KINETICS OF ELECTROCHEMICAL PROCESSES,
1. PHENOMENOLOGICAL THEORY. GENERAL QUALITATIVE PROPERTIES
OF POLARIZATION CURVES
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The qualitative form of the polarization curve is derived, and some of its general properties

are investigated, on the basis of the Arrhenius formula for the probability of the elementary

event of an electrochemical reaction, with no model assumptions regarding the electronic

subsystem in the clectrode. The existence of regions of normal, nonbarrier, and nonactiv~

ation discharge is demonstrated with highly general assumptions as to the electronic sub- .
system in a metallic electrode. Polarization curves for semiconductor electrodes are

examined.

Allowance for the effects of the continuous electrode~electron spectrum is an important factor in
construction of a consistent theory of the elementary event of the electrochemical reaction. In the pre-
ceding paper [1], we took the electrode into account within the framework of concrete model assumptions
regarding the spectrum of the electrons in the electrode. At first, we assumed a "single-electron® ap-
proximation, i.e., we introduced noninteracting quasiparticles corresponding to individual electrons in the
seli-consistent field of all other electrons (in a polarization "cloak"). It was also assumed that one of the
quasiparticles vanishes (or appears) in the course of the reaction, and that the total eurrent equals the sum
of the currents flowing with participation of that quasiparticle. The quasiparticle energy distribution was
assumed to be subject to the energy-distribution law of noninteracting electrons, i.e., to the Fermi distri-

bution function n (€} = [exp ( s—;F ) 'H]-:

T=e Spn (&) ¥ (2) de, {1)

where p is the density of the quasiparticle spectrum and W(e} is the probability of transition of a quasi-
particle from level &€ to an ion in a unit time (for concreteness, the process in which an electron moves
from the electrode to an ion is considered everywhere). Within the framework of these hypotheses, we also
examined processes in which several electrons leave the electrode [2]. It was found that determination of
the current again reduces to evaluation of an integral of the type (1)
T o cS.u (e} W (£) d8, (2)
where € i8 the sum of the energies of the electrons leaving the electrode, C is a constant, and M(e) is the -
probabilify that electrons with a given total energy € will be in the electrode (the concrete form of the quan-

tities C and M(e) for two~electron processes was found in [2]). ‘

The correctness of the noninteracting-quasiparticle model for the electrons has been verified both
theoretically and purely experimentally in a number of problems in solid state physics {3]. When it comes
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L‘a’x to electrochemical processes, there are certain specifics that mygt
& d; 71/’— be kept in mind in a theoretical study of the elementary event, 1,
jd, ! most homogeneous charge-transfer processes in solids, the electy,
f-;-—g,, —t ,? emerges as a quasiparticle of the same species, L.e., the polar.
3, L1 ization "cloak™ of the electron is the same at the beginning and eng
f ' of scattering. Since the electron leaves the electrode in the eleman.
b - tary electrochemical-reaction event, it "throws off" alj or part of
! its polarization *cloak" in the process, and this corresponds tp g
L % J' change in the species of the gquasipartic] es. Although this problem
6", £ has not yet been solved theoretically, most of the experimenta] data

obtained both for solids (thermal or photoionization of electrons cap-
tured by impurities, etc.) and for electrochemical processes never-
theless indicate that the single-particle approximat ion for the elec-
trons is also valid in this case. However, it must be remembered
that use of the Fermi distribution function for the electrons is a
modelling device., Since the unit-time transition probability W{g)
has been assigned purely phenomenologiceally on the basis of the
Arrhenius law and Brinsted's rule in earlier papers, we shall dis.
pense with model assumptions once and for all by proceeding frem Eq. (2} for all electrochemical proc.
esses, taking M(e) to be a certain function that satisfies very weak and quite obvious conditions. In this
sense, the theory to be set forth below will be fully phenomenological in nature. It is important to stress
that this generalization permits a substantial expansion of the class of electrochemical reactions that can
be examined. The absence of diffusion control of the reaction is practically the only limitation that we shall
retain. We can easily satisfy ourselves of this by inspecting the formally written exact expression for the
current;

Fig. 1

T=med (Cp) 40, D) 50 W (AT, 9
f

where m is the number of transferred electrons, ®{Cp) is the concentration factor {1], AJ is the micro-
scopic heat effect of the reaction (i.e., the reaction heat effect for a fixed overvoltage n and assigned initial
(1) and final (#) states of the electron subsystem), the operator Avj signifies averaging over all initial states
of the system of N interacting electrons in the electrode, ? indicates summation over all final states of the

system of N - m electrons (n the electrode, and ¢« W{AJ )>y i8 the probability of the elementary reaction
event, averaged both over all classical and over all quantum degrees of freedom of the system for fixed
initial and final states of the entire electron subsystem. For convenience, we have factored u‘é{ Jout of
the total probability <W(AJ) >, since i is determined solely by the electronic wave function. Equation({3)
for the current can then be written

Teme® Cp) S M (2) (W (AJy), de, o

with
{5)

Al == g o mEy — men + Aoy,

where 5=Eg) —Eg_)m 18 the energy change of the electron subsystem In the electrodes in the course of the
reaction (less the electrostatic part mey), AJyp 18 the equilibrium reaction heat provided that the energy
of the electron subsystem In the electrode changes by im:F on transition of m electrons, and the function
M(e) i8 determined by the expression

6)
M) = Az, D) w8 EP~ED, —o). (
!

Since the summatlon in Eq, (6) extends over the entire energy spectrum of the electrons In both the initial
and final states, this analysis covers, among other things, the case of electrodeposition for solutions of
metals. In addition, this approach avolds the difficulties associated with the use of the single-particle
Fermi distribution function for liquid electrodes (on mercury, gallium, ete.),

o el We should note that the question as to whether a reaction is adfabatic or nonadiabatic 1s nontrivil
3:3“1'0011_3"110&1 _kiﬂeﬁcﬂ_[‘i. 5). Thus, the transition to the adiabatic cage cannot be made by setting
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w{: ) formally equal to unity in (3). This problem will be analyzed in detail in one of the forthcoming ar-
ticles when we expound the quantum theory of electrode processes. The method developed below is formally
applicable in the case of elther nonadiabatic or adiabatic reactions, but we shall confine ourselves in the
present paper to the case of nonadiabatic reactions, for which it can be assumed that the total current equals
the sum of independent partial currents i(€) =me®CR) KS{ ) <W({AJ}>.

The objective of the present paper i8 to investigate the integral in Eq. {4) for metallic and semicon-
ductor electrodes with quite general assumptions regarding the properties of the functions <W(Ad)>, and
M(e), As previously [1], we shall assume that <W(AJ)>, satisfies the ArThenius law

CW(AN)3p = Ae—ZanT, (n

where the basic dependence of <W{AJ)>j on € and the overvoltage 5 is connected with the dependence of

the activation energy Eg on the microscopic reaction heat AJ: Egq=Eg (AJ). To simplify the formulas that
follow, we consider only the case in which m=1; the general case is obtained by the simple substitutions
g—me; en—~mern; & —~ MeF. No assumptions will be made regarding the concrete form of E, as a function
of AJ for the time being.

In the nonadiabatic~reaction case under consideration, the function M(€) does not depend on over-
voltage; this follows directly from the derivation of Eq. (4), For that which follows, it will be helpful to
replace M(e) by the new function f(€) in accordance with

M(z)= exp{ —1/kT j'f(g)dg} * fle)=— Hdlnd,:{(g) ' ©

We shall assume that a small group of levels around a certain level £€* makes the basic contribution
to the integral in (4). This assumption is quite natural, since the "concentration® factor (fill factor) M(E)
usually decreases with increasing €, while the mactivation® factor W(t) increases owing to the decrease
in the activation energy Eg as the reaction heat rises (at least within certain limits [6, 7T]). The equation
for £* and the expression for the current i are easily found [4] by the Laplace method:

a{AJ) = f{z)
T= ACAe*M(e*) exp {—E.(A") [ KT},

where &{AJ) =(dEa/dAJ) is the microscopic transfer coefficient and Ac* is the width of the level interval
contributing to the current. For the macroscopic transfer coefficient [1] Opx{n) ==kT dini/den, Eq. (9)
readily yields the simple relationship

(9

a, (1) = a(Al') = fie"), (10

where AJ* = g*~gp—en+AJyp. Equations (10) indicate that to find € *(n) and &ex(n), it is necessary to
plot diagrams of a(AJ) and (&) against € for a fixed n. If the curves of €(AD) | 5 aconst and f(£} intersect
at only one point, the abscissa of that point determines the level £%, and its ordinate aex. The form of the
polarization curve will naturally depend on the concrete form of the functions F(e) and a(AJ), which can
be found only under model assumptions. :

The inverse problem, that of finding a{AJ) and f(£) from a known function aex(n), might also be
stated. Two problems are possible here: 1} find a({AJd)} from known functions f( £) and agx({n): 2) find f(€)
from a(AJ) and wgy(n). Figure 1 illustrates the graphical method of solving these problems. The pro-
cedure used to construct, for example, the function a{AJ) consists in the following: find tex{m}= ¢ from
diagram (1a) for a given overvoltage ny: then find & from the f(€) diagram; the result is the value o of
the function (AJ) at the point AJ; = & —ep—eny+Adgp- Values of the function a{AJ) for all other points
ere found similarly. The analytical expression for the function a(AJ) can be written in the form a(AJ) =
gx[n{Ad)], where the function n(AJ) is found by solving the equation dx (M =f(AT + ep +en—~ AJoF. This
problem i8 #olved in similar faghion.

We note that it is {mpossible to reconstruct the form of the terms even from & known a{AJ) relation-

ship (i.e., a known Eg(AJ)). This becomes especially clear when we note that the terms of the classical

subsystem are usually multidimensional, Moreover, the form of the terms cannot be reconstructed even

In the one-dimensional case, owing to the possible difference between the forms of the terms in the initial
and final states. Thus, the form of one-dimensional terms can be determined only, for example, on the

assumption that the initial and final terms are the same.
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. dey Although it is impossible to find the two functions o {AJ) and
. -~ flg) from a single known agy(n) relationship, it is possible, with cer.
tain highly general assumptions, to draw certain important qualitative

, inferences as to the kinetics of electrochemical processes, Firat,
let us consider the case in which 1 -~ 7(€) and a(AJ) are nonincreas
functions. The results obtained for nonmonotonic a(AJ) and JFe) will
be set forth at the end of this paper, It follows directly from (10) that

\ de da {AJ*)/dAT (
\ 7 den  (dal{dT)/aBT)—(df(e")/de) * 1)
\\\ Thas,
v de* dAT*
Fig. 2 Ogméi. 0%“&;%1. (12}

In this case, aex(n) is naturally a monotonically increasing function. The physical significance of inequal-
ities (12) is quite simple: for example, the first means that €* is a monotonically increasing function of
n, with €* increasing more slowly then en. The second inequality has a similar sense. Let us now ex-
amine an arbitrary overvoltage interval den =en,—en;. The quantities 6AJ and 6c (see Fig. 1) can be com-
pared to this interval. We obtain for these quantities from inequalities (12}

0 << be << den; (13)
0 < 0AT < Gem,

An important general conclusion may be drawn from inequalities (13): the curve of Qax(n) is no less "dis-
tended® than the curves of «{AJ) and £(¢) in the corresponding region. In other words, the characteristic
scale of the variation of aex(n) is no smaller than those of the variations of the functions a{AJ) and f(e).

Let us now consider the character of the F(g) and (A J) relationships in greater detail., When a re-
action takes place at a metallie electrode, a number of natural physical assumptions may be adopted re-
garding M(e): 1) around mep, the function M(e) varies on scales of order kT; 2) for £— meg » kT, the fill
factor M(e) diminishes in sccordance with the Boltzmann law M{c) ~e~% kT; 3) for mep—e > kT the func-
tion M(E) is either constant or varies no more rapidly than a power function, These conditions are, for
example, satisfied by all of the functions that we considered earlier (1, 2]. In particular, it is easily veri-
fied by the method of [2] that for the transfer processes of m electrons, the function M{c) behaves in the
noninteracting-electron approximation as (¢ — mf.F)m'l exp (—e—mep/kT) for large € and as (mt:F—a)n'.'-i
for small €, with a transitional region of the order of several kT, Thus, f(c) has two characteristic scales
of variation: the scale kT for & around mép and an infinitely large scale as € moves away from mep, with
. f(€) tending to zero or unity for mep—¢& »>kT or £—mep >» kT, respectively.

- The following remark 1s in order before we discuss the characteristic scales of variation of a(AJ),
In Eq. (4), the current { is the current with consideration of all excited states of the quantum subsystem,
It was shown in [7] that for large |AJ| (of the order of the reorganization energy), consideration of excited
quantum states results in vanishing (nonactivation region) or unity (nonbarrier region) a(Ad). Physically,
this resuit is perfectly analogous to the appearance of regions of nonbarrier and nonactivation discharge
when excited states of the electron (in the electrode), which is also a quantum particle, are considered.
A rigorous defense of this statement will be given in one of the forthcoming articles, Thus, for values of
[ag] exceeding the reorganization energy, the function a(AJ) has an infinitely large scale of variation,
~ According to (13}, this implies that the @ex(n} curve has two regions with infinitely large scales of vari-

ation, where agx equals zero (nonactivation region) and unity {(nonbarrier region),

_The width of the transitional region for a(AJ) = 0 to a(AJ) 1 18 of the order of the reorganization
energy; hence the width of the normaj region on the aex(n) curve (i.e., the transition from aex™ 0 to Oex
1) is also of the order of Er. The concrete behavior of the @ex(n) curve in the normal range depends
‘on the forms of the functions ¢(AJ) and J{€). If the terms are smooth enough, E,. is the characteristic
scale of a{AJ). In this case, the form of the arex(n) curve in the middle of the normal range (where the
characteristic scale of £(e) 1s of the order of kT) is determined only by the function a(AJ), t.e.,

‘otx (ﬂ) = a(—-eq + Nnr). . {14)

With Increasing distance from the middle of the normal range, the characteristic scale of the f(€) ourve

Increases rapidly, and the form of the @gx(n) curve begins to depend also on the form of the f(€) curve.
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However, if there are sharp inflections on the potential terms, discontinuities may appear on the curve.

A simple example is found in the linear terms [8) that are sometimes examined in electrochemical-reaction
theory. However, it is a purely speculative approximation to use them near the minimum,. Actually, it
would be more reasonable to use a potential of the Morse type, which has a characteristic scale of the order
of the dissociation energy, for the intramolecular degrees of freedom. As for the solvent, it will be shown
in the next article that the corresponding terms are parabolic in a rather broad range around the minimum,

Let us now consider an electrochemical reaction taking place on a semiconductor electrode (see [9]
for details). I the surface of the semiconductor is degenerate, {.e., if the Fermi level intersects the con-
duction or valence band, the M(g) relation takes the same form as in the case of a metal electrode. A more
interesting case is that of a semiconductor with a nondegenerate surface, in which the Fermi level lies in
the forbidden band quite far (several kT) from its edges.

The current T on the semiconductor equals the sum of electronie (levels in conduction band) “1:?3 and

hole (levels in valence band) _15’ currents. Below we shall investigate the volt— ampere characteristiconly
for the electronic component i€ of the current. An expression similar to (4) can be written for i€, but with
the integration extended over the energy levels in the conduction band:
[+ I-—CF
F=el(Cr) | ple—er—Ade 5T 2y (W (AT)de. (5)

Agttp

This equation is valid for both the single-electron and the multielectron approximations [10]. Init, po1 =
const, the surface of the semiconductor is nondegenerate, the reaction heat AJ equals, as before

M=8—8;—€!]+AIQP (16)

(here we consider only reactions with transfer of a single electron), and Ak is the distance from the bottom
of the conduction band on the electrode surface to the Fermi level, Ak depending on the difference between
the overvoltages inside the electrode (n) and at the contact (n):

A=e(n—m)+ A

Here 4, is the distance from the bottom of the conduction band in the electrode to the Fermi level. The
contact overvoltage n is a function of the overvoltage n, with the form of the relationship determined by
the properties of the semiconductor. Below we shall examine two limiting cases in which 5 undergoes
practically no change on a change in  (dny /dn<« 1) and dyi/dy = 1. Semiconductors with low surface-state
concentrations correspond to the former case, In it, the role of M(¢) is taken by exp( —B;:;e') {e)=1),
and that of < W(AJ) >, by the product p(AT—Ay+en—AJyp * <W(AJ) >4, Thus, Eq. (10) has a unique solution
inthis case, with &gy (7) = 1. Let us now consider the kinetics of electrochemical processes on a semiconductor
electrode with a large number of surface states. Then duny /dn =1 and Ay does not depend on overvoltage. in

l—er

this case, M(e) = p{e— Ay —eg) & # -, and <W{AJ)>, is, as before, determined by the Arrhenius equation
(7). In this case, Eq, (10) for £* assumes the form

dln p
dex(n)=a(AV)=1—kT—.

The specifics of the semiconductor electrodes are manifested in the fact that the level density p vanishes

in accordance with a power law at the edge of the band. Thus, f(¢) varies in this case from —wat € =4k +
tptolat e—gp~ Ak « kT, with two characteristic regions of variation: a region with an infinite scale of
variation at f(c)=~1 and a region with a small scale (smaller than kT) for Fle)<1. It then follows from the
inequalities (13) that agx(n) has a region with an infinite scale of variation in which agx(n) =1 (region of
nonbarrier discharge), Since the scale of variation of the function a(AJ) is at least kT in all cases, the
characteristic scale of variation of this function for eexln) <1 is determined basically by the function alad).
Therefore, in contrast to the case of reactions at metallic electrodes, agy could become negative in the
ahsence of quantum degrees of freedom (apart from the eloctrons). However, if a change in the state of

the quantum degrees of freedom takes place during the reaction, then we have, s in the case of metal elec-
trodes, 0 =agy =1, and both nonbarrier {aex e]1) and nonactivation {xgx =0} discharge regions oxist,
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Wa have thus far considered the course of only one reaction at the electrode. In the case of morg

complex processes, it is possible in principle for the limiting stage to change; this might result in o step.

wise change of agy (on distances of the order of a few kT),

In conclusion, we present the resuits obtained for the case in which the functions f{e} and a(Ad) are
nonmonotonic: 1) the dependence of gy on the overvoltage n may, like the £*(n) and AJ*(n) relationships
be nonmonotonic; 2} sharp inflections may appear on the volt-ampere characteristic {in an overvoltagas '
range of the order of a few kT) owing tc a nonmonotonic stepwise change in ooy (see Fig. 2, where the
dashed curves correspond to the "normal® monotonic function agx(n) and the solid curves to nonmonctonie

Oex).
The authors are profoundly grateful to L. L. Krishtalik for discussion of the work.
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