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GALVANOSTATIC POLARIZATION OF ZINC MICRO-ANODES IN KOH ELECTROLYTES

by

Ming-Biann Liu, G. M. Cook, and N. P. Yao
ABSTRACT.-

This report includes a critical review of the current litera-
ture on the anodic passivation of zinc electrodes, a description of
supplementary experimental studies to extend the data to a low cur-
rent density region and to provide a basis for evaluating con-
flicting results of published work, and a new interpretation of the
anodic passivation mechanism. This work provides a starting point
for understanding passivation phenomena in battery electrodes.

. The utilization of a zinc electrode in alkaline batteries
depends on the ability of the electrode to remain active during
the anodic dissolution process. This dissolution period is often
terminated by the onset of passivation. Previous researchers have
typically correlated the current density, i, and the passivation
time, t, by the equation (i - ie)tl/2 = k, where i, corresponds to
diffusion—-excluded convective current density, and k is the corre-
lation constant. Their investigations of passivation show that the
values of i, and k depend on experimental conditions such as elec-
trode orientation.

We conducted further experiments on the effects of current
density on passivation time of a small zinc anode (6.6 x 10-3 cm2)
in KOH at concentrations of 0.784, 2.92, 4.98 and 7.24M KOH as
well as 7.24M KOH saturated with zinc oxide. We have concluded
that there are two mechanisms for anodic passivation, one occurring
at current densities below about 150 mA/cm? and another at higher
current densities. Accordingly, in the overall mechanism, the
total time to passivation includes the times to achieve the maximum
zincate concentration as well as to form porous ‘type I Zn0 and com—
pact type II ZnO. :

In Ni/Zn batteries under development for vehicle propulsion,
the electrolyte is usually 30% KOH (7M) saturated with zinc oxide;
and the zinc electrode is formed in-situ by electro-deposition of
zinc onto the grid. Using the data from our tests, we were able to
estimate the effect of passivation on the utilization of the zinc
electrode in an alkaline battery. For our calculations, we assumed
a current density of 20 mA/cm? for a Ni/Zn battery cycled at 2-h
rate. Based on a knowledge of the structure of zinc electrode-
posits, we estimated that the zinc electrode has a porosity of 0.6
at the fully charged state. Using data available in the literature
and our own data, we calculated a current density of 338 mA/cm? to
be that above which the passivation limits the utilization of the
zinc electrode. :



I. INTRODUCTION

Alkaline battéries employing zinc electrodes are under development for
use as near-term batteries for electric vehicles. Knowledge of the electrode
behavior in KOH electrolyte is an important aspect of this development effort.

The utilization of a zinc electrode in alkaline batteries depends on the
ability of the electrode to remain active in the anodic dissolution process:

- Zn + 40H” ———Zn(0H)?™ + 2e (1)

At anodic potentials near the equilibrium value, the oxidation product of zinc
in concentrated alkaline solutions is Zn(OH)2 as evidenced by NMR (nuclear
magnetic resonance) studiesl- -3 as well as Raman and infrared reflection spec-
tral study.2 Many workers4=14 have made galvanostatic measurements of planar
zinc electrodes in alkaline solution; a general feature of the termination of
the active dissolution period was found to be the onset of passivation with a-
sudden change toward positive potentials and oxygen evolution. Hampson

et al.l5,16 observed that the transition of a porous electrode from an active
to a passive condition was not so abrupt as that for a planar zinc electrode,
and was accompanied by a gradual increase in electrode potential corresponding
to the penetration of the reaction into the depth of the anode as pore surfaces
became blocked or passivated with. oxide.

Three different mechanisms have been proposed to explain zinc passivation
behavior in alkaline solutions, namely, dissolution-precipitation, adsorption,
and nucleation and two-dimensional growth of crystals. In the dissolution-
precipitation model,11:13’17:18 zincate builds up in the solution layer in the
vicinity of the electrode surface as dissolution proceeds until the concentra-
tion reaches a critical value corresponding to the "solubility" of zinc in the
solution. At this point, the precipitation of Zn0 or Zn(OH)2 occurs and sub-
sequently retards the dissolution of zinc. This latter effect results in a
rapid rise in potential until oxygen evolution begins.. In the adsorption
model, 19,20 hydroxide is adsorbed by the zinc electrode to form a monolayer of
Zn(OH)z, which releases protons to form a passive zinc-oxide film, thereby
retarding the diffusion of hydroxide ion. When the diffusion rate of hydroxide
ions is not sufficient to support the anodic current, passivation occurs. In
the nucleation and crystal growth model,2l, 22 zinc oxide nuclei form on the

surface, and passivation occurs when the surface 1s inactivated by a full
coverage of Zn0 monolayer.

In all three mechanisms, the zinc oxide film is responsihle for passiva-
tion. Using X-ray analysis, Powers23’ identified Zn0 as the passive film;
however; this analysis method, which requires the removal and subsequent drying



of the passive film, could have converted all the species to ZnO. In-situ
identification data of the passivation film are not available. Two other
hypotheses are that this film consists of either an underlying layer of Zn(OH)j;
with an overlay of zn024-26 or a dual layer of Zn0O, one formed by precipitation
and the other by surface growth processes.17a27 Powers and Breiterl” consid-
ered the latter to be the cause of passivation. Recent results of optical and
scanning electron microscopical observationsl7:;18,28,29 have indicated that the
anodic formation of ZnO probably occurs via the precipitation—-dissolution
route. Szpak and Gabriell8 illustrated that the sequential events of the
dissolution-precipitation path for anodic ZnO formation dre as follows:

(a) establishment of a quasi-equilibrium adsorption region adjacent to the
electrode; (b) development of a mass transport region next to the adsorption
region; (c) formation of a polymerization region in which monomers are trapped;
(d) transformation of the polymerization region into a nucleation and growth
region; (e) formation of a zinc oxide film by merging of crystallites at the
surface of the adsorption layer and subsequent growth of that film; and

(f) collapse of oxide film due to mechanical factors resulting from the densi-.
fication of the region adjacent to the adsorption region to reactivate .zinc
dissolution. ‘ . :

"~ A number of investigators7"14 have studied the correlation between current
density and passivation time in the zinc electrode. A summary of these data
reported in the literature is given in an Appendix. The current demnsity, i,-
and passivation time, t, have been typically correlated by the equation,

i - 1e)’t1/2 =k (2)

where i, corresponds to diffusion-excluded convective current density, and k
is a correlation constant. Equation 2 suggests that there 1s a current den-
sity, i,, below which passivation will not occur. Assuming that during
anodic dissolution the formation of a "critical” concentration of zincate at
the electrode causes passivation and assuming that diffusion is the only mode
of mass transport, Dirkse and Hampéonl3 derived the equation:

1(tl/2y = (Cerit - Cp) nF (1%_)1/2 o o (3

where C.rj¢+ is the "critical"™ concentration of zincate for the precipitation

of ZnO, Cp is the bulk concentration of zincate, n is the valency change of

the electrode reaction, F is Faraday's constant, and D is the diffusion coef-
ficient of zincate. Yamashita et al.l4 concluded from their chronoellipsometric
study that two types of ZnO films form——type I film at time t; and type II film
at ty --during galvanostatic oxidation. The correlation of current density and
t]; can be described by Eq. 3, while that of current density and ty can be ’
represented by Eq. 2. Elderi2 interpreted the anodic characteristics of zinc

in alkaline solution as a kinetically controlled process preceding a diffusion
step, so that ' :

(e12) = kg - kgt W



In summary, a review of the literature showed that zinc oxide is respon-
sible for passivation of the zinc anode and that the presently accepted mech-
. anism for the formation of this zinc oxide is a precipitation-dissolution
model. The correlation between passivation time and. current density has been
typically expressed by Eq. 2. In our investigations, we conducted further
experiments on the effects of current density (from 30 up to 1620 mA/cmz)’on
passivation time of a small zinc anode with a KOH electrolyte (0.784 to 7.24M)
in an experimental cell-testing apparatus. From these data, we estimated the
effect of passivation time on the utilization of a zinc anode in an alkaline
battery. ‘ ' ‘ . N ’

II.  EXPERIMENTAL

. Zinc electrodes were cut into dimensions of 0.05 by 0.13 cm from a zinc
sheet. of 99.99% purity purchased from United Mineral & Chemical Corp. (New
York, NY). The impurities are as follows: Cd, 5 ppm; Pb, 5 ppm; Fe, 3 .ppm;
Cu, 2 ppm; Au, 1 ppm; Sn, 1 ppm; Ge, 0.5 ppm; and In, 0.5 ppm. The zinc elec—
‘trodes were prepared for testing by polishing them with emery paper (No. 600).
After preparation, they were horizontally mounted in an experimental apparatus
(see Fig. 1) in either the facing-upward or -downward position.

WE
PAR I73 CE
POTENTIOSTAT / GALVANOSTAT
WITH PAR 376
CURRENT CONVERTER
: —{PaR 178 PrOBE [RE Np
l - Hg/Hgo! | | 1
| Attt
UNIVERSAL Hepiea || eenant | (L i
: 1 « | y
PROGRAMMER | | OSCILLOSCOPE RECORDER !

Pt

Fig. 1. Experimental Apparatus for Testing of Zinc Anodes
in KOH Electrolyte (CE = counter electrode,
WE = working electrode, and  RE = reference
electrode)



To eliminate edge effects, these zinc electrodes were set in acrylic plastic
purchased from Fulton Products Corp. (Saxonberg, PA). The electrolyte was

KOH at concentrations of 0.784, 2.92, 4.98, and 7.24M; in addition, 7.24M KOH
saturated with zinc oxide was also used. The KOH wég reagent grade, and the
zinc oxide was analytical reagent quality. The above electrolyte solutions
were prepared with doubly distilled water and deaerated by passing a stream

of purified nitrogen through. The counter electrode was a l-cm wide platinum
strip. The anode potential was measured with an Hg/HgO reference electrode in
conjunction with a Luggin capillary that had been placed as close to the anode
surface as practical. A Model 173 Potentiostat/Galvanostat equipped with‘'a
Model 376 Current Converter (Princeton Applied Research Corp., Princeton, NJ)
.was used to provide constant current. The passivation time was determined to
the instant that the anode potential was seen to increase rapidly. For a pas-
sivation time less than 6 s, a Model 184A Oscilloscope with a Model 1805A

Dual Channel Vertical Amplifier and a Model 1825A Time Base and Delay Generator
(Hewlett—~Packard: Co., Palo Alto, CA) was used to record the potential as a
function of time; for a passivation time longer than 6 s, a Model 7100BM

Strip Chart Recorder (Hewlett—Packard) was used. A Model 175 Universal Pro-
grammer (Princeton Applied Research) was programmed to trigger the potentiostat/
galvanostat and the oscilloscope simultaneously.

The passivation times of the zinc electrodes polarized at a wide range
of current densities were measured at room temperature (20°C). Before each
measurement, the zinc electrode was anodically etched at 10pA for 5 s. After
waiting for at least 10 min to ensure a quiescent state of the electrolyte and
the establishment of electrode equilibrium state, polarization was commenced.
Once passivated, electrodes were repolished. Potential/time oscilloscope
traces were recorded photographically. Measurements were sometimes repeated
to ensure reproducibility. :

III. RESULTS

Table 1 lists the passivation time of facing-upward and -downward zinc
microelectrodes discharged at current densities ranging from 61 to 1620 mA/ cm?
in 7.24M KOH electrolyte, as well as the passivation time of facing-upward
electrodes discharged at 122 to 1530 mA/cm? in KOH saturated with ZnO. At some
current densities, more than one passivation measurement was made to check the
reproducibility of the test results. In addition, data were obtained using an
electrode with about l1-mm deep plastic channel to reduce natural convection.
The data in Table 1 are plotted in Fig. 2; the lines in this figure are a
least-squares fit of the data. As can be seen in this figure, for passivation
times less than 6 s, the facing-upward and facing-downward anodes have similar
correlation between passivation times and current densities; however, for pas-
sivation times longer than 6 s, a facing-downward anode has a longer passiv-
ation‘time at a given current density. This figure also shows that the pres-
ence of zincate in the electrolyte shortens the passivation time.

Table 2 lists the passivation times of facing-upward anodes discharged
at a wide range of current densities in three different concentrations of
KOH (0.784, 2.92, and 4.98M); Fig. 3 shows these data in graph form as well



_ Table 1. Galvanostatic Polarization of Zinc Anodes in
7.24M KOH Electrolytes at Room Temperature (20°C)

o o Electrolyte Saturated
No Zincate in Electrolyte ) with ZnO

Upward Electrode Downward Electrode . Upward Electrode
Current " Passivation  Current "Passivation Current Passivation
Den51ty, ' Time, Density, Time, Density, . Time,
mA/ cm? , s B mA/cm? s mA/ cm? s

1530 0.50 1620 0.475 1530 . 0.340
1530 0.60 1620 0.380 ' 1530 o 0.320
1370 0.76 1440 E 0.515 1220 - 0.500
1370 0.68 1440 - 0.535, 1220 0.505
1220 1.01 1240 ; 0.780 916 1.01
1220 0.91. 1240 © 0.870 916 . 1.00
1220 0.76 1050 1.08 ‘. . 610 2.725
1070 1.14 © 1050 1.09 610 ' 2.70
1070 1.28 858 1.875 . 305 , 15.64
916 1.51 668 - 3.50 305 . 15.44
916 1.78 525 7.08 : 153 439.2
763 2.51 477 v 11.48 122 1214.4
763 3.00 429 59.6 ‘ »

763 3.34 382 156.2

- 610 5.20 382 74.8

- 610 4,12 382 - 54.6

610 4.52 382 170.6

458 8.20 334 161.2

458 9.36 286 390.0

305 22.9 191 2794.8

305 32.4 141 . 8706.0

223 - 184 .8 ;

233 133.6 429 7.682

153 1970.4 382 . 6l1l.3a

122 - 2544.0 334 55.22

91.6 , 4432 .8 ‘ 286 3151.22

61.0 10848.0 : o

4A 1-mm deep channel has been created by chemical etching before the
polarization was measured.

as the -data from the facing~upward anode in 7.24M KOH from Fig. 2. As can be
seen in this figure, a higher concentration of KOH will result in a longer
passivation time for a zinc electrode at a given current density; therefore,

a high concentration of KOH should result in increased zinc electrode lifetime. -

Using the data from Tables 1 and 2, we determined the correlation con-
stants of Eq. 2 (k, ig) for zinc microelectrodes in the KOH electrolyte; the
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Fig. 2. Current Deﬁsity vs. Passivation Time of the Zinc-

CURRENT DENSITY, A/cm@

‘Anode in 7.24M KOH (squares, upward anode; diamonds,
downward anode; circles, downward anode with l-mm

" plastic channel; triangles, upward anode and

" saturated with zincate)
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Fig. 3. Current Densitylxg.'Passivation'Time for Facing-Upward
Anode ‘in 7.24M (squares), 4.98M (circles), 2.92M
(diamonds), and 0.784M (triangles) KOH Electrolyte.



Table 2. Galvanostatic Polarization of the Facing-Upward
: Zinc Anodes in Three Concentrations of KOH
Electrolyte at Room Temperature (20°C)

4.98M KOH . 2.92M KOH - 0.784M KOH

Current Passivation - Current Passivation Current Passivation
Density, Time, Density, - Time, Density, - Time,
mA/ cm? ) s : mA/ cm? s mA/ cm? s
1530 _ 0.30 916 o . 0.128 153 0.305
1530 0.338 916 0.156 153 0.250
1370 0.46 839 0.160 137 0.410
1370 0.42 839 0.223 137 0.355
1220 0.48 ~ 763 0.315 122 0.760
1220 0.64 763 0.283 To122 - 0.780
- 1070 -, 0.78 763 0.253 107 ‘ " 0.980
10/0 U.805 68/ 0.355 10/ 1.13
916 - 0.99 687 ' 0.325 " 91.6 : 1.70
763 1.70 610 0.450 . 91.6 - 1.85
1610 3.4 610 0.405 76.3 3.25
458 7.06 : 534 0.665 76.3 3.03
458 .- 8.30 "534 0.770 61.0 5.40
305 .- 264 0 458 1.110 61.0 5.50
229 - 176.0 . 458 o 1.320 45.0 14.02
153 979..2 ‘ 382 ' 2.225 . 45.0 12.95
122 "1673.0 - . - - 382 2.400 30.5 872.4.
91.6 3705.6 305 4.40 30.5 1464.0
1 61.0 8448.,0 305 4,75
' 275 6.10
275 5.85
244 8.66
244 9.68
229 22.28
191 16.12
191 . 29.0
153 : 44.2
153 . 29.4
153 - 29.2
122 . © 745.2
122 689.2
91.6  2325.6

61.0 6240

results are shown in Table 3. Table 1 shows that, for the facing-upward anode
in 7.24M KOH, the gassivation.times were significantly longer .at current den-
sities < 153 mA/cm Therefore, in Table 3, correlation constants for this



0.784

Table 3. The Correlation Constants (i = kt~1/2 + 1g) of the Zinc Anodes.
Current 4 _

: ‘ Density Correlation Constants
Electrode . . - Range -k, : ie,
Orientation Electrolyte, M mA/cmé mA-s1/2/cm2 mA/ cm?
Upwardad 7.24 200-1530  1.03(# 0.02)x103  1.32(+ 0.19)x102

: ~ 60-153 6.86(* 0.70)x103  -8.05(% 12.15)
Downward? 7.24 625-1620  9.23(+ 0.49)x102  1.86(* 0.57)x102
Upward and 7.24 525-1620  9.48(+ 0.30)x102  1.88(+ 0.30)x102
Downward?@ : ' .
Upwarda 7.24 200-1530  8.06(+ 0.11)x102  1.08(+ 0.13)x102

(Saturated 0-122  4.25 x 103 0
with ZnO) : :

Upwardb 4.98 200-1530  7.79(+ 0.18)x102  1.69(+ 0.20)x102
S 60-153 ~ 4.26(* 0.22)x103  1.77(¢ 0.50)x10!
Upwardb 2.92 300-916  2.91(* 0.09)x102  1.76(+ 0.14)x102

60-122 2.32(% 0.29)x103  3.64(* 0.85)x101
. Upwardb 60-153  5.41(+ 0.35)x101

" 5.18(+ 0.44)x101

4Correlation constants determined from data in Table 2.
bCorrelation. constants determined from data in Table 3.

electrode—electrolyte system are given for two current density regions——above

and below 153 mA/cm2.

For similar reasons, the correlation constants for
facing-upward anodes in 7. 24M KOH saturated with ZnO, 4.98M KOH, and 2.92M KOH -

are given in two separate current density regions. Since insufficient data

- were collected, correlations were given for only one current region in the
cases of a facing-downward anode with 7.24M KOH electrolyte and a facing-
" The correlation constant given for

upward anode with O. 784M KOH electrolyte.
the low current region of the facing-upward anode with 7.24M KOH saturated with

Zn0 was calculated from the datum at 122 mA/cmz, assuming zero intercept of

the 1 vs. t'l/2

curve.

Iv. DISCUSSION AND CONCLUSIONSV

A. One-Dimensional Dif[uqinn Model

To justify the validity of Eq. 2, Dirkse and Hampson13 proposed a one-
dimensional diffusion model in which the accumulation of zincate ions at the
electrode surface is the determining step of passivation.

However, for an
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electrode reaction controlled by: a diffusional mass transport, the one-
dimensional model.is valid only if the following ‘three factors are minimal:
mass transfer by convection of zincate ion induced by the net changes of
volume due to the electrochemical and chemical reactions,3Q migration, and
three-dimensional diffusion. The following discussion shows that these three
mass transport mechanlsms can indeed be neglected for passivation times less
than 14 s.

For the anodic reaction of the zinc electrode (see reaction 1), the net
change of volume in the solid electrode and in the species in the electrolyte
induces a superficial average velocity for the electrolyte, which is given by
-the,equation,31

- —_ — - o 0__4
VD = _ITF{ [VZH + 4Vg = Vo = 2(tpVy + t3VB)] ' ’ (3)

where Vin’ VA, and_VB are the partial molar volumes of zinc, potassium zincate,
o

and potassium hydroxide, respectively; and tp and t§ are the transference

numbers of zincate and hydroxide ions, respectively. A vO of ~1.5 x 10™4 cm/s

was obtained by substituting into Eq. 5 data given by Sunu3l--V; ., 9.15 cm3/mol;

Va, 67.0 cm3/mol; vB, 17.8 cm3/mol; ty, 0.05; and t3, 0.72--and a current. den-'
sity of 1.53 A/cm (The negative sign of the value for vC]means that the flow
is in the direction opposite to the electrode surface.) When. vO 1is included,
the one-dimensional mass transfer equationbecomes

QC a +C b E?E ‘ ' ()

at + x axe

|
+
<
|
i

where C is the concentration of:zincate -ion, D is the diffusion, coefficient

of zincate ion, and x is the distance from the eléctrode surface.: No analyt-
ical solution of Eq. 6 can be obtained for the present system. However when
vO is considered as a perturbation of a one-dimensional diffus1on, the solution
‘to Eq. 6 can be approximated as '

°9rit'°b;(fi) [(D)U.z +(z§)t]' ' e ke

Numerical calculations indicate that chcould account for only 5% of the time
controlled by a diffusion process. Thus, convection induced by the net change
in volume of the solid electrode and electrolyte is minimal.

The possibility of'three-dimensional diffusion must be considered since
small electrodes were used to- achieve uniform current density in our study.
A three-dimensional diffusion in an isotropic medium takes the form of

19=Dﬁ+3_8£ o ()
at. 3r2 r\,r
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where r is the radial coordinate of a spherical geometry. With the proper
initial and boundary conditions, one can show that the solution of Eq. (8)
can be written as: :

_ _ifa) ; D , 9y
Coric = % = nF(D) [1 exp (az) erfe (a ) - ,

_where the error function, erfc(x), is defined as

| ., .
erfc(x) = 1 - erf(x) = dfﬁi}{. ex? dx ' : 10)
’ X

and a is the radius of a spherical electrode. For a small value of (Dt)1/2/a
(e.g., 0.2), the bracket term in Eq. 9 can be approximated as 2(Dt/n)1/2/a and
therefore can be rearranged to Eq. 3. .If the electrode surface can be approx-
imated as a semisphere with a base area equal to the surface area of the elec-
trode (6.5 x 10~3 cm2), then a is calculated to be 4.5 x 10~2cm. With this .
value of a, D = 6 x 10~ 6 cmz/s 32 and (Dt)l/z/a =.0.2, we obtain-a value of
passivation time of 14 s below which the one-dlmensional diffusion model is
valid.

If mass transfer of zincate by migration is incorporated into the diffusion
model, the current density, i, is multiplied by a factor of one plus t3. Since
the size of zincate ion is relatively large compared with the sizes of potas-
sium and hydroxide ions, the transference number of zincate ion is expected to
be small (Sunu31 gave a value of 0.05). ' Therefore; the effect on passivation
time of mass transfer of zincate ions by migration is minimal.

Since the effects of mass transfer of zincate ions by convcction migra-
tion, and three-dimensional diffusion are minimal for passivation .times below
14 s, the value of i in Eq. 2 should be zero, and a combination of Eqs. 2 and
3 yields -

wD\1/2 ' | 11
k= (Cerie - Cb) nF(4 ) / R | (11)

The calculated values of k using Eq. 11 are compared with the values obtained
from our experimental data in Table 4. !Although the calculated values of k
are from 0.86 to 1.49 times the experimental values, the values of i, given
in Table 3 are not zero. This discovery will be discussed later; however,
before we do so, we will compare our .results with those of previous studies.

B. Comparison with Previous Studies

The linear increase of potential with time before the onset of passivation
.of our zinc microanodes is shown in-Fig. 4a for a current density of 1.22 A/ cm
and Fig. 4b for 0.61 A/cm?. This effect was also.observed by Dirkse and
‘Hempson.13 The overpotential increase may be mainly due to increases in the

Led, h"&
‘m . lt
Rid },

I

. f‘
4&5‘%
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Table 4. Comparison of the ExﬁérimentalvValues of Correlation Constants (k)

Diffusion .

Coefficient “Critical” - Bulk

of Zincate Concentration Concentration Correlation Constant,
Electrode Concentration Ion,2 . of Zincate of Zincate : mA-s1/2/cm
Orientation of KOH, M cn?/s ion,b M ion, M Experimental Eq. 11
Upward 7.24 6 x 1076 2.3 -0 ©1.03(% 0.02) x 103 9.64 x 102
Downward 7.24 6 x 1076 . 2.3 0 9.23(% 0.49) x 102 9.64 x 102
Upward ) 7.24 sat'd . 6 x 1076 2.3 0.64 8.06( 0.11) x 102 6.95 x 102

. with ZnO . * *

Upward 498 - 8 x'1076 1.4 oo 7:79(¢+ 0.18) x 102 6.77 x 102
Upward ©2.92 1.0 x 1075 0.8 0 2.91(% 0.069) x 102 4.33 x 102
Upward  0.784 1.2 x 107> - | 0.4 -0 5.41(% U.35) ¥ 10l 3,93 x'101

8Data based upon information in Ref. 32.
bpata based upon information in Ref. 33.

ohmic resistance of the system. The short~life transition preceding the onset
of passivation of zinc electrodes at the low current density (Fig. 4b) has also
been observed by Bartelt and Landsberg7 and Elder.l2Z Since the electrode po-
tential at the transition is in the vicinity of the Zn/ZnO standard potential,
the transition may be associated with the direct formation of the passivating
type II Zn0 film observed by Powers et al. 17

Although Hampson et al.8,11,13 pave claimed that no evidence could be
found for any change in slope of the i vs. t~ ~1/2 curves as observed earlier
by.Landsberg and Bartelt,> our results (Figs. 2 and 3) indicate that there
are upper and lower current density regions, each of which has a different
correlation constant (see Table 3) for the facing-upward anodes. Hampson
et al.8,11,13 and. Eisenberg et al.b reported that i, in Eq. 2 is associated
" with natural convection. If this were true, extrapolation of the data obtained
in the high current-density region would yield intercepts at zero, but the
data in Figs. 2 and 3 contradict this assumption.

Yamashita et al.l# measured the optical phase shift on a zinc -electrode
during a constant current discharge. They concluded that, at the first major
phase shift, the electrolyte at the electrode surface becomes- saturated with
zincate and type I zinc oxide. film begins to form and grow on' the anode, and
that, at the second major phase shift, the electrode becomes fully covered by
‘compact type II zinc oxide film and thus passivated. Using ellipsometry and



13

i=1.22 A/cm? (Y-axis, 0.1 V/division;
X-axis, 0.1 s/division)

(b)

i=0.61 A/em? (Y-axis, 0.1 V/division;
X-axis, 0.5 s/division)

Fig. 4 Chronopotentiograms of Zinc Microanodes (4.98M KOH,
Facing-Upward).
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scanning electron microscopy, Smith has studied the anodic film growth of
silver oxide, zinc oxide, and cadmium oxide under stagnant and forced convec-—
tion conditions. He concluded that the process of anodic film growth of zinc
oxide begins with roughening of the metal substrate and the growth of a mass
transfer boundary layer, then the formation of "primary films,"” and finally
passivation by a "compact primary layer" (porosity, about 0.003). This pro-
cess is not in agreement with the hypothesis of Hampson et al.,8,11>13 who have
stated that passivation occurs when C.,.j+ of zincate is established in the layer
of electrolyte in contact with the electrode surface. We subsequently calcu-
lated the passivation times by substituting into Eq. 3 the diffusion coeffi-
cient data of zincate given by McBreen and Cairns32 and the solubility limit

of zincate (equal to half of bulk OH™ concentration as assessed by Hampson

et al.11’34). This calculation resulted in passivation times that were only
1.5-8.4% of those given in Tables 1 and 2 for the low current density region.
Therefore, the hypothesis of Hampson et al. does not explain our data.

It is generally postulated that passivation occurs when a "critical” con-
centration of zincate, usually three times chemical saturation, is established
in the layer of electrolyte in contact with the electrode surface.l0.13 gince
the density of a KOH electrolyte increases with increasing zincate content,
natural convection can easily develop at the vicinity of the surface of a
facing-downward electrode when the passivation time is less than one minute.35
The facing-upward anode should effectively suppress this natural convection
since the anode can hold zincate ions. Therefore, a divergence in the pas-
sivation times for the electrodes of these two orientations in 7.24M KOH
occurs when the passivation time is longer than 6 s (see Fig. 2). The data
in Table 1 for the facing-downward electrode with a plastic channel of 1-mm
depth indicate that natural convection has heen reduced to a certain extent,
but not completely, by the shear stress exerted by the plastic channel wall.

V. PROPOSED ANUDLC PROCESSES OF ZINC

In order to explain our experimental data, we propose the following
scheme, shown in Fig. 5, for the processes associated with the anodic passiv-
ation of zinc in alkaline solutions. In the first step, the anodic reaction
yields zincate, which accumulates near the electrode surface since diffusion is
not fast enough to dissipate the newly formed zincate. In the next step, the
dccumulation of zincate results in a C.rjt at which the rate of formation of
type I film through a precipitation and dissolution mechanism becomes appre-
ciable. The time at which Cqyjt is achieved, t,, can be estimated by using
Eq. 3, provided that D and Cqrjt are known. The value of C.orit is believed
to be a factor of three to four times the solubility of ZnO in KOH solution and
has an upper limit equal to half of the bulk OH™ concentration;11»13’14»34s36’37
Cerit will be the same whether in a zinc oxide saturated solution or an elec-
trolyte initially free from zincate.3/ 1In Eq. 3, the term Cerit — Cp implies
that the presence of zincate in the electrolyte shortens the passivation time;
our results confirm this (see Table 1 and Fig. 2) conjecture. However, it is
very difficult to detect on chronopotentiograms the time at which C.pit occurs,
unless other means, such as an ellipsogram, are made available. The transfor-
mation of zincate to zinc oxide (type I) and mass transport of OH™ ions through
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AFig. 5.._Proposed Scheme for the Processes Associated with
" the Anodic Passivation of Zinc in Alkaline Solutions.

this porous zinc. oxidel? permit the continuation of the electrode reaction.
_After the passage of another period of time, tp, the electrode potential
.reaches the vicinity of -1.20 volts vs. Hg/HgO which is approximately the
Zn/Zn0 standard potential; 17,38 at this point, formation of zinc oxide (type II)
is initiated on the electrode surface. In the final period of time, t., the
electrode surface is totally covered by this compact type II ZnO, limiting the
transport of OH™ ions. In this manner, the electrode becomes passivated. This
proposed mechanism agrees with the observation of anodic film growth of zinc
oxide by Smith using‘ellipsometry and a scanning electron microscope.33

According to the proposed mechanism, the passivation t1me can be expressed
by the equation: .

where ty is the time at which Ceriy 1s established, and tp and to are the times
during which type I and type II ZnO films, respectively, .are formed.

Yamashita et al.l4 were the first to use the chronoellipsometry method to de-
termine t,, tp, and tgo. Figure 6 shows t, t,, and tp plus t. at different cur-
. rent dcnsicies for the zinc anodes (area, 2.1 cm ) in 2.8M KOH tested by
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Fig. 6. Current Density vs. Passivation Times for Zinc Anodes
(2.1 em?) in 2.0 a and 2.8M KOH (Experiment Conducted
by Yamashita et al. 14)

‘Yamashita et al. For this figure, t, and t represent experimentally measured
values; tp plus to was then easily determined from Eq. 15. Also’ included in-
Fig. 6 are our passivation data for the zinc electrode.in 2.92M KOH; the
value of ty for this electrode was generated by substituting the solubility
data of electrochemically generated zn036 and the diffusion coefficient of
zincate32 into Eq. 3. Figure 7 shows passivation-time data for one of our
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Fig. 7. Current Density vs. Passivation Time for Facing- -
Upward-Zinc Anodes in 7.24M KOH (significance of
the different lines is explained in the text).

facing-upward anodes in 7.24M KOH. Line (a) reﬁresents passivation time
caused only by a simple exhaustion of OH™ species at the electrode surface
and no precipitation; line (b) represents t; and was determined in the same
manner as used for Fig. 6; line (c¢) shows our passivation-fime data; and line
(d) was derived from lines (c) and (b), i.e., t - tj,.

In Figs. 2 and 3, we obtained nonzero intercepts for our data in the
region of high current densities because t, is not the major component of t
throughout this region of current densities. However, as shown in Table 3,

the values of i, for the passivation data of the region of low current den-
sities are nearly zero. To explain these results, we propose that the pas-—
sivation time is almost entirely spent on the anodic film growth of type I Zn0.
The electrode passivates because the anodic reaction rates are limited by the
transport of OH™ ions through this zinc oxide film.33 1In our experi-

ments, the zinc electrodes weré set in acrylic plastic. The anodic reaction

of zinc (reaction- 1) erodes the solid zinc and leaves space surrounded by

the plastic wall for . the growth of the type I Zn0 film. This type I Zn0

film has pores of about 7500 A on the average29 and a porosity of 0.003 to
0.8533 and, thus, presents a mass transfer resistance to the system. To obtain
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a quantitative description of the effect of mass transfer resistance of the
type I Zn0 film, we assumed that, at the electrode surface, the rate of supply

of OH™ ions is equal to the rate of consumption of OH™ ions by the electrode
reaction. Therefore,

. (1+te) ' . 6 : y C o

D . -it :
41 _ 3 .3 2y | . (16)
—_ = __.6__ (C3b - C3S) A+( z3F) +<__) i ‘.

where the term .in the left-hand side is the consumption rate of OH™ ions’
according to reaction 1; and the terms on the right—-hand side represent the
supply of OH™ ions by diffusion, migration, and precipitation of Zn0 (see’
Fig. 5), respectively. 1In Eq. 16, € is the porosity; te is the tortuosity
factor of the Zn0 film; D3 is the diffusion coefficient of OH™ ions; C3p and
C3g are the concentrations of QH™ ions in the bulk electrolyte and at the elec—
trode surface, respectively; t3 and 'z3 are the transterence number and the
charge of OH™ ions, respectively; y is the ratio of the rate of precipitation
of Zn0 to that of electrochemical formation of zincate; and 6§ is the thickness
of mass-transfer.boundary layer (assumed to be equal to the thickness of the
Zn0 film). The rate of increase in the thickness of the Zn0 filw can be
written as: - ' )

ds _ Vzno yi (17)
dt (1-¢) nF

‘where vZnO is the partial molar volume of ZnO. Since, in the low current
density region, the time required to establish the C.pij; concentration is
negligible compared with the passivation time, we may set § equal to zero at
t = 0. Thereby, we obtain.the expression:

: V7m0 yi ' :
§ (1=¢) nF o T ' . - 48 .
‘Combining Eqs. 16 and 18, we obtain '
Vzno - 4 = 2y e3 | 42 1+t - »
(1-¢) T [( oF 1. t F] e = e*tedng(csp - C30) 19)

At the time when C3g is equal to zero, the electrode passivates. Thus, we’
obtain : . ' - : ' :

(1 4 1/2 - '
¢ +te)D3c3b | [2 20)

~Vzno y (4 - 2y) + t3
nF. z3 F

The right side of Eq. 20Arepresents the correlation constant, k (see Eq. 2),
for the low current density region in Table 3. We may use these data to calcu-
late the porosity of the ZnO film. It is likely that the value of y is close
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to unity since the rate of mass transport of zincate ions from the electrode
surface through the Zn0 film to the bulk electrolyte is small compared with

the rate of electrochemical formation of zincate_ions (reaction 1). Using

te = 0.5, y =1, D3 = 3 x 1073 cm?/s (Ref. 31), Vzn0 = 14.51 cm3/mol, t§ = 0.72
(Ref. 36), z3 = -1, and the values of k in Table 4, we calculated that the
porosities of the Zn0 films are 1.3 in 7.24M KOH, 0.08 in 7. 24M KOH saturated
with ZnO, 0.09 in 4.98M KOH, and 0.06 in 2. 92M KOH. These porosities of the
Zn0 fllms are within those observed by Smith. 38 At the end of each measurement:
of passivation time, we also observed a dark film covering the electrode sur-

. face. Therefore, we concluded that, in the low current density region, the
electrode reactlon of zinc is accompanied by the growth of type I Zn0O film,

and that the electrode passivates when the oxide film becomes so thick that

the rate of mass transfer of OH™ ions through the film is less than the rate

of demand of OH~ ions for the electrode reactlon.

¢

VI. APPLICATION TO BATTERY TECHNOLOGY

Passivation of the ‘zinc electrode in alkaline batteries should be avoided
if a maximum utilization of the electrode is to be achieved. In the Ni/Zn alka-
line batteries under development for vehicle propulsion, the electrolyte is
typically 30% KOH (7M) saturated with ZnO; and the zinc electrode is formed
by in-situ electrodeposition of zinc onto the grid. Using the data from our
tests, we were able to estimate the effect of passivation on the utilization
of the formed zinc electrode in an alkaline battery. However, it should be
noted that our experimental.cells had excess electrolyte in comparison with a
typical Ni/Zn battery, which usually has a limited amount of electrolyte.
Therefore, the projections given below should be used with caution. In addi-
tion, our results do not take into account the nonuniformity of current density-
distribution that occurs on a battery electrode surface.

For our calculations, we assumed that an electrodeposited-zinc porous
electrode for a Ni/Zn battery cycled at a 2-h rate has a current density of
20 mA/cm?. Our results given in Table 3 are for planar electrodes. In order
to apply these results to a porous electrode, we first assessed the effective
interfacial surface area per square centimeter of macroscopic area and then
calculated the corresponding current density in a porous electrode.

A knowledge of the structure of zinc electrodeposits is necessary to
assess the effective interfacial surface area. Naybour39 observed that the
deposits were dendritic at 100 mA/cmz, consisted of layer growths with some
granular growths at 20 mA/ cm? , and were mossy or sponge growths at &4 mA/cn?.
The zinc electrode in a typical Ni/Zn battery consists of metallic sponge
zine.40 A zinc porous electrode cycled at a 2-h rate (20 mA/cn?) has a charge
density of 144 C/cm?. From the data of charge density as well as the size and
density of sponge deposits given by Naybour, we estimated the porosity of the
dep051ts to be about 0.6. Using these data and the molar volume of solid zinc3l
(9.15 cm /mol), we calculated that the electrode has an average thickness of
zinc deposits of 114 pym. This value of electrode thickness is slightly less
than the characteristic reaction penetration depth, 90 pm.41 Using this char-
acteristic reaction depth-rather than the electrode thickness and a specific
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1

surface area of 300 cm2/cm3,31 we obtained an effective interfacial surface
‘area of 2.7 per square céntimeter of electrode area. This effective inter-~
facial surface area yields a current density of 7.4 mA/cm? in a planar elec-
trode, which corresponds:to 20 mA/cm? at the 2- h rate for a porous zinc elec-
trode. Since the electrolyte is usually 30% KOH saturated with Zn0, the corre-
lation equation in the range of operating current density for the electrolytes
in Table 3 is :

= (4.25 x 103 mA-sl/2/cn2) ¢71/2 : (21) .
where i is in mA/cm?, and t is in s. When the current.density of 7.4 mA/ cm?

is substituted into Eq. 21, we obtain a pdssivation time of 9.16 h, which is
much longer than the rated period of 2 h. Assuming that the effective inter-
facial surface area remains constant, we estimated the maximum current density
for a 100% utilization of the electrode without encountering passivation from
Eq. 21 and the equation of utilizatiom,

Q=10"3 i-t ‘ , (22)

 where Q is the capacity of the zinc electrode (C/cmz) at passivation time, t,
and the factor of 1073 is used to convert the current density from mA/cm? to .
A/cm2. For 100% electrode utilization, Q is equal to 144 C/cmé. Therefore,
we obtain a maximum current density of 125 mA/cm2 in planar electrodes, which
corresponds to a current density of 338 mA/cm2 in the porous zinc electrode.
A current density of 338 mA/cm? is 17 times the designed current density, and
probably does not occur even under severe driving conditions. Therefore, we
conclude that passivation would not limit the utilization of a newly formed
zinc porous electrode.
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APPENDIX

Summary of Galvanostatic Déta of Zinc in KOH Electrolytes From Previous Sﬁudies



Summary of Galvanostatic'Dafa of'Zinc.in KOH Electrolytes From Previous Studies

KOH A Current "' Correlation Constants

Temp., - Electrode " ' Electrolyte Density Range, k, ' ie, Ref.
'Electrode ~ °C° Orientation Concent.  mA/cm? - mA-s1/2/cm2 mA/ cm2 No.
Zn encased 20 . - not specified - 0.5M 15-25. - - 7 7
in epoxy o (horizontally 1.0M 40-80 .- - 20
resin ' facing downward 1.5M 80-150 . . 160 ' 40
(surface area = . is likely). 2.0M 120-220 180 70
0.1-0.2 cm?) ‘ 2.5M . 160-250 285 . 80
- 3.0M 200-300 ' 340 @ 90
3.5M - 220-370 . 410 - 110
4.0M 230-400 450 . 140
" 5.0M 350-420 570 145.
6-.0M '400-530 680 140
2.0M 320-760 - . - ' 40
-3.0M 540-1050 - - 175
4.0M 760-1200. - . - 310
5.0M 950-1390 - 420
"Zn rectangular . Horizontally €.9M ~ 250-640 . 846 T 63.6
plate (surface facing upward (sat'd
area, 28.5 . o and -downward; with ZnC)
& 34.2 cm?) Vertical '
Zn disk 25 °~  Horizontally 1.0M 12-38 . 117.8 10.52 8
' facing upward Z.0M 12-101 - 377.3 0.21
- 3.5M 24-221 ' 766 ' - 1.49
5.0M 34-252 993 0.19
6.5M 49-201. 1259 ‘ 0.12
8.0M 302 1323 0.60
9.0M . 302 1324 - - -0.79
- 10.0M _ 302 . 1311 . -0.08
1z2.0M . " 352, . 1255 ' -0.92
13.8M T 302 ;1015 -0.21
(cont'd)

[44



Summary of Galvanostatic Data of Zinc in 'KOH Electrolytes From Previous Studies (Cont'd)

(cont'd)

1350

' KOH - Current Correlation Constants .
) Temp., Electrode Electrolyt Density Range, : k, ie, Ref.
Electrode °C Orientation Concent. " mA/cm? mA—sI/Z/cm2 mA/ cm? No.
Zr. disk 20 Vertical 1.0M 12-40 57 8.8 9
’ 2.0M 50-128 220 N 1 49
3.5M 88-222 - 420 - 74
5.0M ~100~260 760 84
Zn encased room Horizontally 6.9M 70 10
in teflon temp. facing upward 6.9M (sat'd - - 62
tube (surface ' with ZnO) ' '
arza, 0.020 cm?} :
Zn(Hg) 6.9M 74 .
6.9M sat'd. - - " 93
with ZnO)
Zinc - 23 Horizontally ™ --60-320 1330 0.0 11
facing downward : :
. : 7M + 0.23M Zn (II) . 60-320 1300 0.0
/M + 0.31M Zn (II) 60-320 1310 1.1
M + 0.63M Zn (II) 60-320 1135 1.5
7M + 0.93M Zn (II) 60-320 1032 1.9
M + 1.12M Zn (II) 60-320 1015 5.0
: . : 1030 5.
13M + 1.07 Zn (II ) 810 13
50 13M + 2.42 Zn (II) 700 19
M, . 2110 0
M + 0.45M Zn (II) 1900 5
7M + 0.89M Zn (II) ‘ 7

£2



Summary of Galvanostatic Data of Zinc in KOH Electrolytes From Previous Studies (Cont'd)

Current

(cqnt'd)

KOH -Correlation Constants .
- Temp., Electrode . Electrolyt=2 Density Range, k, 1e,. Ref.
Electrode °C Orientation Concent. . mA/cm? mA-s1/2/cn2 mA/cm? No.
Zn disk 25 Horizontally 6.9M 148-555 ko, = 18252 12
facing upward h k; = 11212
6.9M 102-740 ko = 9073
. saturated k; = 6962
with Zn0
.Zn encased 23 Horizontally M © 2300~-5000 - - 122 0 13
in polyethylene facing M 2500-10000 310" 0
(surface area, - downward 3.5M 2500-10000 470 0
0.02 cm?) ' 4.5M 2500~-10000 770 0
' M 3000-10000 885 0
™ 4000-10000 1370 0
12.8M 5000~10000 1000 ©0
0 i ‘ 112 0
40 M 620 - 0
.50 N 890 0
Zn sheet - . 24 Vertical - 0.8M
covered . : 0.8M sat'd - 48.1 £ 2.5 - 0
with resin with Zn0
(surface , ‘ C _
area, . : 1.2M - 102 t 18.7 0
2.1 cm?) - ' :
l1.eM - . 140.8 £ 7.9 0
) 2.0M - 200 % 12 0
2.8M - 277.8 * 13.9 0
@ The data were correlated with the equation, i-tl!2 ko - ky-i.

74



Summary of Galvanostatic Data of Zinc in KOH Electrolytes From Previcus Studies (Cont'd)

Correlation Constants

« o KOH Current
Temp., Electrode . Electrolyte Density Range, ' k, ie, Ref.
Electrode: °c _ Orientation Concent. . mA/cm? mA-s1/2 /cm2  mA/cm? No.

0.8M , - ' '55.5 + 2.6 -14.06 £ 0.20
0.8M sat'd. - - .54.6 £ 0.6 7.65 £ 0.33
with ZnO : o ‘ :
1.2M - ' 119 =+ 15.6 18.60 * 2.33
1.6M - - 137 £+ .3.8 35.00 £ 1.96
2.0M - 172.4 £ 3.0 54.21 = 2.55
2.8M o= 222.2 £ 4.9 109.6 * 6.3

174
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