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it decides the rate at which substances are synthesized and the rate of output of electrical energy. It determines how fast a metal will disintegrate.
In Chapter 4, the basic factors controlling the drift of ions through
the solution have been discussed. That leaves two regions of the electrochemical system in which the rate of charge transport has yet to be understood. These regions are the two metal-solution interfaces.
This is the basic problem: One must understand electron transfer across
interfaces, whether it can occur spontaneously or not, what factors control
its rate, the role of the metal, the role of the solution. There must be some
electrical factors controlling this electron-transfer rate; how else could one
use external electron sources to make the interfaces perform the required
chemistry at a desired rate?
Why tackle the whole system of two interfaces at once? One can
conceptually dismantle the assembly, isolate a single metal-solution interface, and analyze it. This then is the problem stripped down to essentials:
What determines the rate of electron transfer at a single metal-solution
interface?

8.2. THE BASIC ELECTRODIC EQUATION: THE BUTLER-VOLMER EQUATION
8.2.1. The Instant of
Solution

Immer~ion

of a Metal in an Electrolytic

One could take off on this discussion from a picture of a fully electrified
metal-solution interface with charges positioned on the metal surface and
on the solution side of the interface and with a field operating across the
two phases, etc. But the basic factors reveal themselves more clearly if one
follows through the events which occur when a metal electrode M is dipped
into an electrolytic solution containing M+ ions, e.g., a silver electrode
immersed in a AgN0 3 solution. The instant of immersion, t = 0, serves
therefore as the starting point of the discussion.
This evolutionary approach to a problem has been used before. Thus,
it was applied to elucidate the concept of surface excess (cf Section 7.2.6b);
the concentration-distance profiles were analyzed at t = and at t -+ 00
after the interface has acquired a steady-state electrification and structure.
The initial condition shall first be sketched in greater detail. At the
instant of immersion, the metal is electro neutral, or uncharged, q.l( = O.
Since the interface region as a whole must then be electroneutral, there must
be zero excess charge on the solution side of the interface, i.e., iq.l1i = iqsi

°
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Fig. 8.15. At the instant of immersion there is electro neutrality
on both sides of the interface and consequently a zero potential
difference and zero field across it.

= O. Hence, there is a zero potential difference t and a zero field operating
in the interphase region (Fig. 8.15). This is, of course, a too simple picture.
Thus, one has ignored the fact that, even when the metal charge is zero,
there is a small net orientation of water molecules and, hence, water will
immediately start orienting itself in respect to the surface, which will create
a dipole field (cf the asymmetric water molecule, Section 7.5.5). Such
aspects can always be brought into a more refined picture. As a first
step, simplicity shall have the priority.
Under these conditions of zero field, there are no electrical effects and
one has pure chemistry, no electrochemistry.
The simplest possible reaction is initially considered, an elementary
one-step electrodic reaction: The electrode donates an electron to the
t

If measured (cf 8.2.14) with respect to a common reference electrode at different
metals, a stable zero-charge situation can be made to arise at different potentials, the
pzc, as shown in Table 8.1 (cf also Section 7.2.5m).
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TABLE 8.1

Some Potentials of Zero Charge

Metal

Mercury
Chromium
Copper
Gold
Iron
Lead
Platinum*
Silver
Zink
Nickel

*

Potential of zero charge, V
(normal hydrogen scale)

-0.19
-0.45
-0.16
+0.15
-0.37
-0.60
+0.56
-0.44
-0.63
-0.28

±
±
±
±
±
±
±
±
±
±

0.01
0.05
0.05
0.05
0.03
0.05
0.03
0.02
0.05
0.03

Values of the pzc for Pt are controversial. That given concerns an electrode free from
hydrogen at pH = O.

electron-acceptor ion A +. After the receipt of the electron, the electron
acceptor is transformed into a new substance D.

A++e-+D

(8.9)

The reaction might be, for instance, the conversion of silver ions into metallic silver or the electronation of ferric ions into ferrous ions. t
Now, the question is: Will the electron-transfer reaction occur of its
own free will, or must it be driven? Will it occur spontaneously or not?
Such questions are answered by thermodynamics. One looks up whether
the metal-solution system is in a state of minimum free energy, i.e., whether
the system is in equilibrium. The precise criterion (ef Section 7.3.3c) for
equilibrium across an interface is the equality of the electrochemical potentials of the species which can leak across the interface. In the present
context, therefore, the criterion should be stated thus: Is (,uA+ )solution equal
to (,uA+ )electrode?t In other words, is JI LlS,uA+ = O? But this criterion can
t Note that, in general, the electron acceptor need not be an ionic species. It was given

a positive sign in this example so as to stress that it differs from the donor by one
positive charge.

t There is sometimes difficulty in accepting the equality of the electrochemical potentials
of the ions in the solution and in the metal. However, consider M ~ M+ + e. Within
the metal itself, Ilmetal = .uM+.metal + .ue,metal' In respect to the equilibrium between
metal and solution, flmetal = .uM+,soln + .u.,metal· Hence, .uM+,soln = .uW,metal .
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be written in terms of the chemical and inner potentials (cf Section 7.3.3a)
thus
(8.10)
Since one has stipulated that there is zero field, the term Jl fJs¢> can be set
equal to zero. Hence, to know whether the interface is at equilibrium, one
must check whether the chemical potentials of A + are the same on both
sides of the interface.
It is as in the process of diffusion. If there is a difference of the chemical
potential of a species in two regions, then the gradient of chemical potential
acts as the driving force for diffusion. If, therefore, at t = 0, the chemical
potentials of A + are not equal on both sides of the interface, there is no
equilibrium across the interface. Thermodynamics allows the electrode reaction to proceed spontaneously. What happens when it does so proceed?

8.2.2. The Rate of Charge-Transfer Reactions under Zero Field:
The Chemical Rate Constant

The essence of an electrodic reaction is interfacial electron transfer.
At this stage of the treatment, the detailed mechanics of electron transfer will be ignored. Thus, no attention will be given to such questions as:
Does the electron jump between electrode and particle A+ in solution, or
does the electron wait for particle A+ to move across the electrode-solution
interface before it jumps? The key point is that a charge must move across
the interface.
Incidentally, it may be noted (Fig. 8.16) that, whether negatively
charged electrons move from electrode to solution or positively charged
ions move from solution to electrode, the current is in the same direction.
So, from the formal point of view, it is all the same whether electron transfers to the ion or ion transfers to the electrode are considered.

IS EOUIVAlENT
TO

Fig. 8.16. In the conventional definition of current, the current from the solution to the electrode means either the flow
of positive ions across the interface in the same direction or
the flow of electrons in the opposite direction. These two flows
are formally equivalent.
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Movement of ioo towards electrode
Electrode

Distance from electrode

Fig. 8.17. Construction of a potential-energy-distance profile by consideration of the potential-energy
changes produced by varying x1 and x2'

The approach of the rate-process theory (cf Section 4.2.18) can be
used at this point. Consider the movement of the positive ion A + from the
solution side of the interface, across the few angstrom units of the double
layer, to the metal surface. Somewhere along the way the electron transfer
occurs from electrode to ion; precisely where, it does not matter at present.
The progress of the moving charge can be charted by specifying the values
assumed by Xl and X 2 in the movement (cf Fig. 8.17)
Site on solution side of double layer

--+

Site on metal surface

As the ion moves (i.e., as Xl and X 2 of Fig. 8.17 vary), its potential energy
changes. By plotting the potential energy against the distance coordinates
Xl and X 2 , the potential-energy diagram of the quoted figure is obtained.
Each point on this diagram represents the energy corresponding to a
certain location of the moving ion. The occurrence of the charge-transfer
reaction is represented by the motion of the point from a position on the
diagram corresponding to the initial state to one corresponding to the final
state. t Hence, the positive ion has to have a certain activation energy before
t

This picture represents an oversimplification which will be corrected later (cf Section 8.5).
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Direction of ionic transfer

•
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Fig. 8.18. The potential-energy-distance profile for the various successive steps of a meta! ion undergoing electronation. (For elucidation of such
steps, see Section 10.2.2.)

the charge-transfer reaction is accomplished. (An example of an actual
diagram for such a situation is shown in Fig. 8.18).
This process of an ion's jumping from a solution site to the metal
is similar to the elementary act of diffusion, namely, the jump of an ion
from one site to another (ef Fig. 4.39). In the case of diffusion, too, there
is a potential-energy barrier. The frequency with which an ion successfully
jumped the energy barrier for diffusion (i.e., the jump frequency) has been
shown (Section 4.2.17) to bet

(4.111 )
--+

where L1CO* is the standard free energy of activation, the change in free
energy required to climb to the top of the barrier (ef Section 4.2.18) when
there is zero electric field acting on the ion in its motion.
A similar expression can be used for the frequency with which an ion
can climb the activation-energy barrier in the transfer from solution to
metal (Figs. 8.17 and 8.18) and accomplish the charge-transfer reaction.
When this jump frequency is multiplied by the concentration eA+ of electron-acceptor ions A + on the solution side of the interface, one obtains
t It will be recalled that the k in the term kT/h is the Boltzmann constant and not the

jump frequency.
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the rate of the electronation reaction under zero electric field
(8.11 )
(The arrow over the Vc indicates that it is the electronation reaction that is
being considered, and the subscript c indicates that it is a chemical, or
zero-field, rate). This expression can be separated into a concentrationindependent portion kc and a concentration term CA+
(8.12)
where
(8.13 )
The concentration-independent portion kc is the rate constant. It is the
frequency of successful jumps, i.e., those in which the particle succeeds in
passing over the barrier.
The dimensions of kc can be obtained from Eq. (8.12). The velocity
tic of the reaction is the number of moles transformed per unit area of the
electrode surface per second; and the concentration is in moles per square
centimeter. Hence, kc has the dimension second-I.
This first description of the state of affairs at the instant of immersing
a metal in a solution can be summarized. The metal and solution sides of
the interface are at first uncharged. There is no potential difference and no
electrical field across the interface. Nevertheless, the metal-solution interface
may not be at equilibrium, in which case thermodynamics indicates that
an electron-transfer reaction will occur. The rate of the electron-transfer
reaction under zero field is given by purely chemical-kinetic considerations.

8.2.3. Some Consequences of Electron Transfer at an Interface
Once the electron-transfer reaction occurs, a train of consequences
ensues (Fig. 8.19).
The emigration of the electron from the electrode to the electron acceptor A + leaves the metal poorer by one negative charge. The metal has
become charged positive. Its electroneutrality has been upset.
A similar argument can be applied to the solution side of the interface.
Prior to the electronation reaction, this solution side was electro neutral.
The electronation reaction involving the transfer of a positive ion toward
the metal has the effect of reducing the positive charge on the solution side
of the interface which thus acquires a net negative charge. Thus, both sides
of the metal-solution interfaces have become charged. This is the embryo
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Fig. 8.19. The consequences of an electron-transfer
reaction are numerous; the charging of the interface and
the establishing of a potential drop are the most direct ones.

of the electrified interface. Further, the charge separation at the interface
implies a potential difference across the interface. An electrical field has
been created.
Now, all electrodic reactions (electronation and deelectronation) involve movements of charge across the interface. Since electric fields affect
the rate of movement of charges, the rates of electrodic reactions must be
affected by the embryonic field at the interface.
Thus, the unelectrical state of affairs existing at the instant of immersion
is radically changed by the occurrence of the electron-transfer reaction.
The metal charges up, an electrical field develops, the zero-field rate of the
reaction becomes altered. t Chemistry becomes electrochemistry.
8.2.4. What Is the Rate of an Electron-Transfer Reaction under
the Influence of an Electric Field?

The electric field at the interface is a vector. It is a quantity directed
normally to the interface. If the metal is positively charged and the solution
t All these events, sketched here in some detail, occur over a small time, which is in the

microsecond range for some metal-solution interfaces.
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Fig. B.20. The electric field developing across
the interface hinders further charge transfer.

negatively charged, further electron transfer from the electrode to an electron acceptor in the solution (or positive-ion movement in the opposite
direction) is opposed by the field (Fig. 8.20). How is the rate of the electrontransfer reaction affected by the interaction between the moving charge
and the directed field?
When there is a field across the interface, the work done by the positive
ion in climbing the potential-energy barrier (Fig. 8.17) has to include
the electrical work.
How can one compute this electrical work? To do the job rigorously,
one has to consider the effect of the electrical field on the potential barrier.
Each point on the potential-energy curve represents the energy of the
particles of the system when they are in a certain configuration. And, in
the presence of the field, the energies of all the charged particles will be
altered. So, the points and thus the curve may shift up or down.
A highly simplified and approximate approach will be adopted. The
electron will be forgotten, and it will be assumed that the electronation
reaction consists in moving the ion from its initial state right across the
interface to its final position on the metal.
On this basis, the electrical work of activating the ion so that the energy
representing it "passes over the top of the barrier" is given by the charge
eo on the ion times the potential difference through which the ion is moved
to reach the top (Fig. 8.21).
The electrical contribution to the standard free energy of activation
can be estimated by reference to Fig. 8.21. As the positive ion begins to
move across the double layer, it has to do electrostatic work against the
field in the double layer, i.e., the field does work on the ion. Let the total
potential difference through which the ion passes be, say, iJ¢>. However,
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Fig. 8.21. The electrical work of activating the ion
is determined by the potential difference across which
the ion has to be moved to reach the top of the freeenergy-distance relation.

with respect to the contribution of this electrostatic work to the standard
free energy of activation for the forward reaction (the ion from the solution
to the electrode), only a part of the total iJ¢> is of importance, namely, that
part through which the ion passes during passage to a point (perhaps somewhat halfway across the double layer) when the energy of the ion passes
the summit of the energy barrier of Fig. 8.21. The summit has been lowered
by the electrical work done, i.e., the potential difference passed through
multiplied by the charge (eo on a unicharged ion but F, the Faraday, for a
gram-ion of ions). Suppose that, instead of writing the important part of
the potential difference through which the ion moves as 1/2iJ¢> , one
writes it as {JiJ¢>, where {J is a factor greater than zero but less than unity.
The title for {J is unusually logical; it is called the symmetry factor
Distance across double layer to summit
{J = - - - - - - - - - - - Distance across whole double layer
Then, {JiJ¢>F is the amount by which the energy barrier for the ion-toelectrode transfer is lowered, and, hence, (l - {J)iJ¢>F is the amount it is
raised for the metal-to-solution reaction (see Fig. 8.21). Thus, once more, t
t The argument given is a very crude one and will be transformed later in this chapter

(8.5) to a quantum-mechanical one.
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for the forward reaction,
Electrical contribution to the free energy of activation = +{JF LJ1>

(8.14)

In the presence of the field, therefore, the total free energy of activation
for the electronation reaction is equal to the chemical free energy of activation LJG~* plus the electrical contribution {JF LJ1> t
(8.15)
Thus, the rate t Pe of the electronation reaction under the influence of the
electrical field can be written in anyone of the following forms
(8.16 )
(8.17)
(8.18 )
(8.19)
This rate Pe is the number of moles of positive ions reacting per second
by crossing unit area of the interface. When this is multiplied by the charge
per mole of positive charges, one obtains the electronation-current density 7
(8.20)
(8.21 )
(Since Pe and F have the dimensions of moles per square centimeter per
second and coulombs per mole (or amperes X second per mole), respectively, 7 has the dimensions of amperes per square centimeter.) This exponential relationship, first established by Volmer and Erdey-Gruz but indicated earlier in a rough and inaccurate way by Butler, symbolizes the link between the electric field and the rate of electron transfer across the interface.
It shows (Fig. 8.22) that small changes in the field at the electrified interface
produce large changes in the current density (e.g., if {J ~ !, it can be shown
that a l20-mV change in LJ1> produces a tenfold change in The exponential

h

t Thus, for an electronation reaction, 11</> is negative and the electrochemical standard

free energy of activation AGO,. is lowered by ,1</>, i.e., the rate is increased.
t The subscript e is to emphasize that the velocity under discussion is that in the presence
of an electrical field in contrast to vc' the velocity under zero-field condi tions.
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Fig. 8.22. The exponential nature of the currentpotential dependence results in large changes in
current for small changes in potential.

relation (8.18) is the link between chemistry lie and electrochemistry lie.
It may be recalled (Section 4.4.6) that, in the transport of ions, too, the
drift in the presence of a field (i.e., conduction) was related to the zerofield drift (i.e., diffusion) by a similar type of expression.
For each occurrence of the electron-transfer reaction, the argument
can be repeated. If the metal is not connected to any other source of charge,
every electronation of A + ions charges the metal less negatively and the
solution less positively, decreases the potential difference and field across
the interface, increases the electrical work of activating the ion to the top
of the barrier, decreases the electrical factor e-flFd.pIRT, and reduces the
rate of the electronation reaction. There is a cumulative tendency here. t
The larger the number of electrons transferred, the smaller is the attracting
electric field and the smaller is the rate of the reaction. It looks as if, after
a sufficient number of electron transfers, the electronation reaction should
slow down or stop, lie -+ O.
8.2.5. The Two- Way Electron Traffic across the Interface
The description given suggests that every interface should eventually
stop letting charge leak through because the transfer of positive charge
from solution to the electrode makes the latter more positive and hence
hinders further transfers. According to this picture, every interface should
t The extremely simple picture being built up here is that of the approach to equilibrium

after a metal has been introduced into a solution. It is, of course, an artificial case in
many ways, one of which is explained below. In an actual electrode connected to an
external current source, there is a supply of electrons to or from the electrode from the
outer circuit.
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behave after a short time as an ideally polarizable interface (Section 7.2.Sd).

But most interfaces do sustain continuous electron leakage. Something vital
has been left out of the discussion.
The missing aspect is based on the principle of microscopic reversibility-a formal way of saying that, among atoms, there are no one-way
streets. What can happen in one direction can also happen in the opposite
direction. If positive ions can move from the solution to the electrode, they
can jump back in the opposite direction. Not only is there an electronation
reaction
A++e--+D

but also a de-electronation reaction
D--+A++e

In stating that the electronation reaction encounters a field which
makes ion movements (from the solution toward the electrode) more and
more difficult and that the reaction would stop, the possibility of reverse
de-electronation jumps was not considered.
Let this reverse reaction be considered now. Its rate under the influence
of the field is given by arguments almost identical with those applying to
an electronation reaction. There is, however, an extremely important difference. The charges are sensitive to whether they are moving with the field
or against the field. If they are moving with the field, the greater the field
is, the less is the work required to move them. Hence, if the directed field
hinders the ion transfer from solution to electrode, it helps along the jumps
in the opposite direction.
Thus, if, in the electronation reaction, the positive ion moves against
the directed field, it moves with the field in the de-electronation (Fig. 8.23).
Further, if the positive ion has to be activated through a potential difference

CHARGED
ELECTRODE

G

8

Q. DE -E;ECTRONATION
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Fig. 8.23.

8

8

REACTION
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If the field hinders the electronation reaction it
helps the de-electronation.
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Fig. 8.24. The de-electronation reaction (b) opposes
the achievement of the electronation reaction (a) in
charging the interface.

of fJ,1</> in the forward direction (i.e., from solution to metal), it has to be
activated through the remainder (I - fJ) ,1</> in the de-electronation reaction.
Hence, the electrical work of activation for the reverse reaction is
+F[(1 - fJ) ,1</>], the plus sign is because the field assists ion transfer..
The rate of the de-electronation reaction becomes therefore t

ve = k

C ~pU-{J)F J</>IRT

(8.22)

C lJ"

and the de-electronation current density becomes

1= FkccneU-/1)FJ</>IRT

(8.23)

The discussion proceeded on the basis that, starting from the instant
of immersion (zero field), the electronation reaction built up the field as it
t It may be noted that, when the donor is a metal atom (e.g., for the reaction Ag ~ Ag+

+ e), the concentration term in (8.22) vanishes. This is because the reactant in that
case is pure metal M and the activity of a pure substance is unity. But this is a formal
answer; for a physical picture, one may think in terms of a collision theory. Thus,
for the M+ + e ~ M reaction, one would expect that the number of successful encounters with the electrode (and, hence, the rate) would depend on the number per
unit volume (or concentration) of M+ particles; the fewer is the number of M+ ions,
the fewer are the collisions and the smaller is the rate. For the M ~ M+ + e reaction,
however, the number of M atoms facing the solution does not change when the solution
concentration changes, and hence can be thought of as included in the rate constant

t:
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occurred. The reaction charged the metal less negative, or more positive.
Notice (Fig. 8.24), however, that, at the same time, the de-electronation
reaction is splitting a neutral atom into an ion and an electron and thus
putting electrons into the metal and opposing the increase of positive charge
on the metal (i.e., opposing the buildup of the field).
This, then, is the explanation of why the electronation reaction does
not come to a halt. Just as the excess positive charge on the metal builds
up and decreases the electronation rate, so the reverse reaction increases
in rate by pumping electrons into the metal, decreasing the excess positive
charge on the metal, and negating the tendency to stop the electronation
reaction.
What is more, it is obvious that, if no external electron source (power
supply, e.g.) or sink (a load) is connected up to the electrode, a stalemate
must be reached between the electronation and de-electronation reactions
which are trying to change the field, electrode charge, etc., in opposite
ways. There must be some value of the field or potential difference iJ</>
at which the electrode's rate ofloss of electrons (the electronation reaction)
and its gain of electrons (the de-electronation reaction) must become equal,
i.e., the electronation and de-electronation currents become equal
(8.24)
The charge on the metal then becomes constant, and so does the charge
on the solution. The field across the interface becomes constant.
The interface has attained equilibrium, and there is a characteristic
equilibrium potential difference iJ</>e across the interface. The value of iJ</>e
is a characteristic of the reaction A + + e -+ D.
Books were written about this particular potential iJ</>e, and, for about
fifty years, electrochemists remained preoccupied with it. Being strictly an
equilibrium concept pertaining to the special case T= 7, they described a
situation at which nothing net happened. Meanwhile, electrochemical devices were being used, e.g., to synthesize substances and generate power,
happenings in principle beyond the scope of an equilibrium viewpoint.
Had no new concepts been evolved, concepts which did not concentrate
on J</>e, progress in electrochemistry would have been in danger of becoming
like the net current of Eq. (8.24).
8.2.6. The Interface at Equilibrium: The Equilibrium ExchangeCurrent Density io

The metal-solution interface in its equilibrium state seems at first to
present a tranquil scene. There is no net current, no net electronation and
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deelectronation, no substances produced, and no change in potential difference or field across the interface. But, beneath the apparent lack of motion, charges pass constantly to and fro across the interface. The electronation and deelectronation reactions continue to occur-but at the same rate.
The currents corresponding to these reactions are equal in magnitude and
opposite in direction
(8.25)
where jj~e is the absolute potential difference across the interface at equilibrium.
As shown first by Butler, an equality of this type can lead to a kinetic
formulation of the equilibrium potential jj~e.
What is the significance of these equilibrium currents? They are a
quantitative measure of the rate of the reaction which occurs (in opposite
directions at equal rates) at an interface at equilibrium. They express, in
terms of numerical magnitudes, the rate of the two-way electron traffic
between the electrode and particles in the electrolyte when there is no net
charge transport from one phase to the other. They characterize the rate,
in terms of current, of the electron exchange between the metal and the
solution under equilibium conditions.
A t the characteristic potential difference jj~e corresponding to the
equilibrium, Eq. (8.24) indicates that T= T. Hence, as suggested by Butler,
the individual electronation and deelectronation currents underlying the
state of equilibrium can be designated by the same term. Such a magnitude
is designated the equilibrium exchange-current density io . It is one particular
value of the field-dependent current densities, the value at equilibrium.
One has
(8.26)
Exchange-current densities reflect the kinetic properties of the particular
interfacial systems concerned and thus can vary from one reaction to
another and from one electrode material to another by many orders of
magnitude (cf Table 8.2).
Can the equilibrium exchange-current density io be measured directly
by an instrument? It cannot, for all current-measuring instruments are based
on the effects (magnetic field, voltages developed across resistors, etc.),
produced by a drift of electrons, i.e., by a net transport of electrons. A pure
random walk of electrons, not leading to a net flow, cannot be thus sensed.
Now, the equilibrium exchange-current density is like a one-dimensional

878

CHAPTER 8

TABLE 8.2

Exchange-Current Densities io at 25°C for Some Electrode Reactions

System

Medium

Mercury

Cr 3 +/Cr2+

KCl

-6.0

Platinum

Ce /Ce3+

H 2SO 4

-4.4

Platinum

Fe3+/Fe2+

H 2 SO 4

-2.6

Rhodium

Fe3+/Fe2+

H 2SO 4

-2.76

Iridium

Fe 3 +/Fe2+

H 2SO 4

-2.8

Palladium

Fe3+/Fe2+

H 2 SO 4

-2.2

Gold

H+/H 2

H 2 SO 4

-3.6

Platinum

H+/H 2

H 2 SO 4

-3.1

Mercury

H+/H 2

H 2 SO 4

-12.1

Nickel

H+/H 2

H 2 SO 4

-5.2

Tungsten

H+/H 2

H 2 SO 4

-5.9

Lead

H+/H 2

H 2SO 4

-11.3

H

log io ,

A cm- 2

Metal

random walk of electrons across the interface with equal numbers of electrons walking in both directions (Fig. 8.25). Such a situation was analyzed
in taking a fundamental look at self-diffusion (cf Section 6.4.2a). It was
realized that, when equal numbers of identical particles moved in opposite
directions between two parallel planes, their motions could not be detected.
The equilibrium exchange current cannot therefore be directly and simply
measured because there is no net current at equilibrium. However, it is
possible to determine the io , and some methods of doing this will be mentioned later.

Fig. 8.25. The equilibrium exchange current implies an equal number of electrons
walking in both directions across the interface.
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8.2.7. The Interface Departs from Equilibrium: The Nonequilibrium Drift-Current Density i

How can the individual electronation and de-electronation currents
produce, or be made to produce, a net flow of electrons? This must occur
directly they are made unequal to each other. The electron drift is then
equal to the difference between the charge transfers due to the electronation
reaction and those due to the de-electronation reaction. Electron drift, however, implies a net current and net chemical transformations, and this means
that the interface is no longer at equilibrium. The nonequilibrium driftcurrent density i (or simply the current density) is given by the difference
between the de-electronation T and the electronation T current t
i

-

=i- i

(8.27)

On the basis of this understanding, it is easy to see that the expression
for the nonequilibrium drift-current density is
(8.28)
where

(iJ1> #

iJ1>

is the nonequilibrium potential difference across the interface

L11>e) corresponding to the current density i. One can split this nonequilibrium iJ1> into the equilibrium potential difference iJ1>e and another
portion, namely, the extra part 'YJ by which the potential of the electrode
departs from that at equilibrium, i.e., iJ1> - iJ1>e = 'YJ and write
(8.29)
The term 'YJ = iJ1> - iJ1>e measures how much the potential t has departed
from the equilibrium value iJ1>e' One can now write a net current density
[ef Eq. (8.28)]

However, the two terms inside the brackets are simply the expressions for
Current densities have directions (they are vectors); Unfortunately, therefore, an arbitrary decision must be made regarding the sign of the net current density i. Here,
putting the de-electronation current density 7first is meant to imply that, when the
magnitude of 7is greater than the magnitude of 7, the net current i is taken as positive.
Hence, when there is net flow of electrons from solution to metal (i.e., net de-electronation), the net current is taken as positive. Of course, other conventions are possible.
t In electrochemistry, it is customary to avoid repetition of the term potential difference
and to simply say potential even though a potential difference is implied.

t
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the equilibrium exchange-current density, io [see Eq. (8.26)]. Hence, a
convenient way of writing (8.30) is
(8.31 )
This is a rather fundamental equation in electrodics. It may be termed
the Butler-Volmer equation after the workers from whose work it was
evolved. It shows how the current density across a metal-solution interface
depends on the difference 'Y) between the actual non equilibrium and equilibrium potential differences. Small changes in 'YJ produce large changes in i.
This achievement of electrical control over reaction rates is the point which
distinguishes electrochemical from chemical kinetics.

8.2.8. The Current-Producing (or Current-Produced) Potential
Difference: The Overpotential

l)

The quantity 'Y) [cf Eq. (8.31)] is apparently of crucial importance to
electrodics. It shall therefore be given closer examination. A potential difference in the case of a linear potential drop is equal to an electric field
times distance. Thus, one can write (Fig. 8.26) for the potential difference
t1ifJ existing at an interface across which a current density i is flowing

t1ifJ = IX

(8.32)

where X is the electric field, and I the distance between the metal surface
and the locus of centers of the particles positioned for reaction on the
solution side of the interface (this distance will be considered in greater
detail later). Similarly, for the equilibrium potential,
(8.33)
Thus,
(8.34)
and
(8.35)
where bX = X - Xe is the difference between the nonequilibrium field X
corresponding to a potential t1ifJ and the equilibrium field Xe corresponding
to the equilibrium potential t1ifJe. Note (Fig. 8.26) that, as the current 1
flows through the solution, there appears an additional potential difference
JR, between the two electrodes of an actual cell, owing to the passage of

ELECTRODICS

881

OHP
I

I
I
I

-

I

I

I

I
I

I
I

-

Electrified interface

.

.!:!
<:

'0

Il.

Fig. 8.26. The potential difference across
the interface is equal to the product of the
field and the distance between the metal
surface and the centers of the ionic particles
on the solution side at the distance of closest
approach.

current through the resistance of the solution. This acts as a driving force
for the ionic motion required in the process, i.e., that force required to
give the ions in solution a preferential drift between electrodes.
What does Eq. (8.35) teach? It shows that the equilibrium field (corresponding to which, bX = 0) cannot produce a net current; only an excess
field (bX -#- 0) can drive a current i. One has here a situation which is common in the phenomena of transport (cf Section 4.2.1); corresponding to
every flow or flux, there must be a driving force. The flux is the current
density (the flow or charge across the interface); the driving force is the
excess field bX -#- 0 acting on the charges concerned.
Why should the driving force be an excess field and not just a field?
In the expression for the conduction current through an electrolytic solution
[cf Section 4.4.12 and Eq. (4.205) in Section 4.4.13],
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one found that the current density i was driven by the field, not by the
excess field. The reason is simple. In conduction by ionic migration, this
entire field inside the electrolyte arises from the externally applied field.
Switch off the externally applied field, and the net potential drop inside
the electrolyte collapses to zero, and so does the ion migration, or conduction current. This, however, is not the case at the interface. If one switches
off the externally applied field, the excess field oX and therefore the current
drops to zero but the field at the interface does not vanish. The equilibrium
field still remains (Fig. 8.27). It drives the electronation and de-electronation
current densities at an equal and opposite rate, i.e., gives no net current.
In the case of interfaces, therefore, the net current is driven only by the
excess field. This excess field oX is best termed the current-producing field.
So far, the discussion of Eq. (8.35) has been presented in terms of a
substance-producing electrochemical device. What is the situation in an
(0)

( b)

"·0I

X'o

I

I

:g

c:

o•

IR drop in
elect ro I yte

Q.

x'o
Distance

No IR drop
in electro Iyte

x-d
Distonce

Fig. 8.27. It takes an excess field to drive current (a). But, when the
externally applied field is switched off, the field at the interface does
not vanish. The equilibrium field remains (b).
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energy-producing electrochemical device? It will be recalled that this is a
self-driving rather than an externally driven electrochemical system, or cell.
The substance within the system undergoes spontaneous charge-transfer reactions which drive a current through the load in the external circuit and,
in the process, create an excess field on it; this is a current-produced field.
It is customary, however, to talk in terms of excess potential differences
(or, simply, overpotentials) rather than in terms of excess fields. Thus,
the expression for the net current density i is generally written with an
1] = iJ¢ - iJ¢e
(8.31 )
rather than with a bX = X - Xe and
(8.35)
When an externally driven electrochemical system, or cell, is considered,
the excess potential 1] (excess with reference to the equilibrium potential
difference iJ¢e) is the potential difference that drives the current; it is the
current-producing potential. On the other hand, if the system is a selfdriving electrochemical system, or cell, then the current driven through
the external load generates an excess potential 1]; this is a current-produced
potential. The term overpotential is used to refer both to the currentproducing potential 1] in a driven system and to the current-produced potential 1] in a self-driving cell.
8.2.9. The Basic Electrodic (Butler-Volmer) Equation: Some
General and Special Cases

Before engaging in discussion, one should issue a reminder here. All
relations derived so far cover only one, the simplest, of all possible cases:
a single-step single-electron-exchange reaction. In more complex cases,
important changes appear, but these will be discussed later (particularly in
Section 9.1).
Even from this simple case, much can still be learned.
A better feel for the indications of the Butler-Volmer relation [Eq.
(8.31)] is obtained by plotting i against 1]. The i versus 1] curve so obtained
(Fig. 8.28a) looks much like the plot of a hyperbolic sine function. There
is in fact a basis for this resemblance to a sinh function. It has been said
that the symmetry factor is about ~. Let it be assumed to be ~. Then Eq.
(8.31) becomes
(8.36)
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.....

i =i - i

(a)

-----.."..F-----..:!;+ .,

j-

+

i

( b)

------~~-----'+.,

-;
Fig. 8.28.

The dependence of current density on overpotential (a) is
of the shape of a hyperbolic sinh function (b).

and, since
eX - e- X

2

.

1=

2'

= sinh x

'0 sm. h

F'fJ
2RT

(8.37)
(8.38)

The i versus sinh 'fJ curve, however, is symmetrical (cf Fig, 8.28b).
A symmetry factor of t corresponding to a symmetrical barrier yields a
symmetrical i versus 'fJ curve. Hence, equal magnitudes of 'fJ on either side
of the zero produce equal currents; and, conversely, equal de-electronation
and electronation currents should produce equal overpotentials, or currentproduced potentials, 'fJ. This means that the interface cannot rectify a
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(0)
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(b)

Fig. 8.29. When the i versus 1) relation is perfectly symmetrical
(a), the interface cannot rectify the current responding to a periodically varying potential.

"*

periodically varying potential or current (Fig. 8.29). On the other hand,
to then the i versus rJ curve would not be symmetrical and the interif fJ
face would have rectifying properties (Fig. 8.30). The effect, known as
faradaic rectification, was discovered by Doss.
The hyperbolic sine function has two interesting limiting cases (Fig.
8.31). The first limiting case is when the overpotential rJ [Eq. (8.31)] or
the excess field (JX [Eq. (8.35)] is numerically large. This is the high-overpotential or high-field approximation. Under these conditions of large rJ (if
the example of a net de-electronation reaction is taken),
(8.39)
and, since the

e-F~/2RT

term tends to zero,
2 sinh ~ '"
2RT -

eF~/2RT

+ Cycle

(8.40)

Input potential

+i

Asymmetrical
curve

-i
(0)

- Cycle

Output current
(b)

Fig. 8.30. If the symmetry factor is different from!. the i versus 1)
curve is asymmetrical (a) and there is a faradaic rectification effect or
a periodically varying potential.
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o

2RT

0

Fig. 8.31. In the narrow region of small overpotentials,
the i versus 1] relationship is linear, and, at sufficiently
high positive or negative overpotentials, the i versus 1]
relationship becomes exponential.

Hence, under high fields, the Butler-Volmer equation reduces [from (8.38)]
to
(8.41 )
i.e., the current density increases exponentially with the overpotential 'YJ
or with the driving force of the excess electric field across the double layer.
The second limiting case is when the overpotential 'YJ or the excess
field !5X is small. This is the low-overpotential or low-field approximation.
Under these conditions [see Eq. (3.12)] of small 'fj, one can consider that
(F'YJ/2RT) ~ 1 and use the approximation
(8.42)
The low-field approximation thus reduces the Butler-Volmer equation to
the special case
(8.43 )
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a linear relationship between the current density i and the overpotential 'YJ
or driving force
What excess fields or overpotentials 'YJ are low, and what fields are
high? What are the quantitative criteria of low and high fields (or low
and high overpotentials)? Consider the high-field approximation. It is
based on
(8.39)

ox.

Let it be assumed that the right-hand side of (8.39) should be less than 1%
of the left-hand side. Then, the condition for the high-field approximation is t
F'YJ

>

RT

2 Ine 10

(8.44 )

or
'YJ

> 0.12 V

(8.45)

where 2.303RT/F is equal to 0.058 V at 298°K. Hence, when the interfacial
potential difference iJ1> exceeds the equilibrium potential iJ1>e by about
0.120 V for a one-electron transfer process, one can use the exponential
i versus 'YJ high-field law with an applicability of about 99%.
The condition for the low-field approximation is (F'rJ/2RT) ~ 1. Let
this be taken to be
(8.46)
then,
'YJ

<

0.01 V

Hence, when the overpotential 'YJ is about 0.01 V or less for a one-electron
transfer reaction, the linear i versus 'YJ law can be used with good justification.
It will be recalled [Eq. (8.34)] that the overpotential 'YJ is simply related to the driving force for the electro die reaction and is thus related to the
electric field in excess of that present at equilibrium
'YJ

=

loX

(8.34)

Thus, the magnitude of the driving force is a measure of how far the system
has departed from equilibrium. Hence, the low-field approximation (a
small 'YJ or oX) implies that the interface is in a near-equilibrium condition,
and the high-field (a large 'YJ or oX) approximation implies that the interface has been pushed far away from equilibrium.
t

The condition is for a one-electron transfer reaction.
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8.2.10. The High- Field Approximation: The Exponential i versus
Y)

law

One does not, of course, necessarily have to go through the sinhcontaining version of the Butler-Volmer equation to obtain the high-field
approximation for the current-overpotential law in electrodics.
The Butler-Volmer equation [Eq. (8.31)] contains two terms, one of
them representing the deelectronation-current density Tand the other, the
electronation-current density 7
i = i - i
(8.27)

--

where [cf Eq. (8.31)]
and
What happens (Fig. 8.32) when

is increased? The electronation-current

'YJ

c:

.2

oc:
e
~...
I

~

OJ

z

Net c.d., i =i - i

_~- +'I,i.e.,6+>6+,
"E1,ctronotlon
E ltchonQl c.d .• i 0
c:

.2

oc:

e
u

.!!

...

OJ

z

--

- i,ori<i

Fig. 8.32. The graphical representation of the electronation- and
de-electronation-current densities and the approach of the Butler~

Volmer equation to the high-field approximation as i becomes
small.
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TABLE 8.3

High- Field Approximation of the Butler-Volmer Equation
(3 = 0.5, io = 1 mA cm-2 , and T = 25 0 C

ry.

V

Fry

i oe(1-/31 F 'IIRT,

RT

rnA cm- 2

-

io[e(1-/31F'I/RT _ e-IlF'I/RT].

mAcm- 2

Error % in the high-field
approximation

0

0

1.00

0

0.001

0.039

1.02

0.04

+2450

0.005

0.195

1.10

0.195

+464

0.010

0.390

1.21

0.39

+210

0.020

0.780

1.48

0.80

+85

00

0.030

1.17

1. 79

1.23

+45.5

0.050

1.95

2.65

2.27

+16.7

0.100

3.90

7.03

6.89

+2.0

0.200

7.80

49.38

<+0.1

49.4

density Tdecreases and deelectronation-current density Tincreases. When 'rJ
is large enough, T';Y T and the Tbecomes so small that it can be dropped out
of the expression. Thus, the high-field approximation of the Butler-Volmer
equation (valid at 1}'s greater than about 0.10 V)t yields
(8.47)
The error involved in replacing the Butler-Volmer equation with (8.47)
as a function of potential is shown in Table 8.3.
For convenience of plotting, it is useful to put this Eq. (8.47) into a
logarithmic form by taking logarithms
1)

RT

= - (I _ (J)P

I'
n

10

+ (I

RT I .
_ (J)P n I

(8.48)

or
2.303RT

1)

t

.

2.303RT

.

= - (1 _ (J)plog 10 + (1 _ (J)plog I

(8.49)

The corresponding equation for the electronation-current density at overpotentials
sufficiently negative with respect to the equilibrium region is hence
(8.47a)
[ef. (8.41). the corresponding equation for

fJ

=

~l.

890

CHAPTER 8

Thus, when the electronation current T becomes too small for consideration, the current-producing or the current-produced potential (the overpotential) is a linear function of log i. Since Yj = iJ¢ - iJ¢e and iJ¢e (the
equilibrium potential) is a constant, the variation in Yj with log i is the same
as the variation in iJ¢ and, if the potential difference across the interface is
plotted against the logarithm of the net current density, a straight-line plot
is obtained.
It has often been stressed that the absolute value of the potential difference, iJ¢, across an interface cannot be measured. How then is it possible
to determine the overpotential, Yj = iJ¢ - iJ¢e, which is the difference between two absolute potentials, one (viz., iJ¢) corresponding to a current
density i, and the other (viz., iJ¢e) to equilibrium?
In principle, the approach is similar to that of Section 7.2.5. There it
was shown that by setting up a two-electrode system, i.e., by coupling the
interface under study (the so-called test or working electrode) with a nonpolarizable interface (the reference electrode), two quantities can be measured: (1) the changes in the potential of the test electrode, and (2) the
potential of the test electrode relative to the reference electrode. Such a
two-electrode system is quite adequate for the measurement of equilibrium
relative electrode potentials.
To determine the overpotential, however, it is necessary to alter the
above two-electrode system by introducing an extra auxiliary electrode,
which is termed the auxiliary or counter electrode. Thus a three-electrode
arrangement is set up as in Fig. 8.33. In such a setup, the counter electrode
is connected to the test electrode via a polarizing circuit (e.g., a power source)
through which a controllable current is made to pass and produce alterations
of the potential of the test electrode. Between the non polarizable reference
electrode and test electrode is connected an instrument which is capable of
measuring the potential difference between these electrodes. (This instrument must have a high input impedance and therefore draw negligible
current for the reason discussed in Section 8.2.12.)
When no current flows through the polarizing circuit and there is
equilibrium at the test-electrode-electrolyte interface, the potential difference, E e , between the test and reference electrodes is given by (cf Section 7.2.5)

Ee

= iJ¢e + iJ¢contact + iJ¢ref,e

(8.50)

where iJ¢contact and iJ¢ref,e are the potential differences across the metalmetal contact and reference interfaces.
When a current I is passed through the polarizing circuit (i.e., between
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High-impedance
voltmeter

e
Counter electrode

Hz outlet

Fig. 8.33. The three-electrode system required to measure electrode overpotentials, i.e., !::,,¢ - !::,,¢e' The potential between the
working electrode and the reference electrode when both !::,,¢ and
!::"rPe correspond to the same reaction is equal to the overpotential 1]. The tube joining reference electrode and working
electrode is called a Luggin capillary. It helps diminish the inclusion of illicit IR drop in the measurement.

the test and counter electrodes), (l) the potential of the test electrode
changes from iJ¢e to iJ¢; (2) the potential difference across the metalmetal contact can be considered to be unchanged; (3) the potential of the
reference electrode remains at the equilibrium value, iJ¢rcf,e, because no
current flows through the measuring circuit (i.e., between the reference and
text electrodes); and (4) a potential drop arises in the electrolyte through
which the polarizing current flows. Thus, under these conditions, the measured potential difference between the test and reference electrodes is
E = iJ¢

+ iJ¢contact + iJ¢rcf,e -

IR

(8.51 )

In this equation IR is the potential drop developed when the polarizing
current I overcomes the resistance R = {faA of the electrolyte between the
test electrode and the so-called Luggin tip or probe by means of which the
reference electrode makes ionic or electrolytic contact with the test electrode.
From Eqs. (8.50) and (8.51), it follows that
(8.52)
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."
(volts)

Q2

0.05
log i

Fig. 8.34. A typical Tafel line for a one-electron-transfer electrode reaction, showing the
exponential relationship at high overpotentials,
which makes the relation between 1} and log i
linear.

The IR error can be virtually eliminated by minimizing R, i.e., by choosing
high-conductivity electrolytes and using small distances between the test
electrode and Luggin tip.
'f}

When 'f} values are obtained at various currents, it is possible to obtain
vs. log i plots.

Such 'f} versus log i plots are known as Tafel lines, in recognition of
Tafel who first published measurements which showed the behavior of
Eq. (8.47). An example is shown in Fig. 8.34. It will be noticed that the
intercept a in the Tafel plot permits a determination of the equilibrium
exchange-current density i o . The slope b has a meaning given by Eq.
(8.49) only for the particular case of simple one-step electron-transfer
reactions [such as that of Eq. (8.9)]. For other electrode reactions, the
relation is more complex and depends on precisely what path and mechanism applies. This aspect of electrodics will be dealt with later (Section
9.5.5b).

8.2.11. The Low- Field Approximation: The Linear iversus 1"\ Law
The exponential high-field law has been derived (Section 8.2.10) by
neglecting one of the currents constituting the net current density i. The
linear low-field law is obtained (cf Section 8.2.9) by expanding the exponentials and, since 'f} is by definition small in this approximation, by retaining
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only the first two terms of the expansion of each exponential term.

i

=

io[eU-i1)FnIRT -

~ i [1
-

0

~

+ (1

ri1FnIRT]

- fJ)F1] _ 1 + ~F1] ]

RT

RT

ioF1]

(8.53)

RT

The error involved in replacing the Butler-Volmer equation by (8.53)
is shown in Table 8.4 as a function of overpotential.
This special case of the electrodic reaction slightly off, but near, equilibrium (i.e., small 1]) shows that electrodic reactions across interfaces exhibit
ohmic behavior under low-field conditions. The current density is proportional to the current-producing or current-produced potential difference
(the overpotential 1]). One could write
(8.54)
where G.lI1S is the conductivity of the metal-solution interface. Equation
(8.54) is another example of the fact that, near equilibrium, all flows can
be taken to be proportional to their corresponding driving forces (Table
8.5). This linear expression serves to emphasize that the potential producing
the current in electrodic reactions driven from an outside source is the
excess potential difference 'YJ.
TABLE 8.4
Linear Approximation of the Butler-Volmer Equation
f3 = 0.5, io = 1 rnA cm-2, and T = 25 oC

1]. V

0
0.001
0.002
0.005
0.010
0.020
0.030
0.050
0.100

1]F

2RT

0
0.02
0.039
0.10
0.195
0.390
0.585
0.975
1. 95

. 1]F
10

RT'

rnA crn- 2

0
0.039
0.078
0.195
0.390
0.780
1.17
1.95
3.90

iO[e(l_PlnFtRT _ e-i1nFtRT] ,

rnA crn- 2

0
0.039
0.078
0.195
0.393
0.80
1.23
2.27
6.89

Error % in linear law

0
<-0.1
<-0.1
<-0.5
-0.7
-2.5
-4.9
-14.1
-43.4
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TABLE 8.5
Forces. Fluxes. and Laws for Different Phenomena Caused by Small
Perturbations of Equilibrium

Phenomenon

Force

Flux

Concentration
gradient

Molecular
flux an/at

Electrical
conduction

Potential
gradient

Electrical
current I

Heat
conduction

Temperature
gradient

Heat flow

Viscous
flow

Velocity
gradient

Shear
stress F/A

Diffusion

acjax

av/ax
aT/ax

av/ax

aQ/at

Occurrence of Chemical poa chemical
tential difprocess
ference .dGo

Chemical
reaction rate

Occurrence of Overpotential 'Y)
an electrochemical
reaction

Electrical
current
density i

Law
Form

an
at

Name

ae
ax

Fick's law

-=D-

Ohm's law

V
1=R

aQ
at

aT
ax

Fourier's law

-=x-

F

av

A

ax

Newton's law

-='Y)-

A Form of the
Mass Action
Law (.de == departure of concentration value from that of
equilibrium)

an/at

F

i=io--'Y)

RT

Linearized
Butler-Volmer
equation

8.2.12. Nonpolarizable and Polarizable Interfaces

The linear low-field law provides a simple way of understanding nonpolarizable and polarizable interfaces. It will be recalled that a nonpolarizable interface is one at which the potential difference does not change
easily with the passage of current. It does not polarize. As long as one
avoided (Chapter 7) considering the charge-transfer reactions, one could
not really understand how a nonpolarizable interface works. Now the
situation can be made clearer.
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Consider the linear law (8.53) written thus
RT

i

'Y}=-F
io
By rearrangement, one obtains
(8.55)
What is the significance of this 'Y}/i ratio? The linear law is that analogue
of Ohm's law which applies to the interface. The term 'Y}/i corresponds to
the resistance f2Jf!S of the interface to the charge-transfer reaction. The
reaction resistance, which mainly depends upon the exchange-current density io, determines what may be termed the polarizability, i.e., what overpotential a particular current density needs (for a driven cell) or produces
(for a spontaneously performing cell). One can improve the treatment by
assuming that perhaps io or, rather, the concentration inside io may not
be a constant with current, whereupon it is better to use the differential
resistance, which, for 7J in the linear region, is

(~i

t.CD,T

=

;~

=

f2JUS

Now observe what happens if the equilibrium exchange-current density io tends to very high values, i.e., toward infinity. As io -+ 00, f2JIIS =
(8'Y}/8i)cA .CD .T -+ O. Then, the slope of the 'Y} versus i curve is zero, i.e.,
despite the passage of a current density i across the interface, the overpotential tends to be zero. The interface remains virtually at its equilibrium
potential difference. This is precisely the behavior of an ideally nonpolarizable interface.
Earlier (Section 7.2.5c), the nonpolarizable interface has been described as maintaining its potential by leaking charge easily. This picture is
correct. But, now, one has a quantitative criterion of how polarizable an
interface is; the criterion is the equilibrium exchange-current density i o .
The higher the value of io is, the less does the potential difference across
an interface depart from the equilibrium value on the passage of a current.
The (hypothetical) ideally non polarizable interface (with io -+ 00), therefore, is always at the equilibrium potential (Section 7.2.5c).
An exchange-current density of infinity is of course an idealized case.
All values of io must be finite, which means that all interfaces show some
degree of polarizability. As shown in Table 8.6, the larger the values of
io are, the greater is the current density i required to produce a given change
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TABLE 8.6
The Influence of io upon the Current Density Required to Attain a Given
Overpotential acjl - acjle
13 = 0.5 and T = 25°C
io ,

Current density [A em-'] required for the following overpotentials [V]

Aem-'

0.001

10- 6

4 x 10-8

3.9

X

10- 7

6.9

X

10- 6

4.9 x 10-5

10- 3

4 x 10- 5

3.9

X

10-'

6.9

X

10-3

4.9

4

X

0.010

10-'

0.39

0.100

6.9

0.200

X

10-'

49.4

of potential from the equilibrium value iJ1>e characteristic of the given reaction.
Similarly, one can conceive of the other extreme, the case of io -+ 0
(Fig. 8.35). Here, drJldi, the polarizability, and the reaction resistance
e.l1/S become infinite. The potential departs from the equilibrium values
even with a very small current density leaking across the interface. This,
however, is precisely what could be expected for a highly polarizable interface; its potential is easily changeable, it can be varied at will by an external
power source without passing significant currents.
Thus, the concepts of polarizable and non polarizable interfaces are
quantified. The value io -+ 0 is the idealized extreme of a polarizable interface; io -+ 00 is the idealized extreme of a non polarizable interface.
The concept of the polarizability drJldi also shows why instruments
with high input impedance must be used by those making measurements of
the potential differences across electrochemical systems or cells.

Fig. 8.35. At low io values, the interface
has high resistance or polarizability.
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Measuring instrument
with resistance R

Fig. 8.36. When the measuring instrument
draws appreciable current, the measured cell
potential V is smaller than that which the
cell has in the absence of the current flow
drawn by the measuring instrument. Hence,
the latter should have a very high impedance.

Thus, an instrument which measures potential differences has itself a
particular resistance R. When connected across the cell (Fig. 8.36), the
instrument draws a current given by Ohm's law

/=

Cell potential
R

(8.56)

The passage of such a current across an interface would produce an excess
-artifactual-potential difference L11], which would mean that the potential
of the interface during measurement had changed from the potential before
measurement. This would be poor experimentation; one aims at measurement of the interfacial potential difference without altering it by the process
of measurement. It follows from (8.56) that one must use instruments
with very high input impedance (or resistances) R. Then, the currents
flowing across the electrode during measurement and therefore the disturbances to the potential difference under measurement become negligible.
8.2.13. Zero Net Current and the Classical Law of Nernst
Two regions of the general interfacial current-density-overpotential
curve have been discussed, the exponential region far from equilibrium
and the linear region near equilibrium. Now attention will be focused on
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one single point on the i versus 'YJ curve (Fig. 8.37). This is the unique point
corresponding to equilibrium where the overpotential 'YJ and the driving
force I (lX, are equal to zero; as a consequence, the net current density i
is also zero and the de-electronation Tand electronation 7current densities
are equal to each other, T= 7.
Since, under equilibrium conditions, the individual electronation- and
de-electronation-current densities are equal to the equilibrium exchangecurrent density, i.e. (cf Section 8.2.6),
(8.26)
it follows that
(8.57)
Upon taking logarithms,
A).

LJ'f'

_

e-

RT I kc
RT I cA+
n-+-- n-F
kc
F
CD

--

(8.58)

Now it will be recalled that the chemical rate constants pertain to the
condition of zero field at the interface. Can they be measured? No, because, to measure them, one must know when there is zero field, i.e., one
must be able to measure the field or the absolute potential difference across
a single metal-solution interface. This, however, is impossible because, as
explained earlier (cf Section 7.2.5b), the moment such an attempt is made,
one inevitably generates at least one extra phase boundary and therefore
one extra electrified interface. So, one always has two or more unknowns,
Current density

..........

1 =1-1

Overpotential
Equilibrium
'1 =0 , i.e.,

d+ =d+e

Fig. 8.37. The i versus 1) relation has one
point of particular interest, the point of zero
overpotential and zero current. It corresponds
to equilibrium at the electrode surface.
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the iJ4>'s across the two or more interfaces, and only one equation, namely,
Eq. (7.8), from which to obtain the iJ4> across the interface under study.
The conclusion is that one cannot experimentally determine the term
(RTjF) In (JUke) in Eq. (8.58) because of this lack of knowledge of the
absolute value of iJ4>e.
Think for a moment about the term (RT/F) In (ke/ke). It is obvious
that its value is given by the value assumed by iJ4>e when the concentration
ratio CA+/Cn is unity and the term (RT/F) In (CA+/Cn) becomes zero. It appears therefore that the term (RT/F) In (ke/ke) represents a particular value
of iJ4>e, namely, that value when the concentration ratio of electron acceptor
(oxidant) to electron donor (reductant) is standardized or normalized to unity.

For convenience, this standardized or, simply, standard value of iJ4>e is
given the symbol iJ4>eo. [Remember that, like iJ4>e, its absolute value is not
experimentally measurable. It is only possible to relate it to the total potential in a cell (cf Section 8.2.14).] Then
iJ4> ° = RT In

e

F

ke
kc

(8.59)

and
=iJ"'o+
RT
iJ'"
'f'e
'f'e
F In

CA+
CD

(8.60)

an equation which shows that the equilibrium potential difference varies
linearly with the logarithm of the concentration ratio of electron acceptor
to electron donor (Fig. 8.38).
Had one started out with the rigorous form of Eq. (8.38), containing
the activities aA and aD rather than the concentrations CA and CD, one
would have ended up with the following equation t
iJ'"
= iJ'"
° + RT
In aD
aA
'f'e
'f'e
F

(8.61)

An equation of this form for the equilibrium or zero-current value of
the potential difference iJ4>e across an interface is without doubt the most
well-known equation of classical electrochemistry. Here, it has been obtained as the equation for a particular point, namely, equilibrium, on the i
versus 'fJ curve. But it was first derived with the use of thermodynamic
t

This is why, in Fig. 8.38, there is a deviation from linearity at high concentration ratios;
the plot is in terms of molalities (gram-ions of solute per thousand grams of solvent),
and the activity coefficient terms have been neglected.
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Fig. 8.38. In the case of a silver electrode in a solution of silver ions, the linear relationship between the
equilibrium potential and log of concentration of the potential-determining species is maintained over a considerable region of concentrations.

cycles, by the great nineteenth-century physical chemist Walter Nernst,
whose name it bears.
It is easy to derive the Nernst equation (8.60) by means of equilibrium,
thermodynamic reasoning. One simply applies the condition for equilibrium
[cf Eq. (7.32) of Section 7.3.3c] to an interface. Thus, in a general case
of a z-electron exchange in a reaction MZ+ + ze ~ M at MZ+jM interface,
the equality of electrochemical potentials of the final and initial states reads
(A.7.6)
since the electrochemical potential of the neutral metal atoms is equal to
the chemical potential fl.1!' Now,

and
P.e = fle -

F~.l!

the species being on the solution side and on the metal side of the interface, respectively. The ~Jl and ~s are the inner potentials of those two phases,
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and the negative signs on F<p.~! reflect the fact that the charge on an electron
is -1.
Introducing these into (A7.6), one obtains

Thus, according to the convention that the potential difference across
the interface is the inner potential of the metal minus the inner potential
of the solution, one has
I
JG
J<pe = <PJ! - <Ps = zF (ftJIH + fte - ftJf) = - zF
(8.62)
But it will be recalled that chemical potentials are related to activities by
the familiar expression
(3.54)
Since the metal atoms in the metal are of a metal in the pure form, they
are in its standard state, so that their activity is considered to be 1, all = 1.
The electrons are also in their standard state, ae = 1, and the equation becomes

J'" =
~e

and, when

a.l1Z+

o

ftJIH

= I,
J<p ° =
e

o

ft.UH

+ fte0 zF

+ fte

0

zF

ftM

° + -RT
F In aUH

- ftM °

z·
JGo

zF

which results in

J<pe = J<peo +

~;

In a.l1H'

(8.61 )

the classical law of Nernst.
Correspondingly, it can be shown that, for a more general case of an
acceptor N+ which accepts z electrons in its equilibrium with a donor D,
(8.61 )

8.2.14. The Nernst Equation
When the Nernst equation for an interface at equilibrium is written
in the form of (8.61) it has an awkward feature. One cannot experimentally
measure the J¢'s (ef Section 7.2.5b). The equation needs some modification before it can be used.

