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PREFACE

Electrochemistry has undergone significant transformations in the last
few decades. It is not now the province of academics interested only in
measuring thermodynamic properties of solutions or of industrialists
using electrolysis or manufacturing batteries, with a huge gulf between
them. It has become clear that these two, apparently distinct subjects,
and others, have a common ground and they have grown towards each
other, particularly as a result of research into the rates of electrochemical
processes. Such an evolution is due to a number of factors, but
principally the possibility of carrying out reproducible, dynamic experi-
ments under an ever-increasing variety of conditions with reliable and
sensitive instrumentation. This has enabled many studies of a fundamen-
tal and applied nature to be carried out.

The reasons for this book are twofold. First to show the all-pervasive
and interdisciplinary nature of electrochemistry, and particularly of
electrode reactions, through a description of modern electrochemistry.
Secondly to show to the student and the non-specialist that this subject is
not separated from the rest of chemistry, and how he or she can use it.
Unfortunately, these necessities are, in our view, despite efforts over
recent years, still very real.

The book has been organized into three parts, after Chapter 1 as
general introduction. We have begun at a non-specialized, undergraduate
level and progressed through to a relatively specialized level in each
topic. Our objective is to transmit the essence of electrochemistry and
research therein. It is intended that the chapters should be as independ-
ent of one another as possible. The sections are: Chapters 2—-6 on the
thermodynamics and kinetics of electrode reactions, Chapters 7-12 on
experimental strategy and methods, and Chapters 13—17 on applications.
Also included are several appendices to explain the mathematical basis in
more detail. It is no accident that at least 80 per cent of the book deals
with current—voltage relations, and not with equilibrium. The essence of
any chemical process is change, and reality reflects this.

We have not filled the text with lots of details which can be found in
the references given, and, where appropriate, we make ample reference
to recent research literature. This is designed to kindle the enthusiasm
and interest of the reader in recent, often exciting, advances in the topics
described.

A major preoccupation was with notation, given the traditionally
different type of language that electrochemists have used in relation to
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other branches of chemistry, such as exchange current which measures
rate constants, and given differences in usage of symbols between
different branches of electrochemistry. Differences in sign conventions
are another way of confusing the unwary beginner. We have decided
broadly to follow IUPAC recommendations.

Finally some words of thanks to those who have helped and influenced
us throughout our life as electrochemists. First to Professor W. J. Albery
FRS, who introduced us to the wonders of electrochemistry and to each
other. Secondly to our many colleagues and students who, over the years,
with their comments and questions, have aided us in deepening our
understanding of electrochemistry and seeing it with different eyes.
Thirdly to anonymous referees, who made useful comments based on a
detailed outline for the book. And last, but not least, to Oxford
University Press for its interest in our project and enabling us to bring it
to fruition.

Coimbra C.M.A.B.
May 1992 A.M.O.B.
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Notation and Units

As far as possible without straying too far from common usage, the
guidelines of IUPAC have been followed, described in Quantities, units
and symbols in physical chemistry (Blackwell, Oxford, 1988). Other,
more detailed information has been taken from the following sources in
the IUPAC journal, Pure and Applied Chemistry:

‘Electrode reaction orders, transfer coefficients and rate constants.
Amplification of definitions and recommendations for publication of
parameters’, 1979, 52, 233.

‘Interphases in systems of conducting phases’, 1986, 58, 454.
‘Electrochemical corrosion nomenclature’, 1989, 61, 19.

‘Terminology in semiconductor electrochemistry and photo-
electrochemical energy conversion’, 1991, 63, 569.

‘Nomenclature, symbols, definitions and measurements for electrified
interfaces in aqueous dispersions of solids’, 1991, 63, 896.

The units quoted are those recommended. In practice, in electrochem-
istry, much use is made of sub-multiples: for example, cm instead of m
and uA or mA instead of A, for obvious reasons. The text tends to use
the commonly employed units.

In the list of symbols, those used at only one specific point in the text
are mostly omitted, in order to try and reduce the length of the list,
since explanation of their meaning can be found next to the relevant
equation. We have also provided a list of frequently used subscripts, a
list of abbreviations, and values of important constants and relations
derived from these.

Following recommended usage, log. is written as In and log,, is
written as Ig.



Notation: main symbols
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activity
nozzle diameter of impinging jet
radius of colloidal particle
area
‘constant’
Tafel slope
concentration
Co concentration at electrode surface
¢.  bulk concentration
capacity
Cy  differential capacity of double layer
C;  integral capacity of double layer
C, capacity in RC series combination
C,. capacity of semiconductor space—charge
layer
diffusion coefficient
electron charge
electric field strength
electrode potential
E® standard electrode potential
E®' formal potential
E ., cell potential (electromotive force)
E,. corrosion potential
E,, half-wave potential
liquid junction potential
E, ~membrane potential
peak potential
E, potential of zero charge
E, inversion potential in cyclic voltammetry
lowest energy of semiconductor conduction band
bandgap energy in semiconductor
highest energy of semiconductor valence band
Fermi energy
energy of redox couple
frequency
F(E —E®)/RT

varies
V—l

mol m™3

eV
eV
eV
eV
eV
Hz
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Notation: main symbols

Frumkin double layer correction

force

acceleration due to gravity
constant in Temkin and Frumkin isotherms
Gibbs free energy

height

enthalpy at constant pressure
electric current

Ic
Iy
3

L

capacitative current
faradaic current
diffusion limited current
peak current

ionic strength

electric current density

volume flux

rate constant: homogeneous first order
rate constant: heterogeneous

ka
k.
kq

rate constant for oxidation at electrode
rate constant for reduction at electrode

mass transfer coefficient

potentiometric selectivity coefficient
equilibrium constant
length of electrode

mass

mass flux of liquid

molality

number of electrons transferred

number of electrons transferred in rate determining

step

number density of species i

(Dy/ Dg)® where s = 1/2 (stationary electrodes and
DMEs), s = 2/3 (hydrodynamic electrodes), s = 1

(microelectrodes)

partial pressure of i
pressure (total)

Peclet number (Pe = vl/D)
electric charge

radial variable

Iy
n
r
r
rC

radius of (hemi-)spherical electrode
radius of disc electrode

inner radius of ring electrode

outer radius of ring electrode
capillary radius

xxiii

ms?

Jmol™!

Jmol™!

mol m™3

Am?

m3 S—l

ms™!
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Notation: main symbols

resistance
R, charge transfer resistance
R,  resistance in RC series combination
Rg  cell solution resistance
radius of tube
Reynolds number (Re = vl/v)
entropy
Schmidt number (Sc = v/D)
Sherwood number (Sh = k4l/D)
time
transport number of species i
temperature
mobility of species i
u.  electrophoretic mobility
potential (same meaning as E, used in photo- and
semiconductor electrochemistry)
Uy, flat-band potential
velocity
potential scan rate
voltage (in operational amplifiers, etc.)
volume
volume flow rate
rotation speed
distance
reactance
admittance
ion charge
impedance
Z, impedance of RC series combination
Z'  real part of impedance
Z"  imaginary part of impedance
Z;  Faradaic impedance
Z, Warburg impedance

electrochemical charge transfer coefficient

o, anodic

a. cathodic
electrode roughness parameter
double hydrodynamic electrode geometric constant
double hydrodynamic electrode geometric constant
Esin—Markov coefficient
energetic proportionality coefficient

Jmol 1K™

oI

m2 V—l S—l
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Notation: main symbols

activity coefficient

surface tension

dimensionless concentration variable
surface excess concentration
diffusion layer thickness
hydrodynamic boundary layer thickness
molar absorption coefficient
permittivity

permittivity of vacuum

relative permittivity

porosity of material

zeta (electrokinetic) potential
(nF/RT)(E - Ep)

overpotential

viscosity

contact angle

fractional surface coverage

exp [(nF/RT)(E — E®)]
conductivity

value of ¢ where sweep is inverted in cyclic
voltammetry

molar conductivity

chemical potential

electrochemical potential

frequency of electromagnetic radiation
stoichiometric number

kinematic viscosity

resistivity

density

surface charge density

v(nF/RT)

mass-transport dependent expression (Table 8.2)

characteristic time in experiment
electrostatic potential

inner electric potential

phase angle

surface electric potential

outer electric potential

angular velocity, rotation speed
circular frequency

XXV

Fm™!



Subscripts

(e}

det

gen

rqu—- -~

anodic

cathodic

capacitive

detector electrode
disc electrode
faradaic

final value
generator electrode
species i

initial value
diffusion-limited value

max
in

S ®m @D O3

8

maximum value

minimum value

oxidized species

peak value

reduced species

ring electrode

at zero distance (electrode
surface)

at infinite distance (bulk
solution)

at OHP



Abbreviations

AES Auger electron spectroscopy

AFM atomic force microscopy

ASV anodic stripping voltammetry

AdSV adsorptive stripping voltammetry

BLM bilayer lipid membrane

CDE channel double electrode

CE electrode process involving chemical followed by
electrochemical step

C'E catalytic electrode process involving chemical followed by
electrochemical step

(0" cyclic voltammetry

DDPV differential double pulse voltammetry

DISP electrode process involving electrochemical followed by
chemical, followed by disproportionation step to regenerate
reagent

DME dropping mercury electrode

DNPV differential normal pulse voltammetry

DPV differential pulse voltammetry

DSA dimensionally stable anode

EC electrode process involving electrochemical followed by
chemical step

ECE electrode process involving electrochemical followed by
chemical, followed by electrochemical step

ECL electrochemiluminescence

ECMS electrochemical mass spectroscopy

EELS electron energy loss spectroscopy

EMIRS electrochemically modulated infrared spectroscopy

EQCM electrochemical quartz crystal microbalance

ESR electron spin resonance

EXAFS  extended X-ray absorption fine structure

FFT fast Fourier transform

GC glassy carbon

HMDE hanging mercury drop electrode

HOPG highly oriented pyrolytic graphite

HPLC high-performance liquid chromatography
IHP inner Helmholtz plane
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IRRAS
ISE
ISFET
ISM
LEED
LSV
MCFC
MS
NHE
NPV
OA
OHP
OTE
OTTLE
PAFC
PAS
PSA
QCM
RDE
RHEED
RRDE
SCC
SCE
SCM
SECM
SEM
SHG
SICM
SIMS
SMDE
SNIFTRS

SOFC
STM
SwWv
TDE
TEM
WIRDE
XANES
XPS

Abbreviations

infrared reflection absorption spectroscopy
ion-selective electrode

ion-selective field effect transistor
ion-selective membrane

low-energy electron diffraction

linear sweep voltammetry

molten carbonate fuel cell

mass spectrometry

normal hydrogen electrode

normal pulse voltammetry

operational amplifier

outer Helmholtz plane

optically transparent electrode

optically transparent thin-layer electrode
phosphoric acid fuel cell

photoacoustic spectroscopy
potentiometric stripping analysis

quartz crystal microbalance

rotating disc electrode

reflection high-energy electron diffraction
rotating ring-disc electrode

stress corrosion cracking

saturated calomel electrode

surface compartment model

scanning electrochemical microscopy
scanning electron microscopy

second harmonic generation

scanning ion conductance microscopy
secondary ion mass spectroscopy

static mercury drop electrode
subtractively normalized interfacial Fourier transf
infrared spectroscopy

solid oxide fuel cell

scanning tunnelling microscopy

square wave voltammetry

tube double electrode

transmission electron microscopy
wall-jet ring-disc electrode

X-ray absorption near edge structure
X-ray photoelectron spectroscopy



Fundamental physical constants

c speed of light in vacuum 2.99792458 x 10°ms™!

e unit of electron charge 1.602177 x 107 C

F Faraday constant 9.6485 x 10* C mol ™"

kg Boltzmann constant 1.38066 x 107> JK™!

R gas constant 8.31451 J K™ ' mol ™"

h Planck constant 6.62608 X 10734 Js

Na  Avogadro constant 6.02214 x 10 mol "

€ permittivity of vacuum 8.85419 x1072J'C*m™!
g acceleration due to gravity ~ 9.80665 m s>

Mathematical constants

n  3.14159265359
e 2.71828182846
In 10 2.302585

Useful relations at 25°C (298.15K) involving fundamental
constants

RT/F 25.693 mV
(RT/F)In10  59.160 mV
kT 25.7meV (4.12 X 1072 J)



INTRODUCTION

1.1 The scope of electrochemistry

1.2 The nature of electrode reactions

1.3 Thermodynamics and kinetics

1.4 Methods for studying electrode reactions
1.5 Applications of electrochemistry

1.6 Structure of the book

1.7 Electrochemical literature

1.1 The scope of electrochemistry

Electrochemistry involves chemical phenomena associated with charge
separation. Often this charge separation leads to charge transfer, which
can occur homogeneously in solution, or heterogeneously on electrode
surfaces. In reality, to assure electroneutrality, two or more charge
transfer half-reactions take place, in opposing directions. Except in the
case of homogeneous redox reactions, these are separated in space,
usually occurring at different electrodes immersed in solution in a cell.
These electrodes are linked by conducting paths both in solution (via
ionic transport) and externally (via electric wires etc.) so that charge can
be transported. If the cell configuration permits, the products of the two
electrode reactions can be separated. When the sum of the free energy
changes at both electrodes is negative the electrical energy released can
be harnessed (batteries). If it is positive, external electrical energy can be
supplied to oblige electrode reactions to take place and convert chemical
substances (electrolysis).

In this chapter, a brief overview of electrochemistry, and particularly
of electrode reactions, is given in order to show the interdisciplinary
nature and versatility of electrochemistry and to introduce a few of the
important fundamental concepts. Before discussing these it is worth
looking briefly at the nature of electrode reactions.

1.2 The nature of electrode reactions

Electrode reactions are heterogeneous and take place in the interfacial
region between electrode and solution, the region where charge distribu-



2 Introduction

tion differs from that of the bulk phases. The electrode process is affected
by the structure of this region. However, we first assume that there is no
effect apart from charge separation. At each electrode, charge separation
can be represented by a capacitance and the difficulty of charge transfer
by a resistance. For the rest of this and the ensuing sections we consider
only one of the electrodes.

The electrode can act as only a source (for reduction) or a sink (for
oxidation) of electrons transferred to or from species in solution, as in

O+ne —R
where O and R are the oxidized and reduced species, respectively.
Alternatively, it can take part in the electrode reaction, as in dissolution
of a metal M:
M—M"" +ne”

In order for electron transfer to occur, there must be a correspondence
between the energies of the electron orbitals where transfer takes place in
the donor and acceptor. In the electrode this level is the highest filled
orbital, which in a metal is the Fermi energy level, Eg. In soluble species
it is simply the orbital of the valence electron to be given or received.
Thus:

e for a reduction, there is a minimum energy that the transferable
electrons from the electrode must have before transfer can occur, which
corresponds to a sufficiently negative potential (in volts)

e for an oxidation, there is a maximum energy that the lowest
unoccupied level in the electrode can have in order to receive electrons
from species in solution, corresponding to a sufficiently positive potential
(in volts).

The values of the potentials can be controlled externally. In this way we
can control which way an electrode reaction occurs and to what extent.

The thermodynamics and kinetics of electrode processes are sum-
marized in the following section. However, before this we return to the
structure of the interfacial region. The change in charge distribution from
the bulk in this region means that the relevant energy levels in reacting
species and in the electrode are not the same as in the bulk phases, and
soluble species need to adjust their conformation for electron transfer to
occur. These effects should be corrected for in a treatment of kinetics of
electrode processes—the thinner the interfacial region the better, and this
can be achieved by addition of a large concentration of inert electrolyte.

1.3 Thermodynamics and kinetics

Electrode reactions are half-reactions and are, by convention, expressed
as reductions. Each has associated with it a standard electrode potential,
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E©, measured relative to the normal hydrogen electrode (NHE) with all
species at unit activity (a; =1).

For half-reactions at equilibrium, the potential, E, can be related to
the standard electrode potential through the Nernst equation

RT
E=E9—EZV,~lna,- 1.1

where v; are the stoichiometric numbers, positive for products (reduced
species) and negative for reagents (oxidized species). The tendency for
the reduction to occur, relative to the NHE reference, is thus given by

AG® = —nFE® (1.2)

under standard conditions. Thus, for example, Group IA metals which
have very negative values of E<, tend to oxidize (see Appendix 4).

It is often useful to be able to employ concentrations, c;, instead of
activities, where a; = y;c; with vy; the activity coefficient of species i. The
Nernst equation (1.1) is rewritten as

RT
E=E®’ —n—Fz v;Inc; 1.3)

in which E©’ is the formal potential, dependent on the medium since it
includes the logarithmic activity coefficient terms as well as E©.

If the oxidized and reduced species involved in an electrode reaction
are in equilibrium at the electrode surface, the Nernst equation can be
applied. The electrode reaction is then known as a reversible reaction
since it obeys the condition of thermodynamic reversibility. Clearly the
applicability of the Nernst equation, and therefore reversibility, has to do
with the time allowed for the electrode reaction to reach equilibrium.

The concentrations of species at the interface depend on the mass
transport of these species from bulk solution, often described by the mass
transfer coefficient k4. A reversible reaction corresponds to the case where
the kinetics of the electrode reaction is much faster than the transport.
The kinetics is expressed by a standard rate constant, k,, which is the
rate constant when E = E®’. So the criterion for a reversible reaction is

ko> kgq

By contrast, an irreversible reaction is one where the electrode reaction
cannot be reversed. A high kinetic barrier has to be overcome, which is
achieved by application of an extra potential (extra energy) called the
overpotential, 7, and in this case

ko< kg

Quasi-reversible reactions exhibit behaviour intermediate between
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reversible and irreversible reactions, the overpotential having a relatively
small value, so that with this extra potential reactions can be reversed.

The potential-dependent expression for the rate constant of an
electrode reaction is, for a reduction,

k.= kyexp[—a.nF(E — E®')/RT) (1.9)
and for an oxidation
k,=kyexp [a,nF(E — E°")/RT) (1.5)

In these equations «, and «, are the cathodic and anodic charge transfer
coefficients and are a measure of the symmetry of the activation barrier,
being close to 0.5 for a metallic electrode and a simple electron transfer
process. As mentioned above, the standard rate constant is the rate
constant at E = E€’.

An alternative way used to express the rates of electrode reactions is
through the exchange current, I,. This is the magnitude of the anodic or
cathodic partial current at the equilibrium potential, E,. It is equivalent
to measuring the standard rate constant, k.

Experimentally, rates of electrode reactions are measured as the
current passed, to which they are directly proportional. The dependence
of current, I, on potential is exponential, suggesting a linear relation
between lIg I and potential—this is the Tafel relation. However, the rate
(product of rate constant and reagent concentration) cannot rise indefin-
itely because the supply of reactants begins to diminish and becomes
transport-limited.

Whereas for reversible reactions only thermodynamic and mass-
transport parameters can be determined, for quasi-reversible and irre-
versible reactions both kinetic and thermodynamic parameters can be
measured. It should also be noted that the electrode material can affect
the kinetics of electrode processes.

The rate constant of an electrode reaction does not measure the rate of
electron transfer itself, as this is an adiabatic process, following the
Franck—-Condon principle, and occurs in approximately 107'¢s. What it
does measure is the time needed for the species, once they have reached
the interfacial region, to arrange themselves and their ionic atmospheres
into position for electron transfer to be able to occur.

More complex electrode processes than those described above involve
consecutive electron transfer or coupled homogeneous reactions. The
theory of these reactions is also more complicated, but they correspond
to a class of real, important reactions, particularly involving organic and
biological compounds.
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1.4 Methods for studying electrode reactions

In order to study electrode reactions, reproducible experimental condi-
tions must be created which enable minimization of all unwanted factors
that can contribute to the measurements and diminish their accuracy.
Normally we wish to suppress migration effects, confine the interfacial
region as close as possible to the electrode, and minimize solution
resistance. These objectives are usually achieved by addition of a large
quantity of inert electrolyte (around 1mol dm™?), the electroactive
species being at a concentration of 5 mm or less.

A complete study of an electrode process requires measurement of
kinetic as well as thermodynamic parameters. This means that conditions
in which the system is not reversible must be used. Since the standard
rate constant, k,, cannot be changed, then the mass transfer coefficient,
ks, may have to be increased until the reaction becomes at least
quasi-reversible. This can be done in various ways in various types of
experiment:

® steady state methods: hydrodynamic electrodes, increasing convec-
tion; microelectrodes, decreasing size

® linear sweep methods: increasing sweep rate
® step and pulse techniques: increasing amplitude and/or frequency

® impedance methods: increasing perturbation frequency, registering
higher harmonics, etc.

The type of technique chosen will depend very much on the timescale of
the electrode reaction.

Non-electrochemical methods can and should be used for studying
electrode surfaces and the interfacial region structure, particularly in situ
in real time where this is possible.

1.5 Applications of electrochemistry

Once electrode reactions and electrode processes are understood, this
knowledge can be used for:

e tailoring electrode reactions so as to enhance required and inhibit
unwanted electrode reactions, perhaps by changing electrode material or
developing new electrode materials

e studying complex systems in which many electrode reactions occur
simultaneously or consecutively, as in bioelectrochemistry
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e measuring concentrations of electroactive species, making use of the
selectivity of the potential and of the electrode material at or outside
equilibrium (as in potentiometric, amperometric, voltammetric, and
enzyme Sensors).

Thus the range of applications is vast. Electroanalysis, potentiometric
and voltammetric; industrial electrolysis, electroplating, batteries, fuel
cells, electrochemical machining, and many other related applications,
including minimization of corrosion; biosensors and bioelectrochemistry.

1.6 Structure of the book

This book is organized into three main sections, as its subtitle suggests.

In the first part, Chapters 2-6, some fundamentals of electrode
processes and of electrochemical and charge transfer phenomena are
described. Thermodynamics of electrochemical cells and ion transport
through solution and through membrane phases are discussed in Chapter
2. In Chapter 3 the thermodynamics and properties of the interfacial
region at electrodes are addressed, together with electrical properties of
colloids. Chapters 4-6 treat the rates of electrode processes, Chapter 4
looking at fundamentals of kinetics, Chapter 5 at mass transport in
solution, and Chapter 6 at their combined effect in leading to the
observed rate of electrode processes.

The second part of the book discusses ways in which information
concerning electrode processes can be obtained experimentally, and the
analysis of these results. Chapter 7 presents some of the important
requirements in setting up electrochemical experiments. In Chapters
8-11, the theory and practice of different types of technique are
presented: hydrodynamic electrodes, using forced convection to increase
mass transport and increase reproducibility; linear sweep, step and pulse,
and impedance methods respectively. Finally in Chapter 12, we give an
idea of the vast range of surface analysis techniques that can be employed
to aid in investigating electrode processes, some of which can be used in
situ, together with photochemical effects on electrode reactions—
photoelectrochemistry.

In the third part of the book areas in which there are important
applications of electrochemistry are described. Chapters 13 and 14 look
at potentiometric and amperometric/voltammetric sensors respectively,
focusing particularly on recent developments such as new electrode
materials and miniaturization. Electrochemistry in industry, which prod-
uces many materials used directly or indirectly in everyday life, as well as
batteries, is described in Chapter 15. The electrochemical phenomenon
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of corrosion, economically prejudicial, is described in Chapter 16.
Finally, since many biochemical processes involve charge transfer reac-
tions, in Chapter 17 the many possibilities that arise from their study by
electrochemical methods, bioelectrochemistry, are presented.

1.7 Electrochemical literature

The electrochemical literature is very widespread. Some indication of its
breadth is given below. The references at the end of each chapter
complement this list.

General books

Many books on electrochemistry have been published in recent decades.
Mostly the more general ones are not cited throughout the text, but this
does not reflect on their quality. A list of them is given below, in
chronological order.

P. Delahay, New instrumental methods in electrochemistry, Interscience,
New York, 1954.

K. J. Vetter, Electrochemical kinetics, Academic Press, New York, 1967.

R. N. Adams, Electrochemistry at solid electrodes, Dekker, New York,
1969.

J. O’M. Bockris and A. N. Reddy, Modern electrochemistry, Plenum,
New York, 1970.

J. Newman, Electrochemical systems, Prentice Hall, Englewood Cliffs,
NJ, 1973.

D. T. Sawyer and J. L. Roberts, Experimental electrochemistry for
chemists, Wiley, New York, 1974.

E. Gileadi, E. Kirowna-Eisner, and J. Penciner, Interfacial electrochem-
istry. An experimental approach, Addison-Wesley, Reading, MA,
1975.

W. J. Albery, Electrode kinetics, Clarendon Press, Oxford, 1975.

A. J. Bard and L. R. Faulkner, Electrochemical methods, fundamentals
and applications, Wiley, New York, 1980.

A. M. Bond, Modern polarographic methods in analytical chemistry,
Dekker, New York, 1980.

Southampton Electrochemistry Group, New instrumental methods in
electrochemistry, Ellis Horwood, Chichester, 1985.

J.  Goodisman, Electrochemistry: theoretical foundations, Wiley-
Interscience, New York, 1987.
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J. Koryta, Principles of electrochemistry, Wiley, Chichester, 1987.

P. H. Rieger, Electrochemistry, Prentice-Hall International, Englewood
Cliffs, NJ, 1987.

D. R. Crow, Principles and applications of electrochemistry, 3rd edn,
Chapman and Hall, London, 1988.

P. W. Atkins, Physical chemistry, 4th edn., Oxford University Press,
1990, Chapters 10, 25, and 30.

D. Pletcher, A first course in electrode processes, The Electrochemical
Consultancy, Romsey, UK, 1991.

J. Koryta, Ions, electrodes, and membranes, Wiley, Chichester, 1991.

Series

A number of series of volumes dealing with electrochemistry have been
published. Those recently issued or currently being published are listed
below.

Advances in electrochemistry and electrochemical engineering, Wiley,
New York. Volumes 1-9, ed. P. Delahay and C. W. Tobias; Volumes
10-13, ed. H. Gerischer and C. W. Tobias.

Aduvances in electrochemical science and engineering, ed. H. Gerischer
and C. W. Tobias, VCH, Weinheim (continuation of Adv. Electro-
chem. Electrochem. Eng.; 1 volume until end 1991).

Comprehensive treatise of electrochemistry, ed. J. O’M. Bockris, B. E.
Conway, E. Yeager et al., Plenum, New York, Volumes 1-10.

Comprehensive chemical kinetics, section 10; electrode kinetics, ed. R. G.
Compton et al., Elsevier, Amsterdam, Volumes 26-29.

Electroanalytical chemistry: a series of advances, ed. A. J. Bard, Dekker,
New York (17 volumes until end 1991).

Modern aspects of electrochemistry, ed. J. O’'M. Bockris, B. E. Conway
et al., Plenum, New York (21 volumes until end 1991).

International journals devoted to electrochemistry

There are a number of international journals devoted primarily to
electrochemistry:

Bioelectrochemistry and Bioenergetics (an independent section of
J. Electroanal. Chem.)

Corrosion

Corrosion Science

Electroanalysis

Electrochimica Acta
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Elektrokhimiya (Soviet Electrochemistry)

Journal of Applied Electrochemistry

Journal of Electroanalytical and Interfacial Electrochemistry

Journal of the Electrochemical Society

Selective Electrode Reviews (formerly Ion Selective Electrode Reviews,

until 1988)

Articles with electrochemical themes also regularly appear in a large
number of other journals.
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Principles
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ELECTROCHEMICAL CELLS:
THERMODYNAMIC PROPERTIES
AND ELECTRODE POTENTIALS

2.1 Introduction

2.2 The cell potential of an electrochemical cell

2.3 Calculation of cell potential: activities or concentrations?
2.4 Calculation of cell potential: electrochemical potential

2.5 Galvanic and electrolytic cells

2.6 Electrode classification

2.7 Reference electrodes

2.8 The movement of ions in solution: diffusion and migration
2.9 Conductivity and mobility

2.10 Liquid junction potentials

2.11 Liquid junction potentials, ion-selective electrodes and biomembranes
2.12 Electrode potentials and oxidation state diagrams

2.1 Introduction

An understanding of thermodynamic properties associated with electrode
processes is fundamental in order to answer questions such as:

e Why is it that half-reactions in electrochemical cells proceed spon-
taneously in one direction and furnish current?

o What is the effect of the salt bridge?
e What is the effect of ion migration?

In this chapter we attempt to reply to these and to other related
questions. To treat the topic in a concrete way, we consider two
electrochemical cells:

Zn | Zn**(aq) | Cu®**(aq) | Cu
and
Hg | Hg,Cl, | CI™(aq) Il Zn**(aq) | Zn

where we represent only the species of interest. In these cells the symbol
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| denotes a phase boundary, | a junction between miscible liquids, and |l a
salt bridge (liquid junction) whose function is to provide an electrically
conducting link between two spatially separated components of the cell in
the liquid phase. It should be stressed that, according to the internation-
ally accepted IUPAC convention, the half-reactions are considered in the
way the cell is depicted on paper, that is oxidation in the left half-cell (the
electrode is the anode) and reduction in the right half-cell (the electrode
is the cathode)'.

2.2 The cell potential of an electrochemical cell

The cell potential of an electrochemical cell is calculated from the
electrode potentials (reduction potentials) of the respective half-
reactions'. Given that, by convention, the half-reaction on the left is
considered to be an oxidation and that on the right a reduction we have

Ecan= Eright — Ejeqe (2-1)

where E,pn and E are the potentials of each half-cell, obtained from
the Nernst equation.

The Nernst equation relates the activities of the species involved with
the electrode potential, E, of the half-reaction and its standard electrode
potential, E€, which is the value of the potential relative to the standard
hydrogen electrode when the activities of all species are unity. For the
generic half-reaction

> v0; +ne"— > VR,

where n is the stoichiometric number of electrons transferred for each
species, the Nernst equation is

RT
E=E®-— ; In a; .
2 vilna, 2.2)
in which v; has positive values for products (reduced species) and

negative values for reagents (oxidized species). This can be written as

RT 3.
E=E©+ 3T, 1Las
nF Ilag

(2.3)

For example, for

MnO, + 4H* + 2¢”— Mn** + H,O
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the logarithmic term is

RT aMnoza‘;.p
—Iln————
2F

2
AMmn2+31,0

ap,o0 is approximately constant and is neglected in the Nernst equation
except in the case of a mixture with another solvent or in very
concentrated solutions.

The cell potential tells us the maximum work (maximum energy) that
the cell can supply®. This value is

AG = _‘nFEce" (2.4)

It is evident that on removing energy (in the form of current or converted
chemical substances) the amount of unconverted substances remaining is
diminished, reflecting the changes in the concentrations of the species in
the liquid phase. In the solid phase, however, there is no alteration of
activity, which is normally accepted as being unity.

We now calculate the cell potential for the two cases mentioned above.

Case 1
Zn | Zn**(aq) | Cu**(aq) | Cu
which means we consider the cell reaction as
Zn + Cu** - Zn** + Cu
The half-reactions are represented by
right: Cu’+2e —>Cu E°®=+0.34V
left: Zn**+2e —Zn E°=-0.76V

If the aqueous species have unit activity, then E values may be used
and

ES=+0.34—(-0.76)= +1.10V
The corresponding AG® value is
AG® = —2.20F = —212kJ mol ™!

which is negative. This result shows that the reaction proceeds spon-
taneously as written.
The equivalent of the Nernst equation for the whole cell is
R T qCu2+

Ecell = Egll +—In

2.5
2F Azn2+ ( )
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It can be seen that if the ratio (a.z+/az.:+) is sufficiently small, E .
becomes negative and the direction of spontaneous reaction is changed.

Case 2
Hg | Hg,Cl, | CI™(aq) i Zn**(aq) | Zn
The stoichiometric cell reaction to consider is
2Hg + 2C1~ + Zn** — Hg,Cl, + Zn

and the half-reactions are represented by

right:  Zn** +2e”—Zn E®=-0.76 V

left:  Hg,Cl, +2e~— 2Hg + 2CI~ E®=+0.27V
For unit activities,

EZ =-0.76—-0.27=-1.03V

and

AG® = +199 kJ mol~*

The negative value of EQ, (and positive AG®) means that at unit

activities the cell functions spontaneously in the direction opposite to that
written above. Thus the spontaneous cell reaction is

Hg,Cl, + Zn** — 2Hg + Zn** + 2CI~

The half-cell on the left is an example of a reference electrode (Section
2.7) so called since, as Hg,Cl, is a sparingly soluble salt, the activities of
Hg and Hg,Cl, can be taken as unity. The potential of the half-cell is
altered solely by the chloride ion activity according to the expression

RT
Ecen= Egu - _F— Inag- (2.6)

This electrode is known as the calomel electrode.

2.3 Calculation of cell potential: activities or concentrations?

Although the use of activities in the Nernst equation is undoubtedly
correct, it is worth considering whether it is necessary and what is the
difference between activities and concentrations in general.

In the context of this book, a detailed discussion of activities and
concentrations is not justified. However, it is clear that in relatively
concentrated solutions there will be interionic interactions that do not
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occur in very dilute solutions because of the large interionic distances in
the latter. Consequently the velocity of ion migration (i.e. the momen-
tum of each ion) will be altered, and this can reduce, or possibly increase,
ionic activity. Thus we write the relations

a=y.m (2.7a)
a=vy.c (2.7b)

where y,, is the activity coefficient for concentrations in relation to
molality (molkg™'), and y. in relation to molarity (moldm™%). Thus,
these coefficients are proportionality factors between activity and con-
centration, whose values vary with concentration.

It is often useful to employ concentrations instead of activities in
electrochemical experiments: for example, in preparing solutions we use
masses and volumes, that is we determine the concentration of a solution.
Thus, the Nernst equation, instead of being written as

RT Hao
E=E°+—In .
nF Ha (2:3)
can be formulated as
I [0 ]”
E=E® + —l 2.8

In this last equation, E€’ is the formal potenttal. It is related to the
standard electrode potential, E€, by

RT Hy
nF Hy

Experimentally we measure the formal potentlal, E®’, relative to a
reference electrode (Section 2.7). However, by performing measure-
ments at different concentrations and extrapolating to zero concentration,
values of E© can be obtained. Another factor that can enter into the
values of E®©’ is perturbations caused by other reactions, normally due to
complexation.

An example of the difference between values of E°’ and E© is the
values obtained in the potentiometric titration of Fe®* with Ce** in
0.5M H,SO,. These are, relative to the normal hydrogen electrode
(NHE):

E®' =E°+ (2.9)

Standard electrode Formal potential

potential
E°/V E®'|V
Fe’* | Fe** +0.77 +0.68

Ce*t | Ce** +1.61 +1.44
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The differences reflect not only the activities of the ions involved in the
half-reactions but also the fact that 0.5 M H,SO, does not have pHO (in
fact the second ionization is only partially effected).

2.4 Calculation of cell potential: electrochemical potential

Although the calculation of E,, in the previous section appears satisfac-
tory, it is not very rigorous. In this section we show how a rigorous
thermodynamic argument* leads to the same result. For this we need the
concept of the electrochemical potential ji, that obeys the same criteria at
equilibrium as the chemical potential u. Its definition for component i in
phase « is

Af = uf + zF° (2.10)
=u®*+ RT Ina, + z,F$* (2.11)

which is the sum of a term due to the chemical potential and another that
represents the contribution from charged species described by the
electrostatic potential ¢ in phase «. Since

F= (8G> 2.12
Ui = on, — (2.12)
then

ir= (29) 13
= on; T,P,njs; (2.13)

where G is the electrochemical free energy. G is analogous to the free
energy, G, but contains the electrical effects of the environment. In the
case of a species without charge,

A= pf (2.14)
Various deductions are possible from these expressions:
e For a pure phase that has unit activity,

Bl =pe (2.15)

where u{* is the standard chemical potential in phase a.

e For a metal, activity effects can be neglected. The electrochemical
potential is the electronic energy of the highest occupied level (Fermi
level, Ey)

Ag=pe*— Fo* (2.16)
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e For species i in equilibrium between two phases « and S,
Ay = pf 2.17)

We now apply these concepts to specific cases.
As a first example, consider the sparingly soluble salt silver chloride in
equilibrium with its ions:
AgCl(s)= Ag*(aq) + Cl™(aq)
We have
WEREC = RS + 8 = e + S (2.18)

given that silver chloride is neutral and has unit activity. The standard
free energy change, AG*®, for dissolution is given, using (2.11), by

AG® = —pfE + ugd + ugid = —RT In (a%y:all)  (2.19)
thus obtaining the well-known result
AG®=—-RTInK,, (2.20)
As a second example we return to the first cell of Section 2.1:
Cu’ | Zn | Zn**(aq) | Cu®*(aq) | Cu

in which the full electrical circuit is now represented, with Cu’ and Cu the
copper conductor links to a potentiometer (or high-impedance volt-
meter), and with a salt bridge—see Fig. 2.1.

The reaction is

Cu®* + Zn + 2~ (Cu)— Zn** + Cu + 2¢~(Cu’)

We identify the electrons to be transferred with the electrochemical
potential of the electrode where they come from. At equilibrium

A + ign+ 2" = fihes + ACL+ 20" (2.21)

Salt bridge

Fig. 2.1. Schematic diagram of an electrochemical cell, showing the links to a
high-impedance voltmeter with copper wire.
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We know that

2@ — ety = —2F(¢ — ¢) = 2FE, (2.22)
therefore (2.21) can be written

2FE. . = u& + RT In a¥as + 2F ™ + ug2

— g — RT Ina%ls — 2F ™3 — u&& (2.23)

= ’_Ang + RT In (acu2+/azn2+) (2.24)

= 2FECan +RT In (aCuz+/aan+) (225)
which is the Nernst equation for the whole cell:
RT a u2+

Ecell = Egll + 2—1‘: In (a;:nu) (25)

This type of reasoning is applicable to any cell and always leads to the
corresponding Nernst equation.

2.5 Galvanic and electrolytic cells

So far the spontaneous functioning of an electrochemical cell has been
described, which corresponds to the transformation of energy obtained in
a chemical reaction into electron movement, that is electrical energy.
This type of cell is a galvanic cell.

By supplying electrical energy from an external voltage source, i.e.
applying a potential, we supply electrons of the corresponding energy,
allowing the direction of the electrode reactions to be altered. We are
able to convert electrical into chemical energy. Here we have an
electrolytic cell which is much used in electrode reaction studies, and is
used industrially in brine electrolysis, in the extraction and refining of
metals, in electrosynthesis, etc.

Let us consider the charges on the electrodes in the two cases. At the
anode in a galvanic cell, since the oxidation is spontaneous, there is an
excess of electrons at the electrode. On the other hand, in an electrolytic
cell where oxidation is forced to occur, there is a shortage of electrons
and a positive charge. The two situations are:

anode cathode
galvanic cell - +
electrolytic cell + -

Some electrochemical cells can function as galvanic or electrolytic cells.
A well-known example is the lead—acid car battery. Under discharge
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(supplying current) it is a galvanic cell whose electrode reactions are
anode (—ve):
Pb + SO} — PbSO, + 2¢~
cathode (+ve):
PbO, +4H™ + SO;~ + 2e~ — 2H,0 + PbSO, E.y=2.05V

On recharging the battery these half-reactions are inverted, and electrical
energy has to be supplied.

2.6 Electrode classification

There are many electrode materials, with a great diversity of behaviour.
The historical classification®® is a first approach, and as it is still referred
to it will be described here. Electrode materials, together with the
solutions with which they contact, are divided into four categories:

1. An electrode in contact with a solution of its ions. This can be
subdivided into two cases:
(a) A metal in contact with its cations, e.g. Cu | Cu**, where

RT
E=E®+—"Inay. (2.26)

and the half-reaction is
M** + ne”"—>M
(b) A non-metal in contact with its ions, e.g. H, | H* or Cl,| CI~ on
the surface of an inert conducting substance such as platinum. For the
first of these,

RT 12
ln&

E=E®+— .
F (2.27)

ay+

where py, is the partial pressure of hydrogen gas.
In this type of electrode the potential arises from electron transfer
between the neutral species and the ion.

2. A metallic electrode in contact with a solution containing anions
that form a sparingly soluble salt with the metal’s ions, e.g.
Hg | Hg.Cl, | C17, the calomel electrode (see Fig. 2.3). The salt activity,
being almost entirely in the solid phase, can be regarded as unity. Thus
the potential is a function only of the anion activity. For the calomel
electrode,

RT
E=Ee_7ln acy- (2.6)
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These systems are much used as reference electrodes since, because of
the low solubility product of the salt, the potential is very stable. Other
examples are Ag | AgCl | C1~ and, for alkaline solution, Hg | HgO | OH™.

3. This type of electrode is a source or sink of electrons, permitting
electron transfer without itself entering into the reaction, as is the case
for the first or second type of electrodes. For this reason they are called
redox or inert electrodes. In reality the concept of an inert electrode is
idealistic, given that the surface of an electrode has to exert an influence
on the electrode reaction (perhaps small) and can form bonds with
species in solution (formation of oxides, adsorption, etc.). Such processes
give rise to non-faradaic currents (faradaic currents are due to interfacial
electron transfer). This topic will be developed further in subsequent
chapters.

The first ‘redox’ electrode materials to be used were the noble metals,
namely gold and platinum, and also mercury. At present this designation
includes many types of material such as glassy carbon, different types of
graphite, and semiconductor oxides, so long as a zone of potential is
employed where surface reactions involving the electrode material do not
occur.

4. Electrodes that cannot be grouped into the above categories, e.g.
modified electrodes (see Chapter 14).

This classification is useful mainly for electrodes of the first and second
types. The great majority of electrodes are, however, of the third or
fourth types.

2.7 Reference electrodes

Reference electrodes, as their name suggests, are used to give a value of
potential to which other potentials can be referred in terms of a potential
difference—potentials can only be registered as differences with respect
to a chosen reference value. Thus, a good reference electrode®® needs to
have a potential that is stable with time and with temperature and which
is not altered by small perturbations to the system—that is, by the
passage of a small current. There are three types of reference electrode:

® Type 1: e.g. the hydrogen electrode
® Type 2: e.g. the calomel electrode
® Others: e.g. glass electrodes, Type 3 electrodes, etc.

The standard (or normal) hydrogen electrode is the most important
reference electrode because it is the one used to define the standard
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Fig. 2.2. The hydrogen electrode.

electrode potential scale. It is very reproducible, showing differences of
only 10 uV between different hydrogen electrodes. A typical design is

shown schematically in Fig. 2.2.
Normally its construction consists of a platinum foil that is platinized in

order to catalyse easily the reaction
H* +e” —3H,

Various procedures for platinization exist, but normally involve the
deposition of platinum black from a solution of 3 per cent chloroplatinic
acid (H,PtClg) containing a small quantity of lead acetate (0.005 per cent)

|_-Contact wire

/Hg

| —Hg,Cl,/Hg paste

v}—-— Saturated KCl

Fig. 2.3. The saturated calomel electrode.
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to prolong electrode life. Hydrogen is bubbled in a solution of the
electrolyte that is to be used before this is introduced into the cell.

Electrodes of Type 2 are good reference electrodes, as stated in
Section 2.6. In Fig. 2.3 a schematic view of a saturated calomel electrode
that can be easily introduced into any solution is shown.

Some general precautions need to be taken with reference electrodes,
especially when there is a possibility of the formation of complexes
involving the sparingly soluble salt. This is the case for many metallic
hydroxides which have very low solubility products, suggesting their use
in alkaline solution—they often form hydroxy complexes at high hydro-
xide concentration, which limits their use. Mercury oxide does not have
this disadvantage and so is used preferentially—however, care should be
taken with the anion concentration in the electrolyte.

Table 2.1 lists half-reactions for electrodes of the second type and their
potential for unit activities. These electrodes have, in the majority of
cases, their own electrolyte associated with them. So, to calculate the
potential of a cell in relation to the standard hydrogen electrode it is
necessary to take the liquid junction potential between the two
electrolytes into account (Section 2.10).

These electrodes were developed principally for aqueous solution.
However, they normally have a porous plug that links the electrolyte
within the reference electrode to the solution in the cell (reference
electrodes of this kind are rarely used nowadays to carry current, but
only to control potentials). Since ion transport through the plug is very
small, they can be used for short periods in non-aqueous solvents. There
are reference electrodes that have been developed specifically for use in
non-aqueous solvents, for example, Lit | Li in dimethylsulfoxide.

Quasi-reference electrodes such as platinum or silver wires or mercury
pools are sometimes used in voltammetric experiments, particularly
transient experiments. The advantage is low electrical resistance, but

Table 2.1. Half-reactions for reference elec-
trodes based on sparingly soluble salts in water

solvent
E®/V
AgBr+e — Ag+ Br 0.071
AgCl+e — Ag+Cl™ 0.222
Hg,Cl, +2e¢” —2Hg + 2Cl1~ 0.268
HgO + H,0 +2e¢” —Hg+20H"™ 0.098
Hg,SO, + 2¢~—2Hg + SO;~ 0.613

TICl+e —TI(Hg) +ClI~  —0.557
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their potential may vary up to 10 or 20 mV. They are described further in
Chapter 7.

2.8 The movement of ions in solution: diffusion and migration

It is important to consider the movement of ions in electrolyte solutions
between anode and cathode, and thence some of the properties of
electrolyte solutions in general. Solvated ions move at different velocities,
according to their size and charge. Diffusion is due to a concentration
gradient, and migration to electric field effects. Thus, whilst diffusion
occurs for all species, migration affects only charged species (effectively,
owing to the existence of dipoles, or induced dipoles in neutral species, a
small electric field effect is observed).
Diffusion (Fig. 2.4) is described by Fick’s first law:

_p 2

Ji = i
ox

(2.28)
where J; is the flux of species i of concentration c; in direction x, and
dc/dx is the concentration gradient. D; is the proportionality factor
between flux and concentration gradient, known as the diffusion
coefficient. The negative sign arises because the flux of species tends to
annul the concentration gradient.
In the presence of an applied electric field of strength E = 3¢/ x,
ac; F
Ji=—D,——zic,——E 2

ax  “IRT (2.29)
where the second term on the right-hand side represents migration. This
term clearly shows the importance of charge of the species and of the
value of d¢/dx (electric field gradient). Opposing this electric force there
are three retarding forces:

® A frictional force that depends on the size of the solvated ion

C.fx) cilx + Ax)

|
II -
! Je |
| Jac i) clc+ A0 |
|—> |
| I
| X !

—_—

Fig. 2.4. Diffusion in one dimension. The net flux is proportional to —c; Ax, due
to the concentration gradient.
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Fig. 2.5. The asymmetric effect on a solvated ion under the influence of an
electric field: (a) no field; (b) with field.

® An asymmetric effect. Because of ion movement the ionic atmos-
phere becomes distorted such that it is compressed in front of the ion in
the direction of movement and extended behind it (Fig. 2.5).

® An electrophoretic effect. Ion movement causes motion of solvent
molecules associated with ions of the opposite sign. The result is a net
flux of solvent molecules in the direction contrary to that of the ion
considered.

The combination of the attraction of the electric field and the retarding
effects leads to a maximum velocity for each ion. Measurement of these
velocities gives information about the structure of the solution. Different
cation and anion velocities give rise to a potential difference: this is the
liquid junction potential. 1t is interesting to know the magnitude of this
potential, as it affects the measured potential of the whole electrochemi-
cal cell; in other words, ion conductivities need to be measured.

2.9 Conductivity and mobility

The conductivity of a solution is a result of the movement of all ions in
solution under the influence of an electric field.
We consider an isolated ion. The force due to the electric field is

F =zeE (2.30)
which is counterbalanced by a viscous force given by Stokes’ equation
F = 6nnrv (2.31)

where 7 is the solution viscosity, r the radius of the solvated ion and v the

velocity vector. We neglect other retarding effects. The maximum
velocity is, therefore

v = zeE

6mnr

=uE (2.33)

(2.32)
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where u is the ion mobility, and is the proportionality coefficient between
the velocity and electric field strength.
How are conductivity and mobility related? The flux of charge, j, is

J =zevcN,4 (2.34)

where ze is the charge of each ion, v its velocity, and ¢N, the numerical
ion density. Writing eN, = F (one mole of electrons) and substituting

j=zvcF (2.35)
= zcuFE (2.36)

The current, I, that passes between two parallel electrodes of area A is
related to the flux of charge j, and to the potential difference between
them, A¢, by
AgpA

I=jA=K—(f—=KEA (2.37)
where k is the conductivity and / the distance between the electrodes that
apply the electric field of strength E = A¢/Il. One immediately concludes,
by combining (2.36) and (2.37), that for each ion

K; = z;c;u; F (2.38)
Therefore, for the solution (which contains various ions) the measured

conductivity, k, is given by

k=F |z|cu; (2.39)
The molar conductivity of an ion, A;, is

A= s F (2.40)

i

and the electrolyte molar conductivity, A, is

A= 3=37 (2.41)

As can be seen, the measurement of the conductivity of an electrolyte
solution is not species selective. Individual ionic conductivities can be
calculated only if the conductivity (or mobility) of one ion is known: this
in the case of a simple salt solution containing one cation and one anion.
If various ions are present, calculation is correspondingly more difficult.
Additionally, individual ionic conductivities can vary with solution
composition and concentration.



28 Electrochemical cells

If the electric field is of high intensity (of the order of 100kV cm™)
then the conductivity increases with field strength. For strong electrolytes
(first Wien effect) this is due to the fact that the ions begin to move
without their solvent sheath, since the relaxation time for the ionic
atmosphere becomes too large—eventually a limiting conductivity value
is reached as the field strength increases. For weak electrolytes (second
Wien effect) the electric field interacts with the dipoles of the undis-
sociated molecule, for example a weak acid, increasing its dissociation
constant.

We next consider the relation between mobility and diffusion
coefficient. This arises because a concentration gradient is also a chemical
potential gradient. For a sufficiently dilute solute, i,

wi=uZ +RT Ingc; (2.42)

and differentiating with respect to distance

Su; RT (dc;
ox/pr € \Ox/prT
The diffusive force experienced by a particle i is thus

Ol

F=-(%) .
i (2.44)

_RT (ac,-) 245

C; ox P,T ( ) )

The number flux of ions i, J;, is, from (2.36),

J=2i = cuE (2.46)
zie
and substituting from (2.30) for the electric field intensity, E,

cu;F

Ji ze (2.47)
Combining (2.45) and (2.47) leads to
Ji=- uiRT(a—C‘) (2.48)
zF \ox/pr
Comparison with Fick’s first law of diffusion, (2.28), shows that
D, = wRT (2.49)

Y zF
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This is the Einstein relation, and shows the direct proportionality between
diffusion coefficient and mobility.

The relation between conductivity and diffusion coefficient, the
Nernst—Einstein relation, is easily derived from (2.40) and (2.49):

_ Z;F’D,

A;
RT

(2.50)
This permits the estimation of diffusion coefficients from measurements
of conductivity.

Another useful expression concerns the relation between the diffusion
coefficient and the viscous drag. From (2.33), one can write

ze
= 2.51
" 6mnr ( )
Substituting in the Einstein relation, (2.49), we obtain
kgT
D, == (2.52)
6mnnr

This is known as the Stokes—Einstein relation and is independent of the
charge of the species. Using this expression, diffusion coefficients can be
estimated from viscosity measurements, so long as Stokes’ Law is
applicable. It is used particularly for macromolecules.

Sometimes it is useful to know what fraction of the current is
transported by each ion. This is its transport number, and is given by

A; |2 ciu;
=—=g—— 2.53
A Yz cu; (2.53)
It is evident that
>t=1 (2.54)

The transport number of an ion varies with the ionic constitution of the
solution, and is another way of expressing conductivities or mobilities.
There are two important methods for measuring transport numbers: the
Hittorf method and the moving boundary method®.

Hittorf method (Fig. 2.6)

An electrolytic cell is divided into three compartments, and a current [ is
passed. After time ¢, It/z, F cations have reached the cathode itself, but
only t,(It/z, F) cations have reached the cathode compartment. Thus,
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' It It
"\ z.F “\Z_F
Anode

Cathode

- _________-l

(2]
¥
-

Fig. 2.6. The Hittorf method for determining transport numbers. In the diagram
the passage of a current / for time ¢ is shown. It is assumed that 7, +¢_ =1. The
electrolytic cell is divided into three compartments.

there is a change in the ionic concentration of the cathode compartment
of

(= 1D)Ut/z,F)=—t_(It/z, F) (2.55)

In the anode compartment the change is —t,({t/z_F). Thus, the
measurement of this change in composition of the anode and cathode
compartments leads directly to values of ¢, and ¢_.

Moving boundary method (Fig. 2.7)

This method is used to determine the transport number of M in salt MX.
A solution of higher density than MX, NX (where uy > uy), is put in a

MX MX
C D
A B
NX NX
Initially After time ¢

Fig. 2.7. The moving boundary method for determining transport numbers. AB
and CD represent the frontiers between MX and NX at the beginning of the
experiment and after time ¢ respectively.
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Table 2.2. Conductivities and mobilities of some ions in water at infinite
dilution (2 = u/zF)’

Al 10%/ A 10/
S cm?mol ™! cm?s V! S cm? mol ™! cm?s V!

H* 349.6 36.2 OH™ 199.1 20.6
Li* 38.7 4.0 F~ 55.4 5.7
Na* 50.1 5.2 Cl~ 76.4 79
K* 73.5 7.6 Br™ 78.1 8.1
Rb* 77.8 8.1 1~ 76.8 8.0
Cs* 77.2 8.0 NO; 71.5 7.4
NH; 73.5 7.6 ClOo, 67.3 7.0
Mg** 106.0 11.0 SO3~ 160.0 8.3
Ca?* 119.0 6.2 coz- 138.6 7.5
Cu?t 107.2 5.6
Zn** 105.6 5.5

vertical tube with MX on top. On passing a current / during time ¢ the
boundary moves upwards. All ions M from the volume V contained by
the old and new boundary have to pass through the new boundary.
Thus the number of ions that pass is ¢V N,, equivalent to a charge
z,.cVF, and
_z4cVF

7 (2.56)

+

t_ is obtained by subtraction.

Table 2.2 shows some values for mobilities in aqueous solution,
extrapolated to infinite dilution. Note that the greater solvation of ions
with low atomic number leads to larger values of the solvated radius. The
fact that the mobilities of H"(aq) and OH (aq) are so large in
comparison with the other ions points to a different transport mechanism,
involving the rearrangement of bonds through a long chain of water
molecules. There is probably rupture of an O-H bond in H;O™" and the
rapid formation of a new O—H bond in a neighbouring water molecule.
This is the Grotthus mechanism, and is illustrated in Fig. 2.8.

Finally, one should note that the mobilities of K* and Cl~ are almost
equal. It is for this reason that potassium chloride is frequently used in
salt bridges in an attempt to avoid the contribution of liquid junction
potentials to the cell potential.

+ R +
H—O~H----0—H H/(l) H—o6—n
_—

H H H H
Fig. 2.8. The Grotthus mechanism for the movement of H* in H,O.
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2.10 Liquid junction potentials

Liquid junction potentials are the result of different cation and anion
mobilities under the influence of an electric field. The potential manifests
itself in the interface between two different solutions separated by a
porous separator or by a membrane. These junctions can be classified
into three distinct types:

® Two solutions of the same electrolyte but with different concentra-
tions. The typical case is a concentration cell with transport, e.g.

H,, Pt | HCl(a,) | HCl(a,) | Pt, H,

with the partial pressures of hydrogen equal on the two sides. There is a
liquid junction between the solutions of hydrochloric acid.

® Two solutions of the same concentration of one of the ions, but the
other ion differs.

e Other cases.
The total cell potential is
Ecell = ENemst + Ej

where E; is the liquid junction potential. We now consider examples of
the first two cases cited above for the calculation of E;.

Case 1

Consider the liquid junction of the concentration cell given above. There
are two phases o and B, which contain hydrochloric acid at different
activities. The transport of ions at equilibrium is expressed by

tofify ol =t b+ e pd- (2.57)

or, removing the terms that are equal on the two sides,

a B B
t+[RT In 5 4 F(p*— ¢f’)] = —t_[RT In =S _ F(pf — ¢“)] (2.58)
ay+ acr-
If we write
ag-=ag-=a”
and
B B

we easily reach

o

RT
Ej=(¢"~¢7)=(t.~1) 5 In" (2.59)
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Evidently this argument is not very rigorous, in that the interfacial region
is not considered. However, if we assume a linear change in concentra-
tion and invariant transport numbers in the interfacial region we arrive at
the result of (2.59) corresponding to a symmetric variation of interfacial
potential.

Case 2.

Here it is not very correct to assume that the concentration gradients vary
linearly through the junction, especially because the concentration
profiles depend on the technique of junction formation. Assuming that
activities are equal to concentrations and that there is, in fact, a linear
transition, we obtain the Henderson equation

2B () - @] . B laluea)
‘ —In- (2.60)

Z |zi| wilci(B) — ci(@)] d Z’: |zi| u;ci(B)

E. Z

J

For a 1:1 electrolyte this reduces to

RT A
—In=*t

E,=+
! F  Aa

(2.61)
which is the Lewis—Sargent relation, the positive sign corresponding to a
common cation and the negative sign to a common anion.

Minimization of the liquid junction potential is commonly carried out
using a salt bridge in which the ions have almost equal mobilities. One
example is potassium chloride (¢, =0.49 and ¢_ =0.51) and another is
potassium nitrate (£, =0.51 and ¢_=0.49). If a large concentration of
electrolyte is used in the salt bridge this dominates the ion transport
through the junctions such that the two values of E; have the same
magnitude but opposing polarities. The result is that they annul each
other. In this way values of E; can be reduced to 1-2 mV.

2.11 Liquid junction potentials, ion-selective electrodes, and
biomembranes

We consider again (2.59):

o

RT
Ej=(¢"- ¢a)=(t+_t_)Tln§§ (2.59)
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If it were possible to have an interface permeable to only one ion, then
the transport number of that ion would be unity and

RT . a}
Ej=—fIn 2 (2.62)
or, in general, for an ion of charge z;,
RT af ]
E,= —i;,ln;? (2.63)

E.., the corresponding liquid junction potential, is called the membrane
potential or Donnan potential. 1deally E , changes in a Nernstian fashion
with the activity of the ion in one of the phases, the activity in the other
phase being held constant. This is the basis of the functioning of
ion-selective electrodes (Chapter 13) and, to a good approximation, of
biomembranes (Chapter 17).

2.12 Electrode potentials and oxidation state diagrams

In calculating the cell potential of an electrochemical cell and to calculate
the maximum possible energy produced one uses the expression

AG = —nFE (2.64)

In fact, each electron transfer half-reaction involves a free energy change
following this formula. To reach the total variation in AG we sum the
contributions of the two half-reactions, remembering that one is a
reduction and the other an oxidation. For example, for the dissolution of
silver chloride under standard conditions

AgCl+e —Ag+Cl™ E®=40.22V AGPY =-0.22F

Ag* +e — Ag E°=40.80V AGS=—0.80F
Thus, for
AgCl— Ag™ + CI”
we have AGS,= AGP — AG$ = +0.58 F. From the relation
AG®=-RTInK (2.65)

we can calculate that
K =exp (—AGS/RT) =exp (—0.58 F/RT) =1.55 x 10~'°,

This value of K can be identified with the solubility product—the
differences that arise in relation to tabulated values of K, are due to
differences in the solution conditions. In the same way we can calculate
stability constants of complexes.
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4b — 2a

Volt
equivalent

—2a

Oxidation state

Fig. 2.9. Construction of an oxidation state diagram. The zero oxidation state has
a volt-equivalent of zero (arbitrary). The slopes of the lines have values
corresponding to E©.

M(II) +2¢~—>M(0), E°®=-a
M(VI) +4e"—>M(I), E®=b

It is very useful to be able to visualize which reactions have equilibrium
constants larger than unity and which do not, without the necessity of
going through these calculations. Oxidation state diagrams®°®, also known
as Frost diagrams, permit this visualization. These diagrams are plots of
free energy on the ordinate (relative to an arbitrary zero which is
generally—but not necessarily—the zero oxidation state) vs. the oxida-
tion state on the abscissa. Since the free energy change is proportional to
nE®, called volt-equivalent (VE), lines of slope E€ are drawn on the
plot that join as shown in the diagram of Fig. 2.9.

Some conclusions can be drawn from these diagrams:

e For a given element, the species that is lowest on the diagram
corresponds to the most stable oxidation state relative to the reference.

e The species highest on the diagram are the least stable. In practice
they are those with highest oxidation states and are therefore strong
oxidizing agents (great tendency to be reduced).

e Disproportionation and proportionation reactions occur when there
exist situations of the type shown in Fig. 2.10. It is easy to predict these
reactions from the diagrams. It should be noted, however, that these are
thermodynamic predictions and kinetics can cause the reactions to
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A+B—C C—>A+B
VE B VE C B
A C A
Oxidation state Oxidation state

(a) (b)

Fig. 2.10. Oxidation state diagrams for: (a) proportionation—C is below
straight line linking A and B; (b) disproportionation—C is above the straight
linking A and B.

~OQOH*
)

MnO; /Mn2* _
0,/MH,0 Acid

Fe3*/Fe?*

VEIV
|

Hzo

1 -1

- i -1 0
Ocxidation state

Fig. 2.11. The oxidation state diagram for oxygen (from Ref. 8 with permissio
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+6 H2F604
7
HMnO,
H,MnO,
+41
+2+ 6
H,Cr,0,
S
N
M
0 -
_2 -
—ab T3+  TiO**
- 1 1 L . ! 1 —J
0+1\:+3 +4  +5 46  +7
Ca22+ Oxidation state

Sci+ 3

Fig. 2.12. The oxidation state diagram for transition metals of the first series
(from Ref. 9 with permission).

proceed only very slowly at room temperature, as for example the
disproportionation

3CI0™—=2CI" + ClO3

The diagrams are normally constructed in relation to the hydrogen
electrode with ay+ =1 as reference, which would be a horizontal straight
line. However, they can be modified for the reference to be another pH
or another half-reaction. If we choose as reference the reduction of
oxygen to water under standard conditions, for example, which has
E®=+1.23 V, the modification corresponds to a clockwise rotation of
the diagram.



38 Electrochemical cells

Examples are given in Figs. 2.11 and 2.12. Note, in Fig. 2.11, the
tendency for hydrogen peroxide to disproportionate into water and
oxygen and in Fig. 2.12 that the most stable species have oxidation states
of 2 or 3, and that oxidation state 6 or 7 is strongly oxidizing '(e.g.
MnOy).

More details on the use of these diagrams may be found in Refs. 8 and
9.
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THE INTERFACIAL REGION

3.1 Introduction

3.2 The electrolyte double layer: surface tension, charge density, and capacity
3.3 Double layer models

3.4 Specific adsorption

3.5 The solid metallic electrode: some remarks

3.6 The semiconductor electrode: the space—charge region

3.7 Electrokinetic phenomena and colloids: the zeta potential

3.1 Introduction

In the previous chapter the physical nature of the interface where
electrode reactions occur was not considered. The thermodynamic
driving force and how the reactions take place depends on the structure
of the interfacial region. Until recently only the solution side of the
interfacial region was taken into account, and this has been the subject of
many review articles, e.g. Refs. 1-5, but currently, given the increasing
utilization of semiconductor electrodes, there is much interest in under-
standing the behaviour of the part of the interfacial region in the
solid*®®. For reasons linked with the historical development of theoreti-
cal models the interfacial region in solution is known as the electrolyte
double layer region and the interfacial region in the solid the space—
charge region (Fig. 3.1). In metals the latter is very thin.

Space-charge Electrolyte double
region layer

1
|
|
|
Bulk electrode | Bulk solution
|
|
|

Interfacial
region

Fig. 3.1 Schematic illustration of the electrode—solution interface.
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In this chapter the structure of the electrolyte double layer, and the
consequences of adsorption on the electrode surface, are described. The
effect of differences in structure and electronic distribution of different
metals are indicated. The space—charge region in semiconductors is then
discussed. Finally some properties of colloids are mentioned, given that
they possess an interfacial region very similar to an electrode.

3.2 The electrolyte double layer: surface tension, charge
density, and capacity

The interfacial region in solution is the region where the value of the
electrostatic potential, ¢, differs from that in bulk solution. The
designation ‘double layer’ reflects the first models developed to describe
the region, see Section 3.3. The basic concept was of an ordering of
positive or negative charges at the electrode surface and ordering of the
opposite charge and in equal quantity in solution to neutralize the
electrode charge. The function of the electrode was only to supply
electrons to, or remove electrons from, the interface: the charge at the
interface depending on applied potential. More sophisticated models
required accurate experimental observations.

The proportionality constant between the applied potential and the
charge due to the species ordering in the solution interfacial region is the
double layer capacity. The study of the double layer capacity at different
applied potentials can be done by various methods. One much used is the
impedance technique, which is applicable to any type of electrode, solid
or liquid, and is described in Chapter 11. Another method uses
electrocapillary measurements. It was developed for the mercury elec-
trode, being only applicable to liquid electrodes, and is based on
measurement of surface tension.

The principle of electrocapillary measurements was described more
than a century ago by Lippmann®. It is a null-point technique that
counterbalances the force of gravity and surface tension, and highly
accurate results can be obtained.

The experimental system is shown in Fig. 3.2. It consists of a capillary
column containing mercury up to height 4 regulated so that, on altering
the applied potential, the mercury/solution interface stays in the same
position. Under these conditions surface tension counterbalances the
force of gravity, according to

27ar.y cos 0 = nripyghg (3.1)
where r, is the capillary radius, 6 is the contact angle (see Fig. 3.2), and y
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Reference
electrode |- @4 ——————

Cathetometer

Fig. 3.2 The experimental arrangement for measurement of surface tension of
mercury by Lippmann’s method.

is the surface tension, py, being the density of mercury. The contact
angle is measured with a microscope. A plot of y vs. E is called an
electrocapillary curve and has the form of Fig. 3.3a.

A variation on this method consists in using the dropping mercury
electrode'® (Section 8.3). The mass flux, m,, is

nripuh
m, = TrcPugh (3.2)
T
where 7 is the drop lifetime. Substituting in (3.1) we obtain
2nr.y = m, gt (3.3)

Thus a plot of v vs. E gives a curve of the same form as the
electrocapillary curve (Fig. 3.3a).

Conversion of values of y into capacities is done by double
differentiation in relation to the electrostatic potential difference A¢
between its value in the metal, ¢y, and that in the solution, ¢5. The first
derivative gives the charge on the interface, and is the Lippmann
equation

oy
—_— = . 3.4
AP Om = Os (3.4)

where oy is the charge on the metal and og the charge of the solution
such that oy + 05 =0. If we define an arbitrary reference potential and
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(a) (b)
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Fig. 3.3 Schematic plots of the double layer region. (a) Electrocapillary curve

(surface tension, y, vs. potential); (b) Charge density on the electrode, oy, vs.

potential; (c) Differential capacity, C,4, vs. potential. Curve (b) is obtained by

differentiating curve (a), and (c) by differentiation of (b), E, is the point of zero
charge.

the potential in relation to that reference is E, then 3(A@) ~ d(E,) and

dy _

OEA
The fact that the Lippmann equation is the derivative of the electroca-
pillary equation shows that the charge oy is zero when the slope of the
electrocapillary curve is zero. The potential where this occurs is called the
point of zero charge, E,, and occurs at the maximum in the electroca-
pillary curve, see Fig. 3.3.

A second differentiation of the electrocapillary curve gives the value of

the interfacial capacity. There are, however, two definitions of this:

—0OMm 3.5)

® The differential capacity C4. This is the derivative of the curve of oy,
vs. E (Fig. 3.3c), whose minimum value occurs for E = E,:

_dom

C =—"
47 BE,

(3.6)
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Fig. 3.4 (a) Electrocapillary curves for mercury in contact with various elec-

trolytes (E, is the value for sodium fluoride); (b) Variation of the differential

capacity of sodium fluoride at mercury with potential. (From Ref. 11 with
permission.)

® The integral capacity, C;. Measuring oy, for two reasonably different
potentials, the value of the calculated capacity is the average value in that
zone, assuming that C, varies with E. This is the integral capacity that is
zero at E = E,, the point of zero charge

C = 3.7)
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Figure 3.4 gives examples of real electrocapillary curves and
differential capacity curves. Double layer models have to explain the
shape of these curves.

The impedance technique gives values of C, directly. It consists of the
application of a small sinuisoidal perturbation superimposed on a fixed
applied potential. The component of the resulting current that is out of
phase with the applied signal leads to calculation of the differential
capacity of the interface. More details are given in Chapter 11. Thus,
values of oy and y are obtained by integration. Besides making the use
of solid, and not only liquid, electrodes possible, another advantage is

that integration tends to reduce the errors in the experimental measure-
ments, whereas differentiation increases them.

(3.8)

3.3 Double layer models

Any double layer model has to explain experimental results, for example
in Fig. 3.4 for sodium fluoride at a mercury electrode. Until the 1960s
measurements were made almost exclusively at mercury electrodes and
models were developed for this electrode. The fact that mercury is an
ideally polarizable liquid in the zone negative to the hydrogen electrode
means that its behaviour is often different from solid electrodes (mono-
crystalline and polycrystalline). These models are, therefore, of a
predominantly electrostatic nature.

Nevertheless, an important application of electrostatic models is to the
interface between two immiscible electrolyte solutions. This can be
viewed as two electrolyte double layers arranged back to back. In reality,
however, total immiscibility never occurs and the degree of miscibility
increases with the presence of electrolyte, so that corrections to the
models need to be introduced.

It was only after making measurements with solid electrodes that the
concept of the energy associated with the electrode’s electronic distribu-
tion in the interfacial region was introduced. This distribution depends on
the electrode material as well as on its crystalline structure and exposed
crystallographic face. However, it is interesting to see the historical
evolution of the models, given that successively more factors that reflect
the structure have been introduced.
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The first models : Helmholtz, Gouy—Chapman, Stern and Grahame

Helmholtz Model (1879)

The first double layer model, due to Helmholtz'?, considered the
ordering of positive and negative charges in a rigid fashion on the two
sides of the interface, giving rise to the designation of double layer (or
compact layer), the interactions not stretching any further into solution.
This model of the interface is comparable to the classic problem of a
parallel-plate capacitor. One plate would be on the contact surface
metal/solution. The other, formed by the ions of opposite charge from
solution rigidly linked to the electrode, would pass through the centres of
these ions (Fig. 3.5a). So xy would be the distance of closest approach of
the charges, i.e. ionic radius, which, for the purpose of calculation, were
treated as point charges. By analogy with a capacitor the capacity would
be

Copu=— 3.9

Solution

XH

vy

(©

Fig. 3.5 The Helmholtz model of the double layer. (a) Rigid arrangement of
ions; (b) Variation of the electrostatic potential, ¢, with distance x, from the
electrode; (c) Variation of C, with applied potential.
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where €, is the relative permittivity (which is assumed not to vary with
distance) and €, the permittivity of vacuum. A typical value of €, is 6-7,
leading to Cq;=10uFcm™2. The decay of the electrostatic potential
from ¢y to ¢s is linear (Fig. 3.5b) and Cy4y does not vary with the
potential applied to the electrode (Fig. 3.5¢).

The two principal defects of this model are first that it neglects
interactions that occur further from the electrode than the first layer of
adsorbed species, and secondly that it does not take into account any
dependence on electrolyte concentration.

Gouy—Chapman Model (1910-1913)

At the beginning of this century Gouy'? and Chapman'® independently
developed a double layer model in which they considered that the applied
potential and electrolyte concentration both influenced the value of the
double layer capacity. Thus, the double layer would not be compact as in
Helmholtz’s description but of variable thickness, the ions being free to
move (Fig. 3.6a). This is called the diffuse double layer.

/////®@ ©

Electrode @
. / @ @ Solution
ks e
O]
770
(@ (b)
G

mp——
Ty

(c)

Fig. 3.6 The Gouy—Chapman model of the double layer. (a) Arrangement of the

ions in a diffuse way; (b) Variation of the electrostatic potential, ¢, with distance,

x, from the electrode, showing effect of ion concentration, c. (c) Variation of C,4
with potential, showing the minimum at the point of zero charge E,.
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In this model, the distribution of species with distance from the
electrode obeys Boltzmann’s law

n; = n? exp [

—_ﬁ%] (3.10)

kgT

where ¢, = ¢ — ¢ and n! is the numerical concentration of ions i in bulk
solution. Dividing the solution into slices of thickness dx, at distance x
from the electrode the charge density is

p(x)= E n;ze (3.11)
= 2’: nlz;e exp [—_—E%] (3.12)

for all ions i.
The Poisson equation relates the potential with the charge distribution

Foax)__p(x)
ax* €.€

(3.13)

Combining (3.12) and (3.13) we obtain the Poisson—Boltzmann equation

Tos0)_ _ e En?ziexp(_zie¢A) (3.14)

x? €.€05 kg T

This equation is precisely equal to that in the Debye—Hiickel treatment
of ionic interaction for dilute electrolyte solutions'*, only that the
distance x refers to a central ion (point charge) and not to an electrode.
In the Debye—Hiickel case, since the central ion is small and ¢, small we
can make the approximation (e¢,/ksT)*<< 1, and use only the first term
of the exponential expansion. For an electrode, which is much larger (an
electrode can be thought of as a giant ion) the linear approximation is not
valid.
In solving (3.14) we use the property of derivatives

PO (e (3.19)
In this way the Poisson—Boltzmann equation can be rewritten as
(%)2 =— 22,%, Z nfz; exp (%%) d¢ (3.16)
Integrating for the following boundary conditions
x=0 bs=Pa0 (3.17a)

x>0  Ppa,—>0 (0¢A/x)=0 (3.17b)
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we get

2 5 ulon (23
<8x —ereOZni exp T 1 (3.18)

For a z:z electrolyte

dpa <8an?)”2 i <ze¢A)
ox €.€; sin 2kT (3.19)
This equation can be integrated, if written in the form
ba d 8k T (} 172 rx
[t ()
Pa0 sinh (Ze(pA) r€o 0
2kg T
The result is
0O\ 172
2kBTln [ tanh (zegA/4kgT) ] _ _<8kBTn,-> . (3.21)
ze tanh (ZC¢A,0/4kB T) €. €
We can write
tanh (ze¢o/4kgT) ] _
[tanh (zega o/4kpT) = exp[=x/xp1] (3.22)

in which xp, is a distance characteristic of the diffuse layer thickness

£.€ k 172
XpL = (—ﬁ—g (3.23)

2ndz%

For water (€, =78) at 298 K, xp;. =3.04 X 107*2 7! ¢™"? cm. Note that the
drop in potential with distance is faster for higher concentrations and that
xpr ® T'? reflecting the thermal energy of the ions (equation (3.23)). If
¢-=1.0M and z=1 then, from (3.23), xp. =0.3nm. The decay of
potential is shown in Fig. 3.6b.

The value of C, is easily obtained from (3.19). The charge density of
the diffuse layer is

8¢A)
OMm = €,€ 3.24
= (8kTe,e,n?)"? sinh (%) (3.25)
Differentiating,
3oy <2z2eze,eon?>"2 (zequO
Cige= = h —) .
4.GC 300 T cos kT (3.26)
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The cosh term gives rise to the variation in capacity with potential shown
in Fig. 3.6¢c. The minimum in the curve is identifiable with the point of
zero charge, E,, and the curve is symmetric around E,.

For dilute aqueous solutions at 298 K,

Ca.ce=228zci*cosh (19.5z¢, o) uF cm™2

This model is better than a parallel-plate capacitor for simulating
curves such as in Fig. 3.4b, but only close to E,: in reality, far from E,,
C4 is, to a first approximation, independent of potential. We remember
the approximation that ions are considered as point charges and that,
consequently, there is no maximum concentration of ions close to the
electrode surface!

Stern Model (1924)

Stern'” combined the Helmholtz model for values of potential far from E,
with the Gouy—Chapman model for values close to E, (Fig. 3.7a,b). He
considered that the double layer was formed by a compact layer of ions
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Fig. 3.7 The Stern model of the double layer. (a) Arrangement of the ions in a
compact and a diffuse layer; (b) Variation of the electrostatic potential, ¢, with
distance, x, from the electrode; (c) Variation of C, with potential.
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next to the electrode followed by a diffuse layer extending into bulk
solution. The physical explanation of the experimental measurements is
that, far from E,, the electrode exerts a strong attraction towards the ions
that are therefore attached rigidly to the surface, all the potential drop
being restricted to within the distance corresponding to the first layer of
ions (compact layer). Close to E, there is a diffuse distribution of ions
(diffuse layer).

In mathematical terms this is equivalent to two capacitors in series,
with capacities Cy representing the rigid compact layer and Cgc
representing the diffuse layer. The smaller of the two capacities deter-
mines the observed behaviour:

1 1 1

1_t. 1 3.27

Ca Cn ' Coc (3.27)
Xy 1

T eeo T (2eveor’enlknT) cosh (zepa ol 2knT)

(3.28)

Fig. 3.7c shows the variation of the total capacity with potential. There
are two extreme cases:

® close to E,, Cy>> Cgc and so Cy~ Cgc
o far from E,, Cy < Cgc and C4~ Cy

which satisfies the assumptions of the model.

As in the Gouy-Chapman model, the more concentrated the elec-
trolyte the less the importance of the thickness of the diffuse layer and
the more rapid the potential drop. At distance xy there is the transition
from the compact to the diffuse layer. The separation plane between the
two zones is called the outer Helmholtz plane (OHP): the origin of the
inner Helmholtz plane will be discussed below.

Comparison between Figs 3.7c and 3.4b shows that this model is the
best of the three so far, but does not yet explain all the facets of the
curves. Indeed, as already mentioned, mercury, as a liquid, is a special
case. Results with other electrolytes and with solid electrodes show a
more complicated behaviour.

Grahame Model (1947)

In spite of the fact that Stern had already distinguished between ions
adsorbed on the electrode surface and those in the diffuse layer, it was
Grahame'' who developed a model that is constituted by three regions
(Fig. 3.8). The difference between this and the Stern model is the
existence of specific adsorption (Section 3.4): a specifically adsorbed ion
loses its solvation, approaching closer to the electrode surface—besides
this it can have the same charge as the electrode or the opposite charge,
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Fig. 3.8 The Grahame model of the double layer, for the mercury electrode. (a)

Arrangement of ions; (b) Variation of the electrostatic potential, ¢, with

distance, x, from the electrode, according to the applied potential; (c) Variation
of C4 with potential.

but the bonding is strong. The inner Helmholtz plane (IHP) passes
through the centres of these ions. The outer Helmholtz plane (OHP)
passes through the centres of the solvated and non-specifically adsorbed
ions. The diffuse region is outside the OHP.

In both the Stern and Grahame models, the potential varies linearly
with distance until the OHP and then exponentially in the diffuse layer.

Bockris, Devanathan, and Miiller Model (1963)

More recent models of the double layer have taken into account the
physical nature of the interfacial region. In dipolar solvents, such as
water, it is clear that an interaction between the electrode and the dipoles
must exist. That this is important is reinforced by the fact that solvent
concentration is always much higher than solute concentration. For

example, pure water has a concentration of 55.5 mol dm™>.
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X

(a) (b)

Fig. 3.9 The model of Bockris et al. of the double layer. (a) Arrangement of ions
and solvent molecules; ® represents a water molecule; (b) Variation of the
electrostatic potential, ¢, with distance, x, from the electrode.

The Bockris, Devanathan, and Miiller model'® recognizes this situation
and shows the predominance of solvent molecules near the interface (Fig.
3.9). The solvent dipoles are oriented according to the electrode charge
where they form a layer together with the specifically adsorbed ions.

Regarding the electrode as a giant ion, the solvent molecules form its
first solvation layer; the IHP is the plane that passes through the centre of
these dipoles and specifically adsorbed ions. In a similar fashion, OHP
refers to adsorption of solvated ions that could be identified with a
second solvation layer. Outside this comes the diffuse layer. Note that the
actual profile of electrostatic potential variation with distance (Fig. 3.9b)
is the same in qualitative terms as in the Grahame model (Fig. 3.8b).

These authors also defined a shear plane, not necessarily coincident
with the outer Helmholtz plane, which is extremely important in
electrokinetic effects (Section 3.7). The shear plane limits the zone where
the rigid holding of ions owing to the electrode charge ceases to operate.
The potential of this plane is called the zeta or electrokinetic potential, &.

‘Chemical’ models

The concept of double layer structure is far from being well established
and evaluated. The models presented above give emphasis to electros-
tatic considerations. ‘Chemical’ models have been developed that con-
sider the electronic distribution of the atoms in the electrode, which is
related to their work function. This was only possible after experimental



3.3 Double layer models 53

05
oF
Fe »
% y:4
PN Nb, .
< Ta A In—Ga.,-
uTi 2 Cdee™In Pb
4 *TI-Ga
-05F //
Unit slope
1 1 1 J
-1.0 -0.5 0 0.5

E/V vs. NHE

Fig. 3.10 Variation of potential of zero charge with metal work function for sp
(@) and d (A) metals; ( ) line of unit slope (from Ref. 18 with permission).

measurements at a range of solid electrodes of different natures had been
carried out. For example, there is a difference between sp metals and
transition metals (Fig. 3.10). Since the first model of this kind proposed
by Damaskin and Frumkin'’, and based on these principles, there has
been a gradual evolution in the models, reviewed by Trasatti'® and more
recently by Parsons'®. The break in the structure of the solid causes a
potential difference that begins within the solid—the surface potential
(Fig. 3.13).

The interfacial region of a metal up to the IHP has been considered as
an electronic molecular capacitor, and this model has explained many
experimental results with success®’. Another important model is the
jellium model®" (Fig. 3.13b). From an experimental point of view, the
development of in situ infrared and Raman spectroscopic techniques
(Chapter 12) to observe the structure, and the calculation of the bond
strength at the electrode surface can better elucidate the organization of
the double layer. Other surface analytical techniques such as EXAFS are
also valuable.

Some of these ideas are developed in Sections 3.5 and 3.6.
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3.4 Specific adsorption

As explained in the description of the Grahame model for the double
layer, specific adsorption is the adsorption of ions at the electrode surface
after losing their solvation partially or completely. These ions can have
the same charge or the opposite charge to the electrode. Bonds formed
with the electrode in this way are stronger than for solvated ions.

The idea of the existence of specific adsorption appeared as an
explanation for the fact that electrocapillary curves at mercury electrodes
are different for different electrolytes at the same concentration (Fig.
3.4a). For sodium and potassium halides in water the differences arise at
potentials positive of E,, which suggests an interaction with the anions.
As the effect is larger the smaller the ionic radius of the anion, the idea of
specific adsorption with partial or total loss of hydration arose.

The degree of specific adsorption should vary with electrolyte con-
centration, just as there should be a change in the point of zero charge
due to specific adsorption of charges. This is the Esin—Markov effect,
expressed by the Esin—Markov coefficient, 3:

AL _ (A0

1
ﬁ—ﬁ( dlna u (3.29)

M

This derivative is equal to zero in the absence of specific adsorption. For
anion adsorption, and constant charge density, the point of zero charge
moves in the negative direction in order to counterbalance adsorption.
For cations, E, moves in the positive direction, assuming constant charge
density. In aqueous solution, specific adsorption only occurs close to E,;
far from E,, solvent molecules are attracted so strongly that it is difficult
to push them out of the way.

Experimentally it is observed that specific adsorption occurs more with
anions than with cations. This is in agreement with chemical models of
the interfacial region. Since, according to the free electron model, a
metallic lattice can be considered as a cation lattice in a sea of electrons
in free movement, it is logical to expect a greater attraction for anions in
solution.

The degree of adsorption depends on electrolyte concentration. The
degree of coverage of a surface by specific adsorption of ions can be
described by monolayer adsorption isotherms (Fig. 3.11). Three types of
isotherm are generally considered:

® Langmuir isotherm (Fig. 3.11a). It is assumed that there is no
interaction between adsorbed species, that the surface is smooth, and
that eventually surface saturation occurs. Thus, if 6 is the fraction of
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where B; is the energetic coefficient of proportionality and g; .. the activity
of species i in bulk solution.

® Temkin isotherm (Fig. 3.11b). This considers that the adsorption
energy is a function of the degree of coverage according to

RT
I = % In (B:a; ) (3.31)

where T; is the excess of species i, and g a parameter that treats the
interaction energy between the adsorbed species, varying with coverage.

® Frumkin isotherm (Fig. 3.11c). This considers interactions in a
different way:

__TL 2T
ﬁi""‘”‘rs—r,. eXpP T (3.32a)
or
RT I,—-T;
=R Ba.. ( ) 3.32b
2 " (B in (=1 (3.326)

I', being the maximum surface excess. A positive value of g implies
attractive interaction and negative g repulsive interaction. When g =0
and putting I;/T; = 6, the Langmuir isotherm is obtained from (3.32a).
Additionally, comparison of (3.31) and (3.32) shows that the Temkin
isotherm is a special case of the Frumkin isotherm when I';/T=0.5.
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Adsorption can be studied by many electrochemical methods, as can
adsorption kinetics. When electroactive species are adsorbed, reagents or
products of electrode reactions or both, a significant change in voltam-
metric response can occur. Adsorption of non-electroactive species can
inhibit the electrode reaction. These processes depend on electrode
material as well as on solution composition.

3.5 The solid metallic electrode: some remarks

Mercury is not a typical electrode material: it is liquid, and there is
constant movement of atoms on the surface in contact with solution. A
solid electrode has a well-defined structure, probably polycrystalline and
in some cases monocrystalline. In a solid metallic electrode conduction is
predominantly electronic owing to the free movement of valence elec-
trons, the energy of the electrons that traverse the interface being that of
the Fermi level, Ex (Section 3.6), giving rise to effects from the electronic
distribution of the atoms in the metallic lattice already mentioned.
For a metal, the occupation of the electronic levels close to E is given
more correctly by the expression”
f=1/[1+exp(E—Eg)/ksT] (3.33)
where f is the probability of occupation of a level of energy E and kg is
the Boltzmann constant—f = 0.50 when E = E¢. The Fermi energy is the
electrochemical potential of the electrons in the metal electrode. By
substitution in (3.40) we see that when E = Ex+ kg T, f =0.27 and when
E=Eg—kgT, f =0.73. Figure 3.12 plots (3.33): at absolute zero the

Fig. 3.12 The density of states occupied by electrons in a metal in the region of
the Fermi level, Eg, at T =0, T, and T,, where T, > T,.
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cut-off is sharp, the probability of occupation becoming more smeared
out as the temperature increases.

By convention, for a metal, it is said that only electrons with energies
within kgT of Eg can be transferred. (In the case of semiconductors
(3.33) cannot be applied and larger energy intervals have to be
considered.)

The interfacial structure of a solid electrode depends on various
factors. The interatomic distance varies with the exposed crystallographic
face and with the interaction energy; between the crystallites in a
polycrystalline material there are breaks in the structure and one-
dimensional and two-dimensional defects, such as screw dislocations, etc.
Adsorption of species can be facilitated or made more difficult, and at the
macroscopic level we observe the average behaviour.

Recently the structure of the double layer associated with the interface
of gold and platinum monocrystals with solution has been investigated®.
A clear difference between crystallographic faces is noted, manifested in
the values of differential capacity and in evidence of adsorption in
voltammograms. Cyclic voltammograms suggest that there is a reor-
ganization on the metal surface to give the equivalent of a surface layer
of low Miller index, the identity of this face depending on the applied
potential®*. These studies are still in their early stages and concrete
conclusions concerning a possible restructuring cannot yet be stated.

$m

Electrode

¢

(a)

$m —\
Electrode

¢&

(b)

Fig. 3.13 Variation of the electrostatic potentials with distance from a metallic
electrode. (a) Classical representation; (b) The ‘jellium’ model.
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Fig. 3.14 Variation of potential with distance from a metal electrode separated

from the electrolyte solution without modifying charges (not to scale), y is the

value of the potential where the charge distributions due to the electrode and to
the solution contact.

The effects of the crystallographic face and the difference between
metals are evidence of the incorrectness of the classical representations of
the interface with all the potential decay within the solution (Fig. 3.13a).
In fact a discontinuity is physically improbable and experimental evidence
mentioned above confirms that it is incorrect, the schematic repre-
sentation of Fig. 3.13b being more correct. This corresponds to the
‘chemical’ models (Section 3.3) and reflects the fact that the electrons
from the solid penetrate a tiny distance into the solution (due to wave
properties of the electron). In this treatment the Galvani (or inner
electric) potential, ¢, (associated with Eg) and the Volta (or outer
electric) potential, v, that is the potential outside the electrode’s
electronic distribution (approximately at the IHP, 10~°cm from the
surface) are distinguished from each other. The difference between these
potentials is the surface potential y (see Fig. 3.14 and Section 4.6).

3.6 The semiconductor electrode: the space—charge region

In a semiconductor electrode®® the accessible electronic levels are more
restricted, which has important consequences. As is well known, in a
semiconductor there is a separation between the occupied valence band
and the unoccupied conduction band. By convention, if the separation is
greater than 3 eV the solid is called an insulator (for example diamond
5.4eV) and if it is less it is a semiconductor. Promotion of an electron
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Fig. 3.15 Band model for an intrinsic semiconductor. The valence band is totally

filled and the conduction band empty. Conduction occurs via promotion of

electrons from E, to E_, the conductivity increasing with increase in temperature.

(a) Definition of energy levels; (b) Variation of density of available states with
energy.

from valence to conduction band leaves a hole (lack of electron), a
positive charge, that can move through the crystal. For this reason it is
useful to speak not only of electron movement but also of hole
movement. Conduction occurs by movement of electrons in the conduc-
tion band or of holes (lack of electrons) in the valence band.

In an intrinsic semiconductor electron promotion to the conduction
band occurs through thermal or photon excitation. The Fermi energy is in
the middle of the bandgap, i.e. Eg~(E,+ E.)/2=E,+ E,/2, given that
Ey is defined by the probability of occupation of 0.5 (Fig. 3.15). In terms
of the bandgap energy, E,, substituting E = E_ in (3.33), and considering
the case where E, >> kT, the number of excited electrons, n, is

nxexp (—E,/2kyT) (3.34)

Examples of important semiconductors in electrochemistry are given in
Table 3.1.

Other electronic levels (surface states) can exist on the semiconductor
surface due to adsorbed species or surface reorganization. These states
can facilitate electron transfer between electrode and solution.

If the semiconductor is an ionic solid, then electrical conduction can be
electronic and ionic, the latter being due to the existence of defects
within the crystal that can undergo movement, especially Frenkel defects
(an ion vacancy balanced by an interstitial ion of the same type) and
Schottky defects (cation and anion vacancies with ion migration to the
surface). This will be discussed further in Chapter 13, as ionic crystals are
the sensing components of an important class of ion selective electrodes.
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Table 3.1. Bandgap energy, E,, and cor-

responding wavelength A,, (important for

photo-excitation) of some semiconductors

of electrochemical interest®. Zone of vis-
ible light (300— 950 nm)

Semiconductor E,/leV Apg/nm
SnO, 3.5 350
ZnO 32 390
SrTiO, 3.2 390
TiO, 3.0 410
Cds 2.4 520
GaP 2.3 540
Fe,0; 21 590
CdSe 1.7 730
CdTe 1.4 890
GaAs 1.4 890
InP 1.3 950
Si 11 1130

However, to simplify the discussion that follows and since at present the
majority of semiconductors of electrochemical interest are not ionic
crystals, we consider only electronic conduction.

Owing to difficulties in electron movement in semiconductors, when a
steady state has been achieved almost all the applied potential appears
within the semiconductor, creating a region of potential variation close to
the surface called the space—charge region (Fig. 3.16).

In fact intrinsic semiconductors, which are necessarily pure crystals, are

|
: Solution

E, _—_4\
I
|
Space-change Surface

region

Fig. 3.16 The space—charge region in an intrinsic semiconductor.
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little used. It is more common to use doped semiconductors, the doping
normally being introduced externally. In an n-type semiconductor doping
is obtained by introducing an atom into the lattice that has approximately
the same size as the substrate atoms but with more electrons, e.g. silicon
doped with phosphorus or arsenic, or non-stoichiometric III-V com-
pounds; they will occupy lattice positions and supply electrons that can
move through the crystal. The energy of these electrons is slightly less
than E_; electronic conduction can be by thermal excitation from the
impurity band to the conduction band (Fig. 3.174). In a p-type
semiconductor the doped atoms have a deficiency of electrons in relation
to substrate atoms leading to an unoccupied band a little above E,; hole
conduction in the valence band occurs via electron promotion from E, to
the unoccupied band (Fig. 3.17b). By doping it is possible to change a
solid that under normal conditions would be an insulator, owing to the
larger bandgap, into a semiconductor. However, in electrochemistry, the
doping is done principally to fix Eg close to E. (n-type) or close to E,
(p-type).

In a semiconductor electrode, almost all the potential variation in the
interfacial region occurs in the space—charge region. This is due to the
fact that the values for the space—charge capacity, C,, are from
0.001-1 uF cm ™2, whilst those for C4 are from 10-100 uF cm ™2, so that
C,. dominates. The theory of the space—charge region was developed by
Schottky®, Mott”’, Davydov*®, and more completely by Brittain and
Garrett®.

We now describe the effect of applied potential to an n-type semicon-
ductor in its space—charge region. As there is an excess of electrons, the
electron is the majority carrier; as there is also movement of a much
smaller number of holes (electron deficiencies), the hole is the minority

Full

Empty
E
e f F
E, 77 T T 7 E,

(a) (b

Fig. 3.17 Semiconductors: (a) n-type; (b) p-type. The mode of electron conduc-
tion is indicated by the arrows.
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Fig. 3.18 Types of space—charge region in an n-type semiconductor, dependent
on the potential applied relative to the flat band potential, U,. U represents
potential (V) and E., the electronic energy corresponding to E_ close to the
surface. (a) E....=Ep; no space—charge region; (b) E...>En (U<Uy):
formation of an accumulation layer; (¢) E. ., <Eg (U> Uy): formation of a
depletion layer; (d) E. . << g (U > Uy): formation of an inversion layer.

carrier. According to the potential applied we create various types of
region, as shown in Fig. 3.18.

At this point a difficulty in the nomenclature used in semiconductor
electrochemistry should be noted: this is due to the symbol E being used
not only for energy (J or eV) but also for potential (V). To attempt to
avoid confusion, the symbol U is used within this area of electrochemistry
for potential (V). The rest of the section follows this convention.

The most important situations that we should stress are:

e For a certain value of applied potential, there is equality between the
number of electrons removed from and supplied to the electrode. In this
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situation there will be no space—charge region and the potential is called
the flat-band potential, Ug,.

® Electrons accumulate in the space—charge layer by injection, giving
rise to an accumulation layer.

® Electrons are removed from the space—charge layer, creating a
depletion layer.

e The force to extract electrons from the electrode is so great that they
are extracted not only from the conduction band but also from the
valence band (equivalent to hole injection). An inversion layer is formed,
so called because the n-type semiconductor is converted into a p-type
semiconductor at the surface. Adsorbates can facilitate this process.

To have passage of current it is necessary that Eg is within the
conduction or within the valence band in the space—charge region, i.e.
accumulation layer in an n-type semiconductor (reduction) or hole
accumulation layer in a p-type semiconductor (oxidation).

There is an analogy with the Schottky diode. When E_, > Eg
(negative voltage bias), and possibly for E slightly negative in relation to
Eq, there will be a large current flux, assuming that there are electronic
levels in solution to accept the electrons from the electrode. When
E. ir < Eg, the current will be almost zero.

Another important aspect refers to adsorbates. These have their own
associated energy levels, known as surface states, and can aid electron
transfer if there is superposition of the conduction band and that
corresponding to the surface state (Fig. 3.19). A better understanding of
the energy distributions of the solution species in Fig. 3.19 is possible on
referring to Section 4.6.

Surface state
E. Qo
Ehme — — — — — — N
\;‘-’—Eo
ey
Ev
—

Fig. 3.19 Conjugation of an accumulation layer in an n-type semiconductor with
a surface state to facilitate the reduction of O to R. In the absence of the surface
state, there would be no reaction.
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For a p-type semiconductor the arguments are analogous; in this case
the majority carrier is the hole.

Due to the great extension of the space—charge region, almost all the
potential drop occurs across it. So we can measure its capacity, C,., and
calculate Eg, from the Mott—Schottky relation

2 ke T

_2= — —_—
Cee e€.€oNp [(U Ur) e ] (3.35)

where Ny, is the density of donor atoms. A plot of C;? vs. U is a straight
line if all other voltage drops are unaffected by the applied potential—we
calculate U, from the intercept and Np from the slope. The presence of
adsorbates modifies C,. and is manifested in the non-linearity of the
plots. Once Eg, is known, we can calculate E, and E_ from the relations

N
E,=—Eg+kgTIn FD (p-type semiconductor) (3.36a)

v

E.=Eg+kgT In ]—A\[/E (n-type semiconductor)  (3.36b)
where N, and N, are the effective density of states in the valence and
conduction bands respectively for p- and n-type semiconductors, data
obtained from solid state measurements. Knowing the values of the
bandgap energy, E, (Table 3.1), we can then calculate E. for p-type and
E, for n-type semiconductors respectively.

Semiconductors are extremely important in photoelectrochemistry,
where the energy necessary to jump from the valence to the conduction
band is supplied by visible light. These aspects are developed in Chapter
12.

3.7 Electrokinetic phenomena and colloids: the zeta potential

A colloidal system consists of a disperse phase suspended in a dispersion
medium, which does not separate with time**>2. All combinations of
gases, liquids, and solids are possible except for a gas dispersed in a gas.
Normally when speaking of colloids one is referring to a solid suspended
in a liquid, the solid particles having diameters between 10~7 cm and
107° cm. The solid particles are charged, which causes repulsion between
the particles and gives temporal stability to the colloidal system. Recently
there has been increasing interest in colloids because of their possible use
as electrodes for electrolysis, each particle acting as anode and cathode at
the same time. Their particular advantage is the large surface area
exposed to solution in relation to their solid volume. Since the particles
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are charged there is an interfacial region which exhibits many of the
properties of the interfacial region of a solid electrode. Therefore, the
study of colloids can also lead to a better knowledge of the double layer
region, especially for ionic solids and semiconductors.

A very useful type of phenomenon in the study of colloidal particles is
the electrokinetic phenomenon that results from the movement of a solid
phase with surface charge relative to an electrolyte-containing liquid
phase. An applied electric field induces movement or, conversely,
movement induces an electric field. The phenomena can be divided into
two types:

e charged solid particles (colloidal particles) moving through the liquid
under the influence of an electric field, electrophoresis, or due to
gravitational force, sedimentation.

® liquids moving past charged solid surfaces (or possibly through
membranes) under the influence of an electric field, electroosmosis, or an
applied pressure difference, streaming potential. These effects are nor-
mally studied in fine capillaries in order to maximize the ratio of the solid
surface area to the liquid volume.

These four manifestations of the electrokinetic effect are summarized in
Table 3.2.

Table 3.2. Electrokinetic phenomena

Mobile Stationary Phenomenon Force applied Property measured
phase phase

Solid Liquid Electrophoresis  Electric field Electrophoretic
mobility
via mass transport
measurement,
microscope or
Doppler effect

Solid Liquid Sedimentation  Force of gravity Potential difference

potential”

Liquid  Solid Electroosmosis  Electric field Rate of liquid
movement,
pressure

Liquid  Solid Streaming Pressure Potential difference

potential®

“ Effectively the inverse of electrophoresis.
b Effectively the inverse of electroosmosis.



66 The interfacial region

The size of the particles that is calculated from these experiments
corresponds to particle dimensions plus the double layer thickness, in this
case defined by the shear plane inside which the adsorbed species are
rigidly held, and outside of which there is free movement. The shear
plane can therefore be associated roughly with the outer Helmholtz
plane, an approximation often made. The value of the electrostatic
potential at the shear plane with respect to the value in bulk solution is
called the electrokinetic or zeta potential, &> (see Section 3.3).

In the presence of a large quantity of inert electrolyte, all the potential
drop is confined to within the compact layer and ¢ is zero. By application
of an appropriate potential at an electrode we can also arrange for
¢ = 0 - this value of the potential is called the isoelectric point. This is, in
general, not equal to the point of zero charge, as the value of the latter is
affected by the presence of specifically adsorbed species (Section 3.4).

We now consider briefly the four effects that are described in Table 3.2
and how to deduce values of the zeta potential, {, from experimental
information.

Electrophoresis

In electrophoresis the solid moves in a liquid phase due to the application
of an electric field. The forces acting on the particles are similar to those
that act on solvated ions:

e Force of the electric field on the particle
e Frictional forces

o Forces due to the action of the electric field on ions of the opposite
charge to that of the particle within the double layer (relaxation effect)

e Induction forces in the double layer caused by the electric field
(electrophoretic retardation)

The electrophoretic mobility, u., is calculated by solving the Poisson
equation with the appropriate boundary conditions. The final relation is
of the type

Ue = gﬁf(a/xm‘) (337)

3

where € is the permittivity, n the absolute viscosity, E the electric field
strength, and f(a/xp;) a numerical factor, where a is the particle radius
and xp; the double layer thickness, that varies according to which of the
forces indicated above have to be considered. This depends on particle
size and double layer thickness. For every small particles in dilute
solution, the double layer is thick and f(a/xp.) — 1 (negligible relaxation
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effect). For large particles in concentrated solutions, where the double
layer is thin, f(a/xpL) — 1.5 (negligible electrophoretic retardation). All
other situations lead to intermediate numerical factors. Measurements of
electrophoretic mobility, using (3.37) with the appropriate numerical
factor, lead to values for the zeta potential.

As can be inferred, electrophoretic mobility depends on solution ionic
strength since double layer thickness decreases with increasing electrolyte
concentration. It also depends on the surface charge of the particles. If
this charge varies in colloidal particles of similar dimensions then
electrophoresis provides a basis for their separation. An example of this
is in proteins, where the surface charge varies with pH in a different way
according to the protein identity.

Sedimentation potential

Colloidal particles are affected by the force of gravity, either natural or
through centrifugation. Sedimentation of the particles often gives rise to
an electric field. This occurs because the particles move, whilst leaving
some of their ionic atmosphere behind. These potentials are usually
difficult to measure, and are an unwanted side effect in ultracentrifuga-
tion, where they are minimized by adding a large concentration of inert
electrolyte.

Electroosmosis

In electroosmosis, the stationary and mobile phases are exchanged in
relation to electrophoresis. As measurement of the rate of movement of a
liquid through a capillary is difficult, the force that it exerts is measured,
i.e. the electroosmotic pressure, or, alternatively, the volume of liquid
transported through a capillary in a given time interval. The electroos-
motic velocity, v.,, is

Veo = €LE (3.38)

Ui

which is of the same form as (3.37) for electrophoresis, putting
f(a/xp) = 1.5, since the capillary radius is much larger than the double
layer thickness.

The volume flow of liquid, V;, is v.,A, where A is the cross-sectional
area of the capillary. A current will flow of magnitude I = AkE, in which
k is the solution conductivity, and thus the electroosmotic flow, flux per
unit electric current at zero pressure difference, is given by

Vi_veoA_ &0

3.39
1 1 KN ( )
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Streaming potential

If a pressure difference, AP, is applied between the extremes of a
capillary, then a potential difference is created, called the streaming
potential:

A =£%AP (3.40)

By comparing this with (3.39) the close relationship between streaming
potential and electroosmotic flow can be seen.

Limitations in the calculation of the zeta potential

Quantitative measurements of electrokinetic phenomena permit the
calculation of the zeta potential by use of the appropriate equations.
However, in the deduction of the equations approximations are made:
this is because in the interfacial region physical properties such as
concentration, viscosity, conductivity, and dielectric constant differ from
their values in bulk solution, which is not taken into account. Corrections
to compensate for these approximations have been introduced, as well as
consideration of non-spherical particles and particles of dimensions
comparable to the diffuse layer thickness. This should be consulted in the
specialized literature.
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FUNDAMENTALS OF KINETICS
AND MECHANISM OF
ELECTRODE REACTIONS

4.1 Introduction

4.2 The mechanism of electron transfer at an electrode

4.3 The mechanism of electron transfer in homogeneous solution

4.4 An expression for the rate of electrode reactions

4.5 The relation between current and reaction rate: the exchange current
4.6 Microscopic interpretation of electron transfer

4.1 Introduction

In this chapter the mechanisms of electrode reactions are explained for
the most simple case of an electron transfer without chemical transforma-
tion, i.e. without formation or breaking chemical bonds. Other more
complex cases are also referred to. Comparison with electron transfer
reactions in homogeneous solution are made.

In a system involving reagents and products at equilibrium, the rates of
the reactions in each direction are equal. Equilibrium can thus be seen as
a limiting case, and any kinetic model must give the correct equilibrium
expression. For reactions at an electrode, half-reactions, the equilibrium
expression is the Nernst equation.

4.2 The mechanism of electron transfer at an electrode
We consider the case of an oxidation of reduction at an electrode without
chemical transformation, an example being
Fe’*(aq) + e (electrode) = Fe**(aq)
The mechanism consists of the steps shown in Fig. 4.1'%.

e 1. Diffusion of the species to where the reaction occurs (described
by a mass transfer coefficient k, — see Chapter 5).

e 2. Rearrangement of the ionic atmosphere (107%s).
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Diffusion (step 1)

et A 0. &——————< 0.
% kao
Electron
transfer kol kg
(step 5)

Diffusion

LA NN

Fig. 4.1 Scheme of electron transfer at an electrode.

e 3. Reorientation of the solvent dipoles (107''s).

® 4. Alterations in the distances between the central ion and the
ligands (10™'*5s).

e 5. Electron transfer (107's).

® 6. Relaxation in the inverse sense.

Steps 2-5 are included in the charge transfer rate constant, k, or k., and
include adsorption of the reagent on the electrode surface, which in the
case of a soluble product will afterwards de-adsorb. Steps 2-4 can be
seen as a type of pre-equilibrium before the electron transfer. During the
electron transfer itself all positions of the atoms are frozen, obeying the
Franck—Condon principle (adiabatic process).

4.3 The mechanism of electron transfer in homogeneous
solution

The mechanism described above is also correct for electron transfer in
homogeneous solution except that, instead of the reaction site being an
electrode, it is the point where the two ions meet in the interior of the
solution. In the equations for energy changes a factor of 2 relative to
electrode reactions appears, since whole reactions rather than half-
reactions are being considered. Theoretical and experimental com-
parisons between electrode reactions and redox reactions in solution have
been made with satisfactory results’.
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4.4 An expression for the rate of electrode reactions

For any type of electrode reaction in solution, the Arrhenius expression
relates the activation enthalpy, AH * with the rate constant, k:

k=Aexp[—AH'/RT] 4.1)

A being the pre-exponential factor. In an electron transfer reaction, the
rearrangement of the ionic atmosphere is a fundamental step, and thus it
is useful to include the activation entropy AS*. The reorientation and
rearrangement causes the separation between the energy levels to be
different in the activated complex than in the initial state. If we write the
pre-exponential factor, A, as

A=A’ exp[AS/R] (4.2)
then
k=A"exp[—(AH*— T AS*)/RT]=A'exp [-AG*/RT] (4.3)

We now see how the potential applied to the electrode is reflected in the
values of AG*.

Consider a half-reaction of first order occurring at an ‘inert’ metallic
electrode;

O+ne —R

species O and R both being soluble. The O | R couple has an associated
energy that can be related to the electrode potential (see Section 4.6).
We call this energy E .4... By applying a potential to the electrode, we
influence the highest occupied electronic level in the electrode. This level
is the Fermi level, Ey — electrons are always transferred to and from this
level. The situation is shown schematically in Fig. 4.2, where one sees
how different potentials applied to the electrode can change the direction
of electron transfer. The energy level E ... is fixed: by altering the
applied potential, and thence Eg, we oblige the electrode to supply
electrons to species O (reduction) or remove electrons from species R
(oxidation). What is, then, the energy profile describing electron
transfer?

In a similar fashion to the description of the kinetics of homogeneous
reactions, in the development of a model for electron transfer parabolic
energy profiles have been used for reagents and products. Nevertheless,
the region where the profiles intersect is of paramount interest since this
corresponds to the activated complex: in this region the energy variation
is almost linear—its variation far from the intersection is not important.
Figure 4.3 shows a typical profile. A change x in the free energy of O will
result in a change a.x in the activation energy, assuming a linear
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Fig. 4.2 Electron transfer at an inert metallic electrode. The potential applied to
the electrode alters the highest occupied electronic energy level, E, facilitating

(a) reduction or (b) oxidation.

intersection. So for a reduction we can write

AG!= AG!y+ a.nFE (4.4a)

In a similar way, for an oxidation

AGE=AGE,— a,nFE (4.4b)

E = E (negative)
/
/ E =0V

-
-

Reaction coordinate

Fig. 4.3 Effect of a change in applied electrode potential on the reduction of O to

R (R considered absent in bulk solution and in the electrode material).
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where E is the potential applied to the electrode and « is a measure of
the slope of the energy profiles in the transition state zone and, therefore,
of barrier symmetry. Values of «, and a, can vary between 0 and 1, but
for metals are around 0.5. A value of 0.5 means that the activated
complex is exactly halfway between reagents and products on the
reaction coordinate, its structure reflecting reagent and product equally.
In this simple case of a one-step transfer of n electrons between O and R,
it is easily deduced that (o, + ) = 1.

We now substitute the expressions for AG* from (4.4a) and (4.4b). We
obtain for a reduction

k.=A'exp[—AGt/RT) exp [—«.nFE/RT] (4.5a)
and for an oxidation
k,=A'exp[-AGi/RT]exp[a.,nFE/RT] (4.5b)
These equations can be rewritten in the form
k.=k.oexp[—a.nFE/RT] (4.6a)
and
k.= kg oexp [a,nFE/RT] (4.6b)
As the reaction is first order, at equilibrium
kOl = k.[R], 4.7)

where [O], and [R], are the concentrations of O and R next to the
electrode. If [O]. = [R]4, the potential is E€’, the formal potential, and

ke=k,=k, (4.8)

this last constant being the standard rate constant. Substituting (4.8) in
(4.6a) (4.6b),

k.=koexp[—a.nF(E — E®')/RT] (4.9a)
k,=koexp [a,nF(E — E®")/RT] (4.9b)

This is the formulation of electrode kinetics first derived by Butler and
Volmer*. The observed current for kinetic control of the electrode
reaction is proportional to the difference between the rate of the
oxidation and reduction reactions at the electrode surface and is given by

I =nFA(k,[R]. — k[O].) (4.10)

where A is the electrode area.
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We can draw some conclusions:

e 1. On changing the potential applied to the electrode, we influence
k, and k. in an exponential fashion. The electrode is thus a powerful
catalyst. Nevertheless, it should be noted that k. [O], and k,[R]. do not
grow indefinitely, being limited by the transport of species to the
electrode. When all the species that reach it are oxidized or reduced the
current cannot increase further. If there are no effects from migration,
diffusion limits the transport of electroactive species close to the
electrode; the maximum current is known as the diffusion-limited current
(Section 5.3). Whatever the value of the standard rate constant, k, if the
applied potential is sufficiently positive (oxidation) or sufficiently negative
(reduction) the maximum current will always be reached.

e 2. As indicated, for metals the activation barrier (Fig. 4.3) is
halfway between reagents and products and « ~ 3 (that is a, or a.). In
certain less usual cases the activated complex has predominantly the
structure of the oxidized or the reduced species, giving rise to values of
a=0 and a=1 respectively (Fig. 4.4). These situations occur with
semiconductor electrodes, since the externally applied voltage appears as
a potential difference almost totally across the semiconductor space
charge layer.

In many cases electrode processes involving the transfer of more than
one electron take place in consecutive steps. The symmetry of the
activation barrier referred to above relates to the rate-determining step.
For example, a two-electron transfer involving a pre-equilibrium for the
first electron transfer and the second electron transfer as the rate-
determining step leads to (an)=1+0.5=1.5. From this we might
calculate a=0.75, which is not a reflection of the position of the
activated complex on the reaction coordinate. Thus extreme care must be

Reaction Reaction Reaction
coordinate coordinate coordinate

(@ (b) ©
Fig. 4.4 Energy profiles for the cases (a) a.=~0; (b) a.~3; (c) a.=~1.
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taken in the interpretation of experimental transfer coefficients—it is
always preferable to quote values of an until the mechanism is
elucidated.

Finally, since the anodic and cathodic reactions do not occur at the
same potential, the mechanism for oxidation may not be the opposite of
reduction. This occurs when there is multiple step electron transfer,
possibly with intermediate chemical steps. If this happens then, in
general, a, + a. do not add up to unity.

4.5 The relation between current and reaction rate: the
exchange current

As stated above, the current in a kinetically controlled electrode reaction
is given by
I=nFA(k,[R], - k[O].) (4.10)
At equilibrium k[O]. = k,[R], and, from (4.9)
[O). exp [~ .nF(E.q — E®')/RT] = [R], exp [@,nF(E., — E®')/RT]
(4.11)

The fact that the current is zero means that there are no concentration
gradients close to the electrode, so that the surface concentrations are
equal to those in bulk solution, [O]. and [R]... Rewriting (4.11) we
obtain

exp (nF(E.,— E®")/RT] = [Ol./[R].. (4.12)

where we use the fact that for a simple charge transfer reaction
(a. + a,) = 1. This is the Nernst equation, normally expressed as
RT, [O].

Ee=E® +—1In

o R (4.13)

Instead of using values of k, directly, the exchange current, ), equal to
one of the components —1. or I, of the current at equilibrium, has been
used:

Iy = |[| = nFAk[O].. exp [~ a.nF(E.,— E®')/RT] (4.14)

Multiplying the Nernst equation (4.12) by exp (—«,) and substituting in
(4.14) one obtains

Iy=nFAko (O], *[R]s% (4.15)
When [O].. = [R].., and putting [O]. = c.,
10 = nI:‘I4kOC‘,Q (4. 16)
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This last expression shows that I, and k, both express the rate of an
electrode reaction (independent of «. in this case).

Exactly the same result is obtained by following identical reasoning,
using the anodic instead of the cathodic reaction in (4.14).

4.6 Microscopic interpretation of electron transfer

Some notions of the mechanism of electron transfer were given in Section
4.2. Any theory must be realistic and take into account the reorientation
of the ionic atmosphere in mathematical terms. There have been many
contributions in this area, especially by Marcus, Hush, Levich, Dog-
nadze, and others™”. The theories have been of a classical or quantum-
mechanical nature, the latter being more difficult to develop but more
correct. It is fundamental that the theories permit quantitative com-
parison between rates of electron transfer in electrodes and in homoge-
neous solution.

We illustrate the results obtained in the approximate model of Marcus,
remembering that the activation barrier results predominantly from
solvation changes. The energy profile can be represented by a parabola.
Figure 4.5 shows that AG is the energy difference between reagents and
products, AG; describes the solvation change between reagents and
products, and AG?* is the activation energy®. For the intersection of the
two parabolas, assumed to be identical in form, one obtains, after a little
algebraic manipulation,

_(AG + AG,)?
~ 4AG,

AG* (4.17)

Fig. 4.5 Representation of reaction coordinate showing that the activation barrier
is due principally to solvent reorganization.



78  Fundamentals of kinetics and mechanism of electrode reactions

So, what is the variation of the rate constant with potential? The charge
transfer coefficient, «, anodic or cathodic, is given by

_ﬂ"lalnk’ _3AG*
 F | 8E | BE

(4.18)

This is a form of the Tafel relation (Section 6.6) so long as the current is
proportional to the rate constant. It is an example of a linear free energy
relationship (a kinetic parameter, Ink, varies linearly with a thermo-
dynamic parameter, E). Substituting AG* we get

__i( AG)@AG 1o

*="2F\" "AG.) oE (4.19)
1/, AG

—i(l + A—(;s> (4.20)

We can isolate some limiting cases:

® AG,;> AG: the kinetics is slow and a =3} (this is the case for many
reactions)

® AG; small (fast reactions),
AG=0(E~E®')and a=3;
AG;= AG, a—1 (Fig. 4.4a);
AG;=—AG, a—0 (Fig. 4.4¢).

So, for very fast reactions, the theory predicts a variation of a with
potential. There is some evidence that this occurs, but given the multistep
nature of any electrode reaction no definitive conclusions can be taken,
and mechanisms can be elaborated which have constant charge transfer
coefficients. Indeed the fact that the enthalpic and entropic parts of the
coefficients have different temperature dependences leads to the question
as to what is the real significance of the charge transfer coefficient, a topic
currently under discussion’.

Another aspect affecting electron transfer that has become more
important with the increasing use of semiconductor electrodes'®? in, for
example, solar energy conversion, but is also valid for metal electrodes,
should be mentioned. Electron transfer occurs between the highest
occupied energy level in the electrode (the Fermi level Eg) and the
energy level of the redox pair in solution, E, ... The occupation of the
electronic levels close to Ep is given more correctly by the expression’*

f=1/[1+exp (E — Ep)/ksT] (4.21)

where f is the probability of occupation of a level of energy E, and kg is
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Eg Eo
E redox
/; .
Density
/ of states
‘ Electrode Solution

Fig. 4.6 Energy distribution of a redox couple of species O and R on the surface
of a metallic electrode; Er is altered by the applied potential, facilitating
reduction of O (shown) or oxidation of R.

the Boltzmann constant — f =0.5 when E = Eg. The Fermi energy is the
electrochemical potential of the electrons in the electrode, see Chapter 3.

However, there are really two distributions of electronic energy levels
associated with E .4ox, due to the fact that O and R, having different
charges, have different solvations; the energy of R is slightly lower than
that of O. The density of states is shown schematically in Fig. 4.6.
Overlap between Eg and the distribution for Es shows that oxidized
species can be reduced.

In order to relate E,.4ox, EF, and electrode potentials it is important to
utilize the same reference state, namely vacuum'®. In relation to vacuum
the energy of the standard hydrogen electrode is —4.44 eV (Fig. 4.7).
When we measure electrode potentials, we measure the corresponding
value of Ey through the relation

Ep=—eU (4.22)

where e is the electronic charge and U the potential.

It therefore seems logical, when describing the mechanism of an
electrode reaction, to speak of an energy associated with the redox
couple corresponding to that of the electrons in the solution species that
are transferred, and equal to the Fermi energy in the actual electron
transfer step after solvent reorganization, etc. There is some controversy
in this matter', but without ambiguity we can say

EF = Eredox —eX (4.23)

where X is the surface potential of the electrode. The surface potential is
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Electrode 1
potential U/V | Energy E/eV
—4.44 : 0  Vacuum: electrons E
at rest nergy

- —1
—34

F—2
— 2 -

-3
- 1 -

-4

Standard hydrogen 0 444
electrode -
-5

Standard oxygen
electrode

+1.23 — -5.67

r—6

Fig. 4.7 The relation between electrode potentials, their corresponding energies,
and vacuum.

the potential difference between the interface (of potential v, the Volta
potential) and the interior of the electrode (of potential ¢, the Galvani
potential). Thus, at equilibrium and with unit activities, E 4ox 18
equivalent to the energy of the Volta potential, whereas Ef is associated
with the Galvani potential. X reflects the break in the structure of the
solid and consequent variations in electronic distribution (Fig. 4.8 and
Chapter 3).

Energy corresponding
/ to Volta potential
E

eX

t

redox

Solution

//Electrode

Fig. 4.8 The relation between the Galvani potential, ¢y, the Volta potential, v,
and the 'surface potential, x, shown schematically.
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If X ~0 then
EF = Eredox (424)

Thus Eg is associated with the electrode potential and E,.4,, with the
redox potential of the species: since in general X #0, we cannot assume
their equivalence. A measurement of potential gives values of electrode
potentials and never redox potentials.

The crucial point is that the difference of potential available to effect
electrode reactions and surmount activation barriers is not simply the
difference between the Galvani potential (i.e. the Fermi energy) and the
potential in solution. On the side of the solid it is the Volta potential and
on the side of the solution it is the potential at the inner Helmholtz plane,
where species have to reach to in order for electron transfer to be
possible. Corrections to rate constants for the latter are commonly
carried out using the Gouy—Chapman model of the electrolyte double
layer and will be described in Section 6.9.
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MASS TRANSPORT

5.1 Introduction

5.2 Diffusion control

5.3 Diffusion-limited current: planar and spherical electrodes

5.4 Constant current: planar electrodes

5.5 Microelectrodes

5.6 Diffusion layer

5.7 Convection and diffusion: hydrodynamic systems

5.8 Hydrodynamic systems: some useful parameters

5.9 An example of a convective-diffusion system: the rotating disc electrode

5.1 Introduction

In the last chapter it became clear that in the expression for the rate of an
electrode reaction

rate = k [R], — k[O].

the values of k, and k. (electrode kinetics) and of [O], and [R], are both
of extreme importance. These, in turn, are affected not only by the
electrode reaction itself but also by the transport of species to and from
bulk solution. This transport can occur by diffusion, convection, or
migration (Section 2.8). Normally, conditions are chosen in which
migration effects can be neglected, this is the effects of the electrode’s
electric field are limited to very small distances from the electrode, as
described in Chapter 3. These conditions correspond to the presence of a
large quantity (>0.1M) of an inert electrolyte (supporting electrolyte),
which does not interfere in the electrode reaction. Using a high
concentration of inert electrolyte, and concentrations of 1073 M or less of
electroactive species, the electrolyte also transports almost all the current
in the cell, removing problems of solution resistance and contributions to
the total cell potential—an exception to this is ultramicroelectrodes,
where the currents are so low that higher solution resistances can be
tolerated. In these conditions we need to consider only diffusion and
convection.
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Diffusion is due to the thermal movement of charged and neutral
species in solution, without electric field effects. Forced convection
considerably increases the transport of species, as will be demonstrated,
and in many cases can be described mathematically. Natural convection,
due to thermal gradients, also exists, but conditions where this movement
is negligible are generally used.

In this chapter we consider systems under conditions in which the
kinetics of the electrode reaction is sufficiently fast that the control of the
electrode process is totally by mass transport. This situation can, in
principle, always be achieved if the applied potential is sufficiently
positive (oxidation) or negative (reduction). First we consider the case of
pure diffusion control, and secondly systems where there is a convection
component.

5.2 Diffusion control

As mentioned previously, diffusion is the natural movement of species in
solution, without the effects of the electric field. Thus the species can be
charged or neutral. The rate of diffusion depends on the concentration
gradients. Fick’s first law expresses this:

ac
J=—-D— 1

where J is the flux of species, dc/dx the concentration gradient in
direction x—a plane surface is assumed—and D is the proportionality
constant known as the diffusion coefficient. Its value in aqueous solution
normally varies between 107> and 10~°cm?s™', and can, in general, be
determined through application of the equations for the current—voltage
profiles of the various electrochemical methods. Alternatively, the
Nernst-Einstein or Stokes—Einstein relations discussed in Chapter 2 may
be used to estimate values of D.

The next question is: what is the variation of concentration with time
due to diffusion? The variation is described by Fick’s second law which,
for a one-dimensional system, is

d

5;_0_87 (5.2)

This is easily obtained from Fick’s first law by the following reasoning.
Consider an element of width dx (Fig. 5.1). The change in concentration
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+——(dy——————»

l I
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J(x) J(x + dx)
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1 |
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Fig. 5.1. Diffusion in one dimension. Diffusion is in the direction opposing the
concentration gradient.

is given by
oc J(x)—J(x +dx)
FY . (5.3)
We know that
aJ
J(x+dx)=J(x)+ﬂdx
ox
8 . dc
(x) ox axdx
J(x)—-D a%dx 5.4
=J(x)~D— .
ax2 ( )

assuming that D is constant. Substituting, we reach Fick’s second law:

dc &c
a = 5)‘(—2 (5.2)

Table 5.1. The Laplace operator in
various coordinate systems

Coordinates Laplace operator
Cartesian 2 + 2 + 9
ox Jdy Oz
g 19 &
Cylindrical — -+
ylindrica 1756 o
Spherical 9,13 1 9
P ar ra6 rsin 03¢
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Cartesian Cylindrical Spherical
Fig. 5.2. Definition of the coordinates used in Table 5.1.

For any coordinate system

J=—-DVc (5.5)
oc
—=DV? .
Y (¢ (5.6)

where V is called the Laplace operator and has the forms shown in Table
5.1; the respective coordinates are defined in Fig. 5.2.

The solution of Fick’s second law gives the variation of flux, and thence
diffusion-limited current, with time, it being important to specify the
conditions necessary to define the behaviour of the system (boundary
conditions). Since the second law is a partial differential equation it has
to be transformed into a total differential equation, solved, and the
transform inverted'. The Laplace transform permits this (Appendix 1).

In the next two sections we use the Laplace transform to solve Fick’s
second law for two important cases under conditions of pure diffusion
control:

e Determination of the diffusion-limited current, I;, following the
application of a potential step: change in potential from a value where
there is no electrode reaction to a value where all the electroactive
species react.

e Determination of the variation of potential with time resulting from
the application of a constant current to the electrode.

Note that in the first case the potential is controlled and the current
response and its variation with time is registered, chronoamperometry,
and in the second case the value of the current is controlled and the
variation of potential with time is registered, chronopotentiometry.

5.3 Diffusion-limited current: planar and spherical electrodes

The experiment leading to the diffusion-limited current involves applica-
tion of a potential step at =0 to an electrode, in a solution containing
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Reaction of all species
IE| reaching the electrode
No reaction '
] —_—
t=0
Fig. 5.3. Potential step to obtain a diffusion-limited current of the electroactive
species.

either oxidized or reduced species, from a value where there is no
electrode reaction to the value where all electroactive species that reach
the electrode react, as shown in Fig. 5.3. This gives rise to a diffusion-
limited current whose value varies with time. For a planar electrode,
which is uniformly accessible, this is called semi-infinite linear diffusion,
and the current is

oc
I= FAD(—) .
n ), 5.7
where I =nFAJ, x is the distance from the electrode, and we consider,
for simplicity, an oxidation (anodic current) with ¢ =[R]. If it were a
reduction a minus sign would be introduced into (5.7).

We solve Fick’s second law

with the boundary conditions corresponding to our experiment, which are

t=0, Co=Cw (no electrode reaction) (5.9a)
t=0 lim ¢ =c. (bulk solution) (5.9b)
t>0 TR

0} =0 (diffusion-limited current, I;) (5.9¢)
x =

in which ¢, represents the concentration at the electrode and c, the
concentration in bulk solution.

The mathematical solution to this problem is facilitated by using a
dimensionless concentration

C—Cx

y= (5.10)

CG:
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and then (5.8) is transformed with respect to ¢ using the Laplace
transform, leading to
, 5
v p oY
sy Py (5.11)

The general solution to this equation is well known:
y=A'(s) exp[—(s/D)"*x] + B'(s) exp [(s/D)"*x] (5.12)

Since the second term of the right-hand side does not satisfy the second
boundary condition (x—«, y—0), then B’(s) =0. The third boundary
condition in Laplace space is

x=0 y=-1/s (5.13)
and we obtain from (5.12) for x =0,
A'(s)=—1/s (5.14)
Substituting,
1
¥ =sexp [—(s/D)"x] (5.15)
and differentiating,
8')—/ —1/2 1/2
) (sD) " exp[—(s/D)"*x] (5.16)

Inversion of (5.15) leads to the variation of concentration with distance
from the electrode according to the value of ¢:

c= cm{l —erfc Lﬁ]} (5.17)

which is represented in Fig. 5.4 for various values of ¢.
From (5.16) we obtain the current by putting x =0 and inverting the
transform (see Appendix 1, Table 1):

oc 1
(a—x)o N (nDr)"? (5.18)
and so
nFADYc,,
1(t) =14(t) = o (5.19)

This is known as the Cottrell equation® (Fig. 5.5).
The current decreases with 2, which means that after a certain time
we cannot have confidence in the measured currents owing to the
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0 4 8 12 16 20 24 28

X/um

Fig. 5.4, Variation of concentration with distance at a planar electrode for
various values of ¢ after the application of a potential step, following (5.17).
D=10"cm*s™".

contribution of natural convection, etc., that perturbs the concentration
gradients. This critical time can vary between some seconds and several
minutes depending on the system’s experimental arrangement.

It should also not be forgotten that, from a practical point of view, for
small values of ¢ there is a capacitive contribution to the current, due to
double layer charging, that has to be subtracted. This contribution arises

1)) A

0

\V

Fig. 5.5. Variation of current with time according to the Cottrell equation.
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from the attraction between the electrode and the charges and dipoles in
solution, and differs according to the applied potential; a rapid change in
applied potential causes a very fast change in the distribution of species
on the electrode surface and a large current during up to 0.1s (see
Chapter 3).

At a spherical electrode, of radius r,, the relevant equation to solve is

ac &c 2ac
5 Plartra) G20
with boundary conditions
t=0 r=r c=c. (no electrode reaction) (5.21a)
t=0 }1_130 ¢=c¢, (bulk solution) (5.21b)
t>0 r=r, c=0 (diffusion-limited current, I;) (5.21c)

corresponding to (5.8) and (5.9). Defining a dimensionless concentration
as before,

€ —Cs
= 5.10
Y= (5.10)
and putting v = ry, (5.20) becomes
v v
=D 5.22
ot or? (5.22)

This equation is the same as for a planar electrode and the boundary
conditions are of the same form. Thus the method of solution is the
same. The result is

1 1
I(t)=nFAD oc|:——+—] 5.23
d() h ¢ (JtDt)I/Z Yo ( )

This is the Cottrell equation, (5.19), plus a spherical correction term.
Two extreme cases can be considered:

® Small t. The second term in (5.23) can be neglected, in other words
the spherical nature of the electrode is unimportant. Diffusion at a sphere
can be treated as linear diffusion. This is very important for the dropping
mercury electrode (Section 8.3): for typical values of drop radius of
0.1cm and D =107 cm®s™", after ¢ = 3 s there is only a 10 per cent error
in using (5.19).
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Table 5.2, Diffusion currents for planar and spherical electrodes:
assuming Do = Dg. ry = sphere radius; 6 =[O],/[R].

Type of electrode Equation Comments
Oxidation or Planar nFAD"’c, Cottrell equation (5.19)
reduction ()12
Spherical nFAD"c,, + nFADc,, Cottrell equation plus
()" Ty spherical correction (5.23)
Oxidation and Planar nFAD"c,,
reduction (close 1+ 6)(xr)'”?
to equilibrium g o) nFAD'?c, | nFADc,
potential) a+e)@E 2T 1+o,

® Large t. The spherical term dominates, which represents a steady-
state current. However, due to the effects of natural convection this
steady state is never reached at conventionally-sized electrodes. The
smaller the electrode radius, the faster the steady state is achieved. It is
possible to achieve a steady state at microelectrodes. These are described
further in Section 5.5.

The equations for the diffusion-limited current at planar and spherical
electrodes are shown in Table 5.2 together with the expressions for the
diffusion currents when the potential is not far from the equilibrium
potential so that oxidation and reduction occur at the same time.

5.4 Constant current: planar electrodes

Starting at =0 a constant current is applied to the electrode in order to
cause oxidation or reduction of electroactive species, and the variation of
the potential of the electrode with time is measured (chronopoten-
tiometry). Fick’s second law is solved using the Laplace transform as in
the previous section; the first two boundary conditions are the same, but
the third is different:

t=0 c¢y=c¢C= (no electrode reaction) (5.9a)
t=0 limc=c, (bulk solution) (5.9b)
t>0 x=0 I=nFAD(dc/dx)e (5.24)

The third condition expresses the fact that a concentration gradient is
being imposed at the electrode surface.
As in the last section, and following the same arguments, we reach

y=A'(s) exp[—(s/D)"*x] (5.25)



5.4 Constant current: planar electrodes 91

given that B'(s)=0. The boundary condition (5.24) after being trans-
formed is

1/s = nFAD(37%/3x), (5.26)
Differentiating (5.25) we obtain
Y 12
(%)0 = (—;) xA'(s) (5.27)
and thus,
AS) = i (5.29)
s7“D"“nFAx

The equations that give the variation of concentration with time and the
variation of potential with time are

_ 1 s\ 2
Y= 2D EAx P [ - <B) x] (5.29)

and

(ﬂ/) ! 5.30
ox/o snFAD (5.30)

Inversion gives, respectively

5 122) o (i) rere[pgml] 6
=cco— - e D - o 1~ .
¢ nkap A\ %) P \ap) x5 pym ] 63D

1 1 -
0 0.5 1.0 1.5

x/2D% 7%

Fig. 5.6. Variation of concentration with distance for various values of ¢/7 in a
chronopotentiometric (constant current) experiment, according to (5.31).
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E— E1/4

—

1 1 1l

0 0.5 1.0
t/t

Fig. 5.7. Variation of potential with time (chronopotentiogram) in a system
controlled by diffusion and with application of a constant current. 7 is the
transition time. E., is the potential when ¢ = t/4 (Section 10.5).

and

21t1/2
- nFAD 2512

When ¢,=0, all species in the zone of the electrode have been
consumed, as shown in Fig. 5.6. The corresponding value of ¢ is called the
transition time, T.

From (5.32) and putting c,=0and t =7

ITI/Z nFAD 1/23,‘:1/2
Co - 2

which is known as the Sand equation®. If (It'?/c.,) is not constant for
several experiments with the same solution then the electrode process is
not a simple electron transfer, but involves other steps. Figure 5.7
represents the theoretical variation of potential with time for this type of
experiment.

It should be noted that the equation for the transition time at a
spherical electrode is equal to that for a plane electrode. This result,
perhaps unexpected, shows that it is only the current density that
determines the transition time and not the curvature of the electrode
surface.

(5.32)

Co=Cx

(5.33)

5.5 Microelectrodes

Microelectrodes*®, or ultramicroelectrodes, are defined as electrodes
which have at least one dimension that is a function of its size, which in
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practice means between 0.1 and 50 um. Common geometries include
spherical, hemispherical, disc, ring, and line. Their applications are
many, and will be referred to throughout the book. They exhibit high
current densities, but low total currents, so that the percentage electroly-
sis is small, and permit the attainment of steady states in situations, such
as in the absence of added electrolyte, not possible with larger electrodes.

The diffusion-limited current at spherical and hemispherical microelec-
trodes follows directly from (5.23). We consider a hemispherical elec-
trode as shown in Fig. 5.8. After a certain time, depending on the
electrode size, a steady-state is reached, and the current is

= nFADc,,

- =2nnFryDc., (5.34)
0

This can be rewritten in terms of the surface length, d, where d = ntr, as
I =2nFdDc,, (5.35)

For a hemispherical electrode of diameter 1 um, 95 per cent of the
steady-state response is reached 0.1 s after application of a potential step.
Additionally, and in general, as a result of the high rate of diffusion the
current density is sufficiently high that interference from natural, and
even forced, convection is negligible.

Finally, we consider the case of a plane disc microelectrode. In this

\ Y
I 7

Planar electrode of Hemispherical
infinite dimension electrode

|

N\t

\/

V)

Microelectrode

Fig. 5.8. Schematic diagram showing the uniform current density for planar and
spherical/hemispherical electrodes, and the non-uniform accessibility of the disc
microelectrode.
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case the solution of (5.7) is not sufficient, since we have to include the
effects of radial diffusion, owing to the small dimension of the electrode.
The equation to solve is

e _p(de, 1%, Fe)
ot \ar? ror ox?
which does not have an analytical solution. Numerical analysis shows that
for large ¢ the current is numerically equal to that of a hemisphere of

radius a = nry/2, showing the increase in mass transfer to and from the
electrode caused by the radial diffusion component:

I =4nFaDc,, (5.37)

(5.36)

If once again we define the surface length, here as d =2a, then the
current is the same as at the hemispherical electrode:

I =2nFdDc., (5.38)

Nevertheless there is an important difference, as shown in Fig. 5.8. In
these cases the current density is not uniform. However, it is easier to
make disc microelectrodes of solid materials than hemispheres. In fact,
the similarity of (5.36) and (5.38) indicates that, in terms of d, the theory
for the more easily tractable hemisphere can be applied without
significant error, at least in the steady state, to the disc equivalent—this is
found to be the case.

5.6 Diffusion layer

It can be easily verified from Figs. 5.5 and 5.6 that the concentration
gradient tends asymptotically to zero at large distances from the
electrode, and that the concentration gradient is not linear. However, for
reasons of comparison it is useful to speak of a diffusion layer defined in
the following way:

D(%)(): D(L“;—c"—) (5.39)

where 6 is the diffusion layer thickness (Fig. 5.9). The diffusion layer
results, therefore, from the extrapolation of the concentration gradient at
the electrode surface until the bulk concentration value is attained. This
approximation was introduced by Nernst®. § is frequently related to the
mass transfer coefficient k4, since when ¢, =0

ka=D/é (5.40)

k4 has the dimensions of a heterogeneous rate constant.
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Fig. 5.9. The definition of the diffusion layer 6; (3c/dx), is the concentration
gradient at the electrode surface.
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Applying (5.39) to the Cottrell equation (5.19), we can deduce the
expression for the diffusion layer thickness as

8 = (nDr)'"? (5.41)

The thickness increases with ¢*?, hence the problems of natural convec-
tion, etc. at large ¢. The mass transfer coefficient is (compare with (5.40))
for c,=0

ky= (D/nt)"? (5.42)
At a hemispherical microelectrode
kd=2D/r0 (543)

The smaller 6 the larger the concentration gradient at the electrode
surface, leading to higher currents. It is also useful in certain investi-
gations that ¢ is independent of ¢. Both these conditions can be satisfied
by microelectrodes. They can also be obtained by imposition of forced
convection at larger electrodes—hydrodynamic systems.

5.7 Convection and diffusion: hydrodynamic systems

In a fluid where there is both convection and diffusion—a hydrodynamic
system—the flux is given by

J=cv—-DVc (5.44)

which is a modification of Fick’s first law. The expression corresponding
to Fick’s second law is

3
e —yVe+D Ve (5.45)
ot
The forms of this equation in the three coordinate systems can be found
in Table 5.3.
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Table 5.3. The convective-diffusion equation in the three coordinate
systems dc/3t =D V*c —v V¢

Diffusion Convection
Cartesian 3¢ _ ( Fe P Fc ) 3 ( d, B, 3
ot ax a3y a2 *ax Uyt U éE)
Cylindrical dc ( (80) 1 8% azc> ( dc v, dc 3c
== D _— — e T =
polar a ror 2o¢? " ox Vot ot U 8x>
Spherical ac ( 19 ( ) 1 3 ( dc vgdc v, Ic
oc_ D(—=— g = - a8, e Tt
polar ot 2 or 2 sin” 6 30 Yort T o rsing 8¢>

82
X
(smO ) r? sin’ 084))

Many hydrodynamic systems have been studied theoretically’''. The
solution to (5.45) proceeds through analysis of the velocity profile,
derived from the momentum continuity equation and which is, for an
incompressible fluid,

Vv=0 (5.46)
and from the law of conservation of momentum
d 1
d—lt]+vVv=;VP+vV2v+g (5.47)

where P is the pressure difference through the system. The velocity
profile obtained depends on whether the flow corresponds to a laminar,
transition, or turbulent regime. In general, electrochemical investigations
are done under laminar flow conditions. Studies of mass and heat transfer
have been conducted in fluid dynamics for many types of system,
including surface heterogeneous reactions. The results can often be
applied directly to hydrodynamic electrochemical systems using the
so-called ‘similarity principle’.

An important exception to laminar flow is the calculation of velocity
profiles in industrial electrochemical reactors. These often function in the
turbulent regime in order to maximize the yield of the process, given that
the mass transfer coefficients are higher.

In Section 5.9, we show how to solve the convective-diffusion equation
for the rotating disc electrode in order to calculate the diffusion-limited
current. When the forced convection is constant, then dc/dt =0, which
simplifies the mathematical solution.

An important assumption in these calculations is that, within the
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diffusion layer, there is no convection, an approximation which means
that the variations in the velocity components (defining a hydrodynamic
layer) must occur within distances much greater than the diffusion layer
thickness—by at least a factor of 10. This assumption should be verified
for any hydrodynamic system under study.

The development of convective-diffusion theories is due principally to
Prandtl® and Schlichting'®, and their application in electrochemistry to
Levich'!. Levich was the first to solve the equations for the rotating disc
electrode.

5.8 Hydrodynamic systems: some useful parameters

Besides the diffusion layer, of thickness &, and the mass transfer
coefficient, kg4, there are other parameters which are useful for describing
hydrodynamic systems.

The first is the concept of a hydrodynamic layer of thickness 8, within
which all velocity gradients occur. In practice one uses values that differ
by 5 per cent from their values at infinite distance from the electrode
surface, given that the components tend asymptotically to their values in
bulk solution. It has been demonstrated that'!

5~ (%) maH (5.48)

In aqueous solution D = 107> cm®*s™" and v~10">cm’s ™", therefore
8~0.18, (5.49)

as shown in Fig. 5.10. It is therefore reasonable to suppose that there is
no convection within the diffusion layer.

7

O

Electrode
Solution

Y

d
S S R

Fig. 5.10. Diagram showing the relative thicknesses of the hydrodynamic and
diffusion layers in a hydrodynamic system in aqueous solution.
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We now define various dimensionless groups that are useful in mass
transport problems:

1. The Reynolds number, Re

vl
Re = " (5.50)

where v is a characteristic velocity, / a characteristic lenigth, and v the
kinematic viscosity. Below a certain critical value of Re, Re,;, the flow is
laminar; above it is turbulent with a transition regime around Re

2. The Schmidt number, Sc

crit*

v
Sc=— Sl
c=7 (5.51)
is a characteristic of the medium, v being a characteristic primarily of the
solvent and D of the electrochemical species. Sc is, therefore, determined
purely by the physical properties of the solution. For aqueous solution,
Sc =10’
3. The Peclet number, Pe
vi
Pe=—=Re.S 5.52
e=_ =ReSc (5.52)
represents the relative contributions of transport by convection and by
diffusion. In aqueous solution outside the diffusion layer Pe >> 1, even for
small Re.

4. The Sherwood number, Sh

Ji I k4l

= e—c) 6-D

(5.53)
where [ is a characteristic length of the system. Sk is proportional to the
mass transfer coefficient k.

5.9 An example of a convective-diffusion system: the rotating
disc electrode
A rotating disc electrode'>"? consists of a disc electrode embedded in the
middle of a plane surface (theoretically of infinite extent) that rotates
around its axis in a fluid, the disc being centred on the axis. In practice
the electrode bodies usually have the form of a cylinder, with the sheath
around the disc significantly larger than it is, so as to approximate a
surface of infinite dimension (Fig. 8.2). We assume in these calculations
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that there are no convection effects caused by the walls of the cell where
the experiment is carried out, nor effects resulting from the finite
dimensions of the electrode body etc.—generically known as edge effects.

The first step consists in deducing the velocity profile. This fluid
dynamics problem was solved by von Karman'* and Cochran' and gives
the velocity components:

radial v, =roF(y) (5.54a)
angular vy =roG(y) (5.54b)
perpendicular v, = —(wv)"?H(y) (5.54¢)
where v is the dimensionless distance from the disc
w 172
y= <;) X (5.55)

In these expressions @ is the disc rotation rate (rads™') and v the
kinematic viscosity. The coordinates are shown in Fig. 5.2. Figure 5.11
shows the variation of the functions F, G, and H with distance from the
disc and Fig. 5.12 the corresponding streamlines. As a result of rotation,
solution is sucked towards the disc and spread out sideways.

Levich' introduced the approximation that, close to the electrode,

U, ,0 = Crx (5.56a)
Vg oo =0 (5.56b)
Vg xao =~ —Cx? (5.56¢)

1.0

H(y)
G
F(y)
0.0 1 1 1 1 e 1 A1 1 1
0 2.0 4.0

]

Fig. 5.11 The functions F, G, and H and their variation with dimensionless
distance from a rotating disc.



100 Mass transport
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Fig. 5.12. Streamlines for a rotating disc.

where C, the convective constant, is given by
C=0.5100¥*v"12p~13 (5.57)

So, in the steady state at constant rotation speed, the convective diffusion
equation is

dc 3¢ 3
Crx5+ sza—xzDé_xci (5.58)

neglecting radial diffusion as it is much less than radial convection. The
boundary conditions for the case of the disc electrode passing the
steady-state limiting current, I, , are

xX—>® C—>Co (bulk solution) (5.59a)
r=0 =0 (centre of disc) (5.59b)
x=0 =0 (limiting current, ) (5.59¢)

Using the following definitions of dimensionless variables:

3C 1/3
= <3> (£> x distance variable (5.60)
% 3
E= <—) radial variable (5.61)
n
C—Cu . .
y= concentration variable (5.62)

Co
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where r, is the disc radius, and the properties of partial derivatives, it is
easy to reach
3y &%
Xa;:— o7 (5.63)
If this equation is transformed with respect to § by means of the Laplace
transform we obtain
__ ¥ s
sy =—
xsy Ey% (5.64)
which is the Airy equation (Appendix 1). The boundary conditions in
Laplace space are

xX—> ®© y—0 (5.654a)
§=0 y=-1/s (5.65b)
2=0 y=—1/s (5.65¢)

The solution to the Airy equation is
y=A"(s) Ai(s"y) (5.66)
Boundary condition (5.65c) shows that

1
A'(s)=—
(s) SAL) (5.67)
and so
_ Al (S [/BX)
Y NTO) (5.68)
Differentiating, at the electrode surface
ﬂ) _ AI'(0)
(ax 0 - s2/3 AI (0) (5'69)
On inverting
ﬂ/) _ Ai' (0) “
(50, =~ moren (.70)
and we get
8c — —1/3,,—1/6 . 1/2
P 0—0.602D v w ., (5.71)
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The limiting current is given by

" /¢
I =2 FDI <—> d .
L =2nn 5, r (5.72)
which is
I =0.620nFrriD** v Yo' 2¢, (5.73)

This current is directly proportional to the electrode area, which shows
that the disc is uniformly accessible. The same can be concluded from the
thickness of the diffusion layer

8 =1.61D"3yog =172 (5.74)

which is independent of r. Some other hydrodynamic electrodes are not
uniformly accessible such as, for example, tubular and impinging jet
electrodes. However, the method for calculating the diffusion-limited
current is always the same, see Section 8.2.

The various hydrodynamic electrodes and their use in investigating
electrode processes are described in Chapter 8.
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KINETICS AND TRANSPORT IN
ELECTRODE REACTIONS

6.1 Introduction

6.2 The global electrode process: kinetics and transport

6.3 Reversible reactions

6.4 Irreversible reactions

6.5 The general case

6.6 The Tafel law

6.7 The Tafel law corrected for transport

6.8 Kinetic treatment based on exchange current

6.9 The effect of the electrolyte double layer on electrode kinetics
6.10 Electrode processes involving multiple electron transfer

6.11 Electrode processes involving coupled homogeneous reactions

6.1 Introduction

In the last two chapters the kinetics of electrode processes and mass
transport to an electrode were discussed. In this chapter these two parts
of the electrode process are combined and we see how the relative rates
of the kinetics and transport cause the behaviour of electrochemical
systems to vary'™.

6.2 The global electrode process: kinetics and transport

Transport to the electrode surface as described in Chapter 5 assumes that
this occurs solely and always by diffusion. In hydrodynamic systems,
forced convection increases the flux of species that reach a point
corresponding to the thickness of the diffusion layer from the electrode.
The mass transfer coefficient k, describes the rate of diffusion within the
diffusion layer and k. and k, are the rate constants of the electrode
reaction for reduction and oxidation respectively. Thus for the simple
electrode reaction O + ne” — R, without complications from adsorption,
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Fig. 6.1. Simplified scheme for an oxidation—-reduction reaction on an electrode

surface.
we can write
k4.0 ¢ kda.r
O, =—0,—R,=—R,
k4.0 ka k4 r

as shown in Fig. 6.1, where k4o and ks are the mass transfer
coefficients of the species O and R. In general these coefficients differ
because the diffusion coefficients differ. From Chapter 4 we have the
Butler—Volmer expressions for the kinetic rate constants:

k.=k, exp[—anF(E — E®')/RT] (6.1)

k,=kyexp [a.nF(E — E°')/RT] (6.2)

Let us assume that (9c/dt) =0, i.e. steady state—in other words the
rate of transport of electroactive species is equal to the rate of their
reaction on the electrode surface. The steady state also means that the

applied potential has a fixed value.
The flux of electroactive species, J, is

J = —kJOl. +k,[R], (6.3a)
= k4.0([0). ~ [Ol.) (6.3b)
= ko (Rl ~ [R],) (6.3¢)

When all O or R that reaches the electrode is reduced or oxidized, we
obtain the diffusion-limited cathodic or anodic current densities j . and

jL.a:

juo/nF=—keo[Ol.  jia/nF=kyg[R]. (6.4)
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Since kg = D/ (equation (5.40)), we can write
kaolkar =p = (Do/Dg)® (6.5)

Making the appropriate substitutions, the concentrations can be removed
from (6.3) leading to

_ kch‘c +pkajL,a

kyo + ke + pk, (6.6)

We can point out two extreme cases for this expression:

1. Only O present in solution: j, ,=0 and k,= 0. Thus

. kch,c
]

= 7kd,0 T (6.7)

that is
1 k 1
S=20 (6.8)
] kc]L,c ]L,c
1 1 1

"7 T nFk[O]. " nFkqo[O]. (©9)

kinetics transport

This result shows that the total flux is due to a transport and a kinetic
term. When k.>> ky o then

1 1

i nFkeo

[O].. (6.10)

and the flux is determined by the transport. On the other hand, when
k. KLkyo
1 1
— = 6.11
j " nFk O} ©1D
and the kinetics determines the flux.
2. Only R present in solution: j; .=0 and k.= 0. From (6.6) we reach
kajL a
j=—"7— 6.12
Ar— (6.12)

Rearranging,
1_ 1 4 1
j nFk,[Rl. nFkyg[R].

kinetics transport

(6.13)
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The form of the expression is the same as that obtained in Case 1 with
only O present in solution, and so the same comments are valid.

We now consider the factors that affect the variation of k. (or k,) and
k4. The kinetic rate constants depend on the applied potential and on the
value of the standard rate constant, k,. As was seen in Chapter 5, k4 is
influenced by the thickness of the diffusion layer, which we can control
through the type of experiment and experimental conditions, such as
varying the forced convection. By altering k. (or k,) and k4 we can obtain
kinetic information as will be described below. At the moment we note
that there are two extremes of comparison between k, and kg:

® ky>ky reversible system
o ky<KLky irreversible system

The word reversible signifies that the system is at equilibrium at the
electrode surface and it is possible to apply the Nernst equation at any
potential.

The calculation of the current requires the relation between the flux
and current:

1=3§jdA=nF5£JdA (6.14)

Normally, such as at stationary planar electrodes and at uniformly
accessible hydrodynamic electrodes, for example the rotating disc, the
flux over the electrode surface is constant: in this case we have the simple
relation

I =Aj =nFAJ (6.15)

6.3 Reversible reactions

Reversible reactions are those where

and, at any potential, there is always equilibrium at the electrode surface.
The current is determined only by the electronic energy differences
between the electrode and the donor or acceptor species in solution and
their rate of supply. Applying the Nernst equation

RT [Ol,

E=E® +-—1
nF " [R].

(6.16)
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and given that j/nF = k4 o([O]« — [O]=) we have

j{;=‘[o]i‘6}£0]x (6.17)
that is

(O] = ch [O]m (6.18)
Similarly,

[R].= - [R]w (6.19)

Substituting (6.18) and (6.19) in the Nernst equation, assuming the
electrode is uniformly accessible (I = Aj), and using (6.4) we get the
steady-state expression

RT. (I.—1 k
E=E® +—In {L*‘ —d—“} (6.20)
nF I—ILa kd,O
RT I -1
o+ .
int o zln e — I, (6.21)
where
RT &k
=E® + —n2R 2
i nF koo (6.22)

E,, is called the half-wave potential and corresponds to the potential
when the current is equal to (I, + I .)/2. Figure 6.2 shows the variation
of current with applied potential, a voltammogram. The characteristic
sigmoidal profile results from the logarithmic term in (6.21). By putting

{=(E-E; /2) (6.23)

(6.21) can be written in an alternative form

ILa ILc
[=—"— - .
T+et Itet (6.24)

which shows more clearly how the limiting current values are asymptoti-
cally approached as the potential (i.e. {) becomes very positive for
anodic reactions or very negative for cathodic reactions.

Equation (6.21) is valid for any uniformly accessible electrode,
including dropping electrodes, stationary plane electrodes, various hydro-
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1A Oxidation

%'(IL,a + IL,c) =

1 1 1 1

|
\ |
1
-0.2 —0.1 E, 0.1 0.2
n(E — E)IV

\|

Reduction

Fig. 6.2. Voltammogram for a reversible system where the solution contains O
and R. Example: a mixture of Fe(II) and Fe(III) at a platinum rotating disc
electrode.

dynamic systems, and hemispherical microelectrodes. In fact, the same
expression is reached for non-uniformly accessible electrodes, but the
reasoning is a little more complex.

In all cases
kd R (DR)S
——=|— 6.25

kd.O DO ( )

where s=3 (dropping or stationary electrode), s =3 (hydrodynamic
electrodes) or s =1 (microelectrodes). Even if Dg=1.5 D, for s=1,
we get E5, — E©’' =10.5mV, which would be an extreme case. So, in
nearly all cases, we can identify E}, with E°’ without introducing a large
error.
Assuming that Dg =Dy we can conclude, from (6.20), that the
equilibrium potential E.,, where the current is zero, is
_pe  RT [Ol
E,=E® + F In [R].
When [O].. = [R].. then E., = E}, = E®".
From the expressions obtained above, we can write a diagnostic of
reversibility:

e E}, independent of [O]. and [R].

eq»

(6.26)
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E=Ej,

EN

Fig. 6.3. Plot of Ig[(/..—I)/(I—1_,)] vs. E for a reversible reaction; inverse
slope is (0.05916/n) V at 298 K.

® The form of the current-potential curve is independent of the
diffusion layer thickness.

e A plot of 1g[(I..—I)/(I —1_,)] vs. E—equation (6.21)—will give a
straight line of slope 0.05916/n V at 298K and an intercept of E’,, see
Fig. 6.3.

6.4 Irreversible reactions

For irreversible reactions, ko<<k4. Kinetics has an important role,
especially for potentials close to E.,. It is necessary to apply a higher
potential than for a reversible reaction in order to overcome the
activation barrier and allow reaction to occur—this extra potential is
called the overpotential, 7. Because of the overpotential only reduction
or only oxidation occurs and the voltammogram, or voltammetric curve,
is divided into two parts. At the same time it should be stressed that the
retarding effect of the kinetics causes a lower slope in the voltammograms
than for the reversible case. Figure 6.4 shows, schematically, the curve
obtained, which is explained in greater detail below.

The expressions (6.9) and (6.13) are valid for this situation. The
transport term has to appear, since only at the beginning of an
irreversible voltammogram can the effects of transport be neglected. This
is because k. or k, increases on increasing the potential negatively or
positively so that we finally reach the limiting current plateaux in Fig. 6.4.
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14

)2 —————

irr

E,.

S8 ]

irr
E,,

L2

Fig. 6.4. Schematic voltammogram for an irreversible electrode reaction. Ex-
ample: a mixture of anthraquinone and anthraquinol at a platinum rotating disc
electrode.

The half-wave potential for reduction or oxidation varies with kg4, since
there is not equilibrium on the electrode surface. For cathodic and anodic
processes respectively we may write

_ RT I .—1I

E = E''r — » )
e (6.27)
_RT I ,—1I

E=Ejp+ —pin = (6.28)

where « is the charge transfer coefficient that appears in (6.1) and (6.2).

ir, is not constant, but varies with the rate of transport of species to the
electrode. Once more, similarly to the reversible case in Fig. 6.2, the
logarithmic term in (6.27) and (6.28) explains the sigmoidal form of the
curves obtained. The appearance of the factors a. or a, with 0<a <1
causes the curves to have a lower slope than for a reversible reaction.
Plots of the type shown in Fig. 6.3 can be done using (6.27) and (6.28),
and (a,n) or (a.n) calculated from the slopes of these plots.

For a uniformly accessible electrode (I =jA), (6.9) or (6.13) can be
written in the form

1 1 1
Sy (6.29)

T
in which I, is the kinetic current and I the limiting current. A plot of ™!
vs. k3! (proportional to 1) is a straight line from which one obtains I,
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Slope — values of D

A
Ik‘"

-
2

IT or k!

Fig. 6.5. Plot of /™' vs. I_' at a uniformly accessible electrode for an irreversible
reaction.

from the intercept and the diffusion coefficient D from the slope (Fig.
6.5). For example, for the rotating disc electrode one constructs a plot of
I™"vs. W2, where W is the rotation speed of the electrode in Hz, since
I, is proportional to W', as demonstrated in Section 5.9.

6.5 The general case

We now consider the general case and show how reversible and
irreversible systems are limiting cases of the general behaviour. For
simplicity, we assume that Do = Di (p = 1). Thus (6.6) becomes

. kch C + kajL a
= 3
I kit kot k, (6.30)
Using again the Butler—Volmer formulation of electrode kinetics,
k.=kyexp[—a.nF(E — E€')/RT] (6.1)
k,=kyexp [a,nF(E — E€")/RT] (6.2)
and, in order to reduce the number of symbols, writing
F(E—-E®")
=— 6.31
f RT (6.31)
and substituting (6.1) and (6.2) in (6.30) we obtain
. jL‘c €Xp (—acnf) +jL,u €Xp (aunf) (632)

- kd/k() + exp (_a/cnf) + CXp (aanf)
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We consider three limiting cases of (6.32)

1. ko> kg4 reversible system. Multiplying through by exp (a.nf) and
since we are considering a simple electrode reaction where (o, + a.) = 1,
expression (6.32) becomes

- _Jrctivaexp (nf)
1+ exp (nf) (6.33)
or, rearranging,
nF(E—E®)] _jie—]
exp (nf) =ex [ ]= 6.34
P ( P RT ] 7 JLa ( )
For a uniformly accessible electrode,
RT I .—1
E=E® +—In——— )
oF lnI ~ 1. (6.35)

which is the equation for the voltammetric curve, equation (6.21), with
DO = DR.

2. flarge i.e. E very positive (oxidation) or very negative (reduction)
in relation to E©’. Whatever the relative values of k, and k4, we should
obtain the limiting current. From (6.32):

e f large and positive, exp (—a.nf) — 0, and we obtain

j=jLa i.e. limiting anodic current (6.36)

4 @ ©

Fig. 6.6. The effect of the value of a. on the current density, j. (a) a.=0.25:
oxidation favoured; (b) a. = 0.50: symmetric; (c) a.= 0.75: reduction favoured.
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JjA
(a)

(b)

Fig. 6.7. The effect of the value of k, on the current density close to E.g; (a) k,
large; (b) k, smaller.

e flarge and negative, exp (a,nf) —0, and we obtain
J=JLe i.e. limiting cathodic current (6.37)

3. f close to zero, that is E~E®'. In these conditions we can
approximate the exponentials by the first term in the Maclaurin expan-
sion (Appendix 1). We obtain

. =jL'C +jL,a —jL,cacnf +jL,aa/anf
kalko+2
In this relation j is directly proportional to E via f (see (6.31)). The

proportionality constant is highly dependent on the value of . (and
thence also on «,), Fig. 6.6, and on the ratio k4/k,, Fig. 6.7.

(6.38)

6.6 The Tafel law

Between the limiting current plateaux of a voltammogram and the linear
region close to E., described by (6.38) there is a region of potential for
irreversible reactions where j depends exponentially on potential. This is
the Tafel region. Considering a system where there is only O in bulk
solution, that is there is only reduction, from the equation

k.=kyexp[—a.nF(E — E®")/RT)] (6.1)
it is obvious that

anFE
RT

In k. = constant, — (6.39)
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Since
Je/nF = —k[O]. (6.40)
we have
—In j. = constant, — Eﬂ 6.41
]c 2 RT ( . )
In a similar fashion for an oxidation,
In j, = constant; + aunFE 6.42
]a 3 RT ( . )

These last two expressions are forms of the Tafel law. They are an
example of a linear free energy relationship (linear relation between a
kinetic and a thermodynamic parameter) the parameters in this case
being the flux (or the current) and the potential.

Constructing plots of In |j| vs. E we obtain Fig. 6.8. The slopes of the
lines are —a(nF/RT) and a,(nF/RT); the intercept at E = E. gives the
exchange current I, = jo,A and thence the standard rate constant from the
expression deduced in Section 4.5:

Io/nFA = jo/nF = ko[O]2[R]2: = ko[O]L*[R]2 (6.43)

Note that close to E.,, since reaction occurs in both directions there are
deviations from a straight line, and far from E., transport limitations
provoke alterations in concentrations, also causing deviations.

In j] 4

Slope -

E., E

Fig. 6.8. Plot of In |j| vs. E showing how to measure j, and « from the slopes of
the lines.
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6.7 The Tafel law corrected for transport
The Tafel law can be corrected for transport effects, enlarging the region

of the voltammetric curve that can be utilized in Tafel plots.
For a reduction, from (6.9)

1 1 1 exp(—a.nf)
—ct—= = (6.44)
J Jre nFkJ[Ol.  nFkyO].
that is
1 1
—In []— _j ] = —a.nf +Inky+ In (nF[O].) (6.45)
L.c

1

One does a plot of g (j~' —jL 1) vs. E. For an oxidation, analogously,

1 1
—In [; o ] = a,nf +Inky + In (nF[R]..) (6.46)
L,a

The intersection of the two lines given by (6.41) and (6.42) is when
a,nf + a.nf =In (nF[O].) — In (nF[R].) (6.47)

Since in the electrode reaction considered, (&, + a.) =1, then

nf =1n ([O]-/[R]..) (6.48)
or
— S ﬂ [()]ac
Eeq=E® +——In KL (6.49)

As this is the Nernst equation, the value of E can be identified with the
equilibrium potential E.,. Knowing [O].. and [R]. we can determine k,
from the intersection of the two straight lines, in the same way as
demonstrated in Fig. 6.8.

6.8 Kinetic treatment based on exchange current

All the equations deduced above can be formulated in terms of the
exchange current I, (Section 4.5). In this way we have the advantage of
obtaining the current as a function of the difference in applied potential
and equilibrium potential, i.e. the overpotential, 7; the disadvantage is
that it is not directly related to the rate constants, which is important for
comparison with other branches of kinetics.
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As shown in Chapter 4, the exchange current density is equal to the
anodic or cathodic component of the current density at equilibrium

(ja=—Jjc=Jo) that is
Jo= —j. = nFko[O), exp [~a.-nF(E.,— E®")/RT)] (6.50)
On substituting the Nernst equation written as
exp [nF(E.q — E®")/RT] =[O)./[R].. (6.51)
we get
Jjo = nFko[O]x *[R]% = nFk,[O]%[R]% (6.43)
From equations (6.18), (6.19), (6.31), and (6.50) it is relatively easy to
reach
[R].
[R]..

where n = E — E, is the overpotential. In the case of [O], ~[O].. (<10
per cent of the limiting current)

=i = oy exp (—aenf) + texp (@)} (6.52)

J = Jolexp (@anfn) — exp (= acnfn)] (6.53)
In the linear region close to E., (exp (x) =x), and writing a,=1— «
J=Jonfn (6.54)

For an irreversible reaction and for overpotentials corresponding to the
exponential region, the Tafel law is

Inj=Inj,— a.nfn (reduction) (6.55)

Inj=Inj,+ a,nfn (oxidation) (6.56)

Other information, particularly useful for multistep reactions, can be
obtained from the following relations deduced from (6.43):

dln j, dlnj,

TTTor =% 3Rl = % 5
5mn[0). ™ am[R]L (6.57)
Changing [O].. or [R]., the value of j, varies and we can determine the
value of a, or a., without needing to know the value of n in the
rate-determining step.

6.9 The effect of the electrolyte double layer on electrode
kinetics

The electrolyte double layer affects the kinetics of electrode reactions®.
For charge transfer to occur, electroactive species have to reach at least
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/// 0. = — 0.

(b)

Fig. 6.9. (a) Schematic representation of the path followed by an electrode

reaction. The effect of the electrode’s electric field begins at the outside of the

double layer, but for there to be reaction the species has to reach x;; from the

electrode; (b) Variation of ¢ with distance, showing that the potential difference
to cause electrode reaction is (¢y — @,).

to the outer Helmholtz plane (distance xy in Fig. 3.9). Hence, the
potential difference available to cause reaction is (¢ — ¢,) (see Fig. 6.9)
and not (¢y — ¢s). Only when ¢, ~ ¢, can we say that the double layer
does not affect the electrode kinetics. Additionally, the concentration of
electroactive species will be, in general, less at distance x;; from the
electrode than outside the double layer in bulk solution. These assump-
tions can be treated quantitatively.
For a reduction a convenient representation is

pre-equilibrium
.

0, 0,

outside the double layer outer Helmholtz plane
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Following the Gouy—Chapman model of the diffuse layer,

—zF(¢;— ¢s)]

[0}, =[O exp | —2%

(6.58)

From the Butler-Volmer expressions, the true rate constant is then

—anF(Pm— ¢¢)]
RT

k.= ko exp [ (6.59)

where k,, represents the true standard rate constant of the electrode
reaction. The reaction rate is

k[O]; = ko, exp [— ““"FI(:;M — ¢4 ]fDL[O]* (6.60)
where
for=exp [(W' — ZLFT(% * ¢S)] (6.61)
Clearly fi,, is also given by
fou=kolko, (6.62)

the ratio between the apparent standard rate constant, k,, and the true
standard rate constant, k,,, known as the Frumkin correction, fy; . The
practical consequence is variation of k, with potential. A more rigorous
deduction from the expression for fy, is obtained through the use of
electrochemical potentials.

To apply the correction it is necessary to know the value of ¢,. This
value has been calculated for the mercury electrode from electrocapillary
curves, calculating oy and thence ¢, using the Stern model. As this
model does not include specific adsorption, the calculated values of ¢,
are either too positive (cations) or too negative (anions) besides
differences caused by the blocking effect of the ions.

As is perhaps to be expected, the double layer can also affect the
values of the measured, i.e. apparent, charge transfer coefficients
manifested in the slopes of the Tafel plots (Section 6.6). It is possible to
show that, for the Stern model, and considering a cathodic transfer
coefficient as example,

Z— &

X =, + (6.63)

1+ (Cge/Ch) cosh ( e(¢: ¢S)

2kgT

where «. is the observed coefficient and «.; the true coefficient. There
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are two extreme cases:

® [ze(¢p: — ¢s)/2k,T] large, implying that a.~ a.,. This situation
corresponds to potentials far from E,.

® [ze(¢p: — ¢s)/2kpT] small, corresponding to potentials close to E,.

Z = Oy

Cz C +—————-
Fe = et T Coc/Cn

(6.64)

If, for example, Cgc = Cy, . =0.5 and z =1 we obtain a, = —0.25. As
can be seen, the apparent value of a, can be positive or negative. This
example shows the extreme importance in correcting values of . and «,
for double layer effects.

We can ask how effects of the double layer on electrode kinetics can be
minimized and if the necessity of correcting values of a and of rate
constants can be avoided? In order for this to be possible, we have to
arrange for ¢, = ¢, that is all the potential drop between electrode
surface and bulk solution is confined to within the compact layer, for any
value of applied potential. This can be achieved by addition of a large
quantity of inert electrolyte (=1.0 M), the concentration of electroactive
species being much lower (<5mwm). As stated elsewhere, other ad-
vantages of inert electrolyte addition are reduction of solution resistance
and minimization of migration effects given that the inert electrolyte
conducts almost all the current. In the case of microelectrodes (Section
5.6) the addition of inert electrolyte is not necessary for many types of
experiment as the currents are so small.

6.10 Electrode processes involving multiple electron transfer

In many reduction or oxidation half-reactions, the oxidation state
changes by a value greater than 1. Examples for metallic cations are
TI(IIT) — TI(I), Cu(Il) — Cu(0), and examples of other species O, —
H,O0, (2¢7) or O, — H,0 (4e7), these also involving other species in the
half-reactions. In this section we consider metal ions given that, at least
apparently, there are no other species involved, except for molecules of
solvation etc. If the reactions are irreversible we can investigate their
kinetics.
For a two-electron reduction (Fig. 6.10), we have generically

A+e —B

B+e —C
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B+e —C
2.0+
= A+e —B
X 1,0[—
0 >
(@) —E
2.0 A+2 —>C
< 10f A+e —B
0 >
-E
()
2.0F A+2 —>C
§ 1.0+ A+e —B
0 -
—-E

()

Fig. 6.10. Voltammograms for the reduction of species A following A +e™ —

B +e” — C according to the relative rates of the two steps. I, =/ (A— B).

(a) Second step much more difficult than the first; (b) First step rate-determining;
second step fast; (c) First step pre-equilibrium; second step rate-determining.
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the electron transfers being consecutive. The kinetics of these two steps is
conditioned by the medium where they occur and this will determine the
type of voltammetric wave that is observed. The electrode reaction
scheme can be written

Solution A, B. C.
U ky.a ﬂ kip l] kq.c
kc‘l k"-z
Electrode Aste 2 Bi+e ——= C.
ki k>

Qualitatively we can distinguish three limiting cases:
1. Second step occurs at a more negative potential than the first:
kC,2 - ka,2 << kd,B

We observe a one-electron reduction until the applied potential is
sufficiently negative for reduction of the second electron. In other words
we observe two separated voltammetric waves (Fig. 6.10a).

2. First step rate-determining:
ker—k,2>kyn
kep>> Kk,
This situation corresponds to
A+e —B rate-determining step
B+e —C fast

The form of the voltammetric wave is the same as for A + e~ — B, but
the current is multiplied by 2 (Fig. 6.10b).

3. Second step rate-determining:
kea— ka2 Kkap
ka1 K ks
This corresponds to
A+e —B pre-equilibrium
B+e —C rate-determining step

Due to pre-equilibrium, the voltammetric wave is steeper than in Case 2,
Fig. 6.10c. The activated complex is more sensitive than in Case 2 to
changes in applied potential and is situated roughly halfway between B
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and C on the reaction coordinate. This means that a.n = 1.5 (but does
not mean that a.~0.75). In actual fact, a.=0.5 as n=1 in the
rate-determining step.

It is also of interest to consider the reverse reaction, oxidation of C to
A. Supposing the reduction follows path 2:

A+e —B rate-determining step

B+e —>C  fast
it is quite possible that the oxidation is not the inverse, but is

C+e —B rate-determining step
B+e —A fast

This change in mechanism is due to the different potentials (i.e. different
electronic energies) at which the reactions occur. We cannot ever assume
a priori that the reverse of a multistep reaction with known mechanism
will be the inverse.

It is also fairly evident that for certain combinations of rate constants
we can change mechanisms by changing the applied potential.

The application of these concepts to the electroreduction of oxygen,
important for fuel cells, with hydrodynamic electrodes is described in
Chapter 8.

Finally in this section, we remember that multiple electron transfer has
to follow the reaction coordinate and has consecutive steps, even if the
first step is rate determining. The possibility of multiple electron transfer
reactions without intermediate chemical steps has been questioned, with
experimental evidence from, for example, the supposedly relatively
simple reduction of Cd(II) and similar ions at mercury electrodes®. This is
because solvation and interaction with the environment, adsorption, etc.
are different for each oxidation state.

6.11 Electrode processes involving coupled homogeneous
reactions

Interesting reactions occur when the charge transfer at the electrode is
associated with homogeneous reactions in solution that can precede or
follow the electron transfer reaction at the electrode. A selection of
possible schemes is shown in Table 6.1. Note the presence of many
organic compounds: the reduction or oxidation of these compounds
involves, in many cases, the addition or removal of hydrogen, which



Table 6.1. Electrode reactions with coupled homogeneous reactions,
adapted from Ref. 7

Electrode process

Example

CE
Solution

Electrode
EC’

Solution

Electrode
EC
Electrode

Solution

ECE
Electrode

Solution
Electrode

DISP1
Electrode
Solution
Solution

DISP2
Electrode
Solution
Solution

kq
AZik—A]
-1

A, tne — A,

As;tne — A

A5 A,
A,+ne > A,

As;tne  — A,
A5 A,
A +A—- A+ A,

As;tne”— A,
A=A,
A+ASA+A,

\

A, = H,C(OH),

A, =H,CO
A,= CH,OH
A, = Fe(III)
A, = Fe(Il)

Homogeneous catalyst H,O,

Az ) O:®:O by

reaction with OH ~

A3 = C1C6H4N02
A, =CICH,NO;"

A, ="C,H,NO,
A4 = ﬁCé‘_l‘gN()z
(A + H"— CH,NO,)
o- (o} (o)
A.‘ ) ‘
=
R
0 o} ¢}
- L1
R o-
A, = SH? R =
0 o 0"
R H

pH9-10 DISPI

pH6

DISP2




124 Kinetics and transport in electrode reactions

proceeds via electron plus proton transfer. Such mechanisms are com-
monly summarized in the scheme of squares, shown below for two
electron transfers and two protonation steps.

A B~ C?
—€ —e
+H* ||-H* +H'||-R" +HT||-HT
+e BH +e CH
N
AH™ < — ~
+HY||-n* +HY||-H? +HY||-H"
a4 +e N +e
AH3" & BH; CH,
= —e —e

A typical example is quinone/hydroquinone systems.

We consider three simple schemes, shown in Fig. 6.11, and examine
the effect of homogeneous coupled reactions on the current at the
electrode: they are CE, EC, and EC’, where E represents an electroche-
mical step (at the electrode) and C a chemical step (in solution). The
equations to calculate the rate constants from experimental measure-
ments for the various types of electrode can be found in the specialized
literature. In most studies the electrochemical step has been considered
reversible—thus, in the following, the rate constant for the electrode
reaction is not indicated.

CE process

ki
-1

_ K=k_/k,
Electrode A,fne —A;
The concentration of A, is less than in the absence of the chemical step,
and is dependent on the value of K. Measurement of the diminution in
current allows the determination of the values of k, and & _,. The position
of the voltammetric curve on the potential axis is not affected by the
homogeneous step (Fig. 6.11a).

EC process

Electrode A;+ne — A,
szfl/kl

k_y
Solution A, = A,
1

The chemical step reduces the quantity of A, at the electrode surface and
consequently causes a shift of the voltammetric wave to more positive
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()

(b)
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© E

Fig. 6.11. The effect of coupled homogeneous reactions on electrode reactions
illustrated for an oxidation. Mechanisms (a) CE (b) EC (c) EC'. Absence of
homogeneous reaction (- — —); presence (—).

potentials (oxidation) or more negative (reduction) (Fig. 6.11b). This
shift can be directly related to the kinetics of the homogeneous reaction.
EC' process

k
Solution A, == 4,
-1

_ K=k_,/k,
Electrode A, £ ne”— A,
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This is a catalytic process, the homogeneous reaction regenerating the
reagent of the electrode reaction. The concentration of A, will be larger
than expected and the current bigger than in the absence of the
homogeneous reaction (Fig. 6.11c¢). Altering k4 (through the diffusion
layer thickness) permits the determination of the kinetics of the homoge-
neous reaction.

In all these schemes for coupled homogeneous reactions, it is useful to
consider in the deduction of the equations the concept of a reaction layer
associated with the homogeneous reaction; all the homogeneous reaction
occurs within a distance equal to the thickness of the reaction layer from
the electrode. When the thickness of the layer is significantly smaller
(<10 per cent) than the thickness of the diffusion layer the two layers can
be considered as being independent, which simplifies the mathematical
treatment. The thickness of the reaction layer depends on the values of
the homogeneous rate constants k; and k_;.

Other more complex mechanistic schemes are studied by a variety of
techniques. Double hydrodynamic electrodes are particularly useful for
investigating schemes involving two electron transfer steps, such as ECE
and DISP schemes. Some of the applications of the different electroche-
mical techniques in the elucidation of these reactions are described in the
following chapters.
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7.1 Introduction

The experimental aspects to be discussed in this chapter include cell
design, electrode materials, construction and cleaning of electrodes,
solution composition, and control instrumentation. Electrode materials
specially designed for potentiometric measurements, which rely on the
material selectivity, are discussed in Chapter 13.

We shall not give many practical details, but only those of greatest
interest in the planning and design of electrochemical experiments.
However, it is hoped that the discussion in this chapter will prove an aid
to consulting more detailed expositions in this area, for example Refs.
1-6.

7.2 Electrode materials for voltammetry

The choice of an electrode material depends to a great extent on the
useful potential range of the electrode in the particular solvent employed
and the qualities and purity of the material. The usable potential range is
limited by one or more of the following factors:

@ solvent decomposition
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e decomposition of the supporting electrolyte (Section 7.5)

® clectrode dissolution or formation of a layer of an
insulating/semiconducting substance on its surface.

Additionally, solid electrodes can be adversely affected by poisoning
through contact with solutions containing contaminants. We now con-
sider some frequently used materials and look at their properties as
electrodes in more detail.

Metals

Much has been written about solid metal electrodes, which have now
largely displaced liquid mercury. Those most often used as redox (‘inert’)
electrodes for studying electron transfer kinetics and mechanism, and
determining thermodynamic parameters are platinum, gold, and silver.
However, it should be remembered that their inertness is relative: at
certain values of applied potential bonds are formed between the metal
and oxygen or hydrogen in aqueous and some non-aqueous solutions.
Platinum also exhibits catalytic properties.

A general advantage of metal electrodes is that their high conductivity
results in low (usually negligible) background currents. It is usually fairly
easy to increase sensitivity and reproducibility at solid electrodes by
forced convection. Their surfaces can be modified by electrodeposition or
chemical modification, although the latter is more common with carbon
electrodes (see below). Another advantage of the use of metal electrodes
is the ease of construction of the electrode assembly, and ease of
polishing.

Electrodes of many metals can undergo corrosion or passivation—
formation of a salt film on the surface—and other reactions, depending
on the medium and experimental conditions. Electrochemical techniques
can be used to investigate the mechanisms of these processes.

Carbon

Carbon’ exists in various conducting forms. Electrochemical reactions are
normally slower at carbon than at metallic electrodes, electron transfer
kinetics being dependent on structure and surface preparation®.

Carbon has a high surface activity, which explains its susceptibility to
poisoning by organic compounds. Bonds with hydrogen, hydroxyl and
carboxyl groups, and sometimes quinones, can be formed at the carbon
surface. The presence of these groups signifies that the behaviour of these
electrodes can be very pH-sensitive. The presence of functional groups
has also been purposely used to modify the electrode surface (modified
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Table 7.1. Properties of various carbon materials (from Ref. 8)

Apparent  p (22 cm) L, (nm) L. (nm)
density
(gem™)
Glassy carbon
Tokai GC-10 (made at 1000°C) 1.5 45%x107* 2¢ 1.0
Tokai GC-20 (made at 2000°C) 1.5 42x107% 2.5° 1.2
Tokai GC-30 (made at 3000°C) 1.5 3.7x107* 5.5 7.0
Carbon fibre* 1.8 (5-20)x107*  >10 4.0
HOPG, a-axis 2.26 4x107°  >1000
HOPG, c-axis 0.17 >10000
Pyrrolytic graphite 2.18 100* 100
Randomly oriented graphite
(Ultracarbon UF-4s grade) 1.8 1%x107* 307 50°
Carbon black (Spheron-6) 1.3-2.0 0.05 2.0 1.3

? Values may vary significantly with preparation procedure

electrodes, Section 14.4) with a view to obtaining new electrode
properties.

Various types of carbon are used as electrodes. These include glassy
carbon, carbon fibres, carbon black, various forms of graphite, and
carbon paste, which consists of graphite particles in contact, incorporated
in an inert matrix. They are all sp® carbons, and can be compared
structurally by considering the length of microcrystallites, L,, in the
graphite lattice plane (a-axis), and the thickness of the microcrystallites
perpendicular to the graphite planes (c-axis), L.. These values, together
with apparent density and resistivity are shown in Table 7.1.

Probably the most widely used of these is glassy carbon, which is
isotropic. However, due to its hardness and fragility, electrode fabrica-
tion is difficult, which essentially limits its use to the dimensions and
forms that can be acquired commercially. The manufacture of glassy
carbon consists in carbonization by heating phenol/formaldehyde poly-
mers or polyacrylonitrile between 1000°C and 3000°C under pressure.
Since glassy carbon has some amorphous characteristics, as can be seen
from Fig. 7.1, it is not always homogeneous.

Carbon fibres have a diameter similar to that of a hair (2-20 pm), and
exhibit a stiffness greater than steel in the fibre direction. Fabrication is,
in general, either from polyacrylonitrile (PAN), which gives circular
concentric graphitic ribbon rings, or from pitch, which tends to give a
radial structure of graphite lamellae'®. Apart from use as microelec-
trodes, they are used as bundles in porous electrodes where a high
electrolysis efficiency is required (Chapter 15).

Another important form of carbon is pyrrolytic graphite (PG), so called
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Fig. 7.1. Representation of the structure of glassy carbon, showing L, and L.
(from Ref. 9 with permission).

because it is prepared by high-temperature decomposition of gaseous
hydrocarbons on to a hot surface, which is anisotropic and has a slightly
higher density than natural graphite. If this is pressure annealed at high
temperature it turns into highly ordered pyrrolytic graphite (HOPG),
which is highly anisotropic as shown in Table 7.1, and is very re-
producible. In graphite (Fig. 7.2) the choice of basal or edge plane alters
the electrochemical response owing to the different structure of the
exposed surface. Pores arising in graphite are sometimes impregnated
with ceresin or paraffin under vacuum in order to impede the entry of
solution into the electrode.

0.1415 nm

Fig. 7.2. The structure of graphite.
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Electrodes made with carbon or graphite paste mixed with a hydro-
phobic diluent such as Nujol, paraffin, silicone rubber, epoxy resin,
Teflon, or Kel-F, have also been used. Comparative studies between the
various types of carbon paste electrode have been carried out'’.

Other solid materials

Other solid electrode materials used are semiconductors, for example
metal oxides'>"?, and conducting organic salts'*. These last are of much
interest at present for the immobilization of organic compounds such as
enzymes, given their compatibility with these macromolecules (Chapter
17).

For spectroelectrochemical and photoelectrochemical studies, optically
semi-transparent electrodes have been fabricated by vapour deposition
techniques on glass or quartz substrates (Chapter 12). Tin and indium
oxides, platinum, and gold have been used.

Mercury

For many years, mercury was the most used electrode material in the
laboratory in the dropping mercury and hanging mercury drop elec-
trodes, and more recently in the static mercury drop electrode. It
possesses a very high negative overpotential for hydrogen evolution in
aqueous solution, permitting a negative range of potential larger than for
any other material (about —2.0 V vs. SCE instead of —1.0 V negative
limit); conversely, for potentials more positive than +0.2V vs. SCE
mercury oxidation begins. Thus it is used almost always to study
reduction processes, as oxidations of soluble species occurring at negative
potentials are uncommon.

Mercury purity is very important, since on the one hand we have to
ensure that no other element is dissolved in or amalgamated with the
mercury, and on the other hand impure mercury used in a dropping
mercury electrode would block the capillary.

Mercury purification processes can be summarized in four steps:

® Removal of oxides and dirt on the mercury surface by filtering
through a filter paper with a pinhole (Whatman No. 40).

® Removal of dissolved basic metals (zinc and cadmium) by agitation
in 2M HNO; for 1-3 days using a vacuum aspirator. The appearance of
bubbles of mercury on the surface means that this step is finished.

e Distillation to remove noble metals (platinum, gold, silver, etc.).
There are various types of distillation apparatus; care must be taken that
this does not become a reservoir of impurities.

e Washing with water, drying, filtering, and distilling twice more.
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There are two useful and easy methods for testing mercury purity. If
basic metals are present then the mercury leaves a thin film on the wall of
a glass vessel. The other method-consists of placing a small quantity of
mercury in a corked bottle with approximately three times its volume of
distilled water and agitating: if the mercury is pure then foam will be
formed, lasting for 5-15s.

After use in an electrochemical experiment, mercury should be
redistilled. It is highly toxic, especially as vapour, so care should be
exercised: any drops that escape should be caught in a tray placed
underneath the cells, and the laboratory must have good ventilation.

Instead of drops, liquid mercury can be used as thin films electrodepo-
sited on some solid electrodes in order to increase the useable negative
potential range of these electrodes. For example, on glassy carbon
substrates the deposition can be done from a solution of 10~ M Hg(Il) in
0.1 M HNOs, applying a convenient potential (—1.0 V vs. SCE) during a
few minutes, and stirring the solution. Alternatively a mercury film can
be formed on other substrates, such as copper, by simple immersion in
liquid mercury. The special properties of these thin film electrodes are
described in Section 9.10.

7.3 The working electrode: preparation and cleaning

Working electrodes are normally solid. The mercury electrode is the only
liquid electrode at room temperature (with the rare exceptions of gallium
and amalgam electrodes) and has been most used as a dropping
electrode.

For reasons of ease of manufacture, the majority of solid electrodes
have a circular or rectangular form. External links are through a
conducting epoxy resin either to a wire or to a solid rod of a metal such
as brass, and the whole assembly is introduced by mechanical pressure
into an insulating plastic sheath (Kel-F, Teflon, Delrin, perspex, etc.) or
covered with epoxy resin. It is very important to ensure that there are no
crevices between electrode and sheath where solution can enter and
cause corrosion. Examples of electrodes constructed by this process will
be shown in Chapter 8.

Unfortunately, expansion coefficients of plastics and metals can be
quite different. For this reason it is suggested that electrodes are kept in
closed glass tubes in a thermostat bath when not in use, at the
temperature at which they will be employed. If this is not done, there is a
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risk that the surfaces of the electrode and sheath will not be coplanar
after a period of time. This means total repolishing, entailing con-
siderable costs in time and electrode material.

Once the electrode is constructed, it has to be polished to obtain a
smooth, brilliant surface which is free of physical defects. The polishing
substance used depends on electrode material hardness, and can be used
on polishing tables or with special polishing cloths. Diamond, paste or
spray, and alumina powder, available containing particles of various
sizes, are widely used. The process begins with large particles (perhaps
25 um diameter), using successively smaller particles until at least 1 um is
reached, verifying the absence of scratches, etc. It is unlikely, except for
very soft electrode materials, that the surface can be improved by using
particles of size less than 0.3 um diameter. During a series of experiments
it is possible that the last steps of polishing have to be repeated between
each experiment owing to electrode poisoning, corrosion, etc.

When carbon paste is used as electrode material an electrode body is
made with a shallow hole where the paste is inserted. This electrode
cannot be polished; when necessary the electrode is renewed. If it is a
mixture of carbon paste with a plastic then careful polishing or surface
cutting can be done.

Finally, it should be emphasized that the surface of a solid electrode is
not truly clean after polishing. Particles of abrasive will be stuck in the
pores of the electrode, and so on. In some experiments this can make a
lot of difference. For this reason it is necessary to resort to methods such
as ultrasound or electrochemical cleaning: the latter consists of applying
different potentials or currents during predetermined periods of time to
oxidize or reduce the impurities so that they leave the surface (see Ref.
15). At the same time there may be changes in surface properties
(Section 3.5).

A dropping mercury electrode (DME) is constructed by linking a
reservoir containing mercury of high purity through a tube of a plastic
such as Tygon to a very fine glass capillary (internal diameter =~0.05 mm).
Drops of mercury are formed at the bottom of the capillary and which
fall when they reach a certain size due to the action of gravity; a new
drop then begins to grow. The experimental arrangement is illustrated in
Fig. 8.7. By modifying the supply of mercury to the capillary it is possible
to have a hanging drop (HMDE). A different modification that forms a
hanging drop and that assures good reproducibility in drop size has been
developed-—the static drop (SMDE). This can be used in a hanging or in
a quasi-dropping mode. In the latter case the drop attains its final size
very rapidly, after which its surface area is constant. Electrical contact to
mercury electrodes is normally made via a platinum wire inserted into the
liquid mercury just above the capillary.
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7.4 The cell: measurements at equilibrium

A cell to make measurements at equilibrium (potentiometric measure-
ment) needs only two electrodes: an indicator and a reference electrode
(Fig. 7.3). In general, the indicator electrode is an ion-selective electrode
(Section 13.3) and the reference electrode (Table 2.1) is Ag | AgCl or
calomel in aqueous solution. The difference in potential between the two
electrodes is measured; since the reference electrode potential is con-
stant, changes in cell potential are due only to the indicator electrode
which responds logarithmically to the activity of the species in solution to
which it is sensitive.

At equilibrium, there is no passage of current and, in this sense, the
positioning of the electrodes relative to each other is not important. It
should be borne in mind, however, that the greater the distance between
the electrodes the larger the electrical noise; this problem arises
particularly in flow systems. Noise leads to lack of stable readings on a
real potentiometer or in a high-input impedance (=10'° Q) voltmeter,
owing to the fact that the indicator electrode has & low impedance. An
important objective of ion-selective field effect transistors (ISFET) and
other similar devices (Section 13.10) is the in situ conversion of the
low-impedance signal from the electrode into a high-impedance signal,
thus reducing the noise.

Indicator Reference
electrode electrode

Fig. 7.3. Experimental arrangement for measurements at equilibrium. The
voltmeter should have high input impedance to minimize current consumption.
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7.5 The cell: measurements away from equilibrium

Electrodes

Outside equilibrium there is passage of current between two electrodes,
as in galvanic cells or electrolytic cells. In laboratory research we are
usually interested in investigating the electrode process at one of the
electrodes, the indicator or working electrode, through control of its
potential (potentiostatic control) or the current it passes (galvanostatic
control), the other, auxiliary, electrode being used to complete the
electrical circuit. In the past, in controlled potential experiments, the
auxiliary electrode was also the reference electrode, which thus had the
double function of passing current and acting as a reference potential for
controlling the potential of the working electrode. Sometimes this
brought problems of potential stability—on passing current, the activities
of the species would be slightly altered in the vicinity of the reference
electrode, causing a variation of its potential. For this reason three-
electrode systems were developed where the current passes from the
working electrode to an auxiliary electrode (of larger area than the
working electrode), the separate reference electrode serving purely as a
reference potential and not passing current.

In electrochemical research, auxiliary electrodes are frequently made
of platinum foil or gauze, sometimes placed in a compartment separated
from the rest of the solution by a porous frit, so as to avoid
contamination arising from the reaction occurring at the auxiliary
electrode. This is an oxidation if reduction is occurring at the working
electrode and vice versa, but the identity of the auxiliary electrode
reaction is not important in this type of experiment.

Exceptions to the three-electrode system in the laboratory are now few
but important. A pool of mercury at the bottom of a cell in contact with
an electrolyte solution containing chloride or bromide can serve as
auxiliary and reference electrodes simultaneously owing to the very large
surface area exposed. Another exception is experiments with microel-
ectrodes: the current that passes is so small that the effect on the
reference/auxiliary electrode potential is negligible.

In order to control the working electrode potential accurately, it is
necessary that the resistance between working and reference electrodes is
as small as possible. This means close positioning, that is often not
possible. In these cases a Luggin capillary is used, a piece of glass into
which the reference electrode is inserted and whose finely drawn-out
point is placed close to the working electrode. The optimal position
depends on the geometry of the indicator electrode and on the
electrochemical technique being employed.
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Fig. 7.4. Electrochemical cell for measurements in a three-electrode scheme at a
planar electrode.

Figure 7.4 shows an electrochemical cell containing a stationary planar
working electrode, a reference electrode with Luggin capillary, and an
auxiliary electrode. Some other types of more specialized cells are
described in subsequent chapters.

Quasi-reference electrodes can be employed in situations where the
high reproducibility of potential is not necessary, such as in many
voltammetric analysis experiments. Mercury pools (referred to above) or
silver wires in aqueous halide media are examples. Platinum wires can
also be used. The advantage of wires, apart from their small size, is in
reducing the uncompensated resistance in resistive media, relative to
conventional reference electrodes.

Supporting electrolyte

Normally electrode reactions take place in solutions, or sometimes in
molten salts (e.g. aluminium extraction). In order to minimize the
phenomenon of migration of the electroactive ions caused by the electric
field (Chapter 2) and to confine the interfacial potential difference to the
distance of closest approach of solvated ions to the electrode (Chapter 3),
the addition of a solution containing a high concentration of inert
electrolyte, called supporting electrolyte, is necessary. This has a con-
centration at least 100 times that of the electroactive species and is the
principal source of electrically conducting ionic species. The concentra-
tion of supporting electrolyte varies normally between 0.01 M and 1.0 M,
the concentration of electroactive species being Smm or less. The
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Table 7.2. Some supporting electrolytes and their approximate potential
ranges in water and other solvents for platinum, mercury, and carbon

E/V vs. SCE
-3 0 +3
L L L | s 1 J
—_
1M H2SO4 Pt
p————— 1 M NaOH
p——1 M H,S0,
Water pb————— 1M KCl Hg
p——— 1 M NaOH

p—— 1 M HCIO, c
— { 0.1 M KCI1

Non-aqueous } { 0.1 M TBAP/DMF
Py

0.1 M TBABF,/ACN

T

TBAP = tetrabutylammonium perchlorate
DMF = dimethylformamide
TBABF, = tetrabutylammonium tetrafluoroborate
ACN = acetonitrile

supporting electrolyte should be chosen, as well as its concentration, so
that the transport numbers of the electroactive species are practically
zero: it can be an inorganic or organic salt, an acid or a base, or a buffer
solution such as citrate, phosphate, or acetate. The choice also has to be
made in relation to the properties of the solvent employed. A description
of the properties of non-aqueous solvents and usable electrolytes can be
found in Ref. 16.

Table 7.2 shows some useful supporting electrolytes in aqueous and
non-aqueous media. The usable potential range is limited by solvent
and/or supporting electrolyte decomposition and, to a certain extent, by
electrode material. Sometimes samples for laboratory analysis already
contain supporting electrolyte, as is the case for sea water (0.7 M NaCl);
in others acid is added during preparation by digestion, etc., that can
serve simultaneously as supporting electrolyte. In Table 7.1 it should
be noted that there are useful organic salts (tetraalkylammonium-)
that are soluble in non-aqueous solvents: in these cases there is less
confidence that the supporting electrolyte does not interfere in the
electrode reactions'’.

All care must be taken to ensure that the supporting electrolyte is truly
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inert in the potential range of the experiment, not reacting with the
electrode or with the products of the electrode reaction (except when
desired). This also shows the importance of reagent purity for preparing
an electrolyte solution of the best quality, of purification of commercial
reagents if necessary, of drying and distilling pure organic solvents under
the appropriate conditions, and of careful distillation of water to remove
inorganic and organic impurities, these latter by photolytic degradation
or reaction with permanganate.

In the case of microelectrodes where currents are sufficiently small so
that the reference electrode can serve simultaneously as auxiliary
electrode (see above) the solution ohmic potential drop (product of
current and solution resistance) is also small. This means that measure-
ments can be made in highly resistive media without the addition of
supporting electrolyte, a fact that can be very useful.

Removal of oxygen

The atmosphere contains about 20 per cent oxygen, which is slightly
heavier than air, and is dissolved appreciably (=10~* m) in solutions open
to the atmosphere. Oxygen is reduced at electrodes in two separate
two-electron steps or in one four-electron step at potentials that vary
between 0.05V and —0.9V vs. SCE, depending on pH and on electrode
material. In acid solution

0, +2H" +2¢”— H,0,
H,0,+ 2H" + 2¢~— 2H,0
and in alkaline solution
0, +2H,0 +2e¢™—20H™ + H,0,
H,O, +2e™—20H"
the four-electron reduction being obtained by addition of the two
two-electron steps. These half-reactions contribute to the current meas-
ured at the electrode and oxygen can oxidise the electrode surface.
Besides this, oxygen, radicals such as HO;, and hydrogen peroxide can
react with the reagents and/or products of the electrode reaction being
studied. Thus removal of oxygen from the solution is, in general, of great
importance, especially for studies done at negative potentials, unless the
electroreduction of oxygen itself is being investigated.

Removal of oxygen can be done chemically by the addition of the exact
quantity of a compound such as hydrazine, according to the reaction

This procedure is used industrially to minimize corrosion.
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In the laboratory solutions are saturated with an inert gas that reduces
the partial pressure of oxygen to a very low value. Inert gases employed
are nitrogen and argon: the latter has the advantage of being heavier than
air and not escaping easily from the cell, whereas the former is lighter
than air; however, nitrogen is much less expensive than argon. Gas purity
is very important, and ultra-pure gases should always be preferred. If
necessary the gas can be further purified to remove any remaining traces
of oxygen. It will always also have to pass over a drying agent (e.g.
calcium oxide) in the case of non-aqueous solvents and for all solvents
bubble through a solution of supporting electrolyte to presaturate the gas
before its entry into the cell. Purification methods are:

e Passage over copper-based BTS catalysts at high temperature

e Passage through Dreschler flasks containing a substance easily
oxidized by oxygen, this being regenerated by a powerful reducing agent.
Examples of oxidizable substances are vanadium(III), anthraquinones,
pyrogallol, and the reducing agent zinc amalgam.

Note that by using the first process it is impossible to introduce impurities
into the solution; however, the catalyst is expensive and regeneration
with a stream of hydrogen in an oven is somewhat dangerous!

The time during which inert gas should be bubbled before an
experiment is performed depends on the solvent and experimental
requirements, but should never be less than 10 minutes. During the
experiment gas should be passed over the solution to impede entry of
oxygen—if bubbling in solution were continued there would be tur-
bulence and possible appearance of gas bubbles on the electrode surface.
This can be done simply with a two-way tap.

Another important precaution is with the tubing where the gas passes
(preferably copper, glass, etc.) and, in a flow system, also with tubing
through which deoxygenated solution passes. All flexible plastics are

Table 7.3. Permeabilities of some
materials to oxygen'®

Relative
permeability
Teflon TFE 0.6
Teflon FEP 0.6
Polystyrene 0.11
Polypropylene 0.02

Polyethylene 0.02
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permeable to oxygen—some permeability values are given in Table 7.3.
Lengths of plastic tubes should therefore be minimized.

7.6 Calibration of electrodes and cells

In investigating electrode processes it is extremely important to know
whether the assumptions of the theory that is being applied are valid.
Calibration of the working electrode and of the cell is thus a fundamental
requirement. Since electrode response varies with time, calibration may
have to be repeated fairly often.

In voltammetric experiments a normal type of calibration is the
recording of voltammetric curves for a known system, constructing plots
such as variation of limiting current with the transport parameter, or of
current with concentration. In potentiometric experiments the equivalent
would be the variation of potential with concentration. These curves are
especially important in electroanalytical experiments: working curves
permit the immediate conversion of a measured current or potential into
a concentration.

Another useful electroanalytical procedure is the standard addition
method: successive quantities of a standard solution are added to the
unknown solution, the concentration of species in the unknown solution
being determined from the intercept of the plot of response vs. quantity
added. Note that the use of graphical methods without comparison with
theoretical equations and known systems does not prove the accuracy of
the experiments, but only their precision.

Finally, the detection limit of a technique, which is determined by the
impossibility of separating signal from noise (blank), should be con-
sidered. In potentiometric experiments the detection limit results from a
diminution down to zero variation in measured potential with concentra-
tion decrease, as discussed in Chapter 13. It is clear that reproducibility
has an important effect on detection limit, and detection limits are
sometimes quoted on this basis, such as three times the standard
deviation. Unfortunately in the electroanalytical literature, as in many
other areas, there is sometimes an incorrect use of statistical techniques
that favours the authors’ results or hides the degree of non-
reproducibility!

7.7 Instrumentation: general

Instrumentation for electrochemical experiments has undergone rapid
development, allowing much greater precision and accuracy in control



7.8 Analogue instrumentation 143

and analysis parameters, lower electrical noise, and the possibility of
measuring smaller currents. This is intimately linked with the impressive
developments in the qualities and capabilities of electronic components.
At the very least the instrument must be able to:

e Control the working electrode potential and measure the current it
passes (potentiostatic control) and/or

e Control the current that the electrode passes and measure its
potential (galvanostatic control). When I =0 we measure the equilibrium
potential.

For measurements at equilibrium, only a voltmeter with a high input
impedance (about 10" Q) is necessary.

Instruments that can satisfy these criteria can be analogue or digital.
We now describe these two types.

7.8 Analogue instrumentation

The basis of analogue instrumentation is the operational amplifier (OA),
an integrated circuit that exists in various forms and with different
characteristics according to the applications and requirements'®.

Fig. 7.5 shows a design of an OA and Table 7.4 the characteristics of
an ideal OA and of three real, easily obtainable, OAs. The two input
potentials should be precisely equal in the absence of an applied potential
(often externally adjustable), the current consumed by the OA should be
zero, and its gain infinite. In other words, the input impedance of the
amplifier should be infinite and the output impedance zero. As seen from

Inputs Output

Iy(—)
—_—

I,(+) /
el +
v ‘

Iy = 3(I(+) + I(—)) Vo

Va

l

Fig. 7.5. Operational amplifier (OA), showing the two inputs and the output.
Operation is by amplification of |V, — V,|.
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Table 7.4. Characteristics of operational amplifiers

741 LM11 FET Ideal
Maximum output current ~5mA =5mA =5 mA Infinite
Maximum output voltage +15V 15V 1SV Infinite
Open circuit gain 106 dB 109 dB 106 dB Infinite
Input impedance 2MQ 10" Q 102 Q Infinite
Maximum offset voltage 1mV 0.2mV 3mV Zero

(Vi — Vi)

Input current 80nA 40 pA 30 pA Zero
Input bias current 20nA 1pA 10 pA Zero

(I(+) = 1,(-))

Table 7.4 input impedances in real OAs vary from 10° upwards, the
currents consumed from nA to less than pA and the gain between 10* and
10%.

Other factors to take into account are:

e The amplifiers work from voltage sources of £9V to £18V; the
output potential can never exceed these values;

e For high frequency there is a decline in amplifier gain and in the rate
of change in output voltage to an instantaneous change in input voltage
(slew rate)—generally 1V/us at low frequency;

e The circuits need some time to stabilize at the new voltages after a
voltage step, perhaps as much as 100 us. This limitation is especially
important in transient techniques (Chapters 9-11).

By choosing adequate amplifiers and using the feedback principle it is
possible to construct circuits, making use of Ohm’s and Kirchoff’s laws to
relate input voltage, V;, with output voltage, V,. Some of the circuit
components are illustrated in Fig. 7.6 with the respective relations
indicated. The gain of these components must always be less than the
gain of the OA at open circuit.

For a measurement at equilibrium, it is sufficient to use a voltage
follower made from a high quality OA at the voltmeter inputs for each of
the two electrodes. Modern good-quality pH and ion-selective electrode
meters already come with these requirements satisfied.

We now need to know how to combine the circuit components of Fig.
7.6 in order to form a potentiostat or a galvanostat. Current and/or
voltage boosters can be incorporated in the schemes shown below when
higher currents or voltage ranges are required.



.V, Vo

IIH

Voltage follower Inverting Current follower

Vi
Vo
Vo Vs
/RRTR
e
= Subtracting Summing inverting Integrating Differentiating

Fig. 7.6. Components of electrical circuits constructed from operational amplifiers using the feedback principle.
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Potentiostat

A potentiostat controls the potential applied to the working electrode,
and permits the measurement of the current it passes. Combination of
some of the components in Fig. 7.6 gives the potentiostat of Fig. 7.7. In

Electrodes:
D— Working

— Auxiliary
4— Reference

Ep(2)

Fig. 7.7. Potentiostat circuit for control of working electrode potential. All
resistances are equal, except Ry, which is variable.

IpRp

the circuit illustrated it is possible to apply two signals simultaneously
that are added before reaching the working electrode—an example would
be a voltage ramp and a sinusoidal signal. We have

Ew_Eref=‘/1+‘/2 (71)

where E, and E_; are the working and reference electrode potentials
respectively, and

VO = IRRD (7.2)

Electrodes:
D—Generator (disc)
O— Detector (ring)
}— Auxiliary
4— Reference

Ep(1)

Ep(2) IpRp

IxRy

_ER =

Fig. 7.8. Bipotentiostat circuit for control of the potential of two working
electrodes. All resistances are equal, except Rp and Ry which are variable.
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A bipotentiostat controls the potential of two working electrodes
independently, and measures the current that they pass. A typical circuit
is shown in Fig. 7.8. Bipotentiostats are necessary in performing studies
with double hydrodynamic electrodes (Sections 8.5-8.7).

Galvanostat

A galvanostat permits control of the current that the working electrode
passes. Figure 7.9 illustrates the scheme of a galvanostat circuit. The
current passed at the working electrode is

I=E+Y2

R TR, (7.3)

The reference electrode is not part of the circuit. It is there in order to
have a reference potential when we wish to measure the working
electrode potential, for example in chronopotentiometry (Section 5.4).

In studies involving double hydrodynamic electrodes (Section 8.5), it is
sometimes useful to control the current passed by the first, upstream,
working electrode (generator electrode) and control the potential of the
second, downstream, working electrode (detector electrode). In collection
efficiency measurements, the fraction of species, B, produced at the
generator electrode under galvanostatic control which reaches the detec-
tor electrode is measured by the current at the detector electrode caused
by reaction of B at a potential chosen so as to give the limiting current.
Plots of generator vs. detector electrode current are constructed, as in
Fig. 8.11. Addition of extra components to the simple galvanostat
permits this experiment to be carried out, see Fig. 7.10.

Rp,
Ep(1)
Ep(2)
Electrodes:
D— Working
— Auxiliary

44— Reference

Fig. 7.9. Galvanostat circuit.
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Ry
Rp: AN

Ep(1).
Ep(2)

IxRx

Electrodes:

D—— Generator (disc)

= O— Detector (ring)
F— Auxiliary

44— Reference

Fig. 7.10. Circuit for measuring collection efficiencies at double hydrodynamic
electrodes. All resistances are equal except R,, R,, and R, which are variable.

Compensation of cell solution resistance

With a Luggin capillary (Section 7.3), one can never reduce the effects of
solution resistance to zero. In certain experiments where compensation is
necessary in order to increase sensitivity in the response signal, compen-
sation can be done electronically. However, compensation can never be
exact—if it is, then the electrical system becomes unstable and starts to
oscillate. More details may be found in Ref. 20.

7.9 Digital instrumentation

In the past decade there has been an increasing use of digital
instrumentation?”?; this involves controlling experiments with a
microprocessor inside the instrument or by an external microcomputer.
These can also be used for direct analysis of the data obtained.

Since a digital instrument functions at fixed points, that is discon-
tinuously, any direct microprocessor control of an experiment has to be
in steps. For example, a linear sweep appears as a staircase instead of a
continuous ramp. To minimize these effects there are two possibilities:

e Transform the digital signal into an analogue signal using a DAC
with appropriate filtering, doing the inverse with the response through an
ADC;

e Use a sufficiently powerful microprocessor so that the differences
between the fixed points are so small that there is no visible difference (in
theoretical and practical terms) between the signal applied digitally or
analogically.
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The second of these options, although involving fewer steps, is only now
becoming important with the advent of 16-bit and 32-bit microprocessors
and microcomputers at reasonably accessible prices.

Digital instrumentation is especially useful where it is necessary to
apply pulses of potential to the working electrode, i.e. a succession of
steps, with current sampling (the microprocessor’s internal clock is used).
There has recently been a lot of progress in this area of pulse
voltammetry (Section 10.9).

Finally, we remember that, due to its nature, digital instrumentation
has a tendency to increase signal noise (there is damping on analogue
signals). The only way to solve this problem is repeat the measurements
several times and take the average values, or use other strategies
such as higher-quality electronic components or improved instrument
shielding®.
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HYDRODYNAMIC ELECTRODES

8.1 Introduction

8.2 Limiting currents at hydrodynamic electrodes

8.3 A special electrode: the dropping mercury electrode

8.4 Hydrodynamic electrodes in the study of electrode processes

8.5 Double hydrodynamic electrodes

8.6 Multiple electron transfer: the use of the RRDE

8.7 Hydrodynamic electrodes in the investigation of coupled homogeneous
reactions

8.8 Hydrodynamic electrodes and non-stationary techniques

8.1 Introduction

Hydrodynamic electrodes' are electrodes which function in a regime of
forced convection. The advantage of these electrodes is increased
transport of electroactive species to the electrode, leading to higher
currents and thence a greater sensitivity and reproducibility. Most of the
applications of these electrodes are in steady-state conditions, i.e.
constant forced convection and constant applied potential or current. In
this case 9c/dt=0, which simplifies the solution of the convective
diffusion equation (Section 5.6)

ac ’

o D V¢ —v Vc 8.1)
Even when 9c¢c/dt #0, i.e. in applications of these electrodes in combina-
tion with transient techniques, forced convection is useful at the very
least for improving the reproducibility of the results, owing to the weak
dependence of the electrode response on the physical properties of the
solution, such as viscosity (Section 8.8).

The method of resolution of (8.1) was indicated in Sections 5.7-5.9,
showing as an example the calculation of the limiting current at the
rotating disc electrode. In this chapter we discuss this and other
hydrodynamic electrodes used in the study of electrode processes. The
rotating disc electrode has propably been the hydrodynamic electrode
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most used for investigating the kinetics and mechanism of electrochemi-
cal reactions®®. The characteristics of the dropping mercury electrode
(DME) are also discussed’; its operation is cyclic and, as a first
approximation, at the same point in successive cycles we can invoke the
steady-state. Voltammetric studies at the DME are, for historical
reasons, referred to as polarography.

In Table 8.1 all the hydrodynamic electrodes in common use are listed.

Table 8.1. Limiting currents, I, at hydrodynamic electrodes under
laminar flow conditions’. Adapted from Ref. 1

A. Uniformly accessible electrodes®
(I = knFc.D¥3v~Vonr2f12)

Flow parameter (f) k Comments
Rotating disc w 0.620
Rotating hemisphere w 0.433—0.474 Experimentally
k =0.451
Rotating core ) 0.62(sin )" @ is angle between

rotation axis and
electrode surface

Wall-tube Vi/(0.5a) 0.61
Stationary disc in U/2r, 0.753 or 0.780  Experimental deviations
uniformly laminar flow of +4 per cent

B. Dropping mercury electrode’
(IL — knCmDI/Zm%/:Jtl/G)

Flow parameter (f) k Comments
m, 709 _
607 Av. current (1)
C. Non-uniformly accessible electrodes
Flow parameter Expression for limiting current
Tube Vi 5.43nFc,, D¥*x*Py 1?3
Channel Vi 0.925nFc..D¥*(h*d)~"Pwx?3V, 1
Wall-jet® V; 1.59nFc,,D2/3v_5“2a"/Zri“V?"'
Stationary disc in ' 0.761nFc,,.D**v="onr2e'"?
uniformly rotating fluid®¢
Stationary disc in fluid " 0.422nFc,,D¥*v="our20""?
rotating due to a rotating

disc®?

“ For coordinates see Fig. 8.1.

b The expression for I;_at the ring electrode is obtained by putting (r3* — r3*2)??

ri.

¢ This is the Ilkovic equation which assumes uniform accessibility.

4 These electrodes are not uniformly accessible, despite appearances, since the convective
flow is towards and not from the centre of the disc.

instead of
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¢
1
1
Ring-disc !fx
electrodes V.
TV V7
A
i 1
r=0 r n, r3
x=0 x1 x3 X3
o
| | |
Tubular 7] 7 Ai
electrodes
s 1

Channel
electrodes

ro

Spherical
electrodes g

I
Fig. 8.1. Coordinates used for common hydrodynamic electrode geometries.

The coordinates necessary to define the parameters in Table 8.1 are
shown in Fig. 8.1.

The great majority of studies have been undertaken in the laminar
regime, partly because the mathematical analysis is simpler. Studies in
other flow regimes are not numerous, except for the evaluation of
electrochemical reactors'®, so we focus here on the laminar regime.
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¢
—xf\l\\ —

)

Fig. 8.2a. Schematic streamlines at a rotating disc.

Fig. 8.2b. Establishment of Poiseuille flow and diffusion layer in a tube or
channel of infinite width.

N I

Fig. 8.2c. Mass transfer at an impinging jet electrode. I, central core potential
region; II, established flow region; III, stagnation region (‘wall-tube’ region);
IV, wall-jet region (from Ref. 13 with permission).
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8.2 Limiting currents at hydrodynamic electrodes

As described in Chapter 5, forced convection leads to a thin layer of
solution next to the electrode, within which it is assumed that only
diffusion occurs (i.e. it is assumed that all concentration gradients occur
within this layer)—the diffusion layer of thickness 6. At a particular point
on a hydrodynamic electrode and for constant convection, 6 is constant.
If the value of & is constant over the whole electrode surface then the
electrode is uniformly accessible to electroactive species that arrive from
bulk solution.

If the potential applied to the electrode is sufficiently negative
(reduction) or positive (oxidation), all the electroactive species that reach
the electrode will react and we obtain the limiting current, I, whatever
the value of the standard rate constant, k,. The relation between the
limiting current and the diffusion layer thickness, 6, is

nFAD
o)

Thus, at a uniformly accessible electrode, I is directly proportional to
electrode area.

The expressions for the limiting currents at commonly used hydrodyn-
amic electrodes are presented in Table 8.1. Nearly all of these have
cylindrical symmetry, and the electrodes are embedded in surfaces of
infinite extension. As explained in Chapter 5, calculation of I begins
with the velocity profile in solution'!"'?. Thence, one obtains expressions
for the velocity components close to the electrode surface and calculates
I . Streamlines and schematic profiles of solution movement for some
configurations are shown in Fig. 8.2. The following points should be

.
NN n///;

S O

Fig. 8.2d. The wall-jet electrode: schematic streamlines.

L= (8.2)

=0
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2

Inert —
gas

At ey

Tl

Fig. 8.3. Cell for the rotating ring-disc electrode. A, ring-disc electrode;

B, reference electrode with Luggin capillary; C, auxiliary electrode; D, Teflon

lid; E, porous frit; F, thermostatted water jacket (adapted from Ref. 1 with
permission).

A

Fig. 8.4. A wall-jet cell with ring-disc electrode. A, disc electrode contact;

B, ring electrode contact; C, Ag/AgCl reference electrode; D, platinum tube

auxiliary electrode; E, solution entry; F, cell body in Kel-F (from Ref. 1 with
permission).
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noted:

e A rotating disc sucks solution from below and spreads it out
sideways. The rotating disc electrode is uniformly accessible, although
the rotating ring is not (Fig. 8.2a).

o In a tube or channel a certain entry length, /., is necessary before the
parabolic Poiseuille flow is obtained (Fig. 8.2b).

e A jet impinging on a wall gives rise to four different regions. Note
that region III is uniformly accessible (wall-tube region) and region IV is
non-uniformly accessible (wall-jet region). To have a wall-tube or wall-jet
electrode depends only on the relative radii of the solution jet and of the
electrode(s) (Fig. 8.2¢).

o The streamline profile of the wall-jet. Note the highly non-uniform
accessibility and that recirculated solution can never reach the electrode a
second time (Fig. 8.2d).

The method of calculation for I (except for the dropping electrode) is
precisely equal to that demonstrated in Section 5.9 for the rotating disc
electrode; it is always possible to arrive to (5.63) through a correct
definition of the dimensionless parameters. More details of the calcula-
tions can be found in Ref. 1.

Figures 8.3, 8.4, 8.5, and 8.6 show typical designs of double hydrodyn-
amic electrodes (two working electrodes)—rotating, wall-jet, tube, and
channel. Using only one of the two working electrodes one obtains /; as
in Table 8.1. Use of the two electrodes simultaneously is described in
Sections 8.5-8.8.

Auxiliary Reference

ﬁ/ electrode electrode Kel-F
I

\ Working
electrodes

Fig. 8.5. A cell with double channel electrode.
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Fig. 8.6. Construction of typical tubular electrodes. (a) Integral construction:
A, generator electrode; B, detector electrode; C, reference electrode; D,
auxiliary electrode; E, porous frits; F, joints; G, epoxy resin. (b) Demountable
construction: A, generator electrode; B, detector electrode; C, Teflon parts; D,
reference electrode; E, cell body in Teflon; F, brass thread (from Ref. 1 with
permission).

8.3 A special electrode: the dropping mercury electrode

The derivation of the equation for the diffusion-limited current at the
dropping mercury electrode differs from that of the other electrodes
described above owing to its cyclic operation. Mercury flowing down
through a fine capillary forms a drop at the bottom end of the capillary.
This drop, the electrode, increases in size until it falls by the force of
gravity; the electrode is then renewed by formation of another drop.
There are thus virtually no problems of electrode poisoning. The mode of
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Fig. 8.7. A cell for the dropping mercury electrode. A, mercury reservoir;
B, Tygon tube; C, link to mercury by platinum wire; D, capillary; E, reference
electrode; F, auxiliary electrode (from Ref. 1 with permission).

operation is shown in Fig. 8.7.
One of the first to study the dropping mercury electrode mathemati-
cally was Ilkovic'*. Following his derivation of I, we start from the
Cottrell equation (Section 5.3) for a planar electrode
nFAD'Yc,,
L(1)= N

Remembering that the surface area of the electrode (supposed spherical)

(8.3)
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t't

Fig. 8.8. Variation of I, with ¢ at the dropping electrode: (——) theoretical and
(- —-) practical.

is increasing, its radius, r,, is given by

o <3m1t)1/3 8.4
" \dnp (84)
where m, is the mass flux of liquid, given normally in mgs™!, and p its
density. Substituting expression (8.4) in (8.3), we obtain
0.85
L(t)= Pt nFc.m7>D"?t"¢ 8.9

Drop growth causes an increase in the concentration gradient which
results in a multiplicative factor of V(7/3). The final equation for the
limiting current (Ilkovic equation), with c¢.. measured in molcm™ and D
in cm?s7!, is

I (t) = 709nc,. D"*m7>t"¢ (8.6)

Integrating over the lifetime of the drop, 7, the variation of [, with time
during drop life being shown in Fig. 8.8, we obtain the average value,
I, (¢t) which is

I (¢) = 607nc,.D"*m3>7'6 8.7

The Ilkovic equation is experimentally verified with some rigour in the
form of (8.7), but not as (8.6). The current at the beginning of drop life is
less than predicted and later on it is larger. Possible reasons are:

® neglect of electrode curvature

® neglect of the shielding effect of the capillary where the drop is
formed, especially at the beginning of drop life
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e neglect of the fact that the part of the drop linked to the capillary
does not contact with the solution.

Various treatments introducting corrective terms have appeared, but few
include the curvature of the electrode explicitly in the formulation of the
problem. The majority of the expressions have the form

I = Likovie{1 + A(D"’m7'7t"%)} (8-8)

where the constant A varies between 17 and 39, the corrective term
corresponding to spherical diffusion (see Table 5.3).

Another important factor linked with drop growth is the appearance of
capacitive currents, I, manifested as a background current, see Fig. 8.9.
We can write

le=G(E-E) D (8.9)

where E, is the point of zero charge and C; the integral capacity of the
double layer (Section 3.2). From (8.4), and since for liquid mercury

p=13.4gcm™>, we have
dA
S = 57X 107w (8.10)
Thus
Ie=5.7x 1073C(E — E,)ym®*~'? (8.11)
Io=8.6 X 10°C(E — E,ym?%7~"" (8.12)
—IA [\

,

Ey, -E

Fig. 8.9. Determination of I, at a dropping electrode by subtraction of the
background current.
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So Icxt™'® whilst I «¢"°, that is I- diminishes with time whereas I
increases. This is one of the reasons for sampling the current almost at
the end of drop life in many polarographic techniques, in the hope that I
is almost zero and can be neglected. It should also be noted that if C; and
7 do not vary with potential, then the background current varies linearly
with potential, which is useful for calculating the height of polarographic
peaks.

It can be shown that T«h> where & is the height of the mercury
column, by considering the force of gravity and liquid flow in a capillary.
So Ic«h and I, «h'?. This means that there is a minimum detection
limit; with current sampling this is around 1077 m (see Chapter 10 on
pulse techniques). It is therefore important not to have too high a column
of mercury.

Another important phenomenon that occurs at the dropping mercury
electrode is the polarographic maximum'’, which occurs when, on
reaching the limiting current plateau, the observed current exceeds I
(Fig. 8.10). The causes are mass transport within the electrode and
surface adsorption. Three types of maximum have been identified:

1. Variations of mercury surface tension cause movement within the
mercury. Owing to the different velocity distibutions close to and far
away from the capillary, there is a non-uniform current distribution.
Maxima are tall and narrow.

2. Due to high flows of mercury (rapid dropping), giving small,
rounded maxima.

3. Some surfactants adsorbed on the electrode surface with a compact
molecular structure, i.e. liquid crystals, lead to condensed two-

E

Fig. 8.10. Schematic polarographic maximum.
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dimensional layers on the drop surface. This phenomenon causes
turbulence. Examples are camphor and adamantol.

Maxima can be reduced to zero in many cases by addition of small
quantities of certain surfactants (for example Triton-X-100 or gelatine)
given the effect these have on surface tension. Another possibility
consists in using very short drop lifetimes with mechanical control of drop
fall. It is now realized that this is only possible for certain types of
experiment; it is equivalent to the use of a microelectrode (Chapter 5).

8.4 Hydrodynamic electrodes in the study of electrode
processes

In Sections 6.3—6.5 expressions for the analysis of the voltammograms
corresponding to the simple electron transfer process O +ne”—R,
obtained for uniformly accessible electrodes such as the rotating disc
electrode, were presented. In this section these expressions will be
applied to hydrodynamic electrodes in general.

Reversible reaction

In this case non-uniform accessibility has no influence. The equation for
the voltammogram is then

RT L .—1
E=FE,+—1 (°—> .
it in I—1. (8.13)
where
RT Dr\*
e 5o KL (D) |
12 nF n Do (8.14)

and s =% for all hydrodynamic electrodes except the dropping electrode
where s =3. The shape of the voltammogram is shown in Fig. 6.2. An
alternative way of describing the voltammetric curve, in order to separate
the anodic and cathodic components, is by substituting

£ =(E — E1,)(nF/RT) (8.15)
to obtain

I= IL‘a + IL,c
1+exp{—C} 1+exp{s}

(8.16)
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The general case

In the general case for a uniformly accessible electrode (I «electrode
area)

1 1 1

—=—4— 8.17

I I, I, (8.17)
where I, = nFAk,[R].. (or —nFAk[O]..), assuming a first-order electrode
reaction. So, exemplifying for a rotating disc electrode, a plot of I™! vs.
W ™12 (see Table 8.1) gives k, from the intercept and D from the slope.

It has been demonstrated by Matsuda and co-workers in a series of

papers’® that is is possible to use, for first-order reactions, approximate
expressions for the voltammetric curves of the form

I=< IL,a + IL,c )
1+exp{—-¢} 1+exp{C}
(ko/ D**)alexp {—a.L} + exp {a,b}]
A + (ko/D*?)olexp {—a.L} + exp {a.C}]

for many hydrodynamic electrodes, including some that are slightly
non-uniformly accessible. In these equations

(8.18)

nF
E=(E—-E) RT (8.15)
D = DEDg (8.19)

with ¢ an expression dependent on mass transport and A a number,
constant for a uniformly accessible electrode and in other cases depend-
ent on electrode geometry, being calculated numerically. Whilst for
uniform accessibility the expression is exact, when it is non-uniform there
is an error involved, the magnitude of the error increasing with the
degree of non-uniform accessibility. For example, for the wall-jet disc
electrode which is highly non-uniformly accessible, (8.18) cannot be
applied.

When

A K (ko/D*?)olexp {—acl} + exp {@.l}] (8.20)

corresponding to fast electrode reactions, (8.18) reduces to the reversible
case, (8.16).

Values of o and A for various hydrodynamic electrodes are shown in
Table 8.2. For these electrodes, graphical analysis of experimental results
can follow (8.17), since expressions (8.17) and (8.18) have the same
form.
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Table 8.2. Values of 0 and A for common hydrodynamic electrode
geometries in the equation for the I-E curve (equation (8.18))°. From

Ref. 1
Electrode o A
Rotating disc v~ 0.620
Rotating ring v 12 0.620B(r)
Rotating ring-disc electrode v~ 0.799C(r, Eg)
(reagent produced at the disc)
Stationary disc in a uniformly v~ 0.761B'(r)
rotating fluid
Dropping mercury” T 1.13
(expanding plane model)
Tube ViRx;? 0.839

Detector of double channel electrode Vi3 (h*d) *xy? 0.616C'(x, E4er)
(reagent produced at the generator)

“ Values of A are approximate; B and B' are functions of r; C is a function of
radius and ring potential; C’ is a function of electrode length and detector
electrode potential.

® In equation (8.18) for the DME, D is raised to the power 0.5.

Equation (8.18), in the presence of only O, can be written
IL c I A

) =In 3

1 (ko/D*)o
showing that logarithmic analysis to determine Ej, and (a.n) can be

carried out.
For a totally irreversible process, with significant overpotential,

In

(exp (~ad) +exp {(1- @) (8:21)

. RT L .—1
E=E{,+ In——— .
12 aunF n I (8.22)
for a cathodic process, and
E = Eirt — 1 ,a ;
12 a.nF n I (8.23)

irr

for an anodic process, the values of EYj, being, naturally, dependent on
the magnitude of mass transport.
8.5 Double hydrodynamic electrodes

Double hydrodynamic electrodes have two working electrodes, the
second (detector) placed following, i.e. downstream of, the first (gener-
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ator) with respect to convection (see Figs. 8.2-8.5). Examples are the
rotating ring-disc electrode (RRDE), the wall-jet ring-disc electrode
(WJRDE) and the tube/channel double electrode (TDE/CDE). The
second electrode can be used to detect what happened at the first or to
measure what remains of the product of the reaction at the first electrode
after a homogeneous reaction in solution (including decomposition).
Naturally, the materials of the two electrodes can be different.
The most simple reaction scheme, in which all products are stable, is

generator A+ne —B
detector B+ne —C

C can be equal to A. The fraction of B which reaches the detector
electrode is always less than unity because a part, after diffusing from the
electrode to distance 9, is transported by convection to bulk solution and
does not reach the detector electrode. The fraction of B reaching the
detector electrode under these conditions is called the steady-state
collection efficiency, N,.

Experimentally, the generator electrode current, Iy, is controlled
(galvanostatic control), usually being slowly increased from zero in an
anodic or cathodic direction depending on the electrode reaction, and the
detector electrode is held at a potential such that all the B reaching it is
converted into C, i.e. a potential in the limiting current region for B and
C, and passes current Iye,.

The steady-state collection efficiency, N,, of the double electrode is
given by

nylye

=1-F(a/B) + B*{1 - F(a)}

0

21gen
—(1+a+B)[1-F{(a/B)1+a+B)}] (8.24)

The function F is given by the expression

31/2 (1 + 91/3)3 3 291/3 -1 1
F(0) —Eln {——1 s } + —arctan (————31/2 ) +4—1

21
and o« and [ are functions only of electrode geometry and are
independent of mass transport or kinetics. The non-variation of N, with
convection rate is a very useful simplification. Values of a and g for some
double hydrodynamic electrodes are given in Table 8.3.

The deduction of N, assumes certain conditions besides the steady
state, including the non-existence of edge effects, which could occur when
the cell is small and transport by convection is small (larger 6).

For fairly usual radius ratios in ring-disc electrodes of (r,/r;) = 1.08 and
(rs/r)) =1.15 where r; would typically be 0.35cm at the RRDE and

(8.25)
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Table 8.3. Values of « and g for some double hydrodynamic electrodes

Electrode o B

Rotating ring-disc electrode (RRDE) (Q 3 . IANAS

Wall-tube ring-disc electrode (WTRDE) ’1) - <7|> - <’_|)

Wall-jet ring-disc electrode (WJRDE) <2)9’8 1 (ﬁ)"’” B (2)‘”"
n 1 n

Tube double electrode (TDE) <1_2 -1 I8 L,

Channel double electrode (CDE) 1, 1) \1,

0.18 cm at the WIRDE, we obtain values of around 0.18 and 0.11 for N,
respectively. For tubular and channel electrodes, the ratios (l,//,) =1.08
and (I5/1;) = 1.15 lead to N, =0.10.

Another useful double electrode parameter, when the potential of both
electrodes is controlled, is the reduction in the detector electrode current
when the generator electrode is passing current, if the potential applied
both electrodes is equal, these being of the same material. By inspection
of Tables 8.1 and 8.3 it can be seen that the relation between generator
limiting current, I ,.,, and detector limiting current with the generator
disconnected, 19 4, is

l),‘del = ﬂZ/SIL,gen (8'26)
The limiting current at the detector electrode with the generator
electrode connected, 4, is then
IL,de( = I{l),,det - N()IL,gcn = I(l),‘dct(l - Noﬁ_m) (8-27)
In fact (N, ?°)<1 and the term in brackets, the shielding factor, is
always positive. The shielding factor is the maximum reduction in the
detector electrode current that can be caused by the generator electrode:
its use is to remove an unwanted electroactive species from solution that
interferes with the reaction under study. To maximize the reduction in
current (minimize the shielding factor) we want an electrode geometry
such that (N,B~*?)— 1, which corresponds to a very small interelectrode
gap, (r,— ), and a thin detector electrode.
We now exemplify some of the uses of these electrodes in the
elucidation of various types of electrode processes.

8.6 Multiple electron transfer: the use of the RRDE

The rotating ring-disc electrode has been much used in the study of
electron transfer in consecutive and parallel reactions or a mixture of
both. Each of these situations is now examined in detail.
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Consecutive reactions

Consider the scheme

k
Disc A, —» A, 285 p 2%, (,

Ring B« —— D
where the mass transfer coefficient is
kyq=0.620D%3y~ 16172 (8.28)

and where we assume that the diffusion coefficients of all species in
solution are equal. Applying the stationary state approximation to the
concentrations of the various species, i.e. dA/dt = dB/dt =0, we obtain

I k
ngNo | 2| = ny+ (n, + ny) = (8:29)
Iz kq
and
I p—1 k
nRN()"bD—“12= [ﬂ2+ (n1 +n2) _2] (nl ""'12)ﬁ (8.30)
IR kl kl

From the first expression we conclude that for the two extremes when:

® k,>»ky, Ix=0: A voltammetric wave is obtained at the disc
corresponding to (n, +n,) electrons. Diffusion to the ring can be
neglected.

® k,<<kgy, |Ir/lp|=(ngNy/n,): Reaction of B at the disc can be
neglected relative to its diffusion to the ring electrode.

For the general case we construct plots of

® Iy/I; vs. ™" (expression 8.29), obtaining n, from the intercept
and k, from the slope.

® (I.p— Ip)/Ig vs. @' (expression 8.30), obtaining k, from the slope
and n, from the intercept.

Parallel reactions

The scheme is ne
[

Disc A, —> A.

Ring C<«——B
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where only B is electroactive at the ring. The expressions for this case are

I nik, + nyk
ngNo ID —“—kﬂ (8.31)
R 2
1 I n.k
nRNo—L%’ (1= ng) + == (8.32)
R 2

Consecutive and parallel reactions

This type of reaction is often called the branched mechanism and
corresponds to many real systems such as, for example, the electroreduc-
tion of oxygen. At platinum electrodes, a mechanism that explains the

experimental data is'’ k,
‘ |
Disc 00 %5 0,0 X5 1,0, —55 H0
ikd.u_,oz
Ring H,0 «<— H,0,

The calculated expressions are

N, I [1 +21 ] %K_kw__ (8.33)
Iy k, k4 m,0,

—=1+ 8.34

ILp—Ip ka o, (8.349)

A plot of Ip/Ix vs, o™ "? will give straight lines of different slopes
depending on the applied potential (which affects the ratio k,/k, and k3).
At the same time there are extreme cases such as

k,=0, intercept (8.34) =1
k=0, k=0  slope (8.33)=1.

A summary of the various mechanisms considered for the electroreduc-
tion of oxygen at platinum electrodes can be found in Ref. 17.

8.7 Hydrodynamic electrodes in the investigation of coupled
homogeneous reactions

In Section 6.9 the schemes of some mechanisms involving coupled
homogeneous reactions, namely EC, CE, and C'E, were shown. Hydro-
dynamic electrodes are useful in the study of these mechanisms owing to
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their high sensitivity and reproducibility. Besides this, forced convection
confines the zone of homogeneous reaction to very close to the electrode
permitting the rate constants of the coupled homogeneous reactions to be
calculated more easily.

Instead of presenting the equations for these cases, which can be
consulted in the literature', we consider a mechanism where the double
electrode is very valuable, that is in the ECE mechanism, the chemical
step being of first or second order'®. Schematically for a double
electrode, one has

generator A+ng,.e —B
solution B(+ X) % products
detector B+tnye”™ —C(or A)

The fraction of species B obtained at the detector electrode is N, the
kinetic collection efficiency. An example of a first-order reaction is the
bromination of anisole'®, and of a second-order reaction the bromination
of some proteins®.

Experimentally, as for the steady-state collection efficiency, the gener-
ator electrode current is controlled and the potential of the detector
electrode is held at a value corresponding to mass-transport-limited
conversion of B to C.

Let us see the expressions obtained for the case of a very fast
second-order homogeneous reaction, where X is not electroactive and is
of low concentration. It is relatively simple to show that a plot of I, vs.
I, has the form of Fig. 8.11". Effectively B is being titrated with X. A
current begins to be registered at the detector electrode only when some
B reaches it, which means that there is excess of B in the reaction with
X—there will be a region not containing any X around the generator
electrode and which reaches to, and eventually overtakes, the detector
electrode on increasing ,. After the boundary of this region reaches the
end of the detector, I, increases linearly, the slope of the plot of |l | vs.
|Ioen] nOw being equal to N,. Analysing the curve we can deduce the
concentration of X. The effect of slower homogeneous kinetics is to
create a zone where both B and X exist in solution, which makes the
curved region of the plot larger. Analysis of the curved part of the plot
leads to the rate constant of the homogeneous reaction, and we can
calculate the concentration from the linear part.

The curve is defined by the equations

o ~(Bs) _ 1+« B,
N —G(a) Q+a+p)"”° G(a’(1+a+ﬁ,)) (8.35)
u p b
E=G(1/a’)—(1+a+ﬂj)u3 G<a’(1+a'+/3,)) (836)
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'Idcl|

¥ MB% NG W gen!
(a)
Fig. 8.11. Diffusion layer titration curve at a double hydrodynamic electrode
(second order homogeneous reaction). (a) |/, begins to rise when excess of B
that did not react homogeneously reaches the detector electrode and M/|l,.| =
G(1/@). (b) Assuming fast kinetics this is where linearity commences. From here
onwards the slope is N,.

@, B, and F have already been defined (Table 8.3 and equation (8.25),
noting that
G(0)=1-F(1/0) (8.37)
and B, is obtained by putting r, instead of r; in the expressions for
ring-disc electrodes (r,<r,<r;) and [; instead of [, for tubular and
channel electrodes (/, </;<<l;). M represents the limiting current of X
that would be observed if it were electroactive. Usually the analysis is
done from the coordinates where a line of slope N' meets the
experimental curve.
Good examples are for A=Br~, B being Br, or OBr~ depending on
pH, and X = As(III), amino acids or proteins, i.e. rapidly brominatable
species'®".

8.8 Hydrodynamic electrodes and non-stationary techniques

In this chapter we have considered that dc/3t =0. However, there are
important applications of hydrodynamic electrodes with transient tech-
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niques, their preferential use being based on the high reproducibility of
results that this type of electrode confers and the weak dependence on
the physical properties of the solutions relative to stationary electrodes.
These applications will be described in the chapters that follow.

Nevertheless, it is important to refer here to the fact that forced
convection alters the electrode response only in the case of this being at a
timescale that is long in comparison with the electrode process. For short
timescales the (fast) perturbation will be confined to a very short distance
from the electrode surface: the electrode reaction parameters are not
affected by the convection, this being simply a way of achieving good
reproducibility.
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CYCLIC VOLTAMMETRY AND
LINEAR SWEEP TECHNIQUES

9.1 Introduction

9.2 Experimental basis

9.3 Cyclic voltammetry at planar electrodes

9.4 Spherical electrodes

9.5 Microelectrodes

9.6 Systems containing more than one component

9.7 Systems involving coupled homogeneous reactions
9.8 Convolution linear sweep voltammetry

9.9 Linear potential sweep with hydrodynamic electrodes
9.10 Linear potential sweep in thin-layer cells

9.1 Introduction

Of all the methods available for studying electrode processes, potential
sweep methods are probably the most widely used, particularly by
non-electrochemists. They consist in the application of a continuously
time-varying potential to the working electrode. This results in the
occurrence of oxidation or reduction reactions of electroactive species in
solution (faradaic reactions), possibly adsorption of species according to
the potential, and a capacitive current due to double layer charging. The
observed current is therefore different from that in the steady state
(8c/3t =0). The potential sweep technique is normally used at stationary
electrodes but can also be used at hydrodynamic electrodes. Its principal
use has been to diagnose mechanisms of electrochemical reactions, for
the identification of species present in solution and for the semi-
quantitative analysis of reaction rates'™. Until recently it was difficult to
determine kinetic parameters accurately from these experimental results,
but new methods for the analysis and simulation of these voltammetric
curves now permit much greater accuracy in the determination of rate
constants.

For the cyclic voltammetry specialist, many details of the application of
cyclic voltammetry to a huge variety of electrochemical systems can be
found in Ref. 4.
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After a description of how to control the sweep experiment and its two
forms, linear sweep voltammetry (LSV) and cyclic voltammetry (CV)
(where the sweep direction is inverted at a certain, chosen potential), the
voltammetric waveshape obtained for slow and fast electrode reactions is
analysed. Recent advances in these topics are considered. Finally, the
type of curve obtained from linear sweep in a thin-layer cell is presented:
thin-layer cells are important because they permit almost 100 per cent
conversion of the electroactive species, and show differences in relation
to electrochemical behaviour in a normal-sized cell.

9.2 Experimental basis

The basic scheme involves application of a potential sweep to the
working electrode. The various parameters of interest are shown in Fig.
9.1.

In linear sweep voltammetry the potential scan is done in only one
direction, stopping at a chosen value, E;, for example at ¢ =¢, in Fig. 9.1.
The scan direction can be positive or negative and, in principle, the
sweep rate can have any value.

In cyclic voltammetry, on reaching ¢ = ¢, the sweep direction is inverted
as shown in Fig. 9.1 and swept until E_;,, then inverted and swept to

EA
Emax

Emin

Fig. 9.1. Variation of applied potential with time in cyclic voltammetry, showing

the initial potential, E;, the final potential, E;, maximum, E,,,, and minimum,

E..n, potentials. The sweep rate |dE/dt|=v. For linear sweep voltammetry

consider only one segment. The fact that the initial sweep is positive is purely
illustrative.
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E ..., etc. The important parameters are

the initial potential, E;
the initial sweep direction

the maximum potential, E .,

°
°
® the sweep rate, v
°
e the minimum potential, E ;,
°

the final potential, E;

It is not common, but can sometimes be convenient, to change the values
of E_.. and E_;, between successive cycles.

A faradaic current, I;, due to the electrode reaction, is registered in the
relevant zone of applied potential where electrode reaction occurs. There
is also a capacitive contribution: on sweeping the potential the double
layer charge changes; this contribution increases with increasing sweep
rate. The total current is

dE
I=IC+If:Cd?d7+If=UCd+If (9.1)

Thus I-«v and, as will be demonstrated in the following sections,
I; < v'?; this means that for very high sweep rates the capacitive current
must be subtracted in order to obtain accurate values of rate constants.
In the following section we consider the equations obtained for the
shape and position of the voltammetric waves according to the rate of the
electrode reaction. On increasing the sweep rate there is less time to
reach equilibrium at the electrode surface; reactions which appear as

reversible at slow sweep rates can be quasi-reversible at high sweep rates.

9.3 Cyclic voltammetry at planar electrodes

In this section we deduce the expressions for simple electron transfer
O + ne” — R, with only O initially present in solution. The initial sweep
direction is therefore negative. The observed faradaic current depends on
the kinetics and transport by diffusion of the electroactive species. It is
thus necessary to solve the equations

3[0]_ , 310]
or Do ox? ©-2)
3R] _ Dy &[R] ©9.3)

ot ox?
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The boundary conditions are

t=0 x=0 [0]« =[O]. [R]s=0 (9.4a)
t>0 x—»  [0] —»[O]. [R]—0 (9.4b)
t>0 x=0 D0<a<[9—i)l> + DR(%) =0 (9.4¢c)
O<t=sA E=FE—ut

1> 2 E=E —-vi+v(—A) (9.4d)

where A is the value of ¢ when the potential is inverted. A fifth boundary
condition expresses the kinetic regime of the electrode reaction. The first
theoretical description of this problem was due to Randles and Sevcik in
1948°.

If the species present in bulk solution is R and the initial sweep
direction is in the positive direction, then [O] and [R] would be switched
round in boundary conditions (9.44) and (9.4b) and the signs in (9.4d)
inverted.

The solution of (9.2) and (9.3) is carried out by using the Laplace
transform (Chapter 5 and Appendix 1).

Reversible system

The final boundary condition for a reversible system is the Nernst
equation

{—g—]]—:=exp [%(E—Ee’)] (9.5)

Solution of the diffusion equations leads to a result in the Laplace domain
that cannot be inverted analytically, numerical inversion being necessary.
The final result, after inversion, can be expressed in the form

I = —nFA[O].(tDo0)"*y(ot) (9.6)
where
o= (%)v 9.7)
and
nF
at=R—T(Ei—E) (9.8)

Thus the current is dependent on the square root of the sweep rate.
Values of {w'?x(o(t)} have been determined and are given in Table 9.1;
Fig. 9.2 shows the curve obtained. Such values can be used for comparing
the shapes of experimental and simulated curves.



178 Cyclic voltammetry and linear sweep techniques

Table 9.1. Values of the current functions 5n'”’x(ot) (planar electrode)

and ¢(or) (spherical correction)® for linear sweep voltammetry and
reversible charge transfer reaction O + ne”— RS,

n(E—Ej,)/mV  «?x(ot) ¢(ot) n(E—E})/mV  a?y(at) ¢(ot)

120 0.009 0.008 ) 0.400 0.548
100 0.020 0.019 -10 0.418 0.596
80 0.042 0.041 15 0.432 0.641
60 0.084 0.087 —-20 0.441 0.685
50 0.117 0.124  -25 0.445 0.725
45 0.138 0.146  —28.50 0.4463 0.7516
40 0.160 0.173 =30 0.446 0.763
35 0.185 0.208 35 0.443 0.796
30 0.211 0.236 —40 0.438 0.826
25 0.240 0273  -50 0.421 0.875
20 0.269 0.314 —60 0.399 0.912
15 0.298 0.357 -80 0.353 0.957
10 0.328 0.403 -100 0.312 0.980
5 0.355 0.451 -—-120 0.280 0.991
0 0.380 0.499 —-150 0.245 0.997

“ See Section 9.4: at spherical electrodes, I = I(planar) + I(spherical correction).

n%x (o1)

0.2 [-

0 f 1 1 1
0.1 0 -0.1 -0.2

n(E — Eu)/V

Fig. 9.2. Normalized linear sweep voltammogram for a reversible reduction at a
planar electrode, using values from Table 9.1. E = E_, when I = I,.
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The shape of the curve can be understood in the following way. On
reaching a potential where the electrode reaction begins, the current rises
as in a steady-state voltammogram. However, the creation of a concentra-
tion gradient and consumption of electroactive species means that,
continuing to sweep the potential, from a certain value just before the
maximum value of the current, the peak current, the supply of electroac-
tive species begins to fall. Owing to depletion, the current then begins to
decay, following a profile proportional to ¢t~2, similar to that after
application of a potential step.

We now indicate some quantitative parameters in the curve, which can
be deduced from data in Table 9.1. First, the current function, nt'?y(ot),
passes through a maximum value of 0.4463 at a reduction peak potential
E,.of

E,.=E® —f—;ln (g—:)llz—0.0ZSS/n 9.9)
= Ej,—0.0285/n (9.10)

Secondly, the peak current in amperes is
I, .= —2.69 X 10°n*?AD &[O]..v"? (9.11)

with A measured in cm?, Do in em*s™, [O].. in molem™> and vin Vs™!,

substituting 7 =298 K in (9.6) and (9.7)—an equation first obtained by

Randles and Sevcik’. Thirdly, the difference in potential between the

potential at half height of the peak, E,, . (I =1, ./2), and E,, . is given by

RT 56.6

|Epc— Eppn.l =2.2;F=—n—mV at298 K (9.12)

If the scan direction is inverted after passing the peak for a reduction

reaction, then a cyclic voltammogram, as shown schematically in Fig. 9.3,

is obtained. It has been shown that, if the inversion potential, E;, is at
least 35/n mV after E, , then

E,.=E,+0.0285/n += (9.13)
n

in which x =0 for E, <K E
this case

pc and is 3mV for |E, . — E;|=80/nmV. In

[y /1, | =1 (9.14)

The shape of the anodic curve is always the same, independent of E;, but
the value of E, alters the position of the anodic curve in relation to the
current axis. For this reason I, , should be measured from a baseline that
is a continuation of the cathodic curve, as shown in Fig. 9.3.
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Fig. 9.3. Cyclic voltammogram for a reversible system.

We can summarize all the information in a diagnostic for linear sweep
and cyclic voltammograms of reversible reactions:

° Ip o UI/Z
e £, independent of v
® |[E,— E,;|=56.6/n mV

and for cyclic voltammetry alone

e E,.—E,.=57.0/nmV (E,<E,c.or E;»>E,,)
® IIp,a/Ip,cl =1

As is clear from (9.6), I, =T~ so, if experiments are conducted at
temperatures other than 298 K, the correction in I, is easy to do.

Sometimes, and this is one of the disadvantages of conventional
analysis of cyclic voltammograms, it is not possible to measure the
baseline with sufficient precision in order to measure I, ,. However, it is a
good approximation to apply the following expression in terms of the
peak current measured from the current axis (/, ), and the current at the
inversion potential (1,), (see Fig. 9.2)

L. (Lo 0.485(L
Lpa| _ (. oy (‘)°+0.086 (9.15)
Lol L. L.

The capacitive contribution to the total current as given in (9.1) should

also be taken into account. Writing =1, . we have, from (9.1) and



9.3 Cyclic voltammetry at planar electrodes 181

(9.11),
Ic Cqv'?107°
Tnel ~ 2690 DFOL. ©-16)
p.c . o

Substituting typical values (Cy=20uFcm™2, Do=10"°cm’s™!, and
[O]..=10""mol cm™> (10~* ™), and n = 1) we obtain

Ic

I

p.c

=0.24v'? (9.17)

This ratio is 0.1 for v=0.18 Vs™'; if [O].. is an order of magnitude
higher, i.e. 107 M, then the ratio is only 0.01. This shows the advantage
of using concentrations as high as possible, millimolar concentrations
representing the upper limit.

Another practical factor mentioned in Chapter 7 is the solution
resistance between working and reference electrodes. This resistance
leads to a shift in the potential of the working electrode of I,R, where
Rg is the resistance (uncompensated) of the solution. A broadening of
the peaks is observed, greater separation between E,, and E,. than
predicted theoretically, and the peak currents are lower. Since the peak
current increases with sweep rate, this factor becomes more important for
large values of v.

Irreversible system

In the case of an irreversible reaction of the type O+ ne™ — R, linear
sweep and cyclic voltammetry lead to the same voltammetric profile,
since no inverse peak appears on inversing the scan direction.

To solve (9.2) and (9.3), a fifth boundary condition to add to boundary
conditions (9.4) is

Do _8_[5(%]_* =k [O]. = k. exp {bt}[O]. (9.18)

for a reduction, where
k.=koexp[(—a.n'F/RT)E;,— E®")] (9.19)
and
b=a.n'Fu/RT (9.20)

n' being the number of electrons transferred in the rate-determining step.
As for the reversible case, the mathematical solution in the Laplace
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Table 9.2. Values of the current functions x'?x(bt) (planar electrode)

and ¢(bt) (spherical correction)” for linear sweep voltammetry and
irreversible charge transfer reaction O + ne” — R°®.

Potential’/mV  n'?x(bt)  ¢(bt) Potential®’/mV x?x(bt)  ¢(bt)

160 0.003 15 0.457 0.323
140 0.008 10 0.462 0.396
120 0.016 5 0.480 0.482
110 0.024 0 0.492 0.600
100 0.035 =5 0.496 0.685
90 0.050 —5.34 0.4958 0.694
80 0.073 0.004 -10 0.493 0.755
70 0.104 0.010 -15 0.485 0.823
60 0.145 0.021 -20 0.472 0.895
50 0.199 0.042 -25 0.457 0.952
40 0.264 0.083 -30 0.441 0.992
35 0.300 0.115 =35 0.423 1.00
30 0.337 0.154 —40 0.406
25 0.372 0.199 —50 0.374
20 0.406 0.253 =70 0.323

“ See Section 9.4: at spherical electrodes, I = I(planar) + I(spherical correction).
® Potential scale given by (E — E°")a.n' + (RT/F) In [(nDob)"*/k,).

domain cannot be inverted analytically. Numerical inversion leads to’
acnl 12
I.= —nFA[O]wD})’Zv”Z(R—;) w2y (bt) (9.21)

and the values of {s'?y(bt)} are tabulated, having a maximum of 0.4958
for E = E,°, see Table 9.2. The voltammetric curve is shown in Fig. 9.4.
The peak current in amperes is

I,.=—2.99 x 10°n(a.n")"*A[O).DGv'* (9.22)
with the units the same as in (9.11). The peak potential is given by
RT D&
E,.=E® - [0.7 0+In—=+1 ] :
P, an'F 80 +In ke sInb (9.23)

An alternative expression for I, is obtained from combining (9.22) and
(9.23), leading to

Ip_c=—0.227nFA[O]kaexp[ ‘;; (EP,C—EG)] (9.24)

From data such as those in Table 9.2 it can be deduced that |E, — E,,| =
47.7/(an') mV and that |dE,/d1g v| =29.6/(an’) mV.
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E,

n%y (br)

n(E — E,)IV

Fig. 9.4. Linear sweep voltammogram for an irreversible system (O + ne” — R).
In cyclic voltammetry, on inverting the sweep direction, one obtains only the
continuation of current decay (- — -).

With respect to reversible systems the waves are shifted to more
negative potentials (reduction), E, depending on sweep rate. The peaks
are broader and lower.

Quasi-reversible systems

For quasi-reversible systems’ the kinetics of the oxidation and reduction
reactions have to be considered simultaneously. The mathematical
solution is, therefore, more complex, but there are numerical theoretical
solutions.

As a general conclusion, the extent of irreversibility increases with
increase in sweep rate, while at the same time there is a decrease in the
peak current relative to the reversible case and an increasing separation
between anodic and cathodic peaks, shown in Fig. 9.5.

Peak shape and associated parameters are conveniently expressed by a
parameter, A, which is a quantitative measure of reversibility, being
effectively the ratio kinetics/transport,

A =ko/(DEDF0)"* = ko/ (DS~ *Dg0)"? (9.25)
When Dy = Do =D
A=ko,D 2g™12 (9.26)

showing that small A corresponds to large v (i.e. large o).
The following ranges were suggested for the different types of system
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Fig. 9.5. The effect of increasing irreversibility on the shape of cyclic
voltammograms.
at stationary planar electrodes’:
e reversible:
A=15 ko=0.3v"?cms™!
® quasi-reversible:
15> A> 1072049 0.3v"2> ky>2x 1002 cm s™!

® irreversible:
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Fig. 9.6. Transition from a reversible to an irreversible system on increasing
sweep rate.
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Table 9.3. Variation of the difference between anodic and
cathodic peak potentials with the degree of reversibility, ex-
pressed as ¥ (= An~"?, see equation 9.25)%, assuming & = 0.5

/(p n(Ep.a - EP-C)/mV w n(Ep.a - EP.C)/mv

20 61 0.38 117
7 63 0.35 121
6 64 0.26 140
5 65 0.25 141
3 68 0.16 176
2 72 0.14 188
1 84 0.12 200
0.91 86 0.11 204
0.80 89 0.10 212
0.75 92 0.077 240
0.61 96 0.074 244
0.54 104 0.048 290
0.50 105

The transition between these zones is shown schematically in Fig. 9.6.

In the case of cyclic voltammograms and for 0.3 <« <0.7 (« is a, or
@,), E, is almost exclusively dependent on A and hardly varies with «.
This can be useful for the calculation of k, using Table 9.3, or by
interpolation from a working curve drawn using these data.

Adsorbed species

If the reagent or product of an electrode reaction is adsorbed strongly or
weakly on the electrode, the form of the voltammetric wave is modified’.
There are two types of situation:

e the rate of reaction of adsorbed species is much greater than of
species in solution

e it is necessary to consider the reactions of both adsorbed species and
of those in solution.

From a mathematical point of view the first of these is the simpler. An
adsorption isotherm has to be chosen or, alternatively, one has to assume
that there is adsorption equilibrium before the experiment begins.

The details of the calculation of the voltammetric profiles can be
consulted in the specialized literature®. Here we give the expression for a
reversible reaction in which only the adsorbed species O and R
contribute to the total current. The reason for this is to enable a
comparison between the expressions for this situation and for thin-layer
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cells (Section 9.10), since they are analogous—in neither case is there any
limitation from diffusion of electroactive species.

The current-potential curve for O initially adsorbed and for fast
electrode kinetics is given by

— —nFGAFO,,(bO/bR)G
© [1+(bo/br)O)

(9.27)

where T'o; is the surface concentration of adsorbed O, before the
experiment begins, on an electrode of area A, 0= (nF/RT)v, bo and by
express the adsorption energy of O and R respectively, and

6 = exp [I—ZI%(E - Ee’)] (9.28)

The peak current for reduction, 1,

b.c» 18 obtained when (bo/bgr)0 =1, that
is

_ —nze'UAro,i
PCT 4RT

(9.29)

1
(n*F*/RT)VAT o ;

-0.2

Fig. 9.7. Cyclic voltammogram for a reversible system of species adsorbed on the
electrode. If O and R are adsorbed with the same strength, E, = E®’.
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having the same magnitude for an oxidation. The peak potential is then

RT (b
E,=E® - —In (i) (9.30)
The value of E, is the same for oxidation and for reduction.

If the adsorption isotherm is of Langmuir type and (bo/bg) =1, then
the voltammetric profile is described by the function 6(1 + 6)™% From
this it can be calculated that the peak width at half height is 90.6/n mV.
This is all shown schematically in Fig. 9.7.

9.4 Spherical electrodes

It was demonstrated in Chapter 5 (see Table 5.2) that for a potential step
the expression for the current at a spherical electrode is that of a planar
electrode with a spherical correction. The same is true for potential
sweep.

Considering first potential sweep for a reversible system one obtains

nFADo[O].¢(ot)

To

I = ILana — (9.31)
for a reduction, in which 7, is the electrode radius and ¢(ot) a current
function different from x(ot). The peak current is

05 nA D0[O]®

IP,C = p.planar - 0725 X 1
o

(9.32)

where r, is in cm and the other units are as in (9.11) for a planar

electrode. Since the spherical correction does not depend on scan rate we

can consider spherical electrodes as if they were planar, plus a spherical

correction. The current function for the spherical correction, ¢(ot), is

shown in Table 9.1; as can be seen it follows a sigmoidal /-E profile.
For irreversible systems the corresponding expressions are

= Iy ptanar — nFADo[OL-¢(b1) (9.33)

ro

1

p

nA Do[O]oo

IP,C = Ip,planar - 0670 X 105
Iy

9.34)
where r, is in cm and the other units are as in (9.22) for a planar
electrode, the spherical correction being, once more, independent of scan
rate. Values of the current function for the spherical correction, ¢(bt),
are given in Table 9.2. As for reversible systems, the spherical correction
by itself corresponds to a sigmoidal I-E profile, though of lower slope.
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4 A

(a) > (b)
E

try

Fig. 9.8. Cyclic voltammograms at a microelectrode. (a) Low scan rate
(~0.1Vs™'); (b) High scan rate (>10 Vs™'). Note the similarity with hydrodyna-
mic electrodes.

9.5 Microelectrodes

The particular advantages of microelectrodes were discussed in Section
5.5. The current density at a microelectrode is larger than that at a
spherical or planar electrode of larger dimensions owing to radial and
perpendicular diffusion. Mass transport is greater, and we observe
differences in the experimental results obtained by the various electro-
chemical techniques relative to macroelectrodes.

In cyclic voltammetry we obtain the current due to perpendicular
diffusion superimposed on a radial diffusion contribution, this latter being
independent of scan rate. In particular, the spherical term in (9.31) and
(9.33) of the previous section can easily dominate at low scan rates. Thus
for small v (0.1 Vs™') we observe a steady-state, scan-rate-independent,
voltammogram (Fig. 9.8a); for large v (>10Vs™!) we observe a cyclic
voltammogram of the conventional type (Fig. 9.8b). Reversibility is less
than that at a macroelectrode, owing to the higher mass transport: this
implies that higher rate constants for electron transfer or coupled
homogeneous reactions can be determined.

High-speed cyclic voltammetry'® can easily be done at microelectrodes,
increasing the range of rate constants accessible by the technique. This is
because of the reduced capacitive contribution at microelectrodes—
sweep rates of up to 10°Vs™! at microelectrodes have been reported.
Nevertheless capacitive current subtraction is essential at these rates and
instrumental artefacts can appear, which must be taken into account.

9.6 Systems containing more than one component

In solutions containing more than one electroactive species, various
voltammetric waves appear. The same can happen if there is a second
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_ _ Inversion at E;; to
identify couple I

...... Inversion at £, to
identify couple II

—
>

E

Fig. 9.9. Cyclic voltammetry in the investigation of systems of more than one
component, showing the importance of the inversion potential in the identifica-
tion of the peaks on the inverse scan.

step (or indeed more steps) in the electrode reaction: one or two waves
will appear depending on whether the second step is easier or more
difficult than the first. The formation of various species in the vicinity of
the electrode permits their posterior inverse reaction on inverting the
sweep direction. By choosing different inversion potentials, after the first
wave and before the second, it is possible to see which waves appear on
the inverse scan and which correspond to the initial sweep (Fig. 9.9). This
procedure permits the identification of the species present in solution and
deductions with respect to the mechanism®.

9.7 Systems involving coupled homogeneous reactions

Cyclic voltammetry is a powerful tool for investigating electrode proc-
esses involving coupled homogeneous reactions. We exemplify with the

EC mechanism:
electrode As;xtne”— A, k
K=-=
ki

k1
solution A, <—k—‘? A,
1

presented in Section 6.9, and consider the electrode reaction reversible.
If the homogeneous step is very fast there is no current peak on inverting
the sweep direction. On the other hand, increasing the sweep rate, v,
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Fig. 9.10. EC mechanism in cyclic voltammetry (reversible electrode reaction and

irreversible homogeneous reaction). (a) Plot of the ratio |I,./1, | with Ig (k_,7)

where vt = |E,, — E,| (from Ref. 6 with permission). (b) Variation of cathodic
peak potential, E, ., as a function of Ig (k_,/0).

reduces the time between the appearance of the peak in the initial sweep
and where it would appear on the inverse scan, giving less time for the
homogeneous reaction to occur—the reverse peak therefore increases in
size with increasing v until all the species produced initially react. The
situation is represented schematically in Fig. 9.10a for a reversible
electrode reaction and with k =k_,, k, =0 (irreversible homogeneous
reaction). Analysis of the results and fitting to working curves allows & -,
to be determined.

An alternative strategy consists in analysing the variation of peak
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potential, E, ., as a function of scan rate (Fig. 9.10b). The horizontal
region corresponds to negligible effect from the following reaction (high
scan rate or low homogeneous reaction rate constant, k_,).

Analysis of other mechanisms with coupled homogeneous reactions
leads to plots of the same kind and which can be used for the
determination of the relevant kinetic parameters. Details are given in the
literature, for example Refs. 1, 2, and 4.

9.8 Convolution linear sweep voltammetry

Almost all the analysis of cyclic and linear sweep voltammograms has
been done through peak currents and peak potentials. Unless digital
simulation and curve-fitting by parameter adjustment is carried out, all
the information contained in the rest of the wave is ignored; this brings
problems of accuracy and precision. Besides this, a kinetic model has to
be proposed before the results can be analysed.

An answer to this lies in the transformation of the linear sweep
response into a form which is readily analysable, i.e. the form of a
steady-state voltammetric wave. Two independent methods of achieving
this goal have been described: the convolution technique by Saveant and
co-workers'"*?, and semi-integration by Oldham'. In this section we
describe the convolution technique, and demonstrate the equivalence of
the two approaches at the end.

Convolution involves calculating integrals of the type

t
1=|[ 1ene=m=an| /= (9.35)
0
and defining a current function
¥ =—160"*/nFA[O].D&? (9.36)
where 6 is a fixed value of time. Using a dimensionless potential variable,
§=(@nF/RT)(E - E») (9.37)
solution of the diffusion equation, for a reversible reduction is
I(y)=(1+e5)™" (9.38)
that can be expressed in the form
RT I,—-1
E=E,,+—In-——— (9.39)

nF 1
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Fig. 9.11. Plots from convolution cyclic voltammetry for a reduction. (a) The

current function ; (b) The convoluted current I(vy); (c) The logarithmic

function in (9.39). All are plotted vs. {, the dimensionless potential, where
{=(nF/RT)(E - E,;;) (from Ref. 11 with permission).

where
I= nFA[O]ngzl(zp) (9.40)

and 1, is the value of I when E— — o,

It can be seen that (9.37) indeed has the same form as the equations
for voltammetric curves in the steady state (Sections 6.3-6.5). So, a plot
of E vs. Ig (I, — I)/I has a slope of 0.0592 V at 298 K and is a straight line
if the reaction is reversible. Figure 9.11 shows the variation of I and
lg ((; — I)/I) with dimensionless potential, §.

Electrode reactions with slower kinetics and with coupled homoge-
neous reactions have been considered by Saveant et al.'*. A logarithmic
equation of the type of (9.39) is obtained in all cases.

Semi-integration is defined by

—-12
O =m(@) (9.41)
and the theoretical results are equal to those obtained by convolution®.
The equivalence is due to the fact that (9.35) of the convoluted integral
contains a term with exponent 0.5.
If a convoluted voltammogram is to be utilized effectively and
efficiently, much data transformation is required. It is necessary to use a
computer, preferably linked directly to the experiment.
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9.9 Linear potential sweep with hydrodynamic electrodes

Linear potential sweep at a hydrodynamic electrode can lead to two
extreme situations:

® Small v: convection contributes much more than the sweep, no
current peak appearing

® Large v: the sweep dominates, convection not affecting the electrode
response, except to assure reproducibility. There are current peaks and
the equations for stationary electrodes are applicable in the region of the
peak potential.

Between the two extremes the current peak begins to appear. Figure 9.12
shows schematically the form of the voltammetric waves for different
values of v.

The forms of the cyclic voltammograms have been deduced theoreti-
cally for the rotating disc'>'®, tubular'’, and wall-jet disc'® electrodes,
normally by numerical calculation. There is good agreement between
theory and experiment.

Advantages of using hydrodynamic electrodes in linear sweep voltam-
metry are: weak dependence on the physical properties of the electrolyte,
suppression of natural convection, and the possibility of obtaining values
of I, and I;_in only one experiment.

20
Increasing
sweep rate
< 1of
0
-0.1 0 0.1 0.2 0.3
n(E — E})IV

Fig. 9.12. Linear sweep voltammograms at a rotating-disc electrode for different
sweep rates and for the same rotation speed—reversible reaction (from Ref. 15
with permission).
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9.10 Linear potential sweep in thin-layer cells

At a hydrodynamic electrode forced convection increases the transport of
species to the electrode. However, the fraction of species converted is
low. For example, for a 1 mm aqueous solution of volume 100 cm® and
a rotating disc of area 0.5cm’ rotating at W =4 Hz, the quantity
electrolysed in 15 minutes is approximately 1 per cent.

If the cell size is diminished until its thickness is less than that of the
diffusion layer, then electrolysis is rapid and almost 100 percent. Other
advantages are the necessity of only a small quantity of solution and the
possibility of making simultaneous optical observations by using semi-
transparent electrodes. These thin-layer cells have thicknesses ranging
from 2 to 100 um. Figure 9.13 shows two possible constructions. In the

Opening for changing solution

Teflon tape spacers

—H—-Microscope slides (2.5 X 7.5 cm)—

Solution

Gold minigrid electrode
Optical path —» —>» -

Reference ——
Aucxiliary —I !

Solution

(a) Front view Side view

Inlet

Counter Working  Reference
electrode * electrode  glectrode
Pt tube Sn0O, Ag/AgCl (0.1M KQ)

Front view Side view
Fig. 9.13. Construction of two optically transparent thin-layer cells. (a) With

minigrid electrode (from Ref. 22 with permission); (b) With semi-transparent tin
dioxide electrode, and usable in a flow system.
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case of minigrid electrodes, the mesh must be sufficiently fine to
approximate a planar electrode in order to apply the equations which will
be derived below. The auxiliary and reference electrodes have to be
placed outside the thin-layer zone—this can lead to a non-uniform
current distribution at the working electrode, which has somewhat
limited the application of this type of cell to kinetic studies.

Thin-layer cells have been used with linear sweep, in coulometry and in
chronopotentiometry. Here we limit the discussion to linear sweep—
descriptions of this and other techniques can be found in Refs. 19-21.

The fact that there is total electrolysis is one of the conditions in the
solution of the equation for a reduction

I1=—-nFV d[o]. (9.42)

dr
for a simple charge transfer, where V is the cell volume, and we assume
that the concentrations of O and R are uniform throughout the cell. If
only O is present initially in solution (concentration [O];), then at time ¢

[O], + [R], = [O]; (9.43)
Substituting this relation in the Nernst equation for a reversible reaction
E=E®°" + %ln {g}: (9.44)

we get

nF -t

[0], = [0]{1 - [1 +exp <7z_T (E - Ee'))] } (9.45)
=[O0J{1-[1+6]"} (9.46)

where
0 =exp [n_F (E—Ee’)] (9.28)

RT

Calculating the differential 9[O],/d¢ from (9.46) and substituting in
(9.42), remembering that v = —(dE/dt) we obtain
_0
1+ 6)
= —nFoV[O}]Z(ot) (9.48)
where o= (nF/RT)v, and Z(ot) = 0/(1+ 6)* is the current function. It
is easy to show by differentiating Z(ot) that the current maximum occurs
for 6 = 1. This result means that E,= E®" and that
[ oo n’FV[O],  nFoV[O];
pe 4RT 4

I.= —n*F2V[O]; (9.47)

(9.49)



196 Cyclic voltammetry and linear sweep techniques

Z(ot)

n(E — E®')IV

Fig. 9.14. Shape of the cyclic voltammogram obtained in a thin-layer cell for a
reversible system, from (9.48).

Identical considerations are valid for an oxidation. The voltammetric
curve in Fig. 9.14 shows the results obtained. Three important points
should be noted in contrast with reversible reactions in normal cells:

® peak current is proportional to v, and not to v'?
o there is no separation between anodic and cathodic peaks
e the curve is totally symmetric round E,

Figure 9.14 should be compared with Fig. 9.5 for adsorbed species, and
(9.47) and (9.49) with (9.27) and (9.29). The form is exactly the same in
the two cases and is due to the non-existence of limitations to the
electrode reaction imposed by mass transfer.

For electrode reactions with slower kinetics, the first two points above
are no longer valid (Fig. 9.15); however, I, is still proportional to v. The
expressions for E, and [, in an irreversible reduction are

RT ARTk
E,.=E° + 1 ( ") )
P a.n'F n a.n'FuV (©.50)
'"F2uV[O];
L =—2%L 5 LO) (9.51)

eRT

Finally, we note that the mercury thin-film electrode has many of the
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4+
ko: A-reversible
3t B-10"®cms™!
C-10"% cms™!
D-10""¥¢ms-!
<
3 a. =0.5
s (Ol = 1 mMm
v=2mVs~!
V =2 mm3
1 -
0 1 1 1
0.2 0.1 0 -0.1 -0.2 -0.3 -0.4

n(E — E®')/V

Fig. 9.15. Voltammograms for irreversible reactions in a thin-layer cell, for
various rate constant values (from Ref. 23 with permission).

characteristics of a thin-layer cell. Anodic stripping voltammetry of
metals previously deposited and present within the thin film give
potential-current curves for linear sweep dissolution very similar to those
of Fig. 9.15 (Section 14.4).
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STEP AND PULSE TECHNIQUES

10.1 Introduction

10.2 Potential step: chronoamperometry

10.3 Double potential step

10.4 Chronocoulometry

10.5 Current step: chronopotentiometry

10.6 Double current step

10.7 Methods using derivatives of chronopotentiograms
10.8 Coulostatic pulses

10.9 Pulse voltammetry

10.1 Introduction

A step in applied potential or current'™ represents an instantaneous
alteration to the electrochemical system. Analysis of the evolution of the
system after this perturbation permits deductions about electrode reac-
tions and their rates to be made. The equivalent in homogeneous kinetics
would be a temperature or pressure jump. Potential and current step give
complementary information because, whereas in the first case the
potential change causes a brief capacitive current peak, in the second
case a part of the applied current, the value of which probably varies with
time, is always used to charge the double layer as the potential changes.
Another important point is the effect of natural convection at macro-
scopic electrodes that begins to be felt from 20 s to 300 s after starting the
experiment, depending on the care taken with the experimental
arrangement.

The equations for potential and current steps in reversible systems,
neglecting capacitive contributions were derived in Chapter 5. In the
present chapter we show the possibilities of using these methods to
elucidate electrode processes. We also consider successions of steps, that
is pulses, especially with sampling of the response, which in the case of
potential control has wide analytical application.
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10.2 Potential step: chronoamperometry

The study of the variation of the current response with time under
potentiostatic control is chronoamperometry. In Section 5.4 the current
resulting from a potential step from a value of the potential where there
is no electrode reaction to one corresponding to the mass-transport-
limited current was calculated for the simple system O + ne™ — R, where
only O or only R is initially present. This current is the faradaic current,
I, since it is due only to a faradaic electrode process (only electron
transfer). For a planar electrode it is expressed by the Cottrell equation®

nFADY?c..
(J'l:[) 12

However, when the potential is changed, the double layer has to be
charged, giving rise to a capacitive current, Ic. The resulting /-t curve
(chronoamperogram) is shown schematically in Fig. 10.1. Using poten-
tiostats with good-quality components, I- decays to zero in less than
50 us, and so it can be neglected for longer times.

When a rapid electrode process is being studied and 50 us is too long a
timescale, the use of a microelectrode is recommended for the following
reason. For a step in potential, AE, applied to an RC series element we
obtain

I(t) = (10.1)

IC=A72€exp (—t/RC) (10.2)

In an electrochemical cell, R is the solution resistance, Rg, independent
of electrode area, and C is the double layer capacity, C,4, directly

4

1f0< f_l/z

Ic

0 —

1 P
R

0 t

Fig. 10.1. Evolution of current with time on applying a potential step at a
stationary electrode. I is the faradaic current and I the capacitive current.
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dependent on electrode area. Thus /¢ is proportional exponentially to the
electrode area. Since, as shown in (10.1), I is proportional to electrode
area, the ratio I/Ic increases with decreasing electrode area. For an
electrode of area 4 um® and taking extreme values of R, =10kQ and
C,= 100 uF cm™2, the double layer is 99 per cent charged in 3 us.

For this reason, in the rest of this section we consider only the faradaic
current.

We now need to calculate the current when the potential step is not
sufficient to attain the limiting current. This implies considering oxidation
and reduction simultaneously. For a planar electrode the diffusion
equations to resolve, with only O present initially in solution, are

3[0] _,, &0]
ot = Do axz (103(1)

3R]_ . FR]
o Dy Eye (10.3b)

with the boundary conditions
t=0 x=0 [O]« =[O].. [R],=0 (10.4q)
t>0 x—o  [0]—[0]. [R]—0 (10.4b)
a[O IR
t>0 x=0 DO<M) + DR(—[——1> =0 (10.4¢)
ox /g ox /o
t>0 x=0 I= —nFAD()(a—[Ql) (10.44d)
ox 0

We use the following parameters
Yo=[0]-[O)., yr=[R]-[R]. (10.5)

and so for t =0, yo and yg =0.
The solution of (10.2) and (10.3), after applying the Laplace transform
with respect to ¢ in a similar way as in Section 5.4, gives

7o = A'(s) exp [~ (s/Do)"x] (10.6)
7r = A"(s) exp [~ (s/Dr)"x] (10.7)
Differentiating and considering boundary condition (10.4c) we obtain
D. 172 D 172
(TO> A'(s) + (—“) A'(s)=0 (10.8)
s

that is
A"(s)=—pA'(s) (10.9)
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where

DO 172
p= (D—> (10.10)
R

Equation (10.7) is transformed into
7r = —pA'(s) exp [—(s/Dg)"*x] (10.11)

It is also necessary to apply a boundary condition corresponding to the
regime of the electrode kinetics. We now consider the conditions for the
various situations.

Reversible system

The boundary condition to introduce is the Nernstian condition at the
electrode surface:

R -eeliee)
0= =ex E-E 10.12
[R]* S ) (10.12)
This expression can be transformed to
- Ol. __
oo+ L= 67, (10.13)

and combined with (10.6) and (10.11)

[O)
A()=———""=
(s) S+ p0) (10.14)
Thus, substituting in (10.6) and differentiating
37’0) ~12_[Ol
—_— - D _ X
( ox 0 (s O) (1 +p9) (10 15)
On inverting the transform and removing the dimensionless variables
3[0]) _ (Ol
< ax /o (1+ pO)(ntDo)"? (10.16)
and finally
nFADEO].
(1 + po) ()™ (10.17)

As would be expected, when E < E®" (#— 0) we obtain the Cottrell
equation.
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Table 10.1. Currents obtained by application of a potential step to the
system O + ne™ — R with only O initially present in solution

Current ()

Reversible Plane __nFAD[O],
(1+ 0)(=D)'?
_nFAD[O],,,[ 11 ]
Sphere (1+6) L@Dn)™
o l/2
Irreversible o\ e —nFAk[O)., exp [k2t/D] erfc ( D7 )
D k%t k' D
Sphere —nFAkC[O]m[(l + k—) exp erfc ( D”2> kcr()]
Irreversible  Plane 2k '
(small ¢) and sphere —nFAkC[O]""(l - (n[))"z)
=[Ol /IR],
Equation (10.17) can be written in the form
Icotren(T)
I(7) =-=ourell -/ 10.18
(1) ="t (10.18)

where 7T represents a fixed time after application of the potential step.
Taking into account the meaning of 8 and p, (10.18) can be rearranged as

RT ICot(r) I(T)

E=E,+—In 10.19
et I S (10.19)
where
RT D 172
t,=E® +—1 (—5) 10.20
12 nF n Do (10.20)

An analogous mathematical solution can be carried out for spherical
electrodes: the current is that for a planar electrode plus a spherical
correction term (Table 10.1).

Quasi-reversible and irreversible systems
Instead of the Nernstian boundary condition we have to introduce
[0
Do(2) = kil - kuiRI. (10.21)
which can be transformed to

Do(%L2) =k(7o+ Ok) _ .7 (10.22)
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By differentiation of (10.6) we know that

%) - w2
L2 =4 2 .
( 7o) (5 (10.23)
Introducing (10.22) and (10.23) into (10.6) and (10.11) we obtain finally
k. [O]-
Al(s) = ——5 e )
(S) DgZ S(H + s1/2) (10 24)
where
k. k,
H= D—gz + D_{{z (10.25)
Therefore
- nFAk[O].
I(S) = — mrz) (10.26)

Inversion of the transform gives
I(t) = —nFAk[O].. exp (H’t) erfc (Ht"?) (10.27)
If both O and R are present initially,
I(t) = nFA(k,[R].. — k [O)..) exp (H’t) erfc (Ht'?) (10.28)

In the case of a totally irreversible reaction (consider a reduction), the
expression is simplified, since

H=—% (10.29)

and so
I(t) = —nFAk[O]).. exp [k%/Dot] erfc (k .t/ D ? (10.30)

These expressions are quite complex and can be found, together with
the corresponding expressions for spherical electrodes, in Table 10.1.

A very useful simplification in the calculation of kinetic parameters is
the application of a small step at the foot of the voltammetric wave. Since
Ht"? is small we can linearize according to

2
exp (x?) erfc (x) =1 — &—f,—z (10.31)
Equation (10.27), for example, is simplified to
2Ht1/2
() = —nFAkC[O]m<1 - —;F) (10.32)

The value of k. is obtained from the intercept of the plot of I(¢) vs. t'2
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More complex mechanisms

The current response to a potential step always reflects the mechanism of
the electrode reaction and, in principle, can be used to distinguish
mechanisms involving coupled homogeneous reactions, etc. However,
sometimes the modification to the response is so small that it is
impossible to differentiate it with confidence from experimental error.
Recently the use of hydrodynamic electrodes, especially the rotating disc
electrode, has been investigated with this aim in mind: higher transport
permits easier distinction between mechanisms, besides annulling the
effects of natural convection for large ¢. This technique has had some
success’.

10.3 Double potential step

The potential is altered between two values, perhaps repeatedly (Fig.
10.2). The second step inverts the electrode reaction. We consider an
initial step from a potential where there is no electrode reaction to a
value corresponding to the limiting reduction current (only O initially
present in solution); at ¢t = 7 the potential reverts to its initial value and
there is oxidation of R that was produced. The equations for a planar

Eﬂt

(a)
1 4&

-y

(b)

Fig. 10.2. Double potential step. (a) Variation of E with ¢; (b) Schematic
variation of I with ¢.
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electrode are

0<t<t I=-nFAD¥[O]./(nt)"? (10.33)
t>1 I=nFADS[OlA[n(t — 7)] 2 = (mr) "2} (10.34)

Expression (10.34) shows that a conventional Cottrell response for an
oxidation is obtained, superimposed on the continuation of the reduction
reaction profile. Expressions for kinetic control in one of the two steps
and in both steps have been derived®.

There are various applications. If, for example, the product of the
initial reaction is consumed in solution by homogeneous reaction,
analysis of the reoxidation current will show its extent, and perhaps its
kinetics. In the case of O being reduced to R and also to other species,
the reoxidation of R (the potential would have to be very carefully
chosen) gives information about the couple O | R. As a final example, if
R is unstable but with a lifetime significantly greater than 7, then the
generation of R in situ and the study of its reoxidation can lead to the
calculation of the rate of decay of R.

In this last case the use of a double hydrodynamic electrode,
generating R on the upstream electrode and detecting it on the
downstream electrode, may be easier and more sensitive. The rotating
disc electrode has also been used with success to distinguish similar
mechanisms with coupled homogeneous reactions (ECE, DISP1, and
DISP2)°.

10.4 Chronocoulometry

Instead of studying the variation of current with time, we can integrate
the current and study the variation of charge with time: this is
chronocoulometry’. Advantages are:

e The signal usually increases with time, facilitating measurements
towards the end of the transient, when the current is almost zero
e Integration is effective in reducing signal noise

e It is relatively easy to separate the capacitive charge, Qc, from the
faradaic charge, Q.

For a large potential step at a planar electrode and considering a
reduction, we use the Cottrell equation, and by integration arrive at

_ 2nFADYO].1'"

Q= T2 (10.35)
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Fig. 10.3. Chronocoulometric response to a potential step.

Therefore, a plot of Q¢ vs. ' is linear with zero intercept. In practice,

intercepts are non-zero and correspond to a capacitive charge, Q¢, and
even to reduction of adsorbed species (Fig. 10.3).

The double potential step is very powerful in identifying adsorption
phenomena by chronocoulometry. From (10.34),

2nFADY¥O]..
t>1  Q =n—n1f2’# [(t—7)"* -] (10.36)

Figure 10.4 illustrates how to analyse the response. It is important to
remember that when ¢> 7 there is no capacitive contribution because
charge was supplied and then removed. Calling Qg the difference
between Q(7) and Q(¢ > 7), the charge after ¢ = 7 is given by

_ 2nFADE[O]..

Or=""1p "= 7"-(-1)" (10.37)

2nFADEO]..
= —T‘;[—] 6 (10.38)
Figure 10.4b is a plot of Q(t+<7t) vs. t'* and of Qg(t>1) vs. 6. The
difference between the intercepts, nFAI,, gives the amount adsorbed
through the surface excess, I'y.

Double step chronocoulometry also gives information on the kinetics of
coupled homogeneous reactions®. For example, any deviation, under
diffusion control, from (10.35) and (10.36) implies a chemical complica-
tion, which can be compared with the responses for the various possible
mechanisms.

Not much research has been done using chronocoulometry with small
potential steps. Here it is necessary to integrate the expressions in Table
10.1 and consider the rate of the electrode reaction. The integrals can be
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| — = ——-
| Ort>1) =
! o) — Q(t>1)
() :
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o<1 : Q>
|
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0 T t
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nFAFoi ;2
Or(t> 1)
()

Fig. 10.4. (a) Chronocoulometric response to a double potential step;
(b) Corresponding plots.

obtained directly, or in the Laplace domain before inversion through
simple division by the Laplace variable. However, the possibilities for
future use of the technique are many, because the signal measurement on
a longer timescale is more accurate than in chronoamperometry, where
measurements are more limited by current decay.

10.5 Current step: chronopotentiometry

A current step applied to an electrode provokes a change in its potential.
The flux of electrons is used first to charge the double layer, and then for
the faradaic reactions. The study of the variation of the potential with
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time is chronopotentiometry®. In Section 5.4 it was shown that, neglecting
the capacitive current, the potential at a planar electrode is approxi-
mately constant until the end of the transition time, 7, which corresponds
to the total consumption of the electroactive species in the neighbour-
hood of the electrode. The Sand equation® describes the transition time,
7, according to

It nFADYn™
0. 2

for a simple system O +ne”—R with only O initially present. The
transition time is independent of the rate of charge transfer. Using
hydrodynamic electrodes it is possible that 7—>o due to the high
transport of electroactive species to the electrode.

We now consider the form of the chronopotentiogram according to the
kinetics of the electrode process. We take as negligible the contribution
of the capacitive current; its contribution is larger at the beginning and at
the end of the chronopotentiogram owing to the greater variation of
potential in those regions.

The equations for a planar electrode with only O present initially are
the same as for the potential step, (10.3), as well as boundary conditions
(10.4). The differences reside in the choice of the last boundary
condition. To this end we need to know the concentrations of O and R
on the electrode surface, [O], and [R], respectively.

The concentrations of O and R are given by

Yo=A'(s) exp [_(S/Do)mx] (10.6)
Yr =A"(s) exp [—(s/Dg)"*x] (10.7)

Differentiating, and taking account of boundary conditions (10.4c) and
(10.4d), after inversion we arrive at

(10.39)

2Itl/2
[O],=[0].— nFAD (10.40)
2Itl/2
(Rl =~ (10.41)

Reversible system

The final boundary condition is expressed by the Nernst equation.
Substituting the Sand equation (10.39), together with (10.40) and (10.41)
into the Nernst equation

RT [0,

E=E® +—1
nF " [R],

(10.42)
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one obtains

RT ,[1/2 _ t1/2
E= E1/4+;1FlnT (1043)

where

E..=E® + (10.44)

RT (DR)”2
_.ln —_
nF Do
which is identifiable with Ej, in a conventional voltammogram. A
chronopotentiometric curve is shown in Fig. 10.5a. E., is the quarter-
wave potential, so called because E = E€’ when t = t/4, for Do = Dg.
From expression (10.43) we see that a plot of E vs. Ig [(t* — ¢'?)/t'?]
gives a straight line of slope 59.2/n mV at 298 K (Fig. 10.5b)—this is a

-0.24
—-0.12} 47.9/n mV
o
: 0
3]
0.12
(@
0.25 0.50 0.75 1.00
th
E
187 el
Slope 2.3 RT/nF
(59.16/n mV
at 298 K)
®) .
1

lg(r” — t%)/t*

Fig. 10.5. Chronopotentiometry in a reversible system for O+ne”—R
(only O present in bulk solution). (a) Chronopotentiogram; (b) Plot of
Evs.lg [(TIIZ _ tuz)/tuz].
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diagnostic of a reversible system. On the other hand, |E;,s— E .| =
47.9/n mV at 298 K.

For an oxidation (10.43) also applies, but with a negative sign in place
of the positive sign.

Quasi-reversible and irreversible systems
The final boundary condition, for only O initially present, is

Do<-aé%])o = kO], — k.[R]. (10.45)

substituting for [O], and [R], in (10.40) and (10.41) we get

I =nFA{k,Pgt'"* — k([O).+ Pot”z)} (10.46)
where
21 21
Pr (10.47)

= P = ———————
nFA(Dgm)"? © " nFA(Dom)?

Except for potentials close to E.q, where it is necessary to consider the
reaction in both directions, we have

I = nFAk {Pot"* —[0O]..} (10.48)
Substituting in the Sand equation for I, we obtain

JTUZD 1/2

This expression allows the calculation of k,, and, since only O is
present in bulk solution, is equal to the expression for an irreversible
system. Using

k.=koexp[—a.nF(E — E°)/RT] (10.50)
the result is
, RT 2k
E=E®+ 1 [ S — m] 10.51
arcn'F n (nDO)IQ (T t ) ( )

Therefore, for a totally irreversible wave |E;, 4 — E. 4] =33.8/an’ mV at
298 K. Figure 10.6 illustrates the variation of potential with time
schematically.
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Fig. 10.6. Chronopotentiogram for an irreversible system: O + ne” — R.

10.6 Double current step

In the last section the capacitive contribution was neglected. However,
for some galvanostatic experiments this procedure is not possible.
Various theoretical treatments have been developed to analyse chrono-
potentiograms, but always with approximations that are difficult to
justify, such as, for example, /- constant!

A better alternative is to modify the experiment. The use of a double
current step'®, as demonstrated in Fig. 10.7, can reduce the problem. The
first step has sufficient length to charge the double layer; the current is
then reduced to a lower value at which there is not capacitive component.

1A

11'—

1
|
|
1

>
0 1 t

Fig. 10.7. The double current step. The first pulse is to charge the double layer.
t,=10"°s.
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In principle, compensation of capacitive effects can be 100 per cent. The
optimal pulse duration seems to be about 1 us.

A theoretical description of this experiment has to take into account
the existence of a faradaic current during the first pulse. For small values
of ¢, one obtains, for only O or R present, the equation

BT L
ankocw

n t”z} (10.52)

32 1
where 7 is the overpotential. A plot of n (when t =t,) vs. ¢, gives k, from
the intercept. Knowing k,, and that the current is purely capacitive when
t=0,

Ft k = I - 172\ —1
Cd=limn—lﬁg— (—')(1 _Mtl_> (10.53)

—0 RTA \IL 3nl?

Double current steps, where the second step reverts to the initial value
of the applied current, have been used in mechanistic studies'".
10.7 Methods using derivatives of chronopotentiograms

If we consider reversible and irreversible systems, the derivatives dE/dt
are easily obtained and are

(d—€> _eRT_TT 10.54
dr/, - ant(_L,l/z _ t1/2) (10.54)
dE RT

(E) — SanF [tl/z(‘tl/z _ tl/Z)]-l (1055)

respectively. The positive signs refer to oxidation and the negative signs
to reduction. The minimum values of the derivatives are related to the
transition times according to

(d—li) —i2—7£z t=(4t/9 10.56)
o) Tgnpr TG (10.
and

dE 2RT

— =% t=r1t/4 10.57

< dt )i,,,min anFt v/ ( )

By measuring dE/dt we can calculate the transition time, 7. The
usefulness of these expressions is that they permit the determination of 7
in a region where the capacitive contribution is small (in fact at its
minimum).
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10.8 Coulostatic pulses

In the coulostatic pulse technique, a charge step is applied during 1 us,
the potential of the electrode being followed afterwards in open circuit'?.
Conditions are chosen such that only the double layer is charged, and
even a fast reaction proceeds only to a very small extent. After the pulse
the electrode relaxes to its initial state, releasing the charge. The
resultant flux of electrons can be used to cause faradaic reactions. The
advantage is that the solution where the measurements are made can
have a high resistance so long as the measurements are done in open
circuit; supporting electrolyte is not necessary.
The generic equations are
dn

L=—-lc=—C,! ,
¢ c Ly (10.58)

and
1 t
n=nt=0)+—1| Ldt (10.59)
Cd 0

We consider two special cases:

1. Small step and without creating significant concentration gradients:
Equation (10.59) gives

n(t) = n(t=0) exp (g) (10.60)
where
Te= RTCq (10.61)
nFl,

2. Large step, sufficient to reach the plateau of the voltammetric wave
and with Cg4 independent of potential:

2nFAD %%c..t"?
n1/2cd

from substitution of the Cottrell equation in (10.59). The plot of E vs. '
is linear, with slope proportional to concentration.

AE =|E(f) - E(t=0)| = (10.62)

10.9 Pulse voltammetry

The potential step is the basis of pulse voltammetry'>'*. Pulse techniques
were initially developed for the dropping mercury electrode'® (Section
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8.3), the objective being to synchronize the pulses with drop growth and
reduce the capacitive current contribution by current sampling at the end
of drop life. After applying a pulse of potential, the capacitive current
dies away faster than the faradaic current (Fig. 10.6); thus the current is
measured at the end of the pulse. This type of sampling has the
advantage of an increase in sensitivity and better characteristics for
analytical applications. At solid electrodes there is the additional
advantage of discrimination against blocking of the electrode reaction by
adsorption.
We now consider some of the forms of pulse voltammetry.

Tast polarography'®

This technique is applicable only to the dropping mercury electrode and
involves current sampling immediately before drop fall, the drop lifetime
being controlled mechanically to ensure good reproducibility. Although it
is not strictly speaking a pulse technique, it fits well into the general
scheme. Figure 10.8 shows the variation of current with time, how the

I ]
\ 1 | |
1 | |
1\/ | | |
@ (AL |
N | 1
I 1 L
T 2t It
—IA
(b)
-E

Fig. 10.8. Tast polarography showing: (a) Variation of total current (Ic + I;) and
sampling just before drop fall at time ¢ = 7; (b) The resulting polarogram.
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sampling is done, and the polarogram, without the oscillations in current
of a conventional polarogram (see Fig. 8.9). Detection limits of the order
of 107® M are possible.

15,16

Normal pulse voltammetry (NPV)

In normal pulse voltammetry a base value of potential, Ey,., is chosen,
normally where there is no faradaic reaction, and this is applied to the
electrode. From this value short pulses of increasing amplitude are
applied, the amplitude increment always being equal. The current is
measured at the end of each pulse, the duration of which varies normally
between 5 and 100 ms; the interval between pulses is 2—4 s. Figure 10.9
shows the scheme of operation and response.

EA
sE~¥mvl ‘ 'l ' ‘ ' !
Ebasc ——‘ H
-—T—
(@ -—T—>
T
A

(b

—>»

E

Fig. 10.9. Normal pulse voltammetry. (a) Scheme of pulse application starting at

E,.... The current is measured at the end of the pulses and it is assumed that [ at

Epoe is zero. T=2-4s and (t — t’) 5-100 ms. At the DME the end of the pulse is
synchronized with drop fall; (b) Schematic I-E profile.
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In relation to tast polarography, normal pulse polarography has the
advantage that there is faradaic reaction only during the pulses, leading
to larger currents, given that there is lower consumption of electroactive
species close to the electrode. In the case of solid electrodes, problems of
surface blocking by the product of the electrode reaction are reduced
through the use of pulses.

The form of the response is a succession of points following the same
profile as a conventional voltammogram. However, since a pulse causes
greater mass transport than a steady-state technique (hydrodynamic
electrode), a reaction that appears reversible in the steady state can
appear quasi-reversible with this technique. On the other hand, given the
short timescale, effects due to coupled homogeneous reactions may not
be observed.

Differential pulse voltammetry (DPV)">"°
This technique is similar to NPV but with two important differences:

e The base potential is incremented between pulses, these increments
being equal.

e The current is measured immediately before pulse application and at
the end of the pulse: the difference between the two currents is
registered.

The potential-time waveform is represented in Fig. 10.10. Pulses
superimposed on a potential ramp have also been employed; for
microprocessor control the staircase waveform is clearly simpler to put
into operation.

Since DPYV is a differential technique, the response is similar to the first
derivative of a conventional voltammogram, that is a peak. The peak
potential, E,, can be approximately identified with E,,. With increasing
irreversibility £, moves away from E,,, (reversible system), at the same
time as peak width increases and its height diminishes. The degree of
reversibility of an electrode reaction is similar to that observed in NPV,
since the timescale is the same.

Quantitative treatments for reversible systems demonstrated that, with
only R (positive sign) or only O (negative sign) initially present,

AE

Emax"_‘El/Zi'T (1063)

where AE is the pulse amplitude. The peak current is

172 _
nFADGc.. (1 0) (10.64)

[(68)maxl = nm([ — r,)uz 1+0o
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Fig. 10.10. Differential pulse voltammetry. (a) Scheme of application of poten-
tials (sometimes superimposed on a ramp rather than a staircase); (b) Schematic
I-E profile.

T and 7' are described in Fig. 10.10 and o is given by

(10.65)

The term (1 — 0)/(1 + o) describes the effect of AE on (8i)max. This term
increases as |AE| increases, attaining a value of unity for very large |AE]|.
In fact the use of |AE]| values larger than about 100 mV is not viable, as
the peak width at half height, W,,, also increases, leading to a loss of
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resolution. At the limit, when AE— 0
Wi, =3.52RT /nF (10.66)

The maximum value of the current obtained for large values of AE
corresponds to that obtained in NPV under identical conditions. For an
electrode process without complications, DPV should be no better than
NPV.

At the dropping mercury electrode the fact that DPV is better than
NPV is due to the residual capacitive current contribution, which is
subtracted out in the differential technique. It is relatively easy to
demonstrate that the diminution factor, f, is given by

AE
E-E
where E, is the potential of zero charge (Chapter 8, equation (8.9)). In
general, f has a value less than 0.1. It should also be noted that with
‘static electrodes’ (a succession of suspended electrodes of identical, fixed
area) the capacitive contribution described by equation (10.67) should
also be reduced to zero.

At solid electrodes the better response from DPV than from NPV is
clear in many cases, especially involving organic compounds. As these
often lead to adsorption on the electrode, it is possible that a differential
technique discriminates against effects that are moreless constant before
and after pulse application.

f= (10.67)

Square-wave voltammetry (SWV)"

Square-wave voltammetry was invented in 1952 by Barker'®, but was
little used at the time owing to difficulties with the controlling electronics.
With advances in instrumentation it has now become an important
analytical technique. The waveform is shown in Fig. 10.11, and consists
of a square wave superimposed on a staircase, a full square wave cycle
corresponding to the duration of one step in the staircase waveform.
Whereas NPV and DPV function with effective sweep rates of
1-10mVs™!, SWV can reach 1Vs™'. There are advantages: greater
speed in analysis, lower consumption of electroactive species in relation
to DPV, and reduced problems with blocking of the electrode surface.
Since the current is sampled in both the positive- and the negative-going
pulses, peaks corresponding to the oxidation or reduction of the
electroactive species at the electrode surface can be obtained in the same
experiment, and by subtraction their difference. Subtraction also means
that the difference current is zero for a species at a potential correspond-
ing to the region of mass-transport limited current. In analysis, this can
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Fig. 10.11. Square wave voltammetry. (a) Scheme of application of potentials:
sum of a staircase and a square wave; (b) Typical response: E,~2mV;
Tmin = 2 Ms. Note the similarity to DPV.

be very useful, particularly for removing the current due to reduction of
dissolved oxygen.

The rapidity means that full square-wave voltammograms can be
registered in quick succession, chronovoltammograms, an important
application being in electrochemical detection of eluents from high-
pressure liquid chromatography columns.

In the particular case of the static mercury drop electrode, given that
the experiment can be done in 2s, a full analysis is possible during the
lifetime of one drop.
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Fig. 10.12. Scheme of reverse pulse voltammetry (RPV). E,,. corresponds to
electrolysis of the electroactive species in solution.

Other pulse techniques

There are other pulse combinations, developed with particular aims
besides the reduction of capacitive and adsorptive contributions. Some
are described below.

Reverse Pulse Voltammetry (RPV)

This originated from a similar idea to that of the double potential step. A
base potential at which all the electroactive species is electrolysed is
applied, and the reverse reaction is carried out by normal pulse (Fig.
10.12). A good reason for using this technique is to diminish the
problems caused by parallel electrode reactions of the initial species.

Differential Normal Pulse Voltammetry (DNPV)

This is a hybrid of DPV and NPV. Instead of applying a succession of
pulses from a base potential, as in NPV, each pulse contains two pulses
separated by AE, giving rise to a differential measurement. With the
scheme in Fig. 10.13, it is possible to register the current relative to
reduction or oxidation by considering pairs of alternate pulses, or, by

E A

AsnlN]

Fig. 10.13. Scheme of differential normal pulse voltammetry (DNPV). It is
possible to register (L —1,), (I, — L), or {(L—1)— (I,— L)}.

t
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Fig. 10.14. Scheme for double differential pulse voltammetry (DDPV). (L, —I,)
at potential (E, + E,)/2 is registered. Pulse width ~50 ms.

using all pairs of pulses, the difference between them. Besides this, the
reduction in the time spent at potentials where there is electrode
reaction, in comparison with DPV, offers clear advantages in relation to
adsorption problems.

Double Differential Pulse Voltammetry (DDPV)

The aim of this technique is precisely the same as DPV; Fig. 10.14 shows
the pulse application scheme. The form of the voltammograms (peaks)
was deduced theoretically’®. As in DNPV, the great advantage is the
reduction in time during which electrolysis occurs.

Applications of pulse techniques

Applications of pulse techniques in electrochemistry have been pre-
dominantly in the area of analysis, relying on the linear dependence of
peak height on potential, although recently their use in mechanistic
studies, particularly square-wave voltammetry, has begun to be ex-
ploited. The reason for their use in analysis is intimately linked with the
low detection limits that are attainable, particularly in combination with
pre-concentration techniques, as will be seen in Chapter 14. Finally, since
nowadays the pulse sequences are generally controlled and responses
analysed using microprocessors, the development of new waveforms for
particular situations is now a much easier task than it was even a decade
ago.
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11.2 Detection and measurement of impedance

11.3 Equivalent circuit of an electrochemical cell
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11.1 Introduction

Electrochemical systems can be studied with methods based on im-
pedance measurements. These methods involve the application of a small
perturbation, whereas in the methods based on linear sweep or potential
step the system is perturbed far from equilibrium. This small imposed
perturbation can be of applied potential, of applied current or, with
hydrodynamic electrodes, of convection rate. The fact that the perturba-
tion is small brings advantages in terms of the solution of the relevant
mathematical equations, since it is possible to use limiting forms of these
equations, which are normally linear (e.g. the first term in the expansion
of exponentials).

The response to the applied perturbation, which is generally sinusoidal,
can differ in phase and amplitude from the applied signal. Measurement
of the phase difference and the amplitude (i.e. the impedance) permits
analysis of the electrode process in relation to contributions from
diffusion, kinetics, double layer, coupled homogeneous reactions, etc.
There are important applications in studies of corrosion, membranes,
ionic solids, solid electrolytes, conducting polymers, and liquid/liquid
interfaces.
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Comparison is usually made between the electrochemical cell and an
equivalent electrical circuit that contains combinations of resistances and
capacitances (inductances are only important for very high perturbation
frequencies, >100 kHz). The combinations normally used for faradaic
reactions are considered in Section 11.3; there is a component repre-
senting transport by diffusion, a component representing kinetics (purely
resistive), and another representing the double layer capacity, this for a
simple electrode process. Another strategy is to choose a model for the
reaction mechanism and kinetic parameters, derive the impedance
expression, and compare with experiment. Given that impedance meas-
urements at different frequencies can, in principle, furnish all the
information about the electrochemical system (if we are capable of
understanding all the contributions) there has been much interest in
developing impedance techniques in electrochemistry’ 2,

In this chapter, after a description of specialized methods for im-
pedance measurement, the procedure for deducing the kinetics and
mechanism from the impedance spectra is demonstrated.

The principles of a.c. circuits necessary for the comprehension of some
of the ideas and concepts presented here are given in Appendix 2. The
impedance is the proportionality factor between potential and current; if
these have different phases then we can divide the impedance into a
resistive part, R, where the voltage and current are in phase, and a
reactive part, Xc=1/wC, where the phase difference between current
and voltage is 90°. As shown in Appendix 2, it is often easier for
posterior calculation and analysis to display the impedance vectorially in
complex-plane diagrams.

11.2 Detection and measurement of impedance

There are three types of technique for the detection and measurement of
impedance® .

Alternating current bridge

These bridges, as shown in Fig. 11.1, use the principle of balance
between the electrochemical cell under study and a variable impedance,
Z,, which in research on electrode processes normally consists of a
resistance R; in series with a capacitance C,. Given that

Z,=R.—i/wC, (11.1)
and that
Zcell/Rl = Zs/R2 (11-2)
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| Detector I

)
N

Fig. 11.1. A.c. bridge for the measurement of the impedance of electrochemical
cells. The bridge is balanced when the current is zero: in this case Z.,/R, =
Z/R, where Z,=R,—i/wC,.

we have
Z...=R,R /R, —i(R,/wCR;) (11.3)
=Reen — 1/0Ceey (11.4)
that is
Reen = R,Ry/R; (11.5)
and
Ceen=C,Rz/R, (11.6)

The capacitance is due only to the working electrode, whilst the
resistance includes the resistive components of the electrode process, of
the solution, etc. In some cases a combination of resistance and
capacitance in parallel has also been used. In these conditions the
analysis is more easily carried out in terms of admittance ¥ =1/Z: see
Appendix 2.

When it is necessary to apply a d.c. potential to the cell in addition to
the a.c. perturbation, it is more convenient to use a potentiostat, which
simultaneously applies the d.c. potential and does the detection, rather
than the conventional detector. This arrangement is called a potentiostatic
bridge, and in this way very good stability in the applied potential and
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accuracy for a wide range of frequencies is possible, limited only by the
characteristics of the electronic components of the potentiostat.

For very high frequencies the accuracy of bridges depends very much
on cell design, and Debye—Falkenhagen effects begin to appear'®. These
occur usually above 10 MHz, and are due to the ions moving faster than
the time needed for rearrangement of the ionic atmosphere: they
therefore tend to leave it behind and the cell resistance drops. For
normal frequencies the technique is very exact, but also very time-
consuming.

A disadvantage of this type of technique is that the impedance of the
whole cell is measured, whereas in the investigation of electrode
processes one is interested in the properties of one of the electrodes. It is
possible to reduce the contribution of the unwanted components by using
an auxiliary electrode with an area large relative to that of the electrode
being studied, and extrapolating the cell impedance to infinite frequency
in order to remove contributions such as cell resistance.

Phase-sensitive detectors and transfer function analysers

These detectors compare the signal applied to the system with the
response, giving the phase difference and the ratio of the amplitudes (i.e.
impedance) (Fig. 11.2). The signal is applied by a potentiostat or
galvanostat: it is necessary to subtract the resistance between the working
and reference electrodes, and this can be done electronically. It is easy to
register the response in terms of the alternating current as a function of
applied potential, or as phase difference vs. applied potential, both these
pieces of information being important in a.c. voltammetry.

Generator > Cell
\
Phase- B R
sensitive - €sponse
detector

!

Difference in phase
and amplitude

Fig. 11.2. Principle of functioning of a phase-sensitive detector.
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Transfer function analysers and network analysers, both digital, have
principles of electronic operation different from the conventional ana-
logue phase-sensitive detector. However, the information obtained is
similar, and for a wider range of frequencies (10™*— 10°Hz). The
instruments are microprocessor controlled, permitting automatic analysis,
appropriate signal processing to improve signal/noise ratios, etc. It must
be remembered that the processing of digital signals is complicated, and
if not correctly carried out it can lead to strange and erroneous results.

In spectroscopy it is current practice to apply all frequencies at the
same time through the Fourier transform. In electrochemical systems it is
possible to do the same, but it is not yet clear if this is advantageous
given that quite a large signal accumulation time is necessary for signal
averaging; stepping through the various frequencies automatically takes
more or less the same time (Section 11.12) and the results are of similar
accuracy and precision.

Direct methods

If the applied signal is transmitted to a recorder (frequency <5 Hz) or an
oscilloscope (frequency <S5kHz) and registered against the response
signal, a Lissajous figure appears. The shape of this figure leads to the

impedance. With a perturbing signal of

E(t) = AE sin wt 11.7)

AE/\Z)

Fig. 11.3. Lissajous figure for impedance measurement (see text).
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the response is

AE
I(t)——l—il—sm (wt + ¢) (11.8)

As shown in Fig. 11.3, the values of the important variables can be taken
directly from the Lissajous figure.

11.3 Egquivalent circuit of an electrochemical cell

Any electrochemical cell can be represented in terms of an equivalent
electrical circuit that comprises a combination of resistances and capacit-
ances (inductances only for very high frequencies). This circuit should
contain at the very least components to represent:

o the double layer: a pure capacitor of capacity Cy

o the impedance of the faradaic process Z;

e the un-compensated resistance, Ry, which is, usually, the solution
resistance between working and reference electrodes.

The combination of these elements is shown in Fig. 11.4, with Z; and C4
in parallel. The impedance Z; can be subdivided in two equivalent ways:

1. Subdivision into a resistance, R, in series with a pseudo-
capacitance, Cj, according to the scheme

R, C,
—VWWW—{}—

which was described in Section 11.2 on a.c. bridges.
2. Subdivision into a resistance measuring the resistance to charge

transfer, R, and an impedance that measures the difficulty of mass
transport of the electroactive species, called the Warburg impedance, Z,,:

Rq,

Thus, for kinetically favoured reactions R,— 0 and Z, predominates,
and for difficult reactions R, — ® and R, predominates. This is called the
Randles circuit®.
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Fig. 11.4. Equivalent electrical circuit of an electrochemical cell for a simple

electrode process. Rg is the solution resistance, of the contacts and electrode

materials, Z; the impedance of the electrode process, and C, the double layer
capacity.

When other steps are involved in the electrode process, homogeneous
or heterogeneous, more complicated circuits have to be utilized, as
indicated in Section 11.10.

11.4 The faradaic impedance for a simple electrode process

Consider the charge transfer reaction
O+ne”"—R

at a planar electrode (semi-infinite linear diffusion), and for a sinusoidal
perturbation of

I = I;sin wt (11.9)

with @ the perturbation frequency (rad s™').
For a series RC circuit we have

Q

E=IR;+— .
T (11.10)
and by differentiation
dE dr 1
= —_—t—
ar det C. (11.11)
1
= R lw cos wt + c sin wt (11.12)

S

The general relation reflecting the charge transfer process, that is
E=f(l, [O]4, [R]«), leads to
dE JEdI 9E d[O], JE d[R].

—=—— + )
d oaIde 9J[O], dt J[R], dt (11.13)
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The three partial derivatives describe the kinetics of the reaction and
(3E/3I) is the charge transfer resistance, R.. It can be shown, using
Laplace transformation, that

d[()]* I o
dt  nFA (200) (sin wt + cos wt) (11.14a)
d[R -1 o \12
[dt]* T nFA (21) ) (sin wt + cos wr) (11.14b)
R

Since the a.c. perturbation is small, the linearized relation between
current and overpotential, n (equation (6.50)), considering a, = a.=0.5,
may be used, that is

_RT[[O]« [R]« ]
= uF [[O]m [R]. (11.15)
Thus
SE _RT
Ry= .
=31 = FlL (11.16)
where ], is the exchange current, and
OFE RT OFE —RT
3[0], nF[O]. 3[R], nF[R]. (11.17)
Equation (11.13) then becomes
dE .
@ (Rct + 1,2>1w cos wt + low'? sin wt (11.18)
where
RT 1 1
o= ZFZA\/_ (DIIZ[O]m + D:{z[R]m) (11.19)
By comparison of (11.12) and (11.18) we verify that
R,=R,+ ow™1? (11.20)
and that
1/C,=ow'? (11.21)

In this way, from (11.14), we can identify the Warburg impedance, Z,

of the Randles circuit as consisting of a resistance and a capacitance in

series and where the components in phase Z+, and out of phase Zy,, with
Z=2'+iZ", are given by

Zy=Ry=ow™ " (11.224)

=—(wCy) '=-00™1? (11.22b)
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Fig. 11.5. Dependence of Z{ and Z{ on the inverse square root of the frequency
(Randles plot). The slope of the plots is o.

In terms of the faradaic impedance Z;
Zi=Ry+ ow (11.23a)
Zi=—-ow™"? (11.23b)

A plot of Z; and of —Z vs. @~ should give straight lines of slope o
and of intercept R, for the in-phase component (Fig. 11.5) corresponding
to infinite frequency. The physical explanation for the intercept is that at
very high frequencies the time scale is so short that diffusion cannot
influence the current, being dependent only on the kinetics. If the lines
obtained are not parallel then either the theory cannot be applied, or the
experimental accuracy is bad.

When a reaction is reversible, R,—0 and Z;=Z,, = oo™ "*(1—i).
The observed phase angle is nt/4, and the impedance is the least possible
for that value of @ (o depends not only on the transport but also on the
reciprocal of the concentration of electroactive species: see (11.19)). If
R >0, Z; increases from its minimum value and there will be a lower
phase angle. It is this phase-angle variation according to the rate of the
electrode reaction that is used in the technique of a.c. voltammetry.

11.5 The faradaic impedance, Z;, and the total impedance:
how to calculate Z; from experimental measurements

In real electrochemical systems the experimental impedance includes
contributions from C4 and R, as well as from Z;. There are several ways
of attempting to eliminate these contributions:

e Do measurements in the absence of the electroactive species. In this
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case Z;=0 and values of C4 and R are furnished directly, so that they
can be subtracted analytically or graphically from the total impedance.
One assumes, which is not necessarily correct, that C4 and Rg are not
altered by the presence of the electroactive species;

e Study the variation of Z with frequency, so that values of Rg, Cy,
R and Z, can be extracted, using appropriate techniques of analysis.
The disadvantage is the necessity of using an equivalent circuit chosen a
priori;

e Other methods include varying the concentration'® or the applied
potential'’, all other parameters remaining constant.

The second method is the most used, and frequently in terms of plots
of Z; vs. Zi, as will be explained in the next section. This type of
analysis, developed by Sluyters et al.!, is based on techniques used in
electrical engineering.

Another point to consider is that we are assuming linearity between
perturbation and response, owing to the fact that the perturbation is
small. In a linear system Z' and Z" are not independent, and are related
by the Kramers—Kronig relations (Appendix 2). Knowing the values of
Z' over all frequencies, it is possible to calculate the corresponding curve
for Z". If the theoretically obtained curve does not agree with the
experimental curve, then the system is not linear and interpretation of
the experimental data following the usual equations is incorrect. Unfor-
tunately, in practice, this verification is time-consuming and quite
complicated, and the whole spectrum may not be accessible.

11.6 Impedance plots in the complex plane

The experimental impedance is always obtained as if it were the result of
a resistance and capacitance in series. We have already seen in (11.20)
and (11.21) the relation between an RC series combination and the
R+ Zy, combination. It can be shown for the full Randles equivalent
circuit for this simple charge transfer reaction, see Fig. 11.4, on
separating the in-phase and out-of-phase components of the impedance,
that

R + 0w~ '?
(00'"*Cy+1)* + 0’C3(R + o™ V?)?
,_ 0Cy(Re+ 00 %) + 0°Cy+ o™ ?

(0w"*Cy+1)* + 0*C4(R + o™ ?)?

Z,=RQ+

(11.24a)

(11.24b)

These components are represented as a complex plane plot in Fig. 11.6
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Fig. 11.6. Plot of impedance in the complex plane of a simple electrochemical
system: O +ne” —R.

(Sluyters or Cole—Cole plot), in a form similar to the representation of
complex numbers (Argand diagram).
It is interesting to consider two limiting forms of these equations:

1. 0—0
Z'=Rg+ R+ o0 7 (11.25a)
Z2"'=-0w "?-20°C, (11.25b)
This low-frequency limit is a straight line of unit slope, which
extrapolated to the real axis gives an intercept of (Rg+ Ry —20°Cy).
The line corresponds to a reaction controlled solely by diffusion, and the
impedance is the Warburg impedance, the phase angle being m/4, see
Fig. 11.6.
2. w— . At the high-frequency limit the control is purely kinetic,

and R, > Zy. The electrical analogy is an RC parallel combination.
Thus (11.24) become

R
Z'=Rg+—=3— 11.26a
? 71+ 0’CIRY ( )
wC4R?
Z"'= . (11.26b)

1+ w?>C3R?,

Simplifying we obtain

R =
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This last expression is the equation of a circle of radius R_/2 with
intercepts on the Z' axis of Rq (w— ) and of Rg + R, (w— 0), see Fig.
11.6.

It is important to understand the physical reasons for the existence of
this semi-circle. For very high frequency Z” (= —1/wCy) is very small,
but rises as the frequency diminishes. For very low frequency, C; gives a
high reactance but the current passes predominantly through R
increasing Z' and diminishing Z".

cty

Figure 11.6 shows the semi-circle, the straight line and a transition
zone between the two. For different systems it can happen that, due to
the relative values of the components R, Zw and C,4 only the
semi-circle or only the straight line are observed.

When an electrode process involves several steps, sometimes a
succession of semi-circles side by side is obtained, corresponding to RC
parallel combinations in series and with different RC time constants,
from which it is possible to deduce the corresponding parameters.

It is interesting to represent the impedance in three dimensions, the
third axis being lgf. The impedance is represented as Z, or if its value
varies a lot, as lg Z. This procedure is recommended by Macdonald'® as it
permits an excellent visualization of the electrode process and makes the
detection of anomalies easier. Figure 11.7 shows an example.

In general, the form of complex plane plots of the type shown in Fig.
11.6 alters on changing the concentration of the electroactive species’®. It
has been shown for the various kinetic regimes that the variation of Z”
with concentration has the form in Fig. 11.8. The equation of this curve

-z

Rq = 100 Scale:

Cy = 1 uF Z — units of 200 Q
R, = 1kQ 1g f — units of 1
Z,=0 (origin —2)

Fig. 11.7. Impedance plot in three dimensions (from Ref. 18 with permission).
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Fig. 11.8. Variation of impedance with concentration for reactions of variable
kinetics: 1—reversible, R.,—0; 2—quasi-reversible, R./ow "*=1; 3—ir-
reversible, R — .

can be obtained from (11.24), and is

1 2 1 2
'~ R+ ) +(-z-2)
(Z 2 20C4(Ro/ o™ ") 20Cy

| 1
e (1 T (Rudow )+ 1)2) (11.28)

which is a circle centred on [Rg — 2wCq) '(Ry/ow ™+ 1)"'] on the Z'
axis and on —(2wC4) ™" on the Z" axis. A segment of the circle is traced
from (Z' = Rg, Z" = —1/wCy) at zero concentration to (Z' = R, Z"=0)
at infinite concentration. The curvature diminishes from irreversible to
reversible reactions. The centre of the circle traced by the experimental
points linked to the points for ¢.=0 and c.. =~ gives the phase angle:
n/4 for a reversible reaction (see Fig. 11.8) and zero for a totally
irreversible reaction. These plots furnish the same information as
complex plane plots and are an alternative to these in the interpretation
of the results of impedance measurements.

11.7 Admittance and its use

Admittance is the inverse of impedance, and is represented by the
symbol Y. In certain circumstances, admittance is very useful since
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elements in parallel in electrical circuits are added. The components of
the experimental faradaic admittance, as is easily deduced from (11.23),
are

_ R+ ow™1?
(R + 007 + 0’0~}

Yy = —ow_ 7 11.29b
f (Rc‘+0w'”2)2+02w“ ( . )

Y; (11.29a)

and the theoretical deduction from the Randles circuit for the capacitive
contribution, Y., shows that
Yc=0 (11.30a)
¢c=wCy (11.30b6)
The limiting behaviour, depending on the value of R, is:
® R.— 0 (reversible reaction). Y' = (2ow )71, Y"=Y' + wCy.
® R.— « (totally irreversible reaction). Y’ =1/R.; Y" = ow~"?/R? +
wCy. This is a vertical line in the complex plane.

These equations show the possibility of determination of C4 in the
presence of the electroactive species. A good strategy is:

® Measurement of Z' and Z” and subtraction of the value of Rg from
the value of Z' at infinite frequency, as in Fig. 11.6.

e Calculation of Y; from the formula (11.29a) for each frequency.

e Determination of R and o from the values of Y’ (since Y’ = Y7).

Y” “

Mass transfer ~

control
(slope = 1)

/

Fig. 11.9. Plot of admittance in the complex plane.

—

Y
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o Insertion of the values for R, and o in the expression for Y”,
obtaining the value of C, directly.

One assumes that the double layer admittance is that of a pure capacitor.
Thus its value should be independent of frequency. The graphical
variation of Y’ with Y” is shown schematically in Fig. 11.9. More details
may be found in Ref. 9.

As a final point we call attention to the fact that a plot of Y’ vs. E has
the same form as an a.c. voltammogram, i.e. it comprises a peak centred
on the half-wave potential—this because the measured current is in-
versely proportional to R..

11.8 A.c. voltammetry

If a fixed frequency sinusoidal perturbation is applied at a succession of
fixed d.c. potentials, we can register the resulting alternating current and
its phase angle vs. the d.c. potential. The form of the curves obtained
gives information about the kinetics, and can also be used for analytical
purposes>'*2!.

The theoretical treatment is simplified when the perturbation fre-
quency is sufficiently high that the contributions of E,. and E4 can be
separated, owing to the diffusion layer derived from the d.c. potential
being much larger than that derived from the a.c. perturbation. As in
other techniques involving measurements for various potentials, the d.c.
potential can be swept slowly. The use of hydrodynamic electrodes,
including the dropping mercury electrode (a.c. polarography) allows a
greater reproducibility and sensitivity in the results obtained.

Here we only consider a reversible system; treatments for other kinetic
regimes and more complicated electrode processes can be found in Refs.
5 and 6. For a reversible system we know, from Section 11.6, that the
phase angle is m/4. Theoretical considerations show that, for the
reduction of O,

_ n*F’A0’D¥[0].. AE
4RT cosh? (p/2)

(11.31)

where p = (Do/Dr)"? and AE is the r.m.s. amplitude of the potential
perturbation. The peak current is

n’FPA0'?*DE{0]. AE

at a potential E4. = E,,,. From (11.31) and (11.32) it is easy to show that
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Fig. 11.10. Shape of a peak in a.c. voltammetry for a reversible system.

Table 11.1. Parameters for reversible and quasi-reversible a.c. voltam-
mograms with O initially present (reversible d.c. behaviour)

Reversible
cot ¢ 1
1/2D 172
| __50’*20_
4 cosh® (q/2)
gw 1/2D 1/2
I, e

2RT. [[I\" (L —I\"
Ee o E I“[(f) —<p15 ]

Quasi-reversible

2D¥Dgw)"”? [ 1 ]
t 1+
cot ¢ ko e+ et
e
I k ( )
11| o&p 1+e
|2 koBp *oracce
RT, «,
Edc,max E;/Z + n_F ln ;c
n’F?A AE[O]. nF
—_— =—(E, —E"
3 RT q RT( de )

p = (Do/Dg)"™ E(t) = Eo.— AE sin (wt)
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the voltammogram shape is described by

2RT L\? L— N\
d . n I I} (11.33)

as shown in Fig. 11.10. At a dropping mercury electrode without current
sampling the characteristic variation of current with drop size is superim-
posed on this curve.

The equations for reversible and quasi-reversible systems are given in
Table 11.1. The table shows, as mentioned in Section 11.4, that the phase
angle is lower the slower the electrode reaction.

11.9 Second-order effects

Higher harmonics

A musician learns that on playing a note at a frequency of x Hz, sounds
of reduced intensity at frequencies 2x, 3x, etc. appear. In fact, any
periodic excitation leads to the same type of behaviour.

In an electrochemical system, Taylor’s expansion shows that

ol 1/ 81
AI=(—> AE+—(——> AE) +- - - 11.
oFE Eo, Iy 2 aEZ Eo,lo( ) ( 34)

Until now we have used conditions for which the second and following
terms are (or are supposed to be) negligible, in other words I is linear in
E; this corresponds to small sinusoidal perturbations. The terms in the
Taylor expansion are called first harmonic or fundamental, second
harmonic, third harmonic, etc. If we look at the form of a normal
voltammogram (Fig. 6.2) the approximation of a linear system is valid
close to E,, much more than in other parts of the voltammogram where
the curvature of the I-E profile is more pronounced.

If we register the second harmonic current vs. d.c. potential, this will
have the same form as the second derivative of the voltammetric curve,
as Fig. 11.11 shows. One of the advantages of the use of the second
harmonic is that, since the double layer capacity is essentially linear, it
contributes much less to the second harmonic than to the fundamental
frequency and the calculation of accurate kinetic parameters is much
facilitated.
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Fig. 11.11. Forms of the derivatives of a normal voltammogram. (3//3E) and
(8°1/3E?) have the forms of the a.c. voltammograms of the fundamental and
second harmonic respectively.

Other second-order methods

Apart from the second harmonic there are other second-order effects,
which are developed in the techniques of faradaic rectification and
demodulation. Both these techniques are utilized to study systems with

very fast kinetics.
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Faradaic rectification

A sinusoidal perturbation gives rise to second harmonics that, for a signal
of the type I, sin ot, will have terms in sin® wr. If we remember that

sin? wt = 3(1 — cos 2wt) (11.35)

we see that the response has a d.c. component. Figure 11.12 shows
visually the origin of this component in the curvature of the I-E profile.

The use of perturbing frequencies of greater than 1 MHz is possible in
this technique. The d.c. response is obtained through the application of
the a.c. signal in short duration pulses (Fig. 11.13a).

Excitation
E
Potential control
1 4)
Response
E | /\ .......... ‘ I
T A} R
AT
1 |
|
! I
|
Excitation! | !
Xcitation

Current control

Fig. 11.12. Diagrams showing the appearance of a d.c. component in the
response of an electrochemical cell to an a.c. perturbation.
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Signal WW‘W

oo \/\/\

Response W

Fig. 11.13. Perturbing signals and responses for (a) faradaic rectification;
(b) demodulation type 1; (c) demodulation type 2.

(a)

(b)

©

Demodulation®

Instead of applying pulses of sinusoidal perturbations, the amplitude of
the perturbation can be modulated in a sinusoidal fashion (Fig. 11.13b).
If wy is the a.c. perturbation frequency and ®, the modulation
frequency, then the applied signal can be either

sin (wyt) cos (W t) (11.36)
(Fig. 11.13b) or
sin (wyt)[1 + M cos (@ t)] (11.37)

as in Fig. 11.13c. The second-order response to modulation depends on
the square of these terms, which can be shown through trigonometric
conversion, such as that in (11.29), to be dependent in the first case on
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frequencies w; and 2w, and in the second case only on 2w, . The reason
for the use of this technique is, once more, to reduce the relative
contribution to the measurements of linear components such as Cq, thus
improving the accuracy.

11.10 More complex systems, porous electrodes, and fractals

Many electrode processes are more complex than those discussed above.
Besides this, the impedance of an interface is dependent on its micro-
scopic structure which, in the case of a solid electrode, can have an
important influence. Impedance measurements can be used to study
complicated corrosion phenomena (Chapter 16), blocked interfaces (i.e.
where there is no redox process nor adsorption/desorption), the
liquid/liquid interface®***, transport through membranes®, the
electrode/solid electrolyte interface etc. Experimental measurements
always furnish values of Z' and Z" or their equivalents Y’ and Y”, or of
the complex permittivities €' and €” (e = Y/iwC,, C. being the capacit-
ance of the empty cell). In this section we attempt to show how to

Experiment
Physical model — e - — — — Equivalent
circuit
\
Mathematical model
Simulation
Agreement
- N°< with
experiment

Yes
l System characterization

Fig. 11.14. Flow diagram for evaluating experimental impedance results.
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[ 2 R
1+ R, z Ra[l +E:]
L Ry

Fig. 11.15. Two circuits with the same impedance at all frequencies.

interpret the results in terms of a physical model, which should always
follow reasoning such as that examplified in Fig. 11.14. The importance
of the physical model is shown in Fig. 11.15, whose two circuits give
precisely equal impedance values at all frequencies. Some help can be
had from altering experimental conditions (concentration for example)
and obtaining various series of measurements.

Two types of electrical analogy model for the interpretation of
impedance data can be used: based on combinations of resistances and
capacitances, or based on transmission lines. These possibilities are now
described.

For consecutive or parallel electrode reactions it is logical to construct
circuits based on the Randles circuit, but with more components.
Figure 11.16 shows a simulation of a two-step electrode reaction, with
strongly adsorbed intermediate, in the absence of mass transport control.
When the combinations are more complex it is indispensable to resort to
digital simulation so that the values of the components in the simulation
can be optimized, generally using a non-linear least squares method
(complex non-linear least squares fitting).

Transmission lines have been much used recently to simulate inter-
faces, especially where the solid is rough. We consider, to illustrate, a
simple transmission line (Fig. 11.17).

Fig. 11.16. An equivalent circuit for a two-step electrode reaction with strongly
adsorbed intermediate.
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Fig. 11.17. A resistive-capacitive transmission line that describes a semi-infinite
linear diffusion process.

Elementary considerations show that

V1
=-2L2 .
— (11.38)
wv__on .
o  oxc (11.39)
_gv1 11.40
T ax2rc (11.40)

where r = R/x is the resistance per unit length of the transmission line
and ¢ = C/x is the capacitance per unit length. Expression (11.40) is of
the same type as Fick’s second law, thence its application to electrochem-
istry. The impedance is

Z-= [~'——]m (11.41)

(o +iw)c

which is a line of slope /4 in the complex plane, that is the Warburg
impedance for semi-infinite diffusion (Fig. 11.18a). If the transmission
line is finite there can be two situations:

1. Termination in an open circuit (corresponding to reflection) as in
conducting polymers and porous electrodes, such as porous carbon in
acid media (Fig. 11.18b).

2. Termination in a large resistance, i.e. a blocked interface such as a
metal totally covered with oxide or a highly resistive membrane used in
ion exchange selective electrodes (Section 13.6) (Fig. 11.18¢). This is
sometimes referred to as the finite Warburg impedance.

Rugosity and porosity give rise to the so-called constant phase element
(CPE), which can be described by groups of parallel or branched
transmission lines. The CPE is manifested in real systems by an
impedance spectrum altered from the expected shape, especially in the
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_zZ" —zZ" _z"

A z' zZ'
(a) (b) ©

Fig. 11.18. Variation of impedance for diffusive systems: (a) Semi-infinite
diffusion; (b) Reflective finite diffusion; (c) Transmissive finite diffusion.

diffusive part, where an angle of less than mt/4 relative to the real axis is
obtained. In the case of a blocked interface the element can be described
by

YCPE:' b(le)a (11.42)

where b is a proportionality constant. Using a transmission line model, de
Levie?”*® showed, for porous electrodes, that o =0.5 whereas for a
smooth electrode a=1. In this case the impedance diagrams can be
corrected by calculating values of [Z|* and multiplying the phase angle by
2, as demonstrated in Fig. 11.19.

It is recognized, however, that many interfaces are rough but do not
correspond to porous electrodes. This suggests that values of a between
0.5 and 1 should be considered. It has been observed that the large
majority of interfaces contain the same or similar features at different

_Z _Zn

|z|?

¥4
¢ 2¢
Rq z' Rq z'

Fig. 11.19. Conversion of the impedance spectrum of a porous electrode to the
equivalent smooth electrode.
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S : .

Dy = 2.500 Dy = 2.730

Fig. 11.20. An example of fractal geometry.

scales (for example scratches or pits) which is called fractal geometry (Fig.
11.20) and which seems to be universal®. The fractal dimension, Dy, has
been related to the roughness of the electrode/solution interface using
the transmission line method™. For a diffusion impedance it was shown
that

a=(D;—1)/2 (11.43)

D; varying between 2, for a porous electrode, and 3 for a smooth
electrode. In the case of a blocked interface, the conclusions up to now
are that there is no simple relation between « and the fractal dimension.
However, the analogy seems useful from an interpretative point of view.
Reviews of the response at fractal and rough electrodes have recently
appeared® 2.

11.11 Hydrodynamic electrodes and impedance’

Hydrodynamic electrodes permit. the control of the diffusion layer
thickness by imposing convection. This thickess can also be modulated.
Implicit functions link the current, potential and convection modulation.
For the rotating disc electrode

F(Il,E, Wg)=0 (11.44)
where W is the electrode rotation speed. So
oW, oWg\ (OE
).~ Ge)G) 149
ol /g SE / \3l/w,

and here

oW . .
( 81E> is the electrohydrodynamic impedance under potential control
E

oW ..
( SEE) is the electrohydrodynamic impedance under galvanostatic control
1
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(%?) is the electrochemical impedance at fixed rotation speed
We

The last of these is the impedance which has been considered throughout
this chapter. We now consider forced convection. For low frequencies the
diffusion layer thickness due to the a.c. perturbation is similar to that of
the d.c. diffusion layer: in these cases convection effects will be apparent
in the impedance expressions. For the rotating disc electrode these
frequencies are lower than 40 Hz*. For higher frequencies where the two
diffusion layers are of quite different thicknesses, the advantage of
hydrodynamic electrodes is that transport is well defined with time, as
occurs with linear sweep voltammetry.

Applications of double hydrodynamic electrodes are particularly inter-
esting because the change of phase in the current measured at the
downstream electrode permits discrimination between the electron flow
and the flux of electroactive species produced at the upstream
electrode™.

Modulation of the convective flux, originally proposed by
Bruckenstein®, leads to the electrohydrodynamic impedance. It has been
used for determining kinetic parameters and diffusion parameters in
Newtonian and Ostwaldian fluids, and in corrosion.

11.11 Transforms and impedance

The determination of the characteristics of an electrochemical system by
a.c. techniques requires measuring the impedance at ¥arious frequencies,
to give a frequency spectrum. Instead of applying each frequency
successively the application of all the frequencies simultaneously has been
suggested, using a transform to analyse the response®. This procedure
can be particularly advantageous at a dropping electrode, where it would
permit the recording of a full spectrum during the lifetime of one drop.
Possible excitation signals vary from a group of sinusoidal signals to white
noise. Comparisons have been made, but owing to the time necessary to
obtain a reasonable signal/noise ratio in the response in the frequency
domain, it is not clear if this method is faster than the automatic
sweeping of the frequency spectrum.

Whatever the excitation, the transformation of the response from the
frequency to the time domain (Fig. 11.21) is done with the inverse
Fourier transform, normally as the FFT (fast Fourier transform) algo-
rithm, just as for spectra of electromagnetic radiation. Remembering that
the Fourier transform is a special case of the Laplace transform with
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Fig. 11.21. The Fourier transform: the link between the time and frequency
domain. (a) A simple sinusoidal signal; (b) The first two components of a square
wave (Fig. A1.1).

s =iw (Appendix 1) this type of method can be applied to any technique
involving change in potential or current, given that any waveform can be
synthesized by superposition of sinusoidal waves of variable frequency
and amplitude (Fourier synthesis). The response can then be analysed in
terms of the resultant impedances. Unfortunately, from an experimental
point of view it is not realistic to proceed in this way, but it is important
to attempt to unify the various methods at a theoretical level which are,
effectively, probing different aspects of the same problem.
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NON-ELECTROCHEMICAL
PROBES OF ELECTRODES AND
ELECTRODE PROCESSES

12.1 Introduction

12.2  In situ spectroscopic techniques

12.3  Ex situ spectroscopic techniques

12.4  In situ microscopic techniques

12.5 Ex situ microscopic techniques: electron microscopy
12.6 Other in situ techniques

12.7 Photoelectrochemistry

12.8 Electrochemiluminescence

12.1 Introduction

There is a great variety of electrochemical experiments that can be done
to elucidate electrode processes, as has become clear. However, the
information obtained is often complex and interpretation may be
ambiguous. Aditionally, there is no direct insight into what is happening
at a microscopic or molecular level on the electrode surface. For these
reasons, one has recourse to spectroscopic and microscopic techniques,
many of which are used in surface science. Some of these can be
employed in conjunction with the electrochemical experiment in real time
as in situ probes. They are not electrochemical, so they give a different
type of information that complements the electrochemical information.
This field is expanding so rapidly that the survey in this chapter cannot be
exhaustive in its description of techniques: it would become dispropor-
tionately long if this were attempted. References 1-5 give a good and
more complete survey of the immense progress achieved in recent years.

Spectroscopic techniques can be carried out in situ (low-energy photon,
etc.) and ex situ or in vacuo (high-energy photon and electron tech-
niques). Ex situ microscopic techniques have been employed for many
years to examine surfaces, and are now widely used tools. However, in
situ microscopic techniques with resolution approaching the atomic scale
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are very recent: scanning tunnelling microscopy and atomic force
microscopy are invaluable in imaging the surface structure. A particularly
interesting variant of using in situ probes with direct electrochemical
control is scanning electrochemical microscopy.

Electromagnetic radiation, besides being a probe of surface structure,
can excite electrons in the species in solution (especially in organic
compounds) or in the electrode itself (especially in semiconductor
electrodes). This photon excitation can lead to electron transfer between
electrode and solution. The study of these phenomena is
photoelectrochemistry and can be very important in conversion of solar
energy into electricity in order to convert substances (photoelectrolysis).

A slightly different application is where species produced electrochem-
ically lead to photon emission in the visible spectrum, via the formation
of organic radicals by homogeneous reaction from electrochemically
generated precursors. The electrode controls the quantity of precursor,
enabling quantitative parameters of the homogeneous reaction to be
elucidated. This is known as electrogenerated chemiluminescence or
electrochemiluminescence (ECL).

12.2 In situ spectroscopic techniques

In these techniques a beam of photons is directed to the electrode such
that it is transmitted or reflected. The majority of the techniques are
reflective, since transmission is limited to transparent or semi-transparent
electrode materials.

Transmission®’

Since the electrode has to be transparent, the electrode material is
limited to thin films of metals or semiconductors deposited on a
transparent substrate (for example a thin film of tin(IV) oxide or
platinum on quartz) or to very fine grids of the electrode material, as
shown in Fig. 9.13. The first of these two options is preferable, since the
transmission coefficient is uniform and the electrode can be truly planar,
and as such can be used as a hydrodynamic electrode, for example. The
change in absorbance with time due to one of the reagents or products of
the electrode reaction characterizes the mechanism.

This type of cell and electrode can be used to photochemically activate
an electrochemical system, the electrode reaction being used to detect or
electrolyse the species produced (e.g. photoelectrolysis of water, Section
12.5).
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E

Direction of
propagation

H
Fig. 12.1. Propagation of electromagnetic radiation: the magnetic, H, and

electric, E, vectors. A beam of ordinary light contains the vectors in randomized
directions. |H| = |E|.

Reflectance, electroreflectance, and ellipsometry®

These techniques depend on the fact that electromagnetic radiation
comprises two perpendicular vectors mutually perpendicular to the
direction of photon transmission—the magnetic vector H and the electric
vector E, Fig. 12.1. In normal non-polarized radiation, the directions of
these vectors are not aligned, their sum being zero. In linearly polarized
radiation the vectors are all aligned in the same direction; in partially
polarized radiation the alignment is partial.

Reflection at a surface of a beam of linearly polarized photons alters
the direction and amplitude of the electric and magnetic vectors. It is
these differences between incident and reflected beams that give informa-
tion concerning surface structure, as they depend on the interaction of
the beam with the electronic distribution and with the associated local
electric and magnetic fields on the surface. The phase and amplitude
change for the vectors is different for the component parallel to the plane
of incidence than for the component perpendicular to it. The result is a
vector that follows a spiral during its propagation, and is referred to as
elliptically polarized, Fig. 12.2. A deeper treatment of these optical
properties can be found in Ref. 9. Such measurements are referred to as
specular reflectance.

In these experiments cells are designed that have a thin electrolyte
layer over the working electrode covered by a window that is transparent
to the incident radiation. Refraction of the beam by the window has to be
taken into account in the calculations.

The reflectance, R, is the ratio between the intensities of the reflected
and incident beams. Experimentally only the intensity of the reflected
beam, I, is measured and changes in Iy caused by:

® Modulation of photon intensity (reflectance): The equation for this is
AR_ Al

=R (12.1)
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Fig. 12.2 Conversion of linearly polarized electromagnetic radiation into ellipti-

cally polarized radiation by reflection. Consideration of the electric vector.

(a) Decomposition of E in components perpendicular and parallel to the plane

of incidence; (b) Example after reflection: the vector moves anticlockwise;
(c) Representation in three dimensions.
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Fig. 12.3. Typical electroreflectance results: Ag in 1.0M NaClO,; E;.=-0.5V
vs. SCE (from Ref. 10 with permission).

® Modulation of potential (electroreflectance)'®'': The equation is

1AR_ Ak (12.2)
RAE IR AE
Potential modulation causes alterations in the electrode surface that,
measured as a function of incident light frequency, permits conclusions to
be taken in relation to electronic structure, adsorption, film formation,
etc. The type of curve obtained is shown in Fig. 12.3.

Whereas electroreflectance is conventionally used in the UV/visible
region, in the 1980s Bewick et al.>'* developed the technique in the IR
region. Since IR radiation interacts with the vibrations of chemical
bonds, important information regarding bonds with adsorbed species has
been obtained", especially useful for research into electrocatalysts. New
developments in signal processing, such as the Fourier transform (FT-
IR), have veen very valuable.

There are three types of infrared experiment that can be conducted:

1. Electrochemically modulated infrared spectroscopy (EMIRS), involv-
ing potential modulation. Modulation frequencies from 1-100Hz are
employed and phase-sensitive detection used to calculate AR.

2. Subtractively normalized interfacial Fourier transform infrared spec-
troscopy (SNIFTRS). Using an FTIR spectrometer, multifrequency
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determinations are possible, but instrumental limitations with respect to
speed of data collection put too low an upper limit on the potential
modulation frequency. Spectra are therefore recorded at two different
potentials and subtracted.

3. Infrared reflection-absorption spectroscopy (IRRAS) is done at fixed
potential. Electric vectors in the incident beam parallel to the metal
surface do not interact with adsorbed molecules, whereas those perpen-
dicular to the surface do. The light beam is switched successively between
the two directions and the results subtracted.

We can measure the phase change of the intensities of the perpendicu-
lar and parallel components of the electric vector after reflection: this is
ellipsometry® '8, In the most accurate instruments the reflected beam is
adjusted successively by a group of polarizers until the beam is totally
extinguished. The results are conveniently represented in a plot of
parallel vs. perpendicular intensity in relation to the incident beam.
Applications are especially to the study of film growth on electrode
surfaces (Fig. 12.4).

Internal reflection™

An electrode (or any other transparent material such as an optical fibre),
reflects radiation internally if the angle of incidence is larger than the
critical angle. Prisms are used to let the radiation enter and leave (Fig.
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Fig. 12.4. Ellipsometry trace for polymerization of thionine on platinum, showing
effect of coating between ¢ = 50 s and ¢ =450 s, using light of A =450 nm (solution
40 uM thionine in 0.05M H,SO,) (from Ref. 19 with permission).
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Solution

Fig. 12.5. A scheme for internal reflection.

12.5). Radiation is reflected at the solid/solution interface where it
interacts optically. In fact the electric field of the wave extends into
solution following the relation

(E?) = (E%) exp (—x/9) (12.3)

(E?) is the average of the squared amplitude of the electric vector at
distance x inside the solution, (E,) is the vector’s value when x =0, i.e.
at the interface, and & the penetration distance. This is the evanescent
wave, which exists in solution and interacts with species that adsorb in
that region of small thickness. Absorbance measurements can give the
concentration of an electroactive species, and if the process is transient,
determine the development of the concentration profile at the electrode
surface. The radiation can be visible or, for adsorbed species, in the IR
region.

Raman spectroscopy

The Raman effect is due to the interaction of photons with the vibrations
of chemical bonds. These wavelengths are in the IR region but the
excitation source for observation of the Raman effect is often in the
visible region. The major part of incident light passes through the system
without change of photon energy (Rayleigh effect); if there is energy
exchange with the system the Raman effect is observed.

The photons excite the molecules to a virtual electronic state, (Fig.
12.6a) from which emission occurs; emission to the ground vibrational
state is Rayleigh scattering. 1f the photons have a very high energy then
the virtual state is within the vibration levels of the excited electronic
state. In this case there is a much greater interaction between the
radiation and the molecules and an increase in intensity of the Raman
effect by a factor of 10*~10°—the resonance Raman effect (Fig. 12.6b).

The resonance Raman effect has been applied to electrochemical cells,
generally with laser excitation®"*. As it is possible to construct cells that
are transparent to IR, it is not necessary to use transparent electrodes.
The Raman results are useful for mechanistic diagnosis and for investi-
gating the vibrational and electronic properties of the species under
study.
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Fig. 12.6. Raman spectroscopy—radiation emission. (a) The normal Raman
effect. R’ represents Rayleigh scattering; (b) The resonance Raman effect.

A related technique is based on the fact that signals from adsorbed
species are much larger than from the same species in solution (surface
enhanced Raman spectroscopy, SERS)*??*. The phenomenon was first
noted in a study of the adsorption of pyridine on silver electrodes®, and
has been extended to the investigation of the adsorption of many species
such as, for example, porphyrins.

Electron spin resonance (ESR) spectroscopy®®

Electron spin resonance spectroscopy is used for detecting and identifying
paramagnetic species. ESR spectroscopy is particularly powerful when
used together with other techniques. Thus in electrochemistry it is useful
for studying radicals, radical ions, and certain species containing transi-
tion metals, which are produced by electrode reactions, and is valuable in
elucidating mechanisms. It has been much used with stationary elec-
trodes, but also with tubular and channel hydrodynamic electrodes®’.
These last offer the possibility of easy quantitative calculation of the
radical flux, allowing determination of kinetic parameters. The electrode
that produces the radicals can be positioned upstream of the spectro-
meter cavity, or within it, in order to increase the signal intensity from
radicals with very short lifetimes.
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X-ray absorption spectroscopy®*>°

The absorption coefficient, u, of atoms for X-rays with increasing X-ray
energy (frequency) decreases until threshold values corresponding to
photoionization of core electrons are reached. There is then a rapid
increase in u, called an absorption edge. Atoms give rise to several
absorption edges due to the different core electron shells: K (one edge),
L (three edges), and M (five edges). For an isolated atom, after an
absorption edge is reached there is a steady decrease in u until the next
edge. However, for atoms surrounded by other atoms there is interaction
of the emitted photoelectron with these leading to backscattering (Fig.
12.7a). This in turn leads to oscillations in the absorption coefficient (Fig.
12.7b). These oscillations are a probe of short-range atomic order.

Beyond the absorption edge the variation in absorption coefficient can
be divided into two regions. If the photoelectron energy is sufficiently
high (40-1000 eV above the absorption edge) then we can approximate
that the frequency of oscillation of the absorption coefficient depends on
the distance between the central absorber and its neighbour, whereas the
signal amplitude depends on this and the identity and concentration of
neighbours. This is the region of extended X-ray absorption fine structure
(EXAFS). Information on bond distances, coordination numbers, and
atom identification can be obtained.

For lower photoelectron energies, interaction with the electronic
environment of the absorber atom is much greater and each electron
cannot be considered singly. The fine structure is richer and gives
information such as spin state and local symmetry, but theoretical

A BCD A. Pre-edge
\\//  B.Edge
C. Near edge
D. EXAFS
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X-ray
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Fig. 12.7. X-ray absorption spectroscopy. (a) Interaction of a photoelectron
produced by X-ray absorption with neighbouring atoms, showing backscattering;
(b) Typical absorption spectrum, showing the various regions.
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modelling is more difficult. This is referred to as the X-ray absorption
near edge structure (XANES) region.

For EXAFS and particularly for XANES, data analysis is complex.
The oscillation frequency/bond distance dependence means that exten-
sive use is made of Fourier transform analysis. Most applications to date
have been in the EXAFS region. In order to acquire sufficiently strong
signals in a reasonable time, use has to be made of high-intensity photon
fluxes, which are available at synchrotron facilities. These provide a
broad-band tuneable source of high-intensity radiation, but the reduced
number of facilities limits widespread dissemination of the technique.
Reflection (fluorescent detection) mode is usually preferred to transmis-
sion. Experiments can be conducted in any phase, and the probing of
electrode surfaces in situ is an important application.

Types of electrode/solution interface studied include oxide films on
metals, monolayer deposits obtained by underpotential deposition, ad-
sorption, and spectroelectrochemistry in thin-layer cells.

A useful illustrative example is shown in Fig. 12.8 of iron passivated by
chromate and nitrite. Fourier transform of the EXAFS data to give
distance-dependent signals shows the similarities and differences between
the two passivation methods.

[ Fe F‘C304

ut
1

[ —— Nitrite passivated
- -~ - Chromate passivated

@ Energy

Chromate treated  Nirite treated

a
n L1111\
0.10.20.3040.50.6
r/nm
- ©)

1 1 J_\‘i 1 1 1

Current
T

Energy
®)

Fig. 12.8. Passivation of iron by chromate and nitrite. Raw X-ray absorption data
of (a) Fe and Fe;O, and (b) Fe films after treatment; (c) EXAFS data after
Fourier transform (adapted from Ref. 31 with permission).
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Other X-ray surface probe methods which have not as yet found
widespread use but are applicable to electrode/solution interfacial studies
are based on X-ray standing waves and glancing angle X-ray diffraction.

Second harmonic generation (SHG )*>>*

In a non-centrosymmetric medium, two photons of frequency can be
converted into one orientation-dependent photon with the second har-
monic frequency 2w. Such photons can also be created at the interface
between two centrosymmetric media, for example between a face-centred
cubic metal electrode and aqueous solution, within 1 nm of the interface.
The fundamental or the second harmonic wavelength can be tuned to
that of molecular electronic transitions, leading to resonance. SHG is
thus an interfacial probe, enabling discrimination between surface
adsorbed species and those in adjacent bulk media with sub-monolayer
sensitivity as well as giving information on the orientation of the
adsorbed species. Air/solid, liquid/air, liquid/liquid, and electrochemical
interfaces have been studied. In the latter case this has been particularly
at monocrystalline and polycrystalline platinum electrodes. So far,
applications have been in the visible range using short light pulses from
dye lasers. Application to vibrational transitions in the IR region have
been hindered by the relatively low sensitivity of IR detectors, although
in principle this problem can be circumvented by using IR-visible
sum-frequency generation (SFG).

12.3 Ex situ spectroscopic techniques

These techniques® are used for studying solid electrode surfaces. The
energy of bombardment of the electrode by photons, electrons, etc. is
higher than for in situ techniques, and the experiments are carried out
under vacuum conditions. Penetration of incident radiation is therefore
greater. Electrodes are removed from the electrochemical cell with due
care and mounted in a spectrometer in exactly the same way as any other
solid sample. From recent studies, it appears that the double layer
remains intact during the immersion process and introduction into the
spectrometer, making the study of the double layer possible, and not only
that of adsorbed species™.
The most important techniques are described below.

Photoelectron spectroscopy (XPS)**
If a photon has sufficient energy, on bombarding atoms or ions it can
cause electron emission. To a first approximation (Koopman’s theorem)

hv=3m.v* - E; (12.4)



264 Non-electrochemical probes of electrodes and electrode processes

hv — L} 4\
hv
2
£
3
©
?_13 hv — 1| = ‘P E
52 hv
2
- ——— 0..
W
e onp
g 1
[
=
5
R Spectrum
_Ilr-

Fig. 12.9. A photoelectron spectrum of an isolated atom. A monochromatic
source of electromagnetic radiation is used and the detector energy swept.

where im.v? is the kinetic energy of the emitted electron and E; its
ionization energy (Fig. 12.9). For studying surfaces usually X-ray photons
are of interest as they interact with electrons close to the nucleus and the
energy of these electrons is characteristic of the element, and not of the
atomic environment. For this reason the technique was designated
electron spectroscopy for chemical analysis (ESCA), but it is also known
as XPS. (Use of photons in the UV region in UPS probes the ionic
environment, emitting valence electrons.) The penetration of X-rays into
solids is 5nm, so XPS only gives information about surface structure.
Fortunately, it is also possible to determine the oxidation state of the
elements through XPS, since the ionization energy is higher the higher
the oxidation state.

Applications have been principally to observe the surface of modified
electrodes, anodic oxide films, and in electrodeposition. Figure 12.10
gives an example.

Auger electron spectroscopy (AES)**®

In XPS a vacancy is created in an electronic level close to the nucleus by
photon bombardment or, in certain cases, by electron bombardment. It is
probable that this vacancy is filled by an electron coming from a higher
electronic level further from the nucleus (Fig. 12.11). The excess energy
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Fig. 12.10. C(1s) photoelectron spectrum of a reactively sputtered TiC electrode
on a glass substrate. (a) As prepared; (b) After Smin at +1.25V vs. SCE
(passive region) in 0.5 M H,SO, (from Ref. 39 with permission).

is then dissipated by

e photon emission in the X-ray region (fluorescence) and/or
e emission of a secondary electron (Auger electron).

As in XPS, Auger electrons are characteristic of the emitting species.

In AES applied to electrochemical studies, normally electron bom-
bardment is employed as it furnishes higher intensities of incident
radiation, increasing the number of Auger electrons and facilitating their
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Fig. 12.11. Diagram of Auger electron production. (a) Emission of primary
electron; (b) Decay of an electron from L;— K; (c) Emission of Auger electron.
Sometimes photons are emitted instead of electrons (X-ray fluorescence).
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detection. It should be noted, however, that electrons have a more
destructive effect than photons on surface structure. It is not a technique
for studying the double layer.

AES is much used to make depth profiles of solid structure. The
procedure consists in recording an Auger spectrum, bombarding the
surface with high-energy ions (e.g. Ar™) to remove a few atomic layers,
taking another Auger spectrum, etc. This scheme is particularly useful in
the investigation of porous and non-porous films formed anodically on
metals such as nickel or aluminium.

Electron energy loss spectroscopy (EELS)

Electrons that bombard a surface are usually inelastically scattered. The
energy can be transferred, in the same way as for photon bombardment,
to cause secondary electron emission (Auger electrons) or to cause
photon emission (X-ray fluorescence), which gives information on
elemental composition as described above. Electron energy loss spectro-
scopy (EELS) consists of detecting the reflected or transmitted incident
electron beam, which gives information on energy loss and momentum
transfer, and can be related to elemental composition. Its particular use is
in detecting light elements undetectable by X-ray fluorescence due to
their low X-ray cross-sections. Thus the two techniques are
complementary.

EELs is usually employed at high electron kinetic energies (up to
10° eV) with thin samples in the transmission mode. For the electrochem-
ist, low kinetic energies (<1eV) in the reflection mode are of greatest
interest as they can be used to study the vibrational spectra of
adsorbates®.

Electrochemical mass spectrometry (ECMS)*' and secondary ion mass
spectrometry (SIMS)***

Mass spectrometry (MS) is a gas-phase technique in which atoms or
molecules present in the spectrometer chamber are ionized, and follow a
trajectory through applied electric and magnetic fields which separates
them according to their mass/charge ratio. A number of procedures have
been developed to enable MS to be used for analysing species in the
liquid and solid phases, and are based on species extraction into the gas
phase. These include plasma desorption, ion bombardment, thermospray
and electrospray ionization, and laser desorption. In this section we
concentrate on techniques useful to electrochemistry.

To complement electrochemical studies two types of interface between
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Fig. 12.12. Principle of secondary ion mass spectrometry (SIMS).

electrochemical (EC) cells and mass spectrometers (MS) have been
devised:

® porous interfaces (porous electrodes or membranes) for the analysis
of gaseous products of electrode reactions

® thermospray interfaces for determining polar and non-volatile com-
pounds in solution

In the latter case, solution entering a vaporizer probe attached to the
electrochemical cell is rapidly vaporized by resistive heating and sucked
into the MS by the vacuum. Applications of ECMS have been in
mechanistic analysis, and in the fields of electrocatalysis, batteries,
" sensors, and corrosion.

Adsorbates on solid electrode surfaces can also be examined by MS if
they are removed from the surface by bombardment with a high-energy
primary ion beam. The species removed are secondary ions derived from
the surface constituents and are detected by the mass analyser (Fig.
12.12). Thus the technique is referred to as secondary ion mass
spectrometry (SIMS). It turns out that sensitivity is greater than with
AES or XPS. The obvious disadvantage is the destruction of the top
layers of the solid and implantation in the solid of ions used in the
bombardment.

Low-energy and reflection high-energy electron diffraction (LEED and
RHEED)*

Whereas high-energy electron bombardment of a surface at high angles
of incidence leads to X-ray and Auger electron emission, if the electrons
are of lower energy, corresponding to between 10 and 500eV, the
interaction is different. In this case the wavelength of the electrons
(0.05-0.4 nm) is of the same order of magnitude as interatomic distances
and there is elastic scattering: low-energy electron diffraction (LEED)
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Fig. 12.13. Schematic view of electron diffraction apparatus for low-energy
electron diffraction (LEED) and reflection high-energy electron diffraction
(RHEED).

(Fig. 12.13). Constructive and destructive interferences give rise to points
of diffracted light on a two-dimensional plot. Analysis of this data gives
information about surface structure and adsorbates*.

An electrode can be characterized by LEED before and after the
electrochemical experiment. Differences give information on adsorption
and eventual movements of atoms over the surface. The great practical
difficulty is the necessity of locating the electrode in exactly the same
position for the two diffraction experiments.

The diffraction pattern arising from reflection of a beam of high-energy
electrons (RHEED) of energy 40keV at grazing angles of incidence
yields information concerning essentially only one crystallographic direc-
tion in a particular experiment. Experiments at different sample positions
therefore need to be carried out. Advantages with respect to LEED arise
principally from the lower interaction of the incident beam with the
surface, so that multiple scattering effects can be neglected which can
simplify data analysis.

12.4 In situ microscopic techniques

Recently a whole new family of microscopic techniques has been
invented which enable the in siru imaging of solid surfaces using local
probes. By local we mean that resolution can approach atomic dimen-
sions, implying that probe size and accuracy of controlling its movement
over the surface limit the resolution. The probe is usually located at
atomic distances from the sample and is not influenced by the medium.
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Fig. 12.14. Scheme of operation of piezoelectric drives for scanning local probe
microscopy.

Not only can experiments be performed in situ, but also the time
evolution of surface topography can be monitored. Accurate scanning of
the surface is accomplished by means of piezoelectric drives—the size of
a piezoelectric crystal changes linearly with the applied potential
difference. Drives are applied in x, y and z directions as shown
schematically in Fig. 12.14. Generally, successive scans are applied in the
x direction incrementing y between scans, so that a series of x—z profiles
are recorded. These can be converted by computer software into
gray-scale or coloured images if desired.

From a practical point of view, adequate vibration-free experimental
conditions must be assured given the resolution in question. Vibration-
free tables are available, but in many cases suspending a concrete block
on which the working part of the instrument is located from the ceiling
with elastic cords is perfectly adequate.

The most important of these techniques is scanning tunnelling micros-
copy (STM), the invention of Binning and Rohrer*, for which they won
the Nobel Prize in Physics in 1986, followed by atomic force microscopy
(AFM)*, and which are described in this section, indicating their
application to the study of electrode processes.

Other local probe techniques to be discussed, of an electrochemical
nature, which rely on much of the same instrumental technology, are
scanning electrochemical microscopy (SECM) and scanning ion conduc-
tance microscopy (SICM).

Scanning tunnelling microscopy*®*%*

This local probe technique relies on a tunnelling current being passed
between tip and substrate. For electron tunnelling to be possible the
distance between tip and substrate must be less than about 2 nm, and the
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magnitude of the current increases markedly as the tip is brought closer.
The tip itself must therefore also be of atomic dimensions. Materials used
for the tips, which are wusually etched, are tungsten and
platinum/rhodium or platinum/iridium alloys. The phenomenon occurs
essentially because of overlap between the electron clouds of substrate
and tip. Strictly speaking, therefore, it is the electron density of the
substrate that is mapped by scanning and not the atomic topography.

In general, a constant tunnelling current is imposed and the height of
the tip adjusted accordingly, which leads to the topographic image. The
tip/substrate voltage bias can be altered and topography registered for
each bias. Since it is electron density that is recorded, changes with
varying positive or negative voltage bias can give spectroscopic informa-
tion. This is known as current imaging tunnelling spectroscopy (CITS)*,
although it has, as yet, been little explored.

Much of the initial work was done in vacuum and with semiconductor
and metal monocrystals. These experiments showed evidence of surface
reconstruction, and the presence of substances that adsorb on these
substrates.

Studies can also be carried out in electrolyte solution, with the
substrate acting as the working electrode. Thus real-time records can be
made of nucleation and new phase formation, for example in under-
potential deposition, surface corrosion, and adsorption in a general
sense. The only limitation is that the substrate must be a conductor or a
good semiconductor, such as silicon or germanium. Two examples of
scanning tunnelling micrographs are shown in Fig. 12.15.

Atomic force microscopy (AFM)*"->?

The principal limitation of STM is that it cannot be used with insulating
substrates. However, at the sort of distances where tunnelling currents
occur, there is an attractive or repulsive force between atoms in the tip
and the substrate, which is independent of the conducting or non-
conducting nature of the substrate. In order to measure this, the tip is
mounted on the end of a soft cantilever spring, the deflection of which is
monitored optically by interferometry or beam deflection. These can-
tilever springs are microfabricated photolithographically from silicon,
silica, or silicon nitride and have lateral dimensions of around 100 um
and thickness of 1 pm, to which tiny diamond tips are attached.

Resolution is generally not quite so high as with STM. However,
applications to some forms of polymerization, protein adsorption on
insulating surfaces, and corrosion of anodic oxide films are made possible
by this arrangement.
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Fig. 12.15. Examples of scanning tunnelling micrographs. (a) Copper electrode-
posited from Cu(NQO,), solution on highly ordered pyrrolytic graphite and imaged
at —0.5V vs. Ag|AgCl (tip bias potential +0.6V) (from Ref. 51 with
permission); (b) Electropolymerized polypyrrole with poly(4-styrenesulphonate)
anion on graphite substrate (from Ref. 52 with permission).
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Scanning electrochemical microscopy (SECM)>*

Scanning electrochemical microscopy seeks to overcome the lack of
sensitivity and selectivity of the probe tip in STM and AFM to the
substrate identity and chemical composition. It does this by using both tip
and substrate as independent working electrodes in an electrochemical
cell, which therefore also includes auxiliary and reference electrodes. The
tip is a metal microelectrode with only the tip active (usually a metal wire
in a glass sheath). At large distances from the substrate, in an electrolyte
solution containing an electroactive species the mass-transport-limited
current is therefore

I =4nFaDc.. (12.5)

as discussed in Section 5.5. As the tip is brought close to the substrate
modifications in the current appear, as shown in Fig. 12.16. If the
substrate is an insulator then diffusion of electroactive species from bulk
solution is hindered and the current falls. If it is a conductor and held at a
potential such that the electrode reaction occurring at the tip is reversed,
then the current is enhanced—this may be due to the ‘natural’ potential
of the substrate arising from open circuit charge transfer processes or
through applied potential. The response is obviously distance dependent.
Besides topographical imaging using constant current mode, chemical
and electrochemical information can be obtained depending on electro-
lyte conditions, and potentials applied to tip and substrate.
There are two types of application of this microscopic technique:

e To monitor substances and electrode surfaces, from thin films to
biological or polymer.

e To fabricate structures by electrochemical etching of metallic and
semiconductor electrodes with high precision and accuracy.

Insulating Conducting
/ substrate / / ,substrate /,

Fig. 12.16. Schematic effect of substrate type on microelectrode tip response:
(a) insulating—current reduction; (b) conducting—current enhancement by
feedback.
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The resolution of the technique is limited by the size of the micro-
electrode tip, at present 200 nm. In the future, reduction of tip size to
tens of nanometres by use of novel microelectrode fabrication procedures
should increase the applicability of SECM.

Scanning ion conductance microscopy (SICM)*>

This technique is also done in electrolyte solution, but shows some
important differences from the other in situ microscopic techniques. The
tip is a tiny glass micropipette contained within which is a small
electrode, whose function is to measure ion currents. A potential
difference is applied between tip and substrate. The current which is
registered diminishes as the tip approaches the substrate surface,
disappearing altogether when they contact since the micropipette opening
is blocked. Thus surface topography under constant current mode can be
registered. However, the most exciting potential application is to detect
ion channels in biomembranes, and determine what stimuli cause them to
open and close, particularly useful if the technique can be made
ion-specific. At present, resolution is about 200 nm.

12.5 Ex situ microscopic techniques: electron microscopy

Electron microscopy>®, most commonly employed as scanning electron
microscopy (SEM), is now a widely used tool in examining the
morphology of surfaces under vacuum conditions, and so in an electro-
chemical context electrode surfaces and corroded surfaces. Instruments
also permit chemical microanalysis to be carried out.

One of the reasons as to why we should use electron microscopy rather
than optical microscopy to obtain topographical images is shown in Fig.
12.17: the resolution obtainable can reach almost atomic dimensions. The
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Fig. 12.17. Usual working ranges of various electron microscopy techniques:
SEM, scanning electron microscopy; TEM, transmission electron microscopy;
HREM, high-resolution electron microscopy.
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other reason, in the region where electron and optical microscopy
overlap, is the very high depth of focus of electron microscopy,
unattainable with optical instruments.

In electron microscopy a sample is bombarded with a finely focused
beam of monochromatic electrons. Products of the interaction of the
incident electron beam with the sample are detected. If the sample is
sufficiently thin—up to 200 nm thickness—the beam is transmitted after
interacting with the sample, leading to the technique of transmission
electron microscopy (TEM). TEM is used to probe the existence of
defects in crystals and phase distributions. Scanning TEM instruments
have been recently developed to obtain images over a wider area and to
minimize sample degradation from the high-intensity beams.

If the sample is thicker, then interaction is with the surface of the
sample and the products of this interaction follow trajectories away from
the surface. In scanning electron microscopy (SEM), it is usually the
secondary emitted electrons that are detected, the electron beam being
scanned (rastered) across the sample surface. For reflection techniques
non-metallic surfaces have to be coated with a thin metal film (about

Fig. 12.18. Scanning electron micrograph of polyaniline, obtained by polymeriza-
tion of 0.1 m aniline in 0.5m H,SO, for 10 min on a GC electrode, scanning the
potential between —0.2V and +0.8 V vs. SCE at 50 mVs™'.



12.5 Ex situ microscopic techniques: electron microscopy 275

10 nm), for example by sputtering with gold, to prevent build-up of
charge on the surface of the sample. An example of a scanning electron
micrograph is shown in Fig. 12.18.

From the discussion of ex situ spectroscopic techniques earlier in the
chapter it is clear that other products of the interaction between incident
beam and the surface can be detected. One of these is backscattered
electrons (BSE) which give an image in which heavy elements lead to
high backscattering (white areas) and light elements lead to low
backscattering (black areas). Thus a very qualitative form of elemental
analysis can be performed by BSE detection.

Electron microprobes permit chemical microanalysis as well as SEM
and BSE detection, often referred to as analytical electron microscopy
(AEM), or electron probe microanalysis (EPMA)®-7. This is because
another product of the surface interaction with an incident electron beam
is X-ray photons which have wavelengths and energies dependent on
element identity and on the electron shell causing the emission. Analysis
of these photons can give a local chemical analysis of the surface.
Resolution of 1 um is attainable. Two types of X-ray spectrometer can be
employed:

® Wavelength dispersive spectrometer (WDS) in which the wavelength
is scanned, and the wavelengths corresponding to the ejected photons
determined, by using diffraction from crystals mounted in the spectro-
meter and manipulating the angle between the crystal surface and the
photon beam.

® Energy dispersive spectrometer (EDS), in which a multichannel
analyser gives the photon energy spectrum.

In both cases peaks can be assigned to particular elements and their areas
to the percentage of the element present. WDS has a much better
resolution than EDS, although until recently the former was applicable to
significantly fewer elements. However, with state-of-the-art instruments
and anticontamination devices for light elements, elements from carbon
upwards can be quantitatively analysed by WDS.

TEM instruments can also perform microanalysis, EDS being the most
used detection technique at present, together with EELS (see Section
12.3) for light elements.

One of the interesting applications is that, by fixing the wavelength (or
energy) corresponding to a particular element, an image of the solid
surface (for SEM) or solid sample (for STEM) showing the distribution
of the element can be obtained. This can give very useful information on
corrosion phenomena and on surface, in particular electrode surface,
composition.
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Complementary information to that obtainable by EPMA, particularly
regarding in situ identification of adsorbed species may be by the
newly-developed technique of scanning infra-red microscopy (SIRM).

12.6 Other in situ techniques

There are non-electrochemical techniques that are being used to charac-
terize the electrode/electrolyte interface and that cannot be grouped into
the categories of the previous sections. These are based on measurements
of mass and heat change.

Measurement of mass change: the quartz crystal microbalance (QCM )**°

Quartz crystals have a characteristic oscillation frequency which varies
according to their mass. Although crystal wafers have been used as mass
sensors in vacuum and gas-phase experiments for many years, it is only
recently that they have been employed in contact with liquids or
solutions. Quartz crystal wafers can be used as electrodes by depositing a
thin film of electrode material on the exposed surface, and interfacial
mass changes can then be monitored. It is then known as the electrochem-
ical QCM or EQCM. It is a direct, but non-selective, probe of mass
transport.

The design of the assembly is shown in Fig. 12.19. The quartz wafer is
sandwiched between two electrodes that apply an oscillating electric field,
resulting in a standing wave within the wafer and in mechanical
oscillation at resonant frequencies, generally in the range from 2 MHz to
20 MHz. A wafer of thickness 320 um oscillates at around 5 MHz. At this

Electrolyte solution .
and electroactive species

—_— Electrode (oscillation

——Y—circuit) and
electrochemical cell
working electrode

" Quartz
’ wafer .’

Electrode (oscillation circuit)

( -—

Fig. 12.19. Design of the quartz crystal microbalance for electrochemistry,
showing the applied electric field and external contact.
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Fig. 12.20. Electrosorption of Br™ and I” on polycrystalline gold. Plot of charge
passed vs. coverage determined by EQCM. Slope is the electrosorption valency
(from Ref. 60 with permission).

frequency a mass change of 18 ng cm™? of an electrode causes a frequency
change of 1 Hz, a resolution attainable with good frequency counters.

Examples have been in measuring monolayers obtained by under-
potential deposition and sub-monolayer by electrosorption. The measu-
rement of mass changes in thin films such as redox and conducting
polymers has been studied, particularly when accompanying redox
processes: QCM measurements can give information on both counter-ion
and solvent incorporation. Figure 12.20 shows a plot of charge passed for
adsorption of Br~ and I” on polycrystalline gold electrodes vs. the
coverage as measured by EQCM. Charge transfer from adsorbed species
to the electrode reduces their ionic character—the charge transferred is
called the electrosorption valency. The plot shows direct evidence of
partial charge transfer from adsorbed bromide ion to the electrode
(electrosorption valency —0.4), but total transfer in the case of iodide
(electrosorption valency —1.0).

Measurement of absorbed radiation: thermal changes

If an electrode has an irregular surface, it is sometimes more profitable to
detect absorbed radiation rather than transmitted or reflected radiation.
Radiation absorption causes an increase in electrode temperature that
can be detected directly with a thermocouple or thermistor (photother-
mal spectroscopy®').

Alternatively, a sharp change in temperature induced by an intermit-
tent light beam of high intensity causes pressure fluctuations in the
vicinity of the electrode. Detection of this pressure change is known as
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photoacoustic spectroscopy®. Detectors are conventionally piezoelectric
or microphones. However, since the temperature change alters the
refractive index of the fluid close to the electrode, the light beam (usually
from a laser) is deflected from its original path—detection of this beam is
known as photothermal deflection or mirage effect detection. At the
solid/liquid interface this detection mode has been shown to be two
orders of magnitude more sensitive than the other types of detector.

Electrochemical applications up the present have been few, but wider
use can be predicted in the future.

12.7 Photoelectrochemistry

Photoelectrochemical reactions are those where incidence of photons on
an electrode excites an electron within the electrode or excites a species
in solution so that an electrochemical reaction occurs at the electrode. In
both cases a current flows if the conditions are appropriate.

The first of these is particularly pertinent for semiconductor
electrodes®® (Section 3.7). This is because the energy of visible light is
1-3 eV, which corresponds to the energy bandgap in a number of
semiconductors. These photochemical reactions are of extreme interest
owing to possible technological applications using solar energy®®.

The mode of operation is as follows. Excitation of an electron in a
semiconductor leaves a hole. Depending on the correspondence of
energy levels, a species in solution could receive the excited electron or
fill the hole with one of its own electrons, so that there are two possible
types of reaction. Additionally electron—hole recombination can occur,
the energy excess being released as thermal energy; this recombination
often proceeds through surface states and it is desirable to avoid it.
Measurement of the photocurrent gives information on semiconductor
properties in the space—charge region®.

Figure 12.21 shows the effect in an n-type semiconductor of promotion
of electrons by incident photons and subsequent electrode reactions. This
figure should be compared with Fig. 6.9 for an n-type semiconductor
without incident radiation. Irradiation facilitates oxidation, a significant
overpotential being unnecessary. Figure 12.22 compares schematically
what is obtained at semiconductor electrodes with and without incident
light. As is to be expected there is no photoeffect (except in rare cases)
for potentials more negative than Up,.

For a p-type semiconductor, there is no anodic photoeffect and
irradiation promotes reduction and passage of a cathodic current.
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Fig. 12.22. Oxidation at an n-type semiconductor. Curve 1: no light; Curve 2:
with light.
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There are three types of photoelectrochemical cell. The cell, besides
the semiconductor electrode, contains auxiliary and reference electrodes
that are not light sensitive:

1. Photovoltaic cells. As the name suggests, these involve direct
conversion of light into electric current. The reaction at the auxiliary
electrode is the inverse of that at the semiconductor electrode. In
principle, there is no change in electrolyte composition with time. An
example would be

n-TiO, | NaOH, O, | Pt

with oxidation of OH™ at n-TiO, and reduction of oxygen at the platinum
electrode.

2. Photocatalytic cells. As in (1) above the reaction functions in the
sense AG <0 but the photons are used to overcome the activation energy
barrier. These cells are used in converting substances. Probable applica-
tions are exemplified by the decomposition of acetic acid into ethane,
carbon dioxide and hydrogen:

n-TiO, | CH;COOH | Pt

3. Photoelectrolytic and photogalvanic cells. These cells involve the
conversion of radiant energy in chemical energy for converting substances
but unlike the situation in (2), AG>0. The potential applied to the
electrode helps the conversion.

@ Photoelectrolytic cells. Chemical compounds are converted irrevers-
ibly. Relevant examples of possible industrial importance are the
decomposition of water or hydrogen sulphide into hydrogen and oxygen
or hydrogen and sulphur respectively.

® Photogalvanic cells®’. The conversion of substances is used as a way
of storing photon energy. On connecting the external circuit the cell
supplies current regenerating the initial chemical compounds: it is thus
similar to a battery. Substances used are generally sulphonated dyes such
as thionine. Unfortunately the efficiency is low, and thus their commer-
cial application is unlikely.

The semiconductor electrode most studied in photoelectrolytic cells has
been n-TiO,, and in photogalvanic cells n-SnO,. Because the bandgap
energies are 3.0eV and 3.5eV respectively, they are not optimum
semiconductors as they only make use of about 5 per cent of the solar
energy. For this reason there has been research into other semiconduc-
tors, for example cadmium sulphide. In all cases the efficiency is fairly
low.



12.7 Photoelectrochemistry 281

Step 1 Step 2 Step 3
© ©
1 _
hv o
] ® [©]

A A i.lg.+ A R

Semiconductor ~ Dye

Fig. 12.23. Mediation of electron transfer at a semiconductor electrode by dye
sensitization.

As a result of these difficulties the possibility of using light-sensitive
mediators (i.e. dyes) that aid the semiconductor in using a larger
percentage of incident light have been explored®®. We illustrate this
idea with n-TiO, covered by a thin film of a dye such as methylviologen.
The dye, D (donor), is excited (sensitized) and injects an electron into
the conduction band of the semiconductor, being transformed into D*;
following this D* reacts with R in solution regenerating D. This process
is useful if the wavelength of the light necessary to excite the dye is
sufficiently long. The process is shown in Fig. 12.23.

In recent years there has been interest in using semiconductor
dispersions in the form of colloidal particles instead of macroscopic
electrodes’™. The area/volume ratio is clearly larger, which gives in-
creased yields. Colloidal semiconductors investigated are principally
n-TiO, and cadmium sulphide with adatoms (surface states) of platinum.
The particles have to function simultaneously as cathode and anode.
Figure 12.24 shows their mode of operation schematically for reduction
of A, aided by oxidation of a dye, D.

)

D+ hv

N_ S

Fig. 12.24. Use of semiconductor particles for photoelectrolysis of A. D is a dye,
for example methylviologen.
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Recently a low-cost, high efficiency (about 12 per cent in diffuse
daylight) photovoltaic cell based on dye-sensitized colloidal titanium
oxide films with a conducting glass auxiliary electrode was described’*.

12.8 Electrochemiluminescence™”

The study of the fate of radicals produced by electrode reactions is
important in the investigation of species arising in the decomposition or
homogeneous reaction of organic compounds. Sometimes radicals, on
undergoing homogeneous reactions in solution, emit light. The study of
this luminescence is called electrochemically generated chemilumines-
cence or electrochemiluminescence (ECL).

Whenever there is light emission we can register a spectrum, which is
very useful in the identification of the light-emitting species.

We exemplify with rubrene (R) and N,N,N’,N’ tetramethyl-p-
phenlydiamine (TMPD) in acetonitrile. Rubrene can give cation or anion
radicals, but TMPD gives only cation radicals. At a rotating ring-disc
electrode, R™ is generated on the disc and TMPD™ on the ring. If the
reaction between the two radicals is fast then a very fine band of light
coincident with the internal radius of the ring will appear; if it is slower
than the band will be wider and shifted radially. These considerations
have been quantified’.
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POTENTIOMETRIC SENSORS

13.1 Introduction
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13.9 Some practical aspects
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13.11 Potentiometric sensors in flow systems
13.12 Electroanalysis with potentiometric sensors

13.1 Introduction

Electrochemical measurements for analytical purposes can be carried out
under conditions of equilibrium (zero current) with potentiometric
sensors or outside equilibrium (passage of current) with amperometric or
voltammetric sensors. In this chapter potentiometric sensors currently in
use will be described. The cell arrangement, with indicator and reference
electrodes in solution and linked to a potentiometer, or high-impedance
voltmeter, has already been described in Section 7.4. In principle any
electrode can be used for a potentiometric measurement. The equi-
librium potential, E.,, results from the sum of the partial anodic and
cathodic currents due to the various electrode reactions being equal to
zero. In order to make the value of E., useful for quantitative
interpretation, it is necessary to create conditions where secondary
reactions can be neglected in relation to the reaction being studied.
Selective electrodes were developed with this objective, selectivity being
provided by the electrode material. The mode of operation varies
according to the type of electrode material—glass, ionic salt, etc.—and
its operation is different to that of a metal or semiconductor electrode.
After a description of the simple, but important, technique of
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potentiometric titrations, the rest of the chapter is devoted to the use and
operation of potentiometric selective electrodes.

13.2 Potentiometric titrations!

Any titration involves the progressive change of the activities (or
concentrations) of the titrated and titrating species and, in principle, can
be done potentiometrically. However, for an accurate determination it is
necessary that there is a fairly rapid variation in equilibrium potential in
the region of the equivalence point. Useful applications are redox,
complexation, precipitation, acid—base titrations, etc. From the titration
curve it is possible to calculate values of the formal potentials of the
titrated and titrating species, as explained below.

An important question is whether we can use any indicator electrode.
A ‘redox’ electrode, i.e. inert in the range of potential where measure-
ments are being done, is a possibility, especially for redox titrations. In
other cases, the use of electrodes selective to the ion being titrated is
better, such as pH electrodes in acid-base titrations. The method of
analysis of the data obtained is, naturally, the same in all cases and
independent of electrode material.

We illustrate with the general case of a simple redox titration:

n,0; + niR, - n,0, + n,R,
titrated  titrant

corresponding to the half-reactions
O, +ne 2R,
02 + nze—— =4 R2

An example is O, =Ce(IV) and R, =Fe(II). The appropriate Nernst
equations are

o, RT [O4]
E,=E? + 1Fl ) (13.1)

—ES 4+ [0,]
E,=Ej; nzFl [Ry] (13.2)

Before the equivalence point the couple O,/R; is in excess and
determines the potential, and after the equivalence point the couple in
excess is O,/R, and this determines the potential. Therefore, by use of
expressions (13.1) and (13.2) it is possible to construct the theoretical
titration curve if the values of EY" and E5" are known (Fig. 13.1).
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Fig. 13.1. Potentiometric titration between O, (titrated) and R, (titrant). V., is
the volume of titrant added at the equivalence point at potential E,

equiv*

At the equivalence point the potential, E..., (=E,=E,), can be
expressed as the sum of (13.1) and (13.2) after multiplying by n, and n,
respectively:

, . RT_[04][0,]
+1)Eeouiv=m1ES +nEY + —In ———= .
(n +ny) q ny Ly nyL; F n [Ri[Rs] (13.3)

Since, at the equivalence point, [O;]=[R,] and [O,]=[R,], (13.3)
reduces to

nEY + nES
Ecquiv =

ey (13.4)

E?Y’ is the potential when half of the volume necessary to reach the
equivalence point has been added—see (13.1); E5" is the potential when
twice the titrant volume needed to reach E.g,, has been added—it can
also be calculated from (13.4), given a knowledge of E.g,, and E?Y".

As can be seen, an accurate determination of the formal potentials and
concentration of the species being titrated depends heavily on a correct
measurement of the equivalence point. For this reason the following plots
of various functions of the titration curve are often done (Fig. 13.2):

® The first derivative (Fig. 13.2a). The equivalence point corresponds
to the top of the peak.
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® The second derivative (Fig. 13.2b). The equivalence point is where
the curve crosses the V-axis.

® The Gran plot (Fig. 13.2¢?). This method consists of the mathemati-
cal transformation of the titration curve into straight lines via rearranged
Nernst equations. Using a selective electrode that responds only to a

Y
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V. + vy1o-
Vequiv ;

©)

Fig. 13.2. Methods for determining the equivalence point of a potentiometric

titration curve (including acid-base titrations). (a) First derivative; (b) Second

derivative; (c) Gran plot for titration of a strong acid with a strong base; V, is the
initial volume of acid and V the volume of base added.
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cation A we have

nF

l8[A]=573RT

n

(E—E’)=§(E—E') (13.5)
where E’ is the sum of the constant terms in the measured potential and
S =2.3RT/F. Thus

[A] =K X 10nE/0A059 =K X 10E/S (136)

Taking into account the volume change during the titration, we can
deduce that a plot of (V;+ V)10%S vs. V is linear and should be zero at
V = Vequiv- After the equivalence point another redox couple is in excess
and a different line is obtained with slope of opposite sign, as shown in
Fig. 13.2¢. Using this type of plot, points on the curve throughout the
titration can be employed, thus reducing the error in determining Vg,
which can be measured by extrapolation. The equivalence point is the
minimum where the two straight lines intersect.

The accuracy of any one of these methods depends on the size of the
increments of titrant volume: the smaller these are the better. Calcula-
tions with few experimental points and assuming a linear variation
between them, i.e. calculating AE/AV, leads to obviously incorrect
results.

More complex redox titrations show a dependence on solution pH, the
expression for E.q,, being slightly more complicated, for example the
reduction of MnOj to Mn** in acid medium:

MnOj + 8H"' + 5¢~— Mn?* + 4H,0
with Nernst equation

RT, [MnOJ[H'T"

E=E® +
5F [Mn?*]

(13.7)

In acid-base titrations of weak acids or bases the expressions are also
more complicated. Nevertheless, the introduction of concentration de-
pendence as a function of the composition of the medium in the Nernst
equations always leads to the correct result.

Bipotentiometric titrations, that is potentiometric titrations with a
constant imposed passage of current of the order of 5-10 uA, usually
between two platinum electrodes, should also be mentioned here. These
are not strictly speaking potentiometric titrations, since I #0, but they
involve a reading of potential. The current flow provokes the occurrence
of a half-reaction. Where there is a dominant redox couple before and
after the endpoint, the potential difference registered is more or less
constant, but in the zone of the equivalence point there is generally a
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sharp change in the potential difference, AE, which can be monitored.
The form of the plot of potential difference/titrant volume depends to a
great extent on the species involved. In the case of the Fe(II)/Ce(IV)
titration, before and after the equivalence point where the iron and
cerium redox couples dominate respectively, AE is small, and near the
equivalence point there is a sudden increase in AE. The technique is
restricted to polarizable electrodes, i.e. those that can pass current easily,
since nearly all selective electrodes, such as the pH electrode, are unable
to pass current. Its most popular application is in the determination of
water by the Karl-Fischer method”.

13.3 Functioning of ion-selective electrodes

The functioning of an ion-selective electrode (ISE)** is based on the
selectivity of passage of charged species from one phase to another
leading to the creation of a potential difference. The fundamental
theoretical formulation is the same as that developed for liquid junction
potentials (Section 2.11). In the case of ISEs one phase is the solution
and the other a membrane (solid or liquid in a support matrix). The
membrane potential, E_, for an ion, i, of charge z; is

RT1 ol

E.=——In
" zF ¥

(13.8)
where « and f are the two phases: « is the solution and f the membrane.
If a? remains constant then E,, varies in a Nernstian fashion with the
activity of species i in solution. We can write

E.= tant + RTI ¥ 3
= = constan oF na; (13.9)
which shows a variation of 59/n mV per decade of variation in activity at
298 K. Real electrodes do not exhibit exactly this value, but the reading
should be close—the range of activities that it is possible to measure is
usually from 107°-107".

There are interferences to this simple functioning of the ISE according
to (13.9). These are due to the fact that membranes are not perfectly
selective and respond to some extent to species other than the desired
ion. If we consider a linear concentration gradient within the membrane
then the Henderson equation (equation (2.60)) can be applied, writing it
in the form

i

RT
E = constant + ——Fln (a,- + 2 kﬁ}"az”") (13.10)
J
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where j are the interfering species, Kk} is called the potentiometric
selectivity coefficient and should have the lowest value possible for all
interferents. It should be remembered, nevertheless, that it is the product
k}’,j?'az"’zf that determines the extent of interferences.

There are three basic types of selective electrode: those based on glass
membranes, on inorganic salt solid membranes, and on ion exchange.
Other more complex electrodes are sensitive to dissolved gases and
enzymes. These various types are now described.

13.4 Glass electrodes and pH sensors

Glass is an amorphous solid containing complex forms of silicates and
various other ions, whose presence or absence affects the physical
properties of the glass. It is permeable to H* and to Group IA cations,
Na® and K*. For this reason glass membranes were developed that,
owing to their permeability to these ions, create a potential difference
across the membrane, the magnitude of which depends on ion activity.
By altering the composition of the glass, the membrane can be made
sensitive to pH, Na*, or K*, but there will always be some mutual
interferences.

It is important to see how the potential difference across the mem-
brane, usually of thickness 50 um, arises. The glass is hydrated to about
50nm depth on each side, regions m’ and m”, the interior of the
membrane, region m, remaining dry. There is adsorption and desorption
of ions on the hydrated layers. It appears that transport through the
membrane is entirely by cations, e.g. Na* or Li*.

Consideration of Fig. 13.3 shows that the potential across the mem-
brane is given by

En=(¢"—0™)+ (¢™ — ¢™) + (¢™ — ¢™) + (o™ — ¢%) (13.11)

The first and last terms are differences of interfacial potential originating

Donnan Donnan
equilibrium equilibrium
¢ m" m .
External
hase o
Internal P
phase 8

<«————— Membrane —mM8M8M8Mm

Fig. 13.3. Model of transport through a glass membrane: m' and m" are hydrated
layers, and m the interior of the membrane.
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from an equilibrium known as Donnan equilibrium. The other two terms
are due to diffusion within the membrane.

The ‘alkaline error’, often found in pH electrodes, arises because in
very alkaline solution [Na*] or [K*] is normally very high, making a
significant extra contribution to the potential as expressed through the
Henderson equation (13.10). Minimization of this error is done by using
glass of special composition and with very low selectivity coefficients for
Na* and K™.

We now turn to the experimental method of measurement of E,,. The
potential on the membrane exterior is measured by an Ag | AgCl or SCE
reference electrode. The interior potential is very difficult to measure
through a direct metal contact (only in some solid state and in hybrid
sensors, Section 13.10) and one opts for another reference electrode
called the internal reference. Thus a typical cell would be

Ag | AgCl|KCI(3 M) | test solution | membrane | HCI(0.1 m) | AgCl | Ag

NV _— v
external reference internal reference

where the solution to be tested affects the exterior membrane potential.
One hopes that any change in potential between the solution and external
reference electrode can be neglected. A schematic design of a pH
electrode is shown in Fig. 13.4. The external reference electrode can be
placed in the same package as the pH electrode—forming a combined
electrode—which has some advantages for routine analysis of small
volume samples.

In some experimental situations it is not desirable to use a glass
electrode to measure pH. In these cases solid-state oxide-based pH
sensors can be used. Obviously the pH range in which they can be

[~

| Silver wire

L ) Ag/AgCl electrode

0.1MHCI

Glass membrane

Fig. 13.4. A glass electrode.
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employed is limited by acidic reaction and complex formation, and they
must have a small solubility product. They are of two types:

e Those based on the pH-dependent redox reaction between the metal
and a stable oxide, i.e. antimony, iridium and palladium.

e Those based on the pH dependent change between oxides of
different oxidation states: titanium, ruthenium, rhodium, tantalum,
platinum, and zirconium.

The development of these sensors has recently been summarized’.

13.5 Electrodes with solid state membranes

In this type of selective electrode, the membrane is an ionic solid which
must have a small solubility product in order to avoid dissolution of the
membrane and to ensure a response that is stable with time. Conduction
through the membrane is principally ionic and is due to point defects in
the crystal lattice, relying on the fact that no crystal is perfect.

Point defects in crystal lattices can be classified into two essential types
(Fig. 13.5%):

® In a Frenkel defect, an ion leaves its lattice position for an interstitial
site, producing a vacancy. Since in well-packed structures the cation is
normally smaller than the anion, the Frenkel defect is more probable for
the cation. Crystal volume remains almost unaltered by defect formation.

e In Schottky defects, an ion leaves its lattice position and migrates to
the surface; in this case the probability of cation or anion movement is
equal. The creation of this type of defect results in a volume increase and
density decrease of the crystal.

O

+ - 4+ - o+ - o+ + -4+ - o+ - o+
-+ - o+ - o+ - - o+ -+ - o+ -
+
+ - 4+ —é— + + + -+ - 4+
-+ - + - + - -+ - 4+ - o+ -
+ - 4+ - 4+ -+ + - 4+ - o+ - o+
-+ - o+ - + - -+ - 4+ - o+ -
+ - 4+ - o+ - o+ + -+ - 4+ - o+

(@ (b)
Fig. 13.5. Defects in crystal lattices: (a) Frenkel defect; (b) Schottky defect.
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Other defects are combinations of those mentioned above, the most
common being the formation of ion-pair vacancies.

These defects are natural, or intrinsic, defects, the total charge of the
solid remaining unaltered. In certain cases we can alter the structure of
the solids and introduce defects externally by doping, in interstitial
positions or by substitution of ions in the lattice by others with a different
charge. This latter procedure can increase the electronic conductivity and
turn an insulator into a semiconductor. There is also the possibility of
creating defects by electromagnetic radiation.

A solid-membrane selective electrode that demonstrates well the
simultaneous importance of defects and doping is the lanthanum fluoride
electrode. Doping with Eu?** or with Ca** creates anion vacancies,
improving ionic conduction of fluoride ion. Figure 13.6 shows the
migration of Frenkel and Schottky defects, as would occur in this
electrode. Thus, the electrode is sensitive to fluoride ions in solution, the
magnitude of ionic conduction depending on ionic activity in solution
through adsorption and desorption of fluoride ions at the electrode
surface.

Other electrodes are based on silver salts or metal sulphides, and are
prepared by pressing the salts into a disc together with a polymeric
support matrix made of rubber, silicone or PVC, for example. Silver salts
conduct via Ag* ions, and silver sulphide is added to the metal sulphides
to improve conductivity. Examples are given in Table 13.1.

Due to the fact that the membranes are formed from sparingly soluble
salts, adsorption or desorption on the surface can be of cation or anion,
the electrode being sensitive to both species. It is also sensitive to any
other ion that forms a sparingly soluble precipitate on the membrane
surface. For example, the silver sulphide electrode responds to Hg*".

The variation of potential with activity is more complicated than in the

+ - 4+ - + + - \+ -+
- +’/® - o+ - -+ - + -
(0 N
+ - + -4+ + [] -+
E E

(@) (b

Fig. 13.6. Migration of ionic defects in an electric field: (a) Frenkel defects; (b)
Schottky defects.
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Table 13.1. Examples of electrodes with solid state membranes

Ion Material Detection limit Ion Material Detection limit
S* Ag,S 107° F~ LaF, 1077
Ag* Ag,S 1077 Cl-  AgCl 107°
Pb**  PbS(Ag,S) 1077 Br~ AgBr 107
cda* CdS(Ag,S) 1077 I~ Agl 1078

Cu®*  CuS(AgS) 107

case of the glass electrode, as the electrode responds to both cations and
anions. We exemplify with a silver halide membrane, AgX, where the
internal contact can be an internal reference electrode, as in glass
electrodes, but a metallic contact is more common, often called ohmic
contact (Fig. 13.7). (In the case of ohmic contact the migration of ions
through the contact should strictly speaking be considered—normally this
contribution to the total potential is neglected). The cell can be
schematized as

Ag| AgCl|KCI(0.1m) | test solution containing | AgX membrane | Ag

Ag+ but not X- |
ohmic
contact
The cell potential is given by
RT
©
Eeen=ERgung + T Inang = Eigcune (13.12)
=Ese— E?gCl/Ag (13.13)
Screening —
Internal 7”
reference Reference
electrode - electrode
Internal ’
solution . A l L &r— Liquid junction

N "‘”4

Membrane

Fig. 13.7. Forms of ion-selective electrodes with solid state membranes: (a) with
internal reference electrode; (b) with ohmic contact; (c) with ohmic contact and
combined reference electrode.
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or Egg is given by

RT
Eise = ERgriag + F Inas,: (13.14)
RT RT
= E?g*/Ag"_Fln Ksp _?ln ax- (1315)

We can also write

RT
Eisg = E?Z/X* ~F Inayx- (13.16)

As demonstrated in (13.15) the detection limit (Section 13.9) is
affected by the solubility product of the membrane. Following simple
equilibrium reasoning (@ag+).oc is always equal to the sum of a term due
to membrane dissolution and one due to Ag™ activity in solution, s,aa,-,
that is

K
(@ag )ior = sollags + m (13.17)

Substituting in (13.14),

RT
E= EAeg+/Ag +—F_ll'1 {

solaAg* + [solazAg+ +4 Ksp]uz}

5 (13.18)

If (@ag > (4 Kyp)'?, there will be Nernstian response. Rigorously, the
activity of Ag™ from lattice defects should also be considered: if this is
much larger than (4 K,,)"? then the detection limit is given by the
concentration of lattice defects.

It is not difficult to show that the equation corresponding to (13.18) for
the anion X~ is

E=Ex,,x-— F o0 > (13.19)

RT] {solaX’ + [solag(* + 4 Ksp]uz}
The detection limit for a silver chloride electrode is shown in Fig. 13.8,
which is far above the theoretical limit predicted from the solubility
product. It has been shown in solutions of buffered silver ion activity that
the limit can be reached. Note that the sensitivity is linked to resolution
of the potential measurement and not with the detection limit.
The presence of complexing agents alters membrane solubility, and the
detection limit is also affected. Additionally, there is a shift in potential
to more negative values owing to the lower concentration of free cations.
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N —0.25F
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1 1 1 |
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Ig aaci
Fig. 13.8 Detection limit for an AgCl ion-selective electrode (K,,~ 107'),

following the equation E = E_+ (RT/2F)In K,, for the horizontal straight line
(see (13.18)).

As seen in Table 13.1 and already stated, silver sulphide is added to
electrodes based on sulphides of copper, cadmium, or lead to improve
conductivity. In fact the functioning is not altered as the solubility
product of silver sulphide is significantly lower than that of the other
sulphides. The expression for the potential is

RT K, (AgS) RT

E=EQupgt+ oo n 208 Ky e :
Agiae T oE K _(MS) | 2F 1M (13.20)

which describes the behaviour fairly accurately.

13.6 Ion-exchange membranes and neutral carrier membrane
electrodes

Instead of using membranes for selective electrodes that are permeable to
ions via adsorption, porous membranes can be employed, where the
species to be measured traverses from one side of the membrane to the
other. These are of two types: ion exchange’ and neutral carrier'.
Examples are given in Fig. 13.9 and Table 13.2. These membranes have a
polymeric matrix of PVC, of silicone rubber, etc., and contain a solvent
and chelating agents which are selective to the species of interest. The
agents are usually macrocyclic and transport is by exchange of the species
between adjacent macrocycles.

The most important electrode of the ion-exchange type is the calcium
electrode. A water-immiscible hydrophobic solvent is used—for example
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Fig. 13.9. Scheme of an ion-selective electrode with porous membrane.

dioctylphenyl-phosphonate. The function of the solvent is simultaneously
to exclude ions of the opposite charge and to let selectivity of the
chelating agent actuate. Using the less polar decanol as solvent instead of
dioctyl-phenylphosphonate, makes the electrode sensitive to all divalent
ions. A chelating agent of the type (RO),PO;NA™ is the most usual.

In the case of a neutral non-ionic chelating agent we have neutral
carrier-selective electrodes: transport is achieved by selective complexa-
tion of certain ions. The best-known electrode of this kind is the
potassium-selective electrode, whose membrane consists of a valinomycin
macrocycle immobilized in phenylether. The important criterion appears
to be the size of the cavity in the centre of the macrocycle and

interferences are from cations with similar hydrated ionic radius, such as
Rb* and Cs™.

Table 13.2 Electrodes based on ion exchange and neutral carrier
membranes

Ion exchange

Ca’* calcium di-(n-octylphenyl) phosphate (active material)
NO; ammonium tetradecylammonium nitrate (active material)
ClO;, BF;, CO3™, CI”

Neutral carriers
K*  valinomycin (active material)
NH; nonactin (active material)
Ba®*, Ca**, UO3*
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Table 13.3 Potentiometric sensors
selective to dissolved gases

Gas ISE
NH, pH
CO, pH
NO, pH
SO, pH
H,S N

13.7 Sensors selective to dissolved gases™

The principle of these electrodes is a little different, and is normally
based on the measurement of the pH of a solution of electrolyte placed
between a membrane and a glass electrode, the membrane being porous
to the species it is desired to determine (Table 13.3). The dissolved gas
conditions the pH of the solution behind the membrane. Membranes can
be microporous (for example PTFE) or homogeneous (for example
silicone rubber).

It should be noted that some gas-sensitive sensors are amperometric, as
in the Clark electrode for oxygen (Section 14.3).

Another type of sensor is a high-temperature solid-state potentiometric
sensor for oxygen (>400°C) in industrial processes. These are based on
the measurement of the potential of a concentration cell of the type

O, (test), M’ | zirconia solid electrolyte (ZrO,) | M”, O, (ref.)

where M’ and M” are metallic contacts'?.

13.8 Enzyme-selective electrodes

Enzymes are substances that react very selectively with a substrate in a
very specific reaction. Their immobilization on a membrane which is then
placed over an electrode in a solution together with the substrate to be
determined leads to reaction products that can be detected at the
electrode covered by the membrane. An example is the degradation of
urea by urease with an internal sensor element (i.e. ion-selective
electrode) sensitive to ammonium ion:

CO(NH,), + H,0 === CO3™ +2NH7

In other cases the enzyme reaction alters the pH, and the internal sensor
element is a glass electrode.
These electrodes are described in Chapter 17.
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13.9 Some practical aspects

On opting to use potentiometric sensors there are aspects of a practical
nature that have to be taken into account:

1. What is the detection limit? Given that the variation of potential
with activity is not linear below a certain activity, eventually becoming
constant, it is important to define parameters for determining the limit.
The present criterion for the detection limit, according to IUPAC, is
shown in Fig. 13.10. Other criteria are based on the precision of potential
readings and their resolution at specified confidence levels.

2. During how long does the electrode response remain Nernstian—
often even with a new electrode the response is sub- or supra-Nernstian
(i.e. slopes of potential vs. activity are less or greater than 59/n mV at
298 K)? Or, at the very least, does the electrode give a variation of
potential with activity that is stable and reproducible? This condition is
related to the electrode lifetime and varies with the type of utilization
(contact with which solutions and for how long) of the selective
electrode. In the case of solid-state membrane electrodes the potential
and its reproducibility depend on the preconditioning—polishing with
abrasive etc.—since, by polishing, a fresh electrode surface is produced
each time.

3. What is the response time of the electrode, that is how long does it
take to reach equilibrium after dipping the electrode in solution, or after
changing the concentration of solution (an activity step)? Clearly this
must be as short as possible: optimized times would be of the order of

EA

7

—

7

1
!
|
|

>

Detection Iga
limit

Fig. 13.10. Determination of the detection limit of an ion-selective electrode,
following IUPAC".
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30s. How should this be defined!*?

4. What is the electrode selectivity in relation to other species in
solution? Remember that this is given by (kP?'a*'%) and not only by the

selectivity coefficient kP$".

All these factors have to be considered. The effect of the variation of
potential with temperature and alteration of the slope of the potential vs.
activity profile can be minimized by periodic calibration. This period
depends on the type of analysis being carried out, but calibration cannot
be dispensed with.

13.10 Recent developments: miniaturization

There has been wide application of ion-selective electrodes. Some of
these applications require small electrodes, for example measurements in
vivo. Miniaturization of glass electrodes in the form of micropipettes has
gone some way to enabling electrophysiological measurements to be
carried out. Other applications require good reproducibility at low cost.
Two types of ISE have been developed with both these criteria in mind:
ISFETs and coated wire electrodes, besides so-called hybrid sensors. The
first of these has the extra advantage that signal processing is done in situ,
resulting in a low impedance signal (a conventional electrode gives a high
impedance signal) that improves the signal/noise ratio.

ISFETs

The field-effect transistor (FET) that is ion selective (ISFET) was
developed in the 1970s and 1980s'>'®. It was developed bearing in mind
that miniaturizing a conventional configuration ISE would give a fairly
bad signal/noise ratio, affecting detection limit and sensitivity. In an
ISFET, signal amplification is done directly in the membrane in contact
with the solution, instead of in the measuring instrument at the end of a
cable which is susceptible to the electric and magnetic fields of the local
environment.

A diagram of a typical ISFET is shown in Fig. 13.11. Instead of using a
metallic gate as in a normal FET, a thin film of a material sensitive to an
ion is used (ISM). The difference in potential between the ISM and the
solution is a function of ion activity. The potential developed alters the
concentration of carriers in the region marked ‘channel’ which in turn
alters the /-V characteristics between source and drain. The current is a
low-impedance signal that can be related directly to the activity of the
ions in solution.
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Encapsulation
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p-type Si

Fig. 13.11. An ion-selective field effect transistor (ISFET).

This sensor is extremely small. The construction of many ISFETs on
the same chip is possible, either identical or sensitive to different ions. A
chip of 1 X 2 mm can have five or six ISFETSs.

One of the important applications possible with these sensors is for in
vivo studies'”.

Coated wire electrodes'®

A thin film of a membrane-forming material is deposited on a metal wire
(silver, platinum, nickel, etc.) or on carbon, the membrane being, for
example, a liquid exchanger immobilized in PVC (Fig. 13.12). This
electrode is thus similar to an ion-exchange selective electrode, but
without solution and without internal reference. The detailed mechanism
of its operation is not clear but it is certain, and logical, that the interface

—— Platinum wire

Insulating film

Sensor film
(PVC matrix with ion exchanger)

Fig. 13.12. Schematic diagram of a coated wire electrode.
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between membrane and wire is not totally blocked (the wire is not totally
covered) so that effectively there is an internal reference electrode. If this
were not the case there could be no passage of current to establish
equilibrium.

The great advantage of these sensors is that they are cheap and
disposable; the disadvantage is their poor reproducibility. However,
there have been many applications, especially in the quantitative detec-
tion of drugs of abuse.

Hybrid sensors

In these sensors the technology developed for ISFET construction is used
in conventional electrodes. Links between the membrane and internal
reference are metallic (ohmic contact), by deposition of the metal on the
membrane (solid state membranes), or by deposition of an ion-selective
membrane on a metal. This latter is an integrated sensor.

Solution
Glass film to Encapsulation
measure pH
—— Output
[ Inert substrate J

Fig. 13.13. A hybrid sensor.

An example being researched for possible use is a pH electrode (Fig.
13.13): a metal contact is deposited on an inert substrate followed by a
glass film (in an oven) that totally encapsulates the electrical contact®.
This would be a considerably more robust pH electrode than those
presently used, and easier to maintain.

13.11 Potentiometric sensors in flow systems

Flow methods® permit the placing of electrochemical sensors at essential
control points. Normally a branching of the principal flow is aranged that
passes by the sensors any reagents, etc., being added after branching and
before the sensor. An on-line response can be extremely important for
efficient control.

Any potentiometric sensor or combination of potentiometric sensors
can, in principle, be used in a flow system. Certain precautions have to be
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taken, some particularly important owing to solution movement:

1. Positioning of the external reference electrode. The signal can be
affected by local electric fields between indicator and external reference
electrodes, an effect that is increased by solution flow, making it
important to reduce the distance between the electrodes as much as
possible.

2. The electrode response time is increased relative to stationary
solution.

3. Solution movement has the tendency to remove species from the
membrane surface, i.e. membrane deterioration is faster than in station-
ary solution, and there is a consequent shortening of electrode lifetime.
Periodic calibration becomes extremely important.

4. Removal of solid residues by filtering, and the adjusting of solution
conditions to optimize the response, e.g. control of pH, ionic strength,
elimination of ionic interferences, should be done frequently.

13.12 Electroanalysis with potentiometric sensors

Owing to their specificity, sensitivity, and range of measurable con-
centrations, potentiometric sensors based on ionic or enzymatic selec-
tivity have wide application in analytical determinations. Other poten-
tiometric sensors using electrodes of the first kind (M"* | M), used in
precipation titrations, are not easy to manipulate and redox electrodes
have a reduced application owing to their lack of selectivity, reacting to
any oxidizable or reducible species.

Since ISEs can be used in continuous flow systems or in flow systems
with sample injection (flow injection analysis, FIA)*' their application is
wide, not limited to discrete samples. Analysis time becomes shorter,
with faster recycling. Additionally, in flow systems the experimental
assembly and data analysis can be controlled automatically by microcom-
puter, including periodic calibration. Another development is the use of
sensors for the detection of eluents of chromatographic columns in
high-pressure liquid chromatography (HPLC). Miniaturization has per-
mitted an increase in the use of sensors in foods, biological tissues, and
clinical analyses in general.

It remains an objective to develop potentiometric sensors with longer
lifetimes, greater reproducibility and greater stability. The importance of
an appropriate statistical treatment of the results in order to determine
their precision is stressed. Frequent calibration is necessary, at least at
the beginning of each measurement session and in a medium as similar as
possible to that where the sensors are to be employed, in order to ensure
the accuracy of the analytical determinations.
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AMPEROMETRIC AND
VOLTAMMETRIC SENSORS

14.1 Introduction

14.2 Amperometric titrations

14.3 Membrane and membrane-covered electrodes

14.4 Modified electrodes
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14.1 Introduction

An amperometric sensor measures a current at a fixed applied potential,
that is at one point on the current—voltage curve. A voltammetric sensor
records a number of points on, or a chosen region of, the current—voltage
profile. Thus an amperometric sensor is a fixed-potential voltammetric
sensor.

The larger part of this book has been devoted to studies related to
electrochemical measurements away from equilibrium. As demonstrated,
these permit the determination of kinetic and thermodynamic parameters
of the electrode processes, whereas measurements at equilibrium furnish
only thermodynamic data. So, whilst potentiometric analysis is a power-
ful tool in the determination of activities or concentrations, the specificity
arising from the electrode material, amperometric or voltammetric
analysis permits other parameters besides these to be obtined.

The most important selectivity parameter of electrodes for voltam-
metric sensors is the applied potential. 1deally, the electrode potentials of
the redox couples would be sufficiently far apart for there to be no
interference between different species. Unfortunately this is not the case,
and it is necessary to look for greater selectivity. We can discriminate
better between the different species present in solution through a correct
choice of conditions for the study of the electrode reaction: electrode
material (Chapter 7) in some cases through surface modification; use of
hydrodynamic electrodes (Chapter 8); application of potential sweep
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(Chapter 9) or potential pulses (Chapter 10); alternating current voltam-
metry (Chapter 11) and so on. Additionally, kinetic and mechanistic
information can sometimes be obtained from the same set of
experiments.

Recent developments in amperometric and voltammetric sensors have
been in improving selectivity, increasing sensitivity, and lowering detec-
tion limits. Hydrodynamic electrodes, besides permitting greater sen-
sitivity, also bring greater reproducibility and the possibility of use in flow
systems for process control, quality control, and as chromatographic
detectors. The widespread use of pulse techniques, particularly
differential pulse wvoltammetry and more recently square wave
voltammetry, has enabled lower detection limits to be reached. At the
same time, there has been much progress in the automation of these
sensors, not only to control experiments but also to analyse the data
obtained.

In this chapter, after describing the useful technique of amperometric
titrations, recent developments in amperometric and voltammetric sen-
sors are summarized. Their application as biosensors to the study of
biological compounds and in vivo, is described in Chapter 17.

14.2 Amperometric titrations

Not all redox titrations have a well-defined equivalence point, and
amperometric titrations', in which a potential corresponding normally to
that necessary to attain the mass-transport-limited current is applied to
the working (indicator) electrode, permit the calculation of the titration
endpoint through measurements done far from the equivalence point.
Titrations can be done in flow systems, and in this sense it is possible to
alter the quantity of added titrant so as to obtain greater accuracy in the
determination of the equivalence point?.

Simple amperometric titrations

The electrical circuit consists of two electrodes: a redox indicator
electrode and a reference electrode that also passes current. A fixed
potential difference is applied and the equivalence point is calculated
from the intersection of the two straight lines that show the variation of
current before and after the endpoint in a plot of current as a function of
added titrant volume. The plots can have various forms, depending on
whether the titrated species or titrant are or are not electroactive. Figure
14.1 shows the four possible cases. Sometimes the potential difference
applied is less than that necessary to reach the mass-transport-limited
current, but sufficient to give good results.
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Fig. 14.1 Forms of amperometric titration.

As this is an indirect method of determining the equivalence point it
has some advantages. Dilute solutions can be titrated, allowing titration
of sparingly soluble precipitates with no interference from supporting
electrolyte. Non-electroactive compounds can be titrated so long as the
titrant is electroactive, or vice versa. Titrations are fast, only three points
before and three points after the equivalent point being necessary.

Some examples are titration of Pb*>* with CrO3~, Ni** with diacetyl-
dioxime, and barbituric acids with Hg,(ClO,),.

Biamperometric titrations

Biamperometric titrations involve the use of two redox electrodes in
solution, and are applicable only to titrations where there is a reversible
system before or after the endpoint; there is no reference electrode. The
application of a potential difference causes one electrode to be anode and
the other cathode. A current passes due to oxidation or reduction,
respectively, of a species present in solution, decreasing to I =0 at the
equivalence point; alternatively it may be that / = 0 until the equivalence
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! 0,/R, revers_ible I O,/R, irreversible I O,/R; reversible
0,/R, reversible 0,/R; reversible 0O,/R; irreversible

/

Vequiv 4 V

equiv

4 Vequiv |4

Fig. 14.2 Forms of curve obtained in biamperometric titrations.

Ri+ O, 50,+R, AE~0.1-0.2V
titrant
point and that the current begins to rise after this. Since I =0 in all cases
at the equivalence point, this method is sometimes called the dead-stop
endpoint method. The forms of the curves that can be obtained are
shown in Fig. 14.2. Applications of this technique are in titrations of
iodine, bromine, titanium(III) and cerium(IV) and in the determination
of water in non-aqueous solvents with the Karl-Fischer reagent.

Amperometric titrations with double hydrodynamic electrodes

Titrations of non-electroactive compounds can be carried out by homo-
geneous reaction with titrants electrogenerated in situ. This can be done
using double hydrodynamic electrodes in the diffusion layer microtitra-
tion technique described in Section 8.7.

In this technique the upstream electrode (generator) is galvanostati-
cally controlled to generate a species that reacts with species X in
solution in a second-order homogeneous reaction, the detector electrode
being used to quantify the fraction of the electrogenerated species that
did not react:

generator Axne —B
solution B + X — products

detector B+tn,e —C(or A)

Figure 8.11 shows the type of curve that is obtained, which allows the
determination of the concentration of X. The rotating ring-disc electrode’
and the wall-jet ring-disc electrode in continuous flow* (Fig. 14.3) and
with sample injection into potassium bromide solution’ have been
used—this last procedure reduces the amount of sample necessary and
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—In/uA

In/uA

Fig. 14.3 Diffusion-layer microtitration curves at the wall-jet ring disc electrode

for titration of As(III) (X) with bromine (B) generated at the disc electrode from

bromide. Solution 10> M KBr + 0.5 m H,SO,. Analysis of the curve leads to [X]
(from Ref. 4 with permission).

makes quantification faster. An important application is in the quantita-
tive determination of amino-acids and proteins by reaction with Br, or
OBr~ electrogenerated from Br~, which has been automated®.

14.3 Membrane and membrane-covered electrodes

In order to make an electrode more selective we can arrange for only
certain species to reach its surface, with the additional advantage of
reducing electrode poisoning. This can be done by modifying the
electrode surface (see next section), by a porous membrane touching the
electrode or separated from it by a thin film of electrolyte, or by using a
metallized membrane as indicator electrode.

Direct coverage of electrodes with porous membranes’ can diminish
poisoning problems, avoiding reduction in response with time. This is a
particularly pertinent problem in solutions containing reasonable amounts
of organic compounds. An example is the successful use of cellulose
acetate to impede the irreversible adsorption of proteins on glassy carbon
electrodes®.

The best-known example of a membrane-covered electrode is the
Clark electrode for determination of dissolved oxygen (Fig. 14.4*'%). A
membrane (usually PTFE) with pores of a size that lets only oxygen
diffuse through is placed over a thin film of electrolyte on top of a
platinum or gold electrode, the potential of this being controlled so as to
reduce oxygen. The anode is usually a silver disc that acts simultaneously
as reference electrode. It can be used for oxygen determination in gas or
liquid phases.
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Fig. 14.4 The Clark electrode for determination of dissolved oxygen.

Other electrodes functioning in a similar way have been developed for
other dissolved gases, with important clinical applications (Table 14.1).
Since the porous membrane does not let past species that can poison the
electrode, these electrodes are ideal for measurements in biological
fluids.

Metallized membrane electrodes'' have the inner, non-exposed surface
of the membrane metallized: this is the indicator electrode, and contacts
with an internal electrolyte solution. Typical metals are gold and
platinum and typical membrane materials PTFE and polyethylene;
ion-exchange membranes such as Nafion can be used to improve
selectivity; membranes can be porous or non-porous—in the latter case
transport through the membrane is by activated diffusion. The external
medium can be liquid or gas phase and so this type of detector can be
used in gas chromatography. Gases such as oxygen, carbon monoxide,
hydrogen, chlorine and nitrous oxide can be determined, and also anions

Table 14.1. Amperometric sensors for dissolved
gases

Gases dissolved in aqueous phase
0,, NO, halothane, CO,
Gas phase
H,S, HCN, CO, NO, NO,, Cl,
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and cations and some alcohols after conversion to volatile gas-phase
products which are introduced into a catrier stream.

14.4 Modified electrodes

At a modified electrode'*™'° the electrode surface is deliberately altered
by adsorption, by physical coverage, or by bonding of specific species.
The result is to block direct access to the electrode, inhibiting some
electrode processes and promoting others. Modification can therefore be
an important aid in obtaining greater selectivity, and thence its impor-
tance in analysis'®. This modification can be done to microelectrode
arrays to produce tiny specific chemical sensors'’. Normally the modifier
layer is electroactive, acting as a mediator between the solution and the
electrode-substrate in electron transfer (Fig. 14.5).

There are several ways of preparing different types of modified
electrodes:

1. Chemical modification (chemical bonding). An electroactive species
is immobilized on the electrode surface by chemical reaction. Normally
the fact that the electrode is covered by hydroxyl groups owing to the
oxygen in the atmosphere is used. For example, the silanization process is

/ /
OH + X——S\i\——R — O—S\i\—R + HX

where X =OR or Cl; the silane group then reacts with the species of
interest. These methods tend to give monolayers, with the exception of
chemical bonding of polymers, e.g. polymerized ferrocene.

/

Substrate/ :

7

/ Modifier
Fig. 14.5 Functioning of a surface-modified electrode. Reduction of O, to R, is
inhibited.
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2. Adsorption. Adsorption can be reversible or irreversible. This
method has been used particularly for the preparation of polymer-
modified electrodes. A solution of polymer is either painted on the
electrode and the solvent evaporated, or the electrode is immersed in a
solution of the polymer. Relevant examples are polymers that let charge
pass through the film: polyvinylpyridine (PVP), polyvinylferrocene
(PVF), porphyrins, and phthalocyanines. Direct deposition in the gas
phase or sputtering are also possible.

3. Electroadsorption—adsorption carried out with an applied electrode
potential. The quantity deposited is a function of deposition time,
multilayer formation being possible, as is the case with thionine. On the
other hand, application of a potential, in the correct conditions, in the
presence of a molecule susceptible to polymerization, can produce
radicals, initiating polymerization and subsequent electrode modification.
Examples of these conducting polymer monomers are pyrrole, N-
phenylpyrrole and N-methylpyrrole, aniline, and thiophene.

4. Plasma. A plasma is used to clean the electrode surface, leaving
unbonded surface atoms and, thus, an activated surface. Carbon is much
used for this: subsequent exposure to amines or ethenes, for example,
results in chemical bond formation. Plasma discharge in the presence of
radical monomers in solution, leading to polymer formation on the
surface, is equivalent to chemical activation. The use of lasers in this area
may be interesting, but has been little exploited as yet.

Characterization of modified electrodes can be carried out by elec-
trochemical, spectroscopic, and microscopic methods. Of the electro-
chemical methods we stress cyclic voltammetry, chronocoulometry, and
impedance, which combined together measure the number of redox
centres, film conductivity, kinetics of the electrode processes, etc. Almost
all the non-electrochemical techniques described in Chapter 12 have been
employed for the characterization of modified electrodes.

Modified electrodes often give rise to currents that are higher than in
the absence of the modifier. Sometimes, on placing the modified
electrode in a solution that contains supporting electrolyte only, the
voltammetric characteristics of the immobilized species are observed.
This is extremely useful for diverse applications such as, for example, in
electroanalysis'®.

Applications are varied, from catalysis of organic and inorganic
reactions to electron transfer to and from molecules of biological interest.
For example, it has been shown that ruthenium(IV) immobilized inside
PVP catalyses organic oxidations such as that of propan-2-ol to acetone'.
The electroreduction of oxygen (important in fuel cells, Section 15.10) is
catalysed by metalloporphyrins and metallophthalocyanines®. The
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development of the electrochemistry of proteins and enzymes was hindered
by the strong attraction of these compounds to the electrode surface
causing poisoning, and, additionally in the case of enzymes, their
degradation by the electrode material. A mediator facilitates electron
transfer and minimizes attraction and repulsion effects between the
biological molecule and the electrode. However, a careful choice of
substrate may lead to the development of methods that do not need
mediator and allow direct immobilization (see Chapter 17).

In technology, conducting polymers will probably have an important
role, as they can be successively oxidized or reduced*-*

insulating polymer 2 oxidized polymer
neutral conducting

by alteration of applied potential in a switching action; often this is
accompanied by a colour change. For this reason conducting polymers
are being investigated for electrochromic displays, energy stores, etc. As
they are conducting they are also being considered as protective coatings
of metal surfaces against corrosion, especially to protect against
photocorrosion.

In specific cases, electrode bulk as opposed to surface modification can
be employed, as with carbon paste electrodes”. The modifier, a
substance that reacts preferentially in some way with a species to be
determined, is mixed directly with the carbon paste. The mode of action
is either by catalyzing the analyte reaction or pre-concentrating the
analyte on the surface before determination.

14.5 Increase in sensitivity: pre-concentration techniques

A sensitivity increase and lower detection limit can be achieved in various
ways with the use of voltammetric detectors rather than amperometry at
fixed potential or with slow sweep. The principle of some of these
methods was already mentioned: application of a pulse waveform
(Chapter 10) and a.c. voltammetry (Chapter 11). There is, nevertheless,
another possibility—the utilization of a pre-concentration step that
accumulates the electroactive species on the electrode surface before its
quantitative determination, a determination that can be carried out by
control of applied current, of applied potential or at open circuit. These
pre-concentration (or stripping) techniques®*?° have been used for
cations and some anions and complexing neutral species, the detection
limit being of the order of 107'° M. They are thus excellent techniques for
the determination of chemical species at trace levels, and also for
speciation studies. At these levels the purity of the water and of the
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reagents used in the preparation of the supporting electrolyte are
extremely important.
The process effectively consists of two, or sometimes three steps:

® Deposition or adsorption of the species on the electrode during a
time ¢ (preconcentration step). This step occurs under potential control or
at open circuit;

e Change to an inert electrolyte medium. This step can sometimes be
unnecessary;

e Reduction/oxidation of the species that was accumulated at the
electrode. This can be achieved by varying the applied potential,
registering a current peak (or its integral) proportional to concentration.
Alternatively, a current can be applied, or its equivalent in terms of
oxidation/reduction by another chemical species (reducing or oxidizing
agent) in solution—the variation of potential with time is recorded as a
chronopotentiogram, the transition time being proportional to
concentration.

The four variations of this technique are to be found in Table 14.2. The
schemes of operation are shown in Fig. 14.6. Important applications for
trace metals are the use of anodic stripping voltammetry (ASV) to
determine trace quantities of copper, cadmium, lead and zinc, and
adsorptive stripping voltammetry (AdSV) of trace quantities of nickel
and cobalt—pre-concentration by adsorption accumulation of the oxime
complexes followed by reduction to the metal is employed, as reoxidation
of these metals in ASV is Kkinetically slow and does not lead to
well-defined stripping peaks.

Table 14.2 Principles of pre-concentration techniques (adapted from

Ref. 27)
Method Preconcentration Determination Measurement
step step
A Stripping Potential Potential ITvs.t
voltammetry control control (or I vs. E)
B Adsorptive Adsorption (with  Potential Ivs.t
stripping or without control (or I vs. E)
voltammetry applied potential)
C Potentiometric Potential Reaction with Evs. t
stripping control oxidant or reductant
analysis in solution
D Stripping Potential Current control Evs.t

chronopotentiometry  control
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A (anodic) B (cathodic)
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I
E.,, = species E .4 = species

t t

Fig. 14.6 Determination step in stripping techniques of Table 14.2.

The use of hydrodynamic electrodes in these experiments has been
very important in that they increase sensitivity because of higher mass
transport, ensure good reproducibility, and sometimes gives better
resolution in solutions of mixtures. The use of cells such as the wall-jet in
flow systems is particularly useful, as response is fast and it is easy to
introduce them at any point in the flow system.

Another important factor is the electrode material. Many applications
of pre-concentration techniques are for heavy metals that are reduced to
the corresponding metal at potentials that are reasonably negative. At
these potentials the background current for a lot of electrode materials is
appreciable, which reduces the usefulness of the experiment. Mercury is
the best electrode material for this purpose, having a very low back-
ground current because of its large hydrogen overpotential. It can be
used in the form of the hanging or static mercury drop in stationary
solution, or in forced convection systems as a thin film electrodeposited
on an appropriate substrate. Since it is important that the mercury does
not dissolve in the substrate (as happens with gold for example) and that
it adheres well, the choice of substrate is limited®®. A substrate that
works reasonably well and which is much used is glassy carbon. This has
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the additional advantage that in the zone of positive potentials glassy
carbon itself can be used as electrode for anion determinations, etc. A
wide range of potentials is thus possible. It has been suggested that
mercury is electrodeposited on glassy carbon at —1.0 V vs. SCE so that
the tendency of mercury to form small droplets on the surface is
minimized. Other substrates suggested are iridium and silver.

In anodic stripping voltammetry the mercury film and the metal ion to
be determined are often co-deposited (called in situ mercury deposition).
The thin mercury film has characteristics similar to a thin-layer cell,
described in Section 9.10. Additionally, it can be easily used in
hydrodynamic systems®.

Use of mercury as electrode material resolves the problem of the
negative potential zone being too small but brings others, as it is a liquid.
When a metal ion is reduced on the mercury surface to the metal, this
can diffuse to within the mercury film, forming Hg—M bonds, or, if there
is more than one dissolved metal, intermetallic compounds can be formed
within the mercury, as is the case of Cu-Zn. Reoxidation of intermetallic

E |
} ! det A h
Egen.slrip —
Egen.dep |
| 0T
L > L —>
(a) tdep t ©) tdep t
Igen ‘} ‘J.Idel A
Qdet
;
o0 ] e T
1 > A >
Ldep t tdep t
() @

Fig. 14.7 Stripping voltammetry with collection at a double hydrodynamic
electrode, with preconcentration at the generator electrode: (a) Potential step at
t = t,p at the generator electrode to remove the deposit; (b) Chronoamperogram
at the generator electrode with faradaic (1) and capacitive (2) components;
(c) Chronoamperogram at the detector electrode with only faradaic component
(potential unaltered throughout the experiment); (d) Integral of the curve in (c),
the height being proportional to the concentration of species to determine
through Qdet = -NOIgen.deptdep'
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compounds occurs at a potential different from the individual metals,
which can cause difficulties in the resolution of adjacent peaks. Naturally,
there are ways of reducing this problem, and there is even the possibility
of using other pre-concentration techniques. The study of the formation
and properties of Cu—Zn is very important, because in nature the
presence of one of these elements implies the presence of the other.

Figure 14.7 shows the technique of anodic stripping voltammetry with
collection at a double hydrodynamic electrode®. The fact that it is
possible to control the potentials of generator and detector electrodes
independently is used to increase sensitivity. This procedure has been
used with success at rotating and wall-jet electrodes*?’

14.6 Amperometric and voltammetric electroanalysis

The great possibilities of amperometric and voltammetric electroanalysis
both in stationary solution and in continuous flow are evident from the
previous sections. However, the choice of which technique and ex-
perimental protocol to use depends on various factors, such as:

e The concentration range of the species to be determined

® Possible interferences to its exact determination, i.e. matrix
composition

® The accuracy and precision necessary
e The quantity of sample
e The required speed with which an answer is required

In the case of trace quantities, or any determination close to detection
limits, accuracy is much more important than precision, as the former is
the primary consideration as to whether a given trace level is acceptable
or not. Theoretical detection limits are often defined in the literature as
three times the standard deviation of the measurements, but practical
detection limits are usually higher and are determined by levels of
contamination that can be introduced through reagent and sample
manipulation.

It is probable that there will be much development in new solid
electrode detectors for flow systems in the near future which, owing to
their hydrodynamic character, give fast on-line voltammetric responses® 3.
When the amount of sample is small, a flow injection system** is
indicated; applications of stripping analysis®> and modified electrodes® in
this mode have been reviewed. Chromatographic detection is similar in
many ways to flow injection, and there are many applications of
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Reference
electrode

LC column

Working electrode

Fig. 14.8 A thin-layer cell for use as a high pressure liquid chromatography
electrochemical detector (courtesy of Bioanalytical Systems).

electrochemical detectors®®*’ as there are in capillary electrophoresis®®. A

thin-layer cell for coupling to an HPLC column is shown in Fig. 14.8.

The use of pulse techniques for electroanalytical determinations has
been much publicized, and is applicable to both solid electrodes and the
HMDE/SMDE. The development in recent years of square wave
voltammetry (SWV)* widens the possibilities beause of its rapidity
(Section 10.9); it is especially useful because the time necessary to do an
experiment is only 2's, which means that a SMDE drop in the dropping
mode can also be used for micromolar determinations. Progress obtained
with pulse techniques*>*! has meant that applications of a.c. voltammetry
have been few, but there is no theoretical reason for this. The very low
detection limits achieved in stripping voltammetry result not only from
the pre-concentration step but also from the use of pulse waveforms in
the determination step.

Another important future direction is in the use of microelectrodes and
microelectrode arrays. They are often easier to manipulate by the
inexperienced, and instrumentation is simpler. They can be used in highly
resistive ‘dirty’ media where conventional electrodes may be unuseable
and are able to probe localized concentrations. Composite electrodes®,
of which carbon paste is an example, if conveniently prepared, can act as
microelectrode assemblies. In a more general sense, lithographic and
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screen-printing processes can be used to fabricate microelectrode as-
semblies, which either all do the same determination to increase the
analytical signal, or are independently controlled to determine different
species.

Finally, the possibilities of automation of amperometric and voltam-
metric electroanalysis should be stressed, as well as the use of solvents
other than water®. Pulse techniques are semi-automated by nature; the
responses can be transmitted directly to a microcomputer for immediate
analysis. Fast on-line analysis in flow systems with automated calibration
is one of the great advantages, which will be much exploited in the
future.
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15.1 Introduction

Electrochemistry has a very important role in industry in various types of
application including electrolysis (conversion of substances), metal pro-
cessing and finishing, batteries and fuel cells, and water and effluent
treatment'—. Extensive, often fairly specialized, books on various aspects
exist in the literature. Reference 1 provides a modern, up-to-date,
general view with many examples. In this chapter a brief survey of these
applications is provided. At industrial level primary considerations are
naturally economic, the product or process yield in space and in time and
the energy consumption being very important. In the case of batteries
and fuel cells their efficiency, lifetime, stability, the current supplied are
all of importance. Corrosion, unwanted in all but a very few cases such as
electrochemical machining, but important because of its economic and
social consequences, is discussed in the next chapter.

The use of electrochemistry in industry is affected by the price of
electricity and its ease of supply, principally in cases where there is an
alternative production method. For this reason large-scale energy-
intensive electrolysis processes such as metal extraction have developed
where electricity can be generated at low cost. This criterion is more
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important than the cost of transporting the ores, owing to the huge
thermal losses in transmission of electrical energy. Now that supercon-
ductors with critical temperatures significantly higher than the boiling
point of liquid nitrogen are being discovered and developed, the
transmission of electricity along superconductor cables without energy
losses could and. probably will become reality within the next few
decades, a development that will very much benefit the electrochemical
industry.

15.2 Electrolysis: fundamental considerations

Electrolysis is the conversion of electrical energy into chemical energy in
order to convert substances by oxidation or reduction, so that products
are formed as the element or an appropriate compund. Also included is
the generation of charged intermediates that link to other species, as in
electrosynthesis. The design of the cells where these reactions take place,
together with associated operations, is electrochemical engineering*..

As has been explained throughout this book, electrochemists have
under their control parameters such as the solvent, supporting elec-
trolyte, concentration of electroactive species, solution movement, shape
and material of the electrodes, the electrochemical cell, applied potential
or current, and temperature. All these factors affect the kinetics and
mechanism of electrode processes, and the electrochemical engineer must
be aware of all of them. In industry one attempts to increase the rate of
the required mechanism whilst minimizing the rate of any other mechan-
ism or parallel process that can occur simultaneously, in order to
maximize the yield in space and time. To achieve a good yield it is
necessary to maximize the contact between electrode and electrolyte and
sometimes to apply fairly large overpotentials to overcome solution
resistance. In order to optimize these factors, a good knowledge of the
fundamental principles of electrochemisty is required. In the past this was
often achieved by trial and error, but at present there is a lot of effort
towards optimizing industrial processes through scientific research into
process development.

In certain cases of metal extraction, electrolysis has to be employed of
necessity. Metals are, with rare exceptions such as gold, found in nature
in positive oxidation states. In principle, reduction to the metal can be
carried out by a chemical reducing agent. Chemical reducing agents that
are used on a large scale are hydrogen, carbon, carbon monoxide, or
mixtures of these. However, for the very electropositive metals, the
reducing power of these compounds is not sufficient to extract the metal
except under very extreme conditions of high temperature and pressure,
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so that electrolysis has to be employed. Examples are the elements of
Group 1A, magnesium, and aluminium.

In other cases electrochemistry is used because of the control of the
selectivity of the reaction that is achieved through applied potential,
when an ore or other sample contains various species with similar
chemical but different electrochemical characteristics. The substances
converted are obtained with a high degree of purity, but often at high
energy cost.

Cell voltages for industrial electrochemical cells are expressed in the
following way:

Ecell = Ec - Ea - z |T]| - IRceIl

where E. and E, are the thermodynamic potentials for cathodic and
anodic reactions respectively, n are the overpotentials, and (IR..,) is the
contribution from the resistance of electrolyte and electrodes, dependent
on cell design. Thus electrolysis cell voltages are always negative. It is
easy to see that the cell’s energy efficiency is given by
. (Ec - Ea)
percentage energy efficiency = ———= X 100

cell

15.3 Electrochemical reactors

There are various types of electrochemical reactor™®; the classification is
similar to that used for other chemical processes. The three basic types of
electrochemical reactor are shown in Fig. 15.1:

1. Batch reactor. The process requires total conversion of the reagents,
and therefore includes a time for discharging and recharging. It is not
easily adaptable to industrial situations, because of:

® low conversion rate towards the end of the electrolysis step

e time lost with discharging and recharging.
This reactor is best for laboratory use in investigations of electrolysis
kinetics and mechanism.

2. Plug-flow reactor. Reagents are continuously introduced and the
electrolyte (reagent + product) continuously removed. In general, con-
version is less than 100 per cent but there are not the disadvantages of the
batch reactor. Use of porous electrodes or electrodes with small
anode—cathode spacing significantly improves the yield. Because of this it
has much industrial application.
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Fig. 15.1. Types of electrochemical reactor; (a) Batch reactor; (b) Plug flow
reactor; (c) Backmix flow reactor.
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3. Backmix flow reactor or continuously stirred tank reactor. The
conversion rate is lower than for plug-flow reactors because the reagent is
immediately diluted on being introduced into the reactor. Many flow
reactors, €.g. tubular reactors, and especially in the turbulent regime are
in this class.

Plug-flow and backmix flow reactors can be used as single-pass, with
recirculation or in cascade, leading to many possible configurations, but
always with the aim of optimizing product yield in space and time.

In practice, there exist much more complex reactors. An extremely
important factor is the flow regime. Reactor design has to be such that
the current density is uniform at all the electrodes (except in rare cases)
and, preferably, high.

It is possible to design reactors so that the anode and cathode are
positioned close to each other and with the cells containing more than
one pair of electrodes. In this way conversion can be almost 100 per cent
(compare with thin-layer cells, Section 9.10).

©
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-+ + - -+ + ~ -+ Ecoy
L | L | L
T I T
(@ @
T - — = — —
-+ -+ -+ |-+ -~ +
- - - - L] L
- ()Eccll
S ®

(b)
Fig. 15.2. Scheme of multielectrode cells: (a) Monopolar; (b) Bipolar.
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There are two types of multielectrode reactor: monopolar and bipolar
cells, as shown in Fig. 15.2. The bipolar configuration has the advantage
that the electrical circuit has only to be linked at the ends of the electrode
pile; the disadvantage is limitation to certain electrode materials: when
the anode and cathode are of the same material or when they can be
easily glued to each other.

Another way to obtain high degrees of conversion, besides the close
positioning of anode and cathode, is through the use of porous and
packed bed electrodes. Since these electrodes have great importance in
the laboratory as well as at an industrial level, they are described
separately.

15.4 Porous and packed-bed electrodes

Porous electrodes are fabricated from a piece of material, such as
reticulated vitreous carbon (RVC), that contains interlinked pores which
let solution pass through. Packed-bed electrodes consist of small contact-
ing conducting particles which fill the volume of a reactor leaving holes
between the particles for solution to pass: they can be of, for example,
metal fragments or carbon fibres. There are also fluidized-bed electrodes
in which the reactor is not completely filled with particles and solution
passes vertically from the bottom to the top, forcing movement of the
particles and consequent fluid behaviour. Whilst in the porous and
packed-bed electrodes there is a large resistance to solution movement,
in fluidized-bed systems high flow rates are possible. With all these types
of electrode, potential gradients along the electrode assembly are
created. The disadvantage of the fluidized-bed electrode is that there is
less control over the potential of the particles, and for this reason its
future application is not clear. Porous-bed and packed-bed electrodes will
now be described in greater detail, for which, because of their structural
similarities there exists, with some approximations, a common theoretical
description’®,

It is possible to show that, if the size and distribution of the pores is
uniform, then the fraction, R, of species electrolysed is

R=1—exp(bU* 'sL) (15.1)

where U is the linear flow velocity, b is a proportionality factor defined
by

ko=bU" (15.2)

with k4 the mass transfer coefficient and « is a constant that has a value
between 0.33 and 0.50 for laminar flow, and between 0.50 and 1.00 for
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turbulent flow. s is the specific area of the electrode:

a

s=ro (15.3)

where A is the transverse section of the electrode, L its length, and a the
internal electrode area, taking in the sum of the areas of all the pores. As
can be seen, R =1 when

bU*"'sL>>0 (15.4)

and as @ <1, (15.4) predicts that efficiency decreases with increase in U,
as would be expected. The maximum possible value of U for total
conversion is

U = 2LDe LDs’ s
T 2 (15.5)
where r is the average pore radius and € the material porosity (97 per
cent for RVC).

These expressions assume mass transport control; kinetic limitations
complicate the analysis. However, it is reasonable to assume that a
potential corresponding to the mass-transport-limited current can almost
always be chosen.

Principal applications are in electrosynthesis, metal recovery and,
sometimes, electroanalysis.

15.5 Examples of industrial electrolysis and electrosynthesis

In this section some examples of electrolysis and electrosynthesis of great
industrial relevance will be described. Nevertheless, it should be made
clear that there are many other important processes which are not
described here. A summary is given in Table 15.1.

The chlor-alkali industry® "

This is one of the largest electrochemical industries in the world. It
consists in the electrolysis of sodium chloride as brine to give chlorine
and caustic soda. Chlorine is used in the preparation of vinyl chloride for
PVC, as a bleaching agent for paper and paper pulp, as a disinfectant,
besides other chloration applications. Caustic soda is important in
mineral processing, and in the paper, textile, and glass industries. Table
15.2 shows recent data for industrial consumption of chlorine and caustic
soda in the USA.
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Table 15.1. Industrial electrolysis and electrosynthesis

Chlor-alkali industry®™ Extraction of chlorine and sodium hydroxide
from NaCl
Metal extraction Aluminjum (Hall-Heroult process)'* ¢

Sodium, magnesium, lithium (electrolysis of
the fused salts)

Electrolysis in aqueous solution (principally
copper and zinc)

Electrolysis in the preparation Strong oxidizing agents: KMnO,, K,Cr,0,,
of inorganic compounds'’ Na,S,0y, F,, NaClO,.
Active metal oxides: MnO,, Cu,O
Hydrogen and oxygen by water electrolysis'®* 2"

Electro-organic synthesis® >

Hydrodimerization of acrylonitrile (Monsanto
process)

Direct processes e.g. reduction
Me,CO—i-PrOH

Indirect processes—an inorganic reagent is
used as catalyst, being oxidized or reduced
at the electrode to give a species that reacts
with the organic compound e.g.
Electrode(Pb): Cr’* — Cr,02~
Solution: Cr,0% + anthracene —

anthraquinone + Cr**

Table 15.2. Chlorine and caustic soda consumption in the USA (1990

data)®
Chlorine Per cent  Caustic soda Per cent
Vinyl chloride 24 Paper pulp, paper 24
Propylene oxide 8 Organics 22
Chlorinated methanes 7 Soaps and detergents 8
Chlorinated ethanes 7 Petroleum 8
Epichlorohydrin 5 Textiles 5
Other organics 12 Inorganics 12
Paper pulp, paper 14 Alumina 3
Inorganic compounds 8 Water treatment 8
Water treatment 5 Misc. 10
Titanium dioxide 3
Export 4
Misc. 3
Consumption/Mtons (1989)  11.1 11.2
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The electrode reactions are

anode: 2C1I" > Cl, + 2e~ E®=41.36V
cathode: 2H,0 +2e —H,+20H~ E®=-0.84V

and in a mercury cell (see below) at the cathode

2Na* + 2e~ + 2Hg— 2NaHg E®=-1.89V
followed by washing with water:

2NaHg + 2H,0— 2Hg + 2Na™ + H, + 20H™
At the anode there is the possibility of the parallel unwanted reactions

2H,0—> 0, +4H™ +4e”
60CI™ + 3H,0—2ClO35 + 4C1~ + 6H* + 3/20, + 6¢e™
and if the anode is of carbon, there is even the reaction
C+ 2H,0— CO, + 2H,0

There are three types of cell: mercury, diaphragm, and membrane, as
shown in Fig. 15.3. Owing to the corrosive power of chlorine and
oxidation of the electrode itself, conventional anodes of carbon or
graphite, which have a high overpotential of 0.5V, have been replaced
by materials based on titanium covered with RuO, containing other
transition metal oxides such as Co;0,. These dimensionally stable anodes
(DSA) hardly corrode and their overpotential is 5-40 mV. They have yet
another advantage: the unwanted oxygen evolution side reaction is
reduced to a very low percentage (1-3 per cent).

1. Mercury cell (Fig. 15.3a). The cathode is mercury so that the
sodium metal produced at the cathode reacts immediately with the
mercury to form an amalgam, NaHg, thus being separated from the other
products. Posterior treatment with water converts NaHg into caustic
soda, hydrogen, and mercury, the mercury then being reused. The sum
of the thermodynamic potentials in a commercial cell is —3.1 V; however,
even with DSAs —4.5V is necessary, the difference of 1.4 V being to
overcome solution, electrode resistance, etc. The yield is good, but there
is the huge problem of mercury toxicity. For this reason this type of cell is
being gradually withdrawn as an industrial process.

2. Diaphragm cell (Fig. 15.3b). In this cell there is a physical barrier
between the anode (DSA) and the cathode (steel) which is an asbestos
diaphragm supported by a steel net. Sometimes separator and cathode
are joined. Caustic soda is generated directly at the cathode with the
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15.3. The chlor-alkali industry. Types of cell (schematic): (a) Mercury cell;
(b) Diaphragm cell; (c) Membrane cell.
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corresponding release of hydrogen; unfortunately its concentration can-
not go above 10 per cent or there is significant diffusion of OH™ to the
anode compartment to produce chlorate, thus reducing cell efficiency.
The caustic soda has to be concentrated by evaporation afterwards.
Disadvantages of the cell separator are its short lifetime, its resistance,
and the fact that it lets past all species. The big advantage with respect to
the mercury cell is that the cell potential is —3.45 V (reversible potential
—-2.20V).

3. Membrane cell (Fig. 15.3c). This is similar to the diaphragm cell,
except that a selective membrane, which lets only certain ions through, is
employed instead of a physical separator. In this way higher concentra-
tions of caustic soda can be produced than in the diaphragm cell.
Membranes used are of Nafion® (a tetrafluoroethylene copolymer),
Flemion®, and other similar materials, as well as bilayer membranes
which improve selectivity and impede hydroxide diffusion, so that up to
40 per cent sodium hydroxide solution can be produced. The cell
potential is —2.95 V (reversible potential —2.20 V). Energy consumption
is the lowest of the three processes, and product purity is high.

Other steps in these processes are: purification of the sodium chloride
brine before electrolysis, evaporation of water to further concentrate the
caustic soda, removal of oxygen from the chlorine. The hydrogen
obtained in partitioned cells is very pure and can be used, for example, in
the food industry. There is now a general changeover to membrane cells
worldwide.

Metal extraction: aluminium'*"°

Aluminium is one of the most abundant elements in the earth’s crust,
but, under feasible industrial conditions, can only be extracted by
electrolysis. The process used is the electrolysis of aluminium hydroxide
in molten cryolite (Na;AlFs) at 1030°C, pure aluminium hydroxide
having been prepared from the mineral bauxite (hydrated aluminium
oxide containing silica and some metal oxides such as iron) by the Bayer
process. The cathode is carbon covered by molten aluminium metal and
the anode is carbon, the total reaction being

2AL,0; +3C— 4Al + 3CO,

which consumes the anode. The mechanism is obviously more complex
and involves the electrolyte. This is the Hall-Heroult process, repre-
sented in Fig. 15.4.

The molten cryolite is ionized. The reactions that can follow are shown
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Fig. 15.4. Scheme of a cell for aluminium extraction by the Hall-Heroult
process.

below, and involve complex ion formation:

Na;AlF;— 3Na* + AlFg~
AlF;" 2 AlF; +2F
4AIF¢™ + ALO;— 3AL,OF2™ + 6F~
2AIF™ +2A1,0;— 3ALO,F;~

At the cathode, there is evidence that the complex ions AlF;~ and
AIF; dismute, then following reduction of AI** to Al,

AlF:~- = AP + 6F
AlF; = AP + 4F~
APt — Al + 3e”

Na™ is not reduced and F~ produced by the cathode reactions neutralizes
the charge of the sodium ions.

At the anode the electrode reactions involve the aluminium oxyfluoride
complex ion:

AlOF;™ 4+ 2AIF™ + C—4AIF; + CO, + 4e”
2AI0F;™ + 2AIF:™ + C— 6AIF; + CO, +4e”
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Finally we need to know the cell potential. Under typical conditions it
is

reversible potential -1.2V
anode overpotential -0.5V
IR drops: at electrodes -1.1V
in electrolyte -15V

—43V

Thus only 30 per cent of the total potential is used for the electrode
reactions. It would clearly be very advantageous if there were another
more energy-efficient process, preferably at a lower temperature.

The only reasonably successful advance in this sense is the Alcoa
process, based on the electrolysis of aluminium trichloride in a 2-15 per
cent concentration at 700°C in a 3:2 mixture of molten sodium chloride
and potassium chloride using carbon electrodes. Aluminium oxide is
previously converted into aluminium chloride using chlorine from elec-
trolysis. The reactions are thus

2A1,05 + 3C + 6Cl,— 4AICl; + 3CO,
2AICI;— 2A1 + 3Cl,

Energy efficiency is stated to be about 10 per cent better than the
Hall-Heroult process.

Water electrolysis™"°

Hydrogen gas is very important for hydrogenation of inorganic mole-
cules, in semiconductor fabrication and in ammonia synthesis. It is
normally produced by separating carbon monoxide and hydrogen result-
ing from high-temperature gasification of coal, or from petroleum
products. However, this hydrogen is not very pure.

High-purity hydrogen is necessary in the food industry to produce
margarines etc. Pure oxygen, generated in situ, is important in life
support systems in submarines, space vehicles, and so on. Electrolysis
generally leads to high-purity products, and only water electrolysis
permits hydrogen and oxygen to be obtained with sufficient purity for the
applications described. (It should be noted however, that the hydrogen
produced in the electrolysis of sodium chloride in diaphragm or mem-
brane cells is also of high purity—see above.)

The basic configuration of a cell for water electrolysis is fairly simple
(Fig. 15.5). Anode and cathode are separated by a physical barrier,
usually asbestos. The electrodes can be of various materials, such as
carbon, and are often doped with an electrocatalytic material so as to
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Fig. 15.5. Scheme of a cell for water electrolysis. Note the separators between
the H, and O, produced. The electrical link is monopolar (but in other designs
can be bipolar).

J

reduce the energy consumption. The electrolyte is potassium or sodium
hydroxide, as corrosion problems are less in alkaline media. High-
pressure electrolysers are often used, since they are more compact than
those operating at atmospheric pressure, but cell engineering can be
difficult.

Conventional high-pressure electrolysers are being gradually replaced
by solid polymer electrolysers which are light and compact and operate
on a different principle. Only the anode is exposed to water, where
oxidation of water gives oxygen and H*(aq), the latter diffusing through
a solid electrolyte membrane to the cathode where gaseous hydrogen is
evolved. An important advantage is that pure water, as opposed to
corrosive electrolyte, can be used and product gases are separated.

There has recently been interest in the photoelectrolysis of water
(Section 12.4). In this process a large part of the energy necessary for
electrolysis is provided photochemically by solar radiation, promoting the
reactions by exciting the valence electrons in semiconductor electrodes.
This electronic energy is then transferred to the water molecules, helping
to break the O—H bonds. Efficiencies achieved so far are still not high,
and it is not clear at present what future this will have.

Organic electrosynthesis: the Monsanto process®

The industrial organic electrosynthesis reaction of greatest impact must
be the Monsanto process for the hydrodimerization of acrylonitrile to
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adiponitrile, one of the steps in the fabrication of nylon 66. Chemical

synthesis routes, such as gas-phase catalysis of butene, exist and are used

but feedstocks are more expensive than for the electrochemical route.
The electrode reactions are:

anode: 2H,0— O, + 4H* + 4e~

CHCH,CN
cathode:  2CH,=CHCN + 2H,0 +2¢™— | +20H"
CHCH,CN

via [CH,=CHCN] ™

At the cathode, other reactions are possible such as reaction of
acrylonitrile with OH™ or direct protonation of the radical anion
[CH,=CHCN] '~ to give propionitrile. The existence of several possible
pathways is general in the synthesis of organic compounds, and optimized
experimental conditions, such as choice of electrode potentials that
minimize unwanted lateral reactions, must be sought. In this particular
case pH control is also of obvious importance in minimizing the
unwanted reactions.

The present process is shown schematically in Fig. 15.6. The ‘solution’
is an emulsion of acrylonitrile and 10-15 per cent disodium hydrogen-
phosphate in water containing a quaternary ammonium salt,
hexamethylene-bis(ethyldibutylammonium) phosphate, to conduct the
current. The anode is carbon steel and the cathode is cadmium (a sheet
fixed on to the anode); this cell is a good example of the use of bipolar
electrodes (Section 15.3). EDTA and borax are added in small quantities

Cd Cd Cd cathode

nnT

ol A
Carbon steel Electrolyte

anodes

Fig. 15.6. The Monsanto process for the hydrodimerization of acetonitrile. The
cell has bipolar electrodes.
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to minimize anode corrosion. The cell potential is —3.8 V and the
selectivity is 88 per cent.

15.6 Electrodeposition and metal finishing

Metals are used for many purposes, but they are often susceptible to
corrosion (Chapter 16). Protection against corrosion®® brings huge
economic benefits. Often protection is done by electrodeposition of a
layer of another metal, more inert (and more expensive) on the
substrate’’, for example on iron and steels. Because of the importance of
efficient protection there has been much laboratory investigation into
electrodeposition mechanisms, but there are still empirical factors to be
explained satisfactorily.

The mechanism of electrodeposition or electrocrystallization®®? in-
volves, as a first step, the reduction of a cation on the substrate surface
(aided by an applied potential or current) to form an adatom, and its
migration over the surface to an energetically favourable site. Other
atoms of the electrodeposit aggregate with the first, forming the nucleus
of a new phase. The nucleus grows parallel and/or perpendicular to the
surface. Clearly, a number of nuclei can form and grow on the surface.
When all the electrode surface is covered with at least a monolayer,
deposition is on the same metal rather than on a different metal
substrate. As is to be expected, the formation of the first layers
determines the structure and adhesion of the electrodeposit.

Qualitatively the process is very similar to the formation of a
precipitate in homogeneous solution. The difference is in the structure of
the precipitate®, as well as its formation, in homogeneous solution being
affected by the degree of supersaturation and in electrodeposition by the
overpotential.

We now consider briefly how nucleus formation on an electrode
surface, electrocrystallization, can be studied. Nucleation normally
follows a first-order rate law

N = Ny(1 — exp (—At)) (15.6)
where N, is the number of nucleation sites and A the nucleation constant.
There are two limiting cases of (15.6):

® instantaneous nucleation: N =N,, At>1, which is probable on
applying a high overpotential;
e continuous nucleation: N = ANyt, At << 1.

We are assuming an equal nucleation energy for all nucleation sites. In
reality, the energy is less where there are breaks in structure such as grain
boundaries, dislocations, etc.
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In the growth phase, the nucleus can grow parallel to and/or
perpendicular to the surface. If the growth probability is equal in all three
directions hemispheres are formed of surface area 2mr?, where r is the
radius of the sphere.

For a kinetically controlled process the current per nucleus is

I, = nFk(2nr?) (15.7)
2nnFM?*k?
= _E"_pz_ 2 (15.8)

where we introduce the dependence of r on ¢; M is the molecular mass of
the electrodeposit, p its density, and k the rate constant. When there are
many nuclei then, for instaneous nucleation,

2nnFM?K>N,
1—_—%12 (159)

and for progressive nucleation,

2nnFM?k>AN,
1 =%t3 (15.10)

If the process is diffusion controlled then, for small ¢,

anF(2Dc.)**M'N,
[ =T p32 212 (15.11)

for instantaneous nucleation, and

4nnF(Dc.)** M AN,
= 4k 331,2 0 o2 (15.12)

for progressive nucleation. The dependence of I on ¢ for the four cases is
summarized in Table 15.3.

Table 15.3 Dependence of current with time for
the growth of hemispherical nuclei: values of n
where [ o« "

Nucleation

Instantaneous Progressive

Diffusion control 1/2 3/2
Kinetic control 2 3
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Thus, a study of the variation of I with ¢ can give information on the
mechanism of electrocrystallization. However, experimental observation
gives a weighted average of the various types of growth (not necessarily
hemispherical) and its deconvolution is difficult. In this sense electron
microscopy and scanning tunnelling microscopy are valuable tools, as are
reflection techniques (Chapter 12). In these growth studies, initial
nucleation is provoked by application of a short pulse at a high, negative
potential.

As in any electrode process, the potential applied to the electrode
determines the reaction rate. In electrodeposition, we expect that it
affects the rate of deposition and thence the structure of the deposit: a
low overpotential signifies more time available to form an electrodeposit
of perfectly crystalline structure. This can be observed experimentally
(Fig. 15.7). Another factor arises from differences in current density
between different parts of the electrode owing to electrode shape, which
affects mass transport and thus accessibility to the cations to be
deposited. Generally, it is best to apply a potential corresponding to the
formation of polycrystalline deposits. A more perfect crystalline structure
would be desirable, but the low rate of electrodeposition does not
compensate for using such low overpotentials.

In an electrodeposition bath there exist, besides the cation for
electrodeposition and an inert electrolyte for good conduction, various
additives to improve the quality of the deposit—their mode of function-
ing is often not well understood. Organic compounds and surfactants can
make the deposit smoother and brighter and modify its structure,
probably in the initial nucleation step. The addition of complexing agents
is useful for altering the deposition potential and avoiding spontaneous

—1A

Powders (low adhesion)

Nodules, dendrites

Polycrystalline electrodeposits

Growth in spiral, etc.
(almost perfect crystalline structure)

-E

Fig. 15.7. Variation of electrodeposit structure with applied potential.
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Table 15.4. Examples of industrial electrodeposition and its applications

Metal electrodeposited Applications

Nickel Domestic use and engineering
Undercoat for chromium electrodeposition

Chromium Domestic use, car components, surfaces with reduced
friction in tools and valves in motors (applied
normally over an undercoat of nickel or copper)

Copper Contacts in electronic industry. Decoration.
Undercoat for nickel and chromium

Tin Protection of cans, electrical contacts for soldering

Silver and gold Decorating, mirrors, electrical contacts

Cadmium and zinc Protection of steel alloys

chemical reactions, for example between iron substrates and Cu**. Some
examples of industrial electrodeposition are given in Table 15.4.

Other important metal finishings to protect against corrosion are
conversion coatings such as anodization (especially for aluminium),
electroless plating, and electrophoretic painting. The first is done to form
a passive layer, and is described in greater detail in Section 16.4.

Electroless plating does not use electrodes, and is an autocatalytic
reaction on the metal surface after nucleation has begun. A reducing
agent R reduces metal ions to the corresponding metal on the substrate
surface by undergoing surface-induced oxidation. The most important
examples are nickel on steel substrates and copper on printed circuit
boards and plastics, for both functional and decorative applications.
Electrolytes are buffer solutions, usually containing hypophosphite as
reducing agent, the reaction for nickel being

Ni’* + H,PO; + H,0— Ni + H,PO3 + 2H*

Additives are often used to reduce the rate of plating, and easily
adsorbable molecules such as thiourea to minimize the inherent in-
stability of the plating solution in the presence of foreign particles on
which plating would otherwise occur. Particular advantages of electroless
plating relative to electroplating are that, other than in exceptionally
unfavourable circumstances, coverage is uniform, and that coatings are
harder and of lower porosity leading to increased resistance to corrosion
and wear (the latter possibly due to the presence of other elements such
as phosphorus in the coating). These advantages can compensate the
higher cost of electroless as compared to conventional electroplating. The
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harder coatings do lead to lower ductility and higher residual stress, so
that the type of application must be carefully studied.

Electrophoretic painting®' is much used in the automobile industry. It
consists of the electrodeposition of a polymeric film on a metal from a
polymer solution, which totally covers and protects it. The word
‘electrophoretic’ is not very correct in describing the process, and
recently the term ‘electrodeposited paint’ has been used. The polymer
contains acidic or basic groups which form micelles; the solution also
contains pigments and other organic solids in suspension. The mechanism
involves migration of the micelles to the electrode, neutralization of their
charge, precipitation of the neutralized polymer with occlusion of
pigment molecules, and, finally, removal of the water solvent from the
polymer layer by electroosmosis. The advantage in using water is clear;
the coating is very good, even within crevices. It is a pity that it is only
possible to apply one coat since, after the surface is coated, it no longer
conducts. An important application is in the priming of steel car bodies
after phosphate conversion coating (see Chapter 16).

15.7 Metal processing

Electrodeposition and electrodissolution of metals has an important role
in the fabrication of metal articles with shapes that are difficult to make
by conventional methods**, We exemplify with two types of processing:
electroformation and electrochemical machining.

In electroformation, a metal is electrodeposited in the shape and form
of the desired object on top of a substrate (the mould) that is afterwards
removed. An example is the manufacture of foils for electrical shavers:
the mould (cathode) is a cylinder with a design containing insulated parts
where there is no electrodeposition and that turns slowly; the anode is
also cylindrical and concentric with the cathode, and the foil is separated
from the mould with a knife (Fig. 15.8). The most commonly used metals

Fig. 15.8. Electroformation of foils.
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Fig. 15.9. Electrochemical machining: principle of operation for various types of
shaping (from Ref. 32 with permission).

are nickel and copper, for economic reasons. Apart from foils, bulk
materials of complex shape can be formed, such as tools and forms for
plastics, high-frequency waveguides, and so on.

Metal objects with complex shapes can be formed by electrochemical
machining (electroerosion), especially important when mechanical mach-
ining is not possible. The object is the anode, where dissolution occurs,
and the tool is the cathode, having the form of a mould for the object.
The cathode has small holes from which jets of electrolyte exit so that
there is a layer of electrolyte between anode and cathode (Fig. 15.9). An
extremely important example is the manufacture of components such as
blades for turbines.

15.8 Batteries

Batteries are stores of chemical energy which, on applying an external
load, can convert this energy into electrical energy. Besides economic
factors, there are certain requirements for a battery to be useful:

e its voltage should be constant and with a minimum overpotential



Table 15.5 Batteries in current use

Battery Discharge reactions Electrolyte Electrode materials E_,/V Applications
Cathode (+ve) Anode (—ve) Cathode Anode
Secondary
Lead/acid PbO, +4H" + SO +2” Pb+ SOi_ Sulphuric acid Pb Pb 2.05 Automobiles, traction,
—2H,0 + PbSO,, — PbSO, +2¢~ (aq) industry
Nickel/cadimum NiO(OH) + H,O + e~ Cd+20H™ KOH(aq) Ni Cd 1.48 Industry, starters for
— Ni(OH), + OH™ — Cd(OH), +2e~ aeroplane engines,
railway lighting
Primary
Zinc/carbon 2MnO, + H,0 + 2¢~ Zn—2Zn"" +2e” NH,Cl/ZnCl,/ Graphite Zn 1.55 Portable voltage sources
(Leclanché) — Mn,0; +20H " MnO,/damp C powder (dry batteries)
Alkaline 2MnO, +2H,0 +2¢~ Zn+20H" NH,Cl/ZnCl,/ MnO,/ Zn 1.55 High-quality dry
— 2MnO(OH) +20H "~ —ZnO +H,0 +2¢ MnO,/C powder/ graphite batteries
NaOH (aq)
Silver oxide/zinc Ag,0+H,0 +2¢" Zn+20H™ KOH (aq) Ag,O/ Zn 1.5 Watches, cameras
—2Ag+20H" — ZnO + H,0 +2e” graphite
Mercury oxide/zinc HgO + H,O +2¢~ Zn+20H™ KOH (aq) HgO/ Zn 1.5 Watches, cameras
— Hg+20H"™ —ZnO + H,0 +2¢” graphite




348 Electrochemistry in industry

e on discharging the battery, the voltage remains constant
e it has a sufficient, normally high, capacity to supply current
e storage without self-discharge

Real batteries satisfy these criteria up to the point judged necessary for
the application in mind. Batteries are classified into two types:

e primary, which discharge only once, e.g. dry batteries;

® secondary, which are rechargeable, e.g. lead—acid accumulators.
Another criterion to consider in this category is the number of possible
recharge cycles.

Some commonly used batteries are shown in Table 15.5, and two are
drawn schematically in Fig. 15.10. From these it can be seen that
important components are the container, the anode/cathode compart-
ment separators, current collectors to transport current from the
electrode material (usually a porous, particulate paste), the electrode -
material itself, and the electrolyte. It should be noted that the electrode
reactions can be significantly more complex than those indicated in Table
15.5, and there will probably be parallel reactions. By stacking the
batteries in series, any multiple of the cell potential can be obtained.
Because of the great utility of batteries, the search for systems that
offer higher energy densities and voltages than present systems
continues®***. Lithium batteries in non-aqueous media, which are now

\?i—- Washer

[

\ | covenne / Absorbent
i Metal case Ag,0 cloth
paste

- ~~Washer

B So—

I

\ Zinc lid
H anode Rubber
" Separator
] i wash
\ JH— Zinc anode asher
1 [ +— Plastic <> BN
I\I:lar;% I \ l«— Metal \\ \ ™\ Separator
(+ve) || \

Carbon cylinder
(@) (b)

Fig. 15.10. Two batteries in common use: (a) The cylindrical Leclanché battery;
(b) The silver oxide/zinc button cell.
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reaching the market for medical and consumer purposes, have lithium
negative electrodes and can in principle exhibit very high battery
voltages, because of the very negative electrode potential of the Li*/Li
couple, high storage density and high discharge current density—they are
usually primary batteries. Use of reduction of organic polymers, such as
€CF),, or of oxidized conducting polymers such as polyacetylene,
polyaniline, or polypyrrole, is being investigated as positive electrode
reaction. The high chemical reactivity of lithium metal causes difficulties
in battery design.

Amongst other new systems under study are the sodium/sulphur
battery with sodium B-alumina solid electrolyte operating at 300-375°C
and Li-FeS batteries operating at about 450°C. Long-term battery
research is directed towards batteries that can operate at room tempera-
ture with aqueous electrolyte, such as zinc-halogen, aluminium-air, and
iron—air.

15.9 Fuel cells
Fuel cells®*>* are, in effect, batteries in which the reactants are fed
externally. A fuel undergoes oxidation through controlled half-reactions,
in order to convert chemical energy into electrical energy. Direct
electrochemical oxidation of fuels appears very difficult to achieve in the
case of hydrocarbons. For example, methane would follow the half-
reactions

anode CH,+2H,0— CO, + 8H* + 8¢~
cathode 0, +4H" + 4¢~—2H,0

It seems to be necessary to convert the primary fuel into hydrogen or
carbon monoxide first; after this the cell functions well. The best-known
application is in the combustion of hydrogen in aqueous potassium
hydroxide electrolyte with nickel electrodes at 200°C, as used in the
Apollo series space flights.

Present research is mainly into four types of cell:

1. Phosphoric acid (PAFC). The electrolyte is concentrated H;PO,
absorbed on to a solid matrix, and operates at 200°C. The electrodes are
carbon loaded with platinum particles; the anode fuel is hydrogen and the
cathode fuel is air. The cell voltage is usually around 0.67 V. This type of
cell has been tested commercially, producing 4.8 MW for several months
at 40 per cent efficiency.

2. Molten carbonate (MCFC). The cell operates at 650°C and uses
hydrogen or carbon monoxide as anode fuel, which reacts with carbonate
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in the electrolyte (40 per cent LiAlO,, 28 per cent K,COj;, 32 per cent
Li,CO,) to give carbon dioxide, whilst oxygen is reduced at the cathode
by carbon dioxide to carbonate. Cell voltages are around 0.9 V. Problems
in functioning can arise with contamination by sulphur or chlorine.

3. Solid oxide (SOFC). The electrolyte is a ceramic oxide and operates
at 1000°C and can consume hydrogen or hydrogen/carbon monoxide
mixtures. A high electrical efficiency of over 50 per cent is reported.

4. Alkaline. Fuels are hydrogen and oxygen in a concentrated solution
of potassium hydroxide at room temperature. The possible advantage is
the use of non-platinum catalysts such as Raney nickel and silver on
carbon supports. This is at an earlier stage of development than the other
cells.

Possible future applications, besides small-scale power generation at
remote sites such as in space, are large-scale power generation, vehicle
traction, and burning side-products such as hydrogen from industrial
chemical processes in order to recover electrical energy. Other reasons
for continuing investigations are:

e the possibility of obtaining an efficiency of electrical energy produc-
tion greater than that possible by classical combustion (which is about 35
per cent), thus saving natural fuel resources

e the amount of carbon dioxide released into the atmosphere is less
per MW of electricity than in other electricity generation processes,
which is very important for environmental reasons.

15.10 Electrochemistry in water and effluent treatment

Electrochemistry can be used for a number of purposes linked to water
and effluent treatment. The most obvious of these involve the removal of
ionic components from waters by application of an appropriate potential.
This is employed to remove metal ions from process streams and often
leads to recovery of the metal, which can be reused. Clearly, cell designs
which favour high electrode surface area/catholyte volume ratios are to
be recommended.

Cleaning of organic contamination in effluents and in sewage can be
aided by electrochemistry in the following ways:

o Electrochemically in situ generated oxidants: hydrogen peroxide,
ozone, and hypochlorite or chlorine

e Generating gas bubbles electrolytically at the base of tanks through
which the effluent enters slowly at one end at the top and is continuously
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removed from the bottom at the other end. The gas bubbles take
suspended matter with them to the surface from where it is scraped off
(electroflotation). A flocculating agent can be added by controlled
electrochemical anode dissolution, using anodes such as aluminium or
iron, the process then being known as electroflocculation .

Ionic species in waters can be concentrated, and the water purified at
the same time, by electrodialysis. lon-exchange membranes are employed
with an applied electric field in order to force ionic salts to pass from
dilute into concentrated solutions. Examples of the use of electrodialysis
are in the concentrating of Ni** in used nickel plating solutions for
recirculation, and in desalination plants in the purification of sea water or
well water to acceptable levels to make it fit for drinking.
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CORROSION

16.1 Introduction

16.2 Fundamentals

16.3 Types of metallic corrosion

16.4 Electrochemical methods of avoiding corrosion

16.1 Introduction

Corrosion refers to the loss or conversion into another insoluble
compound of the surface layers of a solid in contact with a fluid. The
solid is normally a metal, but the term corrosion is also used to refer to
the dissolution of ionic crystals or semiconductors. In the majority of
cases the fluid is water, but an important exception is the reaction of
metallic surfaces with air at high temperature, leading to oxide forma-
tion, or, in industrial environments, to sulphides, etc. In the context of
this book, corrosion of metals or semiconductors in contact with aqueous
solution or humid air at normal temperatures is of predominant interest.

Owing to the tremendous economic damage it can cause, corrosion has
and continues to be the subject of extensive study especially with a view
to its minimization at acceptable expense—economic and environmental.
We attempt to give an idea of the forms of corrosion, how to investigate
it by electrochemistry, and how it can be minimized, or at least reduced
and controlled. As will be seen, given the complexity of corrosion
processes, the mechanism of which can alter significantly depending on
the local environment, the more specialized literature should be con-
sulted for details on specific cases, for example Refs. 1-6.

16.2 Fundamentals

The corrosion of a metal in contact with an aqueous solution can be
represented by the generic half-reactions

M— M""(aq) + ne”
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with
® in acid environment

0O, +4H"(aq) + 4¢” —2H,0
and/or
2H* +2e”—H,
® in alkaline environment

0, +2H,0 +4¢”—40H"
and/or
2H,0 + 2e~— H, + 20H"

The metal ions can react immediately with OH™ to form insoluble
oxides/hydroxides that cover the metal surface, or the metal ion can be
released to bulk solution. The reactions that occur depend on pH, and we
note that reduction half-reactions all alter the pH in the vicinity of the
metal surface.

Thus, factors that affect the rate of corrosion are essentially pH, partial
pressure of oxygen, and solution conductivity; there are also other less
general factors that will be specified in the following sections. The
half-reactions have to occur at different sites on the interface in order to
form an electrical circuit, and thence the importance of solution
conductivity. In particular cases other cathodic reactions can take place
due to, for example, reduction of a species already present in solution
such as Fe** reduced to Fe?*.

As in any chemical reaction, thermodynamic and kinetic aspects have
to be considered.

Thermodynamic aspects

The thermodynamic information is normally summarized in a Pourbaix
diagram’. These diagrams are constructed from the relevant standard
electrode potential values and equilibrium constants and show, for a
given metal and as a function of pH, which is the most stable species at a
particular potential and pH value. The ionic activity in solution affects
the position of the boundaries between immunity, corrosion, and
passivation zones. Normally ionic activity values of 107 are employed for
boundary definition; above this value corrosion is assumed to occur.
Pourbaix diagrams for many metals are to be found in Ref. 7.

The Pourbaix diagram for iron under these standard conditions is
shown schematically in Fig. 16.1a. The two dotted lines on the diagram
correspond to

0O, +4H" + 4e”—2H,0 E®=(1.23-0.059pH) V
2H" +2¢"—H, E®=-0.059pH V
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Fig. 16.1. Simplified Pourbaix diagram for iron in pure water—ionic activities
107°: (a) The diagram in terms of most stable species; (b) The diagram in terms
of the type of reaction that can occur.

Whether a particular corrosion process is possible is determined by
whether the line for hydrogen evolution or for oxygen reduction lies
above (at a more positive potential than) the boundary for the oxidation
half-reaction. This corresponds to a total negative free energy change.
Nevertheless passivation often occurs, blocking further corrosion. In Fig.
16.1a an example would be the zone where Fe,O; is formed.

Figure 16.1b is a representation of Fig. 16.1a in terms of the type of
reaction: it shows, as a function of pH, the zones where corrosion by
dissolution occurs, where initial corrosion forms insoluble oxides on the
surface that impede further reaction (passive zone) and the region where
the metal is stable (immune zone).

It is obvious that Fig. 16.1 corresponds to an unreal situation, in the
sense that ionic activity in ordinary water is always greater than 107°,

Susceptible to
pitting corrosion
Corrosion

Passive

Immune

pH

Fig. 16.2. Pourbaix diagram for iron in seawater, in terms of zones showing the
type of reaction that occurs.
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there may be foreign ions present and the local pH at the surface or at
parts of the surface may differ from the bulk. A real situation is the
corrosion of iron in seawater ([Cl™] = 0.7 m; pH = 7.5) which is shown in
Fig. 16.2. The zone where pitting corrosion, caused by Cl~, occurs should
be noted; this involves rupture of the passive hydroxide film.

Kinetic aspects

Fortunately, kinetics makes corrosion more difficult, so that it is much
less prejudicial than predicted thermodynamically. In the electrochem-
istry laboratory corrosion can be studied by voltammetry and kinetic
parameters can be predicted from Tafel plots and from impedance data.

An important measurement is the corrosion potential, E,,. This is the
open circuit potential, whose value can change with time. E . is a mixed
potential, since the anodic and cathodic reactions are different. The
partial anodic or cathodic current that flows at this potential is called the
corrosion current, I, and is directly related to the rate constant of the
electrode reaction.

A representation of E vs. [ is called the Evans diagram (Fig. 16.3), a
diagram much used by metallurgists. This diagram is useful for taking
qualitative conclusions, especially when the kinetics of H* reduction is
strongly dependent on the metal. For quantitative conclusions, it is clear
to the electrochemist that a Tafel plot of E vs. Ig|I| contains the same
information and gives the possibility of determining I, with greater
accuracy, as in Fig. 16.4. Besides this, it is possible to correct the data in

_EA

M — M"" + ne~

M = Pb
T 2H* +2e — Ha

g

>

i

Fig. 16.3. Evans diagram for metallic corrosion in acid medium. The concentra-
tions are adjusted for E., to be equal for the three metals.
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M =Pb————2H" + 2¢~ > H,

P M~ M"* +ne-

>

1g 1|

Fig. 16.4. A Tafel plot for the situation represented in Fig. 16.3 (in normal
representation rotated 90° anticlockwise).

a Tafel plot for transport effects. Note that it is lg |I| (current) and not
lg|j| (current density) that is plotted, owing to differences of geometric
area where anodic and cathodic reactions occur.

The Tafel plot permits the calculation of the rate constants of the
reactions from the intersections, and the charge transfer coefficient from
the slope. Corrosion researchers use the parameter b (the inverse of the
slope of the Tafel plot) extensively in their studies, the reason being the
representation of the Tafel plot in the way illustrated in Fig. 16.4. In fact,

b _23RT b _ —23RT
* a,n'F " an'F

(16.1)

where n' is the number of electrons in the rate-determining step.

For potentials close to E,,, we can obtain a relation that allows us to
calculate the corrosion current. Considering the anodic half-reaction we
know that

'F(Eoo— E

Lov=Ipn exp [““" ( = e“'“)] (16.2)
2.3(Eeor — Eeqa

= I, , exp [__L°_°b__q_2] (16.3)

where E, , is the equilibrium potential for the redox couple of the anodic
half-reaction and /; , the respective exchange current. In a similar way for
a cathodic half-reaction,

_2'3(Ecor - Eeq,c)]

™ (16.4)

Icor = 10,c exp [
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in which Eq . and I, have the corresponding meaning for the cathodic
reaction. Therefore, for an applied potential different from E.,,, we have

= Icor{exp [i(EZE—Em—')] — exp [%‘:‘_—E)]} (16.5)

If (E—-E.,) =AE is small, leading to a current Al, then we can make
the approximation exp (x) = 1 + x and obtain

AE AE
Al = 2.3ICO,<— + ) .
b. "ibd (169
On rearranging,

©r~23b,+|b|AE

which is the Stern—Geary relation®. In this expression AI/AE is called the
polarization conductance, K, and its inverse AE/AI the polarization
resistance, Rp. The utility of this relation is because, knowing K. or Rp
and b, and b, we can determine /_,.

There are two basic methods for determining Ry in the laboratory:

1. Through an impedance experiment
Rp = Zw—-»() - Zw_,m (16.8)

2. With small-amplitude cyclic voltammetry®, at a sufficiently slow scan
rate (about 0.1mVs™') and with an amplitude of E., +10mV. A
straight line of slope 1/Rp should be obtained.

Of these two methods, the second is the safer, owing to difficulties in the
determination of Z,_,,, it often being necessary to use frequencies less
than 107> Hz.

Alternatively, for fieldwork, but less exactly, a two-electrode probe
placed on the specimen with a 20 mV potential difference applied will
settle around E_,,, the current flow can be measured and R calculated.

Another aspect to consider is the presence or absence of oxygen in
solution. The effect of its presence in acidic solution is demonstrated in
Fig. 16.5, the result being greater corrosion. Sometimes it catalyses
corrosion by oxidizing ionic species in solution, for example

4Fe** + 0, + 4H* —— 4Fe** +2H,0
surface

2Fe** +12e' —— 2Fe*

.......................
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Fig. 16.5. Tafel plot in acidic medium for metallic corrosion in the absence and in
the presence of oxygen.

Solution flow affects the reaction rate, given that it removes or supplies
species in contact with the metal, such as oxygen.

The formation of passive films of metal oxides was already mentioned,
the metal becoming immune to corrosion, even when corrosion is
thermodynamically very favourable. On sweeping the potential in the
positive direction, we first observe active corrosion, but after reaching a
certain value of applied potential (the Fladé potential) there is passiva-
tion. Passivation is due to two factors: the solubility product of a
hydroxide is reached or there is a structural change in a hydroxide film
which already exists in a porous form and which changes to a non-porous
form. Eventually, for very high positive potentials, there is film rupture
and release of oxygen. Figure 16.6 shows a typical voltammetric profile
for this type of metal, e.g. nickel. It should be noted that the presence of
ions that cause pitting can make the passive region non-existent.

Utilization of impedance methods and simulation of the spectra
obtained from analogue electrical circuits or transmission lines (Chapter
11) can lead to a better comprehension of the complex corrosion process
and its inhibition’>". It can also be used as a practical diagnostic of
corrosion. An example of an impedance spectrum in the complex plane
format and also in the Bode format (the modulus impedance and phase
angle vs. 1g (f/Hz)), which is extensively employed in impedance studies
of corrosion, is shown in Fig. 16.7. The advantage of the Bode plot is that
it shows high-frequency features which are hidden in the complex plane
plot because in the latter the high-frequency points are very close
together.
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16.3 Types of metallic corrosion

There are many forms of corrosion: this section summarizes the various
types. Besides this, knowing the corrosion rate (with or without
protection against corrosion) and how it occurs, the engineer can orient
calculations in the design of tubing, walls, etc. so that they have sufficient
thickness to minimize rupture. In many of these cases where materials
have reached their final form through application of mechanical forces
(stress) or are subjected to mechanical forces periodically (resulting in
fatigue), corrosion can be accelerated owing to the weakening of the
material in certain places where cracks appear.

Uniform attack on a metal results in uniform corrosion. This is
exploited in the processing and finishing of metals (Chapter 15).
However, metallic structures are rarely homogeneous and surfaces are
rough: corrosion occurs, preferentially within fissures in the surface
(crevice corrosion), making corrosion faster.

In general, metals or alloys that are used are covered with oxide or
hydroxide films. Formation of cracks and fissures can destroy the
passivation. The depth of crevices increases rapidly because it is only
there that the metal is not covered with a protective layer of
oxide/hydroxide (see Fig. 16.8). The result is an increase in surface
roughness and possible problems due to reduction in mechanical
strength.

In the case of scratches in paint films that cover the metal the principle
is the same (Fig. 16.9). There is oxide formation at the scratch site, the
corrosion continuing, therefore, in a direction parallel to the metal
surface.

Many other types of corrosion can occur. An important example is
bimetallic corrosion which occurs at the junction between two different

Air

Fig. 16.8. Scheme of crevice corrosion.
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Fig. 16.9. Corrosion due to a paint scratch.

metals, a thin film of solution being necessary to make the electrical
circuit. Contact can be between two metal sheets or pieces (Fig. 16.10),
or between a metallic substrate and a metallic electrodeposit, through a
scratch (Fig. 16.11). The more reactive metal is dissolved in either of the
situations, as predicted thermodynamically by the order of electrode
potentials.

Another form of corrosion is due in part to the mechanical forces
applied to metals, stress corrosion. When the corrosion reaction occurs
with hydrogen evolution, hydrogen atoms, owing to their small size, can
enter the metallic lattice and thus reduce the strength of the interatomic
bonds. This is known as hydrogen embrittlement. If afterwards we apply a
mechanical stress to the metal there is a greater possibility that it will
rupture. Corrosion fatigue can have similar effects. This has been held
responsible for some aeroplane crashes.

Finally the formation of small, often semi-spherical holes or pits in the
metal surface at certain sites in the presence of aggressive species should

Metal A

Solution
0, y /

Z 777 TTITIIZZON. M"‘+

NN\

Fig. 16.10. Corrosion of metal B (more active than metal A) in a fissure formed
at the junction between the two metals.
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Fig. 16.11. Corrosion at the contact between electrodeposits and metal sub-
strates; (a) Corrosion of the electrodeposit, €.g. zinc on iron; (b) Corrosion of the
metal substrate, e.g. tin on iron. —2

be mentioned: this is pitting corrosion. Pitting corrosion is often gaused
by the presence of chloride ions that manage to pass through the passive
film and initiate corrosion, resulting in rupture of the passive fibm. It is
one of the most destructive forms of corrosion because it progresses
rapidly, principally in maritime environments.

16.4 Electrochemical methods of avoiding corrosion

In a given situation, various aspects which contribute to corrosion can be
altered in order to avoid it:

e selection of a bulk material with higher corrosion resistance

e coating of the metal with a suitable, sufficiently thick and homoge-
neous protective film: oxide, paint, etc.

e application of an external voltage or current or of use of a sacrificial
anode to set the voltage of the material in the passive zone (anodic
protection) or at a sufficiently negative potential such that the rate of
corrosion is very low (cathodic protection)

e removal of the reducible and aggressive species in solution, e.g.
increase of the pH, removal of oxygen (for example by chemical reaction
with hydrazine to give nitrogen and water) or, in humid atmospheres,
reduction of humidity

e avoidance of mechanical stress

e avoidance of bimetallic contacts where this can lead to enhanced
corrosion.

Electrochemical methods that achieve these objectives are discussed in
the rest of this section.
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Electrochemically produced protective barriers

Much of metal electrodeposition is carried out with the aim of minimizing
corrosion, the most common electrodeposits being tin, zinc, nickel and
chromium on a cheaper metal substrate, such as iron. Since there is
chemical bonding between substrate and electrodeposit, this is better
than covering with paint (except electrophoretic painting, see Chapter
15) and additionally the surface generally becomes harder, as it does in
nickel electroless plating.

Another process of physical protection is the formation of an oxide
layer that makes the metal passive. This procedure is used for aluminium.
Aluminium is normally anodized in 10 per cent sulphuric acid with steel
or copper cathodes until an oxide thickness of 10-100 um is obtained. As
the more superficial part of the oxide layer has a fairly open structure it is
possible to deposit metals (cobalt, nickel, etc.) or organic pigments in the
pores and seal with boiling water or with an alkaline solution. The
colours after metallic deposition are due to interference effects. Chromic
and oxalic acids are also used significantly as electrolyte.

Anodization is also important for titanium, copper, and steel and in the
fabrication of electrolytic and non-electrolytic capacitors from alumi-
nium, niobium, and tantalum.

Phosphating provides a corrosion-resistant undercoat for paint finishes
on steel (particularly automotive bodies), and to a lesser extent on zinc
and aluminium. The usual process consists of immersion in a bath
containing phosphoric acid, a metal phosphate (usually iron or zinc), and
an accelerator, the pH varying between 1.8 and 3.2, at 60-90°C.

The disadvantage of physically protective barriers is the rapid and
localized corrosion that occurs when the protective layer is scratched or
removed locally (Figs. 16.10 and 16.11). Thus, in many cases, the
utilization of methods involving continuous electrochemical protection is
necessary.

Sacrificial anodes

Electrochemical protection can be achieved by forming an electrolytic
cell in which the anode material is more easily corroded than the metal it
is desired to protect. This is the case of zinc in contact with iron (Fig.
16.11): in this example there is a sort of cathodic protection. Protection
of ship hulls, of subterranean pipeline tubings, of oil rigs, etc. is often
done using sacrificial anodes that are substituted as necessary. The
requisites for a good sacrificial anode are, besides its preferential
corrosion, slow corrosion kinetics and non-passivation. Sacrificial anodes
in use are, for this reason, normally of zinc, magnesium, or aluminium
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alloys, their surfaces partially active and partially passivated, so that
corrosion is not very fast. A problem that can arise is a decrease in the
degree of protection far from the anodes.

Methods of impressed current/potential

In this type of protection the potential of the metal surface is maintained
constant by application of an appropriate potential or current (this latter
is electrically easier) in a zone where the oxidation current is very low.
Referring to Fig. 16.6 one sees that there are two possibilities:

1. Cathodic protection in the negative potential zone where reduction
of oxygen or water commences, and where the rate of metal oxidation is
low. In this case there has to be an inert auxiliary electrode close to the
surface to be protected. The protection process consumes current, the
quantity depending on solution resistance between the surface to be
protected and the anode. This protection can be expensive in terms of
energy consumption, and even more if there is hydrogen release and,
consequently, hydrogen embrittlement.

2. Anodic protection, normally done potentiostatically, by application
of a potential within the passive region. Given the form of Fig. 16.6, it is
not so easy to control the potential by impressed current. The advantages
are that there is no release of hydrogen and that often the current, and
thus the energy consumed, is low.

Examples of cathodic protection with impressed current are, at the
present time, protection of steel pipelines in maritime environments or in
subsoil. An important example of anodic protection is in the storage of
acids in steel tanks—the anodic current passivates the steel (see Fig.
16.1a).

Corrosion inhibitors

Corrosion inhibitors are organic or inorganic species added to the
solution in low concentration and that reduce the rate of corrosion.
Inhibition can function in three different ways:

1. A reagent that promotes the appearance of a precipitate on the
metal surface, possibly catalysing the formation of a passive layer, for
example hydroxyl ion, phosphate, carbonate, and silicate.

2. Oxidants such as nitrite and chromate which function by shifting the
the surface potential of the metal in the positive direction until the
passive zone in Fig. 16.6 (note that if these components are present in
insufficient quantity the metal stays in the active zone, with potentially
disastrous consequences).
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3. A reagent that is adsorbed on the metal surface, diminishing either
metal dissolution or the reduction of H,O/O,/H". In either of these
cases, corrosion is reduced. Substances that inhibit metallic dissolution
are organic and include aromatic and aliphatic amines, sulphur com-
pounds, and those containing carbonyl groups; the release of hydrogen is
inhibited by compounds containing phosphorus, arsenic, and antimony.

The great impact of the social and economic consequences of corro-
sion, with many tons of materials being corroded each day, and also from
a safety point of view, means that research into these electrode processes
and the search for new methods to reduce and control corrosion must
continue.
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BIOELECTROCHEMISTRY
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transmembrane potentials, bilayer lipid membranes, electroporation

17.3 Nerve impulse and cardiovascular electrochemistry

17.4 Oxidative phosphorylation

17.5 Bioenergetics
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17.1 Introduction

Faraday, Galvani and others showed in their experiments, many years
ago, the existence of processes occurring in biological systems, which we
now know have an electrochemical foundation. Despite the lack of
research in this area during the past century, nobody today doubts the
great importance of studying this kind of reactions for clarifying and
comprehending the more relevant biological processes'. This is the
objective of a relatively new branch of interdisciplinary research,
bioelectrochemistry.

Electron transfer occurs in various ways in the biological sphere. New
theories suggest that molecular electron transfer is crucial in the
biological regulation of organisms’ defence as well as in the growth of
cancerous cells®. It has been proposed that many enzymatic reactions are
of an electrochemical nature’, the enzymes being not only catalysts but
also conductors between active sites. Other processes linked with
electrochemical reactions are photosynthesis, nerve excitation, blood
coagulation, vision, smell, functioning of the thyroid gland, the origin of
the biological electric potential, etc.

The complexity of biological systems means that it is very important
that their study should be based on firm foundations. Many pieces in the
biological puzzle are still missing, but each piece represents a valuable
contribution towards attaining the goal.
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At the present time, with the development of new electrochemical
methods and new electrode materials, a large amount of research has
been carried out in the electrochemistry of proteins, enzymes, and
cellular components. Nevertheless, much remains to be done. Electro-
chemical experiments, in conjunction with other techniques, such as
spectroscopy, may give a better answer to these questions.

In this chapter the intention is to give a view of present developments
and research in bioelectrochemistry. It is not possible to describe the
electrochemical aspects of all the kinds of biological events and processes
occurring in living systems, but some examples will be presented and
discussed to give an idea of the extent of bioelectrochemistry.

17.2 The electrochemical interface between biomolecules:
cellular membranes, transmembrane potentials, bilayer
lipid membranes, electroporation

A large fraction of biological molecules has dissociable groups in
aqueous solution, giving rise to H*(aq) or other cations or anions, the
extent of ionization depending on pH.

Examples of these molecules are amino acids, which exist in the
zwitterionic form in acid solution, and in which the molecule contains an
equal quantity of positively and negatively charged groups. Thus,
zwitterionic molecules are dipolar ions that can have a total positive or
negative charge or be neutral, according to solution pH.

Membrane lipids are amphiphatic molecules: they contain both a
hydrophilic and a hydrophobic moiety. Molecules of this kind can lead to
various types of interface. A natural example is the cellular membrane, a
bilayer arrangement of such molecules, that marks the frontier between
cells. The principal constituents of this membrane are lipids and proteins
(Fig. 17.1).

Lipids are characterized by a predominantly hydrocarbon structure, are
very soluble in organic solvents and sparingly soluble in water, and have
physical properties that are in agreement with their hydrophobicity.
Lipids are divided into several classes or families, some having a polar
part; they have important biological functions besides being essential
membrane components. Links with other molecules are via covalent
bonding or van der Waals forces.

Proteins are made of a large number of L-amino acids united by
peptide links (—CONH—), formed from the carboxyl group of one
amino acid and an amine group of another with release of a water
molecule. The name protein comes from a Greek word mpwteivn
meaning ‘of the first importance’. Proteins are constituents of the cell and
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the cell membrane. There is a very large number of them, corresponding
to different genetically determined amino acid sequences. Proteins often
have a very specific biological function. Table 17.1 lists some proteins and
their electrochemically active groups that have been studied with the
mercury electrode. The active groups are thiol, bisulphite, prosthetic
groups (acceptors of Fe**, Cu®*, FAD, etc.) and aromatic groups,
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Table 17.1. Proteins and their groups for electron exchange
(adapted from Ref. 8)

Protein MW/10° Electron E,, (pH7)
acceptor (V vs. SCE)
Insulin (dimer) 6(12) S-S -0.6
Ribonuclease 13.6 S-S -0.8
Lysozyme 14.5 S-S -0.8
Trypsin 23.8 S-S —0.49
Chymotrypsin 25 S-S —0.45
Pepsin 35 S-S
B-Lactoglobulin 38 S-S
Ovalbumin 40 S-S -0.8
Human serum albumin 69 S-S =-0.6
Bovine serum albumin 69 S-S -0.63
Cytochrome ¢ 13 Fe’* —-0.13
Cytochrome c; 14 Fe** —-0.53
Cytochrome b ~14 Fe?* —-0.58
Methaemoglobin 64 Fe** -0.60
Metmyoglobin 16 Fe** -1.05
Bacteriorhodopsin R=CH—CH=R -0.97
Cytochrome oxidase 200 Fe3*, Cu** -0.2
Tryptophan oxygenase 67 Fe**, Cu®* ~—0.2
Glycogen phosphorylase 200 R—CH=N—R —0.82¢
Xanthine oxidase 200 FAD, SH -0.59
Cholesterol oxidase FAD -0.33
Glucose oxidase 186 FAD, S-S —-0.36
Ferredoxin (spinach) 13.5 Fe* -0.6
Ferritin 700 Fe** —0.38°
“pH4.9; ® pH2.

double bonds etc., all of them being moleculiar structures that can effect
electron transfer. Proteins (because of their amphoteric properties) and
nucleic acids (because of their phosphate groups) are both polyions,
exhibiting the behaviour of a polyelectrolyte in solution.

Cellular membranes are usually made up of approximately 40 per cent
lipids and 60 per cent proteins. These percentages can vary in certain
cases: for example, the internal membrane of mitochondria has 20 per
cent lipids and 80 per cent proteins, and myelin has 80 per cent lipids and
20 per cent proteins.

Figure 17.1a shows how the lipids are organized in a cellular
membrane, forming a bilayer with the hydrophilic part on the outside and
the hydrophobic part on the inside of the membrane. The proteins can be
found on either side of the bilayer or across the bilayer from one side to
the other. Thus the bilayer is not, in reality, a perfect bidimensional
arrangement because the proteins can extend a considerable distance into
the intra- or extracellular phase of the lipid wall.
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An electric potential difference is created between the intra- and
extracellular layers of the membrane (Fig. 17.1c), called the surface
potential, E. This is due to the ionization of the amine and carboxyl
groups, or others such as thio groups of proteins, on the surface of the
membrane, which are oriented according to an asymmetric distribution.
An electrical double layer is thus formed.

The variation of the surface potential is given by

ES = ED + EDL (17.1)

in which Ey, is the potential difference due to the dipoles and E, is the
potential difference due to the double layer, obtained from the Poisson—
Boltzmann equation of a diffuse layer (Chapter 3).

Experimentally it is the transmembrane potential difference that is
observed by the use of potential-sensitive fluorescent dyes. Two of the
components of the transmembrane potential difference are the intra- and
extracellular potential differences (Fig. 17.2). If ¢; is the potential in the
interior of the cell and ¢, the exterior potential, then the transmembrane
potential, E,, is given, in the case of a symmetric membrane where Ep
for the two sides cancels, by

En=¢i—¢o=EipL— E,pL+ Epig (17.2)

in which E; p; and E, p; are the internal and external surface potentials,
respectively, and Ep;z expresses the diffusion of ionic species through the
symmetric membrane (E,=Epgz when E;=E,). When there is a

Interior Membrane Exterior

EDiff

Fig. 17.2 Schematic representation of transmembrane potential profile. Ep,

transmembrane potential difference; E, ., exterior diffuse double layer potential

difference; E, ., interior diffuse double layer potential difference; Ey, potential

difference due to membrane molecular dipoles; Ep; = Ep,, symmetric membrane
potential; Ep;q diffusion potential difference.
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sufficiently large charge density on the membrane surfaces, the trans-
membrane potential is determined solely by the difference in surface
potentials, the diffusion potential being negligible. Supposing that the
intra- and extracellular electrolyte is the same, the only difference being
its concentration, then for a univalent ion

_RT 17.3
- F ( ')

G
which has the same form as the Nernst equation. c, is the concentration
outside and c; the concentration inside the cell.

At equilibrium, E,, is called the resting potential, and is affected by the
transport of all ions that can pass through the membrane, which is
permeable to almost all ions. In fact, the important ions are normally
limited to sodium and potassium and resting potentials vary in value from
tens to hundreds of millivolts.

It is therefore clear that the Donnan potential for equilibrium
potentials (Section 2.11) cannot be used in (17.3), except in special
circumstances, since there are various components in the total trans-
membrane potential. Donnan himself predicted that the phenomenon
would be more complicated for ion transfer processes between living cells
or tissue and the liquids that surround them®. This transmembrane
potential is not, however, the only one that can occur in the membrane'®.

The fact that the majority of in vivo processes occur on the surface of
or within the membrane and that electrical phenomena are very
important in membranes such as those found in the chloroplast, muscle
fibres, nerve fibres, mitochondria, etc., has recently led to intensive study
of the electrical properties of bilayer lipid membranes (BLM) in an
attempt to reproduce a model of the cell membrane. Membranes of
5-10 nm thickness have been studied, the membranes consisting of two
parallel sheets of lipids with a hydrophobic environment in the interior of
the membrane and the hydrophilic groups directed to the exterior
aqueous medium.

Artificial bilayer lipid membranes (BLM) have an electrical conduc-
tivity of kK =107"*-10"">S cm™', less than cell membranes by a factor of
10°. The conductivity is increased to physiological levels with the
introduction of electron acceptors or proteins in the artificial membranes
that form charge transfer complexes with the lipids, as for solid state
lipids'".

The similarities between experimental results from lipids in the solid
state and in the membrane can be considered as experimental evidence
for a mechanism for the two states identical to that of semiconductors'?.

Natural membranes have two interfaces with aqueous solutions, and
interfacial properties, such as surface potential, concentration, and

En
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capacitance should affect ion transfer processes. The interaction of
charged groups on the surface with counter-ions in solution forms
electrical double layers'.

The surface compartment model (SCM)'*">, which is a theory of ion
transport focused on ionic process in electrical double layers at mem-
brane protein surfaces, can explain these phenomena. The steady state
physical properties of the discrete surface compartments are calculated
from electrical double layer theory.

Artificial transmembrane material release and uptake can be achieved
by electroporation'®. The electroporation technique, dating from 1982, is
a very efficient way of manipulating biological cells and cell tissue,
through transient permeabilization of membranes by electrical pulses.
Pulse characteristics are field strength of 0.1-30kV cm™" and 0.01-30 ms
pulse duration. Another consequence of electroporation is that electro-
porated membranes are more likely to undergo fusion if two cells are
brought into contact (cell electrofusion) as well as to undergo insertion of
foreign glycoproteins and DNA (electroinsertion or electrotransfection).

Although the mechanisms of electroporation, electrofusion, and elec-
troinsertion are not known, biophysical data suggest that the primary
field pulse effect is interfacial polarization by ion accumulation at the
membrane surfaces. The resulting transmembrane electric field causes
rearrangements of the lipids such that pores are formed'”'®. Electropores
anneal slowly (over a period of minutes) when the pulse is switched off.

The direct electroporative transfer of genes, i.e. DNA (electrotrans-
fection), to transform cells is of great interest for molecular biology,
genetic engineering, therapy, and biotechnology. Other nucleic acids and
proteins can also be efficiently transferred to recipient cells, microorgan-
isms, and tissue. The main advantage of electroporative gene transfer is
that intact, chemically untreated cell material can be transferred with
high efficiency. In particular, the stable electrotransformation of intact
bacteria, yeast, and plant cells is an important biological and biotech-
nological challenge.

17.3 Nerve impulse and cardiovascular electrochemistry

The importance of transmembrane potentials in cells has been dem-
onstrated. Since the cells are totally enclosed by a membrane they
naturally form an electrochemical cell. The cellular fluids contain
sufficient concentrations of sodium, potassium, and chloride ions to be a
good electrolyte, and potential differences originate in the intra- and
extracellular membrane surfaces. We now discuss what happens when
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there is an external depolarizing or hyperpolarizing stimulus in the cases
of the nerve impulse and cardiovascular problems. The action potential is
the response to the stimulus which puts the biological electrochemical cell
outside equilibrium.

The nerve impulse

The nerve cell membrane separates the external from the internal cell
fluid, as does any cell membrane. As is true of virtually all cells, the
intra- and extracellular fluids are electrolytic solutions of almost equal
conductivity, but their chemical composition is very different. The ions
present in largest quantities are sodium and potassium. The species in the
external fluid are made up of more than 90 per cent sodium and chloride
ions: in the cell interior there are principally potassium and organic ions
that cannot pass through the membrane, only 10 per cent of the ions
being sodium and chloride.

The nerve impulse is called the action potential, and consists principally
of two events that occur consecutively: an influx of positive charge
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Fig. 17.3. (a) An action potential produced by a nerve-cell membrane in
response to a depolarization (above the threshold) stimulus. (b) Sketch of
time-dependent conductivity change of a nerve axon membrane (from Ref. 22
with permission).
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through the membrane due mostly to the movement of sodium ions into
the cell, followed by the efflux of positive charge, mainly due to
potassium ions. The interpretation of this phenomenon by Hodgkin and
Huxley” is that these movements reflect a transient opening of the
membrane to sodium ions and then to potassium ions. Propagation of this
impulse along the nerve is based on different kinds of transfer of the
excitation: ion movement through the aqueous phase in and around the
nerves, conduction by non-electrolytic carrier molecules, (for example
acetylcholine at synapses), sometimes of a solid-state semiconductor type
(Szent-Gyorgyi mechanism®), etc. Propagation of the impulse is the
basis for communication through the nervous system.

The mathematical equations describing the ionic currents are empiri-
cal, but there is now proof for the existence of membrane-spanning
proteins that act as channels for sodium and potassium ions and that open
and close in response to changes in membrane polarization.

The nerve impulse, or action potential, may or may not be linked to an
electric potential difference but has propagative characteristics®’. The
action potential is caused by the opening of the membrane to the entry of
sodium ions. After the passage of the nerve impulse, the membrane tends
to recover (Fig. 17.3), returning to its initial state. This occurs through an
active transport mechanism of sodium from the interior to the exterior of
the cell that involves a membrane-spanning enzyme, Na,K-ATPase. For
each ATP molecule split by the enzyme, three sodium ions leave the
nerve and two potassium ions enter, causing a net movement of charge
through the membrane, which contributes to the transmembrane poten-
tial difference. This process is called the electrogenic sodium pump (Fig.
17.4). This pump is responsible for maintaining the transmembrane

Cell interior Cell exterior

ATP 2K

Fig. 17.4. Electrogenic sodium ion pump.
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Fig. 17.5. Model for the release of calcium ions during muscular contraction.

resting potential, as it keeps the potassium concentration gradient
constant.

Muscular contraction involves a similar process, since it is stimulated
by the nerve impulse, and an action potential along the muscle
membrane carries the impulse to the actin and myosin fibres. The muscle
action potential causes the release of calcium ions from stores in the
sarcoplasmic reticulum, and the interaction of actin and myosin provokes
muscle contraction.

Figure 17.5 shows a scheme for excitation—contraction coupling of a
skeletal muscle.

Cardiovascular problems

The mechanism leading to the formation of a blood clot has been much
studied. It comprises a reaction sequence whose kinetics is not very clear,
but there is no doubt that the initial step is an increase in the potential of
the blood vessel walls, which are negatively charged in the normal state.
Investigation of coagulation is more easily carried out in wvitro.
Although the two processes are similar, it is necessary to be cautious in
comparing in vivo and in vitro mechanisms. The clot formed in a test
tube is different from that formed in the vascular system. Coagulation in
vitro consists of a fibrin net in which there exist white and red cells and a
small number of platelets. In vivo, the clots consist of large amorphous
masses of platelets surrounded by white cells and very few red cells.
Blood coagulation factors are responsible for the coagulation phenom-
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Table 17.2. Dependence of thrombus deposition at metal electrodes on
position of metals in the electrochemical series (adapted from Ref. 23
with permission)

Metal M"" /M standard Rest potential Occurrence (/) or
electrode potential at metal-blood non-occurrence (X)
(vs. NHE) interface of thrombus

(vs. NHE) deposition

Mg —2.375 -1.360 X

Al -1.670 —-0.750 X

Cd —0.402 —0.050 X

Cu +0.346 +0.025 J

Ni —-0.230 +0.029 J

Au +1.420 +0.120 J/

Pt +1.200 +0.125 v

enon that occurs in a reaction sequence, sometimes called the cascade
system. Cyclic voltammograms of fibrinogen, thrombin, and prothrombin
at platinum electrodes in ionic and pH conditions similar to blood showed
the influence of oxygen and of adsorption phenomena occurring at the
same time as electron transfer.

Experiments showed that coagulation increases for applied potential
differences greater than +0.2 V vs. NHE; below this value, clot forma-
tion is very small. The rest potential of various materials used for
vascular prostheses and cardiac valves was determined. In Table 17.2
some of the materials tested are mentioned. It was concluded that
metallic electrodes with a negative potential vs. NHE in the blood are
anticoagulant while those with positive potential are coagulant. Unfortu-
nately, the metals most useful for prostheses are the most easily
corroded: those of platinum and gold, not corroded, are unsuitable
because of their positive rest potentials. Attempts to resolve the problem
have utilized prostheses of plastic materials compatible in terms of their
qualities of physical resistance, durability, etc. with their end use.

In the same way, the mechanism of action of drugs and coagulant and
anticoagulant medication takes place through the variation of surface
charge in the blood vessels.

The mechanism of blood coagulation is very complex, and has been the
object of scientific and clinical investigation for more than a century®*?".
The study of the mechanisms of the electrochemical reactions involved in
cardiovascular processes and the selection of anticoagulant drugs and
thrombogenic prosthesis materials, to be successful, needs to be carried
out simultaneously through haematological and electrochemical research.
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17.4 Oxidative phosphorylation

The electron transfer processes that occur within the membrane, such as
for example, phosphorylation (Fig. 17.6), are well known, but their
mechanisms remain unexplained. These electron transfer processes are of
primary importance in two types of membrane; chloroplasts in photo-
synthesis, and mitochondria in respiration.

As an example we use mitochondria (Fig. 17.6). These are small
corpuscles that exist in large quantities within cells. They possess an
exterior and an interior membrane where the enzymes cytochrome b, c,
¢1, a and a;, ATPase, and NADH are located. The interior membrane,
of non-repetitive structure, contains 80 per cent protein and 20 per cent
lipid. The Gibbs free energy variation of the conjugated redox pairs is
given by the formal potential, according to

AG®' = —nF AE®’ (17.4)

In the respiratory chain we start from the system NAD/NADH,
(E®’'=-0.32V) and reach the system O,/H,0 (E®’' = +0.82V). The
free energy change is thus —220 kJ mol ™', but this tells us nothing about
the mechanism of action of the mitochondria.

Some of the steps of the electron transfer mechanism in biological
membranes are known, as they are for the associated proton transfer

Host cell Mitochondria

cytoplasm

Inside

Oxygen

Ep =2 x 10" V/m}[-){:4¢ /.y
N /:J| Cristae

[\ Membrane

Intermembrane medium

Fig. 17.6. The vectorial pumping of calcium ions and protons across the

mitochondrion membranes. A schematic enlargement of the inner (cristae)

membrane is shown to indicate the existence of protein-based electron (e™) and
proton (H") conduction pathways (from Ref. 26 with permission).
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mechanism. This proton flux, which accompanies the electron transfer,
creates a proton gradient through the membrane and a potential
difference given by

AEq =89 - 2K aph (17.5)
leading to the so-called proton pump.

The energy released by electron transfer can be used in the transport of
protons through the membrane. One of the proton conduction mechan-
isms in proteins is through a chain of hydrogen bonds in the protein, i.e.
a Grotthus mechanism (Section 2.9), similar to the mechanism of proton
movement in ice. Protons are injected and removed by the various
oxidation/reduction reactions which occur in the cell: there is no excess
of protons or electrons in the final balance, and the reaction cycle is
self-sustaining.

17.5 Bioenergetics

Bioenergetics is the study of energy flow in living organisms. In recent
years new electrochemical techniques have been developed and existing
ones perfected in order to allow the study of these processes”’. Despite
the importance of thermodynamic data in understanding the reactions,
there is increasing interest in the investigation of the kinetics and
mechanism, through the use of voltammetric techniques, especially using
mediators.
The mechanisms of mediator action may be as follows:

1. The mediator is generated electrochemically and reacts with a
biological molecule by homogeneous electron transfer;

2. The mediator is linked to the electrode surface, forming a surface-
modified electrode, and the biological molecule links itself to the
mediator layer by heterogeneous electron transfer.

In studying the kinetics of heterogeneous electron transfer in biomole-
cules, it is very important to take into account the solution conditions and
electrode material. Mercury and platinum were the most used electrodes
until 1970. After that, work done with glassy carbon, metallic oxide
semiconductors and chemically modified electrodes began to appear.
Proteins such as cytochromes ¢, c¢s;, c¢;, bs;, and P450, myoglobin,
haemoglobin, ferridoxin, peroxidase, and catalase are some of the most
studied compounds®? A cyclic voltammogram of ferricytochrome c at a
gold electrode is shown in Fig. 17.7.
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(©)
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Fig. 17.7. D.c. cyclic voltammograms of horse heart ferricytochrome ¢

(5 mgcm™) in NaClO, (0.1 M), phosphate buffer (0.02 M) at pH 7 in the presence

of 4,4'-bipyridyl (0.01 M). Sweep rate (mV s™): (a) 20; (b) 50; (c) 100 (from Ref.
30 with permission).

There are groups of natural compounds that have a special position in
the study of energy flow through living organisms, for example in the
sequential exergonic oxidation of food. Lavoisier in the eighteenth
century defined in a simplistic way the food metabolism of living
organisms as being essentially combustion: food and oxygen are ingested,
and carbon dioxide and water are ejected—the same total reaction as if
the food was burnt. The correct elucidation of the mechanisms by which
energy is stored in molecules such as carbohydrates, fats, and proteins, is
a difficult challenge, as is how this energy is released to produce work in a
controlled fashion.

In an intact cell, not all the energy release that occurs with the
degradation of some compounds (catabolism) can be utilized in the
synthesis (anabolism) of other cell components. This is a consequence of
the dissipation function®, which expresses the rate of loss of free energy
in the thermodynamic coupling of two non-reversible processes, with one
releasing and the other requiring energy. Since not all the energy
released can be used, external energy from for example, photosynthesis,
is necessary. There is also the possibility of energy retention in some
chemical systems, which can be used in a controlled and efficient way
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when necessary. Indeed, some authors consider that organisms operate as
fuel cells®.

17.6 Bioelectrocatalysis

Enzymes are extremely important biomolecules because of their catalytic
power and extraordinary specificity, superior to any synthetic catalyst.

The activity of redox enzymes as biological catalysts depends, in some
cases, on their protein structure. In other situations the presence of
non-proteic cofactors is necessary; the cofactors can be metals in the case
of metalloenzymes, or organic molecules in the case of coenzymes (Table
17.3).

Bioelectrocatalysis can be defined as the group of phenomena as-
sociated with the acceleration of electrochemical reactions in the pre-
sence of biological catalysts—the enzymes.

For various reasons, it was only in the 1970s that enzymes began to be
used as bioelectrochemical catalysts. Some of the reasons were difficulty
in preparation of pure enzymes, their instability, and the lack of multiple
applications. These problems have been largely overcome, and better
purification methods and enzyme immobilization methods on electrode
surfaces have been developed.

The principal applications of biocatalysts in electrochemical systems
can be summarized as:

e development of biological catalysts for electrochemical applications,
better than the existing inorganic catalysts

e development of bioelectrochemical systems that lead to substances of
an organic nature with applications as fuels

® development of highly sensitive electrochemical sensors, applying
the specific nature of enzymes’ activity.

Table 17.3 Coenzymes in hydrogen atom and electron trans-
fer reactions

NAD nicotinamide adenine dinucleotide

NADP nicotinamide adenine dinucleotide phosphate
FMN flavin mononucleotide

FAD flavin adenine dinucleotide

Coenzyme Q ubiquinone
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Despite their complexity, enzyme reactions follow kinetics of conven-
tional chemical reactions®~*:

ki
E+S 7«-_—T’ ES
ES —> E + product

where E is the enzyme and S the substrate (reagent) in the Michaelis—
Menten formulation. The reaction rate is
_d[S]_ k[EIS]_ [EollS]
dt Km Ky +[S]

(17.5)

with [E,] the initial concentration of free enzyme and K\, the Michaelis—
Menten constant, given by (k_; + k,)/k;.
It should be noted that there is, for enzymes:

e a proximity effect, a great affinity between enzyme and substrate

e a very strong orientation effect between the cofactors and the
enzyme’s active centre

N

S __——Enzyme molecule

I

Fig. 17.8. Model of a particulate redox enzyme upon which the theory of electron

conduction enzymes is based. Site X in the particle acts as electrode for the redox

couple X and develops an equilibrium potential determined by the extent of the

reduction of X. Site Y, on the opposite side, acts in the same way for Y. The

potential difference causes an electronic current between sites X and Y and within
the particle (from Ref. 35 with permission).
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® an intramolecular catalysis effect owing to nucleophilic and elec-
trophilic groups

® an effect from the polarization of the electroactive groups of the
enzyme that causes a redistribution of electron density and activation of
the substrate.

One of the models proposed for a possible enzyme redox reaction
mechanistic pathway suggests (Fig. 17.8) that the enzyme contains
simultaneously a part that acts as a solution cathode containing a
so-called cathodic system where reduction occurs, and another that acts
as a solution anode where there is oxidation®. The total charge transfer
for the whole chemical reaction is therefore zero. This model is not
completely correct, but the concept of a total chemical reaction without
electron transfer to the exterior of the enzyme, although controlled by
electron transfer, is interesting.

The explanation for biological enzyme conduction in enzyme oxidore-
ductases is not yet known, and could be an electron or proton transfer.
However, there is no doubt that there is charge transfer from the
cathodic to the anodic points.

Some methods for using enzymes in accelerating electrochemical
processes have been developed and are shown in Fig. 17.9. In cases a and
b there is an enzyme reaction whose intermediates, S*, undergo
electrochemical transformation at a much lower overpotential than the
initial substrate, S,.4

S;ca—>S*— S, +ne”

In ¢, d, and e we have the typical case of a bioelectrocatalyst where,
through a mediator, there is electron transfer between the electrode and
the enzyme active centre where the substrate is in its turn activated and
reacts. In ¢ the components are in solution; in d and e the mediator or the
enzyme are immobilized on the electrode surface, the electron transfer
reaction occurring between mediator and electrode. In case f we have the
ideal situation: direct electron exchange between the electrode and active
centre of the enzyme, the mediator being eliminated. It is, nevertheless,
very difficult to reconcile the enzyme characteristics and the electrochem-
ical process, and it continues to be important to find adequate mediators
and enzyme immobilization procedures.

As described above, the mediator is a compound that serves as
intermediate between enzyme and electrode. Mediators need to have
certain electrochemical properties, for example:

® the reaction between mediator and enzyme active centre must be
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Fig. 17.9. Schemes showing the application of enzymes to promote electrochemi-
cal reactions (from Ref. 36 with permission).

rapid, that is the mediator itself must be a specific substrate for the
enzyme

e the redox potential of the mediator must be very close to that of the
reaction studied

e the oxidation-reduction reaction between mediator and electrode
material must be sufficiently fast to be in conditions close to reversibility

Work is being carried out with a view to the study and development of
optimum mediators.

The enzyme immobilization process is normally accompanied by a
reduction in activity. Nevertheless immobilized enzymes have several
advantages over soluble enzymes:

® a lesser total quantity of enzyme is required, and immobilized
enzymes can be reused

e the process can be operated continuously and can be readily
controlled
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e the products are easily separated
e cffluent problems and material handling are minimized

e in some cases enzyme properties, activity, and stability, can be
altered favourably by immobilization

However, methods that lead to high-yield immobilization in water-
insoluble matrices, that is, a small loss in enzyme activity, have been
developed, Fig. 17.10.

Each method of immobilization has specific limitations*’, and it is
necessary to find an appropriate procedure for any particular enzyme and
an application that is simple, not too expensive, and leads to an
immobilized enzyme with good retention of activity and good stability.

The principal immobilization methods for bioelectrocatalysts are:

1. Physical immobilization methods: there is no chemical modification
of the enzyme.

o Immobilization by adsorption. This is the simplest method and
consists in enzyme adsorption due to electrostatic, hydrophobic or
dispersive forces on the electrode surface. The disadvantage is the high
probability of enzyme desorption and denaturing.

e Immobilization by inclusion in gel is based on coupling enzymes to
the lattice of a polymer matrix or enclosing them in semipermeable
membranes. The enzyme does not bind to the matrix, so this method can
be used for almost all enzymes, other biocatalysts, whole cells, or
organelles, and the enzyme shows little deactivation compared with other

Cross-linking Entrapment Microencapsulation
Adsorption Adsorption—cross-linking Covalent binding

Fig. 17.10. Methods of enzyme immobilization (from Ref. 38 with permission).
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Table 17.4. Classification of immobilization methods for insoluble
enzymes

Immobilization methods for insoluble enzymes

Binding Entrapment
Cross- Support F— Gel
linking binding — Fibre
L— Microencapsulation

— Physical adsorption
— Ionic binding

L — Metal binding
L__Covalent binding

immobilization methods. Disadvantages are the possibility of enzyme
leaving the gel net and the non-conducting properties of the gel.

2. Chemical immobilization methods. These can be accomplished via
the formation of an array between the enzyme and surface active groups
or via covalently linked transporters. The advantage is that the enzyme
cannot escape to solution; the disadvantage is that partial or total enzyme
deactivation can occur during immobilization owing to the formation of
additional chemical links.

Research into new enzyme immobilization methods directly on the
electrode surface is in progress.

Table 17.4 gives a classification of immobilization methods for in-
soluble enzymes that combines the nature of interaction responsible for
immobilization and the nature of the support.

The mechanism and theory of bioelectrocatalysis is still under develop-
ment. Electron transfer and variation of potential in the electrode—
enzyme—electrolyte system has therefore to be investigated. Whether the
enzyme is soluble and the electron transfer process occurs through a
mediator, or whether there is direct enzyme immobilization on the
electrode surface, the homogeneous process in the enzyme active centre
has to be described by the laws of enzyme catalysis, and the heteroge-
neous processes on the electrode surface by the laws of electrochemical
kinetics. Besides this there are other aspects outside electrochemistry or
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enzymology. Fundamental research in this dominion will elucidate the
mechanisms of action of bioelectrocatalysts and develop the scientific
basis for the appearance of optimized bioelectrochemical catalysts.

17.7 Bioelectroanalysis

Bioelectroanalysis is a new area in rapid development within
electroanalysis®. The use of biological components: enzymes, antibodies,
etc., to detect specific compounds has led to the development of
biosensors**.

A large part of analytical chemistry is linked to the qualitative and
quantitative analysis of relatively simple species in complex matrices
where various types of interferences occur. Bioelectroanalytical sensors
permit the analysis of species with great specificity very rapidly, being
sensitive, highly selective and, in principle, cheap. They can be used in
clinical analysis, in on-line control processes for industry or environment,
or even in vivo*"*2.

Bioelectrochemical sensors can be divided into two groups: poten-
tiometric and amperometric. Since the description by Clark* of the first
electrochemical biosensor based on the oxygen electrode, many poten-
tiometric and amperometric sensors using enzymes** and other materials
have been designed and applied.

In potentiometric sensors a membrane or surface sensitive to a species
generates a potential proportional to the logarithm of the concentration
of the active species, measured relative to a reference electrode (Chapter
13). The use of potentiometric electrodes in clinical analysis began at the
beginning of the century with the pH glass electrode. Other electrodes
for measurement in blood, such as ion-selective electrodes for sodium,
potassium, lithium, and fluorine followed*. An important development
was the appearance of the potassium electrode using valinomycin as
neutral charge carrier.

The recently developed field-effect transistors (FETs)*' have also been
used as biosensors. The ion-selective field-effect transistor (ISFET) uses
ion-selective membranes, identical to those used in ion-selective elec-
trodes, over the gate.

Enzyme-selective electrodes (Fig. 17.11) have been made as a mem-
brane containing immobilized enzymes placed over a pH electrode or
over a gas electrode such as an ammonia electrode for potentiometric
detection, or over an oxygen electrode for amperometric detection. The
products of the reaction of enzyme with substrate are detected by the
electrode.
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Fig. 17.11. (a) Potentiometric biosensor based on pH electrode; (b) Poten-

tiometric biosensor based on gas electrode; (c) Oxygen electrode: determination

of oxygen; (d) Oxygen electrode: determination of hydrogen peroxide (from Ref.
42 with permission).

Amperometric sensors measure the current produced by chemical
reaction of an electroactive species at a constant applied voltage, which is
related to the concentration of the species in solution (Chapter 14). Most
biologically relevant compounds, such as glucose, urea, cholesterol, etc.
are not electroactive and it is necessary to create an adequate combina-
tion of reactions to produce an electroactive species. Moreover, in many
cases the selectivity given by a constant applied potential is not sufficient
to discriminate between various electroactive species, and extra selec-
tivity is required. Enzymes can provide this selectivity and sensitivity.
Unfortunately, the ideal solution of direct immobilization of enzymes on
electrodes (Section 17.6) tends to result in a significant loss of enzyme
activity. Thus, the following two methods have been developed: one is
placing membranes containing an immobilized enzyme over the electrode
and the other is attaching mediators followed by the enzyme to the
electrode surface (Fig. 17.12). Great care has to be taken in choosing
mediators for a given enzyme reaction®’.

Conducting organic salt electrodes directly coupled to oxidases have
been described such as, for example, N-methylphenazinium (NMP™)
cation and tetracyanoquinodimethane (TCNQ™) anion as an electrode
material for facilitating electron transfer of glucose oxidase*’. Results
with other salt cations, such as tetrathiafulvalene (TTF") and quinoline
(Q*), have been reported®.

Electrochemical biosensors have the great advantage of being more
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Electrode surface

Mg Eo Products

Fig. 17.12. General model for modified electrode, showing mediation of electron
transfer. Eg, Mo and Eg, My are the oxidized and reduced forms of enzyme (E)
and mediator (M) respectively.

economic than other methods and with rapid response and possibility of
automation enabling a high sample throughput. The determination of
about 80 different substances including substrates, cofactors, prosthetic
groups, enzymes, antibodies, inhibitors, and activators using electroche-
mical biosensors has been proposed*.

The use of biosensors for industrial and environmental analysis is very
important for the control of food manufacturing processes, for the
evaluation of food quality, for the control of fermentation processes and
for monitoring of organic pollutants.

In environmental analysis biosensors have been developed for three
major applications:

e the assay of environmental inorganic compounds such as nitrate,
phosphate, and organic compounds such as methane, NTA, mono-
methylsulfate or dimethylformamide;

e monitoring of parameters such as biologically dissolved oxygen;
e the determination of toxic or mutagenic materials.

Biosensors have great advantages over spectrophotometric methods in
the relatively little time consumed, ease of operation, and relatively low
cost. Sensors using immobilized microorganisms instead of enzymes are
being developed for environmental analysis.

Microbial sensors* are based on the contact between an electrode and
immobilized living cells. The electrode converts the biochemical signal
from the microorganism into an electric potential, for example the
release of oxygen is registered as a current at constant potential at the
Clark electrode. There are some advantages in the use of microbial sensors
in relation to other enzymes for electroanalysis: there is no necessity to
purify the microbial cells, the sensor is regenerated by immersion in a
nutrient solution of the microbial culture (it is an in vivo sensor), there is
no cofactor regeneration, and the cells fully catalyse metabolic transfor-
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mations, which is not possible with just one enzyme. But there are also
major disadvantages: the response time is long and the selectivity is low.

Microelectrodes™ have been finding many possible applications due to
their miniaturized geometry and possibility of in wivo applications,
although biocompatibility of the materials used, the need for sterile
conditions in implantation of the electrodes, and the risk of immune
reactions or thrombosis are still major difficulties for any practical
application of in vivo techniques.

The problems that occur with in vivo experiments are not completely
solved. The points where the implanted electrodes cause tissue damage
are rapidly regenerated and covered by conjunctive tissue or even by
antibodies from electrode rejection. The formation and growth of
conjunctive tissue is influenced by the form and nature of the electrode
material. A material’s biocompatibility is defined as its ability to perform
with an appropriate host response in a specific application®'. Therefore it
is important to develop biomaterials for in vivo sensor applications, since
neither the conjunctive tissue nor the antibody layer on the electrode is
conducting, and a large decrease in electrode response after implantation
is observed.

Electrochemical detectors have been used after high-performance
liquid chromatography separation for the determination of catecholam-
ines and similar metabolites. Catecholamines constitute a group of
compounds of great biological interest, some being normally present in
the chemical neurotransmission processes, others being neurotoxins®
that can be responsible for schizophrenia, depression, and some mental
perturbations, like Alzheimer’s disease. There have been attempts to
study their mechanism of action in vivo>>*. Nevertheless, the simul-
taneous appearance of ascorbic acid has made these investigations more
difficult.

Microelectrodes are also used in electrophysiology as sensors of
potential in intra- and extracellular measurements to study ion transport
at the molecular level and to obtain measurements of the current passing
through a single ion channel, as in the patch-clamp technique®. Analysis
of electroencephalograms, electromyograms, and electrocardiograms, all
measuring electrical signals generated in the human body, has been of
great importance in the detection and treatment of the respective
perturbations. The measurements are made through thin wires or
electrodes of Ag| AgCl placed on the surface or in the interior of the
organ that is to be analysed. For safety reasons the electrical signals from
the body are converted into optical signals, then reconverted into
electrical signals, using opto-isolators, to isolate the body electrically
from the signal-processing instrument.
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17.8 Future perspectives

Much remains to be done in the field of bioelectrochemistry, although it
has already demonstrated great possibilities in elucidating biological
reactions. The topics described can be consulted in greater depth in the
recommended literature.

Our objective in this chapter has been to call attention to a fascinating
and stimulating branch of electrochemistry in rapid development but still
in its infancy. It will certainly contribute a great deal to the understanding
of the kinetics and mechanisms of biological phenomena such as
selectivity in ionic transport, excitability of membranes, nerve impulse
conduction, muscle contraction, photosynthesis, energy conversion and
storage, effects of hormones and drugs, clotting of blood, and many
others.
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APPENDIX 1

USEFUL MATHEMATICAL
RELATIONS

Al.1 The Laplace transform
A1.2 The Fourier transform
A1.3 Other useful functions and mathematical expressions

Al.1 The Laplace transform

Introduction

The Laplace transform is essential in order to transform a partial
differential equation into a total differential equation. After solving the
equation the transform is inverted in order to obtain the solution to the
mathematical problem in real time and space.

The occurrence of partial differential equations in electrochemistry is
due to the variation of concentration with distance and with time, which
are two independent variables, and are expressed in Fick’s second law or
in the convective-diffusion equation, possibly with the addition of kinetic
terms. As in the resolution of any differential equation, it is necessary to
specify the conditions for its solution, otherwise there are many possible
solutions. Examples of these boundary conditions and the utilization of
the Laplace transform in resolving mass transport problems may be found
in Chapter 5.

The transform

The definition of the Laplace transform f(s), for a function F(r), is

fs)=2{F()} = rexp (—=st)F(t)dt (Al.1)

where s is a number sufficiently large for the integral to converge; £
represents the transform. A simple example is

F(t) =exp () (A1.2)
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Then
£(s) = f “exp (—(s — a))r dr (A1.3)
= (s — a/)_l (A14)

Normally, instead of calculating the transform or its inverse, a table is
consulted which gives the result directly. Table Al.1 shows useful
examples, some of them easy to verify.

Table Al.1. Laplace transforms

F(¢) f(s)

1 1/s

t 1/s?

" (n—1) 1/s"
1/Vrt 1/Vs
2\/% g3

<! [(k)/s* (k>0)
exp (—at) (s+a)!
texp (—at) (s+a)?
a 'sinat (s*+a>!
cos at s/(s*+a?)
a”'sinhat (s*=a*!
cosh at s/(s*—a®)

_k2

k
2Vt exp (-4t_)
erfc k
Vi
1 (—k2>
Vo P 4
t —k? k
2\/;exp ( i ) -k erfcv;

1
Vo aexp (a*) erfcaVit

7;7 +aexp (a’) erfaVt

1
L oxp (a*) erfaVi

exp (a’t) erfcaVt

exp (—kVs) k>0

1

~exp (—kVs) k=0
1

Vo oxP (=kVs) k=0
1

5 €Xp (=kVs) k=0

(s1/2 + a)—l

Vs

(s —a)
Vs(s—a?)]™
[Vs (Vs +a)]!
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Important properties

The Laplace transform has some properties which are extremely useful in
aiding in the resolution of equations in electrochemistry and other
branches of science.

1. The transform is linear:

F{aF(t) + bG(t)} = af (s) + bg(s) (A1.5)
2. The transform of a derivative is
dF
3{—(1—?—)} =sf(s) — F(0) (A1.6)

If F(¢) is redefined such that F(0) =0, then F(0) disappears. An example
would be a dimensionless concentration variable

=L Al7
Y . (AL1.7)
giving
oy {ay} _
—=F ==
3 5] =57 (A1.8)

Note that the bar over the symbol y represents the fact that the
dimensionless concentration was transformed. All variables not subjected
to direct transformation remain as they were before applying the
transform.

3. The transform of an integral is

Q%’{LF(x) dx}=§f(s) (A1.9)

which involves, in the Laplace domain, simple division by the Laplace
variable.

4. Inversion, when not corresponding to a tabulated expression, can
often be made possible by separation of the solution in the Laplace
domain into two parts which are tabulated, by means of the convolution
integral

L Hf(s)g(s)} = LIF(t -1)G(1)dr (A1.10)

In other cases functions have to be written as their series expansions; this
process can lead to errors, especially in expansions which contain terms
alternately positive and negative.
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Al1.2 The Fourier transform

If, in the Laplace transform, we write

s =iw (A1.11)
we obtain

f@s)= J:cexp (—lwt)F(t) dt (A1.12)

which is the Fourier transform. This is, therefore, a special case of the
Laplace transform, and corresponds to a transformation from real time to
the frequency domain. Its importance is principally for the registering of
frequency spectra, as in impedance studies (Section 11.12). It is particu-
larly useful when low frequencies are being applied to a system and the
response contains high-frequency noise—the noise is rejected by the
transform, equivalent to filtering.

Any waveform can be described by a Fourier series y(¢), involving the
summation of sinusoidal waves of different frequencies, phases and
amplitudes:

y(t)=Ao+ >, A, sin (wont + ¢,,) (A1.13)
n=1

where A, is the amplitude of component n with frequency nw,/2nx Hz and
phase angle ¢,. Numerical algorithms for synthesizing the waveform
exist: generally the fast Fourier transform (FFT) is employed, which also
performs the inversion, greater rapidity being given by computer control.
An example of the approximate superposition of sinusoidal waves to give
a square wave is shown schematically in Fig. A1.1.

Fig. Al.1. Formation of a square wave by superposition of the components,
showing the two most important components.
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Al1l.3 Other useful functions and mathematical expressions

The Airy function

The Airy equation is very often encountered in the resolution of
electrochemical mass transport problems in dimensionless variables, and
has the form

dw

a;;—wz=0 (A114)
The Airy functions, Ai(z) and Bi(z), are independent solutions of this
equation, where

Ai(z) = Ai (0)f(z) + Ai'(0)g(2) (A1.15)
Bi (z) = V3 [Ai (0)f(z) — Ai'(0)g(2)] (A1.16)
In these equations
f(z)= 1+lz +164 6+1';"7z9+~-- (A1.17)
2 2.5 . 2.5.8

g(z)=Z+IZ +— 7 7+‘WZIO+"' (Al.lS)

Ai (0) =372?/I'(2/3) = 0.35503 (A1.19)

Ai’ (0) =37"3/T'(1/3) = 0.25882 (A1.20)

where T is the gamma function (see below).
An expression found in Chapter 5 is

Ai’ (0)
Ai (0)T(2/3)

=0.53837 (A1.21)
The gamma function

The gamma function appears in the inversion of Laplace transforms of
the type 1/s*— ¢*7'/T(z), in the numerical values of Ai (0), Bi (0) etc. Its
definition is

I(z) =J:tz_‘exp (—t)dt (A1.22)

For integer values of z,

T(n+1)=n! (A1.23)
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Table Al.2. Values of the
gamma function I'(z) for impor-
tant fractions

z I'(z)

1/4 3.625610
1/3 2.678939
1/2 1.772454
2/3 1.354118
3/4 1.225416
1 1.000000

and, in general,
I'(z+1)=2zI(z) (A1.24)

From tables listing values of I" between 0 and 1 it is possible to calculate
I'(z) for any positive value. Some values for fractional z are given in
Table A1.2, and the variation of the gamma function with z is shown in
Fig. A1.2.

The error function

The definition of the error function, erf (z), is

2 Z
erf (z) = v f exp (—t%) dt (A1.25)
0
4+
)
3
2k
1k
0 1 1 1 1
0 1 3 4

4

Fig. A1.2. Graphical representation of the gamma function, I'(z), for z > 0.
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1.0
erf(z)
f@
0.5+
erfc(z)
0 1 1 1
0 0.5 1.0 1.5

<

Fig. A1.3. Graphical representation of the functions erf (z) and erfc (z), showing
the quasi-linearity for small z.

and of its complement, erfc (z)
erfc (z) =1—erf (2) (A1.26)

As is easily seen by inspection, (A1.25) represents the integral of a curve
of the same type as the Gaussian distribution—hence its name. It should
be noted that erf (0) = 0 and that erf (») =1, as shown in Fig. A1.3. This
function is frequently encountered in diffusion problems.

For 0<z<2 the Maclaurin expansion can be used (see next
subsection)

erf (z) 2 ( 23+ z 2’ + 2 >
z _—— Z—— — —_— s .
Vr 31 °5.21 7.31 9.4

choosing the number of terms to give the accuracy needed. For z <0.1
the first term is sufficient, that is

(A1.27)

2
erf (z) ~ ::_55 (A1.28)

Values of the error function and its first derivative (the Gauss distribu-
tion) are tabulated'.

Taylor and Maclaurin series

Taylor’s theorem permits the expansion of certain functions, often in the
form of a polynomial. Only the terms which contribute in a significant
way to the response are utilized, in this way facilitating the mathematical
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resolution of problems. An example is the approximation that, close to
zero, an exponential function is linear.

The theorem covers continuous functions which have continuous and
unique value derivatives within the range considered. The expansion for
fla+x)is

Fla+x) =@+ F@+ 5 @+ 5@+ ) + )
(A1.29)

where
n+1

E,(¥) = "+ o FO+D(g + Ox) (A1.30)

and 0< 6 <1, and represents the error on terminating the series at the
nth term. If lim,_,., E,, — 0 then we may write

fla+x)=3 = fa) (A1.31)
r=07r:
which is a Taylor series.

Table A1.3. Maclaurin series for some simple functions

Function Expansion Comments
a(la—1 a(a—1 2

1+x)* 1+ ax + (2' )x2 ( 3)'(a ) X+ x|<1,all @
¥ x X

sin x x—§+§;—ﬁ+a—... Allx
x xt x* Xt

COS X 1——2—'+Z—5+‘8;—"' All x

t +x_3+a5+17x7 IM<x<3

an x X+t 53 I <x <3mw

— ... —1=x=
log.(1+x) x 237 7ts l=x=+1
ax (ax)* (ax)’ (ax)*
e 1+ ax+ N + 3 + 2 + Allx, all «
x3 5 x7 9
sinh x x+5+§+ﬁ+a+--- All x
x2 x4 x6 x8

cosh x 1+—+—+—+—+--- All x




A1.3 Other useful functions and mathematical expressions 403

In the special case of a =0, (A1.29) transforms into

F&) =)+ O+ ) -+ ’r‘l—:ﬂ")(()) + E,(x) (A1.32)

with
xn+1

B =0

fo(6x) (A1.33)

and for lim,,_,. E,—0

oc

f) =3 Z0) (A134)

r=07"-

which is the Maclaurin series.
Exemplifying with the use of a Maclaurin series for exp (x) one obtains

2 3
exp(x)=1+x+%+§+--- (A1.35)
=3 (A1.36)
r=071:

Other examples are to be found in Table A1.3.

Hyperbolic functions

Hyperbolic functions are combinations of exponentials. They are given in
Table Al.4, and these functions are plotted in Fig. Al.4. Since they are
continuous functions, with continuous derivatives obtained in the same
way as normal trigonometric functions, that is

d d
— (sinh z) =cosh z — (cosh z) =sinh z (A1.37)
dz dz

the appropriate Maclaurin series may be used (Table Al.3 gives
examples).

Table Al.4. Hyperbolic functions

sinh x (e —e™)

cosh x e +e™)
sinhx e"—e™

tanh x = —
coshx e"+e™

csch x (sinhx)™!

sechx (coshx)™!

coth x (tanh x)~!
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\ f@)
\ cosh x \
\
\ 1
\ \
\ \: y
\ \ /)
\ ok W\
K /
\ \
. \ N
\J L~ < \/3 ......... -
sech x 72 N
) ettt L 1 1 Wreee.. 1
—4 -3 - =2 - -1 1 2 3
cschx N .-,
tanh x _.—"\ .
.......... = ) F—1 sinh x
coth x \\ - ——- coshx
\ ------ tanh x
\\ - —2 — — cschx
| sech x
\\ — - — coth x
sinh x ‘ -3
i\,

Fig. A1.4. Graphical representation of hyperbolic functions.

Hyperbolic functions frequently appear in electrochemical problems,
for instance in the inversion of Laplace transforms. An important
example of the use of the cosh function is in the expression for the
differential capacity of the electrolyte double layer following the Gouy—
Chapman model (Chapter 3) which has a minimum value and is
symmetric around this minimum—compare Fig. 3.6 with the cosh

function in Fig. Al1.4.

Reference
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Dover, New York, 1965.
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PRINCIPLES OF a.c. CIRCUITS

A2.1 Introduction

A2.2 Resistance

A2.3 Capacitance

A2.4 Representation in the complex plane
A2.5 Resistance and capacitance in series
A2.6 Resistance and capacitance in parallel
A2.7 Impedances in series and in parallel
A2.8 Admittance

A2.9 The Kramers—Kronig relations

A2.1 Introduction

The electrochemical response to an a.c. perturbation is very important in
impedance techniques (Chapter 11). This response cannot be understood
without a knowledge of the fundamental principles of a.c. circuits', which
is presented in this appendix.

We consider the application of a sinusoidal voltage

V =V, sin wt (A2.1)

where Vj is the maximum amplitude and o the frequency (rads™') to an
electrical circuit that contains combinations of resistances and capacit-
ances which, it is hoped, will adequately represent the electrochemical
cell. The response is a current, given by

I=Isin (wt + ¢) (A2.2)

where ¢ is the phase angle between perturbation and response. The
proportionality factor between V and I is the impedance, Z. Impedances
consist of resistances, reactances (derived from capacitive elements) and
inductances. Inductances will not be considered here, as for electrochem-
ical cells, they only arise at very high frequencies (>1 MHz).

The problem of application of a sinusoidal current and response as a
modulated potential obeys analogous mathematical considerations and
will not be discussed.
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A2.2 Resistance
In the case of a pure resistance, R, Ohm’s law V = [R leads to
Vo
=g sinot (A2.3)

and ¢ = 0. There is no phase difference between potential and current.

A2.3 Capacitance

For a pure capacitor

I=C— .
ar (A2.4)

Substituting for dV'/dt, using (A2.1), one obtains

[ = wCV,sin <wt + g) (A2.5)

Yo in < t + n) A2.6
=—2-1 w - .

X. > ( )

By comparing with (A2.2), we see that ¢ =r/2, that is the current lags
behind the potential by m/2. Xc=(wC)™' is known as the reactance
(measured in ohms).

A2.4 Representation in the complex plane

Given the different phase angles of resistances and reactances described
above, representation in two dimensions is useful. On the x-axis the

R

—iX,

v Z

Fig. A2.1. Representation in the complex plane of an impedance containing
resistive and capacitive components.
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phase angle is zero; on rotating anticlockwise about the origin the phase
angle increases; pure reactances are represented on the y-axis. The
distance from the origin corresponds to the amplitude. This is precisely
what is done with complex numbers as represented vectorially in the
complex plane: here the real axis is for resistances and the imaginary axis
for reactances. By convention, the current is always on the real axis.
Thus it becomes necessary to multiply reactances by —i (\/—1) (Fig.
A2.1).

A2.5 Resistance and capacitance in series

We exemplify the use of vectors in the complex plane with a resistance
and capacitance in series (Fig. A2.2a). The total potential difference is
the sum of the potential differences across the two elements. From
Kirchhoff’s law the currents have to be equal, that is

1= IR = IC (A2.7)

The differences in potential are proportional to R and X respectively.
Their representation as vectors in the complex plane is shown in Fig.
A2.1. The vectorial sum of —iX and of R gives the impedance Z. As a

x ||<
—— AV
Iy =1 —» ”IC=I—>

(a)

-z {\

R Z'V
(b)

Fig. A2.2. Resistance and capacitance in series: (a) Electrical circuit; (b)
Complex plane impedance plot.
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vector, the impedance is

Z=R-iXc (A2.8)
The magnitude of the impedance is
1Z) = (R* + X¢)"? (A2.9)
and the phase angle
X 1
¢ = arctan llell = RC (A2.10)

Often the in-phase component of the impedance is referred to as Z'
and the out-of-phase component, i.e. at m/2, is called Z”, that is
Z =27'+iZ". Thus for this case

Z' =R, Z"=—-Xc¢ (A2.11)

This is a vertical line in the complex plane impedance plot, since Z’ is
constant but Z" varies with frequency, as shown in Fig. A2.2b.

A2.6 Resistance and capacitance in parallel

The circuit is shown in Fig. A2.3a. The total current, I, is the sum of
the two parts, the potential difference across the two components being
equal:

v, v,
liy = sin 0+ 2 sin (wt + g) (A2.12)

We need to calculate the vectorial sum of the currents shown in Fig.
A2.3b. Thus

el = (IR + I2)"? (A2.13)
1 1 172
- V(P + X_%;) (A2.14)

The magnitude of the impedance is

1 1 —-1/2
|Z| = (ﬁ + X—%) (A2.15)

and the phase angle

Ic
= arctan — = arctan
¢ Ix wRC

which is equal to the RC series combination (equation (A2.10)).

(A2.16)
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Ig —

—W L. Lo,
- R
1= IR + IC—‘P

e L

I—> R
(@) (b)
_z"
wRC =1
;"/
R12 Rz

©)

Fig. A2.3. Resistance and capacitance in parallel: (a) Electrical circuit;
(b) Diagram showing the vectorial sum of the resistive and capacitive currents for
a parallel RC combination; (¢) Complex-plane impedance plot.

From (A2.12) we see that

1 1

—=—+i .

7 R iwC (A2.17)
R

Z=T5iaRe (A2.18)

This is easily separated into real and imaginary parts via multiplication by
(1 —iwRC). Thus

R(1-iwRC)
= A2.1
1+ (wRC)? ( %)
and
R —R*C
7=, e A2.20
1+ (wRC)? z 1+ (wRC)? ( )

This is a semicircle in the complex plane (Fig. A2.3¢), of radius R/2 and
maximum value of |Z"| defined by wRC = 1.
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A2.7 Impedance in series and in parallel

Impedances can be combined in the same way as resistances:
in series: Z=7Z,+27, (A2.21)
in parallel: 1/Z=1/Z,+1/Z, (A2.22)

A2.8 Admittance

Admittance is the inverse of impedance, that is
Y=1/Z (A2.23)

It is represented by the symbol ¥, and can be especially useful in the
analysis of parallel circuits, since admittances for elements in parallel are
summed directly in the same way as one sums impedances for elements in
series (and vice versa).

If the components of the impedance and admittance in phase are
represented by Z' and Y’ respectively and the components with phase
angle of m/2 represented by Z” and Y”, then

1 1 z' —iz" o

Y= =7z -@yrap- Y Y (A2.24)

Thus

! Z'
Y'= Z—Z—)—ZW = Gp (A225)
and
, _ZVI

Y'= W = Bp = CUCP (A226)

where G, is the conductance and B, the susceptance.

A2.9 The Kramers—Kronig relations

An electrical system with linear properties does not generate harmonics
in response to the perturbation signal, and the response to two or more
superimposed excitation signals is equal to the sum of the two responses
obtained by excitation independently. With electrochemical systems this
linearity is possible to a good approximation for perturbations rather less
than the thermal potential (kg7 /e) =25 mV at 298 K.
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Since almost all equations used in impedance methods are derived
assuming linearity, it is important to have some means of verifying this
supposition. The Kramers—Kronig relations® link Z' with Z” and allow
the calculation of values for Z” at any frequency from a knowledge of the
full frequency spectrum of Z’, and vice versa.

The relations are

“xZ"(x) — Z”(a))

Z'(w) = Z'(») =§f0 R (A2.27)

Z'(w) - Z(O)——f[ Z"(x) — Z”(w)] ! —dr (A228)

2(0) = _(%;2) fo Z6)=Z(@) (A2.29)

x—w

ot =22 [MZ@N,

ol R (A2.30)

Although these have been applied to electrical systems for over 40 years,
only recently have they been applied to electrochemical systems’.
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APPENDIX 3

DIGITAL SIMULATION

A3.1 Introduction
A3.2 Simulation models
A3.3 Implicit methods

A3.1 Introduction

The theoretical solution to the equations for electrode processes nearly
always has to involve approximations, not only for numerical but also for
analytical solutions—such as, for example, the assumption that there is
no convection within the diffusion layer of hydrodynamic electrodes. In
other cases, of complex mechanism, it is not even possible to resolve the
equations algebraically. There is another possibility for theoretical
analysis, which is to simulate the electrode process digitally.
Digital simulation has two aims:

® to compare solutions obtained analytically and numerically and
examine the agreement between the two methods

® to solve equations when algebraic solution is not possible.

The accuracy of the result obtained by simulation depends on the
increments used in the variables (distance, time, concentration, etc.), and
thence the computation time. Care must be taken not to introduce
apparently small errors which can be propagated and grow along the
simulation. Also, it should always be remembered that the experiment is
correct; what may be wrong is our interpretation of the results, that is the
simulation model.

Only an introduction to digital simulation will be given in this
appendix. Extensive treatments exist, such as those in Refs. 1-4. In order
to implement digital simulation FORTRAN has usually been employed.

A3.2 Simulation models

The method normally used in simulation is the finite difference method.
The solution is divided into small volume elements within which
concentrations are assumed to be uniform. Time is also incremented.
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X
—_—

Ci-i Ci Ci+l

Fig. A3.1. Concentration elements for digital simulation.

The example to be given is semi-infinite linear diffusion to a planar
electrode—concentration variation is only perpendicular to the electrode.
Fick’s second law is

o %

5 -P3o (A3.1)

Three successive volume elements have concentrations c¢;_y, ¢, and ¢;,4,
(Fig. A3.1), and the time increment is At. It is not difficult to show, by
Taylor series expansion, that (A3.1) transforms into

Ci —Ci D (Civ1 =€)/ Ax — (c;i —ciy)/Ax
At Ax

(A3.2)

Cio1—2¢;+Ciyy

P ry

(A3.3)
where ¢; is the concentration in element i at time (¢ + At). To do the
computations boundary conditions have to be introduced, and particu-
larly the initial conditions. It is also necessary to decide whether the
starting point is the electrode surface or bulk solution.

The calculation can be done in two distinct ways:

1. Consider the elements as boxes—but should the electrode surface
be in the middle of a box (these coordinates always have to be used in
order to define the position of the box) or at the interface between two
boxes? In the past the electrode surface has been put in the middle of a
box, but this procedure has been criticized as not corresponding to
physical reality.

2. Use as coordinates the points halfway between the interface of
adjacent elements, calculating the variation of concentration with time at
these points. In this case there is no problem with the positioning of the
electrode surface, as it is at the edge of a box. The simulation formulae
are the same. This method can be particularly advantageous for
non-planar electrodes as it is not necessary to decide on the three-
dimensional shape of the elements; only the position of the points
matters.
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This example is relatively simple. When there are convection, migra-
tion, or kinetic terms the simulation equations obviously become more
complex.

Another method much used by engineers in solving heat transfer
problems by digital simulation is the finite element method’; given the
similarities with mass transfer in electrochemistry, it can also be used.
After dividing the space into elements the variables for each element are
defined by polynomials, the sum total for all space being known. An
expression in matrix form permits the calculation of the values of the
variables for each element. Up until now, applications have been few®.

A3.3 Implicit methods

In the last section we considered explicit expressions which predict the
concentrations in elements at (¢t + At) from information at time . An
error is introduced due to asymmetry in relation to the simulation time.
For this reason implicit methods, which predict what will be the next
value and use this in the calculation, were developed. The version most
used is the Crank—Nicholson method. Orthogonal collocation, which
involves the resolution of a set of simultaneous differential equations, has
also been employed. Accuracy is better, but computation time is greater,
and the necessity of specifying the conditions can be difficult for a
complex electrode mechanism. In this case the finite difference method is
preferable’.

erf(x
fx) A @
1.0 2x
2x + 1
I — exp(—0.8x)
0.5}
0 1 1 1 1 1 >
0 1 2 3 4 5 x

Fig. A3.2. Functions which reproduce variation of concentration with distance
from an electrode. erf (x) is probably the most correct, but is more complicated
to use in computation. In all cases, when x — %, f(x)— 1.
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As implicit methods need much computation time it is important to
minimize the number of elements as much as possible. Far from the
electrode the variation in concentration is relatively small in comparison
with the variation close to the electrode and, consequently, elements can
be larger; this leads to elements of non-equal size or to non-equal
intervals. It is useful to employ functions that reproduce the variation
within the intervals to a good approximation. Some examples are shown
in Fig. A3.2.
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APPENDIX 4

STANDARD ELECTRODE
POTENTIALS

The following is a list of standard electrode potentials of common
half-reactions in aqueous solution, that is measured relative to the
standard hydrogen electrode at 25°C (298.15 K) with all species at unit
activity. Most of these values were taken from Standard potentials in
aqueous solution, ed. A. J. Bard, R. Parsons, and J. Jordan, Dekker,
New York, 1985, in which values for many other half-reactions may also
be found.

E°/V
Agt+e —Ag +0.80
Agt+e > Ag” +1.98
AgBr+e — Ag+Br~ +0.07
AgCl+e — Ag+Cl- +0.22
Agl+e = Ag+1™ —0.15
AP +3e™— Al —1.68
As+3H* + 3¢ — AsH, -0.23
As(OH); +3H"* + 3e™— As + 3H,0 +0.24
AsO(OH); +2H" + 2e~— As(OH); + H,O +0.56
Aut+e — Au +1.83
Au*t +3e"— Au +1.52
Ba’* +2e”—Ba -2.92
Be** +2e~—Be -1.97
Br,(1) + 2e™— 2Br~ +1.06
Bry(aq) + 2¢”—2Br~ +1.09
BrO™ + H,O+2e™—Br + 20H™ +0.76
2HOBr + 2H" + 2¢~ — Br, + 2H,0 +1.60
2BrO; + 12H™" + 10e " — Br, + 6H,0 +1.48
BrO; +2H"* + 2¢~— BrO5 + H,0 +1.85

CO,+2H" +2¢”—CO + H,0 -0.11
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CO, +2H* + 2¢”— HCOOH
2CO, + 2H* + 2¢~— H,C,0,
Ca** +2e —Ca

Cd(OH), +2e™— Cd + 20H™
Cd** +2e —Cd

Ce®** +3e " —Ce

Ce** +e — Ce?*
ClL+2¢e"—2Cl1™

ClO” +H,0+2e —Cl” +20H"
2HOCI + 2H* + 2¢e~ — Cl, + 2H,0
HCIO, + 2H"* + 2¢"— HOCI + H,O
ClO3 +3H"* + 2¢”— HCIO, + H,O
ClO5 +2H* + e~ — CIO, + H,O
ClO; +2H* +2¢~— CIO3; + H,0O
Co** +2e —Co

Co** + e~ — Co**

Co(NH;);* + e~ — Co(NH;)z*
Co(phen)3* + e~ — Co(phen)3*
Co(C,04)37 + €™ — Co(C,04)3
Cr** +2e —Cr

Cr,03™ + 14H* + 6e” —2Cr’* + TH,O
Cr**+3e —>Cr

Cs*+e —Cs

Cut+e —Cu

Cu’" +2e” —Cu

Cu’t+e > Cu”

CuCl+e - Cu+ClI™

Cu(NH;);* +2¢~— Cu + 4NH,
F,+2e™—2F"

Fe?* +2e~—Fe

Fe** +3e”—Fe

Fe3* + e~ — Fe?*

Fe(phen)** + e~ — Fe(phen)**
Fe(CN);™ + e~ — Fe(CN)¢~
Fe(CN)s™ +2e™—Fe + 6CN™

2H* +2e~— H,

E°|V
-0.20
—0.48
—2.84
-0.82
—0.40
—2.34
+1.72
+1.36
+0.89
+1.63
+1.68
+1.18
+1.17
+1.20
—0.28
+1.92
+0.06
+0.33
+0.57
—0.90
+1.38
-0.74
-2.92
+0.52
+0.34
+0.16
+0.12
—0.00
+2.87
—0.44
-0.04
+0.77
+1.13
+0.36
—1.16
0 (by definition)
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418 Standard electrode potentials

E®|V
2H,0 +2e¢”— H, + 20H"™ —0.83
H,0,+ H" + e~ — HO- + H,0 +0.71
H,0,+2H" +2¢~—2H,0 +1.76
Hgs* +2e~—2Hg +0.80
Hg,Cl, + 2™ —2Hg + 2C1~ +0.27
Hg** + 2~ — Hg +0.86
2Hg** +2¢”— Hg3" +0.91
Hg,SO, +2e™—2Hg + SO;~ +0.62
L+2e"—21" +0.54
I3 +2e =31 +0.53
2HOI + 2H* + 2¢~— I, + 2H,0 +1.44
2105 + 12H* + 10e™ — I, + 6H,0 +1.20
IO(OH)s + H" + e — 103 + 3H,0 +1.60
In"+e " —1In -0.13
In** +2¢ " —In"* —0.44
In** +3¢e"—In —0.34
K*+e —K —-2.93
Li*+e —Li —3.04
Mg®* +2e~— Mg —-2.36
Mn?* +2e”— Mn -1.18
Mn3* + e~ — Mn?* +1.51
MnO, + 4H* + 2¢~— Mn?* + 2H,0 +1.23
MnO; + 8H* + 5¢~— Mn** + 4H,O +1.51
MnO; +e~™— MnOj~ +0.56
MoO32™ + 4H,0 + 6e"— Mo + 8OH ™ -0.91
NO;3 +2H* + e~ — NO, + H,O +0.80
NO35 +4H* + 3¢~ — NO + 2H,0 +0.96
NO3 + H,O 4+ 2¢” —NO; + 20H™ +0.01
Na* +e”—Na -2.71
Ni** +2e~— Ni —0.257
Ni(OH), + 2¢~— Ni + 20H" ~0.72
NiO, + 2¢~— Ni2* + 2H,0 +1.59

0O, +2H,0 +4e”—40H"™ +0.40
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0, + 4H* + de~— 2H,0

O,+e =05

0, + H,0+2¢"—HO; + OH
O,+H*"+e —HO,

0,+2H" +2e¢~— H,0,

P+3H" +3e”— PH,

HPO(OH), + 3H" + 3¢~ — P + 3H,0
HPO(OH), + 2H* + 2¢~ — H,PO(OH) + H,0
PO(OH); + 2H" + 2¢~— HPO(OH), + H,0
Pb** +2e”—Pb

PbO, + 4H* + 2¢~ — Pb>* + 2H,0
PbSO, +2e~— Pb + SO3~

Pt>" +2e~— Pt

Rb*+e"—RDb

S+2e — 8%

250,(aq) + 2H* + d4e~— $,02™ + H,0
SO,(aq) +4H" + 4~ — S + 2H,0

S, 0% +2e~— 28,03

SO} + H,0 +2e¢~—S0O3 +20H"
2S03™ +4H"* +2e~— S,02™ + 2H,0
S,0%” +2e”— 2803~

Sn?* +2e~— Sn

Sn** +2e~— Sn**

Sr¥* +2e”— Sr

Ti?* +2e —Ti

Ti*t + e~ — Ti?*

TiO** + e~ — Ti**

TI"+e — Tl

V¥t 4+2e >V

V3+ + e——_) V2+

VO?* +2H* + 2" — V** + H,0
VO; +2H* + e~ — VO?** + H,0
Zn** +2e”"—Zn

Zn(OH);™ +2e”—Zn+40H"

ECIV
+1.23
-0.33
—0.08
-0.13
+0.70
—0.06
—0.50
—0.50
—0.28
-0.13
+1.70
—0.36
+1.19
-2.93
—0.48
—0.40
+0.50
+0.08
—0.94
—0.25
+1.96
-0.14
+0.15
—2.89
—1.63
-0.37
+0.10
-0.34
-1.13
-0.26
+0.34
+1.00
-0.76
-1.29
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a.c. bridge circuit 225-7

a.c. impedance, see impedance

a.c. voltammetry 238-40

action potential 374-5

activated complex 72, 75

activation energy 72

activity 3, 16-17

activity coefficient 3, 16-17

adatom 341

admittance 236-8, 410

adsorption, specific 54-6

adsorption isotherm: Frumkin 56
Langmuir 54-5
Temkin 55

adsorptive stripping voltammetry 319-20

Airy function 399

aluminium: anodization 364
extraction 3368

amperometric titration 311-14

amplifier, operational 143

anodic charge transfer coefficient 4, 74

anodic protection 365

anodic stripping voltammetry, see stripping

voltammetry

anodization of aluminium 364

Arrhenius equation 72

atomic force microscopy (AFM) 270

Auger electron spectroscopy (AES)

264-6

bandgap energies, table of 60
bands, in semiconductors 59, 61
batteries 346-9
biamperometric titrations 312-13
bilayer lipid membranes (BLM) 370, 372
biocompatibility 390
bioelectroanalysis 387-90
bioelectrocatalysis 381-7
bioenergetics 379-81
biomaterials 390
biomembranes 368-73
biosensors 387-90

amperometric 388

in clinical analysis 389

in environmental analysis 389

microbial 389

potentiometric 387
bipotentiostat, circuit diagram 146
Bockris, Devanathan and Miiller model of

double layer 51-2

Bode plot 359
Boltzmann distribution 47
brine, electrolysis of 332-6
Butler—Volmer equation 74, 104

calomel electrode 21, 23-4
capacitance: in a.c. circuit 406
in RC parallel circuit 408-9
in RC series circuit 407-8
capacity: differential 42
diffuse layer 49
double layer 42-4
Helmbholtz 45
integral 43
semiconductor, space—charge region 64
capillary electrophoresis and
electrochemical detection 323
carbon electrodes 130-2
cardiovascular phenomena 376-7
carrier: majority 61
minority 61
cascade system 377
catalytic mechanism, see EC' mechanism
cathodic charge transfer coefficient 4, 74
cathodic protection 365
cathodic stripping voltammetry, see
stripping voltammetry
cell potential 14-19
cell resistance, compensation of 148
cells, convention for writing 13—-14
cellular membrane 370
CE mechanism 124
channel electrode: double (CDE) 166-7
double, cell with 157
flow profile for 154
charge density: diffuse layer 48
metal 41
solution 41
charge transfer coefficient 4, 74, 78
charge transfer kinetics, microscopic theory
of 77-8



422 Index

charge transfer resistance 229
chemical models of double layer 52-3
chemically modified electrodes 316
chlorine manufacture 332-6
chronoamperogram: potential step 88
chronoamperometry: definition of 85
double potential step 205-6
linear potential sweep, see linear sweep
voltammetry
potential step 85-90, 200-5
chronocoulometry 2068
double potential step 207-8
chronopotentiogram: current step 92
chronopotentiometry: definition of 85
current step 90-2, 208-12
double current step 212-13
irreversible system 211-12
reversible system 209-11
circuit components, operational amplifier
145
Clark oxygen electrode 314
coated wire electrodes 3067
collection efficiency: circuit for
measurement of 148
kinetic 170
steady-state 1667
colloids 64-8
in solar energy conversion 281
compact layer 50
complex plane analysis 233-6
concentration profile: current step method
91
potential step method 88
conducting organic salts 133, 388
conducting polymers 317-18, 349
conduction band 59
conductivity 26-31
relation to diffusion coefficient 29
table of values in aqueous solution 31
consecutive charge transfer reactions 168
and parallel charge transfer reactions 169
constant phase element 2467
continuity equation 96
controlled current methods, see
chronopotentiometry
convection 95
convective-diffusion equation 95-7, 151
convolution integral 397
convolution linear sweep voltammetry
191-2
corrosion: kinetics of 3569
protective barriers against 364
thermodynamics of 354-5
types of 361-3
corrosion inhibitor 365-6
Cottrell equation 87, 90, 200
modified, at spherical electrodes 89—90

coulostatic pulses 214
coupled homogeneous chemical reactions
122-6
CE mechanism 124
cyclic voltammetry of 189-91
DISP mechanism 123
EC mechanism 124, 189-91
EC’' mechanism 125
ECE mechanism 170
table of 123
use of hydrodynamic electrodes to study
169-71
current density: effect of standard rate
constant on 113
effect of charge transfer coefficient on 112
current follower 145
current function in LSV: irreversible
reaction 182
reversible reaction 178
current—overpotential equation 111
approximate forms of 112-13
linearization of 113
current—potential curve: at hydrodynamic
electrodes 163-5
irreversible reaction 110
reversible reaction 108
current step at planar electrodes 90-2
current-to-voltage converter 145
cyclic voltammetry: adsorbed species 185-7
coupled chemical reactions in 189-91
experimental basis 175-6
irreversible system 181-3
microelectrodes 188
quasi-reversible system 183-5
reversible system 177-81
thin-layer cells 194-7
cytochromes 370, 380

demodulation 243-4
depth profile 266
derivative methods: chronopotentiometry
213
potentiometric titrations 291-2
diagnostic criteria for reversible reactions
108-9
in cyclic and linear sweep voltammetry
180
diaphragm cell, in brine electrolysis 334
differential double pulse voltammetry 222
differential normal pulse voltammetry
221-2
differential pulse voltammetry 217-19
differentiator, operational amplifier 145
diffraction, electron 267-8
diffuse double layer, see diffuse layer
diffuse layer 46, 49



Index

diffusion 25-6, 83-5
Fick’s laws of 25, 83-5
diffusion coefficient 25, 83
and conductivity (Nernst-Einstein
relation) 29
and mobility (Einstein relation) 29
and viscosity (Stokes—Einstein relation)
29
diffusion layer 94-5, 155
diffusion-limited current, planar and
spherical electrodes 85-90
digital instrumentation 148-9
digital simulation 412-15
dimensionally stable anodes 334
DISP1 and DISP2 mechanisms 123
dissipation function 380
Donnan equilibrium 295
Donnan potential 34
double current step 212-13
double hydrodynamic electrodes 165-7
stripping voltammetry at 321
double layer correction 116-19
double layer models: Bockris et al. 51-2
‘chemical’ 52-3
Gouy—Chapman 46-9
Grahame 50-1
Helmbholtz 45-6
Stern 49-50
double potential step 205-6
drop time at DME 160
dropping mercury electrode (DME) 135,
158-63
capacitive current at 161
cell for 159
diffusion limited current at 159-61

EC mechanism 124
cyclic voltammetry and 189-91
EC' mechanism 125
ECE mechanism 170
effluent treatment 350-1
Einstein relation 28
electrocapillary curve 42
electrocapillary equation 40
electrocapillary measurements 401
electrochemical free energy 18
electrochemical machining 346
electrochemical mass spectrometry (ECMS)
266-7
electrochemical potential 18
electrochemical reactors 328-31
electrochemiluminescence (ECL) 282
electrocrystallization 341-3
electrode: auxiliary 137
enzyme-selective 303
gas-sensing 303

423

glass 295
indicator 136
membrane-covered 314-15
mercury film 197, 321
metallized membrane 315
optically transparent 194
reference 136-7
working 137
electrode kinetics, Butler—Volmer
formulation of 74, 104
effect of double layer on 116-19
electrode materials: carbon 130-3
conducting organic salt 133, 388
conducting polymer 318, 349
mercury 133-4
metals 130
semiconductors 133
electrode potentials, relation to vacuum 80
electrode reaction rate: Butler—Volmer
formulation 74, 104
electrodeposition 343-4
electrode—solution interface 39
electrodialysis 351
electroflocculation 351
electrofiotation 351
electroformation 345
electrogenic sodium pump 375
electrokinetic phenomena 64-8
electroless plating 344
electrolysis, fundamentals of 327-8
table of industrial processes 333
electrolyte, supporting 138-40
electrolytic cell 20
electron diffraction 267-8
electron energy loss spectroscopy (EELS)
266
electron microscopy 273-6
electron probe microanalysis (EPMA) 275
electron spectroscopy for chemical analysis,
see XPS
electron spin resonance (ESR) spectroscopy
260
electron transfer: mechanism of 70-1
microscopic interpretation of 77-81
electroosmosis 67
electropainting, see electrophoretic painting
electrophoresis 66—7
electrophoretic painting 345
electroplating 343
electroporation 373
electroreflectance 257
electrosorption valency 297
electrosynthesis, the Monsanto process
339-41
ellipsometry 258
energy level, and electrode potential 79-80
Fermi 56-7



424

enzyme catalysis 382
mediators in 383-4
enzyme immobilization 385-7
equivalent circuit 229-30
error function 400
ESCA, see XPS
Esin—Markov effect 56
Evans diagram 356
exchange current 76, 115-16
and standard rate constant 116
extended X-ray absorption fine structure
(EXAFS) 261-2

faradaic impedance 230-2
faradaic rectification 242-3
fast Fourier transform 249
Fermi level 56-7
Fick’s laws 23, 83-5
film growth, kinetics of, by ellipsometry 258
finite difference method 412-13
finite element method 414
Fladé potential 358
flow analysis: potentiometric sensors 3078
voltammetric sensors 322-4
flow injection analysis: potentiometric
sensors 308
voltammetric sensors 322
formal potential 17
Fourier series 398
Fourier transform 398
and impedance 249-50
fractals 248
Franck—Condon principle 71
Frenkel defect 59, 297
Frost diagrams 34-8
Frumkin correction 118
Frumkin isotherm 56
fuel cells 349-50

Galvani potential 58, 80

galvanic cell 20

galvanostat, circuit diagram 147

gamma function 399

glassy carbon 131-2

Gouy-Chapman model of double layer
46-9

Grahame model of double layer 50-1

Gran plot 292-3

Grotthus mechanism 31

half-cell 14

half-peak potential in reversible LSV 179
half-wave potential 107

hanging mercury drop electrode 135

Index

harmonics 240
Helmbholtz model of double layer 45-6
Henderson equation 33, 294
Hittorf method 29-30
holes, in semiconductor 61
homogeneous electron transfer 71
HPLC with electrochemical detection 323,
390
hybrid sensors 307
hydrodynamic boundary layer 97
hydrodynamic electrodes: coordinates for
153
impedance and 248-9
limiting currents at 152
linear potential sweep with 193
hydrodynamic modulation 249
hydrodynamic systems 97-8
hydrogen electrode 23-4
hydrogen embrittlement 362
hyperbolic functions 403-4

Ilkovic equation 160
impedance: Bode plot 359-60
complex plane 233-6
dependence on concentration 236
faradaic, for simple electrode process
230-2
at hydrodynamic electrodes 248—-9
Kramers—Kronig relations 233
three-dimensional plots 235
Warburg 229
impinging jet electrode, schematic mass
transfer at 154
implicit methods for digital simulation
414-15
infrared spectroelectrochemistry 2578
inner Helmholtz plane 51
instrumentation: analogue 143-8
digital 148-9
integrator, operational amplifier 145
internal reflection spectroelectrochemistry
258-9
ion selective electrodes: basis of functioning
294-5
detection limit, definition of 304
glass 295
ion exchange 301-2
neutral carrier 302
solid oxide pH 297
solid state membrane 297-301
ionic conduction in solids 59, 297
irreversible reaction 3, 109-11
current step 211-12
cyclic voltammetry 181-3
potential step 203—-4
ISFETs 305-6



isoelectric point 66
isotherm, adsorption, see adsorption
isotherm

kinetics, electrode reaction 74, 104
Kramers—Kronig relations 410-11

laminar flow 96
Langmuir isotherm 54-5
Laplace operator 84
Laplace transform 395-7
LEED 267-8
Levich equation 102
Lewis—Sargent relation 33
limiting currents at hydrodynamic
electrodes, table of 152
linear sweep voltammetry: convolution
191-2
experimental basis 175
at hydrodynamic electrodes 193
irreversible system 182
reversible system 178
thin-layer cells 194-7
Lippmann equation 41
liquid junction potential 26, 32-4
liquid-liquid interface 244
Lissajous figures 228
lock-in amplifier 227-8
low energy electron diffraction 267-8
Luggin capillary 137

Maclaurin series 402-3
Marcus theory 77-8
mass spectrometry 266
mass transport, types of 82-3
mass transfer coefficient 98, 103
maxima, polarographic 162-3
maxima suppressors 163
mediators 318, 383-4
membrane cells in brine electrolysis 336
membrane potential 34, 371
membrane surface potential 371
mercury cells in brine electrolysis 334
mercury electrode: advantages of, in
analysis 321
mercury thin-film electrode 197, 321
metallized membrane electrodes 315
Michaelis—Menten kinetics 382
microelectrodes 92-3
in cyclic voltammetry 188
diffusion-limited current 93—4
in vivo 390
in voltammetric analysis 323

Index 425

microscopy ex situ: electron microscopy
273-6

microscopy in situ: AFM 270

general 268-9

SECM 272

SICM 273

STM 269-70
migration 25-6
minigrid electrode, in thin-layer cell 194
mitochondria 378
mobility 26-31
modified electrodes 316-18
Monsanto process 339-41
Mott-Schottky relation 64
moving boundary method 30-1
multicomponent systems, cyclic

voltammetry of 188-9

multielectrode cells 330-1
multiple electron transfer 119-22
multistep reactions 119-22

Nernst diffusion layer 94-5
Nernst-Einstein relation 29
Nernst equation 3, 14

nerve impulses 374-6
neurotransmission 390

normal pulse voltammetry 216-17
nucleation 341-3

ohmic drop, see uncompensated resistance
operational amplifier 143
characteristics of 144
optically transparent electrode 194
outer Helmholtz plane 50
overpotential 111-13
oxidation state diagrams 34-8
oxidative phosphorylation 378-9
oxygen, removal of 140-2
oxygen reduction, use of RRDE to study
169

packed-bed electrodes 331-2
parallel charge transfer reactions 168—-9
passivation 355, 365
peak current in cyclic voltammetry:
adsorbed species 186
irreversible reaction 182
reversible reaction 179
thin-layer cells 196
peak potential in cyclic voltammetry:
adsorbed species 187
irreversible reaction 182
reversible reaction 179
thin-layer cells 196



426 Index

Peclet number 98 rate constant 72
phase angle: a.c. voltammetry 239 Butler—Volmer expression for 74
in RC circuits 408 rate-determining step, in multistep reaction
Warburg impedance 234 121
phase sensitive detectors 227-8 RC circuits 407-9
phosphorylation 378-9 RDE, see rotating disc electrode
photoacoustic spectroscopy 297-8 reaction layer 126
photocatalytic cell 280 redox potential 81
photocurrent 278 reference electrodes 22-5
photoelectrolytic cell 280 reflectance 255
photoelectron spectroscopy 263-4 resistance: in a.c. circuit 406
photogalvanic cells 280 in RC parallel circuit 408-9
photothermal deflection 278 in RC series circuit 407-8
photovoltaic cells 280 resonance Raman effect 259
pitting corrosion 363 reverse pulse voltammetry 221
point of zero charge 42 reversible reaction 3, 106-9
Poisson-Boltzmann equation 47 current step 209-11
Poisson equation 47 cyclic voltammetry 177-81
polarization resistance 358 diagnostic of: cyclic voltammetry 180
polarogram 161 steady-state voltammetry 108-9
polarographic maximum 162-3 potential step 202-3
polarography 158-63 Reynolds number 98
porous electrodes: for electrolysis 331-2 rotating disc electrode: derivation of
impedance spectra of 247-8 limiting current at 98-102
potential step: diffusion limited current due schematic streamlines 154
to 85-90 rotating ring-disc electrode 166-7
irreversible reaction 203—4 cell for 156
reversible reaction 202-3 in study of multiple electron transfer
potential sweep, see linear sweep 167-9
potentiometric selectivity coefficient 295 RRDE, see rotating ring-disc electrode

potentiometric stripping analysis 319-20
potentiometric titrations 290—4
potentiostat, circuit diagram of 146

Pourbaix diagram 355 sacrificial anodes 364-5
preceding reaction, see CE reaction salt bridge 19
preconcentration techniques 318-22 sampled-current voltammetry, see pulse
proteins 368-70 voltammetry
proton pump 379 Sand equation 92, 209
pseudocapacitance 229 scanning electrochemical microscopy
pulse voltammetry 214-22 (SECM) 272
differential normal pulse 221-2 scanning electron microscopy (SEM) 273-6
differential pulse 217-19 scanning ion conductance microscopy
double differential pulse 222 (SICM) 273
normal pulse 216-17 scanning tunnelling microscopy (STM)
reverse pulse 221 269-70
square wave 219-20 Schmidt number 98

Schottky defect 59, 207
second harmonic generation (SHG) 263

quartz crystal microbalance 276-7 secondary ion mass spectroscopy (SIMS)

quasi-reference electrodes 24-5, 138 266-7

quasi-reversible reactions, cyclic sedimentation potential 67

voltammetry 183-5 semiconductor: bandgap values, table of 60

doped 61
flat-band potential 62-3

Raman effect 259 intrinsic 59

Raman spectroscopy 259-60 surface states 63

Randles circuit 229 semi-integration 192



sensors in electroanalysis: amperometric
322-4, 388
in FIA 308, 322
in flow systems 307, 322
potentiometric 307-8, 387
voltammetric 322-4
Sherwood number 98
shielding factor 167
similarity principle 96
sodium hydroxide, manufacture 332-6
solar energy conversion 281-2
space—charge region 58-64
specific adsorption 54-6
spectroelectrochemical cell 194
square wave voltammetry 219-20
standard electrode potentials 14-17
table of 416-19
standard rate constant 3, 74
static mercury drop electrode 135
Stern—Geary relation 358
Stern model of double layer 49-50
Stokes—Einstein relation 29
Stokes law 26
streaming potential 68
stress corrosion 362
stripping chronopotentiometry 319-20
stripping voltammetry 318-22
subtractor, operational amplifier 145
surface coatings: for corrosion inhibition
364
analysis by XPS 265
surface compartment model (SCM) 373
surface enhanced Raman spectroscopy
(SERS) 260
surface excess 55
surface potential 58, 80
surface states in semiconductor 63
surface tension 40-1

Tafel equation 114
Tafel law 113-14

corrected for transport 115
Tafel plot 114

for corrosion 357, 359
Tast polarography 215-16
Taylor series 401-2
Temkin isotherm 55
thin-film electrodes 197, 321

Index 427

thin-layer cells 194, 323
titration: amperometric 311-12
biamperometric 312-13
diffusion layer 170-1, 313-14
pctentiometric 290-4
transfer coefficient 4, 74
transfer function analysers 227-8
transition time 92
transmembrane potential difference 371
transmission line 245-6
transmission spectroelectrochemistry 2548
transport number 29
measurement by Hittorf method 29-30
measurement by moving boundary
method 30-1
tubular electrode: construction of 158
double (TDE) 166-7
flow profile at 158

uncompensated resistance 148
UV/visible spectroscopy 257

valence band 59
Volta potential 58, 80
voltage follower 145
voltage inverter 145

wall-jet electrode: cell for 156
schematic streamlines 155
wall-jet ring-disc electrode (WJRDE) 166-7
Warburg impedance 229
finite 246
water electrolysis 338-9
water treatment 350-1
Wien effects 28
work function, and potential of zero charge
53

XPS 263-4

X-ray absorption near edge structure
(XANES) 261-2

X-ray absorption spectroscopy 261-3

zeta potential 66, 68
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