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Hydrogen production during zinc deposition from

alkaline zincate solutions
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P.O. Box 513, 5600 MB Eindhoven, The Netherlands
Received 13 March 1988; revised 16 May 1988

The determination of the amount of hydrogen produced during the electrodeposition of zinc from
alkaline zincate solutions was carried out using the rotating ring-disc electrode (RRDE) technique.
The experimental conditions for which the RRDE technique offers reliable results are discussed.
Hydrogen production during zinc deposition was studied for a range of cathodic (disc) current
densities (20-500 A m?) and electrolyte compositions (1-7 M KOH, 0.01-0.2 M zincate). It was found
that an increasing amount of hydrogen was formed with increasing (disc) current density and
decreasing KOH and zincate concentration. The impact of hydrogen formation during the charging
process on nickel oxide/zinc secondary battery performance is expected to be small. It is concluded
that in battery electrolytes (§ M KOH, 1 M zincate) hydrogen is formed chiefly by corrosion of the zinc
electrode rather than by electrochemical formation during the electrochemical reduction of zinc.

1. Introduction

The charging process of alkaline zinc secondary bat-
teries is accompanied by the formation of hydrogen.
The current and coulombic efficiency and, partly, the
energy efficiency of the charging process, are dictated
by the production of hydrogen. The amount of
hydrogen produced depends in turn on experimental
conditions such as electrolyte and battery plate
composition, current density and temperature.

The deposition process of zinc from acidic electro-
lytes has been extensively studied because of the
zconomic interest of the process. In recent works
reporting on this process [1-5], high purity synthetic
slectrolytes are considered and the impact of various
impurities on current efficiency [1, 2] and deposit
morphology [4, 5] are discussed. Literature on the
clectrowinning of zinc from alkaline solutions is
sparse since application of this process is still limited.
3t Pierre and Piron {6] studied the electrodeposition
of zinc from alkaline zincate (0.92M ZnO) solu-
tdons with copper and arsenide impurities, They
found a 100% current efficiency for NaOH concen-
trations in the range of 7.5-12.5M, current den-
sities from 50 to 1000 A m~* and temperatures rising
from 24 to 74°C in the presence of copper but not
with arsenide. The appearance of the deposit is
only affected by the presence of arsenide impurity.
5t Pierre and Piron also found that zinc electrowin-
ning from alkaline zincate is more efficient and less
affected by impurities in the electrolyte than from
acidic sulphate solutions. In a recent review on
zinc plating from alkaline zincate solutions [7], Wilcox
and Mitchell contradict these results, and consider
the alkaline bath to be less efficient than the acidic
bath. However, the alkaline zincate baths have proved
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promising as an alternative for cyanide-based plating
solutions.

Rogers and Taylor [8] studied zinc electrodeposition
from alkaline zincate electrolytes (0.01-0.3 M zincate,
3M KOH) with the rotating disc electrode and estab-
lished separate zinc deposition and hydrogen evol-
ution current density versus potential curves. They
concluded that the zinc reduction reaction is always
mass transport limited and, consequently, dendritic
deposits are obtained. Since these dendrites are high
current density sites on the electrode, hydrogen
formation will take place mainly at these dendrites.
Mass transport enhancement as a result of hydrogen
formation will be more efficient at high current den-
sities, where dendritic nucleation is favoured rather
than dendritic growth, thus creating a stable planar
high surface area. Therefore, Rogers and Taylor con-
clude that some hydrogen production may be beneficial
during the charging of the zinc secondary battery.

Zinc electrode corrosion has been studied by several
authors. Snyder and Lander [9] investigated the self-
discharge rate of zinc battery electrodes as a function
of KOH and zincate concentration and amalgamation
level of the electrode. They found a decrease of
hydrogen production with increasing KOH con-
centration and with increasing mercury content of the
electrode. Dirkse and Timmer [10] obtained similar
results for zincate-free alkaline media. In zincate-
saturated alkaline solutions zinc electrode corrosion
was found to decrease significantly. In contrast
with their results in pure KOH solutions an increase of
zinc corrosion was observed with increasing KOH
concentration in the presence of zincate ions, in agree-
ment with the findings of Muralidharan and
Rajagopalan [11].

Various methods for the determination of hydrogen
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have been developed in the past. However, the most
commonly used techniques are less applicable when
very small amounts of hydrogen have to be deter-
mined; for example, the measurement of the total
volume of H, [9, 10] is impossible, because the
hydrogen solubility in alkaline zincate electrolytes is
unknown. Also, the determination of the total weight
of the zinc deposit and the electrochemical stripping of
zinc [1, 2, 4, 8] are only accurate when the zinc deposit
is adherent and the corrosion of zinc is negligible.

The rotating ring—disc electrode (RRDE) technique
is a fast and reliable method which can detect small
amounts of hydrogen and has been used for the esti-
mation of the coulombic efficiency of zinc elec-
trodeposition from an acidic sulphate bath by Frazer
and Hamilton [3].

This work reports on the production of hydrogen
during the deposition of zinc from aqueous alkaline
zincate solutions, using the RRDE technique. The
amount of hydrogen was determined for various cur-
rent densities and potassium hydroxide and zincate
concentrations. An analysis of the applicability of this
method is presented.

2. Experimental details

A standard three-compartment electrochemical cell
with an Hg/HgO reference and a platinum counter
electrode was used. The electrochemical measure-
ments were made with a Tacussel bipotentiostat
(Bi-Pad) and a Hewlett Packard HP 7046A XY
recorder. A detailed description of the rotating ring—
disc assembly is given elsewhere [12].

The Pt/Au RRDE (r, = 4.01, r, = 440, r; =
491 mm; disc area = 50.6mm?) was polished with
0.05 yum Al,Q,. The platinum ring was platinized and
the collection efficiency determined experimentally,
using a freshly prepared solution of ferricyanide/
ferrocyanide in 1 M KOH. The experimental collection
efficiency was in good agreement with the calculated
value, interpolated from the data of Albery and
Bruckenstein [13], viz. both 0.24.

The measurements of the hydrogen production
during the deposition of zinc were made following a
strict procedure. First of all the collection efficiency of
the Pt/Au RRDE was determined for the production
of hydrogen at the gold disc in zincate-free argon-
saturated KOH solutions. It was calculated from the
formula

N = Ll (1)

where N is the collection efficiency, I; the hydrogen
oxidation current at the ring and I, the galvanostatic
hydrogen formation current at the disc. The ring
potential, Eg, was set at — 0.2V vs Hg/HgO, which is
well within the mass transport region for the oxidation
of dissolved hydrogen. Then, the gold disc was electro-
plated with a zinc layer (3 um) from an alkaline zinc
bath, containing no additives. A series of measure-
ments were started at least 30 min after the electrode
had been transferred to the cell. During this time,

I (mA)

-2 \ . ) ,
-1.10 -0.70 -030 0.10 050

Eq IV (Hg/HgO)]

Fig. 1. Cyclic voltammogram at a platinum ring of a RRDE in an
argon-saturated solution of pure 7M KOH (solid line) and 7™M
KOH with 0.01M zincate (broken line). Scan rate = 0.1Vs™/,
f=25s""

argon was bubbled through the solution to remove
oxygen. The hydrogen production during the depo-
sition of zinc was measured as a function of current
density (20-500 A m~?) in an argon-saturated alkaline
zincate electrolyte. The galvanostatic cathodic current
was applied for 2 min irrespective of the current den-
sity used. A longer duration of the current ‘pulse’ can
cause zincate depletion and hydrogen saturation of
the electrolyte and eventually even unacceptable ring-
disc gap narrowing. The current pulse was followed by
at least 2 min with no current at the disc. The collec-
tion efficiency was again determined at the end of each
series of measurements after the zinc deposit had been
removed.

All experiments were performed at room tem-
perature. The electrolytes were made from Analar
grade potassium hydroxide and zinc oxide and doubly
distilled water. The concentrations of the solute
species are based on the assumption that zinc oxide is
quantitatively converted to Zn(OH);~, according to
the equation

ZnO + H,0 + 20H- == Zn(OH?~ (2)

3. Results and discussion
3.1. The hydrogen oxidation reaction at platinum

It is known that the presence of zinc ions in solution
changes the behaviour of the platinum electrode.
Therefore, first the oxidation of hydrogen at a plati-
num electrode was studied in alkaline zincate sol-
utions. In Fig. 1, a voltammogram is shown of a
platinum electrode in an argon-saturated 7M KOH
electrolyte with and without zincate ions. The addit-
ion of zincate ions alters the voltammogram in the
low potential region, where zinc is adsorbed onto the
platinum electrode. The oxidation current decreases
significantly, which indicates that the hydrogen
adsorption at the platinum surface is inhibited in
zincate-containing electrolytes.
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Fig. 2. The reciprocal limiting current for hydrogen oxidation at the
platinum ring an RRDE in a hydrogen-saturated 7M KOH sol-
ution, zincate free (solid line) and with 0.1 M zincate (broken line),
as a function f ™12 Ep = —0.2V (Hg/HgO).

The oxidation of dissolved hydrogen was observed
to be mass transport limited at potentials more anodic
than the adsorption potential of zinc. This is depicted
in Fig. 2, which presents the curve of the reciprocal
limiting current versus the inverse square root of the
rotation frequency at the ring electrode of an RRDE
for the oxidation of dissolved hydrogen in a hydrogen-
saturated 7M KOH solution with and without
zincate, at a potential of — 0.2V (Hg/HgO). Similar
plots were obtained when the potential of the Pt ring
electrode was set at —0.25 and —0.15V.

3.2. The RRDE collection efficiency

The collection efficiency was determined from
measurements with hydrogen produced at the disc in
argon-saturated zincate-free KOH solutions and was
calculated using Equation 1. Preliminary experiments
showed that freshly prepared platinized platinum
deactivates slightly; this is attributable to textural
changes of the platinized surface. A constant, though
somewhat smaller value of the collection efficiency
was observed, when the experiments were performed
with an ‘aged’ platinized platinum ring which was
treated in 1M H,SO, and 1M KOH electrolytes
before a series of measurements.

The experimental values of the collection efficiency
as a function of disc current are presented in Fig. 3 for
various KOH concentrations. The collection efficiency
1s constant for low disc currents but decreases for
higher disc currents, which is attributed to the forma-
tion of hydrogen gas bubbles. The contribution of
these bubbles to the measured ring current is less than
that of dissolved H, because only dissolved hydrogen
can be directly oxidized at the platinum ring and
because the transport of H, in these bubbles from the
disc to the ring has to occur through diffusion rather
than by hydrodynamic flow which is slow, even for
small bubbles. The presence of hydrogen bubbles at

0257
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Fig. 3. The collection efficiency at the Pt/Au RRDE for hydrogen
oxidation as a function of disc current. Numbers in figure indicate
cxon M). Ex = —~0.2V (Hg/HgO), f = 2557~

the electrode surface also causes mass transport
enhancement and inhomogeneity of the current den-
sity distribution. Therefore, if the hydrogen solubility
value is exceeded and H, bubbles are formed, the
collection efficiency decreases and the RRDE technique
cannot be employed.

3.3. The deposition of zinc

A voltammogram for the electrodeposition of zinc
onto the gold disc of a Pt/Au RRDE from an argon-
saturated 0.05M zincate, 3M KOH solution, is given
in Fig. 4. The disc potential was scanned between
—0.5 and — 1.6V (Hg/HgO), while the potential of
the ring was kept at a constant value of —0.2V. The
deposition of zinc onto the gold substrate begins
at about — 1.35V. The increase of the ring current
before the electrodeposition of zinc at the gold disc
occurs is due to hydrogen evolution. As soon as a zin¢
monolayer is formed on the gold disc the ring current
first decreases slightly, but then increases again at
more cathodic disc potentials. During the anodic
sweep the disc current shows a peak due to the dis-
solution of zinc. Then, at the end of this peak of the
disc current, the ring current also shows a peak due to
the sudden onset of hydrogen evolution at the exposed
gold substrate,

3.4. The production of hydrogen during the deposition
of zinc

Hydrogen production during the deposition of zinc
onto the zinc-plated gold disc was measured in
I-7M KOH and 0.01-0.2M zincate electrolytes.
Figure 5 shows the applied disc current, I, and the
measured ring current, I, versus time, for an experi-
ment in a 1M KOH, 0.05M zincate solution. It is
observed that the ring current is non-zero when
the disc current is switched off. This ring current,



802 R. E. F. EINERHAND, W. H. M. VISSCHER AND E. BARENDRECHT

1125

-13

-10

£p IV (Hg/HgO)]

Fig. 4. Cyclic voltammogram at the gold disc of a Pt/Au RRDE, of an argon-saturated 3M KOH, 0.05M zincate electrolyte; disc current
(broken line), ring current (solid line). £, = — 0.2V (Hg/HgO), f = 255, scan rate = 0.1 Vs~L,

Iy (Ip = 0), results from the oxidation of dissolved
hydrogen produced during cathodic polarization in
previous experiments and from hydrogen produced by
corrosion of zinc.

Therefore, the ring current has to be corrected to
obtain the actual amount of hydrogen produced at the
disc during the deposition of zinc. The hydrogen cur-
rent, I, , is a measure of the fraction of the applied
disc current used for the production of hydrogen and
is calculated from the formula

IHZ = [ — Iy = O)]/N (3)

where I;; 1s the measured ring current at the end of the
2-min cathodic polarization of the disc, Iy (I = 0) is
the ring current at the end of the 2-min period with
zero disc current and N is the average value of the
collection efficiency, measured before and after each
series of experiments.

In Figs 6, 7 and 8, the results of the hydrogen
current measurements are presented as a function of
disc current for various zincate and KOH concen-
trations. The plots show that I, increases with
increasing disc current. For low zincate concen-
trations 1, increases markedly with increasing disc
current, whereas for higher zincate concentrations the
increase of I, becomes smaller and smaller.

200 | M

100 |- -

The decrease of I, with increasing zincate con-
centration and increasing KOH concentration is sum-
marized in Figs 9 and 10, respectively. The decrease of
I, with increasing ¢y, 7,om, 1S €xpected, since its limit-
ing current increases when zincate concentration
increases. The zinc equilibrium potential shifts to less
negative values with increasing zincate concentration,
hence the hydrogen production decreases at the same
current density.

The relation between I;, and cxoy is less clear. The
decrease of I, with increasing cgoy cannot be the
result of the change of the water and zinc reduction
equilibrium potentials. The potential of both reactions
shifts to more negative values but the shift of the water
reduction potential is smaller than that for the zincate
reduction reaction. Assuming that the kinetics of both
reactions are unaltered, relatively more hydrogen
should be formed at higher KOH concentrations and
that is not the case.

The kinetics of one or both reactions can be affected
by the KOH concentration. In pure KOH solutions,
the hydrogen production at a zinc electrode was found
to increase with increasing KOH concentration
[11, 14-16], except for concentrations higher than
10M KOH [15]. Several mechanisms for the hydrogen
evolution at a zinc electrode have been reported.

J U

||
oo
—10r—
_Z‘r_n’in

_20'_ L
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Fig. 5. The measured ring current versus time for various disc currents, in an argon-saturated 1M KOH, 0.05M zincate electrolyte.

Ep = —02V (Hg/HgO), f = 255"
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Fig. 6. The hydrogen current as a function of disc current fora [ M
KOH celectrolyte and various zincate concentrations. Numbers in
figure indicate ¢y, zoom, (M) Eg = —0.2V (Hg/HgO), / = 2557,

At cathodic polarizations the proposed mechanism is
[11, 14]

Zn + K* + ¢ == K(Zn) (r.ds.) 4)
K(Zn) + HO == K* 4+ Zn + H,, + OH (5

2'I—Iads ~ HZ (6)

Reaction 4 is the rate determining step. Since this step
is dependent on potential and potassium ion con-
centration, it is expected that the hydrogen formation
increases with increasing KOH concentration. In con-
centrated alkaline media (> 10M KOH) Iofa et al.
{15] found that hydrogen production decreases with
increasing KOH concentration. This can be ascribed
to the decrease of the rate of Reaction 5 with
KOH concentration, since the water concentration
decreases. Thus, at high KOH concentrations, Reac-

800 1
600 | 002
+0.01 0.05
B
=, 400 &+
5
S
200
Q.1
0 , i 02
0 10 20 30
-I; {mA)

Fig. 7. The hydrogen current as a function of disc current for a 3M
KOH electrolyte. Numbers in figure indicate K, Zoi0H), M).
Fg = —0.2V (Hg/HgO), £ = 2557

2001
0.02
150 f
A
=
2 100 + 0.05
I
0.1
501
/ >
0 . . .
0 10 20 30
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Fig. 8. The hydrogen current as a function of disc current fora 7M
KOH electrolyte. Numbers in figure indicate ¢, zyom, (M)
Ey = —02V (Hg/HgO), f = 2557\,

tion 5 becomes rate controlling, leading to a decrease
of the hydrogen production with increasing KOH
concentration.

The presence of zincate ions in solution can affect
this mechanism and can even lead to an alternative
route along which the K(Zn) species is discharged. As
an example we suggest Reaction 7

K(Zn) + Zn(OH);” ==—=K%* + Zn

+ [Zn(OH);" Lo + OH~ (7

This implies that K(Zn) can be discharged via Reac-
tion 5 and/or Reaction 7. It is clear that if Reaction
7 takes place, the hydrogen production slows down
in favour of zinc electrodeposition with increasing
zincate concentration. Also, with increasing KOH
concentration the formation of the K(Zn) species
increases, whereas the discharge of this species via

200 r
150 |
E 100}
=

50 F

25

20

2 15

o) . o L 190

000 0.05 0.10 0.15 020 0.25

K pznioH), M)

Fig. 9. The hydrogen current as a function of zincate concentration.
Numbers in figure indicate applied disc current (mA).
Ey = —02V (Hg/HgO), f = 2557, egou = 7M.
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Fig. 10. The hydrogen current as a function of KOH concentration.
Numbers in figure indicate applied disc current (mA).
Eg = —0.2V (Hg/HgO), f = 2557}, Ciyzaom, = 0-05M.

water reduction decreases. Hence, Reaction 7 becomes
more important at higher KOH concentrations,
resulting in a decrease of the hydrogen production
with increasing KOH concentration.

The decrease of the hydrogen production with
increasing cg oy can also be ascribed to the preferential
adsorption of the hydroxyl ion, which competes with
the adsorption of hydrogen atoms at the zinc electrode
surface, or to the increasing screening effect of the
water molecules by the potassium ion in the double
layer [15]. None of these models or the model
proposed in the above section can be supported with
irrefutable evidence. However, our model accounts
for the increase of the hydrogen production during
the deposition of zinc with increasing applied disc
current density and decreasing zincate and KOH
concentration, which is not the case with the other
models.

3.5. The corrosion of zinc

It was pointed out earlier that at zero disc current a
non-zero ring current is measured, Ix(Ip = 0). This
oxidation current is due to dissolved hydrogen as a
result of previous disc current pulses, 12, and to cor-
rosion of zinc, Ig".

Lo =0) = I+ " ®)

The corrosion rate can be estimated from ring current
data at the beginning of a series of experiments, viz.
before disc currents were applied, but after the oxygen
had been removed from the solution. In Fig. 11, these
ring current data are plotted versus KOH concen-
tration for various zincate concentrations. The figure
shows that the amount of hydrogen increases with
increasing KOH and decreasing zincate concen-
tration, in agreement with the findings of Dirkse and
Timmer {10] and Muralidharan and Rajagopalan [11].

Dirkse and Timmer ascribe the decrease of the cor-
rosion rate in electrolytes saturated with ZnO to a

80r
/““ﬂ 0.02
40
0.05
__30¢
< 0.1
N‘z
20 - 0.2
10
O 1 1 L i3
(o] 2 4 6 8

Cran (M)

Fig. 11. Ring current at the beginning of a series of experiments, i.e.
before zinc deposition experiments were performed and after the
30-min stand in solution, as a function of KOH concentration for
various zincate concentrations. Numbers Jln figure indicate €K, 2n(OH),
M). Ey = —0.2V (Hg/HgO), f = 25s7 1.

slow dissolution of anodic reaction products. A
protective layer of ZnO or Zn(OH), is formed at the
zinc surface, a phenomenon also observed by Cachet
et al. [17]. Therefore, an increasing zincate concen-
tration results in a decrease of the zinc dissolution rate
and, consequently, in a decrease of the corrosion rate.
Muralidharan and Rajagopalan [11] did not discuss
the increase of the corrosion with increasing KOH and
decreasing zincate concentration. Dirkse and Timmer
[10] only discussed zinc electrode corrosion in con-
centrated alkaline electrolytes (> 35% KOH). If it is
assumed that the anodic process determines the cor-
rosion rate, it is likely that the increase of corrosion
with increasing KOH concentration can be attributed
to the increasing solubility of the protective layer of
ZnO or Zn(OH), on the electrode surface. However,
more research has to be performed to understand the
processes involved in zinc electrode corrosion.

3.6. The calculation of the hydrogen current

The electrochemically formed hydrogen during the
electrodeposition of zinc is to be determined. During
cathodic polarization of the disc, the measured ring
current is not only due to the oxidation of electro-
chemically formed hydrogen, I, but also due to the
oxidation of dissolved hydrogen, IR (I, < 0), and of
hydrogen formed as a result of the chemical reaction
of zinc and water, i.e. ‘corrosion’, I (I, < 0).

L = R+ R <0+ " <0) (9

The hydrogen current which corresponds with elec-
trochemically formed hydrogen is equal to the ratio of
IE and the collection efficiency. In this paper the
hydrogen current is calculated from Equation 3,
where the measured ring current is corrected with the
non-zero ring current at open circuit potential of the
disc, Ix(Ip, = 0). Combination of Equations 3, 8 and
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Table 1. Hydrogen solubility data and Levich slopes for pure KOH
electrolytes

Ckon Ch, S Sci,

(M) (mM) (nds™"?) (mAM ' s12)
1 0.575 77 133
3 0.315 40 126
7 0.100 13 130

10 0.041 5 128

9 and assuming that IR(I, < 0) is equal to I, i.e.
during the period in between deposition experiments
the amount of dissolved hydrogen remains constant,
yields

Ly, = (IR + "I < 0) — [N (10)

Atlow KOH concentration I, the corrosion at open
circuit potential, and I (I, < 0) are of almost no
significance, whereas at high KOH concentration they
cannot be neglected (cf. Fig. 11). But even at high
KOH concentration and small applied disc currents,
the corrosion terms in Equation 10 may cancel out.
The chemical dissolution of zinc at high cathodic disc
currents is expected to be negligibly small and,
therefore, only at high KOH concentrations and high
disc currents is an error introduced into the calcu-
lation of I;, using Equation 3, its value being smaller
than that obtained from the ratio of I£ and N.

3.7. The hydrogen solubility in alkaline zincate
electrolytes

It is obvious that the hydrogen solubility sets the
upper limit for which the RRDE technique can be
applied. The solubility of H, in pure KOH solutions
can be obtained from literature data [18], from which
the maximum ring current, I, can be calculated.
However data on the solubility of H, in alkaline
zincate solutions are not tabulated in the literature.
Therefore rotating disc electrode (RDE) experiments
were carried out to estimate the hydrogen solubility.

The hydrogen oxidation is mass transport limited at
a Pt RDE, at a potential of — 0.2V (Hg/HgO), as was
shown in Fig. 2. The limiting current at the disc, I,,
can be calculated fom the Levich equation [19], which
can be written as:

Il = Sfl/'Z
S = 3.83nFAD¥ v 'e,,

(1)
(12)

In these equations, n, F and 4 have their usual
meaning, Dy, is the diffusion coefficient of H,, f the
rotation frequency, v the kinematic viscosity and Cy,
the concentration of hydrogen in the electrolyte. The
plot of I, versus f'” results in a straight line, with a
slope, S, depending on Dy, ¢y, and v.

The slope of the plot of I, versus £ was established
for various hydrogen-saturated zincate-free alkaline
electrolytes. In Fig. 12, these slopes are plotted versus
KOH concentration. In Table 1 these results are sum-
marized with data for the hydrogen solubility. It

80r

60 r

40

S {uAsV2)

(0] : ) . : ;
o 2 4 (5] 8 10

Cron M)

Fig. 12. The Levich slope of the hydrogen oxidation reaction at
a platinum electrode versus KOH concentration (zincate free,
hydrogen saturated). E = —0.2V (Hg/HgO), f = 25s57L.

appears that the ratio of S and ¢y, is constant for
KOH concentrations from 1 to 10M. Thus, the
factor Div™"* is constant over the range of KOH
concentrations studied.

A similar procedure was followed for the determina-
tion of the hydrogen solubility in alkaline zincate elec-
trolytes. A plot of the slope as a function of zincate con-
centration in 7M KOH is depicted in Fig. 13. Assum-
ing that the change in magnitude of the slope only
depends on cy,, as was the case with the pure KOH
electrolytes, Sis a measure for the hydrogen solubility
in alkaline zincate electrolytes and the hydrogen solu-
bility can be calculated from these data. The results
for the 7M KOH zincate electrolytes are presented in
Table 2. The maximum amount of hydrogen which
can be reliably measured with the RRDE technique
can be evaluated from these data. Calculated values of

15(

10f

S {pA s~12)

o . ;
0.00 0.50 1.00

kpznioHy, M)

Fig. 13. The Levich slope of the hydrogen oxidation reaction in
hydrogen-saturated 7M KOH at a platinum electrode versus
zincate concentration. £ = — 0.2V (Hg/HgO), / = 25s~ .
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Table 2. Calculated hydrogen solubility in 7M KOH and various
zincate concentrations

Table 3. Estimated maximum ring current for various electrolyte
compositions, calculated from experimental Levich slopes

CK,za(OH), S Ch, Cron CK ) Zn(OH), I
(M) (uds?) (mM) (M) (M) (ud)
0 13.0 0.100 1 0 400
0.1 10.7 0.08 1 0.1 290
0.5 6.3 0.047 3 0 210
1.0 4.5 0.034 3 0.2 120
7 0 65
7 0.2 40

the maximum ring current, I, for various electrolyte
compositions, are presented in Table 3.

I¥ concerns the total amount of dissolved H,, calcu-
lated from the hydrogen solubility. It offers a first
approximation of the maximum amount of dissolved
hydrogen which can be detected with the RRDE tech-
nique. However, the ring current associated with the
maximum amount of H, which can be determined
during the deposition experiments, Ig®, will differ
from this value. This difference between I and I3*
depends on experimental conditions and is mainly due
to hydrogen supersaturation and to the presence of
dissolved hydrogen resulting from previous deposition
experiments. Therefore, If** cannot be evaluated
a priori, and I has to be used as an indication of Ig*.

It is clear that the domain of hydrogen currents
which can be reliably measured with the RRDE
technique decreases with increasing KOH concen-
trations. The hydrogen solubility decreases (cf. Table
1) and zinc corrosion increases (see Fig. 11) with
increasing KOH concentration. In fact, measurements
in 10 M KOH failed as a result of this limited domain
of hydrogen currents.

4. Conclusion

The RRDE technique offers an elegant and useful
method for the detection of hydrogen in alkaline elec-
trolytes, particularly in the less concentrated alkaline
solutions.

The hydrogen solubility in various alkaline zincate
electrolytes was estimated from Levich plots, assum-
ing that the slope of the Levich plot depends only on
hydrogen concentration in the electrolyte.

With the RRDE technique, the amount of hydrogen
produced during zin¢ electrodeposition and zinc elec-
trode corrosion has been determined for various
alkaline zincate electrolytes. It was found that the
hydrogen production increases with decreasing zincate
and KOH concentration. The established hydrogen
formation curves indicate that in battery electrolytes
(8 M KOH, 1 M zincate) the electrochemical hydrogen
production during electrodeposition is very small.
Even at the end of the charge halfcycle, when zincate
concentration will be at a minimum but KOH concen-
tration at a maximum, hydrogen production will still
be small. The battery charge efficiency will be lowered
by at most 0.5% as a result of electrochemically formed
hydrogen. However, this value depends not only on
the applied current density and initial solute concen-

trations but also on the kind of zinc electrode (type of
binder material and additives and porosity), purity of
the electrolyte and battery cell geometry (electrolyte
volume and current density distribution). Hence, it is
concluded that in zinc secondary batteries, hydrogen
is produced mainly through zinc electrode corrosion.

The recommendation of Rogers and Taylor [8] that
hydrogen formation should be allowed so as to
improve stirring of the electrolyte must be contra-
dicted. Hydrogen gas bubble formation causes a con-
siderable increase in the local current density and
an ohmic drop in the vicinity of the bubble, which
is a considerable drawback with only a small gain in
electrolyte stirring.
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