Vol. 14 Ne 1

Trans. Nonferrous Met. Soc. China

Feb. 2004

Article ID: 1003 ~ 6326(2004) 01 ~ 0208 ~ 07

Electrochemical performance of nickel/ metal hydride batteries
under unconventional conditions and degradation analysis®
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Abstract The charge-discharge performance and cycle stability of D size N/ MH batteries at - 20 C, 25 Cand 55 C
were examined. The results show that the decline rate of Ni/ MH battery discharge capacity at — 20 'C and 55 C are 12.
1% and 13. 6%, and the average discharge voltage decreases by a value of 0. 13 V and 0. 06 V respectively, cycling stabil-
ity declines obviously at various temperatures. The capacity degradation of Ni/ MH batteries under low temperature is re-
versible, belonging to transient degradation and that of high and normal temperatures are not reversible, belonging to per-

manent degradation. Electrochemical impedance spectroscopy, scanning electron microscope and energy dispersive X-ray
analyzer were introduced to study the main causes of cycling deterioration of Ni/ MH batteries.
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1 INTRODUCTION

Since the beginning of 1990s, the nickel/ metal
hydride (Ni/ MH) secondary batteries have been ex-
tensively applied in various consumer and portable
electronic fields, especially in battery-powered electric
vehicles (EV) or hybrid electric vehicles (HEV), be
cause of their higher energy density, higher capacity,
longer cycle life and more friendly environment than
the conventional nickel/ cadmium battery!' ™. The
volume energy density for Ni/f MH batteries has dou-
bled from 180 WheL™ ' in 1990 to 360 Wh*L™ ' in
1997, a value comparable to that for lithium-ion bat-
tery, as shown in Fig. 1", However, the applica
tions of Ni/ MH batteries are limited under some spe-
cial conditions, such as extreme torridity or chilliness
environments, military secondary planet and soldier
equipments. The performance of the battery is de-
graded seriously under these extremely unconvention-
al conditions. At present, high and low-temperature
characteristics of Ni/ MH batteries are improved from
the following aspects: 1) optimization of the elec
trolyte composition and concentration; 2) treatment
of the positive and negative electrodes, such as using
additives or surface modification; 3) replacement of
polyolefin separator with nylon separator.

About the degradation mechanism of Ni/ MH
batteries, Willems!” studied that the cause of capact
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Fig.1 Energy density per volume and mass for
small rechargeable batteries

ty decline attributed to the crystal lattice expansion
and pulverization of the hydrogen storage alloy.
Boonstra et al'® showed that the formation results in
the capacity decrease of La( OH) 3 and Ni( OH) ,. XIA
et al 'dhowed that the main causes for the degradation
of Mm alloy hydride electrodes were the increase of
internal stress, the expansion of crystal lattice and the
preferential dissolution of Mm, rather than the oxida-
tion of the alloy. Emphasis was put on revealing the
electrochemical performance and degradation mecha-
nism of Ni/ MH batteries at high and low temperature
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systemically.

2 EXPERIMENTAL

2.1 Preparation of electrodes and Ni/ MH batteries

Hydrogen storage alloy MINiz ¢ Cop.7 Mng 4 Alp 3
(where M1 denotes Larich mischmetal consist of
64. 6% La, 5.9% Ce, 26.6% Pr and 2.2%Nd) pre
pared by induction melting with a stoichiometric mix-
ture of M1, Ni, Mn, Al and Co, followed by the an-
nealing process at 1 000 C. Then, the alloy ingot
was mechanically pulverized to 74 Pm. The alloy
powder had been immersed into 6 mol/ . KOH solu-
tion at 70 C for 18 h. The negative electrode of Ni/
MH battery was formed with the mixture of alloy
powder, a small amount of nickel and 3% polyte
trafluoroethylene ( PTFE) which were pressed into
nickel foam substrate. Positive electrode was prepared
with filling a nickel foam substrate with the mixture
of Ni (OH)2, CoO and PTFE. A nomwoven
polypropylene separator was inserted between the
positive and negative electrodes, and then spirally was
rolled into D-type cylindrical battery cans. Mixed so-
lution with 7 mol/ L KOH and 1 mol/ L LiOH as elec
trolyte was injected and then the batteries were
sealed.

2.2 Measurements of electrochemical performance
of Ni/ MH batteries

Testing the charge discharge cycle was carried
out with the scheme that consisted of a charge with 1
C for 1.5 h, a pause for 10 min, and a discharge with
1 Cto 1.0V after charge-discharge activation at low
rate (0. 1 C). The cycle life of the battery was de-
fined by the cycle number, it was considered as fail-
ure when the discharge capacity decreased to 80% of
the original capacity.

The charge discharge experiments and cycle life
tests were performed by an Arbin apparatus, con-
trolled by an external computer.

The equipment for electrochemical impedance
spectroscopy ( EIS) consists of a M273 Potentiostat/
Galvanostat and a M3501A Lock-in Amplifier con-
trolled by a personal computer. The EIS experiments
were conducted after a number of desired charge dis-
charge cycles. The impedance data were obtained in
the range of 0.057~ 10 000 Hz. The amplitude of the
modulated signal was 10 mV.

Scanning electron microscopy (SEM) and energy
dispersive X-ray analyzer ( EDAX) were carried out
with a JSM model 6 400 scanning electron microscope
equipped with a Noran I-2 EDX unite. Then the o-
riginal changes in surface morphology of positive and
negative electrodes were examined.

3 RESULTS AND DISCUSSION

3.1 Studies of electrochemical performance of
Ni/ MH batteries under unconventional comr
ditions

For comparison, it was defined that:
R= £ 100%
Co
R is the capacity degradation rate of the Ni/
MH batteries at different temperatures; Co is the dis-

where

charge capacity at 25 C; C, is the discharge capacity
at — 20 T~ 55 C.

The discharge voltage of D size sealed-type Ni/
MH batteries as the discharge capacity at different
temperatures (- 20 C, 25 'C and 55 C) are shown
in Fig. 2. It can be observed that the capacity degra-
dation rate of Ni/ MH batteries at — 20 C and 55 C
are 12. 1% and 13. 6% respectively. And at the same
time, the corresponding discharge voltages decreased
obviously with 0. 13V and 0. 06V respectively.

1.5
= —-207C
1.4 s —257T
\ a—557C
1.3
&
&
s 12
=
1.1
1.0
0-9 1 L L 1
0 2 4 6 8 10
Capacity/(A-h)

Fig.2 D size Ni/ MH battery discharge curve

with 1C rate at different temperatures

Obviously, the characteristics of Ni/ MH batter-
ies at high and normal temperatures are superior to
that of low temperature from Fig. 2. The main reason
is that the higher temperature is beneficial to the dif-
fusion of hydrogen in MH alloy, which can improve
its dynamic performances.

The high-rate discharge ability ( r) was defined
as follows:

C
r= Ef‘ x 100%

where Ciand C, represent the discharge capacity at
1C and nC respectively.

High-rate discharge curve of D size Ni/ NH bat-
tery at various temperatures is shown in Fig. 3. To
compare the high-rate discharge( HRD) at 10C dis-

charge, it only decrease to 80% of the original capaci-

ty at 55 C, and about to 40% at 25 and — 20 C.
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Fig. 3 High rate discharge curve of D size
Ni/ MH battery at various temperatures

The HRD characteristic of Ni/ MH batteries at 25 C
is inferior to that at 55 C, and superior slightly to
that at — 20 C,

The discharge capacity of D size sealed type Ni/
MH batteries as the number of charge discharge cycle
(n) at — 20, 25 and 55 C are shown in Fig. 4. It
can be observed that, with the increasing of n, the
discharge capacity of the battery at 25 ‘C ascended at
first 300 times, and descended bit by bit till n is
750, then decayed until it reaches 80% of the original
capacity at the 900th cycle. The battery is thus con-
sidered as failure. While the discharge capacity at —
20 C and 55 C descended from the beginning of cy-
cle. The speeds of discharge capacity at — 20, 25 and
55 Care5.89, 2.42 and 9. 97 mA*h every cycle re-

spectively.
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Fig. 4 Cycling stability curves of D size Ni/ MH

battery at different temperature

3.2 EIS studies of Ni/ MH batteries during charge
discharge cycling

The typical Nyquist diagrams of the Ni/ MH bat-

teries are shown in Fig. 5. At high frequencies, the

diagram starts with a semicircle and as the frequency
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Fig. 5 Typical Nyquist diagrams of

Ni/ MH batteries

a —Before cycle; b —Failure battery at 25 C;
¢ —Failure battery at — 20 C; d —Failure battery at 55 C
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Fig. 6 Equivalent circuit of Ni/ MH battery

R ,—Ohmic resistance of cell;
R, — Reactive resistance of cell;

Q . —Interface capacity of cell;
Z —Warburg impedance of cell

Table 1 Fitting parameters of EIS for battery

Battery RJ/mQ R/mQ  Z,/Q QJF
a 8.032 0.3002  10.29  76.28
b 10.930 0.5078  19.56  50.79
c 9.305 0.3814  18.01  55.48
d 11.010  0.6229  21.33  38.22
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d. It is indicated that the electrochemical perfor
mances were increased gradually in term of the se
quence of d, b, c and a. The increase of R is mainly
due to the drying out of the separator, and leads to
the decrease of the discharge voltage. The increase of
R on the surface of the electrodes would lead to the
loss of electrochemical performance and the decrease
of the capacity.

On the other hand, it can be observed from
Table 1 that both R and R, of the battery ¢ increase
slightly compared with the battery a. Because the
voltage performance of the battery related to R, and
battery capacity related to R\!”', so we infered that
the degradation of the battery ¢ was a superficial phe-
nomenon. In order to validate this suspect inference,
the discharge capacity tests of the battery a, b, ¢ and
d were performed at 25 C again.

From Fig . 7, it is obviously observed that the
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Fig.7 Ni/MH battery discharge curve at

1C rate at 25 C

discharge capacity of the battery ¢ can be resumed at
room temperature. This means that the capacity degrada
tion of Ni/ MH batteries under low temperature was re-
versible, belonging to transient degradation. While those
of high and normal temperatures were not reversible, be-
longing to permanent degradation.

3.3 SEM-EDAX studies on structure of electrodes
during charge discharge cycling

In order to further investigate the mechanism of
degradation, the sealed-type Ni/ MH batteries were
disassembled after the degradation for SEM studies.
The positive and negative electrodes were taken out of
the batteries and inspected by SEM and EDAX after
washing and drying.

Fig. 8 shows that the surface morphology of the
positive electrodes of the battery a, b, ¢ and d. The
particle size becomes smaller with the increasing of n
because of the crystal lattice expansion of Ni( OH) ;.
The active materials scaled off from the electrode be-
come more seriously with the increasing of the n and
the rate of discharge. It is evident that the cracks of
positive electrode are generated and become more and
more serious. Meanwhile, the active materials pow-
der block scale off from electrodes quickly. It had
been demonstrated when the electrodes was cycled,
the active material had significant changes in phase,
oxidation state, hydration state, crystallinity and
density, etc. These changes leaded to the gradual ex-
trusion of the active material scaled off from the elec
trode substrate and fell into the electrolyte or the sep-

arator in the battery!'”!

, which caused the capacity
decay of the positive electrode.

It can be seen over the lifetime of different

i . - ~ I

Fig. 8 SEM images of positive electrode
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Fig. 9 Bode s representation of nickel hydroxides

e — » _NiOOH

10 20 30 40 50 60 70 80
20/°)

Fig. 10 XRD patterns of the positive electrodes

after different charging-discharging cycles
1 —Before cycle; 2 —400 cycles; 3 —900 cycles

phases nickel electrodes with  B-Ni(OH),,
B-NiOOH, ¥NiOOH and aNi(OH), from Fig. 9.
The ¥NiOOH formation is associated with swelling
or volume  expansion of Ni electrodes.
The phase change from B-Ni(OH), to ¥NiOOH
can be correlated to 44% increasing in volume. Even
at the discharge state, there exists ¥NiOOH in the
positive electrode! ' (see Fig. 10).

The surface morphology of the negative elec
trodes is shown in Fig. 11. The alloy particles before
charge discharge cycling exhibit smooth surface with
large size, but the alloy become rough and the particle
size obviously decrease due to the pulverization after

degradation. After the charge discharge cycling, lat-
tice expansion and shrinkage occurred on hydrogen
storage alloys because of absorption and desorption of
hydrogen. Such changes result in the cracks forma
tion in the crosssection of the electrode and the in-
crease of internal stress. It had been shown qualita-
tively by Boonstra et al'® that the cycling stability of
the ABs alloy electrodes was influenced strongly by
the particle size or the specific surface area of the MH
powder. The particle pulverization during charge- dis-
charge cycling was identified as the main origin for
deterioration of the negative electrode in nickel/ metal
hydride batteries.

The EDAX patterns of the negative electrode of
Ni/MH batteries (a, b, ¢ and d) are shown in Fig.
12. It is shown that the elemental distribution of the
alloy surface layer was relatively uniform. However
after degradation at different temperatures, the sig-
nificant loss of Al on surfaces of the alloy could be ob-
served. Corroded Al was entirely dissolved from the
negative electrodes and trapped in the nickel hydrox-
ide lattice within the positive electrodes to form the
pyroauritelike alpha phase! %!

Furthermore, since the alloy pow der was corrod-
ed in the sealed battery, an oxide layer (M (OH) ,)
was formed on the surface of the negative elec
trodes' "', The hydroxides as insulator were used not
only to prevent further corrosion of the negative elec
trode and decrease the decay of the cycle life, but also
to increase the resistance of the electrode and decrease
the electrocatalytic activity.
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Fig. 11 SEM images of negative electrode
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4 CONCLUSIONS

1) The decline rate of the D-size Ni/f MH batter

Fig. 12 EDAX patterns of negative electrode Ni/ MH batteries

ies discharge capacity at — 20 C and 55 C are re-
spectively 12. 1% and 13. 6%, the average discharge
voltage decrease by a value of 0. 13 V and 0.06 V.
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Cycling stability of the Ni/ MH battery is all declined
obviously under unconventional conditions.

2) EIS results demonstrate that the increase of
R., R,and Z, leads to the degradation of the perfor-

mance of the nickel/ metal hydride batteries.

3) SEM and EDAX results show that the parti-
cle pulverization, oxidation and irreversible structure
change during charge discharge are main origins that
lead to the deterioration of the both electrodes in Ni/
MH batteries.

4) The capacity degradation of Ni/ MH batteries
under low temperature is reversible, belonging to
transient degradation. While that of high and normal
temperatures are not reversible, belonging to perma-
nent degradation.
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