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Abstract: In order to improve the electrochemical performances of La-Mg-Ni based electrode alloys with PuNis-type structure, a
trace of boron was added in Lag;Mgg;Niy55C0g 45 alloy. The Lag;Mgo;Nis 55C0045B.(x=0, 0.05, 0.1, 0.15 and 0.2) alloys were
prepared by casting and rapid quenching. The electrochemical performances and microstructures of the as-cast and quenched alloys
were investigated. The effects of rapid quenching on the microstructures and electrochemical performances of the above alloys were
investigated. The results show that the as-cast and quenched alloys are composed of (La, Mg)Ni; phase, LaNis phase and LaNi,
phase. A trace of the Ni,B phase exists in the as-cast alloys containing boron, and the Ni,B phase in the B-contained alloys nearly
disappears after rapid quenching. Rapid quenching increases the amount of the LaNi, phase in the B-free alloy, but it decreases the
amount of the LaNi, phase in the boron-containing alloys. The effects of rapid quenching on the capacities of the boron-containing
and boron-free alloys are different. The capacity of the B-free alloy monotonously decreases with increasing quenching rate, whereas
the capacities of the B-contained alloys have a maximum value with the change of the quenching rate. The rapid quenching can
improve the stability of La-Mg-Ni based electrode alloy but lowers the discharge plateau voltage and decreases the plateau length.
The effect of rapid quenching on the activation capabilities of the alloys was complicated.
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widespread applications as power sources of electric
vehicles or hybrid cars because low-cost Pb-acid
batteries are still dominating over the segment. Therefore,

1 Introduction

Ni-MH batteries have been used widely by virtue of
several of their advantages, such as high capacity,
capable of performing a high rate charge/discharge, high
resistance to overcharging and over-discharging, a long
cycle life, environmental friendliness, and
changeability with Ni-Cd batteries[1]. 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 encountering serious competition from Li-ion
cells since the Li-ion cells show higher energy density
than the Ni-MH cells per unit mass or volume. On the
other hand, the production cost of Ni-MH battery based
on the current hydride technology also limits the

inter-

investigations of new type electrode alloys with higher
capacity and longer cycle life is extremely important to
exalt the competition ability of Ni-MH batteries in the
rechargeable battery field. A series of metal hydride
electrode materials have been discovered, including the
rare-carth-based AB;s-type alloys[2], the Laves phase
AB,-type alloys[3], the V-based solid solution alloys[4],
and the Mg-based alloys[5]. Among the hydrogen
storage alloys mentioned above, the discharge capacity
of the ABs-type electrode alloys is comparatively low,
the activation of the AB,-type Laves phase electrode
alloys is very difficult, the electrocatalytic activation of
the V-based solid solution alloys is also difficult, and the
cycle stability of the Mg-based electrode alloy is
extremely poor. Especially, the electrochemical capacity
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of currently advanced ABs-type materials has reached
320-340 mA-h/g at 0.2-0.3C rate and room temperature.
It seems to be difficult to further improve the capacity of
the ABs-type alloy since the theoretical capacity of LaNis
is about 372 mA-h/g. Several new and good hydrogen
storage alloys were reported recently. One of the most
promising candidates is the La-Mg-Ni based alloy for
increasing the capacity. KADIR et al[6] investigated the
structure of the R,MgNi, (R=La, Ce, Pr, Nd, Sm and Gd)
alloys and the result obtained shows that the alloys have

the PuNis-type structure. After investigating the
electrochemical performances of the La,MgNi,,
LasMg,Ni,; and LasMgNiy,-type electrode alloys,

KOHNO et al[7] found that the LasMg,Niys-type
electrode alloy Lag,Mg,3Ni,5Coq s has a capacity of 410
mA-h/g and good cycle stability during 30 charge-
discharge cycles. PAN et al[8] investigated the structures
and electrochemical characteristics of  the
Lay Mg, 3(NipgsCoq15), (x=3.15-3.80) alloy system and
obtained a maximum discharge capacity of 398.4 mA-h/g,
but the cycle stability of the alloy needs to be improved
further. In order to further improve the cycle stability of
the L.a-Mg-Ni based Lag ;Mg 3Ni, 55C0g 45 electrode alloy,
a trace of boron was added and rapid quenching
technique was used in the preparation of the alloys. The
obtained results indicated that the addition of boron and
the rapid quenching could enhance the cycle lives of the
alloys.

2 Experimental

2.1 Preparation of alloys

The chemical composition of the investigated alloys
1s LagsMgosNiy55C0045B, (#=0, 0.05, 0.10, 0.15 and
0.20). These alloys are represented by M,, M;, M,, M,
and My, respectively. The purity of all the component
metals (La, Ni, Co, Mg) is at least 99.8%. The purity of
boron is 99.93%. The experimental alloys were melted in
an argon atmosphere using a vacuum induction furnace.
A binary La-Mg intermediate alloy (30%Mg+70%La)
was beforehand prepared by electrolytic synthesis and a
positive argon pressure of 0.1 MPa was applied for
preventing the volatilization of magnesium during
melting. After induction melting, the melt was poured
into a copper mould cooled by water, and a cast ingot
was obtained. Part of the as-cast alloys was re-melted
and quenched by melt-spinning with a rotating copper
wheel. Flakes of the as-quenched alloys were obtained
with quenching rates of 15, 20, 25 and 30 m/s. The
quenching rate is expressed by the linear velocity of the
copper wheel.

2.2 Microstructure determination and morphology
observation

The polished samples were etched with a 60% HF
solution. The morphologies of the as-cast and quenched
alloys were examined by SEM. The microscopic
composition of the as-cast alloys was analysed by EDX.
The phase structures and compositions of the alloys were
determined by XRD diffractometer of D/max/2400. The
diffraction was performed with CuK,; radiation filtered
by graphite. The powder samples were dispersed in
anhydrous alcohol for observing the grain morphology
with TEM, and for determining crystalline state of the
samples with selected area electron diffraction(SAD).
The granular morphologies of the alloy electrode before
and after electrochemical cycling were observed by SEM
in order to reveal the mechanism of the efficiency loss of
the alloy electrode.

2.3 Electrode preparation and electrochemical mea-
surement

A round electrode pellets with 15 mm diameter
were prepared by mixing 1 g alloy powder and 1 g Ni
powder as well as a small amount of polyvinyl alcohol
(PVA) solution as binder, and then compressing under a
pressure of 35 MPa. After drying for 4 h, the electrode
pellets were immersed in 6 mol/L. KOH solution for 24 h
in order to wet the electrodes fully before the electro-
chemical measurement.

The experimental electrodes were tested in a
tri-electrode open cell, consisting of a working electrode
(metal hydride electrode), a counter electrode
(NiOOH/Ni(OH),) and a reference electrode (Hg/HgO).
In order to reduce the ohmic drop between the working
electrode and the reference electrode, a Luggin capillary
was located close to the hydride electrode in the working
electrode apartment. The electrolyte was a 6 mol/l. KOH
solution. The voltage between the negative electrode and
the reference electrode is defined as the discharge
voltage. Every cycle was charged with constant current
of 100 mA/g for 5 h, resting 15 min and then discharged
at 100 mA/g to —0.500 V cut-off voltage. The environ-
ment temperature of measurement was kept at 30 ‘C.

3 Results and discussion

3.1 Effects of rapid quenching on microstructures
3.1.1 Phase composition and structure

The XRD patterns of the as-cast and quenched
alloys are shown in Fig.1. It can be seen from Fig.1 that
the alloys have a multiphase structure, composing of (La,
Mg)Ni; phase and LaNis phase as well as LaNi, phase. A
trace of Ni,B phase exists in the as-cast boron-contained
alloy, and the abundance of Ni,B phase increases with
increasing the boron content. The addition of boron and
the rapid quenching have an obvious influence on the
phase composition of the alloys. It can also be seen from
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Fig.1(a) that the relative amount of LaNi, phase in the
as-cast alloy significantly increases with increasing
boron content. Probably, the formation of Ni,B phase
also implies the formation of LaNi, phase. It can be
derived by comparing the diffraction peaks of the L.aNi,
phase in the as-cast and quenched M, alloys that rapid
quenching can increase the amount of LaNi, phase in the
M, alloy, but it leads to a decreased amount of LaNi,
phase in the B-contained alloys. Obviously, it is ascribed
to a distinct decrease of Ni,B phase in the B-containing
alloy after rapid quenching.
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Fig.1 XRD patterns of as-cast and quenched alloys: (a) As-cast;
(b) As-quenched (20 m/s)

3.1.2 Microstructure and morphology
The morphologies of the as-cast and quenched
alloys were inspected by SEM, and the results are shown

in Fig.2. The results obtained by EDX indicated that all
the experimental alloys are of multiphase structure,
containing both (LLa, Mg)Ni; phase (white grey regions)
and LaNis; phase (black grey regions). Because the
amount of LaNi, phase is small and it affects (La,
Mg)Ni; phase in the process of growing, it is difficult to
see the morphology of LaNi, phase. A morphology of (La,
Mg)Niy+LaNi, structure with a eutectic character can be
seen clearly in the as-cast M, alloy by virtue of Ni,B
phase promoting the formation of LaNi, phase. The
amount of Ni,B is too small to be distinguished. It can be
seen from Fig 2 that the grains of the as-cast alloys are
very coarse and the composition homogeneity is very
poor. Compared with the morphologies of the as-cast
alloys, the rapid quenching markedly refined the grains
and significantly improved the composition homogeneity
of the alloys. The morphologies and the crystalline state
of the as-quenched alloys were examined by TEM, and
the results are shown in Fig.3. The results obtained by
SAD show that the as-quenched M, and M, alloys have a
multiphase structure and an obvious tendency to
amorphous phase formation in the M, alloy, and some
amount of amorphous phase existed in the M, alloy. It
can be seen from Fig.3 that the morphology of the
as-quenched M, alloy presents a typical microcrystalline
character, and an amorphous and nanocrystalline phase
co-exist in the as-quenched M, alloy. It indicates that the
formation abilities of an amorphous phase in the alloys
are different although the same rapid quenching
technique was used. Obviously, it can be attributed to the
action of boron. The relative mechanism of boron
addition promoting the formation of an amorphous phase
has been reported in Ref.[9].

3.2 Effects of rapid quenching on electrochemical per-

formances
3.2.1 Discharge capacity

The maximum discharge capacities of the as-cast
and quenched alloys were measured with a constant
current density of 100 mA/g, and the quenching rate
dependence of the maximum discharge capacity of the
alloys was illustrated in Fig.4. Fig4 shows that the
effects of the quenching rate on the capacities of the
B-containing and B-free alloys are different. The
capacity of the M, alloy monotonously decreases with
the increase of the quenching rate, whereas the capacities
of all alloys except M, alloy have a maximum value with
the change of the quenching rate. Obviously, it is directly
relevant to the structure change of the alloys resulted
from rapid quenching. For the B-free alloy, rapid
quenching increases the amount of L.aNi, phase (Fig.1).
The lattice internal stress increases with increasing the
quenching rate, which is unfavourable for the capacity of



ZHANG Yang-huan, et al/Trans. Nonferrous Met. Soc. China 16(2006) 803

Fig.3 TEM morphologies of SAD patterns of as-quenched (20 m/s) alloys: (a) My, (b) M,; (¢) M,

the alloy. Because the capability of the hydrogen
absorption of LaNi, phase is much lower than that of
(La, Mg) Ni; phase and LaNis phase, it seems to go
without saying that the capacity of the alloys decreases
monotonously with increasing the quenching rate. For
the B-containing alloys, the rapid quenching leads to
approximate disappearance of NiL,B phase, which
hampers the formation of LaNi, phase. The decrease of
the amounts of Ni,B phase and L aNi, phase is favourable
for the increase of the discharge capacity of the alloy.
Therefore, the discharge capacities of the alloys increase
with increasing the quenching rate. On the other hand,
Boron addition promotes the formation of an amorphous

phase in the alloy, which is unfavourable for the increase
of the discharge capacity of the alloy because the
capacity of the amorphous phase is half as large as that
of the crystalline alloy[10] Therefore, the higher the
quenching rate, the larger the amount of amorphous
phase and the lower the discharge capacity.
3.2.2 Activation capability

The activation number denoted by »n was
characterized by the number of charge-discharge cycles
required for attaining the greatest discharge capacity
through a charge-discharge cycle at a constant current
density. The cycle number dependence of the discharge
capacities of the as-cast and quenched alloys was
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illustrated in Fig.5, the charge-discharge current density
being 100 mA/g. It can be derived from Fig.5 that all of
the as-cast and quenched alloys have an excellent
activation performance, and the as-cast and quenched
alloys could be activated completely after 2 to 4 cycles.
The effect of rapid quenching on the activation capability
of the alloys is complicated. Generally, the activation
capability of the hydrogen storage alloy is directly
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Fig.5 Activation performances as-cast and quenched alloys at
different quenching rates: (a) My, (b) M;

related to the change of the internal energy of the system
before and after absorbing hydrogen. The larger the
additive internal energy, which originates from the
oxidation film formed on the surface of the electrode
alloy, and the strain energy, which is produced by
hydrogen atom entering the interstitial of the tetrahedron
or octahedron of the alloy lattice, the poorer the
activation performance of the alloy[11]. Obviously, some
parameters, such as the phase structure, the surface
characteristics, the grain size and the interstitial
dimensions of the alloy, are decisive factors of the
activation performance of the alloy. The fact that the
as-cast and quenched alloys have good activation
performance is mainly ascribed to their multiphase
structures because the phase boundary can decrease the
lattice distortion and strain energy formed in the process
of hydrogen absorption. Moreover, the phase boundary
provides good tunnels for diffusion of hydrogen atoms,
the activation capability of the alloys being improved
significantly[12].
3.2.3 Discharge voltage characteristic

The discharge voltage characteristic is an important
performance of the alloy,
characterized by the voltage plateau of the discharge
voltage curve of the alloy. The longer and the more
horizontal the discharge voltage plateau, the better the
discharge characteristics of the alloys. In order to
compare the characteristics of the discharge voltage
plateau, the discharge voltage curves of the alloys with
different quenching rates are shown in Fig.6. It can be
derived from Fig.6 that rapid quenching lowers the
discharge plateau voltage and decreases the plateau
length. When quenching rate is larger than 20 m/s, the
slopes of the discharge voltage plateaus of the alloys
obviously increase with the increase of the quenching
rate.
3.2.4 Cycle life

The cycle life, indicated by N, is characterized by
the cycle number after which the discharge capacity of
the alloy obtained with a current density of 100 mA/g is
reduced to 60% of the maximum capacity. The cycle
number dependence of the discharge capacities of the
as-cast and quenched alloys is shown in Fig.7. It can be
derived from Fig.7 that the slopes of the curves of the
alloys decrease with the increase of the quenching rate.
This indicates that the rapid quenching is favourable for
the improvement of the cycle stabilities of the alloys. In
order to show the effect of the quenching rate on the
cycle lives of the alloys, the quenching rate dependence
of the cycle lives of the alloys is presented in Fig.8. Fig.8
shows that the cycle lives of the alloys increase with the
increase of the quenching rate. When the quenching rate
increases from O (As-cast was defined as quenching rate
of 0 m/s) to 30 m/s, the cycle lives of M,y and M, alloys

electrode which was
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increase from 72 and 86 cycles to 100 and 106 cycles,
respectively.
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Fig.6 Discharge voltage curves of alloys quenched at different
rates: (a) My; (b) M,

It is confirmed in Ref.[13] that the fundamental
reasons for the capacity decay of the electrode alloy are
the pulverization and oxidation of the alloy during
charge-discharge cycle. The lattice internal stress and
cell volume expansion, which are inevitable when
hydrogen atoms enter into the interstitials of the lattice,
are the real driving force that leads to the pulverization
of the alloy. The decisive factors of the anti pulverization
capability of the electrode alloy are its strength and
toughness. The main cause of rapid quenching enhancing
the cycle lives of the alloys is ascribed to the grain
refinement and the formation of an amorphous phase
resulted from rapid quenching. The higher the quenching
rate, the smaller the grain size of the alloy and the more
the amount of amorphous phase, the higher the strength
and toughness, the stronger the anti-pulverization
capability and the longer the cycle life.

In order to correctly understand the mechanism of
the efficacy loss of the electrode alloy, the particle
morphologies of the as-cast and quenched alloys before
and after electrochemical cycling as observed by SEM
are shown in Fig.9. It can be seen from Fig.9 that the
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shapes of the as-cast and quenched alloy particles before
electrochemical cycling are irregular and sharp-angled.
After charge-discharge cycling, their morphologies
change markedly, leading to a disappearance of the
pointedness of the particle and to a decrease of the
particle sizes. This indicated that the capacity decay of
the alloy during electrochemical cycle is related to the
pulverization of the electrode alloy. It is worthy to be
noticed that the pulverization degree of the alloys after
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alloy with quenching rates of 0, 15, 20 and 30 mV/s, respectively; (e), (£), (g) and (h) After cycling of M, alloy with quenching rate of

0, 15, 20 and 30 m/s, respectively

electrochemical cycling is obviously different. The
pulverization of the alloy obviously decreases with the
increase of the quenching rate. This indicated that rapid
quenching could enhance the anti-pulverization
capability of the alloy. Compared with the as-quenched

ABs-type hydrogen storage alloy, the pulverization
degree of the La-Mg-Ni system alloy after
electrochemical cycling is much smaller[14,15], and an
oxidation and corrosion layer can be seen on the surface
of the La-Mg-Ni system alloy after electrochemical
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cycling. This indicated that the corrosion and oxidation is
an important reason leading to the efficacy loss of the
alloy. Therefore, it
improvement of the
capabilities of the alloys produced by rapid quenching is
very limited.

can be concluded that the
anti-corrosion and oxidation

4 Conclusions

1) The as-cast and quenched Lag;Mgq3Ni, 55C0q 45-
B,(x=0, 0.05, 0.1, 0.15, 0.2) electrode alloys have a
multi-phase structure, including (La, Mg)Ni; phase,
LaNis phase and a small amount of LaNi, phase. A trace
of Ni,B phase exists in the as-cast alloy containing boron
and Ni,B phase can increase the amount of LaNi, phase.
Rapid quenching leads to an increase of the amount of
LaNi, phase in M, alloy and a decrease in the
B-containing alloys. This is ascribed to the approximate
disappearance of Ni,B phase resulted from rapid
quenching.

2) The effects of rapid quenching on the capacities
of the B-containing and B-free alloys are different. The
capacity of the B-free alloy monotonously decreases with
the increase of the quenching rate, whereas the capacities
of the B-containing alloys have a maximum value with
the change of the quenching rate. Rapid quenching
lowers the discharge plateau voltage and obviously
increases the slopes of the discharge voltage plateaus of
the alloys when the quenching rate is more than 20 m/s.

3) The main reason of leading to the efficacy loss of
the L.a-Mg-Ni based electrode alloy is the pulverization
of the alloy during charge-discharge cycle, and the
corrosion and oxidation of the alloy is also an important
reason. Rapid quenching could significantly enhance the
anti-pulverization capability of the alloy, but its action on
the improvement of the anti-corrosion and oxidation
capabilities of the alloys is very limited.
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