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I. INTRODUCTION

A cathodic process is usually divided into stages —
(a) supply of the ion to the electrode surface, (6) reduction
of the ion, and (c) desorption of the reaction product or its
interaction with the electrode material — and an anodic
process consists correspondingly of the reverse sequence
of analogous stages. The departure of the electrode poten-
tial from the equilibrium value is governed by the rate of
the slowest stage.

During 1930- 1933 Erdey-Gruz and Volmerl and also
Frumkin2 linked the polarisation accompanying the dis-
charge and ionisation of hydrogen with the stage actually
involving reduction of the ion and oxidation of a neutral
atom of hydrogen.

The concept of discharge-ionisation as the slow stage
proved to be extremely fruitful, and led to a theory of so-
-called electrochemical kinetics which in several cases
provided a quantitative account of experimental results.
In this theory reduction or oxidation was usually regarded
as a process occurring in a single act. In other words, it
was assumed that an ion undergoing reduction added on at
once all the electrons required to form the final product,
and that in oxidation simultaneous removal of electrons at
once yielded an ion of the required valency.

Recently, however, it has become clear that this
simplest form of the theory is not always consistent with
the experimental data. This has led to attempts to develop
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fundamental ideas, both on the lines of refining the struc-
ture of the electrical double layer and on the lines of a
detailed account of the actual act of discharge or ionisation.

Following the work of Kabanov et al. 3 , the act of dis-
charge or ionisation came to be regarded quite often as a
series of consecutive electrochemical reactions, the slowest
of which determined the overall rate of the process.

A kinetic equation for the dependence of current density
on potential is then set up on the basis of the following
general principles:

(a) If the electrochemical stages are preceded by a
rapid chemical reaction, the concentrations of the reagents
are determined by means of the equilibrium constant.

(6) Concentrations of intermediate products formed as
a result of a rapid electrochemical reaction, i.e. under
equilibrium conditions, are determined by means of the
Nernst equation.

(c) The slow electrochemical stage is described by the
usual kinetic equation with the concentrations determined
from {a) and (6).

(d) Rapid stages following the slow stage are ignored.

The present paper examines the basic assumptions of
the theory of stepwise reactions and surveys critically the
most characteristic cases of processes of this type.

Π. FUNDAMENTALS OF THE THEORY OF THE STEP-
WISE OCCURRENCE OF ELECTRODE REACTIONS

Cathodic reduction, and correspondingly anodic oxida-
tion, are inevitably accompanied by transfer of electric
charges across the electrode-electrolyte boundary. There
are two possibilities:

1. Charge transfer through the electrical double layer
is effected by electrons. This process occurs in a pure
form during electrolysis in redox systems, e.g. NO3/NOJ,
Mn4*/Mn2*, Fe3*/Fe2*, etc., in which only the valency of
the reactants changes, without change in phase.

2. Charge transfer is effected by ions. This case is
realised, for example, during electrolysis in metal-metal
ion systems, in which the ions change phase between elec-
trode and electrolyte.

The theory is based on the proposition that, in the dis-
charge of multivalent ions, the transfer of η electrons in
a single elementary act is far less probable than the trans-
fer of the same electrons in η successive one-electron
stages. This principle follows from views of the analo-
gous course of redox processes at electrodes and of homo-
geneous oxidation-reduction reactions4"8.

In the case of redox electrode processes, when charge
is transferred through the phase boundary by electrons, the
above hypothesis has a definite basis, although in Frumkin's
opinion4 "the possibility of simultaneous transfer of two
electrons cannot be excluded". Bockris7 also supposes
that, in spite of the high probability of one-electron transi-
tions in homogeneous redox reactions, it is not yet entirely
clear whether spontaneous two-electron transfers are pos-
sible. A similar view is held by Basolo and Pearson8,
who regard bivalent transfers as possible when appropriate
intermediate valencies are absent from the reactants.

Thus the basic assumption of one-electron transfers is
not generally accepted even for the case of charge transfer

by electrons. Nor is this assumption generally accepted
for ionic transfers.

In the discharge-ionisation of metals, according to
Grahame8 "electrons do not leave the metallic phase, and
therefore there is no theoretical necessity to postulate
a one-electron transfer". Actually, the transport of
charges through the phase boundary is effected in this
case by charged metal ions, interaction with electrons
ensuing already in the metallic phase, where, as Bockris
remarks7»9"11, the energetically most probable result is
formation not of a neutral atom but of a complex of the
adsorbed ion with η electrons. Thus preferential inter-
action with any electron in such a complex is hardly pos-
sible.

If, however, the discharge of a multivalent, e.g. an
n-valent, ion takes place in stages, the transfer of such an
ion must be preceded by electrochemical redox reactions
accompanied by the transfer of electrons. The last stage of
discharge remains, as before, transfer of the ion. Either
electron transfer or ion transfer may be the slow stage in
the process.

Although transfer of a univalent ion does require a lower
activation energy than that of a multivalent ion, and as a
result the stepwise process would appear to be the more
probable, nevertheless the formation of ions of lower
valency may prove to be energetically unfavourable, and
transfer of electrons will not be achieved. In this case
direct transfer of the w-valent ion is possible. If, how-
ever, the ion of lower valency is relatively stable in solu-
tion, occurrence of the stepwise process becomes more
probable"!"-

ΙΠ. CRITERIA OF THE STEPWISE OCCURRENCE OF
ELECTRODE REACTIONS

At the present time three methods exist for establishing
the stepwise occurrence of electrode reactions, and these
have been termed "criteria for the stepwise occurrence of
electrode reactions". One method is based on the theory
of the transition state, which enables the heats of activation
of all stages in the electrode reaction to be calculated; two
methods involve an analysis of the fundamental equation of
electrochemical kinetics.

1. Method Based on Determination of Heat of Activation of
Intermediate and Final Stages in the Electrode Process

Conway and Bockris7»9»10 have used the theory of the
transition state to calculate potential-energy diagrams for
the transfer of an ion from solution to the crystal lattice of
the metal. By means of these diagrams it is possible to
determine the free energies of the particle in each of the
intermediate states, and hence to establish the stage which
determines the rate of the electrode reaction.

The method has been employed by these workers to
examine the conditions for the electrodeposition of Ag*,
Cu2+, and Ni2*. They showed that the transfer and forma-
tion of adsorbed neutral atoms requires a greater heat of

t It is interesting that the formation with anions of complexes
adsorbed on the metal surface, especially of hydroxo-complexes,
often facilitates the transfer of electrons and makes a stepwise
occurrence of the process possible. This case will be examined
in detail later.
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activation than does the formation of adsorbed ions on the
metal surface; in the discharge of Ag*, Cu2*, and Ni2*, for
example, ionic transfer is effected, with adsorption on the
surface in the form of adsorbed ion + η electrons.

For bivalent ions direct transfer to any part of the metal
surface (i.e. a process which does not include successive
dehydration or an intermediate redox stage) must be difficult
because of the higher heat of activation for the discharge of
bivalent ions compared with univalent ions; furthermore,
the hydration of bivalent ions requires a greater con-
sumption of heat than does that of univalent ions. If, there-
fore, stable intermediate ions exist, a stepwise process of
discharge will be more probable than discharge involving
simultaneously two or more electrons.

In the discharge of copper, for example, the direct pro-
cess Cu2+ + 2e —>Cu requires a greater heat of activation than
does the stepwise process Cu2* + e —»Cu+ and Cu* + e —* Cu,
and the latter is therefore the more probable. In the case
of the discharge of nickel, the stage Ni2* + e -»Ni*, if it
does occur, must involve a higher activation barrier than
does the corresponding stage for copper, since in the opinion
of the above authors a stable univalent nickel ion does not
exist in aqueous solution. Consequently the non-stepwise
transfer of Ni2* is possible, characterised by a high heat
of activation and a low exchange current. In the opinion of
Bockris low values of iQ cannot be due to difficulties in
building up the metal lattice, since i0 N 1 is abnormally low
even for deposition on liquid mercury'(see also Ref. 12).

2. Method Based on Analysis of Polarisation Curves

The main theoretical regularities enabling the stepwise
transfer of electrons to be established have been formulated
by Parsons1 3, Vetter14"17, Losev18"20, Mauser21, and
others. They are formally valid both for electronic and for
ionic transfer of charge. Stepwise character is revealed
sufficiently clearly only by the simultaneous study of
cathodic and anodic polarisation.

Let us assume that the overall electrode reaction is
represented by the equation

cathodic: S o x + ne -* 5 r edi (1)

anodic: Sre(j - ne —• S e (2)

where SOx represents a species (ion or neutral particle) in
the extreme oxidised state, and Sre<j in the extreme reduced
state, the remaining subscripts denoting intermediate redox
states (these symbols apply throughout the paper).

If this reaction occurs in one stage, the corresponding
kinetic equations, for potentials sufficiently far from the
equilibrium potential, are of the usual form

L r C *~~W~ Ci\

(4)

If, however, reactions (1) and (2) involve η one-electron
stages —

cathodic

anodic

Sred —*— So, _(„_!).

ox—ι — e ~~* "ox—1·

Sox-i — « " · s o x .

the character of the kinetic curves will depend on the nature
and sequence of these stages. Let us consider the following
most characteristic case's.

(a) Slow s t a g e i s c a t h o d i c a d d i t i o n of
f i r s t e l e c t r o n or a n o d i c d e t a c h m e n t of l a s t
e l e c t r o n . The equation will be for the cathodic process

(5)

and for the anodic process

ί. = Μ5«-*1<Γ*". (6)

where ax and /3X are the transfer coefficients for the slow
stage. We determine [Sox-i] from the Nernst equation

Substitution of Eqn. (7) in (6) yields

(7)

(8)

Thus if the transfer coefficient β'

β'-n-I+fc. (9)

determined experimentally from the slope of the Tafel plot
for the anodic process exceeds unity, while the coefficient
a' has its normal value close to 0.5, a consecutive reaction
with a slow first stage must be assumed.

(6) Slow stage is cathodic addi t ion of l a s t
e l e c t r o n or anodic d e t a c h m e n t of f i r s t e l e c -
tron. It is readily shown that in this case the relations
will be the opposite of those in the previous case:

- S o

ic = ft-[S0X]e W , (10)

ia = fe+[Sred]/-£\ (ID

and the transfer coefficient a determined from the slope of
the Tafel straight line for the cathodic process will exceed
unity.

(c) Slow stage is addition or a b s t r a c t i o n
of some i n t e r m e d i a t e e lectron. In this case the
slow stage in cathodic and anodic processes is preceded by
equilibrium electrochemical stages, and both transfer coef-
ficients exceed unity. If, for example, the reaction takes
place in η stages of which the wth stage is slow, we have

l+am)F<f

(12)

(13)

It is seen from Eqns. (12) and (13) that if, for example,
the reaction occurs in four stages of which the third is slow,
then

and

It is evident from these relationships that the experimental
transfer coefficients a ' and β' differ appreciably from one
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another. However, in the particular case in which the
middle stage of three is slow, it is impossible to establish
from the experimental values of the transfer coefficients
any differences between the stepwise and the direct course
of the three-electron reaction.

(d) A two-stage process comprises a slow
f i r s t stage followed by d isproport ionat ion:

(14)

(15)

The kinetic equation for the cathodic process is

and that for the anodic process

U = Κ IS ox -i]eW' = k' [S0X]
T[Stedfi*

r.

In this case the kinetic equations for both cathodic and
anodic processes are of the form characteristic of one-
-electron reactions.

(e) The separate stages have comparable
rates. Let us consider for simplicity the two-stage
reaction

sox sox -ι 5o

The sum of the current densities ix and i2 for each reaction
gives the total current i, and for steady-state conditions
we must have

ι = u + /, = 2/x = 2i2 (16)

otherwise the concentration of the intermediate product
will not remain constant with time. Apart from the con-
stancy of [SQX-I] with time, we must also assume the con-
centration of the intermediate product to be so low that its
diffusion from the electrode surface can be neglected.

Let us write the kinetic equations in the form

RT

a,Ftf
RT

(17)

(18)

We determine the concentration of the intermediate product
by Bodenstein's method of quasi-stationary concentrations:

,] e'wr~ k3 lSm^} e «r = 0,

whence

(19)

+
On substituting for [SM.i] from Eqn. (19) in (17) and (18),
we obtain

_ qFj 1 _ **'
i = 2kl[S0X)e *

At sufficiently high cathodic potentials Eqn. (20) becomes

ic

1=2k1[STed]e ** =2ia,xe ** , (21)

and at sufficiently high anodic potentials it becomes
βι^Φ βιΑΆφ /ΟΟ\

«a = 2ft«[S r e ( 1 Je^ = 2 / 0 , ^ ^ .

Thus when the rates of the two stages are comparable,
the transfer coefficients determined from Tafel straight
lines for cathodic and anodic processes are not linked by
the equation a + β = 1, since they relate to different reac-
tions. Furthermore, it follows from these same equa-
tions that extrapolation of these Tafel straight lines to the
equilibrium potential gives different values of the exchange
current for cathodic and anodic processes, since these
values of i0 correspond to different stages of the process.

On the basis of the above, the following criteria can be
formulated for the stepwise occurrence of an electrode
process: (1) the transfer coefficients determined from the
slopes of the Tafel straight lines for anodic and cathodic
processes have anomalous values; and (2) exchange cur-
rents determined from these straight lines have different
values (for cases in which the separate stages occur at
comparable rates).

3. Methods Based on Concentration Relations

These methods14'17»22"27 are closely linked with the
preceding methods, since they derive essentially from the
same fundamental equations of electrochemical kinetics.
In fact, the equations of electrochemical kinetics contain
the concentrations (activities) of the reactants. Conse-
quently the potential, over potential, or exchange current
must depend on the concentration of species taking part in
the electrode reaction. The values of the partial deriva-
tives with respect to concentration will depend on the coef-
ficient of potential in the equation, i.e. on the number and
sequence of stages and the prior occurrence of a rapid
chemical reaction. Concentration criteria supplement
criteria obtained from an analysis of polarisation curves.
From the above equations of electrochemical kinetics we
can obtain the partial derivatives

2.3RT
a'F

and

Moreover, the derivative of current density with respect to
the concentrations of components of the solution gives the
order of reaction vf.

) =v,, (23)[ii
which enables us to determine which substances take part
in the slow stage.

In cases in which reactions occur so rapidly that polari
sation curves cannot be obtained, and only exchange cur-
rents can be measured, concentration criteria provide the
sole criteria of the stepwise character of reactions, as
follows from the relations

2.3RT

W<*Usnd
a'/

(24)

(25)

IV. SOME EXAMPLES OF THE STEPWISE OCCURRENCE
OF ELECTRODE REACTIONS

1. Reactions Having One Slow Stage

(a) Z n ( H g ) / Z n 2 + e l e c t r o d e . The anodic behaviour
of zinc in sulphate solutions has been investigated by Losev
and his coworkers28"35. Application of Eqns. (24) and (25)
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to the concentration relations of i 0 gives the transfer coef-
ficients β' - 1.40 and a' = 0.52: i.e. β' > 1 and β' > a',
which corresponds to a case of slow detachment of the last
electron in the ionisation of zinc — see Eqns. (8) and (9).

The true transfer coefficients, corresponding to the
slow stage of the process, are a2 - a' = 0.52 and β2 = β' -
- 1 = 0.40. The possibility of the existence of the singly
charged ion Zn+ in aqueous solution36"38 confirms the cor-
rectness of the above mechanism. It is therefore hardly
possible to justify Gerischer's view39»40 that, although he
obtained the same values of a' and β', the process was a
two-electron process with a and β respectively 0.3 and
0.7.

It must be noted, however, that lack of symmetry of the
potential barrier is not by itself a sufficient criterion of
the stepwise occurrence of a process, since reactions of
the singly charged silver ion, which occur in one stage,
have values of a <=* 0.3 and β =* 0.7.41

{b) I n ( H g ) / l n 3 * e l e c t r o d e . Lose ν and his co-
workers have investigated the anodic behaviour of indium
in perchlorate solutions42"46. They obtained values for
the transfer coefficients of β' =2.2 from polarisation
curves and concentration relations of the exchange current
(24), and a' = 0.9 from the concentration relations of
the exchange current (25). Here β' > 2 and β' > a' —
see Eqns. (8) and (9) — and therefore the anodic process
can be regarded as occurring in stages. These workers
consider that three stages are involved: In - e ^In*,
In* - e ^ In 2 * , and In2* - e —»In3*, the last stage being
slow. The transfer coefficients for this stage are then
a 3 = a' = 0.9 and j33 = β' - 2 = 0.2. In this case an
extremely unsymmetrical energy barrier is already ob-
tained for the one-electron transfer.

Similar results have been obtained by other workers 4 7

in sulphate electrolytes at current densities below 0.001 A x
x cm"2. A more acceptable scheme is probably one involving
a two-electron slow stage: In - e ?^In* and In* - 2e —•In3*.
We then have a2 = W = 0.45 and j32 = \{β' - 1) = 0.6.

On the basis of the results for zinc and indium, Losev
and his collaborators20»42 suggested that, with all multi-
valent metals, electrode processes take place in stages.
They give results for transfer coefficients in the cases of
copper, cadmium, iron, nickel, and cobalt. Analysis of
these data shows that this hypothesis can be applied to the
discharge and ionisation of copper, for example48»49; with
cadmium there are two groups of contradictory data5 0"5 3;
and in the case of the iron-group metals, discharge of the
simple hydrated ions in .a non-complexing medium, and in
the absence of specific adsorption of anions, is most pro-
bably a one-stage process involving bivalent ions7'9»10»54"58.

(c) H g / H g ( C N ) | " e l e c t r o d e . Gerischer and
Perez-Fernandes5 9 have investigated the reaction Hg(CN)|~ +
+ 2e ^ Hg + 4CN" under conditions such that the complex
[Hg(CN)4]

2" predominated in the solution. The slopes of
the Tafel curves gave values of a' = 0.30 ± 0.03 and β' =
= 1.67 ± 0.05. From the dependence of ic and i0 on the
concentrations of CN~ and Hg(CN)|" it was established that
the complex [Hg(CN)3]~ participates in charge transfer. Con-
sequently the transfer reaction Hg(CN)3 + 2e -*Hg + 3CN~
is accompanied by the chemical equilibrium Hg(CN)|~ ^

+ CN".

If, however, transfer coefficients are calculated for a
simultaneous two-electron transfer, values are obtained of

α < 0.2 and β > 0.8. The possibility was therefore con-
sidered that the reaction took place in stages according to
the scheme

Hg (ΟΝ)Γ + «^Hg CNade4- 2 CN".

HgCNad.+ e it Hg + CN".
The experimental data indicate that the first of these stages
is slow. Then β' = 1.67 ± 0.05 = 1 + j3lf whence βχ =
= 0.67 ± 0.05 and correspondingly a1 = 0.30 ± 0.03.

The hypothesis that the transfer reaction takes place in
stages has been tested by measuring the capacitance by the
charging method. If the reaction occurs in stages, and the
first stage is slow, a charging pulse should not only charge
the double layer but also cause the establishment of a new
equilibirum concentration of HgCNads, which is shown in an
apparent increase in capacitance. The experimental rela-
tion obtained supports the accepted mechanism for the
electrode reaction.

{d) N i / N i 2 * e l e c t r o d e . In a study of the electro-
lysis of nickel in chloride electrolytes containing boric
acid, Fedot'ev and Dmitreshova60 found that at 80° dis-
charge-ionisation takes place according to the simple
scheme Ni2* + 2e —»Ni with transfer coefficients of a = 0.4
and β = 0.6, whereas at 25° they found that a + β = 1 only
when η = 1. On this basis a stepwise scheme Ni2* + e —»Ni*
and Ni* + e —»Ni was suggested, in which one of the stages
was slow. Such a suggestion can apply if the first stage
is slow in both anodic and cathodic processes. Values of
a + β = 1 satisfy also a one-electron transfer with subse-
quent disproportionation Ni2* + e —»Ni* and 2Ni* ̂  Ni + Ni2*.

A stepwise course for the electrode process involving
the Ni* ion has been suggested by several workers6 1"6 4 who
have studied the polarographic behaviour of nickel. The
existence of Ni* has been demonstrated by Khlopin 6 5 . Never-
theless, calculations by Conway and Bockris7»9»10, as well
as several experimental results 54~56>6e, justify a simple
two-electron scheme for the process. However, more
detailed investigations are desirable.

A stepwise mechanism can be expected for electrode
reactions with all other metals where ions of lower inter-
mediate valencies can exist in the solution. The presence
of univalent states has been detected, for example, with
simple ions of the metals Mg,3 7,6 7-6 9 Al,37»67»71 Be, ^ , 6 7 , 7 1

Zn, La, Ce, Ti, U, Hg, Cu, In, andGa,37»67 as well as
with complex ions of Cr, Mn, Co, etc. 7 2

2. Reactions Having Two Slow Stages

(a) Q u i n h y d r o n e e l e c t r o d e . For the quinhydrone
electrode Vetter7 3 has established that the electrode reac-
tion has different mechanisms in acid and alkaline media.
On the basis of experimental results he states that the two
electrons of the overall reaction are transferred succes-
sively, the rates of the two stages of the reaction being
comparable.

However, examination of the experimental data in Ref.73
reveals insufficient grounds for such a conclusion in the
case of results obtained in the acid region, since the anodic
Tafel line has been drawn rather arbitrarily (see Fig. 1).
Even with these straight lines, values of β2 = 0.46 and
1 - a r = 0.54 were obtained, which are hardly sufficient
for the conclusion reached by this worker.

In the alkaline region, anodic and cathodic· polarisation
curves have well-defined Tafel sections with different
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0.2. η

Fig. 1. Polarisation curves for the
quinone-quinol system at high acidities
(0.001 m quinone + 0.01 m quinol in
1 Μ HC1).

slopes, of 1 - OLX = 0.37 and β2 = 0.19. Exchange currents
determined by extrapolation of anodic and cathodic Tafel
lines do not coincide. Thus the totality of experimental
data not only support Vetter's theoretical conclusions, but
also provide one of the very few examples of more than
one slow electron transfer in the same overall reaction.

The electrochemical behaviour of the quinhydrone elec-
trode has been investigated also by Loshkarev and his
coworkers74. Their experimental results contradict
Vetter's data, since exchange currents determined from
anodic and cathodic Tafel lines coincide at all pH values
(Fig. 2). According to Loshkarev and Tomilov, the slow
stage is the complete electrode process involving two
electrons.

Bagotskii et al. 7 5 have attempted to ascertain the reason
for such a sharp discrepancy in the experimental data in
these papers. They have shown that the results of Ref. 74
are due to the carrying out of experiments at low current
densities and small polarisations, when the rate of the
reverse reaction still cannot be neglected. These workers'
own data are on the whole close to Vetter's results. In
contrast to the latter, however, Bagotskii and his coworkers
consider that the slow stage of the cathodic process in the
quinone-quinol system is addition of the first electron,
while that in the anodic process is abstraction of the first
electron. It must be noted, however, that the experimen-
tal data obtained by Bagotskii et al. also fit a scheme in
which the slow stage is addition of the first electron (and
abstraction of the last) combined with rapid disproportio-
nation. This system, too, requires further investigation.

(6) T 1 3 + / T 1 + r e d o x e l e c t r o d e . Antropov and
Mizgireva76, probably the first to investigate this system,
concluded that both concentration polarisation and chemical
polarisation were present. In their opinion the chemical
polarisation was associated not with a slow discharge-
ionisation stage but with slow desorption of secondary
(reduced)ions.

Vetter and Thiemke77 have also shown that the over-
potential is determined not only by a slow electrochemical
reaction but also by diffusion, and therefore curves corres-
ponding to the experimental points have no linear sections.

Fig. 2. Effect of pH on polarisation of cathodic
and anodic processes in the quinone—quinol sys-
tem in the region of:
a) high acidities (pH): 1) 0.48; 2) 1.07; 3) 1.52;
4) 2.01; 5) 3.01;
b) low acidities (pH): 1)3.92; 2)5.06; 3)6.02;
4) 7.06; 5) 7.92; 6) 8.6.

Curves were plotted on the basis of Eqn. (20) after allowing
for diffusion. Transfer coefficients were so chosen that
the curves corresponded to the experimental points (Fig. 3).
The values determined in this way were β2 - 0.67 and
<*! = 0.36. Their sum was taken as not equalling unity,
although the difference was only 0.03. By means of Eqns.
(21) and (22), with the values of β2 and ax substituted in
them, straight lines were then plotted representing the
relation between η and logi in the absence of diffusion
hindrances. Exchange currents found by extrapolation of
such hypothetical straight lines were also found to be rather
different (Fig. 3).

-6

- 7 -

-0.3 -0.2 -0.1 *0J

Fig. 3. Polarisation curves for the ΤΐΎτΐ*
system: points represent experimental data;
full curves calculated from Eqn. (20) with
correction for diffusion; broken lines from
Eqns. (21) and (22).
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It was concluded from these results that the kinetics of
the process was determined by two stages

ΤΓ Tl s + +e and Tl1
ΤΙ'·1 +e.

It is noted in the paper that the data were processed on
the hypothesis that two electrons were transferred simul-
taneously, and that this hypothesis is inconsistent with the
experimental results.

There is an indication in the literature that the homo-
geneous exchange T1*-T13* may occur in stages with the
formation of Tl2*.7 8 It has also been suggested that the
reduction of Tl3+ ions on the electrode by atomic hydrogen
to Tl* takes place in two stages7 9.

Thus the possibility of the stepwise occurrence of the
electrode process is to some extent supported by hypothe-
ses concerning the presence of Tl2* ions, but the experi-
mental data reported in Ref. 77 cannot provide adequate
evidence of a stepwise mechanism.

3. Participation of Hydroxide Ions in Electrode Processes

Anions play an important part in homogeneous redox
reactions between multicharged cations in the bulk of the
electrolyte, by facilitating the transfer of charge from one
cation to another. Thus, for example, Cl~ accelerates
the exchange of charges between Fe3* and Cr3*, an activated
complex of the type [Cr-Cl-Fe]4* being formed in which Cl~
acts as an "anionic bridge" for the transfer of charge4.

Hydroxide ions have a similar effect. The participation
of OH" ions in electrode processes in the discharge-ionisa-
tion of metals is revealed by the fact that the rate of the
electrode reaction depends on the pH of the electrolyte.
Here, too, hydroxide ions have an accelerating effect, the
exchange of charges between the metal surface and ions in
solution through the hydroxide "bridge" being made so easy
that conditions are produced for the stepwise transfer of
electrons in the discharge -ionisation even of such stable
bivalent aquo-ions as those of the iron-group metals.

The exchange of charges is some thousandfold more
rapid between Fe(OH)2* and Fe2* than between Fe3* and
Fe2*. Similar results are obtained in a study of the effect
of pH on the rate of exchange between chromium, cerium,
plutonium, and praseodymium ions of different degrees of
oxidation, as well as on the rate of oxidation of U4* by Tl3*
and Fe3* ions, and of Cr2* by [CoH2O(NH3)5]

3* ions4 '8 0.

The kinetics of the elementary electrochemical act
depends in general on the potential difference at the elec-
trode-solution interface, the reactant concentrations at the
electrode surface, and the strength of the bonds which are
ruptured or formed on participation of the reactant species
in the electrode process. Therefore the catalytic action of
OH" ions in the formation of active complexes of the reac-
tant species with these ions can be explained by the fact
that they produce changes both in the total charge on the
reactant species and in its electronic structure4.

Let us examine the effect of hydroxide ions on the elec-
trode process with a few metal electrodes as examples.

(a) F e / F e 2 * e l e c t r o d e . Study of the part played
by hydroxide ions in the anodic dissolution of iron in
alkaline solutions, undertaken by Kabanov and others3»81,
established that the rate of anodic dissolution is far greater
in alkaline than in acid solutions, ίΛ being proportional to
[OH"]2. An electrochemically active layer of adsorbed

product is present on the electrode surface, and produces
unusually high values for the capacitance of the double
layer (of the order of 1500 μ¥ cm"2). The results were
explained on the basis of the stepwise mechanism of the
electrode process involving OH" ions

! F e O H a d 8 + e .

FeOH a d e+OH- — FeOadB+ H»0 + e (slow stage),

FeO a d s + OH " •£ HFeOi ,

HFeO; + H 4 O ?L Fe(OH)j + OH".

The corresponding kinetic equation is

= / z 2 [OH"] 2 e (26)

With β = 0.5, the slope of the Tafel straight line is 2RT/3F,
as has been obtained experimentally.

Bonhoeffer and Heusler82»83 found that the rate of anodic
dissolution of very pure iron in perchloric and sulphuric
acids (under conditions of constant corrosion, when <peqis
independent of pH) depends on the pH, the relation being
the same for acid and alkaline solutions when the process
occurs under steady-state conditions. The high values ob-
tained for the capacitance from galvanostatic charging curves
could also be explained by the presence of an active layer
of an intermediate product. These results indicate that
hydroxide ions take part in the electrode process in acid
solutions, and, because of the better adsorbability of hydrox-
ide ions, displacement of the equilibrium H2O ̂ H * + OH"
in the catholyte can ensure an OH" concentration sufficient
to have a catalytic effect. These workers determined the
orders of reaction — see Eqn. (23) — from the OH~ con-
centration for the non-stationary process (ΙΌΗ- = 1) and
the steady-state process (Ι-ΌΗ- = 2, compared with an
experimental value of 1.55) in the anodic dissolution of
iron. Determination of the slopes of the Tafel lines gave
6a (non-stationary) = 0.063 V and 6a (stationary) = 0.030 V,
which formed the basis for the following scheme for the
process

Fe + OH"+ FeOHads-» FeOH+ + FeOH a d s f 2e (slow stage).

The corresponding kinetic equation is written
(ι+aE) F<f

i..-ut = ft+[OH"]«e « r . (27)

where β = 0.46 (determined from the non-stationary polari-
sation curve).

It was suggested that the cathodic deposition of iron
takes place in a similar manner, formation of the surface
catalyst being associated with the chemical equilibrium
Fe2*. aq + OH" — FeOH* + aq. This is followed by the dis-
charge of FeOH* with formation of the catalyst: FeOH* + e ^
^ FeOHads· The slow stage is

FeOH+ + FeOHade+ 2e -^ Fe + OH' + FeOHade.

which corresponds to the kinetic equation
q>

(27a)

With a = 1 - β = 0.54, the slope of the Tafel straight line
should be ~ 0.028 V.

Similar values, of 0.027-0.030 V, were found for the
slopes 6a and bc by Hurlen and Hoar8 4"8 7 in a study of the
kinetics of the discharge-ionisation of iron in sulphate and
chloride solutions, using a slow galvanostatic method with
determination of current efficiencies and construction of
partial polarisation curves for iron and hydrogen.
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However, according to these results, the rate of the
cathodic deposition and anodic dissolution of iron is propor-
tional to the hydroxide-ion concentration to the first power,
not the second as required by Eqns. (26) and (27). The
cathodic reaction is of the second order with respect to
[Fe2*]. The combined effect of the data is to give a scheme
for the process involving two atoms (or ions) of iron and
four electrons in the rate-determining stage

2Fe + OH" - 2Fe i + + 0H' + 4e.

Hurlen85»86 suggested that this process can occur in stages,
but his proposed reactions correspond not to successive
stages of one process but to two independent modes of oxi-
dation of iron

Fe+OH" £ active complex A ̂  Fe2+ + OH~+ 2e,
Fe + H,0 t. active complex Β -£ Fea+ + HSO + 2e.

Thus if the process does occur in stages, they comprise
different reactions.

Ivanov and Iofa58 have shown that at a dropping mercury
electrode the rate of reduction of iron actually depends on
the relative proportions of the complexes A' and B', which
themselves depend on the pH of the solution.

[Fe (H,O)n ]
s + + H2O t. [FeOH (Η,Ο)η_χ ]

+ + H+ + χ Η,Ο.

Β' Α'

At low pH values the kinetics of the process is determined
by discharge of the ion B', whereas with rise in pH the
equilibrium shifts towards the formation of A', and the rate
of the process is determined by the stage

[FeOH (Η,Ο),,^ ] + +2e - Fe + OH"+ (n - χ) Η,Ο.

Unfortunately, the paper does not give results for the deter-
mination of bc and a.

Bockris et al. 8 8 have put forward the hypothesis that the
difference in activation energy between the different paths
for the electrode reaction is extraordinarily small in the
case of iron, and therefore even a slight change in the con-
ditions of electrolysis may change the mechanism of the
electrode process.

(b) N i / N i 2 + e l e c t r o d e . The effect of hydroxide
ions on the anodic dissolution of nickel has been studied by
Hollnagel and Landsberg89 using a non-stationary galvano-
static method at 60°. They find that the anodic potential
decreases with increase in pH. These workers assume
that the adsorption of hydroxide ions facilitates the escape
of nickel ions through the intermediate formation of NiOH,
in an analogous manner to Heusler's scheme83 for iron.

Solov'eva and Abrarov90 investigated the effect of solu-
tion pH on the electrodeposition of nickel and cobalt at
constant current density. They noted a sharp decrease in
cathodic potential within a definite narrow pH range, which
was explained by the conversion of aquo-complexes of the
metal ions into partly hydrolysed active complexes contain-
ing the OH" group.

The same workers reached a similar conclusion con-
cerning the dependence of the kinetics of discharge on
changes in the composition of the species undergoing dis-
charge on studying the effect of boric acid on the discharge
of cobalt and nickel91, as did also Kovalenko and Nadezh-
dina92 from an investigation of the effect of various com-
plexing agents on the discharge of aquo-ions of nickel and
cobalt at a dropping mercury cathode.

Matulis and Slizhys93 concluded, from a study of the
effect of catholyte pH on the cathodic process in a nickel

sulphate electrolyte, that the sharp decrease in cathode
potential at pHs « 4 is due to the discharge of NiOH* ions
which are formed in the bulk of the solution at pH 4 as a
result of hydrolysis

Nii+- + OH~;t NiOH+.

At pH ^ 4 a stepwise process is assumed with formation of
a neutral species

NiOH++e - NiOH,,,,.

The following stage is desorption of hydrogen evolved simul-
taneously on the metal surface

NiHada+ NiOHads •£. Ni + Η,Ο.

In the more acid region the process of discharge cor res-
ponds to the simple scheme

N i 1 + + 2e — Ni.

(c) C o / C o 2 * e l e c t r o d e . Kravtsov and his co-
workers9 4 '9 5 have suggested a possible mechanism, involv-
ing hydroxide ions, for the discharge of cobalt ions at an
electrode. An oscillographic method was used to obtain
cathodic polarisation curves at pH 3.5 and 4.2 9 5 in 1 Ν
CoSO4 + H3BO3 solutions at room temperature, as well as
stationary and non-stationary anodic curves under these
conditions.

The values obtained for 6a of 0.064 and 0.040 V under
non-stationary and stationary conditions respectively sug-
gest that the mechanism of the anodic dissolution of cobalt
resembles that proposed by Heusler for iron8 3. It was
also suggested that the two electrons involved in the anodic
reaction are split off successively, not in a single act,
which is consistent with the large slopes of bc = 0.111-
0.114 V obtained for the cathodic curves and the low values
of 6a.

The rates of corrosion and of anodic dissolution of cobalt
have been studied as a function of pH over a wide range of
the latter by Iofa and Wei Pao-ming96. The values of
6a = 0.026 V and UOH- - 2 obtained experimentally corres-
pond to the mechanism of the anodic dissolution of iron des-
cribed in Refs. 81-83.

Heusler has investigated97»98 the effect of the acidity of
the solution on the mechanism of anodic and cathodic pro-
cesses in the discharge-ionisation of cobalt from perchlor-
ate solutions. His experimental results corresponded to
the scheme which he had suggested for iron8 3.

The effect of pH on the cathodic deposition of cobalt
from sulphate solutions at 55° has been investigated with
simultaneous measurement of the pH of the catholyte57.
The totality of experimental data57 obtained for the par-
tial polarisation curves of cobalt in the pHs range (in
the catholyte) of 0.5-2.2 (bc = -0.085 V, VOH- = 0, and
ΐΌ>2+ = 1) shows that the discharge of cobalt takes place
according to the simple two-electron scheme

Co i+ +2e -* Co.

In the pH s range 2.5-4.0 an increase in bc from 0.085
to 0.150 V is observed on a negatively charged surface,
which can be explained by partial hydrolysis of the aquo-
-ions of cobalt according to the equation

CoI+ +H,0 •£. CoOH+ + H+,

with simultaneous participation of the ions Co2* and CoOH*
in the electrode process. Increase in pH is accompanied
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by displacement of the equilibrium towards formation of
CoOH+, and discharge takes place in the stages

CoOH++e
CoOH+e *

» CoOH (slow stage),

Co 4-OH",

which is consistent with Kravtsov's experimental results9 5.
In this same pH range the discharge of cobalt occurs on a
positively charged electrode surface (zero-charge poten-
tial about -0.45 V), where the experimental values of
bc = -0.026 V, vCoz* = 2, and uOH- = 1 correspond to an
overall reaction involving four electrons, analogous to the
scheme suggested by Hurlen and Hoar8 4"8 7 for iron:

2 Co>+ + OH"+ 4e -• 2 Co + OH",

ft[Co1+]*[OITle

q'Fip
(28)

Such a process may be supposed to occur in one stage if
the species transferring the charge is assumed to be the
complex [Co2OH]3\ In this case the transfer coefficients
a' = 2.5 and 0' = 1.5 55>95 (value of 0' taken from Ref. 55
is 1.4 at 60°) are regarded as a' = 4a (a = 0.62) and
0' = 40 (β = 0.38). However, the high activation energy
required for the transfer of a triply charged species, and
also the possibility of the transfer of electrons from the
cathode surface through a hydroxyl "bridge", suggest that
the process takes place in stages, with the following pos-
sibilities:

I . CoI+ + H»O 2. CoOH+ + H+, (a)

CoOH+ + e tt CoOH rapid, ( 6)

CoOH + CoI+ + 3e -• 2 Co + OH" slow. ( c )

Co£>H i +

In this case a' = 1 + 3α (α = 0.5) and 0' = 3/3 {β = 0.5).

II. Stages (a) and (b) remain as before, but subsequent
electrons are also added on successively:

CoOH + Co*4 + « ^ CojOH+ rapid,

COJOH+ + e - CojOH slow,

Co,OH + e •£. 2 Co + OH" rapid.

The experimental values of a ' and β' correspond to slow
addition of the third electron — see Eqn. (16). In fact,
with η = 4 and m = 3, a ' = a 3 + 3 - 1 = a 3 + 2 (a 3 = 0.5) and
0 '= 03 + 4 - 3 = /33 + l (03 = 0.5).

In order to choose between the possibilities suggested,
it is necessary to obtain additional data on the intermediate
products involved in the electrode process.

It must be noted that the reaction order with respect to
hydroxide ions of VQH- = 1, which determines the mechan-
ism of the electrode process (see, for example, Heusler's
scheme83»97, where VOH- = 2) is obtained only when the pH
adjacent to the cathode is taken into account. Relations
based on the pH in the bulk of the solution give values of
^OH- ** 2. This illustrates the necessity of measuring pH
in the layer adjacent to the electrode, and taking this quan-
tity into account in investigating the mechanism of elec-
trode reactions.

(d) I n ( H g ) / I n 3 + e l e c t r o d e . The pH dependence
of the electrode process has been investigated by Losev
and Molodov44. At HC1O4 concentrations below 0.1 Μ the
rate of anodic dissolution of indium is proportional to the
hydroxide-concentration to the first power, and the process
is described by the equation

The overall process is

In+5H2O+OH";s In (HjO) 5OH2++3e.

The possibility of stepwise occurrence of this process has
been discussed above. Cathodic and anodic polarisation
curves obtained at various pH values in this work are
reproduced in Fig. 4. The unusually steep slope of the
cathodic curves was explained as due to a prior chemical
stage of hydrolysis, and the decrease in slope with increase
in cathode potential as due to acceleration of this reaction.

However, curves of this type can be explained by a
change in the charge on the cathode surface. In fact, the
zero-charge potential for indium amalgam (~ 0.1 at. %)
calculated by Antropov's method99 gives a value of about
-0.4V (zero-charge potentialfor indiumtakenfrom Ref. 100),
which corresponds to a potential region in which the polari-
sation curves slope steeply. Consequently the more gently
sloping linear section at potentials between -0.6 and -0.8 V
on the cathodic curves corresponds to the discharge of
indium ions on a negatively charged surface. The slope of
this section is ~ 0.14 V, which gives a transfer coefficient
a' of around 0.4. Such kinetic parameters may corres-
pond to a slow stage involving addition of an electron to the
In3* ion, while determination of the order of reaction with
respect to hydroxide ions may show whether indium ions
exist in the form of aquo-complexes or partly hydrolysed
complexes.

4. Reactions of the Oxygen Electrode

The great practical importance of electrode reactions
involving oxygen has given rise to several investigations
of their mechanism. The overall four-electron process
undoubtedly comprises a series of stages. In this case
the presence of at least one intermediate product — hydro-
gen peroxide — has been firmly established experimentally
both in the cathodic reduction of oxygen molecules and in
the anodic oxidation of water molecules or hydroxide ions 101.

Investigation of the electrochemical reactions of oxygen
is complicated by oxidation of the electrode surface, not
only in the course of anodic evolution but in several cases
even during the cathodic reduction of O2 molecules1 0 2. As
a result, the mechanism may differ on different electrodes.

Krasil'shchikov102 established that the cathodic reduc-
tion of oxygen on silver and gold electrodes in acid medium
takes place according to the scheme

O» + e-*O^ (slow stage),

O; +H*;± HO,,

Η Ο , + e ? HO, ,

HO: + H+ f. HA .

-0.Z5- -

I

7
β

6*

ι

α

t ι **
-Β S S log»

-&20

fi'Fy
/„ = * [In] [OH"]e w (where β' •2.2).

Fig. 4. Dependence of: a) anodic; b) cathodic polarisation
curves for indium on acidity of electrolyte (HCIO4, M):
1) 0.002 (a) and 0.00095 (b); 2) 0.0077; 3) 0.016; 4) 0.05;
5) 0.1; 6) 0.5; 7) 1.3; 8) 3.3.
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According to Krasil 'shchikov's results, the slow stage is
the same in alkaline medium as in acid solutions. Bagot-
skii and Yablokova1 0 3 accept the above scheme for acid
solutions, but suggest a different mechanism for alkaline
solutions, at any rate on a mercury electrode, because in
this case the reduction of oxygen takes place under nearly
equilibrium conditions.

In the anodic evolution of oxygen all electrodes a re
oxidised, so that the process actually takes place on an
oxidised surface. Depending on the electrode potential
(current density), either chemisorbed layers can be formed
in which the metal-oxygen bonding energy varies with time,
or oxides of different compositions as separate phases. Their
participation in the electrode process has been discussed
many times in the literature (e.g. Ref. 104).

Krasil 'shchikov 1 0 5 regards the following scheme

OH- — e •£ OH.
OH + OH- ^ H2O + Ο" ,
O- — e -» Ο (slow stage),

as valid for oxygen evolution from alkaline solutions on
nickel and cobalt. Kheifets and Rivlin106 suggest for
acid solutions a mechanism including two-electron stages.
Other views have also been held on the mechanism of oxy-
gen evolution n . It is significant that they all start from
the assumption that the overall reaction consists of several
stages.

- - - o O o - - -

Examination of the above results undoubtedly shows that
the concept of stepwise (consecutive) electrochemical reac-
tions has in several cases opened up new possibilities in
the theory of the slow discharge of ions and has permitted
a deeper insight into the mechanism of electrode processes.
However, the view that a many-electron reaction must
necessarily involve a series of successive one-electron
stages is not justified. Actually, non-stepwise reactions
and reactions having two-electron intermediate stages are
also observed.

Published data do not always provide convincing evi-
dence of the stepwise character of processes. If we ignore
papers in which the conclusions of the authors are sup-
ported neither by their own experimental results, nor by
later publications, there still remain a large number of
cases in which the experimental results are quite contra-
dictory, and not always sufficient for a definite conclusion
to be reached. Furthermore, the electrochemical criteria
themselves are such that it is not always possible to use
them to substantiate details of the mechanism of a process.
However, this must not be regarded as a rejection of the
whole idea of successive stages. In several cases the
stepwise occurrence of electrochemical reactions has been
demonstrated convincingly, as in the electrode reactions of
oxygen (see above), the anodic production of peroxodisul-
phuric acid1 0 1 and of the higher oxygen compounds of
chlorine l 0 7>1 0 8

? a considerable number of processes involv-
ing the oxidation or reduction of organic compounds 1 0 9 , the
reduction of nitric acid109, etc.
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