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bstract
The high-temperature charge acceptance of Ni-MH batteries has been improved through the addition of calcium fluoride to the pasted nickel
ydroxide electrode made using spherical Co(OH)2-coated nickel hydroxide powder. The charge acceptance of the Ni-MH battery at 60 ◦C is over
5% at 1 C charge/discharge rates. The charge acceptance at 60 ◦C remains at over 90% through 10 cycles. The use of Co(OH)2-coated Ni(OH)2

lus a CaF2 addition to the positive electrode also significantly improved the high-temperature stability in terms of reduced gas evolution.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Advanced nickel-metal hydride (Ni-MH) batteries have
ound application in power tools, UPS, electric vehicles (EV)
nd hybrid electric vehicles (HEVs) in the past several years.
he technical strengths of Ni-MH battery systems are recog-
ized as high-power capability, long-term durability and high
harge/discharge efficiency. Despite the emergence of lithium
on batteries and small, portable fuel cells, Ni-MH batteries
ontinue to receive much attention because almost all of the
ommercial HEVs employ Ni-MH batteries due to their better
ombination of power output, capacity, life, reliability and cost
1–8].

Co or Co compounds have been widely adopted as an addi-
ion to the nickel hydroxide electrode because Co can transform
o CoOOH during the first activation charging, which supplies
conductive network for the positive electrode. Also, the addi-
ion of cobalt in Ni(OH)2 lattice has been shown to increase
he oxygen evolution potential, thereby improving the Ni(OH)2
ctive material utilization and cycle life [9–15]. Other additions,
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ncluding Ba, Mn, Cu, Zn and Cd, have also been studied in order
o increase the performance of Ni-MH batteries [13–17].

To meet the requirement for HEV and power tool appli-
ations, Ni-MH batteries should be able to operate at high
emperatures (>50 ◦C) without significant deterioration in per-
ormance. However, the charge efficiency of the positive
lectrodes significantly declines because of oxygen evolution
t high temperatures, leading to the overall poor performance
f Ni-MH batteries. Much work has been done on additions to
mprove the high temperature charge–discharge characteristics
f the positive electrode because the performance of Ni-MH bat-
eries is strongly influenced by the positive Ni electrode which
etermines the cell capacity [10]. Additions of cobalt oxide
9,18–20], zinc oxide [21], and lanthanide oxides [22,23] have
een made to the positive electrodes in order to increase the
igh-temperature performance of Ni-MH batteries. Also, Mi
t al. [24] have studied yttria-doped nickel hydroxide as the
ositive electrode of Ni–MH batteries and concluded that the
igh-temperature performance was improved due to the forma-
ion of an yttria-rich surface layer, and that the optimum amount

f yttria was around 1% to obtain a high-discharge capacity at
0 ◦C.

In the positive electrode of Ni-MH batteries, the oxidization
otential of Ni(OH)2 and the oxygen evolution potential can par-
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specific discharge capacity of the regular nickel hydroxide pow-
der reaches a value of 264.3 mAh g−1 after four cycles. The
specific discharge capacity of the Co(OH)2-coated Ni(OH)2
powder (6.5 wt.% cobalt hydroxide on the surface of Ni(OH)2
X. Zhang et al. / Journal of Po

ially overlap. Therefore, when charging Ni-MH batteries, the
xygen evolution reaction will use part of the charging current.
his situation becomes worse at higher temperatures because

he oxygen evolution potential decreases. Ca has been shown to
e an effective addition to increase the oxygen evolution poten-
ial [25] and therefore, the charge acceptance of the positive
lectrode can be increased with the addition of Ca, especially
t high temperatures. Recently, He et al. [26] coated Ca3(PO4)2
n the Ni(OH)2 and found that the discharge capacity of nickel
ydroxide was improved because of the increase in the oxygen
volution potential.

Although Y- [24] or Ca-[26] coated Ni(OH)2 can significantly
mprove the high-temperature characteristics, the use of such a
oating technology will also increase the cost of Ni-MH batter-
es. Therefore, finding another relatively cheap and easy method
o increase the high-temperature charge acceptance of the posi-
ive electrode is very important to the further commercialization
f Ni-MH batteries. In this study, calcium fluoride was added
irectly to the pasted nickel hydroxide electrode. The results
how that a CaF2 addition to the nickel hydroxide electrode
mproved both the high-temperature charge acceptance and the
harge/discharge cycling stability at higher temperatures.

. Experimental details

Cobalt sulfate and sodium hydroxide were used to react
ith the spherical nickel hydroxide powder in a reaction ves-

el to precipitate cobalt hydroxide on the surface of the nickel
ydroxide particles. The reaction pH was maintained 9–10 by a
H meter. The reaction temperature was controlled at around
0 ◦C. A more detailed description of the surface modifica-
ion of the nickel hydroxide powder can be found in Ref. [27].
he Co(OH)2-coated nickel hydroxide powder was continu-
usly treated in a hot alkaline solution. The alkaline solution
ontains 25–45 wt.% sodium hydroxide. The temperature of
lkaline treatment was 110–120 ◦C. The hot alkaline treatment
eads to an increase in the stability of cobalt layer on the surface
f the nickel hydroxide particles. The content of cobalt hydrox-
de at the surface of nickel hydroxide particle was 6.5 wt.%.
he Co(OH)2-coated nickel hydroxide powder was then used to
aste the positive electrode of the Ni-MH batteries.

The paste composition of nickel hydroxide electrode is
–7 wt.% Co, 2–5 wt.% Zn, 0.2–1.0 wt.% Ca, 0.15 wt.% PTFE
nd balance Ni(OH)2. In the pasted nickel hydroxide electrode,
he cobalt plays an important role in the electrode conduc-
ivity, capacity utilization and durability. The zinc is used to
ecrease the nickel electrode swelling and increase the cycle
ifetime of the pasted nickel electrode. As previously discussed,
he calcium addition was used to improve the high-temperature
harge acceptance of the pasted nickel electrode. The cal-
ium fluoride was first mixed with cobalt powder in a weight
atio of 1:1 and then the mixture of cobalt and calcium flu-
ride was added into the pasted nickel electrode. PTFE was

sed as the binding material. The metal hydride electrode was
omposed of hydrogen-absorbing alloy powder (MmNi5-based
lloy), conductive carbon powder, binding materials and the
unched metal sheet. The punched metal sheet is made from the
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ickel-coated stainless steel strip or pure nickel strip (thickness:
.045 mm). The paste composition of the metal hydride elec-
rode is 98.85 wt.% MH powder, 0.3 wt.% carbon, 0.85 wt.%
inding materials.

The dimensions of the pasted nickel electrode plate for manu-
acturing the Ni-MH batteries were 281 mm × 33 mm × 0.5 mm
nd the dimensions of the pasted MH electrode plate were
60 mm × 33 mm × 0.3 mm. The thickness of the polypropy-
ene separator was 0.12 mm. The capacity of the negative
lectrode plate was designed to be 1.5 times higher than that
f the positive electrode. The electrolyte in the cells was a 6 M
OH and 1 M LiOH aqueous solution. The weight of the elec-

rolyte in each cell was 4.8 g. The charge/discharge tests of the
i-MH cells were conducted at temperatures ranging from 20 ◦C

o 60 ◦C.
The gas in the batteries was collected using a special appa-

atus, which was set up in a 60 ◦C oven. A hole was drilled at
he top of battery, which was put in a volumetric tube filled with
ineral oil. When the gas released from the battery, it would be

ollected at the top of the tube. The batteries were in the fully
harged state.

. Results and discussion

.1. Effects of Co(OH)2-coating on Ni(OH)2 powder

The nickel hydroxide particles used in this work have a sur-
ace layer of cobalt hydroxide. The cobalt hydroxide has a cobalt
alence of 2.0. It is preferable to employ cobalt oxide having a
obalt valence over 3.0 (e.g., �-cobalt oxyhydroxide (CoOOH))
ecause it is not easily reduced by overdischarge. Fig. 1
hows the specific discharge capacity of the “regular” nickel
ydroxide and Co(OH)2-coated nickel hydroxide particles. The
ig. 1. Specific discharge capacity of Co(OH)2-coated Ni(OH)2 and “regular”
i(OH)2 as a function of cycle lifetime (charge: 0.1 C, 15h; rest: 1h; discharge:
.2 C to 1 V end-of-discharge voltage).
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ig. 2. Charge/discharge curves of Ni-MH batteries at room temperature: (a) ch
b) charge 1 C to end-of-charge of −�V = 5mV and discharge at 1 C to an end-o

owder) reaches a value of 262.2 mAh g−1 after four cycles.
he discharge capacity of Co(OH)2-coated nickel hydroxide
articles was then corrected to reflect the actual Ni(OH)2
ontent (93.5% Ni(OH)2 in the Co(OH)2-coated Ni(OH)2 pow-
er). The corrected specific discharge capacity of Ni(OH)2
n Co(OH)2-coated Ni(OH)2 powder was 280 mAh g−1. The
apacity utilization of the Ni(OH)2 in the Co(OH)2-coated nickel
ydroxide powder has, therefore, been improved in comparison
o the “regular” nickel hydroxide powder.

.2. Charge–discharge characteristics of Ni-MH batteries
ade with Co(OH)2-coated Ni(OH)2

Fig. 2 shows the charge and discharge curves of the Ni-MH
atteries (nominal capacity: 2700 mAh) at room temperature.
he discharge capacity of these cells is over 2700 mAh at 0.2 C
ischarge current. The discharge capacity of these cells at 1 C
ischarge current is over 2600 mAh. Fig. 3 shows the discharge
apacity of the Ni-MH batteries as a function of the number

f charge/discharge cycles. The charge/discharge cycling tests
ere conducted at 2600 mA charge current to end-of-charge
oltage deficiency (−�V = 5mV) and 10 A discharge current
o an end-of-discharge voltage of 0.9 V. The manufacturer of

ig. 3. Charge/discharge capacity of Ni-MH batteries as a function of the number
f charge/discharge cycles (charge 1 C to end-of-charge of −�V = 5mV and
ischarge at 10 A to an end-of-discharge voltage of 0.9 V).
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0.1 C × 16 h and discharge at 0.2 C to an end-of-discharge voltage of 1.0 V and
charge voltage of 1.0 V.

i–MH batteries aims at achieving a good high-temperature
harge acceptance. An increase in oxygen evolution potential of
he nickel electrode leads to an increase in the high-temperature
harge acceptance. The maximum overcharge voltage reflects
he oxygen evolution potential of the nickel hydroxide electrode.
t has been found that the discharge capacity of the Ni-MH cell
emains almost constant at a value of 2600 mAh during the first
00 cycles, but decreases to about 2450 mAh after 500 cycles.

.3. Effect of CaF2 addition on the charge/discharge
haracteristics of Ni-MH cells

Fig. 4 shows the charge/discharge curves at different temper-
tures of Ni-MH cells made using nickel electrodes with and
ithout a CaF2 addition. These cells were charged at 1 C charge

urrent at different temperatures to an end-of-charge voltage
eficiency (−�V = 5mV). After resting 10 min at each temper-
ture, the charged cell was discharged at 1 C discharge current
t temperature to an end-of-discharge voltage of 1.0 V. It can be
learly seen that the high-temperature charge acceptance of the
i-MH cell made using the CaF2-containing nickel electrode

emains almost constant at temperatures ranging from 20 ◦C to
0 ◦C. The high-temperature charge acceptance (%) was calcu-
ated using the ratio (the discharge capacity at high temperature
or a high-temperature charged cell/the discharge capacity at
0 ◦C for a 20 ◦C – charged-cell) × 100%.

The discharge capacity of the batteries was measured at dif-
erent temperatures after charging at the same temperatures.
he discharge capacity reflects the charge acceptance of the
i-MH batteries at the given temperatures. Thus, the discharge
erformance of the calcium-containing nickel electrodes shows
imilar capacity utilization at temperatures ranging from 20 ◦C
o 50 ◦C. The capacity utilization of a battery made using
alcium-containing nickel hydroxide paste deceases by about
% at 60 ◦C compared to 20 ◦C. As the oxygen evolution
otential decreases at higher temperatures, the Ni(OH)2 oxi-
ation potential and the oxygen evolution potential overlap, and
he charge efficiency of the positive electrode active material

eclines. However, through the addition of calcium to the nickel
lectrode paste, the decrease in the oxygen evolution potential at
igher temperatures is retarded and thus there is an improvement
n the high-temperature charge efficiency. As shown in Fig. 4(b),
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ig. 4. Typical charge/discharge curves of Ni-MH cells at different temperatu
nd-of-discharge voltage 1.0 V) (nickel electrodes: (a) with CaF2 addition and (

he capacity utilization of the Ni-MH batteries made using the
o(OH)2-coated nickel hydroxide electrode without a calcium
ddition decreases at 60 ◦C to value of 72% of that at 20 ◦C.

Thus, a uniform distribution of CaF2 in the pasted nickel
lectrode significantly increases the high-temperature charge
cceptance of the Ni-MH batteries at high temperatures (e.g.,
0 ◦C). It was noted that the overcharge voltage of the Ni-MH
attery containing CaF2 reached a maximum value of 1.45 V
t 1 C charge current at 60 ◦C. The higher overcharge voltage
t high temperatures results from the higher oxygen evolution
otential produced through the addition of calcium in the nickel
ydroxide electrode. The shift of oxygen evolution potential
nto the noble potential range leads to the increase in the high-
emperature charge acceptance of Ni-MH batteries. It can be
een from Fig. 4(a) that the charge acceptance of the Ni-MH
attery made with calcium-containing nickel electrode is over
5% at 60 ◦C.

The high-temperature charge acceptance of Ni-MH batter-
es is mainly dependent on the surface composition of nickel
ydroxide particles and the manufacturing technology used for
he production of the pasted nickel electrode. At the begin-
ing of the charge/discharge cycling, the capacity utilization of
i-MH battery was over 98% at 60 ◦C. However, the capacity
tilization of the Ni-MH batteries at 60 ◦C slightly decreases to

value of about 92% after 10 cycles. This small degradation

n capacity utilization of the Ni-MH cells reflects the insta-
ility of the Ni-MH battery at higher temperatures. Fig. 5(a)
hows the charge/discharge curves of Ni-MH cells at 60 ◦C

N
h
d
p

ig. 5. (a) Charge/discharge curves of Ni-MH cells as a function of number of cycles
5 min; discharge: 1 C to EODV 1.0 V; rest 10 min; recharge). (b) Maximum overcha
harge: 1 C to end-of-charge at −�V = 10 mV; rest: 10 min; discharge: 1 C to
thout CaF2 addition).

t different charge/discharge cycles. The maximum overcharge
oltage slightly decreases with increasing number of cycles. The
ecrease in overcharge voltage on cycling leads to an increase in
he oxygen evolution potential and a stabilization of the Ni-MH
attery characteristics. The very small variations in the maxi-
um overcharge voltage with increasing number of cycles at

0 ◦C reflect the stability and durability of the Ni-MH cells.
here was a decrease in overcharge voltage of about 4 mV
fter the first cycle at 60 ◦C. Then, the maximum overcharge
oltage remains almost constant (change is less than 0.5 mV)
p to 10 cycles. This decrease in the overcharge voltage at
0 ◦C results from a decrease in the overcharge oxygen evolu-
ion potential. The discharge capacity instability of the Ni-MH
atteries at higher temperatures is related to the fast oxygen
volution during the overcharge process and to the battery tem-
erature quickly rising over 60 ◦C. Also, the discharge capacity
s gradually reduced with increasing the cycle number because
he discharge capacity of Ni-MH battery is very hard to stabilize
t 60 ◦C, especially at overcharge condition at high temperature.

This cycling instability of Ni-MH batteries at high tempera-
ures reflects the instability of the electrochemical characteristics
f the pasted nickel electrode. The stability of conductive
oOOH layer on the surface of nickel hydroxide powder at
igher temperatures predominantly determines the durability of

i-MH batteries. For nickel hydroxide active material having
igh-order cobalt compound layers on the surface, the con-
uctive CoOOH network at the surface of nickel hydroxide
owder becomes unstable at higher temperatures. As a result,

at 60 ◦C (charge:1 C to an end-of-charge voltage deficiency −�V = 5mV; rest
rge voltage and discharge capacity vs. number of cycles plots.
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ig. 6. Gassing evolution volumes of the charged Ni-MH cells using Co-coated
ickel hydroxide electrode and CoO-added nickel electrode at 60 ◦C storage.
oth electrodes contain 0.5 wt.% CaF2.

he amount of cobalt on the surfaces decreases, thus reduc-
ng the conductive network within the nickel electrode, thereby
ecreasing the capacity of the cell. The anti-corrosive capability
f the hydrogen-absorbing alloy particles in the negative elec-
rode decreases at higher temperatures. Metallic elements such
s Mn and Al in the metal hydride alloy powders are dissolved
nd move to the positive electrode side where they degrade the
onductive CoOOH networks at the surface of nickel hydroxide
owders. The dissolved metallic elements readily form small
rystallites on the inside separator and these small crystallites
ead to short-circuiting of the battery at high temperatures. Thus,
ny improvement of stability and durability of Ni-MH batter-
es at higher temperatures is focused on increasing the charge
cceptance of the nickel electrode and decreasing the elemental
issolution at the surface of the metal hydride particles.

.4. Gas release in Ni-MH cells containing CaF2

The stability of the nickel electrode at higher temperature
lays an important role in determining a battery’s high-rate
harge/discharge capability. This instability can be reflected in
erms of gas release and build-up of inner pressure in the bat-
ery. In this study, charged Sc (IEC HR 23/43) Ni-MH cells
ere opened up and we have collected the gassing volume of

he battery at 60 ◦C. We had controlled the weight and dimen-
ions of the positive and negative electrodes in the two different
ells examined. Two different positive electrodes were used,
o(OH)2-coated nickel hydroxide electrode and CoO addi-

ives to the nickel hydroxide. Both nickel electrodes contained
.5 wt.% CaF2. It was shown that the battery gassing at begin-
ing of storage mainly comes from the hydrogen evolution in
he negative MH electrode. After storing for about 10 h, the bat-
ery gassing mainly results from the decomposition of nickel
nd cobalt compound materials in the positive electrode and the
nstability results in oxygen evolution. From Fig. 6 it can be seen

hat the rate of increase in volume of gases in the Ni-MH cell

ade using Co(OH)2-coated nickel hydroxide electrode remains
t about 0.15 ml h−1 after 2-day storage at 60 ◦C. However, the
ate of increase in volume of gases in the Ni-MH cell with the

[
[

[

ources 175 (2008) 630–634

oO-added nickel hydroxide electrode is about 0.42 ml h−1 after
-day storage at 60 ◦C. Thus, the use of a Co(OH)2-coated nickel
ydroxide electrode is also beneficial for the positive electrode
tability during high-temperature storage.

. Conclusions

The addition of CaF2 to the nickel electrode of a Ni-MH
attery led to superior high-temperature charge/discharge per-
ormance. The charge acceptance of the CaF2-containing battery
eached over 90% at 60 ◦C after 10 charge/discharge cycles.
he use of Co(OH)2-coated Ni(OH)2 with a CaF2 addition

ed to lower rates of gas(O2) release compared to that for
oO-added Ni(OH)2 positive electrodes. These improvements

n high-temperature performance of Ni-MH batteries obtained
hrough the addition of CaF2 to the positive electrode will make
i-MH batteries more attractive for power-use applications.
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