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SUMMARY

THE main features of a previously presented approach to electrochemical
kinetics are outlined on the basis of a simple example, the reduction of a
singly charged species. Various equivalent expressions for the relationship
“between current and overvoltage are derived from a minimum number of
assumptions. Explicit definitions are given for the exchange current and
the transfer coefficient, the sensitivity of the former quantity to change in
composition being examined in some detail. The point of departure for an
exploration of the possible correlation of overvoltage with the electron work

function is indicated.

INTRODUCTION

In a series of papers concerned with the interpretation of hydrogen over-
voltage! and in a recent monograph entitled ‘ Electrochemical Affinity’2 we
have made an attempt at treating the kinetics of electrode processes on the
basis of a minimum of assumptions which, however, once made, were followed
up to their logical implications without the introduction of further assump-
tions along the way. In view of the fact that many of the current theoretical
treatments of electrode kinetics are not straightforward elaborations of well
defined sets of initial assumptions (some of them being even based upon
contradictory assumptions) and very often mask the essential features of the
problems under superficial complexities, it seems advisable to present once
more the main points of our method of approach.

We begin by recognizing that overvoltage data correspond to steady states
in which the velocities of all successive steps in the electrode process occur
at equal velocities (the stoichiometric coefficients being of course suitably
selected). ~Successive steps-may be of essentially different characters, a
homogeneous step succeeding a heterogeneous one or vice versa, or a reactant
in the bulkof the solution giving an adsorbed product, etc. It follows that
a priori decisions concerning the relative magnitudes of the specific reaction
rates of these successive steps cannot be made with any kind of certainty.

* Moreover, if the reaction velocity of a particular step can be evaluated, the
result will apply to any other step in the sequence. It will usually turn out,
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in practice, that a particular step lends itself to an easier calculation than the
other steps. For instance, in the case of hydrogen overvoltage, it is possible
to analyse and evaluate the velocity of the discharge process

H+ (solution) +¢~ (metal) — H (adsorbed) e (D)

(at least as far as its theoretical dependence on experimental parameters is
concerned) on the basis of a minimum of assumptions, while it does not
appear possible to us to analyse and evaluate in similar fashion the velocity
of the step

3[2H (adsorbed)] — $H, (adsorbed or escaping). ... (2)

However, the velocities of these two steps are the same and the calculation of
the velocity of the first step serves also for that of the second.

In the present brief paper we shall outline our method on the basis of a.
very simple particular case. Generalization is possible without any special
difficulty and will in any case be made available elsewhere.

For the sake of simplicity we shall consider the case of a reduction in
which the singly charged species X present in the bulk of the solution takes
up one electron made available by the metal of the electrode and becomes
the neutral species 17

Xte 1. e (3)

We shall concern ourselves only with the forward reaction, i.e. with the
cathodic current, neglecting the anodic current correspondlr}g to the reverse
reaction. This makes the specification of the state and location in the system
of the reduced species ¥ unnecessary. Our methf)d, however, could easily
be extended to the treatment of this reverse reaction. :

We shall assume that:

(1) The activated complex £ has the same composition as X and, hence,
reaction of X with ¢~ is preceded by the activation process

xX=2, e ()

which, in accordance with current absolute rate theory, is at equilibrium.

(2) The activated complex Z is at a spatial position y intermediate
between electrode a and solution f. .

(3) In positions a, 8, 7, the electric potential ¢ is defined and so are the
chemical potentials 4 and the electrochemical potentials ji of the species
involved in the electrode process.

The current density I of the electrode process is given by

I = KFCy, ees (5)

in which K is the specific rate for the unimolecular decomposition of the
activated complex (probably equal, as far as order of magnitude is con-
cerned, to the Eyring frequency kT/h, in which k is Boltzmann’s constant, T is
the absolute temperature and h is Planck’s constant), F is the Faraday and
C7 is the concentration of the activated complex per unit area in the plane
corresponding to position y.
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The activation process (4) being at electrochemical equilibrium, we have:

Bx = fiz )

or ] ’
bx+FpP = pg+For e (7)
or

px° +RT In (Cyfiy) +Fopf = pz° +RT In (Cofy) +Fpr, .oe (8)

in which the s are standard chemical potentials, R is the molar gas constant,
In designates the natural logarithm, Cy is the concentration of X in the solu-
tion, fy is the activity coefficient of X in the solution, Cz has been defined
above, and f is the activity coefficient of £ in the plane y.

At zero net current the cathodic component and the anodic one (here
otherwise neglected) balance each other, being then both equal to the
so-called ‘exchange current’. Let us write the electrochemical equilibrium
condition between X and £ for this case. We have:

lu‘Xo+R Tln (CXj:\’) +F‘pgqu. = lu'Z° +R Tln‘ (CZona) +F¢un.’

in which the subscript o indicates that we are dealing here with the values of
C and f3 at zero net current, andéhe subscript equ. indicates that the electric
potentials are now those corresponding to the overall equilibrium of the
electrode process. The quantities u;°, uy°, Cx and fx have of course the
same values as in (8). Subtracting (9) from (8) and combining with (5) we
obtain:

I = KFCy,(fzlfz) exp {Flpf—g7) — (¢F —¢7)equ.]/RT}. 10)

If the process under consideration appears to follow Tafel’s law (i.e. a plot of
In 7 vs. overvoltage is linear for sufficiently large values of I), it would follow
that the coefficient of the exponential in equation (10) could be regarded as
independent of I, with the implication that fz would then be insensitive to
changes in J, and that the exponent could be regarded as equal to a constant
fraction of the overvoltage. -Equation (10) then takes the form

I = I, exp [(a,Fn)/RT], e (11)

in which the exchange current I, is given by _
1, = KFCz,(falfz) e (12)
and the so-called ‘transfer coefficient’ a, is such that
(@ =) — (PP =@")equ. = a0, wee (13)
the overvoltage 5 being defined as follows:
= (PP —¢°) — (¥ = ¢ equ.- e (14)

Equations (13) and (14) provide a particularly satisfactory picture of the
actual significance of the transfer coefficient. It often occurs in practice
that both @, and I, turn out to be independent of composition, at least for -
certain ranges of current and overvoltage. We see from equation (12) that,
leaving out of consideration the ratio of activity coefficients, I, will depend as -
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much on composition as G, and this may indeed be very little if the con-
centration of the complex at zero net current is determined by probably
nearly constant adsorptlon conditions, such as the complete or almost com-
plete coverage of an inner adsorption layer.

The relationship between current and overvoltage has sometimes been
written (arbitrarily or mtumvely ) under the forms

= K'FCy exp [(a,Fn)/RT]

or - v (15)

' I = K'FCxfx exp [(a,Fn)/RT]

The present analysis and in particular the equilibrium condition (8) give us

I = KFCx(fxlfz) exp {{px® —pz° +F(@F — @) equ. + @, L) /[RT} 16)
and we see that the factors constituting I, include not only Cxfy but also f7
and exp [F(pf — @?) q, /R T] as composition-dependent contributions. How-
ever, their product will be as sensitive (or insensitive) to composition changes
as the I, of equations (11) and (12). In any case, we must regard expressions
of the type of equations (15) as incorrect.

An interesting way of transforming equations (10) or (16) consists of ex-
pressing the activity Cyfy in terms of the reversible electrode potential as
given by the Nernst equation. We shall consider, for the sake of simplicity,

the activity of the reaction product 7" as constant and as incorporated into
the standard electrode potential. “"We have:

(@ =P equ. = (@*—¢?)°+(RTJF) In (Cxfx). - (17)
Combining with (16) we obtain:

I = KF(l/fz) exp {{ux" —pz" +F[ (B — =) ° + (wa—W)equ.+am]}/R(T1£33

an expression which does not contain any explicit dependence on Cy but in
which dependence on composition occurs through £, and exp [F(g® — @) qu.]-
However, the reasons advanced for considering Cy, as practically independent
of composition apply equally to the value of ((pfl ) equ.+-

Another step of interest consists of writing, in place of (pf—¢r)° its value
in terms of standard chemical potentials,

(P=)° = (" —p- —px")|F e (19)
which, when introduced into (18), gives

I'= KF exp {{pr” = . = pz” + FL (9" — %) cqu. +-am)}/R T}-
. - (20)
The chemical potential of the electron which appears in the last two formulas
differs from the work function by an amount equal to the surface potential
difference (see the C.L.T.C.E. reports on Electrochemical Nomenclature and
Definitions3), ‘An examination of the poss1b]e correlation of overvoltage
with work function should take this difference into account and should make

use of an equation'such as (20) which has been obtained by a straightforward
reasoning starting from a minimum of plausible assumptions.
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We hope that the foregoing discussion will be found helpful as a leading
thread through the complexities of the literature of electrochemical kinetics.
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