KINETICS OF ELECTROCHEMICAL PROCESSES

I SEMIPHENOMENOLOGICAL THEORY

R. R. Dogonadze and A. M. Kuznetsov UDC 541,133

The microscopic Brinsted relation is used on the basls of highly general physical premises
to obtain expressions for the volt-ampere characteristic of an electrochemical system with
consideration of the continuous electron spectrum in the electrode, A generalized Brinsted
relation that characterizes the electrochemical reaction as a whole is derived. The con-
ditions under which it is possible to observe quasinonbarrier and quasinonactivation pro-

cesses are discussed.

Considerable progress has been made in the theory of electrode processes during the last decade, hoth
in understanding of the physical mechanism of the elementary event and in the acquisition of quantitative re-
gults in calculations of current and other kinetic parameters. We now have a quantum-mechanical theory
covering a rather broad class of electrode processes that take place either with or without a changein re-
agent zhemical bonds {1-3]. Nevertheless, it appears expedient to construct a consistent semiphenomeno-
logical theory of electrochemical reactions, on the one hand to broaden further the range of problems that
can be treated and, on the other, to dispense to the extent possible with the model hypotheses of the quantum-
mechanical theory,

The semiphenomenological theory to be set forth is based on a number of physical hypotheses, which
will be enumerated below., Some of them are quite obvious; others have been confirmed by the results of
quantum-mechanical calculations, some of which are published here, while others will be published in later
articles of this series. The basic premises of the theory consist in the following: 1) the total current is
composed of independent events in which ions are discharged with participation of electrons at various en-
ergy levels in the electrode;* 2) transport of charge to the electrode is the inhibited stage; 3} the prob-
ahility of transition of the system in a unit of time from its initial state to its final state with fixed initial
and final electron states and with fixed initial (m) and final (o) states of the quantum vibrational degrees of
freedom [2] is given by the equation of the theory of absolute reaction rates (or the Arrhenius equation);

kT Fm= E~
Weoile) = oy [__-__ = const (_____) (w
(3] 5 Xomn OXP T const exp Ak
where Mgy, 18 the transmission coefficient, 3 and Ej © are the free energy and the activation energy, and
€ is the energy of the electron in the electrode.

The general ideas of the semiphenomenological theory will be illustrated by the calculation for an
electr?chemical reaction in the course of which "free” electrons from the electrode pass to discrete iso-
lated final-state levels (cathodic current) or vice versa (anodic current). This pertains to all possible elec-
tron-transport electrochemical processes, as well as to reactions that are accompanied by adsorption of

* ]
As .waa shown in [8], this hypothesis is valid for nonadiabatic electrochemical reactions.
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Ugfy) particles on the electrode. With these hypotheses, the general ex-

pression for the cathodic current takes the form 131

FOR (v, 0
I= AvaSTm (e)de = Avy XD (ci) € ’f,—f—'—nmpSu(e) e T e, (2
" n

where Av,, denotes averaging over the initial quantum vibrational
states, &y (cy) is a concentration factor that characterizes the prob-
ability of entry of particles participating in one discharge event into
the reaction zone, and n({e} and p are the Fermli electron distribu-
tion function and the density of the electron states in the metal.

The back current can be found by assuming that, despite the
flow of current, the filling of the energy levels is of quasiequilibrium
nature, and by using the principle of detailed balance. As a resulf,
we obtain for the total current i

i=i—1 =T(i—-—exp{.-zp,‘vﬂ/k1~])’ : (3)

wy

where u, and v, are the quasiequilibrium electrochemical poten-
tials of the substances participating in the reaction and the cor-
responding stoichiometric coefficients. If the adsorbed-particle
coverages 8 4 of the surface are small, we may, in view of the fact
that in a steady-state process the electrochemical potentials of par-
ticles in the volume of the solution or in a gaseous phase are con-
stant, while the electrochemical potential of the electron is pp=

i e“—en, where 1 =@y~ is the overvoltage, rewrite Eq. (3)

in the form

i =7 [1—exp (”—,‘"}—“-)II @™ | - 7

where @ a° is the coverage of the surface at the equilibrium po-
tential (¢pg = oMY

The Brinsted relation, which established linearity between
the logarithm of the reaction rate constant and the reaction heat
Q, (or the standard free-energy change AF), plays an important
role in construction of the semiphenomenclogical theory of elec~
trode-process kinetics. The Brohsted relation is often written as
a linear relation between the transition activation energy and Q, for AF). As was shown in 3], the Ar-
rhenius equation is, strictly speaking, valid only for the transition probability at fixed Initial and final states
of the quantum subsystem. Thus, if E, is understood in the Bréusted relation as the activation energy de-
termined by a saddle point on certain potential-energy surfaces, the Bronsted relation should be satisfied
only for each partial process in the system's transition from its initial to ita final state with fixed states
of the entire quantum subsystem (£, m, n). Numerous experimental studies made in recent years have
shown that the linear Bronsted relation is approximate and is satisfied only in certain reaction-heat ranges.
Therefore, we shall henceforth use the microscopic Bronsted relation (for the partial process) in its dif-
ferential form

am (e, n) = —OF " (AF™" (s, n)) [ 3AF=*(zn), : : {5)
where AF" = (inn ~FD) is the free energy of the partial process. The nonequilibrium free energies of the
initial and final states of the partial process, F™" and Fi, are

Ft"mli"+5"s'. Fr=I~+F" (6)

where J;™ and J are the minimum potential energies of the classical subsystem for fixed states of the
quantum subsystem (e, m, n), ¥~ and F " are the free energles of the classical subsystemnat fixed (2, m,
n) and are determined by its energy spectrum Emi and Enf, which are read from Jy™ and J; -, respectively
(Fig. 1).
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M op the electron energy € and on the electrode potential oM will be |
Since the dependence of F;™ on an N
portant for what follows, it is convenient to separate in explicit form from J;M the en eTgY of the electry,

in the metal (€ —eg)q) and the electrostatic energy of the fons in solution i}::.f‘q‘,, where @y is the potentia]

at the position of the i~th ion: J= (e — ) + Zzieqi + Ua". The quantity £ appears in F;™ only ag 5 sum-

mand. On the other hand, the dependence of Fim on @) is more complicat:ld, since ¢y, Uiom. and & algo
generally depend on electrode potential. Physically, t!’le dependence ?f Ujy™ on ¢pg results from the fact
that in first approximation, the action of the electric field is to polaru?e the solvent and Sltretch {or com-
press) certain intramoelecular and intermolecular bonds without changing the correspond ing elastic con-
stants, If the field is strong enough, the elastic cunstants, i.e., the.shape of Fhe.: terms, also change in the
second approximation, Quantitative calculation of the latter effect is mad-e difficult by the need to know the
detailed potential distribution in the electrolyte. To simplify the calculations, therefore, we shall hence-
forth assume that the potential at the location of the reacting ion remains constant on a change in @) With
these assumptions, an will not depend on @)y, and Fi™(e) can be written

F"-(E'.ﬂ)=(£_'af‘)—er| +F°Fmv (7
where Ferm is the free energy at the equilibrium potential ¢4 =qoM°, provided that the electron energy
equals the Fermi energy £p. It follows from (6) and (7) that the nonequilibrium free energy of the partial
process

AF"(E, Tl) ;Fi-_Ff. e A-’“'(E,f]) + AF ™ — AF.p"' + (E. —_ EF) - e (8}
confaing € and en only as summands. Hence the microscopic Bronsted relation (5) can be written in the
equivalent form .

a=" (8, ’]) _ —6F.’“ I’ de = ath‘ / (]efl- (9)

These equations permit a rather general qualitative analysis of the electrochem ical-process kinetics, Let
us examine the expression for the experimentally measured transport coefficient

T
Oyp = —dln ;/dk_'}, ) (10}

Ifc; and 8, are small, the quantity &y (c;, 8,4) in (2) will be proportional to (Ileq) (18,"). Thus, if the ad-

sorbed particles are electrically neutral, the entire dependence of &y, on the overvoltage will be deter-
mined by the quantity

, = —dl (I)_/di'l_.=—. . / o 11
¥ n T Zvdlnﬁ. d—L. {11

Applying Eqgs. (2), (10), and {11}, it is easily shown that

Fom(a, %)
1 -2
Lexp =7V, + ¥ Aoy D Do lch)e ’;‘lu"‘“pSn(a) e A gmn (e, 1) de. 12)
b3

The second term on the right side of this equation is the microscopic transport coefficient ™M(e, ) aver-
aged over the partial currents imn(c)

»
H

exp==Ya + (a™*(£, )). (a3

by the potential dependence of adsorbed-particle concentration, and
+ M), by the overvoltage dependence of the specific rate constant of the electrode
ceforth concern ourselves only with @, and assume y, =0 to simplify the equations.

Here the first term Ya 18 determined
the second, = ¢ gmu(,
reaction, We shall hen

Thus f; -
tribution to t::; :: alll ave used only the microscopic Bronsted relation for the partial process, whose con

characterize the elecft::rr:n t equals (™(e)de, 1t js possible to derive a generalized Bronsted relaiiofl to

t0 the total cathodi - :: emical process as a whole, For this purpose, let us consider the contribution ]

tum subsystem to the 1 elnt due to transition of the system from the initial vibrational state m of the qu:n
" metal: - inal state n with consideration of the entire energy spectrum of the electrons In the
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T e de. (14)

We shall agsume that the activation energy has a minimum value Eglgm at a certaln value of the par-
tial heat effect AT = AJ and increases monotonically as AJMM(¢) varies in either direction from AJ. This
aggumption cannot he justified rigorously within the framework of the phenomenological theory, but it is
physically quite obvious. Let us clarify it in the language of potential-energy surfaces (for simplicity, we
ghall for the time being omit the indices m and n), We shall first examine the elementary case in which the
" classical subsystem is characterized only by the single coordinate q, and the motion is of quantum nature
in all other coordinates in both the initial and final states. Figure 2 gives a qualifative representation of
the one-dimensional terms of the initial and final states corresponding to various "heats of reaction® AJ=
Um{qinn)‘”Ufn(anu). It shows that in the case considered, the minimum activation energy E, ,;,,=0 [see
the term Ujy(a)], and that the corresponding "reaction heat" is determined from the equation

AT = Ug (qin)— Upn (95) = E e 15)

where we shall call Ep, the energy of reorganization for the reverse process. Accordingly, the forward-
process reorganization energy will take the form

Eny=Uja(2g)— Un (q1n)- (16)

A monotonic increase in the activation energy as AJ deviates from AE proceeds directly from the mono-
tonicity of the potential-energy functions Uin(q) and Ug,(q).

The above arguments extend automatically to the case of multi-dimensional terms. A more com-
plicated situation arises when mutual transformation of quantum and classical degrees of freedom cccurs
in the course of the reaction [4, 5]. Here we give a qualitative analysis of the elementary variaot in which
one coordinate g remains classical during the course of the reaction, while the second coordinate r de-
geribes a quantum subsystem before the reaction, but the motion in this coordinate is classical after the
reaction. Then the initial-state term will be represented by the curve of Uin{q), and the final-state term
by the surface U, (q, r} (see Fig. 3). According te [3-5], the transition from the initial to the final state
can be interpreted as preliminary stretching of the classical coordinate qgn—--q* on the initial term at a
fixed quantum coordinate r=r) . Here the transitional state corresponds to the point q* at which the curve
of U; (@) intersects the surface Ug,(q, 1):

Uin (q-) = Ufn (4'9 r.iu)- (17)

A quantum transition is made in the transitional state ¢trom the initial to the final terms, followed by classi-
cal motion in both coordinates r and q to the final state (rgn, qg n) As we see from Fig. 3, the activation
energy has its minimum value E, i, =0 when the "reaction heat" reaches the value

AT = Ufn. (¢ins Fin )— Ufn '(qfn 2T B (18)

For the reverse process, the activation-energy minimum corresponds to transition from the term Ufn(q,r}
to the term US? {g), which passes through the minimum of the curve of

6 mlm L
Unn(ary) (500 @ i =0):
'Ea min == Eun=Un (9“;': )~ Uta (Qofn- ) +0. {19}

Here the presence of a nonzero minimum activation energy is explained physically by the fact that the co-
ordinate r must of necessity equal ry, in the transient state; for any position of the term Ujp(a), therefore,
it is first necessary to stretch (activate) the coordinate r from the value r‘t?n to the value r‘i’nbﬂr%r). It is

easily seen that this is a general principle: if inthe course of the reaction some classical coordinate becomes
a quantum coordinate, the activation energy will be nonzero for any reaction heat. When the minimum ac-
tivation energies £.., and Eu. for the forward and reverse processes are nonzero, it is convenient to de-
scribe the transition process with simplified terms: .

L}

i (@)= Uin (@7 )1 8 00 (@) =Vt (€ Rin), - o
where q is the ensemble of classical coordinates that do not change during the reaction, the r are the classi-
cal coordinates that become quantum coordinates, and the R are the quantum coordinates that become clasgi~
cal, For these terms, the "reaction heat™ is the quantity
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- Was shown that the curve of fﬁ‘n

13] i8 also preseryeq when 7,
- Teglons (1) and (2) on the vo
7 lt.[sfoupidlnthls cage t

Ai=Uin (0% 12 ) =Una (@™ B}) = AJ 4 (Emin — Eu). a
Itis lwith precisely these terms that the reorganization-energy notions are most conveniently generalizeq
-{see Eqs, {15) and (16)):
| En=Uin (g5 i)~ Uin {gin 7,
Ea=Unn s irin) = Una B, i), )
It was shown in [3] on the basis of a quantum-statistical analysis that the activation entropy ig 5 weak
function of AJ, so that

- _ aF.-a —r aE.nl _ aEl!ln
e (Cr'fi) — aAF-‘(E) ~ aAJmn(s) - W! (23)

where the indices (m, n, ) have been restored, Since the activation energy has a minimum atagmo

it i8 readily seen that a™2(Aj=Epy) =0. Accordingly, AMD = 1~ qMD yqr. b for the reverse reaction at

4] ==Ey, whence omn gpjmn = _ Ep) =1. Remembering that E;M0 jncreages monotonically as Amn

{E) =En.

deviates in either direction from Ajmn = Ey,, we obtain the relations

=€) <0, fr Es<<A™, o AJ™SE, 4 (Emin — Emin)
0<a™(g) <1, for E,2> A" > —FE,, o Ey+ Eqpn — Foin
>A™> — Byt (Bin — Bam)
o™ (e} >1, for Aj‘“< —E, o AJ™ <—E,+ (E‘mln - Emin)- (24)

%xp = (@™ (e W) = Ao, Jam (e, )T, “

With Fqs. (8) and (9), it is easy to obtain the analog of the Brénsted relation for the m— n transition process:
OF ™ (AF..) [ 9AF., = —a™(ea.") = —ay,,, (26)

Where AFpp* = AF™M e * (1), en). Equatione (9) can be used to obtain one more important relationship.
For this purpose, we substitute the corresponding expression from (9) for o™B(g  n) in (12) and integrate

by parts, After gimple transformations, we obtain
Sexp =<0 (e, M) > Av, S —n (e )1 T, (21)
Comparison of (25) with (27) gives

™ (ewn’) =1 —~ n(ea,’). (28)

‘g!e phenomenological nature of (28) notwithstanding, it enables us to draw a number of important infer-
fr::(;g)t:nt;xe mechanism of the elementary event in the electrode reaction [3]. Since n(¢€)<1, it follows
e (28), for example, that (a™Me, ) is always included between zero and unity,

The dependence of the partia] current I™0 on overvoltage was investigated in detail in [3], where It

V8 7 has three regions that are characterized by different values of the
) zeyp1, (2) @exp™0, and (3) @y, ~Y,. Since the case in which Epjn =

these regions were referred to res i f nonbarrier
mn pectively as the regions o
& £ equal (out opposite in 8ign) to the heat effect AT of the reaction], nonactlvation

n(}" . . -t
and pormal discharge, The Quantitative form of the dependence of {1 on 7 that was obtained [o
w0 and E.,90, In thig case, however, it is more appropriate to refer t0

R-ampere curve ag quasinonbarrier and quasinonactivation regions [6], since
hat the activation energy (s larger than —AJ™® in region (1) by an amount

the transport coefficiens X exp:

Emin=0 was examined In (3],
[activation ene

(E,m2




T (B AP+ Eme), and nonzero in region (2) (F.= En). Since the equations for the current ymn
differ formally in this case from the corresponding equations derived in {3] only In this change in the activa-
tion energy In the quasinonbarrier and quasinonactivation regions, we shall not present them here, but shall
write out only the criteria that must be satisfied for the discharge to occur in the region in question, Con-
sidering that 0 <a™P(e *) <1, the following relations are easily obtalned from Eqs. (24}:

e q:.na = (AFp — AF™) + Emm — Egin = Ep en— (2, —27) < AFgy
—AP™ 4 Eunin — Evin + E,y = enpp (29)

—

The overvoltages that determine the boundaries of the normal region for a given partial current i™? are de-
noted by np'5 and ”:ﬂg in (29). The condition for a quasinonbarrier partial process creating the cathodie

current i™D takes the form {given separately for the anodic n =7, > 0 and the cathodic n =17< 0 over-
voltages):

TSN 0<n <—nep (30)

i.e., the cathodic current iM% can correspond to a quasinonbarrier process only at high overvoltages in the
anodic region and only at low overvoltages in the cathodic region. Similarly, for low anodic or high cathodic
overvoltages :

0 <O <enew , Me>> — Moa (31)
the cathodic current will be determined by a nonactivation process. Tﬁe contrary conditions apply
for the anodic current i-’;m.

Determining the analogous conditions for the process as a whole requires a detailed analysis of Eq.

(2) for the total cathodic currentf This equation is greatly simplified if it is assumed that the potential-
energy surface of the classical subsystem is shifted only vertically upward, without a change in geome-
trical shape, on excitation of the quantum subsystem. It is easily seen that the transition from terms cor-
responding to unexcited states of the quantum subsystem to terms with m, n# 0 is formally equivalent to

applying an additional overvoltage [(En—Eof)—(Em—Eoi)], so that the expression for 1 can be written

. - 32)
f= D) (™) i [en + (En— Eo)— (B — ES))-expl— (En— Eo')KT, ¢

where 1% (en) is the current without consideration of the excited states of the quantum subsystem and E,
and ch are the energles of the initial and final ground states. Analysis of this formula shows that, de-
pending on overvoltage, the basic contribution to the sum over m and n is from one or more terms with
Indices m and n close to certain m* and n*. In the range of overvoltages corresponding to the normal

region for the current 100, the principal term in the sum is that with m* =n* =0. In the overvoltage region

corresponding to a quasinonbarrier process for the current i% [Eq. (30) with m =n=0], the process as a
whole is also quasinonbarrier and the terms with n* =0 and m* #0, which corresponds to transitions of the
system from excited initial states to an unexcited final state, make an appreciable contribution to the sum.
In the overvoltage region of (31) (with m=n=0), the process as a whole is quasinonbarrier and m* =90,

n* #0, Thus, the conditions that determine the nature of the process as a whole are practically the same
as the conditions that determine the nature of the transition between the unexcited states of the quantum
subsystem,

In view of the above, the equation for o exp €40 be rewritten
Qexp == 0" u= ™™ (Bt M) (33}

Applying Eq. (9), we quickly find that . . _
AF,* | GAF® = —a*, (34)

g
where Fg* :F;n n (AF*), AF* =aFmM*n* (s;n,n,,,(n), nk.
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This equation 1s & generalization of the microschpic Bronsted relat ior3 anfl signifies that the measureqd

. transport coefficienta* is determined by the derivative of the free &CthE}ttO!} energy with respect to the
free reaction energy for the partial process that makes the largest contrlbluhon t-o the total current at

" the particular overvoltage, The quantities £ ape, m*, n*, which determine which partial current {ma(g)

is largest, depend on overvoltage,

In conclusion, let us discuss the possibilities of detecting nc?nbarrier and nons:ctivation (or quasi-
nonbarrier and quasinonactivation) processes. Analysis of conditions (30) and (3 1).mdicates that an ex-
tremely rigid condition is imposed on selection of electrochemical systems f'or which a nonactivation or
nonbarrier process could be observed experimentally, For example, according to (30) and (31), a quasi-
nonbarrier process can be detected only if the condition

i (q,i) i

l': (Cnf)'f + Emin ha E.mln o> En (35)
L

(Emin — Emin) — AFop = kT In

is satisfied. As we noted previously, the reorganization energy Eyy of the forward process is usually a
few electron volts, so that inequality (35) can be satisfied only if at least one of two physical conditions
is met: a) the equilibrium concentration of one of the products is very low (c,f~ 0), and b} a quantum

degree of freedom s transformed into a classical degree of freedom during the course of the reac-

tion (Faw =0, Eq,, 30). The first of these conditions may, for example, be satisfied for those particles
that can be adsorbed on the electrode during the course of the reaction, in which case smaliness of the ad-
sorbed-particle concentration automatically requires that the desorption stage be very rapid. Thus, this
case can be realized only for particles with very low adsorption-energy values. The second possible way
to satisfy condition (35) is experimentally more attractive. In this case, the existence of the finite activa~

tion energy for the reverse process Emin" 0 may substantially lower the back current, with the result
that the hypothesis of fast desorption becomes more realistic [4]. Tt was apparently this variant that was
realized in Krishtalik's experiments {7],

For experimental detection of a nopactivation process, it will be convenient to select an electro-

_ chemical system such that the minimum activation Eﬁlmis nonzerc. This can be brought about physically
if a quantum degree of freedom is transformed into a classical degree in the elementary discharge event,

. €.8., by rupture of a valence bond with a frequency w>kT/H. The same conclusion results from the for-
mal expression for the condition Te> —TNn.a

> £ = Baim — Epua) — KT In T )T (0" = Eps — (Bpin — Eomn) — A, (36

Since the reverse-process reorganization energy Ep, is of the order of several electron volts, it is ne-

cessary for satisfaction of inequality (36) that at least one of two conditions be met: a) Epin 50, Ean=0
{see above); b) the equilibrium concentration of one of the particles participating in the reaction be small

i .
_(ca 0). The latter may be the case if an adsorbed particle with a small adsorption energy participates
in the reaction,
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