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Modeling of a Nickel-Hydrogen Cell
Phase Reactions in the Nickel Active Material
B. Wu and R. E. White*'?

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-hydrogengeethe 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: 10.1149/1.137179%ll rights reserved.

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

The nickel-hydrogen battery has been the primary energy storage limiting factor at high discharge rates. De Vietsal3 constructed
device in aerospace applications for more than two decades. Cona comprehensive nickel-hydrogen cell model, which included five
pared to the newly developed high-energy-density battezigs, the reactions and processes in both gas and liquid phases. The predic-
nickel-metal hydride battery and the lithium-ion battery, the nickel- tions of their model showed good agreement with the data obtained
hydrogen battery still holds the advantages of extraordinarily longfrom an experimental cell module. Kirt al* presented a thermal
cycle life and excellent operating safeftyvo critical requirements  model of a common-vessel multicell nickel-hydrogen battery. In
for aerospace energy storage systerasd thus will remain com-  their model, the temperature distribution inside the battery was cal-
petitive in aerospace applications in the future. A typical nickel- culated with some assumed heat generation rates. Significant tem-
hydrogen cell consists of many cell modules contained in a cylin-perature gradients near the surface of the nickel-nydrogen battery
drical pressure vessésee Fig. 1). Each cell module has four major were predicted from their model. A thermal model with the theoret-
components: the nickel positive electrode, the Zircar separator, thécal heat generation rate was developed later by Kinal> Their
platimum negative electrode, and the polypropylene gas séreen. model was used to investigate the influence of the location of heat

The nickel electrode in a nickel-hydrogen cell is produced by generation on the temperature profile inside the nickel-hydrogen bat-
electrochemically impregnating the nickel active material into a sin-tery, which was found to be insignificant. The model by De Vidts
tered nickel substrate. Some cobalt hydroxide is usually added to thet al3 was further improved with a general energy balance, tempera-
nickel active material to improve the cycle life and the charge ac-ture dependent parameters, and simplified equations of mass
ceptance of the nickel electrode. The loading of the nickel activebalances. This model predicted that adiabatic operations of a
material in a nickel-hydrogen cell is lower than that of other nickel- nickel-hydrogen cell were unsafe for both charge and discharge pro-
based batteries, in order to improve the cycle life of the nickel cesses. Timmermaet al.” developed a nickel-hydrogen cell model
electrode. The platinum electrode in a nickel-hydrogen cell is a thinwith simple nickel phase reactions. The predictions of their model
layer of platinum black, Teflon bonded on a nickel screen. It is showed good qualitative agreement with experimental data of the
similar to the electrodes used in the fuel cell. The platinum electrodenickel-hydrogen battery at different temperatures. The proton diffu-
is half wetted with the KOH electrolyte and provides a good inter- sion process in the nickel active material has been included in some
face for hydrogen and oxygen reactions. Unlike the negative elechickel-hydrogen cell modefs®®” However, as shown by Paxton
trodes in other nickel-based batteries, the platinum electrode has nand Newmah and Motupallyet al.” proton diffusion is very un-
significant deterioration processes. Thus, the life-limiting electrodelikely to be a limiting factor for a nickel electrode at low charge/
in a nickel-hydrogen cell turns out to be the nickel electrode. Thisdischarge rates, and thus it is neglected in this work. The primary
makes possible the long cycle life of the nickel-hydrogen cell. The objective of this work is to enhance the models by De Viettsl®
electrolyte used in a nickel-hydrogen cell is concentrated KOH so-and Timmermaret al.” with a comprehensive scheme of phase re-
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 Negative
capacity. At the activation stage of a nickel-hydrogen cell, some Terminal \ Negative X
electrolyte is forced out of the cell stack by the gas evolution and is Core (electrode [ Lead

then drained out of the cell. Thus, inside the cell stack there existsleads inside) Gas Screen —1—
some gas volume, which provides good diffusion paths for hydrogenpressure ——, Platinum
and oxygen gases in normal cell operations. Vessel Electrode il X=lgep

Some modeling efforts have been made for the nickel-hydrogencen Separator
battery in the past. Maet al? developed a discharge model of a Stacks ) Ao
nickel-hydrogen cell by considering only the main reactions on the Head kel -
electrodes. A pseudo-two-dimensional model of the nickel electrodeSpace —
was utilized to investigate the proton diffusion process in the nickel Positive = Positive — r
active material. Their model predicted that proton diffusion could be Terminal Lead

(a) ®)
* Electrochemical Society Fellow. Figure 1. Schematic diagrams dfa) a nickel-hydrogen cell angb) one

Z E-mail: white@engr.sc.edu module of the cell stack.
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actions in the nickel active material, and to investigate with the 1
model the effects of nickel phase reactions on the behavior of a 3 H, + OH™ — H,0 + e~ [3]
nickel-hydrogen cell.

Modeling of a Nickel-Hydrogen Cell On the platinum electrode

. . discharge
The nickel electrode has been actively researched for a long 1 - .
time. The electrochemical behavior of the nickel active material is 2 H, + OH d‘;ge HO + e [4]

usually described by the one-electron-transfer redox reaction be-

tween nickel hydroxide and nickel oxyhydroxide. However, experi- 1 B B

mental data have shown that higher capacities could be obtained 502+ HO + 26 — 2 OH [5]
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 beetib
proposed for the nickel active material in the p#st3 The oxidized

Equation 1 is the main reaction on the nickel electrode. Equation
is written in explicit nickel phases. Equations 2 and 3 are the side

. . . S . reactions on the nickel electrode. Equation 4 is the main reaction on
nickel active material usually exhibits a valence above 3.0. This hag;,, platinum electrode. Equation 5 is the side reaction on the plati-

_been att_ributed to the (_axistence of two forms of n_ickel OXYhyde' num electrode. In addition to the above five reactions, three addi-
ide: B-NIOOH with a nickel valance oft-3 andy-NiOOH with @ {iona nickel phase reactions are also included in this work, as given
nickel valence betweef3.5 and+3.8. TheB-NiOOH phase has a  pglow
crystalline structure while they-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 of2: «-Ni(OH), and ) )
B-Ni(OH),. Thea-Ni(OH), phase has an amorphous structure with a-Ni(OH); — B-Ni(OH), [6b]
embedded water molecules while tBeNi(OH), phase has an an-
hydrous and highly crystalline structure. Many other nickel phases {KusNiO2 )
have also been proposed in the literature, but they have not been
generally accepted. The reaction scheme among four nickel phases discharge 1
proposed by Bodet all® (see Fig. 2)has been widely utilized to = NiOOH + =K' + OH™ [7a]
describe the behavior of the nickel active material. It was also used charge 3
in this work. There are two redox paths in the nickel active material: discharge
B-Ni(OH),/B-NiOOH with one electron transfer and v-NIOOH = B-NiOOH [7b]
a-Ni(OH),/y-NiOOH with 1.5-1.8 electrons transfer. The connec- charge
tions between these two paths are the electrochemical conversion of
B-NiOOH to y-NiOOH during overcharge, and the automatic dehy-
dration of a-Ni(OH), to B-Ni(OH),.

The five reactions that have been generally used for a nickel-

1 2
+ s HO+ s e

2Ho
32 3 3

3

5
+2HO+ ze

2
[Kl/:‘}NiOz . § HZO

hydrogen cell are discharge [ 2 1., -
On the nickel electrode dﬁge Ni(OH); - 3 H0| + z K" + 2 OH [8a]
discharge ) discharge )
NiOOH + H,0 + e = Ni(OH), + OH™  [1a] v-NiOOH =  «-Ni(OH), [8b]
charge charge
discharge Equation 6 is a unidirectional chemical reaction that happens
B-NiOOH = B-Ni(OH), [1b]  through the dissolution af-Ni(OH), and then the crystallization of
charge B-Ni(OH),. The conversion betweef-NiOOH andy-NiOOH is

usually regarded as unidirectional due to the significant structural
. _ change accompanying the reverse reaction. However, there is no
2 O, + HO+ 2e = 20H (2] solid experimental and theoretical basis to support this assertion,
because the forward reaction also involves a drastic structure
change. In this work, the conversion betwe@NiOOH and
) v-NiOOH is treated as a reversible electrochemical reaction. In the
Dehydration above reaction equations, the molecular formulas ofgthgi(OH),
B-Ni(OH), <4———Eq.6 ——— o-Ni(OH), and B-NiOOH phases are expressed by(®#), and NiOOH, re-
4 4 spectively, based on their highly crystalline structure. However,
there is no consensus on the molecular formulas oftHei (OH),
and y-NiOOH phases. The molecular formulas for t#heNi(OH),
Reducti ) Oxidation Reducti Oxidation and «/—NiOOH phase_s in the above reaction equations are estimated
eduction  Eq- 1 (100mV positive) eduction  Eq.- 8 (6omV positive) from those in the literatur®*® The state of chargéSOC) 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 the-NiOOH phase

Reduction v
B-NiOOH 4———Eq.7 ————— NiOOH soc— cg + 1.67¢, (o]
Oxidation Ch* max
(60mV positive)
For the kinetics of the electrochemical reactions Eq. 1-4, 7, and
Figure 2. The reaction scheme among nickel phases. 8, applying the Butler-Volmer equation gives
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[} 0
. ) Ce CB, OlalF 0 0 dU2 dURE
=i — ex ’ begar= (Uz = Ugg) + (T — To)(— -
h Olreﬂ[(ce ref)( ref) % RT nl) - dT dT

RT
ag 1F + =—1In(cg)? [20]
[10] 2F 2
CB ,ref
o 12 0 9 dUg dURE
( ) ) Co, (beqST (Us Ure) + (T = Top) d_T - dT
2 = lo2yet,
o eref Coz,ref RT
- = In(cy,) [21]
acf
X eXF'( R M2 [11] duj  dube
begar= (Uj — Uge) + (T - To>(— -
. 2 ; daT daT
. Hy Qg
= j ex : RT
]3 o3ref1|: Ceref (CH2 ref) F{ RT N3 _ ?ln(cHz)lIz [22]
acsp ) . duy  duge
[12] begrr= (U7 — Ugg) + (T = To) T at
12 3RT [ RT
CH o, F —Inl =X*| - —
o= loant ) exp( ad m) + S |n(CB ) — In(co) [23]
Ce ref/ CH2 ref RT *
duj  dUge
o qF u? +(T-T
3 ex;{ cd ) [13] degsr= (U — U + ( o)( T o7
SRTI c, 2RTI o4
+¥na—¥n(ce) [24]

7 - I07ref

In the above equations) g is the standard potential of the Hg/
HgO reference electrodss. the standard hydrogen electrq@&E).

4/3
CB+ EX% o+
nz
Ce ref ,ref RT
[14] The temperature dependence of equilibrium potentials has also been
included in the above equations.

- exp — n7
Cy,ref RT
s The oxygen reduction on the platimum electrode is mass-transfer
) . Ce Cy ayd limited due to the huge driving force for this reaction on the plati-
J& = logref ex RT Mg num electrode. The rate of this reaction is expressed in a limiting-
- exp — Mg
C'y,ref RT

current equation
AE,s[1 1
ex “l = - — [25]
F{ R T To”
The exchange current density of each electrochemical reaction is ) . ) )
temperature dependent as described with the Arrhenius equation 1 n€ conversion fronx-Ni(OH), to B-Ni(OH), is assumed to be
c

a first order chemical reaction, which gives
% : i) ; ) % AEaG( 1)
T — | ex - — —
0 Coref R\T T,

The overpotential for each electrochemical reaction is defined as Hysteresis potential behavior exists for nickel reactis, the

e ref Cu,ref

COZ

[15]

Is = _|5,ref,T0(

O, ref

AE,
R

[16]

[26]

lokref,T = lokref,T, exf{ -

le = IG,ref,To(

k = Gpos— &1 — dequrer @t the nickel electrode[17] apparent open-circuit potential of the discharge process is lower
e than that of the charge process. In this work, for the discharge pro-
Nk = Gneg— d1 — degrrerr at the platinum electrode cesses of reactions Eq. 1, 7, and 8, smaller values of the equilibrium
[18] potential than those for the charge processes have been used. The
governing equations of the model are presented subsequently. The
The value ofbeq er,T With respect to the Hg/HgO reference diffusion in the gas phase has been neglected because it is much
electrode for each electrochemical reaction is given by the followingfaster than that in the liquid phase.

equations at the reference reactant concentrations Nickel electrode.—The material balance of the KOH electrolyte

dUe qu? is expressed by
— 0 _ 0 _ RE
degrr= (U] — Upg) + (T — To)| —— e o U is 3_( f’_"e) _ B 4 Bpos
pos,| ot pos,laX e ax E 9x =
RT [Cp
+ —In| — [19] S T
= cs Ji+t i+ izt 27+ gls =0 [27]
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Modified Ohm’s law in the electrolyte is

R
T ax F ’ dIn c,
c 1celd Inc
X 1—(1+2—e>t*+——e °
Co 2¢y| ox

The conservation of charge in the electrolyte gives
ai . . . . .
X = apos(Jl S Yl Y ol A Y

The mass balances of nickel species are given by

deg _ —j1+ e
Y dt F
| dCB+ _ j1 — 3j7/2
Y dt F

de,  3jgf5 + 3j4/2
Y dt F

Only the concentrations of three phases are accounted for in the

[28]

[29]

[30]

[31]

[32]

Journal of The Electrochemical Society48 (6) A595-A609(2001)

The conservation of charge in the electrolyte gives

ip=1i app [42]

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

ac t
8sep,IDeé_ + ? lapp = lapp [43]
X ><=Ipos+lSep
AP,
H _ 1.5
i app = _Ssep,IKea_ [44]
X:|p05+|sep

Platinum electrode.—The conservation of charge gives

_iapp= anng neg(j4 + js) [45]

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

Veel = ¢pos - cI)neg + iceReel [46]

The mass balances of hydrogen and oxygen gases are given by

model, and that of the left phase can be obtained from the following

mass balance dny, N (2 rz)apoJ posi3 T @nednegla
Co = Chtmax— (Cg_+ Cp, +Cy) [33] dt module A Tout - Tin 2F [47]
The boundary conditions at the back of the nickel electrode are dn . .
0 > Z\apoJ posl2 T a-neg} negl 5
9Ce at = Nioduie™ (out = Tin) 4F [48]
“oposDe—| =0 [34]
x=0 where
CLoT
_ .15 _rt _ \V)
€pos,IKe =0 [35] _ PH,V gas e
X | Ny, = — CHZVgas [49]
ilx=0 =0 [36] DoV
O,V gas
The boundary conditions at the interface between the nickel elec- No, = RT C%ZVgas (50]
trode and the separator are
dCe 9Ce Equilibrium is assumed to exist between the gas phase and the
— epoeDe— esamiDe— [37]  dissolved phase hydrogen and oxygen; then from Henry's law, there
Xl o X Xl is
ad)l ad)l Cg
~ CposiKe | = “EapiKe [38] 6 = [51]
Xﬁl;;os le;os 2 K02
iI|><:I';c>s = iapp [39]
cd
Separator.—The material balance of the KOH electrolyte is ex- Co. = % [52]
pressed by ? Ko,
a_Ce _ ¢ls i D &’ — [40] The cell pressure is expressed by
Esep,l ot Ssep,lax e ox =
- ) . (Nu, + No )RT
Modified Ohm’s law in the electrolyte is Pt = 2 2 [53]
V
_ s b 2RT Ly din f. gas
lapp = Tsepie T T T T EsepiKe dinc, The energy balance of the whole cell is given by
Cel , 1celd In ce )
x|1-11+2 C_O .+ _C_O IX [41] mcellcp,cella = _hceIIAvesse‘T - Ta) +q [54]
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The heat generation rate of the cell is described with Table I. Model parameters.

PceII

q _ Vgas + icelleeII + Nmodule’"(rﬁut* rﬁ]) Parameter Value Sourte
a, 2000 cni/cn?®
s dU, Bneg 1500 rtr:?n?/cnﬁ
X | 1 apd P pos — - jk(U = T) — Avessel 600 c
ap;{ pos d)neg) k:1,2,3,7,86p04 posJk k daT CVESSE 30 Ah
dU Cpcell 10JK g , -
. _ k hcell 6.0 X 10°° W/c K
+ k;w Aned negl k(Uk = T 57 [55] hetack 6.0 X 1073 Wicn? K
I neg 0.02 cm
where l pos 0.0762 cm
lsep 0.06 cm
dPee dny, dno,| RT (N, + No)R T c6 L nicoH), 1.50 g/cni void volume
at \dt | dt Ve v a 58] Meei 1.2x 10° g
gas gas M icoH), 92.7 g/mol Ref. 3
. . . N 24
In the above equation, the temperature is assumed to be uniform "% 1.5875 cm
inside the cell, and the heat effect of the chemical reaction Eq. 6is /" 4.2926 cm
neglected. R 05% 10-2 Q
Due to the limited rate of heat transfer, temperature differences t*°e" 0.78 Ref. 3
exist inside a nickel-hydrogen cell. If the temperature difference ,” 465.0 cnd
. ! o gas .
between different portions of the cell is high enough, water transport 0.81
through the evaporation and condensation mechanism could happen. 8°’p°|5 0.30
This may significantly affect cell performanéé.To investigate 8”°S’I 0.85
such possibilities, the heat transfer in the radial direction of the cell ™" 0.1 Wiem K
stack is modeled, as given by the following governing equations p;:gH)z 3.4 glomt Ref. 6
2.0 glent
8Tstack 1d detack Ptack gle
pstaclpp,cellT = stack . g d—
r 2The parameters that have no source listed are either assumed values or design
q parameters.

[57]
Nmoduléﬁ(riut - I’ﬁ])

nickel phases were set to be: 0860Ni(OH),, 0.073-NiOOH, 0.02
a-Ni(OH),, and 0.01y-NiOOH. The initial hydrogen partial pres-
sure was set at 0.1 atm, and oxygen partial pressure>atlD *
=0 [58] 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
= Nstack Tstack = To) [59]  used in the model. The detailed analysis of model predictions is
r=rou given subsequently.
Figure 3 shows the cell potential at different ambient tempera-
The heat transfer through the inner surface as well as thatures. Observe that the charge potential increases as the temperature
through the upper and lower surfaces of the pineapple-shaped ceflecreases. This is because reaction rates are slow at low tempera-
stack has been neglected. Some auxiliary equations for the modétres and high overpotentials are needed to maintain the same
are listed in the Appendix. There are six dependent variables in theharge current. The high plateau in the potential curve corresponds
x direction (Ce, ¢;, i}, Cg_, Cg,, andc,), one dependent variable to the overcharge period. The dominant reactions during overcharge
in the r direction (Tg,e), and eight dependent variables that are are th? oxygen evolqtlon on the nlckgl electrode and the oxygen
. . g A9 reduction on the platinum electrode. Since the oxygen evolution is
time-dependent onlyMcei, 4, $neg, Mh,» No,s Ch,» Co,» andT). slower than nickel reactions, higher overpotential is needed to main-
The nickel substrate potentiab,.s, was set as the reference poten- tain the same charge current. The relatively larger change of the
tial. The model equations were solved with DASRT, an extension ofovercharge plateau indicates that the oxygen evolution is more sen-
the popular DAEs solver DASSL with discrete event detections. Thesitive to the temperature change than are the other reactions. The
model program is coded in FORTRAN. A simulation for one pro- discharge potential curves terminate at different time points. This
cess typically takes tens of seconds on a Pentium PC. 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
The model parameters are listed in Table |. The kinetic param-at low temperatures would cause a discharge process to reach the
eters of reactions are given in Table Il. The model predictions arecutoff voltage earlier due to high overpotential losses. The real
compared to the experimental ddteltage, temperature, and pres- mechanism for this phenomenon will be discussed later.
sure)of a TRW 30 Ah cell for the following processes: C/10 rate Figure 4 shows the cell temperature at different ambient tem-
charge for 16 h, open-circuit for 1 h, and C/2 rate discharge to theperatures. The cell temperature slightly decreases in the early period
cutoff voltage 0.9 V at three ambient temperatures 0, 10, and 20°Cof the charge process. This indicates that endothermic heat effects of
The C rate is based on the rated capacity of the TRW cell, it the cell reactions dominate. As the cell approaches overcharge, the
equals 30 A. The cell was fully discharged before the experiment.cell temperature rapidly increases because more and more input en-
The positive precharge of a TRW cell is estimated to be around 8%ergy is wasted on the side reactioesy., the oxygen evolution on
of the nickel active material. Thus, the initial mole fractions of the nickel electrode and the oxygen reduction on the platinum elec-

with boundary conditions

d Tstack
—A stack

dr

d Tstac k
~Nstack

dr

Results and Discussion
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Table Il. Kinetic parameters.

Parameter Value Sourte
Ceref 5.8 X 1072 mol/cn?
Cp_ref O-SCHﬁmax
C[3+,ref 0-SCHJf,max
Caref O-SCD-ﬁ,max
Cy ref 0-5%+,max
i(j,l,ref,‘lb 6.1 107° Alcm? Ref. 3
o.20ehT, 1.0 X 10710 A/en? Ref. 3
o3rehT, 2.5 X 107%° Alem?
045e1T, 1.0 X 107* Alem?
05,0, 1.0 X 1074 Alem?
io6ehT, 1.0 X 10°% Alem?
fo7rehT, 2.0x 1077 Alem?
o8rehT, 6.1 X 107° Alcm?
F)Hz,ref 1 atm
F’Oz,ref 1 atm
0 298.15 K
ul, 0.0983 V Ref. 19
Ug 0.5183 V Ref. 19
Ug 0.4011 V Ref. 19
u$ —0.8280 VvV Ref. 19
Uﬁ —0.8280 VvV Ref. 19
Ug 0.4011 V Ref. 19
ub 0.5783 V
ug 0.4783 V
AU‘; 0.10 V Ref. 10
AUY 0.06 V
Aug 0.06 V Ref. 10
dUe Ref. 19
T —1.125 mV/K
dut —-1.35 mVIK Ref. 19
dT
[}
% —1.6816 mV/K Ref. 19
dT
[t}
% —0.836 mV/K Ref. 19
0
% —0.836 mV/K Ref. 19
dug —1.6816 mV/K Ref. 19
dT
[t}
av -1.35 mV/K
dT
0
Vs -1.35 mV/K
dT
g1 0.5 Ref. 3
Qs 0.5 Ref. 3
®ap 1.25 Ref. 3
Qg 0.75 Ref. 3
®as 0.5 Ref. 3
X 0.5 Ref. 3
Mas 0.5 Ref. 3
Qg 0.5 Ref. 3
Qg7 0.33
s 0.33
Uag 0.83
a 0.83
B, 10 k¥/mol
AE,, 120 kJ/mol
AE,3 150 kJ/mol
AEa.4 10 kJ/mol
AE,s 10 kJ/mol
AE,g 10 kJ/mol
AE,; 10 kJ/mol
AE,g 10 kJ/mol

0.9 . :

Figure 3. Comparison of the model-predicted cell potential with experimen-
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Figure 4. Comparison of the model-predicted cell temperature with experi-
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Figure 5. Comparison of the model-predicted cell pressure with experimen-
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Figure 6. The model-predicted cell SOC. nickel electrodgat 10°C ambient temperature.

trode. The cell temperature during discharge is higher than that dur\'/erge mainly during the overcharge period. The cell SOC increases

ing overcharge. This is mainly due to high ohmic and overpotentialfaster at lower tem ; P
. . X peratures. The higher-than-one SOCs indicate
losses with the high current rafee., C/2 vs. C/10). At the end of that a high nickel oxidation state is present. There is good similarity

e e e s e, Heicen the precsre curves n Fig 5 and the SOC ctves i .G
Y Sig P us, the cell pressure can be used as a rough indication of the cell

are depleted. o Ll
Figure 5 shows the cell pressure at different ambient temperaﬁ)%(r:c’)gvggligl;s a fact that has been commonly used for a nickel

tures. With the input of the charge current, hydrogen gas is gener- The predicted nickel phase distribution at different ambient tem-

ated on the platinum electrode and the cell pressure is increaseqi, a5 is shown in Fig. 7-9. Some similar trends are observed in
Since oxygen gas evolved on the nickel electrode will diffuse to the

platinum electrode and be reduced there, some charge current on tASS€ figures. During the charge process, the amouft f(OH),

: : : fadually decreases while thateiNiOOH gradually increases. The
platinum electrode is wasted on the oxygen reduction. The hyOIroger§lmount of 3-NiOOH increases at first and then it decreases during

oxidation on the nickel electrode also consumes some generate e overcharae period. During the open-circuit process. the amount
hydrogen gas and thus reduces the charge efficiency. The cell pre g€ p ) 9 P P ’

sure curve levels off during the overcharge period because a Iarg@f B-NiOOH decreases while that @-Ni(OH), andy-NiOOH in-

portion of the charge current goes into the oxygen evolution on theCreases. During the discharge process, both the amo@NeDOH

nickel electrode and the oxygen reduction on the platimum elec-2nd ¥-NIOOH decreases while that g§-Ni(OH), increases. The
trode, and the hydrogen gas generation becomes insignificant. Th@mount ofa-Ni(OH), increases at first and then it decreases during
pressure curves show different slopes in the early period of thethe discharge process. However, the quantitative phase distribution
charge process. This is the temperature efieet, the same amount 1S dlfferent at different tempergturee,g., there is comparatively
of hydrogen gas gives a low pressure at a low temperature. High celfore y-NiOOH generated during the charge process and more
pressures at the end of the charge process at low temperatures indi-Ni(OH), generated during the discharge process at low tempera-
cate that more hydrogen is generated and thus larger cell capacitidgres.
are obtained at low temperatures. The predicted partial currents of reactions are presented in Fig.
Figure 6 shows the predicted cell SOC at different ambient tem-10-18. As shown in Fig. 10, 13, and 16, in the early period of the
peratures. It is clear that high cell SOCs are obtained at low tem-<harge process, the main reactions arefthi(OH), to 3-NiOOH
peratures. The SOC curves at different ambient temperatures disonversion(Eq. 1) and the hydrogen generatigkq. 4) while the

B-Ni(OH), B-Ni(OH), B-NiOOH

0.8 . 0.8 / -
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s @
[T [
@ o
Q - [«] 4
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Figure 7. The model-predicted nickel phase distributiGaveraged in the
nickel electrodgat 0°C ambient temperature.
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Figure 10. Model-predicted partial currents during the charge process atFigure 13. Model-predicted partial currents during the charge process at
0°C ambient temperature. 10°C ambient temperature.
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Figure 11. Model-predicted partial currents during the open-circuit process Figure 14. Model-predicted partial currents during the open-circuit process
at 0°C ambient temperature. at 10°C ambient temperature.
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Figure 12. Model-predicted partial currents during the discharge process atFigure 15. Model-predicted partial currents during the discharge process at
0°C ambient temperature. 10°C ambient temperature.
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Figure 16. Model-predicted partial currents during the charge process atFigure 18. Model-predicted partial currents during the discharge process at
20°C ambient temperature. 20°C ambient temperature.

side reactions on both electrodes are negligible. During the overl), which drives the-NiOOH to y-NiOOH conversion(Eq. 7), the
charge period, the oxygen evolutiéBq. 2), the hydrogen oxidation ~ 0Xygen evolutior(Eq. 2)and the hydrogen oxidatidifEq. 3). On the
(Eg. 3), the oxygen reductiofEq. 5), and theB-NiOOH to  Platinum electrode, oxygen is reducédg. 5) while hydrogen is
v-NiOOH conversion (Eq. 7) become significant while the OXidized (Eq. 4).‘One interesting result is that the self-dlschargg
B-Ni(OH), to 8-NiOOH conversionEq. 1)becomes negligible. At ~ currents of the nickel electrode and hydrogen electrode can be dif-
high temperatures, the time when the oxygen evolutieq. 2), the  ferent. In fact, the self-discharge current on the platinum electrodes
hydrogen oxidationEq. 3), and the oxygen reductigig. 5) are is larger than that on the nickel electrode at 0°C and the converse is
significant comes earlier, which indicates lower charge efficiency atifué at 20°C. The self-discharge currents on both electrodes are
high temperatures. It is observed that the partial current of thelarger at high temperatures. , _
B-NiOOH to y-NiOOH conversion(Eq. 7)is higher at lower tem- As §hown in Fig. 12, 15,_and 18, durl_ng the dlscharge process,
peratures. In fact, it is higher than that of the oxygen evolutieqp ~ the main reactions are tigzNiOOH to 3-Ni(OH), conversion(Eq.
2) and the hydrogen oxidatioiEq. 3)in the early overcharge period 1), they-NiOOH to a-Ni(OH), conversion(Eq. 8), thea-Ni(OH),
at 0°C but it is lower during most of the overcharge period at 20°C.to B-Ni(OH), conversion(Eq. 6), and the hydrogen oxidation Eq.
The mechanism of the cell capacity variation at different tempera-(4), while other reactionéEg. 2, 3, 5, and 7are insignificant. Both
tures is clearly shown to be the competition between nickel reactiong-NiOOH and~y-NiOOH are consumed and bofiNi(OH), and
and side reactions. At high temperatures, the oxygen evol@Eign  «-Ni(OH), are generated during discharge. Some generated
2) and the hydrogen oxidatiafEg. 3)on the nickel electrode can be  -Ni(OH), converts to-Ni(OH), quickly and thusB-Ni(OH), is
so fast that thes-Ni(OH), to B-NiOOH conversionEq. 1) will be the dominant phase in the discharged nickel active material. It is
affected. While at low temperatures, the oxygen evolutigg. 2)  observed that th@-NiOOH to 3-Ni(OH), conversion(Eq. 1) and
and the hydrogen oxidatioiEq. 3) are so sluggish that the they-NiOOH to a-Ni(OH), conversion(Eqg. 8) provides two paral-
B-NiOOH to y-NiOOH conversion(Eq. 7) will be favored. Conse- e| reduction paths for the nickel active material. The partial currents
quently high charge efficiencies and thus high final cell SOCs will of these two reactions change dramatically during the discharge pro-
be obtained at low temperatures. . . cess. At first, the partial current of theNiOOH to a-Ni(OH),

As shown in Fig. 11, 14, and 17, during the open-circuit period, ¢onyersoin is larger. Then the partial current of fNiOOH to

there is §ignificant self-digchargg at. all three ambie.nt temperaturesB_Ni(OH)2 conversion becomes larger. Later on, the partial current
On the nickel electrod@-NiOOH is discharged t@-Ni(OH); (Eqg. of the y-NiOOH to «-Ni(OH), conversion is larger again. Finally,
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Figure 17. Model-predicted partial currents during the open-circuit process Figure 19. The model-predicted liquid phase current density profile across
at 20°C ambient temperature. the cell module at 10°C ambient temperature.
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Figure 20. The model-predicted average KOH concentration. Figure 22. The model-predicted heat generation rate of the cell.

eral time points at 10°C ambient temperature. During the charge

comes dominant. At low temperatures, the partial current difference®0c€ss: OH ion is consumed in the nickel electrode and generated

of these two reactions are more prominent in the platinum electrode, thus the KOH concentration changes from
' {ow values in the nickel electrode to high values in the platinum

Figure 19 shows the predicted liquid phase current density a | de. Duri he disch h holds. Th
several time points at 10°C ambient temperature. The constant lin& €ctrode. During the discharge process, the converse holds. The
erence of KOH concentration across the cell module is actually

in the separator means that the whole applied current density pass e o o .
through ?he separator unchanged. In tﬁg nickel electrode,ya?lmoé?c’t very significant and it is less than 5% during the C/2 discharge.

linear lines are obtained during both the charge and discharge pro-.  F19ure 22 shows the predicted heat generation rate of the cell at
cesses. This indicates that reactions occur almost uniformly in thélifferent ambient temperatures. The heat generation rate is negative

nickel electrode. Thus, the nickel active material is almost uniformly duringhthe earlyh period of t(;]e charge kﬁ)rocess.hlt increasgsd rapig!y
utilized in the nickel electrode, and the nickel phase distribution is"€a' the overcharge period. During the overcharge period, a big
similar at all locations across the nickel electrode. portion of the input energy is wasted.on side reactions, which causes

Figure 20 shows the predicted average KOH concentration ata_hlgh heat generation rate. In fact, it can be expected that when the

different ambient temperatures. During the charge process, KOH ilicke! active material is fully charged, the whole input energy will
taken up into the nickel active material with tHeNIOOH to ecome heat generation. It is interesting to note that there is signifi-

+-NiOOH conversionEq. 1). This causes the decrease of the KOH Cant heat generation during the open-circuit period. This indicates
concentration during the charge process. Since @H¢iOOH to f[hat S|gn|f|cant self-dlscharge occurs. The heat generation rate dur-
+y-NiOOH conversion is more significant during the overcharge pe-N9 the discharge process is higher than that during the overcharge
riod, KOH concentration decreases rapidly at the same time. Durind?€/10d: which is mainly caused by the comparatively higher rate of
the discharge process, KOH is released back to the electrolyte with'® discharge process. The heat generation rate shoots up to very
the y-NiOOH to a-NiOOH conversion(Eq. 8) and the KOH con- high values at the end of the dls_charge process. _Thls_ may Iead_to
centration is restored. A similar KOH concentration change has beef1€'Mal safety problems. To avoid such hazard situations, the dis-
observed experimentalfyThe model predicts that there is compara- charge process needs to be terminated earlier with high cutoff val-
tively a larger variation of the KOH concentration at low tempera- ues.

tures, which is directly related to the amountyeNiOOH generated ~__Figure 23 shows the temperature difference in the cell stack at
and consumed. different ambient temperatures. At the early period of the charge

Figure 21 shows the predicted KOH concentration profile at sey.process, the inner_ portion of the cell stack_ has lower temperature
than the outer portion due to the endothermic heat effects; however,

the partial current of thg-NiOOH to B-Ni(OH), conversion be-

7.5 T ; . . . . .
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Figure 21. The model-predicted KOH concentration profile across the cell
module at 10°C ambient temperature. Figure 23. The model-predicted temperature difference in the cell stack.
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Figure 24. The model-predicted temperature profile in the radial direction of

. Figure 26. The model-predicted cell temperature at different charge rates at
the cell stack at 10°C ambient temperature. 9 b P g

10°C ambient temperature.

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 hea’ 4o . . T . . . :

generation in the cell stack; however, the value of temperature dif-

ference is still not large enough to cause water transport through the 35 i

evaporation and condensation mechanism. The predicted temper: 6A 3A 15A

ture profiles across the radial direction of the cell stack at different % [ ~a N AW

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 simulatedg

processes. Thus the assumption of uniform cell temperature seen®q | 8

to be reasonable. o8
Figures 25-28 show the simulation results for the charge proces: 15

at different rate§C/20 for 32, C/10 for 16, and C/5 for 4).hThe

same total amount of charge has been used for these processes. .

shown in Fig. 25, high charge cell potentials are needed at high

charge rates. This is due to high ohmic and overpotential losses a

high charge rates. As shown in Fig. 26, the cell temperature varies ¢ ) . : . . ‘ '

more significantly at high charge rates. Cell temperature decrease 0 4 8 12 16 20 24 28 32

deeper in the early period of the charge process, and reaches highi Time (h)

during the overcharge period. As shown in Fig. 27, the slope of the

cell pressure curve varies with the charge rate. High rates increasgigure 27. The model-predicted cell pressure at different charge rates at

the cell pressure to the same value in less time and cause the slof€°C ambient temperature.

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-

16 T T T T T T

Vcell (V)

5
soc

11 ’

09 . . . . ‘ . . 0 . . . . . . .
0 4 8 12 16 20 24 28 32 0 4 8 12 16 20 24 28 32
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Figure 25. The model-predicted cell potential at different charge rates at Figure 28. The model-predicted cell SOC at different charge rates at 10°C
10°C ambient temperature. ambient temperature.
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Figure 29. The model-predicted cell potential at different discharge rates atFigure 32. The model-predicted cell SOC at different discharge rates at

10°C ambient temperature.

8 1 1 1 1 1
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Time (h)

10°C ambient temperature.

dicted to yield high final cell SOCs. This could be the effect of low
cell temperatures during overcharge at low charge ragesthe side
reactions are slower at low cell temperatures.

Figures 29-32 show the simulation results for the discharge pro-
cess at different rate&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

Figure 30. The model-predicted cell temperature at different discharge ratesh, open circuit for 1 h, and C/2 discharge to the cutoff voltage, 0.9

at 10°C ambient temperature.

S
o

Peey {atm)
NN W W
S & &8 &

Y
w
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Time (h)

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

1.6 . . ; ; >
6x10”° Wrem?/K
0 Wiem¥K—»
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0.9 . . .
0 5 10 15 20
Time (h)

Figure 31. The model-predicted cell pressure at different discharge rates atFigure 33. The model-predicted cell potential at different heat transfer con-

10°C ambient temperature.

ditions at 10°C ambient temperature.

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


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society48 (6) A595-A609(2001) A607

100 ; ; . 14 . . :
6x10° Wicm?K
12 F J
80 1
L _
60 1 2 /
08 | J
5 OWiem?K o 0 W/iecm*/K
< N Q
+~ o6 |
40 1 ’ |
-4 2
6x10" Wiem?/K 04 6x10™* Wiem?/K i
20 | 1
0.2 .
T 6x10¥ Wiem?/K
0 ’ __ X 0 . . .
0 5 10 15 20 0 5 10 15 20
Time (h) Time (h)

Figure 34. The model-predicted cell temperature at different heat transfer Figure 36. The model-predicted cell SOC at different heat transfer condi-
conditions at 10°C ambient temperature. tions at 10°C ambient temperature.

temperature reaches 100°C during the overcharge period for the

adiabatic process. This indicates cell failure, and thus, the simulatiorx-Ni(OH),/B-Ni(OH), and B-NiOOH/y-NiOOH conversions,
terminates at that time point. For the process with the medium heahave been included in a nickel-hydrogen cell model, together with
transfer coefficient, there is significant potential rollover during the other important mechanisms. Comparison of model predictions with
overcharge period, which is a commonly observed phenomenon foexperimental data showed satisfactory results. From the model pre-
nickel-hydrogen cells. Since the cell potential does not show roll-dictions, it is shown that nickel phase reactions have significant
over with a very high heat transfer rate, the cause of that phenominfluence on the behavior of a nickel-hydrogen cell. The cell capac-
enon is attributed to the significant cell temperature rise during over-ty variation at different temperatures, the change of KOH concen-
charge with the medium heat transfer rdte,, the significant cell  tration between charge and discharge processes, and the cell poten-
temperature rise during overcharge increases reaction rates and thuiml rollover during the overcharge period, were satisfactorily
less overpotentials are needed to maintain the same charge curremixplained with the model.

In Fig. 35, the cell pressure curves show little difference in three

cases at the early period of the charge process. However, the adia- Acknowledgments
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charge period is mainly caused by the significant rise of cell tem-costs of this article.

perature. Appendix

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

Nickel phase reactions, including two parallel redox paths with

different electron transfer numbei:Ni(OH),/B-NiOOH with 1.0 — i cell (A1)
electron transfer andx-Ni(OH),/y-NiOOH with 1.67 electron " Ninodud (12 — 12)
transfer, and two connecting reactions between them:
The maximum concentration of nickel active species
40 T PV T 2 0
Ni(OH).
6x10™ W/em*/K +«—— 0 W/ecm*“/K O o = 2 [A-2]
35 . MnicoH),
30 - b The porosity of the nickel electrode
6x10° Wiem?/K
25 1 LnicoH),
.g €pos = €0,pos~ T €0,pos [A-3]
T b 1 PNi(OH),
3
o 15 - | The radius of the nickel substrate in cylindrical shape
10 8 2(1 — opod
yo = ——= [A-4]
Qg
5 |- 4
The radius of the nickel substrate covered with the nickel active material in cylin-
0 L . drical shape
0 5 10 15 20

Time (h / 2(e — &
(h) V1= Yo 14+ (bo,p;s Fpos) [A-5]

. . . a,
Figure 35. The model-predicted cell pressure at different heat transfer con- 0%
ditions at 10°C ambient temperature. The effective thickness of the nickel active material
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_0i- Y
2y

ly [A-6]

The specific surface area of the nickel electrode

[1—¢
Qpos = Qg 1_;)05 [A-7]

~ €0,pos

The molar concentration of the KOH electrolyte changes with temperature. It can

be calculated based on the weight percent KOH concentration

_ Wpe
5.61

Ce [A'S]

where the density of KOH electrolyte is given by

pe = 1.09634853- 4.217x 10 “T + 1.173604X 10 2W — 4.09%X 10 6TW
[A-9]
The conductivity of the KOH electrolyte

Ke = —3.42000614X 107 3T + 1.19699771x 10 °T? — 1.1729809t,
— 5.16794041x 1073c? + 3.28292638< 107°Tc, + 1.19604837

X 10Pc,/T + 6.24311676< 10 *c3 — 1.88320099< 107 7T2c2

[A-10]
The diffusion coefficient of the KOH electrolyte

D, = exp(—16.489+ 0.02015T— 8.1607&° + 286.2¢ — 2539.8¢° + 7207.5¢)

[A-11]
The ratio of electrolyte concentration to water concentration
CE -
— = —1.4041x 10* + 18.2¢, + 100.25¢ + 23811¢ [A-12]
Co
The mean molar activity coefficient of the KOH electrolyte
. 1
© (—56c, + 1.0002+ 45.726¢ — 601.63¢)
[10° X co(0.06629+ 6.135X 107“T — 1.1018x 10 °T? 7

+ 4.096% 10°°T%)/(—56¢, + 1.0002+ 45.726¢
601.63¢) + 10° X ¢2(0.010909—1.7108& 10°T
+ 1.6895X 107672 — 7.969% 10 °T3)/(—56¢,
+ 1.0002+ 45.726¢ — 601.63¢)% + 10° X ¢3(—7.351x 107*
X exg T 9.973X% 107°T-9.347x 107°T? + 6.215x 107 0T¥
(—560¢, + 1.0002+ 45.726¢—601.63¢)° + 1012
X c4(1.5502x 107% — 1.98X 107'T + 1.8424x 107 °T?
—1.764% 10773/(—56¢, + 1.0002+ 45.726¢ — 601.63¢)*
+31.6228% c2%0.48742+ 5.4567x 107*T + 7.9888% 107°T?)
L /[1+ 44.7214X c2%(—56c, + 1.0002+ 45.726¢ — 601.63¢)] |

[A-13]
The constants in Henry's law for hydrogen and oxygen
1- XH,
Kh, = RT(2e.+ 1.0 X 10 x, [A-14]
5528.45
exg —48.1611+ B + 16.8893110.01T)
X, = ToT7% [A-15]
1- Xo,
Ko, = [A-16]

2 RT(2ce + 1.0 X 107 )xo,
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41741 1.3104 3.417 2.4749
oxp 2 TR e
Xo, = 10[cd192.3= 0.17] [A-17]

The temperature difference in the cell stack

ATstack = Tstacllr:rm - Tstacllr:rw [A-18]
List of Symbols

a, specific surface area of the nickel plaque 2m’
ayes  Specific surface area of the nickel electrode?/am®
aneg Specific surface area of the platinum electrode?/cm®
Aessel OUtside surface area of the cell pressure vessél, cm
rated capacity of the nickel-hydrogen cell, Ah
co concentration of water solvent, mol/ém
c. concentration of the KOH electrolyte, mol/ém
Ceref reference concentration of the KOH electrolyte, moflcm
c; concentration of speciesi & B_, B, «, ), molcn?
Ch+max Maximum concentration of nickel active species, moflcm
Ciret reference concentration of species Kif_, B, «, y), mollcn?
Caz concentration of hydrogen in the gas phase, mal/cm
Co, concentration of oxygen in the gas phase, mof/cm
CH, concentration of hydrogen in the liquid phase, moflcm
Co, concentration of oxygen in the liquid phase, molfcm
Ch,ref reference concentration of hydrogen in the liquid phase, mél/cm
Co,ref reference concentration of oxygen in the liquid phase, mdl/cm
Cpcel heat capacity of the nickel-hydrogen cell, J/K g
D. diffusion coefficient of the KOH electrolyte, cis
duy
dT
F Faraday’s constant, 96,487 Cleq
f. mean molar activity coefficient of the KOH electrolyte
heen  heat transfer coefficient between the cell and its surroundings, ¥\Kcm
hsiack  heat transfer coefficient between the cell stack and its surroundings,
Wien? K
iapp applied current density on a unit area of the cell module, Alcm
icen  applied current on the nickel-hydrogen cell, A
i; current density in the liquid phase, A/ém
iokrerT €xchange current density of reaction k at temperaiuend reference
reactant concentrations, A/ém
jx current density due to reaction k, A/ém
ixrerT rate of chemical reaction k at tempertufeand reference reactant con-
centrations, Alcrh
K; equilibrium constant relating the concentration of species i in the liquid
to that in the gas phases
Iheg thickness of the negative platinum electrode, cm
Ipos thickness of the positive nickel electrode, cm
lsep thickness of the separator, cm
Iy effective thickness of the nickel active material, cm
LnioH), loading of active material in the porous nickel electrodécrg? void
volume)
Mg mass of the cell, g
MnioH), molecular weight of NiOH),, g/mol
NH, amount of hydrogen gas in the cell, mol
No, amount of oxygen gas in the cell, mol
Nmodgule NumMber of cell modules in the nickel-hydrogen cell
Pcen  pressure of the cell, atm
Pu, partial pressure of hydrogen gas, atm
Po, partial pressure of oxygen gas, atm
PH, ref reference pressure of hydrogen gas, atm
Po, ref reference pressure of oxygen gas, atm
q heat generation rate of a unit area of a cell module(sV¢ht)
r radial coordinate of the cell stack, cm
rin electrode inner radius, cm
rout €lectrode outer radius, cm
R universal gas constant, 8.3143 J/mol K
Reen internal electric resistance of metal leads and current colledibrs,
t time, s
t* transfer number of OH
T cell temperature by assuming uniform temperature inside the cell, K
T, ambient temperature, K
Tstack temperature in the cell stack, K
Ty reference temperature, K
Uﬁ standard equilibrium potential of reaction k, V
Uke standard equilibrium potential of the Hg/HgO reference electrode, V
Ve potential of the nickel-hydrogen cell, V

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

XH,

X 0,

Yo

Greek

Qak
Qek
AE,k
AU}

€0,pos
€pos
€pos,|
Esep,l

b pos

b neg

b
d)eq‘k,T
begkref,T

)\slack
Nk

Ke

w

Pe
Pstack
PNi(OH),
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gas volume in the nickel-hydrogen cell, gm
weight percent concentration of the KOH electrolyte

x coordinate of the cell model, cm 1

mole fraction of hydrogen gas 2

mole fraction of hydrogen gas

radius of the nickel substrate in cylindrical shape, cm 3

radius of the nickel substrate covered with the nickel active material in é

cylindrical shape, cm 6
7

anodic transfer number of reaction k

cathodic transfer number of reaction k 8

activation energy of reaction k, J/mol 9

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

porosity of the nickel plaque

porosity of the nickel electrode

porosity of the electrolyte in the nickel electrode

porosity of the electrolyte in the separator

potential of the current collector in the nickel electrode, V
potential of the current collector in the platinum electrode, V
potential in the liquid phase, V

equilibrium potential of reaction k at temperature T, V

equilibrium potential of reaction k at reference reactant concentrations 14.

and temperature T, V

thermal conductivity of the cell stack, W/cm K
overpotential of reaction k, V

conductivity of the KOH electrolyte, S/cm
mathematical constant, 3.14159

density of the KOH electrolyte, g/ch

density of the cell stack, g/ch

density of N{OH),, g/cn?

10.
11.

12.

13.

15.

16.
17.
18.
19.
20.
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