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Modeling of a Nickel-Hydrogen Cell
Phase Reactions in the Nickel Active Material

B. Wu and R. E. White* , z

Center for Electrochemical Engineering, Department of Chemical Engineering, University of
South Carolina, Columbia, South Carolina 29208, USA

A nonisothermal model of a nickel-hydrogen cell has been developed with the consideration of multiple phases in the nickel active
material. Important mechanisms inside a nickel-hydrogen cell, such as mass balances of active species, kinetics of electrochemical
reactions, and the energy balance of the whole cell, etc., have been included in the model. The model predictions under different
conditions are presented and analyzed. These predictions showed that nickel phase reactions have significant influences on the
behavior of a nickel-hydrogen cell. Some observed phenomena of a nickel-hydrogen cell,e.g., the capacity variation at different
temperatures and the KOH concentration change between charge and discharge processes, could be reflected reasonably with the
model.
© 2001 The Electrochemical Society.@DOI: 10.1149/1.1371799# All rights reserved.

Manuscript submitted July 6, 2000; revised manuscript received February 18, 2001.

The nickel-hydrogen battery has been the primary energy storage
device in aerospace applications for more than two decades. Com-
pared to the newly developed high-energy-density batteries,e.g., the
nickel-metal hydride battery and the lithium-ion battery, the nickel-
hydrogen battery still holds the advantages of extraordinarily long
cycle life and excellent operating safety~two critical requirements
for aerospace energy storage systems!, and thus will remain com-
petitive in aerospace applications in the future. A typical nickel-
hydrogen cell consists of many cell modules contained in a cylin-
drical pressure vessel~see Fig. 1!. Each cell module has four major
components: the nickel positive electrode, the Zircar separator, the
platimum negative electrode, and the polypropylene gas screen.1

The nickel electrode in a nickel-hydrogen cell is produced by
electrochemically impregnating the nickel active material into a sin-
tered nickel substrate. Some cobalt hydroxide is usually added to the
nickel active material to improve the cycle life and the charge ac-
ceptance of the nickel electrode. The loading of the nickel active
material in a nickel-hydrogen cell is lower than that of other nickel-
based batteries, in order to improve the cycle life of the nickel
electrode. The platinum electrode in a nickel-hydrogen cell is a thin
layer of platinum black, Teflon bonded on a nickel screen. It is
similar to the electrodes used in the fuel cell. The platinum electrode
is half wetted with the KOH electrolyte and provides a good inter-
face for hydrogen and oxygen reactions. Unlike the negative elec-
trodes in other nickel-based batteries, the platinum electrode has no
significant deterioration processes. Thus, the life-limiting electrode
in a nickel-hydrogen cell turns out to be the nickel electrode. This
makes possible the long cycle life of the nickel-hydrogen cell. The
electrolyte used in a nickel-hydrogen cell is concentrated KOH so-
lution, which has good electric conductivity for a wide range of
temperatures. The concentration of KOH electrolyte has significant
influences on the performance of a nickel-hydrogen cell. A high
KOH concentration yields a high capacity but a short cycle life
while a low KOH concentration leads to a long cycle life but a low
capacity. At the activation stage of a nickel-hydrogen cell, some
electrolyte is forced out of the cell stack by the gas evolution and is
then drained out of the cell. Thus, inside the cell stack there exists
some gas volume, which provides good diffusion paths for hydrogen
and oxygen gases in normal cell operations.1

Some modeling efforts have been made for the nickel-hydrogen
battery in the past. Maoet al.2 developed a discharge model of a
nickel-hydrogen cell by considering only the main reactions on the
electrodes. A pseudo-two-dimensional model of the nickel electrode
was utilized to investigate the proton diffusion process in the nickel
active material. Their model predicted that proton diffusion could be

a limiting factor at high discharge rates. De Vidtset al.3 constructed
a comprehensive nickel-hydrogen cell model, which included five
reactions and processes in both gas and liquid phases. The predic-
tions of their model showed good agreement with the data obtained
from an experimental cell module. Kimet al.4 presented a thermal
model of a common-vessel multicell nickel-hydrogen battery. In
their model, the temperature distribution inside the battery was cal-
culated with some assumed heat generation rates. Significant tem-
perature gradients near the surface of the nickel-hydrogen battery
were predicted from their model. A thermal model with the theoret-
ical heat generation rate was developed later by Kimet al.5 Their
model was used to investigate the influence of the location of heat
generation on the temperature profile inside the nickel-hydrogen bat-
tery, which was found to be insignificant. The model by De Vidts
et al.3 was further improved with a general energy balance, tempera-
ture dependent parameters, and simplified equations of mass
balances.6 This model predicted that adiabatic operations of a
nickel-hydrogen cell were unsafe for both charge and discharge pro-
cesses. Timmermanet al.7 developed a nickel-hydrogen cell model
with simple nickel phase reactions. The predictions of their model
showed good qualitative agreement with experimental data of the
nickel-hydrogen battery at different temperatures. The proton diffu-
sion process in the nickel active material has been included in some
nickel-hydrogen cell models.2,3,6,7 However, as shown by Paxton
and Newman8 and Motupallyet al.,9 proton diffusion is very un-
likely to be a limiting factor for a nickel electrode at low charge/
discharge rates, and thus it is neglected in this work. The primary
objective of this work is to enhance the models by De Vidtset al.6

and Timmermanet al.7 with a comprehensive scheme of phase re-
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Figure 1. Schematic diagrams of~a! a nickel-hydrogen cell and~b! one
module of the cell stack.

Journal of The Electrochemical Society, 148 ~6! A595-A609 ~2001!
0013-4651/2001/148~6!/A595/15/$7.00 © The Electrochemical Society, Inc.

A595

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 129.252.69.176Downloaded on 2014-10-27 to IP 

http://ecsdl.org/site/terms_use


actions in the nickel active material, and to investigate with the
model the effects of nickel phase reactions on the behavior of a
nickel-hydrogen cell.

Modeling of a Nickel-Hydrogen Cell

The nickel electrode has been actively researched for a long
time. The electrochemical behavior of the nickel active material is
usually described by the one-electron-transfer redox reaction be-
tween nickel hydroxide and nickel oxyhydroxide. However, experi-
mental data have shown that higher capacities could be obtained
from the nickel active material than that expected from the one-
electron-transfer reaction, especially at low temperatures and high
KOH concentrations. Many schemes of nickel phases have been
proposed for the nickel active material in the past.10-18 The oxidized
nickel active material usually exhibits a valence above 3.0. This has
been attributed to the existence of two forms of nickel oxyhydrox-
ide: b-NiOOH with a nickel valance of13 andg-NiOOH with a
nickel valence between13.5 and13.8. Theb-NiOOH phase has a
crystalline structure while theg-NiOOH phase has an irregular
structure with intercalated water molecules and some cations. For
the fully reduced nickel active material, there are two forms of
nickel hydroxide with a nickel valence of12: a-Ni~OH!2 and
b-Ni~OH!2. Thea-Ni~OH!2 phase has an amorphous structure with
embedded water molecules while theb-Ni~OH!2 phase has an an-
hydrous and highly crystalline structure. Many other nickel phases
have also been proposed in the literature, but they have not been
generally accepted. The reaction scheme among four nickel phases
proposed by Bodeet al.10 ~see Fig. 2!has been widely utilized to
describe the behavior of the nickel active material. It was also used
in this work. There are two redox paths in the nickel active material:
b-Ni~OH!2 /b-NiOOH with one electron transfer and
a-Ni~OH!2 /g-NiOOH with 1.5-1.8 electrons transfer. The connec-
tions between these two paths are the electrochemical conversion of
b-NiOOH to g-NiOOH during overcharge, and the automatic dehy-
dration ofa-Ni~OH!2 to b-Ni~OH!2.

The five reactions that have been generally used for a nickel-
hydrogen cell are
On the nickel electrode

NiOOH 1 H2O 1 e2 �
charge

discharge

Ni~OH!2 1 OH2 @1a#

b-NiOOH �
charge

discharge

b-Ni~OH!2 @1b#

1

2
O2 1 H2O 1 2e2 � 2OH2 @2#

1

2
H2 1 OH2 → H2O 1 e2 @3#

On the platinum electrode

1

2
H2 1 OH2 �

charge

discharge

H2O 1 e2 @4#

1

2
O2 1 H2O 1 2e2 → 2 OH2 @5#

Equation 1 is the main reaction on the nickel electrode. Equation
1b is written in explicit nickel phases. Equations 2 and 3 are the side
reactions on the nickel electrode. Equation 4 is the main reaction on
the platinum electrode. Equation 5 is the side reaction on the plati-
num electrode. In addition to the above five reactions, three addi-
tional nickel phase reactions are also included in this work, as given
below

FNi~OH!2 •
2

3
H2OG → Ni~OH!2 1

2

3
H2O @6a#

a-Ni~OH!2 → b-Ni~OH!2 @6b#

FK1/3NiO2 •
2

3
H2OG 1

1

3
H2O 1

2

3
e2

�
charge

discharge

NiOOH 1
1

3
K1 1 OH2 @7a#

g-NiOOH �
charge

discharge

b-NiOOH @7b#

FK1/3NiO2 •
2

3
H2OG 1 2H2O 1

5

3
e2

�
charge

discharge FNi~OH!2 •
2

3
H2OG 1

1

3
K1 1 2 OH2 @8a#

g-NiOOH �
charge

discharge

a-Ni~OH!2 @8b#

Equation 6 is a unidirectional chemical reaction that happens
through the dissolution ofa-Ni~OH!2 and then the crystallization of
b-Ni~OH!2. The conversion betweenb-NiOOH and g-NiOOH is
usually regarded as unidirectional due to the significant structural
change accompanying the reverse reaction. However, there is no
solid experimental and theoretical basis to support this assertion,
because the forward reaction also involves a drastic structure
change. In this work, the conversion betweenb-NiOOH and
g-NiOOH is treated as a reversible electrochemical reaction. In the
above reaction equations, the molecular formulas of theb-Ni~OH!2
and b-NiOOH phases are expressed by Ni~OH!2 and NiOOH, re-
spectively, based on their highly crystalline structure. However,
there is no consensus on the molecular formulas of thea-Ni~OH!2
and g-NiOOH phases. The molecular formulas for thea-Ni~OH!2
andg-NiOOH phases in the above reaction equations are estimated
from those in the literature.10-18 The state of charge~SOC! of a
nickel-hydrogen cell used in this work is based on the one-electron-
transfer reaction in Eq. 1. It could be larger than one due to the
appearance of theg-NiOOH phase

SOC5
cb 1 1.67cg

cH1,max

@9#

For the kinetics of the electrochemical reactions Eq. 1-4, 7, and
8, applying the Butler-Volmer equation givesFigure 2. The reaction scheme among nickel phases.
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j 1 5 i o,1,ref,TF S ce

ce,ref
D S cb2

cb2 ,ref
D expS aa,1F

RT
h1D

2 S cb1

cb1 ,ref
D expS 2

ac,1F

RT
h1D G @10#

j 2 5 i o,2,ref,TF S ce

ce,ref
D 2

expS aa,2F

RT
h2D 2 S cO2

cO2,ref
D 1/2

3 expS 2
ac,2F

RT
h2D G @11#

j 3 5 i o,3,ref,TF S ce

ce,ref
D S cH2

cH2,ref
D 1/2

expS aa,3F

RT
h3D

2 expS 2
ac,3F

RT
h3D G @12#

j 4 5 i o,4,ref,TF S ce

ce,ref
D S cH2

cH2,ref
D 1/2

expS aa,4F

RT
h4D

2 expS 2
ac,4F

RT
h4D G @13#

j 7 5 i o,7,ref,TF S ce

ce,ref
D 4/3S cb1

cb1 ,ref
D expS aa,7F

RT
h7D

2 S cg

cg,ref
D expS 2

ac,7F

RT
h7D G @14#

j 8 5 i o,8,ref,TF S ce

ce,ref
D 7/3S ca

ca,ref
D expS aa,8F

RT
h8D

2 S cg

cg,ref
D expS 2

ac,8F

RT
h8D G @15#

The exchange current density of each electrochemical reaction is
temperature dependent as described with the Arrhenius equation

i o,k,ref,T 5 i o,k,ref,T0
expF2

DEa,k

R
S 1

T
2

1

T0
D G @16#

The overpotential for each electrochemical reaction is defined as

hk 5 fpos 2 f1 2 feq,k,ref,T at the nickel electrode@17#

hk 5 fneg 2 f1 2 feq,k,ref,T at the platinum electrode
@18#

The value offeq,k,ref,T with respect to the Hg/HgO reference
electrode for each electrochemical reaction is given by the following
equations at the reference reactant concentrations

feq,1,T5 ~U1
u 2 URE

u ! 1 ~T 2 T0!S dU1
u

dT
2

dURE
u

dT
D

1
RT

F
lnS cb1

cb2

D @19#

feq,2,T5 ~U2
u 2 URE

u ! 1 ~T 2 T0!S dU2
u

dT
2

dURE
u

dT
D

1
RT

2F
ln~cO2

!2 @20#

feq,3,T5 ~U3
u 2 URE

u ! 1 ~T 2 T0!S dU3
u

dT
2

dU
RE

dT
D

2
RT

F
ln~cH2

!1/2 @21#

feq,4,T5 ~U4
u 2 URE

u ! 1 ~T 2 T0!S dU4
u

dT
2

dURE
u

dT
D

2
RT

F
ln~cH2

!1/2 @22#

feq,7,T5 ~U7
u 2 URE

u ! 1 ~T 2 T0!S dU7
u

dT
2

dURE
u

dT
D

1
3RT

2F
lnS cg

cb1

D 2
RT

F
ln~ce! @23#

feq,8,T5 ~U8
u 2 URE

u ! 1 ~T 2 T0!S dU8
u

dT
2

dURE
u

dT
D

1
3RT

5F
lnS cg

ca
D 2

2RT

5F
ln~ce! @24#

In the above equations,URE
u is the standard potential of the Hg/

HgO reference electrodevs. the standard hydrogen electrode~SHE!.
The temperature dependence of equilibrium potentials has also been
included in the above equations.

The oxygen reduction on the platimum electrode is mass-transfer
limited due to the huge driving force for this reaction on the plati-
num electrode. The rate of this reaction is expressed in a limiting-
current equation

j 5 5 2i 5,ref,T0 S cO2

cO2,ref
D expF2

DEa,5

R
S 1

T
2

1

T0
D G @25#

The conversion froma-Ni~OH!2 to b-Ni~OH!2 is assumed to be
a first order chemical reaction, which gives

j 6 5 i 6,ref,T0 S ca

ca,ref
D expF2

DEa,6

R
S 1

T
2

1

T0
D G @26#

Hysteresis potential behavior exists for nickel reactions,i.e., the
apparent open-circuit potential of the discharge process is lower
than that of the charge process. In this work, for the discharge pro-
cesses of reactions Eq. 1, 7, and 8, smaller values of the equilibrium
potential than those for the charge processes have been used. The
governing equations of the model are presented subsequently. The
diffusion in the gas phase has been neglected because it is much
faster than that in the liquid phase.

Nickel electrode.—The material balance of the KOH electrolyte
is expressed by

«pos,l

]ce

]t
2 «pos,l

1.5
]

]x S De

]ce

]x
D 2

t2*

F

] i l

]x
1

apos

F

3 S j 1 1 j 2 1 j 3 1 2 j 7 1
7

5
j 8D 5 0 @27#
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Modified Ohm’s law in the electrolyte is

i l 5 2«pos,l
1.5 ke

]f1

]x
2

2RT

F
«pos,l

1.5 keS 1 1
d ln f 6

d ln ce
D

3 F1 2 S 1 1 2
ce

c0
D t 2* 1

1

2

ce

c0
G] ln ce

]x
@28#

The conservation of charge in the electrolyte gives

] i l

]x
5 apos~ j 1 1 j 2 1 j 3 1 j 7 1 j 8! @29#

The mass balances of nickel species are given by

l y

dcb2

dt
5

2j 1 1 j 6

F
@30#

l y

dcb1

dt
5

j 1 2 3 j 7/2

F
@31#

l y

dcg

dt
5

3 j 8/5 1 3 j 7/2

F
@32#

Only the concentrations of three phases are accounted for in the
model, and that of the left phase can be obtained from the following
mass balance

ca 5 cH1,max 2 ~cb2
1 cb1

1 cg! @33#

The boundary conditions at the back of the nickel electrode are

2«pos,l
1.5 De

]ce

]x
U

x50

5 0 @34#

2«pos,l
1.5 ke

]f1

]x
U

x50

5 0 @35#

i lux50 5 0 @36#

The boundary conditions at the interface between the nickel elec-
trode and the separator are

2 «pos,l
1.5 De

]ce

]x
U

x5l
pos
2

5 2«sep,l
1.5 De

]ce

]x
U

x5l
pos
1

@37#

2 «pos,l
1.5 ke

]f l

]x
U

x2l
pos
2

5 2«sep,l
1.5 ke

]f l

]x
U

x5l
pos
1

@38#

i lux5l
pos
2 5 i app @39#

Separator.—The material balance of the KOH electrolyte is ex-
pressed by

«sep,l

]ce

]t
2 «sep,l

1.5
]

]x S De

]ce

]x
D 5 0 @40#

Modified Ohm’s law in the electrolyte is

i app 5 2«sep,l
1.5 ke

]f l

]x
2

2RT

F
«sep,l

1.5 keS 1 1
d ln f 6

d ln ce
D

3 F1 2 S 1 1 2
ce

c0
D t 2* 1

1

2

ce

c0
G] ln ce

]x
@41#

The conservation of charge in the electrolyte gives

i l 5 i app @42#

The boundary conditions at the interface between the separator
and platinum electrode are

2 «sep,l
1.5 De

]ce

]x
U

x5lpos1lsep

1
t 2*

F
i app 5 i app @43#

i app 5 2«sep,l
1.5 ke

]f l

]x
U

x5lpos1lsep

@44#

Platinum electrode.—The conservation of charge gives

2i app 5 anegl neg~ j 4 1 j 5! @45#

Whole cell.—The cell potential that includes the effect of the
internal electric resistance from metal leads and electrode substrates
is

Vcell 5 fpos 2 fneg 1 i cellRcell @46#

The mass balances of hydrogen and oxygen gases are given by

dnH2

dt
5 Nmodulep~r out

2 2 r in
2 !

aposl pos j 3 1 anegl neg j 4

2F @47#

dnO2

dt
5 Nmodulep~r out

2 2 r in
2 !

aposl pos j 2 1 anegl neg j 5

4F
@48#

where

nH2
5

pH2
Vgas

RT
5 cH2

g Vgas @49#

nO2
5

pO2
Vgas

RT
5 cO2

g Vgas @50#

Equilibrium is assumed to exist between the gas phase and the
dissolved phase hydrogen and oxygen; then from Henry’s law, there
is

cH2
5

cH2

g

KO2

@51#

cO2
5

cO2

g

KO2

@52#

The cell pressure is expressed by

Pcell 5
~nH2

1 nO2
!RT

Vgas

@53#

The energy balance of the whole cell is given by

mcellcp,cell

dT

dt
5 2hcellAvessel~T 2 Ta! 1 q̇ @54#
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The heat generation rate of the cell is described with

q̇ 5 Vgas

dPcell

dt
1 i cellRcell

2 1 Nmodulep~r out
2 2 r in

2 !

3 F i app~fpos 2 fneg! 2 S (
k51,2,3,7,8

aposl pos j k~Uk 2 T!
dUk

dT

1 (
k 5 4,5

anegl neg j k~Uk 2 T!
dUk

dT D G @55#

where

dPcell

dt
5 S dnH2

dt
1

dnO2

dt
D RT

Vgas

1
~nH2

1 nO2
!R

Vgas

dT

dt
@56#

In the above equation, the temperature is assumed to be uniform
inside the cell, and the heat effect of the chemical reaction Eq. 6 is
neglected.

Due to the limited rate of heat transfer, temperature differences
exist inside a nickel-hydrogen cell. If the temperature difference
between different portions of the cell is high enough, water transport
through the evaporation and condensation mechanism could happen.
This may significantly affect cell performance.4,5 To investigate
such possibilities, the heat transfer in the radial direction of the cell
stack is modeled, as given by the following governing equations

rstackcp,cell

]Tstack

]t
5 lstack

1

r

d

dr S r
dTstack

dr
D

1
q̇

Nmodulep~r out
2 2 r in

2 !
@57#

with boundary conditions

2lstack

dTstack

dr
U

r5rin

5 0 @58#

2lstack

dTstack

dr
U

r5rout

5 hstack~Tstack2 T0! @59#

The heat transfer through the inner surface as well as that
through the upper and lower surfaces of the pineapple-shaped cell
stack has been neglected. Some auxiliary equations for the model
are listed in the Appendix. There are six dependent variables in the
x direction (ce, f l , i l , cb2

, cb1
, andcg), one dependent variable

in the r direction (Tstack), and eight dependent variables that are
time-dependent only (Vcell , q̇, fneg, nH2

, nO2
, cH2

g , cO2

g , and T).

The nickel substrate potential,fpos, was set as the reference poten-
tial. The model equations were solved with DASRT, an extension of
the popular DAEs solver DASSL with discrete event detections. The
model program is coded in FORTRAN. A simulation for one pro-
cess typically takes tens of seconds on a Pentium PC.

Results and Discussion

The model parameters are listed in Table I. The kinetic param-
eters of reactions are given in Table II. The model predictions are
compared to the experimental data~voltage, temperature, and pres-
sure!of a TRW 30 Ah cell for the following processes: C/10 rate
charge for 16 h, open-circuit for 1 h, and C/2 rate discharge to the
cutoff voltage 0.9 V at three ambient temperatures 0, 10, and 20°C.
The C rate is based on the rated capacity of the TRW cell,i.e., it
equals 30 A. The cell was fully discharged before the experiment.
The positive precharge of a TRW cell is estimated to be around 8%
of the nickel active material. Thus, the initial mole fractions of

nickel phases were set to be: 0.90b-Ni~OH!2, 0.07b-NiOOH, 0.02
a-Ni~OH!2, and 0.01g-NiOOH. The initial hydrogen partial pres-
sure was set at 0.1 atm, and oxygen partial pressure at 13 1024

atm. As shown in Fig. 3-5, the comparisons of the model predictions
and experimental data show good qualitative agreement. The experi-
mental data were obtained with the cell temperature being tightly
controlled, thus a high value of heat transfer coefficient has been
used in the model. The detailed analysis of model predictions is
given subsequently.

Figure 3 shows the cell potential at different ambient tempera-
tures. Observe that the charge potential increases as the temperature
decreases. This is because reaction rates are slow at low tempera-
tures and high overpotentials are needed to maintain the same
charge current. The high plateau in the potential curve corresponds
to the overcharge period. The dominant reactions during overcharge
are the oxygen evolution on the nickel electrode and the oxygen
reduction on the platinum electrode. Since the oxygen evolution is
slower than nickel reactions, higher overpotential is needed to main-
tain the same charge current. The relatively larger change of the
overcharge plateau indicates that the oxygen evolution is more sen-
sitive to the temperature change than are the other reactions. The
discharge potential curves terminate at different time points. This
indicates different cell discharge capacities at different temperatures.
The phenomenon of high capacities at low temperatures is contrary
to what is expected from the kinetic mechanisms. Low reaction rates
at low temperatures would cause a discharge process to reach the
cutoff voltage earlier due to high overpotential losses. The real
mechanism for this phenomenon will be discussed later.

Figure 4 shows the cell temperature at different ambient tem-
peratures. The cell temperature slightly decreases in the early period
of the charge process. This indicates that endothermic heat effects of
the cell reactions dominate. As the cell approaches overcharge, the
cell temperature rapidly increases because more and more input en-
ergy is wasted on the side reactions,e.g., the oxygen evolution on
the nickel electrode and the oxygen reduction on the platinum elec-

Table I. Model parameters.

Parameter Value Sourcea

a0 2000 cm2/cm3

aneg 1500 cm2/cm3

Avessel 600 cm2

C 30 Ah
cp,cell 1.0 J/K g
hcell 6.0 3 1023 W/cm2 K
hstack 6.0 3 1023 W/cm2 K
l neg 0.02 cm
l pos 0.0762 cm
l sep 0.06 cm
LNi~OH!2

1.50 g/cm3 void volume
mcell 1.2 3 103 g
MNi~OH!2

92.7 g/mol Ref. 3
NModule 24
r in 1.5875 cm
r out 4.2926 cm
Rcell 0.5 3 1023 V
t 2* 0.78 Ref. 3
Vgas 465.0 cm3

«0,pos 0.81
«pos,l 0.30
«sep,l 0.85
lstack 0.1 W/cm K
rNi~OH!2

3.4 g/cm3 Ref. 6
rstack 2.0 g/cm3

a The parameters that have no source listed are either assumed values or design
parameters.
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Figure 3. Comparison of the model-predicted cell potential with experimen-
tal data of a TRW 30 Ah cell~Ref. 20!.

Figure 4. Comparison of the model-predicted cell temperature with experi-
mental data of a TRW 30 Ah cell~Ref. 20!.

Figure 5. Comparison of the model-predicted cell pressure with experimen-
tal data of a TRW 30 Ah cell~Ref. 20!.

Table II. Kinetic parameters.

Parameter Value Sourcea

ce,ref 5.8 3 1023 mol/cm3

cb2,ref 0.5cH1,max

cb1,ref 0.5cH1,max

ca,ref 0.5cH1,max

cg,ref 0.5cH1,max

i o,1,ref,T0
6.1 3 1025 A/cm2 Ref. 3

i o,2,ref,T0
1.0 3 10210 A/cm2 Ref. 3

i o,3,ref,T0
2.5 3 10219 A/cm2

i 0,4,ref,T0
1.0 3 1024 A/cm2

i o,5,ref,T0
1.0 3 1024 A/cm2

i o,6,ref,T0
1.0 3 1026 A/cm2

i o,7,ref,T0
2.0 3 1027 A/cm2

i o,8,ref,T0
6.1 3 1025 A/cm2

PH2,ref 1 atm
PO2,ref 1 atm
T0 298.15 K
URe

u 0.0983 V Ref. 19

U1
u 0.5183 V Ref. 19

U2
u 0.4011 V Ref. 19

U3
u 20.8280 V Ref. 19

U4
u 20.8280 V Ref. 19

U5
u 0.4011 V Ref. 19

U7
u 0.5783 V

U8
u 0.4783 V

DU1
u 0.10 V Ref. 10

DU7
u 0.06 V

DU8
u 0.06 V Ref. 10

dURE
u

dT
21.125 mV/K

Ref. 19

dU1
u

dT

21.35 mV/K Ref. 19

dU2
u

dT
21.6816 mV/K Ref. 19

dU3
u

dT
20.836 mV/K Ref. 19

dU4
u

dT
20.836 mV/K Ref. 19

dU5
u

dT

21.6816 mV/K Ref. 19

dU7
u

dT
21.35 mV/K

dU8
u

dT
21.35 mV/K

aa,1 0.5 Ref. 3
ac,1 0.5 Ref. 3
aa,2 1.25 Ref. 3
ac,2 0.75 Ref. 3
aa,3 0.5 Ref. 3
ac,3 0.5 Ref. 3
aa,4 0.5 Ref. 3
ac,4 0.5 Ref. 3
aa,7 0.33
ac,7 0.33
aa,8 0.83
ac,8 0.83
DEa,1 10 kJ/mol
DEa,2 120 kJ/mol
DEa,3 150 kJ/mol
DEa,4 10 kJ/mol
DEa,5 10 kJ/mol
DEa,6 10 kJ/mol
DEa,7 10 kJ/mol
DEa,8 10 kJ/mol

a The parameters that have no source listed are assumed values.
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trode. The cell temperature during discharge is higher than that dur-
ing overcharge. This is mainly due to high ohmic and overpotential
losses with the high current rate~i.e., C/2 vs. C/10!. At the end of
the discharge process, the cell temperature increases rapidly. It is
caused by significant overpotential losses when the active reactants
are depleted.

Figure 5 shows the cell pressure at different ambient tempera-
tures. With the input of the charge current, hydrogen gas is gener-
ated on the platinum electrode and the cell pressure is increased.
Since oxygen gas evolved on the nickel electrode will diffuse to the
platinum electrode and be reduced there, some charge current on the
platinum electrode is wasted on the oxygen reduction. The hydrogen
oxidation on the nickel electrode also consumes some generated
hydrogen gas and thus reduces the charge efficiency. The cell pres-
sure curve levels off during the overcharge period because a large
portion of the charge current goes into the oxygen evolution on the
nickel electrode and the oxygen reduction on the platimum elec-
trode, and the hydrogen gas generation becomes insignificant. The
pressure curves show different slopes in the early period of the
charge process. This is the temperature effect,i.e., the same amount
of hydrogen gas gives a low pressure at a low temperature. High cell
pressures at the end of the charge process at low temperatures indi-
cate that more hydrogen is generated and thus larger cell capacities
are obtained at low temperatures.

Figure 6 shows the predicted cell SOC at different ambient tem-
peratures. It is clear that high cell SOCs are obtained at low tem-
peratures. The SOC curves at different ambient temperatures di-

verge mainly during the overcharge period. The cell SOC increases
faster at lower temperatures. The higher-than-one SOCs indicate
that a high nickel oxidation state is present. There is good similarity
between the pressure curves in Fig. 5 and the SOC curves in Fig. 6.
Thus, the cell pressure can be used as a rough indication of the cell
SOC, which is a fact that has been commonly used for a nickel-
hydrogen cell.

The predicted nickel phase distribution at different ambient tem-
peratures is shown in Fig. 7-9. Some similar trends are observed in
these figures. During the charge process, the amount ofb-Ni~OH!2
gradually decreases while that ofg-NiOOH gradually increases. The
amount ofb-NiOOH increases at first and then it decreases during
the overcharge period. During the open-circuit process, the amount
of b-NiOOH decreases while that ofb-Ni~OH!2 andg-NiOOH in-
creases. During the discharge process, both the amount ofb-NiOOH
and g-NiOOH decreases while that ofb-Ni~OH!2 increases. The
amount ofa-Ni~OH!2 increases at first and then it decreases during
the discharge process. However, the quantitative phase distribution
is different at different temperatures,e.g., there is comparatively
more g-NiOOH generated during the charge process and more
a-Ni~OH!2 generated during the discharge process at low tempera-
tures.

The predicted partial currents of reactions are presented in Fig.
10-18. As shown in Fig. 10, 13, and 16, in the early period of the
charge process, the main reactions are theb-Ni~OH!2 to b-NiOOH
conversion~Eq. 1! and the hydrogen generation~Eq. 4! while the

Figure 6. The model-predicted cell SOC.

Figure 7. The model-predicted nickel phase distribution~averaged in the
nickel electrode! at 0°C ambient temperature.

Figure 8. The model-predicted nickel phase distribution~averaged in the
nickel electrode! at 10°C ambient temperature.

Figure 9. The model-predicted nickel phase distribution~averaged in the
nickel electrode! at 20°C ambient temperature.
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Figure 10. Model-predicted partial currents during the charge process at
0°C ambient temperature.

Figure 11. Model-predicted partial currents during the open-circuit process
at 0°C ambient temperature.

Figure 12. Model-predicted partial currents during the discharge process at
0°C ambient temperature.

Figure 13. Model-predicted partial currents during the charge process at
10°C ambient temperature.

Figure 14. Model-predicted partial currents during the open-circuit process
at 10°C ambient temperature.

Figure 15. Model-predicted partial currents during the discharge process at
10°C ambient temperature.
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side reactions on both electrodes are negligible. During the over-
charge period, the oxygen evolution~Eq. 2!, the hydrogen oxidation
~Eq. 3!, the oxygen reduction~Eq. 5!, and theb-NiOOH to
g-NiOOH conversion ~Eq. 7! become significant while the
b-Ni~OH!2 to b-NiOOH conversion~Eq. 1!becomes negligible. At
high temperatures, the time when the oxygen evolution~Eq. 2!, the
hydrogen oxidation~Eq. 3!, and the oxygen reduction~Eq. 5! are
significant comes earlier, which indicates lower charge efficiency at
high temperatures. It is observed that the partial current of the
b-NiOOH to g-NiOOH conversion~Eq. 7! is higher at lower tem-
peratures. In fact, it is higher than that of the oxygen evolution~Eq.
2! and the hydrogen oxidation~Eq. 3! in the early overcharge period
at 0°C but it is lower during most of the overcharge period at 20°C.
The mechanism of the cell capacity variation at different tempera-
tures is clearly shown to be the competition between nickel reactions
and side reactions. At high temperatures, the oxygen evolution~Eq.
2! and the hydrogen oxidation~Eq. 3!on the nickel electrode can be
so fast that theb-Ni~OH!2 to b-NiOOH conversion~Eq. 1!will be
affected. While at low temperatures, the oxygen evolution~Eq. 2!
and the hydrogen oxidation~Eq. 3! are so sluggish that the
b-NiOOH to g-NiOOH conversion~Eq. 7! will be favored. Conse-
quently high charge efficiencies and thus high final cell SOCs will
be obtained at low temperatures.

As shown in Fig. 11, 14, and 17, during the open-circuit period,
there is significant self-discharge at all three ambient temperatures.
On the nickel electrodeb-NiOOH is discharged tob-Ni~OH!2 ~Eq.

1!, which drives theb-NiOOH to g-NiOOH conversion~Eq. 7!, the
oxygen evolution~Eq. 2!and the hydrogen oxidation~Eq. 3!. On the
platinum electrode, oxygen is reduced~Eq. 5! while hydrogen is
oxidized ~Eq. 4!. One interesting result is that the self-discharge
currents of the nickel electrode and hydrogen electrode can be dif-
ferent. In fact, the self-discharge current on the platinum electrodes
is larger than that on the nickel electrode at 0°C and the converse is
true at 20°C. The self-discharge currents on both electrodes are
larger at high temperatures.

As shown in Fig. 12, 15, and 18, during the discharge process,
the main reactions are theb-NiOOH to b-Ni~OH!2 conversion~Eq.
1!, theg-NiOOH to a-Ni~OH!2 conversion~Eq. 8!, thea-Ni~OH!2
to b-Ni~OH!2 conversion~Eq. 6!, and the hydrogen oxidation Eq.
~4!, while other reactions~Eq. 2, 3, 5, and 7!are insignificant. Both
b-NiOOH and g-NiOOH are consumed and bothb-Ni~OH!2 and
a-Ni~OH!2 are generated during discharge. Some generated
a-Ni~OH!2 converts tob-Ni~OH!2 quickly and thusb-Ni~OH!2 is
the dominant phase in the discharged nickel active material. It is
observed that theb-NiOOH to b-Ni~OH!2 conversion~Eq. 1! and
theg-NiOOH to a-Ni~OH!2 conversion~Eq. 8!provides two paral-
lel reduction paths for the nickel active material. The partial currents
of these two reactions change dramatically during the discharge pro-
cess. At first, the partial current of theg-NiOOH to a-Ni~OH!2
conversoin is larger. Then the partial current of theb-NiOOH to
b-Ni~OH!2 conversion becomes larger. Later on, the partial current
of the g-NiOOH to a-Ni~OH!2 conversion is larger again. Finally,

Figure 16. Model-predicted partial currents during the charge process at
20°C ambient temperature.

Figure 17. Model-predicted partial currents during the open-circuit process
at 20°C ambient temperature.

Figure 18. Model-predicted partial currents during the discharge process at
20°C ambient temperature.

Figure 19. The model-predicted liquid phase current density profile across
the cell module at 10°C ambient temperature.
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the partial current of theb-NiOOH to b-Ni~OH!2 conversion be-
comes dominant. At low temperatures, the partial current differences
of these two reactions are more prominent.

Figure 19 shows the predicted liquid phase current density at
several time points at 10°C ambient temperature. The constant line
in the separator means that the whole applied current density passes
through the separator unchanged. In the nickel electrode, almost
linear lines are obtained during both the charge and discharge pro-
cesses. This indicates that reactions occur almost uniformly in the
nickel electrode. Thus, the nickel active material is almost uniformly
utilized in the nickel electrode, and the nickel phase distribution is
similar at all locations across the nickel electrode.

Figure 20 shows the predicted average KOH concentration at
different ambient temperatures. During the charge process, KOH is
taken up into the nickel active material with theb-NiOOH to
g-NiOOH conversion~Eq. 1!. This causes the decrease of the KOH
concentration during the charge process. Since theb-NiOOH to
g-NiOOH conversion is more significant during the overcharge pe-
riod, KOH concentration decreases rapidly at the same time. During
the discharge process, KOH is released back to the electrolyte with
the g-NiOOH to a-NiOOH conversion~Eq. 8! and the KOH con-
centration is restored. A similar KOH concentration change has been
observed experimentally.1 The model predicts that there is compara-
tively a larger variation of the KOH concentration at low tempera-
tures, which is directly related to the amount ofg-NiOOH generated
and consumed.

Figure 21 shows the predicted KOH concentration profile at sev-

eral time points at 10°C ambient temperature. During the charge
process, OH2 ion is consumed in the nickel electrode and generated
in the platinum electrode, thus the KOH concentration changes from
low values in the nickel electrode to high values in the platinum
electrode. During the discharge process, the converse holds. The
difference of KOH concentration across the cell module is actually
not very significant and it is less than 5% during the C/2 discharge.

Figure 22 shows the predicted heat generation rate of the cell at
different ambient temperatures. The heat generation rate is negative
during the early period of the charge process. It increases rapidly
near the overcharge period. During the overcharge period, a big
portion of the input energy is wasted on side reactions, which causes
a high heat generation rate. In fact, it can be expected that when the
nickel active material is fully charged, the whole input energy will
become heat generation. It is interesting to note that there is signifi-
cant heat generation during the open-circuit period. This indicates
that significant self-discharge occurs. The heat generation rate dur-
ing the discharge process is higher than that during the overcharge
period, which is mainly caused by the comparatively higher rate of
the discharge process. The heat generation rate shoots up to very
high values at the end of the discharge process. This may lead to
thermal safety problems. To avoid such hazard situations, the dis-
charge process needs to be terminated earlier with high cutoff val-
ues.

Figure 23 shows the temperature difference in the cell stack at
different ambient temperatures. At the early period of the charge
process, the inner portion of the cell stack has lower temperature
than the outer portion due to the endothermic heat effects; however,

Figure 20. The model-predicted average KOH concentration.

Figure 21. The model-predicted KOH concentration profile across the cell
module at 10°C ambient temperature.

Figure 22. The model-predicted heat generation rate of the cell.

Figure 23. The model-predicted temperature difference in the cell stack.
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the temperature difference is not significant. During the overcharge
and discharge processes, the inner portion of the cell stack has
higher temperature than the outer portion due to the significant heat
generation in the cell stack; however, the value of temperature dif-
ference is still not large enough to cause water transport through the
evaporation and condensation mechanism. The predicted tempera-
ture profiles across the radial direction of the cell stack at different
time points are given in Fig. 24. It is observed that the temperature
difference in the cell stack is always less than 1°C for the simulated
processes. Thus the assumption of uniform cell temperature seems
to be reasonable.

Figures 25-28 show the simulation results for the charge process
at different rates~C/20 for 32, C/10 for 16, and C/5 for 4 h!. The
same total amount of charge has been used for these processes. As
shown in Fig. 25, high charge cell potentials are needed at high
charge rates. This is due to high ohmic and overpotential losses at
high charge rates. As shown in Fig. 26, the cell temperature varies
more significantly at high charge rates. Cell temperature decreases
deeper in the early period of the charge process, and reaches higher
during the overcharge period. As shown in Fig. 27, the slope of the
cell pressure curve varies with the charge rate. High rates increase
the cell pressure to the same value in less time and cause the slope
of the cell pressure curve to be steeper. The final cell pressures for
the three rates are similar. However, as shown in Fig. 28, there is
some difference in the final cell SOCs. Low charge rates are pre-

Figure 24. The model-predicted temperature profile in the radial direction of
the cell stack at 10°C ambient temperature.

Figure 25. The model-predicted cell potential at different charge rates at
10°C ambient temperature.

Figure 26. The model-predicted cell temperature at different charge rates at
10°C ambient temperature.

Figure 27. The model-predicted cell pressure at different charge rates at
10°C ambient temperature.

Figure 28. The model-predicted cell SOC at different charge rates at 10°C
ambient temperature.
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dicted to yield high final cell SOCs. This could be the effect of low
cell temperatures during overcharge at low charge rates,i.e., the side
reactions are slower at low cell temperatures.

Figures 29-32 show the simulation results for the discharge pro-
cess at different rates~C, C/2, and C/4 to the same cutoff voltage,
0.9 V!. The initial condition is set to be the ending state of the C/10
charge process for 16 h. As shown in Fig. 29 high discharge rates
cause low discharge cell potentials. It is due to high ohmic and
overpotential losses at high discharge rates. As shown in Fig. 30, the
cell temperature is higher at high discharge rates. In fact, the cell
temperature at the C/20 discharge rate decreases from the initial
value, which indicates that the heat generation rate at that discharge
rate is lower than that during C/10 overcharge. As shown in Fig. 27,
the slope of the cell pressure curve varies with the discharge rate.
High rates decrease the cell pressure to the same value in less time
and cause the slope of the cell pressure curve to be steeper. As
shown in Fig. 28, the final discharged cell SOCs are almost the same
for the three cases.

Figure 33-36 show the model predictions at three different heat
transfer coefficients for the following processes: C/10 charge for 16
h, open circuit for 1 h, and C/2 discharge to the cutoff voltage, 0.9
V. As shown in Fig. 33, cell potential curves in three cases are
similar in the early period of the charge process. However, there is a
significant difference in the cell potential during the overcharge pe-
riod. For the adiabatic process, the cell potential rises first and then
sharply drops to very low values. As shown in Fig. 34, the cell

Figure 29. The model-predicted cell potential at different discharge rates at
10°C ambient temperature.

Figure 30. The model-predicted cell temperature at different discharge rates
at 10°C ambient temperature.

Figure 31. The model-predicted cell pressure at different discharge rates at
10°C ambient temperature.

Figure 32. The model-predicted cell SOC at different discharge rates at
10°C ambient temperature.

Figure 33. The model-predicted cell potential at different heat transfer con-
ditions at 10°C ambient temperature.
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temperature reaches 100°C during the overcharge period for the
adiabatic process. This indicates cell failure, and thus, the simulation
terminates at that time point. For the process with the medium heat
transfer coefficient, there is significant potential rollover during the
overcharge period, which is a commonly observed phenomenon for
nickel-hydrogen cells. Since the cell potential does not show roll-
over with a very high heat transfer rate, the cause of that phenom-
enon is attributed to the significant cell temperature rise during over-
charge with the medium heat transfer rate,i.e., the significant cell
temperature rise during overcharge increases reaction rates and thus,
less overpotentials are needed to maintain the same charge current.
In Fig. 35, the cell pressure curves show little difference in three
cases at the early period of the charge process. However, the adia-
batic curve terminates the earliest. As shown in Fig. 36, the cell
SOC differs significantly in three cases during the overcharge pe-
riod. The cell SOC for the adiabatic process rapidly decreases with
the sharp rise of the cell temperature. For the process with medium
heat transfer coefficient, the slow cell SOC increase during the over-
charge period is mainly caused by the significant rise of cell tem-
perature.

Conclusions

Nickel phase reactions, including two parallel redox paths with
different electron transfer numbers:b-Ni~OH!2 /b-NiOOH with 1.0
electron transfer anda-Ni~OH!2 /g-NiOOH with 1.67 electron
transfer, and two connecting reactions between them:

a-Ni~OH!2 /b-Ni~OH!2 and b-NiOOH/g-NiOOH conversions,
have been included in a nickel-hydrogen cell model, together with
other important mechanisms. Comparison of model predictions with
experimental data showed satisfactory results. From the model pre-
dictions, it is shown that nickel phase reactions have significant
influence on the behavior of a nickel-hydrogen cell. The cell capac-
ity variation at different temperatures, the change of KOH concen-
tration between charge and discharge processes, and the cell poten-
tial rollover during the overcharge period, were satisfactorily
explained with the model.

Acknowledgments

The authors wish to acknowledge the financial support provided
by the Office of Research and Development of the United States
Central Intelligence Agency.

The University of South Carolina assisted in meeting the publication
costs of this article.

Appendix

Auxiliary model equations.—The current density on a unit area of the cell module

i app 5
i cell

Nmodulep~r out
2 2 r in

2 !
@A-1#

The maximum concentration of nickel active species

cH1,max 5
rNi~OH!2

MNi~OH!2

@A-2#

The porosity of the nickel electrode

«pos 5 «0,pos2
LNi~OH!2

rNi~OH!2

«0,pos @A-3#

The radius of the nickel substrate in cylindrical shape

y0 5
2~1 2 «0,pos!

a0

@A-4#

The radius of the nickel substrate covered with the nickel active material in cylin-
drical shape

y1 5 y0A1 1
2~«0,pos2 «pos!

y0a0

@A-5#

The effective thickness of the nickel active material

Figure 34. The model-predicted cell temperature at different heat transfer
conditions at 10°C ambient temperature.

Figure 35. The model-predicted cell pressure at different heat transfer con-
ditions at 10°C ambient temperature.

Figure 36. The model-predicted cell SOC at different heat transfer condi-
tions at 10°C ambient temperature.
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l y 5
~y1

2 2 y0
2!

2y1

@A-6#

The specific surface area of the nickel electrode

apos 5 a0A 1 2 «pos

1 2 «0,pos

@A-7#

The molar concentration of the KOH electrolyte changes with temperature. It can
be calculated based on the weight percent KOH concentration

ce 5
Wre

5.61
@A-8#

where the density of KOH electrolyte is given by

re 5 1.096348532 4.2173 1024T 1 1.1736043 1022W 2 4.093 1026TW

@A-9#

The conductivity of the KOH electrolyte

ke 5 23.420006143 1023T 1 1.196997713 1025T2 2 1.17298091ce

2 5.167940413 1023ce
2 1 3.282926383 1023Tce 1 1.19604837

3 102ce /T 1 6.243116763 1024ce
3 2 1.883200993 1027T2ce

2

@A-10#

The diffusion coefficient of the KOH electrolyte

De 5 exp~216.4891 0.02015T2 8.1607ce
0.5 1 286.2ce 2 2539.8ce

1.5 1 7207.5ce
2!

@A-11#

The ratio of electrolyte concentration to water concentration

ce

c0

5 21.40413 1024 1 18.2ce 1 100.25ce
2 1 23811ce

3 @A-12#

The mean molar activity coefficient of the KOH electrolyte

f 6 5
1

~256ce 1 1.00021 45.726ce 2 601.63ce
2!

3 exp3
103 3 ce(0.066291 6.1353 1024T 2 1.10183 1025T2

1 4.0963 1028T3)/~256ce 1 1.00021 45.726ce
2 601.63ce

2) 1 106 3 ce
2~0.01090921.71083 1024T

1 1.68953 1026T2 2 7.9693 1029T3)/~256ce

1 1.00021 45.726ce 2 601.63ce
2)2 1 109 3 ce

3~27.3513 1024

1 9.9733 1026T29.3473 1028T2 1 6.2153 10210T 3/

~256ce 1 1.00021 45.726ce2601.63ce
2)3 1 1012

3 ce
4~1.55023 1025 2 1.983 1027T 1 1.84243 1029T2

21.7643 10211T3/~256ce 1 1.00021 45.726ce 2 601.63ce
2!4

131.62283 ce
0.5~0.487421 5.45673 1024T 1 7.98883 1026T2!

/@1 1 44.72143 ce
0.5/~256ce 1 1.00021 45.726ce 2 601.63ce

2!#

4
@A-13#

The constants in Henry’s law for hydrogen and oxygen

KH2
5

1 2 xH2

RT~2ce 1 1.0 3 1027!xH2

@A-14#

xH2
5

expF248.16111
5528.45

T
1 16.8893 ln~0.01T!G

10129ce
@A-15#

KO2
5

1 2 xO2

RT~2ce 1 1.0 3 1027!xO2

@A-16#

x02
5

expS 4.17412
1.3104

T
1

3.417

T2 2
2.4749

T3 D
10[ce(192.32 0.1T)] @A-17#

The temperature difference in the cell stack

DTstack5 Tstackur5rin
2 Tstackur5rout

@A-18#

List of Symbols

a0 specific surface area of the nickel plaque, cm2/cm3

apos specific surface area of the nickel electrode, cm2/cm3

aneg specific surface area of the platinum electrode, cm2/cm3

Avessel outside surface area of the cell pressure vessel, cm2

C rated capacity of the nickel-hydrogen cell, Ah
c0 concentration of water solvent, mol/cm3

ce concentration of the KOH electrolyte, mol/cm3

ce,ref reference concentration of the KOH electrolyte, mol/cm3

ci concentration of species i (i5 b2 , b1 , a, g), mol/cm3

cH1,max maximum concentration of nickel active species, mol/cm3

ci,ref reference concentration of species i (i5 b2 , b1 , a, g), mol/cm3

cH2

g
concentration of hydrogen in the gas phase, mol/cm3

cO2

g
concentration of oxygen in the gas phase, mol/cm3

cH2 concentration of hydrogen in the liquid phase, mol/cm3

cO2 concentration of oxygen in the liquid phase, mol/cm3

cH2 ,ref reference concentration of hydrogen in the liquid phase, mol/cm3

cO2 ,ref reference concentration of oxygen in the liquid phase, mol/cm3

cp,cell heat capacity of the nickel-hydrogen cell, J/K g
De diffusion coefficient of the KOH electrolyte, cm2/s

dUk
u

dT
temperature coefficient of the equilibrium potential of reaction k, V

F Faraday’s constant, 96,487 C/eq
f 6 mean molar activity coefficient of the KOH electrolyte

hcell heat transfer coefficient between the cell and its surroundings, W/cm2 K
hstack heat transfer coefficient between the cell stack and its surroundings,

W/cm2 K
i app applied current density on a unit area of the cell module, A/cm2

i cell applied current on the nickel-hydrogen cell, A
i l current density in the liquid phase, A/cm2

i o,k,ref,T exchange current density of reaction k at temperatureT and reference
reactant concentrations, A/cm2

j k current density due to reaction k, A/cm2

i k,ref,T rate of chemical reaction k at tempertureT and reference reactant con-
centrations, A/cm2

K i equilibrium constant relating the concentration of species i in the liquid
to that in the gas phases

l neg thickness of the negative platinum electrode, cm
l pos thickness of the positive nickel electrode, cm
l sep thickness of the separator, cm

l y effective thickness of the nickel active material, cm
LNi~OH!2 loading of active material in the porous nickel electrode, g/~cm3 void

volume!
mcell mass of the cell, g

MNi~OH!2 molecular weight of Ni~OH!2, g/mol
nH2 amount of hydrogen gas in the cell, mol
nO2 amount of oxygen gas in the cell, mol

Nmodule number of cell modules in the nickel-hydrogen cell
Pcell pressure of the cell, atm
pH2 partial pressure of hydrogen gas, atm
pO2 partial pressure of oxygen gas, atm

pH2 ,ref reference pressure of hydrogen gas, atm
pO2 ,ref reference pressure of oxygen gas, atm

q̇ heat generation rate of a unit area of a cell module, W/~s cm2)
r radial coordinate of the cell stack, cm

r in electrode inner radius, cm
r out electrode outer radius, cm

R universal gas constant, 8.3143 J/mol K
Rcell internal electric resistance of metal leads and current collectors,V

t time, s
t2* transfer number of OH2

T cell temperature by assuming uniform temperature inside the cell, K
TA ambient temperature, K

Tstack temperature in the cell stack, K
T0 reference temperature, K
Uk

u standard equilibrium potential of reaction k, V
URE

u standard equilibrium potential of the Hg/HgO reference electrode, V
Vcell potential of the nickel-hydrogen cell, V

Journal of The Electrochemical Society, 148 ~6! A595-A609 ~2001!A608

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 129.252.69.176Downloaded on 2014-10-27 to IP 

http://ecsdl.org/site/terms_use


Vgas gas volume in the nickel-hydrogen cell, cm3

W weight percent concentration of the KOH electrolyte
x x coordinate of the cell model, cm

xH2 mole fraction of hydrogen gas
xO2 mole fraction of hydrogen gas
y0 radius of the nickel substrate in cylindrical shape, cm
y1 radius of the nickel substrate covered with the nickel active material in

cylindrical shape, cm

Greek

aa,k anodic transfer number of reaction k
ac,k cathodic transfer number of reaction k

DEa,k activation energy of reaction k, J/mol
DUk

u
hysteresis OCP difference between charge and discharge processes for
reaction k, V

«0,pos porosity of the nickel plaque
«pos porosity of the nickel electrode

«pos,l porosity of the electrolyte in the nickel electrode
«sep,l porosity of the electrolyte in the separator
fpos potential of the current collector in the nickel electrode, V
fneg potential of the current collector in the platinum electrode, V

f l potential in the liquid phase, V
feq,k,T equilibrium potential of reaction k at temperature T, V

feq,k,ref,T equilibrium potential of reaction k at reference reactant concentrations
and temperature T, V

lstack thermal conductivity of the cell stack, W/cm K
hk overpotential of reaction k, V
ke conductivity of the KOH electrolyte, S/cm
p mathematical constant, 3.14159
re density of the KOH electrolyte, g/cm3

rstack density of the cell stack, g/cm3

rNi~OH!2 density of Ni~OH!2, g/cm3
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