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Abstract

The effects of annealing, pulverization process and particle size on the electrode performance were examined. Annealing flattened the
p–c isotherm and improved the cycle life, but decreased the maximum hydrogen absorption content of the alloy and therefore decreased
the discharge capacity of the electrode. The initial discharge capacity and maximum discharge capacity of the electrode are higher by
using the hydrogen desorption pulverization method. The results of different particle sizes on the characteristics of the electrodes
indicated that particles between 200–300 mesh and below 500 mesh has good performance. This may be related to the charge-transfer
resistance, contact resistance and other factors which determine the cycle life degradation. q 1999 Elsevier Science S.A. All rights
reserved.
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1. Introduction

Nickel-metal hydride batteries employing hydrogen
storage alloys as a negative electrode material have several
inherent advantages over conventional nickel–cadmium
batteries with respect to storage capacity, ‘cleanness,’ and

w xtolerance to overcharge and overdischarge 1–3 . In recent
years, extensive research and development of rechargeable
batteries of this type have been carried out directed practi-

w xcal use 4–8 . In general, the characteristics of the negative
electrode are affected by alloy preparation. In this work,
La Nd Ni Co Mn Al alloy was employed as0.9 0.1 3.55 0.75 0.4 0.3

the negative electrode material. The effects of annealing,
pulverization method and particle sizes on the charge–dis-
charge performance were investigated.

2. Experimental

The La Nd Ni Co Mn Al material was0.9 0.1 3.55 0.75 0.4 0.3

prepared as a button by mixing the appropriate amounts of
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metals, which had a purity of higher than 99.9 wt.%, and
melted under purified Ar. The button was remelted several
times to ensure homogeneity. Part of as-produced alloy
was vacuum annealed in an electric furnace for 48 h at a
temperature of Ts1150–12008C to examine the anneal-
ing effect. X-ray diffraction analysis was used to determine
the crystal structure. JSM-6400 scanning electron micro-
scope with energy dispersive analyzer of X-ray was used
to investigate the microstructure and the elements distribu-

Žtion in the alloy. The pressure composition isotherm p–c–t
. w xcurves was measured using a home-built p–c–t curve 9

surveying instrument.
For the electrochemical properties, the as-produced al-

loy was ground into powder either by the mechanical
method or by a hydrogen desorption process. The pulver-
ized powder was separated into three particle sizes of
200–300 mesh, 300–500 mesh and below 500 mesh by
passing through sieves after the hydrogen desorption pul-
verization. To determine the discharge capacity, the alloy
powder was mixed with fine Cu powder in a weight ratio
of 1:4. The mixture was pressed into disks with weight of
1 g, 13 mm in diameter and 1.1 mm in thickness at a
pressure of 3=107 N my2 . Before the determination, the
sample was immersed in 6 N KOH electrolyte at least 12
h. NiOOH and HgrHgO were used as the counter elec-
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Fig. 1. Desorption p–c isotherm for as-produced and annealed alloys.

trode and reference electrode, respectively. The negative
electrode was charged for 2 h at 200 mA gy1 and dis-
charged to y0.65 V at 100 mA gy1 vs. HgrHgO elec-
trode. For cycle life, the electrode was prepared by mixing

Ž200–300 mesh alloy obtained by the hydrogen desorption
.method with appropriate PVA and PTFE. The mixture

was then pressed onto a 2=2-cm nickel mesh screen
attached to a nickel wire connection which was then
sandwiched between two positive NiOOH electrodes. After
immersion in KOH electrolyte for more than 12 h, The
electrode was charged for 2.33 h at 150 mAy1 and dis-
charged at a current of 150 mArg to y0.9 V.

3. Results and discussion

3.1. The effect of annealing

Desorption p–c isotherms at 308C of as-produced and
the alloy annealed at 1150–12008C are shown in Fig. 1.
Annealing flattened the plateau slope but decreased the
maximum hydrogen content. This indicated that the mi-
crostrain which was introduced during solidification has
been released after annealing. The composition of the alloy
and the crystal lattice became homogeneous. However due
to the decrease of maximum hydrogen content, the dis-
charge capacity of alloy may have been decreased.

Table 1 lists the composition of the grain and grain
boundary for as-produced and annealed alloys. For as-pro-

Ž .duced alloy, the content at.% of elements like Co, Mn,
Al were higher at the grain boundaries. But the content of
rare earth and nickel are higher within the grain. This
suggests that, for as-produced alloy, Co, Mn, and Al are
mainly concentrated at the grain boundary, and rare earth
are mostly distributed within the grain. After annealing,
the concentration of Co, Al at the grain boundaries are
further increased and element La in the grain is also

Table 1
Composition analysis results in the grain and grain boundary before and
after annealing

La Nd Ni Co Mn Al

M 27.91 4.81 54.19 10.8 1.48 0.91
M 29.73 3.27 52.99 9.88 2.58 1.59annealing

G 3.34 0.21 52.02 22.12 18.7 3.82
G 1.03 0.28 54.83 26.64 12.88 4.34annealing

M—In the grain.
G—Grain boundary.

further increased. However, the concentration of Mn at the
grain boundary is significantly decreased. This shows that
annealing distributes the Mn. The diffusion of Mn may
have caused a relatively homogeneous composition in the
dominate phase, therefore both the plateau slope and pres-
sure of the p–c isotherm were decreased by annealing.

Fig. 2 shows the cycle life of as-produced alloy and
alloys annealed for 48 h. From Fig. 2 we can see that
annealing decreased the discharge capacity but increased
the cycle life. This result is in agreement with the p–c

w xisotherm. According to Ref. 10 , there are two important
factors which determine the degradation of the cycle life.
These two factors are discrete lattice expansion upon phase
transition during hydride formation and the mechanical
properties of the hydride-forming alloys. The lattice expan-
sion is directly related to the hydrogen content in the unit
cell. Because the annealing decreased the maximum hydro-
gen content, it inevitably will reduce the lattice expansion
of the alloy. Therefore, the degradation of cycle life duo to
the lattice expansion will be decreased, and the cycle life
of the electrode should be improved.

w xOther research workers 11 indicated that a wider
plateau region in p–c isotherm can bring a larger discrete
lattice expansion and promote the degradation of cycle life.

Fig. 2. Discharge capacity vs. the number of cycles for annealed and
as-produced alloy.
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Fig. 3. Effect of pulverization process on discharge capacity.

So materials should be developed which have the plateau
region narrow enough to limit the discrete lattice expan-
sion.

3.2. Effect of pulÕerization method

The discharge capacity of the electrode after the two
different pulverization methods are shown in Fig. 3. Ac-
cording to Fig. 3, the discharge capacity of electrode is
higher and the alloy is easier to activate using the hydro-
gen desorption pulverization method. Fig. 4 shows SEM
images of the powder from two different pulverization
methods. It can be seen that the particles are more uniform
after hydrogen desorption pulverization than after mechan-
ical pulverization. In addition, small cracks can also be
found in the interior of the particles after hydrogen desorp-
tion pulverization. These small cracks may have con-
tributed to the increase of the fresh surfaces of alloy, and
they may have promoted the kinetics of activation process.

3.3. Effect of particle size

Fig. 5 shows the typical activation process of electrodes
composed of different particle sizes. From Fig. 5 we see
that the first discharge capacity increased with decreasing
the particle size. But after 20 cycles, all the discharge
capacities reached a saturation value. This indicates that
the electrodes are fully activated and particle size has no
significant effect on electrodes activation. However, the
saturation values are higher for particles between 200–300
mesh and below 500 mesh. The capacity difference is
about 15–20 mA hrg between the above particles and
particles of 300–500 mesh. The reason for this may at-
tributed to the difference of the contact resistance and
charge transfer resistance among different particles. Naito
et al. studied the charge transfer resistance and contact
resistance for MmNi Mn Al Co electrode by us-3.31 0.37 0.28 0.4

ing the impedance analysis method. One of their results

Ž .Fig. 4. a SEM image of alloy after hydrogen disorption pulverization.
Ž .b SEM image of alloy after mechanical pulverisation.

Žindicated that both of the above resistances contact and
.charge transfer decreased with increasing particle size

w x12 . Therefore, the maximum discharge capacity should
be obtained for particles between 200–300 mesh. This
theory could not explain the higher discharge capacity for

Fig. 5. Activation process of different particles.
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Fig. 6. Effect of particle sizes on the cycle life of electrodes.

particles below 500 mesh. Further analysing K. Naito’s
Ž .results which are shown in their Table 1 suggested that

both the charge transfer resistance and contact resistance
changed with different forming pressure significantly for
particles below 500 mesh. For example, for particles below
500 mesh. The contact resistance and charge–transfer re-
sistance under the forming pressure of 200rkg cmy3 were
0.16 and 1.06, respectively, but these two values dropped
to 0.08 and 0.48 under a pressure of 1200rkg cmy3.
While for the particles above 200 mesh, The contact
resistance and charge-transfer resistance under the forming
pressure of 200rkg cmy3 were 0.09 and 0.58, respec-
tively, but these two values only decreased to 0.07 and
0.42 under the pressure of 1200rkg cmy3. This suggests
that particular particle size is correspondent with specific
forming pressure for obtaining a lower contact and
charge-transfer resistance. In other words, the forming
pressure we employed may be more suitable for the parti-
cles under 500 mesh, which showed a higher discharge
capability. Further experiments still need to be carried out
to verify this.

Fig. 6 shows the capacity degradation with number of
cycles for different particles. It could be seen that the
capacity decay for particles of 200–300 mesh and below
500 mesh are less than that of particles between 300–500
mesh. The reason for this is not clear yet. One tentative
explanation may be as following: suppose that the cycle
life degradation mechanism was decided by effective hy-
drogen absorption materials during cycling. Because the
larger particles have more effective materials than smaller
ones during continuing cycles, it should be reasonable that
the cycle life of larger particles is longer. But if the cycle
life degradation mechanism was controlled by pulveriza-

tion due to discrete lattice expansion, the smaller particles
may suppress pulverization of the alloys easily because the
volume change induced by hydrogen absorbingrreleasing
is relatively small and is easier to relax. Therefore, the
smaller particles may display better cycling performance
under this condition.

4. Conclusion

The effects of preparation on the characteristics of
electrode have been investigated. Annealing made Co, Al
and the rare earth elements more concentrated in the grain
boundary and made La more concentrated in the grain, but
homogenised the element Mn. The fluctuation of Mn may
be the reason for the change of the p–c isotherm. Anneal-
ing decreased the capacity of electrode but improved the
cycle life. Powder prepared by the hydrogen pulverization
method displayed higher discharge capacity and rapidly
activation characteristics. SEM micrographs indicated that
the particles are more uniform and many small cracks
could be observed in the grain after the hydrogen pulver-
ization process. Investigation of the effect of different
particle sizes on the properties of electrodes showed that
the particles of 200–300 mesh and below 500 mesh have
higher charge–discharge capability and a longer cycle life.
This may due to the difference of the contact resistance
and the charge-transfer resistance. Further study still needs
to be carried out in order for practical application.
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