in (19) and is a
weighted sum of the three concentrations
centered on that point,

Ci ( Ci1
aX? (i — xi—1)(Xi+1 — Xxi—1)
C;

(i — xi—1)(xig1 — xi)

. Cit1 )
(Xi41 — %) (Xi41 — Xi—1)
(57)
which is a first-order expression.

1.3.9.2 The Rudolph Method for Coupled
Systems

If the single-species diffusion Eq. (8) is
discretized in one of the implicit schemes
such as that of Crank & Nicolson or
of Laasonen (BI), the result is in ef-
fect a tridiagonal system of equations in
the N unknown concentrations at the
next time level. This can be solved us-
ing the Thomas algorithm, by attacking
at the ends at which either values are
known, or certain boundary conditions
are given (see Ref.[2] for details). If an
electrochemical reaction involves several
species but the diffusion equation for each
species contains terms in concentrations
only of that one species, the Thomas al-
gorithm can still be applied; the species
will then be coupled by their boundary
conditions (for example, the Nernst con-
dition (37) and flux equality (39)), which
is easy to handle. However, certain sys-
tems result in diffusion equations with
terms in more than one species, with the
result that the system of discrete equa-
tions has a bandwidth greater than three
and is not amenable to the convenient
Thomas algorithm. A standard example

will have to suffice to illustrate how
Rudolph solved this problem [7]. Take the
catalytic system (52) in Sect. 1.3.8, which
yields the two coupled pdes shown in (53).
On an unequally spaced grid, these equa-
tions are discretized to the form at the
point x;,

Cx/Ax,i—l + al(i)cjg’i +ak(i)c]/3’[
+a2C) 4 = bai
Cl/3,i—1 + [al(i) - ak(i)]c]/g,i

+axCy ;1 = bs.i (58)
in which the a-coefficients arise from
the discretization process (and depend
on the algorithm used, for example,
Crank—Nicolson or Laasonen, (see Ref. [2],
3rd edn. only for details). The point is
that the first of the two equations in-
cludes terms for both species and the
whole system of these equations is thus
not amenable to the usual Thomas al-
gorithm for a tridiagonal system (this is
in fact not quite true, since a related
strategy can be devised in this partic-
ular case but the statement is true in
general for coupled systems). Rudolph,
however, recognized that the two equa-
tions can be lumped into a single
one in terms of vectors and a ma-
trix, becoming

Cio1i+ACi+aCit1 =B (59)

in which the vector C; now stands for both
concentration terms, that is

C .
C; = Ai
— LCi
and similarly for the other three vectors,
and the coefficient matrix is

ai(i)
0

(60)

ai (i)

(a1(@) — ax(@))

(ks
Il

} (61)



from equation pair (58). Clearly, Eq. (59) is
now back to the form of the single-species
discrete equation, with the difference that
instead of a row of concentration scalars,
we now have a row of concentration vectors
and a coefficient matrix. This forms a
system called block-tridiagonal, since the
system has (vector, matrix) elements only
on the three middle diagonals. It is thus
amenable to a kind of extended Thomas
algorithm, and even boundary conditions
can be incorporated as vector/matrix
expressions. This then solves completely
the problem of coupled equation systems,
at the price of a little extra complexity in
the programming.

The Rudolph method has its limitations.
Firstly, as mentioned above, it is harder
to program. Secondly, it cannot be im-
plemented effectively for two-dimensional
systems. Both problems are overcome by
what the present author calls the brute force
method. This recognizes that computers
are very fast these days and we can some-
times afford to be wasteful of computer
time, especially if this makes program-
ming easier (and thus, safer from program-
ming errors). Take the discrete equation
pair (58). If we simply write this for all N
pairs and include the particular discrete
expressions for the boundary conditions,
the resultis a possibly large linear equation
system. There are rather efficient subrou-
tines for solving such systems directly, and
this is the easiest option. In its simplest
implementation, this ignores the fact that
the coefficient matrix is mostly empty and
the calculation is wasteful. By appropri-
ate ordering of the concentration arrays
(specifically, in this case, using the order
Ca1,CB,1,CA2,CB2,...,Ca N, CBN),
the matrix can be made tightly banded,
which allows more efficient subroutines
to be used that bypass all the zero el-
ements. Some progress has been made
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in this direction, notably by the Compton
group, using Krylov methods. The reader
is referred to Ref. [8] for details.

1.3.9.3 BDF(FIRM)
For many years, it was considered that if
one wanted to use an implicit method,
the method of Crank—Nicolson was the
choice (see Ref.[2] for a description).
However, although stable for all 1 and
having second-order accuracy, this method
has the disadvantage that it reacts to initial
transients, such as from a potential step,
in an oscillatory manner; and the larger
the value of A, the longer these (error)
oscillations persist. Oscillating errors are
not necessarily a bad thing — they provide
a visible sign of convergence as they
are damped out-but if they are large
and persist over a large fraction of
the total simulation time, they render
the simulation useless. So a method
that has similar accuracy and stability
as Crank—Nicolson, and has a smooth
response to transients, is desirable. The
Laasonen method almost does the trick; it
fulfills all but one of these requirements,
that is, it lacks accuracy being, like the
explicit method, first order with respect
to time. There are two tricks that can be
employed to improve its accuracy, one of
them being the BDF. This is the term
used in the area of ordinary differential
equations. The method was suggested for
use with pdes and was recently revived by
Feldberg and coworkers (see Ref. [2], 3rd
edn. only, for references), who prefer to call
it the “fully implicit Richtmyer method”
(“FIRM”) for historical reasons.

Consider Eq. (27), which expresses the
time derivative as a backward difference,
that is, takes the simple two-point expres-
sion to pertain to the next point in time
at ¢ + §t. This has an error that is dom-
inated by the first-order term in §¢. It is
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possible to increase this order and thus to
get better accuracy for the derivative, by
bringing in more points lying at earlier
times; the more points that are brought
in, the higher the order. The expressions
for this are very similar to the multipoint
expressions for G, as seen in Egs. (34 and
35)-in fact, the coefficients are the same
but in reverse order and sign, as we are
now looking backwards. In all cases, what
we get is a derivative that applies to the
next time level. The simple three-point
scheme serves to illustrate the method.
The diffusion equation discretizes to

3, 1,
ECi —ZCi—i-E C;

1

=MC]_, —2C/ + C/,;) (62)

in which 'C; denotes the value at the
previous time level ¢+ — §z. Note that the
right-hand side is the Laasonen form. This
again gives rise to a system of equations
of the unknowns C’, which can be solved
once the appropriate boundary conditions
are applied. For coupled systems, the
Rudolph method can be used. The result
for the three-point scheme as seen above is
a smooth stable response and second-order
accuracy, the same as Crank-Nicolson.
The three-point scheme is in fact a good
match for the three-point expression (19)
normally used, and experiments indeed
show that using more points in time
for BDF does not gain much accuracy,
the limit being then set by the three-
point derivative along X. Feldberg and
coworkers nevertheless prefer a five-point
BDF scheme. At about this number of
points, the solution shows signs of small
oscillations, which become worse for the
six- and seven-point schemes; the scheme
is unstable for more than seven points.
There is a problem with this method,
however, in how to start it. In order to

calculate the very first new point at time 8¢
using, say, the three-point scheme above,
we not only need the initial concentration
values but also values at time —§¢, which
do not exist. The problem is worse for
higher-point schemes. There are several
strategies to handle this. Feldberg and
coworkers simply set all past values to
the initial values and start from there.
From the world of numerical solution
of odes, we have a more rational start.
Here, the first step is simply a BI step,
using the two-point scheme, the same
as the Laasonen method. This yields two
concentration rows, the initial row and the
new one at &¢. These can now be used
with a three-point scheme to generate
the next row at 28¢, and the resulting
three rows with a four-point scheme and
so forth. When the required number of
rows has been generated, one goes on
with that number. This method produces
reasonable results, which are better than
those from the rough start used by the
Feldberg school, in itself (but see below).
The result is still not as good as one
might expect, however, as can be seen
when one uses a better approximation
than (19) for the derivative along X. It
is then seen that the values do not, as
expected, improve with the number of
points used for the BDF scheme, beyond
the three-point scheme.

There is a surprise here, however.
The Feldberg school uses a trick that
renders the simple start highly accurate.
At each step n, the time corresponding
to that step, which ought perhaps to be
nét, is instead corrected by half a time
interval to (n — 1/2)8¢. This is the same
device previously used for the explicit
box method, and described as a fudge in
Sect. 1.3.7. In this case, however, there
is rational basis for doing this, as was
shown recently [9]. Briefly, it turns out



that the simple start, for any order BDF,
shifts the time by precisely 1/28¢ and thus
the correction brings the simulated values
exactly into line with the time. BDF might
thus be regarded as a useful simulation
method, if one is willing to put up
with having to keep several concentration
vectors in memory.

1.3.9.4 Extrapolation

The alternative to BDF, that still makes use
of the pleasant properties of the Laasonen
or BI method, is extrapolation. When one
says that discretization (27) is first order
with respect to 8¢, one means that the error
e; can be expressed as a polynomial like

ei = ar8t + ardt* + - - (63)

where, most often, the lowest order (here,
the term in §f) dominates. If this could
be eliminated, then a smaller error would
result, dominated by the (much smaller)
next order term. Briefly, this can be done
with the following. First calculate the new
value, with the time interval 87, getting
an error approximately equal to a;dr;
call this error e(1, 1), meaning that it is
the error from one step of one whole
8t interval. Then repeat the calculation,
now using two steps of half a §¢ interval
each. The resulting error, e(2,0.5), will
be approximately equal to 0.5a18¢, since
we have taken half-8¢ steps. Note that we
do not know what these errors are, we
only know their interrelationships. Now, if
we subtract twice the error e(2, 0.5) from
e(1, 1), the result should be close to zero.
That is, using the same notation as for the
errors, the calculation

C; = Ci(1,1) — 2Ci(2,0.5) (64)

the lowest-order error term will be elim-
inated. The result is Crank—Nicolson-like
accuracy, together with stability and a
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smooth response to transients. Note that
there are no starting problems to over-
come here. The method can be driven to
higher orders, by taking combinations of
even smaller steps and using more com-
plicated formulae than (64). As with BDF,
however, given the second-order nature
of (19), there is no appreciable gain in
going to more than the two-step scheme
described above. In fact, the efficiency falls
off, because there is more calculation to do
but no accuracy gained.

Extrapolation is an old technique going
back to about 1927 and was suggested
for general pdes in the 1980s, and revived
for use with electrochemical simulations
in recent years (see Ref. [2], 3rd edn. for
details and references). It appears to be the
best method at the time of writing.

1.3.9.5 Method of Lines

Increasingly, as the quest for efficiency ac-
celerates and more sophisticated methods
are used, the electrochemist who wants to
do experiments and not spend all his/her
time writing and debugging computer
programs, will use program or subrou-
tine packages. In the next section, some
whole simulation packages will be men-
tioned. A cheaper solution however is to
use professional subroutines as parts of
the programs. One such approach is the
MOL. This has already been mentioned
in Sect. 1.3.5, in which only the deriva-
tive in X was discretized, leaving a set
of odes (20). If the boundary conditions
are added to this system, the result is a
differential-algebraic equation (DAE) sys-
tem, and there exist subroutines to solve
such systems, written by experts. The prob-
lem then reduces to presenting the data in
the form required by the subroutine, and
it does the rest. Usually, these routines can
either do a single step or a number of steps,
perhaps even determine the best step size
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or sizes itself. Ultimately, MOL may be-
come the method of choice, supported by
such professional routines.

1.3.10
Commercial Packages

A step further than using professional sub-
routines as part of one’s own program is
to use the several available commercial
whole packages for electrochemical sim-
ulation. A reasonably up-to-date listing of
available simulation programs (including
some online ones) can be seen at the
website ftp://electrochem.cwru.edu, then
going on to the directories pub and es-
tir. Speiser [3] has described the main
contenders in detail and compared them
by computations. The reader is referred
to his article for details of these pro-
grams. Speiser has himself produced such
a program, and was one of the first to
do so; it is the package EASI, and he
is still working on it sporadically (avail-
able from the author, Bernd.Speiser@uni-
tuebingen.de), now using the language
C++. It uses a “menu” of reaction mech-
anisms to choose from. One of the next of
such packages was that of Gosser, CVSIM,
which comes with Gosser’s book on cyclic
voltammetry. It is written in Pascal and
uses the explicit method. Bieniasz pro-
duces the more general and sophisticated
ELSIM (also written in C++), which allows
the user to enter a symbolic form of the
differential equations to be solved as well
as the boundary conditions; it now also
allows entering mechanisms as one writes
them normally. Bieniasz is developing,
at the time of this writing, a PC Win-
dows version of his program. His program
is available through him, nbbienia@cyf-
kr.edu.pl. ELSIM is very general and can
handle practically any problem one is likely
to encounter, including adsorption, but

it is a little demanding to learn to use.
It presupposes some knowledge of such
programs on the part of the user, who
can choose the algorithm to be used, for
example. It is Bieniasz’ contention that
different algorithms are best suited to
different problems. This might be a bit
of a challenge to the nonmathematical
electrochemist, who just wants simulation
results. At this time, too, ELSIM has only
rather crude facilities for parameter fitting.
This is taken to a high level in the commer-
cial package DigiSim, written by Rudolph
and Feldberg (in C++) and distributed by
BAS (at a considerable price). This is a
PC Windows program and rather easy to
learn to use. It now uses the BDF (or, as
they prefer, FIRM) method and strongly
unequal intervals that are considered to
enable computations of even the fastest ho-
mogeneous reactions. The program is able
to compare simulations with experimental
data files and adjust a number of parame-
ters to best match the data. The program
has suffered from bugs; these may have
been removed by now. Another program is
POLAR by Huang (info@electroanal.com
or http://www.electroanal.com); its de-
scription promises many features. Nervi
has a program, ESP, to be seen at
http://chpc06.ch.unito.it/chemistry/esp_
manualhtml. There is an online service
for simulation and data fitting at Oxford,
http://physchem.ox.ac.uk:8000/wwwda,
provided by the Compton group.

With all these packages, as pointed out
by Speiser[3], there is an element of
uncertainty as to the output. The best
strategy is probably to run a given package
(or two or more of them, if possible)
not only on the problem at hand, with
its (presumably) unknown result, but also
on a similar problem, simplified to the
point at which an analytical solution exists
for comparison.



1.3.11
The Future

As was written in the foregoing, the
major problems in electrochemical digital
simulation in one dimension have now
been solved. The new frontier is in two-
and more-dimensional systems. During
thelast 20 years or so, ultramicroelectrodes
have more or less replaced the mercury
drop, and these form a two-dimensional
diffusion space, whether they be single
disks, or disk arrays, or (arrays of) strips
or generator-collector strips, and so forth.
Here, the problems include the fact of
the large numbers of nodes required for
reasonably accurate computations, and
thus, long computation times and extreme
computer memory needs, at the least;
as well as the fact that discretization
usually produces (widely) banded systems
of equations, so that sophisticated methods
of solution need to be used in order
to have sufficient memory and realistic
computation times. There is also a lack of
theoretical work on the numerical methods
used. It is by no means certain that
the familiar stability criteria will apply
with these systems, which often have
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steep gradients at the electrode edges.
Predictably, this is where new research
efforts will be directed in the next decade,
and one expects greater use of professional
subroutines, at the least.

References

1. S. W. Feldberg in Electroanalytical Chemistry
(Ed.: A.J. Bard), Marcel Dekker, New York,
1969, pp. 199296, Vol. 3.

2. D.Britz, Digital Simulation in Electrochem-
istry, 2nd ed., Springer, Berlin, Germany,
1988. 3rd revised edition is expected to appear

in 2003.
3. B.Speiser in Electroanalytical Chemistry
(Eds.: A.J.Bard, I.Rubinstein), Marcel

Dekker, New York, 1996, pp. 1-108, Vol. 19.

4. S.W. Feldberg, C.Auerbach, Anal. Chem.
1964, 36, 505-509.

5. J. E. B. Randles, Trans. Faraday Soc. 1948, 44,
327-338.

6. L.K. Bieniasz, J. Electroanal. Chem. 2000,
481,115-133.

7. M. Rudolph in Physical Electrochemistry (Ed.:
I. Rubinstein), Marcel Dekker, New York,
1995, pp. 81-129.

8. J. A. Alden, R. G. Compton, J. Phys. Chem. B
1997, 101, 8941-8954, 9606-9616.

9. D. Britz, J. Electroanal. Chem. 2001, 515,1-7.

M. Rudolph, J. Electroanal. Chem. 2002, 529,

97-108.






2.1
Linear Sweep and Cyclic Voltammetry

Bernd Speiser
Institut fiir Organische Chemie, Tiibingen,
Germany

2.1.1
Introduction

2.1.1.1 Historical Background

On the basis of polarography[1, 2], a
variety of widely used instrumental elec-
troanalytical techniques has been elabo-
rated and used. Some of them are called
voltammetries [3]. The basic experiments
were initially performed by Matheson and
Nichols [4] and independently advanced by
Randles [5, 6] and Sev¢ik [7].

While a more physico-chemical defini-
tion will be provided in Sect. 2.1.1.2, we
observe here, that a linearly changing
(scanned or sweeped) potential is imposed
on a working electrode, and the result-
ing current is recorded and analyzed.
Hence, advances were related to the de-
velopment of fast and accurate control
of the electrode potential with poten-
tiostats [8]. Since already in early work
the potential was changed so fast that
electrical recording devices had to be
used, the term “cathode ray polarogra-
phy” [5, 6, 9] or “oscillographic polarog-
raphy” [7] appeared. Later, the technique

was called “potentiostatische Dreieckspan-
nungsmethode” (potentiostatic triangular
voltage method) [10, 11] owing to the char-
acteristic triangular development of the
working electrode potential when perform-
ing “cyclic” experiments. Stationary rather
than dropping electrodes were used, and
consequently the term “stationary elec-
trode polarography” [12] became popular.
Already in the mid-1960s, there was rich
potential of applying such experiments to
the determination of concentrations but
even more to the elucidation of reac-
tion mechanisms and kinetics coupled to
electron transfer at an electrode was rec-
ognized. Today the resulting linear sweep
or cyclic voltammetries are employed as
simple, flexible routine techniques in par-
ticular as sophisticated means to solve
chemical and mechanistic problems. The
combination with computer control, ul-
tramicroelectrodes, and digital simulation
has further contributed to their success.

2.1.1.2 Potential Scan

Voltammetries — Definitions

The voltammetric [13] (volt-ampero-metric)
techniques discussed here record the
current i through a working electrode as
a function of time ¢, while the potential
E applied to this electrode is controlled
as a linear function of ¢. During the
experiment the electrode is stationary, and
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usually the electrolyte is not agitated, but
at rest. The excitation signal can consist of
a single linear sweep (often called a scan)
from a starting (Estart) to an end potential
(Fig. 1a), of two such segments (two scans,
often called a cycle) between a starting and
a “switching” potential (E,; Fig. 1b; the
end potential is not necessarily the same
as the starting potential), of three segments
(Fig. 1c shows an often encountered case)
or of several cycles (multicycle experiment;
Fig. 1d).

If E is changed according to Fig. 1(a),
the experiment is called linear scan or
linear sweep voltammetry (LSV), while
variants according to Figs. 1(b to d) are
commonly called cyclic voltammetry (CV).
Although in particular the latter term
is widely used, IUPAC [14] recommends
the more formal names ‘“‘chronoamper-
ometry with linear potential sweep” for
LSV, while “triangular wave voltamme-
try” (“chronoamperometry with triangular
potential sweep”) is reserved for an ex-
periment according to Fig. 1(b), and CV

or “cyclic triangular wave voltammetry”
(“chronoamperometry with multiple tri-
angular potential sweeps”) is used for the
multicycle variant. It seems, however, that
the latter distinction is neither observed in
Common usage nor necessary.

The rate at which E changes is the
potential (sometimes also: voltage) scan rate

dE
V= —
dr

(often simply termed ‘“‘scan rate”). Al-
though in most cases, the absolute value of
v is the same for all scans of an experiment,
a change of |v| at E (or other switching
points) has been suggested [15]. This varia-
tion does not seem to have attracted much
attention, however.

Owing to the linear relationship between
E and ¢ as given in Eq. (1), the current can
be plotted versus time (as directly mea-
sured in the experiment; typical curves in
Figs. 2a and 2b) or versus potential (typical
resultsin Figs. 2cand 2d). The latter case is
most common (“cyclic voltammogram”).
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potential (c, d).

When plotting i versus E, it has conven-
tionally to be observed that the scan is
presented clockwise as indicated by the
arrows in Fig. 2(d). Still, however, two con-
ventions for plotting potentials exist (either
positive or negative potentials to the right).
Likewise, the sign of currents (anodic cur-
rents defined positive or negative) is not
unequivocal [16, 17]. Consequently, when
interpreting a cyclic voltammogram one
has to be careful as regards the exact direc-
tion of the individual scans.

2.1.1.3  Scope of the Chapter

The present chapter will first deal with
the theoretical background of LSV and
CV experiments. The basic equations de-
scribing the most important processes will
be discussed. A short account of practical
problems will lead to a discussion of the ex-
perimental limitations and the most com-
mon caveats to be observed when applying

these techniques. Some state-of-the-art de-
velopments will be described and finally
applications will be demonstrated.

Space limitations do only allow a rather
selective discussion. For further infor-
mation, the reader is referred to review
articles [13, 18-24].

2.1.2
Theory of Potential Scan Voltammetries

2.1.21 General

As already highlighted in Chapter 1.1, elec-
trode processes are complex (see, e.g.
Volume 8, Chapter 1), and usually consist
of several coupled steps, among these at
least transport to and from the electrode
and electron transfer, often linked to chem-
ical transformations. Each of these steps
may influence the voltammetric response.
In order to theoretically describe a voltam-
metric experiment, all pertinent processes
have to be included.
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Although it is possible to derive the nec-
essary mathematical equations in “real”,
dimensioned quantities, it is often advan-
tageous to use a more general, “dimen-
sionless” formulation. This may involve
both the current, and the time/potential
variables. Often, however, in the literature
only the current is normalized, while the
potential is retained as a dimensioned vari-
able, only referred to the formal potential
E? of the electrode process.

We assume a voltammetric experiment
with equal scan rates for all scans and
an excitation waveform as in Fig. 1(b).
Furthermore, we assume that the substrate
is present totally in its reduced form
at Estart, i.e.the primary process is an
oxidation. Conversion to the case of an
initial reduction is easily possible.

The temporal development of the elec-
trode potential will then be defined as [12]

E = Egart + vt — (m — 1) x vty,
for odd m
E = Egiart — V1 +m X vy,

for even m 2)
where m numbers successive scans and 1,
is the time needed to scan the potential
from Egart to Ej. Note that v is always
taken positive for the oxidation case
considered.

We calculate the concentration ratio for
the reduced and oxidized redox partners at
the electrode, as defined by the Nernst
equation (n, F, R, and T have their
usual meaning; x is the distance from
the electrode surface)

Cox(x = 0)

—exp| (£ - E%| =05
Cred(xzo)_ P RT -

3)

where

0 = exp E(Estart - EO) 4
RT

contains all time-independent quantities,
and

| explat — (m — Dat,] for odd m
| exp[mat; — at] for even m
®)

(with a =nF/RT x v) encapsulates the
variation with 7. Note the sign change
in Eq. (5) as compared to Nicholson and
Shain’s [12] work, where reductions were
considered.

2.1.2.2 Reversible Electron Transfer
We will first consider a simple system, and
then include further complications.

Basic starting assumptions are the
following:

e The electrode is a solid stationary disk
of area A.

e The electrolyte is not in motion and
extends virtually infinitely from the
electrode. It contains an excess of
supporting electrolyte.

e The (reduced) substrate of the electrode
reaction is present in the electrolyte
with homogeneous distribution in a
concentration ¢°. It undergoes electron
transfer (assumed to be in equilibrium
at all times) with a formal potential E°
and has a diffusion coefficient D.

Under such assumptions (“reversible” sys-
tem), diffusion is the main mode of
transport and semiinfinite linear diffusion
conditions prevail. Thus, Fick’s 2nd law
describes the variation of concentrations
with ¢ and the space coordinate x (extend-
ing from the electrode surface, x = 0, into



the electrolyte):

ac d 326‘ d
ar: = Pred 8;; (6)
dcox 8ZCOX
a[ = DOX axz (7)

At the beginning of the experiment, r = 0,

Cred(@, 0) = g, Cox(x, 0) —— 0 (8)
i.e. only the reduced form is present. It is
assumed that during the experiment there
is no change of concentrations at a large
distance from the electrode (bulk solution):

0
Cred(X = 00, 1) = Cpoqs

cox(x = 00,t) —— 0 9
while Eq. (3) applies at x = 0. Often it
is further assumed that Doy = D;eq for
simplification.

Finally, Eq. (10) defines mass conserva-
tion at x = 0:

ac dc
Doy (8—0X> = —Dred ( red)
X Jx=0 dx x=0
(10)

Equations (6) to (10) and (3) form a sys-
tem of second order partial differential
equations with initial [Eq. (8)] and bound-
ary conditions [Egs. (3), (9) and (10)]. The
presence of the time dependence in Eq. (3)
prevents a closed form solution of this sys-
tem. Several approaches have been used to
calculate the concentrations c as a function
of x and 7, including Laplace transfor-
mation [7, 12] and digital simulation [25],
all relying on numerical integration steps.
Chapter 1.3 provides further information
on digital simulation.

From concentration profiles ¢ = f(x, 1)
it is possible to calculate the tempo-
ral development of the current through

2.1 Linear Sweep and Cyclic Voltammetry

the electrode (see also Volume 8, Chap-
ter 1) by

9
i =nFAD ( Cred
0x

) = nFAfred,x:O
x=0

11)
(fred.x=0 is the flux of species red at x = 0).
A particular form of Eq. (11) is

i =nFADC® ;\/7 Dyegax (at)

as derived by Nicholson and Shain [12]
where x(at) is a dimensionless function
obtained from the integration procedure
(current function).

The result for a single scan is shown as
a current—potential curve in Fig. 3(a). It
exhibits the characteristic peak shape with
a peak potential E, and a peak current
ip. The potential where the current attains
50% of the peak value (ip/2) on the rising
flank is the half-peak potential Ep/2.

The form of the curve is qualitatively
explained as follows: at the beginning
of the experiment, essentially no current
flows since we start from an equilibrium
situation (see Sect.2.1.3.4). Scanning E
induces a change in cox/creq at x =0
according to Eq. (3): Red is converted into
ox at the electrode, resulting in a current.
The concentration of red is depleted in the
immediate vicinity of the electrode surface,
while the concentration of ox increases.
These changes of ¢(x = 0) with respect to
the bulk solution values induce diffusional
transport. Thus, red diffuses towards the
electrode, while ox diffuses to the bulk.
The resulting flux f of material sustains
the current flow.

Further increase of E causes a decrease
of ¢red(x = 0) and an increase of fieq(x =
0) with an increase of i. Simultaneously,
according to Eq.(12) a diffusion layer
develops that extends over a thickness
8§ ~4/t. The increase in § tends to
decrease freq(x = 0). The two effects are

(12)
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Fig. 3 Current—potential curves for a reversible electron transfer: (a) shape and important
features of a linear sweep voltammogram; (b) linear sweep voltammograms as a function of the
scan rate v = 0.1,0.2,0.5, 1., 2., 5. V s~ with increasing ip; (c) cyclic voltammograms and their

dependence on Ej.

superimposed. If c,q(x = 0) decreases to
very small values, further changes of E
have no more effect, and the current is
mainly determined by the expansion of
3. About 180 mV after the peak, the
decay of the voltammetric i/t curve can
essentially be described by potential-step
Cottrell behavior (see Chapter 2.2).

Quantitatively, the peak current is given
by Ref. [12]

V7 xp = 0.4463

ip =nFAc4\/aDyed x 0.4463 (13)

AtT = 298 K the so-called Randles—Sev¢ik
equation

ip = (2.69 x 10°)n*2Ac® ;\/vDreq (14)

follows. Note, that i, in both Egs. (13)
and (14) is proportional to v'/2. The scan
rate defines the timescale of the experi-
ment. For short timescales (high v), the

or

diffusion-controlled current is increased
over that for longer timescales (smaller v).
This is due to the fact that the concen-
tration gradient and the flux of educt to
the electrode increase with increasing v.
Figure 3(b) demonstrates this relationship
that is often used to prove diffusion con-
trol of the current as opposed to currents
due to surface-bound or adsorbed redox
species (see Sect. 2.1.2.5).

The position of the peak on the potential
axis is also of interest. For the reversible
case,

o 28
Ep=E+—mV (15)
for T = 298 °C (oxidation) and
o 28
Epp=E'— Zmv (16)
n

hold. Both relationships only apply if
Dreq = Dox.



Obviously, the peak on the first scan of a
cyclic voltammogram is identical to the one
of a single scan experiment. The reverse
(“back”) scan curve and the details of the
reverse peak, however, depend on the exact
position of E; (Fig. 3c). In this peak the
product of the electrode reaction, which
has accumulated in the diffusion layer
during the forward scan, is transformed
back to the starting species. For practical
purposes, the peak shape is independent
of E; for n|E; — E°| > 35 mV [12]. For
n|E; — Ep| > 180 mV, it is also true that
|EL — Ep| ~58mV at T =298K. Stil,
the reverse peak current is a function of Ej.
An important characteristic of the cyclic
voltammetric i/E curve is the current
ratio [20]

b b s

1 l

R0y 0.485?—0 +0.08 (17
ip ipg ih0

where currents with subscript 0 are
measured relative to the zero current line
and i, o is the current at E,. This ratio is
unity for the simple case considered here.

Note that the area under the curves,
i.e. the charges transferred in the forward
and reverse scans, are not equal, since not
all starting material is regenerated during
the reverse scan and some product (ox in
the present discussion) escapes from the
electrode.

If many cycles are performed, the succes-
sively recorded voltammograms gradually
change until a steady state is reached since
the concentrations at Egart shift between
cycles [12]. However, only changes in peak
current are essential while peak potentials
are affected to a minor extent.

2.1.2.3 Kinetics of Electron Transfer

As a first complication, we consider a finite
rate constant kg of the electron transfer. In
such a case, the kinetics of the electron

2.1 Linear Sweep and Cyclic Voltammetry | 87

transfer step have to be included, most
often by a Butler—Volmer relationship
—ankF

i:io{exp[ RT

[(1 —a)nkF

(E — EO)}

50
RT (E E)“ (18)

which is substituted for Eq. (3). Here,
io=nF Aksc?e g is the exchange current
(defined at E = E°) and « is the transfer
coefficient.

Depending on the relative magnitudes
of D and ks, we move from a situa-
tion in which diffusion control predom-
inates (small D, large ks; reversible case,
see Sect. 2.1.2.1) through a mixed-control
regime (both diffusion and kinetics are im-
portant; quasi-reversible case [9, 27, 28])
to a situation in which the rate of elec-
tron transfer controls the overall reaction
(large D, small k; irreversible case [12]).
This continuum of conditions is character-
ized in LSV or CV by the dimensionless
quantity

=t

v/ aDreq

The dependence of voltammograms on

¥ has been analyzed by Matsuda and

Ayabe [9] (LSV) as well as Nicholson

and Shain [27] (CV) and characteristic

voltammograms can be found in Volume 8
Chapter 1.

(19)

2.1.2.4 Coupled Homogeneous Chemical
Kinetics

To consider coupled chemical reactions
in the homogeneous electrolyte phase,
the diffusion equations such as Egs. (6)
or (7) are augmented by the kinetic
terms corresponding to the reaction of the
species whose diffusion it describes (re-
action—diffusion equations). For example,
for a reaction
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+e~
A——B ——C

(20)
where the reduced form A of the redox
couple is oxidized to B, which then reacts

in a homogeneous chemical reaction, the
governing equations become

aca d%cp
FT =
30]3 BZCB
W = DBW - kCB (22)
3CC 326(;
W = DCW + kCB (23)

In these equations, we assume that the
chemical reaction is of first order and char-
acterized by a rate constant k. B disappears
as determined by kcp, and each react-
ing molecule B generates one molecule
C. Consequently, the concentration pro-
files of all species are modified, and the
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resulting current depends on the homoge-
neous reaction.

Many types of coupled chemical reac-
tions have been considered under LSV or
CV conditions, and the resulting effects on
voltammetric curves have been analyzed.
This forms the basis for both qualitative
derivation of mechanisms and quantitative
determination of kinetic constants for elec-
tron transfer coupled reaction steps from
LSV and CV. Some examples are discussed
in Volume 8, Chapter 1.

2.1.2.5 Adsorption and Surface-Bound
Redox Species

If the redox species is confined to the im-
mediate vicinity of the electrode surface,
either by adsorption forces or by covalent
bonds (modified electrodes), there is no
need for transport from the bulk of the
electrolyte in order to induce the elec-
trochemical reaction. No concentration
profile develops. On the other hand, the
number of molecules subject to electron
transfer is limited to those attached to
the surface. These facts lead to a char-
acteristic voltammetric response, see e.g.
Fig. 4.

The current—potential curve in the
simplest case (Langmuir adsorption iso-
therm) [29, 30] is mirror-symmetric to
the line normal to the potential axis
at E® with a peak potential Ep = E°.
Furthermore, the current returns to zero
after the peak. This is explained by the
fact that all surface-bound material is
converted according to Eq.(3). Since no
diffusional loss is involved, all product
can be converted back to the starting

Fig. 4 Cyclic voltammograms for
surface attached redox active molecules:
(a) Langmuirian behavior;

(b) Frumkin-type behavior with
attractive interaction between oxidation
product molecules.



material in the reverse scan. Thus, the
areas under the two peaks will ideally
be identical. The peak current for such
a system will be proportional to v rather
than v1/2.

The exact shape and quantitative fea-
tures of the voltammograms will depend
on a variety of parameters, e.g. the
adsorption isotherm followed, the sur-
face concentration of the redox species,
or the presence or absence of inter-
molecular forces between the adsorbed
molecules (see Fig.4b for an exam-
ple with attractive forces between prod-
uct molecules) [31-33]. Additional effects
such as slow transport of counterions be-
tween bulk and the surface layer may
further change the characteristics of the
voltammograms [34].

2.1.2.6 Nonlinear Diffusion

Atlong timescales or for small dimensions
of the electrode, the assumption of linear
diffusion (see Sect.2.1.2.2) no longer
holds. The form of the partial differential
equations [e.g. Eq. (6)] or the diffusion
term therein, changes to, for example,
spherical diffusion:
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dc D d%c
ar (81”2 t or

where r is a coordinate parallel to the
radius of the electrode disk. Thus, the flux
and consequently the current increases
over the linear case. At intermediate
situations a mixture of linear and spherical
diffusion applies:

ac D 8¢

ar (8r2 +
Here, z is the coordinate perpendicular
to the disk. The form of linear sweep
voltammograms changes from peak to S-
shaped, indicating that the diffusion layer
quickly attains a steady state with a fixed
thickness (Fig. 5).

In even more complex cases, three-

dimensional forms of Fick’s law such as
Eq. (26) must be used

dc _D 9%c N 9%c N 9%c (26)
ar dx2

9y?2 072
2.1.2.7 Restricted Diffusion
The assumption of semiinfinite diffusion
becomes invalid if the diffusion space is

2 %> (24)

1dc N 9%c 25)
r or 372
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Fig.5 Cyclic voltammogram of ferrocene (c = 4 x 107* M) at an
ultramicroelectrode disk (10 um diameter, Pt, v = 10 mV s~') with

spherical diffusion.
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limited, i.e. the electrolyte does not extend
to virtual infinity from the electrode. In
such situations, the boundary condition
at large distances from the electrode is
no longer constant with ¢. Rather, the
diffusing material is being exhausted.
Restricted diffusion is found for example
in thin layer cells [35] under potential scan
conditions.

2.1.2.8 Simulation

Solutions of the differential equation
systems including initial and boundary
conditions as discussed in the previous
sections are generally provided by sim-
ulation. Mathematical models describing
the basic physico-chemical processes are
numerically resolved [25]. LSV and CV
are among the main methods treated in
electrochemical simulations. Further in-
formation on this subject can be found
in Chapter 1.3 of this Volume and (with
mechanistic background) in Chapter 1 of
Volume 8.

2.1.3
Practical Considerations

2.1.3.1 Electrodes and Cells

While initially [4-7] often hanging mer-
cury drop electrodes were employed, today
the entire range of electrode materials, in
particular Pt, Au, and C (glassy carbon,
graphite) is used for LSV and CV. Conse-
quently, not only spherical (drop) but also
planar (disk) and cylindrical (wire) elec-
trode geometries became important. This
was already recognized early[12] by si-
multaneously treating planar and spherical
systems. The choice of electrode material
strongly depends on the application.

The characteristic size of electrodes is
conventionally a few millimeters (radius
for a planar disk) as a maximum. The cur-
rent minimum for disk electrodes is in the

nanometer region [36], where, however, re-
producibility may be a problem and the
exact determination of the electroactive
area is difficult [37].

The cells for voltammetric experiments
usually comprise a three-electrode ar-
rangement, with working and counter-
electrodes sufficiently spaced, while the
reference electrode is brought close to
the working electrode surface with a
Haber-Luggin capillary to minimize iR
loss (see Sect. 2.1.3.4). The conventional
cell volume is up to ~20 ml, but only
a small part of this total volume is af-
fected during the experiment (diffusion
layer). With sufficient mixing after a scan
or cycle, a large number of voltammo-
grams can be recorded in the same
solution without interference in most
cases. Smaller cells for microelectrode
use [13] or cells for high-purity appli-
cations in organic solvents have been
described [38].

2.1.3.2  Solvents and Supporting
Electrolytes

The whole range of solvents (aqueous
and nonaqueous) and supporting elec-
trolytes (usually 0.1 M in order to avoid
migration effects) including the popular
tetra-alkyl ammonium salts are used in
voltammetric studies. There are no par-
ticular restrictions from the voltammetric
conditions. It must be noted, however, that
for mechanistic studies high-purity elec-
trolyte components are necessary. Since
the substrates are often present in con-
centrations of 107* M or lower, even
traces of impurities may have detri-
mental effects on the current—potential
curves (see also Sect. 2.1.3.3). The choice
of solvent and supporting electrolyte
clearly depends on the application and
factors such as solubility of the sub-
strate.



2.1.3.3 Experimental Limitations
Applicability of voltammetric techniques is
in some cases limited due to several factors
which will be discussed in the following.

In a real system, we will observe
the oxidation or reduction of electrolyte
components, the electrode material itself,
or of impurities in the electrolyte at
certain potentials. These processes define
the accessible potential window (Fig. 6), and
the observable electrode reactions should
yield voltammetric signals well inside
this window to allow analysis without
interference of background contributions.

At low scan rates, the tacit assump-
tion that no convection takes place in
the cell breaks down. For example, in
a dichloromethane/0.1 M NBu4PFg¢ elec-
trolyte at room temperature, convection
effects are already observable at v =
10 mV s~!. This defines a lower limit of
the applicable scan rates (see also edge
effects below).

At high scan rates, in most cases sam-
pling rates or potentiostat rise times, limit
applicability of voltammetric experiments
(see Chapter 1.2). Modern commercial
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computer-controlled instruments allow
scan rates up to several hundred volts
per second. With electrodes in the mm
radius range, however, often i R drop (see
Sect. 2.1.3.4) reaches critical values mak-
ing useful interpretation impossible, at
least in organic electrolytes. Smaller elec-
trode sizes may be used for larger scan
rates (see Sect. 2.1.4.1).

Another inherent limitation becomes
important if the size of the diffusion
layer becomes comparable to that of the
electrical double layer [39]. Thus, scan
rates are limited to a practical maximum
of ~10° V s~ if such effects are not taken
into account [39] (see, however, Ref. [40]).

2.1.3.4 Artifacts and How to Avoid Them
Although the voltammetric experiments
discussed in this Chapter are rather sim-
ple to perform and reasonable protocols
are incorporated into the control software
of most modern computer controlled elec-
trochemical instruments, there are several
important points to observe in order to
avoid artifacts.
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Fig. 6 Potential window in a dichloromethane/0.1 M NBu4PFg electrolyte,
potentials vs. a Ag/0.01 M Ag™ reference electrode.
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Selection of starting and switching po-
tentials. The end points of the potential
scans have to be selected inside the po-
tential window of the electrode/electrolyte
combination. Furthermore, however, two
guidelines should be observed if at all
possible:

e The starting potential should be located

selection means to choose Egupt well
(usually several hundred millivolts) be-
fore the first peak in the voltammogram.
On the other hand, the selection of E;,
will only influence the reverse peaks.
Depending on the actual problem,
several choices of Ej, are meaningful
(if e.g. several peaks are present in the
current/potential curves). In general,

Potential, E
[V]

at a potential where no current flows
through the working electrode. Often
this potential can be determined as
the “open circuit” or “rest” potential
of the solution. This ensures that the
current/potential curve starts at i = 0.
The initial condition of homogeneous
distribution of the redox active species
throughout the electrolyte is fulfilled. If
this precaution is not taken, the product
of the electron transfer is produced at
the electrode before the start of the scan
and diffuses towards the bulk electrolyte.
Consequently, some distortion of the
voltammetric curve may be observed.
In practical terms, the recommended

however, for quantitative analyses of
reverse peak features, E, should be at
least 180 mV past the forward peak.

Selection of scan parameters. As men-
tioned earlier, the scan rate significantly
influences the shape and quantitative
features of voltammograms. Usually, a
variation of v gives important informa-
tion. There are, however, other scan-
related parameters that may affect the
current/potential curves. In computer
controlled instruments, the ideal linear
variation of E is often simulated us-
ing a staircase function (Fig. 7). The re-
sponse from such an excitation function

0.6 T T T T T T
0.5 —
04
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0.1 -

0.0

0.1 . 1 . 1 . 1

20.01 0.01 0.03 0.05

0.07 0.09 0.11

Time, ¢
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Fig. 7 Staircase type potential scans as substitute for linear scans; step size
exaggerated.



is equivalent for practical purposes if the
change of E during a step is small enough.
What exactly is small enough, is a complex
function of several experimental variables
and the electrode reaction itself [41].
Selection of potential cycles. It has been
mentioned earlier that multicycle ex-
periments lead to a steady state cur-
rent/potential curve eventually (to be
distinguished from steady state micro-
electrode curves!). Often such curves are
presented in the literature. However, quan-
titative analysis, in particular comparison
to simulations, is greatly complicated with
such steady state data and pristine curves
should be preferred. Furthermore, prod-
uct molecules produced after several cycles
may induce additional chemical reactions
or show additional peaks. If it is desired
to study such effects, the variation of
the voltammogram with the cycle number
must be analyzed in greater detail.
Uncompensated resistance and double layer
effects. In particular, in organic solvents
and at high scan rates uncompensated re-
sistance with the resulting iR drop and
double layer effects may affect the voltam-
mograms [42]. The iR drop distorts the
linear E/¢ curve, usually assumed in LSV
or CV. Of course, in turn, the current is
affected. While this can be controlled to
some extent by the use of ultramicroelec-
trodes, it does not entirely vanish. Thus,
i R compensation [43, 44] or correction [45,
46] is strongly recommended. Further de-
tails on this topic are given in Chapter 1.2
(Sect. 1.2.6). Double layer charging adds
in the most simple case a constant current
iq at constant v to the i /E curve. Since iq
is proportional to v, while the peak cur-
rent i, increases with v1/2, ig increasingly
dominates the current signal at high v.
Furthermore, remaining electrolyte impu-
rities will distort the voltammograms in
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some cases. Background subtraction may
thus additionally be required.

Nonlinear diffusion. The voltammetric
behavior related to linear (e.g. at short
times) and spherical (e.g. at large times
or small electrodes) diffusion has been
discussed in Sect. 2.1.2. Of course, there
are intermediate situations, in which
mixed behavior is observed, which may
be regarded as a distortion of either of the
extreme types of transport. In particular,
use of conventionally sized electrodes at
slow scan rates causes the increase of
peak currents (normalized to v!/?) with
decreasing v since additional nonlinear
transport of material across the edge of
the electrode occurs (“edge diffusion” or
“edge effect” [47]). Consequently, too slow
scan rates should be avoided.

2.1.4
Present Methodological Developments

2.1.4.1 Voltammetry at
Ultramicroelectrodes
Ultramicroelectrodes (see Chapter 2.5)
have attracted considerable attention for
voltammetric experiments recently [39,
48]. Such devices are defined conven-
tionally by size (disks with diameter
<20 um [48]) or by physico-chemical be-
havior [39]. Owing to their size, at ultrami-
croelectrodes the diffusion layer attains a
steady state shortly after the beginning of
the experiment. Thus, if the timescale is
long enough, the i/E curves under LSV
or CV conditions show a plateau type
shape (see Sect.2.1.2.6). On the other
hand, in faster experiments, a peak still
develops. The transport rate and, conse-
quently, the current per unit area (current
density) become very large because of
the change from linear to spherical dif-
fusion. Other processes than diffusion
may become rate controlling under these
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conditions. Consequently, ultramicroelec-
trode voltammetry may be used to deter-
mine heterogeneous electron transfer rate
constants. Furthermore, the high trans-
port rates render homogeneous chemical
reactions less important and decrease their
influence on the voltammograms.

The diffusion-controlled steady state
current at an ultramicroelectrode of radius
ro is given by

iqg = 4nFDc’rg (27)
Note that the functional relationship be-
tween current, ¢® and D in Eq. (27) is
different from that in Egs. (13) and (14).
This has been used to determine ¢ and
D simultaneously from steady state and
non-steady state curves at the same ultra-
microelectrode, e.g. in gel monoliths [49].

In the following two sections, further
applications of LSV or CV at ultramicro-
electrodes are discussed in brief.

2.1.4.2 Fast Scan Techniques

As mentioned already (Sect.2.1.4.1), at
short times scales, i.e. fast scan rates, LSV
or CV curves at ultramicroelectrodes still
attain the conventional peak shape related
to linear diffusion. Under these conditions,
another advantage of such electrodes
becomes apparent: the small electrode
area, resulting in a small double layer
capacity Cq (hence a small time constant
RCy), and a small current i (hence a small
iR drop). Artifacts due to double layer
charging and uncompensated iR drop
become less prominent, and consequently
high scan rates up to 10® Vs~! can be
used [39] as compared to the limit of a
few 10 Vs~! at conventional electrodes.
Furthermore, specific techniques allow the
recording of i R-drop free voltammograms
even at v > 10° Vs [50].

In such timescales, it is possible to study
very fast heterogeneous electron transfer
rate constants [48]. Diffusion layers as thin
as a few nanometers are characteristic for
such fast scan rates [50]. Coupled homoge-
neous chemical reaction steps become less
important, and highly reactive intermedi-
ates can be detected [48]. The chemical re-
versibility of electrode reactions increases
and thus redox potentials of electron trans-
fer reactions involving extremely unstable
species become available [48].

2.1.43 Voltammetry Without Supporting
Electrolyte

The decreased iR drop in voltammetric
experiments at ultramicroelectrodes has
been exploited to perform electrochem-
istry under conditions in which no or only
a small concentration of supporting elec-
trolyte is added and allows measurements
in low-polarity solvents (e.g. hydrocar-
bons), without the presence of excess
ions, or even in the gas phase [51]. This
topic is discussed further in Chapter 2.5
(Sect. 2.5.5.6). In these cases, the transport
of charge in the electrolyte is realized by
small amounts of impurities [48], by ions
of the substrate material itself [52], or those
generated in the electrode reaction [39].
Thus, migration has to be considered as an
additional mode of transport, in particular
for multiply charged species [52]. A recent
modeling study [53] has provided evidence
that LSV should be best suited to deal with
situations of high uncompensated resis-
tance as compared to chronopotentiometry
and chronoamperometry.

Since nonpolar solvent based elec-
trolytes cannot be used in conventional
voltammetric experiments, solubility prob-
lems may arise for some organic com-
pounds. Ultramicroelectrodes allow the
use of benzene, toluene, and even hexane
or supercritical CO; as solvents and the



study of electrode reactions or analytical
determinations in such environments is
now actively studied [48].

Furthermore, the polarity range for
mechanistic or analytical studies is con-
siderably broadened. The stability of in-
termediates under such unconventional
conditions can be investigated.

2.1.4.4 Voltammetry Under Hydrodynamic
Conditions

Usual conditions for LSV or CV experi-
ments require a quiet solution in order to
allow undisturbed development of the dif-
fusion layer at the electrode. Some groups,
however, have purposely used the inter-
play between diffusion and convection in
electrolytes flowing in a channel or similar
devices [23]. In these experiments (see also
Chapter 2.4), mass transport to the elec-
trode surface is dramatically enhanced. A
steady state develops [54] with a diffusion
layer of constant thickness. Thus, such
conditions are in some way similar to
the use of ultramicroelectrodes. Hydro-
dynamic voltammetry is advantageous in
studying processes (heterogeneous elec-
tron transfer, homogeneous kinetics) that
are faster than mass transport under usual
CV or LSV conditions. A recent review
provides several examples [22].

2.1.4.5 Voltammetric
Spectroelectrochemistry

Although, in particular CV is ideally suited
to detect the presence of intermediates
in an electrode reaction and to define
the kinetics and thermodynamics of the
reaction, it is impossible to derive di-
rect structural information about inter-
mediates or products from voltammetric
data. On the other hand, such informa-
tion advantageously can be provided by
spectroscopic experiments. Consequently,
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both instrumental approaches were com-
bined in the form of in situ spectroelec-
trochemistry [55, 56] under potential scan
conditions.

Thus, a large number of spectra is
recorded during the potential scan of an
LSV or CV experiment. Each spectrum can
be assigned to a situation of defined poten-
tial (i.e. concentration ratio at the electrode)
and to a certain time since the start of
the experiment (kinetics). If recorded fast
enough, the spectral properties of even
short lived intermediates are accessible.
Further details on spectroelectrochemical
measurements of this type are given in
Chapter 3.4.

2.1.4.6 Derivative Voltammetry

The current signal in LSV or CV is rather
broad even for the reversible electron trans-
fer case. The width of the reversible peak at
half height is about 96 mV. Thus, resolu-
tion is relatively low and exact determina-
tion of the peak potential is often difficult.

It is well known that features of sig-
nals can be enhanced by examining their
derivative. Consequently, derivative cyclic
voltammetry (DCV) was developed [57]. The
derivative is usually calculated numerically
by simple differencing (Ai/At) if the time
step increments are small enough [58], by
a Savitzky-Golay polynomial least-squares
procedure [59], or by Fourier transforma-
tion [60]. Also, hardware based differentia-
tion is possible [60].

Figure 8 shows simulated cyclic voltam-
mograms and their derivatives. The peak
potentials can easily be extracted with high
accuracy from the derivative curve as the
points at which the baseline is crossed.

It has been emphasized [61] that dis-
tortions by double layer charging (see
Sect. 2.1.3.4) are eliminated in DCV
curves, since their constant contribution
disappears in the derivative signal.
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Fig. 8 Cyclic voltammograms of a reversible electron transfer without (a) and with a homogeneous

follow-up reaction (c) and their derivatives (b, d).

Furthermore, DCV was employed for
kinetic and mechanistic analyses of elec-
trode reactions [57, 59, 61]. The ratio of
the derivative peak intensities (see Fig. 8d)
is a convenient measure of the origi-
nal i/E curve shape and sensitive to
homogeneous [57, 61] and heterogeneous
kinetics [59].

2.1.4.7 Semiintegral (“Convolution”) and
Semiderivative Voltammetry

Another transformation of high interest
in LSV or CV is the calculation of the
semiintegral [62] of the current, m(t) =
d=12i(t)/d¢t=1/2. Tt is characterized by the
fact that applying it twice in succession,
the integral of the original function will be
generated. This function is given by

1 [ i)
m(t) = —i /o i dr =1()
(28)
with the dummy variable 7, and is
thus identical to the convoluted current

I(t) [63—65]. Recently, extended semiinte-
grals with a general convoluting function
g(t) have been defined:

t
m(t) = / i(t)g(t —t)dr (29)
0
where g(¢t) depends on the electrode
geometry and kinetics [66].

Transformation (Eq. 28) can be accom-
plished by analog circuits [67], but also
several numerical algorithms have been
provided [16, 17, 60, 68, 69].

The semiintegral of an LSV or CV
voltammogram (Fig. 9) has some impor-
tant properties. The sigmoidal branches of
the forward and reverse part of the m(r)
curve for a reversible redox process exactly
coincide [16, 17]. Moreover, the semiinte-
gral and in particular its maximum value
are independent of the exact E/t rela-
tionship under ideal conditions [46, 62].
Thus, effects of i R drop on the linearity
of the potential scan excitation function in
LSV or CV disappear, when considering
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Fig. 9 Cyclic voltammograms of an electron transfer with fast (a) and slow (b) heterogeneous

kinetics and their semiintegrals (b,d).

m(t) [70]. Quasireversibility of the redox
process or iR drop contributions cause
the two branches of the semiintegral
to split (Fig. 9d) providing an extremely
sensitive test for reversibility and the
absence of i R effects [70]. From the extent
of separation of the two branches calcula-
tion of the uncompensated resistance was
attempted [46].

Further applications of the m(r) or
I(¢) transform of LSV or CV curves are
found in mechanistic analysis [63-65, 71].
In particular, the fact that no a-priori
assumption of the rate law for the het-
erogeneous electron transfer is necessary
for the calculations has been stressed.
Thus, deviations from the simple But-
ler—Volmer behavior can be identified [64].
A sophisticated example for the use
of such techniques will be discussed
later.

Semiderivative or semidifferential voltam-
mograms appear sharper than their non-
transformed counterparts [60] and have

thus been used to improve resolution
of closely spaced peaks with severe over-
lap [72].

2.1.5
Applications

In this section, a few examples have been
selected from the literature to demonstrate
the possibilities of the experimental tech-
niques described in the present chapter. In
the examples mostly CV will be used. Apart
from the impossibility to detect intermedi-
ates and products during the reverse scan,
similar arguments, however, apply to LSV.

2.1.5.1 Typical Voltammograms

— Classical Applications

Figure 10 shows three selected cyclic
voltammograms that demonstrate the
scope of the CV technique as a tool for the
characterization of redox active chemical
compounds.
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Fig. 10 Typical cyclic voltammograms of
organic molecules. (a) N, N, N/,
N’-tetramethyl-p-phenylenediamine, TMPD, at Pt
electrode, ¢ = 0.27 mM in CH,Cl,/CH3CN
(1:1)/0.1 M NBugPFg, v = 0.5V s™;

N, N, N’, N'-Tetramethyl- p-phenylene-
diamine 1 is a well-known example of a
system with three stable redox states. The
neutral starting species can be oxidized to
a radical cation (also known as “Wurster’s
Blue”, 1*%) [75] and a dication 1?7 (see e.g.
Refs. [76 and 77)). This two-step redox pro-
cess results in a cyclic voltammogram as in
Fig. 10(a) with two oxidation peaks I and
IIT and two corresponding reduction sig-
nals IT and IV. The two peak couples I/II
and III/1V are well separated, and mirror
the increasing potential needed to gener-
ate increasingly positively charged cationic
species. The E° of the two steps (EY =
—-0.29V, Eg = 40.34 V; both values ver-
sus the ferrocene/ferricinium ion standard
redox couple [78]) are simply calculated as
mean values of the corresponding peak

[Vl

(b) 3,6-bis(dimethylamino)durene, v = 0.5V s~
(replotted from Ref. [73], in which further
experimental details can be found);

(c) benzylchloride (replotted from Ref. [74], in
which further experimental details can be found).

potentials. The difference in E; for two
peaks related to the same redox process is
close to 58 mV in both cases, as expected
for a diffusion-controlled one-electron pro-
cess (see Sect. 2.1.2.2). Equation 13 allows
the calculation of D = 1.6 x 10~ cm?s~ 1.

There are some interesting cases,
in which two successive one-electron
steps give rise to only a single
peak couple [79, 80] (see Fig.10b for
3,6-bis(dimethylamino)durene). This was
called “inverse” potential ordering [79],
since in such a case oxidation of the
intermediate is thermodynamically more
easy as compared to that of the starting
compound. In several examples, [73, 80,
81] this was attributed to substantial
structural changes during the redox
process.



An extreme form of structural reorga-
nization is met in dissociative electron
transfer [82], in which the electron trans-
fer is accompanied by bond cleavage. Thus,
the overall reaction, e.g.

R-X+e — R*+ X~ (30)

appears totally irreversible, as presented
in Fig.10(c) for benzylchloride, R =
CeHsCH, [74]. The passage from stepwise
to concerted (dissociative) mechanisms
was explored [82].

2.1.5.2  Selected Recent Examples
This section will selectively present some
recent examples of LSV or CV use for
the solution of chemical problems. The
selection is by no means comprehensive
and necessarily limited to only a small
number of papers.

The first example shows the possibilities
of ultramicroelectrodes (Sect.2.1.4.1) at
extremely fast scan rates (Sect.2.1.4.2).
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Under such conditions very thin diffusion
layers (nanometers and below) are gen-
erated, offering the study of correspond-
ingly small objects in detail. Thus, fourth
generation polyamidoamide (PAMAM)
dendrimers with 64 pendant [Ru(tpy)2]*+
(tpy = terpyridyl) centers (radius ~5 nm)
were adsorbed on a Pt electrode immersed
into an acetonitrile electrolyte [40, 83]. At
(relatively) slow scan rates (v = 36 kV s~1)
cyclic voltammograms are close to Lang-
muirian shape (Sect.2.1.2.5) with i, ~
v, and the dendrimers act as an ad-
sorbed monolayer on the electrode surface
(Fig. 11, top left). At high scan rates (v <
2.52 MV s71) the shape of the i /E curves
changes to that approaching diffusion con-
trol (Fig. 11, bottom) and i, becomes
proportional to v'/2. Hence, by adjustment
of the diffusion layer thickness through v
in molecular dimensions, the “squatted”
spheres of the dendrimer molecules on
the surface were studied (“electrochemical

- 10 - 20
-2
o -0 -0
) -1 | -10 - 20 -
0.036 MV s 0.14 MV s 0.54 MV s
e by by by b b by by by by b | IR BRI AT | P
= 40 - 50
~3 - 50
-0 -0 -0
S
L 40 - =50
. . 1.08 MV 5! . . 1.8 MV 57! . 2.52MV 57!
0.5 1 1.5 2 0.5 1 1.5 2 0.5 1 1.5 2
E — >
(V1
Fig. 11 Cyclic voltammograms of PAMAM dendrimer with 64 pendant Ru(tpy)?* moieties

(CH3CN/0.6 M NEt4BF4, Pt electrode with radius 5 um, scan rates as indicated); (with kind
permission of Wiley-VCH from Ref. [40]).
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microtome”). The rate of electron transfer
between the redox centers in the den-
drimer and the mobility of the Ru moieties
within the polymer were determined.

The detailed analysis of LSV data using
the convolution techniques (Sect. 2.1.4.7)
is demonstrated by studies concerned
with the electrochemical reduction of per-
benzoate tert-butylesters [84]. The overall
chemically irreversible two-electron reduc-
tion leads, by cleavage of the O—O bond,
to tert-butyloxy anion and benzoate anion:

tBuOOCOAr + 2 —— tBuO™

+ ArCOO™ (31)
150
& 100 e
a > Q>
= :> = :>
T« >0 T«
= =
0
-1.0 -1.5 -2.0
E vs SCE
(a) [V] (b)
60 -
qQ”’ Q’
- 30 ~ %
= =
0 —
1 1 1
-1.0 -1.5 2.0
(©) E vs SCE (d)
[V]

One important question in the light of
current electron transfer theories [85—87]
is that of the transition between step-
wise (electron transfer and bond cleavage
as separate elementary steps) or con-
certed (dissociative electron transfer [88])
mechanisms. For the two extremes, one
expects largely different activation parame-
ters for the electron transfer atan electrode.
In particular, in contrast to the simple
Butler—Volmer relationship (Eq. 18) with
a constant transfer coefficient, potential
dependent « values become evident. The
experimentally accessible apparent trans-
fer coefficient

150

100
50
0
-0.5 -1.0 -1.5
E vs SCE
[V]
60
30
0 —
1 1 1
-0.5 -1.0 -1.5
E vs SCE
[Vl

Fig. 12 Cyclic voltammograms (curves in a and b) and the corresponding convoluted
semiintegrals (curves in c and d) for the reduction of tert-butyl-perbenzoate (a and c)
and its p-acetyl derivative (b and d) in DMF/0.1 M NBu4ClOy4 (currents in a and b
normalized to v'/2) at various scan rates. (Reprinted with permission from Ref. [84],

Copyright 1999 American Chemical Society.)



RT (dlnk
Qapp = — (d—E> (32)
is related to the potential dependence of
the heterogeneous electron transfer rate
constant k [89]. The latter in turn can be
determined from semiintegrated () and
original i () LSV data as [63, 64]

Ilim - I(f)
i(t)

with Ij;, being the limiting value of
the semiintegral. Figure 12 shows LSV

Ink=InDY?—In (33)

2.1 Linear Sweep and Cyclic Voltammetry

and semiintegral curves for perbenzoic
acid tert-butyl ester and the p-acetyl
derivative [84]. Calculation of azpp = f(E)
and analysis of this quantity revealed
transition from a concerted mechanism
in the unsubstituted parent molecule to a
stepwise reaction in the p-nitro derivative.

Figure 13 shows an example in which
UV/Vis-spectroscopy was coupled to CV
in order to investigate the anodic oxidation
of 1,1-dimethyl-3-aryltriazenes. While the
p-dimethylamino derivative is reversibly
oxidized to a radical cation in a first step,

30
20
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g wor
j=)
Q
0 —
_10_
s PR I S S R S S N S S S S R
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B
G
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< 0.2
) 2
z 0.1 1 !
= [s]
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Fig. 13  Cyclic voltammogram (a) and temporal development of
UV/Vis spectra during potential scan (b) of 3-(p-ethoxy-
phenyl)-1,1-dimethyl-triazene (with kind permission of
Wiley-VCH from Ref. [91]); further details see text and Ref. [91].
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less electron-donating substituents lead to
more reactive radical cations as primary ox-
idation products. These have been detected
by ESR spectroscopy [90-91]. A detailed
picture of the follow-up reaction is de-
rived from the temporal development of
UV/Vis-spectra during CV: maxima A
and A; correspond to the starting tri-
azene, while B; and B; are assigned to
the transient radical cation. The final re-
action product exhibits signals C; and
C,, which remain stable during the re-
verse scan of the CV. A comparison to the
UV/Vis-spectrum of an authentic sample
of the correspondingly substituted phenyl-
diazonium ion proves the formation of this
compound by cleavage of an N—N-bond in
the radical cation.

2.1.6
Conclusion

Linear sweep and cyclic voltammetry are
among the most widely used electroana-
Iytical techniques for analysis of electron
transfer related reactions. They are simple
to apply, available in modern computer
based electrochemical instruments and
backed by extensive theoretical treatment.
Besides classical applications in mechanis-
tic analysis (see also Volume 8, Chapter 1),
advances in data treatment, ultramicro-
electrode use, and combination with other
techniques allow the study of molecular
electrochemical systems in great detail.

Acknowledgments

I thank Silke Buchmann and Steffen Heiss
for technical help with Figs. 1, 5 and 6.

References

1. J. Heyrovsky, Chem. Listy 1922, 16, 256-264.
2. J. Heyrovsky, Recl. Trav. Chim. 1925, 44,
488-495.

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.
25.

. J. C. Eklund, A. M. Bond, J. A. Alden etal.,

Adv. Phys. Org. Chem. 1999, 32, 1-120.

L. A. Matheson, N. Nichols, Trans.

trochem. Soc. 1938, 73, 193-210.

. J. E. B. Randles, Trans. Faraday Soc. 1948, 44,
322-327.

. J. E. B. Randles, Trans. Faraday Soc. 1948, 44,
327-338.

. A. Sevtik, Collect. Czech. Chem. Commun.
1948, 13, 349-377.

. R. S. Rodgers, Today Chem. Work 1995, 4(6),
30-34.

. H. Matsuda, Y. Ayabe, Z. Electrochem. 1955,

59, 494-503.

F. G. Will, C. A. Knorr, Z. Elektrochem. 1960,

64, 258—269.

H. Binder, A. Kéhling, G. Sandstede, Chem.-

Ing.-Tech. 1968, 40, 543—548.

R. S. Nicholson, I. Shain, Anal. Chem. 1964,

36, 706-723.

D. H. Evans in Microelectrodes: Theory and

Applications, (Eds.: M. I. Montenegro et al.),

NATO ASI Ser., Ser. E, Kluwer Academic

Publishers, Dordrecht, 1991, pp.17-32,

Vol. 197.

J. Inczédy, T. Lengyel, A. M. Ure, A. Gelen-

csér and A. Hulanicki, Compendium of

Analytical Nomenclature, 3rd ed., Blackwell

Science, Oxford, 1998, pp. 8—45.

J. M. Savéant, Electrochim. Acta 1967, 12,

999-1030.

A.J.Bard, L.R.Faulkner, Electrochemical

Methods. Fundamentals and Applications, 2nd

ed., Wiley, New York, 2001, p. 6.

A.J].Bard, L.R.Faulkner, Electrochemical

Methods. Fundamentals and Applications, 2nd

ed., Wiley, New York, 2001, p. 248ft.

B. Speiser, Chem. in uns. Zeit 1981, 15,

62-67.

J. Heinze, Angew. Chem. 1984, 96, 823—-840;

Angew. Chem., Int. Ed. Engl. 1984, 23,

831-847.

D. H. Evans,

313-319.

D. H. Evans, Chem. Rev. 1990, 90, 739-751.

J. C. Eklund, A.M. Bond, R. Colton etal,

Inorg. Chem. 1999, 38, 2005-2011.

J. A. Alden, R.G. Compton, Anal. Chem.

2000, 72, 199A-203A.

A. W. Bott, Curr. Sep. 1999, 18, 9-16.

B. Speiser, in Electroanalytical Chemistry,

Elec-

Acc. Chem. Res. 1977, 10,

(Eds.: A.J.Bard, I.Rubinstein), Marcel
Dekker, New York, 1996, pp.1-108,
Vol. 19.



26
27

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.
42.

43.

44,

45.

46.

47.

48.

49.

. R. S. Nicholson, Anal. Chem. 1966, 38, 1406.
. R. S. Nicholson, I. Shain, Anal. Chem. 1965,
37,178-190.

T. W. Rosanske, D. H. Evans, J. Electroanal.
Chem. 1976, 72, 277-285.

R. H. Wopschall, I. Shain, Anal. Chem. 1967,
39,1514-1527.

E. Laviron, in Electroanalytical Chemistry,
(Ed.: A.].Bard), Marcel Dekker, New York
1982, pp. 53-157, Vol. 12.

C. Schulz, B. Speiser, J. Electroanal. Chem.
1993, 354, 255-271.

E. Laviron, J. Electroanal. Chem. 1974, 52,
395-402.

E. Laviron, L. Roullier, J. Electroanal. Chem.
1980, 115, 65-74.

R. W. Murray, (Ed.), Molecular Design of
Electrode Surfaces, Techniques of Chemistry,
Wiley & Sons, New York, 1992, Vol. 22.
A.J.Bard, L.R.Faulkner, Electrochemical
Methods. Fundamentals and Applications, 2nd
ed., Wiley & Sons, New York, 2001, p. 455ff.
R. M. Penner, M.]. Heben, T.L. Longin
et al., Science 1990, 250, 1118-1121.

W. R. Fawcett, M. Opallo, Angew. Chem.
1994, 106, 2239-2252; Angew. Chem., Int.
Ed. Engl. 1994, 33,2131-2143.

H. Kiesele, Anal. Chem. 1981, 53,1952—-1954.
C. Amatore, in Physical Electrochemistry. Prin-
ciples, Methods, and Applications, Monographs
in Electroanalytical Chemistry and Electrochem-
istry, (Ed.: I. Rubinstein), Marcel Dekker,
New York, 1995, pp. 131-208.

C. Amatore, Y. Bouret, E. Maisonhaute et al.,
Chem. Phys. Chem. 2001, 2, 130-134.

A. W. Bott, Curr. Sep. 1997, 16, 23-26.

J. C. Myland, K.B.Oldham, Anal. Chem.
2000, 72, 3972-3980.

D. Britz, J. Electroanal. Chem. 1978, 88,
309-352.

A. W. Bott, ]. O. Howell, Curr. Sep. 1992, 11,
21-24.

E. Eichhorn, A. Rieker, B. Speiser, Anal.
Chim. Acta 1992, 256, 243-249.

A.M. Bond, K.B. Oldham, G.A. Snook,
Anal. Chem. 2000, 72, 3492—-3496.

J. B. Flanagan, L.Marcoux, J. Phys. Chem.
1973, 77, 1051-1055.

J. Heinze, Angew. Chem. 1993, 105,
1327-1349; Angew. Chem., Int. Ed. Engl.
1993, 32, 1268—-1288.

M. M. Collinson, P.]J.Zambrano, H. Wang
et al., Langmuir 1999, 15, 662—668.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.
76.

2.1 Linear Sweep and Cyclic Voltammetry

C. Amatore, E. Maisonhaute, G. Simonneau,
Electrochem. Commun. 2000, 2, 81-84.

J. Ghoroghchian, S. Pons, M. Fleischmann,
J. Electroanal. Chem. 1991, 317, 101-108.

A. M. Bond, D. C. Coomber, S. W. Feldberg
et al., Anal. Chem. 2001, 73, 352—359.

J. C. Myland, K.B.Oldham, Anal. Chem.
2000, 72, 3210-3217.

R. G. Compton, P. R. Unwin, J. Electroanal.
Chem. 1986, 206, 57—67.
W. R. Heineman, Anal.
390A—-402A.

W. R. Heineman, J. Chem. Educ. 1983, 60,
305-308.

E. Ahlberg, V. D. Parker, Acta Chem. Scand.
1981, B35, 117-121.

E. Ahlberg, V.D. Parker,
Chem. 1981, 121, 73—84.
H. Wang, O. Hammerich, Acta Chem. Scand.
1992, 46, 563-573.

J.-S. Yu, Z.-X. Zhang, J. Electroanal. Chem.
1996, 403, 1-9.

M. Tilset, in Energ. Organometallic Species,
(Ed.: J. A. Martinho Simdes), NATO ASI
Ser., Ser. C, Kluwer Academic Publishers,
Dordrecht 1992, pp. 109-129, Vol. 367.

M. Goto, K. B. Oldham, Anal. Chem. 1973,
45, 2043-2050.

J. C. Imbeaux, J. M. Savéant, J. Electroanal.
Chem. 1973, 44, 169-187.

J. M. Savéant, D. Tessier, J. Electroanal.
Chem. 1975, 65, 57—-66.

J. M. Savéant, D. Tessier, J. Electroanal.
Chem. 1977, 77, 225-235.

P.J. Mahon, K.B.Oldham, J. Electroanal.
Chem. 1998, 445, 179-195.

K. B. Oldham, Anal. Chem. 1973, 45, 39-47.
J. M. Rodriguez Mellado, Comput. Chem.
1991, 15, 235-236.

I. Prieto, J. M. Pedrosa, M. T. Martin et al., J.
Electroanal. Chem. 2000, 485, 7—12.

P. E. Whitson, H. W. VandenBorn, D. H.
Evans, Anal. Chem. 1973, 45, 1298—1306.
R.S. Rodgers, Anal. Chem. 1975, 47,
281-285.

A. Bobrowski, G. Kasprzyk, J. Mocak, Collect.
Czech. Chem. Commun. 2000, 65, 979-994.
K. Hu, D.H. Evans, J. Electroanal. Chem.
1997, 423, 29-35.

C. P. Andrieux, A. Le Gorande, ].-M. Savéant,
J. Am. Chem. Soc. 1992, 114, 6892—6904.

H. D. Roth, Tetrahedron 1986, 42, 6097-6100.
T. Yao, S. Musha, M. Munemori, Chem. Lett.
1974, 939-944.

Chem. 1978, 50,

J.  Electroanal.

103



104

77.

78.

79.

80.

81.

82.

83.

84.

2 Electroanalytical Methods

M. A.Zén, H.Fernindez, ]. Electroanal.
Chem. 1990, 295, 41-58.

G. Gritzner, J. Kata, Pure Appl. Chem. 1984,
56, 461-466.

D. H. Evans, K. Hu, J. Chem. Soc., Faraday
Trans. 1996, 92, 3983-3990.

B. Speiser, M. Wiirde, C. Maichle-Mossmer,
Chem. -Eur. . 1998, 4, 222-233.

K. Hu, D. H. Evans, J. Phys. Chem. 1996, 100,
3030-3036.

J.-M. Savéant, Adv. Phys. Org. Chem. 1990,
26, 1-130.

C. Amatore, Y. Bouret, E. Maisonhaute et al.,
Chem.-Eur. J. 2001, 7, 2206-2226.

S. Antonello, F. Maran, J. Am. Chem. Soc.
1999, 121, 9668-9676.

86.

87.

88.

89.

90.

91.

. R.A. Marcus, Angew. Chem. 1993,

105,
1161-1172; Angew. Chem., Int. Ed. Engl.
1993, 32, 1111-1121.

R. A. Marcus, J. Electroanal. Chem. 1997, 438,
251-259.

J.-M. Savéant, Pure Appl. Chem. 1997, 69,
269-271.

J.-M. Savéant, Adv. Electron Transfer Chem.
1994, 4, 53-116.

S. Antonello, F.Maran, J. Am. Chem. Soc.
1997, 119, 12 595-12 600.

B. Gollas, B. Speiser, Angew. Chem. 1992,
104, 336-338; Angew. Chem. Int. Ed. Engl.
1992, 31, 332-334.

L. Dunsch, B. Gollas, A.Neudeck etal.,
Chem. Ber. 1994, 127, 2423-2429.



2.2
Step and Pulse Techniques
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2.2.1
Introduction

Step and pulse techniques are now an
essential part of the armory of tech-
niques employed by the electrochemist.
When first introduced, applications were
essentially limited to discrete single or
double steps in applied potential (or
current), the response to the perturba-
tion being monitored as a function of
time — chronoamperometry (or chronopo-
tentiometry). There were instrumental dif-
ficulties in implementing anything more
complex, as has happened with the first
version of square wave polarography in the
1950s [1]. A number of current sampling
strategies were developed in connection
with dropping mercury electrodes and syn-
chronization with drop growth, and this
led to the advent of normal pulse and dif-
ferential pulse polarography in the 1970s,
which were the first widely available pulse
techniques [2]. Nevertheless, the instru-
mentation permitted very little flexibility
in experimental conditions.
Developments in microprocessor-based
instrumentation completely changed the
situation. Nowadays, nearly all commercial
instruments — potentiostats and galvanos-
tats — are digitally based, which means that
the programming of an almost infinite
variety of step and pulse waveforms has
become relatively easy to carry out. This
opens up a multitude of exciting possibil-
ities to the experimentalist, since he can
adapt the applied waveforms to the ki-
netics and mechanism of the electrode
reaction under study, so long as there

2.2 Step and Pulse Techniques

is an appropriate theoretical description.
Nevertheless, two possible drawbacks of
digital instruments should be pointed out.
First, potential and current ramps have
been replaced by staircases, which may or
may not give an equivalent response de-
pending on the step size. Secondly, the
response is sampled, which may lead to an
increase in noise. Both these problems and
the strategy adopted in order to circumvent
them will be discussed during the course
of the chapter. Further details on analog
and digital instrumentation can be found
in Chapter 1.2.

The chapter begins with a theoretical
description of the potential step and
the resulting current response. This is
then extended to a double potential step.
Following this, pulse and square wave
techniques are introduced and described,
together with applications. Current step
techniques are then discussed together
with their application.

2.2.2
Potential Step

All potential pulse techniques are based
on combinations of potential steps. It is
therefore of importance to understand the
current response to potential steps as a
function of time. Further details can be
found in Ref. [3].

2.2.2.1 Single Potential Step

We begin with the derivation of the re-
sponse to a potential step from a value at
which no current flows, to one at which the
diffusion-limited current passes, Fig. 1(a).
The response of the current to this pertur-
bation will be a sharp change from zero
current followed by relaxation to a value
close to zero, the final steady state magni-
tude of which is determined by the flow
of species to the electrode surface. As will
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Reaction of all species
reaching the electrode

|E|
No electrode
reaction t
(a) t=0
(b) t
Fig. 1 Potential step chronoamperometry: (a) schematic

application of potential step and (b) chronoamperometric

response.

be seen, this varies according to electrode
geometry and solution convection. In this
section, we will consider only diffusion in-
duced by concentration gradients of the
electroactive species.

For a uniformly accessible planar elec-
trode, the diffusion process is known as
semi-infinite linear diffusion, since it can
be assumed to occur only in one dimension
perpendicular to the electrode surface. The
observed current depends directly on the
concentration gradient at the electrode sur-
face, (3c/dx)o. According to Fick’s first law

I =nFAD | — (M
a.x 0

where x is the perpendicular distance
from the electrode. Since the concentration

gradient changes with time, it is necessary
to solve Fick’s second law to obtain the
chronoamperometric response

dac 8%c
=D 2)

ar  ox?
The boundary conditions are
t =0 No electrode reaction cp = co (32)
t>0 Bulk solution lim ¢ = cs (3b)

X—> 00
t > 0 Diffusion-limited current, I,

at electrode surface (3c¢)

The mathematical solution of this equation

is most easily carried out using Laplace
transforms and leads to the expressions



e for the variation of concentration with
distance from the electrode

c:coo{l—erfc[ 4)

X
x(D1)1/2
e for the concentration gradient at the
electrode surface

dc _ 1 )
ax /), (xDn/2
The calculated current is therefore
nFADY2¢q,
1) =1Lt) = ——5— 6
@) a(®) 172 ©)

which is known as the Cottrell equation [4].
Note that the current decays with the
square root of time, as illustrated in
Fig. 1(b).

At a spherical electrode of radius ry,
which corresponds to a first approximation
to a mercury drop electrode, the form of
Fick’s second law to solve is

dc {826 280}
D +-—
r or

o a2
and the boundary conditions are

™)

t =0r > ro No electrode reaction ¢y =ceo

(8a)
t>0 Bulk solution lirgo C=Cxo
(8b)

t > 0 r = ro Diffusion-limited current,

13, at electrode surface (8c)

The calculated diffusion-limited current is

14(t) =nFADc [m + %] )
It can be seen by comparison with
Eq. (6) that this is the Cottrell equa-
tion together with a correction term for
spherical diffusion. The reason for these
two terms can be easily understood in
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that if the sphere is large (correspond-
ing to small 1/rp), then the effects of
sphericity are small and there is essen-
tially only semiinfinite linear diffusion.
The other extreme represents the situa-
tion at very small electrodes and a steady
state current is predicted. The reason
for this is that a very steep concentra-
tion gradient is created, which sucks in
electroactive species; this situation occurs
for microelectrodes.

Below the transport-limited current,
kinetics have to be taken into account.
The relevant expressions for the current
are given in Table 1 for both planar and
spherical electrodes, considering that only
the reduced species is initially present
in solution. This is what is usually
encountered in practice. Details of the
derivation of these expressions may be
found in Ref. [3].

A point that has not been considered so
far, but which becomes crucial on using
pulse techniques that are combinations
of potential steps, is that of capacitive
currents. These are predominantly due to
changes in the charge of the electrolyte
double layer on applying a potential step
AE. If a constant double layer differential
capacity, Cy, is assumed, then the charging
current is given by

I AE —t

C=R P (RCd>
where R is the solution resistance.
Whereas R is independent of electrode
area, Cq is directly dependent and so
Ic is proportional exponentially to the
electrode area. Since the voltammetric cur-
rent is directly proportional to electrode
area, the ratio If/Ic increases with de-
creasing electrode area. This is a good

reason for using microelectrodes (Chap-
ter 2.5).

(10)
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Tab. 1
only R initially present in solution

Current responses following application of a potential step to the system R — O + ne™ with

Current [l]
FAD
Reversible Plane _ AT
(1+6)(wDt)1/?
nFADc 1 1
Sph —_— |+ —
pnere ) [(nDt)W + r0i|
k%t kt'/2
Irreversible Plane nFAkcso [exp Eerfc <W>i|
D k%t kt'/2 D
Sphere nFAkcso |:<1 + R) exp Eerfc <W> - m]
2kt1/2
Irreversible Plane and sphere nFAkcoo (1 — —1/2>
(small £ (D)

0 = exp[(nF/RT)(E — E?))]

k rate constant of electrode reaction

2.2.2.2 Double Potential Step

The second step toward the development
of a pulse technique is that of a dou-
ble potential step in which the potential
is altered between two values. The sim-
plest case is to return to a value at
which no electrode reaction occurs, the
step being inverted after a time t. The
expressions that are obtained for initial
oxidation of a species of concentration ¢
to the region of the diffusion-limited cur-
rent are

nFADY2¢y,
(nt)1/2

I =nFADY?cy

t<t I = (11)

t>t

1 1
* [(m)lﬂ T - 1)1/2]

(12)
showing that the backward response is
superimposed on the continuation of the
forward response (Fig. 2). There is thus a
memory effect that also appears in square
wave voltammetry (SWV). Expressions for
kinetic control in one of the two steps and
in both steps exist in the literature [5].

There are situations in which interfer-
ence effects can be removed by the use
of a double potential step. For example,
if two electroactive species are oxidized at
the same potential and only one of them
can be reduced, then more information
can be gained.

2.2.2.3 Potential Step Chronocoulometry

In the previous subsections, the chrono-
amperometric response to a potential step
or steps has been evaluated. However,
experimentally it may be advantageous
to study the variation of charge with
time — chronocoulometry [6]. Although it
may appear thatintegration of a chronoam-
perometric signal after the experiment,
which is easy to do in a modern dig-
itally based potentiostat, is equivalent,
there are subtle differences that can be
useful and concern the reduction of sig-
nal noise if the charge is registered
directly. In particular, the recording of
the charge leads to improved signal-to-
noise ratios toward the end of the tran-
sients when the current is close to zero.



Fig.2 Double potential step:
(a) potential-time waveform and
(b) current response.

(@)

(b)

Additionally, integration reduces signal
noise in general.

If a potential step is applied from a
region of zero current, the expressions
given in Table 1 may be integrated to give
the corresponding charge, Q.

In the case of a step to the diffusion-
limited current region, the integrated
Cottrell equation is obtained:

2nFADY?coot!/?
=g (13)
When capacitive charges—and possi-
bly oxidation or reduction of adsorbed
species — are taken into account, there may
be a nonzero intercept (see upper line in
Fig. 3).
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A double potential step, following from
Eq. (12), leads to

1/2
Orer = % [,1/2 - 1)1/2]
b/

(14)
This can be particularly useful because
when 7 > 1, there is no net capacitive
contribution to the charge, that is, the
difference between the charges at time
(t — ) and time 7. Thus, the adsorption
phenomena can be probed. For this, the
charge difference, Qgir, between Q, and

Q;~1 is necessary and is given by

2nFADY% ¢y,

Quif = 172

x [rl/z — 24— r)l/z] (15)
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Q

O((t < 'L')

nFAL, I

Qui(t> 7)

t1/2 e

Fig.3 Double potential step chronocoulometry, showing deduction of
surface concentration of adsorbed species. See text for details.

Figure 3 shows plots of Q; vs /2 and

of Qgif vs tY? and how the surface
concentrations, 'y, of adsorbed species
may be deduced.

223
Staircase Voltammetry

The main importance of staircase voltam-
metry, in the context of this chapter, is that
it forms an integral part of many widely
practiced pulse techniques. In staircase
voltammetry, a sequence of potential steps

AE,=10/nmV |

of equal height is applied to the electrode,
and the current is sampled toward the
end of each step of width t (Fig. 4). It
was originally devised to work in conjunc-
tion with the dropping mercury electrode
(tast polarography), and here the periodic
renewal of the electrode at the end of
each step precluded any memory effects
between current sampling in the consecu-
tive steps.

However, at a nonrenewed electrode,
the response to a staircase waveform of
this kind is similar to that from a linear

Y [

A

Fig. 4 Staircase voltammetry waveform.



ramp. In modern digital potentiostats,
linear sweep, and cyclic voltammetry are
usually implemented as a staircase wave-
form (Fig. 4). In this context, it is therefore
important to quantify the conditions under
which staircase and linear sweep/cyclic re-
sponses are equivalent. It has been shown
in Ref. [7] for a simple electrode process
that these criteria are that the current
is sampled after 0.25 of the step width
(r/4) and for more complicated cases
from 7/4 up to t/2[8]. Obviously there
is also a dependence on step height, AEs.
Whatever the mechanism of the reaction,
theory shows that the differences between
sampling times become insignificant if
nAEs < 0.26 mV [9], a situation thatis not
easy to accomplish in practice, since a sin-
gle linear sweep scan of 500 mV would
require over 1900 current sampling points.

In fact, the error is usually not signifi-
cant for nAEs < 5 mV and with sampling
times close to the end of the step, this later
sampling time ensuring a lesser, hopefully
zero, capacitive contribution. Often, higher
values are permitted by the instruments,
although the justification for treating the
experiment as linear scan in such cases,
that is, whether the results should be an-
alyzed as staircase voltammetry, should
be addressed. Either a true linear ramp
must be used or the current-time profile
properly analyzed as a staircase voltam-
mogram (see Sect. 2.2.2). Particular care
must be exercised when studying adsorp-
tion phenomena, although recognizing the
existence of a pulsed response can be used
to good advantage for measuring rate con-
stants of adsorbed species [10].

224
Pulse Techniques

Many pulse techniques have been devised
on the basis of a succession of potential
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steps of varying height and in forward or
reverse direction, with current sampling.
Much of the important work in this
area has been summarized in literature
reviews [11-13].

As seen in previous sections, the re-
sponse to a potential step is a pulse of
current, which decreases with time as
the electroactive species near the elec-
trode surface is consumed and consists
of a faradaic, I, and a capacitive contri-
bution, Ic. The advantage of most pulse
techniques results from the measurement
of the current flow near the end of the
pulse when the faradaic current has de-
cayed, often to a diffusion-limited value
but when the capacitive current is in-
significant. Pulse widths, #,, are adjusted
to satisfy this condition and the addi-
tional condition that time has not been
allowed for natural convection effects to
influence the response. There is a greatly
improved signal-to-noise ratio (sensitivity)
compared to steady state techniques and in
many cases, greater selectivity. Detection
limits are of the order of 10~/ M. Fur-
thermore, for analytical purposes, most
current-voltage profiles from the pulse
techniques are faster to interpret than
those of dc voltammograms, because they
are peak-shaped rather than the typical
step curve of conventional voltammet-
ric methods.

Pulse voltammetric techniques, most
used in electrochemistry, are normal
pulse voltammetry (NPV) and differen-
tial pulse voltammetry (DPV). In square
wave voltammetry (SWV), there may be
a non-faradaic contribution to the in-
dividual currents but the current sam-
pling strategy essentially eliminates this
through subtraction, as will be seen
in Sect. 2.2.4.3. SWV was pioneered by
Barker [1] in the 1950s, but due to in-
strumentation development only 40 years
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later did its use by electrochemists for
analytical, kinetic, and mechanistic work
become widespread.

2.2.41 Normal Pulse Voltammetry (NPV)

NPV involves the imposition of square
wave voltage pulses (i.e. potential steps of
fixed time duration) of increasing height
upon a constant value of applied potential
(Fig. 5a). This base potential, Epyge, is
chosen where I =0, that is, no faradaic

reaction occurs. The potential increment,
AE, between successive pulses is constant,
and sufficient time should be left between
pulses for the current on the reverse step to
die away to zero and for all concentration
gradients to disappear. The current is
measured near the end of the pulse and
a plot made of the successive current
sampled points against the potential of the
applied pulses. This gives a voltammetric
profile of the same form as a steady state

; ml
AE~10/nmV ] ml
4
]
Ebase ] f—  —
NS
e
(a) t
(b) E

Fig. 5 Normal pulse voltammetry: (a) potential-time waveform and (b) schematic voltammogram.



voltammogram, Fig. 5(b), as can also be
seen from the expressions in Table 1,
which are directly applicable. Effective
sweep rates, determined by the staircase
period, 7, are generally of the order of 1
to 10 mV s~ 1, corresponding to intervals
between pulses of 2 to 4 s; pulse widths
usually vary between 5 and 100 ms.

The maximum obtainable current is
thus given by the Cottrell equation

nFADY2cq

(Ttm)1/2 1o

Imax =
where t, is the sampling time after
application of the pulse. If #y is constant
throughout the NP scan for a given
electroactive species, then the current is
directly proportional to concentration.

A pulse leads to higher mass transport
than a hydrodynamic electrode (Chap-
ter 2.4) owing to the sharply induced
concentration gradient, so that kinetic ef-
fects may be more visible. In particular, an
electrode reaction that appears reversible
at a hydrodynamic electrode may become
quasi-reversible under NPV conditions.
Another important advantage of the use
of pulses starting at the base potential is
that irreversible adsorption of the product
of the electrode reaction will be much re-
duced and the short timescale may mean
that effects of coupled homogeneous reac-
tions are not observed.

The NPV technique was first developed
as NP polarography (NPP) at dropping
mercury electrodes. In these cases, the
pulses are synchronized with the drops,
the pulse being applied near the end
of drop life when the increase in the
surface area of the drop is least. Current
sampling in NPP also serves to remove the
oscillations resulting from drop formation.

When there are parallel electrode reac-
tions of the initial electroactive species or
interfering species, a modification of NPV

2.2 Step and Pulse Techniques

may be useful. For this, the base poten-
tial is fixed at the potential corresponding
to the diffusion-limited reaction and the
pulses are applied in the reverse direc-
tion. This is called reverse pulse voltammetry
(RPV).

The influence of reactant adsorption
on the shape and height of the NP
voltammogram has been investigated and
is conveniently summarized in Ref. [14].

2.2.4.2 Differential Pulse Voltammetry
(DPV)
In DPV, the difference between two
sampled currents is measured, registered
just before the end of the pulse and
just before pulse application. In the first
instruments to offer this technique, the
pulses were superimposed on a linear
ramp of potential. However, in digital
potentiostats, it is simpler to superimpose
the pulses on a staircase waveform. Thus,
the base potential is incremented in a
staircase (Fig. 4) and the pulse, of constant
height, is of width 10 or more times smaller
than the period of the staircase waveform
(Fig. 6a). If these conditions are followed,
the staircase width is generally the same
as for NPV, so that once again the effective
sweep rate is of the order of 1to 10 mV s 1.
The difference between the two sampled
currents (I(2) — I (1)) is plotted against
the staircase potential and leads to a peak-
shaped waveform, as shown in Fig. 6(b).
The peak for a reversible system occurs
at a potential
AE
Epy=Eyn— EN (17)
where AE is the pulse amplitude (with
sign included). The reason for the differ-
ence between Ep, and E1; for fast kinetics
is that the current is plotted as a function of
Epase and not as a function of the potential
halfway up the pulse.
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Fig. 6 Differential pulse voltammetry: (a) potential-time waveform: sum of
staircase and synchronized pulses and (b) schematic voltammogram.



The corresponding current, I, is given
by the expression

_ nFADY?cy, (1—0
P77 ()2 140

1—-0o
= Icot <1+G> (18)
where
nkF AE (19)
=exp| ——
=P\ Rr 2

and Ico is the current in the Cottrell
equation at the sampling time #, (Eq. 16).
Two extreme cases of this expression can
be considered:

e lLarge |AE|, 0> 1. The term (1-—
0)/(1+ o) becomes +1 (reduction or
oxidation, respectively), equal to the
value for NPV (Eq. 16), and I, = Icot.

e Small |AE|. By expansion of
(1—o0)/1+0), one finds o —
(nFAE 4RT).

n?F2ADY2cq,
Ih=———" —2AE
4RT (7rty)1/2
7 nFAE 20)
~ I\ 4rT

This latter equation is valid if AE is less
than (2RT/nF) but appears to be applicable
for larger pulse heights.

The expression for the half-width at half-
height, W, /2

3.52RT
nF

Wi = (21)
is equal to a value of 90.4/n mV at 25°C,
showing that peaks separated by 50/n mV
can be resolved.

As the system becomes more irre-
versible, the difference between Eq/; for
a reversible system and E, increases,
the peak becomes wider and its height
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decreases. Values of AE greater than
100 mV are not useful because the peak
width increases with the pulse amplitude.
Many applications have been described.
An interesting example is the oxidation
of the bases of single strand DNA, in
which an oxidation scan followed by a
reduction differential pulse scan clearly
show the adsorption and blocking of the
electrode surface [15]; the relatively slow
timescale of the DP scan is appropriate for
this purpose.

The effect of adsorption of reactants on
peak shape and peak potential has been
thoroughly studied and is summarized in
Ref. [14].

2.2.43 Square Wave Voltammetry (SWV)
The form of SWV most electrochemists
use today is based on work dating from
1969 [16] and principally developed by
Osteryoung and coworkers using large
amplitude pulses [11, 17], such that a steady
state is not achieved, and it has taken over
a large part of the traditional domain of
application of DPV.

The potential waveform consists of a
square wave superimposed on a staircase
(Fig. 7). The current at the end of the
forward pulse, Ir, and the current at
the end of the reverse pulse, I, are
both registered as a function of staircase
potential, which is midway between the
potentials corresponding to the forward
and backward potential steps. Usually the
net current, Inet, thatis (Ir — I,), is plotted
against E. Since Ir and I, usually have
opposite signs, the difference, Inet, is
larger than each individual component in
the region of the peak that is centered
on the half-wave potential. At potentials
corresponding to the diffusion-limited
current, Inet = 0. Examples of square wave
responses are shown in Fig. 8.
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t

Fig. 7 Square wave voltammetry potential-time waveform: sum of staircase and synchronized

square wave.

Over the small potential range between
forward and reverse pulses, the interfacial
capacity is normally constant, and thus
calculation of the difference between
responses from backward and forward
pulses effectively annuls the capacitive
contributions. It is not necessary to wait

until /¢ dies away, which is a disadvantage
of techniques such as fast scan cyclic
voltammetry. Consequently, higher scan
rates can be used in SWV because
it effectively removes the background
current from the measurements. This
means that there is the possibility of
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investigating kinetic systems, in particular
with fast reactions. The three different
plots of It, Iy, and Inet may also be overlaid,
the resulting combination plot, such as
those in Fig. 8 having been suggested as
the most useful form for investigating
kinetics and mechanisms [18].

SWV is characterized by four parame-
ters: square wave period, T, pulse width,
tp =1/2, step height, AEs, and pulse
height, AEgy. The pulse width is related
to the square wave frequency, f = 1/(2t,)
and as the staircase step at the beginning
of each cycle is AEg, it means that the ef-
fective scan rate is v = AEs/2t, = fAE;.

A square wave can be described by
the equation

E=—(—1)"AEqy (22)
and in combination with a staircase
waveform, this leads to

1
Em = E; + [Int <%> - 1}

X AEsW(—=1)" AEsw (23)
where the upper signs refer to a positive-
going scan and the lower to a negative-
going scan, and “Int” refers to the integer
part of the expression. Thus, odd values
of m refer to the forward pulse and even
values of m to the backward pulse.

Because there is a memory effect
between each potential step, the current
is given for each value of m at time #p, after
application of the step by

m

Ly =1Icot Y

i=1

i— Qi1
s = e
(24)
inwhich Q; = 6;/(1 + 6;), assuming equal
diffusion coefficients for oxidized and
reduced species, and is defined as in
Table 1 for potential step. It can be seen
that W}, is a dimensionless current relating
the observed current to that which would
be obtained from the Cottrell equation.

Subtraction of neighboring values of I,
leads to the difference current. The peak
current is given by

Ip = Icat AW, (25)
For a reversible reaction, the peak current
is symmetrical about the peak potential,
which is identical to the reversible half-
wave potential. In this case, the form of
the peak is the exact differential of the
steady state voltammetric curve, as would
be expected.

Some representative values of W, are
shown in Table 2. It can be seen from the
form of this equation that a peak shape
will be obtained.

Tab.2 Peak current dimensionless scaling factors, W, for
square wave voltammetry (see Eq. 25) [10]
nAEgy[mV] nAEg[mV]
1 5 10 20
0 0.0053 0.0238 0.0437 0.0774
10 0.2376 0.2549 0.2726 0.2998
20 0.4531 0.4686 0.4845 0.5077
50 0.9098 0.9186 0.9281 0.9432
100 1.1619 1.1643 1.1675 1.1745




The pulse width, #,, is usually varied over
a large range 1 to 500 ms, thatis, f =1
to 500 Hz, and defines the experimental
timescale, whereas AEg is much smaller
than AEg,. Recommended values are
AEs = 10/n mV for staircase step height,
and AEg, = 50/n mV for pulse height.
Thus, the pulses can be shorter than in
DPV or NPV and a broader spectrum of
scan rates can be applied. Since effective
sweep rates of 1to 10 mV s™1, as in DPV,
to scan rates of 1 Vs~! or higher can be
employed, this enables the achievement
of kinetic and analytical data with the
same technique. Because of the lower
consumption of electroactive species by
reaction in relation to DPV, there are less
problems of blocking the electrode surface.

However, care must be taken with the
interpretation of SWV data, as illustrated
in Fig. 8. Figure 8(a) shows profiles for
the forward and reverse and net currents
for a reversible reaction. If the electrode
kinetics are slow, then the forward current
is shifted to higher overpotentials than the
reverse current, which becomes relatively
smaller, at the same time as the peak width
becomes greater. This is demonstrated in
Figs. 8(b) to (d).

In a multistep reaction with a first
rate-determining quasi-reversible step, two
peaks may appear. Unless the individual
forward and backward current profiles are
monitored, the erroneous conclusion that
two species are reacting could be reached.
Similarly, if there is adsorption, many
different nuances of which have been
investigated [19-22], then effects on the
peaks become apparent, and the reverse
peak can entirely disappear. The response
at mercury film electrodes has also been
deduced and tested [23]. Fortunately, fit-
ting and simulation software packages
exist that can aid in the task of unravelling
mechanisms and kinetics and theoretical
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approaches for more complex cases have
been developed [24-26).

An important advantage of SWV for
many electroanalytical applications is that
in the negative potential region, oxygen
does not have to be excluded from solu-
tion when using SWV, unless it directly
interferes with the electrode reaction un-
der study for two reasons. First, in the
limiting-current region for oxygen reduc-
tion, the forward and reverse currents
are equal leading to a zero net current.
Second, during a scan from negative po-
tentials in the positive direction, the fast
effective scan rate means that no electroac-
tive oxygen species have time to diffuse to
the electrode surface from bulk solution.
Thus, the experimental time is less and
procedures are simplified because prior
bubbling of nitrogen or argon in the solu-
tion is avoided. This is used to good effect
in anodic stripping voltammetry, in par-
ticular in combination with square wave
injection techniques [27, 28] or with ultra-
sound [29] in which simplifying protocols
is a useful advantage.

SWV also allows the possibility of
measurements over a wide dynamic range,
defined as its ability to respond to both high
and low concentrations of electroactive
species. Additionally, the rapidity means
that successive voltammograms can be
recorded and a voltammetric profile with
time registered, for example, for analysis
of eluents from a high-pressure liquid
chromatography column.

2.2.4.4 Other Pulse Techniques

There are several other pulse techniques
that have been developed for particular
situations, but are not widely employed.
They include:

o Reverse pulse voltammetry. The base po-
tential is held at a value in which
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all electroactive species react at the
diffusion-limited rate. Pulses of increas-
ing height are then made, in the back-
ward sense, so this has similarities with
NPV. This can reduce problems of inter-
ference or parallel electrode reactions.

e Differential normal pulse voltammetry.
As presently used, in this waveform
each pulse corresponding to NPV (see
Fig. 5a) is divided into two equal parts
with a small increase in potential in the
second half of the pulse. The difference
between the currents sampled halfway
through and at the end of the main pulse
is displayed as a function of the potential
of the first half of the pulse. Advantages
relative to DPV are that less time is spent
at potentials in which adsorption and so
on can occur.

For a specific reaction scheme, it is now rel-
atively simple to program a potentiostat in
the desired fashion and many waveforms
have appeared in the literature.

2.2.4.5 Comparison between Potential
Pulse Techniques

It is useful to compare the relative
advantages of the most used potential
pulse techniques.

The advantage of NPV is short electroly-
sis time, the main disadvantage being that
the charging current becomes larger as the
pulse becomes of larger amplitude.

Concerning DPV, residual capacitive
contributions will be subtracted out more
effectively, since the pulses are of equal
height, which means that DPV is better
than NPV in the majority of situations,
although the faradaic sensitivity is theoret-
ically the same. Also, the peak response of
DPV is more useful for resolving the sig-
nals due to two species with close half-wave
potentials than wave shape of NPV re-
sponse. The disadvantage relative to NPV

is that the time during which electrode
reactions can occur is much larger and
this may cause complications, especially
from adsorption and electrode blocking.

SWV seeks to address the disadvantages
of both NPV and DPV by being “differen-
tial” and also by being fast to minimize
adsorption. It cannot always reach this
goal. Indeed, there are situations in which
SWV is too fast, given the slow kinetics of
some reactions, to be able to register any
electrode response. In these cases, DPV
must be employed.

Many instruments allow the user com-
plete freedom to choose the waveform pa-
rameters and to cover the whole transition
range from DPV, as originally conceived,
to SWV by reducing the interval between
DPV pulses until it becomes equal to the
pulse width. In this sense, SWV can be
thought of as a special case of a DPV wave-
form when the interval between pulses
is reduced until it is equal to the pulse
width. However, although the waveform
construction is very similar, the reasoning
behind the conception of the techniques
was rather different as has been previously
discussed, particularly regarding effective
scan rate and elimination of capacitive con-
tributions. Another important difference is
that in SWV the potential, at which the cur-
rent is registered on SWYV, is the staircase
potential shifted in the scan direction by
|AE /2| relative to DPV (see consequences
in Eq. 17, for example).

2.2.5
Current Step and Chronopotentiometry

In current step techniques, a step in ap-
plied current at an electrode causes a
change in the potential. After charging
the double layer, faradaic reactions will
begin to occur, giving rise to a chronopo-
tentiogram.



2.2.5.1 Variation of Potential with Time

At a planar electrode, the equation to be
solved under conditions of linear semi-
infinite diffusion is the same as for
a potential step. The difference is the
third boundary condition, which instead
of defining the diffusion-limited current
expresses the concentration gradient re-
sulting from the applied current at the
electrode surface.

Thus the equation to solve is

dc 9%c

5 = Pia (26)

dx2

with the boundary conditions

t =0 No electrode reaction ¢ = coo
(27a)
t >0 Bulksolution lim ¢ = cs
X—>00
(27b)
ac
t>0 I=nFAD(— (28)
3x 0
The solution to the equation is
It'2 nFADY?x1/2
= (29)
Coo 2

which is known as the Sand equation [30].
The transition time, t, corresponds to
the situation when co = 0 when all the
electroactive species in the zone of the
electrode have been consumed. If this is
obeyed (i.e. a simple electrode process),
then the quantity (I71/2/c) is constant.

It can be shown, for a reversible system,
by substituting the concentrations of O
and R at the electrode surface together with
the Sand equation in the relevant Nernst
equation that the variation of potential with
time for an oxidation is given by

T L2 _ 412

R
E=FE;4— —1n

nF 1172 (30)

2.2 Step and Pulse Techniques

and in which

s  RT  _(Dr\?
Erjs=E +ﬁln D_o (31)

The parameter E.;4 is identifiable with
the reversible half-wave potential in a
voltammogram and is thus usable as an
identification parameter for the electroac-
tive species in mixtures (see Fig.9a). A
plot of E vs lg [(t1/2=71/%)/t1/?] gives a
straight line of slope 59.2mV at 25°C
for a reversible system (Fig. 9b). Another
simple and useful diagnostic parame-
ter for a reversible system at 25°C is
|E3c/4 — Eva| = 47.9/n mV.

Table 3 shows these expressions and
those obtained for quasi-reversible and
irreversible systems. Further details are
given in Ref. [3].

2.2.5.2 Current Steps and Potentiometric
Stripping Analysis

The derivatives of the expressions in
Table 3 are easily calculated and are

dEy
e ),
dE)
- — 4+
(dl irr

which correspond to minimum values of

RT rl/2

MF (112 —{172)
RT t1/2

20nF t(1/2 — 11/2)

(32)

dE 27 RT
bl —+22 8 49
dr T, min 8 nFt
dE + 2RT t /4 (33)
_ = =T
dt irr,min anFt

Thus the transition time can be calculated
from the derivatives.

Avplotof (df/dE) vs E, that s, the inverse
expressions, leads to peaks that identify
the species and the height of which are di-
rectly concentration dependent, since the
transition time depends linearly on the
concentration of electroactive species. This
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Fig. 9 Response to a current step for a reversible system, illustrated as an
oxidation: (a) chronopotentiogram and (b) plot of E vs Ig [(t'/2—11/2)jt'/2].

Tab.3 Variation of potential following application of a current step to the system
R — O + ne™ with only R initially present in solution

Potential (E) |Esr/a — E74l[mV]
_ RT V2 _4/2
Reversible Erj4 — E In —z 47.9/n
- RT 2ko 172 _ 412
Irreversible Ec/a — wunf n [(nD)‘/z (V2 —£1/2) 33.8/an

ko standard rate constant of electrode reaction




Fig. 10  Plot of dt/dE vs E from
chronopotentiograms as
appears in potentiometric
stripping analysis.

di/dE

concept is used in potentiometric stripping
analysis (PSA) [31]. After accumulation of
the trace species to be measured on the
electrode, reoxidation is carried out either
by an oxidant in solution or by an ap-
plied current. Originally the results were
presented in the form of chronopoten-
tiograms such as those in Fig. 9(a), but
now are commonly displayed as a plot
of (dt/dE) vs E (Fig.10). This makes
identification and quantition simpler and
is more similar to results obtained from
differential pulse and square wave voltam-
metry. Further details on PSA, sometimes
termed stripping potentiometry, are given
in Chapter 2.3 (Sect. 2.3.3).

2.2.6
Concluding Remarks

The purpose of this chapter was to show
how the potential and current step and
the various pulse techniques can be used
to gain kinetic and mechanistic infor-
mation concerning simple and complex
electrode processes as well as to provide

2.2 Step and Pulse Techniques

-0.1 0.0 0.1
n(E - E‘L’/4)
(V]

useful electroanalytical data. The number
of publications on these themes using
pulse techniques is very large so it is
not possible here to refer to the many
studies undertaken in this area, and the
interested reader is directed to the special-
ist literature.
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Stripping Analysis

Joseph Wang
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New Mexico, U.S.A.

2.3.1
Introduction

Stripping analysis is a powerful electro-
analytical technique for trace metal mea-
surements [1]. Its remarkable sensitivity is
attributed to the “built-in” preconcentra-
tion step, during which the target metals
are accumulated onto the working elec-
trode. The combination of such an effec-
tive preconcentration step with advanced
electrochemical measurements of the ac-
cumulated analytes generates favorable
signal-to-background characteristics, and
hence results in extremely low detection
limits (down to the picomolar level). Other
advantages of stripping analysis include
its multielement and speciation capabil-
ities, low cost, and suitability to on-site,
in situ, and on-line applications. Different
versions of stripping analysis, which differ
mainly in the nature of the preconcentra-
tion step (electrolytic vs. adsorptive) and
in the method of detection (voltammetric
vs. potentiometric), are available [2]. Fun-
damental and practical aspects of these
different stripping protocols are discussed
in the following sections.

232
Anodic Stripping Voltammetry

2.3.2.1 Principles

Anodic stripping voltammetry (ASV) is
the oldest, and still the most widely
used version of stripping analysis [3]. The
technique is applicable to metal ions

2.3 Stripping Analysis

that can be deposited at an electrode,
and particularly for those metals that
dissolve in mercury. Here, the metals are
accumulated by potentiostatic deposition
onto a small-volume mercury electrode
(@ thin mercury film or a hanging
mercury drop), or onto a nonmercury
surface (Fig.1). This is accomplished
by cathodic deposition at a controlled
time and potential. The amalgam-forming
deposition step is given by Eq. (1):

M"t 4+ ne” + Hg —> M(Hg) (1)

The deposition potential should be ca. 0.3
to 0.4 V more negative than the reduction
potential of the metal analyte. Since the
sensitivity of the stripping operation is de-
pendent on the deposition time, the latter
should be selected according to the concen-
tration of the target metals (from around
0.5min at the 1077 M level to 10 min
for 1072 — 1071 M concentrations). The
deposition step is usually facilitated by
convective transport of the analyte to the
surface of the working electrode. This can
be accomplished by stirring or flowing the
solution or by rotating the electrode. Qui-
escent solutions can be used in connection
to ultramicorelectrodes (described below).
Only a small, and yet reproducible, frac-
tion of the metal in the solution is being
deposited.

Following the preselected deposition
period, the forced convection is stopped,
and a positive-going potential scan is
initiated, during which the amalgamated
metals are reoxidized and “stripped” away
from the surface:

M(Hg) —> M"" +ne” +Hg (2)

The excitation signals used during the
“stripping” step are usually pulse-voltam-
metric waveforms (that discriminate
against the charging-current background
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Accumulation step

Fig. 1

The deposition and

e stripping steps of anodic
M+ ne-—>M PPN s7eb

Stripping step
M —> M*"+ ne~

contribution) or a linear potential ramp.
The stripping voltammogram, recorded
during this measurement step, consists
of multiple current peaks, corresponding
to the reoxidation of the amalgamated
metals, and their “stripping” out of
the electrode (Fig.2). Such an output
provides the qualitative and quantitative
information through measurements of the
peak potential and current, respectively.
The ASV operation thus allows the
simultaneous measurements of four to six
trace metals.

The peak current depends upon vari-
ous parameters of the preconcentration

Cd

Zn

Pb

Current

stripping voltammetry.

and stripping steps. The exact behavior
governing the shape of the stripping
voltammogram depends on the type of
electrode and stripping waveform em-
ployed. Various theoretical treatments are
thus available [4, 5]. In all cases, the peak
current is proportional to the deposition
period and metal concentration:

ip = KClgep 3)

with K being a constant (including the
electrode area (A), scan rate (v), number
of electrons (n), diffusion coefficient (D),
and convection rate). For example, the
stripping peak current for a mercury film

Cu

-1.0 -0.5
Potential

Fig.2 Typical stripping voltammogram for a mixture containing 1073 M

zinc, cadmium, lead, and copper.



electrode (MFE) is given by

ip = 1.1157 x 10°22ACRlv (4
where [ is the film thickness, and Cy is the
concentration of the metal in the electrode
(which is proportional to C and #4ep).

A “mirror image” of ASV is cathodic
stripping voltammetry (CSV), which in-
volves an anodic deposition of the analyte,
followed by stripping in a negative-going
potential scan.

2.3.2.2  Interferences

As with other voltammetric techniques,
stripping voltammetry may suffer from in-
sufficient resolution of neighboring peaks.
Within a potential window of about 1.5V,
more than 15 metals may yield stripping
peaks. Thus, it is often difficult to resolve
metals that have peak potentials in close
proximity to one another. The problem
of overlapping peaks can be addressed
by adding a masking agent or using a
“medium-exchange” protocol. Stripping
voltammetry can also be complicated by
the formation of intermetallic compounds
by two metals (e.g. Cu—Zn) that codeposit
into the mercury electrode [6]. Such in-
termetallic interaction usually causes one
of the stripping peaks to be depressed or
shifted. This can be circumvented by plat-
ing only one of the metals (at a lower
potential) or via a preferential formation
of another intermetallic compound (e.g.,
Cu—Ga). Another problem is the presence
of surfactants that adsorb on the work-
ing electrode and block the deposition [7].
Such adsorption may affect both the de-
position and stripping steps, leading to
lower or broader peaks, and shifts in the
peak potential. The surfactant problem can
be minimized through coverage with a
permselective/protective film (e.g. Nafion,
Agar), or using ultraviolet irradiation. The

2.3 Stripping Analysis

analyst should also be aware that he is
working with trace levels, and should thus
employ a clean work practice for mini-
mizing contamination risks or adsorption
losses. The reagents and solutions used for
preparing supporting electrolytes or stan-
dards should thus be of the highest purity
possible.

233
Stripping Potentiometry

Stripping potentiometry (SP) is another
attractive version of stripping analy-
sis [8, 9]. This was introduced in Chap-
ter 2.2 (Sect. 2.2.5). Like other stripping
protocols, stripping potentiometry con-
sists of two steps. The first (preconcen-
tration) step, in which the metals are elec-
trodeposited onto the working electrode
(usually a mercury film), is followed by a
stripping step in which the amalgamated
metals are brought back to the solution
with the aid of an oxidant (e.g. oxygen,
mercury ion) or a constant anodic current.
The resulting potentiogram (E vs. ¢ plot)
consists of stripping plateaus, as in a redox
titration curve (Fig. 3a), with sharp poten-
tial changes accompanying the depletion
of each metal from the surface. Such a po-
tentiogram provides both the quantitative
and qualitative information. The transition
time needed for the oxidation of a given
metal, 7y, is a quantitative measure of the
sample concentration of the metal:

C n t
tM X — M+ ldep (5)
Cox

where Cyy is the concentration of the ox-
idant. The qualitative identification relies
on potential measurements (in accordance
with the Nernst equation for the amalga-
mated metal). Modern SP instruments use
microcomputers to register fast stripping
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Fig.3 Stripping potentiometric curves for 90 ug L™ tin, cadmium,

and lead following 90 s deposition at —1.4 V.

events and to convert the wave-shaped re-
sponse to a more convenient peak over
a flat baseline (i.e. to df/dE versus E
signals; Fig. 3b). Here, the peak area is pro-
portional to the bulk concentration, with
the peak potential providing the qualitative
identification. Because of the short (mil-
lisecond) transition times, a fast rate of
data acquisition (kilohertz) is required for
obtaining a sufficient number of “counts”
for a defined peak.

Stripping potentiometry offers several
important advantages (over analogous
ASV schemes), including reduced suscep-
tibility to organic surfactants and reliable
operation in nondeaerated samples.

2.3.4
Adsorptive Stripping Voltammetry

The power and scope of stripping analysis
have been greatly enhanced during the past
two decades owing to the introduction of
adsorptive stripping procedures [10-12].
Such use of adsorptive accumulation per-
mits convenient measurements of over
two dozen trace metals that cannot be read-
ily deposited (e.g. Cr, Al, U, Fe, Ti, V, Mo).

Adsorptive stripping protocols commonly
rely on the formation of surface-active
complexes of the target metal (in the
presence of a suitable complexing agent)
followed by the interfacial accumulation
of the complex onto a mercury drop or
film electrode (Fig.4). Most procedures
involve the reduction of the metal in the
adsorbed complex during a negatively go-
ing potential scan. In few cases, it is
possible to exploit the reduction of the
ligand in the complex. This is usually
accomplished by scanning the potential
in the negative direction (using linear or
pulse-scan modes) following the adsorp-
tive accumulation step. The quantitation
of extremely low levels of the target metals
(1071M) can be realized in connec-
tion to short (3—5 min) adsorption times.
Even lower concentrations, down to the
10712 M level, can be achieved by combin-
ing the adsorptive stripping operation with
catalytic effects [13, 14]. Such adsorptive-
catalytic stripping voltammetric protocols
commonly involve a catalytic cycle in the
presence of a chemical oxidant (such as
bromate, nitrite, or hydrogen peroxide).
Different kinds of catalytic systems can be



2.3 Stripping Analysis

© Accumulation | Stripping

|

|

|

|

|

|

|

|

T M™ 4+ nL > ML,™ :

c I

Q |

o ML,™ > ML, 5qs™ :
1/ ML, aqs™ + €™ > M+ DT 4 |

Eacc i

|

|

|

|

|

|

® |

Time

Fig. 4 Steps in adsorptive stripping voltammetry: formation of a metal complex, its
adsorptive accumulation, and the reduction of the adsorbed complex.

considered depending upon the reaction
mechanism [14]. The remarkably low de-
tection limits of such operations are thus
attributed to the dual current amplification
effect (associated with the adsorption and
catalytic processes).

The adsorptive stripping response (of
the surface-confined species) is directly re-
lated to its surface concentration, with the
adsorption isotherm — commonly that of
Langmuir — providing the relationship be-
tween the surface and bulk concentrations
of the adsorbate. As a result, calibration
curves display an initial linear portion, fol-
lowed by a curvature, and a leveling off at
high concentrations. The response is de-
pendent upon numerous other variables
that affect the extent of adsorption, in-
cluding the electrolyte, pH, accumulation
potential and time, convection rate, and
ligand concentration.

Besides expanding the scope of strip-
ping analysis to numerous trace elements
that cannot be electroplated (e.g. Table 1),
adsorptive stripping procedures have been

used for detecting trace levels of organic
compounds (e.g. pharmaceuticals) and
biologically important compounds (includ-
ing hormones and nucleic acids). Non-
electroactive macromolecules may also
be determined following their interfacial
accumulation from tensiometric peaks (re-
sulting from their adsorption—desorption
mechanism).

2.3.5
Practical Considerations

2.3.5.1 Electrodes

Proper choice of the working electrode is
crucial for the success of the stripping
operation. The ideal working electrode
should offer effective preconcentration,
a favorable redox reaction of the target
metal, reproducible and renewable sur-
face, and a low background current over
a wide potential range. Mercury is the
electrode of choice for many stripping
applications. Two types of mercury elec-
trodes are commonly used, the hanging
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Tab.1 Common adsorptive stripping procedures for trace metals
Metal Complexing Supporting Detection References
agent electrolyte limit (M)
Al Dihydroxyanthraquinone- BES buffer 1x107° 15
sulfonic acid
Co Nioxime HEPES buffer 6 x 10712 16
Cr Diethylenetriamine- Acetate buffer 4% 10710 17
pentaacetic acid
Fe Solochrome violet RS Acetate buffer 7 x 10710 18
Mo Oxine Hydrochloric 1x10710 19
acid
Ni Dimethylglyoxime Ammonia buffer 1x 10710 20
Pt Formazone Sulfuric acid 1x 10712 21
Sn Tropolone Acetate buffer 2% 10710 22
Ti Mandelic acid Potassium 7 x 10712 23
chlorate
u Oxine PIPES buffer 2x 10710 24
Vv Catechol PIPES buffer 1x 10710 25

mercury drop electrode (HMDE) and mer-
cury film electrode (MFE). The HMDE
relies on reproducible drop formation at
the tip of a glass capillary. The MFE
may be preplated (prior to the measure-
ment) or codeposited with the target metal
analytes. Glassy carbon, carbon fiber, irid-
ium microdisks, and screen-printed car-
bon are the most common supports for
the mercury film. MFEs possess higher
surface-to-volume ratio (compare to the
HMDE), and consequently offer a more
efficient preconcentration [26]. Alternative
“nonmercury” electrodes, including gold,
carbon, silver, or bismuth ones, have been
developed for addressing concerns regard-
ing the toxicity and handling of mercury.
Particularly attractive are the bismuth-film
electrodes that offer an attractive stripping
performance, similar to that of mercury
electrodes, while eliminating toxicity prob-
lems [27]. Gold surfaces are characterized
by a wider potential window (compare to
mercury ones) to allow convenient detec-
tion of important metals, such as arsenic,
selenium, or mercury.

Ultramicroelectrodes have been shown
to be useful for eliminating the need
for forced convection during the depo-
sition step and for obviating the need
for supporting electrolyte [28]. The lat-
ter is particularly attractive for speciation
work in low ionic-strength natural waters
and for minimizing the risk of contam-
ination. Arrays of microelectrodes have
been shown to be useful for measur-
ing metal concentration profiles in high
spatial resolution [29]. Further informa-
tion is provided in Chapter 2.5. Microfab-
ricated (mass-produced) electrodes, par-
ticularly screen-printed electrode strips,
have been developed as low-cost dis-
posable (“one-shot”) metal sensors [30].
The deliberate modification of conven-
tional electrodes can benefit various strip-
ping applications, by imparting higher
selectivity, sensitivity, and stability. Var-
ious surface coatings have thus been
used for protection against surface-active
foulants or for preconcentration of target
metals.



2.3.5.2 Cells and Instrumentation
Electrochemical stripping analysis is car-
ried out in a conventional (“beaker-type”)
three-electrode cell (of 5-50-ml volume).
The three electrodes, as well as the tube
used for bubbling the deoxygenating gas,
are supported in five holes in the cell
cover. Various microcells with 20 to 500 ul
volumes can be used when the sample
volume is limited. Particularly attractive
are thin-layer cells in which the entire
sample is confined within a thin layer (of
less than 10-um thickness) at the elec-
trode surface [6]. Smaller sample volumes
can be accommodated in connection with
ultramicroelectrodes and advanced micro-
fabrication processes. The latter result in
planar strips that can be considered as dis-
posable electrochemical cells onto which
sample droplets are placed.

The adaptation of electrochemical strip-
ping techniques to on-line flow systems
provides several advantages, including
high sample throughput, continuous mon-
itoring capability, improved precision,
lower risk of contamination, and conve-
nient medium exchange. A wide range
of flow-through stripping detectors has
been developed for on-line monitoring
of metals[1]. Fully automated flow sys-
tems, based on such detectors, have been
described [31]. High-throughput stripping
assays of small samples volumes have
been realized in connection to flow-
injection [32] and batch-injection [33] op-
erations. Further information on several
types of hydrodynamic electrodes is given
in Chapter 2.4.

The portable instrumentation and low
power demands of stripping analysis sat-
isfy many of the requirements for on-site
and in situ monitoring of trace metals.
Efforts in this direction have led to the
replacement of conventional stripping pro-
tocols and systems with remotely deployed

2.3 Stripping Analysis

submersible stripping-based sensors [34]
and submersible (“lab-on-cable”) stripping
probes [35, 36]. Such devices offer a fast re-
turn of the chemical information (i.e. a di-
rect and reliable assessment of the fate and
gradient of metal contaminants) in a safe,
timely, and cost-effective manner. These,
along with the introduction of single-use
(disposable) microfabricated metal-sensor
strips [30] or micromachined handheld to-
tal stripping analyzers [35] would allow
moving the measurements of trace met-
als to the field, and performing them more
rapidly, reliably, and inexpensively.

Portable (handheld), battery-powered,
easy-to-use stripping analyzers have also
been developed, particularly in connec-
tion to decentralized screening of blood
lead in children [37]. The operation of
these compact stripping meters has been
combined with disposable screen-printed
electrodes, similar to those used by dia-
betes patients for monitoring their blood
glucose [30].

2.3.6
Representative Examples

Numerous applications of stripping anal-
ysis to many environmental, clinical, or
industrial problems have been reported.
The technique has been widely used
for the measurement of trace metals in
natural waters, including pristine and pol-
luted inland and marine waters [1, 36,
38]. The technique is particularly suit-
able for the study of chemical specia-
tion, that is, the determination of dif-
ferent physical-chemical forms of the
element [39]. Measurements of oxidation
states, complexation capacity, stability con-
stants, or ‘“labile metal” concentration,
represent typical stripping speciation ex-
periments. Because of its fundamen-
tally different detection principles, the
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Tab.2 Representative applications of stripping analysis

Metal Sample Stripping Working References
matrix mode electrode
Antimony Gunshot residue Y MFE 40
Cadmium Rain ASV MFE 41
Chromium Soil AdSV HMDE 42
Cobalt Seawater AdSV HMDE 16
Copper Steel ASV HMDE 43
lodide Seawater csv HMDE 44
Iron Wine AdSV HMDE 45
Lead Blood SP MFE 46
Manganese Wastewater SP MFE 47
Mercury Fish Y Au 48
Nickel Aerosols AdSV HMDE 49
Platinum Gasoline AdSV HMDE 50
Selenium Soil csv HMDE 51
Thallium Urine ASV HMDE 52
Titanium Seawater AdSV HMDE 23
Uranium Groundwater AdSV HMDE 53
Zinc Eye tissue ASV HMDE 54

Note: AdSV: Adsorptive stripping voltammetry.

adsorptive stripping approach provides a
different speciation information (based
on ligand competition) compared to
conventional ASV procedures. Recent ad-
vances in miniaturization and remote
sensing have facilitated the application of
stripping analysis for on-site monitoring
of toxic metals, including in situ (real-
time) profiling [35] Other environmental
applications of stripping analysis include
assays of sediments, fly ash, rain, or air-
borne particulate matter (e.g. Table 2).
Stripping analysis has been widely used
for measuring trace metals in biologi-
cal fluids. The use of stripping anal-
ysis for decentralized testing of blood
lead in children has been particularly
successful [46]. Measurements of mer-
cury in fish [48], of antimony in gunshot
residues [40], or of cadmium impurities in
zinc plant electrolyte [55], represent typical
food, forensic, and industrial applications,
respectively, of stripping analysis. These,

and other applications, are illustrated in
Table 2.
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2.4
Hydrodynamic Electrodes

Andrew R. Mount
The University of Edinburgh, Edinburgh,
United Kingdom

2.4.1
Introduction

A hydrodynamic electrode is an elec-
trode system in which the solution near
the electrode undergoes forced mechani-
cal convection (stirring). This chapter is
concerned with controlled hydrodynamic
electrodes in which this mechanical con-
vection is reproducible and leads to steady
state currents. There are several advan-
tages of using electrodes with controlled
hydrodynamics. These are most easily seen
by considering a general scheme for elec-
trochemical reaction

kot ko, £ne”

Rurf

Rpulk P"/mt (1)
where a reactant R is electrochemically
converted to a product P at an electrode
surface by accepting or donating n elec-
trons (i.e. reduction or oxidation). The
overall reaction requires the mass trans-
port of R from the bulk of solution to the
electrode surface, the rate of which can be
considered to be governed by a first-order
rate constant kyy in cm s~ 1. The rate of the
mass transport reaction is then given by
the flux of species (mol cm~2 s71) to the
electrode surface

(2)

Jmt = kmt(coo — €0)

where ¢ is the concentration of R in the
bulk (at a near infinite distance oo from
the electrode) or at the electrode surface (at
zero distance, 0, from the electrode). The
maximum flux for this process is when
co = 0, when the rate of mass transfer is

relatively slow and rate-limiting and the
overall flux is given by

3)

Jmt = kmtCoo

At the electrode, electrochemical reaction
then occurs, governed by a characteristic
first-order rate constant k.. Under steady
state conditions, the electrochemical reac-
tion flux is also equal to the overall flux j,
that is, je = j = jmt. The electrochemical
flux is given by

Je = keco “4)

When the reaction is under electrochem-
ical control, the electrochemical reaction
is relatively slow and rate-limiting and
Coo = co. Then the overall flux is given by

)

Je = kecxo

In general, the overall flux j for the
reaction is determined by the following

equation:
1 |: 1 " 1] 1
j_ kmt ke | coo

with the smallest of the rate constants
determining the overall reaction rate.
The overall rate of reaction is measured
experimentally as the current i where

©)

i =+nFAj 7)

where A is the electrode area (cm?), F
is Faraday’s constant (C mol~!), and the
positive and negative signs correspond
to oxidation and reduction, respectively.
From Egs. (6 and 7), it can therefore be
seen that reproducible currents can only
be obtained in systems in which both kmt
and ke can be controlled.

ke is easily controlled by controlling the
electrode potential. However, in stagnant
solutions, or solutions with irreproducible
or unstable convection, kpy; is not constant



and is time-dependent, as the extent of
depletion of reactant near the electrode
governs the rate of mass transfer, and
this changes with time. This often leads
to irregular or unpredictable currents. The
firstadvantage of controlled hydrodynamic
electrodes is that they generate repro-
ducible and predictable solution convec-
tion through mechanical stirring, which
leads to control of kmt and hence i, pro-
ducing steady state (or time-independent)
currents. Variation of kny is easily achieved
by varying the convection rate, allowing
the quantitative determination of the role
of mass transport in the overall kinetics
of electrode reaction. The second advan-
tage is that the reproducible flow results
in a reproducible and controllable flux of
product away from the electrode surface.
This allows the downstream detection and
identification of these products, for exam-
ple, by means of a second electrode [as
in the rotating ring disc electrode (RRDE,
see Sect. 2.4.2.2], which can be set up (by
control of electrode type and potential)
to detect and identify particular products,
or by a suitable spectroscopic technique
[such as electron spin resonance (esr)].
Applications of esr in electrochemistry
are discussed further in Volume 2 of the
Encyclopedia. The third advantage is that
the controlled hydrodynamics allow the
fraction of products that can be detected
(or collected) downstream to be theo-
retically determined (e.g. the collection
efficiency of the RRDE, see Sect. 2.4.2.2).
Comparison of the amount of product
detected experimentally and expected the-
oretically therefore allows quantitation of
the amount of product produced by the
reaction process (giving the efficiency of
the reaction). Finally, control of product
flux through stirring rate can be used
to control the transit time from product
generation to downstream collection or
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detection. Measurement of the decrease in
the amount of product detected as the flux
(and hence the transit rate) is decreased
experimentally therefore enables the reac-
tivity of any unstable products generated
upstream to be determined.

This chapter considers each of the major
hydrodynamic electrode systems in turn.
Only those systems at which steady state
measurements can be achieved are con-
sidered, therefore excluding those systems
with hydrodynamic regimes that inher-
ently produce time-dependent oscillations
superimposed on steady state behavior,
such as vibrating electrodes [1] and son-
icated electrode systems [2] in which ul-
trasound is used to produce fluid motion.
The latter are discussed further in Chap-
ters 2.8, 2.9 and 2.10 of this volume. For
each system, the hydrodynamic regime is
described, along with representative appli-
cations that demonstrate the applicability
of the system to particular measurements
of electrochemical kinetics and mecha-
nism. The system characteristics are also
discussed, to highlight the suitability of the
system to particular applications, giving in-
sight into the strengths and weaknesses of
each system.

2.4.2
Rotating Disc Hydrodynamics

2421 Rotating Disc Electrode(RDE)
The RDE (Fig. 1) is a disc electrode that
is surrounded by a coplanar insulating
mantle (typically made of poly(tetrafluoro-
ethene), PTFE). This is placed into a
solution and rotated at a controlled rotation
speed, W (Hz), which induces stirring in
the solution [3].

The RDE acts as a pump (Fig.2),
drawing the solution up toward the
electrode along the z-axis (Fig. 2a), then
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The rotating disc

Fig. 1
electrode.

Rotation

T

-~ \ Speed
w
Ed
PTFE sleeve L
l Pt disc
z

Electrode surface

s

Bulk solution

(a) (b)

Ol F======— === i

(O]

Bulk solution

Fig.2 Solution flow for RDE
(a) along z-axis and (b) near
disc surface.

Fig.3 Concentration profile for the
RDE normal to the electrode. Reaction
of O at the RDE produces a
concentration [O]p at the electrode
surface. Mass transport to the electrode
occurs by diffusion across zp. At z > zp,
the solution is well-stirred and the
concentration of O is the bulk
concentration[O]x.

z

flinging it out radially across the electrode
surface (Fig. 2b).

This electrode is uniformly accessi-
ble [4], in that during a reaction the flux
(and hence the current density) is the
same across the entire disc surface. Also,
the system possesses circular symmetry
about the z-axis. This greatly simplifies the
mathematical description of the hydrody-
namics, and allows an analytical solution
of the convective-diffusion equation [5].

Viewed along the z-axis, there is a diffusion
layer, zp, across which the reactant diffuses
to the electrode (Fig. 3).

It must be remembered that when
Z < zp, although transport along the z-axis
is by diffusion only, the diffusion layer is
not totally stagnant, as there is significant
radial convection (Fig.2b) that sweeps
products away from the electrode. This is
utilized in product detection in the RRDE
system (see Sect. 2.4.2.2).



The thickness of the diffusion layer is
rotation speed—dependent, and is given by

®

where D is the diffusion coefficient of
the reacting species (cm?s~!) and v is
the kinematic viscosity of the solvent
(cm? s71). Since in the z-direction trans-

port is only by diffusion,

zp = 0.643D1/3,1/6y—1/2

j= —D% — DM 9)
0z ZD
with
kmt = — (10)
ZD

The mass transport limiting current, i1, on
the electrode (which is the current when ke
is extremely large, the electrode is highly
reactive, and [O]p = 0 i.e. ¢p = 0) is given
by a combination of Egs. (3, 7, 8, and 10).
This is termed the Levich equation [5],

iL = £1.554n FAD*3y= 10w/ 2,
11

and more generally, the current is given by
a combination of Egs. (6, 7, 8, and 10) as
the Koutecky—Levich equation [6],

1 1 1

T=—f = (12)

i i. nFAkecso
From Eq. (11), the first term in Eq. (12)
can be varied by changing W, while the
second term can be varied by changing the
electrode potential and hence k.. Hence
this relationship allows the relative effects
of the rate of mass transport (the first term)
and the rate of electrochemical reaction
(the second term) on the overall reaction
rate to be separated and quantified.

The RDE is a particularly good system
for the measurement of the electrode
kinetics of electrocatalytic films (modified
electrodes), in which mediated electron
transfer to substrate species in solution
occurs via a surface-immobilized redox
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couple. This is because the uniform
accessibility of the RDE ensures that the
flux of substrate to the electrode is constant
across the surface, and the controlled
hydrodynamics ensures a constant and
reproducible substrate concentration at the
surface of the electrocatalytic film. Both of
these effects simplify kinetic modeling.
In these experiments a general form of
the Koutecky—Levich equation generally
applies,
1 1

=+ (13)

i L i
with the second term in Eq. (12) general-
ized to be a mass transfer—independent
current i, (independent of W). A value
of is can generally be obtained from the
y-intercept of a straight-line plot of 1/i
against W™1/2 (termed a Koutecky—Levich
plot). The infinity subscript is used to indi-
cate that this is the current that would be
obtained at infinite rotation speed, when
the first term is unimportant and ¢y = ceo.
In each case, the theoretical parameters
that make up i reflect the nature of
the rate-determining step in the reaction
at the surface, between the substrate and
the immobilized redox species. For a sim-
ple catalytic reaction between a substrate
and an electrocatalytic monolayer or thin
film, the rate-determining step is often the
kinetics of the electron transfer reaction be-
tween the substrate and the redox species
and the rate constant for this reaction can
be obtained from io,. However, for thicker
surface films (e.g. polymer modified elec-
trodes), the rate of transport of electrons or
substrate across the film can also become
rate-determining, and terms for these pro-
cesses are then included in io. Albery
and Hillman[7, 8] and Andrieux and
Saveant [9] have each produced general
theoretical treatments that enable the rate-
determining step for these electrocatalytic
reactions to be identified and quantified.
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This approach has also been extended to
other modified electrode reactions and this
has been the subject of a comprehensive re-
view [10]; a good example is the reaction be-
tween an immobilized enzyme and its sub-
strate, in which complexation between the
immobilized enzyme (the redox species)
and the substrate occurs [11, 12]. We have
also shown [13] that the electropolymeriza-
tion and trimer film formation of a range
of 5-substituted indoles at the RDE

(14)
produce straight-line Koutecky—Levich
plots, from which the rate constant for
coupling of the indole monomer radical
cations produced on the electrode surface
(which form the redox-active film of indole
trimers) can be obtained. Furthermore,
use of the RDE ensures controlled flux of
indole monomer to the whole of the elec-
trode surface, which ensures a much more
reproducible and homogenous film struc-
ture across the disc than in experiments
with stationary electrodes.

2.4.2.2 The Rotating Ring Disc Electrode
(RRDE)

The RRDE utilizes a second independent
electrode positioned downstream of the

\Ring

electrode

RDE (the ring electrode) to detect products
from the RDE (Fig.4). In this case,
products are ejected outwards radially
from the disc electrode, and so the
ring electrode is positioned outside of
and coplanar with the disc electrode,
with a relatively narrow insulating gap
separating them.

The crucial parameter for the rotating
disc electrode is the collection efficiency
N. This determines the fraction of stable
product generated with 100% efficiency
at the disc electrode that will be col-
lected by the ring, under mass transport
control, when there is a mass trans-
port—limiting ring current. In general,
under these conditions,

JR=—Njp (15)
where jr and jp are the ring and disc
fluxes, respectively. The collection effi-
ciency can either be determined experi-
mentally or theoretically. It is independent
of rotation speed and is merely a function
of electrode geometry. Under most condi-
tions it is generally denoted as Ny, given
by [14, 15]

No=1—F (%) + 6231 - F(a)

~A+a+p*?

el Earesal)

(16)

Fig. 4 The positioning of a ring
electrode downstream of the

rotating disc electrode.
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3
o= (”—2) 1 (18)
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o and B are therefore merely functions of
the disc radius rq, the inner ring radius ry,
and the outer ring radius r3. Ny typically
has a value around 0.2 for most RRDE
systems.

In our work on the polymerization of
5-substituted indoles [13], we have used
the ring electrode of the RRDE to detect
and quantify the amount of soluble trimer
formed during electropolymerization (vide
supra). Significant soluble fractions were
obtained with indole monomers that con-
tained solubilizing R groups, such as
amino groups or hydroxy groups. Fur-
thermore, judicious selection of the ring
potential enabled the protons produced by
the reaction in Eq. (14) to be detected on
the ring as

H +e¢ —— le

2 (20)

and the measured fluxes of protons on the
ring were compared to the flux of electrons
on the disc to establish the stoichiometry
of Eq. (14).

Thering electrode can also be made from
a different material to the disc, designed
to selectively detect a particular species
produced by the disc reaction. An exam-
ple is the use of a silver ring electrode
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to selectively detect the bromide ion pro-
duced by the electrochemical reduction
of the inhalation anaesthetic, halothane
(CF3CHCIBr), at an RDE [16]. The elec-
trochemical reduction of halothane at an
RDE is one potential method for sensing
this inhalation anaesthetic. However, this
reduction occurs at a very similar poten-
tial to the reduction of oxygen gas, which
precludes deconvolution of the proportion
of the reduction current due to oxygen, and
that due to halothane. At a silver ring elec-
trode, the selective mass transport—limited
oxidation of bromide
—e

Ag+Br aq — AgBr(s) 21
was shown to occur [16]. This produced
solid silver bromide, which deposited
on the ring surface at a characteristic
potential. The oxidative current for this
process and the reduction charge obtained
from reducing the silver bromide formed
on the ring electrode after a given period
of time (by the reverse reaction of Eq. 21)
were both shown to be a good measure
of the flux of bromide produced at the
disc. Comparison of the ring bromide flux
and the disc electron flux established the
stoichiometry of the halothane reduction
reaction to be [16]

+2¢~,+HT

CF3CHCIBr ——— CF3CH;Cl+Br™
(22)
and the amount of bromide detected at
the silver ring was shown to be a good
measure of the proportion of halothane
in the halothane/oxygen mixtures [17].
This, in combination with the overall
disc current, allowed deconvolution of the
relative amounts of halothane and oxygen

in the mixture.
The ring electrode of an RRDE has
also been used to selectively detect the
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products from the redox reaction of a
rotating disc—modified electrode. In this
work, a thionine-coated electrode was
produced by the electropolymerization of
thionine. Thionine is a phenothiazine
dye, and the resulting film is redox-
active, with the thionine redox centers
being able to be redox-cycled between
their oxidized (thionine, Th) and reduced
(leucothionine, L) forms, according to the

- -+

N
A
JOL SN
HoN S NH,
+

Th

- -2+

H
o
HaN S NH3

L LHs " i

general equation

Th* +2¢” + mH" == LH,, "~ V*

(23)
The value of m is dependent upon
the pH of the solution. If m # 0, then
redox reaction involves the incorporation
and expulsion of protons during the
redox reaction and this can be measured
by a pH-sensitive bismuth oxide ring
electrode [18, 19]. In the special case when
the ring electrode is a potentiometric
sensor with a low exchange current
density, such as the bismuth oxide sensor
for pH [18, 19], the ring electrode reaction
does not significantly perturb the radial
concentration profile of the disc product
across the ring, and a different collection
efficiency, termed the detection efficiency,

Np, must be used [18], where

. 1 2 r)+r3 3

—F@tp) 24
The exact form of the proton transients
seen at the ring is determined by the
degree of protonation of the L centers and
their ability to act as a buffer, mopping
up the protons produced in the redox
reaction. This is determined by the pKas
for deprotonation of the various protonated
forms of L. Quantitative analysis of the
proton transients observed at the bismuth
oxide ring electrode enabled these pK,
values to be determined as

pK.=5.5
LH3%* LH," + HT
pK.=7.8
LH,* LH+HT
pK.=7.8
LH L~ +H" (25)

and the rate-determining step for the
film redox reaction was shown to be the
transport of electrons through the film.

When m # 2, then the redox reaction
involves incorporation into the film or
expulsion from the film of solution coun-
teranions (and/or countercations) to main-
tain overall film electroneutrality during
redox cycling. In unbuffered solution near
pH 7, the reduction of Th™ rapidly causes
the film pH to rise above 7.8, and the film
redox reaction is

Th+X(_S) +2e” +MT

(aq)

— + —
L™M() + X

(aq) (26)

This flux of X~ can be measured by
an anion-sensitive ring electrode such as



the Ag/AgX potentiometric ring electrode,
which shows a selective and quantifiable
change in potential due to the local concen-
tration of X~ anion [19]. Measurements
have been made with X~ as Cl™, using
a silver/silver chloride ring electrode in
an electrolyte solution of 50 mM NaClOy,
1 mM NaCl [19]. The magnitude of the
ring transient, when compared to that ex-
pected from the disc current transient,
indicated that, as expected, reaction oc-
curred according to Eq. (26) and that the
film was permselective to Cl~ over ClO4~
by afactor of 20. Further general infor-
mation on potentiometric measurements
is given in Sect. 1.1.3 of Chapter 1 in this
volume.

Such ring current measurements are
of necessity not steady state, as the
reaction involves the reduction of a redox-
active film of finite thickness coated on
the disc electrode. However, the ring
response to a transient disc current has
also been calculated. The time-dependent
collection efficiency N, has been derived
analytically for a galvanostatic (constant
current and hence constant flux) step on
the disc electrode [20] as a function of the
dimensionless time

D\ 1/3
T =4.0 (—) Wt
v

where ¢ is the time, which allows the
corresponding time-dependent variation
of the ring flux to be calculated from
Egs. (7 and 15) (Fig.5a and b) for a
constant disc flux. This approach has been
generalized to produce a computational
method for predicting the ring flux for
any form of disc flux transient[21], by
considering any disc current transient as
consisting of the sum of many discrete
galvanostatic steps (Fig. 5d). The time-
dependent ring flux can then be calculated

(27)
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for each of these steps (Fig.5e), and
the responses added to give the overall
ring flux transient (Fig.5f). A similar
procedure can often be applied in reverse
to generate the disc flux that gave rise to
an observed ring flux [22]. In this case,
the parameters of a number of general
disc current functions (usually tan h and
exponential functions) are adjusted so
that when added, their calculated time-
dependent ring flux response matches
the experimentally observed ring flux.
The sum of the disc flux functions then
corresponds to the disc flux transient.
One final application of the RRDE is in
the measurement of the kinetics of the
following chemical reactions of species
electrogenerated at the disc with other
solution species (often termed titration
reactions). In one of the simplest exam-
ples of these reactions, reactant A is
generated electrochemically on the disc
electrode, which then undergoes reaction
with reactant B, present in solution, dur-
ing transit between disc and ring. The
ring electrode is set to detect reagent A,
and because of reaction, the observed ring
flux is typically less than that predicted
from the disc flux and Eq. (15). A good
example [23] is the use of the RRDE to
study the kinetics of bromination of the
fatty acids: oleic (or cis-9-octadecanoic) acid
[CH3(CH,);CH=CH(CH,);COOH], eru-
cic (or cis-13-docosenoic) acid [CH3CH;
CH=CH(CH;)1:COOH], and linolic (or
cis,cis-9,12-octadecanoic) acid [CH3(CH3)3
(CH,CH=CH),(CH;)7COOH] in a mixed
solvent system of acetic acid and ace-
tonitrile. Titration with bromine is one
potential analytical method for measuring
the amount of double bonds in an oil con-
taining these unsaturated hydrocarbons
in solution, but the kinetics of reaction
must be sufficiently fast for this approach
to be viable. In this work, bromine was
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Fig. 5 The time-dependent ring flux (b) produced from a galvanostatic disc flux step (a)
and N (d) the deconvolution of a disc flux transient (c) into a series of galvanostatic disc
flux steps (e) the calculation of the time-dependent ring fluxes from these steps and their
combination to produce (f), the theoretical ring flux for (c).

electrogenerated at the disc by the oxida-

tion of Br~ according to the reaction

_e7
Brm —— %Brz

(28)

with the reverse reaction of being used at
the ring to detect the amount of bromine.
In the gap between disc and ring, reaction
between bromine and the unsaturated



hydrocarbon R occurs

R + Bry i) RBr) (29)
the amount of Brp
available for detection at the ring,
and hence the measured collection
efficiency Ni, such that Ny < Np. The
concentration of unsaturated hydrocarbon
was chosen to be greatly in excess [23]
compared to the amount of Br, produced,;
therefore the reaction followed pseudo-
first-order kinetics, with the first-order rate
constant given by

which reduces

k1 = kZCorg (30)

where corg is the bulk concentration
of organic hydrocarbon. For such a
first-order homogeneous reaction, the
relationship of Ny to Ng has been derived

analytically [24] as

No 0.20 fv\1/3
)

N W \D (1)

D
Measurements of Ny from the measured
disc and ring currents

JR = —Nijp (32)
as a function of W were therefore used to

determine k; and then &, from Egs. (16 to
19, 30 and 31).

2.4.2.3 The Optical Rotating Disc
Electrode (ORDE)

The ORDE consists of a quartz rod,
polished at both ends, one of which is
coated with a quasi-metallic antimony-
doped tin oxide film to form a (semi-)
transparent disc electrode. Light is shone
down the rod and through the disc
electrode as it is rotated in solution.
The rotation of the ORDE imposes
RDE hydrodynamics at the transparent

2.4 Hydrodynamic Electrodes

disc, enabling the electrochemistry of
solution photoactive species excited by
the light to be studied by measuring
the steady state photocurrents obtained
at the disc electrode. For stable species,
these photocurrents tend to vary with
W~1/2, as only photoexcited species that
are produced in the diffusion layer
react at the electrode without being
swept away, and the thickness of this
diffusion layer varies with W=1/2 (Eq. 8).
Systems studied include photogalvanic
cells [25] and photoactive colloids [26].
More recently, analytical expressions have
been derived for analysis of the transient
and steady state photocurrents for the
PE process [27], where photoexcitation (P)
of a sensitizer molecule (S) leads to
its electrochemical oxidation (E) at an
electrode surface

hv
S —— S§* photoexcitation

ko

S* —— S quenching

s* —“, st electrode oxidation
and these have been used to analyze the
response of colloidal CdS particles [27].
This approach has been extended to the
study of PCE processes [27], in which the
photoexcited S* chemically (C) reacts with
a scavenger A to give A~ and ST, and it
is A~ that is then electrochemically (E)
oxidized on the disc.

A related experimental setup, the
rotating optical ring-disc  electrode
(RORDE), has also been developed [28,
29]. Mlumination in this case occurs
through a quartz disc, with detection of
the photosensitized products occurring on
aplatinum ring. This ring electrode has the
advantage of being more chemically inert
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than tin oxide, allowing it to be used to
study a wider variety of photoactive species.

243
Solution Flow Hydrodynamic Systems

Although the RDE and RRDE systems
are extremely widely utilized, there are
some problems associated with them for
some applications. One of these is that
the disc electrode rotates, which makes it
difficult to attach ancillary sensing devices
such as spectrophotometers in close
proximity to the electrode to monitor disc
products. To overcome this, hydrodynamic
systems have been developed in which
the electrode remains stationary and the
solution moves. These also have the
advantage of being compatible detection
systems for the flowing eluent from
dynamic solvent separation systems such
as chromatographic columns. Unlike the
RDE and RRDE, a packed bed electrode
can also easily be incorporated upstream
of the system through which the solution
must flow. This enables electrochemical
redox reaction of reagents in the
column, producing new species with 100%
conversion in solution for subsequent
analysis in the system. An interesting
example of the use of the Packed Bed
Wall-jet Electrode (PBWIJE)[30] is the
electrochemical detection of nitrate ion by
means of the WJE (see Sect. 2.4.3.2). This
involves the electrochemical production
of Cu’* ion from a copper packed
bed, which is then deposited by
reduction on the disc electrode of
a walljet electrode (WJE), producing
a fresh copper disc electrode. This
fresh copper film is necessary for the
electrochemical reduction and detection
of nitrate at a WJE, as reduction leads
to progressive poisoning of the copper
electrode.

This section will focus on the major
solution flow hydrodynamic systems,
initially looking at those in which
fluid exits a tube via a nozzle and
impinges on a stationary electrode
(or electrodes), and then at those in
which an electrode (or electrodes) is
(are) incorporated into the tube itself.
It will be seen that many of these
systems are not uniformly accessible;
although this can be a disadvantage
when studying systems such as modified
electrodes (see Sect.2.4.2.1), in which
uniform mass transport simplifies analysis
and ensures equivalence of reaction
across the entire electrode, it has been
argued that nonuniformly accessible
systems should have greater inherent
kinetic discrimination [31] when studying
electrochemical reactions with coupled
chemical reactions. This is because in
many cases, analysis of these systems
generally involves fitting experimental
data to theoretical curves. These curves
often predict the variation in the
effective number of electrons, nes, passed
during reaction with the velocity of the
hydrodynamic solution [controlled by W
for the RDE (see Sect.2.4.2.1) and the
volume flow rate V¢ for the solution flow
systems below]. Nonuniformly accessible
electrodes show a variation in the mass
transfer flux (and hence the balance of
importance of kinetic and hydrodynamic
terms) across the electrode surface, which
results in a more gradual change in neg
with V¢ than for neg with W for the RDE.
This more gradual change should enhance
the distinction between differing coupled
chemical reaction mechanisms and lead to
greater accuracy in kinetic analysis. This
has been demonstrated for measurements
of the ECE reaction (electron transfer,
chemical reaction, electron transfer) at
both a WJE and an RDE [32]. Although
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Fig. 6 The wall-tube electrode | d

configuration.

Unwin and Compton [33] have shown
no significant distinction for first-order
chemical processes, they have postulated
that this will not be the case for second-
and higher-order processes.

2.43.1 The Wall-tube Electrode (WTE)
The wall-tube electrode system involves
pumping the electrolyte solution through
a nozzle onto a disc electrode as a jet
of fluid (Fig. 6). In this arrangement, the
nozzle diameter d is larger than the disc
electrode diameter 2r, and electrode and
jet are arranged coaxially. Under these
conditions, the factors controlling the
mass transport hydrodynamics of a WTE
are well established [34]. The mass transfer
characteristics are analogous to the RDE,
with essentially uniform accessibility
across the electrode surface [35]. There
is, however, a slight dependence of the
mass transport-limited current on the
nozzle—electrode separation H, with [34]

iL = 12.08n FAD*3v="1/6¢

Ve 1/2 4 gy —0.054
) (7)o

Fig. 7 The flow pattern at the
WJE.

Nozzle

Flow

B
Electrode r

where V; is the volume flow rate of
fluid (cm? s~1) through the nozzle. When
comparing this equation to Eq. (11), it is
clear that Vf is the equivalent variable for
the WTE to W for the RDE, as is the case
for all solution hydrodynamic systems.

2.43.2 The Wall-jet Electrode (WJE)

The WJE has a similar configuration to
the WTE, but in this case the nozzle
diameter d is very much smaller than
the electrode diameter 2r. This produces
the hydrodynamic flow pattern shown in
Fig. 7.

The limiting current for the WJE
is (under conditions in which the
electrode—cell wall separation is very
much larger than the electrode—nozzle
separation) [15, 36]

iL = 1.38n FD?Py=5/12q7 1234y 2/

(34)
As can be seen from Fig. 7, the electrode
is not uniformly accessible; in fact the
thickness of the diffusion layer varies with
r>/* and hence from Eq. (9), the mass
transport—limited flux at the electrode
varies with =/, Figure 7 also shows

j// \
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that away from the center of the jet in
the diffusion layer, flow is away from the
electrode, ensuring that a fresh electrolyte
from the jet is efficiently brought to
the electrode surface. Also, the relatively
narrow jet decreases the volume flow
rate of solution required for controlled
hydrodynamics, decreasing the volume
required for analysis compared with the
WTE, and the jet spreads radially across the
electrode surface, ensuring that a relatively
large proportion of the reagent in the jet
can be detected on the electrode, thereby
increasing detection sensitivity. As a result,
the WJE has been used as a sensitive
analytical electrochemical detector in flow-
through chromatographic systems [37, 38].

Two further applications demonstrate
the relative ease of incorporation of
ancillary electronic measurement systems
at a stationary disc in the WJE
compared with a rotating disc in the
RDE. The first involves using the WJE
configuration to measure the rate of
deposition of colloidal particles on a
(semi-) transparent doped tin oxide disc
electrode as a function of electrode
potential, by measuring the degree of
light scattering of the adsorbed particles
on the transparent electrode using total
internal reflection microscopy [39, 40].
In this work, the predicted radial
variation of the mass transport—limited
flux across the electrode proved extremely
useful in assessing whether deposition
occurred under mass transport or surface
electrochemical control. The second
concerns measurement of the kinetics
and mechanism of copper dissolution
in acid chloride media [41]. This work
involves the use of an electrochemical
quartz crystal microbalance (EQCM) as the
disc electrode in the WJE configuration.
Controlled dissolution was achieved
because of the WJE hydrodynamics,

and the EQCM allowed simultaneous
measurement of the mass loss from the
copper disc electrode and the current
due to copper oxidation and dissolution.
Correlation of these two measurements
allowed direct determination of the
variation of the overall copper dissolution
valency (between 1 and 2) as a
function of the chloride concentration and
the hydrodynamic conditions employed.
Although there has been one study of
the deposition of clays using an EQCM
disc system constructed in the RDE
configuration [42], this is more of a
technological and engineering challenge
than using the WJE configuration. An
overview of the EQCM and its applications
is the subject of Chapter 2.7 of this volume.

2.43.3 The Wall-jet Ring-disc Electrode
(W)RDE)

The W]JRDE system has also been
developed [43], and this has enabled
still greater sensitivity in analytical

detection. Fundamentally, the WJRDE is
a WJE in which the disc electrode is
replaced by a ring-disc electrode (see
Sect. 2.4.2.2). The hydrodynamic regime
of the WJE leads to lower collection
efficiencies N for the WJRDE (from
Eq. 15) compared to an RRDE of similar
dimensions, as significant flow in the
diffusion layer is away from the electrode
surface. Also, unlike the RDE, this
collection efficiency N varies (albeit
predictably and reproducibly) with Vi.
Despite this, the WJRDE configuration
is particularly applicable to analytical
detection of species in flow injection
analysis and liquid chromatography [44],
and particularly those species that take
part in plating—stripping reactions [45].
This configuration enables reagents in
the jet to be electrochemically deposited
(plated) and accumulated on the surface



Fig. 8 The tube electrode
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system.

of the disc by maintaining a suitable
disc potential. The reaction can then be
reversed at the disc by changing potential,
stripping the reagents off the electrode
in a concentrated burst, to be detected
by the downstream ring electrode. This
preconcentration of reagents on the disc
markedly increases the overall detection
sensitivity of the system when compared
to the WJE.

2.43.4 The Tube or Tubular Electrode (TE)
The TE system consists of an annular
electrode that is inserted into the length of
a cylindrical tube down which the solution
under study flows (Fig. 8).

In this simple configuration, the volume
flow rate V¢ is chosen to ensure laminar
flow of solution in the cylindrical tube.
Because of friction with the tube walls, the
velocity of liquid v in the tube varies in a
parabolic manner with the distance r from
the tube center [46, 47]

=)

where vg is the velocity at the center of
the tube and ry is the radius of the tube,
so that r < rg. As the flow is laminar, the
diffusion layer thickness (the equivalent
of zp for the RDE, see Sect.2.4.2.1)
increases with the distance x, downstream
from the upstream edge of the tube
electrode, actually as x/3. The mass
transport—controlled flux (from Eq.9)

(35)

Electrode

therefore varies with x~1/3 across the

electrode surface, and hence like the WJE,
this electrode is not uniformly accessible.
If long electrodes or slow flow conditions
are avoided, so that the diffusion layer
thickness does not become comparable to
the tube radius (resulting in the depletion
of reagents extending into the center of the
tube), the limiting current is given by the
Levich equation for the TE [5]

iL =543nF DDV e (36)
where [ is the length of the electrode
(i.e. it extends from x=0 to x =1I).
This equation is derived assuming flow
is sufficiently fast such that diffusion in
the direction of convective flow can be
considered to have a negligible effect,
convection is sufficient to ensure that the
concentration gradient of reactive species
near the electrode can be linearized and
the diffusion layer thickness is much
smaller than the tube dimensions across
the whole electrode surface [48]. Under
these conditions, the limiting current does
not depend upon either rg or (unlike the
RDE and RRDE) the kinematic viscosity
of the solvent. At the slow flow or long
electrode limit (often termed the thin layer
cell configuration), in which complete
conversion of the reagents in the tube
occurs by the end of the electrode, the
simple expression

iL =nFViceo (37)
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applies. A transition therefore occurs
between these two limiting analytical
expressions (Eqs.36 and 37) at
intermediate values of V¢, but the complete
theoretical description of the response
of the TE can only be determined
numerically (see Sect.2.4.4) [48]. This
does mean that the hydrodynamic
conditions of the TE can be varied to
control the degree of electrochemical
conversion of reagents in solution and
that unlike the systems considered
previously, essentially 100% conversion
of reagents to products can be achieved
in the thin electrode configuration
by judicious choice of electrode
length and flow. This can often be
useful in electroanalysis, for example,
in the design of electrochemical
chromatographic detectors.

The detection and generation efficiency
and the controlled hydrodynamics of
this system have also been utilized in
the electrochemical generation, detection,
and characterization of radicals. In this
work, a TE was positioned just upstream
of an esr spectrometer cavity, so that
the radicals generated were transported
into the cavity without the electrode
destabilizing the cavity resonance. Not
only does esr allow identification and
characterization of the radical generated
but the reproducible hydrodynamics allow
the theoretical variation of esr signal
intensity with V¢ to be calculated. Initial
work concentrated on stable radical
systems, in which both steady state
esr signal intensities [46] and the time-
dependent response of the esr signal
intensity to a step change in tube electrode
current [49] were measured and compared
with theory. In this work, good agreement
was found between the theoretical and
experimental signal intensities for the

one-electron oxidation of N, N, N’, N'-
tetramethyl- p-phenylenediamine (TMPD)

NMe»> NMe»>
NMeo NMe»>

confirming both the stability of the
radical and the viability of this approach.
Theoretical and experimental studies
were subsequently extended to unstable
radicals that decompose by simple
first-order kinetics [50] and those that
decompose by second-order kinetics [47],
for which the TE esr system allowed
direct measurements of the first-
order and second-order rate constants,
respectively.

The analysis of steady state voltammetric
curves at a TE has also been achieved
for electrochemically reversible [51], quasi-
reversible [52], and irreversible [52] elec-
tron transfer reactions by numerical
methods (see Sect. 2.4.4), which enables
experimental voltammetric curves to be
analyzed to give electrochemical kinetic
information.

2.43.5 The Channel Electrode (CE)

The CE system is shown in Fig.9. In
hydrodynamic terms it is closely related
to the TE system.

It consists of an electrode embedded in
the wall of a tube down which solution
flows. Generally, h < d to ensure edge
effects on the flow are negligible. As with
the TE (see Sect. 2.4.3.4), the solution is
under laminar flow, with the parabolic
variation in velocity with height given
in this case by

=]

(38)
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.

(a)

(b)

Fig. 9 The channel electrode system seen from (a) above and (b) the side. The
electrode dimensions are width w and length I. The channel width and height are d and
2h, respectively, with y, the height variable, ranging from —h (at the electrode surface)
to h and with y = 0 corresponding to the center of the channel.

The diffusion layer thickness also varies
with x1/3, which from Eq. (9) means that
the mass transport—limited flux across
the CE varies with x~1/3, so that the
electrode is nonuniformly accessible. An
analogous Levich equation to the TE has
been derived analytically for the CE. This
gives the mass transport—limited current
for fast flow (where as with the TE,
diffusion in the direction of convective
flow can be considered to be negligible and
where convection is so efficient that the
concentration gradient of reactive species
near the electrode can be linearized [53])
and for short electrodes (in which the
diffusion layer can be considered to be thin
compared to the height of the channel) as

. DINY? [ v\ 3
ir =0.925nFw " v Coo

(39
As with the TE, at slow flow and for long
electrodes, complete conversion of the
electroactive species can occur, and under
these conditions the TE thin layer cell equa-
tion (Eq. 37) applies. Like the TE, these are
limiting cases, and the complete rigorous
description of the response of the CE at
all flows and electrode lengths requires
numerical methods (see Sect.2.4.4) [48].
However, for both these systems this is rel-
atively straightforward [54] (see Sect. 2.4.4)
and the resulting mass transport-limited

current shows a smooth transition be-
tween Egs. (38 and 39) with decreasing
flow and increasing electrode length. Thus,
like the TE, the CE system can be used in
the thin layer cell configuration for the
complete detection of electrochemically
active species in chromatographic sepa-
rations [55]. The CE, like the TE, can also
be employed for the efficient generation
and detection of radicals, by combining
the CE with radical detection and quantita-
tion using an esr spectrometer. However,
unlike the TE, the CE system can in
fact be placed directly in the center of
the cavity of the esr spectrometer without
significant perturbation of the resonant
sensitivity, as long as the cell is constructed
of synthetic silica [56]. This enables detec-
tion of radical intermediates and products
with much shorter lifetimes than in the
TE configuration. Concentration distribu-
tions of electrogenerated radicals have
therefore been calculated under steady
state conditions for model electrode re-
action mechanisms and have been used
to produce the theoretical esr signal inten-
sity [57—-59]. Analysis of experimental data
using this theory has then allowed elec-
trode reaction mechanisms to be verified
and radical lifetimes to be measured.

A further advantage of the CE system
is that unlike the TE, a window of trans-
parent material can be incorporated into
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the channel unit in the region of the elec-
trode [60—62]. Incorporation of this win-
dow either directly above or downstream
of the electrode allows spectroscopic inter-
rogation and/or photoexcitation of electro-
generated products or intermediates with
light, while a window either above or
upstream of the electrode allows spectro-
scopic interrogation and/or photoexcita-
tion of reagents prior to electrochemical
reaction. A good example of the use of
such a system is in the electrochemical re-
duction of 1-bromoanthroquinone (AQBr),

QO

which is simultaneously irradiated with
488-nm light [63]. Detection of the radical
products of the reaction was by means of
an esr spectrometer. This work established
that reaction occurred by a photo-ECE
mechanism

AQBr+ e~ —— [AQBr]*”

E step (40)

488 nm, k
[AQBr]*” + hv —— Br~ + AQH

Photo-assisted C step (41)
X3
—_—
e ZhI
— W
Flow

=
— X

(a) (b)

AQH 4+ e~ —— [AQH]*™
E step (42)

Identification of the esr spectrum and
quantitative analysis of the esr signal
intensity as a function of electrogeneration
current and channel flow conditions
established that the reaction given in
Eq. (40) occurred in the absence of light,
producing the stable [AQBr]*~ radical.
Upon irradiation, the esr spectrum of
[AQH]*~ was observed at slow flow; the
loss of the esr intensity of the [AQBr]*~
radical was then quantitatively analyzed
as Vr was varied, confirming the reaction
mechanism and producing a value for the
rate constant of the C reaction (Eq.41)
as k = 0.047 s~1, in good agreement with
other independent measurements [64, 65].

2.43.6 The Double Channel Electrode
(DCE) and Double Tube Electrode (DTE)
The DCE system (Fig. 10) is the equivalent
configuration for the CE as the RRDE
(see Sect.2.4.2.2) is for the RDE (see
Sect. 2.4.2.1).

In this configuration, a second or
collector channel electrode is placed
downstream of the first or generator CE to
detect products from the electrogeneration
reaction [66]. An analogous system can
also be constructed for the TE, with a

Flow

X3

Fig. 10 The DCE system: (a) top view and (b) side view. x1, x2, and x3 are the first or
generating channel length, the distance to the inner edge of the second or collecting
channel electrode and the distance to the outer edge of the collecting channel

electrode, respectively, along the flow path.



second tube electrode positioned with its
inner and outer edges at distances of
x2 and x3 downstream of a generating
electrode of length x1 (Fig. 8), producing a
DTE [67, 68]. As the hydrodynamics of the
TE and CE are essentially the same, the
DCE and DTE have similar characteristics;
hence, in this section, only the DCE will
be discussed.

The collector channel electrode of the
DCE performs a similar function to
the ring electrode of the RRDE (see
Sect. 2.4.2.2), electrochemically detecting
products electrogenerated on the upstream
electrode, in this case the generator
channel electrode. Usually, the generator
electrode is held at a potential that ensures
mass transport—limited electrogeneration
of product and the collector electrode
is held at a potential to ensure
mass transport-limited electrochemical
reaction of this product. [Like the RRDE
(see Sect.2.4.2.2), when more than one
product is formed, the collector electrode
material and the potential can be chosen
to selectively detect the product of choice.]

As with the RRDE, the theoretical
collection efficiency N of the collector
electrode (see Eq. 15) has been determined
for the simplest case in which one stable
electroactive product is formed at 100%
efficiency

Jeoll = _Njgen (43)
where jei and jgen, are the collector and
generator electrode fluxes, respectively,
determined from the currents by
Eq. (7) [66, 69—71]. In the first treatment
[66, 69, 70, a wuniform surface
concentration was assumed across
the generator electrode, applicable to

electrochemically reversible systems. This
produces the following relationship
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for N:

N=1+2231-F@®)]-1+xr+0)

@) ren)
(2

which has been experimentally veri-
fied for the reversible ferri/ferrocyanide
couple [72], whereas the second treat-
ment [71], which assumes a uniform cur-
rent distribution on the generator elec-
trode, applicable to electrochemically irre-
versible systems, gives

(44)
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In both cases
o=2_1 (46)
x1
and ey
=2 (47)
X1

and F(0) is the function defined in
Eq. (17). It should be noted that as
for the RRDE, both treatments predict
N to be dependent only on electrode
geometry and not on flow conditions.
However, the nonuniform accessibility
of the channel configuration results in
a nonuniform current distribution of
the channel electrode, which leads to
different values of N for reversible
and irreversible electrochemistry at the
generator electrode. This is because the
reversible system (the first treatment)
assumes rapid electrode kinetics and a
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constant concentration of reactant and
product across the electrode surface,
which results in more current being
passed at the upstream end of the
generator electrode than in the irreversible
case. Products have more chance of
escaping from the upstream part of the
generator electrode into bulk solution
and evading the collector electrode. As
a consequence, the collection efficiency
is greater for the irreversible system.
This variation in collection efficiency can
in principle be used to determine the
electrochemical kinetics on the generator
electrode for those reagents in which
the electrochemical and mass transfer
rate constants are comparable at the
generator electrode. Under slow flow
conditions, the rate of mass transfer is rate-
limiting and the system can be considered
reversible, with N given by Eq. (44);
however, for fast flow, if the surface
electrochemical reaction becomes rate-
limiting, the reaction can be considered
irreversible, with N given by Eq. (45). The
flow condition at which the transition
between these two limiting values occurs
is therefore a useful measure of the
electrochemical kinetics [48].

Like the RRDE (see Sect.2.4.2.2), the
DCE has also been extensively used to
study the kinetics and mechanisms of
electrode reactions involving following
chemical reactions. A good example is
the electrooxidation of 4-amino-N, N-
dimethylaniline (ADMA), which proceeds
by an EC reaction in basic aqueous
solution [71].

NH, NH

—2e —-H*

NMe»> +NMe,

(48)

NH NH

+NHMe,
OH~

+NMe, O

(49)
The aromatic products of both the
first step (i.e. oxidized ADMA) and
the second step (following deamination)
are electrochemically active, and can
be detected under mass transport
control at 0.0 V and —0.2 V, respectively,
versus the saturated calomel electrode
on the collector electrode. Setting the
potential at —0.2V therefore detects
the current due to both the products.
As expected, when this current was
used to calculate the experimental
collection efficiency N, it closely
coincided with that expected for a
stable reversible electrochemical reaction
(Eq. 44). However, measurement of the
current at 0.0 V also enabled the
relative fluxes at the collector electrode
due to oxidized ADMA and the
product of the chemical reaction to be
deconvoluted. Increasing V¢ allowed the
transit time from generator to collector
to be decreased, which decreased the
importance of the following chemical
reaction. Comparison of the experimental
variation of N with V; for each
product with the theoretical response
solved through numerical methods [73]
allowed a value of k to be determined
as k=18 x10*dm3 mol~!s~!. This
was in good agreement with previous
spectrophotometric measurements [72],
demonstrating the applicability of this
approach.

As with the RRDE (see Sect.2.4.2.2),
transient collection measurements are
also possible with the DCE. Transient
data collection and analysis is extremely



important for measuring fluxes due to
the redox reaction of finite amounts
of species adsorbed on the generator
electrode (e.g. for modified electrodes, see
Sect. 2.4.2.2) or for reactions in which
generation is accompanied by adsorption
of products on the generator electrode.
The time-dependent collection efficiency
N:, has been calculated for a stable
species generated under electrochemically
reversible conditions and collected under
mass transport—controlled conditions
with 100% efficiency. This allows the
time-dependent variation of the collector
electrode current to be calculated
from Egs. (7 and 15) for a constant
generator electrode current. N; is the
collection efficiency as a function of the
dimensionless time 7, which is related to
the time ¢, by

w2p\"?

T = W22 t
Analytical expressions have been derived
both at short t and long 7 [74], and
these have been shown to correlate closely
with the general N; function determined
numerically (see Sect. 2.4.4), applicable at
all t[74]. This general function can be

reproduced to within 4.5% by the simple
analytical expression

(50)

N: 1 +tanh E
N 2
in the range 0.1 <6 > 1.0 and 0.5 < A >
1.5, where

E=|E- (l>2 T — (E)(B)*3
B

(1)

1.5 1 59

+ B3 e (52)

E =1.44 —0.386\ (53)
B =2.536+0.38.+ 0.9 (54)
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and 6, A, and N are given by Eqs. (46, 47
and 44), respectively.

Transient current DCE studies have
been utilized in the investigation of the
mechanism of anodic metal dissolution.
This reaction may be simply written as

—ne— +
Mg —— M"

(aq) (55)

but for many metals the actual mechanism
is much more complex, often involving
adsorbed intermediates. Such processes
have been studied wusing transient
measurements on the RRDE ([75], see
Sect. 2.4.2.2), but transient measurements
have also successfully been carried out
using the DCE[76, 77]. In this work,
a galvanic current step on the metal
generator electrode was used to induce
oxidation and dissolution of the metal
according to Eq.(55). The collector
electrode was then set to a potential to
cause mass transport—limited reduction
and detection of the metal ions, and
the transient collection current recorded.
Some of these reactions take place via
adsorbed intermediates

—ne— +
Mg —— M

(ads)
n—+ n—+
M (ads) M (aq)

in which case adsorption on the generator
electrode causes the experimental collec-
tor current to rise more slowly with time
to its steady state value, after the onset of
metal oxidation, than would be expected
in the absence of adsorption. The ex-
pected collector current, in the absence of
adsorption, can be calculated from the gen-
erator electrode current and Eqs. (7, 15, 44,
and 51) (or, more accurately, the current
predicted using the general N; function
calculated numerically, rather than Eq. 51).
The difference in charge (produced by
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integrating the current with time) between
the expected collection in the absence of
adsorption and the experimental collec-
tion has therefore been used not only as a
method for determining whether adsorp-
tion takes place but also as a quantitative
measure of the total number of moles of
adsorbed intermediate on the generator
electrode [76, 77].

An interesting application of the DCE is
in the study of electrochemiluminescent
reactions [78]. In this work, the generator
and collector electrodes were used to
generate the reduced and oxidized forms
of diphenylaniline (DPA) according to
the equations

gen, +e~
DPA ——— DPA™

coll, —e™
DPA — > DPAT (56)
These species were then mixed under
the controlled hydrodynamics of the DCE.
This gave the excited state, DPA*, which
luminesces because of the following
reactions:

DPA™ + DPAT —— DPA* 4+ DPA

— 5 2DPA + hv (57)

Disc r —> Ring
s aa— |

Fig. 11
solution near the RRDE into a
two-dimensional grid.

Luminescence was measured through
a transparent window (see Sect.2.4.3.5)
using a charge coupled device (CCD)
detector. The variation of ECL intensity
as a function of Vi permitted kinetic
and mechanistic modeling of the ECL
reaction.

244
Numerical Calculations

Although analytical solutions can be
derived for many reactions using the
RRDE (see Sect.2.4.2.2), owing to the
simplifications afforded by its circular
symmetry [3], there are many reactions,
particularly those with complicated
homogeneous kinetics, for which the
theoretical response of the RRDE requires
a numerical solution. An introduction
and overview of numerical methods was
given in Chapter 1.3 of this volume. Bard
and Prater [79] and Feldberg [80, 81] were
the first to develop suitable methodology.
Their approach was to divide the solution
in the vicinity of the RRDE into a grid
(Fig. 11). The circular symmetry of the
system ensures that all variables are
circularly symmetric, which reduces the
numerical analysis to a two-dimensional
problem, requiring a two-dimensional grid

The division of the



as shown. As long as one chooses a
grid with enough elements, any smooth
function, f(r,z), (such as concentration)
can then be approximated to a series of
discrete values, one of which is assigned
to each box location r, z. The derivatives
of these functions can then simply be
obtained from the differences between the
neighboring boxes.

Simulation occurs with successive time
steps, At from¢ = 0. The initial conditions
(at r = 0) define the starting configuration
of the system. Boundary conditions at the
disc and the ring and in the gap ensure
that the simulation remains physically
realistic (typical boundary conditions
are that the concentration gradient of
electrochemically active species at the
disc is set by the current at the disc,
that this concentration gradient must
be zero at the insulator between disc
and ring and that the concentrations
in the bulk solution must remain
constant at the bulk concentration value
at all 7). Numerical calculation then
typically involves the calculation of
the concentration differences between
neighboring boxes at the initial time,
t =0, to give the concentration gradients
dc;i/dz, dci/dr, 3%c;/9z%, and 8%c;/dr?
for the redox-active species i. The
convective-diffusion equation for the
system is then used to calculate dc;/dt
for each box, with the controlled
hydrodynamics of each system ensuring
reproducible, known, time-independent
solution convection. For example, for the
RDE, the convective-diffusion equation for
species i is

dC,‘
dr

_D.Bzci LC 5 0¢;
T2 “ a2

5
- Crza—j Lk (58)
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W3
C=-80 <_>
V

The final term in Eq. (58) is present when
analyzing electron transfer processes that
include a coupled homogeneous chemical
reaction. For example, for first-order decay
of i, the term is negative, m =1, n =
0, and k is a first-order rate constant
(s7'), whereas for bimolecular decay of
i by reaction with j, m=1, n=1,
and k is a second-order rate constant
(cm® mol~!s7!). A similar convective-
diffusion equation exists for each species,
i, j, and so on; these can be solved
to give dc/or for all boxes and all
species. These dc/dt terms then enable
the overall changes in concentration in
each box over a short time step At
to be determined, which gives the new
concentrations of each species in each box
at time At.

This process can be successively re-
peated, generating concentration profiles
for all species at times 2At, 3A¢, and so
on until steady state conditions have been
reached. The flux (and hence the current
from Eq. 7) at the ring electrode at any time
at any point on the ring electrode surface
is then simply determined by Fick’s first
law at the electrode surface (z = 0) for the
redox-active species i

' |:80i]
j=-D|—
0z z=0

To produce the most accurate values of
ring current, the concentration gradients
must be most accurately determined at
and near the ring electrode, where these
gradients are usually the steepest. A finer
grid is often used on the innermost box,
near the ring electrode [82], to achieve this.
Also, non-Cartesian space has been used,
replacing the Cartesian coordinate z with

where
1/2

(59)

(60)
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w, where [83]

w=-—— 3 (61)
— ) d
/0 exp( 3 ) X
where
W1/2

This has two effects. Firstly, instead
of the z variable extending from 0 to
infinity, the w variable extends from
0 to 1, thereby reducing the number
of boxes required in the calculation.
Secondly, this transformation linearizes
the concentration gradients, which makes
the contribution of each box to the total
calculation more equal. These effects
combine to greatly enhance the efficiency
of the calculation.

Similar numerical calculations can
also be carried out on the WJRDE
and the WTE because of their similar
circularly symmetric geometry. These
involve using the appropriate convective-
diffusion equation for the hydrodynamic
system of study. For the WJRDE this
is [84]

dc; 8% ac; ac P
E: iﬁ Uzg—vraikci Cj
(63)

where v, and v, are the solution velocity
components in the z- and r-directions,
respectively. As for all these hydrodynamic
electrodes, the variation of v, and v, with
r and z are well established.

For the DCE (and the DTE), such circular
symmetry does not apply. In this case, a
two-dimensional grid in x and y is again
constructed as in Fig. 11, but with the x-
component, which is the channel length
variable (see Sect.2.4.3.6), replacing the

variable r in Fig. 11 and the y-component,
which is the channel height variable
(Fig. 9 and see Sect. 2.4.3.5), replacing z
in Fig. 11 [55, 85, 86]. The generator and
collector channel electrodes then occupy
similar positions in this grid as the ring
and disc, respectively, in Fig. 11. In order
to make the simulation two-dimensional
and hence simple, the electrode width
(w in Fig. 10) is usually assumed to be
sufficiently large to ensure uniformity
in this dimension (although if this is
not the case, simulation, although more
complicated, is still perfectly feasible).
As long as the system has laminar
flow, the convective-diffusion equation for
this system is

dc; 8¢ 1 y2 dc
L _p—t_y _2 =
dr " 9y2 0 h? ) or
+ kcl’-"c;-" (64)

as the convective flow in the system is
determined by Eq. (38). The backwards
implicit method has been found to be the
best method of calculation for the DCE
system [55].

245
Microhydrodynamic Systems

With recent improvements in microma-
chining and microfabrication, solution
flow hydrodynamic systems have been
produced on the micrometer scale. A mi-
crometer scale WTE (MWTE) system has
recently been developed [87], as has a mi-
crojet electrode (MJE) [88—90]. This has
similar dimensions to the MWTE, but in
the MJE the nozzle has been placed off-axis
to enhance mass transport to the electrode.
A micromachined WJRDE (MW]JRDE) has
also been produced and characterized [91]
and microchannel electrode (MCE) and
microchannel double electrode (MCDE)



systems have been made both by a
sandwiching method [92] and by lithog-
raphy [93]. The fundamental question is
“why is there this drive toward fabrication
on the microscale?”

The first and most obvious answer
is the reduction in volume inherent
in reducing the hydrodynamic electrode
scale. It has been shown (see Sect. 2.4.3)
that all solution flow hydrodynamic
systems produce fluxes that are
directly proportional to Vi (usually to
some fractional power) and inversely
proportional to electrode scale. This is
because it is the solution velocity that
determines the hydrodynamic regime.
Reduction in electrode scale therefore
leads to a comparable solution velocity
at lower V¢, which allows experimental
measurement and theoretical analysis
of lower volumes of solution. This
is compatible with microanalysis in,
for example, biological systems and
microchromatography. Furthermore, the
lower V¢ values required enable less
technologically complex pumping systems
to be employed. The second answer is
that the collection efficiency of detector
electrodes (such as in the DCE, the
DTE, and the WJRDE systems) is
increased as the gap between generator
and collector electrodes is reduced.
Thus, micromachined systems offer the
possibility of enhanced detection. The
final answer is that as the distance
between generator and collector electrodes
is reduced, the transit time between
electrodes at a given solution velocity
is decreased. This transit time often
determines the fastest kinetic rate constant
that can be measured by the system for
unstable species, for if the kinetics are
so fast that the reaction is completed in
the zone between generator and collector,
a rate constant cannot accurately be

2.4 Hydrodynamic Electrodes

determined (see Sect.2.4.3.6). There is
a viable solution velocity range for any
hydrodynamic system; for example, if the
velocity is too low, irreproducible stirring
occurs, whereas if it is too high, turbulent
rather than radial flow occurs, which again
causes instability and irreproducibility.
Reduction of system dimension therefore
allows shorter transit times and faster
reaction kinetics to be accessed within
this viable solution velocity range [94]. The
shortest response time for any system can
also be determined in transient studies
by the electrode double layer charging
time, and this is also reduced with
electrode dimension. It is to be expected
that these advantages will ensure an
increase in the use of microhydrodynamic
electrode systems. Further applications
of microelectrochemical systems are the
subject of the next chapter.
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2.5
Microelectrodes — Retrospect and Prospect

Robert J. Forster
Dublin City University, Dublin, Ireland

2.5.1
Background and Introduction

Microelectrodes, also commonly known as
ultramicroelectrodes, may be defined as
electrodes whose critical dimension is in
the micrometer range [1-5]. Strictly, all
electrode dimensions should be smaller
than the thickness of the diffusion layer
on the timescale of the electrochemical
experiment. Microelectrodes have several
attractive features, including small cur-
rents, steady state responses in quiescent
solutions, and short response times [6].
Microelectrodes have been used since the
1940s, for example, to measure oxygen
concentrations within tissue [7]. However,
it is only since the 1980s that the wide
availability of microscopic wires and fibers,
as well as sensitive instrumentation, has
allowed them to be used extensively. Tradi-
tionally, electrochemistry suffered relative
to spectroscopy because electrochemical
measurements could be made only in
highly conducting media such as aque-
ous solutions containing a salt as sup-
porting electrolyte. This restriction arose
because resistance between the working
or sensing electrode and the reference
electrode limited the precision with which
the applied potential could be controlled.
However, the currents observed at micro-
electrodes typically lie in the picoamp to
nanoamp range, which is several orders of
magnitude smaller than those observed
at conventional millimeter-dimensioned
macroelectrodes. These small electrolysis
currents often completely eliminate ohmic
effects. Thus, electrochemical processes

can be investigated in high resistance sol-
vents, in solids, in supercritical fluids, and
in gases. Moreover, they facilitate mea-
surements at short timescales and at low
temperatures and allow redox mapping
to be performed with extraordinary spa-
tial resolution. Microscopic sensors and
arrays impact the development of areas
as diverse as the manipulation of indi-
vidual nanoparticles and the mapping of
brain functions.

2.5.2
Microelectrode Fabrication and
Characterization

We define microelectrodes as miniature
electrodes in which the critical electrode
dimension is of the order of 10 um yet it
remains much greater than the thickness
of the electrical double layer, which is
typically 10 to 100 A.

2.5.2.1 Microelectrodes

Figure 1 illustrates the five common mi-
croelectrode geometries. The microdisc
is the most popular geometry and is
employed in approximately 50% of all in-
vestigations. Other common geometries
include cylinders (20%) and arrays (20%),
with the remaining 10% comprising bands
and rings and less frequently spheres,
hemispheres, and more unusual assem-
blies. The most popular materials include
platinum, carbon fibers, and gold, al-
though mercury, iridium, nickel, silver,
and superconducting ceramics have also
been used. Microdisc electrodes predomi-
nate because of their ease of construction,
and because the sensing surface of the
electrode can be mechanically polished.
Microelectrodes in the form of discs,
cylinders, and bands are commonly fab-
ricated by sealing a fine wire or foil
into a nonconducting electrode body such



Fig. 1 The most common
microelectrode geometries and their
associated diffusion fields.

as glass. Spherical and hemispherical
microelectrodes are typically formed by
electrodepositing mercury onto platinum
or iridium microdiscs.

2.5.2.2 Nanodes

The term nanode has been introduced to
describe electrodes with at least one di-
mension in the nanometer size range [8].
Although their fabrication and charac-
terization remain challenging, these ul-
trasmall probes with critical dimensions
approaching those of individual molecules
are now an integral part of the field.

A procedure commonly used to fabricate
nanodes uses the electrochemical etch-
ing approaches originally developed for
the production of STM tips [9]. For exam-
ple, applying a 2 V root-mean-square AC
waveform to a platinum wire immersed in
a solution of saturated CaCl, (60% v/v),
H,0 (36%), and HCl (4%) produces an
atomically sharp tip [10]. These tips can
then be sealed in glass and the tip ex-
posed by careful polishing. However, a
disadvantage of this approach is that the
height-to-radius ratio of the tip cannot be
varied over a wide range causing the elec-
trode radius to increase significantly as one
polishes down through the cone.

Unwin and coworkers [11] have devel-
oped a straightforward approach for fabri-
cating platinum microelectrodes with tip
sizes as small as a few nanometers. Their
innovation is to use an electrophoretic
paint to insulate the electrode walls while
leaving an electrochemically active tip ex-
posed. These electrodes have excellent
properties for use in scanning electro-
chemical microscopy (SECM), discussed
further in Chapter 3.3.
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Approaches based on micropipette
pullers allow the height-to-radius ratio of
the conical shaped nanode to be controlled
over a much wider range than is accessible
using electrochemical sharpening. Wong
and Xu [12] have described an elegant ap-
proach to the fabrication of carbon disk
nanodes using a laser-based micropipette
puller. First, quartz capillaries are pulled
using a laser-based micropipette puller to
form a small tip. A carbon deposit is then
formed by pyrolyzing methane, and finally
electrical contact is made with the disk us-
ing mercury. The carbon nanodes exhibita
well-defined response for dopamine with a
low background charging current. Mirkin,
Lewis and coworkers [13] have also em-
ployed a laser-based micropipette puller
but to fabricate platinum nanodes. In their
approach, the laser simultaneously heats
both the glass electrode body and the plat-
inum microwire while it is mechanically
stretched to a nanometer-dimensioned tip.
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The tip is exposed either by chemical etch-
ing or micropolishing and ranges from
2 to 500 nm in radius. The voltammetric
performance of these nanodes is excellent,
with close to theoretical resistances and
interfacial capacitances being observed.

Carbon fiber nanodes have been fabri-
cated by first etching a single fiber using an
argon ion beam thinner [14]. Then a single
fiber with a tip diameter of approximately
50 nm is inserted into a glass capillary and
sealed by heating under a vacuum. The
analytical performance of these electrodes
is excellent with wide dynamic ranges and
low limits of detection being observed for
dopamine and 5-hydroxytryptamine.

Although the voltammetric performance
of some nanodes is excellent, it is impor-
tant to note that when the thicknesses
of the depletion and double layers become
comparable, classical theories are not likely
to be applicable [15].

2.5.2.3 Microelectrode Arrays

A microelectrode array consists of a se-
ries of microelectrodes separated by an
insulating material. The small size of mi-
croelectrodes facilitates the use of arrays,
because several elements can fit into a
small surface area. Within these arrays,
individual electrodes may all be connected
in parallel, that is, coupled electrodes, or
they may be independently addressable.

2.5.2.3.1 Arrays of Coupled Electrodes
Two significant objectives in using mi-
croarrays are to increase the magnitude
of the observed current and to improve
the ratio of the Faradaic to charging cur-
rents. Arrays of microelectrodes achieve
the first objective simply by increasing
the area at which Faradaic reactions can
occur compared to a single microelectrode.
Microarrays achieve the second objective

because the double-layer charging current
depends simply on the area exposed to the
electrolytic solution. In contrast, at long
experimental timescales, the diffusion lay-
ers associated with the Faradaic reaction
coalesce and the total Faradaic current is
given by the area of the microelectrodes
plus the insulator. In this way, the contri-
bution from capacitance to the total current
is reduced compared to a uniformly acces-
sible surface.

The first approach to fabricating an ar-
ray of coupled microelectrodes consists of
sealing a bundle of individually conduct-
ing microwires or fibers in an insulating
material and making a single electrical
connection to the assembly. Alternatively,
a conventional macroelectrode may be
modified with an insulating layer that has
microscopic faults through which analytes
can diffuse to the electrode surface. Elec-
trodes of this kind are known as random-
array microelectrodes or RAM electrodes.
Although both approaches give robust de-
vices, they suffer from the problem of
ill-defined spacing between the individual
elements. This irregular spacing causes
the diffusion layers to overlap at different
times making correlations with theory dif-
ficult. However, Amatore and coworkers
developed a theory to allow the size and in-
tersite separation of these microelectrodes
to be estimated from transient electro-
chemical data. Self-assembled monolayers
have been used to create RAM elec-
trodes, for example, Crooks and Baker [16]
formed arrays of nanometer scale elec-
trodes by cyanide etching hexadecanethiol
monolayers confined to Au(111) that was
modified by underpotential deposition of
copper. The electrode radii ranged from
6 to 80 nm. While the theoretical limiting
current correlated with the experimental
value, there was significant scatter in the



data due to the wide distribution of elec-
trode size and pitch. Other approaches
to partially blocking an electrode surface
include membrane-covered electrodes in
which the pores are filled with carbon paste
or other conducting material using me-
chanical or electrochemical approaches.
There is considerable interest in us-
ing microlithography, microcontact print-
ing, and micromachining to fabricate
arrays. For example, Whitesides and
coworkers [17] described a laser direct
write method for generating micrometer-
dimensioned patterns for microanalytical
applications. An elastomeric stamp was
used to fabricate a microelectrode array
by printing on a silicon wafer. Other
approaches to fabricating well-defined cou-
pled arrays include the use of the atomic
force microscope [18] or electron beam
lithography [19] to pattern spontaneously
adsorbed or self-assembled monolayers
followed by electrodeposition. For exam-
ple, microelectrode arrays with electrode
widths and spacings of 500 and 250 nm
have been created using deep UV pho-
tolithography [20]. Comparable resolution
can be obtained using hot embossing
lithography or nanoimprinting with liftoft

Tab. 1
microchemical sensors and biosensors
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using anisotropically etched silicon mas-
ters [21]. Arrays of interdigitated electrodes
with interelectrode spacings as small as
3nm can be fabricated using a shadow
evaporation technique [22].

2.5.2.3.2 Independently Addressable Arrays
Microfabrication technology, which takes
advantage of the thin- and thick-film tech-
niques developed for the integrated circuit
(IC) industry, allows the microelectrode
size, shape, material, and pitch to be
precisely controlled [23, 24]. Moreover, it
allows a separate electrical contact to be
made to each microelectrode so that it can
be addressed independently. Table 1 de-
tails the main microfabrication techniques
that are commonly used for microelec-
trode and microsensor fabrication [25]. As
illustrated in Fig. 2, photolithography and
chemical etching or liftoff are indispens-
able for this purpose [26]. A key distin-
guishing feature of microelectrode arrays
compared to conventional integrated cir-
cuits is the need to package the device
in a way that protects it from the sample
and the chemical environment [27]. The
production of packaging approaches that

Microfabrication techniques that can be used to produce microelectrode arrays and

Component

Techniques or materials

Electrode pattern
Insulation

Electrolyte layer pattern
Container

Flow cell

Photolithography etching, liftoff, metal masking, screen printing
Chemical vapor deposition, hydrophobic polymer

Screen printing, photosensitive polymer

Anisotropic etching, field-assisted bonding, photosensitive polymer
Anisotropic etching, isotropic etching, field-assisted bonding,

photosensitive polymer, dicing-saw

Liquid junction

Immobilization of
enzyme

Needle structure

Anisotropic etching, porous silicon, hydrophilic polymer
Liftoff, ink-jet printing, screen printing

Anisotropic etching, etch-stop
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Fig.2 Schematic representation of the approaches used to fabricate
microelectrode arrays and sensors. (a) Etching; (b) liftoff; (c) metal

masking; and (d) screen printing.

yield highly stable devices with long life-
times, but avoid problems with sample
contamination because of leaching from
the encapsulant, remains a technological
challenge [28].

253
Properties of Microelectrodes

2.5.3.1 Reduced Ohmic Effects

When Faradaic and charging currents
flow through a solution, they generate a
potential that acts to diminish the applied
potential by an amount iR, where i is the
total current and R is the cell resistance.
This is an undesirable process that leads
to distorted voltammetric responses.

As discussed in detail by Newman [29],
the solution resistance for a disc-shaped ul-
tramicroelectrode is inversely proportional
to the electrode radius,

1
R= 4gr M
where « is the conductivity of the solution
and r is the radius of the microdisc.
Equation (1) shows that R increases as the
electrode radius decreases. However, the
currents observed at microelectrodes are

typically six orders of magnitude smaller
than those observed at macroelectrodes.
These small currents often completely
eliminate ohmic drop effects even when
working in organic solvents. For example,
the steady state current observed ata 5-um-
radius microdisc is approximately 2 nA for
a 1.0 mM solution of ferrocene. Taking a
reasonable value of 0.01 Q7! cm~! as the
specific conductivity, then Eq. (1) indicates
that the resistance will be of the order
of 50000 2. This analysis suggests that
the iR drop in this organic solvent is
a negligible 0.09 mV. In contrast, for a
conventional macroelectrode the iR drop
would be of the order of 5 to 10 mV. Under
these circumstances, distorted current
responses and shifted peak potentials
would be observed in cyclic voltammetry.
It is useful to investigate the effect of
an experimental timescale on the iR drop
observed at microelectrodes. In a subse-
quent section, we discuss in more detail
how the diffusion field at microelectrodes
depends on the characteristic time of the
experiment. At short times, the dominant
mass transport mechanism is planar diffu-
sion and the microelectrode behaves like a
macroelectrode. Therefore, at short times,



the current i decreases with decreasing
electrode area (ox r2). Since the resistance
increases with decreasing electrode radius
rather than area, the product iR decreases
with decreasing electrode radius in short
timescale experiments. In contrast, at long
experimental timescales, the Faradaic cur-
rent depends directly of the radius making
the product iR independent of the elec-
trode radius.

2.5.3.2 Interfacial Capacitance
Altering the potential that is applied to
an electrode causes the charge on the
metal side of the interface to change
and some reorganization of the ions and
solvent dipoles in the double layer on
the solution side of the interface will
occur. This process causes electrons to
flow into or out of the surface, giving
rise to a charging or capacitive response.
The double-layer capacitance for a disc-
shaped ultramicroelectrode is proportional
to the area of the electrode surface and is
given by:

C =nr’C, )

where C, is the specific double-layer capac-
itance of the electrode. Thus, shrinking the
size of the electrode causes the interfacial
capacitance to decrease with decreasing r2.
These low capacitive currents are particu-
larly important for analytical applications
in which the ability to discriminate a
Faradaic signal above background charg-
ing often dictates the limit of detection that
can be achieved.

2.5.3.3 Electrode Response Times

Beyond chemical analysis, a major applica-
tion of microelectrodes is the investigation
of chemical reactivity. Therefore, it is im-
portant to consider the effect of shrinking
the electrode size on its response time.
Every electrochemical measurement has a
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lower timescale limit that is imposed by
the RC cell time constant, that is, the prod-
uct of the solution resistance, R, and the
double-layer capacitance, C, of the work-
ing electrode. Meaningful electrochemical
data can only be extracted at timescales
that are typically five to ten times longer
than the RC time constant [30]. Therefore,
an important objective when seeking to
make high-speed-transient measurements
is to minimize the cell time constant.

The existence of the double-layer capaci-
tance at the working electrode complicates
electrochemical measurements at short
timescales. Specifically, the double-layer
capacitance must be charged through the
solution resistance in order to change the
potential across the Faradaic impedance,
and this process cannot be achieved in-
stantaneously.

The time constant for this charging
process is given by Eq. (3),

rC = "¢
4K

3)
and is typically hundreds of microseconds
for a conventional millimeter-sized elec-
trode placing a lower limit on the useful
timescale of the order of several millisec-
onds. In contrast, as illustrated in Fig. 3,
the cell time constant decreases linearly
from approximately 2 us to 80 ns as the
electrode radius is reduced from 25 to
1um. The RC time constant can also
be decreased by making measurements
in highly conducting solutions, for exam-
ple, response times as short as 5 ns can
be achieved for an ideal 5-um-radius mi-
croelectrode by making measurements in
highly concentrated acidic solutions [31].
However, there are a number of practical
problems associated with the design and
fabrication of microelectrodes that cause
them to have RC time constants that
greatly exceed those predicted by Eq. (3).

165



166

2 Electroanalytical Methods

2500
»=80.139x +4.3159
000 R2=0.9991
=l
=
£ 1500 -
Q —
QO w»n
v £
£ 1000 —
7
500 —
0 T T
0 10 20 30
Radius
[um]

An important cause of nonideal re-
sponses is stray capacitance within the
electrochemical system that may arise
from the electrode itself, the leads, or elec-
trical connections. Stray capacitance will
increase the cell time constant as described
by Eq. (4).

1
RC = 4—(mzco + Cstray) (4
K1

where Csyay is the stray capacitance. Al-
though it depends on the microelectrode
design and the experimental setup, this
stray capacitance is typically between a
few pF and several tens of pF. The cell
time constant observed in these circum-
stances depends strongly on the relative
magnitudes of the double-layer and stray
capacitances. At a normal size electrode,
the stray capacitance is negligible com-
pared to the double-layer capacitance, and
therefore, does not significantly affect the
observed cell time constant. However,
when the magnitude of the double-layer ca-
pacitance is reduced by shrinking the size
of the electrode to micron and submicron
dimensions, the stray and double-layer ca-
pacitances can become comparable. For ex-
ample, taking a typical value of 40 uF cm 2
as the specific double-layer capacitance for
a platinum electrode in contact with 1 M

Fig.3 Relationship between the RC cell
time constant and the radius of
platinum microdiscs in which the
supporting electrolyte is 0.1 M HCI. Cell
time constants were measured using
chronoamperometry conducted on a
microsecond to submicrosecond
timescale by stepping the potential from
0.200 to 0.250 V versus Ag/AgCl.

aqueous electrolyte solution, the double-
layer capacitance of a 1-mm-radius disc will
be approximately 1 uF. This value is very
significantly larger than the pF stray capac-
itance found in a typical electrochemical
experiment. However, for a 1-um-radius
microdisc, the interfacial capacitance will
decrease by six orders of magnitude to
approximately 1 pF. Therefore, stray ca-
pacitance of even a few pF will cause
the observed RC time constant to increase
significantly beyond the minimum value
dictated by double-layer charging alone.
Thus, in seeking to implement ultrafast
transient techniques, it is vital to minimize
the stray capacitance.

There are two major sources of stray ca-
pacitance. First, the capacitance of the po-
tentiostat and leads. By using high-quality
cable of minimum length, for example,
by mounting the current-to-voltage con-
verter directly over the electrochemical cell,
and by avoiding the use of switches as
far as possible, stray capacitance from the
electrochemical system can be minimized.
Second, the microelectrode itself. For ex-
ample, if there is a small imperfection in
the seal between the insulator and the elec-
trode material, then solution leakage will
cause the RC cell time constant to increase
massively and the Faradaic response may



become obscured by charging/discharging
processes. Moreover, as shown by Wight-
man [32], as well as Faulkner and cowork-
ers [33], using silver epoxy or mercury to
make the electrical connection between
the microwire and a larger hook-up wire
can cause the RC cell time constant to
increase dramatically. This increase arises
because the electronically conducting mer-
cury/glass insulator/ionically conducting
solution junctions cause significant stray
capacitance. It is important to note that
these effects may only become apparent in
high-frequency measurements.

254
Mass Transport

Oxidation or reduction of a redox-active
species at an electrode surface generates
a concentration gradient between the in-
terface and the bulk solution. This redox
process requires electron transfer across
the electrode—solution interface. The rate
at which electron transfer takes place
across the interface is described by the
heterogeneous electron transfer rate con-
stant, k. If this rate constant is large,
then diffusional mass transport will con-
trol the current observed. Our objective
is to describe how the diffusion field
evolves in time. The experiment of inter-
est involves stepping the potential from
an initial value at which no electrode
reaction occurs, to one at which elec-
trolysis proceeds at a diffusion-controlled
rate. We consider the case of a spher-
ical electrode of radius rg placed in a
solution that contains only supporting
electrolyte and a redox-active species of
concentration C. The concentration gra-
dient at the electrode surface is obtained
by solving Fick’s second law in spherical
coordinates.
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The boundary conditions for the potential
step experiments described above are
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where r is the distance from the center of
the sphere, D is the diffusion coefficient
for the redox-active species, and C is the
concentration as a function of distance r
and time 7.

Equation (5) can be solved using Laplace
transform techniques to give the time
evolution of the current, i (f), subject to the
boundary conditions described resulting
in Eq. (6),

. nFADC™® nFAD'Y2C*® 6
i) = s T 20 (6)
where n is the number of electrons

transferred in the redox reaction, F is
Faraday’s constant, and A is the geometric
electrode area.

Equation (6) shows that the current
response following a potential step con-
tains both time-independent and time-
dependent terms. The differences in the
electrochemical responses observed at
macroscopic and microscopic electrodes
arise because of the relative importance
of these terms at conventional electro-
chemical timescales. It is possible to
distinguish two limiting regimes depend-
ing on whether the experimental timescale
is short or long.

1. Short times. At sufficiently short times,
the thickness of the diffusion layer
that is depleted of reactant is much
smaller than the electrode radius and
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Fig. 4 Diffusion fields observed at microelectrodes. (a) Linear
diffusion observed at short times and (b) radial (convergent)
diffusion observed at long times.
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the spherical electrode appears to be
planar to a molecule at the edge
of this diffusion layer. Under these
conditions, the electrode behaves like
a macroelectrode and mass transport
is dominated by linear diffusion to
the electrode surface as illustrated
in Fig. 4(a). At these short times,
the +~/2 dependence of the second
term in Eq. (6) makes it significantly

larger than the first and the current
response induced by the potential step
initially decays in time according to the
Cottrell equation.

nFADY2C®
71/241/2

i(t) = (7)

Figure 5 shows the relationship that
exists between the range of useable scan

Fig. 5 Theoretical limitations on
ultrafast cyclic voltammetry. The shaded
area between the slanted lines
represents the radius that a microdisc
must have if the ohmic drop is to be less
than 15 mV and distortions due to
nonplanar diffusion account for less
than 10% of the peak current.

(a) Without iR drop compensation by

positive feedback and (b) with 90% and

99% ohmic drop compensation. The
dotted areas in (a) and (b) represent the
regions in which transport within the
double layer affects the voltammetric
response. Limits are indicative and
correspond approximately to a 5 mM
anthracene solution in acetonitrile,

0.3 M tetrafluoroborate as supporting
electrolyte. (Reproduced by permission
of Marcel Dekker from C. Amatore,
Electrochemistry at Microelectrodes, Ed.
I. Rubenstein, Chap. 4, 1995.)



rates and electrode radius subject to the
condition that ohmic drop is negligible
and that the dominant mass transport
regime is linear diffusion [34].

2. Long times. Atlong times, the transient
contribution given by the second term
of Eq. (6) has decayed to the point at
which its contribution to the overall
current is negligible. At these long
times, the spherical character of the
electrode becomes important and the
mass transport process is dominated by
radial (spherical) diffusion as illustrated
in Fig. 4(b).

The current attains a time-independent

steady state value given by Eq. (8).
nFADC®

s

lss = (3
The steady state response arises because
the electrolysis rate is equal to the
rate at which molecules diffuse to the
electrode surface.

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

This objective can be achieved by con-
sidering the ratio of the transient to steady
state current contributions (Eqs. 7 and 8,
respectively). This analysis gives a dimen-
sionless parameter (7Dr)!/2/rg that can
be used to calculate a lower time limit at
which the steady state contribution will
dominate the total current to a specified
extent. For example, the time required for
the steady state current contribution, ig,
to be ten times larger than the transient
component, i, can be calculated. Taking
a typical value of D as 1 x 107> cm? 57!
for a redox couple dissolved in an aqueous
solution, then for an electrode of 5-mm
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radius, the experimental timescale must
be longer than 80 s. Therefore, steady state
is not observed for macroelectrodes at the
tens of mV s~! timescale typical of con-
ventional cyclic voltammetry experiments.
However, reducing the electrode radius by
a factor of a thousand to 5um, means
that a steady state response can be ob-
served for times longer than 80 us. Since
the steady state current becomes more
dominant with increasing time, steady
state responses are easily observed for
microelectrodes in electrochemical exper-
iments run at conventional timescales.
Figure 6(a) shows the sigmoidal-shaped re-
sponses that characterize steady state mass
transfer in slow scan-rate cyclic voltamme-
try. In contrast, as illustrated in Fig. 6(b), at
short experimental timescales (high scan
rates), peaked responses similar to those
observed at conventional macroelectrodes
are seen. It is important to emphasize
that there is no theoretical barrier to ob-
serving steady state behavior for any size
of electrode. However, for conventional
millimeter-dimensioned macroelectrodes,
the time taken is too long to be experimen-
tally practical. Moreover, unintentional
convection, for example, caused by build-
ing vibration, will play an important role
in the mass transport process at these
long timescales.

The preceding analysis considered a
spherical electrode because its surface is
uniformly accessible, and a simple closed-
form solution to the diffusion equation
exists [35]. The microdisc is the most
widely used geometry, but the deriva-
tion of rigorous expressions describing
their experimental response is complicated
because the surface is not uniformly ac-
cessible. For discs, electrolysis at the outer
circumference of the disc diminishes the
flux of the electroactive material to the cen-
ter of the electrode. However, microdisc
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Fig. 6 Effect of scan rate on the cyclic voltammetry of 1.0 mM
ferrocene at a 6.5-um gold microdisc where the supporting
electrolyte is 0.1 M tetrabutyl ammonium perchlorate in acetonitrile.
(a) Scan rateis 0.1 V's~' and (b) scan rate is 10V s~'. (Reproduced
with the permission of the American Chemical Society from

J. O. Howell and R. M. Wightman, Anal. Chem. 1984, 56, 524.)

and microring geometries share the advan-
tage of spherical microelectrodes in that
quasi-spherical diffusion fields are estab-
lished in relatively short periods of time.
The steady state current is given by,

iss = ynFDCr 9

where y is 4 and 27 for disk and hemi-
spherical shaped electrodes, respectively.

Observing a steady state response de-
pends on all the electrode dimensions
being small, not just the radius, and is
therefore not achieved for every geome-
try at the timescales considered above. For
example, band electrodes whose thickness
is in the micrometer range, but whose
length is several millimeters, do not ex-
hibit true steady state responses. However,
a high analyte flux to the ends of the
band often makes it possible to observe
a pseudo—steady state condition in a prac-
tical sense. Radial diffusion gives very high
rates of mass transport to the electrode sur-
face with a mass transport coefficient of the
order of D/r. Therefore, even at rotation
rates of 10* rpm, convective transport to
a rotating macroelectrode is smaller than
diffusion to a 1-um microdisc.

2.5.4.1 Instrumental Challenges

Taking typical values of 1mM and
1x 107> cm? s~! for the concentration
and diffusion coefficient, respectively, the
steady state current is of the order of
2 nA for a 5-um-radius microdisc. As de-
scribed by Eq. (9), the magnitude of this
current will decrease with decreasing elec-
trode radius and picoamp currents will
be observed for a 10-nm-radius electrode.
These are certainly small currents but
can be measured with relatively simple
circuits based on operational amplifiers.
This success can only be achieved be-
cause the measurement is performed at
long timescales. The ability to measure nA
to pA currents at nanosecond timescales
remains a challenge.

255
Applications
2.5.5.1 Electroanalysis

The advantages of microelectrodes are
exploited in many different areas of elec-
troanalysis, with the environmental, food
quality assurance, and biomedical appli-
cations being the most active. Portability



represents one of the key advantages of
electrochemistry over spectroscopy, espe-
cially for on-site analysis.

Bond and coworkers [36] have probed
the ability of microelectrodes to determine
low concentrations of electroactive species
using flow injection analysis. Ferrocene
was chosen as a test system to avoid any
complications associated with irreversible
reactions. Measuring concentrations of the
order of 10 nM proved challenging and
required the use of a battery operated two-
electrode potentiostat because of 50-Hz
noise coming from the mains power
supply. Bond has also shown that it
may be easier to realize low limits
of detection using macro- rather than
microelectrodes [37]. For example, the
electrochemical detection of As(III) at a
platinum electrode in an HPLC system
becomes less favorable as the electrode
radius decreases. Thus, while 10 nM
As(III) could be detected at a 50-pum-radius
microelectrode, the limit of detection
increased to 500 nM when a 2.5-um-
radius electrode was used. This falloff in
performance appears to arise because of
imperfect seals and high stray capacitance
for the smaller electrodes.

Electrochemical-stripping  techniques
promise not only portability but also
high sensitivity with disposable one-
shot systems, as already highlighted
in Chapter 2.3. Wang and Tian [38]
have wused screen-printed electrodes
for stripping measurements of trace
mercury. This research group has
also  demonstrated the significant
benefits of performing anodic stripping
voltammetry (ASV) of trace metals at
lithographically fabricated pyrolitic carbon
interdigitated microelectrode arrays [39].
Their innovation was to collect the
soluble metal ions generated at one set
of electrodes by applying a reducing

2.5 Microelectrodes — Retrospect and Prospect

potential at the other. This approach gives
enhanced performance under steady state
conditions with improved baselines due to
reduced charging currents. Square-wave
ASV has already been conducted using
microfabricated mercury microelectrode
arrays for the detection of Cd**, Pb%,
Cu’t, and Zn?* [40, 41].

When dealing with complex matrices
such as those encountered in food and
medical samples, it is often difficult to de-
velop a sensor that exhibits a sufficiently
selective response for the target analyte.
Under these circumstances, arrays and
mathematical modeling, for example, prin-
cipal components analysis, artificial neural
networks, or other pattern recognition ap-
proaches, may be required [42].

Recently, a number of papers have ap-
peared describing novel approaches to the
detection of analytes based on principles
traditionally associated with biological sys-
tems or semiconductors. For example,
Amatore and coworkers [43] described as-
semblies of paired microband electrodes
that behave like neuronal synapses. The
generator electrode mimics a synaptic ter-
minal while the collector functions as a
postsynaptic membrane. These artificial
synapses can be designed in several config-
urations allowing Boolean functions such
as AND or OR operations to be performed.
Bartlett and coworkers have reported a
molecular electronic device thatis based on
direct electrical communication between
an enzyme (horseradish Peroxidase, HRP)
and a conducting polymer [44]. The sys-
tem uses two carbon microband electrodes
separated by a 20-um gap that is bridged
by poly(aniline) coated with an enzyme-
containing layer. In the presence of hy-
drogen peroxide, the polymer is driven
into its nonconducting state. This analyte-
induced switching from conducting to in-
sulating states is reminiscent of transistor

17



172

2 Electroanalytical Methods

operation and represents a novel molecular
electronics approach to chemical sensing.

2.5.5.2 Small Sample Volumes

Microelectrodes open up the possibility of
probing redox processes in small sample
volumes or physically small spaces. For
example, the redox properties of sample
volumes as small as a few picoliters have
been interrogated. Experiments of this
kind are possible because, as described
by Eq. (10), for solution phase reactants,
the depletion layer thickness, 8, depends
on the experimental timescale.

§ = (mDt)/? (10)
For a 5-um-radius microelectrode and a
1-us electrolysis time, the volume that is
depleted of reactant will be less than 5 pL!

Wightman and coworkers have exploited
this method to probe electrochemilumi-
nescent reactions involving individual re-
actant pairs [45]. Their approach is to use
50-us potential steps at a 5-um-radius mi-
croelectrode to electrolyze a few femtoliters
ofa9,10-diphenylanthracene solution so as
to generate a small population of radical
anions. By allowing these radical anions to
diffuse into a solution containing the rad-
ical cation of the same molecule, singlet-
excited states of 9,10-diphenylanthracene
were created. This electronically excited
state then decays back to the ground state
by emission. Because of the low concen-
trations involved, these reactions are seen
as individual light-producing events.

Bard and Fan developed an approach
to allow single redox-active molecules to
be detected by using a piezoelectric posi-
tioner to move a microelectrode toward a
large counterelectrode so as to create a mi-
crovolume electrochemical cell [46]. When
a redox-active molecule moves from bulk
solution into the microvolume defined

by the two electrodes, it is repeatedly
electrolyzed so as to generate a measur-
able current. Transport of the electroactive
species is dictated by Brownian motion
causing the events to be infrequent.

Rather than rely on controlling the ex-
perimental timescale to probe only a tiny
volume, Wightman and coworkers have
demonstrated that microcapillaries can be
used to create vials with a volume of
100 pL [47]. Evaporation of the sample
can be a particular problem when work-
ing with such small volumes, but it can
be minimized by placing a drop of min-
eral oil on top of the aqueous solution.
Another difficulty with measurements in
ultrasmall volumes is depletion of the reac-
tants causing the responses to deviate from
those found in conventional bulk experi-
ments [48]. Recently, lithography [49—51]
and UV laser photoablation [52] have been
used to create vials with picoliter vol-
umes. For example, as illustrated in Fig. 7,
Ewing and coworkers [53] have used a
template produced using lithography to
imprint microvials with volumes between
300 and 0.4 pL. Steady state voltammo-
grams for ferrocenecarboxylic acid show
close to ideal behavior even for vials with
1-pL volumes. Microvials of this kind are
particularly important for biological appli-
cations since they facilitate the detection of
redox-active messengers from single cells
without significant dilution.

2.5.5.3 Biosystems

Since the pioneering work of Davies and
Brink [7] in 1942 that measured the con-
centration of oxygen in animal muscle,
microelectrodes have been instrumental in
providing information about the concen-
tration and temporal release of redox-active
biomolecules. This research is becoming
more important in the light of evidence
that not only is the absolute concentration



Fig. 7 Scanning electron micrographs
of polystyrene microvials: (a) 75; (b) 20;
and (c) 0.4 pL. The microvials were
sputtered with Pd/Au prior to imaging.
(Reproduced with the permission of the
American Chemical Society from

R. A. Clark, P. B. Hietpas, A. G. Ewing,
Anal. Chem. 1997, 69, 259.)

of a chemical messenger important in
dictating a cellular response, so too is
the time profile (frequency) of the output.
The chemical events of interest are of-
ten restricted to the interior or exterior
surfaces of single cells. Therefore, to pro-
vide useful information about in vivo
biochemistry, these measurements must
be performed with a high degree of spatial
and temporal resolution, as well as a high
degree of sensitivity and selectivity [54].
Spectroscopic techniques such as fluo-
rescence microscopy, magnetic resonance
imaging, ion mass spectrometry, and even
X-ray emission imaging can provide use-
ful information about the two-dimensional
structure of biosystems. However, they
are typically restricted to high analyte
concentrations, millimeter rather than
micrometer resolution, and slow (> ms)
time responses.

The mammalian brain has been the fo-
cus of a significant research effort over
the last 25years and represents an ex-
traordinarily challenging environment in
which to perform analytical chemistry.
At every level of organization, the brain
is temporally and spatially heterogeneous
with neuronal structures of differing sizes
(from nanometer to millimeter) commu-
nicating with each other at timescales
ranging from the microseconds to hours
or days. When the objective is to eluci-
date the structure-function relationship of
these assemblies, the ability to make spa-
tially resolved measurements across a wide
range of timescales is paramount [55, 56].
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© 5 um

2.5.5.3.1 Spatial Sampling and Timescale
The first challenge is to ensure that
measurements of the neurotransmitter
concentration are sufficiently spatially lo-
calized to provide a meaningful insight
into the brain’s structure. Of particular
importance is the volume of tissue that
is sampled, since this dictates the size of
structure that may be examined. For exam-
ple, a microdialysis loop combining two
0.4-mm stainless steel cannulae cannot
provide information on a micron length
scale. In contrast, Eq. (10) indicates that by
using microelectrodes and experimental
timescales less than 100 s, the diffusion
layer thickness will be less than 1 um and
a high degree of spatial resolution can be
achieved. For example, Lu and Gratzl [57]
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investigated the drug resistance of indi-
vidual cancer cells by voltammetrically
monitoring the efflux of the anticancer
drug, doxorubicin, from the cells. This ap-
proach promises to provide information
about the heterogeneity of individual can-
cer cell resistance on a length scale not
previously attainable.

Wightman and coworkers, have demon-
strated that the distance between the
microelectrode and the source cell can
dramatically affect the nature of the micro-
electrode response [58—60]. As illustrated
in Fig.8, driving the electrode toward
the cell causes the amplitude of the cur-
rent spikes associated with catecholamines
release to increase in amplitude and
become narrower. This behavior arises
because the neurotransmitter rapidly dif-
fuses in the extracellular medium giving
rise to smaller, broader peaks when the
microelectrode is far from the release
site.

2.5.5.3.2 Sensitivity A second key issue
in bioelectrochemistry is sensitivity [61].
In the case of localized release, for ex-
ample, neurotransmitter release through
exocytosis, the local concentration may be
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high, but the total number of molecules
released will be very small. In this regard,
the high mass rather than concentration
sensitivity of electrochemical techniques,
and the ability to routinely measure small
currents, <1 pA, is important.

2.5.5.4 Neuronal Networks for Drug
Evaluations

Beyond in vivo studies of fundamen-
tal biochemistry, microelectrode arrays
have been used as platforms for growing
active neuronal networks [62—65]. These
cultures continue to grow and remain ac-
tive for extended periods, exceeding three
months under some conditions. These in
vitro networks display complex spatiotem-
poral spike and burst patterns that are
highly sensitive to their chemical environ-
ment. For example, Gross and cowork-
ers [66] have grown networks of embryonic
spinal cord and auditory cortex tissues on
64 element arrays and performed quan-
titative investigations into the effects of
cannabinoid mimetics, for example, anan-
damide and methanandamide, on cell ac-
tivity. These investigations reveal that the
agonists generate specific, concentration-
dependent spontaneous activity that can

Fig. 8 Amperometric detection at
isolated bovine adrenal medullary cells
detected at glass encased (a—c) and
etched (d—f) carbon fiber electrodes at 1
(A, D), 5 (B, E) and 10 um (C, F).
Measurements at each position were
made simultaneously with the large and
small electrode. Release of
catecholamines was induced by a 3-s,
100-uM nicotine exposure applied at
1.25 s. (Reproduced with the permission
of the American Chemical Society from
K. T. Kawagoe, . A. Jankowski,

R. M. Wightman, Anal. Chem. 1991,
63,1589.)



be reversibly turned on and off. The
intra- and interculture response is highly
reproducible suggesting that the cul-
tures provide reliable quantitative infor-
mation about drug interactions with neu-
ronal tissues.

While these investigations are likely
to play pivotal roles in identifying new
chemical treatments for neuroconditions
ranging from Parkinson’s disease to
schizophrenia and depression, microelec-
trodes will continue to play important
roles in invasive surgery. For example,
ablative procedures, deep brain stimu-
lation, and cell transplantation are all
emerging treatments for Parkinson’s dis-
ease. Microelectrodes, especially devices
in which the conducting wire or fiber is
coated with a microscopically thin insulat-
ing layer, provide important information
about the physical and chemical structure
of the brain making surgical intervention
in the basal ganglia considerably more pre-
cise [67].

2.5.5.5 Artificial Noses

Another area of substantial interest is the
development of the electronic nose [68,
69]. Microarrays modified with conducting
polymers coupled with pattern recogni-
tion or neural networks, represent a useful
approach to analyzing or at least char-
acterizing gas mixtures [70]. The most
popular detection mechanism is based on
the changes in electronic resistance when
the conducting polymers are exposed to
different volatile compounds. The sensi-
tivity to different volatiles can be altered by
changing the counterion incorporated into
the polymer at the time of synthesis or by
adding functional groups to the polymer
backbone. The ease with which the physic-
ochemical properties of these materials
can be changed contrasts with conven-
tional pellistor or metal oxide technologies.
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Moreover, the ability to deposit a coat-
ing on a microstructure without the need
for precise positioning equipment, for ex-
ample, drop-on-demand technology, makes
electropolymerization especially attractive.

Resistance is often the measurement of
choice, since reference and counterelec-
trodes are not required and the measure-
ment can be performed in both solution
and gas phases. Typically, two adjacent
microelectrodes are connected and poly-
mer deposited from the solution across
the gap separating the two elements. For
analysis, the resistance between adjacent
electrodes is measured as the device is
exposed to the gases of interest. Because
the responses are typically sparingly selec-
tive rather than specific, each electrode or
collection of electrodes within the array is
functionalized in a slightly different way,
for example, chemically distinct polymers,
or simply different morphologies induced
by the deposition rate.

This technology has spawned at least
five commercial instruments: the Aromas-
can (Alphatech International), the NOSE
(Neotronics Olfactory Sensing Equipment;
Neotronics), the Bloodhound (University
of Leeds Innovations Ltd.), and the Elec-
tronic Nose (Nordic Sensor Technologies).
The MOSE-nose (Metal Oxide Sensor Elec-
tronic nose) system (Alpha) is based on
metal oxide sensors. The principal tar-
get of these arrays is quality control in
the food and beverage industries (no-
tably, cheeses and wines), in which the
subjectivity of the human nose can some-
times create problems with traditional
analytical techniques. However, medical
applications are emerging in which body
odors are used for the diagnosis of vari-
ous diseases and infections. The ability of
these devices to accurately mimic the hu-
man nose has been discussed in Ref. [71]
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along with artificial intelligence approaches
to data mining [72-74].

2.5.5.6 Low Conductivity Media

The ability to make electrochemical mea-
surements in low ionic strength media
allows analyses to be performed in unusual
media, for example, solids, frozen solu-
tions, low ionic strength media, and so on,
and facilitates comparison of spectroscopic
and electrochemical information [75].

2.5.5.6.1 Theoretical Descriptions The
first successful attempt to predict the
current for a redox reaction in the ab-
sence of a supporting electrolyte was
presented by Amatore and coworkers [76,
77]. Oldham also produced seminal work
in this area and presented a rigorous treat-
ment, including an analysis of the ohmic
drop [78]. These mathematical treatments
reveal that the total solute concentration
is uniform throughout the solution if
electroneutrality is maintained within the
depletion layer. However, Feldberg, White,
and coworkers [15, 79] have shown that
electroneutrality may not be maintained
when a significant part of the depletion
layer lies within the double layer. This
situation may arise when nanodes or elec-
trodes with dimensions approaching that
of the double layer (100A to 1um in
the absence of supporting electrolyte) are
used. It is perhaps important to note
that even in the absence of deliberately
added electrolytes, the ion concentration
is typically of the order of 107® M and
electroneutrality will be maintained even
for electrodes of micron dimension. More-
over, charged species are typically created
within the depletion layer during elec-
trolysis. Thus, as the Faradaic reaction
proceeds, the ionic strength within the
depletion layer increases.

2.5.5.6.2 Voltammetry in the Absence of
Deliberately Added Electrolyte Voltamme-
try in highly pure water without added
electrolyte is now well established [80-83].
The ability to perform stripping analysis
of metals without the need to add poten-
tially contaminating supporting electrolyte
is a particularly important application [80].
As illustrated in Fig. 9, Ciszkowska and
Osteryoung [84] have probed the voltam-
metric reduction of three metal cations:
thallium, cadmium, and lead, in solu-
tions of various salts {TINOjz, TI;SOq,
Cd(NO3)2, Pb(NO3)2, and CdSO4}, con-
taining either no supporting electrolyte
or where LiClO4 or Ca(NOs); were
added at various concentrations. The in-
fluence of migration was studied under
a wide range of concentrations of the
electroactive species and supporting elec-
trolyte [77, 85].

2.5.5.6.3 Voltammetry in Pure Liquid Org-
anics White and coworkers pioneered the
use of microelectrodes in neat organic
liquids and the theoretical interpretation
of the voltammetric responses [86—93].
A very low level of electrolyte helps
to lower the ohmic drop and permits
well-defined voltammetric waves to be
obtained. Voltammograms have been ob-
tained for redox processes of several
organic compounds, including nitroben-
zene [86, 87], 4-cyanopyridine [88], aniline
and pyrrole [94], acetonitrile [95], simple
alcohols [96], dimethylsulfoxide [97], and
DMEF [98]. Significantly, because the an-
alyte concentration is so high in these
experiments, water and other impurities
do not influence the observed responses to
any great extent.

Perhaps the most specific feature of
voltammetry of pure organics is the for-
mation of a microlayer of an ionic liquid at
the electrode surface [88]. This thin layer of
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Fig. 9 Staircase voltammograms for reduction of 0.65 mM TISOy4 at
a silver-based mercury film microelectrode. The concentration of
supporting electrolyte (LiClO4) is 0 (a), 0.1 (b), T (c) and 100 mM (d).
(Reproduced with the permission of the American Chemical Society
from K. M. Ciszkowska, J. G. Osteryoung, Anal. Chem. 1995,

67,1125

ionic liquid also leads to large differences
in the viscosity of the media, which change
both the activities of all species close to
the electrode surface and their diffusion
coefficients. These layers can be very sta-
ble, especially for the electrooxidation of
simple alcohols and the electroreduction
of nitrobenzene. In extreme situations,
precipitation may occur at the electrode
surface. White and coworkers have used
interferometry [90] and voltammetry at el-
evated pressure [91] to probe the interfacial
structure in these systems. These care-
ful studies allow the pressure dependence
of molecular transport to be investigated
and have demonstrated that the interfacial
layer can be compressed [91]. White and
Ragsdale [93] used the Cullinan—Vignes
equation to predict the reduction wave
height of nitrobenzene in acetonitrile over
a wide range of compositions. Signifi-
cantly, the deviations of experimental data
from the theoretical predictions for mole
fractions of nitrobenzene less than 0.4

allowed self-association of the solution
components to be detected.

2.5.5.6.4 Complexation Equilibria Tradi-
tionally, voltammetric investigations of
complexation suffered relative to spec-
troscopy because an excess of supporting
electrolyte had to be added. A high con-
centration of electrolyte can cause contam-
ination or can compete with the analyte
of interest in the complexation reaction.
Moreover, the high ionic strength can
cause the activity of the analyte to devi-
ate significantly from its concentration.
Also, the ability to perform electrochem-
ical measurements without deliberately
adding supporting electrolyte may extend
the range of analyte : ligand concentrations
that can be investigated.

Palys and coworkers [99] have extended
the work of Myland and Oldham [100]
to develop a model that describes the
steady state microelectrode response for
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a wide range of complexes that are inert
on the experimental timescale. Theory
indicates that the steady state limiting
current depends on the type of complex-
ation equilibrium, the type of the change
in the reactant charge number, and the
complex formation constant, 8. The the-
ory provides a good description of the
experimental data found for the com-
plexation of europium(IIl) with 1,4,8,11-
tetraazacyclotetradecane (cyclam) ina 4:1
mixture (v/v) of methanol and dimethyl-
sulfoxide.

2.5.5.6.5 Electron Transfer Mechanisms
Beyond its relevance for understanding
reaction energetics and dynamics, eluci-
dating the mechanism of electron transfer
reactions allows devices, materials, and
synthetic pathways to be rationally de-
signed. The effect of low ionic strength
on the reaction mechanism of a wide
variety of organic [101-103], organometal-
lic [104], and inorganic species [105—110]
has been explored. When attempting to ex-
tract accurate thermodynamic information
under these low ionic strength conditions,
it is essential to accurately correct for
ohmic drop effects [111, 112].

Amatore and coworkers have developed
a theory describing successive electron
transfers in low ionic strength solutions
and explored the coupling of migration
and homogeneous electron transfer re-
actions [113]. The analytical solutions ob-
tained allow the limiting currents to be
calculated for any stepwise electron trans-
fer reaction as a function of the ratio of
the redox to supporting electrolyte concen-
trations. This work provides a dramatic
insight into the importance of consider-
ing the homogeneous electron transfer
reactions between species that differ by
+2 in oxidation state, that is, repro-
portionation reactions. For example, the

authors demonstrate that the experimen-
tally observed current for the reduction
of [Ru(2,2-dipyridyl)3]** is approximately
50% smaller than that expected for a di-
rect two-electron reduction reaction. In
contrast, the theory that includes repro-
portionation effects accurately models the
experimental response.

Measurement of reaction kinetics can
also be facilitated by employing microelec-
trodes and low ionic strength solutions.
For example, in an elegant investigation,
Unwin and Macpherson probed the kinet-
ics of silver chloride dissolution in aqueous
solutions containing no supporting elec-
trolyte using the scanning electrochemical
microscope (SECM) [114]. They also used
the alternating direction implicit finite dif-
ference method to solve the mass transport
equation for the system and demonstrated
that steady state current-distance measure-
ments allow the order of the reaction
to be determined. Significantly, this in-
vestigation suggests that rate constants,
particularly in the fast kinetic limit, can be
measured with greater precision in the ab-
sence of an inert electrolyte. Further infor-
mation on SECM is given in Chapter 3.3.

2.5.5.6.6 Analytical Applications ASVisa
sensitive technique that often provides ex-
cellent selectivity in the detection of metal
ions (see Chapter 2.3). In an elegant an-
alytical study, Ewing and coworkers [80]
used ASV to determine Pb?t concen-
trations in solution. The microelectrodes
were thin mercury films deposited on ul-
trasmall carbon-ring electrodes. Thin ring
electrodes can have effective diffusional
areas that are more than one hundred
times larger than microdisks of the same
geometrical area. This increase in acces-
sibility to diffusing species gives a higher
current efficiency that can reduce the limit
of detection by an order of magnitude.



The authors report the effects of several
experimental variables on the anodic strip-
ping current including, potential scan rate,
preconcentration duration, deposition po-
tential, concentration of Hg' during the
in situ deposition step, and Pb?* concen-
tration. Performing ASV in the absence of
deliberately added supporting electrolyte
was investigated as a means of reducing
impurity levels in the samples.

The high analyte flux at microelectrodes,
and their short response times, can be
exploited to increase the speed and sensi-
tivity of stripping analysis. Baranski and
Harman [115] used fast cathodic stripping
analysis at microelectrodes for the determi-
nation of various anions including iodide,
bromide, sulfide, and cysteine. The results
obtained using electrodes of conventional
size at slow scan rates (ca. 100 mV s™})
were compared with those obtained using
microelectrodes under fastlinear scan con-
ditions (ca. 700 V s~1). This study suggests
that fast scan methods can simultaneously
decrease the analysis time and improve
sensitivity since larger currents are ob-
served at high scan rate.

As discussed by Tercier and Buffle [116],
when trying to carry out ASV in samples
of low or variable ionic strength, it can be
difficult to correlate peak heights and an-
alyte concentration. This difficulty arises
because counterion transport is coupled
to oxidation of the metal that is concen-
trated within the mercury or polymeric
film. Therefore, the peak height, width,
and position can depend significantly on
the identity and concentration of the coun-
terions in the sample.

Buffle and coworkers[117] have in-
vestigated iridium-based mercury-plated
microelectrodes for the determination of
trace metals including Pb** and Cd**
at nM levels. These electrodes give
analytically reproducible results and have
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many desirable properties for analysis in
low ionic strength media such as lake
waters. The determination of lead and cad-
mium was also investigated by Daniele
and Mazzocchin [118] on a mercury film
deposited on a platinum disk electrode.
The influence of the solution resistance
and migration on the peak position, peak
width at half-height, and the peak current
were investigated. The results obtained
reveal that even a small ohmic drop
leads to larger fwhm values. Moreover,
their investigations emphasize the impor-
tance of considering the impact of ionic
strength—dependent liquid junction po-
tentials when attempting to determine
peak potentials accurately [119].

2.5.5.7 Solid State Investigations
Voltammetry at microelectrodes without
supporting electrolyte has proven to be
a very useful technique for studying
the transport of electroactive ions and
molecules in complex systems including
polyelectrolytes, molten salts [120], solu-
tions of high molecular weight polymers
that contain ionic groups [121-123], col-
loidal suspensions [124], and polymeric
gels [125]. Beyond the traditional objec-
tive of understanding ionic conductivity,
microelectrodes also allow the dynamics
of segmental polymer chain motion to
be investigated. One approach to probing
these dynamics is to dissolve redox-active
molecules in the polymer and then to
measure their diffusion rates through the
matrix. The high viscosity of these media
gives diffusion coefficients of the order of
10~7 cm? s~1, which is almost two orders
of magnitude smaller than values typically
observed in aqueous solution.

In recent years, there has been grow-
ing interest in electrochemical studies
in the solid state, that is, in the ab-
sence of liquid electrolyte phase [126-128].
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Suitable candidates for these investiga-
tions have mobile charge compensating
counterions and contain mixed-valence
redox centers. Beyond its theoretical im-
portance, solid networks are important
for chemical sensing[128], as well as
for the development of charge storage,
electrochromic, and molecular electron-
ics devices [129]. Faulkner and Kulesza
have successfully applied microelectrodes
to study solid-state redox transitions in

-
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bulk mixed-valence materials, such as sin-
gle crystals of silicotungstic acid [130, 131].
These crystals contain highly mobile pro-
tons at a high concentration, which serve
the same purpose as supporting elec-
trolytes in conventional electrochemistry.
Potential step and cyclic voltammetry have
been performed using a three-electrode
solid-state electrochemical cell of the type
illustrated in Fig. 10. As shown in Fig. 11,
the solid-state voltammetry of a single

Ag/AgCl reference
filled with gel + 3MNaCl

Fig. 10 Schematic representation of a
three-electrode cell for probing
solid-state redox processes.
(Reproduced with the permission of the
American Chemical Society from

P.J. Kulesza, L. R. Faulkner, J. Chen,

W. G. Klemperer, J. Am. Chem. Soc.
1991, 113, 379.)
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Fig. 11 Solid-state voltammetry of a silicotungstic acid single

crystal using a 5-um-radius carbon fiber microdisk. The scan rate
is 5 mV s~'. (Reproduced with the permission of the American
Chemical Society from P. J. Kulesza, L. R. Faulkner, J. Am. Chem.

Soc. 1994, 115,11 878.)



crystal of silicotungstic acid exhibits three
well-defined redox transitions correspond-
ing to the injection of one, two, or four
electrons to hexavalent tungsten atoms,
depending on the applied potential. Steady
state plateau currents are observed, which
is consistent with predominantly radial
mass transport to the microelectrode sur-
face. Solid-state electrochemical measure-
ments have allowed the mixed-valence
redox site concentration C,, the effective
diffusion coefficient D,pp., the standard
heterogeneous electron transfer rate con-
stant k°, and the formal potential E,
to be measured for this fast redox con-
ducting molecular solid. Recently, Kulesza
and coworkers [132] further developed this
approach and prepared a single crystal
of 12-tungstophosphoric acid, which con-
tains traces of chloroplatinic acid in its
secondary hydrated structure. Following
partial reduction of the system, metal-
lic Pt microcenters are generated. While
these particles do not adversely affect the
voltammetry of the polytungstate, at suffi-
ciently negative potentials, the dispersed Pt

0.7
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particles efficiently catalyze the discharge
of intrastructural protons.

Recently, Bond and coworkers developed
a very versatile method of studying the
voltammetry of solids in which insoluble
microcrystals are immobilized on an elec-
trode surface that is then placed in an
electrolyte. Voltammetry reveals that nu-
cleation and crystal growth phenomena
can accompany redox switching [133]. Sys-
tems of this kind have been used to probe
the dynamics of crystal growth, the effect
of the charge, and structure of the com-
plex on crystallization [134] as well as the
dynamics of charge transport through the
films [135].

In collaboration with the Bond
group [136], we have investigated the
voltammetric properties of microcrystals
of [Os(bpy)z 4-tet-Clj(ClO4) (Fig. 12)
(where Dbpy is 2,2-bipyridyl and 4-
tet is 3,6-bis(4-pyridyl)-1,2,4,5-tetrazine)
that are mechanically attached to
macro- and microdisk electrodes. The
complex is insoluble in water, allowing
the solid-state redox properties to

Fig. 12 Structure of [Os(bpy); 4-tet
ClICIO4 used to form solid deposits on
microelectrode. The voltammograms
are steady state responses recorded at
1 mV s~ using a 2-um-radius
microelectrode. The supporting
electrolyte is 1.0 M HCIO4 and 1.0 M
NaClOy4 for the smaller and larger
limiting currents, respectively.
(Reproduced with the permission of the
American Chemical Society from

R. ). Forster, T. E. Keyes, A. M. Bond, J.

l
[pA]

Phys. Chem. B 2000, 104, 6389.)
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be probed Dby placing the modified
electrode in an aqueous electrolyte media.
Scanning electron microscopy reveals
that repeated voltammetric cycling in
sodium perchlorate electrolyte can induce
crystallization of the material on the
electrode surface. In contrast, in perchloric
acid, the films remain amorphous even
after several thousand voltammetric scans.
We have used voltammetry conducted
at slow (ImVs~!) and fast (1Vs7})
scan rates to determine the absolute
concentrations of redox centers within the
film (1.8 and 1.6 M for NaClO4 and HCIO4
electrolytes, respectively) and the apparent
diffusion coefficients for homogeneous
charge transport (2.7 x 107! and 5.0 x
1071 cm? s for NaClOs and HClO4
electrolytes, respectively). The dependence
of the voltammetric peak current on the
pH of the contacting electrolyte was used to
estimate the pK, of the unbound pyridine
moiety of the tetrazine ligand as 3.5 £ 0.1
in the solid state as compared to 2.7 £ 0.2
in essentially aqueous solution.

2.5.5.8 Ultrafast Electrochemical
Techniques

Many significant electrochemical events,
such as electron and proton transfers,
ligand exchanges, isomerizations, and
ejection of leaving groups, occur on
the low microsecond and nanosecond
time domains. To achieve a meaning-
ful insight into these redox processes, it
must be possible to measure large rate
constants. However, conventional electro-
chemical methods cannot fulfill this role
since they are restricted to millisecond, or
longer, timescales [137]. Thus, while mod-
ern pulsed laser spectroscopy has provided
a powerful new insight into chemical pro-
cesses that occur at picosecond and even
femtosecond timescales, it is only recently
that electrochemists have meaningfully

probed redox processes occurring on the
submicrosecond timescale [31, 138].

Ultrafast electrochemical techniques
provide information about the kinetics and
thermodynamics of redox processes that
occur at microsecond or even nanosec-
ond timescales. This short timescale is
achieved either by making very rapid
changes in the applied potential or by using
ultrasmall probes to achieve very high rates
of diffusion under steady state conditions.
The former approach was introduced in
the context of LSV and CV in Chapter 2.1.
Microelectrodes play pivotal roles in both
approaches. Electrochemistry has several
advantages over spectroscopy in that it
provides direct information about electron
transfer and coupled chemical reactions.
In transient measurements, decreasing
the lower accessible timescale depends
critically on fabricating ultramicroelec-
trodes that continue to respond ideally as
their critical dimension, for example, the
radius of a microdisk, decreases. The sec-
ond difficulty is with ohmic drop since a
small diffusion layer corresponds to a large
concentration gradient, and hence large
currents. In steady state approaches, ultra-
small probes are required to make short
timescale measurements. As discussed in
Sect. 2.5.2.2, various approaches that yield
nanodes, that is, electrodes of nanometer
dimension, have been developed but the
production of well-characterized nanodes
remains a challenge.

2.5.5.8.1 Transient Techniques In tran-
sient electrochemical measurements in-
volving a solution phase redox couple,
one seeks to create a competition between
the reaction of interest, that is, electron
transfer at the electrode surface or cou-
pled homogeneous steps, and diffusion
of the species to and from the electrode
surface [139].



Heterogeneous electron transfer dynamics.
Understanding the factors that impact the
rate of heterogeneous electron transfer
across a metal—solution interface under-
pins the development of advanced sen-
sors, batteries, and molecular electronic
devices. As shown in Table 2, the het-
erogeneous electron transfer dynamics
of a diverse range of organic and inor-
ganic species have been investigated us-
ing transient techniques [140-153]. How-
ever, cyclic voltammetry of the an-
thracene—anthracene anion radical has
been used extensively as a reference sys-
tem for characterizing new electrodes and
instruments. This focus arises because the
aromatic nature of the molecule leads to
very small changes in the bond lengths and
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angles, that is, the Marcus inner sphere re-
organization energy is small [154], causing
the heterogeneous electron transfer rate
constant to be large. Wightman [155] has
studied this reaction using cyclic voltam-
metry at scan rates up to 10° Vs~! and
found good agreement between the pre-
dictions of the Nicholson and Shain theory
and experiment after correcting for the
nonspherical nature of the microdisc used.

Despite the many elegant investigations
that have been conducted into the het-
erogeneous electron transfer dynamics of
solution phase reactants, the magnitude
of the diffusion-controlled current at short
times ultimately places a lower limit on
the accessible timescale. As described by
Eq. (10), the thickness of the diffusion layer

Tab.2 Rate constants for heterogeneous electron transfer as determined using transient methods

Analyte Electrode® ke [ems™1] References
Anthracene Au, 6.5 um 3.46 £0.55 155
Au, 5 um 33 140
Au, 5 um 2.6 141
Au, 3, 8.5 um 3-438 142,143
Au, 6 um 10 144
Anthraquinone Pt cylinder, r = 25.4 um, | < 0.25cm 1.78 £0.35 155
Pt, 5 um 1.5 141
Au, 6.5 um 2.4 145
Benzoquinone Pt, 5 um 0.14 141
Ferrocene Pt, 5 um 1.1 141
Au, 5 um 3.1£1.1 146
Pt, 5 to 25 pm 1.4-3.6 145
Pt, 10 um 147
Ferrocyanide C cylinder, r =15 um, | = 500 um 0.0114 + 0.0022 148
Pt, 10, 50 um 0.42 £0.03 149
C 5um 0.06 £ 0.05 150
Pt, 1 to 30 um 0.64-0.79 151
Pt, 20 um 0.2 152
9-fluorenone Pt, 6 um 3 153
[Ru(bpy)s]*+ Hg, 5.5 um 0.45 146
Au, 5 um 2.5 146

2Dimension given is the radius of a microdisc electrode unless otherwise stated.
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is proportional to the square root of the
polarization time. One can estimate that
the diffusion layer thickness is approx-
imately 50 A if the diffusion coefficient
is 1 x 107> cm? s™! and the polarization
time is 10 ns. Given a typical bulk con-
centration of the electroactive species of
1 mM, this analysis reveals that only 10 000
molecules would be oxidized or reduced
at a 1-um-radius microdisc under these
conditions. The average current for this
experiment is only 170 nA, which is too
small to be detected with low nanosecond
time resolution.

Therefore, in order to probe the dy-
namics and energetics of ultrafast hetero-
geneous electron transfer dynamics this
diffusion limitation must be eliminated.
One successful approach to achieving
this objective is to use self-assembled
or spontaneously adsorbed monolayers.
When immobilized on an electrode sur-
face, the electroactive species no longer
needs to diffuse to the electrode to un-
dergo electron transfer. Moreover, the
electroactive species is preconcentrated
on the electrode surface. For example,
in the situation considered above, there
will be approximately 1.7 x 1072° mol of
electroactive material within the diffusion
layer. Given that the area of a 1-um disc is
approximately 3.1 x 1078 cm?, this trans-
lates into an equivalent surface coverage
of about 5.4 x 107!* mol cm~2. In con-
trast, the surface coverage, I', observed
for dense monolayers of adsorbates is
typically more than two orders of magni-
tude larger with coverages of the order of
107'% mol cm 2 typically being observed.
This higher concentration gives rise to
much larger currents that are easier to de-
tect at short timescales. As exemplified by
the work of Chidsey [156], Abr(ina [157],
Faulkner [158], and Finklea [159], elec-
troactive adsorbed monolayers have been

developed that exhibit close to ideal re-
versible electrochemical behavior under a
wide variety of experimental conditions of
timescale, temperature, solvent, and elec-
trolyte.

We have investigated the redox proper-
ties of the ground and electronically ex-
cited states of [Ru(bpy), Qbpy]** (Fig. 13)
monolayers using a combination of a
nanosecond pulsed laser and cyclic voltam-
metry at megavolt per second scan
rates [160]. The ground state voltamme-
try of these monolayers in acetonitrile is
nearly ideal, and five redox states are acces-
sible over the potential range from +1.3 to
—2.0 V. Chronoamperometry conducted
on a microsecond timescale was used
to measure the heterogeneous electron
transfer rate constant, k, for both metal
and ligand-based redox reactions. Standard
heterogeneous electron transfer rate con-
stants, k°, were 5.1£0.3 x 10° s71, 3.0+
0.1 x 10° 57! and 3.4 4 0.2 x 10° s~! for
the 34+/2+4, 24+/1+, and 14/0 couples, re-
spectively. Significantly, the free energy of
activation is constant at 6.9 4 0.6 k] mol !
for all three redox couples investigated.

Following photoexcitation using a laser
pulse at 355 nm, emission is observed
from the monolayers with an excited state
lifetime (6.2 us) that exceeds that of the
complex in solution (1.4 ps). It appears
that weak electronic coupling between the
adsorbates and the electrode means that
the excited states are not completely de-
activated by radiationless energy transfer
to the metal. As illustrated in Fig. 13,
in the first report of its kind, we used
voltammetry at megavolt per second scan
rates to directly probe the redox poten-
tials and electron transfer characteristics
of electronically excited species.

Homogeneous chemical kinetics. The de-
crease in the lower accessible time limit
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13

1.5

r—12

r—17

22

Fig. 13 Structure of the [Ru(bpy)2 Qbpy]** complex used to form luminescent
monolayers on platinum microelectrodes. The electrode radius is 5 um and
the response shown is immediately following laser excitation at 355 nm. The

scan rate is 3 x 10° V s~ the surface coverage is 1.1 x 1071 mol cm~

2 and

the supporting electrolyte is 0.1 M TBABF4 in acetonitrile. The initial potential
is —1.2 V. (Reproduced with the permission of the American Chemical Society
from R. ). Forster, T. E. Keyes, J. Phys. Chem. B 1998, 102, 10004.)

possible using microelectrodes also has
important implications for probing the dy-
namics of rapid homogeneous chemical
reactions. For example, bimolecular reac-
tions in solution cannot proceed faster
than the rate at which molecules come
into close contact. Thus, bimolecular rate
constants cannot exceed the diffusion-
limited rate constant that is of the order
of 10° to 10 M~! s~ in most organic
solvents. Since the characteristic time of
cyclic voltammetry is RT/Fv, where v is
the scan rate, experiments performed at
MV s~! scan rates allow kinetic informa-
tion, such as lifetimes that are close to the
diffusion limit, to be obtained [161]. For
example, as illustrated in Fig. 14, Wight-
man [162] has shown that the irreversible

response observed for the oxidation of
anthracene at slow scan rates becomes
fully reversible at a scan rate of 10* Vs~
This behavior is opposite to that expected
when heterogeneous electron transfer is
slow and suggests that the cation radical
undergoes a following chemical reaction.
The ability to make the voltammetric re-
sponse reversible means that the formal
potentials of highly reactive species can be
accurately measured.

The kinetics and mechanism of
the homogeneous reactions following
the reduction of NAD' and synthetic
analogs continue to be extensively
investigated. Several reaction mechanisms
have been observed for NAD" analogs,
with molecules containing at least one
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10,000 V s~

E vs Ag/Ag*
[V]

Fig. 14 Cyclic voltammograms obtained at a 50-um-radius
platinum microelectrode for the oxidation of anthracene

(2.36 mM) in acetonitrile containing 0.6 M TEAP. (Reproduced
with the permission of the American Chemical Society from

J. O. Howell, R. M. Wightman, J. Phys. Chem. 1984, 88, 3915.)

hydrogen at the 4-position, that is, direct
analogs of NAD™, typically undergoing
a dimerization reaction [163]. We have
probed the effect of changing the
substitution pattern on the mechanism
and kinetics of the homogeneous solution
reactions of electrogenerated 1-Methyl-
carbamidopyridinyl radicals. Fast scan
cyclic voltammetry and double potential
step chronoamperometry conducted on
a microsecond timescale reveal that
1-Methyl-3-carbamidopyridinyl ~ radicals
react via a dimerization mechanism
involving  direct coupling of the

electrogenerated neutral radicals at
a rate of approximately 1.6+0.1 x
10’ M~!'s™! in DMF. The 1-Methyl-
4-carbamidopyridinyl and 1-Methyl-3,4-
dicarbamidopyridinyl radicals react via a
pH-dependent ECE-DISP1 mechanism, E,
C and DISP denote electron transfer,
following chemical and disproportionation
reactions, respectively. These high-speed
investigations not only provide accurate
thermodynamic and kinetic information
but also allow the effect of substitution
patterns on reaction mechanisms to
Dbe elucidated.



2.5.5.9 Steady State Electrochemistry
Under steady state conditions, the critical
timescale for diffusion, fp, is not related to
the actual duration of the experiment since
the diffusion layer thickness depends only
on the electrode radius. Under these con-
ditions, tp is approximately equal to 72/ D.
This result has a profound impact on the
size of microelectrodes required to make
measurements at steady state, for exam-
ple, given a typical diffusion coefficient of
107> cm? s~1, microelectrodes with radii
of less than 30 nm are required to address
submicrosecond timescales.

Heterogeneous electron transfer dynamics.
Steady state voltammetry has been widely
used to probe the dynamics of heteroge-
neous electron transfer for a wide range
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of solution phase redox-active molecules
and a representative sample is given in
Table 3 [113, 164—173]. These data show
that the rate of electron transfer across the
electrode—solution interface varies signif-
icantly, rate constants up to 220 cm s~}
being observed for ferrocene. These vari-
ations reflect differences in the reaction
adiabaticity and activation barriers that ex-
ist for the individual systems.

Homogeneous chemical kinetics. A sec-
ond important application of steady state
measurements is in studies of chemical re-
activity. Steady state measurements using
electrodes of different radii can provide a
powerful insight into the kinetics of ho-
mogeneous reactions where the limiting
current density depends on the magnitude

Tab.3 Rate constants for heterogeneous electron transfer determined using steady state methods
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Analyte Electrode® k° [ems™1] References

Anthracene Au ring Ar =0.09 um r =5um 3.33£0.05 164

(CHg) Cr (CO)3* Pt, 25 um >0.3 165

Cytochrome c C 6.3 um >0.4 166

9,10-diphenylanthracene Auring Ar=90umr=5mm 5.7+0.1 164

Ferrocene C, 6um 23408 167
Pt, 0.3 to 25 um >6 168
Pt, T um >2 169
Pt, 16 Ato 2.6 um 220 +120

Fe(OEP) (N-Melm),* Pt, 1to 25 um 0.4 170
Pt, 0.5 to 12.5 um 0.38 171
Pt, 1 to 25 um 0.35 170

Fe(TPP) (HIm),* Pt, 1to 25 um 0.5 170

Fe (TPP) py,* Pt, 1 to 25 um 0.6 170

M2+ Pt, 22 At0 0.21 um 170 4 90

Naphthalene Auring Ar=0.2umr =20.5um 0.88 £0.02 164

Oxygen Pt, 12.7 to 250 um 0.63 £0.05 172

Ru (NH3)e3t Au, 5 um 0.076 173
Pt, 11 Ato 11.1 um 79 & 44

[Ru(bpy)s]*+ Pt, 11.2 um 113

Tetracyanoquinodiethane Auring Ar = 0.2 um 0.23£0.01 164
r=20.5pm

Zn(TPP) Pt, T to 25 um >1 170

2Dimension given is the radius of a microdisc electrode unless otherwise stated.
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Tab.4 Rate constants for homogeneous chemical reactions determined using steady state methods

Analyte Electrode® k References

Anthracene oxidation Pt, 0.3 to 62.5 um 1904+ 50 s~ 174

Ascorbic acid oxidation at Pt, 2.5 to 25 um 13 x10° M1 571 175
a Prussian blue film

Ferrocyanide oxidation in Pt band pair, gap = 2 27+4M71 57! 176
the presence of ascorbic to 12 um
acid

9,10-diphenylanthracene + C,6to9um 394+06M 157! 177
4,4-dibromodiphenyl

Anion radicals + alkyl Pt, 0.25 um 9x107%t0 1.7 x 10* 178,179
halides

[Fe(CN)e]?~ + Pt, 0.3 to 25 um 3.0+£06x 103 M1 57! 180
aminopyridine

Pt, 2.5 to 432 um 1.8x 103 M~ 157! 181
Pt band pair, gap = 2 8+1x102M 157! 176
to 12 um

Hexamethylbenzene Pt, 0.3 to 25 um 720 £100 s~ 174
oxidation

H, evolution on Pt from Pt, 0.3 to 25 um 41 x1019M1 g7 180
acetic acid solution

1-napthylamine oxidation Pt, 0.5 to 12.5 um 41 x10%s7! 182

Triphenylamine oxidation Pt, 0.3 to 20 pm >3 x 104 M1 57! 174

Thioselenanthrene 88741157 183

Dibenzo-1,2-diselenine 20.7+28s7! 184

2Dimension given is the radius of a microdisc electrode unless otherwise stated.

of the homogeneous rate constant. Hence,
as described in Table 4 coupled chemical
(C) and electron transfer (E) reactions, for
example, CE mechanisms, catalytic follow-
up processes, as well as reactions involv-
ing disproportionation (DISP) have been
characterized [174—184]. As illustrated in
Fig. 15, the position of the wave on the po-
tential axis depends on the homogeneous
reaction rate and kinetic information can
be obtained by probing how E1,, depends
on the electrode radius [185].

The dissociation of protons from or-
ganic acids followed by reduction of the
protons to hydrogen is an archetypal ex-
ample of a CE mechanism. However,
despite their ubiquity and importance, it
is only recently that this family of CE

reactions has been rigorously treated in
the literature. Osteryoung and cowork-
ers [186] used steady state voltammetry
and simulations in the presence and ab-
sence of supporting electrolyte to describe
the reactions under diffusional and mi-
grational transport conditions. The treat-
ment covers cases ranging from strong
acids (essentially an E mechanism) to
weak acids in which the dissociation step
is important.

It is important to note that SECM plays
an importantrole not only in topographical
imaging but also in probing chemical
reactivity [187, 188]. A comprehensive
description of the design, functioning,
and application of the SECM is given in
Chapter 3.3.



Fig. 15
an EC reaction on the logarithm
of the electrode radius.
(Reproduced with the
permission of Elsevier

publishers from K. B. Oldham, J.
Electroanal. Chem. 1991, 313, 3.)

2.5.5.10 AC Electrokinetics

One of the defining themes of the next
ten years will be molecular electronics, es-
pecially nanotechnology. Electrochemistry
has a key role to play in this emerg-
ing area. Electrochemistry can be used
to produce and characterize clean sur-
faces, for example, electrochemical clean-
ing of metals. It can direct the assembly
of supramolecular structures, for exam-
ple, by using self-assembled or spon-
taneously adsorbed monolayers. It can
address molecular components, for exam-
ple, by switching their oxidation state. It
can read their state, for example, through
measurements of the open circuit po-
tential. Moreover, microelectrodes offer
the possibility of selecting and precisely
moving nanometer-dimensioned objects
using AC electrokinetics. AC electrokinet-
ics offers advantages over scanning-probe
methods of nanoparticle manipulation in
that the equipment used is simple, cheap,
and has no moving parts, relying entirely
on the electrostatic interactions between
the particle and dynamic electric field.
Furthermore, there is theoretical evidence
that as manufacturing technology further
improves, single nanoparticles may be ma-
nipulated using this approach.

Dependence of Ey; for
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Eqp

Asillustrated in Fig. 16, AC electrokinet-
ics uses an electric field created between
two or more microelectrodes to induce
a dipole within a cell, particle, or macro-
molecule. With a suitable electrode design,
a variety of motions including pushing,
pulling, and rotation can be induced by
changing the nature of the dynamic field.
In many ways, these forces may be viewed
as an electrostatic equivalent of optical
tweezers [189] and optical spanners [190]
in that they exert translational and rota-
tional forces due to the interaction between
the particle and the applied field. AC
electrokinetic techniques such as dielec-
trophoresis [191] and electrorotation [192]
have been utilized for many years for the
manipulation, separation, and analysis of
cellular-scale particles. However, recent
advances in semiconductor manufactur-
ing technology have enabled researchers
to develop electrodes for manipulating
macromolecules as small as 9kDa us-
ing both attractive [193] and repulsive AC
electrostatic forces, and to concentrate 14-
nm beads from solution [194]. Trapping
of single particles such as viruses and
nanometer-diameter latex spheres in con-
tactless potential energy wells [195] has
also been demonstrated. Ultimately, this
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Fig. 16 A schematic of typical array of
four microelectrodes used in
dielectrophoresis experiments. The gap
between opposing electrodes in the
center of the array is typically of the
order 10 to 50 um across, but can be as
small as 500 nm or as large as 1 mm. To
induce dielectrophoretic motion in
particles suspended near the electrode
array, the electrodes are polarized such

Sl
N

that a and c are of the same phase,

while b and d are antiphase. To cause
electrorotation in particles within the
central gap, electrodes B, C, and D

would be phase-shifted by 90°

,180°,

and 270° with respect to electrode A.

technology may be applied for the manip-
ulation of single molecules [196].

2.5.6
Future Directions

This review has attempted to convey a
sense of the many significant new in-
sights and opportunities that have been
made possible by microelectrodes. This
revolution in electrochemistry has greatly
extended the range of solvents, temper-
atures, and timescales under which it is
now possible to obtain direct informa-
tion about redox processes. In particular,
today microelectrodes allow experiments,
for example, voltammetry in oil or con-
crete, to be performed that would simply
have been impossible a few years ago.
This advance has not only revolution-
ized the field internally, it has broadened
the impact of electrochemistry into new
dimensions of space and time, for ex-
ample, microsecond monitoring of neu-
rotransmitter release with single cell spa-
tial resolution.

There are significant opportunities both
within the field and other disciplines for
electrochemists to make pivotal contribu-
tions. We consider some of them below.

2.5.6.1 Electron Transfer Mechanisms

A profound understanding of those factors
that influence the dynamics of electron
transfer across electrode/solution and ho-
mogeneous chemical reactions has been
achieved. However, a level of experimen-
tal and theoretical insight into coupled
chemical and electron transfer reactions,
for example, coupled proton and electron
transfer, remains elusive. It is probable
that new approaches and models will
emerge in this key area over the next
five years.

2.5.6.2 Neurochemistry

Major advances are likely in the area of
intrasynaptic detection of both electrical
and chemical messengers. In particular,
electrochemical measurements at micro-
electrodes and nanodes promise to provide
powerful new insights into cognitive brain
function including learning, memory, and
perhaps even consciousness itself. How-
ever, given that neurotransmitter release
can occur at frequencies of the order of
10 kHz, success in this area will only be
possible if ideally responding nanodes can
be produced. While approaches to cor-
recting seal and other defects have been
developed for metallic microelectrodes,



they have not been widely investigated for
the carbon fiber microelectrodes that are
often preferred for biochemical investiga-
tions.

2.5.6.3 Maedicine

2.5.6.3.1 Nonanimal-based Drug Testing
Microelectrode arrays are proving to be
useful platforms on which collections of
fully functioning cells can be grown and
manipulated. Moreover, there is increas-
ing evidence that these cell cultures react
to chemical stimulation in a similar way
to their parent tissue in fully functional
animals. Therefore, it is likely that these
microarray methods will play increasingly
important roles in determining the effi-
cacy, toxicity, and therapeutic levels for
new drug treatments.

2.5.6.3.2 Prosthetic Devices To reach for
an object of interest, primates typically use
their visual system to determine where
the object is located and how to move
the arm while avoiding obstacles. Plans
to move the arm are then formulated in
the posterior parietal cortex. Then the mo-
tor areas develop these plans into precise
movement instructions that are normally
conveyed down the spinal cord to the mus-
cles in the arm. When the spinal cord is
injured, neural commands can no longer
reach the arm. On the basis of the cur-
rent state of the art in microelectrodes,
it seems likely that it will be possible to
tap into these signals and reroute them
around the damaged area to the natural
arm, by microstimulating muscles, or to
a prosthetic arm. Microelectrodes have a
key role to play in this process by provid-
ing a fundamental understanding of the
underlying neurobiology of this process,
and by allowing the nerve impulses to be
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precisely delivered to their intended site
of action.

2.5.6.4 Analysis

Many key problems in chemical sensing
can be solved by using microelectronics
and micromechanics to fabricate systems
that convert biological or chemical re-
sponses into an electrical signal. For
instance, a well-known DNA chip already
allows infectious diseases or genetic al-
terations associated with many cancers
to be detected. It seems likely that elec-
trochemical detection of mutations in
human DNA using microelectrode arrays
will continue to develop so as to offer
high-speed sequencing and detection of
pathogenic DNA.

2.5.6.5 Nanodevices and Circuits
Molecular electronics represents a pow-
erful approach to the continued minia-
turization of electronic circuits down to
the lower nanometer scale. One signif-
icant challenge is the electrical connec-
tion of molecular devices by nanowires.
In this regard, the ability of micro-
electrodes, to both image, for example,
through SECM and fabricate, for example,
through spatially controlled electrodepo-
sition, micro- and nano-structures will
continue to be invaluable.
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2.6.1
Introduction

Impedance spectroscopy is a powerful
technique for investigating electrochem-
ical systems and processes. Its main
strength lies in its ability to interro-
gate relaxation phenomena, whose time
constants range over several orders of
magnitude. In contrast to other electro-
chemical techniques, it is noninvasive and
can be used for investigating bulk as well as
interfacial processes connected with time
constants ranging from minutes down to
microseconds.

There is a vast amount of literature on
the subject of impedance measurements
comprising a large number of different
applications, such as corrosion, characteri-
zation of thin films and coatings, batteries,
semiconductor electrodes, sensors, bio-
logical systems, and many more. It is
beyond the scope of this article to cover
all of these applications comprehensively.
This chapter, therefore, concentrates on
the description of the main principles
and theories and selected applications of
impedance methods. A more thorough
treatment of the subject from the point
of view of corrosion can be found in [1, 2],
impedance spectroscopy of solid systems
is described in [3]. The fundamentals of
impedance spectroscopy of electrochemi-
cal systems are also explained in [4, 5].

Linear sweep or potential step tech-
niques described in previous chapters
(see Chapters 2.1 and 2.2) usually drive

electrodes to a condition far from equi-
librium. In contrast, impedance methods
are based on perturbation of the electro-
chemical cell with an alternating signal of
small magnitude allowing measurements
at equilibrium or steady state. The pertur-
bation can be of a wide range of parameters
such as the applied potential, the applied
current, the convection rate at hydrody-
namic electrodes, or light intensity. The
main advantage of these techniques is that
the response can be regarded as approxi-
mately linear as long as the perturbations
are sufficiently small.

2.6.2
Impedance — A Complex Quantity

2.6.2.1 Definition

The perturbations applied to an electro-
chemical system are usually sinusoidal.
For simplification, we will only consider
sinusoidal perturbations of the applied
voltage

V(t) = Vysinwt (1)

where V(¢) is the voltage at time ¢, Vp is
the voltage amplitude, and w is the radial
frequency (in rad s—!). The relationship
between the radial frequency and the
frequency f (in Hz) is w =2nf. The
current response I (¢) will be a sinusoid
at the same frequency but shifted in phase

(2)

where I(¢) is the current at time ¢, Iy is
the current amplitude, and & is the phase
shift by which the voltage lags the current
(see Fig. 1). Analogous to Ohm’s law for a
dc circuit, the impedance is defined as the
ratio of voltage and current

_vo
T I®0)

The impedance has a magnitude (Zo =
Vo/Ip) and a phase (®) and is thus a

1(t) = Iy sin(wt + ®)

3)



Fig. 1 Sinusoidal voltage
perturbation and current
response.

Fig. 2

vector quantity. It is therefore convenient
to present impedance in complex notation
(see Fig. 2)

Z =Zo(cos® + jsin®) = 7'+ jZ"
4)
where j = 4/(—1), Z' is the real part and
7" the imaginary part of the impedance.
Using Euler’s relationship, we can
also write
Z = Zpel® 5)
The complex plane diagram presented in
Fig. 2 shows the interrelationship between
the two different forms of presentation.

2.6.2.2 Impedance Response of Selected
Circuit Elements and Their Combinations

2.6.2.2.1 Resistance If a sinusoidal volt-
age is applied to a pure resistor of value R,
then Zg = R and ® = 0 for all frequencies.

Impedance presentation
in the complex plane. Z” and Z’
are the imaginary and real parts
of the impedance, Zj is the
magnitude of the impedance,
and @ is the phase angle.

2.6 Impedance Methods

Vorl
Vv
N

O/w

This is shown in a plot of the imaginary
part versus the real part of the impedance
(Fig. 3a), which is also called a complex
plane or Nyquist plot.

2.6.2.2.2 Capacitance Ifa sinusoidal vol-

tage is applied across a pure capacitor, the

impedance can be calculated according to
the relationship

z— Y _

joC oC

(6)
where C is the capacitance. The magnitude
of the impedance for a pure capacitor is

1
Zo =

=C @)

and the phase angle is ® = —m/2, that is,
the impedance depends on the frequency
and is entirely imaginary (Fig. 3b).
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Fig. 3 Nyquist plots for different equivalent circuits.

2.6.2.2.3 Resistance and Capacitance in
Series For the serial combination of a
resistor and capacitor, the result is shown
in Fig. 3(c). According to Kirchhoff’s law,
the currents through both elements are the
same. The total potential equals the sum
of the potentials across the capacitor and
resistor
i1 (t
vy =1k - 10 ®)
wC
and the total impedance can be calculated
according to
J
Z=R-— 9
oC )

The magnitude of the impedance is

1

Zo = —_—
0 w?C?

R? 4 (10)

and the phase angle is

1
o =arctan| ————
< Ra)C)

2.6.2.2.4 Resistance and Capacitance in
Parallel The impedance for a resistor
and a capacitor in parallel shows the
shape of a semicircle in the complex
plane diagram (Fig. 3d). According to
Kirchhoff's law for a parallel circuit, the
potentials across both circuit elements
are equal, while the total current can
be calculated from the sum of the
currents flowing through resistor and
capacitor

(11)

- V@) woCV(@)

R J

12)



For the impedance, we can write

1_1_eC 22(1_£>‘1
R
(13)
The magnitude of the impedance is

1 ~1/2
Zo = (ﬁ + a)ZC2> (14)
and the phase angle is

® = arctan(—RwC) (15)
2.6.2.3 Equivalent Circuit Elements and
the Electrochemical Cell

Many researchers take the view that the
transfer function for a given system should
be derived from the equations governing
the kinetics of the electrochemical reac-
tions involved. This will be demonstrated
for a simple charge-transfer reaction in
Sect. 2.6.3. A second method for modeling
electrochemical processes involves the use
of networks of electrical circuit elements,
so-called equivalent circuits, which can be
selected on the basis of an intuitive under-
standing of the electrochemical system.
It has been shown many times that for
simple systems, equivalent circuits can be
used to derive useful information from
impedance spectra as long as they are
based on the physical and chemical prop-
erties of the system and do not contain
arbitrarily chosen circuit elements.

In order to express a simple three-
electrode electrochemical cell in terms of
an equivalent circuit, at least three quanti-
ties need to be taken into account. One
of them is the resistance of the elec-
trolyte solution between the reference and
the working electrodes R, another is the

Fig. 4 Equivalent circuits [(a) general
electrochemical cell; (b) simple
electrochemical cell without diffusion];
and (c) Nyquist plot for a simple
electrochemical cell without diffusion.

2.6 Impedance Methods

electrochemical double layer that can be
expressed as the double-layer capacitance
Cq;, and finally the impedance of the
charge-transfer process also called faradaic
impedance. The equivalent circuit consists
of a parallel combination of double-layer
capacitance and faradaic impedance Zr
with the electrolyte resistance in series
(Fig. 4a). In the absence of any elec-
troactive species, the faradaic impedance
becomes infinitely large, and the equiv-
alent circuit in Fig. 4(a) simplifies to a
serial combination of electrolyte resistance
and double-layer capacitance. In the pres-
ence of electroactive species, the faradaic
impedance can often be described by a
simple resistor R¢t (Fig. 4b).
AC-impedance measurements at a se-
ries of different frequencies can be used to
identify and separate the different circuit
components. This can be done graphically
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from the Nyquist plot (Fig. 4c). At high
frequencies, the impedance of the double-
layer capacitance is very small (Eq. 6) and
the charge-transfer resistance is effectively
shorted out, that is, the intercept of the
semicircle with the real axis at high fre-
quencies represents the resistance of the
electrolyte solution. With decreasing fre-
quency, the impedance of the double-layer
capacitance becomes greater and the im-
pact of the charge-transfer resistance on
the total impedance increases. At suffi-
ciently low frequencies, the impedance of
the double-layer capacitance becomes sig-
nificantly larger than the charge-transfer
resistance, and the impedance spectrum
is dominated by electrolyte and charge-
transfer resistance (low-frequency inter-
cept of the semicircle with the real axis,
Fig. 4c). The diameter of the semicircle is
given by the charge-transfer resistance Ret.
The frequency at the top of the semicircle,
where the imaginary part of the impedance
reaches its maximum, is

1
RCq

Wmax = (16)
From this, the time constant t for the
faradaic process can be defined as

T = R4Cq (17)

A more accurate method of determining
values for the equivalent circuit elements
is to use one of the many commercial
software packages for fitting ac-impedance
data to user-defined equivalent circuits.
Most fitting programs require very accu-
rate guesses of the initial parameters, that
is, the graphical approach is still very use-
ful for initial estimates of equivalent circuit
parameters.

The simple approach described above
can be used for estimating the double-layer
capacitance and the rate of the electrode

reaction. Rt can be related to the exchange
current of a reversible electrode reaction as
well as to the corrosion rate in a steady state
system. Frequently however, the behavior
of electrochemical systems is governed by
more complicated reaction mechanisms.
Particularly at lower frequencies, diffusion
and adsorption processes are picked up by
ac-impedance measurements that require
the derivation of more complex models.
Examples for this are given in Sect. 2.6.3.

2.6.2.4 Forms of Data Presentation

As described in Sect. 2.6.2.1, impedance
is a vector quantity and as such can be
expressed either in terms of real and
imaginary parts or in terms of magni-
tude and phase. From these two forms
of mathematical expression, the two most
common forms of data presentation can
be derived. The complex plane or Nyquist
diagrams, which plot the real versus the
imaginary part of the impedance, have al-
ready been shown for a variety of different
equivalent circuits in the previous para-
graphs (see Figs. 3 and 4c). Nyquist plots
have proven very useful for estimating
impedance parameters from impedance
spectra appearing as single or multiple arcs
in the complex plane as explained above.
However, the information they present
is not complete since there is no indi-
cation of the frequency the impedance was
measured at. For the presentation of ex-
perimental data, the points in the Nyquist
plot must be labeled with the frequencies
they correspond to.

Another form of data presentation is the
Bode plot. Most commonly, it shows a plot
of the phase angle and the logarithm of
the magnitude of the impedance versus
the logarithm of the frequency (Fig. 5a).
When resistive behavior dominates the
impedance behavior, a horizontal line is
observed in the presentation of log Zo



Fig. 5 Bode plots for the equivalent

circuit shown in Fig. 4(b).
versus log f. When the impedance re-
sponse is determined by a capacitance, a
straight line with a slope of — 1 is observed
(Fig. 5a) Sometimes alternative Bode plots
are presented, which show log Z’ and log
Z" versus log f (Fig.5b). In contrast to
Nyquist plots, both types of Bode plot in-
clude all of the information obtained by
ac-impedance measurements.

2.6.3
Description of Electrochemical Processes

2.6.3.1 Faradaic Processes and
Diffusion-related Phenomena

It was shown that an electrochemical
cell could be described with a simple
equivalent circuit (Fig. 4a) containing the
electrolyte resistance, the double-layer ca-
pacitance, and the impedance of the
faradaic process. Previously, the faradaic
process was described in terms of a simple
charge-transfer resistance (Sect.2.6.2.3)
neglecting the diffusion of electroac-
tive species.

For the interpretation of the faradaic
impedance in the presence of diffusion-
related phenomena, it is convenient to
subdivide it into two circuit elements. This
can be done in two different ways. Z¢ can
be presented by a resistance Rs in series
with a pseudocapacitance Cg according
to Fig. 6(a), or it can be subdivided into
the charge-transfer resistance and the

Fig. 6 Two possible
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mass-transfer impedance Zw (Fig. 6b),
also called the Warburg impedance.
For the circuit shown in Fig. 6(a), the
total voltage drop is
0
V() =I1(Rs + oA

S

(18)

where Q is the charge.
After differentiation, it can be writ-
ten that

vy dI@ | 1)
de 7% dr Cs

(19)

For a sinusoidal perturbation of the current
according to

1(t) = Iy sinwt

(@) A Cs

(20)
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presentations of the faradaic
impedance Z¢ as an equivalent
circuit [5].
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Eq. (19) changes to

Vo _ 4 2 iner @1)
= w COS w. — SINn w
dr s70 Cs

For the simple charge-transfer reaction
O+ne” —=R (22)

where O and R are both soluble, it can be
written that

V(1) = flI(t),co(0,1),cr(0, )]  (23)

where ¢o(0,7) and cg(0,7) are the surface
concentrations of the oxidized and the
reduced species at times ¢.

Hence,
dV(t)_ ov(r)\ dI ()
dr _<81(t)> de
avV@) \ dco(0, 1)
<8co(0,t)> dr
avV(@) '\ der(0, 1)
(acR(o, t)) dr @4

In order to obtain an analytic expression
for dV /dz, the six factors on the right-hand
side of Eq. (24) have to be evaluated. The
three partial differentials are determined
by the kinetics of the electrode reaction
and can therefore be derived from the
current-overpotential equation

& _ _CO(Os [) _oan’7

e RT
io g
cr(0,¢) _(d=onkF
_ cr( )e RT1(25)
R

where c§ and ¢} are the bulk concentra-
tions of oxidized and reduced species, 7 is
the overpotential, ip is the exchange cur-
rent, F is the Faraday constant, R is the
gas constant, T is the temperature, and «
is the transfer coefficient.

Provided that the time averaged po-
tential is the equilibrium potential for

Reaction (22) and the amplitude of the ac
perturbation is small, Eq. (25) can be lin-
earized using the Taylor series expansion

RT [c0(0,7)  cr(0,1) ~1(2)
n=-—— * - * + =
nF €5 R io
(26)
The first partial differential in Eq. (24)
dV/dl is the charge-transfer resistance
and can be calculated to

V()
al(r)

RT
= 2
nFig @7)

ct

The other partial differentials can be
derived from Eq. (26) to

V()  RT
dco(0,1)  nFc}
AV (1) RT

= 28
acr(0, 1) nFcy (28)
The other three factors have to be evalu-

ated for the current—time relationship in
Eq. (20)

dI ()
de
Expressions for the other factors are de-
rived considering mass transfer assum-
ing semi-infinite linear diffusion with
the initial conditions co(x,0) = c¢§ and
cr(x, 0) = c§. Details of this derivation can
be found in [5], Chapter 9.2.
The derivatives of the surface concentra-
tions are

deo(0.) Iy [ o \*
dt  ~ nFA\2Do

= Ipw cos wt (29)

X (sinwt + coswt) (30)
der(0,1)  Io o \?
dt  nFA\2Dy
X (sinwt + coswt) (31)

where Do and Dy are the diffusion coeffi-
cients of oxidized and reduced species.



Equation (24) then becomes

dv(r) o
P (Rct + _w1/2> Iow cos wt

+ Ipow? sinwt (32)
where
RT 1 1
’ T A2 (D})/Zc;g ' Dé/zc*ﬁ)
(33)

By comparison of Egs.(21 and 32),
we obtain

o
Rs=Ra+ — 34
S ct + a)l/z ( )
and .
— =ogw'/? (35)

From Egs. (34 and 35), the Warburg
impedance can be identified. A compar-
ison with the two forms of presentation of
the faradaic impedance in Figs. 6(a and b)
shows that the second term in Eq. (34) is
identical to the real part of the Warburg
impedance

’ o

Fig. 7 Randles circuit and
Nyquist plot for reversible

electrochemical system with
diffusion-limited behavior at low

frequencies.
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and the imaginary part of the Warburg
impedance results from C;

" 1 o
Iy =——=—""73 37
w wCy wl/2 (37)
that is,
o o
Zw=—5—Jj——= 38
w wl/2 J wl/2 (38)

Since real and imaginary parts of the
Warburg impedance Zw have the same
value, a plot of Z;;V Versus Z;,V would
show a straight line with a phase an-
gle of 45° (Fig. 9a). The impedance of an
electrochemical cell in which the faradaic
impedance in Fig. 4(a) is expressed as
a serial combination of charge-transfer
resistance and Warburg impedance (see
Fig. 6b) is presented in Fig. 7. The result-
ing equivalent circuit is also known as
Randles circuit. The semicircle is caused
by a charge-transfer-controlled reaction
and can be interpreted as discussed in
Sect. 2.6.2.3. The straight line with a slope
of 1 is due to the Warburg impedance
and indicates a purely diffusion-controlled
reaction at the low-frequency limit.

_Zn
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The analysis above has shown that it is
possible to derive kinetic parameters from
the impedance spectra of a redox system.
The charge-transfer resistance is directly
related to the exchange current (Eq.27)
and a medium diffusion coefficient for
oxidized and reduced species can be
calculated from the coefficient o of the
Warburg impedance (Eq. 33).

Because of the assumption of semi-
infinite diffusion made by Warburg for
the derivation of the diffusion impedance,
it predicts that the impedance diverges
from the real axis at low frequencies,
that is, according to the above analysis,
the dc-impedance of the electrochemical
cell would be infinitely large. It can be
shown that the Warburg impedance is
analogous to a semi-infinite transmission
line composed of capacitors and resistors
(Fig. 8) [3]. However, in many practical
cases, a finite diffusion layer thickness
has to be taken into consideration. The
first case to be considered is that of
enforced or natural convection in an

electrolyte solution, which would cause
the concentrations of solution species to
be constant at a certain distance from the
electrode surface (c(8,t) = ¢* for all ¢, in
which ¢* is the bulk concentration). In
this case, the impedance is given by the
expression

tanh(6+/jw/D)
05 /jo/D

where § is the diffusion layer thickness,
Ry is the diffusion resistance for w — 0,
and D is the diffusion coefficient of
the diffusing particle. This behavior is
analogous to a finite length transmission
line terminated with a resistance. In
contrast to the Warburg impedance for
semi-infinite diffusion, the finite Warburg
impedance as described in Eq. (39) will
bend over to the real axis at low frequencies
giving rise to a distorted semicircle
(Fig. 9b). This concurs with the fact that
electrochemical cells usually have a finite
dc-resistance.

zfinite — R (39)
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Fig. 8
semi-infinite diffusion ([3] Chapter 2.1).
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Infinite length transmission line that describes the behavior of
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Fig. 9
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Impedance spectra for diffusion-limited behavior (a) semi-infinite

diffusion; (b) finite diffusion with unhindered ion transfer at the far end of
the diffusion region; and (c) finite diffusion with blocked ion transfer at the
far end of the diffusion layer.



A finite length diffusion layer thickness
cannot only be caused by constant con-
centrations of species in the bulk of the
solution but also by a reflective boundary,
that is, a boundary that cannot be pene-
trated by electroactive species (dc/dx = 0).
This can happen when blocking occurs at
the far end of the diffusion region and no
dc current can flow through the system,
for example, a thin film of a conducting
polymer sandwiched between a metal and
an electrolyte solution [6]. The impedance
in this case can be described with the
expression

82 coth(8+/jw/D)
DCy 8/jw/D

where Cy is the limiting capacitance for
® — 0. This behavior is analogous to a
finite length transmission line terminated
with an open circuit, that is, at low
frequencies capacitive behavior is observed
(Fig. 9c).

In this section, the behavior of a redox
system at the equilibrium potential has
been discussed. It should, however, be
noted that impedance spectroscopy of
irreversible systems can also yield useful
information. For example, the charge-
transfer resistance determined at the
corrosion potential corresponds to the
slope of the current—potential curve (R¢t =
dV(¢)/dI(t)) at that potential and allows
calculation of the rate of corrosion [1].

Zgnite — ( 40)

2.6.3.2 Validation of Experimental Data

Impedance is only properly defined as a
transfer function when the system un-
der investigation fulfills the conditions
of linearity, causality, and stability dur-
ing the measurement. However, as the
current voltage characteristic of any elec-
trode shows (see Eq. 25), electrochemical
systems are nonlinear. Deviation from

2.6 Impedance Methods

causality can arise when the response
is not caused by the input but for ex-
ample, by a concentration, current, or
potential relaxation upon departure of the
system from equilibrium. Causality can
also be disturbed as result of instrument
artifacts or noise. The stability of an electro-
chemical system is usually not guaranteed
when continually changing systems such
as corroding electrodes or batteries are
investigated.

To assess whether meaningful data that
fulfill the above conditions have been
obtained, a range of techniques and
diagnostic tools have been developed to
validate impedance data. The problem of
nonlinearity can generally be overcome by
making the amplitude of the perturbation
signal small enough to approach quasi-
linear conditions. This can be achieved by
measuring impedance spectra at different
perturbation amplitudes. The amplitude
can be regarded sufficiently small when it
has no significant effect on the impedance
spectrum measured. In electrochemical
systems, nonlinearity mainly affects the
low-frequency part of the spectrum, which
is determined by the faradaic current.
The high-frequency part of the spectrum
determined by the electrolyte resistance
and the double-layer capacitance shows
approximately linear behavior [7].

Depending on the technique used for
data acquisition, different methods for data
validation can be applied. If a sinusoidal
signal were applied to a nonlinear system,
the response function would contain
multiples (harmonics) of the excitation
signal. Popkirov and Schindler utilized
this effect to develop a technique for
assessing the linearity of an impedance
measurement obtained using a time-
domain technique (see Sect.2.6.7.2)[8].
They compared the frequencies contained
in the perturbation and the response
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signals by performing a Fast Fourier
Transform (FFT) on the response signal.
When the system behaves nonlinearly,
harmonics of the frequencies contained
in the perturbation signal appear in the
response spectrum.

Erroneous impedance data cannot only
be caused by nonlinearity but very fre-
quently by a lack of stability of the system
under investigation. The easiest way to
establish whether a system has changed
during the course of an impedance mea-
surement is to repeat the experiment and
compare both sets of data. For most ap-
plications, instabilities could and should
be eliminated by adjusting the measuring
conditions accordingly. However, it may
also be desirable to characterize systems,
which are known to change over time, or
even to measure changes of the complex
impedance in real time [9, 10]. As long as
the measurement time is short compared
to the time constant of relaxation of the
system, valid impedance data can be ob-
tained. Since the lower the measurement
frequency, the greater the measurement
time, it is generally accepted that high-
frequency data can be valid even when
low-frequency data are affected by non-
stationary behavior of the electrochemical
system.

Kramers—Kronig relations have been
used by a large number of scientists as
a diagnostic tool for the validation of
impedance data to establish which fre-
quency range contains consistent data [2].
Originally developed for optical applica-
tions, they can also be applied to elec-
trochemical impedance spectroscopy. The
Kramers—Kronig relations are a series of
integral equations that govern the relation-
ship between the real and imaginary parts
of complex quantities for systems fulfilling
the conditions of linearity, causality, and
stability.

The imaginary part of the impedance
can be calculated from the real part of the
impedance from

2w

2w = -2 REAOEFACOPE

0 2 _ o

(41)
If the high-frequency limit of the real part
of the impedance is known, the real part of
the impedance can be obtained from the
imaginary part of the impedance using

Z'(w) = Z'(c0)

2 /OO xZ”(x)—wZ”(a))dx
0

T x2 — w?

(42)
If the zero frequency limit of the real part
of the impedance is known, the real part
of the impedance can be obtained at any

frequency from the imaginary part using

, , 2w
Z'(w) =72"(0)+ —
T

o 4 1"
« / x/wZ (;C) C;)Z (w) dx
0 X —w
(43)
The relationship between phase angle and
modulus of the impedance is

2w /Oo In Zo(x)
0

®) =— >ydr (44

x2—w
To assess whether experimental data fulfill
the Kramers—Kronig relations, one part of
the impedance is calculated from the other
part of the impedance, which has been
experimentally determined. For example,
the imaginary part can be calculated from
the measured real part of the impedance
using Eq. (41). The calculated imaginary
part of the impedance can then be
compared with the measured imaginary
part of the impedance. Any difference
between calculated and measured values
would indicate a deviation from one of
the conditions of linearity, causality, or



stability. This method, however, requires
that at least one part of the impedance
is known between the frequency limits of
zero and infinity.

In most cases, the frequency range is
not sufficiently large to integrate over
the frequency limits zero and infin-
ity. To overcome this problem, various
models for extrapolating the experimen-
tal data sets to the frequency limits
have Dbeen suggested. These methods
were reviewed by Agarwal and cowork-
ers in[2] and will only be summarized
in this chapter. Kendig and coworkers
suggested extrapolating impedance data
to low frequencies assuming that the
imaginary impedance is symmetrical (see
for example, Fig. 5b) [11]. However, this
can only be applied to simple systems
with one time constant. Macdonald and
coworkers extrapolated polynomial fits to
the data into the unmeasured frequency
range [12]. Esteban and coworkers calcu-
lated impedance data below the lowest
measured frequency by using Egs. 41
and 42 (or 43) simultaneously forcing
the measured data set to satisfy the
Kramers—Kronig relations [13]. Any dis-
continuity between the measured and the
calculated data set would then indicate
erroneous impedance data.

A method that does not require ex-
trapolating data to frequency ranges not
accessible by experiment is the fit of the
data with an equivalent circuit. Equiva-
lent circuits consisting of passive circuit
elements satisfy the Kramers—Kronig re-
lations. Any successful fit of such an
equivalent circuit to a data set would
confirm that the data is consistent with
the Kramers—Kronig relations. A general-
ization of this approach, which suggests
the use of a so-called measurement model,
was described by Agarwal and cowork-
ers [14]. The measurement model is of

2.6 Impedance Methods

the form
Ag
Z)=Zo+y ———— (45
@) 0 — 1+ jno) )

It is equivalent to a series of a number of
RC parallel combinations in series with the
solution resistance, which is also known
as the Voigt model. If a sufficient number
of terms is included, the model should be
able to fit impedance data of any stationary
electrochemical cell. Since the model
is consistent with the Kramers—Kronig
relations, any failure to fit experimental
data using this model indicates a violation
of the Kramers—Kronig relations.

2.6.4
Distributed Circuit Elements

Impedance data are frequently fitted with
an equivalent circuit made up of circuit
elements, which are related to the physical
processes in the system under investiga-
tion. In many cases, ideal circuit elements
such as resistors and capacitors can be
applied. Mostly, however, distributed cir-
cuit elements are required in addition
to the ideal circuit elements to describe
the impedance response of real systems
adequately. Various distributed circuit ele-
ments and their applications are discussed
in [3, 15].

Historically, the Warburg impedance,
which models semi-infinite diffusion of
electroactive species, was the first dis-
tributed circuit element introduced to
describe the behavior of an electrochemical
cell. As described above (see Sect. 2.6.3.1),
the Warburg impedance (Eq. 38) is also
analogous to a uniform, semi-infinite
transmission line. In order to take account
of the finite character of a real electrochem-
ical cell, which causes deviations from the
Warburg impedance at low frequencies,
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the finite length Warburg impedance was
introduced (Eq. 39).

In all real systems, some deviation from
ideal behavior can be observed. If a po-
tential is applied to a macroscopic system,
the total current is the sum of a large
number of microscopic current filaments,
which originate and end at the electrodes.
If the electrode surfaces are rough or
one or more of the dielectric materials
in the system are inhomogeneous, then all
these microscopic current filaments would
be different. In a response to a small-
amplitude excitation signal, this would
lead to frequency-dependent effects that
can often be modeled with simple dis-
tributed circuit elements. One of these
elements, which have found widespread
use in the modeling of impedance spec-
tra, is the so-called constant phase element
(CPE). A CPE is defined as

Zcpg = Ao(jw) ™% (46)

where Ag and « are frequency-independent
parameters and 0 < « < 1. The name con-
stant phase element stems from the fact
that the phase angle is frequency indepen-
dent. In the complex plane diagram, a CPE
would appear as a straight line at a con-
stant phase angle of ® = —(a x 90°). For
o = 0, the CPE describes an ideal resistor,
and for @ = 1, it describes an ideal capac-
itor. The CPE has been used to describe
different processes. For « = 0.5, the CPE
represents homogeneous diffusion, thatis,
Egs. (38 and 46) are mathematically equiv-
alent for « = 0.5. For other values of «,
the CPE can be used to describe inhomo-
geneous diffusion.

The CPE has also been interpreted as a
distribution of relaxation times due to in-
homogeneities in dielectric materials, that
is, materials that can pass an alternating
current but not a dc current. The main
problem associated with the CPE is that

it is only valid over a limited frequency
range. In any physically valid model, there
should be a shortest and a longest relax-
ation time. This is, however not true for the
CPE. Therefore, the CPE usually needs to
be modified at both ends of the frequency
spectrum. In many cases, this does not
pose a problem, since impedance mea-
surements are not carried out at extreme
frequencies.

Other empirical distributed elements
have been described, which can be ex-
pressed as a combination of a CPE and one
or more ideal circuit elements. Cole and
Cole found that frequency dispersion in
dielectrics results in an arc in the complex
¢ plane (an alternative form of presenta-
tion) with its center below the real axis
(Fig. 10a) [16]. They suggested the equiv-
alent circuit shown in Fig. 10(b), which
includes a CPE and two capacitors. For
® — 0, the model yields capacitance Co
and for w — oo the model yields capac-
itance Coo. The model can be expressed
with the following empirical formula for
the complex dielectric constant

€0 — €0

°© 4
T T o= “)

e=¢
where &, and gy are the dielectric
constants for ® — o0 and w — 0, and o
is a generalized relaxation time. The CPE
parameter Ay (Eq. 46) is correlated to 7o
through

70 = [A0(Co — Coo)]V/17¢ (48)

Analogous behavior has been described
for conducting systems, that is, systems
that can pass a direct current. In this
case, a semicircle with its center be-
low the real axis can be found in the
complex impedance plane (Fig. 11a). The
equivalent circuit (Fig. 11b) contains a
combination of a CPE and two resistors,
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Fig. 10 (a) Cole—Cole plot
showing a depressed arc in the
complex ¢ plane and

(b) equivalent circuit describing
the frequency dispersion in -

dielectrics [16]. ©
« e,
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Fig. 11 (a) Frequency dispersion in
electrochemical systems leads to a
depressed semicircle in the complex
impedance plane (shown for different

values of the exponent « of the CPE F\IJ
(Eq. 46), o = 0.9, A = 0.8, 0cx =
0.7), (b) equivalent circuit describing
the frequency dispersion in
electrochemical systems [3].

(@)

CPE
R.
(b) Fo—A.

Ry and Ry, which represent the low and
high-frequency limits. The impedance of
this circuit can be expressed as
Ro — R
1+ (Ro = Roo) Ag ' (jo)*
(49)
A comparison between the circuit shown
in Fig. 11(b) and the equivalent circuit
of a simple electrochemical cell (Fig. 4b)
shows that they are analogous, with Ry =
R, Ro— Rwo =Ry, and Cgq =CPE.

Z=Roo+

Impedance spectra of real electrochemical
cells will usually not show a perfect semi-
circle as the one presented in Fig. 4(c)
but depressed semicircles as shown in
Fig. 11(a).

This behavior is observed when the
surface of an electrode is not perfectly
flat. In the simple equivalent circuits
for electrochemical cells discussed in
Sects. 2.6.2 and 2.6.3, the double-layer
capacitance (see Figs. 3c, 4b, and 7) is
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therefore frequently replaced by a CPE,
although the parameters o and Ap in
Eq. (46) can often not be accurately
correlated to physical properties of the
system under investigation. A few special
cases in which the parameters of the CPE
can be derived directly from the electrode
morphology are discussed in Sect. 2.6.5.
For further information regarding dis-
tributed circuit elements, refer to [3, 15].

2.6.5
The Effect of Electrode Morphology

Asindicated in Sect. 2.6.4, modeling of real
electrochemical systems usually requires
the aid of distributed circuit elements.
In this section, the relationship between
the morphological properties of rough or
porous electrodes and their impedance
behavior will be discussed.

As established by a large number of au-
thors, the impedance of solid electrodes
in the absence of faradaic processes usu-
ally deviates from pure capacitive behavior.
Only for smooth and clean surfaces like
that of liquid mercury, a pure capacitance
can be used to describe the impedance
behavior (Fig. 13, curve a). The devia-
tion from ideality has frequently been
attributed to surface roughness or poros-
ity. In the case of rough electrodes, the
impedance behavior is usually approxi-
mated using a CPE (see Eq.46) with
0.5 < @ < 1. Several attempts have been
made to derive a relationship between the
CPE and a fractal surface morphology [17,
18]. However, the relationships between

the exponent « of the CPE and the frac-
tal dimension are contradictory, and there
is some controversy about the validity of
these theories since there is little experi-
mental evidence to support them [19, 20].
More recently, models have been sug-
gested that are based on the assumption
that the frequency dependence of capac-
itance on solid electrodes is due to the
atomic scale inhomogeneities rather than
the geometric aspects of surface rough-
ness [21].

2.6.5.1 Porous Electrodes

De Levie was the first to develop a transmis-
sion line model to describe the frequency
dispersion in porous electrodes [22]. Here,
only the effect of double-layer charging
in the absence of a faradaic process will
be discussed. De Levie’s model is based
on the assumption that the pores are
cylindrical, of uniform diameter, and semi-
infinite length, not interconnected and
homogeneously filled with electrolyte. The
electrode material is assumed to have no
resistance. Under these conditions, a pore
behaves like a uniform RC transmission
line as shown in Fig. 12. If a sinusoidal
excitation is applied, the transmission line
behavior causes the amplitude of the signal
to decrease the further the distance from
the opening of the pore, that is, only a frac-
tion of the pore is effectively taking part in
the double-layer charging process. From
that, a penetration depth A of the signal
can be defined, which is inversely propor-
tional to the square root of frequency and

Fig. 12 Section of the
equivalent circuit of a pore, in
which z is the distance from the
pore entrance. Solution
resistance and double-layer
capacitance are uniformly
distributed [22].



Fig. 13

distribution [23].

directly proportional to the square root of
the radius of the pores

1 [ «kr
A==
2V Cqow

where r is the radius of a pore, « is
the electrolyte conductivity, and Cg; is the
double-layer capacitance.

Atvery high frequencies, the penetration
depth is negligible and only the capaci-
tance effects of the flat external electrode
surface are measured. At lower frequen-
cies, the penetration depth and therefore
the influence of the pores become pro-
gressively more important since the inner
surface of the electrode is very large com-
pared with the outer surface. Hence, a
decrease of the frequency is accompanied
by an increase in capacitance. The result
is a straight line in the complex plane di-
agram at a phase angle of —45°, which is
equivalent to a Warburg impedance or a
CPE with ¢ = 0.5.

If the model is extended to pores with
finite and uniform length, the penetration
depth will eventually reach the length
of the pores when the frequency is
sufficiently low. A further decrease in
frequency would result in pure capacitive

(50)

Impedance behavior of
an electrode in the absence of
electroactive species for (a) a
perfectly flat electrode; (b) a
porous electrode with uniformly
sized pores according to de
Levie's model; and (c) an
electrode with a pore size
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behavior since the electrode surface taking
part in the double-layer charging process
is now frequency independent (Fig. 13,
curve b).

Experimental results match the predic-
tions of de Levie’s model at high fre-
quencies. At low frequencies, however,
deviations from ideal capacitive behavior
are frequently observed (Fig. 13, curve c).
Song and coworkers suggested that the
nonideal behavior might be due to pore
size distribution [23, 24]. This leads to
a distribution of the penetration depth
even at a single frequency since each
pore would have a different penetration
depth depending on its dimensions. The
model developed by Song and coworkers
integrates dispersion due to pore size dis-
tribution as well as in-the-pore dispersion
described by de Levie. It successfully de-
scribes the low-frequency branch of the
impedance data for a porous electrode
and can also be used to assess the aver-
age radius of pores, the width of the pore
size distribution, the average pore length,
and the surface area. Song and coworkers
also suggested that the model might al-
low the use of impedance spectroscopy for
porosimetry.
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2.6.6
Characterization of Coatings and
Membranes

In the previous sections, the impedance
behavior of electrochemical cells was de-
scribed, with a view of how kinetic pa-
rameters of electrochemical reactions or
electrode properties such as the mor-
phology might be extracted from an
impedance spectrum. However, electro-
chemical impedance spectroscopy has
been utilized for a vast number of applica-
tions and is not limited to mechanistic in-
vestigations of electrode reactions. A large
number of studies have been dedicated
to the investigation of coated electrode
surfaces. In this chapter, a few selected
examples will be given of how impedance
spectra of coated electrodes can be evalu-
ated and what information can be gained
from them.

2.6.6.1 Insulating Coatings

Insulating coatings have been of partic-
ular interest in corrosion protection. A
large number of papers deal with the
characterization of polymer layers and
their degradation [25-27]. An electrode
with a perfectly insulating coating shows

the simple impedance behavior of the
electrolyte resistance in series with the
geometric capacitance of the polymer film
(Fig. 14b), which can be calculated accord-
ing to

eXegyX A
Cgeom:f

(€Y
where ¢ is the dielectric constant of the
polymer, &g is the dielectric constant of
vacuum, A is the surface area of the
electrode, and [ the thickness of the
polymer film. Measured values of the
geometric capacitance can be used to
calculate the dielectric constant or the
thickness of the polymer if one of both
parameters is known.

Impedance spectroscopy can be used to
distinguish between different processes of
degradation. A dissolution of a polymer
film layer-by-layer would only lead to a
reduction in the film thickness/in Eq. (51),
that is, the geometric capacitance of the
film would increase, but the principle
shape of the impedance spectrum would
stay the same (Fig. 14a) [28]. Frequently,
however, the formation of pores is the
main reason for coating failure. This
behavior can be approximated with the
equivalent circuit shown in Fig. 15(b) [25],

Fig. 14 (a) Change of impedance
during degradation of an insulating

coating layer-by-layer (simulated data,

O
N
(@]
o
(a) log f
(b) Re Cgeom

solid symbols: before degradation, open
symbols: after partial degradation) and
(b) equivalent circuit of coated electrode
before and after partial degradation.



Fig. 15 (a) Change of impedance
during degradation of an insulating
coating by pore formation (simulated
data, solid symbols: before degradation,
open symbols: after partial degradation)
and (b) equivalent circuit of a partially
degraded film [25].

and the impedance spectrum changes
as shown in Fig. 15(a). If a coating
has electrolyte-filled pores that extend
through the entire thickness of the coating,
then an apparent bulk resistance R}, can
be observed, which corresponds to the
resistance of the electrolyte in the pores.
The ratio of the resistance Rp; of an
electrolyte layer that occupies the same
space as the polymer layer to the bulk
resistance Ry, is equivalent to the fraction
of the film, which consists of electrolyte-
filled pores, and therefore to the porosity
P of the coating

_ Ry

P =
Ry

(52)
Impedance spectra of partially degraded
coatings cannot only be used to esti-
mate the porosity of the film but also to
estimate the area of the metal electrode
wetted by electrolyte. Since the inter-
face metal—electrolyte is represented by
the parallel combination of the charge-
transfer resistance and the double-layer
capacitance; both of these can be used
to estimate the fraction of the electrode
surface W wetted by electrolyte

G ®
C gl Rt

where RY and C) are the charge-transfer
resistance and double-layer capacitance
of an uncoated electrode. Frequently, the
wetted surface area is considerable larger
than the porosity of the coating indicating
that the electrolyte spreads along the
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log Zy(e)
D (4)

metal—polymer interface after penetrating
the film. The relationship given in Eq. (53)
can only be regarded as a rough estimate of
the wetted metal area since the spreading
of electrolyte along the electrode surface
leads to a nonuniform current distribution
that can best be described with a linear
transmission line [25].

The degradation of coatings, although
an unwanted effect in corrosion pro-
tection, has been exploited for sen-
sor development. Disposable electrodes
were coated with biodegradable films.
In the presence of either an enzyme
or the product of an enzymatic reac-
tion, the polymer degraded. The change
of impedance observed during the en-
zyme catalyzed degradation of the poly-
mer films has been used as a sensor
signal to detect analytes such as urea,
creatinine, and a variety of different en-
zymes [28-30].

2.6.6.2 Noninsulating Films
There has been great
the characterization of

interest in
conducting
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polymers using impedance spectroscopy.
Johnson and coworkers described the
theoretical response of a metal
polythiophene-electrolyte system and a
metal-polythiophene-metal system [6]. For
the metal-conducting polymer-electrolyte
arrangement, the following regions in
the impedance spectrum were predicted
(Fig. 16):

e A high-frequency semicircle corre-
sponds to the bulk resistance Ry of
the polymer layer in parallel to its geo-
metric capacitance. The bulk resistance
reflects the concentration and mobil-
ity of charge carriers in the conducting
polymer.

e Two charge-transfer semicircles are ex-
pected, which correspond to two RC
parallel combinations of the double-
layer capacitance and charge-transfer
resistance at the electrode—polymer
interface and the double-layer capac-
itance and charge-transfer resistance
at the polymer—electrolyte interface.
At the metal-polymer interface, elec-
tron transfer would occur while at
the polymer—electrolyte interface anion
transfer is expected.

e At low frequencies, a diffusion-limited
region appears, which, if fitted to a
Warburg impedance, can be used to de-
termine diffusion coefficients of charge
carriers in the conducting polymer. At

Z

Rb Rct1 Rctz
ZI

the low-frequency limit, capacitive be-
havior can be observed indicating that
no dc current can flow through the
system.

The impedance spectrum of the metal-
conducting polymer-metal system was
predicted to show the following regions
(Fig. 17):

e The high-frequency semicircle is again
caused by a parallel combination of
the bulk resistance and geometric
capacitance of the film.

e Only one semicircle is predicted for the
metal-polymer interfaces, since only
electron transfer can occur.

e Since electron transfer occurs at both
metal—polymer interfaces, a dc current
can flow through the system, that
is, the low-frequency limit is not a
capacitance as in the case of the metal-
conducting polymer-electrolyte system
but the impedance response bends over
to the real axis after the Warburg region.

In principle, a large number of param-
eters such as conductivity, charge-transfer
resistors, and diffusion coefficients can be
determined from the impedance spectra
discussed above. However, in practice, it
is only possible to resolve the different
processes and their characteristic shapes
in the impedance spectrum if their time

Fig. 16 Theoretical impedance
response of a metal-poly-
thiophene-electrolyte

structure [6].



Fig. 17 Theoretical impedance

response of a
metal-polythiophene-metal
structure [6].

constants are sufficiently different. Fre-
quently, the time constants of interface and
bulk processes are not as clearly separated
as shown in Figs. 16 and 17, and mixed
impedance behavior is observed making
an interpretation of the impedance spectra
more difficult.

Other examples for the characterization
of films and membranes using impedance
spectroscopy are the investigation of elec-
trolyte uptake of polymer films [31-33]
and the determination of exchange cur-
rents at ion-selective membranes for po-
tentiometric sensors [32, 34].

2.6.7
Instrumentation

Impedance test equipment usually com-
prises an ac measurement unit and a po-
tentiostat or galvanostat. For many applica-
tions, such as biomedical investigations or
the characterization of thin films in which
it is not essential to maintain a dc-voltage
level during the impedance measurement,
a potentiostat is not required. In cases
like this, the ac-measurement unit can be
used more efficiently by itself since it usu-
ally allows more accurate measurements
and the use of higher frequencies. Po-
tentiostats, however, are a useful addition
to the impedance test equipment when
the system under investigation has a high
impedance, since they have high-input
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impedance and good current sensitivity.
Further information analog and digital in-
strumentation is given in Chapter 1.2.

The techniques commonly utilized for
ac-impedance measurements in modern
equipment can be subdivided into two
main groups — single-sine and multiple-
sine techniques. The lock-in technique
and frequency-response analysis will be
described as representatives of the single-
sine techniques and FFTs will be intro-
duced as an example for multiple-sine
techniques.

2.6.7.1 Single-sine Techniques

In single-sine techniques, a small-ampli-
tude sinusoidal signal with a fixed fre-
quency is applied to the test cell. The
response signal is then analyzed to extract
the two components of the impedance (real
and imaginary parts or magnitude and
phase). This experiment is then repeated
at a series of different test frequencies
usually starting at the highest frequency
and finishing at the lowest in order to
minimize sample perturbation. The main
advantages of single-sine techniques are

e that they produce high-quality data,

e that fast measurements can be per-
formed at high frequencies since the
measurements can be performed dur-
ing one cycle of the sine wave,
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e that the instrumentation is simple since
the sine wave can be produced with a
frequency generator, and

e that measurements can be carried out
at very high frequencies.

2.6.7.1.1 Phase-sensitive Detectors — Lock-
in Amplifiers Lock-in amplifiers are de-
signed for signal detection in a high-noise
background and are therefore capable of
very accurate readings. A schematic of a
lock-in amplifier is shown in Fig. 18. An
oscillator produces a sinusoidal waveform,
which is simultaneously applied to the
electrochemical cell and fed into the refer-
ence input. The response wave is applied
to the signal input and amplified includ-
ing noise. The bandwidth of the noise is
reduced by passing the amplified signal
through a band pass filter [35, 36].

A lock-in amplifier usually provides a
dc output that is proportional to the ac
input signal. The rectifier, which performs
this ac to dc conversion, is called a Phase-
Sensitive Detector (PSD). The detector
multiplies input and reference signal with
each other. If the reference signal is a

voltage according to
yref — Voref cos wt (54)

and the input signal is a voltage propor-
tional to the ac current flowing through the

system under investigation according to

Vit = Vi cos(wr + @)  (55)
then the product of these two signals
would be a sinusoid at twice the reference
frequency

vPSD = Lyrefyin cos @ 4 Lyfefyin

x cosQwt + D) (56)

Figure 19 shows the case in which ¢ = 0.
The mean level of VPSP which is the dc
component of the detector signal, can be

calculated to
vESD — lyrefyincos o

mean — 2

(57)

In a lock-in amplifier, the reference signal
is passed through a phase shifter that
compensates for any phase shift between
input and reference signal introduced
by the system under investigation. Since
there is no phase shift between input and
reference signals (& = 0) after passing
through the phase shifter, the mean level of
the detector signal assumes its maximum
possible value of 1/2 VgEf V{® according to
Eq. (57). If the reference signal is fixed
at a constant level, the input signal and
therefore the impedance can be calculated
from the mean level of the detector signal.
The dc component of the detector signal is

Mixer
Input (phase Output
) amplifier Ba';'.? Pass  sensitive LOW PSS ampiifier
Slgn?I iiter detector) filter vt
inpu oo
Test ~ | % %
system e ’ ~ =
Oscillator O— Reference
trigger
Reference
input Phase shifter

Fig. 18 Schematic of a lock-in amplifier [35].



Fig. 19 Detection principle of a lock-in
amplifier [35].

isolated from the signal by using a low pass
filter and by measuring the filtered output
with a dc-voltmeter. Noise associated with
the input signal would also be multiplied
with the reference signal. However, since
noise does not have a fixed frequency or
phase relationship to the reference signal,
it does not cause a change of the mean dc
level, that is, lock-in amplifiers are highly
frequency selective.

There are different types of PSDs, three
of which will be discussed briefly. The
first one is an analog multiplier in which
the input signal is multiplied with the
reference signal via an electronic circuit.
In the presence of large noise, it is difficult
to guarantee linear operation of analog
multipliers that therefore often show poor
noise rejection.

The simplest form of PSD is a digital
switching multiplier. Its operation is
shown in Fig. 20. During the first half
cycle, while the reference signal is positive,
the input signal remains unchanged.
During the second half cycle, the reference
signal becomes negative, and the input
signal is inverted. This type of PSD usually
operates linearly. However, the main
disadvantage of switching multipliers is,
that they do not only detect signals at the
frequency of the reference signal butalso at
odd harmonics of the reference frequency.

The PSD found in digital lock-in am-
plifiers is the digital multiplier. In this
case, the input signal is first amplified
and then digitized. This digitized signal
is multiplied with a digitized version of
the reference signal using a digital signal
processor (DSP). This technology provides
perfect multiplication and excludes odd
harmonics of the reference frequency.
A problem associated with instruments
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using DSPs is the dynamic range that
is inherent to all digital instruments (see
Chapter 1.2).

Many modern lock-in amplifiers include
a microprocessor to perform simple math-
ematical manipulations, and can easily be
incorporated into a computer-controlled
setup. Measurements using a lock-in am-
plifier provide high-quality data but are
usually more time consuming than those
carried out with a frequency response an-
alyzer (FRA).

2.6.7.1.2 Frequency Response Analysis
Frequency Response Analysis is the most
widely used technique for impedance
testing. Similar to the lock-in technique,
it can extract a small signal from a very
high background of noise automatically
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rejecting dc and harmonic responses.
An FRA correlates the input signal with
reference sine waves. To achieve fast
measurements, FRAs are usually equipped
with separate analyzers for each input.

FRAs have a sine wave generator that
outputs a small-amplitude voltage signal
to the system under investigation. The
response signals, usually the voltage mea-
sured between two reference points in
the electrochemical cell and a voltage
signal proportional to the current flow-
ing through the cell, are fed into the
input channels, digitalized, and then in-
tegrated over several cycles in order to
reject noise.

In addition to the waveform at the fre-
quency of interest, the measured signals
usually contain a dc component, harmon-
ics, and noise (see Eq.67). The process

Fig. 20 The digital-switching multiplier
is the simplest form of the
phase-sensitive detector [36].

used to reject these spurious components
is analogous to the digital multiplication of
the input signal with a reference waveform
performed by a phase-sensitive detector
(see Sect. 2.6.7.1.1). However, in the case
of an FRA, no phase shifter is needed
to compensate for the phase shift be-
tween input and reference signals, but
the integrated waveforms are immediately
correlated by multiplying them by sine
and cosine reference waveforms, and the
resulting signals are integrated.
For a pure sinusoidal input signal

Vi — rsin(wt + ®) = a sinwt + b cos wt
(58)
the results of the integrations would be

1 2 /w . a
7/ (V" sin wt)dt = 5 9
0

which corresponds to the real component
of the input signal and

1 2/ i b
— 74 Hdt = = 60
T/o (V™" cos wt) 7 (60)

which corresponds to the imaginary com-
ponent of the input signal. Once real and
imaginary parts of the input signals have
been determined by correlation, the com-
plex impedance of the test object can
be calculated. It can be mathematically
proven that all the spurious components
are rejected by this technique of correlation
provided thata sufficiently large number of
cycles have been used for the integration.

Some FRAs are also capable of analyzing
harmonics. This could be achieved by mul-
tiplying the input signal with a waveform
of the appropriate frequency or by carrying
out an FFT on the input signal.



Fig. 21 FFT waveform composed of
three different frequencies [36].

The technique of digital correlation can
be applied to a large range of frequencies.
However, to allow easier analysis at
high frequencies, the measured signal
is shifted to lower frequencies using a
technique called heterodyning. The input
signal is multiplied with a reference
signal of slightly different frequency. The
resulting signal has two components, one
at the sum of both frequencies and one
low-frequency component at the difference
of both frequencies. The high-frequency
signal can easily be filtered out, and the
low-frequency signal is then analyzed by
correlation as described above.

2.6.7.2  Multiple-sine Techniques
Impedance spectroscopy is frequently
used to characterize systems that change
with time. In Sect. 2.6.3.2, it was shown
how inconsistent impedance data could be
eliminated using Kramers—Kronig trans-
forms. Another way to reduce the effects
of a system changing during the measure-
ment is to reduce the total measurement
time by using a multisine technique, which
is also frequently called time-domain or
FFT technique.

In the case of multisine techniques,
a measurement is carried out at several
frequencies simultaneously. Analogous to
white noise, waveforms of typically 15 to
20 different frequencies and equal ampli-
tudes are superimposed as demonstrated
in Fig. 21 [36]. The phases of the superim-
posed signals are randomized to minimize
the amplitude of the composite signal. In
contrast to single-sine techniques, mul-
tisine techniques do not require waiting
for a full cycle to be completed for each
of the frequencies used. For a multi-
sine technique, a full experiment can be
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carried out during a full cycle of the
lowest frequency resulting in a reduced
measurement time. This advantage can
be utilized to investigate electrochemical
processes in real time provided that time
required for data acquisition is shorter
than the time constants of the system un-
der investigation.

The voltage across the system under in-
vestigation and the current, which contains
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information about the response of the sys-
tem to each of the frequencies contained
in the perturbation signal, are measured
in the time domain. The time-domain sig-
nals are digitized and transferred into the
frequency domain by carrying out an FFT.
The resulting data for each discrete fre-
quency can be treated the same way as
the impedance data obtained with a single-
sine technique. Repeated application of
the waveform and averaging of the sig-
nal before FFT is applied can improve
the signal-to-noise ratio of the multisine
technique, although it also increases the
measurement time required.

It is worth considering the effect of
a change of the system during the
experiment. Because of the fact that the
perturbation signal is a superposition of
different frequencies, data are acquired
for each frequency throughout the entire
experiment. The result for one frequency
is then obtained by averaging all the data
sampled for this particular frequency. If
the system under investigation changes
during the experiment, the data averaged
for each frequency would vary noticeably
resulting in an impedance plot with
considerable scatter. This scatter can be
taken as a clear indication of unreliable
data, but it also makes the entire data
set unusable. As described in Sect. 2.6.3.2,
the effect of a change of the system
during the measurement can frequently
be eliminated by discarding low-frequency
data. For a multisine technique, this means
that the experiment has to be repeated with
a higher low-frequency limit in order to
further reduce the measuring time.

As discussed in Sect. 2.6.10, electro-
chemical systems can show a nonlinear re-
sponse, that is, the current response of an
electrochemical system can be composed
of a response at the excitation frequency

and responses at harmonics of the excita-
tion frequency. Therefore, the frequencies
superimposed for a multisine experiment
have to be chosen very carefully. To pre-
vent faulty results, the frequencies chosen
are usually odd harmonics of the low-
est frequency in order to eliminate the
second harmonics components that may
be caused by a nonlinear response of the
system. Nonlinear behavior of the system
would cause additional frequencies to ap-
pear in the response signal. The response
at these additional frequencies would ap-
pear in the time-domain signal at places
not occupied by the frequencies of the ex-
citation waveform and at places already
occupied by the excitation waveform. As
shown by Popkirov and coworkers, this
would cause a distortion of the response
and data scattering [9]. Hence, not only
nonstationary effects but also nonlinearity
of the response appear in the FFT spectra
as additional scatter.

2.6.7.3 Experimental Setup

For impedance measurements on electro-
chemical systems, frequently a potentio-
stat of suitably high bandwidth is inte-
grated into the impedance measurement
system. The operation of a potentiostat
has been described in Chapter 1.2 of this
volume. In the case of electrochemical
impedance measurements, the potentio-
statis not only responsible for maintaining
a defined dc level but also for applying the
correct ac voltage to the working electrode.
A typical measurement setup with an FRA
and a potentiostat is shown in Fig. 22 [37].
The polarization potential and the ac per-
turbation are added together and applied
to the electrochemical cell at the counter
electrode (CE terminal). The voltage differ-
ence between the two reference electrodes
RE1 and RE2 is measured and fed back to
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Fig. 22 Example for impedance measurement setup with an FRA [37]. (ECI: electrochemical

interface, P/G stat: potentiostat/galvanostat).

the control loop, which corrects the volt-
age applied to the counter electrode until
the required potential difference between
RE1 and RE2 is established. The voltage
measured between RE1 and RE2 and the
current measured at the working electrode
are amplified by the potentiostat and fed
into the FRA as voltage signals. The poten-
tiostat can provide dc rejection as well as
compensate for the solution resistance if
required (IR compensation).

In an experimental setup as described
above, there is usually a choice between a
two-, three-, or four-electrode cell. These
options determine which part of the
electrochemical cell is characterized by the
impedance measurements.

In a two-electrode cell, terminal RE1 is
connected to the counter electrode CE, and
terminal RE2 is connected to the working
electrode (Fig. 23a). The impedance is al-
ways measured between RE1 and RE2,
that is, the impedance measured includes
that of the counter electrode, the elec-
trolyte solution, and the working electrode.
This type of electrode arrangement is typ-
ically used if it is impossible to position a

reference electrode in the electrochemical
cell, for example, in the characterization
of batteries, or when it is important to
maintain a homogeneous current distri-
bution as, for example, in low-conductivity
media, in which an inhomogeneous cur-
rent distribution can lead to measure-
ment artifacts [38]. If the properties of a
single electrode (the working electrode)
are to be investigated using a two-
electrode arrangement, the impedance of
the counter electrode has to be mini-
mized by giving it a considerably larger
surface area than that of the working
electrode.

For the characterization of electrode
properties, a three-electrode cell is superior.
In this case, terminal RE1 is connected
to a reference electrode placed close to
the working electrode, which itself is con-
nected to terminal RE2 (Fig. 23b). Since
the impedance is now measured be-
tween reference and working electrodes,
the impedance obtained will only be
influenced by the properties of the work-
ing electrode and the properties of the
electrolyte solution between working and
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(a) Two-electrode cell;

(b) three-electrode cell; and
(c) four-electrode cell.
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reference electrodes, that is, the influence
of the counter electrode on the impedance
spectrum is eliminated and that of the
resistance of the electrolyte solution is
minimized.

The applications of impedance spec-
troscopy are not limited to the characteri-
zation of electrode properties. Sometimes
it is desirable to investigate the properties
of membranes, solutions, or dielectrics.
For this kind of application, four-electrode
cells provide the best results. Two reference
electrodes are placed in the electrochem-
ical cell between counter and working
electrodes (Fig. 23c). The impedance mea-
sured depends purely on the properties of
the electrolyte or membrane between the
two reference electrodes, and the electrode
properties are completely eliminated from
the impedance spectrum.

2.6.8
Spatially Resolved Impedance
Measurements

As demonstrated repeatedly in this chap-
ter, ac-impedance spectroscopy is a valu-
able tool in the characterization of

electrochemical systems and new materials
as it provides information over a large
range of frequencies simultaneously.
However, the results obtained using this
method are always surface averaged. This
can lead to difficulties when the proper-
ties of an electrode or a thin film are not
uniform over the entire sample area. Sev-
eral attempts have been made to develop
methods that can detect impedance of elec-
trochemical systems with local resolution.
Two of these techniques will be described
in this section.

2.6.8.1 Local Electrochemical Impedance
Spectroscopy (LEIS)

Lillard and coworkers developed a method
called Local Electrochemical Impedance
Spectroscopy LEIS [39]. It relies on the fact
that ac current densities in the solution
very near to the working electrode are pro-
portional to the local impedance properties
of the electrode. In order to determine
the current densities normal to the sur-
face, the ac potential drop was measured
between planes parallel to the electrode
surface employing a two-electrode micro-
probe. A schematic of a commercially
available experimental setup for LEIS is



shown in Fig. 24. The ac current density
can be calculated from the potential drop
AV (w)probe using the following relation-
ship:

AV (a))probeo'

] (61)

I(@)iocal =
where o is the conductivity of the elec-
trolyte and [ is the distance between the
two microelectrodes normal to the sur-
face. The area-normalized magnitude of
the local impedance is then obtained from

Volw) 1

ZO(w)local = Nvis . -

AV (a))probe o (62

where Vp(w) is the magnitude of the ac
potential applied between working and
reference electrodes.

The assumption made in the derivation
of Eq. (62) is that the current density at
the tip of the two-electrode probe and the
current density at the electrode surface
are the same, which means that all the
current measured at the two-electrode
probe is assumed to be flowing normal
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to the surface of the working electrode. In
reality, however, the ac currents spreads
in the solution as a function of the
distance from the electrode surface, that
is, the resolution of LEIS depends on
the distance of the two-electrode probe
from the electrode surface. The spatial
resolution of LEIS is also limited by the
size of the two-electrode probe, since it
is not possible to resolve features smaller
than the probe. A reduction in size of
the probe is also accompanied by an
increase of its impedance, which makes
it more difficult to measure the current
density accurately. Lillard and coworkers
therefore indicated that these competing
effects needed to be optimized in order to
achieve maximum spatial resolution [39].
Bayet and coworkers modified LEIS by
replacing the two-electrode microprobe
with a single vibrating probe to improve
the local resolution [40].

LEIS has been applied successfully to
study defects in organic coatings [41, 42]
and passivation of metal surfaces [43].
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Fig. 24 Schematic of an experimental setup for LEIS (provided by Uniscan

instruments).
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2.6.8.2 Scanning Photo-induced
Impedance Microscopy (SPIM)

Another impedance-based imaging tech-
nique for laterally resolved characteri-
zation of thin films or electrochemi-
cal systems is Scanning Photo-induced
Impedance Microscopy (SPIM) [44]. It is
based on photocurrent measurements at
field-effect structures. In their simplest ar-
rangement, field-effect structures consist
of a semiconductor substrate with a thin
insulator, and a gate electrode. This gate
electrode can be a metal film resulting
in the structure Metal Insulator Semicon-
ductor (MIS) or, alternatively, Electrolyte
Insulator Semiconductor structures are
used, in which the electrolyte is in direct
contact with the insulator, and a reference
electrode is required to fulfill the function
of the gate electrode.

Different regions of the semiconductor
in a field-effect structure can be addressed
with light. A dc voltage is applied be-
tween the semiconductor substrate and
the gate electrode. Because of the presence
of an insulator, this does not produce a
dc current but controls the space charge
region in the semiconductor at the in-
terface between the semiconductor and
the insulator. Electron hole pairs created
during illumination of the semiconductor
separate in the field of the space charge
region if it is biased towards inversion.

i photo

The resulting current causes electrons and
holes to collect on both sides of the in-
sulator effectively charging the capacitor.
When the illumination is turned off, the
capacitor discharges and a current flows
in the opposite direction. A modulated
or chopped light beam focused on one
region of the semiconductor substrate re-
sults in a local ac current. When the space
charge region is biased towards accumus-
lation, no photocurrent flows. Figure 25
(curve a) schematically shows the change
of the photocurrent with the dc voltage.

If the system under investigation, for
example a thin film, is deposited on a semi-
conductor insulator structure, the pho-
tocurrent decreases as shown in Fig. 25
(curve b). The difference in photocurrent
is a function of the complex impedance
of the layer added. Local differences in the
impedance can be detected in the scanning
mode. An additional variation of the mod-
ulation frequency of the light results in ac-
impedance spectra with lateral resolution.

In classical ac-impedance spectroscopy,
a small-amplitude ac-voltage signal is
applied to the system under investigation,
and the resulting ac current is measured.
In the case of SPIM, a local ac voltage
is created as a result of the photo-
effect within the semiconductor by a
focused, modulated light beam leading to
a localized ac current. In contrast to other

Fig. 25 Curve (a) photocurrent of a
field-effect structure as a function of the
dc voltage; curve (b) decrease of the
saturation current of the photocurrent
curve upon deposition of a thin film on
the field-effect structure.



localized impedance techniques such as
LEIS, no probe or microelectrode needs
to be positioned above the sample. It is
however required that the system under
investigation be deposited on a field-effect
structure. This can be done in two different
arrangements: (1) The film is deposited
onto a semiconductor insulator structure
followed by the deposition of a thin metal
film (Fig. 26a). This allows measurements
in the gas phase. (2) The film is deposited
onto a semiconductor insulator structure
and is then exposed to an electrolyte
solution (Fig. 26b).

2.6.9
AC Voltammetry

ACvoltammetry is an extension of classical
linear sweep techniques such as cyclic
voltammetry. Its main strength lies in
the quantitative characterization of elec-
trode processes, and it can also be used
for analytical purposes. A dc ramp with
a comparatively slow sweep rate and
an ac signal are superimposed and ap-
plied to a working electrode, and the

® i

/ Metal / solution

Thin film under
investigation
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response ac current and its phase angle
are registered. The function of the dc
potential is to enforce and change the
surface concentrations of the electroac-
tive species at the electrode surface. A
simplification of the theoretical treatment
can be achieved when the perturbation
frequency is sufficiently high to sepa-
rate the ac and dc contributions of the
response signal. Because of the differ-
ent timescales of the long term diffusion
caused by the dc potential and the rapid
diffusional fluctuations caused by the ac
potential, the surface concentration set
up by the dc potential has the same ef-
fect as a bulk concentration on the ac
process.

In this chapter, only the response of a
reversible system will be described. Linear
sweep ac voltammetry of a Nernstian
system is considered.

O +ne"=—=R (63)
The mean surface concentrations of the
electroactive species are exactly the same
as they would be in a linear sweep
experiment without a superimposed ac

|_

Electrode

Sio,

(@)

Metal contact

Silicon A

Light
(b)

Fig. 26 Experimental arrangements for SPIM for (a) gas phase measurements and
(b) measurements in electrolyte solutions.
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potential (see Chapter 2.1 of this volume).
The amplitude of the ac current can be
derived according to

Ey nzeAa)l/zDé/zc’(k)Eo

Iy = = 3
Zg 4RT cosh®(a/2)

(64)

where a = nF/RT (E4. — E1/2), Eo is the
amplitude of the ac potential, Zf is
the faradaic impedance, E4. is the dc
potential, and Ei,; is the reversible half
wave potential [5]. The bell shaped ac
voltammogram described by Eq. (64) is
shown in Fig. 27. At the peak maximum,
the applied dc potential equals the half
wave potential.
The peak current can be expressed as

nzeAa)l/zDgzcgEo
I, = (65)
4RT

From Eq. (65), it can be seen that the
peak current is proportional to n?, w!/?,
and co* [5]- The latter is utilized for the
application of ac voltammetry for an-
alytical purposes. The peak current is
also proportional to the amplitude of
the ac potential Eo. This is, however,
limited to small amplitudes, that is, to
quasi-linear conditions. More recent sim-
ulations have shown that ac voltamme-
try can be carried out at considerably
larger ac-potentials in order to increase

Iy

Edc

the sensitivity of ac voltammetry as an
analytical technique [45, 46]. Although un-
der these conditions, the peak current is
not proportional to the ac-amplitude any-
more, it could be demonstrated that the
area under the peak is proportional to
the perturbation amplitude and the an-
alyte concentration [45]. Since the rules
for of semi-infinite diffusion apply, a
phase angle of —45° can be observed
for any reversible electrode reaction (see
Sect. 2.6.3.1).

By extending ac linear sweep voltamme-
try by a reverse scan, ac-cyclic voltammetry
is obtained. Surface concentrations of
the electroactive species are the same at
the same potential for forward and re-
verse scans. Hence, the peaks for forward
and reverse scans are identical. In con-
trast to classical cyclic voltammograms,
ac-cyclic voltammograms have a clear base-
line that is advantageous for quantitative
measurements.

If the dc process is not fully re-
versible, the surface concentrations of the
electroactive species are different at a given
dc potential for forward and reverse scans,
that is, for quasi-reversible systems a dis-
placement of the peaks for forward and
reverse scan can be observed. This dis-
placement can be used to derive kinetic
parameters of the electrode reaction. For

Fig. 27 Characteristic shape of
an ac voltammogram for a
reversible system.



a detailed discussion of the behavior of
quasi-reversible and irreversible systems,
see Bard and Faulkner [5].

2.6.10
Nonlinearity of Electrochemical
Systems — Analysis of Higher Harmonics

In previous chapters only the linearized
form of the current—potential relation
has been used. The other terms of the
Taylor series expansion were dropped.
However, in reality, current—potential re-
lationships show a considerable amount of
curvature. The Taylor series expansion of
the Butler—Volmer equation predicts that

a1
Al=(—]| AE
OE )y,

1/ 9%1
+—(—) AE? 4. (66)
Eo

2

When a pure sinusoidal voltage is applied
to an electrochemical cell, the waveform of
the resulting current is very often distorted
due to this nonlinear current—potential
relationship unless the excitation voltage
is sufficiently small. The response signal
can be described as

I'= I4
+ Ipsin(wt + @) + I sinQowt + $1)

+ I sin(3wt + ®)) + - - - + Noise

(67)
where I4. is the dc component of the
current and I, I, I3... are harmonic
distortion components.

It is useful to consider the second and
higher harmonics for the characterization
of electrochemical systems. The advantage

Fig. 28 Second harmonic ac
voltammogram for a reversible system
(a) phase-sensitive current detection
and (b) modulus of the current.

2.6 Impedance Methods

of techniques based on the nonlinearity of
electrochemical systems is, that the second
and higher harmonic signals are relatively
free of charging currents. Since the
double-layer capacitance behaves in much
more linear fashion than the faradaic
processes, the charging currents of the
double layer can mainly be found at
the excitation frequency w. Hence, the
determination of kinetic parameters is
frequently easier at higher harmonics.
Harmonic analysis has been used widely
for determining corrosion rates (see, for
example, Jafar and coworkers in [2]).

Higher harmonics can be detected by
FRAs or lock-in amplifiers, which can be
tuned to detect a multiple of the excitation
frequency. An alternative is to extract
the harmonic signals from the response
using FFT.

Second- or higher-order effects have not
only been utilized for impedance spec-
troscopy but also for ac voltammetry [45,
47,48). While an ac voltammogram (shown

Iy
0

Edc

|
Eip

(a)
ol

Eip de

(b)
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in Fig. 27) corresponds to the first deriva-
tive of the current—potential relationship
(first term in Eq. 66), the higher harmon-
ics ac voltammograms that depend on the
curvature of the current—potential rela-
tionship, correspond to that of the second
and higher derivatives (Fig. 28a). The sign
inversion of the current at E1/, can be de-
tected in phase-sensitive measurement as
a phase shift of 180°. A measurement of
the magnitude of the ac-current amplitude
would result in a voltammogram of the
shape shown in Fig. 28(b).
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Abstract

This chapter reviews the development and
use of the electrochemical quartz crys-
tal microbalance (EQCM) as an in situ
probe of interfacial processes involving the
formation, properties, and redox switch-
ing of multilayer films. For films that
are sufficiently rigid and/or thin (termed
acoustically thin), the EQCM functions as
a quantitative gravimetric probe of surface
population changes. This well-established
methodology is now being used to explore
both thermodynamic and kinetic aspects
of film compositional changes, for exam-
ple, in response to electrochemical stimuli.
Correlation of mobile species (ion and
solvent) population changes — within the
effectively static film matrix — with elec-
trochemical control and response func-
tions (potential, current, and charge) now
provides mechanistic information. Com-
bination with other in situ (e.g. optical
or spectroscopic) techniques is a devel-
oping area and can facilitate separation
of individual ion and solvent transfers.
For films that are softer and/or thicker
(termed acoustically thick), the acoustic
wave is attenuated during passage across
the film, which in turn undergoes acous-
tic deformation. The EQCM now responds
primarily to film viscoelastic properties,
that is, film (rather than mobile species)
dynamics. This is a developing area, but it
is now possible to extract film shear modu-
lus components (storage and loss moduli);
these are found to respond significantly

to the film redox state (controlled via po-
tential or charge), temperature, timescale
(frequency), and environment (both sol-
vent and electrolyte ions). These effects
are reviewed with selected examples from
a diverse range of materials, encom-
passing metals, metal oxides, semicon-
ductors, metal coordination complexes,
and redox, conducting, and insulating
polymers.

2.7.1
Introduction
2.7.1.1 Overview

The quartz crystal microbalance (QCM)
is one of a large family of acoustic wave
devices, whose utility is based on the sensi-
tivity of resonant frequency and amplitude
responses to their environment [1]. The
common feature of all the devices is that
they use excitation of a piezoelectric el-
ement (commonly, but not universally,
quartz) to launch an acoustic wave that
interacts with the medium immediately
adjacent to the piezoelectric element. The
nature of this interaction — generally char-
acterized through phase and amplitude
shifts (as functions of frequency) —is de-
termined by the local composition and
properties of the medium. Different de-
vices use different crystal cuts to generate
different crystal modes that propagate in
different ways. However, the common fea-
ture is that the acoustic waves generally
only propagate a short distance into the
contacting medium, so that the frequency
response of the device is predominantly
determined by interfacial properties; this
is ideal for electrochemical systems.

In this review, we discuss the develop-
ment and application to electrochemical
problems of a bulk acoustic wave device,
the thickness shear mode (TSM) resonator,
whose operation (in the simplest case of a
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Rigid overlayer

Electrodes — )

Fig. 1

Quartz

Schematic diagram of the shear motion of a TSM

resonator loaded with a rigid overlayer.

rigid overlayer) is schematically indicated
in Fig. 1. Generically, the utility of the
device exploits the fact that almost any sur-
face process — whether chemically or phys-
ically originated — will result in a change
in surface composition and/or species
population(s). The consequent change in
acoustically coupled mass causes a change
in the resonant frequency of the oscilla-
tor. Through suitable analysis, expounded
in this article, one can invert this process
and attribute the frequency response to
the underlying interfacial physicochemical
process(es) and materials properties.

2.7.1.2 History and Prior Reviews

The growth of EQCM studies as an
independent field has been remarkable.
Following the extension of the ex situ
QCM method to in situ operation as
EQCM in 1985, annual publication rates
were at single figures for the first few
years, rising steadily through the 1990s
to around 100 per year at present. This
does not include the huge number of
(nonelectrochemical) QCM publications,
presently running at over 300 per year and
totaling well over 2000 to date. There are
also a considerable number of publications
that report studies in which the (E)QCM
was used as a supporting (rather than
primary) technique, to the extent that it
is not always listed in abstracts; this is
testament to the speed with which the

EQCM has become accepted as a standard
tool in the armory of the interfacial
electrochemist.

Although this is a relatively new field,
the rapid increases in capability and areas
of application of the EQCM have prompted
a number of reviews in journals and
books [2—6]. The reader entering the field
will find these helpful, although it is
noteworthy that over half of the literature
in this field has been published from
1998 onwards, that is, after all but one
of these reviews; the most significant
consequence of this is the necessarily low
coverage given to viscoelastic effects (see
below). There are also special issues of
primary journals related to the topic [7, 8]
and those interested in keeping abreast
of recent developments should consult
the outputs of two established series of
biannual meetings [9, 10].

2.7.1.3 Organization and Coverage of
Topics

Since full listings of the numerous
EQCM:-based publications can readily be
generated by computer-based literature
searches, this article is selective with
the goal of clearly illustrating specific
phenomena or processes. A companion
article in this series[11] focuses on the
more overtly interfacial aspects (such as
fluid coupling — including roughness and
“slip” phenomena —and double-layer ef-
fects) and monolayer films (including
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simple adsorption, self-assembled mono-
layers, and underpotential deposition of
metals). It provides important updates of
topics that were the focus of previous re-
views [2—6]. In contrast, the present article
focuses on thicker (multilayer) interfacial
systems, which those reviews covered in
less detail.

For sufficiently thin films, the general
concepts applied to monolayer systems
apply; in particular, the EQCM functions
as a simple gravimetric probe of interfa-
cial populations and processes. For thicker
films, factors other than inertial mass can
exert a significant influence on EQCM re-
sponse. Prominent among these are film
viscoelastic properties, whose influence is
commonly dominant for thick polymer
films. Accordingly, the next section cov-
ers the principles and practice of operation
of the EQCM under conditions in which it
functions as a gravimetric probe and then
as a viscoelastic probe. As will become ap-
parent, a given system can show either type
of response (according to such parameters
as temperature, solvent, and potential).
Thus, the account of experimental appli-
cation of the EQCM is organized on the
basis of the (electro)chemistry involved.

2.7.2
The EQCM Technique

2.7.2.1 Principles

Detailed explanations of the operation of
TSM resonator devices have been given
elsewhere [1, 12]; here, we summarize the
principles in only as much detail as re-
quired to understand their capabilities and
limitations in the electrochemical context.
As a complement to the above electron-
ically oriented descriptions, Kanazawa’s
physical model [13] is extremely helpful
in visualizing the mechanical aspects,

such as film displacement, that under-
lie viscoelastic phenomena (discussed in
Sects. 2.7.2.1.2 and 2.7.3.7).

When loaded with a thin film, a TSM
resonator functions as a gravimetric probe
of the populations of surface-attached
species. In this context, “thin” implies a
film whose combination of thickness and
shear stiffness is such that the acoustic
wave does not deform it; consequently, the
film moves synchronously with the res-
onator. Such a film is termed acoustically
thin. Monolayer adsorbates can generally
be expected to conform to this require-
ment. Since such systems have been
described in a companion article in this
series, we describe this simpler case (as it
relates to multilayer films) first and in less
detail.

In contrast, when loaded with a suf-
ficiently thick film, a TSM resonator
functions as a rheological probe of the
properties of surface-attached species. An
acoustically thick film is one whose com-
bination of thickness and shear stiffness
is such that the acoustic wave significantly
deforms it. Consequently, displacement of
the outer regions of the film exhibits a
phase delay with respect to displacement of
the underlying resonator. Multilayer adsor-
bates may behave in this manner if they are
either intrinsically “soft” or are plasticized
by the permeation of a solvent or other
small molecules. This situation is more
complicated and it is only recently that
the theoretical aspects have been treated
in quantitative fashion for fluid-immersed
films. Accordingly, this case is described
subsequently to the simpler gravimetric
case and in greater detail.

2.7.2.1.1 The EQCM as a Gravimetric Probe
Application of an AC voltage across an AT-
cut [1] quartz crystal results in the crystal
undergoing the shear motion illustrated



in Fig. 1. Resonance occurs when there
is constructive interference from the wave
fronts propagating from the upper and
lower surfaces of the resonator, that is,
the outgoing and reflected waves. This
criterion is satisfied when the thickness
of the crystal corresponds to half the
acoustic wavelength. Thus the thickness
of the crystal defines the base operating
frequency.

The central tenet behind all the appli-
cations discussed in this review is that
a change in surface composition and/or
species populations leads to a change in
the acoustic loading, which is detectable
via a change in resonator frequency re-
sponse. In the simplest case, one can
readily envisage that a change in the mass
of the mechanically oscillating system (the
quartz resonator plus associated surface-
attached material) will lead to a change in
resonant frequency. For TSM resonators,
the frequency responds to the change in
areal mass density (i.e. change in mass
per unit area, (AM/g cm™2) rather than
the change in mass (Am/g) per se. For a
change in elastically coupled (“rigid”) in-
ertial mass, the resonant frequency change
(Af/Hz) of an AT-cut quartz crystal res-
onator from its initial value ( fp) is given by

2 2
Afz—(——>%AM (€3]

Pqlq
where pq and vq, respectively, are the
density and shear wave velocity within
the quartz. The simple form of Eq. (1),
known as the Sauerbrey equation [14], is a
result of making the approximation that
the overlayer producing the added mass
can be treated as an extension of the
quartz. This is strictly only true when the
layer is thin, elastic, and has the same
acoustic impedance as quartz. In practice,
the acoustic mismatch problem (differing
film and quartz characteristic acoustic
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impedances) is generally not significant
for mass changes involving rigid films
that are less than 1% of the mass of the
quartz crystal; most problems encountered
in interfacial studies of rigid films conform
to this.

Implicit in the derivation of the Sauer-
brey equation is the idea that the medium
into which the acoustic wave propagates
does not dissipate energy. It has long been
recognized that if the ambient medium
were a liquid, then this would no longer be
true — indeed it was commonly presumed
that the energy dissipation would be so
great that attenuation of the shear wave
would so severely damp the oscillation as
to prevent in situ use of the QCM. In
the 1980s, it was shown that, although
significant, fluid damping is not fatal to
in situ operation of the QCM [15] - thus
its electrochemical extension, the EQCM,
became a reality [16]. Furthermore, the ef-
fective viscous coupling of the fluid (the
decay length, x1, of the wave in the fluid)
was calculable [17] in terms of fluid prop-
erties (viscosity (n1) and density (p1)) and
the crystal operating frequency:

12 12
() - (2) o
oL fo ®

where vy (=n1L/pL) is the kinematic
viscosity of the fluid and w(= 27f)) is
the angular frequency of the resonator.

2.7.2.1.2 The EQCM as a Viscoelastic Probe
The Sauerbrey equation was developed to
describe films that are thin and elastic
(in common parlance, “rigid”). In this
situation, the addition of more of the same
material or of a second rigid material
can be described in a linear additive
manner. This is because the “new’” layer
experiences the same displacement as
the existing layer, that is, there is no
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decay or phase shift of the acoustic
wave across the inner layer. However,
if the material immediately adjacent to
the resonator surface is nonrigid, the
effect(s) of additional loading(s) on the
resonator are not linearly additive. This is
because the material immediately adjacent
to the resonator now suffers a deformation
across its thickness. Thus, any additional
material on the outer surface will not
experience the same displacement as when
overlaid on a rigid inner layer. Instead, the
acoustic wave it experiences from the inner
layer will be subject to a phase shift and
significant attenuation with respect to the
wave initially launched by the resonator.

One common experimental approach to
this situation (described in Sect. 2.7.2.2.2)
is based on impedance methods. An AC
electrical excitation drives the resonator,
whose mechanical response is determined
by the viscoelastic characteristics of the
loading (in this context, surface films
and electrolyte solutions). The measured
electrical driving and response functions
are related by the electrical impedance,
and analogous mechanical functions can
be defined; the electrical and mechanical
analogs are linked through the piezoelec-
tric effect, quantified by the electrome-
chanical coupling factor of the resonator
(usually quartz, for which K% =7.74 x
1073). Here we summarize the general
concepts, developed by Martin and a se-
ries of coworkers [1, 18, 19], and illustrate
them for surface loadings typical of elec-
trochemical systems.

In electrical /electrochemical impedance,
it is common practice to represent the sys-
tem under study by an electrical equivalent
circuit, in which a combination of resis-
tors, capacitors, and inductors represents
the physical components of the system.
For the system as a whole, the impedance
is the quotient of the applied potential (the

driving force) and the resultant current
(the response). An analogous approach
can be used for the surface mechanical
impedance of the resonator loading. For
the system as a whole, the mechanical
impedance (Zs) is the quotient of the sur-
face stress (T, driving the motion) and
the particle velocity (vy, the motion) at the
resonator surface (y = 0):

Ty

Zs = 3)

Ux y=0

Pursuing this analogy, components in the
electrical equivalent circuit can be assigned
direct mechanical significance: resistance
represents energy loss, capacitance rep-
resents energy storage, and inductance
represents inertial mass. Thus, one overall
strategy is to model the electrical response
in terms of an equivalent circuit and then
to transform the components into their
mechanical analogs.

There are two electrical equivalent cir-
cuits in common usage, the transmission
line model (TLM) and a lumped element
model (LEM) commonly referred to as the
Butterworth—van Dyke (BvD) model; these
are illustrated in Figs. 2(a and b), respec-
tively. In the TLM, there are two acoustic
ports that represent the two crystal faces:
one is exposed to air (i.e. is stress-free,
indicated by the electrical short) and the
other carries the mechanical loading (here,
a film and the electrolyte solution, repre-
sented below by the mechanical loading
Zs). These acoustic ports are connected
by a transmission line, which is in turn
connected to the electrical circuitry by a
transformer representing the piezoelectric
coupling. For the TLM, one can show [18,
19] that the motional impedance (Z1 ) as-
sociated with the surface loading can be
related to the mechanical impedances of
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Fig.2 Electrical equivalent circuit models for a TSM resonator:
(a) transmission line model (TLM) and (b) Butterworth—vanDyke
lumped element model (LEM). Circuit elements are defined in the

main text.
quartz (Zq) and the loading (Zs) by

Zl _ ¢q(ZS/Zq)
mT4RK20C)

(Zs/2y) }
2tan(¢q/2)

)
In practice, one is always interested in
measurements close to resonance (w =
ws), so that the phase shift, ¢q ~ 7. For
most systems of interest, the loading
is generally a small perturbation on
the total impedance (Zs/Zq < 1). Under
these conditions, the second term in the
bracket in Eq. (4) is small compared to

unity. Hence,

O =Ry + jowL
™ 4K 205Co Zq
5)

In Eq. (5), we have indicated that the sim-
plified expression for Z! can be expressed
as a series combination of a resistor and an
inductor. In the mechanical context, these
represent energy loss and inertial mass,
respectively. Equation (5) in fact describes
the BvD LEM; in other words, the LEM
(Fig. 2b) is a low loading/near resonance
approximation of the more general TLM

235



236

2 Electroanalytical Methods

(Fig. 2a). Simple considerations show that
the vast majority of electrochemical ex-
periments correspond to this low loading
case and that the error incurred by the
use of the simpler Eq. (5) [as opposed to
the more cumbersome Eq. (4)] is less than
1% — comparable to or better than the pre-
cision of experimental data.

In the earlier literature, there was a
tendency to ascribe anomalous EQCM
behavior to viscoelastic effects; in the
absence of quantitative models for these
phenomena, this was not surprising. This
problem no longer exists, since Eq. (5)
suggests a simple test for “rigid” layer
behavior. An elastic film does not dissipate
energy, that is, will contribute nothing to
the electrical equivalent circuit resistance.
In this case, in Eq. (5), R, =0 and L; is
proportional to the inertial mass of the
film. One can then show [19] that

CLafs _ 2f{AM
20 / PaMq

where L1 and L, are represented in
Fig.2(b), fs is the series resonant

Af = (6)

-~

Liquid —> ~

frequency, pq is the density of quartz, and
Hq is the shear elastic constant for quartz.
In fact, since the mass loading exerts only
a small perturbation on the resonant fre-
quency (fo =~ fs) and vq = (quq)l/z, it
can be seen that Eq. (6) is a restatement
of the Sauerbrey equation. Thus, an un-
equivocal test for film rigidity is a crystal
impedance measurement that returns a
zero value for Rj; in the event that R is
nonzero but constant with changing condi-
tions (e.g. film redox state), then the film is
nonrigid but frequency changes (e.g. with
redox state) are not viscoelastically driven.

Aspects of loading with nonrigid films
have been considered by several au-
thors [18-22]. The primary case of interest
in the electrochemical context is load-
ing with a rigid layer (the electrode), a
viscoelastic film (commonly, though not
necessarily, a polymer), and then a New-
tonian fluid, schematically illustrated in
Fig. 3. (The rigid layer component may
also include material entrapped within sur-
face features [23].) The characteristic me-
chanical impedances of the two nonrigid

‘Rigid’ layer —>

\ -~«—— Viscoelastic film

Crystal —> -

=

Electrodes
. ‘/%

Fig. 3 Schematic diagram of the propagation of an acoustic shear wave
launched by a TSM resonator loaded with a viscoelastic overlayer and
exposed to a fluid. Note the progressive zero, significant, and dramatic
attenuations of the wave on moving from the rigid layer (electrode plus
surface feature-entrapped material) to the viscoelastic solid to the fluid. The
acoustic decay lengths in these three regions are, respectively, infinity,
[2G/{1 — G'/G)'? /(w/p¢), and 1.4[G" / p5]'/? /w; in the latter two

instances, typical values are 2 and 0.2 um.



components are

_ (wpLni\1/2 .
z=(%) " a+h
for the liquid and
Zs = (Gpp)'/? ®)

for the film, where pr is the film density
and G its shear modulus:

G=G+jG" 9
in which G’ is the shear storage modulus,
G" is the shear loss modulus, and j =
V-1.

One implication of the treatment of
Sect. 2.7.2.1.1 is that the impedances of
serially deposited rigid layers are additive;
this is because each successive layer expe-
riences the full acoustic motion for the res-
onator, transmitted without loss through
each underlying layer. However, nonrigid
layers do not behave in this fashion: as one
moves away from the resonator surface,
each successive layer experiences only a
fraction of the acoustic displacement en-
tering the underlying layer. Consequently,
the component impedances of the sepa-
rate loadings (here, film and fluid) are no
longer simply additive. For a viscoelastic
film of thickness hf immersed in a semi-
infinite Newtonian fluid, the total surface
mechanical impedance is given by [18, 19]

Je—7 Zy cosh(yhg) + Zg sinh(y hf)
S [Zf cosh(yhs) + Z1 sinh(yhf)i|
(10)
where the complex wave propagation
constant y is defined as jw(of/G)'/?. A
little algebra reveals that Eq. (10) has the
“required” limiting forms: (1) when the
film is very thick the term in brackets
approaches unity and Zg — Zg, so the
resonator sees only film and no fluid; and
(2) when the film is very thin Zg — Z1 +
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Jjowhgps, which corresponds to additivity
of a rigid film and the fluid. In the
latter case, the film is sufficiently thin
(acoustically thin) that there is negligible
acoustic deformation across it. Bandey and
coworkers have generalized Eq. (10) to the
case of an arbitrary number of nonrigid
layers [19]. As will now be revealed, one
can use such an equation to predict
the behavior of multiple nonpiezoelectric
layers of known properties, but not
to determine (from experimental data)
unknown layer properties.

There is an additional phenomenon wor-
thy of mention for viscoelastic films — film
resonance. As film thickness increases, an
acoustic phase delay (¢) develops across
the film. One can show[1, 24] that the
phase shift developed across a film of thick-
ness hy and shear modulus G is given by

¢ = wheRe {\/%}

1+G'/G

= whe /o i (11)

When the phase shift reaches a quarter
of the acoustic wavelength (¢ =m/2),
bearing in mind that reflection at the
outer (film/solution) interface introduces
a phase shift of m, the “round trip”
for a wave launched at and returning to
the resonator surface corresponds to one
wavelength. This results in constructive
interference between the returning wave
and the next outgoing wave. Provided
that the reflectivity coefficient at the
film/solution interface is close to unity
(a condition fulfilled when the film and
fluid characteristic impedances are very
different), there will then be a dramatic
change in coupling of energy from the
resonator into the film; this is termed
film resonance. In terms of the observed
frequency response, there is a sharp
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increase in admittance and an increase
in resonant frequency. As the system
passes through resonance, for example,
with further increase in film thickness, the
response returns back to the preresonance
trend of decreasing resonant frequency
and admittance.

The sequence of events as the system
passes through film resonance is illus-
trated schematically in Fig. 4 [25], in which
the total (observed) impedance (full line)
is the combination of the crystal (dotted
line), and film (dashed line) components.
As film thickness increases (moving from
frame 1 to frame 5), the film component
moves rapidly downwards in frequency.
As it passes through the crystal compo-
nent, the prediction is that the total res-
onance will — transiently — split into two
peaks (frame 3). As the resonance con-
dition is passed (frame 5), the response
returns to a more “normal” appearance.
More detailed theoretical exploration of
this phenomenon [25] shows that both the
absolute and relative values of the shear
modulus components have significant in-
fluence over the resonator response. In
particular, the double-peak nature of the
response shown in Fig. 4 is only predicted
for low loss films (i.e. films for which the
loss tangent, G” /G’ < 1).

2.7.2.2 Experimental Methodology

2.7.2.2.1 Basic EQCM Technique The
usual configuration is for one of the elec-
trodes on the crystal to be exposed to
air and the other to be exposed to the
electrolyte; the latter is then the working
electrode in a standard three-electrode elec-
trochemical cell. The basic electronic cir-
cuitry suitable for driving a TSM resonator
exposed to a liquid and maintained un-
der electrochemical potential control, and
measuring the resonant frequency, was

first described by Bruckenstein [16]. Since
then, several variants on this have been
described and commercial instrumenta-
tion is now readily available. Significant
extensions of the original design include
low noise circuitry [26], rapid data acqui-
sition [27], a purpose-built cell [28], and a
dual QCM in which a fluid-exposed ref-
erence crystal compensates for changing
fluid properties [29].

Beyond this, but still restricting attention
to frequency measurement (i.e. gravimet-
ric mode), the concept of AC electro-
gravimetry has been developed in a series
of papers by Gabrielli and coworkers.
Although applications of this methodol-
ogy to specific systems are discussed in
Sect. 2.7.3, some of the papers provide spe-
cific details on the generic principles [30]
and instrumentation [31, 32]. The essential
concept is that, analogous to conven-
tional electrochemical admittance, i / E (w),
one can define an electrogravimetric-
transfer function, Am/E(w), as a func-
tion of frequency, w. Other useful
quantities are the mass/charge-transfer
function, (Am/Aq)(w), and the partial
mass/charge-transfer functions [32]:

Am;sg
AE

Am mi 1

() = E(w) + j_w—FZF(a))

(12)
for the anion (i = A; minus sign) and
the cation (i =C; plus sign), where
Zp(w) is the conventional electrochemi-
cal impedance. The mass/charge-transfer
function can be regarded (with the in-
clusion of appropriate constants) as a
generalized version of the normalized
mass change, AMF/Q, and the partial
mass/charge-transfer functions are anal-
ogous to the quantity ¢; defined [33, 34]
as the algebraic sum of the total mass
change and the contribution of either the
anion (leaving the cation, i = C) or cation
(leaving the anion, i = A) contribution to
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Fig. 4 Simulation of TSM resonator frequency
response in the vicinity of film resonance. Panels
1-5 represent increasing film thickness (as
labeled). Panels a show impedance components
for the resonator (dotted line), the film (dashed
line), and the composite resonator (full line).
Panels b show calculated admittance (as would

be measured experimentally). Resonator base
frequency: 5 MHz. Film parameters:
of=1lgem™3,C = 108 dyn cm=2,

G"”/G' = 0.1. (Reproduced from Ref. [25] with
permission from the American

Chemical Society.)
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the mass change. In principle, the dynam-
ics of different contributory processes (e.g.
ion and solvent transfers) can be resolved
in the frequency domain, analogous to
their resolution in the time domain in,
for example, a chronoamperometric exper-
iment. Through the use of complex plane
representations of the admittance, one can
in principle identify the individual mo-
bile species contributions. Although this
actechnique is unquestionably instrumen-
tally more complicated, it allows detailed
exploration of timescale effects (via the
frequency domain) with all the usual ad-
vantages of impedance methods.

The resonant condition for the TSM
device is that the crystal thickness be
an odd multiple of half the acoustic
wavelength, A = vs/f. Since the shear
wave velocity, vs, is equal to (1q/pq)'/?
(presuming quartz, q, as the piezoelectric
material):

1 [uq

hs=— | —
21\ pq

(13)

for the 5 and 10 MHz crystals most
commonly used in electrochemical ap-
plications of the QCM, practical devices
have nominal thicknesses of 0.0334 and
0.0167 mm, respectively. Selection of crys-
tal operating frequency is based upon a
trade-off between sensitivity and mechani-
cal robustness: decreasing thickness leads
to higher sensitivity (see Eq. 1) but at the
cost of increased fragility, which makes
mounting the crystal in the cell more diffi-
cult. One way to gain increased sensitivity
is to use higher (necessarily odd) harmon-
ics, for example, 30 MHz for a 10 MHz
fundamental frequency device, although
in this case the sensitivity only increases
linearly with frequency, rather than the
quadratic dependence of the fundamen-
tal mode (see Eq. 1). A chemically milled

30 MHz fundamental QCM for in situ
application has been described [35] and
shown to have the appropriately increased
sensitivity. Although the sensitivity gain
is clearly significant, in fact this is com-
monly not the limiting factor for studies
of multilayer films. The issue of making
measurements at higher harmonics will
be returned to in the context of acous-
tically thick films (see Sect.2.7.3.7.2), in
which the intention is to use variations of
frequency as a means of varying timescale.

Generally, on the basis of the above com-
promises, the operating frequency is in the
range 5 to 10 MHz. For resonators using
AT-cut quartz crystals with fo = 10 MHz,
the Sauerbrey equation reduces to

AM(gcm™?) = —4.426 x 1072 Af (Hz)

(14)
Typically, the electrode area is on the order
0f 0.2 cm?, so the mass sensitivity is on the
order of 1 ng (ca. 10 pmol for a “typical”
adsorbate). In addition to the quantitative
aspects of the Sauerbrey equation (high
sensitivity), Eq. (14) highlights the gen-
erality of detection and absolute nature
of the sensing process. These attractive
features contributed to a long and success-
ful history of TSM resonators being used
for a range of gas sensing and gas/solid
interfacial applications, in which surface
accumulation of material from the gas
phase was the underlying physicochemical
process [1, 12]. For comparison purposes,
we note that the gaseous environment is
rather less demanding in two respects than
the liquid environment inherent to electro-
chemical applications: if one wishes to use
a bulk shear acoustic wave, the more frag-
ile thinner crystals can be used in a gas;
the lower attenuation associated with a gas
allows one to use surface acoustic wave
(SAW) devices.



For typical fluids (water and most
organic solvents), xi, (at 10 MHz) is on the
order of 170 nm. The effectively coupled
mass of this fluid layer, expressed as an
areal mass density, is simply the product
of xi. and the fluid density. For a smooth
10-MHz resonator, immersion in an
aqueous solution couples ca. 17 ug cm ™2
of fluid, resulting in a decrease in the
resonant frequency of ca. 3.8 kHz. Beyond
this relatively small (cf. 10 MHz operating
frequency) baseline “shift”, the EQCM can
then be used in situ to study interfacial
processes under potential control.

Two practical issues arise at this stage.
First, it is important to maintain fluid
properties constant during the experiment;
in practice, this generally amounts to good
temperature control. For example, if the
liquid density changed by 1% (due to
temperature drift of ca.1 K), then the
component of Af due to the liquid (see
above) would change by ca. 40 Hz: this
would be fatal for monolayer adsorption
studies and significant, but not fatal, for
studies of thick (e.g. polymeric) layers.
In some cases, notably when the time
intervals are extended or when the surface
mass changes are small, this — rather than
the sensitivity of frequency measurement
per se —can become the limiting factor.
One obvious solution to this problem is to
measure frequency shifts with respect to
a reference crystal immersed in the same
solution. In practice, electrical connection
between the “working” and “reference”
crystals makes this nontrivial, but a
dual quartz crystal microbalance (DQCM)
achieving compensation for fluid-based
changes has been demonstrated [29, 36].
Second, most crystal — and thus overlying
electrode — surfaces are not smooth at the
atomic level. Simplistically, fluid entrained
within surface features behaves as though
rigidly coupled to the resonator. This issue
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has been considered at varying levels
of sophistication [4, 37] and we do not
consider it further here, except where it
impinges directly on the study of other
interfacial processes, notably viscoelastic
film dynamics (see below).

2.7.2.2.2 Crystal Impedance Technique
Section 2.7.2.1.2 described the principles
by which film viscoelastic properties
(shear moduli) could be determined
from the surface mechanical impedance.
Experimentally, the latter can be
determined by measuring the electrical
impedance of the resonator in the vicinity
of resonance, exploiting the piezoelectric
effect to transform the electrical driving
function and the mechanical response
function. A less well-explored variant
on this steady state approach is to
drive the system with an ac function,
then open the circuit and monitor the
transient decay. These complementary
approaches have recently been brought
within an elegant general framework by
Kanazawa [38]. Comparison of the various
methods is made in Fig. 5 [38]; the reader
is referred to the original paper for
a detailed exposition of the strategies
summarized by this figure. Essentially,
what the figure shows is that there are
two transient solutions (depending upon
whether one goes to a condition of open
circuit or short circuit) and a steady
state solution. In the latter case, one can
either proceed via an electrically based
approach (to determine the equivalent
circuit parameters) or a physically based
model that leads to the displacements
in the system. To date, the predominant
source of film viscoelastic properties is
impedance data, so coverage of this topic
here will focus on steady state methods,
but one can expect the transient methods
to assume increasing importance. As

241



242

2 Electroanalytical Methods

Film

Quartz Liquid

Boundary
conditions

Q4=0
Short Open Equiv ckt Displ's.
circuit circuit £.R L, Cs A,B,.H[™ E
— Steady
state
§L solutions
-[ % Cs
R
Equivekt > Equiv, open ‘
transient | ———————>  Equiv, short Transient
solutions
Physical, open (frequency
Physical, short angi
decay times)

Fig. 5 Schematic routes to transient and steady sta

te solutions for the frequency

response of a TSM resonator upon the application of different electrical control
functions. Symbols explained in main text. Q4 defines the current—voltage relationship
for the resonator. (Reproduced from Ref. [38] with permission from The Electrochemical

Society.)

this powerful methodology is developed,
experience of analogous electrochemical
control functions leads one to speculate
that the different approaches represented
in Fig. 5 will yield subtly different insights,
so that they will in fact be complementary
rather than competitive.

In a “typical” EQCM experiment, one
could envisage being able to character-
ize: (1) the bare crystal in air; (2)the
“immersed” bare crystal (by which it is
implied that one face is exposed to the elec-
trolyte solution and the other to air, so that
the crystal is not electrically shorted); and
(3) the immersed film-coated crystal. The
first experiment will provide parameters

associated with the crystal (e.g. R1, Co, C1,
and L; in the LEM). The second experi-
ment will provide parameters associated
with the liquid n. and pp). In princi-
ple, one would then hope that the third
measurement would provide appropriate
parameters for the electroactive film.

In the case of a rigid (acoustically thin)
film, the frequency shift provides film
mass (Eq.1); this will be the sum of
the masses of the electroactive material
(e.g. metal, polymer, or metal oxide) and
the liquid that permeates it. Coulomet-
ric assay — which may be based on film
deposition or subsequent redox chem-
istry — provides the amount of electroactive



material, via Faraday’s law. Thus Q and Af
provide the two unknowns — the amounts
of electroactive material and of solution
within the film. If required, the amounts
of the two components (of known individ-
ual density) can be used to deconvolute the
film mass into film thickness and density;
this requires the reasonable approximation
of additive volumes, that is, a zero volume
of mixing.

In the case of a nonrigid (acoustically
thick) film, the problem is underdeter-
mined: there are four unknowns (film
thickness, film density, and the two shear
moduli components) and less than four
measurands. Several approaches to this
problem have been adopted. One argu-
ment is that viscoelastic behavior is due
to high solvent swelling, so the film is lig-
uidlike, that is, nf >~ np and G’ < G” [22,
39]. An alternative approach is to assume
a value for pr and to fix the loss tangent,
tana = G”/G’ [22, 39, 40]. Another ap-
proach is to constrain pr and h¢ according
to additional information [23, 41, 42], for
example, pr must lie between pr. and pp
(density of pure polymer) and coulomet-
ric assay provides a lower bound (h?) for
h¢ corresponding to a slab of pure poly-
mer. In various ways, all these approaches
are attempts to reduce a four-parameter
problem (in pf, h¢, G/, and G”) to a two-
parameter problem, which is amenable to
an “unambiguous” solution based on crys-
tal impedance data (frequency response
of the loaded crystal in the vicinity of
resonance).

Although each of these procedures has
some merit, none of them can claim
to be mathematically rigorous or totally
physically defensible. A recent solution
to the problem [24] is to split this four-
parameter problem into two separate two-
parameter problems, as follows. First,
one operates in the acoustically thin
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regime, in which the Sauerbrey equation
applies. With the additional input of the
electrochemical charge data (orindeed, any
other direct measure of film thickness),
one can then determine film thickness and
density (as described above) in this regime
in which viscoelastic parameters have no
bearing on the response. Second, one
operates in the acoustically thick regime,
in which viscoelastic properties do govern
the response. The tactic is to make the
assumption — which is in fact made for all
of the approaches described - that the film
is homogeneous at all coverages. Firstly,
this allows one to carry the acoustically
thin regime data-derived film density into
the acoustically thick regime. Secondly, it
allows one to project the charge—thickness
relationship from the acoustically thin
regime into the acoustically thick regime,
so that coulometric data—even in the
acoustically thick regime — provide film
thickness. Now, there is a unique solution
in terms of film shear moduli for crystal
impedance responses.

A flow chart demonstrating the protocol
is shown in Fig. 6. The procedure has been
demonstrated for poly(3-methylthiophene)
films, by analysis of frequency response as
a function of time during film electropoly-
merization: short (long) time responses
represent the acoustically thin (thick) film
scenario [24]. Film mass (whether or not
directly accessible from Af data) de-
fines the product h¢pf, so (as shown in
Fig. 6[24]) a plot of hf versus pr is a
hyperbola. As film mass (polymer cover-
age) increases, a series of hyperbolae are
generated. The acoustically thin film data
(Af and Q) define the unique solution
(of the infinity of solutions on the hyper-
bola) for pr as indicated in Fig. 6 [24]; this
value is projected across all the hyperbolae.
The procedure is reliant upon two fac-
tors: knowing Faraday’s law for the system
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Fig. 6 Summary of data interpretation strategy (described in main text) for
extracting viscoelastic parameters from film-loaded TSM resonator
frequency response. Input parameters (at left of diagram) are resonator
impedance and any selected parameter representative of film thickness
(here, charge, interpreted using Faraday's law). Upper part of the scheme

relates to acoustically thin films (yielding hs and pr).

Lower part of diagram

relates to acoustically thick films (yielding, with the help of h¢ and pf, G’ and

G”). (Reproduced from Ref. [24] with permission fro
Chemical Society.)

and film homogeneity. It worked well for
the system used, poly(3-methylthiophene),
suggesting that the uniform film model
was physically reasonable and that the
doping level was accurately known. It is
recommended that the approach be tried
for other systems; in cases in which it does
not yield physically reasonable solutions,

m the American

one implication is that the uniform film
model is inappropriate. Previous method-
ologies (see above) would presumably
also have returned physically unreasonable
(and nonunique?) data, but could provide
no insight into the underlying physical
reason, if indeed they gave any direct indi-
cation of a problem.



2.7.2.2.3 Combination of the EQCM with
Other In situ Techniques The QCM has
now attained a status comparable with
many other in situ techniques: electro-
chemistry drives the interfacial chemistry
and the QCM probes the constituent
processes. Although the combination of
electrochemical and gravimetric data is
very powerful, it is sometimes inadequate
for solving complicated problems. For ex-
ample, if an electroactive film is nonperms-
elective (e.g. at high electrolyte concentra-
tion), one would generally expect redox
switching to be accompanied by the ex-
change of anions, cations, and the solvent.
On the basis of electrochemical (charge,
Q) and gravimetric (mass change, AM)
data only, this three-parameter problem is
underdetermined. One approach is to vary
the concentration [34] (see Sect. 2.7.3.7.1),
but this is lengthy and vulnerable to film
aging effects. Another approach is the si-
multaneous introduction of an additional
technique to provide the third piece of
information. One example of this is the
combination of the EQCM with probe
beam deflection (PBD; sometimes called
the mirage effect) [43—-47).

The advantages of controlled mass
transport have long been recognized in
electrochemistry, as discussed in Chap-
ter 2.4. In the present context, the el-
egant combination of the rotating disk
electrode (RDE) [48-50] and wall-jet elec-
trode (WJE) [51, 52] solution hydrodynam-
ics with EQCM interfacial detection has
proved to be very effective.

Combination with scanning electro-
chemical microscopy (SECM), the subject
of Chapter 3.3, has also been explored and
the tip—surface separation was found to in-
fluence the crystal impedance [53]. Viewed
from the opposite perspective, the obser-
vation of stress effects on crystal resonant
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frequency have been shown to be a means
of calibrating tip—surface separation [54].
There have been relatively few combina-
tions of the EQCM with the spectroscopic
and optical techniques that have revolu-
tionized interfacial electrochemistry over
the last two decades. Some of these
are considered further in Sect. 3 of this
volume. Of these, simultaneous use of vis-
ible spectroscopy [55], Fourier transform
infrared (FTIR) spectroscopy [56], and el-
lipsometry [57] are significant examples
that should be more generally exploited.
A more specialized example is the combi-
nation, via a special dual thin layer cell, of
the EQCM and differential electrochemi-
cal mass spectrometry DEMS for real-time
determination of volatile products and de-
posited or dissolved species [58]. The com-
bination of the EQCM with UV-visible
spectroscopy is particularly interesting:
electrochemistry (via charge) provides the
total change in electron population within
the film, electronic spectroscopy provides
insight into the partition of this charge
among the various source(s) or sink(s), and
the QCM provides the identities of the ions
required (by electroneutrality) to move in
response to this change in film charge. A
very nice example of this is given by a study
of polypyrrole redox switching [55], in
which the electroactive film was deposited
on an indium tin oxide (ITO) electrode
supported on a quartz TSM resonator, with
an uncoated ITO electrode/quartz crystal
used to provided a “blank” for the spectro-
scopic data. This particular study was in
fact rather more sophisticated, since it also
explored the viscoelastic properties of the
polymer film using simultaneous resonant
resistance measurements. The authors
systematically explored all relationships
between the electrochemical, acoustic, and
optical data, of which a representative ex-
ample is shown in Fig. 7 [55]. Through
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Fig. 7 Correlation of absorbance (at 800 nm) with resonant
resistance (left-hand panel) and frequency shift (right-hand
panel) during redox cycling of a polypyrrole film on an ITO
electrode supported on a 9-MHz TSM resonator.
Voltammetric experiment: scan rate 50 mV s~'. Solution:
aqueous 0.1 mol dm~3 KClO4. (Reproduced from Ref. [55]
with permission from The Electrochemical Society.)

this, they were able to demonstrate a clear
correlation between the film color change
(represented by a specific electronic band)
and its mass (represented by the crystal res-
onant frequency); given the different pos-
sible mechanisms for maintaining elec-
troneutrality and the very different kinetics
for electron, cation, anion, and solvent
transfers, this is a significant outcome.

Low-resolution imaging of polymer
film profiles has been achieved using a
scanning-electrode quartz crystal analyzer
(SEQCA) method [59]. In this technique,
illustrated in Fig. 8 [59], one uses a small
probe electrode, whose location can be
effectively rastered over the surface (al-
though, in practice, this was achieved by
keeping the probe stationary and moving
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Monitored surface

b7 |

Electrode Quartz crystal

Fig. 8 Schematic illustration of the principle of the
scanning-electrode quartz crystal analyzer (SEQCA) operating in
“overscanning” mode, with a small probe electrode on the
polymer/solution loaded side of the resonator; in “underscanning”
mode, the full electrode and the small probe locations are reversed.
(Reproduced from Ref. [59] with permission from the Royal Society

of Chemistry.)

the sample), to excite the crystal at se-
lective locations. Figure 8 [59] illustrates a
mode in which a small probe scans over a
polymer-coated crystal upper surface, with
a normal electrode on the lower surface.
Since this approach will fail when the
electrolyte concentration is high, a sug-
gested variant of the mode illustrated is
one in which the small probe scans under
a crystal with a bare lower surface and a
normal film-coated electrode on the upper
surface. Although this method lacks the
high spatial resolution of some other (e.g.
scanning tunneling microscopy (STM) or
SECM) imaging methods, one could imag-
ine it might in future provide different
information such as local film viscoelastic-
ity associated with local variations in film
solvation or redox state.

2.7.3
Electrochemical Systems

2.7.3.1 Strategy and Organization

Having considered the types of phenom-
ena one might expect to see using the
EQCM, we now consider application of
the EQCM to interfacial electrochemistry
and see how material properties influence
the nature of the response. In broad terms,
the EQCM has three attractive attributes:

in situ applicability, high sensitivity, and
generality of detection; in the acoustically
thin regime, there is the additional analyti-
cal advantage that quantitation is absolute.
Consequently, the technique has been
applied to almost every class of electro-
chemical system. This contrasts with many
spectroscopic techniques, in which aspects
of selectivity can yield considerable detail,
but only for a restricted set of systems.

As will become apparent, the use of the
EQCM as a gravimetric probe — operating
in the acoustically thin regime —is a ma-
ture area, providing a broad coverage
of materials, properties, and chemistry.
Viscoelastic studies are a newer avenue
of enquiry that provide new challenges
and novel insights; since this topic nec-
essarily has a lower profile in previous
reviews [2—06], it is given greater coverage
here. The facility to extract unequivocal
physically meaningful materials param-
eters (shear modulus values)[24] (see
Sect. 2.7.2.2.2) should provide an impetus
for rapid future development.

2.7.3.2 Metals

Metal films are, at first sight, obvious can-
didates for the application of the EQCM as
a gravimetric sensor: these materials are
rigid, have relatively high relative atomic
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mass, and the application of Faraday’s law
to coulometric data should be unequivocal.
Commonly, metal redox systems of known
redox chemistry (M**/%) are used to cal-
ibrate the EQCM. The EQCM ‘“nano”
version of Faraday’s classic Agt/? exper-
iment [16, 28, 60] is an obvious example
and the Cu?*/% system has been simi-
larly exploited [53]. Figure 9 [43] illustrates
this calibration experiment for an EQCM
combined with a PBD instrument. Sim-
plistically, one anticipates that the current
represents the electron flux, the mass rep-
resents the Ag deposited/dissolved, and
the optical deflection (2) of the laser beam
passing across the face of the electrode is
the response of the concentration gradi-
ent in solution. Correlation of the three
responses (in either integral or differential
mode) unequivocally demonstrates that
Ag*/0 redox chemistry is the sole inter-
facial process [43].

As is well known for the QCM [12],
the mass sensitivity of the resonant
frequency is not uniform across the
resonator surface: it is radially dependent,
with a maximum at the center of the
electrode and falling to effectively zero (we
do not discuss fringing effects here) at
the edge of the electrode. The carryover
of this spatial distribution result to the
EQCM has been demonstrated using the
deposition of Cu [61-63] or Ag [64] “dots”
across the electrode surface. In a mirror-
image experiment, localized laser-induced
dissolution of a Ni—Cu alloy has been used
to map the spatial distribution of EQCM
mass sensitivity [65].

In other cases, the EQCM can provide a
means of differentiating between metal de-
position and other processes. This is clearly
critical in electrowinning and a good exam-
ple is the deposition of Co, which has been
distinguished from the accompanying pro-
cess of hydrogen evolution by the elegant

use of a rotating EQCM [66]. Another tech-
nologically important example of this is
electroless deposition. The generic situa-
tion is that metal ions (whether free or
complexed) are reduced to the elemen-
tal metal by a solution reducing agent,
Red (e.g. formaldehyde). Under operat-
ing conditions, the net current flow is
zero, as a consequence of balanced cur-
rents for M** reduction and Red oxidation.
Mechanistically, the common requirement
is to obtain the partial currents as a
function of potential (and other chem-
ical variables) from the measured i—E
curve. In an EQCM experiment, the elec-
trochemical data provides the total (net)
current and application of Faraday’s law
to the QCM (mass) response provides
the partial current for M** reduction;
the Red partial oxidation current is then
obtained by difference. A classic exam-
ple is electroless Cu deposition, illustrated
in Fig. 10 [67]. In the more complicated
case of Au electroless deposition from
dimethylborane solutions, the EQCM has
been used to provide evidence for for-
mation and reduction of an oxide layer
and for adsorption of a reactive inter-
mediate [68] and shown to be a powerful
technique for screening plating bath for-
mulations [69].

More detailed examination of metal
deposition, using crystal impedance mea-
surements, shows that there can also
be damping effects [70]. In the case of
Cu and Ag, these were shown to be at-
tributable to film morphology through the
associated increase in viscous coupling
to the liquid. An attractive goal is the
manipulation of metal surface morphol-
ogy, and crystal impedance measurements
have been shown to provide useful in-
sights during electrodeposition of nanos-
tructured Pt from liquid crystalline plating
baths [71].
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Fig. 9 Calibration experiment for a combined EQCM/PBD
instrument, using the electrodeposition of Ag. Panels (a), (b), and (c),
respectively, show current, mass change, and beam deflection
responses to a cyclic voltammetric experiment (scan rate: 20 mV s™').
Working electrode: Au (area 0.22 cm?) on a 10-MHz AT-cut quartz
crystal. Probe beam: 633 nm He—Ne laser parallel to Au electrode at a
distance of 155 um. Solution: 1 mmol dm~3 AgNO3/0.2 mol dm~3
HClOy4. (Reproduced from Ref. [43] with permission from Elsevier.)
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Fig. 10 Mixed potential diagram for an electroless Cu deposition bath.
inet is the measured (total) current, i.q is the determined from the rate of
Cu deposition (rate of QCM frequency change) using Faraday’s law, and
iox Was then determined by the difference. Working electrode: Cu (area
0.34 cm?) on 5-MHz quartz crystal. Solution contained 5 mmol dm—3

CuSO4, 10 mmol dm~3 NaEDTA, 50 mmol dm~—3

NaySOy4, and

50 mmol dm~3 HCHO at pH 10.8. Temperature: 70 °C. (Reproduced
from Ref. [67] with permission from The Electrochemical Society.)

2.7.3.3 Metal Oxides

For broadly the same reasons as metals,
metal oxides/hydroxides are amenable to
study by the EQCM. This is true for films
that are electroactive or passivating, and
which may be formed by chemical, elec-
trochemical, or thermal routes. Given the
fraction of elements in the periodic table
forming such materials and the breadth
of applications — including corrosion, en-
ergy storage, and electronic devices — the
technological importance of this area is
immense.

Prominent among the electroactive
metal (hydr)oxides studied is nickel hy-
droxide. The EQCM has proved to be
extremely useful in exploring aspects of the
electrochemically driven precipitation of
Ni(OH); and its subsequent redox chem-
istry. Figure 11[72] shows EQCM data
for Ni(OH); deposition from Ni(NO3);

solution, consequent upon the interfacial
pH change driven by electrochemical hy-
drogen generation. The data show how the
deposition rate can be varied by current
control. The slope of the plot, in conjunc-
tion with the value of the current value,
was fitted to an empirical model for depo-
sition efficiency. More generally, one could
consider it as providing an effective molar
mass (defined as AM F/ Q) for the deposit,
for example (under different experimental
conditions to those employed in the cited
study) providing film water content. In the
context of Ni(OH); film redox chemistry,
a key mechanistic issue is the competi-
tion between the interfacial transfers of
metal cation (commonly K* or Li*) and
hydroxide anion or protons in order to
satisfy electroneutrality and of the sol-
vent in order to satisfy activity constraints.
The EQCM [73, 74] has been extremely
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Fig. 11 Plots of electrode mass change versus time for the electrochemical

deposition of Ni(OH)2 from 0.2 mol dm~3 Ni(OH)3 solution at different
imposed currents (as indicated). Electrode: Au (area 0.2 cm?) on 10-MHz
quartz crystal. (Reproduced from Ref. [72] with permission from The

Electrochemical Society.)

informative in this respect, especially when
coupled with a laser-deflection technique
to monitor stress effects [75] or probe beam
deflection to extract individual ion and sol-
vent fluxes as functions of potential or
timescale [76]. This system is also com-
plicated by phase changes; the structural
changes (predominantly between «- and -
Ni(OH);) result in significant changes in
internal volume, which dramatically influ-
ence the gravimetrically observable solvent
exchange signature [77, 78].

In the search for battery materials
with better performance characteristics,
the parent nickel hydroxide system has
been modified by the inclusion of other
metal ions. The EQCM has been used
to monitor redox-driven ion and solvent
transfers in sol—gel derived nickel—cobalt
oxide films [79] and, through the solvent-
transfer signature shown in Fig. 12, phase
changes in electroprecipitated Co-Ni(OH);
films [78]. An as-prepared Co-Ni(OH);

film, like «-Ni(OH),, shows a mass in-
crease upon oxidation, but redox cycling
progressively converts it to the S-form,
which shows a mass decrease upon oxida-
tion. There is, however, a subtle contrast
between the phase change behavior of
the Co-modified material and the parent
Ni(OH),, studied earlier by Scherson and
coworkers [77], in that the inclusion of Co
prevents the shift in oxidation potential
(i—E response) to more positive poten-
tials, even though it has virtually no effect
on the w- to B-phase transition that is
so graphically seen through the redox-
driven solvent-transfer process (seen in
the AM - E response of Fig. 12). The salu-
tary lesson from this example is that the
electrochemical goals may tempt one to
interpret the gravimetric data in terms of
the charge carrying species (ions), but in
fact a neutral species (solvent) can be dom-
inant. The unexpected positive outcome is
that one learns, indirectly from the solvent
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(Reproduced from Ref. [78] with permission from The

Electrochemical Society.)

population changes, as much about the
film structural as about the film redox
changes; the former controls the dynamics
of the latter.

The EQCM has also been used to
study other metal oxide systems of rele-
vance to energy storage and other applica-
tions, including MnO, [80], PbO; [81, 82],
and sol-gel derived films of V,0s [83],
WO3 [84], and Nb,Os [85]. Although film
deposition (e.g. nucleation and growth
of PbO; [81]) can obviously be studied,
the primary exploitation of the technique
has been probing the redox-driven sur-
face composition changes, for example,
associated with lithium insertion: corre-
lation of charge and mass data provides
access to solvent effects that would be
difficult to observe by other means. A sys-
tem of long-standing interest is MnO;,

and Yu and coworkers have used the
EQCM to study both electrochemically [86]
and chemically [80] deposited films. The
electrochemical performance is critically
dependent upon the “microtexture” of
the film, that is, the presence of solvent-
filled pores and cavities. The EQCM, as
illustrated by the data of Fig. 13 [80] for
chemically deposited material, is able to
separate out the charge and solvation ef-
fects. By comparing the current and mass
responses shown in Fig. 13 [80], along with
the analogous anodic half-cycle data, it was
shown that micropores within the film
are filled with solvent, electrolyte, and dis-
solved manganese species when the film
is oxidized (to MnO;), but that these pores
are emptied when the film is reduced (to
Mn(OH);). The authors highlighted the
fact that expulsion of species from the
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a linear cathodic potential sweep of a chemically deposited (via MnSO4
reduction of KMnO4) MnO; film. Electrodes: Au (electroactive area

1.37 cm?, piezoactive area 0.34 cm?) on 5-MHz quartz crystal. Solution:

1 mol dm~3 KOH. Potential scan rate: 1 mV s~ Lines marked with filled
circle and diamond symbols, respectively, represent contributions due to
oxygen reduction and capacitive currents, respectively. Vertical dashed
lines separate different regimes, represented by the annotations and
described in detail in the original work. (Reproduced from Ref. [80] with
permission from The Electrochemical Society.)

oxide structure into the fluid phase does are effectively inertially coupled to the un-
not necessarily correspond to mass loss derlying resonator.

(as perceived by the EQCM), since these A rather different oxide system is the
species may be trapped within pores that CuyO film electrodeposited from alkaline
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copper lactate solution. At constant cur-
rent, the potential undergoes periodic os-
cillations. These are reflected in changing
QCM f—t slopes (equivalent, under con-
stant current conditions, to Af—Q slopes)
that were interpreted in terms of the forma-
tion of an alternating Cu/Cu,O multilayer
nanostructure [87].

In other systems, oxide films can be pas-
sivating. An elegant example of the power
of the EQCM is the use of frequency
change data to calculate the fraction of
the total current associated with oxide
film growth on Cr [88]. Analogous to the
approach in electroless deposition (see
above), the EQCM can be used to provide
selectivity in terms of the process of inter-
est, here oxide film growth. Film thickness
data estimated using the EQCM were
in excellent agreement with X-ray photo-
electron spectroscopy measurements, but
of course the EQCM has the advan-
tage that the data are acquired in situ,
in time-resolved fashion, and at a frac-
tion of the instrumental cost. Potential
steps were executed in two stages across
the passive domain and the film growth
responses compared with two models:
the interface model (growth limited by
growth/dissolution at the film/solution in-
terface) and the high-field model (growth
limited by ion conductivity through the
film). As Fig. 14 [88] shows, either model
can explain growth at lower potentials
(0.0-0.4 V) but only the interfacial model
can describe growth at higher potentials
(0.4-0.8 V). The method has been ex-
tended to stainless steels containing Cr,
Mo, or W [89-91].

The closely related process of corrosion
is also amenable to study by the EQCM.
Since the species transferred across the
interface (metal ions) are generally rela-
tively heavy, a gravimetric sensor is very
sensitive. An excellent example of this

is shown in Fig. 15[92], which depicts
the frequency increase (mass loss) for a
zinc film (representative of the surface of
a galvanized steel) upon exposure to an
industrial alkaline cleaner, as part of a
cleaning and chromating procedure. The
response clearly has two components. By
examining their pH and oxygen sensitivi-
ties, it was possible to deduce that the faster
process is associated with chemical disso-
lution of an oxide layer on the outer zinc
surface and that the slower process is an-
odic dissolution of zinc. As Fig. 15 shows,
the first stage is unaffected by the age of the
bath, but the second stage is dramatically
slower in a “used” bath; this is attributable
toincreased solution zincate concentration
in the latter case. The EQCM has also been
used to show that zinc corrosion is signifi-
cantly affected by illumination [93]. (As an
aside, itis worth mentioning thatin both of
these studies the complications of Au/Zn
alloy formation were avoided by deposition
of an intervening layer of Cu between the
Au electrode and the Zn overlayer.)
Corrosion is generally recognized to in-
volve spatially localized and temporally
discrete events. This is significant in the
context of using the EQCM as a probe,
since the Sauerbrey equation represents
a spatially averaged sensitivity, use of
metal deposition/dissolution to establish
the bell-shaped spatial sensitivity function
across the resonator surface was discussed
in Sect. 2.7.3.2. Consequently, mass loss
(corrosion) will give rise to a frequency
change (increase) that is dependent upon
the location of the event on the sur-
face. Furthermore, the appearance of pits
on the surface will change the coupling
to the fluid. This complicated situation
has begun to be considered recently by
Gabrielli and coworkers [94], who attached
thin foils of authentic 304 stainless steel
(rather than depositing model layers) to



Fig. 14  Passive film growth on Cr
following application of a potential step
from: (a) 0.0 to 0.4 V and (b) 0.4 to

0.8 V. Full line is film thickness
calculated from QCM frequency
response (with widely spaced dots
indicating uncertainty, 20). The
predictions of the interface and
high-field models (explained in main
text) are also indicated by the line-styles
marked IFM and HFM, respectively.
Electrodes: Cr film on Au supported on
10-MHz AT quartz crystal. Solution:

0.1 mol dm—3 H2504 + 0.4 mol dm—3
NaSOj4. (Reproduced from Ref. [88]
with permission from The
Electrochemical Society.)
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Fig. 15 Mass changes of Zn films at open-circuit potential exposed
to new (full line) and used (dash-dot line) alkaline cleaning solution.
Electrodes: Zn film on Au (with Cu overlayer) supported on 10-MHz

AT-cut quartz crystal. Solution: RIDOLINE industrial alkaline cleaner,
pH 12.43. Temperature: 316 K. (Reproduced from Ref. [92] with
permission from the Royal Society of Chemistry.)
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an EQCM, then observed transient fre-
quency change events. Scanning electron
microscopy (SEM) images showed both
large and small pits, with the latter pre-
dominating to the extent that the spatial
averaging intrinsic to use of the Sauerbrey
equation was a reasonable approximation.

Inhibition of corrosion (through deliber-
ate addition of organic inhibitors) has been
studied on Ni[95] and Fe [50]; in many
respects this aspect is an adsorption prob-
lem, and indeed Landolt and coworkers
used the EQCM to test different isotherms
for the selected inhibitors.

Chemically more complex oxide systems
studied by the EQCM include barium and
strontium tungstates and molybdates on
W and Mo, in which dissolution and pre-
cipitation processes result in the formation
of surface ternary oxide layers [96].

2.7.3.4 Semiconductors

Electrochemical methods can be used for
the preparation of semiconductor mate-
rials in thin film form. This class of
preparation methods generally centers on
a redox-driven electrodeposition and is
thus amenable to study by the EQCM.
Chemically, the complications arise be-
cause the stoichiometry of the materi-
als may be variable, according to the
particular conditions employed. For exam-
ple, Rajeshwar and coworkers and Kemell
and coworkers have studied the com-
plexities of deposition (by oxidation or
reduction of solution precursors) of a
range of chalcogenides, including CdS,
In,S3, and CdTe [97], CdSe [98], PbS [99],
PbSe [100], PbTe [101], CuInSe; [102], and
Cu(z—x)Se [103]. Generally, electrogravi-
metric data can provide insight into the
processes involved and the composition
of the resultant material by the applica-
tion — at the nanogram level — of Faraday’s
law to the frequency response to charge

passage. Effectively, the slope of a AM-Q
plot is used to provide an effective molar
mass that can be compared with the stoi-
chiometries of various model processes. In
one case, coupling the EQCM with a flow
injection stripping method was used to
obtain the composition of CdSe films [98].

The case of cathodic deposition of
Cu—x)Se from a Cu(SCN)4>~/HSeO3~
solution is interesting, in that deposi-
tion at— 0.1V gives a AM-Q relation-
ship consistent with four-electron reduc-
tion of HSeO3™ to Se, and at slightly
more negative potentials yields the de-
sired Cug—y)Se. At much more negative
potentials (E < —0.65V) metallic Cu is
deposited. In a voltammetric experiment,
illustrated in Fig. 16 [103], one thus sees a
mass (frequency) versus charge signature
that is attributable to the initial deposition
of Se, then a chemical process that con-
sumes surface Se to produce a Cug—y)Se
film, and eventually the codeposition of Cu
and Se as Cu(;—y)Se. When Cu(;_y)Se was
deposited, the composition was found to
be independent of potential, but morpho-
logical (simplistically, roughness) changes
occurred and (presumably through liquid
coupling effects) lead to changes in the
Af - Q slope with potential.

2.7.3.5 Metal Complexes
Most of the electroactive metal complexes
studied using the EQCM are in fact
polymeric materials, which are discussed
in Sect.2.7.3.7. A few examples that
highlight nonpolymeric metal complex
chemistry are presented here.
Surface-attached microcrystals of Fe(ns-
CsPhs) exposed to aqueous and wa-
ter/acetonitrile media can be made to
undergo Fe(IlI/II) redox chemistry. In
addition to the expected ion and solvent
transfers accompanying the redox chem-
istry, the EQCM revealed some unexpected
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Fig. 16 Data from a voltammetric deposition study of the Cuy_,Se system:
(a) current versus potential and (b) frequency change versus charge plots.
Electrode: Au (area = 0.236 cm?) on 5-MHz AT-cut quartz crystal. Solution:
50 mmol dm~3 CuCl 4 1 mmol dm~3 SeO; + 4 mol dm—3 KSCN/pH 3.
Potential scan rate: 10 mV s~'. (Reproduced from Ref. [103] with
permission from Elsevier.)

characteristics associated with phase be- the Co complex redox chemistry and for
havior [104]. Co(II)-ethylenediamine com- Cu electrode dissolution in the presence of
plexes have been explored as reducing halides, which are believed to actas bridges
agents in electroless deposition baths (see in the adsorption of the Co complex on the
also Sect. 2.7.3.2). As part of this process, Cu surface [52].

the EQCM, in a wall-jet configuration, has Electrocrystallization, as an example of
been used to extract partial currents for an electrochemically driven deposition
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process, is amenable to study using
the EQCM. The technique has been
used to show that electrocrystalliza-
tion of the partially oxidized cyanoplat-
inum complexes Kj 75Pt(CN)4(H20)15
and K, Pt(CN)4Clo 3(H20)3 from aqueous
solutions of K,Pt(CN)4 occurs by pro-
gressive nucleation and one-dimensional
growth and that their dissolution occurs at
open circuit [105].

A rather clever use of the EQCM in
a molecular recognition context is the
binding of ferrocene species to surface-
bound B-cyclodextrin hosts [106]. By using
a carboxylate-substituted ferrocene and
changing the solution pH and/or ap-
plied electrode potential, it was possible
to control the guest charge type (negative,
neutral, or positive, visualized in a Pour-
baix diagram) and thereby manipulate the
host—guest interactions.

2.7.3.6  Other Inorganic Materials
Although, in the context of electrode sur-
face modifiers, inorganic materials are
sometimes perceived to lack some of the
synthetic flexibility associated with poly-
meric materials (see Sect.2.7.3.7), they
commonly possess greater stability and
robustness to physicochemical manipula-
tion. This has provided the motivation to
study the interfacial properties of a number
of electroactive inorganic materials using
the EQCM.

Prominent among these is Prussian
Blue (simplistically, “ferric ferrocyanide™),
which can undergo reduction to a “fer-
rous ferrocyanide” material, known as
Everitt’s salt. There are three issues re-
lating to the redox chemistry of this
material upon which the EQCM has shed
light: irreversible compositional changes
accompanying redox cycling of freshly
deposited Prussian Blue, ion transfer re-
quired to maintain electroneutrality upon

redox switching, and solvation changes.
Although other techniques have undoubt-
edly contributed to our understanding
of this material, recent EQCM stud-
ies show in quantitative manner that
initially formed Prussian Blue corre-
sponds to Fe4>*[Fe(CN)g]-6H,O (referred
to as “insoluble Prussian Blue”) and
that reduction (in potassium-containing
electrolytes) to Everitt’s salt generates
KyFe?T[Fe(CN)g] [107, 108]. The product
of reoxidation is KFe3*[Fe(CN)¢] (referred
to as “soluble Prussian Blue”). Subse-
quent redox cycling then corresponds
to reversible switching between soluble
Prussian Blue and Everitt’s salt. One con-
sequence of the high stability of this
system is that EQCM data are generally of
extremely high-quality: AM—(or Af)-Q
plots are linear, show little hysteresis and
are very reproducible, allowing one to pur-
sue mechanistic issues in some detail.
Complete redox switching (after the
initial “insoluble/soluble Prussian Blue”
conversion) in aqueous solutions of al-
kali metal and ammonium cations was
found [108] to yield effective molar mass
changes AM F/Q close to, but distinguish-
able from, the cation molar mass. The in-
ference was that there was a small amount
of solvent transfer (less than one water per
transferred cation), the direction of which
was dependent upon the electrolyte cation.
(It is worth noting that the effective molar
mass change for reduction in Kt solu-
tion was found to be essentially identical
in the two studies reported (30 [107] and
31 [108] g mol 1), a level of agreement sel-
dom seen in studies of polymer films (see
Sect. 2.7.3.7) for which minor variations in
film preparation, handling, and aging re-
sult in apparent inconsistencies between
different studies.) In the case of Prussian
Blue films immersed in NaCl solution (but



protected by a Nafion layer), the more so-
phisticated ac electrogravimetric method
was able to show that sodium ions are de-
solvated prior to entry into the Prussian
Blue film [109].

In contrast with reversible redox switch-
ing of precycled films, the initial redox
cycle of Prussian Blue yielded more com-
plex mass responses with much greater
irreversible solvation changes. This is
dramatically illustrated by the data of
Fig. 17 [108], which shows the i—F and
AM-E responses to the first redox cy-
cle for each of two nominally identical
films, one exposed to H,O and the other
to D20. Although the difference in sol-
vent molar masses is quite small (11%),
solvent transfer is such a large compo-
nent of this initial redox-driven structural
change that the overall responses are very
different. Somewhat reminiscent of the a-
/B-Ni(OH); case, this underscores the fact
that when the observed response is a sum
of individual transfer components (com-
monly in opposing directions, for example,
in response to a volume constraint), a rel-
atively small variation in one component
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may result in a major change in the ob-
served (net) mass response.

In an extension of their Prussian Blue
study, Ogura and coworkers [110] pre-
pared bilayers in which a polyaniline film
was overlaid onto a Prussian Blue in-
ner layer. The interesting feature here
is that, on charge grounds, polyaniline
(see Sect. 2.7.3.7.2) is a barrier to the nor-
mal cation-transfer-based electroneutrality
mechanism exhibited by the Prussian
Blue/Everitt’s salt redox chemistry (see
above). For thin polyaniline outer layers,
the cation-transfer mechanism is achieved,
but thick polyaniline films preclude this. At
intermediate outer layer thicknesses, there
is a more complex mechanism in which
redox-driven K* cation expulsion (on oxi-
dation of the Everitt’s salt form of the inner
layer) from the inner layer to the outer layer
is electrically balanced by Cl~ anion entry
into the outer layer. Further oxidation of
the bilayer (oxidizing the polyaniline) re-
sults in expulsion of the K (“inherited”
from the inner layer), the ClI~ normally
incorporated in this polyaniline oxidation
process already being present to neutralize
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Fig. 17 Current (left panel) and mass change (right panel) responses during the first redox
cycle of Prussian Blue films (deposition charge 10 mC cm~2). Electrodes: Au

(area = 0.32 cm?) on 6-MHz AT-cut quartz crystals. Solution: 0.5 mol dm~3 KNOj3 in H,0
(full lines) or D,O (dotted lines). Potential scan rate: 10 mV s~'. (Reproduced from Ref. [108]

with permission from Elsevier.)
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the previously internally transferred K™
ions. Polymer/polymer bilayers will be dis-
cussed in Sect. 2.7.3.7.2, but this example
neatly shows how spatial configuration of
materials at the interface can alter the
responses normally associated with the
individual components.

The EQCM has also been used to study
redox-driven ion and solvent transfers in
Prussian Blue—related materials, in which
one or other of the iron species is re-
placed by another metal. These include
ferric ruthenocyanide (“ruthenium pur-
ple”) [111], silver hexacyanoferrate [112],
and nickel hexacyanoferrate [113, 114].
EQCM data for the latter case — the best
characterized of this set—was shown to
be consistent with a broadly electrolyte
cation-dominated electroneutrality mech-
anism (as for the parent Prussian Blue
material), but with some evidence for elec-
trolyte anion participation, in the redox
process.

An interesting example of the use of
the EQCM to monitor both interfacial
electrochemical and subsequent chemi-
cal processes is the deposition of Hg on
thin TSM resonator-immobilized graphite
electrodes [115]. As the authors conceded,
there are a variety of complicating fac-
tors —notably spatially inhomogeneous
deposition of Hg droplets and viscoelas-
tic phenomena associated with these fluid
deposits. Nevertheless, in chloride media,
when electrodeposition of elemental Hg
was followed by setting the electrode to
open circuit, the electrode unequivocally
continued to gain mass; this was inter-
preted in terms of the comproportionation
of deposited Hg(0) and dissolved Hg(II),
to produce surface-immobilized Hg;Cl,.

There are a number of other inor-
ganic systems that have been studied
using the EQCM, although in somewhat
less detail. These include electrochemical

deposition of calcium carbonate scale
on Au[116], the electrodeposition of
clays [48], and the redox chemistry of elec-
troactive metal coordination complexes
(Ru(bpy)s|**/3*, [Ru(NH3)2/3*, and
[Fe(CN)g]*~/37) ion-exchanged into clay
films [117]. The EQCM has also been ap-
plied to the study of Cgo [118, 119] and
carbon nanotubes [120, 121], although the
data have not yet lead to clear or specific
conclusions.

2.7.3.7 Polymers

In terms of electrochemical systems, poly-
mer films are arguably the main class of
material to which the EQCM has been
applied. This section is split into a sep-
arate discussion of redox, conducting,
and insulating polymer films; this is to
some extent a matter of organizational
convenience and the recurrence of simi-
lar phenomena and properties should be
noted. Some attention has been given to
film electrodeposition, but most studies
relate to ion and solvent transfers ac-
companying film redox switching. As will
become clear from the examples selected,
the EQCM has been central to a funda-
mental change in the way electroactive
polymer films are now viewed, particularly
with regard to the role of competitive (an-
ion versus cation) ion transfers, solvation
effects, and polymer dynamics (as man-
ifested through viscoelastic phenomena).
It is unlikely that these insights would
have resulted from purely electrochemical
measurements, such as the voltammetric
experiments that dominate the study of
these systems.

2.7.3.7.1 Redox Polymers The term “re-
dox polymer” is used to denote a poly-
mer that contains electroactive groups
that are discrete, localized entities. The



electroactive groups may be pendant to
the polymer backbone, as in polyvinylfer-
rocene, or may be an integral part of it,
as in poly(xylylviologen) [PXV]. In either
case, they function as essentially inde-
pendent entities, and charge transport is
by a hopping-type mechanism, involving
sequential self-exchange between groups
in the oxidized and reduced forms of
the couple that are in appropriately close
proximity.

A wide range of electrochemical (i—V-t)
methods has been used to study the over-
all extent and dynamics of redox polymer
film switching, as manifested through
the electron flux (current) or population
(charge). However, these methods can-
not provide insight into the associated
transfers of ions and solvent: this has
been one of the main contributions of
the EQCM to this area. The electroneu-
trality constraint is generally appreciated:
the film must overall be electrically neu-
tral, so electron transfer (in this context,
electrochemically driven) into or out of
the film at the electrode/polymer interface
must be balanced by an electrically equiv-
alent ion transfer at the polymer/solution
interface. Under permselective conditions,
the transferred ion will be the counterion
(anion for a positively charged film and
cation for a negatively charged film). How-
ever, this is strictly only true at very low
ionic strength —a situation deliberately
violated in most electrochemical experi-
ments —and at equilibrium —a situation
generally violated in potentiodynamic ex-
periments. In concentrated electrolytes (in
principle, above ca. 0.1 mol dm~3), activ-
ity arguments can be used to show that
there may be significant amounts of coion
(and an equivalent amount of counte-
rion, commonly referred to as salt in the
ion-exchange literature) partitioned into
the film. Consequently, the system has
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a choice of mechanisms by which it can
satisfy electroneutrality upon redox switch-
ing: anion ejection or cation injection upon
reduction and vice versa upon oxidation.
Quite generally, the balance of these com-
peting ion transfers may be dependent
upon applied potential, film charge state,
experimental timescale, and solution ionic
strength. The power of the EQCM is its
ability to distinguish between them, under
either thermodynamically controlled (long
timescale) or kinetically controlled (short
timescale) conditions. At the crudest level,
anion and cation transfers must be in op-
posite directions, so the sign of the mass
change will be different. At a more sophis-
ticated level, one can interpret the EQCM
frequency response to extract quantitative
population changes and fluxes of the ions
involved as functions of applied potential
or film charge.

A very graphic example of this facility
to distinguish anion- versus cation-based
mechanisms for maintaining electroneu-
trality is given in Fig. 18 [122] for the
poly(1-hydroxyphenazine) system. In this
example, the cation is proton so the
competing ions have very different mo-
bilities —a feature that will be returned
to shortly. Beyond the fact that it clearly
has two distinct components, the i — E
curve is relatively featureless, that is, un-
helpful. In this particular case, the film
is sufficiently thin (acoustically thin) that
the EQCM frequency response can be in-
terpreted in gravimetric terms. During the
first part of polymer oxidation (“step I” in
the figure), the frequency decreases (mass
increases): this is consistent with anion
entry. During the second part of polymer
oxidation (“step II” in the figure), the fre-
quency increases (mass decreases): this is
consistent with cation exit. This qualitative
conclusion is supported by the PBD data in
panel (b) of Fig. 18. Quantitative analysis
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Fig. 18 Current, beam deflection, and frequency change responses
(panels (a—c), respectively) of a poly(1-hydroxyphenazine) film to a
redox cycle under cyclic voltammetric conditions. Electrodes: glassy
carbon (probe beam experiment) and Au (area = 0.36 cm?) on 5-MHz
AT-cut quartz crystals (QCM experiment). Solution: 1 mol dm~3
HClO4. Potential scan rate: 50 mV s~'. (Reproduced from Ref. [122]

with permission from Elsevier.)

of the mass change data reveals that a
counterflux of solvent occurs (to which
the probe beam is insensitive), to an ex-
tent that broadly maintains a constant film
volume. Interestingly, shorter timescale
experiments than those of Fig. 18 reveal
that oxidation using a potential step across

the full potential range transiently drives
within the film an excess anion popula-
tion change, which then relaxes on longer
timescales.

Many organic redox species have
protonatable groups (e.g. amines), so in
aqueous media one might expect proton



transfer to be a plausible means of
satisfying electroneutrality, even if only
transiently. An interesting, and slightly un-
usual, example of coupled electron/proton
transfers is provided by the polythionine
system. In strong acid media, there is a
complicated electrolyte-dependent compe-
tition between anion and proton trans-
fers [123]. However, in acetic acid media,
the coordinating power of the carboxylic
acid is such that it remains in the film,
regardless of the polymer redox state,
and proton (nominally the coion) trans-
fers rather than acetate (nominally the
counterion) [124]. The system (under these
conditions) is further unusual in that vol-
ume constraints restrict the amount of
solvent that can enter the film, to the
extent that a simple coordination model
with integer solvation stoichiometry ap-
plies. The overall redox process is associ-
ated with an effective molar mass change
of 16 g mol~!, interpreted as a coupled
2e” /2H™" transfer in one direction and
a single solvent molecule transfer in the
opposite direction, as represented by the
scheme-of-squares mechanism shown in
Scheme 1. Chemically, this is rationalized
by considering that the solvent molecule
entering upon polymer oxidation takes up
a coordination site made available by an
internal (acetate/acetic acid) proton trans-
fer and, upon polymer reduction, the water
must leave the film to make this site avail-
able to the more coordinatively powerful

Scheme 1 Scheme-of-squares
representation of the redox-switching
mechanism of a polythionine film
exposed to acetic acid solution. Th
represents a monomeric thionine unit,
A represents acetate, and X can be
either a water or acetic acid molecule.
(Reproduced from Ref. [124] with
permission from the American
Chemical Society.)

~H,0
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acetate species. Kinetically, this promises
a very neat — albeit unexpected - situation
since proton transfer in the aquated acidic
medium of the film is about as fast an
ion transfer as one could expect in a redox
polymer, whereas transfer of the solvent (a
larger species, whose motion is not field as-
sisted) is expected to be much slower. The
mass—charge data shown in Fig. 19 [124]
allow one to test this speculation. The
linear AM—-Q relationship during film
reduction indicates that solvent expulsion
is rapid enough to keep pace with the cou-
pled e”/HT transfers, but the dramatic
curvature and hysteresis associated with
film oxidation indicates that solvent entry
is very slow; given the compactness of the
film, this is entirely plausible.

The behavior described above for poly-
thionine is a simple and helpful introduc-
tion to the concepts of redox-driven solva-
tion change, participation of coion, kinetic
effects (in terms of entry vs. exit rates for
a given species and of charged vs. neutral
species transfers), and temporal resolution
of mobile species transfers. However, this
level of simplicity is rare. Quite generally,
the extent of solvent transfer is governed
by an activity constraint [125, 126]: at equi-
librium, the activity of the solvent within
the film must equal the activity of the sol-
vent in the solution (an effectively constant
value, given the huge excess present). A
change in film redox (charge) state results
in a change in solvent activity coefficient

+

2e-2
[(ThH,2(A7))X] =——— [(ThH"(A"))*X+(HA)]

+H,0

[(ThH4*(A7),)*(H,0)eX] <> [(ThH*A")e(H,0)sX+(HA)]

+2e +2H"
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Fig. 19 Mass change versus charge plots for redox cycling under
voltammetric conditions of a polythionine film (I' = 13.8 nmol cm™2) in
aqueous acetate solution. Electrode: Au (area = 0.23 cm?) on 10-MHz
AT-cut quartz crystals. Solution: 0.1 mol dm~2 total acetate, buffered to pH
4.5. Potential scan rates: 5 (CJ), 50 (A), 100 (W) mV s~'. (Reproduced from
Ref. [124] with permission from the American Chemical Society.)

within the film, thus requiring a change in
solvent concentration (population) within
the film. At the present state of knowl-
edge, there is no prospect of being able to
calculate a priori values of solvent activity
coefficients within an electroactive poly-
mer film. Given the diversity of chemical
species involved in this class of materials,
one must anticipate diverse behavior and at
best hope to rationalize the experimental
observations; EQCM measurements can
provide the data to facilitate this approach.

One of the most widely studied electroac-
tive polymer film systems is polyvinylfer-
rocene (PVF). PVF films can be deposited
by electroprecipitation from organic sol-
vents (as discussed below) then studied
as surface-immobilized films in aqueous
media. Redox switching between the two
ferrocene (Fc) states can be represented
as a Fct/9 process. On electroneutrality
grounds, one would then expect anion
transfer into (out of) the film upon oxi-
dation (reduction), and indeed a very early

study in this field [127] established this
to be the case for PVF films exposed
to aqueous ClO4~ and PFg~ electrolytes.
Subsequent studies explored this system
in more detail, showing that solvent entry
accompanied anion entry (to the extent of a
few water molecules per anion) and that, at
higher electrolyte concentrations (typically
in excess of 1 mol dm~3), permselectivity
failure occurred, that is, salt also parti-
tioned into the film. Somewhat similar to
the case of polythionine discussed above,
the individual mobile species transfers
(ClO4~, H,0, and Na*ClO4 ™) consequent
upon redox switching of PVF were re-
solved by monitoring the current and
frequency (mass) responses to a potential
step [34]. The current response is com-
plete relatively rapidly and is accompanied
by a rapid mass change; on electroneu-
trality grounds, this is dominated by the
transfer of a charged species, shown by
the AM-Q relationship to be ClO4~.
Thereafter, at essentially zero current,



there is continued substantial mass
change; on electroneutrality grounds, this
must be the transfer of a net neu-
tral species — solvent under permselective
conditions and solvent + salt under non-
permselective conditions. Thus, it was
possible to separate out, using time and
electrolyte concentration as variables, the
individual contributions to the overall re-
dox process.

It is intuitively obvious that while ther-
modynamic studies (focused upon popu-
lations, when the fluxes have decayed to
zero) will benefit from considerations of
the integral quantities charge and mass,
kinetic studies will benefit from consid-
erations of the corresponding differential
quantities current and mass flux. A recent
study of PVF redox-switching dynamics
has shown how the charge (or potential)
dependence of the ratio of the fluxes of sol-
vent to counterion (0 = jsolyent/Janion) Can
be of particular benefit [128]. The varia-
tions (or independence) of p with potential,
charge, or scan direction as functions of
timescale (e.g. potential scan rate in a
voltammetric experiment) have mechanis-
tic diagnostic value. Plots of p versus Q and
E provide qualitative identification (even
on immediate visual inspection) of the
rate-limiting process, and more detailed
quantitative exploration can be expected to
yield kinetic parameters. Given that most
modern data acquisition systems store di-
rectly (or give facile access to) the relevant
fluxes, future utilization of this analytical
methodology is encouraged.

PVF is one of the few systems for which
quantitative data have been obtained in
any detail; since this must be the ulti-
mate aspiration for any useful study, it
is worth noting how far the present state
of knowledge allows one to proceed. In
rationalizing observed solvent transfers,
there is a common tendency to consider
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that one driver for solvent transfer is to
fill/vacate space within the film in order to
facilitate ion transfers. To the extent that
the film is a kinetically frozen matrix — the
dynamics and elasticity of polymer film
matrices will be considered shortly — this
is a qualitatively reasonable notion. On
the other hand, the exchange of ions and
solvent between the film and the solution
phase are often considered without regard
to any film volume constraint. There is
thus a clear need to establish a means
to test whether the volume is fixed and
to explore the consequences of the result.
In a recent study, the effect of impos-
ing or removing a volume constraint on
the partition of the solvent and salt was
studied [129]. Theoretically, this was repre-
sented through a permselectivity index (R),
defined as the ratio of the concentrations
of coion and polymer charge sites. Exper-
imentally, this was explored through the
change in permselectivity index (AR), de-
rived from redox-driven film mass changes
under nonpermselective (high electrolyte
concentration) conditions. It was shown
that R, under given conditions, can be
expressed in terms of a concentration
parameter (S) and a thermodynamic pa-
rameter (7), where S is the ratio of
the solution electrolyte concentration to
the film charge site concentration, and
T contains the salt partition coefficient
and activity coefficients. For the simple
case of a “+1/0”-type redox polymer (e.g.
PVF) exposed to a 1:1 electrolyte, one can
show that

AR =0.5[-1+ (1+482T2)V?] (15)

Thus, a plot of (AR +1/2)? (from the
EQCM data) versus S? should yield a
straight line, from which the salt par-
tition coefficient (within the thermody-
namic parameter, 7) might be estimated.
More detailed criteria (described within
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the original work [129] and based on the
sensitivity of the film concentrations in-
volved in Eq. (15) to film volume changes)
determine whether or not this simple plot
will be linear. For the case of PVF exposed
to concentrated solutions of NaClOy, it
was deduced that the films shrink signifi-
cantly (ca. 35%). The partition coefficients
for the net neutral species into the ox-
idized form of the polymer were found
to be Kgit.ox = 1.0 and K,y 0x = 0.15.
Given the concentration of water in the
bulk solution (55.5 mol dm™3), the latter
corresponds to a water concentration in
the film of ca. 9 mol dm~3. When com-
pared with the redox site concentration of
ca. 3 mol dm™3, this indicates that even
the oxidized form of PVF is quite hy-
drophobic.

Even in the light of the above advances,
if one were to identify a limitation in
the EQCM methodology, it would prob-
ably be that it is a differential method,
that is, the measured frequency changes
can only lead directly to film population
changes (whatever the species involved).
In many cases, this is adequate for the
application. However, there are cases in
which absolute populations are helpful.
For example, in the case of the PVF films
discussed here, oxidation is usually asso-
ciated with an increase within the film of
a few (5-10, according to the electrolyte
and other conditions) solvent molecules
per redox site. However, placing a phys-
ical interpretation on this is somewhat
reliant upon knowing the “baseline” for
this change, that is, whether it represents
a relatively minor or major population
change. The experimental problem is the
absence of a suitable “reference” point. An
instrumental approach designed to pro-
vide this is the DQCM [29, 36] discussed
in Sect. 2.7.2.2.1. This device uses a refer-
ence crystal exposed to the same solution,

thereby automatically compensating for
changes in fluid properties, for exam-
ple, viscosity and density. The value of
this facility has been demonstrated for
the case of PVF films exposed to the
1:2 electrolyte disodium naphthalene-1,5-
disulfonate (Na;NDS) [130], a relatively
rare example of an EQCM study using
anything other than a 1:1 electrolyte. The
crucial added capability provided by the
DQCM (cf. EQCM) is that one can expose
the modified electrode to a series of so-
lutions (here, of different concentration)
and attribute the change in frequency re-
sponse to a change in film composition,
free of any change in solution properties.
By this means, it was possible to demon-
strate film permselectivity for [Na;NDS]
<64 mmol dm~3 and progressive perms-
electivity failure at higher concentrations.
The salt permeation characteristics were
such that film oxidation resulted in elec-
troneutrality maintenance by ingress of
a mixture of NDS?~ and NaNDS~ in
the high concentration regime; while one
might have arrived at this qualitative no-
tion by other means, the DQCM has for
the first time provided quantitative infor-
mation.

A rather neat example of the manip-
ulation of film electroneutrality mainte-
nance mechanism is provided by the re-
dox behavior of poly(xylylviologen) (PXV)
films, in which the nominal counterion is
poly(styrenesulfonate) (PSS). In this case,
the “counterion” is effectively immobile,
and the question arises as to whether the
PXV and PSS ion charges compensate
each other or are separately compensated
by (other) electrolyte ions. This will clearly
have implications for the possible sources
and sinks of ionic charge available to satisfy
electroneutrality upon PXV redox switch-
ing, and the EQCM is ideally placed to
make the distinction. It was found that



the result was very dependent upon the
ratio of PXV: PSS in the film as cast [131].
The Af-E traces for voltammetric redox
conversion of the viologen were inter-
estingly complex: in all cases, they were
nonmonotonic within a given half-cycle
and showed substantial mass changes well
beyond completion of the redox process
as indicated by the cessation of current
passage. The short timescale (kinetically
controlled) mechanism must therefore in-
volve both anion and cation transfers.
The long timescale (thermodynamically
controlled) situation was interpreted as
predominant — but not exclusive — cation
transfer for PXV:PSS =1:2 films and
vice versa for PXV:PSS = 2:1 films.

All the ion and solvation changes dis-
cussed so far in this section relate to
chemically reversible processes. Anecdo-
tally, it is widely accepted in the redox
polymer modified electrode literature that
the first redox cycle of a newly deposited
film is atypical. Although the reasons and
processes are chemically rather different,
this is reminiscent of the “first cycle” ef-
fect discussed in Sect. 2.7.3.6 for Prussian
Blue films. PVF provides a typical example
of this first cycle, or “break-in”, effect. The
initial EQCM response to PVF oxidation
in water (after its deposition from an or-
ganic solvent, typically dichloromethane)
is quite different from that of a previ-
ously cycled film [132]. The result is most
clearly demonstrated by considering the
mass flux — or, better still, the difference
between the total mass flux and the elec-
tron/ion flux—as a function of applied
potential or film charge. Such plots show
a once-only pulse of solvent into a new
film; this solvent (typically ca. five sol-
vent molecules per ferrocene redox site)
is retained (“trapped”) within the film
thereafter and provides the baseline upon
which subsequent redox-driven solvation
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changes occur. From an electrochemical
perspective, the consequence of solvent
within the film is the more facile elec-
tron/ion motion, manifested by a less
positive anodic peak potential on subse-
quent redox cycling.

All the above applications of the EQCM
to study redox polymer films have relied
upon the TSM resonator as a gravimetric
probe of surface populations and changes
therein, that is, have been for acoustically
thin films (see Sect. 2.7.2.2.1). The same
was true for the inorganic films discussed
in Sects. 2.7.3.2-2.7.3.6. However, the
effect of solvent entry is very different for
polymer films: in this case, the solvent can
act as a plasticizer, ultimately resulting in
the film becoming sufficiently softened so
that it is acoustically deformed by the TSM
resonator motion. In other words, one
moves from the acoustically thin regime
to the acoustically thick regime. Under
these circumstances, the TSM resonator
no longer responds predominantly to film
mass; rather, the frequency response is
viscoelastically controlled. In the context
of film redox chemistry (cf. deposition),
this means that the response provides
insight into the polymer matrix — often
perceived to be the “fixed” component
of the system —rather than the mobile
species (ions and solvent) that permeate
it. Consequently, measurements on the
same system in both the acoustically thin
and thick regimes provide complementary
insights into film dynamics.

Theoretical treatments for the acousti-
cally thick film case have only recently
been developed (see Sect.2.7.2.1.2); thus
this topic has not been reviewed previ-
ously. The field is at an interesting stage of
development: the existence of viscoelastic
phenomena in this context are generally
accepted, the basic theoretical concepts
have been delineated [18-20, 22, 23, 25],
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and these analyses have been applied to
a small number of experimental studies.
We now consider some representative ex-
amples of redox polymer films that show
these effects.

The TSM resonator frequency response
shows a peak admittance (resonance),
whose location on the frequency axis is
determined by the capacitive and induc-
tive elements of the system and whose
magnitude is determined by the resistive
elements in the system (in which these ele-
ments can, for example, be represented by
the equivalent circuits in Fig. 2). An acous-
tically thin (“rigid”) film will contribute
nothing to the resistance of the system,
that is, will not provide a mechanism
for energy dissipation. Consequently, film
population (mass) changes will be man-
ifested by a translation at constant shape
and amplitude of the resonance peak along
the frequency axis; this translation will
be described by the Sauerbrey equation
(see Eq. 6 for parameterization in terms
of the inductive element in the equivalent
circuit of Fig. 2b). Contrastingly, an acous-
tically thick film will contribute additional
resistance to the system; that is, internal
friction will be a mechanism for energy dis-
sipation. Consequently, film population or
composition changes will be manifested
by changes in shape and amplitude (as
well as location) of the resonance peak.
These contrasting variations in peak shape
characteristics provide a diagnostic for film
(non)rigidity.

PVF provides a good example of how
the EQCM can be used to explore solva-
tion processes via their influence over film
viscoelastic properties. It also provides a
representative example of progress in this
area: an early study [133] of PVF electrode-
position clearly identified the presence of
film viscoelastic phenomena, which were
subsequently parameterized in terms of

equivalent circuit parameters [134], but
only more recently have the tools to extract
physically useful parameters (shear mod-
ulus components) been developed. The
earlier discussions in this section on the
use of the EQCM as a probe of mobile
species transfers accompanying PVF redox
chemistry in aqueous media were based on
the notion of film rigidity; for the studies
described, crystal impedance spectra sup-
port this idea. However, when exposed
to the dichloromethane solutions typically
used for the electroprecipitation of PVF
films, the situation is very different. The
basis of the film deposition strategy is that
reduced PVF (PVEY) is soluble in CH,Cl,,
but oxidized PVF (PVF™) is not. However,
although PVF' A~ (where A~ represents
the electrolyte anion, e.g. ClO4~ or PFg™)
is insoluble, it is relatively lyophilic, that is,
highly solvated. The consequences of this
are seen in crystal impedance spectra ac-
quired dynamically during deposition, as
shown in Fig. 20 [134]. Progressive depo-
sition of polymer on the electrode surface
results in an increase in inertial mass and
thus the anticipated decrease in resonant
frequency. However, there is also a dra-
matic decrease in admittance, which can be
parameterized as an increase in the resis-
tance in the motional arm of the equivalent
circuit of Fig. 2(b). When the film is suf-
ficiently thick, acoustic deformation can
also be seen in aqueous electrolytes. This
is nicely illustrated by a crystal impedance
study of PVF break-in (for thicker films
than those discussed above and in acid,
rather than salt, media), in which the ir-
reversibly incorporated solvent can lead to
viscoelastic behavior [135].

The sensitivity of film viscoelastic prop-
erties to the ambient medium applies
not only to the solvent but also to the
electrolyte. This is illustrated for the
case of poly[Os(bipy)2Cl(PVP)19] (where
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Fig. 20 Crystal admittance spectra acquired during the deposition of a PVF
film. Electrode: Au (area = 0.23 cm?) on 10-MHz AT-cut quartz crystal.
Solution: PVF (2 mmol dm~3 in ferrocene units)/0.1 mol dm—3 TPA*
ClO4~ /CH,Cly. At t = 0, potential stepped from 0.0 to 0.7 V. Numbers
adjacent to spectra indicate deposition times. (Reproduced from Ref. [134]
with permission from Elsevier.)

PVP represents polyvinylpyridine) films.
These “OsPVP” films are rigid when
exposed to aqueous sodium perchlorate
solution, but viscoelastic when exposed
to sodium p-toluenesulfonate (in cer-
tain concentrations) [136]. This is imme-
diately discerned by inspection of the
crystal impedance spectra for films in
the two media [136], but it is a salutary
warning that the variations of resonant
frequency — as one would monitor in a
“simple” EQCM experiment — show con-
trasting responses despite the essentially
identical underlying physical phenom-
ena. In perchlorate solution (and for
solutions of moderate p-toluenesulfonate

concentration), the OsPVP-loaded TSM
device resonant frequency decreases upon
film oxidation, indicating a mass in-
crease consequent upon anion and a
little solvent entry (essentially as for
PVF redox chemistry). Contrastingly, in
concentrated p-toluenesulfonate solution,
the Au/OsPVP-loaded TSM device res-
onant frequency increases upon film
oxidation: a gravimetric interpretation
would — inappropriately — suggest mobile
species expulsion.

An additional driver of viscoelasticity
changes is temperature, either for rea-
sons based on free volume at constant
film composition (see the brief discussion
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of Williams—Landel-Ferry (WLF) theory
in Sect. 2.7.3.7.2) or through temperature-
dependent film composition (e.g. solva-
tion). An example of the latter phe-
nomenon is the behavior of poly(vinylfer-
rocene-co-N-isopropylacrylamide) films as
a function of temperature, illustrated in
Fig. 21 [137]. There is a transition temper-
ature (T;) below which the film is highly
solvated (“swollen”) and above which it
is poorly solvated (“shrunken”). In these
two solvation states, both film thermody-
namics (formal potential) and dynamics
(mobile species diffusion coefficients) are
very different. For each redox state, the
change in solvation state can be moni-
tored through the change in TSM resonant

frequency and resistance with temperature
(Fig. 21). Starting with the high tempera-
ture (collapsed, and thus rigid) form and
progressively decreasing the temperature,
entry of the solvent softens the film and
results in an increase in energy dissipation
and a decrease in resonant frequency; this
is consistent with a shift from a rigid to
a viscoelastic film. Further decrease of the
temperature, and entry of more solvent,
eventually results in a drop in resonant
resistance and an increase in resonant fre-
quency. Presumably, this is a consequence
of decoupling the more distant regions of
the film from the underlying resonator; in
terms of the model of Bandey and cowork-
ers [19], this might be interpreted as a shift
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Fig. 21 Changes in resonant frequency
(panel A) and resonant resistance
(panel B) for a poly(vinylferrocene-co-N-
isopropylacrylamide) film

(VF :NIPAA = 1:13; dry film thickness
ca. 5 um) as a function of temperature,
with the film maintained in the reduced
state (E = 0.0 V; dashed line) and in the
oxidized state (E = 0.5 V; full line).
Electrode: Pt (area = 0.2 cm?) on
9-MHz AT-cut quartz crystal. Solution:
0.1 mol dm~3 NaClO,. Temperature
scanned from 35 to 10 °C over the
course of ca. 1 h. (Reproduced from
Ref. [137] with permission from the
American Chemical Society.)



from a finite to a semi-infinite viscoelastic
film, of which only a portion is sampled by
the acoustic wave. As seen in Fig. 21, the
transition temperatures are different for
the two film redox states: Ti req < Ti,0x-
Thus, high temperatures (T; req < Tt,0x <
T) result in the redox-driven intercon-
version of two rigid films (the simple
case, interpretable in gravimetric terms),
low temperatures (T < T; peq < Tt,0x) Te-
sult in the redox-driven interconversion of
two viscoelastic films, and intermediate
temperatures (Tyred < T < Ti,0x) result
in the redox-driven interconversion of a
rigid (oxidized) and a viscoelastic (reduced)
film. In summary, it is now possible
to achieve, and to monitor through the
EQCM, combined thermal and electro-
chemical control of film viscoelasticity.

2.7.3.7.2 Conducting Polymers The term
“conducting polymer” is used here to
refer to polymers with electronic charge
delocalization along the spine of the poly-
mer; the electroactive functionality is thus
a delocalized system, contrasting with
the discrete electroactive functionalities of
“redox” polymers. From an applications
viewpoint, the raison d’étre for conduct-
ing polymers is that they show high (and
controllable) electronic conductivity. It is
not the purpose of this review to dis-
cuss these electronic aspects of conduction
processes, but rather to explore two associ-
ated phenomena into which the EQCM
brings insight. First, injection of elec-
tronic charge into a conducting polymer is
intimately coupled to ion dynamics: injec-
tion or removal of a charge-compensating
ion (“dopant”). Second, both the elec-
tronic motion along the polymer spine
and the ionic motion through the polymer
matrix are functions of the polymer dy-
namics: respectively, the rates at which the
polymer strands achieve internal planarity
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for m-delocalization and create space for
accompanying ion motion. In the first
case, the EQCM —as a gravimetric sen-
sor — responds to ion transfer into/out of a
conducting polymer film and in the second
case — as a viscoelastic probe — it responds
to polymer dynamics, exactly as described
in Sect. 2.7.3.7.1 for redox polymers.

In the earlier electrochemical conduct-
ing polymer literature, the emphasis was
on coupled electron/ion motion. Accord-
ingly, within the EQCM literature in this
area, the gravimetric capability to probe
ion transfers, for example, distinguishing
opposing anion versus cation motion, was
predominant. This gravimetric approach
was consistent with the simpler instru-
mentation in use at that time, but more
recently, the capabilities of the EQCM with
regard to characterizing viscoelastic phe-
nomena have assumed a higher profile in
this field.

Given that the generic issues are the
same, it is not surprising that the EQCM
has been applied to all the key types of
materials in this category, including par-
ent compounds and derivatives based on
polypyrrole [32, 138—151], polyaniline [46,
57, 152-156], and polythiophene [41, 45,
157-162]. In this review, selected exam-
ples (from over 100 papers on polypyrroles,
ca. 70 papers on polyanilines, and ca. 30
papers on polythiophenes) are chosen to
provide specific illustrations of the types
of phenomena observed and amenable to
exploration using the EQCM.

An early example of the diagnostic value
of the EQCM for exploring doping mech-
anisms of conducting polymer films is
the study by Naoi and coworkers [138]
of polypyrrole films prepared with an-
ions of different sizes. In the case of
films prepared with small anions, typified
by perchlorate and tetrafluoroborate, elec-
trochemical injection of positive charge
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sites (oxidation) of the polymer had the
anticipated predominant effect of inter-
calating anionic dopant ions (along with
some solvent). At the other extreme, film
deposition in the presence of very large
polymeric anions, typified by polystyrene-
sulfonate and polyvinylsulfonate, resulted
in the anion being trapped within the film
in both polypyrrole oxidation states. Con-
sequently, polypyrrole redox chemistry
resulted in cation transfer, but of course in
the opposite sense to the transfer of small
anions. The use of intermediate-sized an-
ions, represented by p-toluenesulfonate,
was found to result in mixed redox-driven
anion and cation transfers.

Qualitatively, this picture is relatively
simple to understand in terms of the
mobilities of the anions involved. Quan-
titatively, the picture is rather complex,
particularly when the ion sizes are not too
different. In the case of p-toluenesulfonate
(with a small solution cation), anion trans-
fer is the thermodynamically “preferred”
process, but the greater mobility of a small
cation makes the latter transfer kinetically
more facile. Consequently, the dominant
process is timescale dependent. Further-
more, as indicated in Sect. 2.7.3.7.1, the
presence of “salt” within the film is elec-
trolyte concentration dependent. Cations
(coions) can only be ejected from the film
if they are present in the first place, that
is, if the film is nonpermselective. The
complexities of this process have only re-
cently been unraveled [149, 150] and the
EQCM response (film composition) is de-
pendent upon the experimental timescale
(e.g. voltammetric scan rate), film history
(first or subsequent redox cycle after equi-
libration), and electrolyte concentration.
Film mass changes during redox cycling
are nonmonotonic: on short timescales
cation (sodium) transfer is the predomi-
nant mode of satisfying electroneutrality

and on long timescales p-toluenesulfonate
transfer predominates.

At low electrolyte concentration (typi-
cally ¢ < 0.1 mol dm~3), polypyrrole films
in both redox states are permselective at
equilibrium, that is, exclude “salt”’, but
the undoped film accumulates salt un-
der kinetically controlled conditions [149].
Thus, the first redox cycle from an equili-
brated reduced film must result in anion
entry, but the accumulation of some cation
(salt) during the redox cycle allows a
mixed anion/cation mechanism to occur
in a subsequent redox cycle. This is a
consequence of the typical experimental
timescale (10-100 s) being much shorter
than the equilibration time for salt and/or
solvent transfer (up to 1000 s); extended
holding of the film at a given potential
eventually restores equilibrium. When one
moves to thermodynamically nonpermse-
lective conditions (¢ < 0.1 mol dm—3), the
situation becomes much more compli-
cated [150] since the presence of both
anions and cations in both redox states
opens up all the mechanistic possibilities.

A significant difficulty in this type of
problem is visualizing film compositional
changes. This is facilitated by the use of
the scheme-of-cubes [163], in which three
orthogonal axes can be used to repre-
sent three elementary steps in film redox
switching, here film redox state (elec-
tron/anion population), solvation state
(solvent population), and permselectivity
failure (salt population). The concept is il-
lustrated for the case of polypyrrole films
exposed to sodium p-toluenesulfonate so-
lution in Fig. 22 [150], in which there is
the added subtlety of representing cation
transfer (a “fourth dimension”) as the al-
gebraic sum of anion and salt transfers
in opposite direction, that is, a diag-
onal transfer across a cube face. The
attractions of this model are its greater
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palatability rather than long sequences of
stoichiometric equations, and the fact that
the “axes” are directly related to selected
components of the EQCM frequency re-
sponse (which may be directly or only
indirectly related to the charge). The par-
ticular feature highlighted in Fig. 22 is
the effect of decreasing the experimental
timescale (here, by increasing voltammet-
ric scan rate): this progressively “freezes
out” each elementary step, starting with
the slowest (here, solvent entry), then the
next slowest (here, salt entry) until only
the fastest step (here, field-driven coupled
electron/cation transfers) remains. Since
the effective timescale is also a function
of film thickness, this provides a means
of correlating data for different polymer
coverages.

It will be clear from the foregoing
paragraphs that the ion transfer satisfy-
ing electroneutrality upon redox switching
of polypyrrole films can be manipulated
by an appropriate choice of physical
and chemical parameters. This has lead
to exploration of the ability to deliver
ions from the film under electrochemical
control. Obvious candidates of interest
are ions with therapeutic activity: since
these tend to be relatively large —but
not polymeric —such systems are al-
most inevitably of the “mixed-transfer”
type, so the EQCM has proved invalu-
able in studying them. Examples in-
clude salicylate [146, 147], naproxen [146],
nicoside [146], chlorpromazine [141], and
heparin [142]. Figure 23 [147] provides an
example of the time-dependent competi-
tion between opposing anion and cation
transfers, in this case with the additional
help of the PBD experiment. The goal
was to achieve dominant salicylate trans-
fer, but the short time response is cation
dominated, as graphically shown by the
nonmonotonic mass transients and, using

this data, comparison of the observed
probe beam response with that calculated
for pure anion transfer.

The above applications were targeted on
ion delivery. Complementary to this is
targeted ion uptake. The EQCM has been
used to explore polypyrrole as a material
for facilitating removal from solution of
heavy metal ions, such as lead, cadmium,
cobalt, and nickel [140, 143].

At a more sophisticated instrumenta-
tional level than monitoring EQCM res-
onant frequency at constant or linearly
swept potential (as used for the studies
discussed above) is the use of electro-
gravimetric impedance. The concept is
essentially the same as conventional elec-
trochemical impedance, except that the
response function is the film mass (TSM
device resonant frequency). This is a pow-
erful diagnostic technique, firstly through
the location of different species’ responses
in different quadrants of the traditional
complex plane plot and, secondly, through
the facility to vary the timescale (see above)
over a wide range. Using this approach,
rather detailed kinetic and isotherm data
were obtained for various anion and cation
and water (solvent) transfers into/out of
polypyrrole [32]. Interestingly, with the
benefit of the detailed information obtain-
able from this ac technique, one cannot
only confirm that all species participate (as
deduced from detailed analysis of voltam-
metric data[150]), but can also extract
quantitative kinetic parameters and fur-
ther show that they are film charge-state
dependent. Kwak and coworkers have used
this approach to study ion dynamics of
polypyrrole containing small (nitrate) [151]
and large (poly(styrenesulfonate)) [144] an-
ions. These measurements again pro-
vide additional detail and sophistication
compared to the simpler voltammetric



2.7 The Electrochemical Quartz Crystal Microbalance

E vs SCE
[mV]
I
o
~
|

—~

0
=
1

J
[UA cm™2]

~
=2
~

AM
[ng cm_z]

(©)

0
[urad]

0

(@

50 100 150

t
[s]

200

Fig. 23 Combined EQCM/PBD responses of a polypyrrole film to
redox switching in sodium salicylate solution. Electrode: Au

(area = 0.23 cm?) on 10-MHz AT-cut quartz crystal. Solution:
aqueous 0.5 mol dm~3 sodium salicylate. Potential step program as
shown in panel (a). Dotted line in panel (d) represents prediction,
based on current trace of panel (b), of salicylate but no sodium
transfer to satisfy electroneutrality. (Reproduced from Ref. [147] with
permission from The Electrochemical Society.)

measurements, for example, revealing dif-
ferent types of charge site (“fast” and
“slow”) and associated ion population dy-
namics [151]. Detailed modeling of voltam-
metric EQCM responses to ion transfers
has also been used to deduce the presence
ofions in two environments, labeled “free”
and “bound” [145], whose dynamics are
different.

In Sect. 2.7.3.7.1, appropriate control of
polymer composition of a redox polymer
(PVF) was shown to lead to the intro-
duction of viscoelastic phenomena and to
thermal sensitivity. For polypyrrole, de-
position from micellar surfactant media
(dodecylsulfate and dodecylbenzenesul-
fonate) also leads to changes in film mor-
phology and viscoelastic behavior [139].
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Thermal sensitivity, based on temperature-
dependent swelling as monitored using
the EQCM, resulted from deposition
in the presence of such polymers as
2-acrylamido-2-methyl-1-propane sulfonic
acid (AMPS) [148].

Polyaniline has proved an attractive
electroactive material in part because
of its stability in aqueous media and
the possibility of (rapid) ionic charge
transport by protons. Thus, most of the
EQCM studies of polyaniline relate to film
redox switching, with the now familiar
goal of identifying the ion(s) responsi-
ble for maintaining electroneutrality and
the extent of solvent transfer. Although
transfer of protons, as the cations in
this system, is difficult to detect on a
gravimetric basis, the near absence of a
rapid mass response associated with rapid
charge transfer is a signature — albeit near
invisible — of proton transfer (for those
who read the Sherlock Holmes stories,
it is like “the dog that did not bark in
the night”). The situation is rather com-
plex, since there are two redox processes
whose behaviors are dependent upon pH,
so one must be careful to restrict conclu-
sions to the conditions under which they
were deduced. In aqueous perchloric acid
medium, charge transfer in the first oxida-
tion process was found to be compensated
by anion injection and in the second oxida-
tion process by cation (proton) ejection, in
each case accompanied by some solvent
transfer [152]. A recent ac electrogravi-
metric study [156] of polyaniline redox
switching in various aqueous acid media
shows how far this technique has now ad-
vanced, by direct comparison of the rather
featureless mass—potential responses to
cyclic voltage scans with the complex plane
representation of the electrogravimetric-
transfer function, (Am/AE)(w). In the
latter case, one sees features (semicircles)

that respond to film thickness, DC po-
tential (film charge state), and electrolyte
composition. By implementing the partial
electrogravimetric-transfer function ap-
proach (see Eq. 12), this leads to isotherm
data for individual mobile species as func-
tions of potential. This is a clear example
of detailed analysis of high-quality data
providing a rich source of mechanistic
information.

The deposition of polyaniline has also
been studied using a rather elegant com-
bination of the EQCM with ellipsometry,
as shown in Fig. 24 [57]. The data compare
the simultaneously determined gravimet-
ric (Af) and optical (thickness) data during
the electrochemical deposition of polyani-
line from an aqueous solution of the
monomer. Since, in the acoustically thin
regime, Afa AM (via the Sauerbrey equa-
tion), the instantaneous slope of the plot
provides the film density. The linearity
of the plot shown clearly signals constant
composition (polymer and solvent volume
fractions) with film thickness and provides
an alternative route to separating the areal
density (AM /g cm™? into the volumetric
film density and thickness components, cf.
the method outlined in Sect. 2.7.2.2.2.

One of the other attractions of polyani-
line is the ease of preparing (or even com-
mercial availability) of substituted deriva-
tives. The simplest example is the methyl
derivative poly(o-toluidine), for which the
EQCM in conjunction with PBD has
been used to obtain the individual anion,
cation, and solvent fluxes/film popula-
tions. By comparing the EQCM frequency
responses to a potential sweep [46] and a
potential step [154], it is possible to show
that the competing ion transfers have
intrinsic potential and timescale depen-
dencies; the contributions of the protons
and perchlorate ions are also pH depen-
dent. One interesting feature is that anion
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Fig. 24 Variation of EQCM resonant frequency with simultaneously
ellipsometrically determined film thickness during deposition of
polyaniline. Electrode: Pt on 5-MHz AT-cut quartz crystal. Solution:

1 mol dm~3 aniline/2 mol dm~3 HCl. Galvanostatic control:

i =77 uA cm~2. Optical measurements at A = 550 nm. (Reproduced
from Ref. [57] with permission from Elsevier.)

transfer is accompanied by solvent transfer
in the opposite direction, suggesting that
in this case film rigidity imposes a volume
constraint. Another derivative of polyani-
line, this time with a fused aromatic ring,
is poly(1,8-diaminonaphthalene) [153]. In
this case, the EQCM was used to show
how amine groups on the polymer can
be used to extract Hg?* ions from
solution; detailed considerations of the
data suggest a 1:1 monomer: metal ion
stoichiometry. A rather more exotic deriva-
tive is poly(aniline-co-N-propane sulfonic
acid aniline), a so-called self-doped sys-
tem in which the parent aniline and
sulfonic acid aniline comonomers carry
opposite charges [155]. EQCM and sup-
porting crystal impedance measurements
were obtained for such films exposed to
propylene carbonate and acetonitrile solu-
tions, in which the electrolyte anion and
cation sizes were varied. In all cases, a
mixed ion-transfer process was observed:

with the larger cations, the contribution to
electroneutrality maintenance (transport
number) decreased with ionic radius.

In most cases, stability and oxidation
potential issues mean that polythiophenes
are prepared, studied, and used in non-
aqueous media, and the influence of
the solvent can be significant. The ex-
tent of solvent swelling is determined
by polymer—solvent interactions, which
can be manipulated both by choice of
solvent and introduction of substituents,
here in the 3- and 4-positions. Electropoly-
merization of alkyl-substituted thiophenes
provides good examples of the effects
one can observe. EQCM (with PBD) mea-
surements of potentiodynamic deposition
from acetonitrile : benzonitrile (4:1) of
poly(didodecylterthiophene) (with the sub-
stituents in the 3/,4’- or 3,3”-positions)
showed that film deposition occurred pri-
marily during the reductive half-cycle, in
the form of short chain oligomers of the
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neutral polymer [45, 157]. These studies
were focused on the early stages of film
deposition, that is, nucleation, so a gravi-
metric interpretation was appropriate, in
contrast to other studies discussed below.

In terms of ion and solvent transfers,
polythiophenes provide some of the more
complex examples of acoustic wave behav-
ior and thus more sophisticated examples
of data interpretation. In the simpler,
gravimetric regime early measurements
of ion, solvent, and cation (“salt”)
transfer at acoustically thin poly(2,2’-
bithiophene) [33] films have been shown
to be typical; for example, the presence of
salt in reduced poly(1,4-ethylenedioxythio-
phene) films is implied by a substantial
contribution from cation expulsion during
polymer oxidation [159].

A more complicated scenario is pre-
sented by an electroactive bilayer, in which
a poly(2,2’-bithiophene) (PBT) film is over-
laid with a PXV redox polymer film [162].
Individually, the two layers (here, both
acoustically thin) behave exactly as one
would expect: the PBT film undergoes pre-
dominant anion (cation) exchange upon
p-doping (n-doping), albeit with some
coion participation, and the PXV film is a
cation exchanger. The difference when one
moves to the bilayer is that the usual ion-
transfer requirements of the inner PBT
layer are not generally consistent with the
permselective properties of the outer PXV
layer. The result is a transient accumula-
tion of electrolyte in the film upon redox
cycling. In this case, the EQCM is able
to reveal the mechanism of bilayer re-
dox switching, by using gravimetrically
determined ion transfer — in conjunction
with the electroneutrality condition - as
the marker for locating the destination
of injected electronic charge. Variation
of timescale (potential scan rate) shows,

Fig. 25 [162], that complete redox conver-
sion of either layer does not occur before
commencement of redox conversion of
the other layer. Rather, minor conver-
sion of the inner layer to its conducting
state occurs first (signaled by cation trans-
fer to balance PBT n-doping; see mass
flux at high scan rate), opening up con-
ducting pathways to completely convert
the outer layer (signaled by anion trans-
fer to balance PXV redox conversion; see
opposite mass flux at slow scan rate).
This ability of the EQCM to diagnose
ion-transfer mechanisms in bilayers has
been further demonstrated for [polypyr-
role — poly(styrenesulfonate)]/poly(3-octyl-
thiophene) [164] and [polypyrrole—poly-
(styrenesulfonate)]/poly(vinylferrocene)
[165] systems.

As described in Sect. 2.7.2.1, there is
no sharp distinction between “rigid” and
“nonrigid” behavior, but rather a con-
tinuous variation between films that are
acoustically thin (k¢ < §) and acoustically
thick (hf > §). Since the decay length, 3, is
a function of shear modulus and thereby of
film solvent content, medium effects are
critical. The discussion of polythiophene
systems above was deliberately restricted
to examples of acoustically thin films, but
we now move to a consideration of acous-
tically thick polythiophene-based films.

The transition between the acoustically
thin and thick situations is illustrated
by the redox-switching (doping) behav-
ior of poly(3-methylthiophene) films ex-
posed to acetonitrile [158]. At low cover-
ages, parameterized through deposition
charge (Qgep <12mC cm™?), the films
are acoustically thin and the resonator
frequency response can be interpreted in
gravimetric terms Af converted to AM,
according to the Sauerbrey equation). In
this particular case, the film was found
to contain two different regions (“zones”)
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Fig. 25 Current (left panels) and mass flux (right panels) responses for a
polybithiophene/polyxylylviologen (PBT/PXV) bilayer. Electrode: Au (area = 0.23 cm?) on
10-MHz AT-cut quartz crystal. Solution: T mol dm~3 tetraethylammonium
perchlorate/acetonitrile. Voltammetric experiment, scan rate 50 mV s~ (upper panels),

1V s~ (lower panels). (Reproduced from Ref. [162] with permission from the Royal Society

of Chemistry.)

with different solvation characteristics and
ion dynamics. For somewhat thicker films
(Qdep ca.30-50mC cm™?), viscoelastic
characteristics were visible in the crystal
admittance spectra, but not dramatic. In
this regime, a gravimetric interpretation
is inappropriate, but modeling in terms
of viscoelastic parameters is inaccurate,
since the acoustic deformation is not large.
Much thicker films (Qgep > 80 mC cm™?)
showed dramatic viscoelastic effects, from
which shear moduli could be extracted.

A similar pattern can be expected for
other systems, such as the more elaborate
trimeric fused ring dithioenothiophene-
based polymers [160]. Admittance spectra
for films of these materials deposited
with 5 < Qgep/mCcm™? < 120 showed
the dramatic effects of film viscoelasticity

and were parameterized through equiva-
lent circuit parameters for the BvD model
of Fig. 2(b).

The absolute value of film thickness at
which one sees the shift from acousti-
cally thin to thick behavior will depend
significantly on the polymer itself, the
solvent, and other physicochemical pa-
rameters, notably temperature, applied
potential, and timescale. An example of
the importance of the latter two con-
trol parameters is provided by a study
of poly(3-hexylthiophene) films exposed
to propylene carbonate [161]. Storage and
loss moduli, derived from the admittance
spectra, for a film held at different ap-
plied potentials (effectively, controlling
charge) are shown in Fig. 26 [161]. Im-
mediate observations are that the film is
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in the middle of the viscoelastic range
(G ~ 10® dyn cm™?) and is lossy (G’ <
G”). Although these were anticipated to
represent equilibrium measurements, by
holding the applied potential at a series of
constant values for times on the order of
minutes, there is clearly hysteresis. This
is not a matter of slow charge (coupled
electron/ion) transport, since the data are
plotted as functions of resultant electro-
chemical charge (obtained by integrating
the current response) not of applied poten-
tial. The conclusion reached was that this
is a consequence of slow solvent transfer.
Thus, mobile species dynamics — which
one commonly monitors directly through
gravimetric experiments —are here ob-
served indirectly through polymer dynam-
ics in a viscoelastic experiment.

Figure 26 also shows shear modulus
data as functions of frequency, obtained

Fig. 26 Viscoelastic properties of
electropolymerized
poly(3-hexylthiophene). Fitted

(a) storage modulus (G') and (b) loss
modulus (G”) as functions of charge
and frequency. Frequency dependence
obtained by use of harmonics of
polished 10 MHz fundamental
Au-coated TSM resonator; open (filled)
symbols for increasing (decreasing)
potential measurement sequence (lines
are merely a guide to the eye).
Frequency (MHz): 10 (O, m), 30 (A, A),
50 (V, V), 70 (O, #). Electrode: Au
(area = 0.23 cm?) on polished 10-MHz
AT-cut quartz crystal. Solution:

0.1 mol dm~3 tetraethylammonium
hexafluorophosphate/propylene
carbonate. (Reproduced from Ref. [161]
with permission from the Royal Society
of Chemistry.)

by making admittance measurements at
the fundamental frequency (10 MHz) and
higher harmonics (30, 50, and 70 MHz).
Over this frequency (timescale) range, the
shear modulus components vary by ap-
proximately an order of magnitude. In
polymer science, it is common to use
“spring and dashpot” mechanical models
to explain the frequency dependence of
viscoelastic parameters. The exchange be-
tween the polymer and solution of ions and
solvent might be expected to be associated,
respectively, with electrostatic stiffening
and plasticization effects. In the case of
poly(3-hexylthiophene) films [41, 161], the
increase in G’ with frequency is qualita-
tively consistent with a Maxwell model
(spring and dashpot in series) and in-
consistent with a Voigt model (spring
and dashpot in parallel). Although nei-
ther model can quantitatively describe the



observed responses, this avenue of en-
quiry is at an early stage. Certainly, TSM
resonators can provide viscoelastic param-
eters in a frequency range inaccessible to
bulk mechanical techniques, which typi-
cally operate in the sub-kHz range.

Although temperature has not been
systematically explored as a variable in this
context, this will unquestionably prove a
fruitful future avenue of enquiry and the
associated effects might be rationalized in
terms of the concept of time—temperature
superposition and the WLF model that are
commonly used in polymer science.

In Sect.2.7.2.1.2, the phenomenon of
film resonance was discussed. In this
special situation, the film thickness cor-
responds to one quarter of the acoustic
wavelength, that is, the acoustic phase shift
defined by Eq. (11) has the numerical value
¢ = 7 /2. For a film of given shear modu-
lus, progressive increase in thickness will
eventually result in this condition being
satisfied. This phenomenon is illustrated
in Fig. 27 [41] for a poly(3-hexylthiophene)
film as a function of the polymerization
charge during deposition. As can be seen,
the resonant frequency transiently moves
sharply upwards and the peak amplitude

Fig. 27 Crystal admittance spectra as a
function of charge density, acquired
dynamically during potentiodynamic
electropolymerization of a
poly(3-hexylthiophene) film. Solution:
3.7 mmol dm—3

3-hexylthiophene/0.1 mol dm—3
tetraethylammonium
hexafluorophosphate/propylene
carbonate. Electrode: Au

(area = 0.23 cm?) on polished 10-MHz

Conductance
[mS]
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increases with increasing loading of the
TSM resonator; once resonance is passed,
the anticipated pattern of response is
resumed. In enquiring why more obser-
vations of film resonance have not been
reported, three corollaries are highlighted.
First, an additional requirement is that
the reflectivity coefficient for the acoustic
wave at the film/solution interface must be
close to unity. This corresponds to a sharp
gradient of acoustic properties, that is, a
sharp polymer/solution interface, a condi-
tion that may commonly not be fulfilled.
Second, if the polymer is lossy, attenuation
of the acoustic wave in passage twice
across the required film thickness may be
too great for a significant effect. Third,
there is an interesting effect in terms
of the operating frequency. In the case
of poly(3-hexylthiophene), the film thick-
ness required to achieve film resonance
was essentially independent of frequency
(comparing data for the fundamental and
third harmonic, 10 and 30 MHz, re-
spectively). Inspection of Eq. (11) shows
that this requires a frequency-dependent
shear modulus (in the simplest situation,
increasing with the square of frequency),
consistent with a viscoelastic polymer in

AT-cut quartz crystal. Spectra acquired Charge 15> LI e
at £ = 0.4 V following each potential [mC cm™2] 20 = 59 10.0 10.1
cycle. (Reproduced from Ref. [41] with 9.8 :

permission from the American Frf&\ﬁlelcy

Chemical Society.)
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the transition region between rubbery and
glassy regimes.

Several other polymers with delocalized
systems have been studied. One example
is poly(p-phenylenevinylene), for which
the EQCM was used to study ion mo-
tion during n-doping [166]. The case of
an electropolymerized nickel-salen-based
complex, poly[Ni(saltMe)], studied using
the combined EQCM/PBD technique, is
rather interesting in terms of the chemistry
involved [47]. Although one might expect
to classify the material as a “metal com-
plex” (and indeed the monomer behaves in
this fashion), spectroscopic studies show
the polymer redox chemistry to be ligand-,
rather than metal-based, and to involve a
delocalized system, that is, it should be
classed as a “conducting polymer”. Crys-
tal impedance spectra showed the polymer
films to behave rigidly, so a gravimet-
ric interpretation of EQCM data could be
used; from this it was possible to demon-
strate dominance of anion (cf. cation)
transfer in maintaining electroneutrality
during redox switching and to quantify
the associated transfer of solvent. Film
resonance has been observed in crystal
admittance spectra of poly(carbazole) [42].
In this case, the film thickness satisfying
the resonance condition was inversely
related to frequency (comparing data for
the fundamental and the third harmonic).
According to Eq. (11), this is consistent
with a frequency-independent shear mod-
ulus, contrasting with the behavior of poly-
(3-hexylthiophene).

2.73.7.3 Insulating  Polymers Electro-
chemical polymerization has been used
to generate insulating polymeric coatings
on electrode surfaces, usually for the pur-
poses of surface protection. In these cases,
there can be no use of electrochemistry
to characterize the deposited material

per se —at best, one can only determine
film performance electrochemically using
solution redox probes to seek out its imper-
fections. Consequently, the determination
of polymer coverage using a gravimetric
probe is attractive. The EQCM has been
used to study a number of acrylate-based
insulating films, such as acrylonitrile [167],
methylmethacrylate [167], methacryloni-
trile [168], and N-vinyl-2-pyrrolidone [168].
The EQCM was used to explore the effi-
ciency of deposition during the polymer-
ization process [168] and, postdeposition,
issues of film solubility [167].

2.7.3.8 Other Organic Materials

The redox chemistry of solid-state lat-
tices based on TCNQ, prepared by oxi-
dizing crystallites of 9-aminoacridinium
(TCNQ), exposed to calcium or potas-
sium acetate solutions, has been studied
using the EQCM [169]. EQCM frequency
responses to redox conversion of the
TCNQ®~ and TCNQ /2~ states were in-
terpreted in terms of permselective cation
transfer of CaOAc™ and K(H,0)4". The
first reduction half-cycle was associated
with an anomalously large frequency
change, suggesting a one-off solvation
process or structural change. Chronoam-
perometric experiments (associated with
shorter timescales) suggested that oxida-
tion proceeds by anion insertion from the
electrolyte, then diffusional loss of neutral
electrolyte from the solid-state lattice. Al-
though the physical nature of the film is
rather different from a redox polymer or a
metal oxide film, the parallels in behavior
are clear.

There has been considerable interest in
the coupling to electrode surfaces of DNA
which, as a large electroinactive molecule,
is amenable to gravimetric detection by
the QCM. Following immobilization onto
Au electrodes, electrochemically triggered



release of DNA has been monitored us-
ing the EQCM [170]; the longer-term goal
is on-demand gene delivery. Oligonu-
cleotides have also been immobilized
within polypyrrole films on electrode sur-
faces, for example, by incorporating an
electropolymerizable pyrrole functionality
onto the oligonucleotide [171-173]. (Al-
though one could categorize these as
“polypyrrole” systems, the entity of inter-
est is the oligonucleotide, and the primary
role of the polypyrrole is the provision of
an immobilization matrix.) These studies
are at a relatively early stage, but offer
the promise of sophisticated biosensing
devices.

2.7.3.9 Miscellaneous

The phenomenon of oscillating reactions
is widely recognized in chemistry. In those
cases in which a surface-bound species or
the surface itself is involved in the com-
plex sequence of steps, the EQCM offers
the prospect of additional information. An
example of this is the role of an oxide layer
in the oxidation of formaldehyde at Pt and
Rh [174]. Similarly, in the oxidation of 2-
propanol at Pt electrodes, it was found that
the oscillations (in potential and mass, at
constant current) increased in amplitude
until the positive extreme of the potential
excursion reached a value consistent with
PtOH and/or PtO formation [175]. Oscilla-
tions in mass at open-circuit potential were
also observed during the dissolution of Cu
in sulfate media when the solution con-
centration of Cu?* was sufficiently high
(c > 0.045 mol dm~3) [176], although in
this case the potential excursions were
such that oxide formation/dissolution was
ruled out.

With the notable exception of corro-
sion, most of the processes and systems
discussed in this review occur essentially
uniformly across the electrode surface.

2.7 The Electrochemical Quartz Crystal Microbalance

Since the QCM sensitivity is spatially vari-
ant — maximum at the center and falling to
effectively zero at the edges of the exciting
electrode — this means that there is no er-
ror incurred by using the usual spatially av-
eraged sensitivity function of frequency to
mass change (the Sauerbrey equation). An-
other exception to this lateral uniformity
is the case of heterogeneous bubble evolu-
tion. Simplistically, the concept is that nu-
cleation of a bubble at the interface results
in the replacement of fluid with gas, so
that the coupling of the ambient medium
to the resonator is locally changed. Since
the characteristic size of a bubble (typically
in excess of 1um) is likely to be much
larger than the decay length of the acoustic
wave in the fluid (typically 0.2 um, for a 10-
MHz resonator in aqueous solution), there
is effectively complete (local) decoupling of
the resonator and fluid. This situation has
been studied for electrolytically generated
hydrogen [177-179] and chlorine [179]. In
the latter case, the situation is complicated
by the formation/removal of oxide layers
and electrode dissolution, to both of which
the EQCM responds. In addition to the
lateral sensitivity issue, that is, the fact
that the frequency response is dependent
upon the spatial location of the bubble,
the QCM response is dependent upon in-
terfacial energetics, which determine the
contact angle and thus the bubble shape.
Although this case has not subsequently
been explored in great detail, spectral anal-
ysis of the frequency response was shown
to be a powerful tool in extracting kinetic
information [178].

2.7.4
Conclusion and Future Prospects

The EQCM is now firmly established as
a generic probe of interfacial processes,
providing valuable information for rational
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interfacial design. Integration into the elec-
trochemist’s armory of techniques has in
some cases gone as far as simultaneous
utilization with other interfacial probes,
such as ellipsometry, probe beam deflec-
tion, and visible spectroscopy. Significant
attributes include in situ capability, rapid
(down to millisecond) data acquisition,
high (submonolayer) sensitivity, general-
ity of detection, and known sensitivity.
According to whether a surface film is
acoustically thin or thick, the frequency re-
sponse provides gravimetric or viscoelastic
information; in many cases, control of cov-
erage can be used to explore both regimes.
In the case of acoustically thin films, the
EQCM frequency response can be simply
interpreted in terms of film mass changes,
and thus surface population changes. This
has been widely exploited for deposi-
tion and dissolution processes, and for
redox-driven exchange of ions and neutral
species (predominantly solvent) between
a surface film and its bathing solution.
In the case of ion transfer(s), required
to maintain electroneutrality within the
film, the “simple” permselective result
of purely counterion (no coion) trans-
fer is commonly observed, but is by
no means to be considered as the “ex-
pected” result. At the higher electrolyte
concentrations typical of electrochemical
experiments, permselectivity failure oc-
curs and “salt” (electrically equivalent
amounts of counter and coion) within
the film provides a mechanism for trans-
fer of either ion. Additionally, when the
ion mobilities are very different, for ex-
ample, as a consequence of different size
and/or charge number, it may be kineti-
cally expedient for the faster moving ion
to transfer on short timescales and sub-
sequent transfer of “salt” to restore the
equilibrium populations somewhat later,
following completion of charge transfer.

As a consequence of this, mixed ion
transfer is a likely scenario. Furthermore,
the relative amounts of anion and cation
transferred have been shown for a num-
ber of systems to be dependent upon
potential (film charge state). Hence, the
assumption that the overall (end-to-end)
compositional change is a good repre-
sentation of events at intermediate redox
composition may be rather poor. This has
important consequences for many applica-
tions of modified electrodes, for example,
in charge storage (batteries and superca-
pacitors), optical displays, and controlled
delivery/uptake. Recent developments in
both experimental and interpretational
methodologies offer the prospects of sig-
nificant advances here. Exploration of
the time (frequency) domain through
potential step and ac electrogravimetry
methods can be significantly superior to
the most commonly used electrochemical
control function, a linear (cyclic) poten-
tial scan.

Despite the undoubted progress in data
acquisition, it is slightly disappointing that
the interpretation of EQCM mass changes
is commonly only qualitative, for exam-
ple, determining whether cation or anion
transfer predominates in a film redox-
switching experiment. Since conversion of
the measured quantity (frequency change)
to mass change is trivial via the Sauer-
brey equation, and since the sensitivity
function for conversion to a population
change (molar mass) is known a priori,
this lack of interpretation is surprising.
Also, it is generally more common for the
mass (interpreted as population) change to
be correlated with the potential, but by far
the more informative correlation is with
charge, analogous to Faraday’s classical
experiment, since this is the route to speci-
ation. Adoption of recent progress in data
analysis, for example, correlating fluxes of



solvent and ions (derived from differential
mass change and charge data), promises
considerable new mechanistic insights.

From the origins of the EQCM tech-
nique, the notion that it can provide solvent
population changes in surface films has
been widely appreciated. With the quan-
titative approaches now available, this
offers two significant areas of applica-
tion. First, in a rather classical vein, the
solvent population change — at constantac-
tivity, defined by the bathing solution — can
provide information on solvent activity
coefficient changes within the film, for ex-
ample, a polymer. While such effects have
been generally appreciated from the ion-
exchange literature, acquisition of data has
been nontrivial. Second, since the solvent
can function as a plasticizer for some ma-
terials (notably polymers), correlation of
solvation population changes with interfa-
cial rheology opens previously unexplored
avenues of study.

This leads to what is undoubtedly
the emerging area of study — viscoelastic
phenomena. A decade ago, viscoelas-
ticity represented the “unknown” (in
this context) to which anomalies were
frequently — though perhaps not always
correctly — attributed. This is no longer
the case. Basic theoretical models are now
well established; these may be expressed
through either electrically or mechanically
based representations, ultimately linked
through the piezoelectric effect. These
models provide the qualitative means to
distinguish acoustically thin (“rigid”’) and
acoustically thick films and the quantita-
tive means to extract materials properties.
In the latter context, the issue of data fit-
ting has received attention and reliable
means now exist to extract film shear mod-
uli from the resonator frequency response.
The phenomenon of film resonance — well
known for films exposed to gaseous
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media — has also been reported and de-
scribed; this is a phenomenon that should
receive greater consideration in future.

Most of the viscoelastic studies to data
have involved steady state impedance
measurements. More recently, transient
measurements have been reported; these
appear to offer some advantages over
steady state measurements. Unquestion-
ably, comparison of the two meth-
ods —now united by a general the-
ory — should be pursued.

Many applications of the QCM involve
soft matter and exploitation of the tech-
nique in a biological context, for example,
involving DNA, will undoubtedly high-
light this aspect. This will heighten the
need to develop and test models for
viscoelastic behavior. Polymer science pro-
vides a rich source of such information,
but generally developed in the context of
bulk materials and explored by rheologi-
cal experiments at relatively low frequency
(<1 kHz). The EQCM is invariably applied
in the context of thin films (microns, not
millimeters) and provides access to high
frequencies (>1 MHz). It therefore offers a
unique opportunity to determine materials
properties and the applicability of various
standard models and concepts in polymer
science (e.g. Maxwell and Voigt “spring
and dashpot” models, the WLF theory, and
time—temperature superposition) should
be explored.
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2.8
Sonoelectrochemistry: Physical Aspects

Richard G. Compton, Joanna L. Hardcastle,
Javier del Campo

Physical and Theoretical Chemistry Laboratory,
University of Oxford, South Parks Road,
Oxford, UK

2.8.1
Introduction to Power Ultrasound

Normal human hearing is capable of
detecting sound waves of frequencies
between 16 Hz and 16 kHz. Ultrasound
is defined as sound waves of frequencies
higher than the human ear can detect (i.e.
greater than 16 kHz). The frequencies of
ultrasonic sources cover a huge range,
from 16kHz to 500 MHz. The lower-
frequency, high-power ultrasound region
lies between 20 and 500kHz. It is
this region of the sonic spectrum that
provides beneficial effects when coupled
with electrochemistry.

Ultrasound is generated by utilizing the
inverse piezoelectric effect discovered in
1880 [1, 2]. The ultrasonic transducer pro-
duces a change in the dimension of a
material by the application of an electrical
potential across opposite faces. By alter-
nating the potential across the faces at
high frequency, the crystal converts the
electrical energy to mechanical energy. At
sufficiently high frequency of alternating
potential, this will result in the generation
of ultrasound [3].

The natural resonance frequency of
response to piezoelectric stimulation pro-
vides the optimum ultrasonic perfor-
mance. Target ultrasonic frequencies can
be generated by the use of different crys-
tal size, material, and cut. Examples of
commonly used materials are barium

titanate, BaTiO3, and lead zirconate ti-
tanate, Pb(Zr,Ti)O3 [4].

Ultrasound has long been used for
a wide range of applications [5]. These
include inter alia the welding of plas-
tics [6], ultrasonic imaging in medicine [7],
the dispersion of pigments and solids [8],
cleaning both on an industrial scale [9]
and in precision applications such as
dentistry [10], and in catalyst manufac-
ture [11]. Sonoelectrochemistry [3, 12—15]
is concerned with the coupling of power
ultrasound to electrochemical systems in
order to both achieve and develop new
processes and applications.

282
Approaches to the Coupling of Ultrasound
with Electrochemical Methods

There are numerous methods of intro-
ducing ultrasound into an electrochemical
cell. These include whistle reactors, ul-
trasonic baths, and ultrasonic horns (also
known as probes) [3, 16]. Of these tech-
niques, the ultrasonic bath is of great
commercial use in cleaning applications
and in sonochemical reactors. An ultra-
sonic bath normally consists of a number
of fixed frequency (typically 20—-100 kHz)
transducers beneath the physical exterior
of the bath unit. The bath unit is filled with
distilled water and an electrochemical cell
can be immersed in the bath in a fixed
position [17]. The transducer is electrically
separated from the cell, which is advan-
tageous. However, the results have been
found to depend strongly on positioning
and design, which is clearly undesir-
able [18]. The ultrasonic horn transducer
provides an alternative to the bath; it de-
livers ultrasound directly to the solution
within the cell using a metal horn tip. The
horn acts as an amplifier with the shape
of the tip determining the mechanical



amplification of the piezoelectric vibration.
For this reason, the tip has a length (typ-
ically 12.5cm for a 20-kHz horn) that
corresponds to a multiple of half wave-
lengths of the ultrasonic wave. The most
common material for horn construction is
a titanium alloy (TigAl4V). This is chosen
because of its strength, durability, and rel-
ative chemical inertness. The horn is then
placed in the electroactive solution of in-
terest to a depth of not less than 1 to 2 cm.
This arrangement results in the delivery
of high-intensity ultrasound at, and in the
vicinity of, the tip of the horn.

The advantages of the use of the horn
over the bath are: the higher ultrasonic
intensities available (up to 1000 W cm™2)
the ease with which the intensity delivered
to the system can be varied, and the small
effect on observed electrode processes re-
sulting from the variation of cell geometry
and dimensions. Problems arising from
the heating of the cell, resulting from
high-intensity ultrasound, can be regu-
lated by the introduction of a cooling coil
connected to a thermostatted water bath.
The need for bipotentiometric [19] control
is removed by the insulating the horn from
the electrochemical cell by a screw thread
machined from Delrin®. The ultrasonic
frequency of a piezo-driven horn is fixed
and the most commonly used frequency is
20 kHz. Such equipment is readily avail-
able commercially and is easily introduced
into the electrochemical cell. A simple de-
sign for a three-electrode cell is shown in
Fig. 1.

Experiments may be conducted using al-
ternative geometries of the ultrasonic horn
relative to the working electrode. This per-
mits the study of the processes governing
sonovoltammetry. The “face-on”, “side-
on”, and “sonotrode” geometries are illus-
trated in Fig. 2. The “face-on” geometry
is the most conventional and analytically

)
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useful. It is primarily this geometry that
is exploited and described in subsequent
sections. The “side-on” geometry com-
prises the electrode placed perpendicularly
to the tip of the ultrasonic horn [20]. In
the sonotrode arrangement, the working
electrode is incorporated in the tip of the
ultrasonic horn [21]. It is proposed that in
this arrangement, mass transport to the
electrode surface can be maximized and
extreme limiting currents corresponding
to diffusion layer thicknesses of less than
1 um have been observed [21-23].

2.8.3
The Influence of Ultrasound on Mass
Transport at the Electrode

Power ultrasound, of frequencies between
20 and 500 kHz is known to cause a
multitude of complex phenomena in solu-
tion; these include acoustic streaming [24],
bubble oscillation, and cavitation [25, 26],
resulting in the generation of micro-
jets [27-30] and shock waves which occur
preferentially at the solid-liquid inter-
face. Figure3 is a schematic diagram
of the most significant effects observed
in sonoelectrochemical systems; acoustic
streaming and cavitation.

The application of power ultrasound in
solution drastically increases the rate of
mass transport of material to the solid sur-
face. Figure 4 shows two voltammograms
obtained ata 3-mm glassy carbon electrode
for the reduction of 1.0 mM Ru(NHj3)Cl3
in aqueous solution with 0.1 M KCl as sup-
porting electrolyte, which is a well-defined
model voltammetric system:

[Ru(NH3)6]** (aq) + e~
=—=[Ru(NH3)s]** (aq) )

Figure 4(a) shows a cyclic voltammogram
recorded under silent conditions, which
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Fig. 1 Thermostatted sonoelectrochemical three-electrode cell in
which the working electrode is located a distance d from the horn tip
of the transducer. The cut away section through the cooling coil
reveals the Ti tip.

Electrode

Electrode Electrode
(@) “Face-on” (b)  “Side-on” (¢)  “Sonotrode

”

Fig.2 Three-electrode geometries commonly used in
sonovoltammetric measurements.



Fig. 3 Representation of (a)
acoustic streaming; and (b) an
ultrasonically induced
cavitational bubble collapsing in
the vicinity of a surface.

Fig. 4 (a) Cyclic voltammogram and
(b) sonovoltammogram, at a horn to
electrode separation of 20 mm and
ultrasound intensity 15 W cm~2, for the
reduction of T mM Ru(NH3)g3*t at a Pt
disc electrode.
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Flow of
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Working electrode

has the characteristic peak shape appear-
ance expected for a reversible one-electron
reduction with a half wave potential E1/, =
—0.2 V versus saturated calomel electrode
(SCE) and a magnitude consistent with
avalue of Dgy = 0.91 x 1072 m? s~ [31].
Figure 4(b) shows an analogous measure-
mentin the presence of 20-kHz ultrasound
of intensity 15+ 5 W cm~2 directed in a
face-on arrangement with the electrode
surface at 10 £2 mm horn to electrode
separation. It can be seen that the aver-
age transport limited current is signifi-
cantly enhanced when compared to the

Evs. SCE
(vl

silent case. Furthermore, the form of the
voltammogram has qualitatively changed.
A familiar cyclic voltammogram is no
longer observed but a sigmoidal voltam-
mogram indicative of a constant rate of
transport of electroactive species to the
electrode surface, thus sustaining an av-
erage steady current. The magnitude of
the limiting current observed in the pres-
ence of ultrasound is found to increase
on the reduction of the horn to elec-
trode separation or an increase in the
magnitude of the ultrasonic intensity ap-
plied to the system [32]. A quantitative
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model used to parameterize the mass
transport to both insonated microdisc and
macrodisc electrodes assumes that the ap-
plication of power ultrasound results in
a truncated or thinned Nernst diffusion
layer. The diffusion layer model (Fig.5)
allows a crude description of the mass
transport at the electrode-liquid inter-
face by assuming a laminar sublayer close
to the surface and an approximately lin-
ear concentration gradient across a thin
layer adjacent to the electrode. Equation (2)
consequently describes transport to the in-
sonated electrode.

nFDAchyk

5 2)

Nim =
where the limiting current, fj,y,, is related
to the number of transferred electrons,
n, the Faraday constant, F, the diffusion
coefficient, D, the electrode area, A, the
concentration, ¢, and the diffusion layer
thickness, §. Under these conditions, all
the electroactive material transported to
the electrode is converted into products. It
is found experimentally for the “face-on”
geometry [22] that:

B o< D*3 Acpy

3)

hence,

§ o« D73 4)

This result implies that the diffusion
layer thickness is controlled by both dif-
fusion and convection. By comparison
with experimental results for hydrody-
namic electrodes such as the rotating disc
electrode [33], it can be shown that £, at
stationary electrodes with convective mass
transport to the electrode surface exhibits
a D?/3 dependence. In the case of the
insonated electrode, acoustic streaming
contributes significantly to this convective
flux [31].

A major factor in ultrasound-induced
processes is the presence of cavitation
both in the bulk solution and at inter-
faces. The phenomenon caused by voids
or gas bubbles in the solution phase being
coupled to the oscillating pressure field,
is responsible for “hot spot” processes
and microjetting. There are different types
of cavitation, notably stable cavitation (vi-
olently oscillating bubbles), or transient
cavitation (collapsing bubbles) [34]. The
ultrasound frequency and intensity de-
termine the type and violence of the
process. Cavitation occurs more readily
in the vicinity of the electrode surface

Electrode

Bulk

convective

flow

Fig. 5 Schematic representation of the diffusion and boundary layers at the
electrode—solution interface as applied in the diffusion layer model.



compared to that in the bulk solution due
to the typically weaker molecular interac-
tions. At the interface, crevices and actives
sites also exist where vapor bubbles read-
ily form. In the presence of hydrodynamic
flow, the interfacial tension is increased
and the cavities collapse asymmetrically
resulting in a microjet of electrolyte being
cast against the surface. The nature of the
microjets generated by cavitation events
in the vicinity of the solid-liquid inter-
face has been the focus of much attention
with both experimental and theoretical ap-
proaches; increased mass transport and
depassivation of electrodes resulting from
jet speeds of up to 100 m s~! have been
reported [35-38].

Chronoamperometry at microelectrodes
(see Chapter 2.5) and macroelectrodes per-
mits a direct comparison between the
effects of cavitation in different solvents
and at different ultrasound intensities.
Figure 6 shows current—time measure-
ments recorded at an insonated 50-um
diameter platinum electrode in ammonia,
water, and dimethyl formamide (DMF)
(at 298 and 218 K). In each case, a well-
characterized simple one-electron redox
couple was employed as given in Table 1.
The electrode was held at a potential cor-
responding to the transport-limited elec-
trolysis of the substrate of interest. Sharp
spikes are observed, superimposed on a
background current much enhanced in
comparison with the steady state current
seen under silent conditions. The back-
ground or baseline current is attributed to
enhanced mass transport brought about by
acoustic streaming. The spikes are caused
by the collapse of single cavitational bub-
bles in the vicinity of the electrode. On
the collapse of a cavitational bubble the
jet of electrolyte, which is cast against the
electrode surface, brings new electroactive
material giving an enhanced current. In
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this way, one can record direct hits or near
misses of these microjets of solution as
individual current transients of differing
height and shape. For example, for a mi-
crojet impinging directly on the electrode
surface, the current observed in the corre-
sponding spike may be higher than if the
jet had hit the edge of the electrode.

The frequency and violence of cavita-
tional events is different from one medium
to the next reflecting the differences in
physical properties between solvents, pri-
marily vapor pressure and viscosity. Cavi-
tational bubbles are allowed to grow larger
in media of high vapor pressure [39], and
therefore when the bubble collapses, the
implosion is less violent as a result of the
cushioning effect arising from its larger
size. Large bubbles may also have more
chance to move away from the surface
of the electrode reducing the frequency
of events. Conversely, much more violent
events are brought about in solvents of
low vapor pressure [39]. More energy is
required to disrupt the medium in or-
der to create a void resulting in small
bubbles and a reduction in the “cush-
ioning effect”. The chance of the smaller
bubbles escaping from the surface is less-
ened, the resulting cavitational collapses
are not only more violent but also more
frequent. Greater stability of bubbles in
low vapor pressure can result in pro-
longed stability of oscillating bubbles on
the surface as in the case of liquid ammo-
nia. The viscosity is also a contributing
factor with a higher viscosity resulting
in much less efficient replacement of
solution at the electrode surface on cav-
itational collapse and therefore, a smaller
current enhancement. Interplay between
these physical properties permits the elu-
cidation of the overall scheme shown
in Fig. 7.
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Fig. 6 Chronoamperommetric experiments at a 50-um diameter Pt disc in the
presence of ca. 250 W cm~2 ultrasound in different media and temperatures.
(a) 1 mM ferrocene in DMF at 218 K; (b)1 mM ferrocene in DMF at 298 K;
(c) 1 mM Ru(NH3)e3*t in water at 298 K; and (d)1 mM nitrotoluene in liquid
ammonia at 218 K. The additional lines superimposed on the traces correspond

to the calculated baseline current (
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Fig. 6 (Continued)

Macroelectrodes have been used to in-
vestigate the variation of cavitational pro-
cesses with ultrasound intensity with the
advantage that the most violent conditions
can be attained with only small effects of
thelocal erosion damage on the overall cur-
rent response [40]. Chronoamperometry

0.1 0.2 0.3
Time

[s]

0.4 0.5

at a macroelectrode permits quantitative
analysis of cavitational events occurring at
the surface of the electrode at differing
ultrasound powers by recording the devia-
tion of individual current data points from
the mean background current. Figure 8
shows a plot of the percentage of current
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Tab.1 Redox systems studied at a 50-um platinum disc electrode under silent conditions

Solvent Redox system Supporting Silent D [cm? s7] Ey2 V]
electrolyte current [nA]

NH; (218 K) Nitrotoluene KI 18 1.4 x 1073 —0.390 vs Ag

H20 (298 K)  Ru(NH3)g*  KCl 13 9.1 %1076  —0.171vs SCE

DMF (298 K) Ferrocene TBAHFP 12 1.2 x 1073 0.470 vs Ag

DMF (218 K) Ferrocene TBAHFP 4 2.6 x 1078 0.774 vs Ag

Note: TBAHFP: tetrabutyl ammonium hexafluorophosphate.

Frequency of events is at its highest since at low vapor
pressure bubbles are small and cannot leave the surface;
also at lower viscosity it reduces the energy required to
create voids.

Violence is increased because the cushioning effect of
large bubbles is removed and the solution replacement
is most efficient.

DMF (298 K)

Increasing cavitation strength

DMF (218 K)

Increasing viscosity‘
B S —

Ammonia (218 K)
Water (298 K)

’Increasing vapor pressure

_— >

The large amount of energy required in
forming a void in solution of low vapor
pressure and high viscosity results in
lowering of the frequency of the events.

High viscosity reduces the efficiency
of solution replacement at the surface
on bubble collapse; violence is reduced.

A high vapor pressure and low solution viscosity
allows the formation of larger bubbles that can
escape from the solution before collapsing,
reducing the frequency of events.

Cavitation is less violent due to the cushioning
effect of large bubble sizes. Oscillating bubbles
broaden cavitational spikes.

Fig. 7 Schematic describing the relationship between cavitation strength and the physical properties

of the solvent.

data points deviating more than 10% from
the mean for the simple one-electron
oxidation of ferrocene in DMF with a
background electrolyte of 0.1 M NBu4PFj.

FeCp,—=FeCp," +e~ (5

It can be seen that the effect of increas-
ing ultrasound intensity is to promote a
nonlinear increase in the deviation from
the mean with an appearance consis-

tent with the existence of a cavitational
threshold [3].



Fig. 8 Plot of the fraction of current
readings for the sonoelectrochemical
oxidation of 1 mM ferrocene in DMF at
a Pt disc macroelectrode with a
deviation from the average current
response of more than 10% versus the
ultrasound intensity employed.

% of data points

2.8.4
Ultrasound-induced Surface Effects

The cleaning effect of ultrasound har-
nessed in the use of ultrasonic baths is de-
pendent upon cavitation. The same is true
at the surface of an electrode. The combi-
nation of ultrasonic frequency, intensity,
and the electrochemical solvent as de-
scribed above can give rise to considerable
release of energy occurring during cavi-
tational events and damage to a metallic
electrode surface is possible. There is also
evidence for the surface activation of in-
sonated glassy carbon electrodes [41, 42].
A wide range of ex situ and in situ methods
are available for the investigation of sur-
face properties. Atomic force microscopy
(AFM) may be used for the investigation of
various types of electrode surfaces [43, 44],
as discussed in Chapter 3.2 in this volume.
Images of a platinum electrode polished
(Fig. 9a) and after 2min of sonication
(Fig. 9b) demonstrate a slow but signif-
icant roughening due to pitting which
depends on the applied intensity. As well as
the intensity and solvent used in the experi-
ments, the erosion process depends on the
hardness of the electrode material [45]. For
glassy carbon and gold electrodes, consid-
erable damage occurs at high intensities
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Ultrasound intensity
[Wcm2]

in aqueous electrolyte. In voltammetric
experiments however, the timescale is
much shorter and the ultrasound inten-
sity much lower meaning that the effect of
erosion effect remains acceptable [43] and
subtler changes in the surface properties
are observed.

Associated with electrode damage, the
“cleaning” or “depassivation” of electrode
surfaces is an important aspect of sono-
electrochemistry. This effect has been doc-
umented for the depassivation of iron elec-
trodes [35], the removal of deposits [45],
and observed when polymer films are
present at the electrode surface [46]. It
is also vital to sonoelectroanalytical meth-
ods (see Sect.2.8.1.2). The oxidation of
the carbonyl complex Cr(CO)g is an exam-
ple of an electrochemical system that is
prone to electrode passivation [42]. In the
presence of ultrasound, sustained voltam-
metric currents can be obtained, which
suggested both depassivation and/or a sup-
pression of precipitation; this is in contrast
with corresponding silent voltammetry in
which these phenomena preclude “clean”
voltammetry.

Electrochemical AC impedance meth-
ods are well suited for in situ monitoring
of changes in surface roughness and capac-
itance [43], as discussed in Chapter 2.6 in
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Fig. 9 AFM images of: (a) a Pt electrode surface freshly polished with 0.1 um diamond lapping
compound and (b) the same Pt electrode after application of power ultrasound in a solution of
acetonitrile. Note the difference in scale in (a) 2000 A and (b) 4000 A.

this volume. Cole—Cole plots obtained at
0.0 V (vs. SCE) for an insonated glassy car-
bon surface immersed in argon-saturated
0.1M NaOH solution show a marked
deviation from the ideal behavior. This
occurs as a direct result of cavitation-
ally induced surface roughening. Further

electrochemical manifestation of the effect
is seen for the oxidation of a nickel
electrode surface in alkaline aqueous me-
dia[42]. In the presence of ultrasound,
the magnitude of the observed current
and overall shape of the signal remains
unchanged, which is consistent with



surface-confined processes independent of
mass transport in the solution phase. It
is known that a surface oxidized layer is
formed at the Fladé potential. This po-
tential, however, is shifted up to 60 mV
toward more anodic potentials when the
surface is insonated. This shift has been
attributed to ultrasound causing surface
erosion, which competes with the growth
of the oxide film.

2.8.5
The Influence of Ultrasound on Chemical
Processes

The use of ultrasound to enhance the
rate or change the pathway of both ho-
mogeneous and heterogeneous chemical
reactions has been exploited for a number
of years [47-49]. There are a wide variety
of processes involved in the alteration of
reaction rate or pathway. These vary from
surface activation of solid reactants to the
generation of active radical species. It is
possible to bring about gross changes in
the transport leading to new dominant re-
action pathways and in many cases the
processes behind such changes are not
fully understood. Ultrasound may affect
chemical reactions that occur in a simple
liquid phase via four possible routes:

e enhanced mass transport;

e thermal fluctuations caused by cavita-
tion or “hot spots”;

e the formation of highly reactive inter-
mediates, for example, radical species
in the solution near a “hot spot”; and

e strong shear forces that can affect large
molecules, particles, or surfaces.

2.8.5.1 Generation of Active Radical

Species

The hydroxyl radical has been shown to

be responsible for many of the chemical
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effects of ultrasound in homogeneous sys-
tems. This has recently been harnessed
for the treatment of wastewater [50, 51]. In
particular, the sonochemical degradation
of chlorophenols [52, 53], chlorohydrocar-
bons [54, 55], and cyanide [56] has been
the focus of studies aimed at the develop-
ment of new methods for the elimination
of traces of toxic materials. The mech-
anism proposed for these sonochemical
processes is based on the formation of
short-lived radical species (Eq.6), which
are generated in violent cavitational events.

6)

Elegant spin trapping work by Riesz and
coworkers [57, 58] comparing pulse radi-
olysis and sonolysis has provided firm
evidence for the proposed intermediates.
In the absence of reactive organic com-
pounds, the sonochemical formation of
OH- radicals is followed by recombina-
tion processes that lead to the formation
of hydrogen peroxide [59]. The production
of hydrogen peroxide can therefore pro-
vide an indirect indication of the presence
of high-energy intermediates allowing the
measurement of a relative sonochemical
activity index [56]. Other reaction path-
ways are likely to be complementary, such
as the direct pyrolysis of unstable com-
pounds, for example, nitrophenol [60] and
direct oxidation induced by supercritical
water [51, 61].

The effect of 20-kHz ultrasound on the
concentration of cyanide in aqueous 0.1 M
NaOH is first-order decay in the cyanide
concentration over a period of 2.5 h with
an apparent rate constant 1.3 (£0.2) x
10~* s for a solution volume of 400 mL
and ultrasound intensity of 60 W cm™2.
However, changing the volume of solution
undergoing sonication in the reactor
dramatically changes the apparent rate
constant with a decrease in volume causing

H,O —— OH' + H-
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an approximately inversely proportional
increase in the rate constant for cyanide
destruction. This can be understood if the
sonochemical reaction does not proceed
homogeneously throughout the reactor
volume but is localized in a volume close
to the ultrasound emitting horn tip. This
volume is approximately 3 x 107%m?3,
with a rate constant for the destruction
of cyanide within this reaction volume of
~2 x 1072571

2.8.5.2 Rates of Heterogeneous Electron
Transfer

The kinetics of heterogeneous electron
transfer reaction in the presence of
insonation at the electrode surface
has been quantified by analyzing the
wave shape of the sonovoltammetric
signal. Huck[18] investigated one-
electron redox systems such as
Fe3*/2+ and Fe(CN)g3~/4~ and reported
consistent results between silent rotating
disc voltammetry and sonovoltammetry
performed in an ultrasonic bath.
Measurements performed in the cell
described in Fig.1 with the working
electrode placed opposite the immersed
ultrasonic horn have also been carried
out [62]. The limiting currents that are
observed for the simple one-electron
reduction of Ru(NH3)g3t and of Eud*
in aqueous media at various electrode
materials can be used to determine
the diffusion layer thickness, §, by
applying Eq. (2). Calculation of the rate
of electron transfer was found to give good
agreement with analogous measurements
under silent conditions [31]. In all cases,
the sole effect of ultrasound within
experimental error was to change the
apparent reversibility of the electron
transfer process by promoting mass
transport. When the effect of the latter
is corrected for, no change in the

heterogeneous rate constants for electron
transfer was seen in the presence
of wultrasound. Consistent with these
observations, Fontana and coworkers [63]
reported for two reversible systems,
Fe(CN)g3~ /Fe(CN)g*~ and Fe?t/Fe’T,
that ultrasound improves only the mass
transport. However, for a less reversible
quinone-hydroquinone system, ultra-
sound improved the reversibility by a factor
of 2. This improvement may be due to
either an increase in the exchange current
density or to an increase in the speed of
the intermediate chemical steps.

2.8.5.3 Sonovoltammetric Study of
Homogeneous Chemical Reactions

The use of well-known model systems
has been undertaken to confirm the
validity and define the limits of the
treatment of sonovoltammetry in line
with the model of a uniformly accessible
electrode and also to assess the influence
of ultrasound on homogeneous chemical
reactions coupled to the electron transfer.
The uniformly accessible electrode model
allows the introduction of a reaction layer,
which has also been successfully employed
for rotating disc voltammetry, in studies
using channel electrodes [64] and in a
slightly more complex form for studies
in turbulent voltammetry [65].

A physical model has been pro-
posed [35-38], which may be used to
describe the processes that occur within
the electrochemically important layer of
ca. 100 pm adjacent to the electrode sur-
face in the presence of power ultrasound.
The current may be separated into a steady
component and a transient component
suggesting a significant local fluctuation
of the current density. The physical pro-
cess responsible for the fluctuations is
the collapse of cavitational bubbles and
the formation of microjets. The number



and magnitude of these jets impinging
onto the electrode surface determines
whether the simple stagnant diffusion
layer model or a more sophisticated model
is necessary.

A great many model systems that have
been studied by electroanalytical methods
are available for comparison with sono-
voltammetric measurements. The reduc-
tion of halogenated aromatic compounds
is known to cause in many cases the
cleavage of the carbon halide bond with
a first-order rate constant determined by
the properties of the molecule. From
the known range of accessible diffusion
layer thicknesses in sonovoltammetry,
ca. 1-15 um, unimolecular rate constants
ranging from 10 to 10* s~ are accessible.
The reduction of 3-bromobenzophenone
and ortho-bromonitrobenzene in DMF [66]
may be described by the ECE type mecha-
nism given in Eqs. 7(a—d).

Ar — Br + e ——Ar — Br™ (7a)
Ar—Br~ —— Ar + Br~ (7b)
Ar+Sol —H —— Ar— H + Sol' (7¢)
Ar—-H+e ——=Ar—H™ (7d)

Of the two chemical reaction steps,
Egs. 7(b and c), usually Eq. 7(b) is rate lim-
iting [67, 68]. In this mechanism, an elec-
tron transfer step at the electrode surface
is followed by a chemical step in homoge-
neous solution, in this case the cleavage of
a carbon bromide bond. The sigma radical
Ar is very reactive and may undergo H-
atom transfer with the solvent or electrolyte
present [69] to form the parent aromatic
compound. This molecule can undergo
further reduction at the electrode surface
permitting a second electron to be trans-
ferred where the kinetics of the chemical
step is fast enough to compete with the
mass transport at the electrode surface.
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Two voltammetric signals are observed for
the reduction of 3-bromobenzophenone in
DMF (0.1 M NBu4PFg) at a 3-mm glassy
carbon electrode in silent conditions. The
first process with E]f,ed = —1.56 V (vs SCE)
corresponds to the one-electron reduction
process described in Eq. 7(a). The second
chemically reversible reduction process oc-
curs at a potential at which benzophenone
itselfis reduced and therefore corresponds
to the process described in Eq. 7(d). At
the insonated electrode, the ratio between
the measured limiting current for the
first and second processes decreases with
decreasing horn to electrode separation,
hence thinner diffusion layer thickness.
A quantitative description for the effective
number of electrons, n.g, transferred at
a uniformly accessible electrode for vari-
able diffusion layer thickness is given in
Eq. (8) [70].

n = Lim 5 V/tanh(82k/ D) ®
g=—m oy YT
I 82k/D

In this equation Il(i)m is the purely transport
controlled limiting current, D is the diffu-
sion coefficient assumed to be identical
for all species, and k is the first-order rate
constant for the chemical reaction step.
A plot of the observed limiting currents
versus § ! determined from the first one-
electrode process is shown in Fig. 10. A
theoretical line can be fitted to the ex-
perimental points and a rate constant of
k =600+100s"! is in good agreement
with the value reported in the literature,
k = 740 £ 200 s~1 [67]. For the reduction
of ortho-bromonitrobenzene, a rate con-
stant of k = 200 & 50 s~! was determined,
which is also in close agreement with the
literature value of k = 250s~![71]. The
implication is that ultrasound facilitates
the measurement of fast rate con-
stants under steady state conditions at
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Fig. 10  Plot of sonovoltammetrically obtained limiting currents versus the
reciprocal diffusion layer thickness for reduction of 3-bromobenzophenone
in DMF at a glassy carbon electrode. The theoretically predicted curves for

k — oo and for k = 6 x 102 s~ ! are also shown.

macroelectrodes. These would otherwise
only be measurable using steady state
microelectrode studies or via transient
techniques such as fast scan cyclic voltam-
metry. Furthermore, the results suggest,
first, a physical reality to the diffusion
layer concept, and second, no sonochem-
ical enhancement of the reaction, at least
in the two cases reported, as compared to
silent conditions.

2.8.6
Extreme Conditions and Deviation from
Hydrodynamic Behavior

It has been shown in Sect.2.8.3 that
when the source of ultrasound is brought
very close to the working electrode, 5-
mm horn to electrode separation or less,
then the cavitational events induced can
be very violent generating sharp spikes
in the current transient. On systematic
variation of horn to electrode separa-
tion and ultrasound power, it becomes

apparent that there is a threshold for
the detection of violent cavitational ac-
tivity [40]; see Fig.8. This leads to the
hypothesis that the cavitational thresh-
old may coincide with the breakdown of
the simple planar diffusion layer model,
even when calibration of the diffusion
layer thickness is employed. The tran-
sition to a more complex mass trans-
port model would obviously be expected
for very extreme conditions with strong
cavitational interference. The calculated
rates for the reduction of reduction of
3-bromobenzophenone at a range of diffu-
sion layer thicknesses from 0.6 to 1.5 um
exhibited a marked deviation from the sim-
ple diffusion layer model under extreme
conditions at low diffusion layer thick-
ness with an apparently smaller number
of electrons transferred. A purely thermal
effect [72] would result in the opposite,
suggesting that the negative deviation may
be attributed to a breakdown of the mass
transport model.



In practice, the diffusion layer prevail-
ing under insonated conditions arises
from an interplay between the effects
of acoustic streaming and cavitationally
induced microjetting, which control the
overall sonovoltammetric response. Differ-
ential pulse voltammetry (DPV) has been
used as a sensitive means of exploring the
diffusion layer under steady state electrol-
ysis at insonated electrodes. In DPV (see
Chapter 2.2, Sect.2.2.3 in this volume),
the current is measured immediately be-
fore each pulse is applied and again at
the end of the pulse; the difference be-
tween the two currents is recorded as a
function of the voltage on the underly-
ing staircase. Given that it is a difference
in current that is monitored, it follows
that the technique will be sensitive to
the transport conditions prevailing dur-
ing the interval between current sampling
times. In particular, in a cavitation-free
sonovoltammetric experiment, it would be
expected [22, 32, 40] that a diffusion layer
would be established in which convection
was reduced as compared to the bulk solu-
tion. The transport of material within this
diffusion layer would therefore control the
DPV response. However, in a cavitationally
highly active situation, the frequent disrup-
tion of the diffusion layer by bubble activity
would reduce the voltammetric sensitivity
if the frequency is such that bubbles are
regularly formed in the interval between
sampling times.

The effect of convection on the DPV re-
sponse can be predicted by a theoretical
comparison between the limit of a Nerns-
tian diffusion layer in which the solution
is fully stagnant and a rotating disc elec-
trode [73, 74]. The general trend is as the
speed of rotation increases (which corre-
sponds to a reduction in diffusion layer
thickness in the static simulation), the peak
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height increases, because of convection in-
creasing mass transport to the electrode
(see Chapter 2.4 in this volume). Turning
to sonovoltammetry, the simulations pre-
dict, by analogy, that at a given diffusion
layer thickness, if the main effect of sonica-
tion is an enhancement of mass transport
to the electrode via convection from acous-
tic streaming, a larger peak current will
flow than that which would be measured
under pure, entirely stagnant ‘“Nernstian”
diffusion layer conditions.

Differential pulse voltammograms were
recorded for the well-characterized sim-
ple one-electron redox couples given in
Table 1 at an insonated 1-mm Pt electrode
over a calibrated range of diffusion layer
thicknesses. For each of the experimental
diffusion layer thickness, the theoretical
peak current was simulated for an equiva-
lent stagnant Nernstian diffusion layer [73]
with the parameters of the DPV simula-
tion corresponding with those employed
experimentally. Figure 11(a—d) shows a
comparison of experimental peak currents
and theoretical peak currents for the sol-
vents DMF, water and ammonia at a range
of diffusion later thicknesses. It is evident
from Fig. 11 that experimentally obtained
peak currents are smaller than those the-
oretically predicted at a given diffusion
layer thickness, deviating most markedly at
small diffusion layer thicknesses in which
the ultrasonic perturbation is greatest. This
is the opposite of the predictions of the ro-
tating disc in which increasing mass trans-
port via pure convection (higher rotation
speeds) would lead to a larger peak cur-
rent than that which would be measured
under “Nernstian” diffusion layer condi-
tions. It is therefore likely that cavitation
not acoustic streaming is responsible for
this deviation due to the turbulent collapse
of bubbles perturbing or even replacing the
diffusion layer. The conditions in which it
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is believed that cavitation is strongest (see at the smallest diffusion layer thickness,
Fig. 7) result in the greatest deviation be- corresponding to the smallest horn to
tween theory and experiment. For all the electrode separation and highest power
solvents, the largest deviation is observed of ultrasound. The correlation between
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cavitation and the deviation observed in
the DPV confirms that the contribution
from cavitational perturbation of the dif-
fusion layer, from both bubble formation
and microjetting, is significant in compar-
ison with acoustic streaming under more
extreme conditions. Nevertheless, it is also

clear that for mild ultrasonic stimulation,
in which the diffusion layer thickness
is relatively large, the Nernst diffusion
model is physically realistic as testified
by the good agreement between theory
and experiment in the high diffusion layer
thickness limit.
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The resulting physical model of an
insonated electrode can be described as
a steady diffusion layer a few microns
thick brought about by acoustic streaming,
which is occasionally and randomly punc-
tuated by a cavitational event the frequency
and violence of which is dependent on
the solvent and ultrasound intensity. At
high intensity and short horn to electrode
separation, the cavitational contribution
becomes substantial with violent cavita-
tional activity giving a pronounced devia-
tion from the steady diffusion layer model.

2.8.7
The Effects of High-Frequency Power
Ultrasound

The majority of studies coupling electro-
chemistry with ultrasound have employed
ultrasonic emitters in the frequency range
20-40 kHz, primarily because of their
ease of implementation and use. Although
measurements of Faradaic currents based
on electrochemical oxidation or reduction
of redox-active solution species have been
employed for the characterization of high-
frequency sonochemical systems [45, 75],
less is known about the physical na-
ture of the effects prevailing at the
surface of the electrode under these con-
ditions. High-frequency ultrasound has
been studied by microelectrode voltamme-
try [76], employed in electrosynthetic appli-
cations [77], and used in the modification
of the properties and growth of electro-
chemically formed polymer films [78]. It
has been shown that sonoelectrochemistry
at high frequency is based on distinctly
different processes than those governing
sonoelectrochemistry at 20-40 kHz [79].
In particular, processes involving slowly
diffusing species are especially enhanced
in 500-kHz systems relative to their 20—40-
kHz counterparts. At high frequencies, the

physical nature of the phenomena occur-
ring at the electrode—solution interface is
found to be considerably different from
20 kHz. As a result, some of the bene-
fits observed in sonoelectrochemistry at
lower frequencies are changed dramat-
ically. The strong macroscopic acoustic
streaming effect observed with a 20-kHz
probe at 60 W cm™2 is absent, which can
be attributed to the far lower ultrasonic
intensity, ~1.4 W cm™2 and the change
in geometry on going to a 500-kHz sys-
tem. The use of an aqueous suspension
of Mearlmaid OL permitted the visual-
ization of the flow pattern in the liquid
phase at 1.4 W cm ™2 intensity and was
indicative of a macroscopic torroidal and
turbulent flow away from the transducer
in the center of the reactor and back at
the walls of the reactor. The flow rate
is low, of the order of 5cms~!, and is
therefore only a minor fact or contributing
to mass transport effects. As a result of
the much shorter wavelength associated
with 500-kHz ultrasound in comparison
with 20 kHz, the sound propagation is
subject to reflection and interference phe-
nomena, which give rise to a characteristic
pattern of sonochemical activity. The im-
plication of this is a ring-shaped zone
of activity that has been detected by the
chemiluminescence of luminol induced by
cavitational activity [75]. When compared
with systems employing low-frequency ul-
trasound, 500-kHz power ultrasound is
known to give better efficiency in sono-
chemical processes due to the number
and timescale of cavitational events, which
reaches an optimum around 0.5 MHz [80].
This has led to the exploitation of 500 kHz
for the sonochemical mineralization of or-
ganic waste products [81].

The positioning of the electrode in the
reactor is a crucial factor in determining
the origin of the enhanced mass transport



observed for simple one-electron redox
processes at the electrode surface [75, 79].
It was found that current enhancement
is not maximized by positioning the elec-
trode in the center of the cell as would be
predicted if macroscopic acoustic stream-
ing is the predominant effect. However,
the intensity pattern attributed to high
cavitational activity, which peaks in a ring-
shaped pattern half way between the center
and the reactor walls is reproduced. This
clearly suggests that cavitation is an im-
portant factor in inducing mass transport
at the electrode—solution interface.

The magnitude of the average limiting
currents observed at a glass-mounted
Pt disc electrode is proportional to the
concentration of reactant cp, and to the
area of the electrode, A, for a range of
electrode diameters from 0.25 to 6.0 mm
consistent with Eqn. (2). However, the
effect of the diffusion coefficient, D, on
the observed limiting current has been
shown [25-30] to reveal the subtleties of
the nature of mass transport observed. A
linear relationship, fj;, o D, is indicative
of a truly stagnant diffusion layer, in
the presence of 20 kHz, Iy, o< D%/3, is
consistent with hydrodynamic flow or
acoustic streaming. In the case of 500-
kHz ultrasound, the effect of the diffusion
coefficient on the limiting current is
much smaller than anticipated on the
basis of existing mass transport models
for ultrasonically enhanced processes with
lim o< D%2*, A simplistic model, allowing
the observations to be rationalized, must
account for a mechanism other than
diffusion dominating the mass transport.
If at a rate of 500kHz microjetting
or micromixing phenomena occur at
the electrode—solution interface, then the
timescale for diffusion is reduced and the
distance that molecules can travel, 84,
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becomes short (Eqn. 9).

D
Sgiff = +/ ————— ~ 0.05 9
diff = 4/ 500 kKiz um  (9)

Therefore, at high ultrasound frequencies
and at electrodes of slow time constant
(large diameter), transport due to mixing
on a microscopic scale may effectively
compete with transport due to diffusion.
Although the mass transport at higher
frequencies such as 500 kHz has been
shown to be dominated by cavitation and
microstreaming, there is little damage
to conventional electrodes made from
platinum, gold, or carbon even after
prolonged periods of sonication. This is
advantageous if mechanically less robust
electrode materials such as lead, graphite,
or metal oxide have to be used. The
erosion process, although subtle still
leads to significant surface effects as
has been shown for an electrochemically
deposited film of Prussian blue [79]. Under
silent conditions the films are stable
over many potential cycles. However, the
diminishing area under the voltammetric
signal observed after several minutes of
sonication at 500 KHz suggests that the
film is gradually removed. Furthermore, a
change in the shape of the voltammetric
response suggests that the rate of transport
of ions into the film, or electrons out of
the film becomes slower. A comparison
of film degradation observed in the
presence of 500-kHz ultrasound with and
without degassing the solution prior to
insonation reveals a dramatic increase
in film degradation after degassing. A
plausible interpretation associates this
with the increase in violence of cavitational
processes after degassing. Gas and gas
bubbles present in the solution phase act
to cushion the violence of the implosion
process. In the degassed solution, the
colored Prussian blue film is completely
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removed from the electrode surface after
approximately 15 min of insonation.

Electrochemical processes in the
presence of high-frequency 500-kHz
ultrasound are governed by processes
considerably different from those that are
important at lower frequencies. The basis
of the mass transport model is suggested
to be microjetting and micromixing. The
relatively low dependence of the mass
transport controlled limiting current on
the diffusion coefficient suggests that
even at higher ultrasound frequencies,
ultrasound processes could become
independent of the diffusion coefficient,
thereby relatively favoring processes
involving very slowly diffusing species
such as proteins [23, 82].
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2.9
Sonoelectroanalysis: Applications

Richard G. Compton, Joanna L. Hardcastle,
Javier del Campo

Physical and Theoretical Chemistry Laboratory,
University of Oxford, South Parks Road,
Oxford, UK

2.9.1
Analysis by Classical Electrochemical
Techniques

Electrochemical methods of analysis are
extremely sensitive and have been ex-
ploited to permit the detection of a wide
range of analytical targets down to concen-
trations of the order 1071° M in favorable
conditions. The relative low cost of these
electroanalytical techniques when com-
pared with conventional techniques such
as Inductively Coupled Plasma-Mass Spec-
trometry (ICP-MS) and Atomic Absorption
Spectroscopy (AAS) has led to the use
of electrochemical stripping voltammetry
(Chapter 2.3) and linear sweep voltamme-
try (Chapter 2.1) for the detection of both
inorganic and organic species [1-6]. Tar-
get analytes that have been documented
include heavy metals (Bi, Cu, Cd, Ga,
Mn, Pb, Sb, Sn, V, Zn), cardiac and an-
ticancer drugs, vitamins, and pesticides.
However, the limits of applicability for
these “silent” classical electrochemical
techniques have been compromised by
four main drawbacks:

e lack of rapidity with long accumulation
steps [7, 8];

e deactivation and complete fouling of the
electrode surfaces due to passivating
adsorbates [9-17];

e low sensitivity in “real media” in the
absence of time-consuming substrate
pretreatments [14—18];

e techniques are often dependent on
environmentally unacceptable mercury
electrodes.

In attempts to overcome these problems,
a range of techniques have been em-
ployed. The use of rotating disk electrodes
(Chapter 2.4) reduces the accumulation
time required for sensitive stripping anal-
ysis, however, the benefits are restricted
to rotation speeds up to the limit where
nonlaminar flow hinders reliable quantifi-
cation [19]. Microelectrodes (Chapter 2.5),
with diameters of 1-100 um have further
enhanced the applicability of electroanaly-
sis but not without drawbacks. The main
difficulties are primarily their fragility,
with consequent complications for cell
design, and also dimensional instability
resulting from erosion or the dissolu-
tion of electrode substrate into deposited
metals [20]. The use of either of these
techniques is limited in environmental,
biological or food samples due to the
surface passivating effects of proteins, sug-
ars, soluble polymers, and solid particulate
matter. Such electrode fouling can be over-
come in part by the use of a hanging
mercury drop electrode (HMDE), which
permits continuous regeneration of the
surface by slowly allowing mercury to drop
from the electrode. The technique has been
used for a wide range of applications, but is
still plagued by the drawbacks associated
with long accumulation times. Further-
more, the use of mercury in high quantities
is undesirable because of its toxicity and
future restrictions on its use [21, 22].

2.9.2
Coupling Ultrasound with Electroanalysis

The synergistic coupling of ultrasound
with electroanalytical measurements has
been the subject of detailed study for many
years [23, 24] and the technique is now



emerging as a powerful electroanalytical
tool [7, 24—31]. The cavitational and acous-
tic streaming effects of ultrasound are
reported in Sects. 2.9.1.3 and 2.9.1.4 [21,
24, 30-32] and have been shown to facil-
itate the determination of trace metals in
highly passivating media such as alcoholic
beverages [21, 24-26, 28, 33]. Ultrasoni-
cally enhanced stripping and linear sweep
voltammetry (LSV) has therefore been
successfully applied to inter alia the de-
termination of lead in wine [33], copper in
beer [21], lead in river sediment [34], man-
ganese in tea [35], nitrite in egg [36], and
copper in blood [37]. Table 1 provides an
overview of the scope of sonoelectroanal-
ysis demonstrating the diversity of targets
and the accuracy of results.

293
Sono-anodic Stripping Voltammetry
(sono-ASV)

Targeting analytes in “real” media con-
taining organics such as sugars, proteins,
fats, and soluble polymers using classical,
silent ASV is plagued by long accumula-
tion times and the passivating effects of
adsorbed species on the surface of the
electrode. Typically this leads to insensi-
tivity or even complete blocking of the
electrode. The applications described be-
low exemplify both the benefits afforded
by ultrasound and the versatility of this
novel technique, demonstrating accurate
and rapid analyses in media previously
inaccessible to the electrochemist.

2.9.3.1 The Determination of Heavy
Metals in Alcoholic Beverages

Lead in wine An early target for interro-
gation by sono-ASV was monitoring trace
amounts of heavy metals in alcoholic bev-
erages [33]. Quantification of lead in a
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white Italian Chardonnay was shown to
be possible. The enhanced mass transport
associated with power ultrasound yields
efficient preconcentration of lead over a
short period of time at a Hg/Pt electrode,
this step was followed by a linear anodic
potential sweep. The standard microaddi-
tion technique [33] was implemented with
a 10-min sonication period between each
deposition step in order to clean and
activate the surface and ensure efficient
mixing of the cell contents. The lead
concentration yielded by sono-ASV was
compared with an independent assay by
AAS, the current standard method [38],
for total lead detection in wine samples,
and the sono-ASV results were found to
be in excellent agreement (see Table 1).
Previous attempts to employ ASV for lead
detection have been unsuccessful with typ-
ically only ~50% of the true lead level
detected by AAS being recorded [13].

The Dbenefits of insonation are first,
maintenance of the equilibrium between
“free” and “bound” ions as described
by the equilibrium constant Keq for the
following equilibrium:

M"" (free)==M"" (bound)

Second, and most importantly, the mainte-
nance of a clean, active electrode surface to
ensure the uptake of metal from the range
of complex lead cation species labeled
Pb?" (free). In the absence of ultrasound,
there is a much reduced signal because of
blocking by organic species.

Copper in beer Leaching of copper ions
from the fermentation vessel into beer is
a side effect of the brewing process [21],
its rapid evaluation is therefore of im-
portance to the industry. Mercury-free
electrodes were used to determine the
amount of copper in Marstons “Pedigree
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Fig. 1 Square wave anodic stripping
voltammograms of aqueous solutions
of “Pedigree” beer following deposition:
(a) beer under silent conditions;

(b) beer under insonated conditions;

(c) insonated deposition following the
first microaddition of copper;

(d) insonated deposition following the
second microaddition of copper.

Bitter” (Marston’s Brewery, Burton-on-

Trent, Staffs., UK) using a glassy carbon

electrode. Deposition of copper on the

glassy carbon substrate was performed un-

der power ultrasound and was followed by
an anodic stripping step which employed
a square wave scan [CR]. Typical square
wave voltammograms are shown in Fig. 1
for microadditions to the beer sample.
The wave at ca. 0V (vs. SCE) increases
with added copper concentration and cor-
responds to the anodic stripping peak of
solid copper deposited on the electrode
surface. It can clearly be seen that in the
absence of ultrasound (scan a) no measur-
able stripping peak for copper is obtained
because of the passivation of the electrode
by sugars and other organic material in
the beer. Total copper content levels were
determined using this technique with the
calculated results within one standard de-
viation of the independent AAS analysis
(see Table 1).

The successful determination of cop-
per in beer, a complex system that pre-
cludes meaningful measurements under
silent conditions, opened up the possibil-
ity for analysis in even more inaccessible
media such as biological samples. Cavita-
tional depassivation provides a remarkable
enhancement in measured Faradaic cur-
rents whilst the increased mass transport
due to acoustic streaming lowered the ac-
cumulation times below those required for
other hydrodynamic voltammetric tech-
niques such as rotating disk electrodes.

2.9 Sonoelectroanalysis: Applications
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2.9.3.2 The Determination of Copper

in Biological Samples

Liberation and determination of copper in

whole blood Copper is an essential min-

eral present in the bloodstream which

is vital for infant growth [37], host de-

fense mechanisms, bone strength, red
and white cell maturation, iron trans-
port, cholesterol and glucose metabolism,

myocardial contractility, and brain de-
velopments [39-42]. Studies have shown
that the variation in trace copper con-
tent in whole human blood usually varies
between 800 and 1400 pg L~! [43] depend-
ing on age and sex. More than 90% of
this copper is bound to ceruloplasmin,
an oy-globulin [44, 45]. The diagnosis of
marginal copper deficiency by traditional
methods (AAS or serum ceruloplasmin
levels) has not been perfected and can be
highly unreliable, underlining the need for
a technique to accurately and rapidly de-
termine copper stores in whole blood that
is cheaper than spectroscopic or enzymatic
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techniques and requires little or no sample
pretreatment.

In order to investigate the role of ultra-
sound in the extraction of copper from a
solution of whole blood, the accumulation
step followed a pretreating insonation pe-
riod. Subsequently, silent accumulation
was performed at a bare glassy carbon elec-
trode, followed by a square wave—stripping
step. It was observed that the size of the
stripping peak is related to the duration

of insonation prior to the deposition,
with an increase in peak size reaching
a plateau after 960 s. We conclude that
ultrasound facilitates the liberation of cop-
per from the active sites where it is bound
within the ceruloplasmin and, accordingly,
enhanced peak heights are obtained (see
Table 2). The insonated deposition and
pretreatment is contrasted with the re-
sponse obtained in silent conditions in
Fig. 2, which demonstrates a large current

Tab.2 Approximate peak heights for SWASV (amplitude of 50 mV, step potential 2 mV and
frequency 60 Hz) in a 10% by volume solution of horse blood in 0.1 M nitric acid for a range of

pretreatment and deposition stages

Experimental details Approximate
Pretreatment Ultrasound Deposition Ultrasound S’\')Z :qi‘t/ ;::‘;k
duration [s] power [W cm™?] duration [s] power [W cm™2] g
0 0 240 0 5
240 300 240 0 8
480 300 240 0 14
720 300 240 0 19
960 300 240 0 20
960 300 240 300 60

Note: SWASV: Square wave anodic stripping voltammogram.

60
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Current
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30
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Fig.2 Square wave anodic
stripping voltammogram of
10% by volume whole blood in
0.1 M nitric acid on a glassy
carbon electrode following
deposition at —1.5 V for:

(a) 240 s insonated;

(b) 240 s silent.



enhancement in the sono case. The total
copper content obtained using sono-ASV
exhibited close agreement with indepen-
dent analyses of both samples (Table 1).

When coupled with heightened mass
transport and cavitational cleaning, this
previously unreported type of ion liber-
ation resulting from insonation removes
the necessity for complex and degradative
sample pretreatments in biological sam-
ples. The result is a facile and inexpensive
technique that can provide an accurate
measure of copper status from an appro-
priate volume of blood without incurring
undue time or cost.

2.9.3.3 Determination of Copper in Fish
Gill Mucus

Fish are commonly used as environmental
biomarkers to assess the levels of pol-
lution in waterways [46]. Of the existing
methods of test available, direct determina-
tion of metal concentrations in fish tissue
samples is the most universal indicator
of metal pollution levels since it is the
least species specific and provides precise
elemental values. It is, however, a destruc-
tive technique that involves complicated
methodology and dissection. Histopatho-
logical studies of fish exposed to pollutants
have shown that fish gills are efficient in-
dicators of water quality [47-49]. Aqueous
metal interactions at fish gills have been
modeled to demonstrate the binding and
rate of uptake of different heavy metals
into the gills [50, 51] and it has been pro-
posed that gill mucous plays a large part
in these interactions via the glycoproteins
within the layer of mucus covering these
organs [52].

The application of power ultrasound
to mucus solution extracted from Salmo
gairdneri (rainbow trout) into borate buffer
followed by SWASV has been shown
to directly facilitate a rapid, quantitative

2.9 Sonoelectroanalysis: Applications

determination of total copper content
and qualitative heavy metal contamination
within the extract. The results demonstrate
good intrasample reproducibility and com-
pare favorably with independent analysis
by AAS (Table 1).

In an insonated system, it is possible
to optimize the ultrasound power and
deposition potential in order to target
a specific heavy metal. Fig. 3(a,b) shows
the variation in ultrasound power and
deposition potential for copper and lead
from a dilute mucous solution. Itis evident
that the optimum deposition of copper is
effected at 200 W cm~2 ultrasound power
and potential of —1.6 V. For lead, this
is found to be 100 W cm™? ultrasound
power and a potential of —1.7V. We
conclude that stability of the deposit on
the surface of the electrode is dependent
on the interaction between the deposit and
the electrode surface and the cavitational
activity, which also acts to depassivate the
electrode in the presence of glycoproteins
from the mucus.

The versatility of sono-ASV has devel-
oped from the modes by which individual
metals can be targeted, such as horn
power and horn to electrode separation
in synergy with deposition potential and
electrode material. The use of insonated
solid electrodes that can effect preferential
plating of the target analyte over com-
peting species even when such species
are in excess is a powerful analytical
prospect.

2.9.3.4 Silver Analysis at a Boron-doped
Diamond Electrode

The use of an insonated boron-doped
diamond (BDD) electrode [53] permitted
the quantitative measurement of silver
ions. This chemically and mechanically
robust surface is unaffected even by
high ultrasound powers and very short
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Fig. 3 Variation in square wave anodic stripping peak currents from a dilute
solution of rainbow trout mucous in 0.1 M nitric acid at a glassy carbon electrode
for: (a) copper at varying deposition potentials and ultrasound intensity; (b) lead
at varying deposition potentials and ultrasound intensity.

horn to electrode separations [54]. A linear
anodic stripping scan was employed to
monitor the concentration of silver ions
following an insonated accumulation at

the electrode surface. The practical lower
limit of detection for a deposition time of
300 s was 1072 M, and it is reasonable to
predict that detection limits below 10~° M



would be possible as peak response
scaled with deposition time and ultrasound
power.

The determination of silver concentra-
tion using ASV has been limited by
its strong interaction with mercury, their
similar stripping potentials, and poor irre-
producible deposition on other materials.
The use of novel surface materials such
as BDD, which can endure ultrasound
of extremely high intensity for longer
periods of time, has further highlighted
the specificity that can be achieved by
the correct combination of experimental
parameters without the necessity for com-
plexing agents or separation techniques.

2.9.3.5 Determination of Cadmium in the
Presence of Surfactant
The effect of applying ultrasound to the
anodic stripping voltammetric analysis of
the toxic heavy metal cadmium [55], in
the presence of the surfactant Triton X-
100, has been explored at a mercury thin
film glassy carbon electrode. Manipulation
of the horn intensity and the horn to
electrode separation effectively reduced
the deleterious influence of the surfactant
on the height of the cadmium peak,
which became less susceptible to the
influence of Triton-X with decreasing
horn to electrode separation. The optimal
configuration was found to reduce the
suppressive influence of Triton-X on the
Cd stripping peak height from 58 to 14 %.
The analytical performance of the system
towards the detection of Cd** in solutions
containing Triton-X was assessed. As a
result, facile detection of Cd*™ (0.05-4.00
uM) in solutions containing 10 ug mL~!
Triton-X can be achieved without recourse
to sample pretreatments or electrode
modification.

The technique is directly applicable to
the online analysis of wastewater, which

2.9 Sonoelectroanalysis: Applications

typically contains a high concentration
of detergents that would, under silent
conditions, rapidly foul the electrode
by forming an adsorbed layer on the
surface.

294
Applications of Sono-adsorptive Stripping
Voltammetry (Sono-AdSV)

AdSV (Chapter 2.3) has been applied to
the detection of metals such as Co, Ni,
Mo, U, and V (following their preconcen-
tration as metal complexes) and a wide
variety of organic compounds including
drugs such as codeine, herbicides such
as atrazine, and vitamins such as folic
acid and riboflavin [1]. The preconcen-
tration step is crucial for AdSV analysis
and its rapidity affects the selectivity and
sensitivity of the method [8]. The extent
of preconcentration and hence the de-
tection limit depends on the length of
time over which the adsorption is allowed
to proceed. Consequently, insonation was
found to significantly improve the sen-
sitivity of the AdSV of a vanadium (V)
catechol complex by increasing the rate
at which the complex was deposited onto
a mercury surface. Maximum responses
can be achieved for an insonated sys-
tem in less than one-tenth the time re-
quired for conventional AdSV under silent
conditions.

In cases in which the target can-
not be usefully preconcentrated by elec-
trolysis at electrode surfaces, such as
transition metals with numerous high
stable oxidation states or metals which
show complicated amalgam formation,
AdSV  (Chapter 2.3) can be a valu-
able alternative. Exploiting the enhanced
mass transport afforded by insonation
in this way offers improved levels of
sensitivity.
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2.9.5
Applications of Sono-cathodic Stripping
Voltammetry (Sono-CSV)

Cathodic stripping voltammetry of metal
ions is a complementary technique to
ASV. Its benefits include the avoidance of
interactions between metals, such as the
formation of alloys on the surface of solid
electrodes [21], and an alternative to the
use of mercury electrodes. However, the
applications of CSV reported in literature
are relatively few, considering the potential
benefits of the technique. Early studies of
CSV utilized platinum electrodes although
these methods invariably involved lengthy
deposition times and a limited range of
applications [56-59]. Alternative electrode
materials such as conducting glass [60] and
tin oxide [61] proved to be more successful
although the applications were limited to
relatively clean samples such as rain water.
The following applications describe the
use of ultrasound to broaden the range
of analytical targets accessible by CSV
when coupled with the mechanically and
chemically robust BDD electrode [54].

2.9.5.1 Determination of Lead in River Bed
Sediment

In the determination of lead by ASV, inter-
metallic species and overlapping signals
can often lead to complications [34]. The
effect of possible interferences when us-
ing sono-CSV, from other ionic metallic
species often found in industrial waste,
such as chromium, copper, nickel, iron,
cadmium, and zinc, was investigated on a
BDD electrode. The results demonstrated
that Cr, Ni, Cd, and Zn were not detected
by this technique. However, both Cu and
Fe were detected at potentials more ca-
thodic than for Pb reduction but had no
effect on the Pb response. Figure 4 shows
the responses observed for Cu, Pb and Fe,
demonstrating a very high elemental speci-
ficity for lead (1 uM) over Cu (150 uM) and
Fe (300 uM).

The river sediment sample used for
quantitative analysis was taken from a re-
gion downstream of a location extensively
exploited for metalliferous mining, which
consequently contained significant heavy
metal contamination. Following ultrasonic
digestion in a mixture of concentrated

0 —
-1+
<
°oF 2
=
Fe
-3+
Pb
04 | | | | |
-0.4 0 0.4 0.8 1.2 1.6

Potential vs. SCE

(vl

Fig. 4 Square wave sono-CSV demonstrating the simultaneous detection
of copper (150 uM), iron (300 uM), and lead (1 uM) at a BDD electrode.



nitric and perchloric acid, an aliquot of
the digest was diluted with dilute nitric
acid and introduced to the electrochemical
cell. The microaddition technique facili-
tated quantification of the lead in the acid
digest via sono-CSV, giving a result that is
in agreementwith an independent analysis
by ICP-MS (see Table 1).

The very high elemental specificity of
the sono-CSV of lead is apparent and
is promising for the analysis of metallic
targets that have alloying properties. By
facilitating the removal of excess lead
oxide remaining on the surface, high
intensity ultrasound combined with the
inertness and mechanical stability of
BDD promotes both intersample and
intrasample reproducibility, factors that
have hindered meaningful measurements
using CSV in the past.

2.9.5.2 Determination of Manganese in
Instant Tea

Tea is a popular beverage, in its various
forms [35], on a global scale and is a
rich source of dietary manganese [62], with
tea drinkers ingesting between 21 and
45% more manganese than in the average
diet [63].

The analytical stripping response of
Mn?* was measured using differential-
pulse sono-CSV (sono-DPCSV) in two
steps. First accumulation of MnO; via
an insonated deposition, secondly, quan-
tification of the deposited MnO; using
an insonated-differential pulse-stripping
scan. The electrode was cleaned ultra-
sonically between each scan to ensure
complete mixing and removal of any
surface material prior to the next scan.
This technique was found to give a
linear increase in peak height for in-
creasing concentration of aqueous Mn?*+
over the range 1x 107! —3 x 1077 M.

2.9 Sonoelectroanalysis: Applications

Quantitative analysis of manganese in in-
stant tea was compared with independent
analysis with good correlation being ob-
served between sono-DPCSV, AAS, and
the reported MAFF, UK data [64] (see
Table 1).

The use of ultrasound in both stages
of the sono-CSV of manganese is essen-
tial to the efficiency of the technique,
with corresponding silent deposition of
MnO; resulting in near total loss of an-
alytical signal, highlighting the dramatic
effect of ultrasound on mass transport.
An insonated stripping step promotes
rapid removal of reduced Mn?* ions
from the surface of the electrode ensur-
ing a sharp analytical stripping peak is
obtained.

2.9.6 Sonoelectroanalytical Linear Sweep
Voltammetry

2.9.6.1 Detection of Nitrite in Egg The
potential for nitrite [36] to be metabolized
to carcinogenic N-nitroso compounds [65,
66] and its widespread presence in food
products and beverages has necessitated
its monitoring [65, 66]. Attempts to ana-
lyze whole eggs are complicated by the
presence of high concentrations of pro-
tein and fat, which serve to foul the
electrode and have traditionally prevented
direct electrochemical probing of such
foodstuffs without recourse to substantial
sample pretreatment. Ultrasound in com-
bination with linear sweep voltammetry
(Chapter 2.1 in this volume) provides an
alternative to sample manipulation beyond
simple homogenization.

Detection is based upon the reaction of
acidified nitrite with an activated pheno-
lic compound (phloroglucinol) where the
reduction of the resulting nitroso species
at a glassy carbon electrode provides the
analytical signal [67, 68]. In the absence of
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ultrasound, the electrode response to these
microadditions is nonlinear and shows
no consistent increase in the magnitude
of the nitroso reduction peak. This is
attributed to electrode fouling, which is
further complicated by the reduction of
other electroactive constituents in the egg
adsorbed to the surface of the electrode
being reduced at a similar potential to the
nitroso reduction. When insonated, abla-
tion of the electrode surface by cavitational
events, both during and prior to the linear
sweep, exerts an in situ cleaning action
and is responsible for an improvement
in the resolution of the nitroso reduction
signal permitting quantitative measure-
ments to be obtained. The results from
two different batches of egg are shown
in Table 1 and were found to be in ac-
cordance with MAFF estimates of nitrite
levels in egg [69].

The determination of nitrite in egg high-
lights the beneficial aspects of sonoelec-
trochemical analysis in difficult matrices.
Moreover, the advantages of the technique
include significant simplification over the
liquid chromatographic procedure cur-
rently employed for nitrite detection [69],
which involves hot water extraction, pro-
tein precipitation and solid-phase extrac-
tion/purification.

2.9.6.2 Detection of Nitrate at a
Copper-modified Electrode

The importance of nitrate [70, 71] mon-
itoring is recognized by most health
authorities due to legislation restricting
permissible levels in drinking water and
food produce [72]. Existing silent elec-
trochemical methods are based on an
electrodeposited copper layer that can pro-
vide a linear response over 10-200 uM
nitrate [73]. While this range is acceptable
for a number of applications, it is inad-
equate when considering the analysis of

physiological nitrate concentrations [74].
Surface fouling, whether in physiologi-
cal or environmental samples can also
severely restrict the application of the sys-
tem [75].

The stability of electrodeposited copper
under the influence of ultrasound was ex-
amined using a low power setting, mild
conditions were selected to minimize cav-
itational erosion of the surface. Introduc-
tion of ultrasound removed the fern like
growth of electrodeposited copper, but the
response to nitrate remained greater than
that for a bare electrode suggesting that a
catalytic compact layer persists. The layer
was found to be stable to repeated pulses
of ultrasound facilitating a comparison
between silent linear sweep voltammetry
and sonovoltammograms recorded at the
copper-modified electrode. The introduc-
tion of ultrasound provides a dramatic
improvement in the sensitivity of the
electrode towards nitrate above the silent
response obtained with the compact cop-
per layer, which is illustrated by Fig. 5. The
sonochemical response is also significantly
greater than that obtained with the in-
tact, macroporous surface suggesting that
lower detection limits may be possible.
The analytical utility of the sonochemical
approach was assessed by evaluation of
nitrate in treated sewage effluent. The cal-
culated results compared favorably with an
independent spectroscopic analysis based
on Cu-Cd reduction/Griess assay [70] (see
Table 1).

The fragility of the macroporous elec-
trode is a drawback to its utility and
therefore the ability to use the more ro-
bust compact layer, when coupled with
the depassivating and mass transport phe-
nomena introduced by ultrasound, is a
major advantage. It is conceivable that
such a system may be suitable for nitrate
analysis in oil-based products in which the
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Fig. 5 A quantitative comparison of the compact deposit modified
electrode response to increasing nitrate concentration under silent and
sonicated conditions. The response obtained at an intact porous,
copper-modified electrode under silent conditions is also included.

application of ultrasound could be used to
both generate the microemulsion needed
to release the analyte and provide the en-
hanced detection.

2.9.7
Biphasic Sonoelectroanalysis

Ultrasound is known to facilitate emul-
sification in biphasic systems [76] with
benefits including smaller drop sizes
down to 0.3 um [77], lower energy con-
sumption and more stable emulsions
that are less polydispersed than conven-
tional mechanical techniques [78]. Cavi-
tational processes occur preferentially at
the phase boundary [78, 79] causing in-
tensive shock waves in the surrounding
liquid and the formation of liquid jets of
high velocity [80]. These mechanical forces
act to divide droplets again and again

forming microdroplets and eventually “‘ho-
mogenizing” even in the absence of
surfactant.

2.9.7.1 Determination of Lead in Petrol

Owing to the continuing focus on total
lead concentrations in petrol in recent
years [78], there is increasing demand
for simple and rapid methods of de-
termination. Existing methods include
AAS [81-83], ICP-MS [84], and electro-
chemical stripping voltammetry although
these techniques involve elaborate sample
preparation, for example, decomposition
of the organolead compounds with con-
centrated nitric acid and then ashing at
300 °C [85] or dilution in ethanol, nitric
acid, mercury ions, and detergent [86].
To provide a rapid and facile alternative
the determination of lead using biphasic
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sono-ASV has been established. Addition
of aliquots of petrol to the cell prior to
each accumulation step resulted in the
formation of an emulsion on insonation
from which Pb could be plated onto the
surface of the electrode. The peak area
increased with increasing petrol additions
and also behaved linearly with accumu-
lation time over the range 7-240s. The
mechanism proposed for the detection of
lead in the petrol aliquots involves the
following steps:

First, the sono-extraction of the tetra-
alkyl lead from the petrol phase.

PbR4(org)=—="PbR4(aq) (1)

This is followed by reduction of lead at the
surface of the electrode.

PbR4(aq) + 4e~ +4H™

—> Pb(amalgam) + 4RH 2)

The final step is analytically sensitive
stripping of Pb to form Pb?* in solution.

Pb(amalgam) + 2e~ —— Pb%* (aq)

3)
Determination of total lead was com-
pared to independent analysis using AAS
according to the Institute of Petroleum
method no. 362/93 [87]. Excellent quan-
titative agreement was observed (see
Table 1).

2.9.7.2 Determination of Vanillin in Vanilla
Extract

Biphasic sonoelectroanalysis was em-
ployed in the detection of vanillin
(4-hydroxy-3-methoxybenzaldehyde) using
the novel electrochemical and sonoelec-
trochemical solvent ethyl acetoacetate [88].
The electrochemical oxidation of vanillin
in this medium was shown to give ox-
idative linear sweep voltammetric signals
sensitive to microadditions. In addition,

the near reversible kinetics of vanillin
in ethyl acetoacetate facilitated sensitive
square wave voltammetry.

Problems of electrode passivation led
to typically diminishing peak heights
for square wave voltammetry in silent
conditions for a constant concentration of
vanillin. Employing ultrasound between
each scan, ensured that peak heights were
maintained by quantitative depassivation
of the electrode surface. Background
corrected square wave voltammetric scans
can be seen in Fig. 6 along with a
linear calibration graph of r = 0.9987
(Fig. 6 inset). The method permitted a
detection limit in clean conditions of
0.016 mM.

The determination of vanillin in nat-
ural vanilla essence is achieved by the
exploitation of biphasic sonoelectrovoltam-
metry in aqueous ethanolic vanilla pod
extract and ethyl acetoacetate. In contrast
with silent voltammetry, which gave no
measurable signal for the oxidation of
vanillin, ultrasound facilitated emulsifica-
tion and extraction of vanillin from the
flavoring, permitting an analytical square
wave voltammetric signal to be obtained.
Microadditions to two separate samples
of vanilla essence facilitated the quan-
tification of vanillin in the extract. Close
agreement with a blind analysis of the
samples using HPLC-UV is observed with
alimit of detection in the biphasic medium
0f 0.020 mM (see Table 1).

Electroanalysis in biphasic systems is an
area that has limited success due to the dif-
ficulties in creating and maintaining emul-
sions in the absence of surfactant, which
can detrimentally affect the analysis [55].
The use of ultrasound to form emulsions
ensures that regardless of the relative den-
sities of the two liquids, droplets of both
are in constant contact with the electrode
surface during voltammetric analysis. This
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Fig. 6 Background corrected square wave voltammetry of microadditions of
vanillin to ethyl acetoacetate with electrode conditioning at +2 V for 4 s and
insonation for 30 s prior to each scan. Inset: linear calibration graph

(r = 0.9987).

permits meaningful quantitative measure-
ments to be obtained efficiently and rapidly
in nonaqueous media. -

2.9.8 Conclusion

The advantages of sonoelectroanalysis,
explored in the above applications, can be
summarized as: -

1. Acoustic streaming: promotes mass
transport to the electrode surface, ac-
tively reducing sampling times and
consequently increasing sensitivity.

2. Cavitation:

— continuously depassivates and
activates the electrode surface,
during or between electrochem-
ical deposition steps; permitting
electrochemistry where in silent

voltammetry complete fouling of
the electrode would occur;

effects rapid in situ degradation
of proteins and organic matrices
bound to the target analyte pre-
cluding the necessity for elaborate
pretreatment methods;

facilitates the use of novel electrode
materials such as BDD with wide
potential windows and robust me-
chanical properties;

promotes emulsification enabling
biphasic analyses to be conducted
in the absence of surfactant;
minimizes the use of mercury
electrodes by activating the sur-
face of solid electrodes to specific
metal deposition.
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3.

4.

Portability: handheld ultrasonic horns
expand the potential for field apparatus.
Cost: relative low cost of sonoelectro-
chemical instrumentation provides a
more cost-effective method of analysis
than conventional AAS or ICP-MS.
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2.10
Ultrasound and Electrosynthesis

Richard G. Compton, Joanna L. Hardcastle,
Javier del Campo, Jay D. Wadhawan

Physical and Theoretical Chemistry Laboratory,
University of Oxford, South Parks Road,
Oxford, UK

2.10.1
Introduction

Electrochemical methods offer selective
transformations of considerable potential
value to the organic chemist[1] by the
coupling of electron-transfer processes at
the electrode surface with homogeneous
chemical transformations. In organic sys-
tems, this leads to ion-radicals and other
useful intermediates, which may be pro-
duced in controlled fashion by the manipu-
lation of the electrode potential, the nature
of the electrode material, the cell design,
and other reaction variables [2]. A benefit
of this arrangement is that highly reactive
species may be generated in conditions
that are otherwise chemically mild. This
allows the generation of these species at
different rates or in different conditions
to those encountered in corresponding
thermal systems, so that the course of sub-
sequent reaction may be entirely different
to that of a nonelectrochemical system.
This can lead to the production and iso-
lation of novel compounds that might be
otherwise impossible or difficult to pre-
pare; see Ref. [3] and references therein,
and there is now a wide range of synthet-
ically valuable electroorganic systems [4]
so that over 100 electroorganic reductions
and oxidations are either used as steps in
commercial synthesis or are under inves-
tigation for this purpose [5, 6].

The introduction of ultrasound into
electrosynthesis can offer several advan-
tages. First, the resulting increase in

mass transport offers not only more rapid
reaction times, but in cases in which
useful Faradaic processes compete with
background currents, the former can be
amplified relative to the latter, leading to
improved yields. Second, cavitational ac-
tion can lead to electrode depassivation,
permitting synthetically useful heteroge-
neous procedures in which under silent
conditions no or little reaction could oc-
cur. Third, the use of ultrasound can
promote emulsification, allowing electrol-
ysis of, for example, organic material in the
form of microdroplets in water where un-
der silent conditions a two-phase system
would result. These benefits, and others,
are illustrated by the examples covered
in the following section. First, however,
we consider the issue of cell design for
sonoelectrosynthesis.

2.10.2
Cell Design in Sonoelectrosynthesis

Various cells have been introduced for
the practice of sonoelectrosynthesis. Two
different cells are described in this
section. First, a small volume cell, typi-
cally 20-50 mL (see Fig. 1a), in which an
ultrasonic horn probe is immersed in or-
der to obtain fast circulation of the liquid.
This cell is placed in a thermostatic bath
in order to control its temperature. The
counterelectrode compartment, which is
equipped with a gas outlet, is separated by
means of a fine frit.

Second, a cell of larger dimensions
(200-500 mL) is shown in Fig. 1(b) in
which both the counterelectrode compart-
ment and a thermostating coil surround
the ultrasonic horn. The working elec-
trode, typically a gauze or cloth of suitable
material [7], is placed directly underneath
the ultrasonic probe.
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Fig. 1 (a) Small volume cell “A” for electrolysis in the presence of high-power
ultrasound. (b) Cell “B” (500 mL) used for larger scale bulk electrolysis
experiments. R, W, and C denote the reference, working, and
counterelectrodes, respectively.

Fig. 2 Plot of the average diffusion 60
layer thickness versus ultrasound
intensity calculated from the limiting
currents observed for the reduction of
cobalticenium cations in acetonitrile at
various ultrasound intensities and in
cells “A” and “B”.

Diffusion layer thickness
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8
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In the smaller cell, ultrasound causes obtained under sonication are analyzed us-
a much larger increase in mass transport ing Eq. (1) [8—10], see reviews [11, 12] and
than in the larger cell. This means that, as  Chapter 2.8.
shown in Fig. 2, to achieve diffusion layers
of any given thicknesses, ultrasonic radia-
tion of a much higher intensity is required
in the case of the larger cell. In order to I corresponds is the limiting current
quantify mass transport, limiting currents in amperes, n the number of electrons

_ nFADc

5 )
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transferred, F the Faraday constant, A
the electrode area, D the diffusion co-
efficient of the electroactive species, ¢
the concentration, and finally, §, the dif-
fusion layer thickness. This equation is
based on the simple Nernstian diffusion
model, which has been shown to give satis-
factory experimental parameterization 