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Abstract

A new La—Mg-Ni system (PuNis-type) Lag7Mgp3C0g45Niz55- M, M =Cu, Al, Mn; x=0, 0.1, 0.2, 0.3, 0.4) electrode alloys were prepared by
casting and rapid quenching. The effects of element substitution and rapid quenching on the microstructures and electrochemical performances
of the alloys were investigated. The results obtained by XRD, SEM and TEM show that the alloys have a multiphase structure, including the
(La, Mg)Nis, the LaNis and the LaNi, phases. The substitution of Cu for Ni promotes the formation of an amorphous phase in the as-quenched
alloy, and a reversal result produced by the substitution of Al for Ni. The electrochemical measurement indicates that the element substitution
decreases the discharge capacity of the alloys, whereas it obviously improved the cycle stability of the alloys. The positive influence of three kinds
of substitution elements on the cycle life of the alloys is in the sequence Al >Cu > Mn, and the negative influence on the discharge capacity in the

sequence Al>Mn > Cu.
© 2007 Published by Elsevier B.V.
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1. Introduction

Since the commercialization of small size Ni-MH cells in
1990, the small size Ni-MH cells have rapidly grown and gained
a good share in the rechargeable battery market. In the very
recent years, however, the rechargeable Ni-MH cells are encoun-
tering serious competition owing to rapid development of Li-ion
cells. Therefore, the investigation of new type electrode alloy
with higher discharge capacity and longer cycle life is very
important to exalt the competition ability of Ni-MH batteries in
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the rechargeable battery field. Several new and good hydrogen
storage alloys were reported recently [1-3]. The most promising
candidates are the La-Mg—Ni based alloys in view of their higher
electrochemical capacities (360—410 mAh/g) and low produc-
tion costs. However, for commercial application, the rather poor
cycle stability of the La—Mg—Ni based alloys has to be further
improved. As is known to all, element substitution is one of the
effective methods for improving the overall properties of the
hydrogen storage alloys [4,5], and the preparation technology
also is extremely important for improving the performances of
the alloys. Therefore, it is expected that an optimized amount
of substituting Ni with M (M =Cu, Al and Mn) in La-Mg-Ni
system alloy and a selected rapid quenching technique may pro-
duce an alloy with high discharge capacity and good cycling
stability. Therefore, the effects of the element substitution on
the microstructures and the electrochemical properties of the
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Lag7Mgo.3Niz 55-xCop45My (M =Cu, Al, Mn; x=0-0.4) elec-
trode alloys were systematically investigated.

2. Experimental

The nominal composition of the alloys is Lag7Mgp3C00.45Nia 55-x My
(M=Cu, Al, Mn; x=0, 0.1, 0.2, 0.3, 0.4), and corresponding with M content x,
the alloys are represented by Mo, M, My, M3 and My, respectively. The alloys
were melted in an argon atmosphere using a vacuum induction furnace. The
purity of all the component metals is at least 99.8%. Part of the as-cast alloys
was quenched by melt-spinning with a rotating copper wheel. The quenching
rate is expressed by the linear velocity of the copper wheel and the quenching
rates used in the experiment are 15, 20, 25 and 30 m/s.

The phase structures and composition of the alloys were determined by XRD
diffractometer of D/max/2400. The diffraction was performed with Cu Ka1 radi-
ation filtered by graphite. The experimental parameters for determining phase
structure are 160 mA, 40kV and 10°/min, respectively. The morphologies and
the crystalline states of the as-quenched alloys were determined by TEM.

A round electrode pellet 15 mm in diameter was prepared by mixing 1g
of alloy powder with fine nickel powder in a weight ratio of 1:1 together with
a small amount of polyvinyl alcohol (PVA) solution as binder, and then com-
pressed under a pressure of 35 MPa. The experimental electrodes were tested
in a tri-electrode open cell, consisting of a metal hydride working electrode,
a NiOOH/Ni(OH), counter electrode and a Hg/HgO reference electrode. The
electrolyte was a 6 M KOH solution. The voltage between the negative elec-
trode and the reference electrode is defined as the discharge voltage. Every
cycle was charged with a constant current of 100 mA/g for 5 h, resting 15 min
and then discharged at 100 mA/g to a —0.500 V cut-off voltage. The environment
temperature of the measurement was kept at 30 °C.

3. Results and discussion
3.1. Microstructure

The phase composition and structure of the as-cast and
quenched alloys analysed by XRD were shown in Fig. 1.
The alloys have a multiphase structure, composing of the (La,
Mg)Nis, the LaNis and the LaNi; phases. The substitution of
Cu, Al and Mn for Ni and rapid quenching have an inappre-
ciable influence on the phase compositions of the alloys, but
both changed the phase abundances of the alloys. For the as-cast
alloys, the element substitution produced an increasing tendency
of the LaNi, phase, and substituting Ni with Al or Mn is espe-
cially obvious. The lattice parameters of the LaNi; and (La,
Mg)Ni3 main phases in the as-cast and quenched (20 m/s) M»
(M =Cu, Al and Mn) alloys, which were calculated from the
XRD data by a method of least squares, were listed in Table 1.
The results in Table 1 indicate that the rapid quenching leads
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Fig. 1. The X-ray diffraction patterns of the: (a) as-cast and (b) as-quenched
(20 m/s) alloys.

to an increase of ¢ axis and a slight decrease of a axis and cell
volumes of the LaNis and (La, Mg)Ni3z main phases. The ele-
ment substitution obviously increases the lattice parameters and
cell volumes of the LaNis and (La, Mg)Niz main phases in the
as-cast and quenched alloys, for which Cu, Al and Mn atoms
occupy the lattice sites of Ni atoms is responsible since their
atom radius are larger than that of Ni.

The morphologies and the crystalline state of the as-quenched
alloys examined by TEM are shown in Fig. 2. The results in

Fig. 2. The morphologies and SAD of the as-quenched (20 m/s) alloys taken by TEM: (a) My alloy; (b—d) My (M =Cu, Al and Mn) alloys.
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Table 1
Lattice parameters and cell volume of the LaNis and (La, Mg)Ni3 main phases

Conditions Alloys Main phases Lattice constants (nm) Cell volume (nm?)
a c
As-cast My (La, Mg)Ni3 0.5053 24317 0.5377
LaNis 0.5031 0.4043 0.0886
M; M =Cu) (La, Mg)Ni3 0.506 2.4324 0.5393
LaNis 0.5036 0.4051 0.0889
My M=Cu) (La, Mg)Ni3 0.5063 2.4338 0.5403
LaNis 0.5039 0.4057 0.0892
M, M =Al) (La, Mg)Ni3 0.5062 2.4642 0.5468
LaNis 0.5038 0.4053 0.0891
My M =Al) (La, Mg)Ni3 0.5071 2.4703 0.5501
LaNis 0.5049 0.4063 0.0897
M; (M =Mn) (La, Mg)Ni3 0.5061 2.4405 0.5413
LaNis 0.5036 0.4053 0.089
My (M=Mn) (La, Mg)Ni3 0.5066 2.4464 0.5437
LaNis 0.5041 0.4059 0.0893
As-quenched (20 m/s) My (La, Mg)Ni3 0.5046 2.4334 0.5366
LaNis 0.5025 0.4052 0.0886
M; M=Cu) (La, Mg)Ni3 0.5055 2.4341 0.5386
LaNis 0.5031 0.4057 0.0889
My M =Cu) (La, Mg)Ni3 0.506 2.4352 0.5394
LaNis 0.5034 0.4064 0.0892
M, M=Al) (La, Mg)Ni3 0.5054 2.4662 0.5455
LaNis 0.5031 0.4062 0.089
My M= Al) (La, Mg)Ni3 0.5063 24712 0.5486
LaNis 0.5042 0.4071 0.0896
M; (M =Mn) (La, Mg)Ni3 0.5049 24512 0.5411
LaNis 0.5031 0.4058 0.0889
My (M =Mn) (La, Mg)Ni3 0.5061 2.4469 0.5428
LaNis 0.5038 0.4066 0.0893

Fig. 2 indicate that as-quenched (20 m/s) My (M =Cu and Mn)
alloys have a tendency of the formation of an amorphous phase,
whereas the as-quenched (20 m/s) My and M, (M = Al) alloys
have a typical micro-crystal and nano-crystal structure, implying
that the substitution of Cu and Mn for Ni is favourable to the
formation of an amorphous phase, but the substitution of Al for
Ni is unfavourable. It needs to be noticed that the XRD patterns
of the as-quenched Cu- and Mn-substituted alloys suggest their
high crystalline, which is probably ascribed to the amount of
amorphous phase in the as-quenched alloys is very small.

3.2. Electrochemical characteristics

3.2.1. Discharge capacity

The M (M = Cu, Cr, Mn) content dependence of the maximum
discharge capacity of the as-quenched (20 m/s) alloys was illus-
trated in Fig. 3. It can be derived from Fig. 3 that the capacities
of the alloys decreased with increasing M content. When M con-
tent increased from O to 0.4, the capacity of M, (M =Cu) alloy
decreased from 386.4 to 369.3 mAh/g, for My (M =Al) alloy
from 386.4 to 317.8 mAh/g, and for M, (M =Mn) alloy from

386.4t0 361.18 mAh/g. The negative effect of three kinds of sub-
stitution elements on the capacity of the alloys is in the sequence
Cu<Mn < Al. The quenching rate dependence of the discharge
capacities of the My and My (M =Cu, Al and Mn) alloys was
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Fig. 3. The M content dependence of the discharge capacity of the as-quenched
(20 m/s) alloys.
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Fig. 4. The quenching rate dependence of the discharge capacity of My and M,
alloys.

shown in Fig. 4. Fig. 4 shows that the capacities of the alloys
reduced with the incremental change of the quenching rate, but
the decreased extent of the capacity of Mg and M, (M =Cu and
Mn) is obviously larger than that of the My (M= Al). When
the quenching rate enhanced from 0 m/s (As-cast was defined
as quenching rate of O m/s) to 30 m/s, the capacity of My and
Mj; (M =Cu and Mn) alloys decreased from 396.4, 390.1 and
378.63 mAh/g to 364.1, 350.2 and 348.31 mAh/g, respectively,
and for My (M = Al) alloy from 358.4 to 344.2 mAh/g.

3.2.2. Discharge voltage characteristic

The discharge voltage curves of the as-cast and quenched
alloys were shown in Fig. 5. The figure shows that the substi-
tution of Cu for Ni enhanced slightly the discharge voltage, but
obviously decreased the discharge voltage of the as-quenched
alloy. The influence of Mn substitution on the discharge volt-
age of the as-cast alloy is inappreciable, but the substitution
of Al significantly decreases the discharge voltages of the as-
cast and quenched alloys. Especially, substituting Ni with Al
not only decreased the discharge potential but also increased
the slopes of the discharge potential plateaus of the as-cast and
quenched alloys. Generally, the plateau voltage is closely rela-
tive to internal resistance of the battery, including ohmic internal
resistance and polarization resistance. The discharge reaction of
the hydrogen storage electrode mainly depends on the diffusion
of hydrogen atoms in the alloy, and internal resistance of the
alloy electrode reduces with the increase of the diffusion coef-
ficient of the hydrogen atom [6]. The substitution of Cu, Mn
and Al for Ni leads to a sharp reduction of the f the diffusion
coefficient of the hydrogen atom, and the order of the diffusion
coefficient is in sequence Al <Mn < Cu, for which an oxidation
layer on the surface of the alloy electrode is mainly responsible.
But Mn substituted alloy electrode, due to the oxidation of Mn
dissolve subsequently in an alkaline electrolytic solution, can
generates a porous surface, which conduces a slight melioration
of the discharge reaction of the alloy electrode [7].

3.2.3. Cycle life
The cycle life, indicated by N, is characterized by the cycle
number after which the discharge capacity of the alloy at a cur-
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Fig. 5. The discharge potential curves of the: (a) as-cast and (b) as-quenched
(20 m/s) alloys.

rent density of 100mA/g is reduced to 60% of the maximum
capacity. The M content dependence of the cycle lives of the
alloys is presented in Fig. 6. The cycle lives of the as-quenched
(20m/s) alloys prolonged significantly with increasing M con-
tent. When M content changed from 0 to 0.4, the cycle life of
the M, (M =Cu) alloy increased from 86 to 99 cycles, for M,
(M =Al) alloy from 86 to 134 cycles, and for M, (M =Mn)
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Fig. 6. M content dependence of the cycle life of the as-quenched (20 m/s)
alloys.
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Fig. 7. The quenching rate dependence of the cycle life of My and M, alloys.

alloy, from 86 to 96 cycles. The positive effect of three kinds
of substitution elements on the cycle life of the alloys is in
the sequence Al>Cu>Mn. The results shown in Fig. 7 indi-
cated that the cycle life of the Mg and M, (M =Cu, Al, Mn)
alloys prolonged with increasing the quenching rate. The fact
that the substitution Cu, Al and Mn meliorates the cycle stabil-
ity of the alloys probably is due to form a dense oxide film on the
alloy surface, which can obviously intensify the anti-oxidation
and anti-corrosion ability of the alloy electrode in alkaline elec-
trolyte. A trace of amorphous phase can be found by SAD in the
as-quenched Cu and Mn substituted alloys, which is helpful to
meliorate the cycle stability of the alloy because an amorphous
phase can increase not only the anti-pulverization ability but
also the anti-corrosion capability of the alloy [8]. It is consid-
ered to be a perfect structure that amorphous film continuously
distributes on the grain boundary of the electrode alloy, but the
existed position of amorphous phase in the as-quenched exper-
imental alloys needs to be further investigated. Two factors are
responsible for rapid quenching extending the cycle life of the
alloy. One of them is that the grain refinement by rapid quench-
ing obviously augments the anti-pulverization capability of the
alloy, and another is the formation of an amorphous phase by
rapid quenching. The quenching rate is a decisive factor of the
grain size and the amount of an amorphous phase for a fixed
alloy, and the higher the quenching rate, the smaller the grain
size and the larger the amount of amorphous phase. Therefore, it
seems to be self-evident that the cycle life of the alloy increases
with elevating the quenching rate.

4. Conclusions

1. The substitution of M (M = Cu, Al and Mn) for Ni engenders
an inappreciable influence on the phase compositions of the
as-cast and quenched Lag 7Mg( 3C0q.45Niz 55 xM, (M =Cu,
Al, Mn, x=0, 0.1, 0.2, 0.3, 0.4) alloys, but it increases the
abundances of the LaNi; phase in the as-cast alloys. The sub-
stitution of Cu and Mn is favourable to the formation of an
amorphous phase, but Al substitution is unfavourable. The
element substitution leads to enlarged of the lattice parame-
ters and cell volumes of the alloys.

2. The substitution of Cu, Al and Mn decreased the capacity of
the as-cast and quenched alloys, but it markedly improved
their cycle stabilities. The negative function of element sub-
stitution on the capacity of the alloys is in the sequence
Cu<Mn< Al and its positive function on the cycle life of
the alloys is in the sequence Al>Cu>Mn.

3. The rapid quenching notably impaired the discharge capacity
and discharge voltage of the alloys, but it remarkably intensi-
fied the cycle stability of the alloys. The grain refinement and
the formation of an amorphous phase resulted from the rapid
quenching is responsible for rapid quenching enhancing the
cyclic stability of alloy.
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