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PREFACE

This book is a translation of a textbook entitled ‘Electrochimie Physique et
Analytique’ (Presses Polytechniques Universitaires Romandes, 2001). The original
goal was to gather in a single book the physical bases of electroanalytical techniques,
including electrophoretic methods. Indeed, most of the textbooks dedicated to
electrochemistry cover either the physical or the analytical aspects.

As science becomes more and more interdisciplinary, a thorough comprehension
of the fundamental aspects becomes more important. The book is therefore intended
to provide in a rigorous manner an introduction to the concepts underlying the
electrochemical methods of separation (capillary electrophoresis, gel electrophoresis,
ion chromatography, etc.) and of analysis (potentiometry, conductometry and
amperometry).

My first thanks go to Magnus Parsons (Isle of Sky, Scotland) who did the trans-
lation. The present text has been thoroughly reviewed again by Prof. Roger Parsons
(FRS), and I wish to thank most sincerely Roger for his support over all these years.

My thanks also go to the reading committee composed of Drs. Henrik Jensen,
Jean-Pierre Abid, Maurizio Caragno, Debi Pant and J6rdis Tietje-Girault.

I also thank all the team at Fontis Media (Lausanne, Switzerland) for producing
this book, and in particular Thierry Lenzin for his patience and meticulous editing.



PREFACE TO THE ORIGINAL
FRENCH VERSION

“ELECTROCHIMIE PHYSIQUE ET ANALYTIQUE”

For historical reasons, physical electrochemistry and analytical electrochemistry are
often taught separately. The purpose of this course book is to bring these two subjects
together in a single volume, so as to bridge the fundamental physical aspects to the
analytical applications of electrochemistry.

The philosophy of this book has been to publish in extenso all the mathemati-
cal derivations in a rigorous and detailed manner, in such a way that the readers can
understand rather then accept the physical origins of the main electroanalytical prin-
ciples.

By publishing this book, I express my thanks to all those who have taught me the

way through electrochemistry:

e From my early years in France, [ wish to thank all the teachers from the Ecole
Nationale d’Electrochimie et d’Electrométallurgie de Grenoble (ENSEEG) for
developing my interest in electrochemistry, and of course I thank my parents for
their financial and moral support.

¢ From my years in England, my most profound gratitude goes to Sir Graham
Hills for both his scientific and political approach to Science, as well as to
Lady Mary Hills for her friendship from the very beginning of my thesis. My
admiration goes to Professor Martin Fleischmann (FRS), whose creative force
has always been a source of inspiration, and to Professor Roger Parsons (FRS)
whose intellectual rigor and mastery of thermodynamics can be found, I hope, in
these pages. I would not forget Professor David Schiffrin who has taught me so
much and with whom I spent several fruitful years. Thanks to them, I acquired
during these years in Southampton a certain comprehension of classical physical
electrochemistry.

e From my years in Scotland begins the period of my interest in analytical
electrochemistry. I owe much to Drs Graham Heath and Lesley Yellowlees who
helped me discover another type of electrochemistry, and I insist on expressing
my sincere admiration to Professor John Knox (FRS) for his very scientific
approach to chromatography and capillary electrophoresis.

e From my years in Switzerland, [ thank Professor Michael Gritzel for his support
when I arrived in Lausanne.



Preface ix

As a textbook, this work has been tried and tested on a series of undergraduate
classes, and I thank all those students and teaching assistants who helped me with
their comments to smooth out the difficulties. In particular I would like to thank
Dr. Rosaria Ferrigno for her constructive criticisms; Dr. Pierre-F rangois Brevet, Dr.
Frédéric Reymond, Dr. David Fermin and Dr. Joél Rossier for their advice; and Dr.
Olivier Bagel for having carried out the experiments whose results have served to il-
lustrate several of the methods described here.

A detailed review of the work was carried out by Professors Jean-Paul Diard
(ENSEEG, France) and Roger Parsons (Southampton, UK), and I thank them for their
work. For the preparation of the original French version of this text, I thank the PPUR
for their work in a collaboration that was both cordial and fruitful.

Finally, more than thanks must go to Dr. Jordis Tietje-Girault for her infallible
support over the course of the years ever since our first meeting in the laboratory of
Professor Graham Hills.
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CHAPTER 1

ELECTROCHEMICAL POTENTIAL

1.1 ELECTROCHEMICAL POTENTIAL OF IONS

The chemical potential is the main thermodynamic tool used to treat chemical
equilibria. It allows us to predict whether a reaction can happen spontaneously, or to
predict the composition of reactants and products at equilibrium. In this book, we shall
consider electrochemical reactions that involve charged species, such as electrons
and ions. In order to be able to call on the thermochemical methodology, it is
convenient to define first of all the notion of electrochemical potential, which will
be the essential tool used for characterising the reactions at electrodes as well as the
partition equilibria between phases. To do this, let us recall first of all, what a chemical
potential is, and in particular the chemical potential of a species in solution.

1.1.1 Chemical potential
Thermodynamic definition

Let us consider a phase composed of chemical species j. By adding to this phase
one mole of a chemical species i whilst keeping the extensive properties of the phase
constant, i.e. the properties linked to its dimensions (¥, S, n;), we increase the internal
energy U of the phase. In effect, we are adding the kinetic energy Ey,y, the rotational
energy E,., and the vibrational energy E,;;, if i is a molecule, the interaction energy
between the species E;, perhaps the electronic energy E. if we have excited electronic
states and the energy linked to the atomic mass of the atoms E,, if we consider
radiochemical aspects, such that:

Uu = Etrans + Erot + Evib + Ecl + Eint o Emass (1’1)

Thus, we define the chemical potential of the species i as being the increase in inter-
nal energy due to the addition of this species

o= (8—"] (12)
l 8ni V.S, .

In general, the variation in internal energy can be written in the form of a
differential:
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dU = —pdV + TdS + Y dn (1.3)
i

Having defined the Gibbs energy G as a function of the internal energy
G = U + pv - TS (1.4)

we can see, by taking the differential of each term of this equation and by replacing
dU by the equation (1.3), that

dG = vdp - SAT + Y p;dn (1.5)

This expression gives a definition of the chemical potential, which is in fact easier to
use experimentally

oG _
B o= (;) = G (1.6)
¢ T’/””j:éi

In other words, the chemical potential 4, is equal to the work which must be
supplied keeping T & p constant in order to transfer one mole of the species i from a
vacuum to a phase, except for the volume work. By definition, it represents the partial
molar Gibbs energy C_;,-. In the case of a pure gas, the chemical potential is in fact the
molar Gibbs energy

oG G
Ho= (E)np = G, = . (1.7)

Before treating the chemical potential of a species in the gas phase, let’s look, by
way of an example, at the influence of pressure on the molar Gibbs energy.

ExAMPLE

Let us calculate the variation in Gibbs energy associated with the isothermal compression
from 1 to 2 bars (T=298 K ) of (1) water treated as an incompressible liquid and (2)
vapour treated as an ideal gas.

Considering one mole, we have the molar quantities

AG, = [V, dp

For water as a liquid, the molar volume (¥,,,= 18 cm3-mol-!) is constant if we use the
hypothesis that liquid water is incompressible. Thus we have:

AGy = VpAp = 18:107%(m>mol~')x10°(Pa) = 1.8J-mol™

For water as vapour, considered as an ideal gas, the molar volume depends on the
pressure,

Vo =RT/p

from which we get
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p2dp

P2
AG, = Vmdp = RT
o /41 B P p

- RTln(QJ = 1.7kJ-mol™!
14|

which is a thousand times greater.

Chemical potential in the gas phase

For an ideal gas (pV = nRT), we express the chemical potential u for a given
temperature with respect to a standard pressure value defined when the pressure has
the standard value p® of 1 bar (=100kPa). Thus by integration, the chemical potential
for a given pressure p is linked to the standard chemical potential by:

un - = [Lvap = [ K, (1.8)
p P° p
that is
wT) = ue(r)+RT1n(pieJ (1.9)

Remember that an ideal gas is one in which the molecules do not have any
interaction energy, and consequently a real gas can only be considered in this manner at
low pressures. The chemical potential tends towards negative infinity when the pressure
tends to zero because the entropy tends to infinity and because u = Gn,=H,-TS,,.

When the pressure is sufficiently high, the interactions between the gas molecules
can no longer be ignored. These are attractive at medium pressures and the chemical
potential of the real gas is therefore below what it would be if the gas behaved as an
ideal one. On the other hand, at high pressures, the interactions are mostly repulsive,
and in this case the chemical potential of a real gas is higher than it would be if it
behaved as an ideal one.

These deviations of the behaviour of a real gas with respect to an ideal gas
are taken into account by adding a correcting factor to the expression ( 1.9) for the
chemical potential:

Repulsion

Attractions
between the molecules

/ i)

Fig. 1.1 Variation of chemical potential with pressure.
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wT) = ue(T)+RT1n(Le)+RT1nq) = ,ue(T)+RTln(—J;—) (1.10)
P P

where ¢ is called the fugacity coefficient (dimensionless) and /' = @p is the fugacity.
The term RTIng represents the energy of interaction between the molecules.
Given that gases tend towards behaving ideally at low pressures, we can see that
@ —>1 when p —0.
The reasoning developed above for a pure gas can be applied equally to ideal
mixtures of ideal gases. The chemical potential of the constituent i of an ideal mixture
of gases is therefore given by

w(T) = y?(T)+RT1n(;—;) = u?(T)+RT1ane+RT1ny,- (1.11)

with p; being the partial pressure of the constituent i and y; the mole fraction. The
standard state of a constituent i corresponds to the pure gas i considered as ideal and
at the standard pressure of 1 bar.

Chemical potential in the liquid phase

In a liquid phase, the molecules are too close to one another to allow the hypothesis
used in the case of ideal gases, i.e. that the intermolecular forces can be neglected. We
define an ideal solution as a solution in which the molecules of the various constituents
are so similar that a molecule of one constituent may be replaced by a molecule of
another without altering the spatial structure of the solution (e.g. the volume) or the
average interaction energy. In the case of a binary mixture A and B, this means that A
and B have approximately the same size, and that the energy of the interactions A-A,
A-B and B-B are almost equal (for example a benzene-toluene mixture).

When there is an equilibrium between a liquid phase and its vapour, the chemical
potential of all the constituents is the same in both phases. If the solution is ideal, its
constituents obey Raoult’s Law p; = x; p;" with p; being the partial pressure of the
constituent ; and p;” the saturation vapour pressure of the pure liquid. By analogy with
ideal gases, we define a solution as ideal if the chemical potential of its constituents
can be written as a function of the mole fraction x; in the liquid

p(T) = u? @ (T)+ RT In x; (1.12)

The equality of the chemical potentials between the vapour phase and the liquid phase
leads to

peel(T) = #?(T)+RTIH[5—<§) ULES

In the case of the benzene-toluene mixture, Raoult’s law is obeyed for all values of the
mole fractions (ideal solution).

Other types of ideal solutions are the binary mixtures A-B in which the molecules
are not identical but, where one constituent is present in a much greater quantity
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than the other. If A is in the majority, it becomes the solvent and B the solute. Such
a solution is ideal in as much as the replacement of a molecule of A by one of B or
vice-versa has little effect on the properties of the solution, given the dilution of B in
A. We call this particular type of ideal solution an ideally dilute solution.

Mole fraction scale

At the molecular level, we can say that in an ideally dilute solution, the solute
molecules do not interact with each other, but only interact with the molecules of the
solvent that surrounds them. Here again, we have the analogy with the ideal gases. In
an ideally dilute solution, that is to say that when x, — 1, the solvent obeys Raoult’s
law. The chemical potential of the solvent A is then written as

BA(T) = py"®(T)+ RT In x, (1.14)

The deviation from the ideal behaviour (for example when the concentration of B
is no longer negligible in relation to that of A) can be taken into account by adding a
correction term to the expression for the chemical potential

BA(T) = pg ™ (T)+ RTInx, + RTIny, (1.15)

Since solutions become ideal when x, — 1, we can see that at this limit Ya — 1.

As far as the solute is concerned, it obeys Henry’s law Pe = xp Kg , where pg is
the partial pressure of the solute B, xp the mole fraction of B in the liquid and K the
Henry constant which has the dimension of a pressure.

~|K

g Ideally dilute solution .~
7] Ve
17/]
o e
(=9 P *
= -, i
g 7 o =
= 7 _- -

P = :

_--"Ideal solution
e -
- - = -
0 Mole fraction 1

Fig. 1.2 Diagram of the partial pressure for a binary system. For small mole fractions (solute),
the partial pressure is proportional to the mole fraction (Henry’s law). For mole fractions
approaching unity (solvent), the partial pressure is proportional to the mole fraction (Raoult’s
law).
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ﬂg Jideal dil _—

YT RETE NI IT N NN NENE NEW

T T T T T T T T rrii
2 3 4 56789 2 3 4 56789
1072 10! 100
mole fraction of B (xg)

Fig. 1.3 Variation of the chemical potential and the definition of the standard chemical potential
at 25°C on the scale of mole fractions for an ideally dilute solution.

The chemical potential of the solute is then written as
pp(T) = ug @4 (T)+ RT In xp (1.16)

with p -ideal dilbeing the standard chemical potential on the mole fraction scale for
ideally dilute solutions. It is important to note that the standard state is an imaginary
state which we would have at the limit xg — 1, that is to say an extrapolation of the
chemical potential of the solute from the infinitely dilute case to its pure state. In other
words, the standard state is a pure solution of B that would behave like an ideally
dilute solution, i.e. a pure solution in which the molecules do not interact. The equality
of the chemical potentials of B between the vapour phase and the liquid phase gives

ug,idealdil(T) _ yg(T)+RT1n[K—§] (1.17)
p

The deviations from the ideal behaviour can also be taken into account by adding a
correction term to the chemical potential.

pe(T) = ug @4 (Ty+ RT In xg + RT In yg (1.18)

The term RT In g then represents the work of interaction of the solute molecules
among themselves. If the solute is a salt, the predominant energy of interaction will
be the electrostatic one. We will show later on in this book that it is possible to model
this interaction energy using statistical mechanics (see §3.4.2, the Debye-Hiickel
theory).



