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ROLE OF THE ELECTRON WORK FUNCTION IN ELECTROCHEMICAL KINETICS

R. R, Dogonadze and A. M. Kuznetsov UDC 541.13

When we compare the velocities of electrochemical reactions at various electrodes, the question arises of
how the reaction rate depends on the work function of an electron in the electrode. The fundamental importance
of this topic is shown by the fact that it has recently been discussed afresh in the literature. Frumkin [1] has con-
sidered the problem of correct measurement of the potential occurring in the equation of elecrrochemical kinetics.
From the theory of absolute reaction rates, he showed [1] that the work function of an electron in a metal cannot
occur in the kinetic equation. Krishtalik {2] arrived at the same result for a metallic electrode, but by a somewhat
different route. At the same time in some previous articles [3-6] we have pointed out that in a system comprising
a semiconductor electrode some of the parameters of the volt-ampere characteristic may depend on the electron
work function., In these articles the topic was dismissed rather summarily: since it is again being discussed in the
literature, we have decided to consider it in somewhat greater detail.

As in our previous articles [3-6], we shall begin with the adiabatic theory of electron transitions [7) and con-

sider only oxidation-reduction reactions occurring via an electron mechanism: 7
At 4 e— == A, (1)

We shall at first consider that part of the current density whichis due to an electron transition from some one en- .
ergy level &f in the electrode to an ion in the solution:

"By = elc:(8)n(ey) p1Wta. 7 o (2)

Here [ is the thickness of the reaction region, c5(8) is the concentration of ions AZ in the reaction region, nlef) is

the Fermi distribution function, pf is the density of states in the electrode, and Wfs is the probability per unit time

of an electron transition from level &f to an ion. Note that this formula is symmetrical between the ion AZ and the
electron, because the product n(ef)pf is non other than the concentration of electrodes at level &f, cef . Letuscon-
sider the expression for W f, which was derived in our previous papers. Ignoring a factor which is practically in-
dependent of the electron work function, we can write ’

Wie ~ expl—(Js — 71 + Ed)? ] (AEKT)], (3

where E is the energy expended on repolarization of the solvent when the ionic charge changes by unity during the
electron transition, while J f and Jg are the energies of the initial and final states of the system.

Jo—1y = —e._1 —e®(8) —8!+9(PE+ 0z —Qz_4, ) (4)
where € 5., is the energy of ionization of the A% Yion, ¢(8) is the potential at the point where the ion is situated,
¢E is the Galvani potential of the electrode, o is the hydration energy of ion AZ, Let us introduce the explicit
form of the equilibrium potential of the electrode, oE: '

eqgf == tot — Gs + Gy o+ kT Inlea(e0) / ez () 1+ ery (5)
where € f is the Fermi level in the electrode. Note that all the electron energy levels are here reckoned from the
energy of a free electron. Therefore all the electron energy levels in the electrode f, including €, are negative,

and in this system the Fermi level coincides with the electron work function. By (5) we can write (4) as follows:

Io—1J; = e(gg— 9F) + (er — &) + kT In[e:(8) / c2a (D)) (6
We note that ez —¢f can be written as '
ep—e;=kTIn _n(e;) = kT In c//cg?, N
1—n(e)

where cgf is the hold concentration at level £ f (i.e., the concentration of vacant places). Substituting (6) into (5),
we get an expression for Jg—J§ whichisina certain sense symmetrical between oxidant and reductant in the
electrode (holes and electrons) and in the solution (A3 and AZ™1). Putting (3)-(6) into (2) we get
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e c:(8)
i = Ne, (O)Ce’,exp{—x[ e(pe— qg)+ kT In c—‘7+ kT In ) +E, ]/ (4E.kT)} . (8)

Here the factor N includes all those multipliers which are not important in the present work.,

In this form, (8) is correct both for metallic and semiconducting electrodes. To get the total current isg due
to transition of an electron into the solution, we must integrate (8) over all possible energy levels in the electrode.
Our earlier calculations show that integration with allowance for the energy spectrum of electrons in the electrode
leads to the result that the transitions take place effectively from one energy level (from the Fermi level, for the
case of a metal) or from two energy levels (from the bottom of the conductivity zone and from the top of the
valence zone, for the case of a semiconductor), so that, as before, the structure of the expression for igg takes the
form of (8) (ignoring a constant coefficient) . For simplicity, in what follows we shall consider the case when E
is so great that we can neglect the small squared terms in the square brackets in (7). We then get

isEN [ ?’_j (C,((S) Cz—1 (6)Cef Cgl) '/’.] exp [—' e (q)E— (p[g) /2kT] (9)

The summation is then carried out for those levels € f from which the transitioneffectively takes place. From (9)
we see that if there is arelationbetween the current igg and the electron work function (i.e., the Fermi level ef),
it appears only via the relation between &f and the quantity inside the summation sign. We note, by the way, that
this expression is completely symmetrical between the ions, and also between electrons and holes.  From (9) we
see that the relation with the work function can only appear via a concentration (entropy) factor. In what follows
we shall not be interested in the relation between the y;-effect and the work function, and shall assume that the
concentration of indifferent electrolyte is so large that the ion concentrations cz(5) and cz-4(8) are constantin the
reaction region.

Let us now consider (9) separately for a metal and a semiconductor. In the case of ametal [8) the transition
takes placemost effectively from the Fermi level g, and in the sum in (9) there remains only one term with f=F.
Here the product (CeFCgF) Va is practically independent of potential and of the position of the Fermi level (i.e., of
the work function), because,according to the definition of &F,the probability that an electron or hole will find it-
self at this level is just l/z:

1
(ceFegF) s = 5 pr.

Since similar consideration can also lead to the reverse current, we can conclude that in the case of a metal
electrode the work function does not occur in the equations of electrochemical kinetics; this is in agreement with
Frumkin [1] and Krishtalik [2].

In the case of a semiconducting electrode [9], the transitions effectively take place from the levels corre-
sponding to the lower edge of the conductivity zone at the contact, €)€, and the upper edge of the valence zone,
eyP, i.e., in the sum in (9) there remain only two terms corresponding to the electron current igg® (conductivity
zone) and the hole current iggP (valence zone). Here the concentration of unoccupied places (holes) in the con-
ductivity zone, cge, and the concentration of electrons in the valence zone, ceP, are practically constant, The
variables in the electron and hole currents are the concentrations of electrons and holes, respectively, i.e.,

— | - . : ’
(cee) [~ the exp (—- _,__Eh Er )’ (10)

2kT
er? — ep

. (11)
2kT

(eq?) = You? exp

Expressions (10)-(11) are potential-dependent. Let us introduce the overvoltage n = gg—¢E® and the overvoltage at

the contact Nk = ¢kx—¢ k', where ¢k and «pk° are the potentials at the contact. Then the expressions for the elec~
tron and hole currents can be written in the form '

. . — / ep®—ep ] { e("l-i/zﬂh)} RS
ign® ~ e — — AN LY (12)
e[t ef - - e

2kT .
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where ekoe and &P are the positions of the zones at the contact. Overvoltage f depends on 7 and is determined
by the potential distributian in the system. Ignoring a constant factor. the expressions in square brackets in (12)-
(13) are the electron exchange current i€ and hole exchange current iyP, and also depend on the potential distribu-
tion in the system. But since, in general, the potential distribution depends on the electron work function, the ex~
change currents i€ and igP and the transport numbers, defined as

ap = 1/2d‘r]h/d't],
0e =1 —1/2dns/dn,

(14)
(15)

also depend on the work function.

As an example, let us consider the case when there are no localized states at the surface of a semiconductor.
Then practically all the potential drop will be in the semiconductor, i.e., Nk ~0, and the last factors in (12)-(13).
will be independent of the work function. As for the exchange currents, there are here two possibilities: (1) if we
alter the work function in the semiconductor by introducing an impurity, i.e., if we alter the position of the Fermi .
level in the forbidden zone, the electron and hold concentrations at the contact will remain practically unchanged,
and the exchange currents will be independent of the work function; (2) if we alter the work function by treatment
of the surface, without altering the position of the Fermi level in the forbidden zone, the electron and hole con-
centrations at the contact will vary, and the exchange currents will depend on the work function. Ina similar fash-
jon we can consider other types of potential distribution in the system. ' - -

The conclusions drawn above for the case of a semiconductor electrode are general for systems containing
semiconductor electrodes. In particular, they are also valid for the system metal—thin semiconducting film —elec-
trolyte solution [3]. In this case also, the parameters which determine the kinetics of oxidation-reduction reactions
in the film will depend on the potential distribution in the system and on the current-carrier concentrations at the .
contact with the solution. However, we must admit that, since in this case the potential distribution depends not
only onthe electron work function in the film but also on the work function in the metal, indirect influences onthe
kinetics will be exerted both by the work function in the film and that in the metal. For thick enough films (much

thicker than the Debye length in the film), the behavior of such a system will coincide with that of the system semi-

conductor-solution.

In conclusion, the authors would like to thank Academician A.N. Frumkin and Associate Member of the
Academy of Sciences of the USSR V. G. Levich for valuable comments, and also L. L. Krishtalik for valuable dis-

cussion of the work.
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