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Preface

This book is addressed to all who have a need to come to grips with the fundamentals
of electrochemistry and to learn about some of its applications. It could serve as a text for
a graduate, or senior undergraduate, course in electrochemistry at a university or college,
but this is not the book’s sole purpose.

The text treats electrochemistry as a scientific discipline in its own right, not as an
offshoot of physical or analytical chemistry. Though the majority of its readers will
probably be chemists, the book has been carefully written to serve the needs of scientists
and technologists whose background is in a discipline other than chemistry. Electro-
chemistry is a quantitative science with a strong reliance on mathematics, and this text does
not shy away from the mathematical underpinnings of the subject.

To keep the size and cost of the book within reasonable bounds, much of the more
tangential material has been relegated to “Webs” — internet documents devoted to a single
topic — that are freely accessible from the publisher’s website at www.wiley.com/go/EST.
By this device, we have managed largely to avoid the “it can be shown that” statements that
frustrate readers of many textbooks. Other Webs house worked solutions to the many
problems that you will find as footnotes scattered throughout the pages of Electrochemical
Science and Technology. Another innovation is the provision of Excel® spreadsheets to
enable the reader to construct accurate cyclic (and other) voltammograms; see Web#1604
and Web#1635 for details.

It was in 1960 that IUPAC (the International Union of Pure and Applied Chemistry)
officially adopted the S/ system of units, but electrochemists have been reluctant to
abandon centimeters, grams and liters. Here, with some concessions to the familiar units
of concentration, density and molar mass, we adopt the S/ system almost exclusively.
IUPAC’s recommendations for symbols are not always adhered to, but (on pages 195 and
196) we explain how our symbols differ from those that you may encounter elsewhere. On
the same pages, we also address the thorny issue of signs.

Few references to the original literature will be found in this book, but we frequently
refer to monographs and reviews, in which literature citations are given. We recommend
Chapter IV of F. Scholz (Ed.), Electroanalytical Methods: guide to experiments and

X1



Xii Preface

applications 2E, Springer, 2010, for a comprehensive listing of the major textbooks,
monographs and journals that serve electrochemistry.

The manuscript has been carefully proofread but, nevertheless, errors and obscurities
doubtless remain. If you discover any such anomalies, we would appreciate your bringing
it to our attention by emailing Alan.Bond@monash.edu. A list of errata will be maintained
on the book’s website, www.wiley.com/go/EST.

Electrochemical Science and Technology: fundamentals and applications has many
shortcomings of which we are aware, and doubtless others of which we are ignorant, and
for which we apologize. We are pleased to acknowledge the help and support that we have
received from Tunde Bond, Steve Feldberg, Hubert Girault, Bob de Levie, Florian
Mansfeld, David Rand, members of the Electrochemistry Group at Monash University, the
Natural Sciences and Engineering Research Council of Canada, the Australian Research
Council, and the staff at Wiley’s Chichester office.

July 2011 Keith B.Oldham
Jan C. Myland
Alan M. Bond



Electricity

At the heart of electrochemistry lies the coupling of chemical changes to the passage
of electricity. The science of electricity is a branch of physics, but here we start our study
of electrochemistry by reviewing the principles of electricity from a more chemical
perspective.

Electric Charge: the basis of electricity

Charge is a property possessed by matter. It comes in two varieties that we call
positive charge and negative charge. The salient property of electric charges is that those
of opposite sign attract each other, while charges of like sign repel, as illustrated in
Figure 1-1.

Figure 1-1 Charges of unlike
@E:> <::|Q sign attact each other, those of <4 @ @E:>

like sign repel.

Charge is measured in coulombs, C, and it occurs as multiples of the elementary charge
1:1 0, =1.6022x10" C elementary charge

Charge is not found in isolation, it always accompanies matter. Such fundamental particles
as the proton H" and the electron e possess single charges, that is £Q,, as do many ions'"!
such as the sodium Na“, chloride C1°, and hydronium H;O" ions. Other ions, such as the
magnesium Mg®* cation and phosphate PO} anion are multiply charged. Even neutral
molecules, which have no net charge, are held together electrically and frequently have
charges on their surfaces. For example, one side of the water molecule pictured in
Figure 1-2 has a negative region, the other side being positively charged. Such structures,

1% Tons are charged atoms or groups of atoms; if positively charged, they are called cations, whereas anion is
the name given to a negative ion.

Electrochemical Science and Technology: Fundamentals and Applications, First Edition. Keith B. Oldham, Jan C. Myland, Alan M. Bond.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.



2 1 Electricity

called dipoles'®, behave as if they contain small (generally less than Q,) localized positive

and negative charges separated by a small distance.

Figure 1-2 The architecture of the dipolar
water molecule. The red and blue surface
regions are charged positively and
negatively respectively.

Ions and electrons are the actors in the drama of electrochemistry, as are molecules.
Most often these charged particles share the stage and interact with each other, but in this
chapter we mostly consider them in isolation. The electrical force, f, between two charges
0, and Q, is independent of the nature of the particles on which the charges reside. With
7, as the distance between the two charges, the force'® obeys a law

f — QIQZ

2
4rer;,

1:2 Coulomb’s law

attributed to Coulomb'®™. The S/ unit of force is the newton'®, N. Here ¢ is the
permittivity of the medium, a quantity that will be discussed further on page 13 and which
takes the value

1:3 g, =8.8542x10" C*N'm™ ermittivity of free space
0 p y p

when the medium is free space'®. The force is repulsive if the charges have the same sign,
attractive otherwise. To give you an idea of the strong forces involved, imagine that all the
Na" cations from 100 grams of sodium chloride were sent to the moon, then their attractive
force towards the earthbound chloride anions probably exceeds your weight'?’.

A consequence of the mutual repulsion of two or more similar charges is that they try
to get as far from each other as possible. For this reason, the interior of a phase'*® is usually
free of net charge. Any excess charge present will be found on the surface of the phase, or
very close to it. This is one expression of the principle of electroneutrality.

12 Read more at Web#102 about the water dipole and dipole moments.

19 Calculate the repulsive force (in newtons) between two protons separated by 74.14 pm, the internuclear
distance in the H, molecule. See Web#103 to check your result.

1% Frenchman Charles Augustin de Coulomb, 1736 - 1806, first confirmed the law experimentally.
195 Sir Isaac Newton, 1643 1727, renowned English scientist.

196 The permittivity of free space, €, is also known as the electric constant.

197 Justify this statement. See Web#107.

1% A phase is a region of uniform chemical composition and uniform physical properties.



Charges at Rest 3

Charges at Rest: electric field and electrical potential '

Coulomb’s law tells us that an electric charge can make its presence felt at points
remote from its site. An electric field is said to exist around each charge. The electric
field is a vector; that is, it has both direction and strength. Figure 1-3 shows that the field
around an isolated positive charge points away from the charge, at all solid angles.

Figure 1-3 The field
created by a positive
charge is directed away
from the charge in all
three-dimensional
directions, the converse
being true for negative
charges.

The strength of an electric field at a point can, in principle, be assessed by placing a
very small positive “test charge” Q. at the point. The choice of a sufficiently small test
charge ensures that the preexisting field is not disturbed. The test charge will experience
a small coulombic force. The electric field strength''’, or more simply the field, X, is
then defined as the quotient of the force by the test charge:

1:4 x=-"  definition of field

test

t''" of newtons per coulomb, N C™'. Thus, for any static charge

112

and therefore it has the uni
distribution, it is possible to calculate field strengths using Coulomb’s law

Force, and therefore also electric field, is a vector quantity. In this book, however, we
shall avoid the need to use vector algebra by addressing only the two geometries that are
of paramount importance in electrochemistry. These two geometries are illustrated in
Figures 1-4 and 1-5. The first has spherical symmetry, which means that all properties
are uniform on any sphere centered at the point » = 0. Thus, there is only one spatial
coordinate to consider; any property depends only on the distance », where 0 < » <oo. The

19 “Electric” and “electrical” are adjectives of identical meaning. A quirk of usage is that we usually speak of
electric field and electric charge but electrical potential and electrical conductivity.

10 Physicists use E for field strength, but traditionally electrochemists reserve that symbol for potential, a
holdover from the antiquated term “electromotive force”.

""" or, equivalently and more commonly, volt per meter, V m™'. See equation 1:9 for the reason.

12 Consider two protons separated by 74.14 pm, the internuclear distance in the H, molecule. Find the field
strength and direction at points 25%, 50% and 75% along the line connecting the protons. For a greater
challenge, find the field at some point not on the line of centers. See Web#112.
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Figure 1-4 In a spherically
symmetrical geometry, all

(0] properties are uniform on
spheres such as » = R. Here a
charge Q resides at the =0
origin.

second geometry of prime electrochemical concern has planar symmetry, meaning that
uniformity of properties exists in planes. The space of interest lies between two parallel
planes separated by a distance, L, the planes being very much larger than L in their linear
dimensions. Again, there is only one coordinate to consider, now represented by x, where
0<x<L. Each of these two geometries is simple in that there is only one relevant distance
coordinate. Thus, when we discuss the field, we mean implicitly the field strength in the
direction of increasing » or x.

Coulomb’s law tells us that the electric field strength falls off with distance according
to the inverse-square law: at double the distance from a point source the field is

s>

Figure 1-5 The test charge
experiences a repulsive force
of magnitude Q,..g/2¢ from
the positively charged sheet,
independent of (, and an
attractive force of the same
magnitude from the
negatively charged sheet.
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one-fourth. Thus, it is evident that at a distance R from the point charge O

: _f 0
1:5 X(R)= Qtest = AnsR>

inverse-square law

The field is uniform at all points on the sphere shown in Figure 1-4, falling off as 1/R*. The
inverse-square law does not apply to the field in planar symmetry. In that geometry,
electrochemists are interested in the field between two charged planes, such as electrodes.
In Figure 1-5 the left-hand plane is uniformly charged such that the charge density
(measured in coulombs per square meter, C m?) is ¢g. The field strength caused by that
plane, at a distance (, can be shown'" to be simply X(() = g/[2¢]. Taking into account the
second, oppositely charged, plane, the total field is

1:6 X)) = 4 planar symmetry
€

Provided that the charged sheets are large enough and parallel, the adjacent field doesn’t
depend on location. The field strength''"* is constant!

<_,6_L>

Figure 1-6 A test charge moves a short distance 67 from point A
to point B towards the source of an electric field. It experiences a
field of strength X acting in the direction of increasing r.

The concept of a small “test charge” is a valuable fiction; it is also used to define
electrical potential. Imagine that we place a test charge at point A, and move it a small
distance 0r towards a much larger fixed charge as in Figure 1-6. It needs the expenditure
of work w, ,, for the test charge to reach its destination, point B. Work (measured in
joules'"®, J) can be calculated as force x distance or, in this case:

1.7 Wap = f X [=0r] = =0, Xor
The negative sign arises because the journey occurs in the negative  direction. It is said
that an electrical potential exists at each of points A and B and we define the difference

between these potentials as the coulombic work needed to carry a test charge between the
two points divided by the magnitude of the test charge. Hence,

'3 See Web#113 for the derivation from Coulomb’s law. It involves an integration in polar coordinates.

"4 Two square metal plates, each of an area of 6.25 cm? are separated by 1.09 cm. They are oppositely charged,
each carrying 2.67 nC. The pair is immersed in acetonitrile, a liquid of permittivity 3.32 x 107" C2N"' m™2.
Calculate the field (strength and direction) at a point 500 pm from the negatively charged surface. Check your
answer at Web#114.

115 James Prescott Joule, 1818 - 1889, English scientist and brewer.
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w
1:8 ¢B_¢A:ﬂ:_){5r

test
Notice that the definition defines only the difference between two potentials, and not the
potential, ¢, itself''*!'"". In differential notation, the equation becomes''®

1:9 ? =-X definition of potential
r

The unit of electrical potential is the volt'"®. The first equality in equation 1:8 shows that
one volt equals one joule per coulomb (V =J C™).

The situation depicted in Figure 1-6 is simple because the distance moved, in that case,
was small enough that the field could be treated as constant. For a longer journey one
finds, making use of equation 1:5,

1110 o ¢A——IX(r)dr_ 0} j dr E(LLJ spherical

r AN symmetry

Moreover, the situation depicted in Figure 1-6 is especially simple in that the journey was
along a radial direction. A geometry like that in Figure 1-7 is more general. The force on
the moving test charge now varies along the journey, not only because the field strength
changes, but also because the angle 0 constantly alters as the charge moves. The potential
difference between points A and B in this geometry can be calculated from the following
chain of equalities

111 by — O, = —A2B _ chos{@}dﬁ——JXcos{G}df
thst thst A
Both X and 0 change as the distance ( traveled by the test charge increases. Remarkably,
the result of the integration does not depend on the route that the test charge travels on its
journey from A to B. The work, and therefore the potential change, is exactly the same for
the direct route as for the circuitous path via point C in Figure 1-7, and this fact greatly
simplifies the calculation of the potential difference'?’. In fact, equation 1:10 applies.
Equation 1:9 shows the electric field strength to be the negative of the gradient of the
electrical potential. In electrochemistry, electrical potential is a more convenient quantity
than electric field, in part because it is not a vector. It does have the disadvantage, though,

!¢ Calculate the electrical potential difference between the 75% and 50% points in the problem cited in
Footnote 112. Which is the more positive? Check your answer at Web#116.

17 Refer to the problem in Footnote 114 and find the potential difference between the point cited and a point
at the surface of the nearby electrode. Web#117 has the answer.

"8 From Coulomb’s law derive an expression for the electrical potential difference between a point at a distance
r from an isolated proton and a point at infinity. Our derivation will be found at Web#118.

"9 Alessandro Guiseppe Antonio Anastasio Volta, 1745 -1827, Italian scientist.
120 See Web#120 for the derivation of the potential change accompanying the A — B journey in Figure 1-7.
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Figure 1-7 A test charge
journeying by the direct A — B
route encounters a field that is
constantly changing in both
strength and direction.
However, the work involved is
the same as via the route A —
C — B. No work accompanies
the A — C journey along the
circular arc.

of being a relative, rather than an absolute quantity. For this reason we more often
encounter the symbol A rather than ¢ itself. In this book the phrase electrical potential
difference will often be replaced by the briefer term voltage.

We can define only differences in electrical potential. Worse, we can define
differences in the electrical potential only between points that lie within phases of the same
(or very similar) compositions. The essential reason for this is that we do not have
innocuous “test charges” at our disposal. We only have electrons, protons and ions. So
when we try to measure the coulombic work in moving such charged particles from one
phase to another, we inevitably encounter other energy changes arising from the change in
the chemical environment in which the particle finds itself. Such chemical work is absent
only if the departure and arrival sites have similar chemical compositions.

The electroneutrality principle prevents charges accumulating, other than near
boundaries. A need exists to investigate the distribution of charge in spaces adjacent to
boundaries, because it is at the junctions of phases that electrochemistry largely occurs.
The symbol p is generally used to represent volumetric charge density (unit, coulombs
per cubic meter, C m™*). Do not confuse this quantity with g, the areal charge density
(Cm™).

Let us first consider the presence of space charge in the geometry of Figure 1-5.
Imagine that, in addition to areal charge densities on the plates, there is a space charge in
the region between the plates, its magnitude being p(x) at any distance x from the left-hand
plate. We seek the field at some point x = (. The space charge can be regarded as being
made up of many thin wafers, each of areal charge density p(x)dx. Each of these will
contribute to the field, positively for the thin wafers to the left of x = (, negatively (think
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of'the effect on a test charge) when x > (. Following the discussion surrounding Figure 1-5,
it follows that the total field at the point of interest is

1:12 X(g):g_0+Ip§x) J'p(x)dx qL
€ %

where ¢, and ¢, are the areal charge densities on the plates. This complicated formula
simplifies massively on differentiating with respect to x; it becomes

1:13 (g)_ p(f)

The local field gradient is simply the volumetric charge density there divided by the

permittivity. In terms of the electrical potential, this may be written
d’d  —p(x) Poisson’s equation

1:14 — =
dx € planar symmetry

This is Poisson’s equation'?' for planar geometry; it will find use in Chapter 13. For a
spherically symmetric geometry, as in Figure 1-4, Poisson’s equation is more complicated,
but can be shown'* to be

1d { 5 d¢} —p(7) Poisson’s equation
dr

This law finds application in the Debye-Hiickel theory discussed in the next chapter.

1:15

¥ dr € spherical symmetry

Capacitance and Conductance: the effects of electric fields on matter

Materials may be divided loosely into two classes: electrical conductors that allow the
passage of electricity, and insulators that do not. The physical state is irrelevant to this
classification; both classes have examples that are solids, liquids and gases. Conductors
themselves fall into two main subclasses according to whether it is electrons or ions that
are the charge carriers that move in response to an electric field.

insulators
materials electronic conductors

conductorsy
1onic conductors

Electronic conductors owe their conductivity to the presence of mobile electrons.
All metals are electronic conductors, but some solid inorganic oxides and sulfides (e.g.

121’ Siméon-Denis Poisson, 1781-1840, French mathematical physicist.
122 This is derived in Web#122, preceded by an important lemma.
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PbO, and'* Ag,S) also conduct electricity by virtue of electron flow. These, and most
other semiconductors'*, owe their conductivity to an excess (n-type) or a deficit (p-type)
of electrons compared with the number required to form the covalent bonds of the
semiconductor’s crystal lattice. In p-type semiconductors, the missing electrons are known
as holes and solid-state physicists speak of the conductivity as being due to the motion of
these positively-charged holes. Of course, it is actually an electron that moves into an
existing hole and thereby creates a new hole at its former site. Pi-electrons'” are the
charge carriers in some other materials, of which graphite is the best known, but which also
include newer synthetic conductive polymers. An example is the cationic form of poly-
pyrrole, which conducts by motion of mt-electron holes, through a structure exemplified by

126

Certain crystalline organic salts *°, known as organic metals, also conduct by virtue of -
electron motion. Yet another exotic electronic conductor is the tar-like material (see page
94 for an application) formed when the polymer of 2-vinylpyridine reacts with excess
iodine to form a so-called “charge transfer compound”.

The second class of materials that conduct electricity comprises the ionic conductors,
which possess conductivity by virtue of the motion of anions and/or cations. Solutions of
electrolytes (salts, acids and bases) in water and other liquids are the most familiar
examples of ionic conductors, but there are several others. lIonic liquids resemble
electrolyte solutions in that the motion of both anions and cations contributes to their

electrical conductivity'?’: an example is 1-butyl-3-methylimidazolium hexafluorophosphate,

/\ + _ typical

CH,(CH,);—N N—CH, PF,

\ / ionic liquid

123 These two solids, and others, are slightly “nonstoichiometric”. Stoichiometric compounds contain two or
more elements in atom ratios that are stricly whole numbers. Water for example, contains exactly twice as many
H atoms as O atoms. Nonstoichiometric solids, in contrast, depart often only slightly from this whole-number
rule. Such an abnormality may occur naturally, being associated with defects in the crystal lattice, or be

introduced artificially by admixture with a small quantity of a dopant.
124 Read more about semiconductor conductivity at Web#124.

125 In organic compounds having alternating single and double bonds in chains or rings, the electrons confer
unusual properties, including abnormal electrical conductivity. Such electrons are described as “pi-electrons”.
126 Rich in mt-electrons, the organic compound tetrathiafulvalene (TTF) readily forms the cation TTF*. Another
organic compound, tetracyanoquinodimethane (TCNQ), conversely forms the anion TCNQ™. Accordingly, a
mixture of these two compounds is in equilibrium with the salt (TTF")(TCNQ") and the mixture, known as an
“organic metal”, has high electrical conductivity.

127 Conductivities of various materials, including a similar ionic liquid are listed in the table on page 384.



10 1 Electricity

lonic liquids are, in fact, molten salts, but inorganic salts generally have much high melting
points and conduct only at elevated temperatures. Solid ionic conductors'®, on the other
hand, usually have only one mobile ionic species that may be either an anion (as in zirconia,
ZrO,, which, at high temperatures, allows oxide ions, O, to migrate through its lattice'*’)
or a cation (as in silver rubidium iodide, RbAg,l;, in which Ag" is mobile even at room
temperature). An interesting case is provided by lanthanum fluoride, LaF;, crystals that
have been “doped” by a very small addition of europium fluoride, EuF,. Because the
dopant contributes fewer F~ ions to the lattice than its host, the crystal has “fluoride ion
holes” which can move exactly as do electron holes in p-type semiconductors. Such
crystals find applications in the fluoride ion sensor described on page 121.

A few materials permit the flow of electricity by both electronic and ionic conduction.
An example of such mixed conduction is provided by the hot gases known as plasmas,
which contain positive ions and free electrons'*. A second example is the solution formed
when sodium metal dissolves in liquid ammonia. Such a solution contains sodium Na”
cations and solvated electrons (see page 41), both of which are mobile and share duties as
charge carriers. Yet another example of mixed conduction is provided by hydrogen
dissolved in palladium metal; here there is conduction by the migration of protons
(hydrogen ions) as well as by electrons. In summary:

metals
some inorganic oxides and sulfides
n-type
semiconductorsy intrinsic
p-type
organic metals and conductive polymers

electronic conductors

conductors
plasmas

mixed conductors ) )
some solids and solutions

solutions of electrolytes
o molten salts and other ionic liquids
ionic conductors o

solid ionic conductors

doped crystals

Though we shall not go into details, technological devices exist that produce a constant

128 also known as solid electrolytes, but this can be a misleading name.

129 See pages 68 and 173 for an application. Zirconia exists in two forms, only one of which allows oxide ion
motion; to stabilize this form, a small quantity of yttrium is added.

13 Fluorescent lights and “neon lights” are examples.
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difference of electrical potential. Such a device is called a voltage source and it has two
terminals, one of which (often colored red) is at a more positive electrical potential than
the other. There are other devices, named voltmeters, that can measure electrical potential
differences. Both these devices are electronic; that is, they produce or measure an electrical
potential difference by virtue of a deficit of electrons on their red terminals compared with
the other. We do not have devices able directly to produce or measure deficits or excesses
of other charged species, such as protons or ions, so studies on these latter charge carriers
are conducted through the medium of electronic devices. Much of the later content of this
book is devoted to experiments carried out to investigate the behavior of ions, via
measurements made with electronic devices.

<l
N voltage
source

AE

Figure 1-8 Parallel plates store
e L o electric charge, and retain the
L charge when the switch is opened.

area A

++++F 4+
|

Figure 1-8 shows a voltage source connected by wires and a switch to a voltmeter''
and to a pair of parallel metal sheets, often called plates. On closing the switch, a brief
surge of electrons occurs and causes charges to appear on the plates. Because of the
electroneutrality principle, electrons arrive on the inward-facing surface of the right-hand
metal plate. There is a complementary withdrawal of electrons from the inward-facing
surface of the left-hand metal plate, leaving a positive charge on that surface.

We have seen in equation 1:6 that such a parallel distribution of charges produces a
uniform electric field of strength X = g/¢ in the space between the plates. Here € is the
permittivity of the medium between the plates and, if this is air, it differs only marginally
from g,. The direction of the field is towards the negative plate, rightwards in Figure 1-8.
To carry a test charge a distance L, from a point adjacent to the negatively charged plate
to a second point adjacent to the positive plate, will require work w equal to XQ, L or
q0..L/€ and, accordingly, the potential difference

131 An ideal voltmeter measures the voltage between its terminals while preventing any charge flow through
itself. Modern voltmeters closely approach this ideal.
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w gL
Qtest €
exists between the destination and starting points. This shows, reasonably, that the medium
close to the positive plate is at a more positive electrical potential than is the medium close
to the negative plate. And of course, because the field is uniform, the potential changes
linearly with distance between the two points as illustrated in Figure 1-9.

1:16 A(I) = (I)closc topositive plate (I)closc tonegative plate

Figure 1-9 Measurable potential
differences exist within the dielectric
and between the metal phases, but not
between points in dissimilar phases.

The A¢ in equation 1:16 is the potential difference between two points in the medium.
The voltmeter shown in Figure 1-8 measures the difference AE in potential between the two
metal plates. We now assert that AE = A¢d. As alluded to on page 7, we cannot measure
(or even usefully define!) the potential difference between such chemically diverse media
as metal and air, and so we have no information about the two potential differences labeled
“?” in Figure 1-9. However, we do believe the two to be equal, because the “chemical
work” in transferring any charged particle across the two interfaces will be the same. We
shall continue to follow the convention that immeasurable electrical potentials that are
imagined to exist within phases are symbolized ¢, whereas electrical potential differences
that can be measured by a voltmeter are denoted AE.

Return to Figure 1-8 and note that, on reopening the switch, the charges remain on the
plates; electric charge is stored. A device, such as the parallel plates'* just described, that
is able to store electric charge is called a capacitor. The stored charge is

—Ae

1:17 =——AF
Q L

The ratio of the potential difference across a capacitor to the charge it stores is called the
capacitance of the capacitor and is given the symbol C
-0 e definition of capacitance

1:18 —=C
AE L planar symmetry

132 A capacitor can have a shape other than the parallel-plate configuration discussed here. Read about another
important capacitor — the isolated sphere — at Web#132.
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The unit of capacitance'® is the farad, F. One farad equals one coulomb per volt. The
negative sign in the last two equations, which you will often find missing from other texts,
arises because positive charge flowing into a capacitor produces a negative charge on the
remote plate.

We now turn to discuss what happens when an insulator is placed between the parallel
plates of a capacitor. Equations 1:17 and 1:18 still apply, with € becoming the
permittivity'** of the insulator. Permittivities vary greatly, as evidenced in the table on
page 382. Notice that the listed permittivities'** always exceed €, so that the capacitor now
has a larger capacitance and stores more charge'* for a given voltage. The explanation for
this is especially easy to understand when the insulator has a dipolar molecule, such as the
organic liquid, acetonitrile, CH;CN. Like the water molecule shown in Figure 1-2, this
molecule has a positive end and a negative end and, in an electric field, such molecules tend
to align themselves as illustrated in Figure 1-10. The effect is to create localized fields
within the insulator that oppose, and partially neutralize, the imposed field, so that more
external charge is required to reach the applied voltage AE. Insulators that behave in this,
and similar'®’, ways are often called dielectrics.

=\"/7/\>\ 7

-7 2\\;/ '/.‘, \ Figure 1-10 In an

V4 \\, I wu\l=\ e electric field, dipoles
- -.,/ - S\ become aligned, to some
\, \\ \ \".\:\ 7y extent, so that the dipole
NS N\ g~ field opposes the field

-l
., \’, :/\ \’/\ lr/ \: applied by the plates.

It is quite a different story if we place an electronic conductor between the plates. The
electrons are now able to pass freely from the negative plate into the conductor, and from
the conductor into the positive plate, as in Figure 1-11. Electrons being negative, their
passage from right to left through the conductor in this figure corresponds to electric charge

flowing from left to right. We say an electric current, /, flows through the conductor: it

133 Copper sheets, each of 15.0 cm? area are separated by an air gap of 1.00 mm. Calculate the capacitance,
checking at Web#133. Also find the charge densities on the plates and the field within the capacitor, when
1000 V is applied.

134 Confusingly € is sometimes used to denote relative permeability (or dielectric constant or dielectric
coefficient), which is the ratio of the permittivity of the material in question to the permittivity of free space.
135 These are listed in farads per meter, the conventional unit of permittivity. Show that this is equivalent to the
unit given in equation 1:3. See Web#135.

13¢ and also more energy. The energy stored by a capacitor is QAE/2. Can you explain the reason for the divisor
of 2?7 If not, consult Web#136.

137 Even if the material is not dipolar, the presence of the imposed field can induce a temporary dipole. Such
polarizability is how a material such as tetrachloromethane, CCl,, exhibits an elevated permittivity.
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expresses the rate at which charge passes through the conductor:

;=49

de
Electric current is measured in the ampere'*® unit, one ampere corresponding to the passage
of one coulomb in a time ¢ of one second'* (A = C s™"). The flow of electricity through the
conductor is continuous, unlike the case of an insulator, in which there is only a brief
transient passage of electricity.

Of course, the same flow of electricity that occurs in the conductor is also experienced
in the wires and plates that constitute what is known as the circuit, the pathway through
which the charge flows. That is why an ammeter, an electronic device'*” that measures
electric current, can be positioned, as in Figure 1-11, remote from the conductor and yet
measure the current flowing through it. An important quantity, equal to the current divided
by the cross-sectional area through which it flows, is the current density, i:

1:19 definition of current

1:20 i= . definition of current density

voltage
source

"—® Figure 1-11 Arrangement for

measuring the conductivity of
X5 Xp an electronic conductor. The
method is sometimes called the
4-terminal method because
there are four connections to
the conductor. The sample of
AB conductor is of length L and
cross-sectional area A.

AE

38 André Marie Ampére, 1775 -1836, French physicist.

13 Some pacemaker batteries (see Chapter 5) are required to generate 29 pA of electricity at 2.2 V and to
operate reliably for 8 years. What is total charge delivered in the battery’s lifetime? How many electrons is
that? What energy is liberated? What average power? See Web#139.

140" An ideal ammeter measures the current flow without producing any voltage across its terminals. Modern
ammeters closely approach this ideal.
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It is measured in amperes per square meter, A m 2. Unlike the current itself, the current
density does differ in different sections of a circuit.

The ratio of the current density flowing in a conductor to the field that creates it is
called the conductivity k of the material'*!

i 1/ 4 definition of conductivity

2l . X -AG/L planar symmetry

It has the unit (Am?)/(Vm ) =AV'm'=Sm"'. Ssymbolizes the siemens'* unit.
One way in which the conductivity of an electronically conducting material can be

measured'®® is illustrated in Figure 1-11. A voltmeter measures the electrical potential

difference AE between two points A and B on the conductor, which has a uniform

cross-sectional area 4, and through which a known current is flowing. Then, using 1:9,

] 1/4 I(x, —
1:22 o b LA Iy —x,)
X —d¢/dx —-AAE

The relationship i = kX is one form of Ohm’s law'**. Another is - AE/I = R which defines
the resistance R, measured in the ohm (Q) unit, equal to S™'. The second equality in the

formula

L3 ' -AE L definition of resistance
' I x4 planar symmetry

applies only to conductors of a simple cuboid'**'* or cylindrical shape. The resistances of

conductors of these and some other geometries are addressed in Chapter 10.

The negative sign in the three most recent equations arose because the current flow
occurred in the direction of the coordinate in use. However, Ohm’s law is often used in
contexts in which there is no clear coordinate direction and accordingly the equation AE
= IR is often written, in this book and elsewhere, without a sign. The issue originates
because, strictly, / is a vector whereas AE and R are not. Exactly the same ambiguity arises
in equations 1:17 and 1:18. Just remember that the flow of current through a resistor or
capacitor is accompanied by a decrease in electrical potential.

Thus far, we have investigated what happens when we apply an electric field to an

1 The reciprocal 1/x of the conductivity is known as the resistivity. Conductivity and resistivity are properties
of'a material. In contrast conductance and resistance are properties of a particular sample of material.

2 Ernst Werner von Siemens, 1816 - 1892, German engineer.

143 Another uses alternating current, as discussed on page 104.

14 Georg Simon Ohm, 1789 - 1854, German physicist.

145 Show that the resistance, measured between opposite edges of a square of a thin conducting film, does not
depend on the size of the square. For this reason, the resistances of thin films are often expressed in ohms per

square. A thin copper film has a resistance of 0.6 Q per square. Using the table entry on page 385, find its
thickness. Compare you answer to that in Web#145.

146 Find the resistance between opposite faces of a cube of pure water of edge length 1.00 cm. See Web#146.
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voltage
source

Figure 1-12 In the absence of
chemical reaction, current flows
e L o transiently when a field is
applied to an ionic conductor.

ionic

conductor area 4

insulator or to an electronic conductor. What occurs when an electric field is applied to an
ionic conductor, for example by applying a voltage between two plates that sandwich the
conductor? Often a chemical reaction occurs and we enter the realm of electrochemistry.
Sometimes, however, if the applied voltage AE is small enough, conditions'*’ are such that
no chemical reaction can occur. In such circumstances, when the switch shown in
Figure 1-12 is closed, a current flows that, unlike the case of the electronic conductor,
declines in magnitude and eventually becomes immeasurably small. The quantity of
charge, O(t), that has passed increases with time in the manner described by the curves in
Figure 1-13. As in the insulator case, the charge passed ultimately, O(), is proportional
to the area A of the plates and (approximately at least) to the applied voltage AE. However,
it is entirely independent of the separation L. Evidently there are factors at play in the case
of an ionic conductor that have no parallel in the other two classes of materials, but the
novel behavior is readily explained.

If the ionic conductor contains mobile ions of two types, cations and anions, then the
effect of the field is to cause these ions to move, anions leftwards in Figure 1-14 and
cations rightwards. As the moving ions approach the impenetrable plates, they are halted
and accumulate there. The two sheets of accumulating ions themselves create a field that
opposes that caused by the plates, decreasing the field experienced by the moving ions and
slowing their motion. Eventually the motion ceases because the two fields entirely cancel
and leave the interior of the conductor field-free.

7 Electrochemists refer to such a circumstance as “an electrochemical cell under totally polarized conditions”.
See Chapter 10.
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Figure 1-13 How the charge passed varies with time following the
imposition of an electric field on three classes of material. For the
insulator, a charge of magnitude AeAE/L passes almost
immediately. For the electronic conductor, the charge passed
increases linearly as AxtAE/L. For the ionic conductor, the charge
accumulates at an ever-decreasing rate.

We now have four sheets of charge: two electronic and two ionic. At the surface of
each plate a layer of ions confronts a layer of electronic charge of equal magnitude but
opposite sign. This is called a double layer. Just as the two layers of charge in Figure 1-8
constitute a capacitor, so do the layers at each plate in the present case. Such double layer

voltage
source

Figure 1-14 In the absence of
chemical reaction, ions move

o a> 3 and accumulate at the interfaces
+ ol when a field is applied to an
+O <06 - ionic conductor.

f <o o

io o>

to  <of
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capacitances are very large because of the closeness of the layers'*®. We shall have much
more to write about double layers and their capacitances in Chapter 13. Commercial
capacitors mostly rely on the metal | insulator | metal sandwich structure, but the so-called
supercapacitors (see page 87) exploit the capacitive properties of double layers.

Regrettably, we cannot carry out the experiment diagrammed in Figure 1-11 on
ionically conducting materials. There are two reasons for this. Firstly, whereas electrons
exist on each side of the plate|material boundaries for an electronic conductor and can pass
from one side to the other, ionic conductors behave differently. Secondly, we lack
voltmeters that can directly detect differences of potential within ionic conductors.
Nevertheless, exactly the same principles apply. Electric fields can exist within ionic
conductors and they lead to the flow of electric current. Moreover, ionic conductors can
be assigned conductivities in just the same way as can electronic conductors. The table on
page 384 is a listing of the conductivities of a wide variety of materials, and shows the
charge carriers responsible in each case.

In truth, the classification of materials into insulators and conductors, though
convenient conceptually, is not a rigid one. Most “conductors” exhibit some dielectric
behavior and most “insulators” do conduct to some small extent. Water is a good example
of a substance that displays both types of behavior. Its small content of hydronium H,0"
and hydroxide OH  ions gives it conductivity, yet the considerable dipole moment of its
majority H,O molecules (Figure 1-2) causes them to orient in an electric field in a manner
analogously to that illustrated in Figure 1-10.

Mobilities: the movement of charged particles in an electric field

Let us look at electrical conduction from the standpoint of the charge carriers
themselves. Initially, consider the case of a material with a sole charge carrier, its charge
being a single positive charge Q,, such as a hole in a p-type semiconductor or a silver ion
in RbAg,l,. Figure 1-15 pictures a cylinder of such a material with a current / flowing
through it. Some thought shows that this current can be equated to the product of four
terms

rate at number of
. . . Cross- charge
electric _ which charge carriers :
1:24 = = . sectional || on each
current Crosses per unit A
area carrier
any plane volume

The first of these is the number density of charge carriers which, in chemical terms, is the

148 There is such a capacitor at each plate. Ifits capacitance is C, show that the effective capacitance of the unit
as a whole in C/2. See Web#148.
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concentration ¢ of the carrier multiplied by Avogadroe’s constant'*, N,, equal to 6.0221
x 102 mol™'. The second and third right-hand terms in 1:24 are simply 4 and Q,
respectively. The fourth is the average velocity v with which the carrier moves in the x
direction. Thus'®, with ¢ representing the concentration of the charge carrier,

1:25 I=N,cAQ,0 = FAcv

The product of Avogadro’s number and the elementary charge is a quantity that crops up
repeatedly in electrochemistry. This product is given the symbol F and the name
Faraday’s constant''

1:26 F=N,0, =(6.0221x10"mol )(1.6022x107°C) = 96485 C mol "

Faraday’s constant provides the quantitative connection between chemistry and electricity.
In one mole of sodium chloride, the total charge on the sodium ions, Na®, is 96485
coulombs and, of course, there are —96485 C on the chloride ions, Cl".
Equation 1:25 shows that the velocity of the charge carrier is proportional to the
current, and therefore to both the electric field and the conductivity
I i X
FAc Fc Fe
The ratio of the average velocity of the moving charge carriers to the field that causes that
motion is known as the mobility'>> u of the carrier. Thus, we see that the conductivity of
the material shown in Figure 1-15 is related to the carrier’s mobility by the simple relation

Fecv . .
1:28 K= % = Fuc single charge carrier

1:27 U=

average velocity

This simple relationship needs modification, of course, if there is more that one charge
carrier, or if a carrier has a charge of other than +Q,. A carrier i that has a charge of Q, is

Figure 1-15 Positive charge carriers move in response to a field, leading to
the flow of current /.

9 Amadeo Carlo Avogadro, 1776 - 1856, Italian count, lawyer and natural philosopher.
130 Confirm that the units in equation 1:25 are consistent. Check at Web#150.

151 Michael Faraday, 1791- 1867, Englishman and “father of electrochemistry”. Faraday’s law (Chapter 3)
establishes the proportionality between electric charge and the amount of chemical reaction during electrolysis.

152 Mobilities of anions are negative in this book, but elsewhere you may find the absolute value reported.
Moreover, mobility is sometimes defined as 7, /(z,X).
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Figure 1-16 Cations, moving to the right with the field, and anions,
moving leftwards against the field, both contribute to the current.

said to have a charge number

1:29 zZ, =— definition of charge number

For example, electrons €™ and calcium ions Ca*" have charge numbers of -1 and +2
respectively. The replacement for equation 1:28 that is true generally is
130 o FZ suc linking moibiilities

: to conductivity
Note that carriers of either sign contribute positively to the conductivity'*® because, if z,
is negative, so is u;, as clarified in Figure 1-16.

Of course, mobilities are affected by such factors as temperature and the medium in
which the charge carriers find themselves, but some representative values are given in the
table on page 388. The listed values for ions relate to aqueous solution'>*, because this is
the most widely studied electrochemical medium. For the most part, mobilities are
surprisingly small. One gets the impression, from the “instantaneous” response of electrical
appliances, that electrons travel fast in copper cables. Their effect does travel fast, but the
particles themselves are sluggards'>>. The slow motion of ions in condensed phases (solids
and liquids) results from the “drag” as they jostle past the atoms, molecules and ions in
their path. As one might expect, ions travel much faster in gases. Natural air ions'*® have

153 See Web#153 for the related terms molar conductivity, ionic conductivity, and transport number.

134 Water purity is often gauged from its conductivity, though conductimetry measures only ionic impurities.
Assuming the impurity to be sodium chloride (Na" and CI™ ions in solution), assess the purity (in moles per liter
and as a percentage) of a water sample of conductivity 22 pS m™'. See Web#154. The conductivity of seawater
is measured to assess its salinity.

155 In silver, the most conductive metal, electrons travel at about 6 millimeters per second in a field of one volt
per meter, on the assumption of a single mobile electron per Ag atom. The high conductivity of metals arises
from the high electron concentration rather than high mobility. In contrast, electrons in silicon travel about
twenty times faster.

156 or cluster ions, H", NH,", OH", and NO;™ ions with attached H,O molecules, having an average mass of
about 160 g mol .
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mobilities close to 1.5 x 107* m* V' s”'. In vacuum, charge carriers do not travel with a
constant speed in a uniform field; they accelerate, negating the concept of mobility.

We have been discussing the movement of charged particles caused by an electric
field. Such motion is called migration. Motion may occur from other causes, notably by
diffusion and by convection. All three modes are important in electrochemistry and their
interplay is the subject of Chapter 8.

Electrical Circuits: models of electrochemical behavior

A device that is fabricated to have a stable resistance is known as a resistor'*’; it is
represented in circuit diagrams by “\A/\/*-. Similarly, 4} is used to symbolize a
capacitor. Resistors and capacitors are examples of circuit elements. There are others,
but resistors and capacitors are the ones of most interest to electrochemists. When two or
more circuit elements are connected so that they experience the same voltage, they are said
to be in parallel; conversely they are in series if they experience the same current'*®. The
circuit shown on the left-hand side of Figure 1-17 overleaf has a resistor and a capacitor in
parallel: it provides a model of materials that have both dielectric and conductive
properties. One or more circuit elements connected into such a circuit as those in the figure
are often referred to as the circuit’s load. How does the circuit behave in response to the
load when the switch is closed? The resistor experiences a constant electrical potential
difference AE, so the current has a constant value, equal in magnitude to AE/R. The
capacitor charges, in principle immediately, to attain the charge CAE. Energy, provided
ultimately by the voltage source, has been stored in the capacitor. The resistor, in contrast,
has destroyed electrical energy by converting it to heat; that is how electric heaters work.
The power dissipated by the resistor, measured in joules per second or watts'>’, is the
product of the voltage AE and the current / flowing through the conductor'®,

More interesting, and more relevant to electrochemistry, is the right-hand circuit in
Figure 1-17 overleaf, in which the resistor and capacitor are in series. The capacitor is
uncharged at time 7= 0, when the switch is closed. What will the current be subsequently?

157 A graphite cylinder, of 2.40 cm length and 0.450 cm diameter, was found to have a resistance of 0.0347 Q.
Calculate the conductivity of this particular graphite, checking your result against Web#157.

158 Show that if several resistances are connected in series, the overall resistance is the simple sum of all the
individual resistors, but that if several capacitors are connected in series, the reciprocal of the overall capacitance
is the sum of the reciprocals of the individual capacitors. What are the corresponding rules for a parallel
connection? See Web#158.

139 James Watt, 1736 - 1819, Scottish engineer, after whom the unit (symbol W) is named.

1% The resistor in left-hand diagram of Figure 1-17 overleaf has a resistance of 425 Q and the voltage applied
is 1.15 V. Calculate the current through the resistor and the power dissipated by it, comparing your results with
Web#160. Also, select a voltage and a resistance, such that the current through the resistor is 13 milliamperes
and the power is 150 microwatts.
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Figure 1-17 Circuits to evaluate the effect of a voltage step on a resistor and a
capacitor in parallel (left) and series (right). In the parallel case, AE. and AE,
are identical; when the components are in series, the same current / flows
through R and C.

There are three voltmeters in the circuit and it is evident'®' that the sum of their readings
must be zero:

1:31 AE .. +AE; +AE. =0
The voltage across the resistor, and that across the capacitor, are calculable via Ohm’s law
and equation 1:18, respectively; and therefore

1:32 AE,  =—AE, —AE.=RI+2-r32,€
c 4 C

Definition 1:19 was used in the final step. Equation 1:32 is a first-order differential
equation that can be solved'® to give

C R
1:33 Q = C{l_exp{%}}AEsourcc _| l_,\/\/\/\_

191 because, after taking three steps around the circuit, you eventually return to your initial point.

12 Tt is easy to see how equation 1:32 follows from 1:33; less easy to derive 1:33 from 1:32. See Web#162 for
a discussion of Laplace transformation, (Pierre Simon de Laplace, 1747 - 1827, French mathematician) a
technique useful for solving such differential equations as 1:32.
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source

R

initial current = [, =

Figure 1-18 How the
current changes following
the imposition of a
constant voltage on a
series arrangement of a
--------------------------------------------- : = resistor and a capacitor.

0 RC

Differentiation with respect to time gives'®

1 ~t ¢ R
1:34 1= ECXP {E} AEsource _| l__/\/\/\/\_

which describes how the current falls off exponentially'® with time, as illustrated in Figure

1-18. Notice that the product RC is a time'®*; it is called the time constant or decay time
of the series circuit. Electrochemical cells have time constants, as we shall discover in
Chapter 13.

Connected circuit elements find use in electrochemistry. A frequently used model of
an electrochemical cell has one resistor R, in series with a parallel combination of a
capacitor C and a second resistor R,. In response to a voltage step, it allows the current

AE R —(R,+R
1:35 [ =Sl | 5 o (R +R)
RS+RP Rp RstC

to flow!'®.

Alternating Electricity: sine waves and square waves

Up to this point we have been discussing electric currents that do not change sign;
these are said to be direct currents or d.c. Of equal importance, however, is alternating

183 Demonstrate that, at sufficiently short times, the series arrangement behaves as a resistor whereas, at long
times, the behavior is as if the resistor were not present. See Web#163.

1% In formulating an exponential function, you may be used to the notation e *“ instead of exp{-#/RC}. The
latter style is used throughout this book.

195 Demonstrate that multiplying the farad and ohm units give the unit of time, the second. See Web#165.
1% Derive equation 1:35. Check at Web#166.
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current electricity or a.c.. The “alternating” designation indicates that the charge carriers
(electrons or ions) alternate in the direction in which they travel: they go backwards and
forwards.

The electricity that power utilities deliver to our homes and laboratories is described
either as “120 V a.c., 60 Hz” or “240 V a.c., 50 Hz”, depending on the country we inhabit.
The electrical potential of the “live” wire is more positive than ground (earth) for half the
time and more negative than ground for the other half. The cited voltage, 120 V or 240 V,
is the root-mean-square of the continuously changing voltage'®’, while the 60 or 50
designates the frequency w, which is the number of repetitions per second of the sinusoidal
voltage pattern. Frequency is expressed in the hertz'®® unit; one hertz equals a reciprocal
second, so a frequency of 50 Hz corresponds to a period P of 20 ms. Thus

.| 2nt .| 2mt
1:36 E(t)= \/EErms sin {%} = or (340V) sin {ln}
50
describes the electricity supply. Figure 1-19 illustrates these two alternating voltages.
| | | | |
4001 /v :
Figure 1-19
_________________________________________________________________ Waveforms of
200 P - the domestic

electricity
supply: the green
and violet curves

ms

0 - respectively
illustrate 120 V,
60 Hz and 240 V,
00l | 50 Hz supplies.
400 t/ms — _|
| | | | |
0 10 20 30 40 50

For scientific purposes, £, and P are less convenient than two alternative parameters:
the a.c. voltage amplitude |£]|, equal to the maximum voltage achieved by E(¢); and the
angular frequency w, equal to 21/P. When these parameters are adopted, the first equality
in equation 1:36 becomes replaced by the equivalent expression

167 The reason for choosing the root-mean-square as the voltage of record is that such an a.c. voltage generates
the same power (applied across a resistor, for example) as a d.c. voltage of the same magnitude.

18 Heinrich Rudolf Hertz,1857 - 1894, German physicist.
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1:37 E(r) = |E|sin{ot}

The a.c. electricity supplied by most American utilities, for example, has a nominal voltage
amplitude |E| of 170 V and an angular frequency ® of 376.99 rad s™'. To validate equation
1:37, the zero of time must be chosen to correspond to one of the instants at which the
electrical potential is zero and increasing, as in Figure 1-19. When other choices of =0
are made, the more general equation

1:38 E(1) =|E|sin{or +¢,} a.c. voltage

applies, in which @ is the phase angle of the a.c. voltage. Thus three parameters are
required to describe an arbitrary a.c. voltage: the amplitude |E|, the angular frequency w,
and the phase angle @,.

The imposition of an a.c. voltage of angular frequency w often causes an alternating
flow of electricity. This is described as an a.c. current'®’ and it generally has the same
frequency as the applied voltage and obeys the equation

1:39 1(2) =|I|sin{(x)t+(p1} a.c. current

which shows that an a.c. current possesses the same three attributes —amplitude, frequency
and phase — as an a.c. voltage. The relationship between /(¢) and E(¢) reflects the nature of
the load and incorporates two aspects: how |E| depends on |/|, and how the phase angles ¢,
and @, are related. The ratio |E|/|/| is called the impedance, Z, of the load'™ and is
measured in ohms. The difference @, - @ is the phase shift and is measured in radians or
degrees.

In Figure 1-20, the JT— symbol indicates a connection to ground (earth). This figure
is of a simple circuit, equipped with an a.c. voltmeter and a.c. ammeter, that can measure

a.c. voltage
source

)
i

Figure 1-20 An a.c.circuit
for measuring the impedance
of five alternative loads.

|

19 Literally, “a.c. current” (alternating current current) contains a redundancy. Nonetheless, this expression is
commonly used.

170 Alternatively, |I|/|E| is the admittance Y of the load, measured in siemens. Read more about impedances on
pages 305-322.
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1] and |E|, and hence the impedance Z of the load. Other devices'”', not shown, can also
measure the phase shift. The voltage applied to the load is that in equation 1:38. When the
load is a single resistor, the resulting current |/|sin{w¢ + @,} can be found directly from
Ohm’s law

) E@) |E| . E

1:40 I(t):T:%sm{oot+(pE} so that |I|:% and ¢, = ¢,

The impedance equals the resistance and there is no phase shift. When the load is a
capacitor, however, one has

4110 =500~ €4 ) =ClElocos or o, | = Clelosin{or g, + 5}

so that the impedance and phase shift are as listed in the second row of the table below.
This table also has entries'” for other loads of electrochemical interest'”.

Load Impedance Z Phase shift @, - @,
Resistor R R 0

Capacitor C l/wC /2

R and C in parallel R/ +o2R2C? arctan{wRC}

R and C in series J1+ o?R*CY /oC arccot{wRC}
Warburg element JR/owC =W/ \/6 /4

When some circuit elements, as well as electrochemical systems, are exposed to an
alternating voltage of angular frequency w, they generate not only a current of the
“fundamental frequency” w but also a.c. currents of frequencies 2w, 3w, etc. These are
called harmonics'”. A d.c. current may also be produced. A signal that contains harmonic
frequencies may be analyzed to find the amplitudes of its various components, and the
phase angles, too, should those be of interest, by the procedure of harmonic analysis or
Fourier transformation'”. The results of this exercise are often displayed graphically as
a Fourier spectrum'’®, such as the one displayed in Figure 1-21.

7! such as lock-in amplifiers, phase-sensitive detectors, and their digital counterparts.

172 Derive the entries for the parallel and series loads. Or see Web#172 for our derivations.

'73 See Web#173 and Chapter 15 for information on the Warburg element.

7% Musicians and some others refer to the harmonic of frequency 2w as the first harmonic; others, including
ourselves, call it the second harmonic. In our terminology, the first harmonic is the fundamental frequency, .
'75 Jean Baptiste Joseph Fourier, 1768 —1830, renowned French mathematician.

176 or as a power spectrum, as on page 325.
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Figure 1-21 A typical Fourier spectrum.
In this example, harmonics are present
at frequencies of 3w, Sw, 7w, -+, in
addition to the fundamental of frequency
w. Here, w =271/P.

il|llllilllfrequency
0 20 4o 60 8w 10w 12w

Alternating currents and voltages may have waveforms other than sinusoidal. One
waveform that finds use electrochemically is the square wave, shown in Figure 1-22 and
representable algebraically by'”’

1:42 E(r)= ()" E| square wave

Like many other waveforms, the square wave may be represented by the sum of a set of
sine waves. In the case of the square wave, the first few terms are

1:43 (—)Im‘z”” |E| = Msin {%} + @ sin {@} + @ sin {IOTM} e ij;j;e
e T e

In fact, the Fourier spectrum shown in Figure 1-21 is that of the square wave 1:43. Modern
electrochemical instrumentation applies waveforms as a discontinuous set of brief constant
segments, as illustrated in Figure 1-22, rather than continuously. Likewise, the current
response is measured stepwise.

P
|E| === mmmmmmem s
Figure 1-22 A square
: : : : .~ , Wave of amplitude |E],
PP 3PP 5p period P and frequency
27/P.
-lElF mmmmmmmm mmmmmee

7 Int{ } denotes the integer-value function. Int{y} means the largest integer that does not exceed y; thus
Int{8.76} = 8 and Int{-8.76} = -9.
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In electrochemistry, a number of investigative methods employ alternating currents
with waveforms that are either sinusoidal or square. These techniques are described in
Chapter 15. They include impedance measurements and provide information about the
physical and chemical processes that accompany electrode phenomena.

Summary

The presence of electric charges causes electric fields and therefore gradients of
electrical potential:

spherical symmetry: Q/(4ner?) ¥ {—dd) /dr

1:44 _
planar symmetry : q/e —d¢/dx

The imposition of an electric field on an insulator rearranges the charges within it, causing
a transitory passage of charge:

€A
1:45 -0 =CAE =—AE

L
In a conductor, the mobile charges, which may be electrons or ions, move in response to
a potential difference leading to a steady current:

1:46 —I=—"=—"AE

The conductivity of a conductor, electronic or ionic, reflects the charge numbers,
mobilities, and concentrations of all the charge carriers present:

i
1:47 —=x=F) zugc,
X Z

Interconnected resistors and capacitors can represent electrochemical cells, whereby the
cell’s behavior under d.c. or a.c. perturbation may sometimes be modeled.

A bewildering collection of terms has been introduced in this chapter. For review, they
are collected in the Glossary (page 365), with their symbols and units.

View supplementary web material at www.wiley.com/go/EST.
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In Chapter 1 we introduced those aspects of electricity that have close relevance to
electrochemistry. In the present chapter our subject is those fundamental aspects of
physical chemistry on which much of electrochemistry is based.

Chemical Reactions: changes in oxidation state

In this book we need not go deeply into the subject of valency — how atoms bond
together to form chemical compounds — but the term oxidation state (or oxidation
number””") is relevant both to chemistry and electrochemistry. As a working definition
applied to a metallic element, it refers to the number of positive charges on the bare ion, or
the number of chloride atoms bonded to each atom of the element in its chloride, or to twice
the number of oxygen atoms per atom of the element in its oxide. Thus, aluminum is in
oxidation state +3 in AI’*, in AICl,, and in ALLO;. Less obviously it is also in oxidation
state +3 in AIOOH and in AlF, . In fact, aluminum is rarely in an oxidation state other
than +3, except in its elemental form when its oxidation state is 0. Other metals, however,
wantonly adopt a variety of oxidation states; iron, for example, is found in states** 0, +2,
+3, and +4. In such cases it is common to add a roman numeral to specify the oxidation
state. Thus “copper(Il) sulfate” implies that the copper in this salt is in oxidation state +2.

The main focus of chemistry, and of electrochemistry, is on reactions, in which one
form of matter, the reactants or substrates, is converted into different substances, the
products. A stoichiometric equation®”, or chemical equation, of which

2:1 Hg,Cl,(s) + 2H,0(¢) + H,(g) - 2Hg(¢) + 2H,0" (aq) + 2C1 (aq)

21 A table of oxidation numbers will be found on page 386. Read more about oxidation numbers at Web#301.

292 In magnetite, Fe,O,, iron’s oxidation state is %;. Or one might prefer to say that this oxide is composed of
one-third Fe(Il) and two-thirds Fe(III).

2% Stoichiometry is the study of the relative amounts of reactants consumed and products created in a chemical
reaction. More on this topic on page 46.

Electrochemical Science and Technology: Fundamentals and Applications, First Edition. Keith B. Oldham, Jan C. Myland, Alan M. Bond.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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is an example®™, provides a shorthand way of representing a reaction®”’. A stoichiometric

equation must be “balanced”; that is, equal numbers of all atoms must appear on each side
of the — symbol. Moreover, the charge on each side must be equal.

Though many chemical reactions do not involve any change in oxidation state, many
others do. When one element undergoes a change in oxidation state during a chemical
reaction, another element necessarily changes its oxidation state too. In reaction 2:1, for
example, the elements mercury Hg and hydrogen H both change their oxidation states.
When, later in this book, we address electrochemical reactions, you will find that they
invariably involve changes in oxidation state, and that usually it is a single element that
changes its oxidation state.

Gibbs Energy: the property that drives chemical reactions

Energy can exist in many forms. All nonthermal forms of energy may be converted,
often rather easily, into an equivalent quantity of heat. If a reaction generates heat
2:2 Reactants — Products + heat
the reactants evidently contained more energy than do the products. Energy associated with
chemicals is called enthalpy H. The change in enthalpy*”® accompanying reaction 2:2, AH
oroducts ~ Hieactantss 15 N€gative.  Most, but not all, chemical reactions that proceed
spontaneously have negative AH values, and liberate heat.

That most chemical reactions liberate heat is a manifestation of a general law of nature:
processes that lead to a lowering of nonthermal energy are favored. Another rule is:
processes that lead to an increase in disorder are favored. The chemical property that
reflects the change in disorder accompanying a reaction is the entropy change AS.
Depending on the temperature 7, either the change in H or the change in S is the more
important influence on the reaction. The Gibbs energy””’ G takes both factors into account
appropriately by defining?®
2:3 AG =AH -TAS

Just as a boulder can tumble downhill but not uphill, chemical changes can occur if G
decreases, but not if it increases. G is the “chemical energy” that governs the feasibility of
chemical reactions. Physical chemists have accurately measured the standard Gibbs

294 Find the oxidation states of each element, in each compound, in reaction 2:1. See Web#204.

99 <

25 The parenthesized italic “(s)”, “(aq)”, “(g)”, etc. indicate the state (solid, in aqueous solution, gas, etc.). They
are informative, but optional, additions to a stoichiometric equation. Likewise, (¢), “(ads)”, “(fus)”, etc. imply
in the liquid state, the adsorbed state, the molten (or fused) state, etc.

206 The reaction must be conducted at, or corrected to, constant temperature and pressure. We assume constant
temperature and constant ambient pressure throughout this section, and indeed most of the book.

27 Josiah Willard Gibbs, 1839 -1903, U.S. physical chemist. G is also known as free energy.
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energy of very many chemicals and a list will be found on page 390; those of the six
substances in reaction 2:1 are tabulated as G° values below. To give this property its full
name and fully embellished symbol, the tabulated values are the molar Gibbs free energies
of formation at 25.00°C of each substance in its standard state, (AG; ),y ,s- The “of
formation” in this name means “during the process of formation from its elements in their
standard states”, which is why G° is zero for Hg and H,. Because the Gibbs energies of
individual ions cannot be measured, one ion — the hydronium ion H;O" — is chosen as a
standard and assigned the same G° value as water’™. From tabulated values of G°, one can
calculate the change in Gibbs energy accompanying any reaction’*?*, Thus, for reaction
2:1, the value calculated for the change in Gibbs energy is

2:4 AG® =2Gy, +2G° | +2G° ~G}y o —2Gh o —GS =517 kI mol”

cr Hg,Cly

No reaction that has a positive AG® will occur chemically under standard conditions.

Processes with negative AG®, such as reaction 2:1, are said to be feasible*'° and may occur.

Substance | State G° / kI mol!

Hg pure liquid mercury 0

H,0" hydronium ion, in aqueous solution at unit activity | -237.1

Cl chloride ion, in aqueous solution at unit activity -131.2

Hg,Cl, pure solid mercury(I) chloride -210.7

H,0 pure liquid water -237.1

H, hydrogen gas at standard pressure 0

Thermodynamicists use the term “standard state”. By this they mean not only that the
substance should be in the physical state usually encountered in the laboratory*'' — for
example H,O as liquid water, not ice — but also that it be in a prescribed condition
described as unit activity. Precisely what “activity” means is discussed in the following
section.

The statement that no reaction with a positive AG°® will occur chemically “under
standard conditions” means “with all of the reactants and products present in their standard
states”. Under those conditions and with AG° > 0, the reverse reaction will inevitably be

2% Earlier, H" was used as the symbol for what is now called the hydronium ion, and its standard Gibbs energy
was defined as zero.

2 What change in standard Gibbs energy accompanies the Hg,Cl, (s) — 2Hg(¢) + Cl,(g) reaction? See
Web#209.
219 or spontaneous or exergonic.

2! Standard laboratory conditions are a temperature of 298.15 K and an ambient pressure of 100.00 kPa. These
conditions will be assumed throughout this book, unless otherwise stated.
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feasible. Except for the unlikely event that AG® = 0, either the forward reaction or the
reverse reaction will always be feasible for any conceivable process. Of course, only to be
feasible is not a guarantee that the reaction will, in fact, occur. Moreover, even if a feasible
reaction does occur, it will often fail to go to completion; that is, it may cease before all the
reactant is consumed.

Associated with AG° is the equilibrium constant K for a reaction. A negative value
of AG® implies an equilibrium constant of greater than unity. In fact, the important
relationship

2:5 K =exp ~AG or AG° =—RTIn{K}
RT

212,213

provides a quantitative link between the two properties . Here R is the gas constant.

2:6 R=8.3145J K" mol™
Note that RT = 2.4790 kJ mol ' at the standard temperature 7° = 298.15K.

The statement above — that no reaction will occur unless AG®° < 0 — requires the
reactants and products to be in their standard states. For states other than standard, the
requirement is that AG < 0, the distinction between AG° and AG hinging on the activities
of the products and reactants, a subject addressed in the next section. A chemical reaction
ceases when the change in Gibbs energy becomes zero and equilibrium prevails.

2.7 AG=0 equilibrium
A caveat is that the process be purely chemical. If other kinds of work can be brought into
play to foster the reaction, then the requirement is that

2:8 AG-W<0 feasibility
whereas
2:9 AG =W equilibrium

Here W is the work?' performed by some external agency when the Reactants — Products
reaction takes place. By supplying external work, you can make that boulder travel uphill!
It is the facility to couple electrical work into a chemical reaction that makes
electrochemistry into a powerful synthetic tool, creating a possibility to drive reactions that
would otherwise be unfeasible. Examples of electrosynthesis, as the generation of
chemicals with electrochemical assistance is called, will be found in Chapter 4. Other
examples of external work being coupled to chemical processes include metabolically
powered physiological “pumps” (Chapter 9), photosynthesis, and some gravitationally
powered processes.

212 Calculate the equilibrium constant of reaction 2:1. Check your answer at Web#212.
213 The equilibrium constant of the reaction 2Ag,0(s) = 4Ag(s) + 0,(g) is 1.19x10™* at 25°C. Find G° for
silver oxide. Compare your answer with that at Web#213 or the tabulated value on page 391.

214 In contrast to the w encountered in Chapter 1, W is a molar work term, in joules per mole, J mol .
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Activity: restlessness in chemical species

The concept of activity is useful in chemistry and especially in electrochemistry.
Before encountering a definition of the term, it is valuable to acquire a qualitative
appreciation of what activity implies. In daily life, the terms “unsettled” and “restless” are
used to describe discontented persons who are eager to leave their present situation. When
a similar characteristic applies to a molecule or ion, we say the substance has a high
“activity”. A high activity may be manifested in several ways:

react more readily (it has a high Gibbs energy)
asubstance

, , react more rapidly (rates of reaction are faster)
with a high ; tends to

it transfer to another phase (e.g. by evaporating or dissolving)
activi
Y diffuse into a more dilute region

To pursue the anthropomorphic analogy further, substances with high activity have
unsociable or even suicidal tendencies. Low activity confers contentment.

Quantitatively, the activity ¢, measures the restlessness of a substance i in some
condition of interest compared with that in its standard state. Thus, being ratios, activities
have no units; they are positive numbers. Activities are affected by temperature and, to a
lesser extent, by the ambient pressure, but we shall not explore these dependences, because
they seldom have great importance in electrochemistry.

The activity a; of a gaseous species i depends on its partial pressure. As Figure 2-1
illustrates, the activity of a gas varies linearly with its partial pressure p; up to very high
pressures. The standard state of a gas occurs when it is at the standard pressure, 1 bar, so:

2:10 a =21 Where p° = 1.0000x10° Pa  wheniis a gas

the pascal (Pa) being the S/ unit in which pressure is measured. Under all conditions,
except extreme pressures, the activity of a gas may be accurately replaced by p,/p°.

Figure 2-1 Up to very
high pressures, the activity
of a gas is proportional to
its partial pressure.

| :estandard state

i
o Di
p
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Figure 2-2 The activity
of a solute behaving
ideally would equal ¢/c°
at all concentrations.
lonic solutes depart from
ideality much sooner
than do nonionic solutes.

| : standard state

The story for solutes is rather similar. The graphs in Figure 2-2 show how the
activities of solutes depend on their concentration. For nonionic solutes, the linearity of
the graph extends almost to the standard condition which, for solutes, is chosen as one mole
per liter, so that, except for the most concentrated solutions, the approximation

2:11 a ~—~ where ¢® = 1.0000x10°> mol m™ when 1 is an nonionic solute

is adequate for most purposes. When the solute is an ion, however, linearity ceases well
before the standard condition, as Figure 2-2 demonstrates, so that a relationship like 2:11
serves only as a very crude description of behavior. Instead, an empirical factor called an
activity coefficient, with the symbol y, is introduced; it is not a constant, itself depending

on concentration"
C. _ .. . e

2:12 g :y‘—o‘ where ¢ = 1.0000x10° mol m™ when i is an ionic solute
c

As you may have guessed, the reason that dissolved ions behave differently from dissolved
molecules is because of their electric charges; we shall say more about ionic activity
coefficients on pages 41-45.

The activities of liquids and solids cannot be changed in any way comparable to the
variability that partial pressure or concentration gives to the activities of gases or solutes.
These condensed phases have an invariant activity that, by convention, is unity:

2:13 a =1 when 1 is a pure liquid or solid
Of course, if the purity of the substance is seriously impaired, its activity will be affected;

copper has a lower-than-unity activity in brass or bronze alloys. If two or more not very
dissimilar substances compose a solid or liquid solution, then the activity of each

213 not only on its own concentration, but on those of all ions present. Read about ionic strength on page 41.
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component will be close to its mole fraction*'® x;.
2:14 a, = X, when i is a component of a solid or liquid solution

As would be expected, the activity of water is generally somewhat lower than unity*'” when
it serves as a solvent. A relation analogous to 2:14 occurs in films that are one molecule
thick. If the fraction (by area) occupied by a particular component of that film is 0,, then
2:15 a, =0,

! when 1 is a component of a unimolecular film

What about the activity of electrons? This takes us outside the realm of traditional
thermodynamics, but there are good reasons for ascribing an activity of

—F(b—0d°
2:16 a_ =exp —F-¢") for an electron
¢ RT

to an electron at a point where the electrical potential is ¢. We learned in Chapter 1 that
only differences in potential can be measured and only then between two phases of the
same (or very similar) compositions. Let I and II signify two such similar phases within

which electrons exist, then the electron activities in the two phases are in the ratio
I

a. —-FAE
2:17 : zexp{ } AE =¢" —¢'

a RT

where AF is the measurable voltage between phases I and L.
As we saw on page 33, activity influences the behavior of species in several realms of
chemistry and physics. Its effect on Gibbs energy is through the relationship

2:18 G.=G®+ RTIn{a}

G

standard state

Figure 2-3 The Gibbs
(€] STEE : energy of a substance

5 varies logarithmically
with its activity, equaling
its standard value G° at
unit activity.

RT°=2.4790 kJ mol ™'

216 The mole fraction, x;, of a component in a solution is the ratio of the number of moles of that component
to the total number of moles of all components in the solution.

*'7 though sometimes larger; for example a,, , = 1.004 in a 2.0 mol L™ aqueous solution of KCI.
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The logarithmic increase in the Gibbs energy of substance i with its activity*'® is illustrated

in Figure 2-3. The first right-hand term in equation 2:18 usually*"® dominates the free
energy of a substance at normal temperatures.

Recall that AG® is the Gibbs energy change accompanying a reaction when all
reactants and products are in their standard states. In other circumstances, when activities
are not all equal to unity, we use the unsuperscripted symbol AG to denote the Gibbs
energy change for a reaction. Turning to reaction 2:1 as an example of the way in which
the activities of the reactants and products influence the Gibbs energy change, one finds

AG =AG’ +2RT In{ay,} +2RT In{a, .} +2RTIn{a, } - RT In{a,, . }
2:19 al.a’ .a’.
~2RTIn{a, o}~ RTIn{a, } = AG® + RTIn{—= 10
i Ayg,c1, 9,09,
Notice how the stoichiometric coefficients from the reaction’s equation have appeared as
powers in the argument of the logarithm, with the products in the numerator and the
reactants in the denominator. The activities of the condensed phases (solids and liquids)
can be omitted, because they are unity, and the other three activities may be replaced by

recourse to equations 2:10 and 2:12, so that***
a2 a2 poyZ y2 CZ C2
2:20 AG=AG® +RTIn{ > =AG® +RT In{— 2= T
ay, Py, (€°)

As the reaction proceeds, the concentrations of the hydronium H;O" and chloride CI°
ions will steadily increase and the partial pressure of hydrogen H, may**' decrease. These
activity changes cause the RT In{ } term to increase steadily in magnitude, making AG
steadily less negative. Eventually the reaction will cease, either because AG reaches zero
or because the Hg,Cl, reactant becomes exhausted. In the first eventuality, but not the
second, we say the reaction has reached equilibrium.

At equilibrium, AG = 0 and therefore

a a RT

H,

2 2 2 2
a .a_ a .a _ o
291 AG® = —RTIn| S0 or | fmoder :exp{ AG}

equil equil

218 At25°C, what is the Gibbs energy of oxygen gas O,(g) when its partial pressure is 20.9 kPa (as in air) or 300
bar (as in a gas cylinder)? See Web#218.

219 Except, of course, for elements, for which the first right-hand term is zero by convention.

220 The p° and ¢° terms are frequently omitted from equations such as this, on the understanding that pressures
and concentrations are the unit-less values of these properties measured in bars and moles per liter respectively.
Such concentration values are sometimes represented by the formula of the solute in brackets, as in [C] ].

221 Most likely, the reaction would be carried out by bubbling hydrogen through a suspension of mercury(I)
chloride in water, in which case the hydrogen activity would soon remain constant.
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the subscript “equil” serving as a reminder that this is the value of the activity grouping
only at equilibrium. Note an important and valuable feature of equations 2:21: one side of
the relationship relates to standard conditions, the other to equilibrium conditions. On
comparing this result with equation 2:5, we find

ay

— 5 =K law of chemical equilibrium

H,0" "I

2:22
equil

which is an example of the usual formulation of the law of chemical equilibrium.
In addition to affecting the Gibbs energy change in reactions, activities also govern the
AG accompanying the transfer of a substance from one phase to another, as in Figure 2-4.
Imagine that such a small amount of a nonionic substance transfers from phase L to
that no significant change occurs in the composition of either phase. Then the Gibbs
energy change is

a.

1

R
2:23 AG =RTIn {a—‘L} for 1 neutral

However, if the transferred species is ionic, we may think of the transfer taking place in two
steps, via the intermediate reservoir labeled I in Figure 2-4. This has the same electrical
potential as Reservoir L but the same composition as Reservoir R. Thus the first half of the
journey, L — I, encounters no electrical discontinuity and the change in Gibbs energy is
as in equation 2:23. The remainder of the journey, I — R involves no chemical
discontinuity and is assumed to leave the potentials of phases I and R unchanged. The
second half of the journey requires electrical work to be performed of a magnitude that
equation 1:8 shows to be Q,($? - ¢") for an individual ion or zF(P® - ¢") on a molar basis.
Accordingly, the total Gibbs energy change is

R
a

L
L
da.

1

1
224 AG=AG"7"'+AGTF = RTln{ “; }+ziF(¢R -9 = RTln{ }+ziF(¢R —¢")
e

The equations refer to the transfer of one mole of i but, of course, much smaller transfers
would be demanded to satisfy the stipulation of unchanged composition and (especially)
potential.

If phases R and L are at equilibrium with respect to species i, there is no change in
Gibbs energy accompanying the transfer and equation 2:24, which of course incorporates

Figure 2-4 The transfer of an
uncharged substance i, between

m Reservoirs L and R, can be

made directly but, for a charged

. l:> species, it is convenient to

imagine travel through an
intermediate Reservoir 1.
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2:23, may be rearranged to

R zF x| 1 zF |

2:25 a, exp{RT(I) }—ai exp{RT(I) }

which identifies a condition of transfer equilibrium for charged (or uncharged) species.
Clearly the concept may be extended to multiple phases or to a continuum. If a gradient
of potential (an electric field) exists in a fluid at equilibrium, ions i will distribute
themselves so that a, exp{z,/'¢/RT}, which is known as the electrochemical activity, is
the same at all points. Equation 2:25 finds application in the theories of Gouy-Chapman
(pages 262-264) and of Debye-Hiickel (pages 41-45). This equilibrium is one example
of the Boltzmann’s distribution law**?, which in a more general form asserts that, at
equilibrium, the concentrations at two sites are related by**

L i
C.

1

R
. -N
2:26 S exp{ R]jj w.L_’R} Boltzmann’s law

where w' " is the work needed to move a particle of i from L to R.

Ionic Solutions: the behavior of dissolved ions

Studies of solutions of inorganic chemicals in water have provided most of our
knowledge of the behavior of ions. Even though electrochemists now use many others,
water remains the most important solvent’** and aqueous solutions of ions are the
traditional, and best understood, examples of ionic conductors. Accordingly, it is agueous
solutions that are mostly discussed in this section.

A word about concentration. The S/ unit of concentration is mol m >, but chemists
prefer to use moles per liter (mol L"), which is spoken of as molar and abbreviated M. As
we have seen, the thermodynamic standard concentration ¢° is one molar. For
compatibility, this book often cites millimolar (mM) concentrations, this being equal to the
ST unit.

A valid, but nonthermodynamic, interpretation of equilibrium is that the forward and
reverse reactions are proceeding at equal rates. This idea is conveyed by the reversed
arrows that chemists use to indicate the existence of equilibrium. For example, the
equilibrium that exists in water between molecular water and its ions is described by the

225

22 Ludwig Eduard Boltzmann, 1844 -1906, Austrian physicist. His law also governs the effect of altitude on
atmospheric pressure. How much work must be expended at 25°C in carrying a nitrogen molecule to the top
of a mountain (partial pressure 57 kPa), from sea level (partial pressure 79 kPa)? See Web#222.

2 The law is usually written with R/N, replaced by k, Boltzmann’s constant.

224 In fact, until the seminal work of Wazonek, Blaha, Berkey, and Runner (J. Electrochem. Soc. 102, 1955,
235), the electrochemical solvent used almost exclusively was water.

2 Another unit favored by physical chemists is molality; the molar amount of solute per kilogram of solvent.
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stoichiometric equation®*
2:27 2H,0(¢) & H,0" (agq) + OH (aq)

Note that, at equilibrium, the concepts of reactant and product are meaningless and we
could equally write the equation the other way round*’ . Equilibrium 2:27 is addressed by
the law of chemical equilibrium in the form

a. .a
H;0" "OH~ . .

2:28 K=|——7F— equilibrium constant

ay,0

2 equil

The value of K can be calculated from G° data for the 2H,0(¢) — H,0" (aq) + OH (aq)
reaction’® and is
c

V.0t You Cu. o+ Con- s
2:29 1.005 % 10*14 =K=ua a = H;0" ' OH™ "H;0" OH ionic
fhomor (c°) product

The equilibrium constant for this reaction is so important that it has been given the special
symbol K, and the name ionic product for water*”’. In formulating equation 2:29, we
have dropped the “equil” subscript®’, and taken the activity of water to be unity, which is
valid for dilute aqueous solutions. If the water is free of other ions, then electroneutrality
requires that ¢y o+ = coy-. Moreover, activity coefficients can be treated as unity at the low
concentrations involved, so that taking the square-root of equation 2:29 gives

2:30 Cor = Con =C°JK, =1.003x10"mM  in pure water

H,0"
In aqueous solution, the activities (and, approximately, the concentrations) of the H;O" and
OH' ions are in inverse relationship to each other, as illustrated in Figure 2-5 overleaf.
Water is by far the most common solvent and the activity of the hydronium ion is
important in determining the properties of aqueous solutions. The usual way of reporting
this property is through the pH, defined®' by

2:31 pH=-log,, {aH o } definition of pH

?26 This equilibrium is often written H,0(¢) = H" (ag) + OH™ (aq) but, because a naked proton cannot exist

21 however,

inaqueous solution, we prefer the representation in 2:27. There is evidence from the work of Eigen
that the formula H,O} (ag) might be more appropriate than H;0"(aq).

227 whereupon the equilibrium constant would become the reciprocal of that given in 2:28 and 2:29. The
standard change in Gibbs energy would become the negative of that reported in the following footnote.

228 From the data on page 391 show that AG® = 79.9 kJ mol '. Then, go on to calculate the K value given in
equation 2:29, as in Web#228.

229 Other solvents have ionic products; for sulfuric acid it is 4.7 x 1073, for dimethyl sulfoxide 5.0 x 1073, The
ions involved, in each case, result from autoprotolysis, the transfer of a proton from one solvent molecule to
another. When its ionic product is very large, a solvent is classed as an ionic liquid (page 9).

230 These reactions are so fast that equilibrium is almost always established.

*! The problematic definition of pH as —log,, {c, .} or —log,,{c,. } may be encountered.

H;0"
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a;
1031 acidic basic
1051 Figure 2-5 In water, the
activities of the hydronium
and hydroxide ions are
107 interrelated by a,, ,.a,, = K.
The pH is defined as
109 F —log,, Ao -
10— 1]
\ |
I i3> PH

pH values of less than 7 have a preponderance of hydronium ions over hydroxide ions and
are said to be acidic. When pH values exceed 7, Co- > €0 and the solution is basic
or alkaline. Only when the pH is very close to 7 is the solution neutral. Following the
groundbreaking concepts of Arrhenius**, solutes that increase the hydronium ion content,
and thereby decrease the pH, of water are said to be acids. Carbon dioxide is a case in
point; it sets up the equilibrium?®*?

2:32 CO,(g)+2H,0(/)2 H,0"(ag) + HCO;(aq)

The equilibrium constant for this process*** is known as the acidity constant of carbon
dioxide**. Conversely, a species such as sodium oxide that increases the pH of water is a
base. It reacts with water completely**®

2:33 Na,O(s) + H,0(¢) - 2Na* (aq) + 20H (aq)

to produce two hydroxide ions for each sodium oxide molecule.

22 Svante August Arrhenius, 1859 -1926, Swedish chemist and 1903 Nobel laureate. To Arrhenius we owe
present-day concepts ofions, and the Arrhenius equation, describing how rate constants depend on temperature
via the factor exp{-AG*RT } where AG* is the Gibbs energy of activation.

233 Equation 2:32 is a simplification of what actually occurs. The species CO,(aq), H,CO4(ag) and CO: (aq)
are involved in the full story.

24 Its value is 4.7 x 1077, Calculate the approximate pH of “soda water” (H,O in equilibrium with CO, at one
bar partial pressure). See Web#234.

35 Weak bases similarly have basicity constants. For example, ammonia NH; has a basicity constant defined
by Ay By /@y, olyy,,- How is the acidity constant of the ammonium ion, NH; related to this basicity
constant? See Web#235.

36 How is the pH of one liter of water affected when one gram of sodium oxide, Na,O, dissolves? See

Web#236.
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Electrolytes are compounds that dissolve (usually in water) to produce ions*’. The
adjectives weak and strong are applied according to whether the electrolyte does, or does
not, establish an equilibrium: carbon dioxide is a weak acid; sodium oxide is a strong base.
There are numerous exceptions, but generally inorganic electrolytes are strong, whereas
organic electrolytes are weak. When an electrolyte is only partially soluble, as is lead
sulfate in water, an equilibrium is established between the solid and the ions it forms, as
in

2:34 PbSO, (s) 2Pb**(aq)+SO; (aq)
The equilibrium constant that describes this equilibrium

a a

Pb2+

2
Apyso, (c”)

t238.

& C
Nou yPbZ*ysoi' Pb*" 7SO

2:35 K=

solubility product

is given the special name solubility produc

The properties of the solvent are profoundly affected by the presence of solutes, and
particularly ionic solutes. The molecules of dipolar solvents, such as water (page 2) cluster
around dissolved ions, becoming oriented so that the end of opposite charge is closest to
the ion. The phenomenon is known as solvation, or specifically hydration if the solvent
is water. For example, four water molecules cluster around a dissolved copper(1l) ion; they
are bound so strongly that [Cu(H,0),]*'(aq) is perhaps a more appropriate formula than
Cu*'(aq) for the dissolved ion.

Tonic Activity Coefficients: the Debye-Hiickel model

The approximation a = ¢/c° is usually acceptable for nonionic solutes, but for ions only
at unusually low concentrations. The distinction in behavior between ions and nonions is
easy to understand: nonionic solutes encounter each other only when they happen to
collide, but ions feel coulombic forces even from their remote neighbors. Any one ion
experiences the forces from all the ions present, those from multiply charged ions being

particularly strong. Accordingly it is the ionic strength®*’, defined by
definition of

2:36 =13";2.

h=s Z s ionic strength

that affects the activities of individual ions. For example, in a solution prepared by

37 In the context of electrochemical cells (Chapter 3), “electrolyte” has another meaning.
% and sometimes the special symbol K,,. Though tabulations of solubility product values are usually given
without units, they are often based on concentrations, not activities.

29 The concentrations of the major ions in ocean water are: ClI" 554.1 mM, Na* 469.7 mM, Mg?* 47.0 mM,
SO 15.3 mM, K* 9.9 mM, Ca*" 9.5 mM, and the ion pair NaSO, 6.1 mM. Calculate the ionic strength of
seawater. See Web#239. This Web also discusses ion association generally.
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dissolving 0.174 grams (one millimole) of K,SO, in water to make one liter of solution,
there will be the ionic** concentrations: ¢,.=2.00 mM and cy,;-=1.00 mM, whence the
ionic strength is easily calculated as | = [(+ 1)20K+ +(=2)° Coor 1/2 =3.00 mM . Theionic
strength is one component of an important parameter that occurs repeatedly in the theory
of ionic solutions. This is known as the Debye length?*' and is defined by**

RT 9.622
2:37 = B =~

2F JwmM
For the aqueous potassium sulfate solution just discussed, the Debye length is 5.56 nm, a
small distance, but considerably larger than most ionic sizes.

A famous model, devised in 1923 by two European collaborators, is designed to
explain how the electrical interactions between ions lead to their less-than-unity activity
coefficients. In their treatment, Debye and Hiickel*** considered a solution containing any
number of ions of various species, but focused on one ion only: the central ion, as
illustrated in Figure 2-6. All others are not treated as individuals, but as contributors to a
cloud-like ionic atmosphere surrounding the central ion. If the central ion is a cation,
coulombic forces cause the spherically symmetrical cloud to be more heavily populated by
anions than cations. The presence of this negatively charged cloud makes the central cation
more stable and therefore less active than it otherwise would be.

The mathematics of the Debye-Hiickel theory is quite elaborate and is given in detail
elsewhere®. Here we shall merely sketch the salient steps in the treatment and cite the
results. The solution is at equilibrium and therefore the Boltzmann distribution formula
(page 38) holds for each species of ion

at 25°C Debye length

Figure 2-6 The ionic
atmosphere is pictured
as a cloud of electricity,
of sign opposite to that
of the .

0 Like most salts, potassium sulfate is a strong electrolyte, fully ionized both in the solid state and in solution.
24! Peter Joseph Wilhelm Debye, 1884 - 1966, Dutch physicist and 1936 Nobel laureate.

2 Verify that the units of B are those of length and confirm the value of p* given in equation 2:37. See
Web#242.

3 Erich Armand Joseph Hiickel, 1896 - 1980, German physicist, also known for his molecular orbital work.
24 A full treatment will be found in Web#244.
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an r-independent

—z,F _
2:38 ai(r) CXp{ RT (I)(I’)} - constant for each i

where ¢(7) is the local electrical potential. By making plausible approximations, and
recognizing that the charge density at any distance » from the central ion is caused by a
cation/anion disparity, so that

2:39 p(r)= FZ z.c,(r) local charge density

Debye and Hiickel established the result
—p(r) _ $(r)— () _ A(r)
€ p’ p’
This linear relationship between charge density and potential, coupled with the requirement
that the overall charge in the ionic atmosphere must balance the charge QO on the central ion,

2:40

0

2:41 O+ 4nIr2p(r) dr=0 charge balance
0
is all that is needed to solve Poisson’s law, equation 1:15. The solution is
0 —r
2:42 AQ(r) = expy—
$r) 4mer P B

Without the ionic cloud, the potential would have been A¢,,.,(7)=Q/(4ner) and so the
potential §,.q(7) due to the cloud is the difference A¢(r)—Ad,,..(7). Therefore, at the
site of the central ion, the potential caused by the ionic cloud is found to be

| o ([ )] —e
243 ¢cloud(0)_11£1(}|:4n8r[exp{ B} lj:l 4mep

Next, there is a need to assess the stabilization energy that the central ion possesses by
virtue of'its ionic atmosphere. The calculation of this quantity resembles finding the energy
stored by a capacitor, which is one-half of the product of the charge stored and the potential
across the plates, being 0*/(8mef) in the case of the ionic atmosphere. This energy
stabilizes the central ion and represents external work /¥ that must be supplied to overcome
the presence of the ionic atmosphere. As on page 32, external work subtracts from AG and
hence modifies the activity. The resultant effect emerges as the activity coefficient

2:44 Y, = exp{—zfd u/uDH} where pp, =27V, )’ (2RT8/F2)3

Kpy is @ constant that equals 727 mM for aqueous® solutions at 25°C. For example,
equation 2:44 predicts that, in our exemplary potassium sulfate solution, y . =0.938 and
Yoo =0.773.

245 Recalculate B and W, for acetonitrile, CH;CN, at 0.00°C. Compare with Web#245.
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Electroneutrality demands that anions always accompany cations, so we have no way
of measuring the properties of individual ions. Instead, for an electrolyte solution
composed of one anionic and one cationic species, we define a mean ionic activity by

5 1Nz, —z_)
ar .
2:45 a, :( — j mean activity
a

-
Here z, and z_ are the charge numbers of the cation and anion, the latter being negative. For
our potassium sulfate solution, the relation is a, = (a,. )? /3(asoz_ ). Likewise, the mean
ionic activity coefficient is a composite defined in a similar way and therefore
0 limiting Debye-
2:46 = ex {z&w/ / } “ =727 mM at 25°C
Vs p W/ Hpy by Hiickel law

generally, according to the simple Debye-Hiickel model. The prediction for our millimolar
potassium sulfate solution example is y. = 0.879. Notice that .y, is the ionic strength at
which an aqueous solution of a z,.z_ = -1 strong electrolyte (such as NaCl) is predicted by
equation 2:46 to have a mean ionic activity coefficient of 1/e or 0.368. These vy, values
may be measured by electrochemical and other**® methods and have been tabulated*’. For
our millimolar K,SO, case, the measured value of 0.885 is not too far removed from the
0.879 prediction, but at higher ionic strengths the divergence worsens. Examples of
experimental data for potassium fluoride KF and calcium chloride CaCl, are graphed as
green and violet points respectively in Figure 2-7 and compared with the prediction of
equation 2:46, illustrated in red. Evidently the theory becomes increasingly unsuccessful
as J increases. Nevertheless it does hold in the limit of sufficiently low ionic strengths and,
for this reason, equation 2:46 (or 2:44) is often known as the Debye-Hiickel limiting law.

Itis easy to level criticisms against the Debye-Hiickel model and there have been many
attempts to improve it, or to adjust the limiting law empirically. One obvious flaw in the
model is that ions are accorded no size. It is unreasonable to have the ion cloud extending
to » = 0. When an inner limit of 7 = R, is placed on the ion cloud, as in Figure 2-8, the
treatment*** yields the Debye-Hiickel extended law

Z,2 | B/ Ppy w707 mM, B = 9.62nm  cxtended

1+(R./B) o \ wmM D-H law

The difficulty with the extended law is in assigning a value to R.. Should this be the radius
of the central ion? The mean of the radii of the cation and anion? With or without an
adjustment for solvation? In practice, R, is often regarded as an adjustable parameter,

2:47 Y, =exp

24 The concentrations of its ions in a saturated solution of lead sulfate, PbSO,, are 0.14 mM. Assuming the
Debye-Hiickel limiting law, calculate the mean ionic activity coefficient. Also calculate the solubility product
of lead sulfate and hence find the change in standard Gibbs energy that accompanies the reaction
PbSO,(s) = Pb** (aq) + SO: (ag) . Does the table on page 391 confirm this? See Web#246.

#7 notably by Petr Vanysek, in Handbook of Chemistry and Physics, CRC Press, annual edns.
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Figure 2-7 The Debye-Hiickel model in its limiting version predicts that the
mean ionic activity coefficients of salts depend on (z,z_)*u according to the red
line. The points show experimental data for potassium fluoride and calcium
chloride solutions. The predictions of the extended law for z,z. = -1 cases are
shown in green and those for z,z. = -2 are in violet.

chosen to fit experimental data. Often a value close to 0.39 nm, about the diameter of a
water molecule?®®, is used for aqueous solutions of simple electrolytes. This was the choice
used in calculating the green and violet lines in Figure 2-7. As the figure illustrates, the
extended law provides a distinct improvement over the limiting law. At the highest ionic
strengths, the mean ionic activity coefficients of individual electrolytes behave
idiosyncratically, often increasing above unity.

Figure 2-8 In the extended
version of the Debye-Hiickel
model the ion cloud extends
inwards only as far as a
sphere of radius R..

248 The calculation of this diameter will be found at Web#248.
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Chemical Kinetics: rates and mechanisms of reactions

The study of a chemical reaction can be considered as a search for answers to four
questions: What reaction occurs? Why does it occur? How fast does it occur? How does
it occur? Stoichiometry is concerned with answering the first question, chemical
thermodynamics with the second. Study of the rates of reactions, chemical kinetics,
addresses the third question and also is the tool mainly used to answer the fourth.

The stoichiometric equation

2:48 VAA+v B+ > v, Z+v, Y +---

describes a chemical reaction*” in which A, B, ... are the reactants and Z, Y, ... are the
products, each v being the appropriate stoichiometric coefficient™’. “Balancing” a
chemical equation assigns these v coefficients to ensure that equal numbers of all atoms
occur on each side of the — symbol, as well as equal charges. The amounts of the species
consumed and created are interrelated by

5.49 —An, —Ang An, An, amounts destroyed
' vy Vg v, Vy or created

where An,, Ang, An,, ... are changes in the amounts (moles) of A, B, Z, ... during some
interval of time. In an infinitesimal length of time, we have

. Sldn, _-ldn, __1dn 1 dn
' v, dt v, df v, dt v, dt

This equation, based on purely stoichiometric principles, provides the basis for the
definition of reaction rate.

Before leaving the topic of stoichiometry note that, although we usually think of
stoichiometric coefficients as being positive integers, equations 2:49 and 2:50 remain valid
if species are transferred, in whole or in part, from one side of the chemical equation to the
other, provided that a change of sign accompanies the transfer. For example, recognize that
the reactions described by the equations

2:51 2A+B—>Z+Y and 2A+iB-Z—>Y-4iB

are stoichiometrically equivalent in that both correspond to the requirement that —3 An, =
—Ang = An, = Any and are therefore “balanced” correctly. Later in this section, we shall
make use of such transfers as a means of enriching stoichiometric equations so that they
also convey kinetic information.

Chemical reaction may occur in spaces having one, two or three spatial dimensions.
One-dimensional reactions occur on a line, a three-phase junction, but such reactions are

9 The stoichiometric equation of an electrochemical reaction, many of which will be encountered in future
chapters, differs from a chemical equation only in including electrons on one side of the equation or the other.

2% Some authorities define the stoichiometric coefficients of reactants as negative numbers; we do not.
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among the least studied, and least understood, chemical processes. Two-dimensional
reactions, of which reaction 2:1 is an example, occur on surfaces or phase boundaries and
are referred to as heterogeneous reactions. The reactions leading to equilibrium 2:27
provide examples of a chemical reaction taking place in three spatial dimensions, a class
to which the name homogeneous reaction is applied. This latter class is the simplest and
the one on which, historically, the study of chemical kinetics has been based.

If reaction 2:48 is homogeneous, it will be occurring uniformly in some space of
volume V. Then, any of the terms in equation 2:50, divided by V, defines the reaction rate
v, which implies

-1de¢, -ldg, ~lde, 1dey definition of

v, dt vy dt v, dt v, dt reaction rate

Rates of homogeneous reactions thus have S/ units of mol m>s™".
As noted on page 33, reaction rates respond to the activities of the reactants. As an
example, one reaction and the corresponding rate law are®’

2:53 2H,0(¢) > H,0"(ag) +OH (aq) ~ =ka , =k

Here, the proportionality constant k is an activity-based rate constant. In this case, the
reactant activity in unchangeable, so the reaction rate is a constant. The rate of the
backward reaction

2:54 2H,0(/) < H,0"(aq)+OH (aq)  ©=ka

H,0" Aop-
is proportional to the product of the activities of the reacting ions, through a second rate
constant k. Because activities are pure numbers, all activity-based rate constants for
homogeneous reactions take the S/ unit mol m> s™'. When the reaction is at equilibrium,
the forward and backward rates are equal
2:55 2H,0(¢) 22 H,0" (aq) + OH (aq) =10
and it therefore follows that the ratio of the rate constants is equal to an activity quotient.
This ratio, by the law of chemical equilibrium (see equation 2:28), is the equilibrium
constant for the reaction

a. _.a_ .
=| 22 % | =K  equilibrium

2
4,0

2:56

] =

equil

in this case, the ionic product of water. This is a remarkable relationship in that it links two

major branches of physical chemistry: chemical thermodynamics and chemical kinetics.
The proton-exchange reactions 2:53 and 2:54 are particularly simple because the entire

reaction appears to occur in a single step; generally several steps are required. The

21 Manfred Eigen (German physical chemist, 1967 Nobel laureate for his work on fast reactions) reported the
rate constant values 0f2.5x105s " and 1.1x10" L mol ' s™! for reactions 2:53 and 2:54 respectively. Are these
values consistent with the known ionic product of water? See Web #251.
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mechanism of a chemical reaction is an inventory of the elementary steps by which the
reaction is believed to proceed. Rarely is it necessary to invoke more than two types of
elementary step”. A bimolecular step, of which reaction 2:54 is an example, requires an
interaction between two particles** and has the following model equation and rate law:

2:57 A +B—%— product(s) v, =ka,a, Step (1)
and therefore two activities are pertinent. A unimolecular step
2:58 C—% 5 product(s) v, = k,a, Step (2)

involves a single particle (atom, molecule or ion). The number of activity terms entering
the rate law is called the reaction’s order; reaction 2:57 is of order two, reaction 2:58 of
order one. The possibility of the step, say Step (3), proceeding in both directions
simultaneously must usually be countenanced, as in

2:59 A+B#>Z v, =0, -0, =ka,a, —k_a, Step (3)

the rate law of which represents the net effect of a bimolecular forward component and a
unimolecular backward component. Mechanisms are, by their nature, putative, but an
acceptable mechanism must correctly predict the stoichiometric, kinetic, and equilibrium
properties of the overall reaction:
_ ) (i) satisfy the stoichiometry
a satisfactory mechanism - . )
2:60 (i1) predict the experimental rate law

must meet three criteria . _ o
(ii1) be compatible with the equilibrium law

Multistep mechanisms generally involve one crucial step, known as the rate-determining
step. This is the “slow” step”* of the mechanism, other steps being rapid in comparison.
Rapid bidirectional steps are effectively at equilibrium. Thus if 2:59 is rapid, its effect is
to make the two terms k;a,a, and k ,a, large in comparison to their difference, so that
kia,a, = k_ja, andtherefore a, /a,a, = k;,/ k_; = K;, the equilibrium constant of Step (3).

The following is one example®’ of a reaction with a stoichiometry that is far too
complicated for the reaction to occur in a single step

2Br (aq)+H,0,(aq)+2H,0" = Br,(aq) + 4HZO(€)

2:61 v = /;Cl a a T aB@
- —YH,0,%q.0t
Br 20, "H,0 a, aHs()‘

2 The reaction 2NO(g) + Cl,(g) = 2NOCI(g) could be explained by a termolecular step. Suggest an
alternative mechanism that does not involve the simultaneous collision of three molecules? See Web#252.

25 The particles may be the same A + A—— product(s) v, =ka,
%% Tt is common practice to refer to the rate-determining step as the “slow step”, though the various steps in a
mechanism usually proceed at the same speed, just as do ships in convoy.

25 A second may be found at Web#255.
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The arrows of unequal length signify that both the forward and backward reactions occur,
but at unequal rates. The experimental rate law?* of reaction 2:61, also bespeaks
mechanistic complexity. A four-step mechanism proposed for this reaction is

Br (aq)+H,0" (aq) :<—>; HBr(aq)+H,0(?) Step (1), rapid

HBr(aq)+H,0,(aq) :<:>2 HOBr(ag)+H,0(¢) Step (Q), rate-determining
2:62 E
Br (aq)+HOBr(aq) :<—>;Br2 (aq)+OH (aq) Step (3), rapid

H,0" (ag) + OH (aq)kk(:wHZO(z) Step (4), rapid

Note our use of the circumflex, as in (ﬁ), to indicate the rate-determining step. Species such
as HBr and HOBr that appear in the mechanism, but not in the overall reaction, are known
as intermediates. Inasmuch as adding the four mechanistic steps in 2:62 yields equation
2:601, the first of the three criteria listed above in 2:60 is satisfied by this mechanism. That
criteria (ii) and (iii) are also met is less obvious, though it is true*”’. Accordingly 2:62 may
be the correct mechanism.

There is a concise method of predicting the kinetic consequences of a mechanism. The
method involves creating a so-called “stoichiokinetic equation” by implementing the
following rules. Mechanism 2:62 is used to illustrate the rules.

(a) Write the equations of all the steps that precede the rate-determining step by
transferring all species from the right- to the left-hand side, introducing negative signs on
transfer, and writing the reaction as an equilibrium. In the mechanistic example 2:62, only
Step (1) precedes the rate determining step and it becomes

2:63 Br  +H,0'-HBr-H,0 & Step (1)
(b) Write the rate-determining step unchanged. In the example, this is
2:64 HBr+H,0, @ HOBr+H,0  Step (2)

(c) Modify all the steps that follow the rate-determining step by transferring all species
from the left to the right, introducing negative signs on transfer. Steps (3) and (4) in the
example become

2:65 22 Br,+OH - Br —HOBr Step (3)
2:66 = 2H,0-H,0"-OH" Step (4)

(d) Leaving the rate-determining step unchanged, multiply or divide other equations, if

%6 The role of the activity of water in the rate law cannot be established experimentally, because water’s activity
is never significantly different from unity in aqueous solutions.

27 See Web#257 for an algebraic proof that criteria (ii) and (iii) are met, without invoking the stoichiokinetic
route. Thereby the stoichiokinetic approach is substantiated.
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necessary, by a small integer (seldom other than 2), so that all intermediates disappear on
implementing rule (e). This is unnecessary in the example.

(e) Add the modified equations to generate the stoichiokinetic equation. Cancel terms
on addition, but do not combine terms from one side with those from the other.
The example of mechanism 2:62 is summarized in the following table:

Mechanistic equations Step Modified equations

Br +H,0' 2 HBr+H,0 | (1) |Br +H,0'-HBr-H,0 &
HBr+H,0, @ HOBr+H,0 | (2) HBr + H,0, = HOBr + H,0
Br +HOBr = Br,+ OH | (3) Br + OH

T T T

o ~Br —HOBr
H,0' +OH = 2H,0 4 2H,0
+

: oo @ ~H,0"—OH"
2Br +H,0 3H,0 +Br

Pl o By +4H,0 | sum | Bro+H,0"+ H,0,-H,0 © 2

+2H,0 ~Br -H,0"

The result of this exercise,
Br (ag) +H,0" (ag) + H,0, (ag) ~ H,0()
2 3H,0(0)+ Br,(aq)—Br (aqg) —H,0" (aq)

2:67

is the stoichiokinetic equation of the mechanism. It earns this name because it not only
correctly displays the stoichiometry of the reaction, but it also reveals the overall kinetics
implicit in the mechanism. The link between the stoichiokinetic equation and the
mechanism is the correspondence between the stoichiometric coefficients and the powers
to which the activities are raised in the rate law. The implied rate law is

f— 71 7
2:68 v=0-0=ka 5 T1.0 aHZOJaHJOfkaH o0y, 4y, ,aH o

for our exemplary mechanism. Apart from the immeasurable dependences on water
activity, this mechanistic rate law agrees perfectly with the experimental finding in 2:61,
thereby satisfying criterion (ii)***

leads immediately to the conclusion that the equilibrium condition

. Moreover, imposing the equilibrium condition v = 0

- 4
k aBr aH (6]
2 Hy
2:69 ; = Y 2 =K
aB -dy OzaH;o+ .
equil

28 What rate law is predicted by a mechanism identical with 2:62 except that Step (3) is rate determining?
Experimentally, how may this mechanism be discounted? Compare your answer with that at Web#258.
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satisfies criterion (iii). Elsewhere®’ you will find a proof that the rate law 2:68 is an
algebraic consequence of mechanism 2:62; the same source shows how the overall rate
constants k and k are related to those of the mechanistic steps.

Unlike the foregoing discussion in terms of activities, chemical rate laws are
customarily written in terms of concentrations and some consider this to be a more accurate
description of kinetic behavior. Equation 2:59 would be replaced by
2:70 A+B&>Z U, =0,—0, = kye,cp —k'sc,

-3

for example, where each primed k is a concentration-based rate constant, which
incorporates an activity coefficient and the standard concentration. Thus the &' in 2:70
replaces and equals k,y,v,/(c®)’. Chemical kineticists have a strong preference®’ for
concentration-based rate laws because their use leads more easily to integrated rate laws.
One penalty paid for this is that the units of concentration-based rate constants depend on
the order of the reaction®®; thus, whereas &', has units of s”', the S7 unit of &, becomes
m® mol ' s'. Though concentration-based k’s are not primed in the literature of chemical
kinetics, we shall do so in this book, because the distinction between k and £’ is important
in electrochemical kinetics.

During the last few paragraphs, we have been addressing homogeneous reactions.
Heterogeneous reactions, which include electrochemical reactions, differ in several respects
from the simpler homogeneous reactions. Apart from a few very special cases, reactions
occurring at surfaces require the transport of reactants to, and/or products from, the
surface. Thus, especially in electrochemistry, concern is for processes in which reaction
and transport are intimately linked. Whereas the rate of a second-order homogeneous
reaction is measured in the mol m™ s' unit, this is replaced by mol m™? s for a
heterogenous reaction. Rate constants, therefore, also have different units. For a
first-order reaction involving the reactant A, the heterogeneous rate law is
2:71 D = ka}, or 5 =kc),
where the unit of £’ is m's™'. The superscript * serves as a reminder that it is the activity
or concentration of the reactant at the surface that is relevant. This concentration at the
surface®' is often very different from the concentration at a more distant point.

Another phenomenon encountered in heterogeneous reactions that has no parallel in
homogeneous reactions is adsorption, illustrated in Figure 2-9 overleaf. Species reaching
the surface at which a heterogeneous reaction occurs may form a bond with the surface so
that a temporary “compound” — an adsorbate — is created.

2:72 A(g or soln) 2 A(ads)

%9 So strong, in fact, that kinetics texts seldom mention activities at all.
260 Worse, concentration-based equilibrium constants, that we denote K', sometimes have units, sometimes not.

261 Not to be confused with the “surface (or superficial) concentration”, which is a quantity with the mol m
unit used to quantify the extent of adsorption.



52 2 Chemistry
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Ifthe adsorbate is too strongly bonded, it will soon cover the surface preventing any further
event. Otherwise, the adsorbate may desorb or it may decompose or undergo some other
reaction, such as

2:73 A(ads) &= Z(ads) + Y(ads) or A(ads)+ A(g or soln) &= Z(ads)

Again, it is necessary for a continuing reaction that the product of such a reaction not itself
adsorb too strongly, or the surface will become blocked*”. The final step again involves
transport.

2:74 Z(ads) &= Z(g or soln)

Figure 2-9 shows some of the processes that may be involved. Reactions of this sort, often
occurring at a metal/gas interface, are of great importance, not only in electrochemistry but
also in the petrochemical industry where they are described as heterogeneous catalysis
because the metal*®® plays the role of a catalyst in what would otherwise be a feasible, but
elusive, gas-phase homogeneous reaction. Enzymes, too, are heterogeneous catalysts.

Summary

The molar “chemical energy” of a compound or ion, compared with its elements, is
represented by its Gibbs energy. This equals its standard Gibbs energy plus a term that
reflects its activity:

G’ pure solid, liquid or solvent of a dilute solution

1

2:75 G, =G’ +RT In{a,} = o ) ) )
G’ +RTIn {Ci /c"} nonionic solute in a dilute solution

G’ +RT ln{yl.c,, / c"} ionic solute, even in dilute solution

The activity coefficient of an ion may differ markedly from unity for reasons that the
Debye-Hiickel theory helps us understand. The feasibility of a chemical reaction such as

62 sometimes usefully, as when corrosion (Chapter 11) is thereby inhibited.

263 or other solid. Carbon surfaces catalyze the C,H,(g) + H,(g) — C,H,(g) reaction, for example.
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2:76 VAA+vg B+ > v, Z+v, Y +--

is determined by the sign of the Gibbs energy change, with AG being zero at equilibrium.
The standard Gibbs energy change is related through activities to the equilibrium constant:

—AG° z gl k o
2:77 exp A K= i equilibrium
RT aragp - k

Equilibrium is also characterized by the equality of the rates of the forward and backward
reactions. Those rates depend on the concentrations (or more precisely on the activities)
of the participants, A, B,..., Z, Y, ..., in the reaction, raised to powers that are not
predictable from the stoichiometry but which must conform to the requirements of
relationship 2:77. It is generally possible to rearrange the stoichiometric equation into a
stoichiokinetic equation that matches the kinetics of the forward and reverse reactions and
can suggest likely mechanisms. Chemical reactions may be homogeneous or
heterogeneous, the latter class including electrochemical reactions.

View supplementary web material at www.wiley.com/go/EST.



Electrochemical Cells

Two classes of conductor — electronic and ionic — were identified in Chapter 1. The
junction between an ionic conductor and an electronic conductor isnamed an electrode and
it is here that the chemistry of electrochemistry occurs. Chemical processes that occur at
electrodes are termed electrochemical reactions or electrode reactions, and they are
described by equations that differ from ordinary chemical equations only by having
electrons, in addition to chemical species, as participants; equations 3:2 and 3:3 below are
examples. The simplest kind of electrochemical cell incorporates two electrodes.

Equilibrium Cells: two electrochemical equilibria generate an interelectrode voltage

When an electronic conductor is brought into contact with an ionic conductor, a
reaction may occur. If so, this is a heterogeneous chemical reaction as discussed in
Chapter 2. For example, when the electronic conductor lead, Pb(s), is placed in contact
with a solution of sulfuric acid, an ionic conductor containing principally the H;0"(aq) and
HSO;, (aq) ions, the reaction®"

3:1 Pb(s)+H,0"(aq) + HSO, (aq) — PbSO ,(s) +H,O(¥) +H,(g)
which has a AG® of -47.1 kJ mol™', occurs slowly. This is not usually treated as an

electrochemical reaction, though it could be regarded as the composite of the following two
electrochemical processes:

3:2 2H,0" (aq) +2e~ — 2H,0(/)+H,(g) reduction
3:3 Pb(s) + HSO, (agq)+H,0(¢) —» 2¢” + PbSO,(s) + H,0" (aq) oxidation

These occur simultaneously on the metal surface. A reaction such as 3:3, in which
electrons are generated is termed an oxidation; whereas reaction 3:2, in which electrons
are consumed, is an example of a reduction.

31 Some chemists analyze reactions, chemical and electrochemical, in terms of oxidation numbers. Read about
this approach at Web#301.

Electrochemical Science and Technology: Fundamentals and Applications, First Edition. Keith B. Oldham, Jan C. Myland, Alan M. Bond.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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Figure 3-1 An example of a

simple electrochemical cell is
the lead-acid cell, here shown
at rest.

Equilibrium 3:4 Equilibrium 3:5

No electrical measurements can be made on a single electronic|ionic junction, such as
the one we have just discussed, because there is no electric current flowing*** and no pair
of sites between which an electrical potential difference might be measured. The minimal
configuration needed for an electrochemical measurement is an electrochemical cell, as
exemplified in Figure 3-1, in which a voltmeter measures the electrical potential difference
between two (different) electronic conductors, linked by a single ionic conductor. The
illustrated example is an electrochemical cell familiar to most of us: the lead-acid cell’*.
Six such cells in series make up the common 12 V car battery. One of the electronic
conductors in the lead-acid cell is lead, Pb, the other is lead dioxide, PbO,. The ionic
conductor is a concentrated aqueous solution of sulfuric acid in which the dominant
species, apart from water, are the hydronium H;0" and bisulfate HSO; ions**. On
discharge, a layer of lead sulfate forms on each electrode. Beneficially, these lead sulfate
layers are porous, allowing the solution to penetrate to the underlying electrode.

Notice our inconsistent usage of the word “electrode”. Confusingly, electrochemists
use this word with diverse meanings. Depending on the context, electrode may refer to (a)
the two-dimensional interface between an electronic and an ionic conductor, (b) that
interface plus the adjacent layers of each conductor, (c) half of the cell, and (d) the
electronic conductor itself. Likewise, the term “electrolyte” is used with two meanings in
this book and elsewhere. As on page 41, electrolyte means a substance that dissolves to

392 other than internally. In corrosion reactions, of which 3:1 is an example, oxidation and reduction may occur
at different sites on the metal surface, with the electrons traveling through the bulk metal.

3 There is further discussion of the lead/acid cell on page 94. Write the equation 2PbO,(s) + 2H;0"(aq) +
2HSO, (aq) — 2PbSO,4(aq) + 4H,0(/) + O,(g) as two electrochemical reactions proceeding concurrently.
Compare your equations with those in Web#303.

304 «“Hydrogen ion” or “proton” and “H"’ are the names and symbol sometimes used to replace “hydronium ion”
an . An alternative, and better, name for . 18 “hydrogen sulfate” ion.
d “H;0™. An alternat d bett for HSO, is “hydrog Ifat
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form ions. However, as a contraction of “electrolyte solution”, it is also used to mean the
solution thus formed. Thus, “electrolyte” is often used as an alternative to “ionic
conductor” when the latter is a solution.

Figure 3-1 shows the chemical components of the lead-acid cell though not, of course,
the architecture of an automotive battery. As shown, the included voltmeter would read a
value close to 2.0 V, the PbO, being positive with respect to the Pb. The sign of the voltage
reflects the greater activity of electrons on the lead electrode. The magnitude of the voltage
can, and will now, be explained using the principles addressed in Chapters 1 and 2.

Heterogeneous electrochemical equilibria are established at each electrode interface.
At the lead dioxide electrode the equilibrium is

3:4 PbO, (s) + HSO, (ag) + 3H,0" (aq) + 2¢” (PbO,) == PbSO,(s) + 5H,0(¥)
while that at the lead electrode is**
3:5 PbSO,(s)+H,0" (ag) +2¢ (Pb) 22 Pb(s) + HSO, (aq) + H,0(?)

Any actual reaction would require electrons to cross the electrode interfaces and no such
motion is possible without a circuit being established*®. In each case, the forward and
reverse processes are taking place at equal rates. So no net reactions occur; the equilibria
are undisturbed. Notice that we have written e (Pb) or e (PhO,) to indicate that the
electrons in question are “dissolved” in the parenthesized phase, though we shall
discontinue to do this later in the book.

We can conjoin equations 3:4 and 3:5 by subtracting the latter from the former and
then splitting the difference into a chemical part

3:6 PbO, (s) + Pb(s) + 2HSO, (aq) + 2H,0" (aq) &2 2PbSO,(s) + 4H,0(/)

that we call the cell reaction, and an electrical part

3:7 2e (PbO,) 22 2e (PD)

that shows an exchange of electrons between the two electrodes. Though we have written
them as equilibria, processes 3:6 and 3:7 cannot occur with the arrangement in Figure 3-1
because the voltmeter does not allow the passage of electrons.

The change in Gibbs energy accompanying the forward direction of process 3:6 can
be calculated®”” according to the principles described in Chapter 2, as

2 4
Ay, 0 (c°)4a4
b! 2
3:8 AG=AG°+RTIn ’ 8042 5 =-375.1kJI mol"' +RT In = szo
ananOzaHso;aHp + Hgo‘cHso;

3% The convention adopted for electrode reactions at equilibrium is to write the electrons on the left-hand side.
Analyze reactions 3:4 and 3:5 in terms of changes in oxidation numbers™' and compare with Web#305.

39 Recall that the voltmeter measures an electrical potential difference without allowing the passage of
electrons. To achieve this goal in practice, a voltage follower is used; see Web #1029.

397 Use data from the table on page 391 to confirm the value of AG® reported in 3:8. See Web#307.
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Under the conditions typical of the operation of a lead-acid battery, each of the two ions
has an average concentration of about 3000 mM and the final term in 3:8 has a value close
to -16 kJ mol™'. Notice that, as is usual in such calculations, the AG® term numerically
dominates the RTIn{ } term in leading to an overall AG of about -387 kJ mol '. What is
the significance of “mol " here? Per mole of what? It can be thought of as “per mole of
the reaction as written”. That is, in this case, per mole of lead destroyed or per two moles
of lead sulfate created.

Despite its thermodynamic favorability, the forward direction of reaction 3:6 cannot
occur unless 3:7 occurs in the reverse direction and this is thwarted by the absence of an
electron pathway between the two electrodes®”. The eagerness of cell reaction 3:6 to occur
in the forward direction is manifested by the higher electron activity in the Pb compared
to the PbO,. Reaction 3:6 “wants” to go in the forward direction; reaction 3:7 “wants” to
go backwards. If these processes were permitted, work could be performed by the passage
of electrons from the Pb to the PbO,. How much work? The passage of two electrons, each
of which carries a charge of -Q,, down a voltage drop of AE could perform work of
20,AE. Our choice of signs in Chapter 1 was that w represented the external work that
needed to be performed. Here no coercion is needed, w is negative and equal to -2Q,AE.
On a molar basis, the external work would be

3:9 W=Nw=-2N,QAE =-2FAE
In accord with the equilibrium principles discussed on page 32, AG = W and therefore
_ _(_ -1
3:10 AE =280 _ 387k]m°1_1) =201V
2F  2x(96485 Cmol )

in agreement with experiment. Here AE is the potential difference between the two
electrode potentials®®.
The procedure for finding the voltage of a simple electrochemical cell at equilibrium
may be generalized as follows®”:
(a) Write down the equilibrium reaction at electrode I, and that at electrode 1I, with

electrons on the left-hand side of each equation

3% You might be concerned that, whereas in Chapter 1 we stated that electrical potential differences could only
be measured between phases of similar composition, here we appear to be measuring the potential difference
between two dissimilar electronic conductors: PbO, and Pb in our example. In fact, what the voltmeter
measures is the electrical potential difference between its two terminals, both of which are copper! Our interest,
however, is in the activities of electrons and when two electronic conductors, such as lead and copper, are in
contact and at equilibrium, then the electron activities in (not the potentials of) the two conductors will be the
same.

3% Using data from the Appendix, page 391, follow this protocol to calculate the equilibrium voltage
of the cell in which the electrode reactions are Ag,O(s)+H,O(/)+2e (4g) == 2Ag(s)+20H (aq) and
ZnO(s)+H,0(/)+2e (Zn) &2 Zn(s)+20H (aq), reporting which of the electrodes is positive. Explain why the
only data you need for this calculation are the standard Gibbs energies of silver oxide and zinc oxide. Compare
you answers with those at Web#309.
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(b) Ifnecessary,double or triple either equation to make the numbers of electrons match.
The matched number of electrons is 7.

(c) After any such modification, subtract equation II from equation [, to obtain a purely
chemical equation. Calculate the Gibbs energy change accompanying that reaction,
allowing for any nonunity activities.

(d) Then the potential difference between the two electrodes is

AG
3:11 AE, s =0 — Oy =——— cell voltage
nkF

where AG is the Gibbs energy change accompanying the overall cell reaction.

Of course, the cell voltage depends on the activities of the chemicals participating in
the cell reaction. When these are all unity, the interelectrode potential difference is called
the standard cell voltage, denoted AE°.
_ —AG°
~nF

3:12 AE°

standard cell voltage

For the lead-acid cell reaction, it follows that
AE° — —(=371.4 kI mol™) _

3:13 = —2-1.925V
2% (96485 Cmol ")

This is the voltage that the lead-acid cell would develop if the hydronium and bisulfate ions
were in their standard states. Notice that the standard cell voltage, the change in standard
Gibbs energy, and the equilibrium constant*'® of the cell reaction are equivalent concepts,
each of which is a way of expressing the equilibrium ratio of the activities of products and
reactants. The relationships that apply for the general reaction 2:48 are:

3:14 exp{ﬂAE"} =exp —AG =K = i As el equilibrium
RT RT agay - equilib

Even though there is no chemistry actually taking place, equilibrium cells are an
important source of chemical data. The measurement of cell voltages, which can be carried
out with great precision, has provided most of the exact thermodynamic data that chemists
need. Not only standard Gibbs energies, which are accessible directly from measured AE°
values, but also enthalpies and entropies can be found from the way in which AE° changes
311 Moreover, activity coefficients are mostly measured by studying the

effect of concentration on cell voltages, a procedure that also yields E° values®'%.

with temperature

31% From this standard cell voltage reported in 3:13, calculate the equilibrium constant of reaction 3:6. What
are the equilibrium ion concentrations if samples of the three solids are brought into mutual contact under water?
[s this realistic? See Web#310.

31 The standard molar enthalpy change accompanying the cell reaction can be found as nFT*d(AE®/T)/dT and
the corresponding standard molar entropy change is nFd(AE®)/dT.

312 An example of such a study is described in Web#312.
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Cells not at Equilibrium: interchanges of chemical and electrical energy

In the previous section, we saw that a lead-acid cell could potentially perform work if
an electron path were to be provided between the two electronic conductors. Figure 3-2
shows such a pathway established through a “load” and with an ammeter to measure the
resulting electric current. The load presents an opportunity to perform useful work, such
as starting your car; or the load could be a resistor, in which case energy is released as heat.
The ammeter measures the current flowing clockwise?' through a circuit that is partly made
up of electronic conductors and partly of the ionic conductor. Through the latter, electricity
flows by the migration of hydronium H,;O" and bisulfate HSO, ions. The current crosses
each of the electronic|ionic junctions by virtue of electrochemical reactions.

The chemistry at the electrode surfaces is no longer in equilibrium. Interconversions
in both directions are still taking place, but they are no longer occurring at equal rates. A
convenient way of representing a departure from equilibrium is by using arrows of unequal
length in the equation. At the left-hand electrode, the process becomes

3:15 PbO, (s) + HSO, (aq) +3H,0"(aq) +2¢ (PbO,) = PbSO, (s) +5H,0( /)
with the forward process now outrunning the backward conversion. Therefore a net

reduction occurs. An electrode at which a reduction is occurring is termed a cathode.
Conversely, at the right-hand electrode, the backward process outruns the forward:

Figure 3-2 In its galvanic
mode the lead-acid cell
provides energy to a “load”.
The cell voltage is less than
its equilibrium value.

Reaction 3:15 Reaction 3:16

313 Electrons and anions, being negatively charged, circle counterclockwise; cations move clockwise. The
ammeter is assumed not to impede the flow of current. To achieve this in practice, a current follower is used.
See Web#1029.
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3:16 PbSO, (s)+ H,0" (ag)+2e (Pb) < Pb(s)+HSO; (aq) + H,0(()

and a net oxidation occurs. An electrode at which an oxidation is occurring is described
as an anode. Electrons are consumed at a cathode, created at an anode. As Figure 3-2
illustrates, the cell voltage falls somewhat below its equilibrium value during this process
— the greater the current, the larger the drop — as a result of electrode polarization. This
is a phenomenon with several causes, as described in detail in Chapter 10.

As the two electrochemical reactions proceed, the Gibbs energy of the cell’s contents
steadily declines as chemical energy is converted into work or heat. The conversion of
chemical energy, through electrical energy, to work can approach 100% efficiency; there
is no Carnot limitation®'*>*!,

An electrochemical cell, such as that we have been describing, in which chemical
energy is being destroyed is named a galvanic cell’’>. Conversely, when a cell captures
electrical energy and converts it to chemical energy, it is said to be acting as an electrolytic
cell. Figure 3-3 shows a lead-acid cell in electrolytic mode. Electrical current is being
forced by a d.c. voltage source through the cell, which adopts a voltage somewhat higher
than its equilibrium value. Many properties of the cell are now opposite to what they were
when the cell was behaving galvanically. The current flows counterclockwise. The left-
hand electrode, that was a cathode when the cell functioned galvanically, is now an anode
at which the reaction is

voltage
source

Figure 3-3 In its electrolytic
mode the Gibbs energy of the

PbSO, PbSO, lead-acid cell is increased at the
N\ expense of external electrical
energy. The cell voltage now
H,0'=> exceeds its equilibrium value.
H,O
<IHSO,
) )
Reaction 3:17 Reaction 3:18

314 Read in thermodynamic texts about this limitation, which is encountered in converting heat to work.
315 Luigi Galvani, 1737 -1798, Italian physician and physicist.
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3:17 PbO, (s) + HSO, (aq) +3H,0" (aq) +2¢ (PbO,) & PbSO,(s) +5H,0(0)
whereas the right-hand electrode, previously the anode, now functions cathodically:
3:18 PbSO, (s)+H,0" (aq) + 2e” (Pb)= Pb(s)+HSO, (ag) + H,0(¢)

Of course, if the d.c. voltage source is carefully adjusted to the value 2.01 V, the
current will cease and equilibrium will be restored. Any lower applied voltage leads to
galvanic operation. There is a unique voltage at which the cell is at equilibrium®'®. Thus

we see that a single cell may function®'” in three modes:

galvanic mode
3:19 electrochemical cell 9 equilibrium mode

electrolytic mode

all of which are useful®'®, Many practical applications of galvanic and electrolytic cells are
discussed in Chapters 5 and 4 respectively. For a variety of reasons, not all electrochemical
cells are able to function efficiently in both galvanic and electrolytic modes. When they
can, a useful way of describing the electrical properties of the cell is in terms of a
polarization curve’'’. This is a graph of the cell current / versus the cell voltage AE, as
in Figure 3-4. The unique point on such a graph, where the current is zero, goes by a
variety of names*, including equilibrium cell voltage and null voltage, AE,. The
distinction between AE° and AE, is that the former relates to unity activities, the second to
whatever the activities happen to be in practice. Such current-voltage curves are useful
devices, but recognize that, more often than not, the shape of the curve may change with
time, for reasons and with consequences that will be explored later in this book.

We chose to base the foregoing exposition on a familiar example of an electrochemical
cell in which the ionic conductor is an aqueous solution and one of the electronic
conductors is a metal. This is a common circumstance, but any arrangement in which an
ionic conductor is sandwiched between two electronic conductors, as in Figure 3-5a is an
electrochemical cell. You may wonder whether the converse arrangement, illustrated in
Figure 3-5b, is not equally an electrochemical cell. Indeed, such an unusual arrangement

316 Tt can be argued that the cell is not at equilibrium; however, each of the electrodes is at equilibrium.

317 A cell contains two electrodes immersed in an aqueous solution containing Na'(aq) and Br (aq), each at a
concentration of 100 mM. One electrode consists of mercury, Hg, coated with mercury(l) bromide, Hg,Br,.
The second is a silver plate coated with silver bromide, AgBr. Under what conditions would this cell operate
in each of the three modes: galvanic? equilibrium? and electrolytic? See Web#317.

*!% Tn the context of a lead-acid cell, or other secondary battery, the electrolytic phase of operation is described
as charging, the galvanic phase as discharging (Chapter 5).

3% Such curves are sometimes called voltammograms, but we reserve that name for current-voltage curves

resulting from voltammetry (Chapter 12).

320 also rest voltage, open-circuit voltage and reversible voltage.
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Figure 3-4 In this polarization curve for a lead-acid cell, the colored
segments correspond to operation in the galvanic and electrolytic modes.

is possible*' but, without further junctions being introduced, electrical measurements

cannot be made with devices that are available. Yet a further junction of interest to
electrochemists is that between two immiscible liquids. Such interfaces, at which
electrochemical reactions may be performed without an electrode, are discussed in
Chapter 14, where certain other interfaces are also addressed.

(a)
electronic electronic electronic
conductor .. conductor conductor ..
ionic ionic
conductor conductor

Figure 3-5 (a) a conventional electrochemical cell and (b) the
complementary, but impractical, arrangement of conductors.

321 The electronic conductor in such an arrangement is known as a bipolar electrode. See Figure 3-8 for an
example.
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Cells with Junctions: two ionic solutions prevented from mixing

Early scientists turned to the Daniell cell’** as a source of electrical power. This
galvanic cell, illustrated schematically in Figure 3-6, employs electrodes of copper and
zinc, each metal being in contact with an aqueous solution of its sulfate. A porous
diaphragm’® separates the two portions of the ionic conductor. This barrier prevents the
so called “parasitic” chemical reaction

3:20 Cu’*(aq)+2Zn(s) = Zn**(aq)+Cu(s)

that would otherwise occur. Equation 3:20 is, in fact, also the cell reaction, though it
occurs through the medium of the cathodic reaction

3:21 Cu’* (aq)+2e (Cu) = Cu(s) cathode

and the anodic reaction

3:22 Zn** (aq) +2e (Zn) & Zn(s)  anode

One might imagine that the null voltage of this cell could be calculated as

_A _1 a 24+
GG G +RTI]

" uF  2F a

3:23

Cu2+

in the standard way. This gives a value of about 1.102 volts if the activities of the two

Figure 3-6 The Daniell cell
incorporates a porous diaphragm.

Reaction 3:21 Reaction 3:22

322 John Frederic Daniell, 1790 - 1845, English chemist. See also page 89.

323 Fritted glass, fine capillaries, filter paper, porous porcelain, gels and membranes of various kinds are used
as diaphragms, the object being to allow the passage of ions while inhibiting the mixing of the two solutions.
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cations are equal®*. This is close to the voltage of the Daniell cell, but equation 3:23 does
not tell the full story. There is a liquid junction potential difference associated with the
porous diaphragm. To understand the origin of this term, recognize that the flow of current
through the cell requires the transport of electricity from right to left through the porous
barrier and that two processes — the passage of Zn** ions from right to left and of SO}~ ions
from left to right — contribute to this. A detailed examination of the voltage of the Daniell
cell must take account of this fact.

Liquid junction potential differences®* exist even

in the absence of current flow. Consider the nonelectro- : Li
chemical arrangement shown here in which two aqueous § Br
solutions of lithium bromide are separated by a 3

permeable barrier. The concentration difference will § 100 mM

cause ions to move from the left-hand compartment.

But Br™ anions migrate about twice as fast as Li" cations**® and so have a tendency to arrive
earlier in the right-hand compartment. The electroneutrality constraint ensures that the
speedy Br ions do not significantly outrun their sluggish lithium counterions, but the small
effect is enough to give the right-hand compartment a significant negative potential with
respect to the left-hand solution. The magnitude of this liquid junction potential
difference®®’ depends somewhat on the geometry of the barrier’s pores and on the degree
of stirring of the two solutions, but in the simplest circumstance it is given by the
Henderson equation®*®

R
3:24 Ap =" -~ = L(u—* —u—‘j In {C—L} Henderson equation

_F(u+—u_) zZ, Z_ c
for the case of a junction between two different concentrations, ¢~ and c®, of a single
electrolyte. For the fivefold concentration disparity shown in the diagram, the Henderson
equation gives a 14 mV potential difference for lithium bromide*”.

The Henderson equation predicts the absence of a liquid junction potential difference

324 Check the voltage calculation using data from the table on page 391. Also use 3:23 to estimate the null
voltage after the Daniell cell is half discharged, so that, assuming equal volumes, the activity of the zinc ion will
have increased by about 50%, while that of the copper ion has halved. See Web#324.

325 often simply called a junction potential.

326 See the table of mobilities on page 388. You may be surprised that the small Li* ions move more slowly than
the larger Br . This is because the former are strongly hydrated (page 41) and have to drag as many as four
water molecules along with them. Also see page 150.

327 also called a diffusion potential difference because the impetus for the motion of the ions is a concentration
gradient.

328 Lawrence Joseph Henderson, 1878 - 1942, U.S. chemist whose name is also associated with the Henderson-
Hasselbalch equation of titrimetry. See Web#328 for a derivation of equation 3:24.

329 Confirm this value and recalculate A for potassium chloride, KCl, solutions. What significance has the sign
of your answers? See Web#329.
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between solutions of an electrolyte for which u./u_ =z /z_; potassium chloride comes very
close to meeting that criterion®*’. For this reason, KCl is the most popular electrolyte®*® for
use in a salt bridge. This device, which may adopt a variety of geometries, is used in cells
whenever it is desired to prevent contact between the two ionically conducting liquids. It
consists of'a concentrated salt solution interposed between the half-cells and separated from
them by porous diaphragms.

Figure 3-7 shows a salt bridge linking two half-cells that differ only in their
concentration of copper(Il) chloride. Despite there now being two barriers, liquid junction
potentials have been virtually eliminated by the near equality of the mobilities of the K™ and
CI ions and because the high concentration of these dominant ions means that they carry
the majority of the current across the barriers. When this cell operates in the galvanic
mode, driven by the higher activities of the ions in the left-hand half-cell, electricity flows
around the circuit in a clockwise direction. The carriers of this electric current are diverse:

(a) across the right-hand electrode, by the oxidation Cu(s) = 2¢” + Cu**(ag, c®);

(b) leftwards through the right-hand half-cell, by migration of Cu®*"(aq) ions and the
countermigration of Cl (aq) ions;

(c) across the right-hand barrier, largely by migration of C1™ ions out of the salt bridge®';

(d) within the salt bridge by the migration of K* and the countermigration of C1” ions;

(e) across the left-hand barrier, largely by migration of K" ions out of the salt bridge®";

(f) leftwards through the left-hand half-cell, by migration of the Cu*’(ag) ions and
countermigration of Cl (aq) ions;

(2) across the left-hand electrode, by the reduction Cu**(ag, c*) +2e~ = Cu(s); and

Figure 3-7 This concentration
cell uses a KCl salt bridge to

AE prevent the transfer of Cu** ions

_porous between the half-cells. The
diaphragms concentration ¢* of CuCl, in the
Y N\ left-hand half-cell exceeds that,

c® in the right-hand half-cell.

330 Ammonium nitrate, NH,NO;, is an alternative, in part because it is extremely soluble in water.

331 There is also an innocuous concentration-gradient-driven diffusion of KCI from the salt bridge.
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(h) throughout the remainder of the circuit, by counterclockwise electron flow.
Such a cell is named a concentration cell without transference because the two half-cells
differ only in concentration, and because there is no transfer of electroactive species
between the two half-cells. Subtraction of the reaction described in (g) from that in (a)
gives
3:25 Cu’* (aq,c")= Cu*"(aq,c*)
But that is not all! Additional chloride ions have also appeared in the left-hand chamber
and disappeared from its right-hand counterpart, so that the total stoichiometry is given
by332
3:26 Cu* (aq,c")+ 2Cl (aq,2c") 2 Cu** (aq,c®)+ 2C1 (aq,2c")
Thus the chloride ions, too, contribute to the Gibbs energy change. The cell’s null voltage,
developed after the switch shown in Figure 3-7 is opened, lacks a “standard” term
(AG° = 0) and reflects only the activity disparity:

3:27 AE, _TAG U 6o RTI aip (ach)z _RT (CRYE)}}
e ao () ] 2 ()

This is the equilibrium voltage of the left-hand electrode with respect to the right and will
be positive if ¢* exceeds c*.
Figure 3-8 shows another way of preventing transference, dispensing with diaphragms

Figure 3-8 A bipolar electrode
is an alternative to a salt bridge
in avoiding transference in a
concentration cell.

332 In practice there is a further complication because copper(IT) exists in aqueous solution to a significant extent
as CuCli’ . Moreover, an appreciable concentration of copper(I) chloride is present on account of the
equilibria CuCl}” (aq) + Cu(s) 2 2CuCl;(aq) + 2Cl" (ag) 2 2Cu” (aq) + 4Cl (aq) .
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by interposing another electronic conductor between the two half-cells. Here a
silver-chloride-coated dual action silver electrode allows the transfer of chloride ions
between the two half-cells by virtue of the two reactions:

3:28 AgCl(s) +e (4dg) 2 Ag(s) + Cl (aq) right-hand interface
3:29 AgCl(s)+e (4Ag) & Ag(s) + Cl (aq) left-hand interface

An electrode behaving in this way is termed a bipolar electrode®®.

If the experiment shown in Figure 3-7 is repeated, but with the salt bridge replaced by
a single porous barrier, the null cell voltage is quite different. This is now a concentration
cell with transference, because ions from one half-cell must now migrate, through the
porous barrier, to the other half-cell. The null voltage is smaller than that given in equation
3:27 and involves the ionic mobilities***.

Semipermeable membranes are barriers that
allow the passage of some species but not others. Of ¢
particular electrochemical interest are membranes ®
that allow the passage of only anions or only @@
cations®”. They probably function by having small © e
pores with charged walls, the pores being accessible
only to ions of opposite sign. Their use in @
concentration cells with transference has advantages
over less discriminating barriers. For example,
replacing the porous barrier of the Daniell cell by an o
anion-selective membrane would be beneficial in
allowing the cell to be recharged, which is not
possible with a porous barrier because Cu** ions would enter the zinc half-cell and cause
the parasitic reaction 3:20. On the other hand, membranes of any kind detrimentally
increase the resistance of a cell.

Of course, there is no need to provide a barrier to the intermixing of half-cell
ingredients when the ionic conductor is solid. This is one of several advantages of
solid-phase cells. An example is provided by the high-temperature zirconia-based oxygen-
concentration cell**®, in which the electrolyte is the solid ionic conductor ZrO, though
which oxide ions, O*", can migrate. As shown in Figure 3-9, each electrode is porous
platinum through which oxygen from a gas stream can diffuse and establish the equilibrium

3:30 0,(g) +4e (Pt) = 20> (Zr0,)

The cell voltage responds to the discrepancy between the oxygen partial pressures at the
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333 Why does equation 3:27 apply to this cell? See Web#333.

334 See Web#334 for more details.

335 See pages 81-83 for an application in electrodialysis and other industrial application.
336 See Footnote 129. For a sensor application, see page 173.
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0

Pt Pt
3 N\
0, at 0, at Figure 3-9 The 21'rcon1a1-1based
artial partial oxygen-concentration ce
P Zr0, ] responds to the ratio of the
pressure pressure .
Pt P partial pressures of oxygen at

its two electrodes.

L Equilibrium 3:30 J

left-hand and right-hand electrodes through the equation®’

L
RT P
3:31 AE, =——In{—>
Po,

Rather similar to this is a cell which uses hydrogen uranyl phosphate tetrahydrate,
HUO,PO,-4H,0, a waxy solid known colloquially as “HUP”, that allows proton migration.
The voltage of a cell in which HUP is sandwiched between two palladium electrodes
responds to differences in hydrogen partial pressure on its two faces.

Summary

The simplest electrochemical cells have an ionic conductor sandwiched between two
electronic conductors; the junctions serve as electrodes at which electrochemical reactions
occur. The sum of those two reactions is the cell reaction, the AG of which is reflected in
the null cell voltage (the cell voltage at open-circuit):

3:32 AE, :—AG _ -AG +Eln {actlvny
nF nF  nF term

The magnitude of the cell voltage will exceed its null value when the cell operates in an
electrolytic mode, current being driven by an external source, but will be less than the null
value when the cell delivers current into a load and operates galvanically. To prevent
unwanted reactions with a liquid ionic conductor, it is often necessary to interpose a
diaphragm, thereby dividing the cell into two. This introduces a liquid junction potential,
which can be mitigated by means of a salt bridge or eliminated by a bipolar bridge. A
concentration cell is one in which the two half-cells differ only in the concentration of some

} e+ ROy {actwlty}

nk term

337 Calculate the voltage of the concentration cell at 425°C if the oxygen partial pressure on the left-hand side
is 1000 Pa and the right-hand side is ambient air (21% oxygen). See Web#337.
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electroactive ion i, the cell voltage being logarithmically related to the ratio of the two ionic
activities. Such cells may be with or without transference; in the latter case:

L L
3:33 A, =Ry, {a—} NECEN {c—}

R
nF a nkF R}

1 1

where AE, is the difference in potential of the left-hand electrode with respect to the right.
Many sensors work on this principle; performance is enhanced if the barrier is replaced by
a membrane that selectively allows particular ions to pass through its pores.

View supplementary web material at www.wiley.com/go/EST.
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When a cell operates in its electrolytic mode, the process is termed electrolysis and
chemicals are produced that have a greater Gibbs energy than the reactants. Many of these
electrolysis products have a high commercial value, or are of chemical interest. In this brief
chapter, examples are given of processes that are used to manufacture — often industrially
in huge tonnages, sometimes on a much smaller scale — products that are valuable
economically or scientifically. In several cases, such an electrosynthesis is the on/y known
route for making a particular element or compound.

Metal Production: many metals are made or purified electrolytically

The metals Li, Na, K, Mg, Ca, Sr, Ba, Ra, Al, and Ta, as well as the gases F, and Cl,,
are manufactured almost exclusively by electrolysis of salts of these elements, either in the
fused (molten) state or in aqueous solution. For several other metals, including Cr, Mn, Co,
Ni, Cu, Ag, Au, Zn, Cd, Ga, In, and TI, electrolytic methods compete commercially with
classical chemical methods of extraction. A metal is said to be “won” from its ore and the
electrolytic production of a metal from its ores is therefore known as electrowinning. As
the most important example, we firstly consider the electrowinning of aluminum.

Though the rival Alcoa process™' is also in use and other methods are being
researched, most of the 12 billion tons of aluminum produced annually still comes from the
original Hall-Héroult process*®. The raw material from which aluminum is made is the ore
bauxite, a mixture of AI(OH); and AIOOH. This is purified and converted to alumina,
AL O, which, in the Hall-Héroult process, is then dissolved in molten eryolite*” Na,AlF,.

%1 This has much in common with the Hall-Héroult process but uses chloride, instead of fluoride, salts.

402 Charles Martin Hall (1863 - 1914, U.S. chemist) and Paul Louis Toussaint Héroult (also 18631914, French
metallurgist) independently invented the process in the 1880s.

403 Though cryolyte is a naturally occurring mineral, what is actually used is a mixture of NaF and AlF;. A small
percentage of calcium fluoride CaF, is added to improve the conductivity.

Electrochemical Science and Technology: Fundamentals and Applications, First Edition. Keith B. Oldham, Jan C. Myland, Alan M. Bond.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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The molten mixture is an ionic liquid containing a variety of ions, including AlF, , F , and
O”". Electrolysis is conducted at about 960°C, at which temperature both the electrolyte
and the aluminum product are liquid. The cathode reaction is probably

4:1 AlF, (fus) +3e (Al) —> Al(£)+4F (fus)

and it occurs on the surface of the pool of molten aluminum that rests on graphite at the
base of the electrolytic bath, as in Figure 4-1. Continuously formed in situ from pitch and
petroleum coke or anthracite, the anode consists of rods of baked carbon, which are
consumed by the reaction

42 207 (fus)+ C(s) — 4e (C) + CO, (g)
The overall cell reaction is therefore**
43 2A1,0,(s) +3C(s) = 4Al(£) + 3CO, (g)

with the applied voltage being about 4 V and the current density close to 5000 A m 2. The
heat generated by the massive current flow helps maintain the temperature of the bath.

D4V

carbon carbon
anode anode

molten
electrolyte

graphite lining

steel tank

Figure 4-1 Hall-Heérault cell for aluminum manufacture.

From the increase in standard Gibbs energy accompanying reaction 4:3, one learns that
about 20 MJ are required thermodynamically to generate one kilogram of aluminum*®.
However, the electrical energy consumed by the cell is closer to 40 MJ per kilogram,

404 Construct this overall equation as in Web#404.
405 Use data from the tables on pages 386 and 391 to confirm this. See Web#405.
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largely on account of the heat needed to sustain the high operating temperature. Aluminum
manufacture is the largest single user of electricity on the planet. The high electrical
demand means that it is more economical to site aluminum smelters close to sources of
electricity than adjacent to the bauxite mines. The Hall-Héroult process is a serious source
of pollution, not only on account of the 1.2 kg of carbon dioxide produced** for each
kilogram of aluminum, but also because of the unwelcome escape of hydrogen fluoride, HF,
and carbon monoxide, CO, from the smelters. For both environmental and economic
reasons, a better method of making aluminum is sorely needed.

Some copper is electrowon from low-grade ores, but this metal is mostly extracted by
traditional smelting. However, regardless of how the copper is won, it is invariably
subjected to electrorefining*’’. The process is, in principle, supremely simple. The impure
copper forms the anode of an electrolytic cell in which the ionic conductor (the
“electrolyte”) is an aqueous solution containing copper(Il) sulfate and sulfuric acid. Pure
copper is formed at the cathode. The electrode reactions**® are

4:4 Cu(s, impure) > 2e” +Cu**(aq)
and
4:5 Cu**(aq)+2e” — Cu(s, pure)

The impurities either remain in solution or fall to the floor of the electrolysis vessel as an
“anode sludge”. The latter is such a valuable source of silver and gold, that the copper
refining process pays for itself.

Similar electrorefining treatments, though with diverse electrolytes, are employed to
purify the metals cobalt, nickel, tin, and lead. Some forms of electroplating use cells
similar to refining cells in that metal is transferred from an anode and deposited on the
surface of the cathode, which is generally of a different metal. Electroplating is as much
an art as a science and unlikely additives are customarily added to the plating bath to
achieve desirable properties, such as smoothness, abrasion resistance, and luster, in the
electroplated layer or on its surface.

Notice that, because the reactant and product of the cell reaction are almost identical,
a refining cell has a null voltage of virtually zero. Nevertheless, some voltage must be
applied, primarily to provide the energy for migration. The name overvoltage is given to
electrical potential differences in excess of those required to overcome the positive Gibbs
energy demand of an cell. There are three phenomena that lead to overvoltages: they are
called polarizations - ohmic, kinetic, and transport - and are examined in detail in
Chapter 10.

4% Confirm this statement. Also calculate how much electricity (in coulombs and watts) is used in the
generation of one kilogram of aluminum. See Web#406.

“7 The term “electroraffination” is also used (from the French raffiné, refined or cultivated).

498 What quantity of electricity is needed to purify one kilogram of copper? Compare your answer with that at
Web#408.
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The Chloralkali Industry: a bounty of products from salt and water

One of the world’s major industries is based on the electrolysis of brine, a concentrated
aqueous solution of sodium chloride. There are three rival processes*”’, but newer
electrolyzers are all of the membrane cell type, in which the electrode reactions are*'”

4:6 anode : 2CI (aq) — 2¢” +Cl,(g)
4:7 cathode : 2H,0(¢/)+2¢” - H,(g)+20H (aq)

The chloralkali membrane cell, diagrammed in Figure 4-2, operates continuously with
liquid streams of the compositions shown, and with the anode and cathode compartments
separated by a selectively cation-permeable membrane*''. By inhibiting the migration into
the anode compartment of hydroxide ions, the membrane prevents their reaction*'? with the

Cly(g) + Hy(g) +

3M NaCl 15 M NaOH
Figure 4-2 A chloralkali membrane cell.
The multiplate cathode and anode are
louvered as shown to deflect gas bubbles
away from the membrane. The bubbles of
hydrogen and chlorine become entrained
in their respective solution streams, from
which they are subsequently separated.
Some of the sodium hydroxide produced

in the electrolysis is diluted and recycled.

™ NaCl 3M NaOH

49 Read about the other two at Web#409.

410 Use the table on page 391 to estimate the Gibbs energy change for the net cell reaction. Make reasonable
assumptions about the activities of the species involved in the chloralkali cell. Check with Web#410. Then
calculate the cell’s null potential and interpret its sign.

411 More about selectively permeable membranes will be found on pages 79-83. Membranes manufactured by
E. I. du Pont de Nemours and Company use the trade-name Nafion.

412 Some cells operate without a membrane separator, allowing reaction 4:9 to occur, so that hypochlorite is
produced in situ.
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chlorine. The cathode is iron or steel. Traditionally, graphite was used for the anode, but
so-called dimensionally stable anode materials offer advantages; these contain ruthenium
and titanium oxides which are electrocatalytic for chlorine evolution and thereby diminish
the amount of oxygen that is produced by the unwelcome anodic side reaction
40H (aq) — 4e” +2H,0(¢) +0O,(g) . To decrease cell resistance, the electrodes are
positioned close to either side of the membrane. The cell operates at a voltage*" close to
3.3 V and a current density*'* of about 4.0 kA m™2.

The primary products of the chloralkali process are chlorine gas, hydrogen gas and
sodium hydroxide solution*'%, for each of which markets exist. The uses of chlorine include
water disinfection and remediation, as discussed in Chapter 9. In addition to these,
however, there are many other subsequential products of the industry*'®. High purity
hydrogen chloride is produced by the mutual combustion of the gaseous products

4:8 H,(g)+ClL(g)— 2HCI(g)
Much of the produced chlorine is reacted with the sodium hydroxide solution:
4:9 Cl,(g)+20H (ag) = CI (aq) + OCI (aq) +H,0(/)

to produce a solution of mixed sodium chloride NaCl and sodium hypochlorite NaOCl salts,
sold as laundry bleach. Sodium hypochlorite, in turn, is anodically oxidized to sodium
chlorate NaClO, for which there is a large market in the pulp and paper industry. This salt
is also generated chemically in aqueous solution by the disproportionation of sodium
hypochlorite:

4:10 3ClO (ag) — ClO; (agq) + 2C1 (aq)
a reaction which is very slow in basic solution, but which is catalyzed by hydronium ions.

Furthermore, sodium perchlorate NaClO, is produced electrochemically by anodic
oxidation of acidic solutions of sodium chlorate:

4:11 ClO; (aq) +3H,0(¢) = 2e” +ClO, (ag) + 2H,0" (aq)
hydrogen being formed at the cathode.

Organic Electrosynthesis: nylon from natural gas

Though production volumes are small in comparison with those of the large inorganic
electrosynthetic enterprises, many electrosyntheses of organic compounds are currently

13 This voltage is to be compared with the null cell voltage of 2.20 V calculated in Web#410.

414 Use these data, and the assumption of 100% yield, to calculate the rate of chlorine generation in the
mol m?s™" unit. Also compare the energy consumed in generating one mole of chlorine with that calculated
in Web#410. Check your answers at Web#414.

415 known industrially as caustic soda or simply “caustic”.

#1¢ Demonstrate that reactions 4:8, 4:9, and 4:10 are thermodynamically feasible. See Web#416.
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being exploited commercially worldwide*’. The Baizer*'®-Monsanto process for

conversion of acrylonitrile to adiponitrile is the most noteworthy example. The cathodic
reaction is both a reduction (adding hydrogen atoms into the organic structure) and a
dimerization (combining two acrylonitrile molecules into a single adiponitrile molecule)

4:12 2CH,CHCN + 2H,0" +2¢~ — NCCH,CH,CH,CH,CN +2H,0

The reaction, the mechanism of which is not firmly established, occurs at a cadmium
electrode in an aqueous emulsion containing, in addition to the reactant and product,
sodium phosphate and a quaternary ammonium salt.

This electrosynthesis is a key step in the synthesis of nylon from natural gas. The
propane CH,CH,CHj fraction of the gas is dehydrogenated to propene CH,CHCH, before
being converted to acrylonitrile CH,CHCN. Following the electrochemical step,
adiponitrile is converted in part to adipic acid HOOC(CH,),COOH and in part to
1,6-diaminohexane H,N(CH,),NH,. These are the two components from which the
nylon-66 polymer*'* [OOC(CH,),COONH(CH,),NH]. is formed.

Among smaller scale processes, the electrochemical reduction of bromides is used by
organic chemists as a means of synthesis. With R denoting an organic group, the first step
in such reductions probably yields a radical

4:13 RBr(soln)+e” — R*(soln) + Br™ (soln)

Depending on the nature of R and of the solvent, the radical may dimerize to R,, further
reduce and abstract a proton from the solvent to form RH, or even attack the electrode
(giving HgR, or RHgBr with a mercury electrode). With dibromides, double bonds or rings
may form, as in the examples**
4:14 CH,CHBrCHBrCH;(soln) +2e- — CH,CHCHCH, (soln) + 2Br " (soln)
or

CH, -CH,
4:15 BrCH,CH,CH,CH,Br(soln) +2e” — | |  (soln)+2Br (soln)

C 27 2

Another electrosynthetic route of interest in organic chemistry is the Kolbe

synthesis*”', in which the electrooxidation of carboxylates at a platinum anode yields
dimeric hydrocarbons and carbon dioxide:
4:16 RCO, (soln)—e~ — RCO; (ads) — R (ads) + CO,(ads) — 1R, (soln) + CO,(g)

Discovered in 1843, this synthesis was the first important organic electrosynthetic reaction.

47 see Chapter 6 in D. Pletcher and F.C. Walsh, Industrial Electrochemistry, 2nd edn, Kluwer, 1990.

418 Manuel M. Baizer, 1914 - 1988, organic electrochemist.

419 The number 66 indicates that there are six carbon atoms in the diacid comonomer and six in the diamine.
420 Predict the product of the electroreduction of the compound C(CH,Br),. See Web#420.

41 Adolph Wilhelm Hermann Kolbe, 1818 -1884, German organic chemist, who followed up earlier
observations by Faraday on the electrolysis of acetate solutions.
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It is used to construct higher saturated hydrocarbons. “Mixed” product formation by
joining two different R groups can be accomplished by having one of the reactant
carboxylates in excess.

Electrolysis of Water: key to the hydrogen economy?

Proponents of the hydrogen economy** see the electrolysis of water, in which the
electrode reactions are*”

4:17 anode : 6H,0(/) > 4e +0,(g)+4H,0"(aq)
and
4:18 cathode : 4H,0" (ag)+4e” — 2H,(g)+4H,0(?)

as the “green” method of generating hydrogen from electricity. Presently, the so-called
“reforming” of natural gas*** is a more cost effective process for manufacturing hydrogen.
Accordingly, hydrogen is made electrolytically only in niche applications*?®. It is to be
expected, however, that the depletion of fossil fuel reserves will one day tip the economic
balance in favor of the electrosynthesis of hydrogen.

As the table on page 384 confirms, water is a poor conductor and therefore a strong
electrolyte must be added to the water to provide sufficient conductivity. The identity of
the ions provided by this electrolyte is largely immaterial, provided that they do not
themselves undergo any competitive electrode reaction; H,SO, is often used as the
electrolyte.

The Gibbs energy change accompanying the cell reaction

4:19 2H,0(¢) - 2H,(g) +0,(g)

is positive and equal to**® 474.2 kJ mol ™!, from which a null voltage of magnitude 1.229 V
may be calculated. It might therefore be expected that if the voltage source shown in
Figure 4-3 overleaf'is adjusted to any positive value in excess of 1.229 V, current will flow
and the reactions 4:17 and 4:18 will occur at the left and right-hand electrodes respectively.
In fact, these reactions do not occur significantly until the applied voltage reaches about

422 This is the concept in which hydrogen, H,, plays a role similar to that of electricity as an “energy currency”,
being generated at one site, then transported to a remote energy-needful site (such as a home or an automobile
engine) where it is combusted with air to liberate energy with the formation of water.

42 These equations, which of course make no pretense of depicting the mechanisms of the electrode reactions,
are applicable to the electrolysis of acidic water. The overall reaction 4:19 applies irrespective of the pH.

424 This is the catalyzed reaction of methane CH,(g) with steam H,O(g) to give hydrogen and oxides of carbon.
425 Asin the prolonged electrolysis of water with a view to increasing its heavy water content. D,O electrolyzes
more reluctantly than H,O and therefore accumulates in the residual electrolyte solution.

426 Confirm this from the table on page 391 and go on to check the cited null voltage. Rationalize the fact that
your calculation resulted in a negative voltage. See Web#426.
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voltage
source

Figure 4-3 The electrolysis of
water produces oxygen at the
anode and hydrogen at the
cathode. Ions from an electrolyte
are necessary to provide
conductivity but these play no
role in the electrode reactions.

H,O and electrolyte

t )

Reaction 4:17 Reaction 4:18

2 V. A phenomenon impeding an electrode reaction is known as a polarization and three
of'these are the subject of Chapter 10. In the case of water electrolysis, the polarization can
be attributed primarily to the slow kinetics of reaction 4:18 and, especially, reaction 4:17.
Reaction 4:18 provides a powerful example of the finding that the nature of the
electrode can profoundly affect the electrochemistry of a reaction even though the electrode
material is not stoichiometrically involved in the electrode reaction. Study of the kinetics
of this reaction (Chapter 7 and Web#743) shows that the hydrogen-evolution reaction
proceeds by three distinct mechanisms, depending on the metal at which the reaction
occurs. For most metals, including Hg, Ag, Pb, Cu, and Fe, the mechanism is believed to
involve the formation of an adsorbed hydrogen atom in the rate-determining step

H,0"(aq)+¢~ — H(ads)+H,0(() Step (1), slow
H(ads)+H,0"(ag)+e — H,(g)+H,0(¥) Step (2), fast

4:20

On the metals Mo, W, Ti, and Ta, the kinetics can be explained on the basis of the same
two reactions, but with the second step now being rate determining:

. H,0"(aq)+¢ — H(ads)+H,0(() Step (1), fast
w2l { H(ads)+H,0" (ag)+e — H,(g)+H,0(¢)  Step (2), slow
The mechanism for Pd, Rh, and Ir is believed to be
{ H,0"(ag)+e — H(ads)+H,0(/)  Step (1), fast

4:22 ~
2H(ads) - H,(g) Step (2), slow
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It is the principles described in Chapter 7 that permit us to speculate on the mechanisms
that apply in each case. Several examples are provided there and mechanisms 4:20, 4:21,
and 4:22 are referenced elsewhere’.

Mechanistically, the anodic reaction 4:17 is no more straightforward than the cathodic
reaction 4:18, and it is inherently slower. The mechanism at some metal anodes is believed
to involve the following steps:

4:23 2H,0(¢) > ¢ + HO(ads)+ H,0" (aq)
4:24 HO®(ads)+H,0(¢) > e +0(ads) +H,0"(aq)
4:25 20(ads) = O,(aq)

On other electrodes, hydrogen peroxide may be involved, because this is known to be an
intermediate in the reduction of oxygen.

The speed, and even the products, of the reactions described in this section, are
determined by the nature of the electrode material, even though the latter is not part of the
reaction’s stoichiometry. Because of this, such reactions are often described as examples
of electrocatalysis.

Much research is being conducted aimed at diminishing the voltage needed to effect
water electrolysis. Voltages as low as 1.6 V have been achieved by the use of catalytic
electrodes. A related research endeavor is to use illuminated semiconductor electrodes.
Under suitable conditions, the energy of captured photons can augment the electrical
energy (page 291).

The electrolysis of water can yield other products. An electrosynthesis perfected by
the Dow company is used to manufacture hydrogen peroxide H,0,. The electrolysis is
conducted in oxygenated basic solution and electrode reactions are

4:26 anode : 20H (aq) > 2¢ +H,0(/)+10,(g2)

and

4:27 cathode : H,0(/)+0,(g)+2e — HO, (aq)+OH (aq)
with the overall reaction being

4:28 cell: OH (aq)+30,(g) - HO,(aq)

The hydroperoxide ion HO); is a weak base and, on neutralization, hydrogen peroxide is
formed by the proton-transfer reaction

4:29 H,0" (aq) + HO, (ag) — H,0(¢) + H,0, (aq)

Selective Membranes: a quiet revolution in small-scale inorganic electrosynthesis

The migration of ions through electrosynthetic cells generates heat. Sometimes, as in
the Hall-Herault cell, this heat provides a valuable contribution to raising the temperature
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of the ionic conductor. More often, however, it represents wasted energy, and accordingly
it is diminished as much as possible. Two ways in which this can be done are to maximize
the conductivity and to minimize the distance between the anode and cathode. Of course,
if the electrodes are placed too close together, there is a danger of their inadvertently
touching and, to prevent this, porous barriers are used, in both electrolytic and galvanic
cells. Though the strict distinctions in meaning are not always maintained, it is useful to
distinguish between three types of barriers, according to the function they serve:

separator: to physically contain or separate the electrodes

diaphragm: to impede the mixing of two solutions within a cell

membrane: to preferentially allow the passage of certain solutes
To emphasize their selective permeability, membranes are often said to be
“semipermeable”. The word “membrane” is, of course, also used to describe many
different kinds of biological barrier; these too are often discriminatory in their behavior
towards ions. Certain biological membranes have “gates” that only specific ions can easily
transit; these may be “active” or “passive” according to whether or not the organism needs
to expend metabolic energy to “pump” the ions through the gate (page 189). Sadly, we
have far to go to even begin to match nature’s membrane selectivity.

One characteristic that can be ascribed to barriers of most types is their permeability.
This is defined as the rate at which a solute i crosses unit area of the barrier in unit time

under a unit concentration gradient. Symbolically, the definition of permeability**’ is
L dn
4:30 P = I
AAc; dt

where L and 4 are the thickness and area of the barrier, and dn,/dt is the rate at which the
solute crosses the membrane under a concentration differential of Ac;. Its unit*®is m?s™'.
That P, for a diaphragm is largely independent of the identity of i, could be considered the
distinction between a diaphragm and a membrane.

The prototypical synthetic membrane is Nafion*?. This is the generic name of a series
of polymeric products in which side chains bearing sulfonic (and sometimes also carboxylic
-CO,H) acid groups have been introduced into a poly(tetrafluoroethene) backbone.
Because the -SO;H groups ionize in the presence of water, the membrane is hydrophyllic
and imbibes water. The tethered —SO; (aq) groups strongly repel anions, so that nafion
acts as a cation-only permeable membrane. There are alternative membranes with
—NR] (ag) groups, with R denoting an organic moiety such as CHj, that are preferentially
anion permeable, though these have yet to achieve the robustness of their Nafion cousins.
The electrosynthetic use of membranes was noted in an earlier section in the context of the

427 The term “permeability” has several different meanings in other areas of science and technology. For
example, see Goldman permeability on page 188.
428 Confirm this allocation of an S unit. See Web#428.

42 This is the name the DuPont Company gives to its sulfonic acid ionomer (a polymer with charged groups).
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Figure 4-4 In electrodialysis, multiple membranes, alternatingly anion permeable
and , direct the ions into the salt compartments, denuding the
chambers they leave.

chloralkali industry, but the increasing availability and refinement of selectively permeable
membranes has considerably enhanced the repertoire of inorganic electrosynthesis.
Frequently these cells are of small scale and are sited where a need exists for their product,
reducing the cost and hazards of transportation.

Electrodialysis uses an alternating array of anion-permeable membranes and

, as in Figure 4-4, to remove most of the salt from
brackish**” water. The process is not economically competitive with reverse osmosis for
the desalination of ion-rich waters such as seawater.

A salt is formed spontaneously from the interaction of an acid and a base. The
converse process, carried out in an electrosynthetic cell, is called salt splitting or
electrohydrolysis. There are several strategies, illustrated overleaf in the three diagrams
of Figure 4-5. Though almost any soluble salt may be split, our illustration uses the
example of sodium sulfate. This salt is a valueless byproduct of the viscose®*' process, and
of'the pulp-and-paper industry, that presents a disposal problem; it can be electrochemically
split into sulfuric acid and caustic soda, for both of which a market exists. The first

430 «“Brackish” means mildly salty, and thereby unfit for drinking or irrigation. Analyze the chemistry involved
in the technique illustrated in Figure 4-4. Ideally, how much electricity per cubic meter would be needed to
remove all the sodium chloride from a 10 mM input stream. See Web#430.

1 Viscose is dissolved cellulose, made from wood or cotton and used to make rayon and cellophane.
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Figure 4-5 Three salt-splitting cell configurations applied to sodium sulfate solutions.

diagram shows a dual-compartment cell with a single membrane. Pure sodium hydroxide
is produced by this cell, but the sulfuric acid retains some salt that must be removed by
subsequent crystallization. In the second diagram two membranes are used, but the
imperfection of the anion-selective membrane, in allowing the passage of some hydronium
ions, prevents high concentrations of sulfuric acid being allowed to build up. There are
three compartments also in the third diagram, in which the membranes are both cation-
selective.

A rather recent innovation in membrane
technology is the perfecting of bipolar membranes.
These are dual membranes with one half being
anion permeable, the other cation permeable. Thus, —<~— == ——>
at least in theory, all ions are blocked from passing (ilﬂ) g;"q)
through the bipolar membrane. However, the
immersed membrane readily imbibes water, so that 0
when an electric field of the appropriate polarity is ~ 2H,0(/) = H,0"(aq) + OH  (aq)
applied, the water ionizes and hydronium ions
stream out from one face, with hydroxide ions exiting the other. A salt-splitting cell design
incorporating both bipolar and monopolar membranes is illustrated in Figure 4-6. Salt
solution, S, enters the compartments so marked. Water enters the compartments marked
W. The anion of the salt remains within its compartment, becoming partnered by
hydronium ions from the bipolar membrane on its left, and exiting as the acid A. The salt’s
cation travels through the monopolar cation-selective membrane into the adjoining
compartment, where it becomes partnered by hydroxide ions from the bipolar membrane
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Figure 4-6 Salt-splitting cell incorporating bipolar and monopolar membranes.
The letters represent Salt, Water, Acid, and Base.

on its right, and exits as the base B. A cell of similar design is used in Japan for reclaiming
lactic acid from sodium lactate solutions.

Ion-selective membranes are not without their problems, but electrochemistry aided
by such membranes appears to have a bright future**>. The use of membranes tailor-made
for a specific application will speed the adoption of these economical and eco-friendly
techniques.

Summary

Major industrial enterprises, notably aluminum electrowinning and the chloralkali
industry, employ electrosynthetic methods to manufacture commercially valuable materials.
Electrochemical methods circumvent the thermodynamic AG < 0 requirement imposed on
purely chemical processes, making electrosynthesis the preeminent route to high-energy
chemicals. On a much smaller scale, organic chemists make use of electrolytic steps as
components in longer synthetic enterprises. Not presently economical, electrolytic
hydrogen, possibly with sunlight contributing some of the required 237.1 kJ mol ' of Gibbs
energy, is foreseen by some as filling energy transportation needs of the future. Recent
trends are toward the electrosynthesis of valuable chemicals at their point of use, often in
cells employing selective membranes.

42 T A. Davis, J.D. Genders, and D. Pletcher, 4 First Course in lon Permeable Membranes, Alesford Press,
1997.

View supplementary web material at www.wiley.com/go/EST.



Electrochemical Power

In contrast to the electrolytic cells discussed in the previous chapter, which convert
electrical energy into chemical energy, the cells addressed here make the reverse
conversion: they generate electrical energy from the net Gibbs energy liberated by the
reactions at the two electrodes of a galvanic cell.

Types of Electrochemical Power Source: primary or secondary batteries, fuel cells

Batteries™' and fuel cells are galvanic cells designed to be efficient sources of electric
power. Whereas a battery is self-contained, a fuel cell employs reactants that are supplied
as fluids from outside the cell. Batteries are of two main types: primary cells and
secondary cells; the former operate solely in the galvanic mode, whereas secondary cells
also operate electrolytically, and can thereby be “recharged”.
battery { primary cell

electrochemical power source secondary cell

fuel cell

Secondary cells are also called storage cells, accumulators or rechargeable batteries.

When a primary battery’s initial supply of reactants is exhausted, its useful life is over
and it is discarded. A fuel cell, on the other hand, has the advantage that its fuel (the
chemical consumed at the anode) and the oxidizer or oxidant (consumed at the cathode)
are supplied from outside the cell and the products of the electrode reactions are removed
continuously, so the cell can be used almost indefinitely. Though a secondary cell may be
discharged and recharged repeatedly, such cells do have a finite cycle life, for a variety of
reasons. Many batteries also have a limited shelf life; that is, their useful life slowly
deteriorates even when they are unused.

SO Strictly “battery” refers to several interconnected galvanic cells in a single unit (they were so named by
Benjamin Franklin, 1706 - 1790, one of the founding fathers of the United States, by analogy to a battery of
cannons), but nowadays the term is applied also to a single cell.

Electrochemical Science and Technology: Fundamentals and Applications, First Edition. Keith B. Oldham, Jan C. Myland, Alan M. Bond.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Lt