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A  sub-atmospheric  pressure  nickel  hydrogen  (Ni–H2)  battery  with  metal  hydride  for  hydrogen  storage
is  developed  for implantable  neuroprosthetic  devices.  Pressure  variations  during  charge  and  discharge
of the  cell  are  analyzed  at  different  states  of  charge  and  are  found  to  follow  the  desorption  curve  of  the
pressure  composition  isotherm  (PCI)  of  the  metal  hydride.  The  measured  pressure  agreed  well  with  the
calculated  theoretical  pressure  based  on the  PCI  and  is  used  to predict  the state  of  charge  of  the  battery.
eywords:
ickel hydrogen battery
tate of charge
uel gauging
etal hydride

Hydrogen  equilibration  with  the  metal  hydride  during  charge/discharge  cycling  is  fast  when the pressure
is  in the  range  from  8 to 13  psia  and  slower  in  the  range  from  6  to  8  psia.  The  time  constant  for  the  slower
hydrogen  equilibration,  1.37  h,  is similar  to  the  time  constant  for  oxygen  recombination  and  therefore
pressure  changes  due  to different  mechanisms  are  difficult  to estimate.  The  self-discharge  rate  of  the  cell
with metal  hydride  is  two  times  lower  in  comparison  to the cell  with  gaseous  hydrogen  storage  alone

r  pre
ressure analysis and is  a result  of  the  lowe

. Introduction

In the 2nd part of this paper the performance of the
ickel–hydrogen cell using a metal hydride for hydrogen stor-
ge will be discussed. Metal hydride technology was  developed in
he 1970s for hydrogen storage applications. Subsequently metal
ydrides gained particular interest owing to their potential applica-
ion as a negative electrode to replace cadmium in nickel–cadmium
atteries [1–13]. Metal hydrides are intermetallic compounds gen-
rally consisting of one strong hydride forming element (A) and
ne weak hydride forming element (B). Commonly used hydrogen
torage alloys are typically either (1) a wide set of alloys composed
f rare earth elements with nickel (AB5 type systems) or (2) alloys
f zirconium, vanadium, magnesium and/or titanium with nickel
A2B, AB or AB2 type systems). Various hydrogen storage alloy sys-
ems used as metal hydride negative electrodes are reviewed by
leperis et al. [12] and Feng et al. [13].

The performance of the metal hydride electrodes is measured
n terms of their capacity, cycle life and power density. These capa-

ilities are determined by the kinetics of the processes occurring at
he electrode/electrolyte interface and the rate of hydrogen diffu-
ion in the bulk of the alloy. For good cycle life, the metal hydride
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ssure  in  the  cell  when  the  metal  hydride  is  used.
© 2012 Elsevier B.V. All rights reserved.

electrodes should exhibit good oxidation resistance in alkaline elec-
trolyte and when exposed to oxygen gas. The chemical elements of
the metal hydride in highly concentrated alkaline electrolyte often
react to form oxides (e.g., lanthanum oxide [13–16],  magnesium
oxide [17,18]) and fail to store hydrogen reversibly. In some alu-
minum containing metal hydride systems, aluminum can dissolve
[19] and migrate to the positive electrode. In our low pressure
Ni–H2 battery, the metal hydride functions as hydrogen storage
material alone and is not an electrode as in a NiMH battery. A plat-
inum catalyzed, gas-fed electrode serves as the negative electrode
in the cell. The metal hydride is physically and electrically sepa-
rated from both electrodes and the electrolyte in the Ni–H2 cell. This
should significantly reduce the oxidation and enhance the cycle life
of the metal hydride. The metal hydride used in our Ni–H2 cell is
LaAl0.3Ni4.7 surface modified by Pd and was developed at CWRU
[20–22]. Addition of palladium to the metal hydride minimizes
the formation of Mg(OH)2 and La(OH)2 [18] and the dissolution
of aluminum which should further enhance the life of the metal
hydride.

The other factor that increases the corrosion of the metal
hydrides is commonly referred as particle pulverization or decrepi-
tation (breaking of particles) [13,19,23].  Metal hydrides have a
high storage capacity and the large molar volume of hydrogen
in the hydride phase induces large volume changes upon cycling.
As a result the particles pulverize rapidly, breaking into smaller

particles. This results in increased particle to particle contact
resistance and increased polarization resistance when used as
the negative electrode in a conventional NiMH battery [24]. The
increase in the polarization resistance is due to the decrease in the

dx.doi.org/10.1016/j.jpowsour.2012.01.149
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Nomenclature

List of symbols
I  current, A
F Faraday constant, 96,485 C equivalent−1

H/M atomic ratio of hydrogen to metal
n number of moles
�n change in number of moles
N number of moles
p pressure, psi
R  Gas constant, J (mol K)−1

t time, s
T temperature, K
V volume, cm3

Z number of electrons transferred in a faradic reac-
tion, equivalent mole−1

Subscripts
discharge discharge phase
H hydrogen atom
H2 hydrogen molecule
0 initial
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LaNi4.7Al 0.3 with 10wt% Pd

Absorption
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− 1.85 × 10 p + 5.77 × 10 (1)
MH metal hydride

lectrochemically active area for hydrogen oxidation/evolution
eaction as a result of increased particle to particle contact resis-
ance. Therefore it is necessary to formulate electrodes with a low

olar volume of hydrogen or with a narrow plateau region in the
ressure–composition isotherm.

In comparison, pulverization of the metal hydride particles in
ur low pressure Ni–H2 cell does not affect the capacity or cycle
ife of the metal hydride. The smaller particles produced by pul-
erization are still active for the hydrogen absorption/desorption
eaction which occurs through the interaction of hydrogen gas with
he hydrogen storage material. Researchers have also shown that
he addition of palladium enhances the kinetics of the hydrogen
bsorption/desorption reactions due to the electrocatalytic effect
f palladium [20,21,25–27].

The pressure variations of the nickel hydrogen cell using the
etal hydride, LaAl0.3Ni4.7 surface modified by Pd, for hydrogen

torage will be analyzed here and a methodology to predict the
tate of charge (SOC) of the cell from the pressure will be presented.

. Experimental

A nickel–hydrogen cell with metal hydride for hydrogen stor-
ge was assembled as shown in Fig. 1 of Part 1 of this paper.
ickel foam pasted with the metal hydride, 10 wt%  Pd treated
aNi4.7Al0.3 by grinding, was placed at the end of the cell and
as physically separated from the negative electrode by a chlo-

inated polyvinyl chloride disc. This minimizes contact of the KOH
olution with the metal hydride. The hydrogen absorption charac-
eristics of the metal hydride were tested in a Sievert’s Apparatus
21] before use in the cell. The positive and negative electrodes
nd the separator and electrolyte were the same as in Part 1. The
ehavior of a nickel–hydrogen cell with an experimental capac-

ty of 13.24 mA  h cm−2 (positive electrode) will be discussed in
his article. The experimental capacity of the positive electrode
as determined in a flooded half-cell. The absolute capacity of the
ositive electrode was 72 mA  h. The total capacity of the negative

lectrode for hydrogen oxidation (including the gas volume and
etal hydride capacity) is 327 mA  h at 1 atm pressure of which the
etal hydride capacity is 241 mA  h and rest is gaseous hydrogen.
Fig. 1. Pressure–composition isotherm of the 10 wt%  Pd modified LaNi4.7Al0.3 as
measured with a Sievert’s apparatus at 298 K [21].

Therefore the capacity of the positive nickel hydroxide electrode is
limiting in comparison to that of the negative electrode.

After assembling the cell and placing it within the stainless
steel pressure vessel, the pressure vessel was purged with N2.
This was  followed by purging with hydrogen gas, and the metal
hydride absorbed hydrogen according to the pressure composition
isotherm. The final pressure of the cell at the end of this purge was
about two atmospheres absolute pressure.

The cell was cycled at pressures above 1 atm to confirm the typ-
ical performance expected of the nickel hydroxide and platinum
electrodes as discussed in Part 1 of this paper. Subsequently, after
charging the nickel–hydrogen cell to 70% of full charge, the pres-
sure was  reduced by venting the cell into an evacuated chamber.
This method was  found to minimize the loss of electrolyte when
lowering the cell pressure. The time constant for the hydrogen gas
to equilibrate with the metal hydride in the Ni–H2 cell after vent-
ing is about 0.1–0.2 h (Fig. 2A). This is similar to the time constant
measured for equilibration of the metal hydride in our Sievert’s
apparatus, indicating that the cell configuration and assembly does
not limit hydrogen access to the metal hydride.

3. Results and discussion

3.1. Pressure composition isotherm of the metal hydride

The pressure composition isotherm (PCI) of the metal hydride
used in our Ni–H2 cell, LaAl0.3Ni4.7 surface modified by Pd, is shown
in Fig. 1. Test results showed that the metal hydride does not deacti-
vate over 55 weeks in humid air [21] and the modified alloy is easily
activated at sub-atmospheric pressures [20]. The hydrogen con-
centration in the alloy is expressed in terms of the atomic ratio of
hydrogen to metal, H/M. As the hydrogen pressure is increased dur-
ing absorption, the hydrogen concentration increases in the alloy. It
can be seen in Fig. 1 that most of the absorption occurs below 1 atm
absolute pressure. The pressure composition curve is higher during
absorption indicating hysteresis under the test conditions used. The
pressure composition curves for absorption and desorption were
fitted using a polynomial to predict the hydrogen concentration in
the alloy for a given pressure. For absorption, the polynomial fit is:

for 2.7 ≤ p ≤ 16.3 psi,

H
M

= 3.14 × 10−5p4 − 1.33 × 10−3p3 + 1.71 × 10−2p2

−2 −2
For desorption, the polynomial fits over two  ranges are:
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Fig. 2. Hydrogen gas equilibration with metal hydride at different pressures. (A)
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for 8.75 ≤ p ≤ 16.3 psi

H
M

= −5.81 × 10−4p2 + 1.93 × 10−2p + 6.21 × 10−1 (2)

for 2.4 ≤ p < 8.75 psi

H
M

= 3.17 × 10−4p4 − 9.86 × 10−3p3 + 9.44 × 10−2p2

− 2.34 × 10−1p + 3.11 × 10−1 (3)

.2. Theoretical pressure calculations based on the
ressure–composition isotherm

The contribution of the hydrogen atoms from the gas phase is
alculated based on the ideal gas law:

nH2 (p) = 2 × (p0 − p)V
RT

(4)

here p0 is the initial pressure at the beginning of discharge, p is
he pressure at any point during the discharge, V is the volume of
as in the cell (42 cm3), R is the gas constant and T is the absolute
emperature (25 ◦C). The effect of temperature variation inside the
attery on changes in pressure is considered negligible in compari-
on to the pressure changes due to the hydrogen evolution. A factor
f 2 is used to convert the number of moles of hydrogen molecules
o the number of moles of hydrogen atoms, since the PCI behavior
s expressed in terms of hydrogen atoms.

The contribution of the hydrogen from the metal hydride phase
s obtained from either the desorption or absorption curves of the
ressure composition isotherm. The number of hydrogen atoms
onsumed from the metal hydride is given as:

nMH(p) =
(

H
M0

− H
M

)
× NMH × 6 (5)

here H/M0 is the number of hydrogen atoms per metal atom cor-
esponding to the initial pressure, P0, at the beginning of discharge,
/M is the number of hydrogen atoms per metal atom correspond-

ng to pressure, P, at any given time, NMH is the number of moles of
he metal hydride available measured using the Sieverts apparatus,
.64 × 10−4 moles, and the factor, 6, corresponds to the six metal
toms per mole of metal hydride. The number of hydrogen atoms
er metal atom is calculated from Eqs. (2) and (3) corresponding to
he desorption part of the pressure composition isotherm, or from
q. (1) for the absorption part of the PCI.

During discharge, the number of moles of hydrogen atom
equired for oxidation, nH,discharge(t) is given by Faraday’s Law:

H,discharge(t) = It

ZF
(6)

here I is the discharge current of the battery, t is the time of
ischarge, Z is the number of electrons per equivalent, 1 (for
he oxidation of hydrogen atom) and F is the Faradaic constant,
6,485 C equivalent−1.

The total number of hydrogen atoms oxidized is the sum of
ydrogen utilized from the gas phase and the metal hydride phase

s expressed below:

H,discharge(t) = �nH2 (p) + �nMH(p) (7)

Solving Eq. (7) with Eqs. (2)–(6) for a given discharge time, the
heoretical pressure during charge or discharge can be calculated.
.3. Pressure variation analysis in the range: 8–13 psia

After the initial assembly and check-out at pressures above
 atm, the cell was vented as described above. The cell was then
Pressure variation during and after venting following assembly and testing at about
1  atm. (B) Pressure variation during rest period at lower pressure following dis-
charge.

discharged completely to a cut-off voltage of 1.15 V at a C/5 rate.
The pressure measured during the subsequent rest period after dis-
charge at the sub-atmospheric pressure is shown in Fig. 2B. The
pressure decreases during discharge as expected because of hydro-
gen oxidation at the platinum electrode. Fig. 2B shows that the
pressure increases during the rest period after discharge. This indi-
cates that the hydrogen in the gas phase is not in equilibrium with
hydrogen in the metal hydride at the end of discharge. The time
for equilibration is 1–2 h. Comparing Fig. 2A and B, it is clear that
the hydrogen equilibration time for this Ni–H2 cell construction is
a function of the pressure inside the cell. The equilibration time is
shorter when the pressure is higher. This is because the change in
the amount of hydrogen sorbed into the metal hydride in the pres-
sure range, 8–17 psia, is small whereas the change in amount of
hydrogen desorption in the pressure range, 1–8 psia, is significant
(see Fig. 1).

The coulometric efficiency of the cell containing the metal
hydride was  investigated at different depths of charge and differ-
ent rest periods to evaluate oxygen evolution during charge and the
self-discharge mechanism during the rest period after charging. The
cell was  cycled at a C/5 rate to different states of charge, 50, 70 and
90%, from a fully discharged state with different rest periods (5 min,
1 h and 6 h) and the efficiencies are shown in Table 1. The discharge
cut-off voltage is 1.15 V. The voltage profile during the charge is
similar to the Ni–H2 cell without metal hydride as discussed in

Part 1 of this paper. The coulometric efficiency of the cell with
metal hydride was calculated as the ratio of the charge delivered
during discharge divided by the charge injected during charging.
The coulometric efficiency was  found to agree closely with that of
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Table 1
Coulometric efficiency of the Ni–H2 cell as a function of SOC cycled at C/5 rate.

SOC, % Efficiency for different rest periods (%)

5 min  1 h 6 h

50 95.0 93.5 87.3

N
d
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d
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t
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t
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F
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s

70  93.1 92.1 86.4
90 90.7  89.7 85.4

i–H2 cell without the metal hydride. The coulometric efficiency
ecreases with increasing SOC for all rest periods indicating that
xygen evolution increases with SOC, similar to the results obtained
or the nickel–hydrogen cell without metal hydride. The coulomet-
ic efficiency also decreases with increases in the rest period for
ifferent states of charge indicating that self discharge is occurring

n the nickel–hydrogen cell. Self-discharge in the Ni–H2 cell with
etal hydride will be compared to the cell without metal hydride

elow.
The pressure variation during charge–discharge of the

ickel–hydrogen cell with metal hydride cycled at a C/5 rate
o a 50% SOC is shown in Fig. 3 for pressures between 8 and
3 psia. The rest period after charge and after discharge was  1 h.
he pressure variation during charge and discharge is similar to
hat observed for the nickel–hydrogen cell without the metal
ydride. No increase in pressure is observed during the rest period

ollowing the discharge as show in Fig. 3 confirming that the time
or hydrogen equilibration with metal hydride is small for higher
ressures as noted in Fig. 2A.

For a C/5 charge rate, the rate of pressure rise corresponding to
he hydrogen formation at the platinum electrode calculated based
n Faraday’s law and the ideal gas law is 2.30 psi h−1 (when there
s no MH). However, part of the hydrogen formed is absorbed into
he metal hydride and therefore the rate of pressure change should
e lower than 2.30 psi h−1. The pressure variations during charge
nd discharge were fitted linearly as shown in Fig. 3. The pressure
ate during charge and discharge is 1.84 psi h−1 and 1.94 psi h−1,
espectively. During discharge, the decrease in the pressure rate is
ue to the utilization of hydrogen from the metal hydride phase

n addition to that from the gas phase. However the non-linear
ressure–time behavior observed during the end of charge for the

i–H2 cell without the metal hydride (as discussed in Part 1 of this
aper) is not evident in Fig. 3. This does not mean that there is
ot oxygen evolution and recombination occurring at the end of
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ig. 3. Changes in pressure during the charge, the rest and the discharge periods of
 cycle. The cell was  cycled at C/5 rate from 0 to 50% SOC. The rest period for the
ycle is 1 h. Linear fits of the pressure variations during charge and discharge are
hown.
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charging phase. The coulometric efficiency of the cell under these
conditions was 92.2%, which indicates an efficiency loss due to
oxygen evolution. However, the combination of hydrogen absorp-
tion into the metal hydride with oxygen evolution during charging
makes it difficult to calculate isolate pressure changes due to oxy-
gen evolution and recombination during and after charging.

3.3.1. Correlation of pressure variations during charge and
discharge to pressure composition isotherm – fuel gauging for
pressures between 8 and 13 psia

The coulometric efficiency for the cycle to 50% SOC with a 1 h rest
period as shown in Fig. 3 is 92.2%. Based on this efficiency, the SOC of
the cell at the beginning of discharge is estimated as 46.1% instead
of the intended 50% because of oxygen evolution during charge and
self discharge during the 1 h rest period following charge. The pres-
sure variation and amounts of hydrogen utilized from the gas phase
and MH  sources as a function of the discharge time were calculated
utilizing the pressure composition isotherm and Eqs. (4)–(7) given
above. The predicted pressure and the actual pressure measured
during discharge are compared in Table 2. The calculated theoret-
ical pressure agrees well with the measured pressure at different
discharge times when the theoretical pressure is based on the des-
orption part of the PCI curve. This clearly indicates that the pressure
inside the Ni–H2 cell during a C/5 discharge follows the desorption
curve of the pressure composition isotherm and can be used to
gauge the hydrogen available in the metal hydride. Based on this
analysis, the SOC of the battery can be calculated from the mea-
sured pressure and vice versa. Table 2 also shows the percentage
amount of hydrogen utilized from the gaseous phase and from the
metal hydride phase at different states of charge. The contribution
of hydrogen from the metal hydride phase is about four times less
than that of the hydrogen from the gas phase. This is because the
change in number of hydrogen atoms per metal atom concentration
in this pressure range (8–13 psia) is small as seen in Fig. 1.

A similar analysis was  performed for charging the battery from
a completely discharged state to 50% SOC. In this case, the theo-
retical pressure was  calculated based on both the absorption and
desorption portions of the PCI shown in Fig. 1 and the results were
compared to the experimentally measured pressure as listed in
Tables 3 and 4. From the comparisons shown in Tables 3 and 4,
it is clear that during charge the pressure follows the desorption
part of the PCI curve. This suggests that the desorption part of the
curve shown in Fig. 1 follows the true equilibrium behavior, and
that the hysteresis seen between absorption and desorption due to
non-equilibrium behavior is reflected in the absorption data alone.

3.4. Pressure variations analysis in the pressure range: 6–12 psia

The pressure variation during two  successive cycles of the
nickel–hydrogen cell in the pressure range, 6–12 psia is shown
in Fig. 4. The cell was  cycled at a C/5 rate from a fully dis-
charged state to 70% SOC and back. The rest period after charge
and after discharge for the first cycle was  5 min. During the second
cycle the rest periods were 6 h. The cell pressure behavior during
charge and discharge was generally similar to that observed for the
nickel–hydrogen cell in the operational pressure range 8–13 psia.
However, there are differences between the two cycles shown in
Fig. 4 in comparison to the cycle operated in the pressure range from
8 to 13 psia (Fig. 3). These differences are primarily seen in the pres-
sure variations seen during the rest periods, and are a consequence
of the slower hydrogen equilibration with the metal hydride at
lower hydrogen pressures.
3.4.1. Pressure variations during rest after discharge
The pressure during the 6 h rest period at the end of the 2nd

discharge rises to a higher value as shown in Fig. 4 and in more
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Table 2
Change in various parameters following the desorption curve of the pressure composition isotherm for discharge in the pressure range 8–13 psia.

Discharge
time (h)

SOC (%) Theoretical
pressure (psia)

Hydrogen
from MH (%)

Hydrogen,
from gas (%)

Total hydrogen
utilized (mmoles)

Measured
pressure (psia)

0 46.1 12.28 0.0 0.0 0.00 12.28
0.5  36.1 11.23 12.9 87.1 0.27 11.20
1  26.1 10.21 14.0 86.0 0.54 10.23
1.5  16.1 9.20 15.1 84.9 0.81 9.26
2  6.1 8.27 17.0 83.0 1.07 8.36
2.3  0.0 7.86 20.6 79.4 1.24 7.86

Table 3
Change in various parameters following the absorption curve of the pressure composition isotherm for charge in the pressure range 8–13 psia.

Charge
time (h)

SOC (%) Theoretical
pressure (psia)

Hydrogen
into MH (%)

Hydrogen as
gas (%)

Total hydrogen
evolved (mmoles)

Measured
pressure (psia)

0 0.0 7.83 0.0 0.0 0.00 7.84
0.5  10.0 8.27 62.9 37.1 0.27 8.81
1 20.0  8.73 62.4 37.6 0.54 9.72
1.5  30.0 9.21 61.8 38.2 0.81 10.63
2  40.0 9.70 61.2 38.8 1.07 11.56
2.44  48.7 10.14 60.3 39.7 1.31 12.49

Table 4
Change in various parameters following the desorption curve of the pressure composition isotherm for charge in the pressure range 8–13 psia.

Charge
time (h)

SOC (%) Theoretical
pressure (psia)

Hydrogen
from MH (%)

Hydrogen,
from gas (%)

Total hydrogen
evolved (mmoles)

Measured
pressure (psia)

0 0.0 7.83 0.0 0.0 0.00 7.84
0.5  10.0 8.55 40.2 59.8 0.27 8.81
1  20.0 9.53 29.3 70.7 0.54 9.72

d
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chemisorption of the hydrogen molecule; (b) diffusion of the hydro-
1.5  30.0 10.54 25.1 

2  40.0 11.57 22.4 

2.44  48.7 12.49 20.6 

etail in Fig. 5. It is noted that there is no oxygen evolution dur-
ng discharge and therefore no recombination occurring at the end
f discharge to cause a change in pressure. As discussed earlier
nd shown in Fig. 2B, it is evident that the hydrogen equilibration
ith metal hydride is slower at pressures on the order of 6 psia

ecause of the significant amount of hydrogen absorption into the
etal hydride that has to occur, following the pressure composition

sotherm (Fig. 1). Therefore it is likely that this pressure rise dur-

ng the rest period is related to slow hydrogen equilibration (slow
ydrogen desorption/absorption) with the metal hydride. This is
lso supported by the fact that the pressure measured at the end
f the rest period, after the pressure rise, is equal to the pressure
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74.9 0.81 10.63
77.6 1.07 11.56
79.4 1.31 12.49

measured at the beginning of the 1st charge (Fig. 4), indicating that
eventually equilibrium is obtained and the same pressure is found
for the same SOC.

The time constant for the hydrogen to equilibrate with the
metal hydride was  estimated using an exponential fit as shown
in Fig. 5. Oh et al. [28] have developed a model for the hydrogen
absorption based on different rate controlling steps: (a) dissociative
gen atoms through the metal hydride and (c) chemical reaction of
the hydrogen atom with the hydride. Here we do not analyze which
of these is a rate determining step and instead focus our attention
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Fig. 5. Changes in pressure during the rest period at the end of the 2nd cycle shown
in  Fig. 4. The cell was cycled at C/5 rate from 0% to 70% and back to 0% SOC.
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ack to time 0 h. (B) Estimated pressure changes due to recombination reaction and
ydrogen equilibration with the metal hydride during the rest period after the 2nd
harge. An exponential decay line is fit to the pressure data.

n estimating the overall time constant for hydrogen absorption.
han et al. [21] have briefly reviewed the literature on the kinetics
f hydrogen absorption in metal hydride. The exponential fit to the
ressure–time data is reasonable and predicts the time constant for
ydrogen absorption as 1.37 h at a pressure of 6 psia. In comparison,

t is noted that the time constant of the metal hydride to equili-
rate with hydrogen gas at the higher pressure range, 8–13 psia, is
.1–0.2 h.

.4.2. Pressure variations during rest after charge
The change in pressure during the rest period after the 2nd

harge is shown in Fig. 6A. As discussed in Part 1 of this article,
he pressure decrease during the rest period after charge is due to
he recombination of oxygen with hydrogen and self discharge of
he nickel hydroxide electrode consuming hydrogen gas. The self
ischarge occurs throughout the rest period, however, it was shown
hat the recombination reaction is complete within the first 1 h of
he rest period. With metal hydride present, in addition to the self
ischarge and the recombination reaction during the rest period,

here is also the hydrogen equilibration with the metal hydride to
onsider. Based on the analysis of the discharge data above, the time
onstant for the hydrogen equilibration with the hydride is 1.4 h or
ess. Therefore any changes in pressure observed for rest periods
of Power Sources 206 (2012) 421– 428

longer than about 1.5 h can be safely assumed to correspond to the
self-discharge of the cell.

To estimate the self-discharge behavior, a straight line was  fit to
the pressure data in the time period of 4–6 h as shown in Fig. 6A.
The rate of pressure change due to self-discharge is given by the
slope of line (the parameter ‘B’) and is found to be 0.063 psi h−1.
This rate is about 37 times slower than the rate of pressure rise due
to a C/5 charging rate (2.33 psi h−1). That is, if the self-discharge rate
were to remain constant, the battery would discharge completely in
about 185 h, i.e., the self-discharge rate can be expressed as C/185.
However, the self-discharge rate is a function of SOC as discussed
below and in practice a much longer time would be required for
the battery to completely self-discharge.

In order to estimate the contributions to the pressure change
after charge due to the recombination reaction and the hydrogen
equilibration with the metal hydride, the pressure drop due to the
self-discharge mechanism was subtracted out of the pressure vs
time data based on the linear fit parameters. The remaining pres-
sure variation is plotted in Fig. 6B. An exponential decay equation
was fit to this data as shown in the figure. The estimated time
constant is about 1.29 h. It is noted that the time constant for the
recombination reaction as found in Part 1 of this paper and that of
the hydrogen equilibration with the metal hydride are both on this
time scale and therefore it is not possible to separate the pressure
contributions due to these two  mechanisms.

3.4.3. Correlation of pressure variations during charge and
discharge to the pressure composition isotherm – fuel gauging

The pressure and other parameters as a function of the SOC of
the cell were calculated as discussed in previous section using Eqs.
(2)–(7) for the charge during the 1st cycle and discharge during the
2nd cycle shown in Fig. 4. These results are shown in Tables 5 and 6.

Since there is some oxygen evolution during charge, the coulo-
metric efficiency is always less than 100%. With a 5 min  rest after
charging, the coulometric efficiency for a battery charged to 70%
SOC is 92.9%. Based on this, the SOC of the cell at the end of charge
is estimated at 65.1% instead of the intended 70%. The pressure
variation for different states of charge during charging was esti-
mated based on the desorption curve of the pressure composition
isotherm is listed in Table 5. The calculated theoretical pressure
is lower than the measured pressure during charge for all states
of charge indicating that the hydrogen gas in the gas phase is not
in equilibrium with the metal hydride. It is evident that the dif-
ference between the measured pressure and calculated theoretical
pressure increases with SOC up to 30% SOC (theoretical pressure
8.08 psi) and then decreases with increasing SOC from 30 up to
65.1% SOC (theoretical pressure 11.48 psi). The increase in the pres-
sure difference is associated with the significant changes in the
H/M ratio in the pressure range from 6 to 8 psia and the subse-
quent narrowing of the pressure difference is associated with the
relatively smaller changes in the H/M ratio in the pressure range
(9–12 psia). The theoretical pressure calculated at 65.1% SOC (end
of charge) is 11.48 psi and is lower than the pressure measured at
the end of charge, 11.81 psi, and is above the pressure measured at
the end of the rest period, 10.93 psi, due to the offsetting effects of
oxygen evolution (increases pressure), hydrogen–oxygen recombi-
nation (lowers pressure) and slow hydrogen equilibration with the
metal hydride (lowers pressure as equilibration is reached).

Because of the significant self-discharge during the 6 h rest
period following charge the coulometric efficiency for the 2nd cycle
was 86.4%. Thus, the SOC of the cell at the beginning of discharge
was estimated at 60.5%.
For the first 1.5 h of the discharge the measured pressure change
was 10.93–8.09 psia (Table 6). In this pressure range, there is no sig-
nificant change in the H/M ratio in the metal hydride, and as listed
in Table 6, the theoretical pressure calculated agrees well with the
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Table 5
Change in various parameters following the desorption curve of the pressure composition isotherm for charge in the pressure range 6–12 psia.

Charge
time (h)

SOC (%) Theoretical
pressure (psia)

Hydrogen
from MH (%)

Hydrogen,
from gas (%)

Total hydrogen
evolved (mmoles)

Measured
pressure (psia)

0.0 0.0 6.65 0.0 0.0 0.00 6.65
0.5  10.0 7.04 67.4 32.6 0.27 7.55
1.0  20.0 7.50 64.7 35.3 0.54 8.41
1.5  30.0 8.08 60.5 39.5 0.81 9.21
2.0  40.0 8.94 52.5 47.5 1.07 9.95
2.5  50.0 9.93 45.6 54.4 1.34 10.66
3.0  60.0 10.95 40.6 59.4 1.61 11.30
3.3  65.1 11.48 38.5 61.5 1.75 11.87

Table 6
Change in various parameters following the desorption curve of the pressure composition isotherm for discharge in the pressure range, 6–12 psia.

Discharge
time (h)

SOC (%) Theoretical
pressure (psia)

Hydrogen
from MH (%)

Hydrogen,
from gas (%)

Total hydrogen
utilized (mmoles)

Measured
pressure (psia)

0.0 60.5 10.93 0.0 0.0 0.00 10.93
0.5  50.5 9.91 15.8 84.2 0.27 9.94
1.0  40.5 8.92 16.9 83.1 0.54 8.99
1.5  30.5 8.07 20.9 79.1 0.81 8.09
2.0  20.5 7.49 28.8 

2.5  10.5 7.04 35.4 

3.0  0.0 6.62 41.0 

Table 7
Self discharge rate for different states of charge for Ni–H2 cell with metal hydride.

% SOC Self-discharge rate, psi h−1

50 0.048
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70 0.063
90 0.063

easured pressure inside the cell. Most of the hydrogen consumed
p to this point was originally stored in the gas phase. This is why
he actual rate of pressure drop measured, 1.94 psi h−1, is close
o that of 2.33 psi h−1; the rate for the Ni–H2 cell without metal
ydride. However, it is evident from Fig. 4 that the rate of pres-
ure change is non-linear toward the end of discharge (8–6 psia) in
greement with the fact that a significant amount of hydrogen is
eing released by the metal hydride phase at these pressures. At
he end of discharge, about 41% of the total hydrogen oxidized at
he platinum electrode was released from the metal hydride and the
est, 59%, was hydrogen initially stored in the gas phase. This signif-
cant change in the amount of hydrogen in the metal hydride phase
ncreases the hydrogen equilibration time with the metal hydride,
esulting in a lower measured pressure than that calculated for
0.5, 10.5 and 0% SOC. Given sufficient time for hydrogen equili-
rate with the metal hydride, the pressure measured at the end of
he rest period after discharge, 6.58 psi, agrees with the calculated
heoretical pressure at 0% SOC, 6.62 psi (Table 6). Again, the pres-
ure inside the Ni–H2 cell during discharge follows the desorption
urve of the pressure composition isotherm.

.5. Self-discharge at different states of charge

The self-discharge rate was estimated based on the linear fit on
he pressure data in the 4–6 h rest period after charge as discussed
reviously for several states of charge and is listed in Table 7. It is
vident that the self-discharge rates at 70 and 90% SOC are the same
nd are greater than that at the 50% SOC. The self-discharge rate of
he cell with metal hydride is C/185 at 90% SOC. In comparison, the
elf discharge rate of the Ni–H2 cell without metal hydride is C/90.

he difference is due to the different pressures used. The cell with
etal hydride is operated at lower pressures and as a result the

elf-discharge rate is lower.
71.2 1.08 7.28
64.6 1.34 6.56
59.0 1.63 5.95

4. Conclusions

A nickel–hydrogen cell with metal hydride for hydrogen storage
was assembled and tested successfully. The coulometric efficiency
of the cell was studied for different states of charge and different
rest periods. The coulometric efficiency decreases with increasing
SOC due to oxygen evolution as a side reaction. The coulometric effi-
ciency also decreases with increasing rest period following charge
because of self-discharge of the cell. These results are the same as
those observed in the cell without the metal hydride.

Pressure vs time data measured during cycling was  analyzed. In
addition to the variables: oxygen evolution, recombination reaction
and self discharge for the cell, the use of metal hydride for hydrogen
storage introduces another variable, the equilibration of hydro-
gen with the metal hydride. It was shown that equilibration with
the metal hydride is faster when cell is operated in the pressure
range 8–13 psia and is slower when operated in the pressure range
6–12 psia because of significant hydrogen absorption/desorption
below 8 psi pressure. The time constant in the case of slow hydro-
gen equilibration with the metal hydride is about 1.37 h, similar to
the time constant for the recombination reaction, making it difficult
to separate the pressure contributions due to these mechanisms.
The self discharge rate, however, was  obtained using a linear fit at
longer rest times after charge.

The pressure–time behavior during charge and discharge of the
battery were found to follow the desorption part of the pressure
composition isotherm very well. Based on the measured pressure
and the pressure composition isotherm, the hydrogen available in
the cell can be easily gauged and the SOC of the cell can be predicted
for cells. For cells with slow hydrogen equilibration, a sufficient rest
period needs to be used to accurately predict the SOC. This indicates
that the hydrogen equilibration kinetics with the metal hydride
needs to be significantly improved to monitor the performance of
the low pressure Ni–H2 cells in real time.
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