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FOREWORD

This Final Report was prepared by Won G. Sunu, Manojit Sinha,
Siddhartha Ghosh, Bruce M. Eliash, Douglas N. Bennion (Principal In-
vestigator) and John Newman (Co-Principal Investigator). The report

covers work done April 15, 1976, through September 30, 1978, on con-

e

tract number P44620-76-C-6698. Advice and direction of Dr. David Pickett
and other personnel at AFAPL, Wright Patterson Air Force Base, is grate-
fully acknowledged.

The principal, completed results of this work are reported in the
Ph.D. dissertation of Dr. Won G. Sunu and the M.S. thesis of Mr. Manojit
Sinha. Dr. Sunu's dissertation is included in its entirety as a part of
this report. Three papers are being prepared based on Dr. Sunu's re-
search. They will be submitted for publication in 1979. Mr. Sinha's
thesis was condensed, mode;tly revised, and published in the J. Electrw-
chem. Soc. A reprint of that paper is included as a part of this report.

Mr. Siddhartha Ghosh was supported primarily through work study
funds from the University of California. Between 10 and 20% of his sup-
port was from this contract. His thesis is included as part of this re-
port. A paper based on that work is to be submitted for publication in
1979.

Two projects are not yet complete. Mr. Bruce Eliash is continuing
the work of Dr. Sunu. Mr. Eliash's work should be finished in late 1979
or early 1980. Publication of that work is expected in 1980. Mr. Mano-
jit Sinha has begun his Ph.D. research work on the performance of the
nickel oxide electrode in alkaline media. A preliminary theoretical
model is proposed and a computer code has been written which allows cal-
culations based on the model. The results of that work are included
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with this report. Experimental work to test and improve the model is be-

ing started. Publication of these results is expected in 1980.
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ABSTRACT

The processes that control the useful life time and performance
rates in non-flowing zinc electrodes for electrical storage batteries
have been investigated. In particular, the chemical reaction rates, con-
centration, and electrical potential distributions have been predicted
theoretically and measured experimentally as functions of position in
the electrode and time for both charge, discharge, and multiple cycles.
Changes in crystal structure and solid distributions have also been mea-
sured and examined theoretically. Similar rates and distributions have
been measured and correlated for RAI P2291 ion exchange membrane separa-
tors used in zinc secoqﬁary batteries such as the nickel-zinc battery
(Zn/KOH,HZO/NiOOH). Distributions in flow through electrodes were also
observed experimentally and calculated theoretically, using the copper
deposition reaction for experimental convenience. Work was begun on the
theoretical description of the nickel oxide electrode. Experimental
work is being planned to validate and revise our understanding of how
the nickel electrode operates. Work is continuing on measurement of con-
centration profiles in zinc electrodes.

A number of factors have been found to be important in the operation
and control of zinc electrodes. During discharge, zinc metal (Zn) reacts
with hydroxyl ions (OH ) to yield water and electrons which are "pumped"
into the external electrical circuit. Initially OH ions within the
porous, zinc electrode are consumed. When those OH ions are consumed,
further reaction must be supported by transport of OH across the separa-
tor from the counter electrode, nickel oxide, for example. For RAI P2291

membrane separators, it was found that reaction rates of 50 nA/cnz could




not be supported by the ion transport, but 20 mA/cm2 could be supported.
The supply of OH ions across the Separator is one factor, along with
the electric potential distribution, which causes the discharge reac-
tion to concentrate in a narrow zone close to the membrane. At 20 mA/cmz
the zone is about 0.3 mm across. At S0 mA/cm2 the zone shrinks to about
0.1 mm. The reaction zone thickness has important implications for elec-
‘trode design.

During charging of the zinc electrode, OH ions are produced within
the porous electrode. This situation causes the OH  ion concentration
to increase in the depth of the porous electrode favoring a broad reac-
tion zone and lower potential losses at higher current densities as com-
pared to the discharge reaction. The implication is that the zinc elec-
trode can be safely charged at higher rates than discharged. There are
other considerations which enter, however. The nickel electrode becomes
OH™ ion "starved" during charging and wild, dendritic type zinc deposits
get worse at high charge rates. Thus high charge rates are not really
possible.

Two types of zinc electrode passivation have been identified, sur-
face coverage of otherwise reactive zinc area and pore blockage. Pore
blockage will be discussed in later paragraphs. The exposed, reactive
zinc is gradually covered up by ZnO precipitation as the discharge reac-
tion proceeds. At modest current densities and reasonably high OH™ con-
centrations, above about 1.0 M, the precipitate is a porous, fluffy type
deposit which slowly inhibits access to the active zonc. However, this
form of surface coverage allows large, useful fractions of active zinc
to continue to react. It appears that when the surface concentration of

OH™ ions get too low, the form of the precipitate becomes monolithic,




impervious, and totally blanks off any further reaction. The electrode,

or at least the affected area of the porous electrode,is passivated. More
detailed observations of this passivation mechanism are needed; but the
evidence is that OH ion concentration is a significant factor.

Porosity of the porous zinc electrode is shown to be a critical

O
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parameter. Zinc oxide (ZnO) has a much larger molar volume than zinc.
As zinc is converted to zinc oxide, the local volume fraction of solid

increases and the volume fraction of electrolytic solution (KOH,K Zn0H4,

2
HZO) decreases. As has been shown, the reaction rate is largest at the
face of the electrode leading to pore plugging at the face if there is

not suificient space for the ZnO to precipitate. When the face of the

PR (B S

electrode plugs, further discharge is impossible. For a porosity (frac-
tion of volume filled with electrolytic solution) of 0.33 pore plugging
at the face was the failure mode. For a porosity of 0.6, pore plugging
at the face did not occur. However, tests on cycling performance showed
that with increasing number of cycles more and more zinc and zinc oxide
accumulated in the high reaction rate region, that is, in the face of
the electrode. Long term cycle tests have not yet been done, but the

clear implication of our results is that as cycling proceeds zinc trans-

ports from the central region of the electrode to the surface. This

transport of zinc causes increasing porosity in the central region and

decreasing porosity at the face. When the face porosity goes below a
critical value of about 0.5, failure by pore plugging will occur and
electrode life can be expected to end.

The OH concentration distributions have been shown to control
many factors which govern electrode performance. Experiments to measure

experimentally the actual KOH and KzznOH4 concentrations are now under
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way. An operating electrode is frozen, sectioned, and the sections ana-
lyzed. Preliminary, calibrating runs and technique development are com-
plete. Actual measurements are expected over the next few months. The
results will allow validation and possibly revisions to our present model
of transport in a porous zinc electrode.

It can be shown that once zinc electrodes are produced which approxi-
mate the praétical limit implied by our model calculations, the nickel
oxide electrode will become performance limiting. A theoretical model
of the nickel electrode has been completed which shows the interrelation-
ships of water and OH ion transport along with potential and reaction
rate distributions and their relation to properties of the nickel oxide
film and associated charge transport steps. Future experiments are
designed to help investigate the nickel valence states which can be
achieved and what the limitations on charge transfgr capacity are for
practical electrodes. In addition the role of water and affects of water
balance on the nickel oxide electrode will be considered.

Flow through porous electrodes are an alternative design to the more
customary electrodes with limited or no convective flow. In convection
designs, the working electrode is inert, and the ZnO precipitates in a
storage tank external to the electrode stack. Experimental and theoreti-
cal work has been completed demonstrating the interrelationships between
flow rates, applied potential, input and output concentration, electrode
length, and electrode thickness with potential, current and reaction dis-
tribution and cost effectiveness. The experimental work was done with
copper deposition at 600 ppm input concentration. The optimum conditions
were found to be: electrode thickness of 0.6 cm, applied potential of
1.4 V, and superficial velocity of about 11 cm/s. The minimum in velocity

was very broad.
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LIST OF SYMBOLS

cross sectional area of zinc electrode, cm2

specific surface area per unit volume of the electrode, cmz/cm3

active surface area for charge transfer reaction per unit volume

of the electrode, cmzlcm3

active surface area for precipitation or dissolution of ZnO per

unit volume of the electrode, cmzlcm3

concentration of ‘species i, mole/cm3

initial concentration of species i, mle/cm3

average concentration of species i within the boundary layer,
mole/cn? :

equilibrium or saturation concentration of zincate ionm, nole/cm3
concentration of species 1 at the active metal surface, mole/cm3
thickness of the solution or membrane boundary layer, cm

binary diffusion coefficients, cmzlsec

diffusion coefficients with respect to solvent velocity, cnzlsec

diffusion coefficients across the boundary layer (solution or
2
membrane), cm /sec

Faraday's constant, 96,487 coul/equiv.

superficial applied current density, anp/cmz

superficial current density in matrix phase, anp/cmz

superficial current density in solution phase, l-p/cnz

uxchange current density based on initial concentrations of c;
and cg, anp/cnz

exchange current demsity, anp/cm2

local transfer current density based on unit area of active

zinc surface, uplcnz




KiJ friction coefficients, interaction of species i and j, Joule-

sec/cm5
kA mass transfer coefficients of potassium zincate from active

sites to bulk in the pores or vice versa, cm/sec ‘
kB mass transfer coefficients of potassium hydroxide from active ?

sites to bulk in the pores or vice versa, cm/sec | 3

kXIL rate constant for precipitation or dissolution of ZnO, cm/sec
*
ks rate constants combining mass transfer of zincate, k,, with

chemical rate constant, kXTL’ cm/sec

L electrode thickness, cm
I.ij multicomponent transport parameters, molezlsec-cm-Joule
; L:i mass transfer coefficients of species i1 across the boundary
layer used in Table I and equation (55), cm/sec
Hi chemical symbol for species i
m, molality of species i, mole/Kg of water
N, flux of species i in the x-directionm, mole/cnz-sec
Nzl flux of species i across the boundary layer, mole/cmz-sec
Ni flux of species i across the electrode surface (x=L), mole/cm?- 4

sec

number of electrons transferred in electrode reaction

n

n: number of moles of species i in k th sectioned sample

P» @ shape factor, dimensionless

RT gas constant multiplied by absolute temperature, Joule/mole

li source term of species i in equation (35), IDIC/CIs-IGC

s, stoichiometric number of species i for charge transfer reactionm, |
{
defined in equation (10)
*
s, stoichiometric number of species i for precipitation or dissolu-

tion of Zn0, defined as in equation (10)
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tortuosity factor
transference number of species i referred to solvent velocity
transference number of species i across the boundary layer
partial molar volume of species i, cm3/mole

volume of electrolytic solution reservoir between the membrane
and the zinc electrode surface, cm3

velocity of species i in solution, cm/sec

superficial volume average velocity, Eic£3ivi , cm/sec

distance from the backing plate, cm

charge number of species i

Greek Symbols

a kinetic parameter
a kinetic parameter

exponent in zincate concentration dependence of the exchange
current density

mean molal activity coefficient of species i

characteristic diffusion length between the active metal
surface and the bulk in the pores, cm

electrode porosity
volume fractions of solid species i

exponent in OH concentration dependence of the exchange
current density

conductivity of solution, mho/cm

conductivity of solution in the membrane, mho/cm

number of ionic species i per molecule of electrolyte "k"




ITERE——— R ——

Yy number of ions produced by the dissociation of one molecule of
electrolyte k. vA-v§+ v;i3 for potassium zincate and vn-v:+v§
=2 for potassium hydroxide.

uy chemical potential of species i, Joule/mole

9y conductivity of solid species i, mho/cm

k ’1 potential in metal phase, volts

¢2 potential in solution phase , volts

0; potential of solution at the active metal surface, volts

Subscripts

s i any arbitrary species i; 1 for potassium ion, 2 for zincate iom,

3 for hydroxide ion, A for potassium zincate, and B for potass-
ium hydroxide.

o solvent




LIST OF TABLES

No. Title Page
H I Transport Parameters Applied to the Various
BoLndaty Layers S I e I TR i e S 37

II Measured and Calculated Transference Numbers . . . 126




L T RN—

PR

FET

No.

LIST OF FIGURES

Title Page

1.

5.

10.

Geometric features of the porous electrode
(for anodic reaction) S e T e AT 19

Overpotential, 0 (0)- ¢,(L), of zinc electrode during
constant current discha%ge for type I membrane bound-
ary (I=50 mA/cm?, L=0.1 cm, e%=0.4, ,=0.5, €9 =0.1) . 39

Concentration profiles during constant current dis-

charge for type I membrane boundary (I=50 mA/cm? -

A for one minute polarization and B,C, and D for 10%,

20%Z, and 30% depth of discharge, respectively) o e

Concentration profiles of KOH after 10Z depth of dis-

charge (I=50 mA/cm“ and A, B, and C for solution

boundary, type I membrane boundary, and type II mem-

brane boundary, respectively) e G G N G g i M

Distribution of local charge transfer current, j(mA/cm Y,
for type I membrane boundary (I=50 mA/cm?, L=0.1 cm,

and A,B,C,and D represent 0%, 10Z, 20%Z, and 40% depth .
of discharge, respectively) Srl et ea g Sl B S et S

Distribution of Zn and Zn0 plotted as volume fractions
(cm3/cm3) for type I membrane boundary (I=50 mA/cm2,

and A, B, C, and D represent 10%, 20%, 30%, and 40%

depth of discharge, respectively) . . . .« . .« « .+ 4&

Distribu:ion of Zn and Zn0 plotted as volume fractions
(cm3/cm3) for solution boundary (I=50 mA/cm2, and A,

B, C, and D represent 102, 20Z, 30Z, and 40Z depth of
discherge, respoctively) . . . . s sl e o, s« s o AS

Concentration profile during constant curren: charge

for type I membrane boundary (I=50 mA/cm?, L=0.l cm,

and A for one minute polarization and B and C for

10% and 20% depth of charge, respectively) . . . . . 48

Distribution of local charge transfer current density,
j(mA/cm®), during the first cycle for type I membrane
boundary (I-SO mA/cm?, L=0.1 cm, and A, B, and C re-

present 0%, 10%Z, 202 depth of discharge or charge,
respectively) 5. S TRTINR LR g et R L ¢ (g

Overpotential, ¢,(o)- ¢,(L), of zinc electrode with
time during thre* eyclez for type I membrane boundary.
A, 1lst cycle; B, 2nd cycle; C, 3rd cycle (I=50 mA/cm4,

prp————




L=0.1 cm, °=0.4, e°n-o.5, s° -0.1) S s e Tl S

11. Distribution of Zn and Zn0 plotted as volume fractions
(cm3/cm3) during two cycles for type I membrane bound-
ary (I=50 mA/cm4, L=0.1 cm, eg =0.5, eg O | R S N L | ]

n0

12, Distribution of Zn and ZnO plotted as volume fractioms
(cm3/cm3) during two cycles for solution boundary (I=
50 mA/ca?, 1=0.1 cm, €9 =0.5, €J =0.1) . . . . . . 52

13. Distribution of Zn and ZnO plotted as volume fractions
at two current densities for type I membrane boundary.
---, after one cycle; — , after two cycles. . . . . 53

14. Tast cell aps@ubly .. .. ", . 5 e.s.wimiew s o e 39

15. Electrical circuit for operation of cell TR R B

16. Weight percent of the dissolved zinc in 1 M NH,C1-NH, OH 3
|

within 6 or 7 minutes contact time . . . . . . . . 64 |

17. Profiles of Zn and ZnO for the low_porosity electrode |
discharged to 8% depth at 50 mA/cm?. O and ), mea- |
sured profiles for Zn; histograms, measured profiles |
for Zn0; smooth curves, predicted profiles for Zn and ‘
Zn0 TR TSI St e R S e R PR TR

18. Profiles of Zn (circles and hexagons) and ZnO (histo-
grams) for the low porosity electrode discharged at
20 mA/cmz. and histogram A, measured profiles after
10% depth; and histogram B, measured profiles after
23% depth; smooth curves, predicted profiles after 102
and 237 depths of discharge . . . . . . . . . . 69

oo e b

19. Profiles of Zn and ZnO for the high porosity electrode
discharged to 10% depth at 50 mA/cmZ, O and (), mea-
sured profiles for Zn; histograms, measured profiles
for Zn0; smooth curves, predicted profiles for Zm and
ZnO . . . . . . . . . . . . . . 71

20. Profiles of Zn and ZnO for the high porosity electrode
discharged to 21% depth at 50 mA/cmZ. () and O mea-
sured profiles for Zn; histograms, measured profiles
for Zn0O; smooth curves, predicted profiles for Zn
‘nd zno . . . . . . L] . . . . . © . 72

21. Profiles of Zn (circles and hexagons) and ZnO (histo-
grams) measured for the high porosity electrode dis-
charged at 20 mA/cm2. ) and histogram A for 10% depth
of discharge; () and histogram B for 22% depth of
discharge ORI ARy T S VA e T e R T

xi

il " W




T

e i

A7

O

22.

23.

24.

25.

26.

27.

28.

29.

Profiles of Zn (circles and hexagons) and ZnO (histo-
grams) measured for the low porosity electrode dis-
charged at 50 mA/cm2. QO and histogram A for 20% depth
of discharge for the electrode having thickness of

0.05 cm; and histogram B for 82 depth of discharge
for the electrode having thickness of 0.1 ecm . . . .

Profiles of Zn (top line) and ZnO (bottom line)

measured for the low porosity electrode after one
cycle. At each half cycle, 50 mA/cm? and 10% depth of
initial zinc were applied . . . . . . . . . .

Overpotentials at the face of the zinc electrode (x=L)
on discharge at 50 mA/cm?2. . and -———, measured over-
potentials; O, predicted overpotentials for L50-ZMD,

@ , predicted overpotentials for L50-ZDM. L and H
represent low porosity and high porosity electrodes,
respectively, and Z, M, and D represent zinc electrode,
membrane, and dynel, respectively (Figure notation
L50-ZDM represents a low porosity zinc electrode haying
a dynel beneath the membrane discharged at 50 mA/cm®) .

Overpotentials at the face of the zinc electrode (x=L)
on discharge at 20 mA/cm®. ——— and ---, measured over-
potentials; Qand @, predicted overpotentials for
L20-ZDM without and with corrections for swelling, res-
pectively. Explanation of figure notation is given in
EAUTE 24 CaDCIOM: o o No.re v ki b S i, ® e

Photographs of the electrode surface. A, unused zinc
electgode; B, L50-ZMD electrode after discharge failure

Photographs of the electrode surface after discharge
failure. A, L20-ZMD (low porosity electrode discharged
at 20 mA/cmi); B, H20-2DM (high porosity electrode
discharged at 20 mA/em?) . . . . . . . . . .

Overpotentials measured at four different positions on
discharge of L50-ZDM electrode at 50 mA/cm“. Curves
A, B, and C represent the overpotentials measured at
the backing plate, at the face of the test electrode,
and above the membrane, respectively. Curve D is the
potential difference between the zinc test and the
zinc counter electrodes . . . .« ¢« ¢ ¢ o o

Overpotentials measured at four different positions on
charge of L50-ZDM electrode at 50 mA/cm?. Explanation
of curves A, B, C, and D is given in Figure 28 caption.
The gaps F-C and C-E are the overpotentials across the
the membrane and across the solution in the counter

electrode compartment, respectively . . . . . .

xii

74

75

78

80

82

83

85

86

—




30.

31.

32.

34.

Overpotentials measured at the face of the electrode

(L50-ZDM) on charge at 50 mA/cm2. Explanation of figure
notation is given in Figure 24 caption. The previous
discharge time prior to onset of charge is 39.4 minutes

for L50-ZMD, 69.6 minutes for L50-ZDM, 84.5 minutes for
H50-ZDM, and 138.5 minutes for L50-ZD. T T e

Photographs of the dynel cloth after one discharge-

charge cycle. Current density was SO mA/cm2. Zinc

deposit penetrates the dynel towards the counter

electrode. A for L50-ZDM and B for L50-ZD . . . . . . 90

Normalized average KOH concentration as a function of
operation time. Curve A is for one layer of RAI P2291
membrane, porosity of 0.3, and electrode thickness of

0.1 cm; curve B is for two layers of RAI P2291 membrane,
porosity of 0.3, and electrode thickness of 0.1 cm;

curve C is for two layers of RAI P2291 membrane, poro-

sity of 0.6, and electrode thickmess of 0.1 ecm . . . . 9¢

Transference numbers of ions in a 0.1 M HC1-KCl ternary
solution. Data points are the measured values (67)
and solid curves are the calculated values . . . . .127

Diffusion path during charge near the solid surface

within the pores; (A) zinc deposition by charge

transfer reaction and (B) dissolution of ZnO by

chemical reaction. Dashed lines represent the direc-

tion of zincate movement during charge . . . . . . .129




ABSTRACT OF THE DISSERTATION

Transient and Failure Analyses of Porous
Zinc Electrodes
by
Won Guen Sunu
Doctor of Philosophy in Engineering
University of California, Los Angeles, 1978

Professor Douglas N. Bennion, Chairman

A one dimensional mathematical model, perpendicular to the
electrode surface, of a porous zinc electrode has been developed on the
basis of concentrated ternary electrolyte theory. Numerical techniques
were used to predict the galvanostatic behavior and thus the failure
mechanisms of porous zinc electrodes under conditions similar to those
of secondary zinc batteries. Profiles of zinc and zinc oxide and
electrode overpotentials during galvanostatic operation of pressed zinc
electrodes having two different porosities were measured at superficial
current densities of 20 and 50 mA/cmz. A membrane was used to separate
the zinc test and counter electrode compartments. The experimental
observations are in good agreement with the tﬁcoretical predictions.

Discharge at 50 mA/cn2 caused electrode failure due to the deple-
tion of hydroxide ions within the zinc electrode compartment. At a

lower current density of 20 mA/cnz

, discharge continued until pore
plugging (blockage of the lst kind) or passivation (blockage of the
2nd kind) caused the zinc electrode to fail. In both cases, the reac-

reaction profiles are highly nonuniform and the reaction zone, located

xvi




near the electrode surface, is very thin. On repeated cycling, the
difference between the anodic and cathodic reaction distributions
caused the movement of "zinc and zinc oxide in the direction perpendi-
cular to the electrode surface. This may be a limiting factor in the
losses in cell capacity of secondary zinc batteries which are designed

to eliminate dendrite penetration and shape change.
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I. INTRODUCTION

The zinc electrode has been commonly used as a negative electrode
in primary cells such as Leclanche dry cells and alkaline zinc manganese
dioxide cells. It also has received considerable attention, during the
last decade, as a negative plate in secondary batteries, e.g., zinc-
nickel, zinc-silver oxide, zinc-bromine, and zinc-chlorine cells. The
use of zinc electrodes in secondary batteries is attractive because of
its availability, its low cost, and its ability to deliver high energy
and power density. However, secondary cells using zinc electrodes have
poor cycle life, limited by zinc electrode failure. Any improvements
on the cycle life of the zinc electrode can be applicable to its'use in
Zn-Ni or Zn-AgO rechargeable batteries which are potential applications
for use in electric vehicle propulsion or aerospace.

Failure of the zinc electrode can be attributed to a variety of
causes. Two major causes of failure are zinc dendrite formation and
shape change. The zinc dendrites which are formed during charge pene-
trate the separator and cause short circuits to the counter electrode.
Much of the work to date cn improving zinc electrode behavior during
charge has been associated with zinc deposit morphology, deposit adher-
ency, and mechanism of dendrite growth as discussed in a review by
Oswin and Blurton (l1). Zinc dendrite growth appears to be controlled
by the mass transfer of zincate ions (2) and is characterized by a
critical current density (3). The preferential dendrite growth at the
top of a porous zinc electrode observed by Oxley (4) has been attributed
to zincate depletion of the electrolytic solution in that region (1).

The results of these studies have suggested that the use of low charge




rate, pulse charging, and metallic or organic additives have some bene-
ficial effects on preventing the formation of dendritic zinc deposits
(5). The detrimental dendrite penetration, however, has been success-
fully reduced by use of an appropriate membrane material (6) such as
commercially available grafted polyethylene ion exchange membrane.

Another failure known as shape change is the redistribution of
solid zinc species during cycling over the electrode surface, which
eventually decreases the effective surface area and thus cell capacity
§f the zinc electrode. Previous investigators (7,8,9) have indicated
that the solid species moves from the top and sides to the bottom and
center of the zinc porous electrode during cycling and that loose pack-
ing, compared to tight packing, of the cell promotes more rapid redis-
tribution of zinc.

A mechanism based on gravitational effects has been proposed (10),
but this mechanism is not consistent with the fact that shape change is
independent of cell orientation. Other investigators (7,9,11) suggested
concentration cell effects as a mechanism of Qhape change. McBreen (7)
has suggested that a concentration cell is generated by the differences
in the current distribution during charge and discharge.

Recently, Choi et al. (12,13) have proposed that the main reason
for the shape change is the convective flow driven by membrane electro-
osmotic effect a; a dominant factor. The shape change was explained
by the concentration cell caused by the differences in the convective
flow pattern during cycling, i.e., flow of supersaturated zincate solu-
tion towards the zinc electrode center during discharge and flow of
undersaturated zincate solution towards the electrode edge (or solution

reservoir) during charge. The agreement between their experimental




i
B

IR £ NS e AN 0, SR BT L P

results and theoretical predictions demonstrated that sealing or tight
packing of the cell, preventing convection, successfully eliminated the
shape change.

The simple approaches mentioned above have been effective in
extending cycle life, but the resul;ing cycle life appears still to be
limited by other factors. Initial loss of cell capacity as well as
rapid decrease in cell capacity with continued cycling were observed
even for the sealed cells for which chemical analysis for zinc species
confirmed no shape change (13). This indicates that there are further
reasons for cell failure to be explained and minimized in order to gain
further cycle life improvements. A first step toward disclosing other
failure modes and mechanism is to understand and be able to predict the
zinc behavior within the porous negative electrode.

A number of workers investigated extensively the anodic zinc behav-

ior in alkaline solution, using polycrystalline, flat plate electrodes.
The major efforts have been concentrated on the studies of anodic passi-
vation of the planar zinc electrode. It has been generally accepted
that the applied current density can be fitted to a linear relationship
with the inverse square root of the passivation time (14,15,16,17).
A linear relationship based on the Sand equation (18) implies that
diffusion of zincate ion away from the electrode is the controlling
process for passivation. Therefore, passivation is expected to occur
when the layer of electrolytic solution adjacent to the zinc surface
reaches a critical concentration of zincate (16,17).

Porous electrodes involve much more complicated and interrelated

phenomena than the planar electrode. In addition to passivation, conver-
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sion of zinc into ZnO during discharge of the porous electrode decreases
the pore size and thus the transport of electrolyte into the interior
of the porous electrode. Some workers (19,20) have observed that utili-
zation of zinc depends strongly on the initial porosity of the zinc
electrode. Membranes, which have been used to prevent zinc dendrite
penetration, can limit the transport of electrolyte species to and from
the counter electrode as was discussed by Shaw and Remanick (21).
Porous electrodes have highly nonuniform current distribution with an
effective reaction zone which is very thin, resulting in local, high
current density. The remaining part of the electrcde acts as an inert
matrix which does not contribute to the cell capacity. Nonuniform dis-
tribution can also accelerate the decrease in pore size in the reaction
zone. In order to understand such processes and further identify the
failure mechanisms, it is helpful to develop a mathematical model which
describes properly the transient behavior of the porous zinc electrode.
Various mathematical models have been proposed to describe the
behavior of the porous electrodes as summarized by Newman and Tiedemann
(22). Winsel (23) described battery discharge by considering a single
pore electrode of constant porosity and assuming uniform concentration
and conductivity in the solution. Newman and Tobias (24) included the
effects of a matrix resistance and concentration changes in their
steady state analysis of a one dimensional homogeneous mixture model.
An attempt to consider structural changes in the pores was initi-
ated by Alkire, Grens, and Tobias (25). Using a straight pore geometry,

they investigated the effects of changes in porosity, concentration,

and fluid flow on the dissolution of a porous copper electrode in




sulfuric acid solution. Dunning et al. (26) proposed a mathematical
model which predicted discharge and cycling behavior of a Ag/AgCl elec-
trode in NaCl solution and a Cd/Cd(OH)2 electrode in KOH solution. They
considered the effects of complexing of the sparingly soluble salt with
the bulk electrolyte anion and the detailed structural effects on mass
transfer parameter on the limiting species. However, the concentration
derivative term was neglected and they applied a so-called pseudo steady
state approximation to describe the transient behavior. Recently, Gu et
al. (27) extended the model of Dunning et al. for Ag/AgCl electrode to
include surface diffusion of the adsorbed complex ion and more realistic
active surface area based on their experimental measurements. The tran-
sient behavior of the model was solved without using the pseudo steady
state approximation.

Simonsson (28,29) applied his model to predict the failure mode of
of the positive electrode of the lead acid battery. He showed that the
discharge of the positive lead dioxide electrode at high current load
failed by the severe depletion of sulfuric acid at the pore mouth, while
Gidaspow and Baker (30) emphasized the pore plugging as a major cause of
battery failure. A mathematical model which predicts the transient
behavior of the porous zinc electrode has not been reported as yet
except that of Choi et al. (12). The results of their model which in-
cludes a convection term in the y-direction, parallel to the electrode
surface, successfully predicted the mechanism of the failure called
"shape change".

In the present work, a mathematical model is developed to describe

the transient behavior of the porous zinc electrode in the direction




perpendicular to the electrode surface. It also describes failure
mechanisms during discharge and cycling operation other than shape
change. The porous electrode is treated as the superposition of two
continua, solution and solid phases, by use of a macroscopic averaging
technique (22). This model resembles real electrodes when particle
and pore dimensions are on the order of one micrometer. |

The products produced during discharge of the Cd/Cd(OH)z, Ag/AgCl,
and Pbozll’bso4 electrodes are believed to be sparingly soluble in the
corresponding electrolytic solutions. For the zinc electrode, the dis-
charge product ZnO is highly soluble in KOH solution. The electrolytic
solution generally used for secondary batteries using zinc negative
electrodes is highly concentrated KOH solution (about 10M) saturated
with ZnO (about 1M). Furthermore, the electrolytic solution in contact
with a discharging zinc electrode can become supersaturated with zincate
(31), resulting in the concentrated potassium hydroxide-potassium
zincate-water ternary mixture. Therefore, fundamental equations neces-
sary for describing the concentrated ternary solution are developed
based on irreversible thermodynamic principles (32). The resulting
equations can also be applied to other multi-component systems such as
molten salt and membrane transport.

Commercial zinc-nickel or zinc-silver oxide batteries, in general,
have separators between the two electrode compartments which affect
significantly the concentration variations inside the porous electrodes.
The effect of the membrane separator and the electrolytic solution
reservoir on the zinc electrode performance are included in the model

to predict the mathematical behavior under conditions similar to a
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practical battery system. The mathematical model presented here con-
sists of Ohm's law in the solution phase, Ohm's law in the matrix phase,
kinetic rate expression, conservation of charge, and conservation equa-
tions of hydroxide ion, zincate ion, water, and solid species. The
effect of local mass transfer between the electrode active surface and
the bulk solution in the pores, changes in porosity, variations of
active surface area, and convection arising from the differences in
molar volumes of reactants and products are included. The results of
the numerical solution are Qsed to suggest certain modes of failure and
performance limitations of the zinc electrode.

Experimental measurements of zinc electrode overpotentials and
current distribution were carried out using galvanostatic operation at
two different current densities; 20 and 50 mA/cmz. Those results were
compared with the mathematical model predictions for zinc electrode
failure.

There are several alternate proc?dures for fabricating porous zinc
electrodes. They include pressing of Zn0O powder mix (ZnO, HgO, and
some other additives) which gives the zinc electrode in the discharged
state (33), pressing of amalgamated zinc powder (34), metal spraying
process, and electrodeposition process which result in the zinc elec-
trode in the charged state. Determination of failure modes during dis-
charge and cycling is the primary objective of this work. The porosity
and volume of electrolyte reservoir of the electrode should be carefully
controlled during preparation in order to obtain reproducible electrode
performance and failure mechanism. The pressing techniques developed
by Morrell and Smith (34) satisfy most of the above mentioned require-
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ments and yield an electrode in the charged state.

There are three approaches for the experimental determination of

current distribution. The first approach is the direct measurement of
potential distribution by using numerous reference electrodes along the

i electrode. This approach was employed by Brodd (35) in the study of

current distribution in a manganese dioxide electrode. The second
approach is the direct measurement of the current distribution by using
a sectioned electrode and measuring the current in each section as was
used by Coleman (36) for Mho2 electrode and by Gagnon and Austin (37)
for Ag/Agzo electrode. The third approach is to measure the reaction
distribution of the discharged electrode by electrode sectioning fol-
lowed by the analysis of each section. The charge state of each section
can be analyzed using chemical analysis as shown by Nagy and Bockris
(38) for the zinc electrode, Bro and Kang (39) for the cadmium electrode,
and Alkire (40) for the copper electrode.

The first two direct approaches have the advantage of allowing
continuous measurements during operation, however, reference electrode
probes or a discontinuous sectioned matrix may disturb the real current

distribution and can lead to distorted results. The third approach is

limited to one experimental data set per electrode, and the sectioning
procedure can result in a net reduction and redistribution of material.
The sectioning approach seems to be one of the promising experimental

techniques required for battery development since its modification (so
called freezing technique) allows determining the distribution of both
solid and liquid species. By freezing the electrolyte in the boundary
layer, followed by sectioning and chemical analysis, Brenner (41) and




Flatt et al. (42) successfully determined the concentration profiles in

solution at dissolving anode surfaces and at a depositing cathode sur-
face, respectively. In the present study, zinc and zinc oxide profiles

are measured using the sectioning method with EDTA titration. Freezing

was not tried.
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II. THE MATHEMATICAL MODEL

II-1. Zinc Electrode Reaction

The process occurring in the zinc electrode in alkaline solution

has been described by a dissolution-precipitation mechanism (43,44):
Zn + 4 OH =.'=zxi(0li): +2e (A)

Zn(OH): === 700 + 20H + H,0 (B)

Discharge of the zinc electrode produces supersaturated zincate solution
by electrochemical reaction (A), from which ZnO is precipitated by a
chemical reaction (B). The reverse process occurs during charge.
Several investigators (44,45) have attempted to determine the rate of
the precipitation reaction. However, exact values of rate constants are
not precisely known.

The electrochemical reaction mechanism for zinc amalgam electrode
in alkaline media has been studied by previous investigators (46,47,48)

to give

Zn(Hg) + 20H ==—==— Zn(OH), + 2e” ©)
Zn(0H), + 2ou‘-_—__~zn(cu): (D)

For a pure zinc electrode in alkaline solution, the exchange
reaction mechanism is more complicated due to the lattice disruption and
other imperfections. A number of investigators (49,50,51,52) have
studied the kinetic mechanism for the solid zinc electrode. The mecha-

nism proposed by Bockris et al. (52) is as follows.

Zn + OH" =—==17n(OH) + e (E)
Zn(OH) + OH =——= Zn(w); "
10
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n(OH), + OH ——== Zn(OH); + e (G)
n(0H); + OH —=—= Zn(OH): (H)

where reaction step (G) is the rate controlling step.

In a concentrated KOH solution saturated with Zn0O, it is possible
for the following complexes of zinc species to be present as intermedi-
ate compounds: zn**, zn(OH)*, zn(OH),, Zn(OH);, Zn(OH)} ... Zn(0H)>™".

These complexes are formed according to the following equation

2+ nOH =—=— Zn(OH)'z"n : ()

The equilibrium constants reported by Butler (53) are ;04'15

10.15 14.25 1

for n=1,

10 for n=2, 10 for n=3, and 10 " for n=4. Using these values,
Boden et al. (54) concluded that the only species present to any appre-
ciable extent in KOH solution was Zn(OH): ion. Other workers (55,56,57)
also confirmed that the predominant species was zincate ion. Therefore,
in the present work, the electrolytic solution is considered as a four

component system containing K, OH", Zn(OH):, and H,0.

II-2. Ternary Electrolyte Theory

It is shown that the solution under consideration is a ternary
mixture containing potassium hydroxide as well as potassium zincate.
The solution for use in alkaline zinc batteries is, in general, highly
concentrated KOH solution (about 40 wt%) saturated with ZnO. The ZnO
is highly soluble in KOH solution, and it is generally agreed that
anodic discharge of zinc in KOH solution produces a supersaturated
zincate solution which is often greater by a factor of two than the

equilibrium zincate concentration (31).
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As the concentra*tion of an ionic species become large, interactions
between ions and solvent and ion-ion interactions become important.
Newman et al. (58) have developed a binary electrolyte theory for con-
centrated solution. The following analysis of a four component system
will parallel that of a binary electrolyte considered by Newman et al.

The general concept of relating a driving force per unit volume
on a species i, di('°1V”1)' to a linear sum of frictional interactions
exerted on species i by species j, Kij(vj-vi)’ was proposed by Maxwell,
often referred to as the Stefan-Maxwell equation (59).

di . Vui = Z KiJ (vj —vi) (1)
]

where vy is the velocity of species i, cy is the concentration of spe-
cies 1, and ui is the chemical potential or, in case of ionic species,
¥y is to be interpreted as electrochemical potentials as suggested by
by Guggenheim (60). The friction coefficients Kij are, in general,
quite concentration dependent. However, they can be defined in terms
of binary diffusion coefficients Qﬁj, which are found to be less
condentration dependent (58,59)

RT c;c
K o o 2)

ﬁ cr %
where cr is the total concentration of the solution. From Newton's
Third Law of Motion, Onsager's reciprocal relation is satisfied (61);
K:lj'xj i Therefore, the number of independent friction coefficients
for the n component system are n(n-1)/2.
For the four component system under consideration, i.e., common

cation k¥ (species "1"), anions Zn(OH): (species '""2") and OH (species

12




"3'"), water (species '"o"), the multicomponent transport equation (1)

can be represented as follows:

€y Yy = Kpa(vp-vy) ¢ Kpglvg-vy) + K, (v,-vy) (%)
: €y Yy = Ky (vy=v5) + Kyz(vg=vy) + Ky (v=vy) (4)
g Vug = K5y (V)=vg) + Kyp(vy-vg) + Ky (Vy-v3) (%)

The fourth equation for water is not an independent equation due to the
Gibbs-Duhem equation, EiciVui-o.
The chemical potentials of electrolytes A and B are defined by

the following equations.

A A
VuA = vl Vul + vz Vu2 (6)
B B
b e Bt Tl @)
v where the electrolyte A (KZZn(OH)4) contains v? number of species '"1"
ﬁ (K+) and vg number of species "2" (Zn(OH):). Likewise, vf and “g are

defined by the number of species "1" (K’) and species "3" (OH ), res-

pectively, per molecule of electrolyte B (KOH). Electroneutrality

A A B B
requires z1v1+z2v2-0 and zlvlozsvzao (or 216142, *24Cy 0).

The current density is written as

i = F 2:1 2;N; = Fzic,v, + Fz,cv, ¢ Fz,C,V, (8)

If the electrical potential ¢ is defined by the potential of a
suitable reference electrode at a point in the solution measured with
respect to a similar reference electrode at a fixed point in the solu-
tion, thermodynamic principles yield

13
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- nF V¢ = S; Wy s, Vu, +sg Vg + s i, (9)

The 5 coefficients are the stoichiometric coefficients of species i
for the electrode reaction represented by
Ei S5 M:i = ne (10)
where Mi is a symbol representing the chemical formula of species i.

Equations (3) to (8) are six linear equations containing ten varia-
bles; VyaVsVaV by stysligs by s bps and i. The rearrangement of equations
(3) to (8) in terms of fluxes Ni(or civi) is straightforward but quite
involved. The above system of four components is very similar to those
considered by Bennion (membrane, single salt, and water) (62), by
Tiedemann and Bennion (cation, anion, neutral salt, and water) (63), and
by Miller (two salts with common cation and water) (64).

Using the reference velocity as the solvent velocity Voo the
resulting rearrangement through matrix inversion is given by the follow-

ing equations.

o
¢ :
B. o
. -(V?LM+L?LM )v'f\'( V:LAB+V1LBB)VFB+ et SRR
t° :
AI 2
N2 = - volaa VuA ngAB VuB + _z » i+ °2vo (12)
2
B B ;o
N3 s - VSLAB VuA VSLBB qu + S F‘l + c3v° (13)
3
No = cov° (14)

The arrangement of Equation (9) for potential coupled with equa-

tion (11) through (14) results in the following equation.

14
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K S n s
L 2 o 0
1---KV¢ - — — t - —C ]vu
nF | vg 22“2 2 o o
K s n s
3 0 0
- — — t, - —¢ v“ (15)
B B 3°"7%¢ B] B
nF Vg ZgVg (¢ :

where transport parameters L B’ t:, t; (or tg), and « are

] LAB’ LB
expressed as a function of the Kij and concentration in Appendix A-1l.

The reverse relations, i.e., K.,. as a function of the six measurable

13
transport parameters are also s;own in Appendix A-2. Appendix A-3
shows how the equations (11) to (15) can be transformed to represent
transport equations for the other systems such as single salt-membrane-
water and single salt-neutral salt-water.

The flux equations containing the diffusion coefficients, which
are usually reported, are expressed in terms of concentration gradients.

The chemical potential gradient is related to concentration gradisnts

as

du.i aui ch aui ch
= (16
(3c ) d K (acB) dx i !

dx

The solvent velocity L A has been chosen as a reference velocity
in the above treatment. In some cases, such as in porous electrodes,
it is more convenient to use volume average velocity vE] as a reference

velocity. The volume average velocity is defined by

fa 21 AAR
=

T ¢,V
y T4

= X NiVi (17)
i

Whare V; is the partial molar volume of species i.




The flux equations referred to the volume average velocity, using

concentration gradients, are shown below:

N de de
-—i-- DAA"A'DAB_B’ i+ch
\’2 dx dx vﬁ:
N de de t
3 A B 3 . a
SR P i . e i+cv
o BA 4x BB 4 z._uBF B
3 3V3
de de i :
Yo '*DOA_A*DOB—E“‘ot;" + ey
dx dx F
where
c u ou
o A (o] A B
Paa “B- T8 ¢ Dt Lave* L we
(6] A A
c du u
p. ) B . B, B
D" Pap-cDop ¢ Dap = Llaase. *Llapic
(] B B
c u ou
L g0iel o Bbsnee
Dga ® DPpa- = Doa  + Dpa = lag 3¢ * s 3¢
(] A A
c ou ou
0o S0 giiene, | g et yrpisdih
Dos * D~ P0s ¢ Dpp = Lap3c. * Uss 3c
o B B
ou aun
DOA-co(v + VL alag’ acA’c(VL ’VLBB)E
au auB
Dop * o (alaa* Valap) acB 3o * %o (Talag* Vplpp) E

0 *
tz - tz - chzto

o *
2 e T S
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(18)

(19)

(20)

5 (21)




For the solvent velocity reference frame, the parameters D,.,, 0B’
and t; disappear from the above equations. The quantities Dij’ ts and
vD should be replaced with D:j. tg, and Vor respectively, to represent
the flux equations referred to the solvent velocity Vo'

The partial molar volumes of the ions shown in the parameter t;

satisfy

(22)

<
S S
[} “
r-‘w P‘<>
<
+
Kw - N‘>
o

By
+
<

P

B (23)

These relations are not sufficient to determine the partial molar

volumes of ions separately. Consequently, we let

v

(s} (]
v.f_z_v, t-'»v
1 AA_F\, B (24)
3

1
This choice is based solely on convenience (65), and no physical signi-
ficance should be attached to it. With this choice, t; becomes zero,
and ty in equations (18) and (19) reduce to t:.

The expressions of Appendix A-1 enable us to calculate the trans-
port parameters for a ternary mixture from the data of binary electroly-
tes. Tabulated data for Kij (or gij) for 1:1 and 1:2 binary elec-
trolytes have been compiled by Chapman (66). The transference numbers
and conductivities calculated from the two sets of binary data showed
good agreement with the experimental data for the ternary mixtures.

An example is shown in Appendix A-4 where measured transference numbers
for HC1-KC1 solution (67) are compared with the transference numbers
estimated from the binary data (66).

However, successful prediction of the diffusion coefficients, Di. i’

17




for ternary mixtures requires the knowledge of the ternary activity
coefficients as indicated by equations (21). The activity coefficients
for a mixed solution may be approximated by use of Newman's treatment
(68). Some workers (64,69,70) have used experimental ternary activity
coefficients to show reasonable agreements between the measured and the
predicted diffusion coefficients. They applied the multicomponent
transport equations of Miller (64), which were derived based on an
inverse description of the equation (1) of the form : Ji- 211”1j where
xj is the thermodynamic driving force, Ji is the molar flux of species
i, and 1ij are the phenomenological or transport coefficients. The

flux equations (18),(19), and (20) and current equation (15) will be

used to describe the mathematical model of the porous zinc electrode.

I1-3. Description of the Model

A one dimensional mathematical model of a porous zinc electrode
has been proposed which predicts OH concentration Cq» Zn(OH): concen-
tration €y superficial current density in the solution iz, transfer
current density j, porosity €, superficial volune.average velocity vcl
potential in the solution ¢,, and potential in the matrix ¢1 as a
function of time and position perpendicular to the surface of the elec-
trode. The geometric features of the model are shown in Figure 1. A
backing plate is located at x=0 and the membrane or external boundary
layer is at x=L. The effects of membrane as well as volume of solu-
tion reservoir between the electrode surface and membrane on the elec-
trode performance were included to predict zinc electrode behavior un-
der- conditions similar to a practical battery system. The porous
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electrode is treated as a homogeneous mixture of the ionically conduct-
ing solution phase denoted by subscript '"2" and an electronically
conducting matrix phase denoted by subscript "1". The solid matrix
might contain zinc, zinc oxide, and inert conducting materials (for
example, graphite) or any combinations of the three. The equations
developed in the previous section can be applied only to the pure
homogeneous solution phase (porosity of unity). In the porous electrode,
effects of porosity and tortuosity on the transport equations must be
included.

The macroscopic averaging technique performed over the volume of
pores within the electrode has been described in detail by Newman and
Tiedemann (22) and Dunning (71). This macroscopic averaging treatment
is applied to the present model by disregarding the actual geometric
details of the pores. For example, consider c; as the concentration of
species i averaged over the volume of solution in the pores. Then the
superficial concentration, averaged over the unit volume of the elec-
trode, is ecy where ¢ is the porosity of the electrode. If Ny is
defined by the superficial flux based on the unit cross sectional area
of the electrode, Ni/c represents the flux through the unit area of
solution phase in the pores. Similarly, VE}c is the velocity in the
solution phase if vLJis a superficial bulk fluid velocity.

The use of averaged quantities ("1"' iz/e, and vﬁye) into equa-
tions (18), (19), and (20) yields the following equations.

o
N dc dc t
8w 1+t 1+t B 2 a
- D 3 — 3 — P i + C,V (25)
? AA & AB dx ";ﬁ,‘z - A
2 272
20
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—*:- in Duel" b 0% pwe1+t 3~ —g— i, + chD (26)
v3 dx dx ZSVSF

dec de
T o he SRSy Ll SN (@)
3 dx dx

where tg is the transference number of species i, t is the tortuosity
factor, < is the bulk concentration of species i averaged over the

O

volume of solution, and Ni’ iz. and v— refer to the superficial quanti-

ties based on the unit cross sectional area of both matrix and pores.
The diffusion coefficients Dij are replaced with Dijc1+t to account for
the tortuosity correction. Schofield and Dakshinamurti (72) have
suggested that the effective diffusion coefficients are proportional

to €7 (or =0.5).

The basic equations of the model to be discussed are Ohm's law in
the solution phase, redox kinetic expression, conservation of zincate,
conservation of hydroxide ion, overall conservation, and Ohm's law'in

the matrix phase.

Ohm's Law in the Solution Phase

A modified Ohm's law applied to the ternary electrolyte solution
in the porous electrode is obtained from equation (15).

1+t o
i --Kel’t:‘.ﬁ.-m (:Z.,__Kntz -i‘-’.c i“_A
‘ dx nF {; 2V, €, K dx

Gr—g-) — (28)
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the working electrode placed in the bulk solution within the pores of
the porous electrode; K is the conductivity of solution in the pores at
concentration CFHECH is the concentration of species i where subscript

o refers to solvent; By is the chemical potential of species i; and S5
n, and z; have meanings as defined in equation (10). The effective
solution conductivity corrected for tortuosity considered here is repre-
sented by K€*Y.  Meredith and Tobias (73) and Gagnon (74) suggested
t as 0.5, while t=2.0 was observed by Ksenzhek et al. (75). Simonsson
(28) and Romanova and Selitsky (76) observed an effective conductivity
which is only about one tenth of the conductivity of the free electro-
lytic solution. They attributed this great reduction to the gas bubbles

left in the pores.

Redox Electrochemical Rate Expression

The rate of the charge transfer reaction A at the solid-solution

interface can be represented by the following equation.

O, 24
=i 5t It @ -e

%F s o F s
A N B e i
A )
N

where « and a, are the effective anodic and cathodic transfer coeffi-
cients, respectively; j is the local transfer current per unit area of
active zinc surface which acts as active sites for reaction (A); 18 is
the exchange current density evaluated at reference concentrations cg

and cg
density 10 on zincate and hydroxide concentrations, respectively; 61 is

; Yand § are the orders 6f dependence of.the exchange current

the potential of the matrix phase; and é; is the potential of the

reference electrode of the same kind as the working electrode located
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just outside the double layer. J

The conservation of charge requires

g8 Je - (30)

where a is the solid-solution interface area per unit volume of elec-
trode which acts as active sites for reaction (A).

If the diffusion of a species to or from the reaction sites is
assumed to proceed through a well defined characteristic diffusion
length, 5, the concentration of zincate ion (c;) and hydroxide ion (ci) J
at the metal surface can be determined from the following equations.

di nF -

2 s
—= a - — ak,(c -c,) (31)
ax 32 At 2 2
2?. = - ;F- a kB(c; - C4) (32)
dx 3

where a is the solid-solution interface area per unit volume of the
electrode, ki is the mass transfer coefficient (in cm/sec) of species i
from the bulk solution in the pores to the reaction sites which are

active for charge transfer reaction (A) or vice versa.

The potential at the metal surface, ¢§, is assumed to be the same

as the potential of the bulk solution in the pores, ¢,. Equations (29)

2
through (32) are combined to give
di di aF
2\ 2 \or 2o (4-
e io(f&_ a ar)(_‘_;_ 'sax—)[e'wr (43~ )
m o\ .0 [ [ 0
dx <, nFakAcz Cq nFachs

acF
4| (55
-8
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The constants v, G, @, and aE,corresponding to the reaction mechanism
(E) to (H) of Bockris et al. (52), are 0.75, 0.0, 1.5, and 0.5, respec-
tively. The exchange current density, ig. reported by a number of

investigators (52,77,78,79,80) has the values in the range of 10 to 300

mA/cn?,

Species Conservation Equation

The use of appropriate averaging quantities yields the following

conservation equation.

acci dN

s -

ot dx

i

+ Ri (34)

where Ri represents production or consumption of species i due to the
electrode reaction. During discharge, zincate ion is produced by charge
transfer reaction (A) and consumed by precipitation reaction (B). On
the other hand, hydroxide ion is consumed by reaction (A) and produced

by reaction (B). The reaction source Ri can be written as

s, di
S e - W g ® . %d
R i aks (cz <, ) (35)

R e emmme—— + §

nF dx

where k:, during discharge, is defined by the rate constant combining
mass transfer of zincate ions from bulk solution in the pores to the
reaction sites with chemical rate constant for precipitation of ZnO;
c;q is the equilibrium (or saturation) concentration of zincate ion at
the solid-solution interface which are active for reaction (B); and s;
and s; are the stoichicmetric coefficients of species i for the reac-
tion (A) and for the reaction (B), respectively, defined by equation
(10). Substitution of equation (35) into equation (34) yields
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aec

2 e 2 B (e, - c3h (36)
3t dx n F dx "
oec d N 4 di

& 3 - 2 +2ak; (c, - c;q) (37)
ot dx n F dx
dec d N

- A LR ak; (c, - c;q) (38)
ot dx

3 * * % )
where sz-—sz-l, 33-4, 33-2, so-o, and qo-l have beeén substituted.

Overall Conservation Equation

The porosity of the electrode will increase as zinc dissolves and
decrease as Zn0O precipitates. A material balance on the solid phases

shows how the porosity changes with time as shown below.

—-' o Z Visi. :x- Z ak (C - ;q) (39)

solid solid
speci.es species

where V is the partial molar volume of species i.
Similarly, a material balance on the species in the suiution

phase gives the following electrolyte continuity equat:c:.

o o o —
o _ dvD- (VAtz Vyts T T e o) 1di,
5 A 355

A
ot dx zzvz 31/3 n 2 n v3 n F dx
..v. t_v.
» (322  S3'B . eq
. (7_ e A [ORE (40)
2 3

This equation is obtained by adding equations (36), (37), and (38)
which have been multiplied by V, /yz, VB/" ,and V o» Tespectively, and




AT P YA

using the relations of cAVA+cBVB#c°VO-1, VAPAA*VBDBA°V;DQA'°' and

=0, The last two relations for DOA and D..  are

VoD +VD -V -

APa*VBPBB Vo 0B
obtained from equations (21).
From equations (39) and (40), the convective bulk flow motion in

the porous electrode can be described by the following overall continuity

equation.
O o o=
PR [Vm“ 4V~ V- 2(t2:“ . _rt3v3 )] a,
dx nF : v 2 dx
* 7 v vV -V eq
+ aks vZnO’ V°+ ZVB- VA (c2 - ¢, ) (41)

- The second bracket term is the volume change of reaction (B). The

first bracket term represents the volume change due to reaction (A) if

equation (24) is applied.

Ohm's Law in the Solid Matrix

Ohm's law in the solid matrix can be written as

d¢1
i, =l1-i =- 0 — (42)
1 2 o ox

where ¢1 is the potential of the solid matrix, and ¢ is the volume of
conducting material per unit volume of the electrode (not necessarily
equal to l-¢). The superficial current density in the solid phase 11

and that in the solution phase i, are related to the total applied

2

current density as 11+12-I. The conductivity of solid matrix is approx-

imated by
P * *

t (] t ("] t
+ aznoctzno) ¥ O'I(tl) (43)

0
o
= OZn(‘Zn)

where c;n, °§no' and oq are the conductivities of the zinc metal, zinc




oxide, and inert materials in the pure solid state, respectively, and
€2n° €200’ and el are the volumes of zinc, zinc oxide, and inert

materials, respectively, per unit volume of the electrode.

Mass Transfer Coefficients (k,, k

p» and k.)

The reaction rate is determined by the rate of mass transfer of a
limiting species between bulk solution within the pores and the active
reaction sites. During discharge, hydroxide ion is depleted at the
metal surface, producing zincate ion. The zincate ions are expected to
diffuse into the bulk solution in the pores resulting in a supersatu-
rated zincate solution. At the same time, the zincate ions in the
supersaturated solution will diffuse to the ZnO surface to precipitate
as Zn0. The limiting species at the metal surface during charge is the
zincate ions which must be supplied from the bulk in the pores. The
solution becomes undersaturated with ZnO and solid ZnO will dissolve
into the solutdon.

Based on the assumption that there exists a characteristic dif-
fusion length, 6, which is the distance between the solid-solution
interface and the bulk solution inside the pores, mass transfer coeffi-
cients k,, ky, and k. defined in equations (30), (31), and (35) are

described by the following equations (see Appendix B for derivation)
a

g D
b 2l s k0« AA
A A A 5
inE-)
2
m
‘.
1o D
ky = k3 2 ; k)= 2B (44)
In(d- ) :
a
m
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where kA and kB are the mass transfer coefficients of potassium zincate
and potassium hydroxide, respectively, transferring from metal surface
to the bulk within the pores or vice versa, 6 is the characteristic
diffusion leﬁgth, k; is the rate constant combining mass transfer of
zincate from bulk to ZnO surface with chemical rate constant for preci-
pitation of ZnO, and DAA and DBB are the diffusion coefficients of the
potassium zincate and potassium hydroxide, respectively. The area ay
and a represent the interfacial areas which are active for electro-

chemical reaction (A) and for chemical reaction (B), respectively.
Surface Area (am, as. and a)

The value of the true electrochemically active area is difficult

. to determine. To a first approximation, it is assumed that the macro-

scopic averaged particles with uniform radius are arranged in face
centered cubic closed packed positions. For a given reference porosity
€° and radius R°, the solid-solution interface area a° per unit volume
of the electrode can be estimated from the relation of a°-3(1-e°)/R°.
The specific surface area of the electrode at any state having porosity
of € can be related to the reference interface area a° as a/aon(l-e)kol
(I-eo)/l!. Since the ratio R/R° is equal to (‘/.o)o.s , the specific
area a can be represented as follows:

2/3
ek
o

1l -¢
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The specific interface area a is the sum of the area a which is active
for charge transfer reaction (A) and the area ag which is the active
site for dissolution or precipitation of ZnO.

In the absence of the inert conducting material, the area ay and a

become an (zinc area) and a0 (Zn0 area), respectively. They are

approximated by the following equation.
(e7)F
3 (or am) =a-z2,,=2 - : (46)
(20" (fzn0)

*
7n is the volume fraction of

active zinc which can be converted into ZnO, and p and q are the cons-

where €200 is the volume fraction of ZnQ, €

tants relating volume to surface area which depend on morphology of the
crystals (p=q= %-for cubical or spherical crystals). The volume frac-

tion of active zinc, t;n, is defined by

*
€ =

_ (. Plug covr
zn" %z 2 * Sz ) £

Zn

vwhere cg;ug and tgzvr represent the volume fractions of nonactive zinc
caused by pore plugging (blockage of the lst kind) and complete coverage
on zinc surface by ZnO (usually called passivation or blockage of the

2nd kind), respectively.

The quantity c;:vr is approximated by
1
' Aok (e o k") (48)
where L .Zéﬂ
Zn Zn Zn0 7
Zn0

1
‘gnu‘ = ez ~(€) vz:: / (VZnO' vZn)
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The meaning of the various volume fractions is explained by using the i f

t : following example. § :

Let us consider a local section of the electrode having porosity

of 0.3, 60% Zn by volume, and 10% ZnO by volume. The partial mclar

volumes of zinc and zinc oxide are 9.15 and 14.51 cmS/mole, respectively.

Due to the differences in the partial molar volumes, 85.3% conversion

of Zn into ZnO results in pore plugging, i.e., €=0, n=0.088, and ¢

eZ Zn0"
i 0.912. The remaining Zn can not be converted into ZnO, and is denoted

by Cg;ug(-0.0BS). However, complete surface coverage of zinc by ZnO

might occur before pore plugging. If complete conversion of ZnO into |
: Zn occurs during cycling due to a local deep charge, the maximum amount f

;:x’ becomes 0.663. The maximum é :

E r amount of active zinc which can be utilized, e;:x- Eg;ug' is 0.575.

- The fractional constant A is defined based on this quantity to describe

of zinc in the fully charged state, ¢

the failure due to passivation.
When inert conducting material is  present in the matrix, a con-

i stant value is used for the surface area of the inert material a, with

zn*®zno*?1- In this case, a becomes a,nta; and a i

becomes 2,0 during charge. On discharge, L and a_ are taken as a.

the relation of a=a

and a,n0%81 respectively.

II-4. Computation Procedures

The six equations; two second order equations (36) and (37) and
four first order equations (28), (33), (41), and (42); form a set of
nonlinear, coupled differential equations. The six unknown variables

are 12, ¢2, s Cqs vK and ¢1, which are functions of time and posi-




tion. The six equations can be solved by use of numerical techniques
with the following initial and boundary conditions.

Initial conditions at time=0
0
¢, = ¢,

0

C,®=C

3 (49)

3

v =0

For the other variables, the analytical solutions of the following
approximated equations are used to estimate the initial profiles of iz,
¢,, and ¢2.

dé,
12 e Ko(eo)ht ol |
dx
di (a+ a )F
oL =g Uy k) (50)
dé
I e
il =I- 12 oey
dx

where the superscript o refers to the values evaluated at time=0, and
I is the applied current density. The solution of equation (50) can be

written as follows (e.g., for current distribution)

iil - IX O¢ Cosh Xy 4 Ke Cosh x(1-y) (51)
dy Kot Ty Sinh X « "% Sinh x
where 0.0
(a.+ a )Fi a 1 1
X = LJ a ¢ 0m o i)
S

where y is the dimensionless distance from the backing plate (x/L), L is

the electrode thickness, % is the effective matrix conductivity (a°e:) s
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and Ky is the effective solution conductivity (K°(e°)1*t).
E & The boundary conditions at x=0 are as follows:

dé.
—2 20 (or 1,%0)

— ()

\ des (52)

—_— ()

i Ha o

; 6 =0

At the boundary x=L, the current density in the solution phase (iz) !
is the same as the applied current density (I). For the species bound-
ary conditions, the limited mass transfer of the various species across
. .the boundary ldyer should be accounted for to give a better approxima-

3 tion to an actual battery system. Most of the aqueous secondary
batteries have a separator adjacent to the electrode surface. Membranes
have been used as separators. In some cases, porous, inert materials
(for example, dynel cloth) which contain excess solution reservoir are

placed between the electrode surface and the membrane. | 3

If the solution reservoir is assumed to be completely mixed, the

changes in amount of species i with time in the solution reservoir are

equal to the flux of species i across the boundary at x=L, Ni, minus

the flux of species i across the boundary layer (or membrane), N:I.

Based on this concept, the boundary conditions at x=L can be written

as follows:

At x=L i, =1

R e —————




9 bl
= (Ve = AQY - N2h) (53)

bl

) L
— (Veg) = A(N; - Ng')

ot
where A is the cross sectional area of the electrode and V is the volume
of solution reservoir located between the electrode surface and the mem-
brane. If excess solution reservoir is absent. (i.e.,V=0), the above

boundary conditions simply represent the conservation of fluxes at the
L_ bl
ol B

The fluxes Ng and Ng are given by equations (25) and (26), respect-

boundary , i.e., Ny= N and N

ively, modified to describe the fluxes at the boundary at x=L. The

fluxes Ngl and Ngl are written as follows:

bl bl bl
N D t
I TR B . ISP
V2 d 2V 5F
(54)
bl bl bl
N D t
R A . S
\Y d z.VF
3 33

where d is the thickness of the boundary layer (or membrane).

The six equations can be solved by numerical techniques developed
by Newman (81,82) subject to the initial conditions (49) and (50) and
the boundary conditions (52) through (54). The electrode length of L
was divided into NJ mesh points separated by a distance h between mesh
points. The boundaries were at J=1 (x=0) and J=NJ (x=L). Mesh point J
refers to a distance of (J-1)h from the backing plate. In the computer

programming, the variables were denoted as follows:
c(1,J) = 12(J)




N

C(2,J) = ¢2(J)

C(3,J) = cz(J) or cA(J)
C@4,J) = CS(J) or cB(J)
c(s,0) = )
C(6,J) = ¢5(J)

In order to apply Newman's technique, the six equations were
linearized about a trial solution and put into finite difference form.
Central difference form was used for equations (36) and (37). Forward
difference form for equation (28) and backward difference form for
equations (33), (41), and (42) were employed with the coefficients of
terms being averaged between two appropriate mesh points. The result-
ing six finite difference equations are correct to second order, hz.

At the boundaries J=1 and J=NJ, the following finite difference

forms were used for the first order boundary conditionms.

For J=1,
-3C(K,J)+4C(K,J+1)-C(K,J+2)
a(J) m = a(J) + O(hz)
dx 2h
For J=NJ
dC(K,J) C(K,J-2)-4C(K,J-1)+3C(K,J) 2
a(J) ———— = a(J) + 0(h™)
dx 2h

where K refers to the unknown variable and J refers to the mesh point.
The Crank-Nicolson implicit method (83) was used for averaging

time derivatives in equations (36) and (37). For example, considering

the following equation,

e e
ot ax

COE RN o e e

§ ool




the finite difference form used is

C(3,0)-2(3,J) 1 C(3,J+1)+C(3,J-1)-2C(3,J)
= -~ a(J)
At 2 2h
1 2(3,J+1)+2(3,J-1)-22(3,J)
+ —-23(J)
2 2h

where Z and za represent the values of C and a of the previous time
step, respectively.

The resulting matrix was solved using numerical techniques
developed by Newman (81,82). The convergence criterion used was 10'5
which is defined by the ratio of the difference between the two suc-
cessive solutions to the present solution.

The numerical calculations require a knowledge of the various
parameters used in the mathematical model. The conductivity of the
electrolytic solution (84), solubility of ZnO in KOH solution (85), and
activity coefficients of KOH and potassium zincate (68,86) were
expressed as a function of concentration based on the data taken from
various literature reports. Those formulas and references are
described in Appendix C. Other chemical and physical parameters perti-
nent to the system under consideration are described in Appendix D-1.

The computer programs and the control parameters are shown in Appendix

D. The numerical solutions were carried out in double precision on the

UCLA IBM 360/91 digital computer.
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III. ZINC ELECTRODE BEHAVIOR PREDICTED FROM
THE MATHEMATICAL MODEL

The mathematical model described in the previous section was solved
to predict the behavior and failure modes of the porous zinc electrode
having the following initial conditions. The electrolytic solution
initially contained in the pores is taken as 8M KOH solution (about 35
wt3) saturated with zincate (c:=0.66M). The electrode under considera-
tion is initially 40% void volume, 50% zinc? and 10% ZnO by volume (e?-
0.4, egn-o.s, e;no'°°1' and egaOJ. The zinc electrode behavior during
galvanostatic operation with superficial current densities of 50 and
20 nA/cn2 were considered. These current densities are believed to be
high enough to represent those required during operation of common
secondary batteries and low enough to eliminate anodic passivation, .
at least in the initial stages. Therefore, it is assumed that complete
coverage of the zinc surface by precipitated ZnO (passivation) does not

occur; e:ovr

* is zero.

A general membrane boundary case, where a membrane is placed
befween the zinc electrode surface and the free solution, is considered
by taking the parameters shown in Table 1 (type I). However, some of
the results for the other boundaries, when they appear to be useful,
are also included; for example, solution boundary (the third column)
and cation exchange RAI P2291 membrane boundary (the fourth column of
Table I). The other parameters used in this calculation are shown in
Appendix D-1. The predicted results during galvanostatic discharge of
a porous zinc electrode are shown in Figures 2 to 7. Figures 8 to 13

illustrate the summarized zinc electrode behavior during cycling.




———
Table I. Transport Parameters Applied to the
Various Boundary Layers
:z::::ne g:i::::; ::::::;e " %
Boundary (RAI P2291) 1
S 0.5 0.23 0.5 | !
g 0.0 " 0.05 0.0 |
g 0.5 0.72 0.5
Dy; (ca’/s) 2.5x10"° 6.0x10"% 1.0x107°
Dbt (ct:zls) 2.5x1077 2.0x10™> 7.5x1078 :
d (cm) 0.0025 0.005 0.0025 ;
| Ly; (ca/s) 1.0x10°> 0.0012 4.0x107%
Lot (ca/s) 1.0x10™% 0.004 3.0x107°

* Transport parameters for RAI P229]1 membrane were taken from
! the data of Sinha and Bennion.(87). The parameter Lgi is
; defined by D}i/d (refer to equation 54).




R

III-1. Dischaggp Behavior

Figure 2 shows the anodic overpotentials, d;l(o)- ¢*2(L), defined by
the potential of the backing plate minus the pqtential in the solution
at the electrode surface, as a function of time or depth of discharge.
The shape of potential-time curve resembles those reported by Elsdale
et al. (88). In contrast to the sharp increase at a point of passiva-

tion on a planar zinc electrode (for example, see references 14 and 15),

’ the potential-time curve is characterized by an initial gradual rise in

overpotential followed by a steeper rise at a later stage. The overpo-
tential goes up substantially in the region of 40% depth of discharge.
It is to be noticed that even in the idealized model, only 40% of ini-
tial zinc metal can be converted into ZnO prior to electrode failure.
The electrode failure at 40% depth of discharge is caused by high ohmic
loss in the solution due to the decrease in pore size as well as KOH
concentration and partly by high activation and concentration overpoten-
tials.

Figure 3 shows how the concentration profiles for KOH (top curves)
and potassium zincate (bottom curves) develop during discharge at 50
nA/cnz current density. Initial concentration of the solution was 8M
KOH saturated with zincate (0.66M).as shown by dotted lines. After one
minute polarization, KOH concentration decreases and zincate becomes
supersaturated (curvi A). On further discharge, KOH concentration
decreases further to give curves B for 10%, C for 20%, and D for 30%
depth of discharge. Saturation concentration of zincate decreases as
KOH concentration decreases. Therefore, zincate solution concentration

also decreases as discharge continues; however, there is always some
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