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Abstract

A transient one-dimensional mathematical model is developed and used to study the performance and thermal behavior of the silver—zinc cell
during discharge. The model considers the negative (zinc) electrode, separator, and positive (silver) electrode and describes the simultaneous
electrochemical reactions in the positive electrode, mass transfer limitations, and heat generation. Changes in porosity and electrolyte composition
due to electrochemical reactions, local reaction rates, diffusion, and migration of electrolyte are reported. Emphasis is placed on understanding the
movement of the reaction front in the negative electrode during discharge and its correlation to the useful capacity of the cell. The sensitivity of
this capacity to changes in the values of initial electrolyte, exchange current densities, and tortuosity are presented. It is shown that under certain
conditions, in a system employing 25% KOH as the electrolyte, the useful capacity of the cell could be limited to 55.6% of its rated capacity when
the discharge rate is increased from 1C to 2C. The temperature rise in a single cell was predicted and observed to agree with the experimental

values.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Even though the silver—zinc battery has a high cost, it is one of
the more important secondary batteries available today because
of its high discharge rate capability and because of its large
specific energy density on both a mass and a volumetric basis
[1]. As discussed below, the shape change effects have limited
the robustness of this rechargeable system. The most impor-
tant characteristic of this battery is that initially the impedance
is very low but it can vary considerably with factors such as
discharge current density, state-of-discharge, operational tem-
perature, active material composition, cell ageing, and cell size
[2]. It is rechargeable with little overcharge but it has low cycle
life primarily resulting from zinc-electrode shape change. The
calendar life is also short due to the degradation of the separator
in alkaline conditions, but new separator materials have been
developed to offer stability [3]. A physical description of the
silver—zinc battery, with design specifications and calculations,
has been provided by Himy [4]. A wealth of experimental infor-
mation is available on the behavior of silver—zinc cells [5-10],
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but models that describe these cells are scarce in literature and
have been focused on only part of the cell as discussed later. As
a first step towards understanding the behavior of a rechargeable
Ag—7n battery during cycles, we present here a time-dependent
one-dimensional model to explain the distribution of reactants
and the thermal behavior of a silver—zinc cell during high rates
of discharge. This discharge behavior at high rates establishes a
basis for future analyses of the recharge behavior which requires
initial conditions corresponding to the end of discharge con-
centration and temperature profiles, and which is performed at
much slower rates due to chemical complexities of the sys-
tem (including zinc-electrode shape change mechanisms) not
important during discharge.

The first reproducible and stable silver-silver oxide electrode
was prepared by Hamer and Craig [11,12]. Dirkse [13] has
extensively reviewed the electrochemistry of the silver electrode.
Wales and Burbank [14,15] conducted galvanostatic and poten-
tiostatic studies along with X-ray diffraction. They concluded
from their X-ray diffraction patterns that the major compo-
nents of a silver electrode are Ag, AgO, and Ag,O. No higher
oxide could be observed. Dirkse [16] showed that the OCVs of
silver—zinc cells in the neighborhood of 1.66 V correspond to
the presence of Ag/AgrO/OH™ system in the silver electrode,
and those near 1.93V correspond to AgO/Ag,O/OH™ system.


mailto:vanzee@engr.sc.edu
dx.doi.org/10.1016/j.jpowsour.2006.12.064

538

M. Venkatraman, J.W. Van Zee / Journal of Power Sources 166 (2007) 537-548

Nomenclature

aag specific surface area of silver electrode

azn specific surface area of zinc electrode

Cp,i specific heat capacity of species i (J K~ kg™!)

(o concentration of OH™ ions (kmol m—3)

Cref reference concentration of OH™ ions (kmol m—3)

Co initial concentration of OH™ ions (kmol m~—?)

D diffusivity of KOH (m?s~ 1)

D; diffusivity of species i (m>s~!)

F Faraday’s constant (96,487 C)

inj transfer current of the jth reaction the silver elec-
trode (A m~2)

i1 matrix current density (A m~2)

in solution current density (A m~2)

ioj equilibrium exchange current density for jth reac-
tion (A m—2)

ki thermal conductivity of species i (Wm™! K™1)

m; mass fraction of species i on an electrolyte free
basis

M; molar density of species i (kmol m~3)

M molecular weight of species i (kg kmol~!)

n; number of electrons transferred in reaction j

N; flux of species i (mol m~2s7h

0 total heat source term in energy equation
Om3s™h

Okin kinetic heat source term in energy equation
Im3s™h)

Qohm  joule heating term in energy equation Jm =3 s~ 1)

R universal gas constant, 8.314 (J mol~ ' K1)

Sa.i stoichiometric coefficient of species ‘@’ in ith
reaction

t time (s)

T temperature (K)

To initial temperature (K)

U}‘-’ equilibrium potential of jth electrochemical reac-
tion (V)

Vag volume of silver electrode

Vzn volume of zinc electrode

w; mass fraction of species i (electrolyte included)

Z;i charge of species i

Greek letters

g anodic transfer coefficient for reaction i

O cathodic transfer coefficient for reaction i

&r porosity of region r

n;j overpotential for jth reaction (V)

01 initial mass ratio of zinc to silver in the cell

6> initial mass ratio of silver in AgyO to silver in
AgO

Kr conductivity of region r (mhom™")

Di density of species i (kgm™)

o electrical conductivity of the species i (mhom™")

b1 matrix potential (V)

b2 solution potential (V)

v differential operator

Intermediate potentials are mixed potentials due to the presence
of all the three. Gagnon and Austin [17] have examined the
discharge mechanism of a porous silver-oxide electrode at low
temperature in a KOH electrolyte.

The zinc electrode is one of the most researched electrodes
in the literature since it forms the anode for many battery sys-
tems, such as the Ag—Zn, Zn—Br,, Zn-MnO; (i.e., alkaline zinc)
and the zinc-air and a comprehensive listing of the relevant lit-
erature has been provided by McLarnon and Cairns [18]. Most
of the literature on zinc electrodes focuses on the shape change
effects, and this is relevant for the Ag—Zn battery since, aside
from initial material costs, the shape changes are the major dif-
ficulty in recharging this battery and therefore limit its cycle
life, ubiquitous use, and cost/cycle. Choi et al. [19,20] were
among the first to analyze the shape change effect that is asso-
ciated with zinc electrode. Shape change, the redistribution of
active material over the zinc electrode surface as a result of
cell cycling, was hypothesized to be caused by convective flows
driven primarily by membrane pumping. They proposed a model
and showed that shape change can be eliminated if the con-
vective flow in the zinc electrode compartment parallel to the
electrode surface is stopped. Hamby and Wirkkala [21] also have
shown deformation of zinc electrode during oxidation. Theoret-
ical [22] and experimental [23] work on transient and failure
analyses was done by Sunu and Bennion, who reported that the
depletion of electrolyte was the major cause of incomplete dis-
charge in zinc electrode. Skelton and Serenyi [24] have discussed
the use of BiO, as an additive to the zinc electrode to prevent
the deleterious effects of shape change which lead to loss of
active material during cycling. Cheh’s group has also treated the
Zn anode as part of their nine papers on the alkaline-zinc cell
[25].

The model presented in this paper is based on porous elec-
trode theory [26,27] follows the isothermal single cell model of
Blanton et al. [28], is based on the literature for the prediction
of the thermal behavior of batteries [29-35] and it features a
typical silver—zinc cell whose specifications are based in Ref.
[4] and on the advice of Moden [36]. The results are consistent
with Moden’s extensive experience with these batteries and his
transient lumped-parameter spreadsheet model which captures
changes in the cell voltage and cell temperature rise that are
consistent with his experiments.

2. Model

The schematic of a silver—zinc cell is given in Fig. 1. It fea-
tures a cathode made of silver—silver(I) oxide—silver(Il) oxide
(Ag—AgrO-AgO) supported by a silver grid. The silver grid
serves as a current collector and it is non-reactive, typically. The
separator material used is a combination of nylon, cellophane
and FRSC, with a wrap of each material one above the other
forming a three-layer structure. For modeling purposes, the sep-
arator is considered a single entity with average properties. The
anode is made of zinc—zinc oxide (Zn—ZnO). The anode, sepa-
rator and cathode are porous. Himy [4] provides a description of
the preparation of the two electrodes observing that it is difficult
to achieve reproducibility in case of zinc electrode preparation.
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Fig. 1. Schematic representation of a silver—zinc cell. All the regions except the
current collectors are porous and filled with KOH solution as the electrolyte.
For the results presented here [ag =0.1067 cm, lsep =0.05 cm, and Iz, =0.4 cm.

On discharge, the following reactions are assumed to occur at
the cathode:

A0 +HyO +2e” =2Ag+20H", UY=0604V (1)

2Ag0 + Hy0 4+ 2¢~ = Ag,0 +20H, U{=0.604V (2)

and at the anode:

Zn+20H" =ZnO+Hy0 +2~, Uj=-1305V  (3)

The zinc electrode  operates according to a
dissolution—precipitation reaction mechanism. The reaction
mechanism is as follows:

Zn + 40H™ = Zn(OH)4>~ +2e~ 4)

Zn(OH)4*~ = ZnO + 20H™ +H,0, Keq= 2.32x 1072
&)

Although the model presented here is concerned with discharge
limitations during a single cycle and thus shape change effects
due to ZnO precipitation are not considered, a brief discussion
will yield a useful perspective. During discharge, zinc is oxi-
dized to soluble zincate Zn(OH)4%~, which is precipitated as
ZnO when the solubility limit of zinc oxide is exceeded. Prob-
lems associated with these solid particles of ZnO are manifold
because they affect not only the shape of the electrode (in the
plane perpendicular to that shown in Fig. 1), but also the ther-
mal and electrical conductivities adversely. Their high specific
gravity causes an uneven distribution of precipitated ZnO and
results in non-uniform current distribution which affects the abil-
ity to charge the cell uniformly. Also, during discharge, the
concentration of OH™, decreases in the anode and increases
in the cathode and limits the discharge capacity and the sol-
ubility of Zn. For this discharge model we consider that the

solution is saturated with Zn(OH)4%~ at a concentration which
is much lower than the alkali concentration and thus use reac-
tion (3) rather than reactions (4) and (5). However, we do assume
that ZnO precipitation alters the porosity, thermal and electrical
conductivities.

In a silver-zinc cell, the conductivities of the materials
involved are very high and thus to a first approximation, a
sandwich or one-dimensional model on the thickness is ade-
quate. Then we use Newman’s macro-homogenous model of
porous electrodes along with the constitutive laws of a binary
dilute solution [37], to predict the profiles of various vari-
ables. The complete set of equations can be found in [38]
and those tables have been omitted for brevity here. As an
overview, a material balance for species 7 in the solution phase is
given by:

d(eC;
(8t’) = ajin — V- N; (©6)

where N; is the flux of species i in the pore solution averaged
over the cross sectional area of the electrode and aj;, repre-
sents the transfer rate of species i from the solid phases to
the pore solution per unit electrode volume. The electrolyte
is highly concentrated in K* and OH™, relative to the zin-
cate ion and hence the zincate ion’s contribution is neglected
and the solution is treated as a binary electrolyte of K* and
OH™. This is also consistent with the assumption of using only
reaction (3) at the anode. Any convection inside the cell is con-
sidered negligible due mainly to the tight packing and hence
only the diffusion and migration fluxes contribute to the move-
ment of species in the cell. Hence, the respective flux equations
are:

£ DK+ FZK+CK+
NK+ - _; <DK+VCK+ - TV{bz (7)
& DOH_ FZOH— COH_
Nog- = —= [ Dog-VCop- — \Y
OH . ( on- vVCon RT )
®)

The binary electrolyte approximation along with electro-
neutrality yields:

Cx+ =Coy- =C ©)

This leads to a single concentration equation devoid of the poten-
tial term:

daeC
O _ _yg. (—vac) n Ajin (10)
8[ T 2DOH7
where
2Dy + Dapy—
D= K+ YoH (11)
DK+ + DOH7

Note that, we have used the dilute binary electrolyte theory
[37] in the formulation of the above equations. These equations
are consistent with those formulated from concentrated solution
theory [27] equations because in the Ag—Zn system the partial
molar volume of the electrolyte and the transference number of
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Table 1

Transport and electrode parameters (references in braces)

Parameter Value Source

aag 50m~! Assumed
azn 50m~! [42]

Dop- 526 x 1072 (m?s~1) [37] (p. 55)
Dy~ 1.96 x 107 (m?s™1) [37] (p. 55)
n 2 Reaction (1)
ny 2 Reaction (2)
n3 2 Reaction (3)
SOH- .1 2 Reaction (1)
SOH- 2 2 Reaction (2)
SOH- .3 2 Reaction (3)
SAg,1 2 Reaction (1)
SAg0.2 -2 Reaction (2)
SAZ,0.1 -1 Reaction (1)
SAg,0.2 1 Reaction (2)
S7Zn3 2 Reaction (3)
Vag 73 %1070 m? (36]

Vin 27.5x 107m3 (36]

K+ 1 _

Z0H~ —1 —

o] 0.65 Assumed
ol 0.35 Assumed
o0 0.75 Assumed
o 0.25 Assumed
o3 0.5 [42]

o3 0.5 [42]

& . 0.322 [36]

Esep 0.5 [36]

&9, 0.731 [36]

01 0.866 [36]

6> 0.333 [36]

& 1.5 [29]

the cation (K*) do not change with concentration. These approx-
imations are consistent with the parameters and concentrated
solution model of Chen and Cheh [25]. Also, D was found to be
a constant for the range of concentrations employed in this study
(see Table 1) and therefore the spatial variation of transference
number of the solvent is also 0 [27].

In case of solid species, the mass balance does not involve a
flux term. Thus, Eq. (6) simplifies as:

oM,
ot

where My is the molar density of the solid species k. In case of

silver—zinc cell, the products and reactants are solids. Hence,

an overall mass balance on the solid phases in each individual
electrode is applicable:

(12)

= djin

cathode :  2Mag,0 + Mago + Mag = My (13)

anode :  Mzyo + Mz, = M) (14)

. . Ci \"
lnj = 10j,ref
. Ci ref

zref > 1;[(]V[kret

_H<

) exp (O‘aj J
Mk ref RT

In addition, the superficial current density in the pore solution
is due to the movement of the ions:

iy=FY ziNi = —kV¢ — eF(Dg+ — Doy-)VC (15)
where
eF? ) eF?
= ﬁ Zi D;C; = ﬁ(DKJrDOH*)C (16)

The second term in the RHS is the diffusion potential term
which would vanish for Dg+ = Dgy-. However, our model
uses different values for Dg+ and Dqy-. The charge conserva-
tion equation for the matrix and solution phases would require
the divergence of the total current to be 0:

Vii+V-ip=0 a7
For j simultaneous reactions of the form:
D siXi = nje” as)
i
Faraday’s law can be expressed as:
19)

. Sij
Ajin = _E
in 0 F
J

The transfer current per unit electrode volume V-i, is related to
the individual average transfer current densities by:

Veip= aiyj
j

The movement of electrons in the matrix phase is governed by
Ohm’s law:

(20)

2y

where o,y is the effective electrical conductivity of the matrix
and ¢ is the potential in the matrix. The effective electrical
conductivity of the matrix is obtained by considering parallel
conduction paths and is given as:

ong = 3 ot

where my, is the mass fraction (defined over solid phase only) of
the solid species k and & being an empirical constant. A value of
1.5 was taken for £, as has been conventional in the literature [29].

Polarization equations are needed to express the dependence
of the local rate of each reaction on the various concentrations
and on the potential difference driving force at the reaction inter-
face. In case of silver—zinc cells, since all the products and
reactants except OH™ are solids, appropriate capacity correc-
tion factors must be used in the Butler—Volmer expressions so
that the polarization equations take the form:

i] = —O'anV@l

(22)

(o1 — @2 — j,ref))

(23)

U —agn
ik
) e (i

(o1 — 2 — Uj,ref)>
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Table 2
Densities and thermal parameters (references in braces)
Material Parameter

cp UK Tkg™h o (mhom™") k(Wm™'K™) M® (kmolm~3)

Ag 234[43] 6.28 x 107 [13] 4301[43] 0.0 [36]
AgO 343[36] 8.33 x 10* [13] 20.7 [43] 3.0 [36]
Ag,0 343[36] 1076 [13] 20.7 [43] 0.5 [36]
Electrolyte (KOH) 25201[36] - 2.0 [4] See Table 3, for value of Cy
Cellophane separator 1340[36] 0 (assumed) 0.24 [43] -
Zn 389[36] 1.83 x 107 [42] 120[43] 1.5 [36]
ZnO 2910[36] 1.0 [42] 20.7 [43] 0.0 [36]

For the silver and zinc electrodes the capacity correction fac-
tors M/Mj et are obtained by normalizing the molar densities
of solid species against the total silver and zinc content of the
electrodes, respectively. Similar expressions for silver electrode
have been reported in literature [28].

The porosity equation is obtained calculating the volume
change in the electrode as the discharge progresses:

o€
Pl >

solid phases k

MW
Sk k V.
pxknF

in (24)

The energy equation may be written as:

L o V. (ke VD) + 0 (25)

(pcl’)avg E

In the above equation, p, ¢p and kyyg are instantaneous values
averaged on the composite material:

(0Cp gy = CpiiE + (1 =) Y cpspsMy' My (26)
kg = kld—owl+ Y klewl 27)
all solids all liquids

where s denotes the solid phase and 1 denotes the electrolyte.
The source term Q, comprises of the heating from ohmic and
kinetic phenomena. In a half-cell a part of the reaction enthalpy
goes to heat up the system and the rest goes out as the electric
power of the system [39]. The source term in the energy balance
can be written [32]:

. OU ; ref i1 X1 ip X Ip
= nj—T—2 28
0 Ej:m/ (77/ ST ) + ( + > (28)

Oave K

Numerical solution of the system of equations was obtained
through the finite element software FEMLAB [40] (version 2.1).
The FEMLAB engine is designed to solve a set of coupled
differential-algebraic equations of second order. The conver-
gence criterion was that the difference between two successive
solutions at all mesh points be less than 1073 (relative tolerance)
for all variables.

3. Results and discussion
Animportant capability of a battery model is the ability to pre-

dict the dependence of cell voltage on state of discharge (SOD)
and the maximum state of discharge (MSOD) beyond which the

Table 3

Perturbed parameters (references for base case values in braces)

Parameter Figure Curve Value
number number

To All All 298K

Co 2,12 1,4 45% KOH
2,12 2,5 35% KOH
2,12 3,6 25% KOH [36]

3,5-11,13 All 25% KOH [36]
4 All 45% KOH

TAg = Tsep = TZn 4 1,4 1.0
4 2,5 2.0
4 3,6 3.0
2,3,5-13 All 1.0

io1 1-9, 11, 12 All 2x 1073 Acm™2
10, 13 1,4 2x 1073 Acm™2
10, 13 2,5 2x107* Acm™2
10, 13 3,6 2% 107> Acm ™2

i03 1-9, 11, 12 All 1.75 x 1073 Acm™2 [18]
10, 13 7,9 1.75x 1072 Acm™2
10, 13 8,10 1.75 x 1073 Acm™2

voltage is so low at a fixed current that battery stops discharg-
ing. Depending on the rate of discharge the MSOD may not be
equal to the capacity and it is the purpose of this paper to explain
this behavior in the silver—zinc cell. In this section, we present
the effects of various parameters on the discharge characteristics
of the silver—zinc cell, transient electrolyte concentration distri-
butions, the reaction rate and current density profiles, porosity
variations and predicted temperature rise in the cell during dis-
charge. The values for the parameters are listed in Tables 1-3
and also in the nomenclature where appropriate. Note that the
literature is devoid of many of the critical parameters required
by the model and that these tables are consistent with the data
from Refs. [4,36,41].

The 1C and 2C! rates of discharge for the silver—zinc cell
under study correspond to 0.36 A (0.02Acm~2) and 0.71 A
(0.04 A cm—2), respectively. These rates were chosen to illus-
trate the limitations for moderate to high discharge rates with
the parameters of Tables 1-3.

1A 1C rate is the current required to charge or discharge the cell in 1h (as
calculated based on the limiting reactant).
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Fig. 2. Effect of initial concentration (%KOH) on cell voltage. For curves
(1)—(6), see Table 3, for the parameter values. The encircled regions indicate
the change in the behavior of the the silver electrode at =800 and 400's for 1C
and 2C rate discharges, respectively. The solid and dashed lines correspond to
1C and 2C, respectively.

3.1. Effect of initial and transient electrolyte compositions

As abaseline for future studies of transient cycles, the depen-
dence of the discharge characteristics of the cell on the initial
electrolyte concentration, Cy, is illustrated in Fig. 2, for 1C and
2C rates with the other parameters held constant. The solid lines
correspond to 1C rate and the dotted lines correspond to 2C
rate discharges. Three values of Cy: 25, 35, and 45% KOH
were studied and help quantify that the cell-voltage increases
by approximately 0.02V for every 10% rise in initial KOH
concentration. The MSOD for 1C rate is approximately 94%
irrespective of Cy but Cy strongly affects the capacity utilization
at 2C. The curves 4-6 in Fig. 2 illustrate that with 25, 35, and
45% KOH, the MSOD is 55.6, 77.7, and 94.4%, respectively, for
a 2C rate discharge (i.e., 1000, 1400, and 1700 s, respectively).
This is because, at 1C rate discharge, the rate of diffusion is
comparable to the rate of OH™ production but at a 2C rate,
the diffusion process is not fast enough to replenish and com-
pensate the continuous consumption of OH™ in the negative
electrode during discharge. Consequently this leads to a faster
local depletion of OH™ ions in the anode and stops the cell from
discharging further, leading to low capacity utilization and hence
alow value of MSOD. However, when a higher concentration of
KOH is used, the amount of OH™ ions available increases lead-
ing to a higher MSOD. The circled regions show the changes in
the electrochemical phenomena for silver electrode as discussed
below.

The initial OH™ concentration affects the SOD because the
rate of transport of OH™ from the positive to the zinc electrode
limits the battery. This limitation is best shown with the tran-
sient concentration profiles of OH™ ions for 1C and 2C rates.
In Fig. 3, the solid lines show the extremes, namely 0% SOD
and MSOD. The dotted lines show the variation of the profile
of C across the cell in the x direction at various times. Thus,
even though there is available Zn, the changes in the local con-
centration directly influence the extent of local utilization of the
active material and hence the Nernst relationship for the cell
potential. At high rates of discharge, the rate of consumption of
OH™ ions is not matched by the diffusion and hence a concen-

5 T T
t=3500s(knd dis‘%harge)
| |
4 4
34
<
CU 2 non-availability of OH™ ions
1 t=0(begin disclharga) | .'
| 1
Ag : Sepl

06

harge)

24 . non-availability of OH™ ions

t=0(begin dischbrds sk,

1 T
Ag Sep ;ﬂw

0.0 01 02 03 0.4 0.5 06
(®) x(cm)

Fig. 3. Concentration profiles of OH™ ion during discharge at various times for
(a) 1C rate and (b) 2C rate, respectively. Note that the local concentration of
OH™ goes to 0 at 0.34 and 0.25 cm for 1C and 2C rates, respectively.

tration profile develops and diffusion aids migration. A linear
concentration gradient is established across the separator that
corresponds to the flux of the OH™ ions needed for the speci-
fied current density. This suggests that a reservoir if placed at
the separator—cathode interface, could attenuate the local deple-
tion of OH™ ions thereby ensuring a greater depth of discharge
or higher active mass utilization. Fig. 3 also shows that higher
the discharge rate higher the concentration of OH™ ions in the
silver electrode and lower in the zinc electrode. In other words
the difference between the average concentrations of both the
electrodes is higher for a higher discharge rate.

3.2. Effect of tortuosity (t)

The transport rates could be changed by adjusting the tortu-
osity of the materials in the cell since these adjust the diffusion
coefficient directly. Fig. 4 shows the discharge curves for 1C
and 2C rates for three values of t. See Table 3, for the values of
parameters that correspond to the curves. An increase in tortu-
osity corresponds to a increased path length for diffusion which
decreases the effective diffusivity. This reduction in diffusivity
leads to a faster local depletion of the OH™ ions thus decreasing
the MSOD considerably. Unlike Cy, t has a considerable influ-
ence in the low rates (1C) also. Curves 1, 2, and 3 show MSOD
values 97.2, 94.4, and 88.8%, respectively, for 1C rate discharge
as 7 is increased from 1.0 to 2.0 and then to 3.0. For the 2C rate
the curves 4, 5, and 6 show MSOD values 94.4,61.1, and 38.9%,
respectively. Thus, at higher rates, the larger tortuosity leads to
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Fig. 4. Effect of tortuosity (r) on cell performance. For curves (1)—(6), see
Table 3, for the parameter values.

considerably low capacity utilization. The effects of Cy and t
suggest that if a silver—zinc cell be subjected to high discharge
rates from an incompletely charged battery, the concentration of
KOH be made sufficiently high, to ensure maximum utilization
of capacity. However beyond a certain concentration, the dif-
fusion coefficients may show a very strong dependence on the
concentration [42] and may decrease with an increase in concen-
tration. A higher temperature of operation may be used in such
a case. Before we present the effects of changes in the kinetic
parameters such as the exchange current densities, it is important
to understand the reaction distribution in both the electrodes.

3.3. Reaction profiles

3.3.1. Zinc electrode

Fig. 5 shows the fraction of active material unutilized within
the zinc electrode, at several discharge times for 1 C and 2C rates.
At 1000 s for 1C there is 31% of the original Zn available at the
separator (i.e., x=0.1567 cm). This fraction is 0 at 2000 s at the
separator and the position at which this zero fraction moves to is
x=0.1567 +1,, where [, =0.17 cm at the end of discharge (i.e.,
3500s). At the 2C rate there is 44% of the original Zn available
at the separator at 300 s, about 1.7% at the separator at 600 s and
the position at which this zero fraction moves to /, =0.07 cm.

To understand the physical phenomena leading to these
profiles, Fig. 6 shows the corresponding reaction rate distri-
bution in the negative electrode for 1C and 2C rates as the
discharge progresses. There is clearly a front that moves from the
separator (x=Iag + lsep =0.1567 cm) towards the anode current
collector (x=Iag +lsep + 7o =0.5567 cm). As a result, a highly
non-uniform reaction distribution, dominated by mass-transfer
effects, is observed. Initially a not-so sharp reaction front is
restricted to the separator—zinc interface because of high matrix
conductivity. Hence, the reaction distribution, shown in Fig. 6 is
almost uniform at the beginning of discharge (¢=0). As the dis-
charge progresses, the local reaction rate at the separator—zinc
interface rises initially to 0.23 and 0.67 A cm ™~ at 500 and 200 s
for 1C and 2C, respectively. The high reaction rate depletes the
active material locally. As aresult, the reaction rate shows a max-
imum after the initial rise corresponding to the region which is
rich in the active material. Thus, a reaction front with a distinct
peak moves from the separator—zinc interface towards the anode
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Fig. 5. Distribution profiles of zinc during discharge at various times for (a) 1C
rate and (b) 2C rate. The reaction and penetration depths are also shown. For
empbhasis, the dashed line on the extreme left of the figures corresponds to the
distance Iag + lsep, i.€., the interface between Zn electrode and the separator.

current collector. The curves at 1000 and 1500s in Fig. 6(a)
show the initial stages of the development of this reaction front.
At 1500 s the peak of the front has formed and at 2000 s, the
development of front is practically complete. Between 2000
and 3500s (end of discharge) the front moves further to the
interior of the zinc electrode consuming more active material
and also growing steeper. The movement of the front stops with
the end of discharge caused by the local depletion of OH™ ions
(see Fig. 3(a)). Similar behavior is shown for the 2C rate in
Figs. 6(b) and 3(b).

The phenomena behind the formation of the front are inter-
esting. Fig. 3 shows that at any given time, the concentration of
OH™ ion decreases along the zinc electrode. However, Fig. 5
shows that at any given time, the fraction of zinc left increases
along the positive x direction. Apart from the concentration of
OH™ ion and the fraction of zinc left, the anodic overpotential
also varies over the zinc electrode. The exponential of this over-
potential increases with x (see Eq. (23)), which is consistent with
the occurrence of high reaction rate initially at the separator—zinc
interface. Eq. (23) suggests that the Butler—Volmer expression
involving all these three variables would attain a maximum due
to the monotonic behavior of these functions. This explains the
existence of a maximum in reaction rate and the movement of
the reaction front. In other words, the current density of reac-
tion (3) goes to low values to the left of the maxima since the
fraction of zinc approaches zero. Once again it goes to low val-
ues to the right of the maxima, since the concentration of OH™
approaches zero. As the reaction front moves through the elec-
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Fig. 6. Reaction distribution in the zinc electrode at various times during dis-
charge for (a) 1C and (b) 2C rates. Note that a distinct reaction front progresses
from the separator—zinc interface into the zinc electrode in both the cases. For
emphasis, the dashed line on the extreme left of the figures corresponds to the
distance /g + lsep, i.€., the interface between Zn electrode and the separator.

trode consuming more active material, the overpotential required
for the reaction becomes more positive. Fig. 6 also shows that,
the value of the maxima increases with time after the front is
fully formed. This is because, the rate at which the exponential
term involving the overpotential changes is much higher than the
rate at which the terms involving concentration or the fraction of
active material change. Hence, the value of the maximum reac-
tion rate increases with time as the front moves in the positive x
direction.

We define two quantities to understand the distribution of
active material in the electrode. Penetration depth (/,), is defined
as the distance from the separator at which the local fraction of
zinc left is 0.01 at the end of discharge. For 1C rate it is close to
0.15 cm and for 2Crate itis 0.07 cm (see Fig. 5). The penetration
is a measure of the electrode that was “completely” utilized
during discharge and this would correspond to the “dead” region
of the cell at the beginning of the charging process. Reaction
depth (I;), is defined as the distance from the separator, where the
ratio of the local fraction of Zn left, to the fraction of Zn left at the
anode current collector end (x = Iag + sep + Izn = 0.5567),1is 0.99.
From Fig. 5, it may be seen that the reaction depth for 1C rate is
0.34 cm and for 2C rate it is approximately 0.2 cm. The reaction
depth gives an idea about how much of the electrode has been
“practically active” during discharge. The difference (I, —I;)
denotes the area where a highly non-uniform distribution of the
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Fig. 7. Reaction distribution in the silver electrode during discharge at various
times for (a) 1C and (b) 2C rates. No reaction front is observed in both the cases.
Note that the silver electrode ends at 0.1067 cm.

zinc is observed. A ratio of reaction depth (/;) to the length of
the zinc electrode (Iz,) gives the fraction of area of the electrode
active during discharge. Itis 85% for 1 Crate and 50% for 2Crate.
Penetration depth and reaction depth along with 6 (initial mass
ratio of zinc to silver in the cell) and 6 (initial mass ratio of silver
in Ag>Otosilverin AgO) may be used only as “status indicators”
of the electrode. Towards the end of discharge the operating
conditions start to favor the reverse reactions (charging), and the
kinetic resistance is very high. Hence, the cell stops discharging
abruptly.

3.3.2. Silver electrode

The corresponding reaction distributions for the positive elec-
trode are presented in Fig. 7. Unlike the zinc electrode, a sharp
reaction front is not observed in the silver electrode. The local
reaction rate is lower in the positive electrode as can be seen by
comparing Figs. 6 and 7. This is because unlike zinc electrode,
the reactions at the silver electrode are characterized by prod-
ucts of high electrical conductivity and subsequently a higher
matrix current flows in the positive electrode. Apart from this,
the production of OH™ ions happens at the positive electrode
which increase the conductivity of the electrolyte locally thus
facilitating a more uniform consumption of the active material.
Although the maximum is not apparent, Fig. 7 shows that the
reaction rate distribution is extremely non-uniform at the begin-
ning of discharge and tends to become uniform as the discharge
proceeds. At the beginning of discharge, similar to the nega-
tive electrode, the reaction rate is high near the silver—separator
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interface (x =/z; =0.1067 cm) and decreases towards the end of
discharge. For the 1C rate (see Fig. 7(a)), the rate of reaction is
high at the current collector end (x=0) and low at the separa-
tor end (x=1/ag =0.1067 cm). However, the rate profile inverts
as discharge proceeds and this behavior is observed in the 2C
rate. Fig. 7 shows that around 56% SOD (2000 s for 1C rate and
1000 s for 2Crate) the rate profile is uniform and the reaction rate
at 2C rate is approximately twice that of 1C. Ref. [38] discusses
further the relative ratio of the distribution of these rates.

To facilitate the understanding of the dynamics of the simul-
taneous reactions in the positive electrode, we define two
quantities f, the spatial average of the fraction of current con-
tributed by Ag>O (i.e., reaction (1)), and g, the spatial average
of the dimensionless net rate of production of Ag,O:
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reaction (2) back. Fig. 8(b) shows that as f approaches 0.5, g
approaches 0. At this juncture, the positive electrode may be
viewed as having just one overall reaction in which AgO gets
converted to Ag without the intermediate Ag>O. The fraction of
silver remaining as Ag;O is plotted in Fig. 9. The profiles for
the 1C and 2C rates are the same in Fig. 9 and it is interesting
to note that, the AgrO becomes locally depleted at 22.2% SOD
which is after 800s for 1C rate and after 400 s for 2C rate (see
Fig. 8). This is again is a result of the overall rate being set
by the reaction (2), so that as Ag>O is produced by reactions
(2) and (1) consumes it immediately. The local depletion of
Ag>0 happening much earlier than the end of discharge is also
consistent with the cell-voltage behavior circled in Fig. 2. The
exchange current densities ig; and igy of reactions (1) and (2)

| e have a significant influence on the times at which the depletion
—_ N ”’71 dx (29) of occurs. This is discussed in the following section.
Iag Jo  iny +in,
¢= 1 Iag ( ((—aagin, Sag,0.1/11F) + (—aagin, Sag,0,2/n2F))ls ) B (30)
Iag Jo ((—aagin; Sag,0.1/n1F) + (—aagin, Sag,0.2/n2F))li=0

The variation of f and g with time are plotted in Fig. 8(a)
and (b), respectively. Fig. 8(a) shows that initially f'is close to 1
and as discharge proceeds it falls and reaches 0.5. This implies
that reaction (1) is much faster than reaction (2) at the beginning
of discharge and that slows and becomes equal to the rate of
reaction (2). This was observed experimentally by Dirkse [13],
who has attributed this to the partial reversibility of reaction (2).
The increase in the concentration of OH™ at the cathode drives
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Fig. 8. Variation of (a) average rate of reaction (1) (normalized) and (b) aver-
age rate of production of Ag,O (normalized) with time in the silver electrode.
Note that both 1C and 2C rates are featured in the same graph. See Fig. 2, for
comparison.

3.4. Effect of exchange current density

Because the kinetic parameters are difficult to measure in
this system and not reported, we consider perturbations from
those used above. Specifically, we are interested in the interac-
tion of the reactions (1) and (2), and how the kinetic parameters
of those reactions affect the behavior of the time-dependent cell
voltage. Similarly the movement of the front in the zinc elec-
trode also is influenced by the kinetic parameters of the system.
Two exchange current densities, namely iyp; and ip3 were var-
ied here while iy, was kept constant. Fig. 10(a) and (b) shows
the effect of ip; and ip3 exchange currents densities on the cell-
voltage behavior. Three values of ip;: 2 x 1073, 2 x 1074, and
2x 1075 Acm™2, were used to study the behavior of the cell
(see Table 3, for values of parameters). ip; has a pronounced
effect on the cell voltage. Fig. 10(a) shows that, the OCV drops
by approximately 0.05 V for an order of magnitude drop in ip;. A
comparison between curves 1 and 4 in Fig. 10(a) shows that the

0.30
5% SOD=0 (begin discharge)
0200 SOD=5.5%
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Fig. 9. Profiles of distribution of AgyO over the silver electrode during dis-
charge. At a given SOD, the profiles obtained at 1C and 2C rates do not show

a significant difference between them. Note that the silver electrode ends at
0.1067 cm.
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Fig. 10. Effectof exchange current density (a) ip; and (b) io3 on cell performance.
For curves (1)—(10), see Table 3, for the parameter values. The encircled regions
indicate the change in the behavior of the curves at =800 and 400 s for 1C and
2C rate discharges, respectively. See Fig. 2, for comparison.

model has captured the sharp fall in the cell voltage. This agrees
well with the experimentally measured value of 1.45V for the
initial cell voltage reported by Moden [36] for 1C rate. In the low
rate studies (0.1C), a stable potential of 1.55 V was predicted by
the model (not shown), which once again agrees very well with
the experimentally observed value of 1.59 V per cell of Moden
[36]. Thus, silver oxide materials with a high exchange current
density for reaction (1) are bound to yield higher cell voltage and
also withstand higher rates of discharge. It is also notable that
for a value of 2 x 1073 A cm™2 for io;, a considerable decrease
in the slope happens for both 1C and 2C rates at 800 and 400s,
respectively (marked by dotted circles in Figs. 2 and 10). This
change in curve behavior is consistent with the local depletion of
Ag>0 as discussed in the previous section and also Fig. 2. How-
ever, at alower value of ip1, the depletion of Ag>O is delayed and
happens at a higher SOD. For example, for ip; values 2 x 10~
and 2 x 107> Acm™2, the SOD at which depletion of Ag,O
happens are 66.7 and 88.9%, respectively. A lower value of ip
reduces the rate of reaction (1) and hence a slower depletion
of Ag»0. At an ig; value of 2 x 107> A cm™? the rate of reac-
tion (1) is slowed down greatly that an initial increase in Ag,O
due to the contribution of reaction (2) is observed. Thus, Ag,O
reaches a maximum concentration and falls off thereafter due to
the increased consumption by reaction (1). Further details about
profiles of Ag>O may be obtained from Ref. [38].

The effect of ig3 on cell voltage is similar to ip;. Fig. 10(b)
shows that the cell voltage drops by 0.05 V for an order of mag-
nitude drop in ip3. A higher exchange current density thus would
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Fig. 11. Typical porosity distribution profiles in a silver—zinc cell during dis-
charge at various SOD: (1) 0%, (2) 27.7%, (3) 55.4%, (4) 83.3%, and (5) 97.2%.
Atagiven SOD, the profiles obtained at 1 C and 2C rates do not show a significant
difference between them. However, MSOD for 2C rate is 55.4%.

lead to a higher cell voltage. A value of 1.75 x 10™* A cm~2 did
not allow the cell to discharge since kinetic resistance of the cell
became high. Both the exchange current densities have almost
no effect on MSOD. This is because under normal operating
conditions with high rate discharges the system is usually under
mass-transfer control. It is the local non-availability of the OH™
ions that leads to the abrupt end of discharge thereby lowering
MSOD.

3.5. Porosity distribution

Fig. 11 shows the variation of porosity over the electrode at
different times at the 1C rate. The y axis of the plot is the ratio
of instantaneous porosity to the initial porosity in the respective
regions. The separator porosity is a constant since no reaction
takes place in that region and no clogging of the separator by
reaction solids is assumed. The porosity of both electrodes do not
vary appreciably during discharge. This may obviate the need
to include the porosity equations during a solution of the three-
dimensional equations. Apart from reducing the bandwidth of
the system of equations, it also attenuates the difficulty in solving
the concentration equations since a constant porosity reduces the
non-linearity to a good extent.

3.6. Temperature rise and profiles

The present model includes a thermal energy equation (refer
Eq. (25)), accounting for the reversible, kinetic, and joule heating
terms involved in heating of a cell during discharge. Since, the
conductivities of the materials in a silver—zinc cell are high, a
low discharge rate (i.e., <1C) does not effect a local temperature
rise and even at the 2C rate for a single cell, the temperature at a
given instant of time does not vary appreciably over x. Hence, a
plot of average temperature rise versus time would be sufficient
to understand the thermal behavior of the system. By average
temperature rise, we mean:

1 lAg‘Hsep"FlZn
/ (T(x, 1) — To)dx
0

Toyg) —Tg = —————
avg( ) 0 lAg T lsep T+l
€1y
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Fig. 12. Effect of initial concentration (%KOH) on average temperature rise.
For curves (1)—(6), see Table 3, for the parameter values.

The effect of initial concentration, Cy, on the average temper-
ature rise is shown in Fig. 12. Concentration affects the average
temperature-rise by affecting the discharge time and the ther-
mal and electrical properties of the electrolyte. Thus, a longer
discharge time implies a longer heating and a higher maxi-
mum temperature although the average temperature decreases
with an increase in initial concentration. Moden [36] observed
an average temperature rise of 0.22 and 0.54 Kmin~! for 1C
and 2C rate of discharge, respectively. An inspection of Fig. 12
shows that the average temperature-rise reaches approximately
14K at 1C rate at end of discharge (~0.23 K min—') and shows
0.48 Kmin~! for the 2C rate. This difference between the
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Fig. 13. Effect of exchange current density (a) ig; and (b) ip3 on average tem-
perature rise. For curves (1)—(10), see Table 3, for the parameter values.
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observed and predicted rise could be a result of different external
boundary conditions or kinetic parameters.

Fig. 13 shows that, at 2C, decreasing ip; two orders of mag-
nitude removes the changes in the initial slope so that the rise is
more linear, however the final temperature difference is insignif-
icant. On the other hand, a larger value of ip3 lowers the average
temperature rise in the cell.

4. Conclusions

A mathematical model has been developed and used to
study the time-dependent and position-dependent performance
and thermal behavior of the silver—zinc cell during discharge.
Species and reaction distributions have been predicted. The
model predicts that the discharge may reach an abrupt end at
high discharge rates, because of mass transfer limitations. The
simultaneous reactions in the positive electrode influence the
behavior of the cell voltage—time curve considerably. Porosity
variations were not found to be important. The temperature rise
was predicted and found to be agreeable with reported experi-
mental values. A high concentration of the alkali electrolyte and
well-prepared electrodes with high exchange current densities
and low tortuosity could increase the capacity utilization.
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