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Experimental investigations of recent years have shown [1-3] that the capacitance of the electric double layer
in fused salts possesses a number of interesting features. In the first place, the capacitance in melts (~ 40 pF/cm?
at the point of zero charge) substantially exceeds the double-layer capacitance in solutions of electrolytes. Thus,
the capacitance in melts in contrast to the capacitance in dilute solutions, * proves to be an increasing function of
the temperature. Finally, the capacitance in melts, as a rule, is a symmetrical function of the potential.

The problem of the calculation of the capacitance reduces to finding the distribution of the concentration of
ions or their unary correlative functions K, K_T at the surface of the electrode,' charged to a potential of ¢y A
rigorous step-by-step solution of this problem, in any case, is no easier than the well known problem of constructing
the theory of a liquid. However, we can get around the difficulties related to a consideration of the Coulomb and
short-range interactions between particles if we formulate the problem in the following way.

As is well known, the short-range order (microstructure) and volume properties of a liquid are characterized
by a binary correlative function Ky,, where the subscripts 1 and 2 correspond to the first and second particles. The
character of this function is determined by the specific interaction in each concrete system. Assuming the binary
function Ky, to be set, let us attempt to express the unary correlative functions in the presence of an external field,
K4 and K_, in terms of it, Let us consider on the whole an electrically neutral system of charged particles A* and
B” in a volume V between two planar electrodes, situated at a distance L.. The unary function in the presence of
an external field takes the form:
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where ¢) is the potential difference between electrodes, 8 = 1/KkT, U(I’\I is the total energy of interaction of the
particles at ¢y - 0. Resolving K, in a series with respect to Be¢), we obtain
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where KL_’, Kg- are the binary functions when ¢) = 0, relating to the system contained in volume V; Kg_ is the unary
function when ¢)g = 0. Function (2) in principle solves the problem posed above, of finding the concentrations of the
ions according to binary functions when ¢pf = 0.F It should be mentioned that formula (2) permits the calculation

*The capacitance of a diffuse double layer in solutions, as experiments show, practically does not vary with the tem-
perature, since the dependence of the Debye radius 1/ % on T is compensated for by the dependence of the dielec-
tric constant on T.

T The unary function is related to the concentration by the function cj(x) = Kj(x) v, where v; is the volume concen-
tration of the i-th component.

1 These functions, strictly speaking, differ from the volume binary functions, since close to the electrode the distri-
bution of the particles is not the same as in the volume.

718



of the capacitance only close to the point of zero charge, since it contains only first-order factors with respect to

Beg)ps A consideration of the following degrees of Be¢) leads to the appearance of higher and higher orders in
the final formulas of the correlative functions.

Limiting ourselves to the case of particles identical in the sense of short-range acuon, which differ only in
electric charge, we can assume K° = K° = 1. Then from (2), it follows that K, + K_ = K + Ko , i.e., in the first
order with respect to (8ey)f), the dens1ty remains constant. In other words, the charge at the electrode arises as a
result of a process of replacement of an anion by a cation, or vice versa. In the following orders along the field,

this apparently no longer occurs. This conclusion of constancy of the density is not transferred directly to the case
of particles of different dimensions.

Passing to the limit L — =, we obtain an exptession for the charge density

p = — Betpp-v — Be@arv? - \ \ \ AK‘;‘.’.de &Y

where v = N/2V is the volume concentration of anions (cations), AKlz (K0 —K° _). We should mention that al-
though in (2) the coordinate x was counted from the middle of the space between the electrodes, in (3), the beginning
of the count is situated at the left-hand electrode. According to the condition of electrical neutrality,

‘V'S AK22d2:’_l7 (4)
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so that at sufficiently large x,, the integral in (3) is equal to a constant, which exactly compensates for the first com-

ponent, and the charge density at such x becomes zero. Function (3) is applicable to solutions of any concentrations
and to melts,

It is of interest to apply formula (3) to dilute solutions, for which there is a theoretically derived expression

for the volume function AKy, (the Debye-Hiickel distribution):

AKyp = — 2¢% S, . ®)

as well as an expression for binary functions close to the electrode when ¢, =0
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where r* is the coordinate of the "image."

Substituting expression (5') into formula (3) leads to the proper value of the capacitance Cy = r/4w, while
(8) gives Cq = w/8m. Thus, the use of the volume binary functions, without considering the change in the charge
distribution around the electrode, leads to a value of the capacitance half the true value in the case of a dilute
solution,

In order to calculate the capacitance in a melt, it is necessary to set a definite function K‘jr +—Kﬂ_ ), i.e., the
distribution of charge density around an arbitrary fon. X-ray diffraction methods, used to investigate the structure
of liquids, make it possible to determine, strictly speaking, only the distribution of the density of matter K+* K° )
and not of charge. The corresponding radial distribution function possesses an oscillating, quenching character (Flg 1.
It can be assumed that the binary charge distribution function takes an analogous form. This hypothesis is physically
justified, since it means that the microstructure in a melt is analogous to the structure of the corresponding crystal.
X-ray diffraction pictures of salts of the type of NaCl show [4] that the coordinates of the first two maxima are close
to the distances Nat—C1~ and Nat—Na*(C1"—C1") in the crystals. Hence, it is usually assumed that the first co-
ordination sphere around Na* consists of Cl1-, and the second of Na*. Consequently, we can take the volume function
AKy, in the form.

*In particular, in the model of solid spheres, this means that these particles possess the same-dimensions. The theory
can also be generalized for the case of particles of different dimensions.
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d correlation, which characterizes the dimensions of the region of short-
range order (1/x > d). As experiments show [5], d is practically in-
dependent of the temperature, while X increases with the tempera-
ture. The latter is related to the fact that increasing temperature

disturbs the short-range order [6] and thereby reduces the radius of
plal ~ correlation 1/x. To calculate the charge distribution, we shall use

, the volume function (6), neglecting the distortions introduced by the
/L\l electrode. A certain justification is the fact that in the Debye case,

m'lm.

(2)

such an approximation has no effect on the qualitative character of
the results, changing only the numerical coefficient. The distribu-
tion of charge density in a melt, characterized by function (6), ac-
cording to (3), takes the form (Fig. 2):
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where x' = x—d/2, W = 8re’vg. Thus, the distribution of charge in the melt possesses an oscillating quenching
character, analogous to the behavior of the binary function in Fig. 1. In the first layer the charge is opposite in sign
to the charge of the electrode and exceeds it in magnitude; in the second layer the charge is smaller in magnitude
than in the first and is opposite in sign, etc. Such a charge distribution can be explained physically. Let us assume
at ¢pq = 0, the concentrations of anions and cations at the electrode are equal, and p = 0. As the electrode is charged
(¢pm > 0), an excess of anions arises in the first layer. The presence of strong correlation between the anion and
cation leads to the fact that the second layer proves to be positively charged, the third negatively, etc. Insofar as
we know, qualitative considerations of the possibility of a charge distribution of this type in solution were first ex-
pressed by O. A. Esin [7]. In a discussion of the experimental data obtained, E. A. Ukshe, N. G. Bukun, D. L Leikis,
and A. N. Frumkin [3] indicated the possibility of the existence of an oscillating charge distribution in melts, by
which certain observed facts can be explained. On the other hand, distributions of this type were obtained theoreti-
cally in moderately concentrated solutions [8, 9]. However, the degree of reliability of these theoretical results is
low, since a number of rough approximations were made in the calculations. According to [61, the capacitance is
equal to
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Numerical estimates show that when v ~ 2°10%,d ~ 2 A, A ~ ¥ 107 cm™, the capacitance is rather great and
comprises approximately 50 1F/cm?.

The dependence of the capacitance on the temperature is related to 1/T from & and to the function A(T).
As was noted above, A\(T) increases with the temperature, while the charge distribution becomes less blurred. This
can explain the observed increase in the capacitance with the temperature. The treatment of X-ray diffraction pic-
tures [10] pertaining to liquid cesium at various temperatures, which we performed, showed that Ay = 0.22 when t;
= 30°, while Xy = 0.33 when t, = 300°, i.e., X increases with T. The absence of similar data for melts of salts de-
prives us of the possibility of conducting a quantitative comparison of the theory with the experimental data pertain-
ing to the temperature dependence of the capacitance. Moreover, in a real melt, the anions and cations possess
different dimensions, It follows from the experimental data [2] that the nature of the components of the melt, which
can be roughly characterized by the dimensions of the corresponding ions, €xerts a substantial influence on the capaci-
tance. A quantitative description of the dependence of the capacitance on the nature of the components is difficult,
since there are no reliable data on the dependence of A\ on the type of ion. It should also be mentioned that the
approximation of the true binary function by expression (6), which contains only two parameters— X and d, is too
rough for a description of the dependence on the nature of the particles.
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