
706

Translated from Uspekhi Khimii, 55, 1258-1281 (1986)

Russian Chemical Reviews, 55 (8), 1986

U.D.C. 541.138

The Present State and Problems of the Theory of the Kinetics of
Electrode Reactions Accompanied by the Adsorption of Inactive
Substances and Reagents

V.S.Krylov (deceased), B.B. Damaskin, and V.A.Kir'yanov

Problems in the theoretical description of the influence of the adsorption of dissolved species on the rates of electrode
processes have been discussed. Present-day theories of the mechanism of the interaction between adsorbed species and ionic
reagents have been used to develop a general statistical-mechanical approach to the quantitative examination of the macro-
kinetics of heterogeneous transformations complicated by the adsorption of ionic or dipolar components of the solution,
including the adsorption of the reagents themselves.
The bibliography contains 84 references.
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I. I N T R O D U C T I O N

The adsorption of both electrochemically inactive substances
and reagents has a significant influence on the kinetics of
electrode processes. Extensive experimental material has
now been accumulated on the influence of the adsorption of
electrochemically inactive substances on the kinetics of
electrode reactions. A number of papers also discuss the
problem of the existence of a stage involving the adsorption
of the reacting species themselves (the ions or dipolar
molecules of an organic depolariser) in the resulting electrode
process.

An extensive literature has been devoted to various
theoretical approaches to the description of the influence
of surface-active substances (SAS) on the rates of electro-
chemical reactions. As yet, however, there is no unique
method of interpreting experimental data in terms of current
theories of the nature of the elementary stage in electro-
chemical processes and the mechanism of reactions between
reagents and adsorbed species. At the same time, the
problem of the mechanism of the influence of SAS and the
kinetics of the adsorption of reagents on the rates of
electrochemical reactions is of fundamental importance. The
problem of the influence of SAS is closely related to the
development of a scientific basis for improving many
processes in electrochemical technology. The mechanism
of this influence must be known in order to investigate
the factors determining the anti-corrosion, flotation,
extraction, and other properties of SAS of practical impor-
tance. These factors characterise the efficiency of the
application of surface-active substances in chemical engi-
neering, technology, and other fields. Most existing
approaches to the above theoretical problems are based
on the so-called transition state method, in which the original
problem is formulated in a general phenomenological basis.
A specific method for examining the kinetics of reactions in
an adsorption layer has also been developed, based on the
thermodynamic theory of "partial charge transfer".

The importance of allowance for the electrical double
layer in the description of the kinetics of electrode processes
was first pointed out in 1933 by Frumkin. He introduced
into the equation for retarded discharge (the Tafel equation)
two, now familiar, corrections corresponding to the physical
"renormalisation" of two quantities: the electrode potential
φ0 in the exponent in the Tafel equation and the bulk con-
centration of the reagent c o x . The quantity φ0 was
renormalised to φ0 - ψχ, and c o x to c o x exp[-z0XF\p1/RT],
where ψλ is the potential in the plane in which the reacting
species is situated, z o x its charge, F the Faraday number,
R the gas constant, and Τ the absolute temperature.

The equation for retarded discharge with Frumkin
corrections provides a qualitative explanation of the
observed regular features of the kinetics of charge transfer,
and in some cases it makes possible a quantitative inter-
pretation of the experimental data (the ψ^-potential is usually
identified with the potential of the outer Helmholtz plane).
When there is adsorption of ions or surface-active organic
substances (SAOS), however, it is difficult to explain the
experimental data on the basis of the classical theory of
retarded discharge. The influence of the specific adsorption
of inorganic ions (chloride, bromide, and iodide) on electro-
chemical kinetics was first observed by Iofa and co-workers.1

They detected an appreciable decrease in the overpotential
of hydrogen liberation on mercury in the presence of these
ions. The simple theory of retarded discharge could not
explain these facts.

In 1952, Frumkin2 proposed the following equation for the
magnitude of the current in the presence of SAS

i = const -f(0)-exp —
RT -ι (1)

where /(Θ) is a function of the degree of coverage θ of the
electrode surface by the inhibitor, η the number of electrons
transferred in an individual step, and α the electron transfer
coefficient. If an equation of the type k = fco(l - Θ) + k^ 3>1*
is taken for the standard reaction rate constant, then when
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the condition kQ » kx is fulfilled, the dependence of the
function f on θ will have the form /(Θ) = 1 - θ. 5 The
existence of this relationship means that, other conditions
being equal, the probability of the penetration of the
reacting species into an adsorption layer containing SAOS
is equal to the fraction 1 - θ of the probability of their
penetration into the same layer not containing the organic
substance. In the electrochemical literature, this factor
corresponding to the inhibition of electrode processes by
added SAOS has been called, not very systematically, the
"blocking effect" (it is assumed that the adsorbed molecules
of the SAOS are segregated on the electrode and that they
block a fraction of the surface Θ, and that the electro-
chemical reaction takes place only on the free area of the
surface, corresponding to the fraction 1 - Θ).

The expression f — (1 — θ)^ has been proposed for the
function f(9), 5 but the parameter b was not given a clearly
defined physical significance. In Ref.7 the function f(Q)
was approximated by an expression of the form f = exp(-Al//RT),
where the quantity AU is related to the additional activation
energy in the presence of the SAS (the potential barrier due
to the hindered penetration of the reagent species into the
compact layer).

Since surface-active halide ions have an extremely marked
influence on the liberation of hydrogen, it was suggested8

that the influence of adsorbed anions is not due to a change
in the ij^-potential (in other words, to the i/^-effect), but
is due to a decrease in the activity coefficient of the
activated complex.

It was subsequently shown, 9 ' 1 0 however, that if this
suggestion is correct, hydrogen ions will be adsorbed and
accumulate on the electrode surface. This is not observed
experimentally, however. To eliminate this contradiction,
it was suggested9 that the coefficient 1(1 « 1) be introduced
into the equation for retarded discharge:

,· = C0nst exp f-
RT

( 2 )

This coefficient characterises the degree of inhibition of the
transfer of an ion from the bulk of the solution into a surface
layer with a much lower dielectric constant. In Eqn.(2),
the quantities foX and f^ represent the activity coefficients
of the discharging species in the initial state in the bulk
of the solution and in the intermediate complex, and c o x

is the bulk concentration of the reagent.

The introduction of the coefficient I « 1 means that only
a small proportion of hydrogen ions penetrates into the
compact layer from which discharge takes place, and that
the potential of the outer Helmholtz layer changes little,
so that no appreciable adsorption of these ions takes place.
The coefficient I has been interpreted quantatively. 1 1 ' 1 2

Thus according to Ref. 12, it is possible to write for the
coefficient I the expression I = lo.exp(-k£)d - 2αγθ), where
k[) is a coefficient characterising the decrease in the
dielectric constant in the compact layer when a SAS is
introduced into the solution, and γ a coefficient which
corrects for the mutual attraction of the reagent species in
the compact layer. The problem of the influence of ions
undergoing specific adsorption on the kinetics of electron
transfer has been discussed repeatedly in the literature.
In a study 1 3 of the influence of electrochemically inactive
anions undergoing specific adsorption on the kinetics of
electrode processes, it was assumed that it is possible to
use Frumkin's equation, in which the (/^-potential can be
identified with the potential in the plane within the compact
part of the double layer in which the activated complex is
situated. The charge of the specifically adsorbed ions was
assumed13 to be continuously distributed throughout the

inner Helmholtz plane. In Ref. 14, account was taken of
the discrete nature of the specifically adsorbed charge, and
the ψ-L-potential was identified with the micro-potential at
the point where the centre of the activated complex was
localised.

The effects of the discrete character of the charge in the
kinetics of electrode processes were dealt with in a paper 1 5

which derived the dependence of lg (kq^^/k^) onq1 (here,
kq1 is the charge transfer rate constant for a density of
specifically adsorbed ions q x, and ic0 the rate constant
for q± = 0).. The derivation is analogous to that of the
equation for retarded discharge with a correction for the
double layer. It was assumed15 that the plane in which
the centres of the reagent ions are situated coincides with
the inner Helmholtz plane, and the effect of the discrete
character of the charge is taken into account both in the
calculation of the activity coefficient of the reagent ion and
in the calculation of the free energy of activation. In all
the works cited, the dependence of lg (kqjkf,) on q x is linear,
whereas the experimental data, at least for the discharge
of the hydrogen ion in the presence of iodide ions, give
relationships which deviate considerably from linearity,
particularly at high values of qx.

For a more detailed explanation of the experimentally
observed effect of a marked decrease in the hydrogen over-
voltage in the presence of specifically adsorbed halide ions
in terms of statistical thermodynamics, a theory was devel-
oped1 6 1 8 on the assumption that associates or ion pairs
are formed, including the reagent ions and adsorbed
inactive species. The effect of an increase in the rate
of electrode processes as a result of the association of the
reagents with inert ions, predicted in the works cited,
shows qualitative agreement with available experimental
d a t a . 1 9 " 2 3

The study of the effects related to the change in the rate
of an electrochemical reaction when an organic substance
capable of being adsorbed on an electrode surface is intro-
duced into the solution is of considerable practical and
theoretical interest. Many studies, mainly experimental,
have been carried out in this field, and the results have
been discussed in many monographs and reviews.21*"32

Theoretical aspects of the influence of SAOS on electro-
chemical kinetics have been dealt with. 3 3 " 3 6 An equation
has been obtained3 7 for the current density i

' = const · Φ(Γ) • expj —
RT

( 3 )

which takes account of the stage involving the adsorption of
the organic depolariser. The quantities γ and 9m in Eqn. (3)
are empirical constants, and Φ(Γ) the familiar Gibbs
adsorption (Γ) function of the surface-active substance.
The influence of the nature and degree of coverage of an
electrochemically inactive organic adsorbate on the kinetics
of an electrode process has been studied. 3 8

The state of the theory in 1977 and the mechanisms
proposed in the literature at that time for the influence
of SAOS on the kinetics of electrode processes have been
fairly fully reviewed.3 5 Here, therefore, only the most
widely encountered recent theories will be briefly discussed.

To construct a theory of the influence of SAOS on the
kinetics of electrode processes, it has been assumed3 2 '3 8

that as a result of the different reaction conditions on
regions of the electrode surface occupied by an adsorbate
and on unoccupied regions, the surface becomes non-uniform
with respect to the electrochemical process. Assuming
that the rate of the electrode process on the surface
occupied by the adsorbate is independent of Θ, the expression
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for the rate constant is written in the form k = ko(l - Z) +
k x6, where k0 and fcx are the rate constants of the process
on the regions formally unoccupied and occupied by the
adsorbate respectively. On the basis of the theory of
absolute reaction rates, the authors cited 3 2 ' 3 8 essentially
postulated that the quantities k0 and kx depend on θ in
different ways. In particular, in the range θ < 0.9 with
the condition that the composition of the solution, the
positions of the centres of the activated complexes, and the
mechanism of retarded discharge remain unchanged, the
following expression was proposed for k:

l—Θ) -exp(—s,e—ss8°) ( 4 )

where the parameters s x and s 2 characterise the electro-
static, orientational, and dispersion interactions in the
adsorption layer, and the parameter σ takes account of the
dependence of the energy of interaction on the distance
between the adsorbed species.

A slightly different approach to the problem of the
influence of SAOS on the kinetics of electrochemical processes
was proposed in Refs.5 and 35. The authors cited also
started from the theory of absolute reaction rates, but made
a number of additional assumptions. In particular, in
accordance with Refs.9 and 10, they introduced into the
expression for the rate constant a coefficient I « 1, which
takes account of the inhibition of the stage of ion transfer
from the bulk of the solution into the structured surface
layer consisting of molecules of the solvent and the SAOS.
They also introduced an additional parameter r, equal to
the number of solvent molecules displaced from the electrode
surface by the activated complex. Assuming that the
i^-potential and the free energy associated with the change
in the dielectric constant in the surface layer are linearly
dependent ση θ, they obtained the following equation:

£=£„(!—8)rexp(—sQ) (5)

The coefficient s characterises the properties of the surface
layer, and takes account of the possibility of specific inter-
action between the activated complex and the molecules of
the adsorbate, and can take both positive and negative
values. A similar equation was obtained in Ref. 39. The
problem of the influence of SAOS on the kinetics of electrode
processes has also been examined in terms of the thermo-
dynamics of surface phases j 1 * 0 equations of type (5) were
again obtained, and various particular cases analysed.

A common unsatisfactory feature of most published work
on the problem being discussed is that no sufficiently
convincing theoretical basis has been given for the original
relationships used to calculate the rates of electrode
reactions in the presence of SAS. The semi-empirical
or purely phenomenological equations used for specific
calculations are often questionable, and in a number of
aspects simply unsatisfactory.

In the present review, particular attention has been
paid to the analysis of theoretical studies in which
attempts have been made to develop a more correct approach
to the quantitative examination of electrochemical processes
complicated by adsorption phenomena at the metal—electrolyte
solution interface. The estimation of the significance of
these studies and the extent to which they correspond to
real electrochemical systems starts from the fundamental
fact that any adequate theory must be based on a correct
statistical analysis of the process of going from the elementary
act of charge transfer through the metal—solution interface
to the resulting rate of the electrochemical process. Thus
from the physical viewpoint, a feature of fundamental
importance is that, in accordance with the Franck—Condon
principle, electron transfer takes place at fixed values of

the coordinates of the "heavy" species (ions, molecules)
in the system. In the absence of specific adsorption, this
transfer takes place at fixed positions of the ions or dipoles
in the electrical double layer and in the solution. When
specifically adsorbed ions or dipoles are present, however,
this transfer takes place at fixed positions of all other
heavy species. At the same time it is obvious that the rate
of the overall heterogeneous process is averaged over the
different configurations of all the heavy species in the
system, that is the local probability of electron transfer
must be averaged in accordance with the corresponding
distribution function of all the "heavy" species in the
system.

Another problem, directly related to the previous one,
is associated with taking account of the effects of the discrete
character of the ion or dipole charges in the system,
including species undergoing specific adsorption at the
metal-solution interface. Thus the local electric field acting
on the discrete particles (ions, dipoles) close to the inter-
phase boundary, as a result of the polarisation of the
boundary by these particles, differs from the average field
described by the Maxwell equations for a continuous distri-
bution of dipole moments or free charges. The character-
istic relaxation times of the forces of the "intrinsic electro-
static image", that is the redistribution times of the bound
charges of the solvent on the interfacial surface (as a result
of the polarisation of this surface by species present in
the solution) are about 10~1'*-10~15 s. The characteristic
times of many types of electrochemical reaction, however,
have orders of magnitude comparable with those of the
fluctuational reorientation times of dipolar solvent molecules
in the solvation layers of reactant ions (~10~1:L s ) , that is
they are greater by several powers of ten than the relaxa-
tion times of the forces of the "intrinsic electrostatic image".
Thus the discrete character of the charged species and
dipolar molecules adsorbed at the interface should influence
the probability of the elementary act of electrochemical
processes. Moreover, since the magnitude of the electric
field created by the forces of the "intrinsic electrostatic
image" depends to a significant extent on the state of the
polarisation of the solvent close to the electrode, it follows
that in a quantitative examination of the influence of the
electric double layer and the effects of the discrete nature
of the charge on the rate of electrode processes, an
important role should also be played by a physically adequate
description of the spatial non-uniformity and dispersion of
the dielectric characteristics of the solvent in the layer next
to the electrode.

I I . PHENOMENOLOCICAL APPROACH TO THE DESCRIPTION
OF THE INFLUENCE OF ORGANIC SURFACE-ACTANTS ON
THE RATE OF THE DISCHARGE STAGE

1. The Physical Premises of the Theory

As noted above, the adsorption of organic substances has
a significant influence on the rate of charge transfer. This
influence is due to a number of factors which in the presence
of organic substances lead to changes in the concentration
of the reactant species in the layer next to the surface
and in the activation energy of the electrode process. Thus
for example if the adsorbed molecules of an organic sub-
stance are uniformly distributed over the electrode surface
and the degree of coverage of the surface by these molecules
is Θ, then the probability of the introduction of the reactant
species into the adsorption layer without allowance for all
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other factors will be a fraction 1 - θ of the probability
of their introduction into the adsorption layer in the solu-
tion in the absence of the added organic substance. Under
these conditions, the factor 1 - θ can be related to the
change in the configurational entropy of activation Δ As*:

1— θ=εχρ(ΔΔ5<7/?)

The interactions of the reacting species with the molecules
of the SAOS and the solvent are generally different. The
difference between the energies of these interactions is an
additional (energetic) reason for the change in the surface
concentration of reactant species in the presence of SAOS.
The replacement of some solvent molecules by SAOS molecules
close to the reactant species also leads to a change in the
energy of reorganisation of the medium, and this in turn
brings about a change in the activation energy of the
elementary act of discharge. Finally, the adsorption of
an organic substance on an electrode leads to a change in
the distribution of the electric field of the double layer.
In other words, in the presence of SAOS there is a change
in the i^-potential at the point where the activated complex
is localised. It follows from the theory of retarded discharge
that a change in the i/^-potential influences the rate of an
electrode process both as a result of a change in the surface
concentration of the reactant species (if they are charged)
and as a result of a change in the activation energy (in all
cases).

In many published studies, the theoretical examination
of the problems of the inhibition of electrode reactions by
added SAOS has taken account of the individual factors
indicated, or some combination of them, with the introduction
of appropriate corrections into the final equation of the
theory of retarded discharge.

Thus the following equations have been obtained, reflecting
the dependence on θ of the ratio i9/19=0 where I"Q and IQ=0

are the current densities of the discharge stage at degrees
of coverage of the surface by the SAOS of θ and θ = 0
respectively:

ίβ/ιβ=ο=1—θ

t e / t e = o = ( l — 9)exp(—s0)

/,/te_.= (1—Θ) exp (—s,0—s2d°)

»./».-.= (1—Θ)'

ie/te=o=(l— 6)rexp(—sQ)

[3-4]

[5]

[38]

[6]

[35]

The inhibition parameters s, s1, s2, 0, and r appearing in
these equations in papers by different authors often have
a different physical significance, depending on the model
used and the assumptions made in the derivation of the
equation. To avoid this ambiguity, a different more correct
method is used in the present work to derive the fundamental
inhibition equation, which does not require the introduction
of corrections into the final equation of the theory of
retarded discharge and which takes account of the combined
adsorption of the reactant substances and the SAOS mole-
cules .

2. Derivation of the Fundamental Inhibition Equation

It is assumed that the electrode reaction is the reduction
of Ox to Red

Ox+ne-i-Red (6)

the rate of which is limited by the discharge stage. Since
the current density ί is determined by the rate ν of reaction

(6), it follows from Faraday's law that

i=>nvF (7)

From t h e t h e o r y of absolute react ion r a t e s , t h e q u a n t i t y ν
can be r e p r e s e n t e d a s :

υ=(ΐΆΤΙΚ)'χ.οφ (8)

Here, k is the Boltzmann constant, h Planck's constant,
< the transmission coefficient, and c* the concentration
of the activated complex. To use Eqn. (8) for a real electro-
chemical system in which reaction (6) is taking place, the
numerator and denominator are multiplied by the activity
coefficient of the activated complex, γ*, and by the activity
of the substance Ox in the adsorbed state, a C ^ s ) .

Ox
Substituting the result in Eqn. (7) and taking account of
the fact that c^y* = a* gives

kT
i = nFx. —

h
(9)

The theory of absolute reaction rates assumes that equilib-
rium is established between the original state of the system
(the substance Ox in the adsorbed state and η electrons in
the metal) and the activated complex. The condition for
this equilibrium is given by the expression

(10)

relating the electrochemical potentials of the participants.
Since the activity of the electrons in the given metal is
constant, that is

μ(***)=μ%(*ά*) +RT In αΦ

the condition for equilibrium (10) can be rewritten as:

- μ$'Λ* = Λ7Ίη [a (11)

where μ ° represents the standard electrochemical potentials

different components j , and AG^the standard electrochemical
free energy of activation of process (6). Substituting the
ratio a*/a(ads) from Eqn.( l l ) in Eqn.(9) gives

(12)
V RT

Eqn.(12) is usually the starting point for the derivation
of the basic relationships of the theory of retarded discharge.
There is lack of agreement among different authors, however,
on whether the activation energy AG* contains an electrical
component or is determined only by the chemical activation
energy. As shown above, the quantity AG£ contains both
chemical and electrical components.

To use Eqn. (12) it is necessary to obtain explicit expres-
sions for the quantities AG|, a ( a d s ) , and γ*. The quantity

AG£ can be calculated using a schematic diagram representing
the change in the standard electrochemical free energy of
the system along the reaction path (Fig. l ) . This path,
which corresponds to movement along the abscissa, represents
provisionally the sequence of states through which the
reaction system passes in the course of the reaction described
by Eqn. (12).

The initial state I corresponds to the component Ox in the
volume of the solution and η electrons in the metal; state II
to the component Ox in the adsorption layer and η electrons
in the metal; the state φ represents the activated complex
(in the adsorption layer); state III corresponds to the
component Red adsorbed on the electrode; and the final
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state IV to the same component in the bulk of the solution.
It is assumed that the transfer of all η electrons takes place
in one elementary act.

Μ Ε

Figure 1. Diagram representing the change in the standard
electrochemical free energy of a system G ° along the reaction
path.

F i g . l shows t h a t AG* = G% - G ^ . On t h e o t h e r h a n d ,
in accordance with Bronsted's principle, several different
interpretations of which are possible at present, the standard
electrochemical free energy of activation is given by

— G?I)

where α is _the transfer coefficient (0 £ α £ 1), and the
constant AGo* corresponds to the standard free energy of
activation with the condition G^ = G." (see Fig . l ) .

Analysis of the quantities appearing on the right-hand
side of Eqn.(13) shows that the final expression for AC*
can be recast in the form

(13)

— gfed — nF% + nF (φ0 — (14)

where £TQX a n c * ffRed a r e t h e standard energies of specific
adsorption of the species Ox and Red (for positive adsorption,
<7ox > ° and ffRed > 0), and φ° the standard electrode
potential corresponding to reaction (6) . Since the standard
values of AG°0*, gox, <7Red> a n d *° a r e independent of the
presence of SAOS in the system, it follows that at a given
electrode potential (φ 0 = const), the dependence of AG*
on θ is due entirely to the change in the distribution of the
electric field in the double layer and is revealed by the
corresponding change in the ij^-potential.

To find the quantities a ( f d s ) and γ* appearing in Eqn.(12),
it is assumed that the adsorption of each component of the
solution / (except the solvent molecules) is described by
isotherms of the form

(15)

Here, Bi is the adsorption equilibrium constant, which
depends on the potential; ry the coefficient of the displace-
ment of the solvent (water) by the component /; A^ the
constant of the intermolecular interaction between the
components / and k; and ZJ the charge number of the com-
ponent j (with allowance for the s ign).

Eqn.(15) represents a generalised isotherm describing
the combined adsorption of both charged and neutral species
within one common adsorption layer.

As shown recently, it follows from Eqn.(15) that

RT
(16)

and under conditions in which Ox represents a weakly
adsorbed inorganic ion and the solution contains no other
surface-active components apart from the SAOS,

(17)

Here, OQX is the bulk activity of the substance Ox; r = r*
the coefficient of the displacement of the solvent by the
activated complex; θ the degree of coverage of the surface
by the SAOS; and Λ the constant of the intermolecular
interaction between the activated complex and the SAOS
molecules.

Substituting Eqns.(14), (16), and (17) in Eqn.(12) gives
an expression for the discharge current of reaction (6) in
the presence of SAOS:

ίθ exp
f(i-«.

RT

exp —
artf ( φ , -

RT
(1—θ)Γεχρ(ΜΘ) (18)

where ks — (<kT/h) .exp(-AG l^/RT) is the absolute hetero-
geneous rate constant of the electrochemical reaction.

If the addition of the SAOS does not change the bulk
activity of the reaction substance (αθχ = const) and does
not change the mechanism of the electrode process (kg =
const and a = const), it follows from Eqn.(18) that

t e - o = nFksaoK • exp
To - φ?.) \-J

Thus for a given φ0 = const, the following expression is
obtained:

- ? ! — ( ! - 9/exp

(19)

(20)

It is convenient to break down the i^-potential into two
terms:

ψ,=·ψ,+·ψα (21)

where ψ0 is the potential of the outer Helmholtz plane,
which can be calculated from the Gouy— Chapman equation
using the experimentally established dependence of the
charge on the electrode q on Θ. For the quantity ψα,
in a first approximation, a linear dependence on θ is
postulated:

if.,6, =•$„<.-„—k'Q (22)

where k' is a constant determined by the position of the
activated complex in the compact layer and by the dielectric
properties of the latter.

With allowance for Eqns.(21) and (22), Eqn.(20) can be
transferred to

exp [ - (on -

'β=ο · «Φ Γ - («η -
-=(l_e) rexp(—s9) (23)

where s is the inhibition parameter, equal to

s=k'(an—ZoJFIRT—τ A

The parameter s reflects both the electrostatic and the
"chemical" interaction of the activated complex with the
adsorption layer. The other inhibition parameter, r,
is related to the change in the configurational entropy of
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activation As;

ΛΙΠ(1 — θ) =

Thus examination of the derivation of the fundamental
equation of the theory of retarded discharge under the
conditions of SAOS adsorption gives Eqn.(23), the right-
hand side of which has the form proposed in Ref. 35. As
shown by the present authors, however, the left-hand
side should contain not the usual values of the discharge
currents ig and zg= 0 but the corresponding quantities with
a correction for the change in the potential of the outer
Helmholtz plane in the presence of SAOS. This correction
is easily introduced by means of the Gouy-Chapman equation
using the experimentally determined dependence of q on Θ.
Thus for example in the case of a solution containing an
excess of a surface-inactive 1,1-valent electrolyte with a
concentration c e l,

ψ ο = (2RT/F)arcsh[q/(8e,oSRTcel)
V2]

where ε0 is the dielectric constant of a vacuum, and ε the
dielectric constant of the solvent.

I I I . LOCALISED ADSORPTION OF IONS AND DIPOLAR
MOLECULES

In this section, the statistical-mechanical theory of
irreversible electrochemical processes complicated by the
localised adsorption of inactive ions and molecules is dis-
cussed. A central problem in the development of a statistical-
mechanical theory describing the influence of SAS on the
kinetics of electrochemical processes is the development of
an adequate approach to the statistical averaging of the
probability of the elementary act of electron transfer over
the entire ensemble of "heavy" species in the system. The
principles of this approach were described in papers1*1'1*2

dealing with allowance for the influence of the local electric
field of the double layer in the equations for the statistical
averaging of the probability of the elementary act. In
particular, it was shown that the problem of finding the
statistically averaged density of the current generated in
the elementary act of an electrochemical process can be
solved satisfactorily only in two cases: 1) when the electro-
chemical process does not break down the statistical equi-
librium either with respect to the reactants or with respect
to the ions of the inactive electrolyte, and 2) when there
is no equilibrium with respect to the reacting species, but
the reaction takes place in an excess of an electrochemically
indifferent electrolyte. The latter should be distributed
in space in a quasi-equilibrium fashion, in the sense that
its local concentration at each fixed moment of time should
be described by the Boltzmann equation, and the magnitude
of the field is determined by the instantaneous (not neces-
sarily equilibrium) value of the electrode potential.

The extension of these methods to systems with specific
adsorption of ionic and dipolar components of the solution,
including the adsorption of reactant species, pointed the
way to the development of a quantitative theory of electro-
chemical kinetics in the presence of SAS." 3 " 5 7 ' 6 0 ' 6 3 ' 7 1 This
theory takes unified account of inter-particle interaction
in an adsorption layer, the influence of the fine structure
of the electrical double layer and the influence of the discrete
nature of adsorbed ionic or dipolar charges, etc. on the
averaged kinetic characteristics of the process.

To illustrate the essential features of the present theory,
the irreversible electrochemical reaction of one-electron
transfer (6) for η = 1, that is the reaction Ox z + e •> Red z_1,
where the indices ζ and ζ - 1 of Ox and Red denote the

charges of the corresponding ionst, can be considered. It
is assumed below that this reaction takes place under condi-
tions in which the centres of specifically adsorbed electro-
chemically inactive ions are situated within the Helmholtz
layer or, more accurately, the reaction layer (-β i χ -£ γ
and δ = Β + γ, where 6 is the thickness of this layer).

It will be assumed that the positions of the centres of
the adsorbed ions are characterised by the coordinates
ri> ··· » I'M ( i n t n e general case, r^ also denotes all other
degrees of freedom of the particles, so that, for example,
for dipolar molecules, it includes the orientational and other
degrees of freedom of the given particles). The positions
of all other species of the solution, including the reactant
ions, will be denoted Rlt ... , R /̂.

According to the general principles of the theory of the
kinetics of heterogeneous processes, the probability W of
the elementary act of interphase electron transfer is an
exponential function of the activation energy of the process

i, . . · , R*. r, (24)

where Ox(Rx) is a function which includes the transmission
coefficient for the given process. The factor Ox = Oxz is
specially distinguished here, since the probability being
considered is that of electron transfer to the ion Ox = Ox z

situated at the point Rx, and this factor contains the
strongest dependence of W on Rx. The dependence of
Ea on the heat of reaction Δί, however, can be described
either strictly quantum-mechanically58'59 or using the
Bronsted relationship. In the general case, the Bronsted
relationship is non-linear Ea — Εα(ΔΙ), but there is often
a linear relationship between Ea and ΔΙ, that is Ea = EQ +
α. Δ/, where α is the transfer coefficient.

From Δ/ it is appropriate to separate the quantity Δί0,
which is defined by the relationship

Δ/0(γ?0, R,) = £Ox -Em +E& - £ & l v ) +e^+ « ( 1 ^ ) - £/g?>(Ri) (25)

and which takes specific account of the stage of electron
transfer from the energy level Em in the metal to the level
£θχ in the ion Ox = Ox z . Thus the total heat of the
reaction is written as:

Δ/ (R,, . . . . Rv, ra, . . . . ru) = Δ/ο (<r0, Rx) +

+ [VRea (R l f . . . , RJV) - V& (Ri Rv)] +

i, rlt .... rM) — ΩΟΧ (R,, Γ, Γ*) (26)

In Eqns.(25) and (26), the quantities £(solv) a n d £(solv)
Red Ox

are the solvation energies of the ions Red and Ox, φ0 the
electrode potential (relative to the bulk of the solution it
can be taken as zero), and ) the energies of the

interactions of the ions Red and Ox with the "electrostatic
images" of these ions in the metal and in the electrolyte
solution, and VRed and Vox the energies of the interactions
of the ions Red and Ox with the adsorbed ions and the
"electrostatic images" of the latter in the metal and solution.

tHere and subsequently, for uniformity of indexing,
this method will be used to represent the reaction which
in Refs.43—57 and subsequent papers is represented as
Az + e •* Βζ-\ that is, subsequently, Ox = Ox z will be
written throughout instead of Az, and Red = Red z _ x instead
of BZ-i.
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The probability of the elementary act W is related to the
current density i passing through the system by the
expression

i=e[Ox]f(W) (27)

where [Ox] is the total number of reactant ions in the
solution, and f = /(Θ) a factor which allows for the "effective
area" of the electrode surface on which the reaction can take
place. The angle brackets denote the operation of statistical
averaging of the quantity W over the entire system of "heavy"
species present in the solution, including specifically
adsorbed species. For the general case of an arbitrary
ion-linear dependence of Ea on Δ/, the quantity <W> is
xmveniently represented 5 0 as a contour integral in the
x>mplex plane, which in a number of cases is effectively
calculated by the method of steepest descent.

It should be emphasised that the averaging of the quantity
V depends to a significant extent on the form of the distri-
bution function Ô v+M °f all Ν + Μ "heavy" species in the
system. At a low concentration of reactant ions, the function
^N+M can be written as D^+M = ^zCRO-D^-ι,Μ, where
^(Rj) is the one-particle distribution function of the ions
)x.z, and D^-itM the distribution function of all other
ipecies, with the condition that the reactant ion Ox is
ituated at the point Rx. The form of the function DjV-ι,Λί
η turn depends on the nature of the adsorption. The
ollowing three physical situations are possible in principle:50

a) during the characteristic time of the electrochemical
eaction, the adsorbed ions remain at the points where they
re localised on the electrode surface, that is they act as
ources of an additional external field; (b) adsorption is
eversible, and in the characteristic time of the electro-
hemical reaction, equilibrium can be established between
he adsorbed ions and the ions in the bulk of the solution;
c) in the characteristic time of the electrochemical process,
he adsorbed ions are unable to exchange with the ions in
he bulk of the solution.

The results for case (a) are given below. In this case

(IF) = J r (Rj, . . . . R,v, r l t . . . , TM) DN+M (RI, . . . , Rw, rlf . . . , rM) *

xdRi . . . dR* (28)

nd the final result can be represented as

-α (Ψο. θ) = const · exp —

/-/,_.(φ., θ) -/(θ) ·βχρ{-ΩΜ(β)/*7}

AT • exp kT

(29)

(30)

Σ f Χ (λ) · exp (— λ*,) · •/„ (XRmn) άλ (31)

here z0 is the charge of the adsorbed ion, ερί the effective
ielectric constant of the reaction region, J0(x) the Bessel
mction of the first kind of zeroth order, Rmn the distance
•om the centre of the ion Ox (in the adsorption plane) to
ι arbitrary ion having coordinates ( C m n , i"lmn) in this
•ane, χ(λ) a definite function of the integration variable
, and the summation is carried out over the entire system
' adsorbed ions. The plane χ = x0 corresponds to the
stance of the most probable point for the discharge of the
ns from the electrode, and the quantity ΔΙ/(*) is a
•mbination of the quantities i/(jm)and t/(jni) at the point

Ox Red
ι. The quantities Fz and F z _ a are the partial free
tergies of the system of ions present in the solution,
nus the energy of the interaction of an ion having a
large ez or e(z - a) respectively with the "intrinsic
BCtrostatic image" in the metal and the solution, Φζ_α(χ0)
the paired distribution function of the ions; and Ω2_α(θ)
e energy of the interaction of the discharging ion with

all the adsorbed ions (and their "electrostatic images" in the
metal and the solution), which is calculated for the transition
state of the discharging ion, characterised by the "effective
charge" e(z - a). Under the conditions of the localised
adsorption of ions it is necessary to examine in principle
both the regular distribution of their adsorption centres
(for example the ionic lattice model) and random distribution
of the adsorption centres. In a number of cases, the
calculations of Ω2_α are simplified by using the so-called
"cut-out disc model"77 and replacing the summation, for
example in Eqn.(31), by integration according to the scheme:

(32)

where r0 is the radius of the cut-out disc, which depends
on the degree of coverage Θ, and Γ^ is the limiting coverage
of the adsorption layer. This model is naturally an
approximation to the real situation.

A specific calculation based on the above procedure,
carried out in Refs.46 and 47, with the condition that there
is a linear relationship between Ea and ΔΙ, gives the following
expression for the rate of the electrochemical process:

= const · /(Θ) . expj— •
kT

(33)

It was assumed that the discharge takes place from the
compact part of the electrical double layer, and that the
solution contains an excess of a background electrolyte,
so that the diffuse character of the double layer can be
neglected (the last assumption is more justified, the smaller
the ratio ερΐ/ε0, where ε0 is the dielectric constant of the diffuse
region of the double layer). In Eqn.(33), k is the Boltzmann
constant, and φ(χ0, θ) is the potential of the plane in which
the ion Ox is situated, and depends on the degree of cover-
age of the layer θ by adsorbed ions. The latter are situated
in the adsorption plane χ = 0; Hmn' ^mn^ a r e * η β coordi-
nates of the adsorbed ions in this plane.

The physical significance of the quantity Ωζ-α i n Eqn.(33)
was explained above, and the next task is the specific
calculation of this quantity. In Ref.56 it was calculated
with allowance for the effect of the penetration of the electric
field into the metal (that is the double layer in the metal
itself, or in other words the "electron condenser" factor
together with the "molecular dipole condenser" in the solution
phase of this interphase boundary):

(θ) =

Here, Rmn = (ξ^η + Π^η ) ? · a n d t h e function A(x0, λ)
under the integral sign has the form

0, λ) [ λ ( x 0 — 2 T ) ] — e x p ( — ?•*·„)}

and

ν = ν (λ) = 1 -

( 7 - » ) -e*P(2>.6)j

ρ1λΓ1ε5(λ2 + /4)'/2

(34)

(35)

(36)

(37)

In the derivation of Eqns.(34)-(36), the electron density
distribution in the region of the metal next to the surface
was described in the Thomas—Fermi linear approximation
(37); es is the short-wave ("optical") dielectric constant
of the metal, characterising the polarisability of the valence
electrons of the ionic core of the metal; κ,^1 the
Thomas-Fermi length for the electrons of the metal (for

E.
d.
oi
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a number of metals, the value of e s is close to 1, and the
value of κ^1 is -1 X). The Thomas-Fermi distribution of
electrons in the metal is the simplest model of the double
layer in the metal, but it makes it possible to reveal the
principal physical aspects of the phenomenon. A more
rigorous but mathematically much more complex approach
to this problem involves taking account of collective effects
in the shielding, allowance for the discrete nature of the
ion charge in the metal itself, and other factors.

In Refs.46 and 47, the following equation was obtained
for calculating the quantity Ω2-α in Eqn.(33) for the inactive
ion adsorption conditions being considered:

η /a\ fii!zo(z — <*) A o ( z — <*)_

26 { 2δ / I 26 j\ |

*Φ) . ; „ Γ ΆΡ (Χ0 + Ρ) 1 V (ΛΡ Ρ \ flQ\
— I · sin Ι . Λο —Hmn ] ( J O )

ο Ι \ ο
Here, Ψ is the Euler psi-function, and K0(x) the zeroth-
order McDonald function, which, as in higher orders, has
an exponential asymptote at large values of the argument.

The statistical-mechanical theory developed in Refs.41 to
47 reveals the mechanism of the influence of the electric
field, created by specifically adsorbed ions, on the rate
of electrode processes. In Eqn.(38) the local electric
field appearing in the statistically averaged probability
of electron transfer corresponds to the effective configura-
tion of the ionic components of the solution close to the
given reactant ion which would be in equilibrium with the
reactant if the charge on the latter were e(z - a). The ion with
charge e(z - a) is in a certain sense the analogue of the activa-
ted complex appearing in the theory of absolute reaction rates.
Contrary to the conclusions of this theory, however, the result-
ing rate of the electrode process is determined by the local
electric potential, and not by the average potential corre-
sponding to continuously distributed ionic charges.

T?,V

5 4 3 -lgz, [A cm"2]

Figure 2. Polarisation curves for the discharge of hydrogen
ions on mercury from aqueous solutions of 1 Μ HC1 + 2 Μ KC1
(i) and 1 Μ HC1 + 2 Μ ΚΙ (2); continuous lines—result of
the theoretical calculation.h 6 'k 7

In Refs.46 and 47, the results of calculations based on
Eqns.(33) and (38) were used to describe the experimental
data from Refs.l and 64 on the kinetics of the discharge
of hydrogen ions on mercury from mixed aqueous HC1 +

KC1 and HC1 + KI solutions. The pre-exponential constant
appearing in Eqn.(33) was determined by combining the
experimental and theoretical curves in the range of the
desorption of the iodide ions. The quantity x0 was used
as the fitting- parameter of the theory. Quantitative agree-
ment between theory and the experimental data was achieved
for the following· values of the remaining parameters:
α = 0.5, β = γ = 2.3 Α, Γοο = 6 χ 1O1U cm"2, ε ρ ι = 8,
χΰ = 1.5 A (see Fig. 2).

A more detailed analysis of the applicability of Eqns.(33)
and (38) for interpreting published data on the influence
of the adsorption of ions on the rates of electrochemical
reactions were carried out in Refs.65 and 66. In particular,
it was shown that Eqn.(38) gives good agreement between
theory and experimental data when the charges on the
inactive adsorbed ions and the reactant ions have the same
sign. It should be noted, however, that the agreement
between theory and experimental data obtained in Refs.65
and 66 was achieved using additional model representations
not present initially in the theoretical equations (33) and
(38).

to β
Figure 3. Inhibition of the electroreduction of cadmium
cations in the presence of t-butylamine (a) and t-butyl
alcohol (b); the continuous lines give the results of the
calculation with the following fixed values of the parameters:

α = 0.5, δ = 3 Α. Γ» = 1.5 χ 101" cm"2, x° = 1.5 Χ, ζ = 2,
z0 = 1, ε ρ ι = 8 and different xa = 0.5, 1.0, 1.5, 2.0, and
2.5 A (curves 1—5 respectively).

Fig. 3 gives the experimental data obtained6 7 by measuring
the currents for the electrochemical reduction of cadmium
cations at a mercury electrode from concentrated aqueous
HC1C\ solution in the presence of added t-butylamine and
t-butyl alcohol. Since these surface-active substances
can be adsorbed on mercury from an acidic medium in two
forms, neutral and cationic, the rates of the electroreduction
were calculated using Eqns.(33) and (38), which take account
of the ionic nature of the adsorbed species. Since the
theoretical equations contain several parameters for which
no reliable experimental values exist (these parameters
are, for example ερί, δ, α, χ0, χα), the calculations are
qualitative. The main aim was to establish the general
trend in the influence of cationic SAS in relation to their
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position relative to the electrode surface. This problem
was solved by constructing· a series of curves corresponding
to a fixed distance x0 (for constant values of all other
parameters of the theory) for varying distances xa. The
results of the calculations (see curves 1—5 in Fig. 3) indicate
that the inhibition effect increases with decrease in xa. A
qualitatively different dependence of the rate of electrolytic
reduction on the degree of coverage is observed when the
charges on the ions of the adsorbate and the depolariser
have different s igns . 6 6 ' 5 8 This case is examined theoret-
ically in the next section.

The physical principles on which the derivation of Eqn.(33)
was based have been used48'1*9 to describe the kinetics of
electrochemical reactions in the presence of adsorbed inactive
dipolar molecules. In the case of the localised adsorption
of dipolar molecules, the rate of the electrochemical process
is described by Eqn.(39), which is analogous to Eqn.(33):

I = »o (1 - θ) · exp {— O ^ (Θ) (39)

where

X COS Rmn) +

ρ sin

4ne (z — α) μ

• cos yn ρ · sin pf)
πρχα (40)

The current density i0 corresponds to the absence of
adsorbed dipoles. μ denotes the dipole moment of the
adsorbed molecule, and μ > 0 if the dipole is oriented with
its negative pole towards the electrode surface; amn and
Ymn are the angles characterising the orientation of the
dipole with respect to the electrode surface and the reactant
ion; and x0 and xa the positions of the planes in which the
centres of the reactant ion and the adsorbed dipoles are
localised.

As expected, in the theories adopted for the structure
of the adsorption layer, the functional dependence ί(θ)
contains in explicit form the values of the angles of orienta-
tion of the adsorbed dipoles relative to the electrode sur-
face.1*8'1*9 To determine the influence of the spatial
orientation of the adsorbed dipolar molecules on the rate
of discharge of the cations, Eqns.(39) and (40) were used
to construct two series of curves. The following parameters
were unchanged in all the calculations: α = 0.5, ό = 4 A,
χα = 3 A, x 0 = 2 Α, ε = 8, μ = -1.6 D, Γα, = 1.5 χ 1011* cm"2,
ζ — 1. Fig. 4α gives three curves corresponding to the
fixed angle amn = 45° and three different angles ymn:
120°, 90°, and 60° (curves 1, 2, and 3 respectively). The
influence of the angle amn (for a fixed angle ymn = 90°)
is shown in Fig.4£>, where curves 1—5 correspond to the
angles amn = 15°, 30°, 45°, 60°, and 90°. In the calcula-
tion it was assumed that the centres of the adsorbed mole-
cules form a regular two-dimensional hexagonal lattice and
that the reactant ion is situated at the centre of an equi-
lateral triangle formed by three adjacent dipoles. Com-
parison of the two series of curves in Figs. 4a and 45 shows
that the influence of the orientation of the dipoles relative
to the reactant ion is stronger than the influence of the
angle of inclination to the plane of the electrode.

As in the case of adsorbed inactive ions examined above,
the aim of the authors citedI*8>1*9 was not a quantitative
comparison of theory with available experimental data (a
comparison of this kind has been carried out,1*8 '5 1 and gave
positive results). It appears much more important and
useful to demonstrate the fundamental predictive possibilities
of the theory and to analyse the sensitivity of the analytical

relationships obtained above to change in the model para-
meters. The qualitative analysis carried out shows that
a satisfactory description of the experimental data can be
obtained with completely realistic values of the parameters.
In particular, data on the kinetics of the discharge of
cadmium and zinc ions in the presence of n-butanol 6 ' 6 9 ' 7 0

agree well with the results of a calculation based on Eqns. (39)
and (40) and using the values of δ , α, ε, xQ, and xa most
frequently encountered in the literature for systems of this
kind (see Refs.48 and 51).

0.8 8

0.Z 0A 0.6 0,8 Q

Figure 4. Theoretical relationships'*8'1*9 characterising the
effect of the inhibition of an electrode process by adsorbed
dipolar molecules (the reduction of doubly-charged cations
on mercury in the presence of molecules with μ = -1.6 D,
oriented mainly with the positive pole towards the electrode):
a) influence of the orientation of the dipole relative to the
reactant ion; b) influence of the orientation of the dipole
relative to the electrode surface.

Analysis of Eqn.(39) shows that in those cases where the
contribution of the interaction described by the term Ωζ_α(θ)
predominates, an increase in the rate of the electrode process
by adsorbed SAS is possible.7 1 This effect should increase
in systems in which the structure of the compact part of the
double layer is such that the discharge plane of the ions is
situated closer to the poles of the dipoles whose sign is
the opposite of that of the charge on the discharging ions.
A double-layer structure of this kind is apparently
characteristic of the system studied in Ref.72, where a
considerable increase in the rate of the discharge of europium
ions on mercury from aqueous Ν,Ν-dimethylformamide solu-
tions was observed. A number of other systems in which



Russian Chemical Reviews, 55 (8), 1986 715

the adsorption of organic molecules leads to an increase in
the rate of electrochemical processes have been described.33'73"75

To explain the experimental data, 7 2 the authors cited
obtained the following equation describing the kinetics of
the discharge of the ions ez in this system:

kT
(41)

Here, θ = θχ + θ2 is the total degree of coverage, and A(f>acjs

the adsorption potential jump, given by:

5(δ-λ· 0)θ 1-μ 2Γ ί ι Ο ΟΑ; 0θ 2] (42)

The energy of the electrostatic interaction of the reactant
ion in the transition state, corresponding to the charge
e(z - a), and the adsorbed species is given by the expres-
sion:

θ2) = *£·) {μχ-cos^) J K. ( f

where the summation with respect to the indices m^, nj^
should be carried out in the corresponding adsorption
plane (x = xx or χ = x 2 ) . With allowance for these results,
Eqns. (41)—(43) were used to calculate the dependence of
the ratio i/i0 on the relative concentration of the organic
phase in the water—organic solvent system.

25 SO 75 cn-,%

Figure 5. Dependence of the current density for the
one-electron reduction of triply-charged cations on the
relative composition of the mixed solvent, calculated from
Eqns. (39) and (40) (c0 is the concentration of the organic
solvent); curves 1—3 correspond to values of the dipole
moment μ equal to -2.5, -3.2, -3.9, -4.6, and -5.3 D;
the experimental points were taken from Ref. 72.

In the calculations it was assumed that in the adsorbed
state the dipole moments of the molecules of both solvents
are oriented at right angles to the electrode surface (the
water molecules with their negative poles towards the
electrode, and the organic molecules with their positive
poles) and are fixed at the points of a rigid hexagonal
lattice. In addition, it was assumed that α = 0.5, χλ = 1 \
xQ = 2 A, x2 = 3 Χ, δ = 5 Χ, Γ1>00 = 5.5 x 1 0 " cm"2,
Γ2,οο = 1.2 * 10" cm"2, μ2 = 1.8 D; the value of Ui (the

dipole moment of the molecule of the organic solvent) was
varied from -2.5 D to -5.3 D. The results of the calcu-
lations l t 8 ) 1 '9 are given in Fig.5, which also gives the exper-
imental points obtained for the water—N,N-dimethylformamide
system in Ref. 72. The simplified character of the picture of
the structure of the electrical double layer assumed in the
calculations, and the extremely approximate nature of the
parameters used, do not provide a basis for a quantitative
comparison of the results of the calculation with experimental
data. Qualitative agreement can be seen, however, between
the theoretical curves in Fig. 5 and the experimental data.7 2

The general statistical-mechanical approach described
above can be used to calculate the rates of electrochemical
processes with allowance for the combined adsorption of
several different SAS. Effects of this kind are reflected
in the form of the curves giving the dependence of the
current density on the degree of coverage.7 8 With an
adequate quantitative theory, the form of these curves
can be used to obtain information on the composition of
the adsorption layers next to the electrode.

A method has been proposed5 7 for including the effects
of the combined adsorption of two surface-active substances
in the description of the kinetics of an electrode reaction.
A model of the structure of the adsorption layer with two
planes (x = xx and χ = x 2 ) in which the centres of the
adsorbed species (ions or dipolar molecules) are localised,
and a discharge plane χ = x0 was examined. This model
was used to derive a kinetic equation analogous to Eqn.(41).
Cases of the combined adsorption of two different ions or
two different dipoles, and also of individual ions with charge
βζχ, and dipoles (for which the projection of the dipole
moment on the perpendicular to the plane of the electrode
was μ = μχ) were examined. For the last case, in particular,
the energy Ω2_α(θ]., θ2) is given by the expression:

Σ
(z — a)

Σ Σ (44)

In the case of the adsorption of two different dipolar
molecules with dipole moments μχ and μ2, the corresponding
expression for Ωζ_ο ι(θ1, θ2) has the form (43). To determine
the nature of the kinetic curves corresponding to an electro-
chemical process complicated by the influence of the
adsorption of different combinations of SAS, numerical
calculations were carried out 5 7 to determine the dependence
of the ratio i/iQ on θ for the discharge of doubly-charged
cations in the presence of two dipolar electrochemically
inert SAS, oriented in different ways. The following
values were selected for the parameters: δ = 5 A, x0 = 1 A,
x1 = 2 X, x2 = 3 Α, α = 0.5, Γ1>00 = Γ2)00 = 1.5 χ 101" cm"2;
the dipole moments μχ and μ2 were assumed to be 1 CGSE
unit. The energy Ω ζ _ α (θ 1 , θ2) was calculated from Eqn.(43),
but in contrast to the analysis represented by the graphs
in Fig. 6, the relationship θχ = f(62) was not determined;
it was assumed that θ2 = 1, and θχ was varied. The results
of the calculation are given in Fig. 6. Qualitative agreement
is observed between the calculated graphs for the degree of
inhibition and the experimental curves obtained in Ref. 78.

IV. NON-LOCALISED ADSORPTION OF INACTIVE IONS
AND MOLECULES AT AN ELECTRODE/SOLUTION INTERFACE

In the examination of the case of the non-localised adsorp-
tion of ions and molecules at an electrode/solution interface
it is also necessary to carry out statistical averaging of the
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probability of the elementary act over the entire ensemble
of adsorbed species. A procedure for this averaging has
been developed,52'53 and on the basis of the previously
described general approach the authors cited obtained the
following expression for the rate of a one-electron reduction:

(45)

where φ(α;0, θ) is the potential at the point ξ 0 = η0 = 0 of
the plane χ = x0 from which the discharge of the reactant
ion takes place, and the quantity AF = FZ(T, Θ) - Fz_a(T, £
is the difference in the free energies of the system for a
charge ez on the ion Ox and an "effective charge" e(z - a)
on this ion.

Figure 6. Dependence of the current for the electro-
reduction of doubly-charged cations on the degree of
coverage θ under the conditions of the combined adsorption
of dipolar molecules of two kinds57 with the following values
of the dipole moments: i) μχ = μ2 = 1; 2) \ι1 = 1, μ2 = -1;
3) μχ = - 1 , μ2 = 1; 4) μχ = μ2 = -1 CGSE unit.

Since Fz and F 2 _ a are related to the corresponding mean-
statistical values of Ez and Ez-a of the energies of the
system by the Gibbs—Helmholtz thermodynamic relationship,
these last quantities are first found by the method of
correlative functions (or distribution functions):79

• ' ι (pi)+-4F f
V$kT J

etc., where Φχ, Φ2, ... are the unary, binary, etc. distribu-
tion functions, U1 and U2 represent respectively the unary
and binary (paired) species interaction potentials; and
v s = Γ"1 = (Γα,θ)"1. Relationships (46) represent an
infinite system of coupled equations79 or "chain of equations",
and an analogous system of equations is written for the
component η λ of the two-dimensional vector ρλ = (ξχ, ηχ)
in the adsorption plane x a = const. The main task is to
find an effective method for "terminating" the chain of
interrelated equations (46).

Specific results have been obtained52'53 by introducing
"two-dimensional expansions" (with the condition that
θ < 1 and that the corresponding integrals converge), that
;s by expansion of all the distribution functions and thermo-
iynamic quantities being sought in power series with respect
:o Θ; in particular, for ΔΡ(Γ, Θ):

AF(T, e)=BAFl(T)+e*AF2(T)+... (47)

In Eqn.(47), &Fp represents the expansion coefficients
which do not depend on Θ. For AFlf for example, this
method gave the expression

AF, (T) = 2π*7Τ. J {exp [- Uf} (*0, Pl)/kT] - exp [- Uf (x0, Pl)fkT}} PldP]

(48)

where U λ is the potential of the interaction of the reactant
ion with an arbitrary adsorbed species (with allowance for
the interactions of the species with their "electrostatic
images" in the metal and the solution). The superscripts
on Uχ indicate that the reactant ion has the corresponding
charge ez or e (z - a).

It follows from Eqns.(47) and (48) that for the non-localised
adsorption of the species, the exponent in the expression
for the current (45) (with the condition that integral (48)
converges) contains a term linear with respect to £). This
is predicted by the theory of the relationship and is appar-
ently reflected in the nature of the behaviour of the exper-
imental i, θ curves for systems with adsorption of organic
ions.

Figure 7. Dependence of the current for the electro-
reduction of doubly-charged cations on the degree of
coverage of the electrode surface by inactive singly-
charged organic anions. 5 2 ' 5 3

Thus the dependence of the current density on the degree
of coverage has been studied68 under the conditions of the
electroreduction of cadmium ions at a mercury electrode in
the presence of decyl, nonyl, and octyl sulphate anions.
For all the systems studied, the ί, θ curves show two regions:
a region of initial increase and a region of subsequent
decrease in the rate of the electrochemical process. According
to the theory developed in the present section, these regular
features are explained by the different arrangements of
the planes in which the centres of the adsorbed ions are
localised relative to the plane of the electrode: the closer
the localisation of the adsorbed organic anions to the elec-
trode, the more clearly defined the initial region of increase
in the current. This effect is illustrated in Fig. 7 by four
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curves constructed using Eqns. (45)-(48). The common
parameters for all four curves were: ζ = 2, z0 = - 1 , a = 0.5,
ερί = 8, 3C0 = 1.5 A. The parameters Γ» and xa were
varied; curves 1-4 in Fig.7 correspond to the following
pairs of values of Tm and x a (in units of 10~10Γοο and 10 8x a):
4.0 and 2.0 (2), 3.0 and 2.5 (2), 2.0 and 3.0 (3), and 1.0
and 3.5 (4). The same trend in the behaviour of the ί, Θ-
curves when one organic anion is replaced by another was
observed experimentally.6 8

V. THE INFLUENCE OF THE ADSORPTION OF IONIC
REAGENTS ON THE KINETICS OF ELECTROCHEMICAL
PROCESSES

A large number of experiments (see for example Refs.9,
10, 29, 32, 33, 80, 81) have established that many electro-
chemical reactions take place with the reactants in the
adsorbed state. The most typical example of reactions
of this kind is the discharge of hydrogen ions at a mercury
electrode.1'61* Systems in which even slight adsorption
of the reactants can completely change the mechanism of
an electrode process have been described. At the same
time there have been insufficient quantitative studies of
kinetics complicated by adsorption of the reactants. The
reason for this is the additional experimental difficulties
associated with the need to measure simultaneously, at a
given electrode potential, the reaction rate and the concen-
tration of the reacting substance next to the electrode. The
first attempts to carry out a theoretical analysis of the
influence of adsorption on kinetics were made 3 3 ' 3 7 for the
reduction of organic substances at a mercury electrode.
The analysis was based on the activated-com ρ lex method.

A statistical-mechanical approach to the description of the
kinetics of electron transfer reactions accompanied by
adsorption of the reactants was recently proposed. 5 3 " 5 6

Because of the complexity of the problem, in the initial
approximation of the equation for the current i it was assumed
that the rate of the process is proportional to the activity
ffads °^ *ke reactant ions in the adsorbed state and the
statistically averaged probability <W > of the elementary
act of electron transfer:

i = const-glds(W) (49)

It should be emphasised that completely rigorous and
systematic averaging on the right-hand side of Eqn.(49)
under the conditions being considered should include the
simultaneous determination of both the probability of the
given configuration of the system and the probability of
the elementary act of the electrode process. This formu-
lation of the problem is extremely complex from both the
quantum-mechanical and statistical viewpoints, and its
general "analytical" solution (at least without the introduc-
tion of any numerically miscalculable model systems) is not
yet possible. Eqn.(49) has a factorised (multiplicative)
structure, and this is only a definite approximation, whose
accuracy cannot be estimated beforehand within a completely
rigorous theory.

At the same time, the multiplicative form of the approxima-
tion of the equation for the current from Eqn. (49) makes it
possible, at least in a whole series of particular cases, to
take the solution of this problem to a conclusion.56 The
quantity ffads is found from the adsorption isotherms of theads
species. 5 3 " 5 6 In the works cited, this gave the following
equation for the current with adsorption of the ionic dipolar-
iser:

where the following notation has been introduced:

4.ιεζΓ\ θ

V ο .

Φο f 1 —

e p l 0

e p l 0

(51)

— *ι). for

Here, x0 is the position of the plane of the adsorption of the
reactants in the "inactive adsorbed" state, and χλ the
position of the plane from which the discharge of the
adsorbed ion takes place; the quantity μ( β )(θ) is the
electrostatic component of the electrochemical potential of
the adsorbed ions. The calculation equations for Ωζ_α

are given in the works cited. With allowance for the effect
of the penetration of the field into the metal (that is the
influence of the "electronic condenser"), it is necessary
to modify the quantity Ωζ_α in Eqn. (50) in accordance with
Eqns.(34)-(37). Ref.56 also gives an equation for 1/ζ>μ,
that is the energy of the reaction of the ion with a dipolar
molecule with allowance for the penetration of the field into
the metal. This quantity is necessary for calculations for
conditions in which an organic depolariser is adsorbed.

lg(//0), [A cm"2]

DM

O.6 θ

= const-
(θ) - (χ,)) - Ω2 _ (θ)

kT
(50)

Figure 8. Dependence of the current for the electro-
reduction of the cationic complex cis-Cr(en)(NCS)+ on the
degree of coverage of the mercury electrode surface:
1) experimental points, 2) results of the calculation using
Eqns. (50) and (51).

Eqns. (50) and (51) have been used 5 5 to calculate the
dependence of the current density on the degree of coverage
at a constant potential. The numerical values of the para-
meters were selected for the specific system formed by
mercury with the isothiocyanato-complex of chromium
cis-Cr(en)2(NCS)2, where en = ethylenediamine. The
kinetics of the discharge of complexes in this system have
been studied experimentally.82 The values of Γ» and a
measured in this study were 1.5 χ 1O1U cm"2 and 0.8
respectively. The following values were taken for the
other parameters in the calculations: δ = 5 A, ar0 = 3 A,
i 1 = 2 Α, ε ρ ι = 6, ζ = 1. The results of the calculations
are compared with the experimental data in Fig. 8. It can
be seen that at sufficiently low degrees of coverage, the
agreement between theory and experiment is satisfactory.
The appreciable discrepancy at high degrees of coverage
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is apparently related to the fact that at high values of θ
it is not physically justified to regard the discharging
complex as a point charge. It would be more adequate
to examine the discrete structure of the charges within
the actual complex. Another reason for the lack of agree-
ment between the results of the. calculation and the exper-
imental data may be the neglect of the contribution from the
effects of the penetration of the electric field into the metal,
although, as noted above, it is possible in principle to take
account of these effects on the basis of the equations given
in the present review.

V I . SUMMARY

Studies directly in the field of the theory of the electrical
double layer and the theory of the adsorption of SAS and
SAOS on electrodes and also in the field of the theory of
the kinetics of electrode processes are now being intensively
developed to solve a number of problems in theoretical and
applied electrochemistry. These fields of present-day
theoretical electrochemistry are organically related and
interact naturally with one another, and this interaction
process is gradually becoming more interpenetrating and
requiring the development of theoretical correlations and
self-consistency. An example is provided by the aspects,
examined in the present review, of the theory of electro-
chemical processes complicated by adsorption phenomena
at the interface between the electrode and the electrolyte
solution.

It should be emphasised that progress in the first two
fields naturally provides a basis for the further development
of the theory of the kinetics of electrode reactions. In this
connection, there is no doubt that recent developments in
the theory of the equilibrium double layer, such as the
"three state" model or the "cluster" model, the concept of
condensed adsorption layers on electrodes with the inter-
pretation of the reorientation of adsorbed molecules as a
two-dimensional phase transformation, the representation
of two electronic "parts" of the total charge of an electrode
(the part of the charge "spread" uniformly over the metal
surface and the other part which is the sum of the electronic
counter-charges localised close to specifically adsorbed ions)
may be reflected in the theory of the kinetics of electro-
chemical reactions (a bibliography) of relevant work can
be found, for example, in a published review). 6 2

The present review has dealt partly with the kinetic
aspects of the penetration of the electric field into a metal.
As has been pointed out , 5 2 however, it is also necessary to
take account of the effect of the shielding of the field of
the metal by the "outer" electrons, that is the electrons
of the metal penetrating into the effective range of the
"compact" layer adjoining the metal (the so-called "electron
tails"). These electrons interact with the solvent molecules
and adsorbed species, and in this connection it has been
emphasised52 that under these conditions the actual concept
of "compact layer" (or "reaction region" in the kinetic
aspect) requires physically more correct and electrochemically
constructice definitions (concepts), and also definition of
the concept of the phase interface (thus for example the
theory of the "capacity of the double layer" should include
a factor associated with the "electron condenser", e tc . ) .

In addition to these factors, other characteristic features
such as the specific structure of the region of the solvent
next to the surface (in particular, the influence on its
structure of the "outer" electrons of the metal52 and the
possibility in principle of hydrogen bond formation between
water molecules in the solvent monolayer 83>8'*)) the effects

of the spatial dispersion of the dielectric constant of the
two phases in contact, the questions of "partial charge
transfer" in the adsorption of species on electrodes, and
a number of other questions will undoubtedly be reflected
in the theory of electrode kinetics.

The problem of the statistical averaging of the probability
of the elementary act of an electrochemical process accom-
panied by the adsorption of electrochemically inert species
or the reactants themselves was analysed in detail above,
and it was shown, in particular, that the interaction between
the reactants and adsorbed species is determined by the fine
structure of the electrical double layer at the electrode/solu-
tion interface. A unique type of electrochemical system is
provided by systems in which electrode reactions take place
with the reactants in the adsorbed state. In this case,
in the averaging of the probability of the elementary act,
it is necessary to take into account both the contribution
made to the free energy of adsorption of the reactants by
the electric field created by these reactants, and the entropy
factor, which influences the production of the ionic adsorp-
tion isotherm. In the theory of the kinetics of reactions
complicated by adsorption, it is also necessary to take
account of the structure and parameters of the electronic
spectrum of the metals. Thus it is obvious that from the
physical viewpoint also, the further development of the
theory of the kinetics of electrode reactions complicated
by adsorption phenomena at the metal/solution interface
is an extremely urgent task.
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