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The rates of electrochemical reaction on individual sections of the electrode are very diverse since the
surface of the electrode is, as a rule, nonuniform and consists of active and passive sections, During the
electrodeposition of metals, the surface condition of the electrode changes continuously and,hence, the study
of electrode processes is made considerably more difficult. Ameong the works which contributed to the develop-
ment of conceptions relating to the effect of the nonuniformity of the electrode surface, one should mention
the papers by Erdey-Gruz and Volmer [1], Kohlschutter [2], R. Kaishev [3], K. M. Gorbunova [4], A, G. Semartsey
[5], Hoekstra [6], S. V. Gorbachev [7], Fischer [8], and others. Usually, the nonuniformity of the surface of the
electrode is not taken into account in the study of the rates of the electrochemical reactions. Therefore, the
results obtained in the study of the polarization of electrodes are not reproducfble [9]. Fig. 1 shows polariza-
tion curves obtained by various authors during the deposition of copper. It is seen from these data that the
cathodic polarization is distinguished not only by the absolute values but also by the mode of variation as a
result of current-density variation. '

A study of the growth and formation of individual crystals on the cathode made it possible to determine
the basic laws for the electrodeposition of metals of low overvoliage, i.e., for the electrocrystallization of
metals, as well as for the changes of the active surface of the electrode, and contributed to the elucidation of
the causes of the variation of the polarization with time. It was established [9, 10], that during the deposition
of metals, on a cathode of the same metal (for instance, the deposition of silver on the silver electrode), the
process which takes place is not the formation of new crystals but the continuation of the growth of the active
crystals on the cathode surface . The overvoltage encountered in this process is by far greater than the over-
voltage necessary for the formation of a three-dimensional nucleus. The initial high polarization at the
moment when the current is switched on during the deposition of metals with low overvoltage is due to the
presence of a very small active surface of the electrode [9, 11]. It was also shown, that during the deposition
of metals on the active sections of the electrode, the polarization is connected not with the retardation of the
growth of the crystals but with the change in the concentration of metal ions in the layer adjacent to the elec- ’
trode [10]. By taking into account the magnitude of the active growing surface of the electrode during the
electrolytic growth of monocrystals and by comparing it with the changes In the polarization of the electrode
it was shown that the polarization of the electrode is a function of the current density calculated not on the
basis of the total surface but only of the active growing portions of the surface [12).

Tbgether with N. T. Vagramyan [13], in a work, in which we took into account the true density of the
current, we established that, on the introduction of an organic surface-active substance into the electrolyte,
there is no additional electric field connected with the adsorption of organic molecules. In this way, we were
able to determine quantitatively, on the basis of the polarization curves, the magnitude of the active as well
as of the passive parts of the cathode. Indeed, since the polarization is determined by the current density cal-
culated for the active part of the growing surface, then, knowing the value of the polarization, one can deter-
mine the active part of the electrode surface (S;). If the total surface of the electrode is known then

Spassive = Stotal ~ Sactive
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Fig. 1. Polarization curves obtained by various authors during
the electrodeposition of copper. a: 1) 1.5 N CuSO;+ 1.5 N
H,SO, (Haring, 1920); 2) 1 N CuSQy + 1 N HSO4(S. V.
Gorbachev and A. V. Izmailov, 1951); 3) 1 N CuSQy Shreier
and Smith, 1952); 4) 1 N CuSOy4 + 50 ml alcohol + 1 N H,SO4
(rapid method, 1952); 5) 1 N CuSOy4 + 0.6 N H;SO4 (Reichenstein,
19183); 6) 1 N CuSOy + 1 N H;SO,4 (Gradam, 1946). b: 7)

1 N CuSO4 + 1 N HpSO4 + 50 ml alcohol Mashchovets, 1950);
8) 0.7 N CuSOg4 + 0.4 N HySOq4 (Esin and Levin, 1935); 9)

1 N CuSOy4 + 2 N HSOy4 (Baimakov, 1938); 10) 1 N CuSOy, +

+ 0.2 N H;SOy (Isizaka, 1951); 11) 1 N CuSO, + 1 N H;SO,
(Fersten and Gerber, 1930), )

Fig. 2. Passivation curve for zinc cathode obtained in 2 N ZnSQy with
an addition of octyl alcohol (0.0115 M) ati .4 =2 ma/cm? and 18°C.

From the increase in the polarization of the electrode when the current is switched off for various time intervals
(Fig. 2), one can determine the rate of passivation of the electrode. By this method, together with Z. A.
Solov'eva [14], we studied the rate of the adsorption of additions of surface-active substances. Fig. 3 shows

the rate curves of the adsorption of octyl alcohol on a zinc surface, and Fig. 4 shows the adsorption of the octyl
alcohol as determined by the electrochemical method described above [9]. It is seen from these results that

the polarization-curve method makes it possible to study successfully the adsorption on hard metalsurfaces. It
should be noted that determining adsorption isotherms for metals with small surface area by means of other
methods presents considerable difficultigs. By taking into account the nonuniformity of the electrode surface,
we were able together with Yu, S, Tsareva [9, 15, 18], to develop in our laboratory an electrochemical method
of determining the adhesion of the deposit to the base.
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The study of the changes in the condition of the electrode surface showed that the degree of activity of
the electrode can vary widely depending on the conditions of the electrode as well as the nature of the metal
deposited, Sometimes, the adsorption proceeds so quickly that it is not possible to determine the adsorption
rate by this method. It is seen from the above that the surface condition of the electrode determines the value 7
of the overvoltage of the electrochemical reaction.

According to the value of the overvoltage metals can be divided, in the main, into three groups. The
first group comprises the metals of low  overvoltage Ag, Cu, Zn, Cd, and others. The second group comprises
the metals whose deposition proceeds at a large overvoltage: Fe, Co, Ni, and others. ‘The third group comprises
those metals which cannot be obtained pure in the form of compact deposits from aqueous solutions; these
metals are; Mo, W, U, V, Td, Ti, and others, The polarization curve for these metals of the first group has
the characteristic form shown in Fig, 2. The initial high polarization decreases in the process of electrolysis
down to a certain value, the total polarization, however, is relatively small. A number of similar curves for -
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various metals (Zn [17], Cu [18], Ag [19], Cd [20], and others) can be found in literature. These curves indicate
that the active surface of the electrode increases during the electrolysis and that the surface of the cathode be-
comes passivated {f the electrode {s kept in the electrolyte without any current, Indeed, If the current is inter-
rupted for various time intervals and then switched on again, a fump of potential A ¢; takes place at the moment
when the current is switched on [14, 16). As a result, the polarization at the beginning of the electrolysis has

a high value, and, at the same time, the longer the time interval v during which the electrode is kept in the
electrolyte without any current, the larger Ag [A¢ =%§(,)].The drop in the polarization after the current is
passed shows that the rate of the passivation of the electrode surface is low compared with the rate of metal
deposition. For the deposition of metals of the first group, the rate of the discharge of ions should be proportional
to that part of the electrode surface which is free of extraneous particles.

The metals of the second group are distinguished by a different form of the polarization curve {21} the
polarization does not decrease during electrolysis and remains constant when current is interrupted for various
time intervals. A constant polarization when the current s interrupted for various time intervals is not an in-
dication that the passivation is absent; on the contrary, it indicates that a high rate of passivation since these
metals are much more easily passivated than the metals of the first group. Actually, Hoekstra [22] showed that
if during the deposition of nickel the passive film is scratched off the cathode surface, the nickel potential is
shifted towards negative values, It was.also shown in one of our earlier works [23] that, when the polarization
curve for nickel is determined by the rapid method, the higher the speed of recording the curve the more
‘negative is the potential without current, The displacement of the potential of freshly deposited nickel towards
positive values is connected with the passivation of the metal surface, Apparently, the surface of these metals
cannot be kept absolutely clean for any length of time because of the adsorption of foreign particles. As a
result, the surface becomes passivated and acquires a more stable state, As pointed out earlier, the velocity
of transition into a more stable state varies depending on the conditions of electrolysis and the nature of the
metal deposited. In connection with the presence of a strong film of foreign particles on the surface of the
cathode (for the metals of the second group), a substantial fraction of the overvoltage Is due to foreign particles
(adsobed on the electrode surface) which hamper the discharge of metal ions.

The metals of the third group .are‘char‘acter!zed by a high reactivity with respect to the medium and the
formation of surface compounds, Therefore, it is not possible to obtain compact deposits of these metals in pure
form from aqueous media, A number of attempts have been made to obtain metallic deposits of Ta [24],

W [25], T1 [26), U [27], Mo [28] and V [20). They were, however, unsuccessful, Thus, for instance, Clark and
Lietzke [30] showed by means of labelled atoms that W can be deposited on a number of metals (Pb, Zn, Cd,
Fe, Co, Ni, and others). The product, however, of the electrochemical reduction is not the pure metal but
tungsten oxide, It is also shown that these metals of the third group are obtained on the cathode preferentially
in the form of oxide and hydroxides. This is quits natural since the heat of formation of oxides of these metals
is very high, A great affinity to oxidation s the very cause of the failure to obtain these metals in pure form
by means of electrolysis in aqueous solutions: the reduced ion reacts immediately with the medium and forms
oxides or hydroxides of the metal,

Hence, it can be assumed that the chemical overvoltage during the deposition of metalsis due, to a
considerable extent, to the difficultly in the discharge of metal {ons owing to the inhibitive action of the
extraneous particles which are adsorbed on the surface of the electrode, and to the formation of surface com-
pounds. It is obvious that the extraneous particles which are adsorbed on the surface, and the surface compounds
retard not only the rate of the discharge of metal ions but also their fonization, In other words, the extraneous
particles interfere with the electrochemical reaction in one, as well as in the reverse, direction. Therefore,
it could be expected that not only the cathodic but also the anodic overvoltage will be high, These concepts
make it possible to predict some regularities, In particular, when the overvoltage during the dissolution and
deposition is high, the exchange current should be very small, !

Let us consider some experimental results,

The deposition of cadmium and zinc. The polarization of the cathode and anode during the electro-
deposition of cadium and zinc under various conditions of electrolysis was studied in detail by Miiller and
Barchmann [31). The most remarkable results of this work is the fact. that the change in the conditions of the
electrolysis and in the composition of the electrolyte, has the same effect on the cathodic as on the anodic
polarization, i.e., when the cathodic polarization increases, the anodic polarization increases too, Thus, for
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Fig. 7. Effect of the pH of the solution
on the polarization during the electro-
deposition of cobalt. 1 N CoCl, at 25°C;
icath = 10 ma/cm?.

'

instance, during the deposition of cadium and zinc
from various solutions of their salts, the values of the
cathodic and anodic polarization increase, depending
on the anions, in the following order: Cl- < Br~<
< SOL™ < ClOj (Fig. 5) Miiller and Barchmann showed
that with a rise in the temperature of the electrolyte
the cathodic as well as the anodic reactions are
facilitated. When surface-active substances are
introduced, the cathodic and anodic polarizations
increase (Fig. 6). Thus, whenever the retardation of
the cathodic process is increased, a retardation of the
anodic process takes place.

Electrodeposition of cobalt and nickel. It is
generally assumed that the metals of the iron group
differ substantially from the remaining metals with
respect to their electrochemical properties. There-
fore, a study of the overvoltage during the deposition

Fig. 8, Cathodic and anodic polarization of cobalt, recorded by the rapid method. a)
pH = 2.9; b) pH = 3.1.

and dissolution of these metals is of special interest, Recently, in our laboratory, A. A. Solov'eva and O. A.
Abrarov [32] investigated the cathodic and anodic polarization of cobalt and nickel. They showed that with
an increasing temperature of the electrolyte, a decrease of the same magnitude in the cathodic as well as in the
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anodic polarization takes place. During the study of the polarization of these metals, a new phenomenon was
discovered: the rate of the electrochemical reaction increases rapidly within a narrow range of the pH (2.9-3.1)
of the solution (Fig. 7). Additional experiments showed that in the pH range in which the deposition becomes
easier, the rate of the dissolution of metals increases too (Fig. 8, a). In this way, it was established that the
operating conditions which facilitate the discharge of the ions of the metals of the iron group during the elec-
trolysis also accelerate the fonization of metal atoms.

DISCUSSION OF THE RESULTS
There are at present two main theories on the appearance of the overvoltage at electrodes:

The theory of concentration polarization [33], according to which the cause of the polarization is a
retardation in the supply and disposal of the materials taking place in the electrochemical reaction. The rate
of the anodic process is determined by the equation ‘

eanF —_—
{a = nkcy(e BT —1) pra

and, correspondingly, the rate of the cathodic process is determined by the equation

. penF D
le =nFey(1—e®T) ) 57 -
/ .

It is obvious that if the conditions of the electrolysis are conductive to a rapid attainment of the maximum
current for the anodic process, the cathodic process under these conditions will proceed at a current far b"l‘?w
the maximum current, Thus, at a high anodic polarization the cathodic polarization will be small. Hence,
it is seen that the overvoltage of Zn, Cd, N{, and Co in the experimental results quoted cannot be explained
by concentration polarization. It should also be noted that the determination of the nature of the polarization
In general presents no difficulties, since, at present, there are methods of separating chemical and concentra-
tion polarization [34], ' ' - |

The theory of retarded discharge [35].. According to the most widely accepted views, a retardation in
the discharge of metal fons is due to the fact that they are strongly hydrated, and a considerable activation
energy is necessary for their reduction. ‘According to the equation of chemical kinetics, the velocity of a
chemical reaction isan exponential function of the activation energy, and since the electrode potential affects
the activation energy, the relation between the current and the potential will be of the form.

apF
ic = chen+e RT .

According to the theory of retarded discharge [35], considerable forces of interaction between metal ions and
water molecules must be overcome in the discharge of metal ions; '

Men+ (H,0)p, -+ ne — Me v-|— mH,0.

At the same time, if the dehydration process of metal ions {s less economic from the energy point of view than
the adsorption of atoms on the electrode surface, then there should be no retardation of the process when the
reaction proceeds in the opposite direction (from right to left) and this is apparent from the potential curves for -
fons and adsorbed atoms of the same metal. It can be expected that if, during the deposition of metals, the
process takes place at a high overvoltage, the anodic process will proceed easily without a special overvoltage

It should be noted that it does not follow from the theory of the retarded discharge that a large overvoltage
during the {onization of atoms should correspond to a large overvoltage during the discharge of the ions of the
same atoms. The results quoted earlier indicate that almost the same difficulties are encountered when the
electrochemical reaction proceeds in one or in the reverse direction, This indicates that the ‘overvoltage ob-

30



setved during the deposition of metals cannot be unequivocally explained by the retardation of the dehydration
~ of metal jons. . ‘ -

The theory of the formation and growth of crystals [1, 36]., In a number of papers, the overvoltage- during
the electrolytic deposition of metals is explained by the retardation in the formation of a two- and three-dimen-
sional nucleus, According to this theory, the relations between the dimensions of the nucleus [9] and the mag-
nitude of the electrode polarization is represented by the following expression:

2M
| (pz — 1) Fn = nFn =—'d:-’-.

This relation shows that the smaller the size of the crystal the larger is the overvoltage 7 during the electro-
deposition of metals. If a high supersaturation is necessary for the growth of small crystals, i.e., the process

proceeds at a high overvoltage then the reverse process of the dissolution of crystals will proceed very easily
without the - overvoltage. However, the experimental results quoted above does not agree with the conclusions

following from this theory.

There is also a hypothesis that differences in the rate of the reduction of ions are connected with the
potential of the zero charge of the metal deposited. It has already been noted in literature [37] that these
considerations are not convincing. We shall only point out that, if, according to the concept of the potential
of zero ch'arge. the charge on the surface of the cathode facilitates the discharge of metal ions, then this charge
should hinder the process of ionization. This, however, is not confirmed experimentally.

We think that the most probable hypothesis is that which assumed that the retardation of the electrochemical
process during the electrolytic deposition of metal depends to a great extent on the presence of extraneous
particles on the electrode surface. According to this concept, the energy of activation is necessary in the same
degree, not only for the discharge of metal ions, but also for the ionization, and this face is actually observed
experimentally. It should also be pointed out that the discharge of metal {ons is possible after the desorption of
extraneous adsorbed particles, or as a result of the penetration of metal lons through the film, or by the deposition
of metal on the extraneous particles. Therefore, thé value of the overvoltage during the discharge of metal
fons also includes, in the first case, the work of the desorption of extraneous particles; in the second case, the
work of overcoming the energy barrier through'the film;.and, in the third case, the work of the formation of a
new nucleus [38]. '
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