BRONSTED RELATIONSHIPS IN THE KINETICS
OF COMPLEX ELECTRODE PROCESSES
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The phenomenological theory of the kmetlcs of electrode processes [1] is built upon the following
three basic conditions: .

1. The rate of individual, elementary steps of a complex electrochemical reaction is activational
in nature,

2. The activation energies of forward and reverse processes of elementary steps are connected with
the reaction heats by linear Brgnsted relationships.

3. The Brgnsted relationships only involve the heat of the elementary step belng consldered rather
than the heat of the entire, complex electrode process.

These three conditions have been utilized in numerous papers on the kinetics of electrode processes.
It is important, however, to note that in deriving the explicit potential dependence one has always made the
additional assumption that the number of electrons effectively transferred during an individual, element-
ary step isintegral. Because of changes in electric double-layer structure, this additional assumption may
prove to be violated for adsorption steps. Such a possibility had first been taken into account in work on
the theory of the impedance of electrochemical reactions [2].

We shall analyze the kinetic equations of slow-discharge theory whlle takmg into consideration that
a fractional number of electrons can effectively be transferred in individual adsorption steps of complex -
electrode processes.,

As an example we shall discuss a two-step electrochemlcal reaction of the type
Ox=ne=Rd.

proceeding according to the scheme of Fxg. 1, When the activational
nature of the adsorption processes is taken into account, the kinetic
equations of slow-dlscharge theory can be represented in the form

V ==k, Dy (A)exp[—-Wu(‘«P, A)/RT]—"»C@:&(A)GXP[ W“(q)' A)/RT]}(I)

) Va=kyy s (4) expl—Ws (o, A)/er—kuc.ou(A)exp[ Wa (o, A)/RT]

Fig. 1. The scheme of 2 com- -, where V; and Vz are the flows of reacting species of steps 1 and 2,
plex electrochemical reaction respectively {the direction from the electrode into the solution is
with two adsorption steps: sy taken as the positive direction); the functions & only depend on the
and s, arbitrarily designate the quantity of species A being in the adsorbed state a (Fig. 1); the k
states of reacting species of are rate constants, R is the gas constant, T is the absolute tempera-
the oxidized and reduced form ture, c¢; and ¢, are the concentrations of species of the oxidized and
near the electrode surface, : reduced forms nearthe electrode surface (the solution will be re-
and a is the arbitrary desig- '~ - garded as dilute with respect to the reacting species); f is the index
nationforthe adsorbed state., of the forward process, and b is that of the reverse process of an

individual, elementary step.
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It has been taken into account in Eqs, (1) that in the general case. the energies of activation W can
be functions of electrode potential ¢ and of the adsorbed quantity A, The question of selecting the elec-
trical variable becomes unimportant in such a formulation,

We shall assume that linear Brgnsted relationships exist:
dW,y=—B.dW,, dW.,,=¢z,dW,,}

d“’"=a’d;V,' dI’V»=-— 5;(1 ‘V;,

()

where dW, and dW, are the heat changes of processes 1 and 2, respectively; a@;+8;=1, a,+8,=1, ay, By,
®,, and f, are constants,

It follows from (2) that
a‘dW,,+ﬁ,dFV.g=O, ﬁ:dW"+a;dW’u=O.

For A =const we obtain from this,

o (Gee) (G 7o () el ) o

On the basis of the Gibbs adsorption equation for the reversible electrode [3] or of the Onsager re-
ciprocal relations [4] one can write down '

() = (G2) = I

where j1y and p, are the chemical potentials of substances 1 and 2, which are regarded as functions of
potential and adsorbed quantity, n, and n, are the numbers of electrons effectively ‘transferred during the
elementary act of steps 1 and 2, respectively {4].

Using the ideality of the solution with respect to particles 1 and 2 we shall rewrite (4) as

5
RT(alnc.) —niF, RT(alnc,) —nF, (5)
dp a 4 N
Under equilibrium conditions, the adsorption isotherms follow from the kinetic equations (1),
ki ®ys(A)exp[—W, (9, A)/RT]=ku®,,(4)c,-exp[—W,, (g, 4)/RT],) )

k1 @3 (A)exp{ —Wy (g, A)/RT) =ky®:(A4) ciexp[—Wau (g, 4)/RT).
From (6) we find, after taking logarithms and differentiating with respect to potential while keeping

_the adsorbed quantity constant, N g
_(aW‘,) =Rz‘(alﬂ.Cg ) —( aWﬂ) ,
aq) A aq) A aq) A

() ar(they ey | @

.- Let us compare relations (3), (5), and (7). As a reéult we find that the activation énergies éf adsorp-
tion steps in electrochemical reactions and the numbers of electrons effectively transferred during these
steps are connected by the relationships - .. .- - L .

(ﬂ) A——p.'n.p,' ) ("W_") o, -‘i‘; .(s)

09 /a4 99
aw, U W,
(Gor)meme (Gor) =)

I:et us apply. relations (8) to the widely known case of electroreduction of organic substances with . '
preceding equilibrium adsorption step [5]. We shall assume for the sake of simplicity that the adsorption
Visotherm is a Henry isotherm with quadratic dependence of the work of adsorption on electrode potential:

Biexp—a(g—u)le,=d, - (©)

where B, and a are constants, andcp » is the potential of maximdm adsorpti | king | ﬂthins we . -
obtain from (9) o ”M k ! ‘ adsorption, After taking logarithm S

l'n_f'f"ln‘{i‘*'f(?‘-%)"—'ln}?.,. ST )
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Inserting (10) into the first equation of (5) leads to a linear connection between the effective number of elec-
trons and the electrode potential:

a
n,F=RT( Ine, ) —2RTa(p—u). (11)
o9 A '
Hence for the activation energies of the slow second adsorption step one can write, accordipg to (8)

and (11),

ow.
(___fL) =, F (n—n,)=a,F[n—2RTa(p—qu)/F],
Ao /a4 ’

W
( am
From this it follows directiy that the equation of slow discharge for the second adsorption process
ig of the form ‘

(12)
) ==sF (n—n,) ==B:F[n—2RTa (g—qu) /F].

Vi=Fky A exp [—c.Fn(p—gu)/RT+aa(p—qu)]— o Q3
—kascz exp [BoFn (9—@u) /RT—Bua (9—qu) ], '

providing that the adsorption flow of this process is proportional to the bulk concentration of the reduced
form, C,, while the desorption flow is proportional to the concentration A of adsorbed species. :

Eliminating the surface concentration of adsorbed species, A, by uslng the 1sotherm (9) we arrive '
at the final expression for the kinetic equation of the electrode process considered:

Va=k./c,exp[—:Fn(@o—@u)/RT] exp[—B:a(9—qu)*]1— S | (14)
—kacoexp [BFn (@——-(p-)/RT] exp [—B.a(p—qu)*], ‘ ,

where Ky 1 =Kof By
In the case of strong irreversibility we obtain the equation
Va=ks c, exp{—aan(w—m-)/RT]exr)[ Ba(e—qu)?]l, , . (15)

which differs from the kinetic equation of (5] by the fact that instead of the factor exp [~alp— cpM)zl it in-
volves a factor exp[~8,a(¢— q)M)z] These factors can substantially differ in magnitude as one gets away
from the potential of maximum adsorption, '

We express our gratitude to B, N, Kabanov, L. L. Knshtahk R.R. Dogonadze B. B. Damaskm and
A, M. Kuznetsov for useful discussions, .
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