POLARIZATION CURVE FOR QUASIEQUILIBRIUM

PROCESS OF ELECTROCHEMICAL ANION REDUCTION
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In an earlier paper [1] a solution was found to the problem of the current in a 2—1~1 (1—-2—1) solution
of an electrolyte during a quasiequilibrium electrode reaction. The object of the present paper is to discuss
the error in this solution and the derivation of current—voltage characteristics for the respective electrode
process. As mentioned earlier, both these problems involve determination of the integration constant enter-
ing into the argument of the hyperbolic functions which describe the distributions of the particles in the field.
Discussion of these questions must therefore commence with determination of this constant.

Normally continuity of the potential at the boundary between the Helmholtz and diffusion layers is used
as the boundary condition which determines this constant in similar problems. If it is assumed that the
dielectric constant at this boundary changes abruptly from g; (in the compact layer) to & (in the diffusion layer
and in the whole solution), the condition for continuity of the potential can be described in the following form:

2ol |o_o = €E|pq0, (1)

where E | 0-0 and El g +¢ are the potential gradients which are realized on approaching the Helmholtz plane
from the left (from the electrode side) and from the right (from the solution) respectively. Since the poten-
tial drop in the compact layer is assumed to be linear,

Elo—o = (01— @) [ dx, (2)

where ¢ is the electrode potential, ¢, is the potential of the Helmholtz plane,* and d is the dimensionless
thickness of the compact layer. After determination of the integration constant by means of Eq. (1) the cur-
rent—voltage characteristics can be obtained by using an expression for the electrode reaction rate in accord-
ance with the equations of electrochemical kinetics. It is difficult to perform these operations specifically
owing to the impossibility of obtaining an analytic solution for Eg. (1) written in explicit form. It is found,
however, that the problem is substantially simplified when the operations are performed in the reverse

order (determination of the constant from an expression for j and derivation of the polarization curve from
the condition of Eq. (1)).

The expression for the rate of the electrode process (irreversible cathode reaction) in dimensionless
form can be written as follows:

ky

1= 21Dy n1(0)explazs(® — 1) ].

If for the sake of definiteness it is assumed that zg = 2 and @= 0.5,1 the latter equation takes the following
form:

* ¢ and ¢, are dimensionless potentials which differ by the factor e/kT = F/RT from those normally used in

practice.
+ The case where @ = 0.5 does not introduce any fundamental difficulties but only complicates the specific
form of the final results.
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Substitution of the ratio of the surface dimensionless concentrations n,;(0)/ng(0), calculated from the results

of the earlier paper, in Eq. (3) leads to the following equation with respect to the integration constant Cj:

2+ m(l) (1 +i/ja)
2{(j=/1) " — 1}

where n,(/) is the dimensionless depth concentration of the discharging substance, jgj = ny(7)/8/ is the limit-
ing diffusion current, and jp = kny(Z)(1 + j/igle?, where j < 0.
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As will be seen from the following analysis there is no need to solve Eq. (4), i.e., to determine Cy in
explicit form, although this is a simple task, It is therefore possible to turn now to discussion of the error
in the previously obtained solution, with a view to establishing the applicability region of results based on
this solution.

In our case determination of the accuracy of the solution must comprise two stages. Firstly, it is
necessary to determine the possibility of reducing the equation for the relative concentration of "nonconduct-
ing" ions (ng) tothe Painlevé equation and, secondly, it is necessary to determine the error in the asymptotic
solution of the latter. Here both questions will be examined in a fair amount of detail since, apart from their
importance for determining the region of electrode process parameters where the results are formally
capable of being used, they are of additional interest. Here it is necessary to turn to the original equation
with respect to the function n = ny =1, We willwrite it for the case where azy = Bz, with z; = 2z, = 225 = 2:

n"" — 6un’ — [6 — 2Co — Biyln’ = 0. (5)
It is easy to confirm that the substitutions '

2[6 — 2Co — Biy]:
3pj

ne=2[6—2C, —pBjy] W and § = —

bring it to the following form:

e 8W2+2W+12WWt+W( SW o v, )
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If in this equation we reject all the terms which contain the new independent variable S in the denominator,
we obtain the following expression for W:

1 {6 — 2C, — BiyP
W=———, wh = —_ L (s (7
ishiy where ¥y 3 +C3 }

On changing to ng the last expression gives the same result as the result obtained in [1] by replacement of
Eq. (5) by the corresponding Painlevé equation followed by asymptotic solution. It should be noted that when
the conditions az; # pz, and z; = 2z, = 223 = 2(z, = 2z1 = 2z, = 2) are satisfied the equation with respect to
the analogous function Wy has the following form:
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where the coefficients a, b, ¢, and d are determined by the ratio between @ and 5. If it is found that retention
only of terms 12WW' and W' in the right hand side of Eq. (6) with oz, = Bz, is sufficient to obtain a solution
which is valid over a wide range of electrode reaction parameters, it is possible that under certain condi-
tions a similar method would also be legitimate with oz =3 z,. It is proposed subsequently to determine the
conditions for realization of this possibility.

To return now to an evaluation of the solution obtained in [1], it can be said that the latter will be
clearly valid if the above-mentioned method for solving Eq. (5) is legitimate. In order to determine the
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accuracy of the proposed solution it is necessary to analyze Eq. (6). As already mentioned, with the asymp-
totic solution only the terms 12WW' and W' are retained in the right hand side of Eq. (6). By using Eg. (7)
o write these terms it can be seen that they have identical sign; consequently the right hand side of the
retained equation only becomes zero at the end of the diffusion layer (of the capillary [1]), and the condi-
tion 12 | WW!| > | W| can be satisfied near the electrode, whereas this inequality is reversed.at a distance
from the electrode. Hence, for the solution to be correct it is sufficient that the rejected terms should
always remain much less than |W'| in absolute value. For the terms 2W/3S and 5/95*W" this is fulfilled
when | S| >>1. On the other hand, the term | 8W3/8| « 12|WW'|under the same condition [S]> 1. Finally,
the term 3W!/S is commensurate with 1I2WW" only in the region where Sh 2y =~ S| , but there 12| WW" | «
|W'| if |S| > 1. To summarize the foregoing it can be stated that the proposed asymptotic solution of Eq.
() is legitimate if the condition | 8| »1 is satisfied. However,
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at reasonable values for the electrolyte concentration (n? = 47 *Ngy/ekT, where L is the length of the capil-
lary), and the solution is therefore certainly valid. Thus, Eq. (4) can be used formally for the constant Cq
in a practically limitless range of electrode process parameters. After establishing this fact it is possible
to pass on to derivation of the current—voltage characteristics,

It is easy to show by means of Eq. (1) and the results of the earlier paper that the polarization curve
is determined by the following equation:

1 2
sz Jr

T

dn .
—¢+ —“ (i) — 1} (20/D) % + (D) (1 + i/i) (7)

From the definition of i and, moreover, it follows formally from Eq. (4) that j= j and j = jg. By analyzing
Eq. (7) at special points it can be found that the condition for a maximum (or two if j almost coincides with
jg when ¢ = 0)is j= g and the condition for a minimum has the following form:

[207/i) "+ m(h (1 + ifia) 1"
_ edx [1 +( i )+ (ji)l”m(l)(l +;/;d)]_ (®)
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It can be shown that Eq. (8) practically coincides with
edx § e
(/1) = e [+ (/1) ],
.\‘ED

from which weé obtain the following values for (jT/j)’/E at the minimum (j,I,/j)1/B ~21/2¢ o/edn ;[25%/(5%2-1]”.,
If it is assumed that d ~10~% cm, the discriminant 2 %/(edn)? —1 is greater than zero with not too large Ny,
values, and moreover 2e3/(edn)?>1, so that for (jT/j)%‘;n we obtain; *

(/i) min = 20/ & d. (9)
By.substituting the value for j in this expression we obtain for the potential corresponding to the minimum:
pm=A—5Inx+InNeg+Injm—In (4 4+ jm/ja), (10)

where A=9 In 2 + 6 In (g¢/ed)—1n (k;/Dy,) + In Nyp; Ny and N3, are the volume concentrations of the reacting
mnonconducting” ions respectively. Substitution of Egs. (9) and (10) in Eq. (7) leads after rearrangementf to
the following relationship:

Jm

]n———_—'34+31112-——11+21n(£g/sdx)—l—3lnz—ln!\"ag (11}
'-I-“i‘]rn/]'d

*The second route is not suitable since j << jq.
# Here the terms (j_ /ip)?/® and 0y ) (1 + j/ig) in Eq. (7) are rejected.
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and Eq. (10) then takes the following form:

om=4-+3In2+4 2In (&/ed) — In (4me? [ ekT) — In Na. (12)
The following expression for the current at the minimum follows from Eg. (11):
: ajd
jm=——, 13
3 a+ja 18
where
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Thus, with increase in Ny, the current should tend towards a limiting value. In the region with low

concentrations of indifferent electrolyte jm ~ a, and therefore for the measured current at the minimum we
obtain:

exp[4] d 14 2 42
s arne et oo ]

Finally we should discuss the possibility of making practical use of the results. The first limitation
to their use is the requirement for quasiequilibrium in the process (az; = Bz,), i.e., 2 —2mDy; /Dy = pD,;/D,,
where (according to [1]) m and p are the numbers of doubly and singly charged anions formed in the ele-
mentary discharge event from one particle of the reacting anion,* and Dy,, D,, and Dy; are the respective
diffusion coefficients of the same ions. According to data on the diffusion coefficients [2, 3], the process
[PCL >~ + 4e~—P + 6C1™ (Dpyc) 2 = 0.6-0.7 X 107° cm?/sec, Dy~ 2.0 X107° cm? /sec) can evidently be
considered to be quasiequilibrium. It is likely that other examples of reactions in a similar class may be
found, but the author did not attach fundamental significance to this question.

The second limitation arises from the imperfection of the electrolyte model, to the ions of which no
finite size has been attributed. At the same time the idea of a compact layer, the existence of which arises
partially from the very existence of an effective ionic radius, has been introduced. Evidently this internal
inconsistency of the theory will not lead to any substantial distortion of results until the radius of the ionic
atmosphere, calculated directly for the Helmholtz plane, is much greater than the thickness of the compact
layer. If we consider the case of large negative charges on the electrode surface, there will be mainly
cations of the indifferent electrolyte in the Helmholtz plane, and then for the Debye parameter 1 /g We
obtain:

1 (ekT) s 1o
s —————— — 2 7 (0).
Ha 2n'fens'2(0) Nyo' »

Substitution of the surface concentration ng(0) gives 1/vy = (l/u)(j/jT)l/s. Hence, the above-mentioned limit-
ation will have the following form:

(i /i) = |nd|. (14)

Although the condition (14) considerably narrows the region of applicability for the relationships obtained,

it should merely be regarded as a necessary but by no means satisfactory limitation. This is due to the fact
that the value of the potential gradient in the compact layer including its end (E| 0-0) is here assumed to be
constant. T In accordance with the ideas of a discrete double layer [4, 5], the value of E | 0-0 Should differ
appreciably from the potential gradient within the compact layer, although the potential drop remains prac-
tically linear on the greater part of it. In fact the existence of this deviation results from the discreteness
of the double layer and cannot be taken into the calculation in the region where the effect of the ionic radius
is insignificant, The Debye theory of strong electrolytes, the analog of which is the theory of the diffuse

*The discharge of an anion is considered as the most frequently encountered case where the signs of the
charges on the electrode and the reacting particle coincide.
+ The assumption about the stepwise nature of the change in ¢ is less rigid.
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double layer, is known to be applicable to the concentrations of electrolyte in the order of 107-107% mole /ce,
and Eq. (14) therefore certainly becomes adequate with the imposition of an additional limitation on Ng,.
Thus; for regions on the polarization curves where the results obtained are applicable the condition j/jT >

| «d|® is satisfied, and values up to 10**-10® particles /cm® are permissible for Ny. It is possible that this
region can be widened somewhat by using some more flexible model of the compact layer. However, con-
struction of such a model will only be expedient in the absence of bridging nature in the discharge of the
anions [6]. Unfortunately the author does not have the appropriate experimental data at his disposal, and
further discussion cannot as yet be continued here. It is possible that relationships analogous to those ob-
tained in the present work can be obtained for processes of the type S,04~ + 2e~—2S0?~ and also in certain
other cases.
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