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Abstract

A series of hydrogen-storage aloys of composition MLNi, ,_ Co,Mn, ,Al, . (ML denotes Lanthanum-rich Mischmetal and, x=0.2,
0.4, 0.5, 0.6, 0.7 and 0.9) were prepared with two methods, conventional casting and melt-spinning. The electrochemical properties of
these alloys were measured and compared. It was found that rapid quenching by melt-spinning could very effectively improve the cycle
stability of the AB,-type aloy, especially the cycle stability of the aloy with a low content of cobalt. Melt-spinning had some
disadvantages in that it Slowed down the initia activation rate and narrowed the width of the discharge voltage plateau and therefore led
to a decrease in capacity. The phase structure of the investigated alloys was also measured by X-ray diffraction technique showing that all
alloys were the same AB, phase with CaCu, structure. [ 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

With the increasing demands for portable electronic
devices, electric vehicles and an improvement of our living
environment, the development of ‘green batteries’ becomes
more and more important in the world. The nickel / metal
hydride (Ni/MH) battery is one of the ‘green batteries
which gives high rate capability, large capacity, long cycle
life, no memory effect and no pollution. Therefore, hydro-
gen storage alloys as a kind of energy conversion materials
have attracted world-wide interest. Various metals and
intermetallic compounds and their hydrogen absorption/
desorption feature have been widely investigated. The
present studies have indicated that hydrogen storage
ability, kinetics of hydrogen absorption—desorption, cata-
lytic property, electrochemically discharge capacity, high-
rate discharge capability and cycle durability as a negative
electrode of Ni/MH battery are significantly influenced by
the phase structure, microstructure, alloy composition and
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surface characteristics [1-20]. The Ni/MH battery using
rare-earth-based aloys can meet the demands of the
battery for electric vehicles, e.g. high energy density, high
power density, long cycle life and maintenance-free opera
tion and low-cost per cycle. However, in this alloy series,
cobalt is the most important alloy element generally at a
content of 10 wt.% in alloys in order to obtain good cycle
stability of aloys; it amounts to almost 50% of the total
cost of the raw materials. Because the price of cobalt in the
world market fluctuates largely and is relatively high, it
must affect negatively the production of AB.-type alloys,
especially the alloy used for vehicle battery which usually
needs a large quantity of the hydrogen storage aloy per
battery. Furthermore, cobalt can aso decrease the high-rate
discharge capability of the AB.-type aloy. So, a decrease
or elimination of cobalt in this kind of aloy is needed to
enlarge its application and increase its competitive capa
bility.

In previous works [21-23], rapid solidification of the
melted aloy using melt-spinning technique proved to be
very effective for increasing the cycle stability of various
AB.-type dloys. In the present work, the electrochemical
properties of melt-spun aloys of different contents of
cobalt were measured and compared with those of the
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corresponding aloys prepared by conventional methods,
i.e., casting.

2. Experimental
2.1. Preparation of the alloys

Alloys of compositions of MLNi,,_,CoMn, Al
(ML denotes Lanthanum-rich Mischmetal and x=0.2, 0.4,
0.5, 0.6, 0.7 and 0.9) were prepared by arc melting the
congtituent elements under an argon atmosphere on a
water-cooled copper crucible. Part of the each cast aloy
was re-melted and rapidly quenched to flakes by a melt-
spinning method with single copper wheel under an argon
atmosphere. The surface velocity of the copper wheel was

set to 35 ms™ .

2.2 Alloy powder preparation

All aloys were pulverized mechanicaly to particle size
under 70 wm for electrochemical property and X-ray
powder diffraction measurements.

2.3 Electrode preparation and electrochemical
measur ement

Electrode pellets of 11 mm in diameter were prepared
by mixing 1 g aloy powder with fine nickel powder in a
weight ratio of 1.1 together with a small amount of
polyvinyl alcohol (PVA) solution as a binder, followed by
compressing at a pressure of 3500 kg cm™? after vacuum
drying at 80 for about 45 min. Before the electrochemical
measurements, the sample electrodes were immersed in the
electrolyte for at least 1 day in order to fully wet the
electrode. To prevent the electrode plate from breaking
into pieces during the charge—discharge cycling it was
clamped and pressed by porous nickel. As counter- and
reference electrodes, a sintered nickel hydroxide
(Ni(OH),/NiOCH) plate and a Hg/HgO 6 M KOH
electrode were employed respectively. Multiple constant
charge/discharge currents were adopted for the measure-
ments of the discharge capacity and the cycle life together
with the discharge potential, which was described in detail
in a previous paper [24]. The discharge was cut off at
—0.500 V vs. Hg/HgO 6 M KOH. Every cycle was carried
out by charging fully and discharging to —0.500 V with
respect to a Hg/HgO 6 M KOH reference electrode at the
environmental temperature of 25.

2.4. Phase structure determination

The phase structure of the alloy powders before charge—
discharge cycling was identified by X-ray diffraction
experiments with Co K, or Cu K, radiation.

Table 1

Characterization of the initial activation rate of the investigated alloys
Alloy composition N gom,max (CYCI€)
MLNI4.57XCOXMnO.4AIO.3 aS-CElSC mdt-SpIJI"I
x=0.2 2 9
x=0.4 3 10

x=0.5 2 10

x=0.6 2 11

x=0.7 3 12

x=0.9 2 15

3. Results and discussion
3.1. Electrochemical properties of the investigated alloys

3.1.1. Activation of the alloys

The initial activation rate of the alloy is characterized by
the cycle number Ng, ..., & which the discharge capacity
at a discharge rate of 60 mAg ™" reaches its maximum
value in the earlier stage of the charge/discharge cycling.
Obvioudly asmaller Ny, .., implies that the corresponding
aloy is easier to activate. Table 1 gives the N, .., values
for the different alloys of different compositions or pre-
pared with different methods. From Table 1, all as-cast
alloys were generally easier to activate and the N, ..., Was
no more than 3 cycles and the content of cobalt had amost
no influence on the initia activation rate of the as-cast
alloy. However, al aloys became very difficult to activate
after being quenched by melt-spinning and the content of
cobalt had dlight influence on the initial activation rate of
the gquenched alloys. From Table 1, it can be found that the
melt-spun alloy with a lower content of cobalt could be
more easily activated.

3.1.2. Discharge voltage characterization

As shown in Fig. 1, the discharge voltage plateau of
melt-spun aloys were generally flatter than those of as-cast
aloys, which has been found in our previous work [21].
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Fig. 1. Discharge voltage characteristics of electrodes made from the

as-cast and melt-spun alloys at a constant discharge current of 60 mAg ™"
a 25 (vs. Hg/HgO 6M KOH).
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The flattened discharge voltage plateau came from the
more homogeneous composition due to rapid quenching. It
has been found that the rapid quenching process can flatten
the plateau region of hydrogen absorption P-C isotherms at
313 K [31]. However, the width of the discharge plateau of
melt-spun alloys were narrower than those of their corre-
sponding as-cast aloys. The shortened discharge plateau
led to a decrease in the discharge capacity, which would be
discussed in detail later. It has been confirmed that the
shortening of the plateau results from the existence of the
amorphous phase introduced by rapid quenching [21]. A
purely amorphous LaNi,-type aloy has no discharge
plateau [25—-30]. The discharge plateau of the melt-spun
alloy with a low content of cobalt, e.g. x=0.2, had nearly
the same width as, but flatter than that of the cast aloy
with a cobalt content x=0.9.

The discharge voltage characteristics of melt-spun aloys
deteriorated with increasing cobalt content (Fig. 2). The
melt-spun low-cobalt-content alloys (e.g. x=0.2 and 0.4)
got very good discharge voltage performance curves even
at a relatively high discharge rate of 300 mAg "

3.1.3 Discharge capacity and high-rate discharge
capability

Fig. 3 shows the discharge current dependence of the
discharge capacity. The discharge capacity of al alloys
decreased with increasing cobalt content, but this decrease
was very limited. However, the capacity of aloys with
different Co contents decreased to a much lower level after
being quenched, especialy for the capacity at the high
discharge rate (e.g. 300 mAg '). The decrease in the
capacity was consistent with the result mentioned above
that the discharge voltage plateau was shortened after
quenching. It is well known that the discharge capacity of
the metal-hydride electrode decreased with increasing the
discharge rate. The high-rate discharge capability of the
alloy is better when the above reduction in capacity is less
compared with that of other aloys. So, the high-rate
discharge capability C,, can be defined as
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Fig. 2. Discharge voltage characteristics of electrodes made from melt-

spun aloys with different Co contents at a constant discharge current of
300 mAg " at 25 (vs. Hg/HgO 6M KOH).

340

320

Lo

—O—as-cast, 60mA/g —a— as-cast, 300mA/g
[ —e—melt-spun, 60mA/g —— melt-spun, 300mA/g

Discharge capacity C /mAhg’
D
(=N
<

180
0.00 0.50 1.00

Co content x

Fig. 3. Discharge capacity of alloy electrodes at different discharge
currents.
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where C,,, and C, are the maximum discharge capacities
at discharge currents of 300 mAg ' and 60 mAg ',
respectively. The relations between the high-rate capability
of alloys both in as-cast state and in as-quenched state and
the cobalt content is illustrated in Fig. 4. From Fig. 4, it
can be found that the high-rate capability varied with the
cobalt content before and after quenching. The high-rate
capability of melt-spun aloys decreased more rapidly with
increasing cobalt content than that of as-cast aloys and,
the former was generally lower than the latter which means
that rapid quenching by melt-spinning led to a decrease in
high-rate capability C,.

3.1.4. Cycle stability

The capacity decay rate of the as-cast alloy decreased
with increasing cobalt content (Fig. 5). From Fig. 5, cobalt
played an important role in improving the cycle stability of
the as-cast alloy. The cycle stability of the alloy with alow
content of cobalt, x=0.2, was so poor that its capacity
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Fig. 4. The relations between the high-rate discharge capability and the
Co content.



C.-J. Li et al. / Journal of Alloys and Compounds 293-295 (1999) 742—746 745

350

300 &\ H—x=02 —B—x=04 —A—x=05
—>=x=0.6 —6—x=0.7 —0—x=0.9

250

=}
S

150

Discharge capacity C /mAhg-1

100

0 100 200 300 400 500 600 700
Cycle number N

Fig. 5. Curves of the capacity at a discharge rate of 300 mAg ™" vs. cycle
number for different as-cast alloy electrodes at 25.

decreased so rapidly that it was only about 110 mAhg™*
after just 300 cycles. However, the cycle stability of all
alloys was improved by a big margin after quenching
treatment (Fig. 6). The capacity of the melt-spun aloy
with a cobalt content x=0.2 still remained 190 mAhg™*
though it had experienced 550 cycles.

Comparing Fig. 5 with Fig. 6, it is very clear that rapid
qguenching was more effective in improving the cycle
stability of the low-cobalt aloy than the high-cobalt aloy.
According to aforesaid experimental results, both the
replacing of cobalt for nickel and rapid quenching led to a
decrease in capacity and high-rate capability. However, it
was reported that annealing at a proper temperature can
compensate for the shortcomings of melt-spinning [24].
Annealing can increase the initial activation rate, the
capacity, the high-rate capability, the height of the dis-
charge voltage plateau and even further improving the
cycle stability of the melt-spun aloy. So, melt-spinning
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Fig. 6. Curves of the capacity at a discharge rate of 300 mAg ™" vs. cycle
number for different melt-spun aloy electrodes at 25.
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Figg 7. XRD paterns for the aloy of composition
MLNi, ,_,CoMn, Al,, (x=0.2) before and after quenching.

can be used as a feasible method to produce low-cobalt-
content or cobalt-free AB.-type alloys with excellent cycle
stability and synthetic electrochemical properties, which
can reduce the cost of the raw materials by a big margin
because the price of cobalt is very high compared with
those of other alloy elements such as Mischmetal, Mn, Ni
and Al, etc.

3.2, Phase structure

The phase structure of al the investigated alloys was
determined using X-ray diffraction and all aloys can be
indexed as AB .-type phase with CaCu,, structure. Different
cobalt substitution for nickel and preparing method made
no change to the phase structure. Two typical XRD
patterns for the aloy of composition
MLNi, 5_,Co,Mn, ,Al, , (x=0.2) both in as-cast and as-
guenched states were shown in Fig. 7. The structure of the
investigated alloys will be further studied and the result
reported in another paper [32].

4. Conclusion

A series of hydrogen-storage alloys of composition
MLNi,5_,CoMn, ,Al,, (ML denotes Lanthanum-rich
Mischmetal and, x=0.2, 0.4, 0.5, 0.6, 0.7 and 0.9) were
prepared with two methods, conventional casting and melt-
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spinning. The electrochemical properties and the phase
structure of these alloys were measured and compared. The
following conclusions were drawn:

1

Rapid quenching by melt-spinning could very effective-
ly improve the cycle stability of the AB.-type aloy,
especialy for the cycle stability of the alloy with a low
content of cobalt.

Melt-spinning had some disadvantages in that it slowed
down the initial activation rate and narrowed the width
of the discharge voltage plateau and therefore led to a
decrease in capacity.

The phase structure of the investigated alloys was also
measured by X-ray diffraction technique showing that
al alloys were the same AB, phase with CaCug
structure.

Melt-spinning can be used as a feasible method to
produce low-cobalt or cobalt-free AB.-type hydrogen
storage alloys for electrode usage.
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