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Abstract

In order to improve the electrochemical cycle stability of La–Mg–Ni system (PuNi-type) hydrogen storage alloy, a trace of Cr was added
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nd rapid quenching techniques were employed. The electrochemical performances and microstructures of the as-cast and -que
ere determined and measured. The effects of Cr content and quenching rate on the microstructures and electrochemical prop
lloys were investigated in detail. The obtained results show that the as-cast and -quenched alloys are composed of the (La, M3 phase
PuNi3-type structure) and the LaNi5 phase as well as the LaNi2 phase. The amount of the LaNi2 phase increases with the increase o
ontent. The addition of Cr enhances the cycle stability of the as-cast and -quenched alloys, but decreases the discharge capacities
he cycle lives of the alloys increase with the increase of the quenching rate. The as-cast and -quenched alloys have an excelle
erformance.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Ni-MH batteries have been used widely by virtue of sev-
ral of their advantages, such as high capacity, capable of
erforming a high rate charge–discharge, high resistance to
vercharging and over-discharging, a long cycle life, environ-
ental friendliness, and interchangeability with Ni–Cd bat-

eries[1]. A series of metal hydride electrode alloys have been
iscovered, including the rare-earth-based AB5-type alloys

2], the AB2-type Laves phase alloys[3], the V-based solid
olution alloys[4], and the Mg-based alloys[5,6]. Among the
ydrogen storage alloys mentioned above, the discharge ca-
acity of the AB5-type electrode alloys is comparatively low,
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the activation of the AB2-type Laves phase electrode allo
is very difficult, the electrocatalytic activation of the V-ba
solid solution alloys is also difficult, and the cycle stabi
of the Mg-based electrode alloys is extremely poor. In
very recent years, however, the rechargeable Ni-MH
are encountering serious competition owing to rapid de
opment of Li-ion cells[7]. Therefore, investigations of ne
type electrode alloys with higher capacity and longer c
life are very important to exalt the competition ability of N
MH batteries in the rechargeable battery field. Several
and good hydrogen storage alloys were reported recently
of the most promising candidates is the La–Mg–Ni sys
for increasing the capacity. Oesterreicher and Bittner[8] have
reported that La1−xMgxNi2 (x= 0–1.0) alloys are superior
LaNi5-type alloys or Laves phase AB2-type alloys as to th
hydrogen absorption capacity. After investigating the ele
chemical performances of the La2MgNi9, La5Mg2Ni23 and
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La3MgNi14-type electrode alloys, Kohno et al.[6] found that
the La5Mg2Ni23-type electrode alloy La0.7Mg0.3Ni2.8Co0.5
has a capacity of 410 mAh g−1 and good cycle stability dur-
ing 30 charge–discharge cycles. The hydrogen storage al-
loy system with the general formula of R2MgNi9 (R = rare
earth or Ca element) is a very promising system for the re-
versible absorption/desorption of gaseous hydrogen. Kadir
et al.[9] investigated the structure of the R2MgNi9 (R = La,
Ce, Pr, Nd, Sm and Gd) alloys and the result obtained shows
that the alloys have the PuNi3-type structure. Pan et al.[10]
have investigated the structures and electrochemical charac-
teristics of the La0.7Mg0.3(Ni0.85Co0.15)x (x= 3.15–3.80) al-
loy system and obtained a maximum discharge capacity of
398 mAh g−1, but the cycle stability of the alloy needs to be
improved further. In order to improve further the cycle stabil-
ity of the PuNi3-type La2Mg(Ni0.85Co0.15)9 electrode alloy,
a trace of Cr was added and rapid quenching techniques were
employed. The obtained results show that the cycle stabilities
of the experimental alloys could be improved significantly.

2. Experimental

2.1. Preparation of alloys

The alloys were melted in an argon atmosphere us-
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morphology with TEM, and for determining crystalline state
of the samples with selected area electron diffraction (SAD).

2.3. Electrode preparation and electrochemical
measurement

The fractions of the as-cast and -quenched alloys, which
were ground mechanically into powder below 250 mesh, were
used for the preparation of the experimental electrode. Elec-
trode pellets with 15 mm diameter were prepared by mix-
ing 1 g alloy powder and 1 g Ni powder as well as a small
amount of polyvinyl alcohol (PVA), and then compressing
under a pressure of 35 MPa. After drying for 4 h, the elec-
trode pellets were immersed in 6 M KOH solution for 24 h in
order to wet fully the electrodes before the electrochemical
measurement.

The electrode pellet was fixed on the outgoing line
of a negative electrode of an open tri-electrode cell
and the electrochemical characteristics were measured.
Ni(OH)2/NiOOH is the positive electrode of the experimental
cell, Hg/HgO the reference electrode and 6 M KOH solution
the electrolyte. The voltage between the negative electrode
and the reference electrode is defined as the discharge volt-
age. In every cycle, the negative electrode was charged with
constant current of 100 mA g−1 for 5 h, rested for 15 min and
then discharged at 100 mA g−1 to −0.500 V cut-off voltage.
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ng a vacuum induction furnace. In order to prevent
olatilization of element Mg during melting, a posit
rgon pressure of 0.1 MPa was applied. After induc
elting, the melt was poured into a copper mould co
y water, and a cast ingot was obtained. Part of the as
lloys was re-melted and quenched by melt-spinning w
otating copper wheel. Flakes of the as-quenched alloys
btained with quenching rates of 15, 20, 25 and 30 m−1.
he quenching rate is expressed by the linear velocity o
opper wheel. The chemical compositions of the alloys
a2Mg(Ni0.85Co0.15)9Crx (x= 0, 0.1 and 0.2). The alloys a
epresented by Cr0, Cr1 and Cr2, respectively. The purit
f all the component metals La, Ni, Co, Mg, Cr is at
9.7 wt.%.

.2. Microstructure determination

The samples of the as-cast alloys were directly polis
he samples thus prepared were etched with a 60% HF

ion. The morphologies of the as-cast and -quenched a
ere examined by SEM. The samples of the as-cast
uenched alloys were pulverized by mechanical grinding

he sizes of the powder sample particles were less than 7�m.
he phase structures of the alloys were determined by X
he type of X-ray diffractometer used in this experimen
/max/2400. The diffraction was performed with Cu K�1 ra-
iation and the rays were filtered by graphite. The experim

al parameters for determining phase structure are 160
0 kV and 10◦ min−1, respectively. The powder samp
ere dispersed in anhydrous alcohol for observing the
he environment temperature of measurement was ke
0◦C.

. Results and discussion

.1. Electrochemical performances of the alloys

.1.1. Activation performance
The activation performance is characterized by the

ial activation number. The initial activation number
oted byn is defined as the number of charge–disch
ycles required for attaining the maximum discharge ca
ty through a charge–discharge cycle at a constant cu
ensity of 100 mA g−1. The cycle number dependence

he discharge capacity of the as-cast and -quenched
s illustrated inFig. 1, the charge–discharge current den
eing 100 mA g−1. It can be derived fromFig. 1 that all of

he as-cast and -quenched alloys have an excellent acti
erformance, and the as-cast and -quenched alloys c
ompletely activated after 2–3 cycles. The results show
he addition of Cr can improve the activation performan
f the as-cast alloys.

.1.2. Discharge capacity
The maximum discharge capacities of the as-cast a

uenched alloys were measured with a constant curren
ity of 100 mA g−1. The quenching rate dependence of
aximum discharge capacity of the alloy is shown inFig. 2. It

an be derived fromFig. 2that the discharge capacities of
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Fig. 1. The cycle number dependence of the discharge capacity of the alloys: (a) as-cast; (b) as-cast and -quenched Cr1 alloys.

Fig. 2. The relationship between the quenching rate and the maximum dis-
charge capacity.

as-cast and -quenched alloys decrease with the increase of Cr
content. When Cr content increased from 0 to 0.2, the max-
imum capacities of the as-cast alloys were decreased from
396 to 364 mAh g−1. For the as-quenched alloys obtained
with a quenching rate of 15 ms, the maximum capacities were

decreased from 387 to 358 mAh g−1. In addition, the capaci-
ties of the alloys were decreased after rapid quenching. When
the quenching rate increased from 0 m s−1 (as-cast was de-
fined as quenching rate of 0 m s−1) to 30 m s−1, the maxi-
mum capacities of the Cr1 alloys were decreased from 374
to 355 mAh g−1.

3.1.3. Cycle life
The cycle life, indicated byN, is characterized by the cycle

number after which the discharge capacity of the alloy ob-
tained with a current density of 100 mA g−1 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 inFig. 3. The results given inFig. 3(a) show that the
slopes of the curves decrease with the increase of Cr content.
Fig. 3(b) shows that the slopes of the curves decrease with
the increase of the quenching rate. The results indicate that
addition Cr and rapid quenching treatment are favourable for
the cycle stabilities of the alloys. In order to show the effect of
the quenching rate on the cycle life of the alloy, the quenching
rate dependence of the cycle lives of the alloys is illustrated
in Fig. 4. Fig. 4shows that the cycle lives of the as-cast alloys

Fig. 3. The relationship between the cycle number and the discha
rge capacity: (a) as-cast alloys; (b) as-cast and -quenched Cr1 alloys.
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Fig. 4. The relationship between the quenching rate and the cycle life.

increase with the increase of Cr content. When the Cr content
increases from 0 to 0.2, the cycle life of the as-cast alloy is
enhanced from 72 cycles to 93 cycles. For the as-quenched
alloys obtained with a quenching rate of 15 m s−1, the cycle
lives were enhanced from 80 to 105 cycles. The cycle lives
of the alloys increase with the increase of the quenching rate.
When the quenching rate increases from 0 to 30 m s−1, the
cycle lives of the Cr0, Cr1, Cr2 alloys are enhanced from 72,
87, 93 to 100, 119, 126 cycles, respectively.

3.2. Microstructure

3.2.1. Phase composition and structure
The XRD patterns of the as-cast and -quenched alloys are

shown inFig. 5. It can be seen fromFig. 5(a) that no new phase
is formed in alloys with Cr, but the main diffraction peaks of
the LaNi5 phase and LaNi3 phase are nearly overlapping,
and the amount of the LaNi2 phase increase significantly.

The effect of the rapid quenching on the amount of the LaNi2
phase is unperceivable. The fact that the addition Cr increases
the amount of the LaNi2 phase shows the relative amount of
the phases in the alloys change with the variety of the alloy
component.

3.2.2. Microstructure and morphology
The morphologies of the as-cast and -quenched alloys

were observed by SEM, and the results are shown inFig. 6.
According to the results obtained by energy spectrum analy-
sis, the areas A, B are the LaNi5 phase and (La, Mg)Ni3 phase,
respectively, and there is a specific amount of the LaNi2 phase
close to the (La, Mg)Ni3 phase, but it is difficult to distinguish
LaNi2 phase and (La, Mg)Ni3 phase by the observation of the
microstructure and morphology. This is probably because the
LaNi2 phase adheres to the (La, Mg)Ni3 phase grew in the
process of the crystallization. The morphologies and the crys-
talline states of the as-quenched alloys were examined by
TEM, and the results are shown inFig. 7. It can be seen from
Fig. 7 that the grains of the alloy are refined markedly with
the increase of the quenching rate. And the phase structure
of the alloy change from nanocrystalline phase to the amor-
phous phase when the quenching rate increases from 15 to
30 m s−1. The results obtained by SAD (Fig. 7(b) and (d))
with different quenching rate show that the alloys present a
m rate
i n is
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3
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quench
Fig. 5. The X-ray diffraction patterns of the as-cast and -
ultiphase, integral crystal structure when the quenching
s 15 m s−1, and a trend of the amorphous phase formatio
ery obvious in as-quenched alloy with the quenching ra
0 m s−1.

Generally, the activation performance of the electrod
oy is closely related to the phase structure, the surface
cteristic, the grain size and the interstitial dimension

he alloy. The fact that the as-cast and -quenched alloys

ed alloys: (a) as-cast alloys; (b) as-cast and -quenched Cr1 alloys.
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Fig. 6. The morphologies of the as- alloys taken by TEM: (a) Cr0 alloy; (b) Cr1 alloy; (c) Cr2 alloy.

good activation performances is mainly ascribed to their mul-
tiphase structures because the phase boundary can decrease
the lattice distortion and strain energy formed in the process
of hydrogen absorption. Furthermore, the phase boundary
provides good tunnels for diffusion of hydrogen atoms and
the activation performance of the alloys is improved signifi-
cantly. The main cause that the addition Cr improves the ac-
tivation performance of the as-cast alloy is that Cr increases
the amount of the LaNi2 phase and phase boundary area.

The addition Cr decreasing the capacities of the as-cast
alloys is attributed to the increase of the amount of the LaNi2
phase. The capability of the hydrogen absorption of the LaNi2

phase is much lower than that of the (La, Mg) Ni3 phase and
the LaNi5 phase. So, the more the amount of the LaNi2 phase,
the smaller the capacity of the alloy. In addition, the capacity
of the alloy decreases with the increase of the quenching rate,
it being relative to rapid quenching changing the microstruc-
ture of the alloy. According to the analysis of the microstruc-
ture, the rapid quenching refines greatly the grain of the alloy,
and the higher the quenching rate, the finer the grain of the al-
loy. An amorphous phase is formed at the specific quenching
rate. The influence of the rapid quenching on the discharge
capacity is complicated. Both the increase of the lattice con-
stants and the decrease of the grain size as necessary results

F
a

ig. 7. The morphologies and SAD of the as-quenched Cr1 alloys: (a) and (c) m
s-quenched Cr1 alloys (15 and 30 m s−1).
orphologies of as-quenched Cr1 alloys (15, 30 m s−1); (b) and (d) SAD of
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of the rapid quenching are favourable for the capacity on one
hand, but the formation of an amorphous phase produced by
rapid quenching is unfavourable on the other hand. There-
fore, whether rapid quenching would increase or decrease
the discharge capacity of the alloy depends on the relative
predominance of the above-mentioned effects. We consid-
ered that the effect of the amorphous phase is much stronger.
Li and Cheng[11] investigated the hydrogen absorbing capa-
bility of La–Ni alloy amorphous film, and the results showed
the capacity of the amorphous film was half as large as that
of the crystal alloy. Therefore, the greater the quenching rate,
the more the amount of amorphous phase, the smaller the
capacity of the alloy.

The cycle stability of electrode alloy is an overwhelming
factor of the life of Ni-MH battery. The root cause of leading
to battery lose efficacy is on negative electrode rather than
on positive electrode. The failure of battery is characterized
by the decay of the discharge capacity and the decrease of
the discharge voltage. It can be derived from the literatures
[12–15]that the fundamental reasons for the capacity decay
of the electrode alloy are the pulverization and oxidation of
the electrode alloy during the charge–discharge cycles. 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 pul-
verization of the alloy. In order to understand correctly the
m the
m ticles
b SEM
a s

of the granule sizes of the as-cast and -quenched alloys be-
fore and after electrochemical cycle are insignificant. The
result shows that the pulverization does not basically occur
in process of the charge–discharge cycle. This indicates that
the oxidation and corrosion of the alloy electrode surface in
corrosive electrolyte are main reasons of leading to the effi-
cacy loss of the alloy electrode. The formation of an oxida-
tion and corrosion layer on the surface of the alloy electrode
baffles the diffusion of hydrogen atoms, and decreases the dy-
namical property in the process of hydrogen absorption and
desorption. Therefore, it can be concluded that the most im-
portant approach of enhancing the cycle life of the La–Mg–Ni
system (PuNi3-type) hydrogen storage electrode alloy is to
improve the anti-corrosion and oxidation capabilities of the
alloy in corrosive electrolyte. The function of addition Cr on
the electrochemical stability of the as-cast alloy is relative to
the formation of the LaNi2 phase. The electrocatalytic acti-
vation of LaNi2, LaNi3 and LaNi5 phases in alloy increases
in the sequence LaNi2 < LaNi3 < LaNi5. The lanthanum in
the LaNi2 phase is eroded by the alkaline electrolyte during
the electrochemical cycle. Thus, the electrocatalytic activa-
tion of the LaNi2 phase is significantly improved, and the
capabilities of hydrogen absorption and desorption are en-
hanced[16,17]. The capacity decay of the alloy can partly
be compensated by the power produced by the LaNi2 phase.
In addition, Cr can improve the anti-corrosion capability of
t d Al
a r on
t of
t to

F re and
a s−1).
echanism of the efficacy loss of the electrode alloy,
orphologies of the as-cast and -quenched alloy par
efore and after electrochemical cycle as observed by
re shown inFig. 8. It can be seen fromFig. 8that the change

ig. 8. The granular morphologies of as-cast and -quenched Cr1 alloy befo
fter cycle; (c) and (d) as-quenched Cr1 alloy before and after cycle (15 m
he alloy. It was suggested that the effect of Si, Cr, an
ddition led to the formation of a passivating oxide laye

he alloy surface which would prevent further oxidation
he inner alloy[13,18,19]. The detailed mechanisms need

after electrochemical cycle (SEM): (a) and (b) as-cast Cr1 alloy before and
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be investigated further. The reason of the rapid quenching
improving the cycle stability of the alloy is that a special
structure obtained by the rapid quenching enhances the anti-
corrosion and oxidation capabilities of the alloy in corrosive
electrolyte. Especially, the effect of the formation of an amor-
phous phase on improving the anti-corrosion capability of the
alloy in corrosive electrolyte is notable[20–22]. However, it
is difficult for rapid quenching to obtain more amorphous
phase in the La–Mg–Ni system (PuNi3-type) alloy. There-
fore, the function of the rapid quenching on the cycle life of
the alloy is very limited.

4. Conclusions

1. The as-cast and -quenched La2Mg(Ni0.85Co0.15)9Crx
(x= 0, 0.1, 0.2) electrode alloys have a multi-phase struc-
ture, including the (La,Mg)Ni3 phase, the LaNi5 phase and
a small amount of the LaNi2 phase. The relative amount
of each phase in the alloy depends on the composition of
the alloy. The addition Cr is favourable for the formation
of the LaNi2 phase in the as-cast alloy.

2. The addition Cr decreasing the capacities of the as-cast
alloys is attribute to the increase of the LaNi2 phase. The
capacities of the alloys decrease with the increase of the
quenching rate. It is mainly ascribed to the formation of
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