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The influence of the double layer on electrochemical reaction kinetics can in many caseg
be described by the model of a self-consistent equilibrium distribution of potential [1-3].
But a theoretical analysis of the laws of charge transfer across polarized interfaces shows
[4-6] that electrochemlical reaction rate is determined by the fine structure of the electric
double layer; this structure arises from the "electrostatic image" forces and from interaction
forces between the discrete charges of the reactants and the dielectrically inhomogeneous me-
dium formed by the solvent molecules in the layer next to the electrode. These forces are dis-
played.in a number of electrochemical experiments as "discreteness-of-charge effect." This
effect can be observed most clearly when measuring the equilibrium adsorption potential drop
as a function of the bulk concentration of a surface-active electrolyte (the EsimMarkov ef-
fect). An analysis of kinetic data for the electrochemical discharge of hydrogen ions at mer-
cury [7, 8] also leads to the result that the discrete nature of the reacting species and the
fine structure of the double layer must be taken into account. The process just mentioned
follows the scheme

H,0*+e—H, 4+H,0,

and can be described by the following kinetic equation:
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when the generally adopted approach to the analysis of double-layer effects introduced by
Frumkin [1, 3] is used. Here n is the hydrogen overpotential; a is the macroscopic electron
transfer coefficient; @(xo) is the mean potential (as defined by the Gouy—Chapman theory) in
the plane x = xo, Where the discharge act takes place; 1 is the current demsity; K* is a
dimensional factor which does not depend on electrode potential; and co is the bulk concentra-
tion of H30 ions.

An appreciable decrease of hydrogen overpotential was observed experimentally in [7, 8]
in the presence of specifically adsorbing anions. Thus, In the mixed solutions 1 N HCl + 2
N KCl and 1 N HC1 + 2 N KI, the hydrogen overpotential at a current density of i = 10~* A/cm?
decreased by about 190 mV when the C1~ ions were replaced by I ions. On the assumption that
this decrease was due exclusively to a change in the negative direction of the potential,
¢(x0), in the plane of discharge (owing to specific adsorption of iodide ions), and. that the
plane of discharge coincided with the outer Helmholtz plane (9p(x0 = Yo), then this change
would imply a very significant increase in hydrogen ion concentration (approximately by a
factor of 2000) at the outer Helmholtz plane, but this is not observed experimentally.

In order to remove the contradiction mentioned above, Frumkin [3] suggested that hydro-
gen lon discharge 1s accomplished via an intermediate state (activated complex), and that the
center of charge of the activated complex is located in a plane which is much closer to the
electrode than the plane where the centers of the hydrogen ions are located. Quantity @(xo)
appearing in Eq. (1) represents the potential in the plane where the activated complex is lo-
cated, according to its physical significance; therefore, in the presence of surface-active
ions (e.g., I7), it can assume large negative values and thus produce a marked acceleration
of discharge. The potential outside the Helmholtz layer (where the hydrogen ions are found)
remains relatively low under these conditions, so that the adsorption of these ions does not

change markedly.

A qualitative explanation of the special features of discharge which is not associated
with the idea of different potentials in the planes of location of the centers of the ions
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undergoing discharge and of the activated complexes has been offered in [9]1. This explana-
tion was based on the assumption that the discharge act occurs in a plane corresponding to
direct contact of the hydrogen ions with the electrode. In other words, it was suggested

that only ions which have penetrated into the Helmholtz layer are discharged at the electrode,
The local concentration of these ions is much lower than that at the outer Helmholtz plane
and in the diffuse part of the double layer; this is due to interaction with a force field
which has the tendency to expel the ions from the Helmholtz layer. In [9], the nature of

this field was seen in connection with the properties of the structured solvent layer at the
electrode, and the drastic decrease in the concentration of reactant ions upon their pene-
tration into the compact layer was described by introducing an empirical factor ? (much small-
er than unity) into the relation for the local concentration of H30+ ions:

C,éColexp-{—ﬂ%c(—;i)—- | 2)

. Since 7 << 1, but |¢(xo)| > Yo, one can qualitatively explain the observed change in
overpotential during anion adsorption. In fact, during the adsorption of anions, the poten-
tial @(xo) becomes much more negative, and according to Eq. (1) causes a decrease in n, But
this is not attended by any conspicuous adsorption of hydrogen iomns, since the bulk of the
cations constituting the double layer is located outside the Helmholtz layer, where the poten-
tial changes very little during anion adsorption.

'In [6], a general expression for the equilibrium concentration of ions in arbitrary di-
electric media, in particular inside the Helmholtz layer, was suggested:
' ' w (o) —w ()
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Here w(x) is the system's free energy change when a given ion is added to point xo while
the other solution components have their equilibrium distribution; w(») is the value of this
quantity in the bulk of the solution. Quantity w(x) includes, both the specific interactions
of the ion with metal and solvent near the electrode (wgp(x)) and the electrostatic forces,
including coulombic interaction of the ion with the solvent, the metal electrons, and the "ion-
ic atmosphere," as well as interactions between the ions themselves (wel(x)):

w (.’t) ='."40_(;13 (I) +wel(x)" . (4)

It is convenient to separate the interaction energy between the ion and the solvent from
wo (¥ '
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where €(x) is the dielectric ﬁérmittivity in the point where the ion is located, and R is its
radius. In relation (5), -the interaction energy. withi the solvent (the term in round brackets)
was written down in the Born approximation. This approximation does not include the influence

of the metal phase on the local field created by the ion in the inhomogeneous dielectric me-
dium.

For small ions, quantity ;;l(x) can be calculated by the GlUntelberg charging method;

) 1 ev
By () =¢€ jrl'i»nrl{lb(r',r, e‘t)—m} dr, (6)

where ¢ is the potential created in point r' by an ion with charge er, located at point r and
by the other charges of the system in their equilibrium distribution.

To find quantities ¢ and W .(x) one must specify the dielectric properties of the medium,
i.e., the actual form of functi®n e(x) inside the Helmholtz layer. It is not permissible
here to use the model of a "dielectric step," where the function e(x) undergoes a discontinu-
ous change at the outer Helmholtz plane (x = d); the presence of such a step is equivalent to
the existence of an infinitely high potential barrier at x = d which would prevent the ions
from penetrating into the Helmholtz layer.
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For the model with a continuous variation of e(x), quantities ¢ and G;l(x) were calcu~

lated in [5]. Because of the small size of the characteristic distance (comparable to quanti-
ty d) over which a marked change in dielectric permittivity is occurring inside the Helmholtz
layer, function e(x) was approximated by a sectionally linear distribution:. B .

gy=const O<z<z", , ’
e(r)=1{ az+b r<z<d, . . (7)
go=const d<g<oo, . : : ,

where a = (€0 — €;)/(d — x*) and b = (e1d — e€ox*)/(d — x%).

The calculations performed in [5] showed that for ions of a sufficiently small size, the
discreteness-of-charge effect is determined chiefly by the first term in expression (5), while
function w_. can be approximated by a potential-energy distribution calculated via the Pois-
somr-Boltzmann equation. As a result one obtains relation (2) for the concentration Cgs with

the quantity I given by

T P e Ea e o an | N

Quantity I, which characterizes the resistance of the Helmholtz layer against penetra-
tion of reactant ions to the electrode, is very sensitive to the values used for the parame-
ters of dielectric inhomogeneity of the double layer (parameters €1/€0, -and x*/d when the
model distribution (7) is used). Thus, quantity I increases by approximately an order of
magnitude (from 10~° to 10~7) when parameter e,/eq changes from 0.08 to 0.12 (for x*/d = 0.5).
An increase in parameter x*/d (for e,/eo = 0.1) from O to 1 causes 7 to decrease from 107* to
10-°. The observation that coefficient Z remains much smaller than unity for all values of
the characteristic double-layer parameters provides an argument for the assumption that the
ions undergoing discharge are penetrating into the Helmholtgz layer; when making this assump-
tion one obtains a full explanation for the drastic decrease in hydrogen overpotential which
occurs during specific adsorption of anions. : ' ' : A '
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