ANODIC DISSOLUTION OF PASSIVE ZINC

IN ZINCATE SOLUTIONS OF ALKALI
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The kinetics of dissolution of passive zinc and zinc oxide were studied by various methods in a wide
range of potentials and concentrations of alkali and zincate. In supersaturated solutions of zincate,

in which the oxide film cannot dissolve, complete retardation of the anodic dissolution of zinc does
not take place but the growth of the film is limited by breaking up and by mechanical peeling.
Parallel with the growth of the film, there occurs direct electrochemical dissolution of atomic zinc.
Because of the overpotential, direct electrochemical dissolution of passive zinc cannot occur even

in supersaturated zincate solutions. The passive film contains excess oxygen over the stoichiometric
ratio in zinc oxide. It {s shown that its mean concentration, beginning at a potential of 0.4 v, in-
creases with increase in potential of passivation of the zinc electrode. With intermittent changes of
potential by 0.1 V, a small temporary increase in current is obtained, which is explained by an ac-
celeration of the direct electrochemical dissolution of zinc and, in the region of potentials where
electrochemical dissolution does not depend on the potential, by an acceleration of the electrochemi-
cal stage in the formation of the film. In unsaturated solutions of zincate, the greater the relative
concentration of zincate, the less is the percentage of the total rate of anodic dissolution of zinc oc-
cupied by chemical dissolution of oxides. The relation between the rate of anodic dissolution of pas-
sive zinc and composition of solution in dilute zincates is explained by the existence of chemical dis-
solution of the oxide film.

In connection with the use of zinc anodes in power sources, many investigators have studied the anodic disso-
lution and passivation of zinc in alkaline solutions. According to [1), for passivation of zinc in strong solutions of
alkali, a large quantity of electricity is required, which corresponds to the formation of phase layers on the surface
of the zinc. But in these experiments, no demarcation was made between the quantity of electricity consumed in
the change of solution near the electrode (connected with anodic dissolution of zinc) and the formation of the pas-
sivating layer. After carrying out such a demarcation, it appeared that, in the original passivation of zinc in solu-
tions of alkall, a quantity of electricity is required which is equivalent approximately to a monolayer of oxide [2],
and with further passivation the thickness of this oxide increases and may dissolve from the surface of the layer. In
[3], it was shown that the rate of dissolution of samples of roasted zinc oxide, with a rate of stirring of strong alka-
line solutions of greater than 1000 rev/min, was determined by heterogenous chemical reaction. In [4], it wasshown
that the roasted zinc oxide was not the same as the surface oxide on passive zinc: its solubility and kinetics of dis-
solution were much less. All the same, the rate of dissolution of the oxide formed on the surface of the zinc is al-
ways less than the rate of anodic dissolutions of zinc and occupies a smaller percentage of the latter, the greater the
concentration of zincate. The difference of these rates is the rate of direct electrochemical dissolution of zinc, in-
dependent of the composition of the solution {4]. We proposed that the slow stage of direct anodic dissolution of zinc
(at least during passivation which was not very deep) is electrochemical formation of the Zn?* and the slow stage of
the process taking place at the same time is the chemical dissolution of zinc oxide. The aim of the present investi-
gation was to make more precise and to confirm this idea in a wider material and also using results obtained by
other methods [5-7]. In [5], it was shown that the rate of electrochemical dissolution of passive zinc has a diffusion
limitation in the solid phase and in [6, 7] that the current, with a sharp increase in anodic polarization, goes either '
into an increase in the oxide film (6], or in dissolution of the zinc [7], depending on conditions.

The general aim of the present work was to explain the mechanism of anodic dissolution of passive and deeply
passive zinc. A study was partially carried out in supersaturated solutions of zincate in which the passivating film
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did not chemically dissolve, and in these conditions the mechanism of
dissolution of the passive metal could not occur according to Bonhoeffer(8].
According to this mechanism, the rate of dissolution of passive metal is
limited by chemical dissolution of the surface oxide film forming on it;
this normally explains why the rate does not depend on the electrode po-
tential. But such an independence of the rate of dissolution of passive zinc
on potential could be observed even in supersaturated solutions in whichthe
film did not chemically dissolve [4, 3]

EXPERIMENTAL PROCEDURE

In the investigation, we used galvanostatic and potentiostatic meth-
ods for recording polarization curves on disc electrodes (diameter 0.5 to
9 mm) rotating with a speed of from 60 to 5000 rev/min. The use of the
=70 75 rotating disc electrode was necessary to create a similar concentration on
’ log 1, Alcm? the whole surface of the electrode in conditions of concentration polariza-
tion. All the experiments, in which the rate of stirring was not particu-
larly studied, were carried out with a rate of rotation of the electrode of

1000 rev/min.

Fig. 1. Galvanostatic anodic curves
recorded on a Zn electrode in solutions

with concentrations of free alkali Cathodic curves for activation (charge curves) were also recorded
7.9 mole/kg and the content of ZnO on the passive zinc. In order to do this, the zinc electrode was potentio*
of 1.9 (1 and 2) and 3.8 mole/ kg statically passivated at a chosen constant potential for a definite time

(3 and 4); with stirring rates of: 1) (5-30 min) and afterwards, with the help of a special relay, the zinc elec-
60, 3) 300, and 2, 4) 2500 rev/min. trode was switched onto a galvanostatic schedule and was polarized at a

constant cathodic current density. The change in potential during activa-
tion was recorded with a ENO-1 oscillograph.

Prolonged passivation was also carried out on zinc electrodes at potentials from —0.9 to 1.0 v with an analysis
of the zincate solution before and after passivation and also with a determination of the weight loss of the zinc elec~
trodes after cathodic activation and after removing the oxide film remaining on the surface. On the basis of these
data, a balance was established for the consumption of electricity in anodic formation of the filmi and in anodi¢ dis-
solution of the metallic zinc. '

For the experiments, electrodes were used from zinc of purity 99.996%, with the surface cleaned with moist
glass powder. All the experiments were carried out in a closed glass electrolytic cell at a temperature of 281 0.1°C
with a platinum auxiliary electrode separated from the main solution by a glass filter. The potential of the zinc
electrode was measured against a mercuric oxide electrode in the same solution and was converted for the normal
hydrogen electrode. The experiments were carried out in an atmosphere of purified nitrogen or argon. Before the
experiment, the KOH solutions were purified by prolonged polarization with a zinc cathode and platinum anode
separated from the main solution by a glass filter. In order to prepare the zincate solution, zinc oxide and KOH of
chemical purity were used. o - : SRR :

In the solutions of zincate, the content of zinc ionsfwas determined polafogfaphiéaily aftér dilution of the

solution to 1 N KOH. The total and free alkali in the zincate solutions was determined by titration with phenol-
phthalein and methyl orange. : . . o B

EXPERIMENTAL RESULTS AND’ﬁISCU§SION,k

The stationary critical current densities at which the active zinc electrode is strongly passivated were deter-
mined by galvanostatic and potentiostatic methods, i.e., when the gradient of the polarization curve becomes ex-.
tremely large (greater than 0.5 V). Figure 1 gives typical anodic polarization curves recorded galvanostatically on
a disc electrode at various rates of rotation for two concentrations of zincate (curves 3 and 4 for solutions close to
saturated). The rate of recording of the curves was about 2.5 min per curve.

'Figure 2 gives the potentiostatic anodic curves recorded on a disc electrode in solutions with a concentration ...

of free alkali frqm 2.0 to 10 mole/ kg, holding at each potential for 2-3 min. The relative calculated concentra=
tions of zincate at the surface 'of the electrode, cino; are indicated underneath Fig. 2. - -7 5. -
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Fig. 2. Potentiostatic anodic curves recorded with stirring rate of
1000 rev/ min in alkaline solutions containing ZnO 8- % of satura-
tion point, with a concentration of free alkali of: 1) 7.5, 2) 5.0,
3) 3.0 mole/kg: 37-40% from saturation of ZnO with concentration
of free alkali of: 4) 10.0, 5) 6.3, 6)4.4, T) 2.5 mole/kg; supersatu-
rated relative to ZnO: 8) 0.65 mole/ kg ZnO with concentrations of
free alkali of 2.05 mole/kg; 9) 6.2 mole/ kg ZnO with concentration
of free alkali 9.2 mole/ kg.

) -0

In the region of potentials B (from —1.0 to —0.2 V, Fig. 2) inwhich

a, mC/cm? Q300 }'nC/cmz passivation was not deep, the stationary rate of dissolution of pas-
sive zinc depends on potential. On curves 8 and 9 (Fig. 2), ob-
100 + 70003 tained in supersaturated solutions of zincate, in the limits from
! —1.0 to—0.3 V there is an approximate linear relationship be-
S0 5000 tween ¢ and log | with a gradient of about 0.35 V. This agrees
2 , with the hypothesis about the limitation of the rate of dissolution
T \ by the electrochemical stage [4, 7]. The direct electrochemical
-1 95 0 95 10 dissolution of metal may occur even in solutions supersaturated
P v(n.h.e.) with zincate on account of the high overpotential. The relation

between log i and ¢, existing at low concentrations of zinc (Fig. 2),
shows that the rate of anodic dissolution in these conditions is par-
tially determined by the electrochemical stage. This dependence
is less, the lower the relative concentration of zincate. This is ex-
plained by the fact that with decrease in concentration of zincate
_in the solution the constituent of the total rate of dissolution of
‘ . passive zinc, which does not depend on potential, increases. In
these conditions it is determined by the rate of chemical dissolution of the basic film [4]. However, with a sharp
(intermittent) small increase in potential and in-solutions unsaturated with zincate, a temporary increase in current '
is obtained, which obviously cannot be explained by an increase in the rate of dissolution of zinc oxide because the
rate of the chemical reaction does not depend on the electrode potential. The increase in current in this case con-
sists of only 5-10% in relation to the whole anodic current. It was shown that practically the whole of this excess
current, which for several tenths of a second flows after increasing the potential, is consumed in the region of po-
tentlals B in the dissolution of zinc, and not in a thickening of the oxide film [7], i.e., the increase in potential in
this case causes mainly not a thickening of the film, as follows from the theory [8], but a temporary acceleration
of the direct electrochemical dissolution of the metal, which consists here of 10-15% of the total current passing '
through the electrode. (The thickening of the film does not exceed 0.1%.) '

Fig. 3. 1) Dependence of thickness of oxide .
film Qzno; 2) dependence of quantity of ex-
cess oxygen in the oxide film Q,, on the po-
tential for passivation of the zinc electrode ¢
(passivation time 1 h). ‘

The fact that the stationary rate of dissolution of zinc in the absence of zincate depends little on potential
(in the same region B) may not be explained only by the prevailing value (although in stationary conditions) of the -
chemical stage of dissolution. The direct electrochemical dissolution must also change little with increase in ’
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Fig. 4. Change in current for anodic oxidation of passive zinc with time
after the sharp displacement of potential of the electrode by 0.1 V (after

- 0.05 sec) in solutions supersaturated with zincate (5.6 mole/kg ZnO and
5.6 mole/ kg KOH). The time of holding the electrode at the Initial yalue
of potential was from 3 minto 1 h: 1) from 0.1 V{1 h)to 0V; 2) from
0.1V (1h)to0.2 V; 3)from 0.2 V(3 min)to 0.3V; 3') from 0.2 V(1 h)

. 100.3V; 4) from 0.3V (1h) to 0.4 V; 5) from 0.6 V (3 min) to 0.7 V; 5)

from 0.6 V (1 h) to 0.7 V. '

potential. In fact, the strong retardation of the process of direct electrochemical dissolution of zinc in the time
after increasing the potential corresponds to an increase in the quantity of excess oxygen in the oxide film with
increase fn potential (Fig. 3, curve 2) and possibly to an increase in the excess surface concentration of oxygen in
this film. The retarding action of oxygen on the electrochemical process may be explained either by a change in -
the semiconducting properties of the film or by a cha nge in the adsorption state at the boundary, responsible for
the rate of the electrochemical process. :

In the region of potentials (Fig. 2), the stationary rate of the anodlc dissolutlon of zinc in all the solutlons is
practically independent of potential. In supersaturated solutions of zincate, in this region of potentials, with in-
termittent changes of potential of deeply passive zinc by 0.1 V, there is observed a small increase in current (ap-
proximately by 1.5 times) and afterwards a fall for several seconds to the initlal value (Fig. 4). The observed jump
in current in these solutions is close in absolute value to the jump observed in unsaturated solutions of zincate. As -
in unsaturated and in supersaturated solutions of zincate, the quantity of electricity in the jump and the value of the ;
nonstationary current do not depend on the total thickness of the oxide film forming on zinc and this means they are
not determined by the process of diffuslon of the components of the reaction through the film but depend only on the

values of Ag, the change of potential. . The total thickness of the oxide film on the zinc during the jump in cur-
rent with intermittent change of potential by 0.1-0.3 V increases only by 0.2-0.5%. Such an increase in thickness
of film may have no substantial influence on the rate of direct electrochemical dissolution of zinc, which in super-

saturated zincate solution is 80% of the stationary current [4], and as measurements showed using alternating cur-

rent 5], it is limited by diffusion in the solid phase. Therefore, it may be proposed that the nonstationary increase

in current during the sharp increase in potential in the region of potentials C occurs only because of a temporary in-

crease in the rate of thickening of the film and the increase in concentration of oxygen fn it. The data of [6] agree ‘
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with this hypothesis. This work shows that for solutions of alkali (0.1-0.5N).
not saturated with zincate, the nonstationary current observed during the dis-
placement of the potential of a deeply passivated zinc electrode goes into
the growth of the oxide film. In this case, the jump in cument need not be
related only to that part of the stationary current (the constituent in the su- -
persaturate zincate solutions {s about 20% of the total stationary current 141,
which is consumed in the growth of the film (4-5 mA/ cm?). During the
sharp change in potential by 0.1 V, there occurs an increase in current going
into the growth of the film of three times (Fig. 4). During this, the truegra- -
dient of the curve relating log { and ¢ for the reaction for the formation of
the film, determined from the nonstationary oscillographic measurements,. =
is 0.2 v, which does not contradict the hypothesis of the retardation of the .. -
electrochemical stage of the formation process of the oxide film. In unsatu-
rated solutions, the nonstationary current is only 2-5% of the whole current
going through the electrode. Obviously, also in these solutions, the tempo- -*
rary increase in current is related to the electrochemical stage of the forma- -
tion of the film. The decrease of current with time (after the sharp change
of current with increase of potential), as also in the case of the less deeply .-
Cgnp» mole/kg passive zinc, may be connected with retardation of the electrochemical
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stage, in connection with the increase in the oxygen content in the corre- I

Fig. 5. Dependence of rate of anodic  sponding part of the oxide layer.
dissolution of passive zinc (at0.2V)
on concentration of zincate in solu-
tions with concentrations of free al-
kali of: 1 and 2) 2 mole/kg; 4 and
5) 4 mole/kg. Dependence of rate
of chemical dissolution of oxide film
on concentration of zincate in solu-
tions with concentrations of free al-
kali of: 3) 2 mole/kg; 6) 4mole/kg.
Rate of stirring 1000 rev/ min.

In order to define more accurately the mechanism of anodic dissolu- ,
tion of passive zinc in solutions of alkali not saturated by zincate, let us
examine the dependence of the rate of anodic dissolution on the composi-
tion of solution during deep passivation, i.e., during passivation in the re-
gion of potentials C, in which the stationary rate of dissolution of passive
zinc practically is independent of potential. From the data of the poten-
tiostatic measurements on a disc electrode, an example of the results of
which is given in Fig. 2, we calculated the concentrations of alkali and
zincate at the surface of the disc electrode and determined their depend- :
ence on the rate of dissolution of passive zinc. =

It was established that, as in other regions of potentials, in the region C, the rate of anodic dissolution ig of '
passive zinc in unsaturated solutions is a linear function of the product of the mean activity of ions K* and OH™ with
the square of the activity of water, and with low concentrations of alkali it is proportional to this product [4]. This
type of relation was established also for critical current densities. In addition, in all the regions of passivation, i,
falls linearly with increase in concentration of zincate. Figure 5 shows the dependence of the rate of anodic dissolu-
tion of passive zinc and the concentration of zincateinsolutions with concentrations of free alkali of 2 and 4 mole /kg.*
Parallel to this straight line are the straight lines indicating the linear dependence on the concentration of zincate -
of the rate of chemical dissolution of the surface oxide formed on the passive zinc with prolonged anodic polariza-
tion in the same region of potentials and with the same conditions. The rate of chemical dissolution of the surface
oxide was determined by the method of weight loss and from an analysis of the solution. Saturation in relation to-
the oxide film is reached in the investigated regions of alkali at concentrations of zincate equal to 0.8 and
1.5 mole/kg respectively, because at these concentrations, the rate of chemical dissolution of the oxide film be-
comes zero (Fig. 5, curves 3 and 6). It may be assumed that the rate of chemical dissolution ichem of the surface
oxide, just as i4, depends linearly on the product of the mean activity of the ions K* and OH™ and the square of the
activity of water, and at low concentrations of alkali it is proportional to this product [4]. Then the slow stage of
heterogenous reaction of chemical dissolution of the passive film

Zn0 + 20H- -+ 2H,0 == Zn(0H) 2, 1,0 W

* This type of relationship was obtained also for a concentration of 8 mole/ kg [4]).

t The rate of dissolution of the oxide with stirring rate greater than 300 rev/ min does not depend on the rate of
stirring; therefore, beginning from these rates of stirring, the rate of dissolution is determined by the chemical and
not by diffusion kinetics. ‘
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Zn0 + OH- + 2H,0 == ZIl(OH)a", H.0. (2)
The second stage,
Zn(OlI)5~He0 -+ OH- == Za(OH)&-, KO- (3)

takes place more rapidly than the first,

Reaction (2) in the region of potentials B and partially in the region of potentials C must also be the slow stage
for the anodic process of dissolution of zinc, which goes through the stage of electrochemical formation and chemi-
cal dissolution of the oxide and which is the basic way in which the anodic process occurs in unsaturated zincate
solution. The dependence of i pem—the rate of the reaction of dissolution of oxide film (1) on the concentration
of zincate—can be explained by the influence of the reverse reaction, the rate of which T Egs. (2) and (3) must

be proportional to the activity of the zincate, separated from the activity of the alkali (Fig. 5). Then the rate of
- -

the total reaction ichem = i — 1 with constant concentration of free alkali, is expressed by the equation: ichem
= const—*l- = const— k [Zn (OH)i']. because the rate of the direct reaction { in this case is constant. The constant
k in this equation must be inversely proportional to the activity of the alkali. In fact, a comparison of the results

-
given in Fig. 5, curve 1, and in (4] confirm this.® In saturated solutions of zincate, the rate of the direct ( i ) and

reverse reactions ( 1 ) are obviously equal to one another and determine only the rate of recrystallization of the
surface zinc oxide.

However, the rate of anodic dissolution of zinc in saturated and supersaturated solutions of zincate is notzero
[4], and, in the region of potentials C, it has a constant value, depending neither on the degree of supersaturation
nor on the concentration of free alkali in the solution (for example, Fig. 5, lines 2 and 5). It was proposed earlier
[4] that in supersaturated solutions of zincate, the basic anodic process is the direct electrochemical dissolution
of metallic zinc (escaping the stage of formation of zinc oxide). New data, obtained for other concentrations of al-
kali, confirm this hypothesis. In unsaturated solutions of zincate, the dependence of the rate of anodic dissolution
of passive zinc and the chemical dissolution of the surface oxide on the concentration of zincate is expressed by
parallel straight lines. The difference between these rates agrees for different alkali solutions and is equal to the
rate of anodic dissolution of passive zinc in supersaturated solutions of zincate (Fig. 5, lines 2 and 5). The same
value for the rate of dissolution was obtained on zinc passivated at potentials of 0.0, 0.4, and 0.6 V, i.e., the given
data are true for the whole region of potentials C (Fig. 2)- - '

The independence of the direct electrochemical constituent of the stationary rate of dissolution on composi-
tion of solution is observed also in the potential region B and also in the potential region A (Fig. 2). From this, it
follows that the rate of stationary anodic dissolution of zinc in unsaturated solutions of zincate is determined by the
occurrence of two parallel processes: 1) direct electrochemical dissolution of metallic zinc, in all the conditions,
not depending on concentration of alkali, i.e., obviously taking place by the reaction Zn = Zn?* == Zn(OH)}” r41,¥
and 2) the electrochemical formation of oxide on the surface of the electrode and its chemical dissolution ("chemi-
cal component”). The chemical component of the rate of anodic dissolution of passive zinc consists (at constant
stirring rate) of a lower percentage of the total anodic current, the greater the concentration of zincate in the

solution.

In supe;saturated solutions, with prolonged passivation of zinc (1f2 h at 0.2, 0.4, or 0.6 V), 80-90% of the
total stationary anodic current passing through the electrode is consumed in the direct electrochemical dissolution -
of zinc. The remaining 10-20% is consumed ir_x the electrochemical process of the formation or thickening of the
oxide film. However, even with more prolonged passivation (4-6 h), the phase films on the zine do not achieve
the thickness at which, because of difficulties for diffusion of the metal through the film, the dissolution or oxida-
tion of zine is stopped. The rate of direct electrochemical dissolution of metallic zinc remains constant. In super-
saturated zincate solutions, with prolonged passivation (4-6 h), in the region of potentals C, the film breaks from

solutions of alkali (see Fig. 3in[4)). - = _ . i

» The deviation in the case of 2 N alkali (Fig. 5) should be explained by the special béhavio£ ‘of rei#tively dilute

t At high concentrations of oxygen on the surface (see be}ow}. the ion Zn** mé'y not go 1ﬁ;6‘§61uiion; and a}fterb dif- ..

* fusion along the surface forms ZnO : Zn?* + 0" = ZnO..
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the electrode and its mean thickness decreases by about 2 times, down to 3 x 10-% cm. We take this thickness of
film as the maximum thickness of a dense layer.

In [4, 9], it was shown that the oxide passivating films on the zinc electrode contain excess oxygen above the
stoichiometric ratio In zinc oxide. From the cathodic curves for activation, recorded on zinc passivated at various
constant potentials, the quantity of excess oxygen in the oxide films was determined after passivation in supersatu-
rated solutions for 1 h® at each potential (Fig. 3). The content of excess oxygen in the thick films s given, as a
percentage, of the total quantity of zinc oxide (Fig. 3). The excess oxygen is formed in the anodic process by:

1/ mZnO + 20H- =1/ mZnOy4m + H20 -+ 2e-, )

where 1 > m > 0. This excess oxygen obviously also determined the passivating properties of the film. For short
passivation times, thinner oxide films are obtained with a greater content of oxygen. The direct electrochemical
dissolution of the metal (not passing through the formation and dissolution of the metal oxide) in the presence of
excess oxygen in the surface layer of oxide above the stoichiometric composition permits a certain lnhomogenelty
of the oxide layer.

From a balance of the material and the consumed electricity, we determined that passive zinc is dissolved
in the form of the bivalent ion.

LITERATURE CITED

1. R. Landsberg and H. Bartelt, Z. Phys. Chem., 222, 218 (1963).

B. N. Kabanov, Izv. AN SSSR, Otd. Khim. N., 980 (1962).

R. Landsberg, H. Furtig, and L. Muller, Z. Phys. Chem., 216, 199, 212 (1961).

T. I. Popova, N. A. Simonova, and B. N. Kabanov, élektrokhimiya, 2, 1476 (1966). -

T. I. Popova, G. L. Fidovich, N. A. Simonova, and B. N. Kabanov, Elektrokhimiya, 3, 970 (1967)
A. L. Oshe and B. N. Kabanov, Zashchita Metallov, 3, No. 12 (1967).

A. I. Oshe, Ya. Ya. Kulyavik, T. I. Popova, and B. N. Kabanov, élektroklumiya, 2, 1485(1966)
K.

T.

P

Bonhdeffer and U. Franck, Z. Elektrochem., 59, 180 (1955).
I. Popova, V. S. Bagotskii, and B. N. Kabanov, Zh. sz. Khimii, 36, 1433, 1440 (1962).

© PR o

s With this passivation time, oxide films thick enough for spalling from the electrode are not formed. o
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