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Abstract—A combined numerical and experimental study of the discharge and charge of nickel-
metal hydride (Ni-MH) batteries has been performed. Numerical simulations were based on a
previously developed micro-macroscopic coupled model which includes both the proton diffusion
in the nickel active material and the hydrogen diffusion in metal-hydride particles. Oxygen
generation and recombination, a principal mechanism to ensure safe operation of Ni-MH cells
during overcharge, is also accounted for. A sealed Ni-MH cell (AA size, 1Ah capacity) was
prepared and discharge experiments were conducted at various rates. These experimental data
along with other discharge and charge data available in the literature were used to validate the
present model. Numerical results were presented to show the effects of oxygen evolution on
battery performance, particularly on the charge acceptance, cell pressure build-up, and self-
discharge. This combined experimental and numerical study yields a computer-aided tool for the
design and optimization of Ni-MH batteries.
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LIST OF SYMBOLS

a specific interfacial area, &aom3

c volume-averaging concentration of species i over a phase, rdol/cm

ci area-averaging concentration of species i at an interface, rol/cm

Di diffusion coefficient of species i, ciis

F Faraday's constant, 96,487 C/mol

fa mean molar activity coefficient of the electrolyte

H Henry constant for ®KOH agueous solution system, mol&atm

I current density, A/crh

Tnj transfer current density of reaction j, A&m

Ioj ref exchange current density of reaction j at the reference conditions? A/cm

ji reaction current density resulting in production or consumption of species B A/cm

K interfacial mass transfer coefficient, 1/s

k intercalation constant of nickel electrode

L cell width, cm

Ini positive electrode thickness, cm

lkm macroscopic diffusion length of species in phgsam

Q charge per unit projected area of the electrode, £/cm

p reaction order of atomic hydrogen in the metal hydride electrode

P cell pressure, atm

pi species partial pressure, atm

R universal gas constant, 8.3143 J/mol-K or 82.06 atdnuoh K

Rsb area-specific electrical resistance across the solid/substrate int&fate,

Rse area-specific electrical resistance across the solid/electrolyte int€aoe,

r radial coordinate, cm

lo radius of cylindrical substrate, cm

rs radius of active material particles, cm

T absolute temperature of the cell system, K

t time, s

t° transference number of OMiith respect to the solvent velocity

Uj ref open-circuit potential for reaction j at the reference state with respect to a Hg/HgO
reference electrode, V

X X- coordinate, cm

Greek symbol
O, d¢j  anodic and cathodic transfer coefficients for reaction j

€ volume fraction of a phase

nj surface overpotential of electrode reaction j, V

0 interfacial state of charge of the nickel acitive material
K conductivity of an electrolyte, S/cm

Ko diffusional conductivity of a species, A/cm

Pavg average density of active material, gicm

o conductivity of the active solid material, S/cm

(0] potential in a phase, V

Pse surface potential in the solid phase at the solid/electrolyte interface, V
Subscript

b substrate



e electrolyte phase

eff effective

eg electrolyte-gas interface

g gas phase

MH metal hydride active material
max maximum value

mix mixture

Ni nickel active material

ref with respect to a reference state
S solid phase

sb solid/substrate interface

se solid/electrolyte interface

0 initial value

Superscript

eff effective

H speciedydrogen or proton
H,O solventwater

0, oxygen

OH specieOH"

INTRODUCTION

The nickel-metal hydride (Ni-MH) battery holds promise for application in electric and hybrid-
electric vehicles because it has a high specific energy, high specific power, long cycle life, and
most importantly no poisonous heavy metals [1]. Extensive efforts have been and continue to be
made to develop advanced Ni-MH batteries to meet the stringent requirements of electric vehicle
batteries [2, 3]. Mathematical modeling is indispensable in this process because a cell model, once
validated experimentally, can be used to identify cell-limiting mechanisms and forecast the cell
performance for design, scale-up, and optimization.

A Ni-MH cell is a dual-intercalation electrochemical system in which proton insertion in the
positive solid nickel electrode and hydrogen de-insertion in the negative metal hydride electrode
occurs during discharge, and vice versa during charge. Figure 1 schematically illustrates these
processes. The open-circuit potentials of both electrodes are functions of the local state of charge
[3, 4] therefore the cell behavior is strongly dependent on the utilization of active materials. In
addition, discharge or charge of a Ni-MH cell is controlled by a number of factors, including the
finite rate of solid state diffusion inside active material particles of either one or both electrodes,
charge transfer kinetics at the electrode/electrolyte interface, and ohmic drop through the electrolyte
phase. Any of these factors may result in too low a cell potential before the active materials loaded
in the cell are completely used up. As a result, the inefficient utilization of active materials becomes
a critical issue, particularly for electric and hybrid-electric vehicle batteries.

Operation of a sealed Ni-MH cell is also accompanied by oxygen reactions. Oxygen may be
generated at the nickel electrode and cause an excessive build-up of pressure during charge and
overcharge. This gassing strongly affects the performance and life of Ni-MH batteries as well as
controls the charge acceptance at high charging rates. It also raises safety concerns in practical
applications. A battery must be carefully designed so that the oxygen is effectively transported to
and recombined at the metal hydride electrode, preventing the cell pressure from rising drastically.
It is thus imperative to develop predictive capabilities for not only the active material utilization but
also the cell conditions resulting from the oxygen reactions in advanced Ni-MH batteries.

Efforts have been made to model Ni-MH batteries based on the volume-averaging approach
and the macro-homogeneous theory of Newman [5]. An excellent overview of the electrochemistry
and transport phenomena occurring in the Ni-MH battery system was given by Fuller and Newman



[3]. A mathematical model for the discharge of a Ni-MH cell was recently developed by Paxton
and Newman [6]. Their analysis was restricted to the discharge behavior of the Ni-MH cell. The
oxygen reactions, which are important during charge and overcharge [7], were excluded. On the
other hand, the most recent model of Gu et al. [9] included the oxygen generation at the nickel
electrode and recombination at the metal hydride electrode using a simplified two-phase approach.
That is, the oxygen was treated as a neutral species dissolved in the liquid electrolyte. Extensive
numerical studies have been carried out using this model to assess the effects of the electrode
capacity ratio and charge/discharge rates [10]. A sensitivity analysis was also performed for
various transport and thermodynamic properties such as the diffusion coefficient, transfer number,
and exchange current density [10]. However, such an effective two-phase model cannot delineate
many important effects of oxygen reactions, for example, those involving the charge acceptance,
cell pressure, and self-discharge. Furthermore, both models of Paxton and Newman [6] and Gu et
al. [9] have yet to be validated against experiments.

The purpose of the present work is therefore three-fold: (1) to extend the previous two-phase
Ni-MH model [9] by incorporating an additional gas phase; (2) to provide experimental validation
of the present Ni-MH cell model; and (3) to fully explore the effects of the oxygen evolution on the
cell performance and operating conditions. In what follows, a three-phase mathematical model
which considers the oxygen transport through both electrolyte and gas phases is presented for the
Ni-MH cell based on the micro-macroscopic coupled model proposed by Wang et al. [8]. It will be
shown that the present three-phase model essentially reduces to the previous two-phase model [9]
provided chemical equilibrium exists in both electrolyte and gas phases and a mixture concentration
of oxygen is employed to represent the total oxygen content in a control volume. A sealed Ni-MH
cell is used to conduct discharge experiments. The test data along with other literature data [11] are
then used to validate the present model. Finally, numerical simulations are carried out to address
such issues as charge acceptance, cell pressure build-up during charge and overcharge, and self-
discharge.

MATHEMATICAL MODEL

The Ni-MH cell under consideration is composed of three regions: a negative electrode (metal
hydride powders), a positive electrode (porous nickel oxyhydroxide), and a separator. The
separator, located between electrodes, acts as an electronic insulator, as schematically shown in
Fig. 1. A concentrated KOH aqueous solution serves as the electrolyte. Electrochemical reactions
taking place at the electrode/electrolyte interface inside each electrode during discharge and charge
are given by

Positive electrode

. discharge (1)
NiOOH + H,0 +€ _S:505mo Ni(OH), + OH
charge
with the side reaction
discharge
L0, + H0 + 26 DOCINE. 5 o (2)

2 ~O0000o0maod
charge
Negative electrode

discharge
MH +OH °C 0 8- o + e (3)

~O000000Ima
charge
with the side reaction

discharge
20 27T 30,4 o0 + 26 @
charge



Combination of Eqg. 1 with Eq. 3 yields the overall cell reaction
_ discharge
NiIOOH + MH " 05072 - Ni(OH), + M (5)
charge

while side reactions (2) and (4) constitute the oxygen circulation inside the cell [12]. In the
presence of oxygen reactions, a Ni-MH cell is a three-phase system consisting of the solid matrix,
the liquid electrolyte, and a gas phase. During charging and overcharging, oxygen is generated at
the nickel/electrolyte interface and may evolve into the gas phase after exceeding its solubility limit
in the liquid electrolyte. The oxygen can then be transported, via the liquid and gas phases, from
the nickel to MH electrode where the oxygen gas may dissolve in the electrolyte and be reduced at
the MH/electrolyte interface. Such a process forms an internal oxygen cycle in a recombinant cell
like the Ni-MH cell [12]. The accumulation of oxygen in the gas phase will lead to a cell pressure
build-up.

Assumptions

(i) The nickel electrode consists of composite cylindrical needles with a substrate inside (see Fig.1)
and its porosity remains constant;

(i) The MH electrode consists of spherical particles with uniform size and constant porosity;

(i) There is a continuous gas-pore network with a uniform and constant volume fraction in each
region of the cell, and there also exists a gas resevoir above the cell with a constant volume. The
ideal gas law applies;

(iv) The solid phase is completely wetted by the electrolyte. In other words, there is no contact
between solid active material and the gas phase;

(v) Convection effects in the electrolyte and gas are neglected, leaving the species transport to
diffusion and/or migration;

(vi) Interfacial chemical equilibrium exists in the liquid phase for all species other than the
dissolved oxygen, which has a relatively small value of mass diffusivity in the liquid electrolyte.
Electrical equilibrium exists in the liquid phase due to the large value of ionic conductivity of the
electrolyte; and finally

(vii) Thermal effects are ignored.

With the above assumptions, a one-dimensional model for the three-phase electrochemical
system can be extracted from the previously developed micro-macroscopic coupled model [8], as
demonstrated below. Note that the volume-averaging symbol has been dropped here for
convenience. For a species existing only in one phase, the corresponding subscript has also been
dropped for simplicity.

Governing equations
Reaction rates.—Reaction rates for the various charge-transfer reactions involved in a Ni-MH

cell can be derived from the general Butler-Volmer equation with respect to a specified reference
state. Following De Vidts and White [13] and De Vidts et al. [14], we have

- ) ociF

I'n1 = lo1,ref TOH % n 1@ max ﬁ RCT ni (6)
ref refH %max ref

— . 2F a 2F

In2 = |02,ref ex% n 2@ p% N (7)

%ref

- Oc3F

I'n3 = lo3,reflf oy ex% n 3@ expg Rt Ns (8)
ref refH




OcaF
= o4, re% HDGX% n 4@ % n 4% 9)
ref []

for various reactions, with j = 1, 2, 3 and 4 referring to reactions (1), (2), (3), and (4),
respectively. In the above c's with various superscripts stand for their concentratignssahd
surface overpotential of reaction j, i.e.

Nj= @se- Pe- Ujr j=1, 2, 3,and 4 (20)
where L,lref stands for the open -circuit (i.e. equilibrium) potential of reaction j at the reference state
with respect to a Hg/HgO reference electrode. In the present work, we have

Ui ref = 0.427 4% k(20 -1) (11)
with
CcH
0=1-— (12)
max
for reaction (1) [4,13],
U3 ref = -0. 9263 In(cref) (13)
for reaction (3) [14], and
U2 ref = Ug ref = 0.3027 (14)

for oxygen generation and recombination reactions (2) and (4) [4, 13].

In Eq. 11,0 is the interfacial state of charge of the nickel active material as defined by Eq. 12,
and k is the intercalation constant which accounts for the interactions between the species in a solid
solution [15, 16]. In other words, the second term on the right side of Eq. 11 is used to account
for the deviation of the equilibrium potential of the nickel electrode from the ideal solid solution
behavior. Positive and negative values of k reflect the positive and negative deviations from the
ideal, respectively. The shape of discharge curves of a Ni-based cell could be strongly affected by
the value of k [4, 17]. An appropriate value of the intercalation constant taken from Ref. 16 is used
in the present work, as listed in Table 1.

In Egs. 8 and 13 the index p is the reaction order of atomic hydrogen in the MH electrode. Its
value varies with different types of metal hydride active materials. Fegrtyiez metal hydrides
like LaNis, a value of 1/6 may be chosen if we assume that the order of reaction corresponds to the
stoichiometric coefficients of the reaction [4, 14].

Species conservation equatiers here are two species in the liquid electrolyte that participate in
charge-transfer reactions under consideration: an ionic specieen@ld neutral species.dhe
gas phase is composed of gaseoysn@ter vapor, and other inert specieg(nitrogen). Under
the foregoing assumptions, the convection term vanishes and there is no movement of
electrolyte/eletrode interface due to a constant porosity of the electrode. Applying the general
volume-averaged conservation equation of species (i.e., Eg. 41 in Ref. 8) and making use of the

interfacial balance condition (i.e., Eqg. 49 in Ref. 8) to speciesa@®HQ, respectively, yield
0

OH

at (15)
O,
0(geC,?) o _ o
ate =M(Deéﬁmc;)+4F102+J°2 (16)
a(sgc 0 o
gt =M(DgerIc;? - Jgé (17)

Here, f is the transference number of the @ilith respect to the velocity of the solvent angﬁ'ms
an effective diffusion coefficient including the effect of tortuosity, i.e.



OH
Dgrr = DOHel® (18)

where [PHis the mass diffusion coefficient of species @Hhe electrolyte KOH. Likewise, the
effective mass diffusivity of oxygen in Egs. 16 and 17 follows the same Bruggeman relation as
given in Eq. 18.

The last term in Eq. 15 is proportional &'j the total transfer current from all electrochemical

reactions that generate or consume the speciesi@ht electrode/electrolyte interface, namely

%Ni(rnl + Tn2) in the nickel electrode
joH=[D in the separator (19)

a\m(ﬂﬁ + Tna) in the MH electrode
Similarly, j°2 is the transfer current associated with the generation or consumption of oxygen, i.e.

%Nﬁ'nz in the nickel electrode
j2=[10 in the separator (20)

awHTM in the MH electrode

In Egs. 16 and 1728 is the interfacial mass transfer rate of oxygen from the gas to the liquid

phase as expressed by Eg. 42 in Ref. 8. Assuming that oxygen absorption/desorption takes place
in the diffusion mode (i.e., the nucleation does not occur) [18], it follows that

5= K- ¢) (21)
where K is the interfacial mass transfer coefficient on the liquid side. The difference between the

. 0O, : . , 0, ,
phase-averaged concentratior],’, @nd the interfacial concentration of oxygep;, qrovides a
driving force for the interfacial mass transfer from the liquid to the gas phase. Using the concept of
diffusion length proposed in Ref. 8, the mass transfer coefficient can further be expressed as
O,
K= aegf (22)

wherelegis a microscopic diffusion length whose expression has been derived by Wang et al. [8].

There exists, however, the interfacial chemical equilibrium in the gas phase due to the large
value of oxygen mass-diffusivity in gases. Indeed, mass transfer in an absorption/desorption

process of a rarely soluble gas (e.@ i@ the liquid water) is controlled by the liquid-side
resistance [18]. Thus

=0, O
Cy - G (23)
In addition, Henry's law applies to the liquid/gas interface due to the low solubility of oxygen

in the KOH solution, i.e.

t=H Egz = H'cgz = HP2 (24)
where H(or H) is the Henry constant for thex®OH aqueous solution system and its value is
listed in Table Il. Hcan be related to H via the ideal gas law (i.eRH). Equation 24 relates

210 2 (or P%?), thus rendering Eqgs. 16 and 17 for two independent unkno JRsng C2
e 0 G W b



A simplification of Eq. 17 is possible because oxygen diffusion across the cell in the gas phase
is inherently faster than that in the liquid phase due to the much larger diffusion coefficient of
oxygen in gases [12]. Furthermore, oxygen transport is facilitated by the presence of a gas
reservoir above the cell. Hence, the gas is relatively well mixed across a thin cell and it is safe to
assume that the gaseous oxygen concentration is uniform throughout the cell [19, 20]. Integrating
Eq. 17 over the entire cell then gives

6(002)
fv (25)

This equation in place of I%q 17 is used in all simulations to be reported in the present paper.

In addition to the OHin the liquid phase andZ0n both liquid and gas phases, one species,
either proton or atomic hydrogen, is present in the solid phase of the nickel and MH electrodes,
respectively. Represented by a uniform symbol H, the conservation equation of either proton or
hydrogen is given by [9]

d(ec™) _jH
( o ) = (26)

where

%NiTnl in the nickel electrode
H=[0 in the separator (27)
a\AHTn
of

The interfacial balanc

3 in the MH electrode
H in either nickel or MH electrode becomes [9]

D" —n_ oy "
G )= 4 F (28)

Where_éeis the proton or hydrogen concentration at the electrode/electrolyte interfdggistite
diffusion length expressed as [8]

|_=ls*Tlo__Igo ng (29)
Se — _ +
° 4 3(rs-ro) 302 - 12)
for the cylindrical morphology of the nickel electrode and
I's
lse= & (30)

for the spherical morphology of the MH electrode.
Before leaving this subsection, a particular case for Egs. 16 and 17 in the limit of interfacial

chemical equilibrium of oxygen in the liquid electrolyte (i.é)?,eﬁsz) is worth exploring. In this

case, Q2=C %= H'cg2 according to Eq. 24. It follows that Egs. 16 and 17 can be combined into

a single equation in terms of a mixture concentration of oxygen over a control volume; namely

Crix = G %g@ (31)

Adding up Egs. 16 and 17 and canceling the interfacial mass transfer term yield

a(secmlx) 0 1 .0
—at D]](DefszchX) = 2 (32)

where



Hb%ﬁ+D%ﬁ
ee ge
> = € «c,g'SD;)2 (33)

Dot = .
H

, &

€e

In arriving at the last equality of Eq. 33, the Bruggeman relation as given by Eq. 18 for the
effective mass diffusivity of gaseous oxygen is used and the Henry constant is assumed to be very
small (~1612). Equation 32 is identical to the species conservation equation in Gu's model [9]
provided Eq. 33 is used to estimate the effective mass diffusivity of oxygen. In other words, all
previous two-phase models [4, 21] are mathematically equivalent to the present three-phase model
under the assumption of local equilibrium of oxygen in both electrolyte and gas phases. Equation
33 then provides a rigorous means to estimate the mass diffusivity of oxygen in this case. It should
been reiterated that Eqs. 32 and 33 are derived based on the equilibrium assumption and are not
valid in high-rate charging and overcharging situations.

Charge conservation equatiansFor the liquid phase, the charge conservation equation takes
the following form [9]

(ke ¢) + M(KETDIN cOH) + jOH =0 (34)
This equation can be used to determine the electrical potential in the electrolytepphéees, the
effective ionic conductivity is given blyeffzsj"c’l( following Eq. 18, whilex€' is the diffusional
conductivity given by [8]

=G SN oy D o

The transfer current in Eq. 3#H, is the same as given in Eqg. 19.
For the solid phase, the charge conservation equation is expressed as [9]

(% 9 - O + ap®hy =0 (36)
S
where the second term represents the transfer current generated at the electrode/electrolyte interface,

and the third term stands for the current conducted into a substrategyetitdas, representing

the specific area and potential at the active material/substrate interface, respectively. This term is
absent on the MH electrode and is relevant only to the nickel electrode where a substrate is
embedded in the solid material to improve the electronic conductivity. In this case, the substrate

potentialg, usually remains constant due to a large value of the electronic conductivity.
In addition to the two volume-averaged conservation equations for charge, the interfacial
charge balance at the electrode/electrolyte interface gives [9]

(Pse Ps _ _ 107H
Rse Ase (37)

where@seis the solid potential at the interface and is needed to calculate the interfacial overpotential
n; see Eq. 10. The area-specific electrical resistances appearing in Eqgs. 36 and 37 are directly
proportional to the particle size of the active material and inversely proportional to the electronic
conductivity. For the MH electrode, the respective electronic conductivity is sufficiently high,
therefore the electric resistanceRpproaches zero, and Eq. 37 essentially reduces to

Pse = @s (38)
That is, electrlcal equilibrium exists in the MH electrode. In contrast, the nickel electrode in the
semlconductlng state has a relatively low electronic conductivity so that the electrical equilibrium
assumption does not hold true. In this case, the microscopic area-specific electrical resistances

derived by Wang et i8] can be used, i.e.

S - rs+ 3rp  3rg + 1g
Re= 1% s+ e e + e e H (39)
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and

s- Ioms + 3rp , 3rg + 519
Rse= 12 s+ rogg Oolo * Odl's E (40)

whereogy andog denote the conductivities of the nickel active materials at the electrode/substrate
and electrode/electrolyte interfaces, respectively.
The effective conductivity of the solid phase in Eq.@, is related to the conductivity of the
active materialsg, by [13, 14]
oeff = g0 (41)
where subscrips denotes either nickel or MH electrode. The conductivity of the nickel active
material is a strong function of local state of charge [22], i.e.

g=0. 1185ex§ 8.45 ﬁl@ (42)

maxD
while the conductivity of the MH alloy is assumed to be at the value of 41505.1 S/cm [14]. The
effective conductivity of the MH electrode is thus sufficiently high, leading to a virtually uniform
potential distribution across the electrode.
In summary, a total of six governing equations, Eqgs. 15, 16, 25, 26, 34, and 36, can be

solved for the six unknowns®g, CSZ, cgz, cH, @e, and@s. In addition, two interfacial balances,
Egs. 28, and 37, are provided to determine two interfacial quanﬁﬂ@anm_pse

Initial /boundary conditions—Uniform initial conditions are assumed, i.e.
0
P 2
cOH= OH 02 = HPOz (932 —ﬁ, and ¢'= c (43)
Boundary condltlons at the positive electrode/current collector boundary (x=L) include

O
gcoH _ 9%~ _ ot _  dge _ _z
At the negative electrode (x=0), there is no flux of species and all current goes through the solid
phase

dcOH 0022_ acH

9 ?
O =0, 5220, 5-=0,%%=0, and- geft 3% = | (45)

'’ OX "OX
Numerical Procedures

The equations in the micro-macroscopic model presented above were discretized using a finite
volume metho@23] and solved using a general-purpose computational fluid dynamic (CFD) code.
Details have been given in the previous works [24, 25]. It should be mentioned that stringent
numerical tests were performed to ensure that the solutions were independent of the grid size and
time step. It was found that the typical number of grid lines across the cell width is about 60 (i.e.,
the size of a finite volume is about 1/20 of an electrode thickness) and the time step normally
ranges from 10 to 30 seconds, except for the end of discharge when smaller time steps were
required. The equations were solved as a simultaneous set, and convergence was considered to be
met when the relative error in each field between two consecutive iterations was lesssthan 10
typical transient simulation for one dimensional problems required no more than 10 minutes of
CPU time on an HP B160L workstation (160 MHz CPU, SPECfp95 7.39).

Cell Parameters

Important cell parameters to be discussed in the Results and Discussion section are defined
below.

11



State of charge and depth of dischargéhe-state of charge (SOC) is defined as
t i .
_IOION'aNilnldxdt

SOC = - (46)
for charge processes and the depth of discharge (DOD) is then defined as
T Mangingchxclt
DOD =1 +9%° 47)

max
for discharge processes. In Egs. 46 and 47 t is the time elapsed from a full discharge or charge
state. @hax is the maximum theoretical charge capacity of the nickel electrode per unit of the
projected electrode area, because Ni-MH cells are generally designed to be positive electrode-
limiting to avoid hydrogen evolution in the negative electrode when fully charged and overcharged.

Charge acceptance.Fhe charge acceptance of a cell is defined as the ratio of partial charge
used by the electrochemical reaction to reverse the active materials to the total charge applied to the
cell [12], i.e.

i
I;I Maniinidxdt
Charge acceptance £°—————
joldt
Clearly, the charge acceptance is a function of time or the cell SOC, and can be thought of as the
instantaneous charge efficiency.

(48)

Cell pressure—In a sealed Ni-MH cell, the cell pressure results from the overall balance of
oxygen generation, transport, and recombination [12]. The cell pressure increases whenever the
oxygen generation rate is higher than its recombination rate, which usually occurs during high rate
charge and overcharge. The increase in the oxygen concentration in the gas phase directly
contributes to the cell pressure build-up. The cell pressure is calculated from the ideal gas law:

P =yt (P2 PO7) =R+ (- ¢ ORT (49)
where R is the initial (reference) cell pressure and is set to be zero in the present work.

EXPERIMENTAL

A hydrogen storage alloy of ABbased alloy was prepared by induction melting and rapid

cooling. The cast alloy was annealed at ®@0dor 10 hours in vacuum. The cast alloy was then
mechanically pulverized to obtain a sifted particle size ranging betwgen 4®H50um.

For the specific capacity measurements, the alloy powders were mixed with nickel powder in
a weight ratio of 1:3 together and a small amount of polyvinyl alcohol (PVA) solution was used as
the binder. The powders of solution were pressed at a pressure of 158 &fggrrmacuum drying

at 150°C. A sintered nickel hydroxide (Ni(ORNiOOH) plate and Hg/HgO 6M KOH electrode

were used as counter and reference electrodes, respectively. The charge and discharge current was
100 mA/g. The end of discharge was set to -0.5 V vs. Hg/HgO. The MH alloy powders with a
maximum specific capacity of 281 mAh/g at the 100 mAh/g discharge current were used as the
active materials of the negative electrode.

The composition of the negative electrode in our experiments was 100 g Ni-coated MH alloy
powder, 10 g nickel powder, and 3wt.% polytetrafluoroethylene (PTFE) dispersion (60%). The
weight percentage of the MH alloy powder in the negative electrode was 68-70%. The mixture of
MH alloy powders, nickel powders, and PTFE dispersion was coated onto two sides of a porous
nickel plate (0.04-0.05mm in thickness), and roller pressed in order to obtain a sheet. A sintered

12



nickel hydroxide (Ni(OH)NIOOH) plate was used as the positive electrode of the Ni/MH battery.
The content of the active material, Ni(QHJiOOH, was about 65% of the weight of the positive
electrode. The dimensions of the negative and positive plates were 95 x 40 x G.4QdWb x

40 x 0.7 mm, respectively, with the respective maximum capacities of 1.6 Ah/g and 1.0 Ah/g.
The thickness of the separator (polyamide non-woven cloth) was 0.1mm. The electrolyte in the
Ni/MH battery was a 7M KOH-1M LiOH aqueous solution. The sealed cell (AA size, 1 Ah
capacity) was constructed by rolling together the MH electrode plate, separator and sintered nickel
plate. The cell was charged at 1 A current for 1.1-1.2 h and discharged at 0.5-3 A currentto 1 V.

RESULTS AND DISCUSSION

Code validation

Comparisons are made between experimental and predicted data to validate the numerical model
developed in the previous section. The measured discharge data as described in the preceding
section along with a set of experimental data available in the literature [11] are used in this work.
Their cell-specific parameters are summarized in Table |, respectively. Cell 1 refers to the present
experimental study, while cell 2 was used in the experiments of Sakai et al. [11]. Both cells are
positive electrode-limiting so as to avoid hydrogen generation in the negative electrode when
charging or overcharging a cell. Due to a lack of detailed information about cell 2, its geometric
data such as electrode thicknesses are estimated from the given capacities. Parameters used in
numerical simulations are listed in Table Il. Some of parameters are related to one another and
equations for their conversions can be found in Ref. 13. The transport and thermodynamic
properties of the electrolyte are calculated via expressions correlated by De Vidts and White [13].

Figure 2 shows the comparison of predicted cell potentials with experimental results for cell 1.
The applied discharge currents are 0.5A, 1.0A, and 1.5A, corresponding to the discharge rates of
C/2, C/1, and 1.5C, respectively. The simulated cell potential curves agree well with the
experimental data, especially with respect to the discharge capacity and midpoint cell potential. The
cell potential decreases gradually with time due to the decrease of the hydrogen concentration in the
metal hydride and the increase of the proton concentration in the nickel active material. The
experimental discharge curves exhibit the following characteristics: an initial quick drop in the cell
potential, followed by a large portion of a much more shallow potential drop whose slope depends
on the discharge rate, and ended with a drastic drop in the cell potential due to the depletion of
active materials in the nickel electrode (positive electrode-limiting). The rate of discharge largely
affects the cell behavior; the larger the rate is, the more quickly the cell potential drops. The
predicted discharge curves are flatter than the experimental ones during the very initial stage of
discharge. This may be attributed to the occurrence of phases other than the conv@ntional
NiOOH, such ag-NiOOH, during extensive cycling and/or overcharge; and it should be possible
to incorporate a multiple-phase reaction mechanism in the present model to reduce such
discrepancies and hence improve the accuracy of the predictions [17].

Figure 3(a) shows a comparison of predicted and measured cell discharge potentials for cell 2.
Good agreement was achieved again. The applied discharge currents were 10A, 50A, and 100A,
corresponding to the discharge rates of C/3, 1.7C, and 3.3C, respectively. The same trend in the
cell potential as for cell 1 can be observed. The initial quick drop in the cell potential, however, is
not as large as that of cell 1 (see Fig. 2), indicating that the above-mentioned phase occurrence may
depend on electrode materials and/or the electrode age.

Figure 3(b) displays a comparison of predicted and measured cell charge potentials for cell 2
with good agreement. It can be seen that the general shape of the experimental charge curves were
successfully captured by the model. The charge currents are 10A, 30A, and 60A, corresponding to
the charge rates of C/3, C/1, and 2C, respectively. Each charge experiment continued until the
100% charge input was achieved. That is, the cell was charged 3 hours, 1 hour, and 0.5 hour,
respectively. During charge, the cell potential exhibits a quick rise at the beginning of charge,
followed by a stage of gradually increasing potential. The larger the charge rate is, the more
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quickly the cell potential increases. The actual state of charge, however, did not always reach
100%. For example, it was reported that the coulombic efficiency is 94% when the cell is charged

at 2C rate [11]. From the predicted charge curve for 60 A, it can be observed that the increase in
the cell potential becomes slower and experiences a peak close to 100% charge input. This is
because the oxygen reactions become significant at this point and the cell potential is virtually a
mixed potential of both primary and oxygen reactions [12].

Effect of oxygen reactions during charge

Oxygen is generated at the nickel electrode (Eq. 2) and recombined at the MH electrode (Eq. 4)
during charge and overcharge. The rates of the oxygen generation and recombination are controlled
by the exchange current densities appearing in their respective kinetics equations (Eqgs. 7 and 9).
The exchange current density for the oxygen generation is dependent on the surface conditions of
the nickel oxide, with an order of 10 A/cm?2 corresponding to a surface of minimum roughness
[26]. A parametric study was done in the present work to examine the order of magnitude of the
exchange current density for the oxygen generation at the nickel electrode in the Ni-MH cell of
interest.

The exchange current density for oxygen recombination at the MH electrode may also be
surface condition-dependent. However, the rate of oxygen recombination at the MH electrode is
normally fast enough that the oxygen reduction is limited by the oxygen transport from the nickel
to MH electrode [12]. An exchange current density of the order-f Alcm? is high enough to
recombine all oxygen reaching the MH electrode and is used in the present work to describe the
oxygen recombination at the MH electrode.

Numerical simulations for cell 2 are carried out to explore the effects of oxygen reactions on the
cell performance during charge and overcharge. Figure 4 shows the cell state of charge during 2C
charge as a result of oxygen reactions. It is clearly shown that the cell SOC decreases with the
increase in the exchange current density or the oxygen generation rate, because a smaller portion of
the current is actually used to charge the active materials. Without oxygen evolution, all charge
input into the cell is used to reverse the active materials to the charged state and 100% SOC is
expected at the end of 100% charge input. With oxygen reactions, part of input charge is consumed
to generate oxygen rather than charge the active materials, thus reducing the charge efficiency. A
drop in the SOC as big as 12% occurs when the exchange current density of oxygen generation is
as large as 1 A/cm2. Corresponding to the exchange current density 8t Alcm?, the cell
SOC is predicted to be 93% at 100% charge input, a value very close to the measured value (94%)
[11], indicating that this magnitude of the exchange current density may be realistic for the oxygen
generation.

The fact that the actual state of charge is not equal to the charge input in the presence of oxygen
reactions also effects on experimental measurements of electrochemical properties, such as the
open-circuit potential, as functions of the state of charge. In other words, the state of charge can no
longer be determined by simply measuring the charge input but needs to be estimated from e.g.
Fig. 4 when the oxygen reactions are taken into account.

Figure 5 shows that the cell charge potential is strongly influenced by the oxygen generation
rate. Without oxygen reactions, the cell potential keeps increasing to a preset cutoff potential, while
with oxygen reactions the cell potential reaches a maximum and then gradually decreases due to the
lower equilibrium potential of the oxygen reactions. The value of the maximum cell potential
depends on the rate of the oxygen generation; it decreases as the oxygen generation rate increases.
This information shown in Fig. 5(a) can be used to infer the magnitude of the exchange current
density for the oxygen generation using a potential measurement in the range towards the end of
charge and overcharge. The cell potential versus SOC is plotted in Fig. 5(b) for the various oxygen
generation rates, showing that the cell potential peak becomes more pronounced with a smaller
oxygen generation rate.

Figure 6 displays the effect of different exchange current densities for the oxygen generation
reaction on the cell pressure. The larger the exchange current density, the earlier a build-up in cell
pressure is witnessed. Signified by the cell pressure, significant oxygen generation occurs at as
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low as 50% charge input for the exchange current density-8f A@m2, while it occurs at 80%

charge input as the exchange current density lowers 18 A@m2. However, the cell pressure
increases more quickly at a smaller exchange current density because a smaller amount of active
materials is left to be charged. As a result, the oxygen generation is more significant. During
overcharge, the increase in the cell pressure becomes slower and gradually approaches an
equilibrium state where the oxygen generation and recombination rates become equal. This
equilibrium state comes earlier as the exchange current density decreases. Consistent with the
experimental observation [7], this unique behavior of the cell pressure can also be used to infer the
value of the exchange current density for the oxygen generation from a pressure measurement.

The effects of the oxygen reactions on the cell behavior at various charging rates are shown in
Fig. 7, where the exchange current density of the oxygen generation is fixedlat/&mM2.

Figure 7(a) shows that the cell SOC decreases with the charge rate when the charge input is
constant, meaning that the charge efficiency decreases with the charge rate. At small charge rates,
such as C/3 and C/1, the cell SOC can approach close to 100% with the 100% charge input, while
it is only 93% at 2C rate and 84% at 6C rate. To achieve full charge, the cell usually has to be
overcharged to the extent which not only depends on the charging rate but also the active materials
making up the cell [12]. The predicted results shown in Fig. 7(a) are consistent with the recent
experimental observations [7]. Figure 7(b) shows the cell potentials at various charging rates. All
potential curves exhibit a similar trend: a quick jump in the cell potential at the very beginning of
charge, followed by a gradual increase until reaching the peak potential, and finally a gradual
decrease. However, the appearance of the potential peak at each charge rate is different. While
distinctive potential peaks can be seen at large rates, the potential peak is virtually indiscernible at
the rate as low as C/3, resulting in difficulties determining the end of charge for Ni-MH batteries
via the time-dependent potential gradient method [28].

Figure 8 shows the charge acceptance versus SOC. It is obvious that the charge acceptance is
strongly dependent on the cell SOC. When the cell SOC exceeds 80%, oxygen starts to evolve
significantly at charge rates as low as C/3. In practice, it is always desired to charge a battery as
quickly as possible. From Fig. 8, however, one can conclude that charging a cell at a constant high
rate is impractical, because high-rate charging leads to a high rate of oxygen generation. It is worth
noting that negligible oxygen evolution takes place at a rate as high as 10C when the cell SOC is
below 20%. One can take this advantage and charge a Ni-MH battery at very high rate during the
early stage of charge and gradually reduce the charge rate with increasing SOC to avoid the high
rate of oxygen generation and maintain the highest charge efficiency throughout the charge
process.

Figure 9 plots the cell pressure profiles at various charging rates. It is assumed in this work
that the oxygen evolving into the gas phase is the only contributor to the cell pressure build-up.
Hydrogen evolution may also contribute to the cell pressure increase. However, Ni-MH batteries
are usually designed to be positive electrode-limiting and an excessive portion of the MH active
materials at the discharged state is provided as a charge reserve to absorb hydrogen [12], so the
hydrogen evolving into the gas phase can be neglected unless this charge reserve has been
completely used up. It can be seen from Fig .9 that the cell pressure increases substantially only
after a certain point where the rate of oxygen generation at the nickel electrode begins to exceed the
rate of oxygen recombination at the MH electrode. This onset of pressure build-up occurs earlier if
the charge rate is higher. These predicted trends are in good agreement with the recent experiments
[7]. A high pressure build-up inside the cell will present a safety concern. One way to reduce the
cell pressure is to improve the internal oxygen circulation controlled by generation, transport, and
recombination [12] and use proper charging algorithms [28].

The cell pressure build-up is strongly dependent on the value of the interfacial mass transfer
coefficient for oxygen, as can be seen in Fig. 10. The cell pressure at the equilibrium state doubles
as the interfacial mass transfer coefficient halves. The value of the interfacial mass transfer
coefficient was chosen in the present work to make the predicted cell pressure reasonable. In
practice, it should be determined experimentally.
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Effect of oxygen evolution during discharge

Numerical simulations for cell 1 were carried out to investigate the effects of oxygen reactions
on the cell performance during discharge. The oxygen evolution may take place during low rate
discharge [4], where the potential of the positive electrode is higher than the equilibrium potential
of the oxygen generation. The current produced by the oxygen evolution is opposite to the applied
discharge current. As a result, the nickel active materials have to be overdischarged to produce an
equal amount of the current in addition to the externally applied discharge current and the discharge
efficiency (defined as the ratio of the charge output from the cell to the total charge consumption of
the nickel active materials) is therefore less than 100%. A limiting case is the self-discharge of the
Ni-MH cell [29, 30] in which the oxygen evolution causes a cell capacity loss. As the self-
discharge proceeds, the potential of the nickel electrode decreases and finally goes below the
equilibrium potential of the oxygen generation, and the self-discharge due to the oxygen evolution
ceases. This trend is clearly shown by the self-discharge rate vs. time plot in Fig. 11. According to
the simulation results, the cell loses its capacity quickly during the first 20 days due to the high
potential of the nickel electrode and hence a high self-discharge rate. The residual capacity is
reduced to below 60%. This value is too high compared to the experimentatal@@%) [29,
30], pointing out that the exchange current density of oxygen generation during cell self-discharge
used in the present simulation may not be realistic. Recent experimental studies [29, 30] indicated
that the oxygen generation, or differently termed as the self-decomposition of the nickel active
materials, yields the lowest rate of the self-discharge of the Ni-MH cell and the redox shuttle
between nitrogen ions and ammonia can accelerate the self-discharge process. However, the latter
mechanism caused by the decomposition of the conventional separator material in the electrolyte
can be completely suppressed by a special design of the separator to trap the entire quantity of
nitrogen impurities [29, 30]. Therefore, oxygen evolution remains to be a rate-limiting step of the
self-discharge of Ni-MH batteries. Figure 12 shows the effects of oxygen evolution on the
discharge efficiency and depth of discharge at various discharge rates. It is seen that the discharge
efficiency is initially small when the cell discharges at small rates and increases as cell discharge
proceeds. When the cell discharge rate is larger than C/1, the effect of oxygen evolution vanishes.

CONCLUSIONS

A micro-macroscopic coupled model, that not only accounts for the proton diffusion in the
nickel electrode and the hydrogen diffusion in the metal-hydride electrode but also incorporates
oxygen reactions and transport through both electrolyte and gas phases, has been validated against
discharge and charge experiments with good agreement. Numerical simulations have been
performed to study the effects of oxygen reactions during charge and discharge. It is found that the
charge acceptance decreases with the charge rate, while the depth of discharge increases and the
initial discharge efficiency decreases with decreasing discharge rate. Oxygen evolving into the gas
phase is responsible for the cell pressure build-up.

The present model assumed a continuous gas-pore network with a uniform volume fraction
throughout the cell. In reality, however, the gas phase structure is dependent upon the oxygen-
reaction and can be much more complex. Thermal effects on the performance of the Ni-MH cell,
which are neglected in this work, can also be important at high-rate charge and discharge. In
particular, the rate of oxygen generation increases very quickly with the cell temperature [12].
Future work will focus on integrating thermal modeling with the present electrochemical model
accounting for the internal oxygen circulation.
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Table I. Cell-specific parameters
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_Table I. Cell-specific parameters

Parameter Cell 1 Cell 2 [14]
capacity of Ni electrode, Ah 1.0 30 (7 cells)
MH/NI capacity ratio 1.7 2
specific charge capacity of
MH powder, mAh/g 281 250
size of MH powderpm 45 70
projected electrode area, ¢m  7.5%4.0 1210
thickness, cm

Ni electrode 0.07 0.079

MH electrode 0.04 0.059

separator 0.01 0.025
electrolyte concentration, M 8 6
operating temperature, C 25 24

* — guessed from capacities
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_Table Il. Values of parameters for the baseline case

Parameter Value Unit Source
DC2 5x106 cnéls [26]
02 1.0x10°7 mol/cmB [4] [13]
ref
0, 106 atm chosen
Po
H 7.6x10°8 mol/crms-atm [26]
K 10 1/s chosen
Ni electrode
Pavg 3.55 g/cms 6]
c; N 0.0383 mol/cr? Pavg/MNi(OH),
C:éf 0_5(1;]60( chosen
€p 0.85 [13]
ENi 0.39 calculated from capacity
3sh 2000 cé/cm3 (13]
ani 4033 cnm/em’ calculated form g,
ro 1.5x104 cm calculated fromgp
INi 3.0x104 cm calculated fromp
lo,ref 1.04x104 Alcm?2 [6]
l02,ref 1x1011 Alcm2 [4] [13]
Oa1 0.5 [13]
Oc1 0.5 [13]
Oa2 1.5 [4] [13]
Oc2 0.5 [4] [13]
k 0.789 16
DH 4.6x1011 cn¥/s 27
Separaor
€s 0.68 [13]
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_Table Il. Parameters used in simulations (cont'd)

Parameter Value Unit Source
MH electrode Celll | Cell2[11] Celll | Cell 2 [11]
Pavg 7.49 glcm3 6]
C;ax 0.1025 0.0912 mol/cm® | PavgdMLaNisHg | PavgdMABsHEg
CrHef Cﬁax chosen
EMH 0.48 calculated from capacity
r'MH 22.5 35 Hm measured
avH 693 446 cmé/cm3 calculated frongyy and iy
103, ref 3.2x104 7.85¢104 Alcm2 fitted 6]
lo4,ref 1x1014 Alcm? [4] [13]
Oa3 0.5 [4] [13]
Oc3 0.5 [4] [13]
Oa4 1.5 [4] [13]
Oca 0.5 [4] [13]
p 0.167 chosen
DH 2.0x108 céls 6]
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