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Abstract

In order to improve the electrochemical cycle stability of La—Mg—Ni system (Rtiye) hydrogen storage alloy, a trace of Cr was added
and rapid quenching techniques were employed. The electrochemical performances and microstructures of the as-cast and -quenched alloy:
were determined and measured. The effects of Cr content and quenching rate on the microstructures and electrochemical properties of the
alloys were investigated in detail. The obtained results show that the as-cast and -quenched alloys are composed of thes(paabg)Ni
(PuNi-type structure) and the Lafphase as well as the LaNphase. The amount of the Lagi\dhase increases with the increase of Cr
content. The addition of Cr enhances the cycle stability of the as-cast and -quenched alloys, but decreases the discharge capacities of the alloys
The cycle lives of the alloys increase with the increase of the quenching rate. The as-cast and -quenched alloys have an excellent activation
performance.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction the activation of the AB-type Laves phase electrode alloys
is very difficult, the electrocatalytic activation of the V-based
Ni-MH batteries have been used widely by virtue of sev- solid solution alloys is also difficult, and the cycle stability
eral of their advantages, such as high capacity, capable ofof the Mg-based electrode alloys is extremely poor. In the
performing a high rate charge—discharge, high resistance tovery recent years, however, the rechargeable Ni-MH cells
overcharging and over-discharging, along cycle life, environ- are encountering serious competition owing to rapid devel-
mental friendliness, and interchangeability with Ni—-Cd bat- opment of Li-ion cellg7]. Therefore, investigations of new
terieg1]. A series of metal hydride electrode alloys have been type electrode alloys with higher capacity and longer cycle
discovered, including the rare-earth-basedsAfe alloys life are very important to exalt the competition ability of Ni-
[2], the ABp-type Laves phase alloy8], the V-based solid ~ MH batteries in the rechargeable battery field. Several new
solution alloyq4], and the Mg-based alloys,6]. Among the and good hydrogen storage alloys were reported recently. One
hydrogen storage alloys mentioned above, the discharge caof the most promising candidates is the La—Mg—Ni system
pacity of the AB;-type electrode alloys is comparatively low, forincreasing the capacity. Oesterreicher and Bitf8have
reported that La xMgyNi> (x=0-1.0) alloys are superior to

— LaNis-type alloys or Laves phase ABype alloys as to the
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LagMgNi14-type electrode alloys, Kohno et &] found that morphology with TEM, and for determining crystalline state
the LaMg2Nizs-type electrode alloy LgzMgo.3Ni2 gCop 5 of the samples with selected area electron diffraction (SAD).
has a capacity of 410 mAhg and good cycle stability dur-

ing 30 charge—discharge cycles. The hydrogen storage al-2.3. Electrode preparation and electrochemical

loy system with the general formula obRgNig (R=rare measurement

earth or Ca element) is a very promising system for the re-

versible absorption/desorption of gaseous hydrogen. Kadir  The fractions of the as-cast and -quenched alloys, which

et al.[9] investigated the structure of theMgNig (R=La, were ground mechanically into powder below 250 mesh, were
Ce, Pr, Nd, Sm and Gd) alloys and the result obtained showsused for the preparation of the experimental electrode. Elec-
that the alloys have the PuiNiype structure. Pan et glL0] trode pellets with 15 mm diameter were prepared by mix-

have investigated the structures and electrochemical characing 1 g alloy powder and 1g Ni powder as well as a small
teristics of the La 7Mgo.3(Nig.85C0p.15)x (x=3.15-3.80) al- amount of polyvinyl alcohol (PVA), and then compressing
loy system and obtained a maximum discharge capacity of under a pressure of 35 MPa. After drying for 4 h, the elec-
398 mAh g1, but the cycle stability of the alloy needs to be trode pellets were immersed in 6 M KOH solution for 24 h in
improved further. In order to improve further the cycle stabil- order to wet fully the electrodes before the electrochemical
ity of the PuNg-type LeMg(Nig.gsC0p.15)9 electrode alloy, measurement.
atrace of Cr was added and rapid quenching techniques were The electrode pellet was fixed on the outgoing line
employed. The obtained results show that the cycle stabilitiesof a negative electrode of an open tri-electrode cell
of the experimental alloys could be improved significantly. 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

2. Experimental the electrolyte. The voltage between the negative electrode
and the reference electrode is defined as the discharge volt-
2.1. Preparation of alloys age. In every cycle, the negative electrode was charged with

constant current of 100 mAg for 5 h, rested for 15 min and

The alloys were melted in an argon atmosphere us- then discharged at 100 mA§to —0.500 V cut-off voltage.
ing a vacuum induction furnace. In order to prevent the The environment temperature of measurement was kept at
volatilization of element Mg during melting, a positive 30°C.
argon pressure of 0.1 MPa was applied. After induction
melting, the melt was poured into a copper mould cooled
by water, and a cast ingot was obtained. Part of the as-casB. Results and discussion
alloys was re-melted and quenched by melt-spinning with a
rotating copper wheel. Flakes of the as-quenched alloys were3.1. Electrochemical performances of the alloys
obtained with quenching rates of 15, 20, 25 and 30fs
The quenching rate is expressed by the linear velocity of the 3.1.1. Activation performance
copper wheel. The chemical compositions of the alloys are  The activation performance is characterized by the ini-
LapMg(Nig.gsC0p.15)9Cr (X=0, 0.1 and 0.2). The alloys are tial activation number. The initial activation number de-
represented by @r Cr; and Cp, respectively. The purity  noted byn is defined as the number of charge—discharge
of all the component metals La, Ni, Co, Mg, Cr is at lest cycles required for attaining the maximum discharge capac-

99.7 wt.%. ity through a charge—discharge cycle at a constant current
density of 100mAg?!. The cycle number dependence of
2.2. Microstructure determination the discharge capacity of the as-cast and -quenched alloys

is illustrated inFig. 1, the charge—discharge current density

The samples of the as-cast alloys were directly polished. being 100 mA gZ. It can be derived fronfig. 1 that all of
The samples thus prepared were etched with a 60% HF solu-the as-cast and -quenched alloys have an excellent activation
tion. The morphologies of the as-cast and -quenched alloysperformance, and the as-cast and -quenched alloys can be
were examined by SEM. The samples of the as-cast and -completely activated after 2—3 cycles. The results show that
guenched alloys were pulverized by mechanical grinding, and the addition of Cr can improve the activation performances
the sizes of the powder sample particles were lesstham¥5  of the as-cast alloys.
The phase structures of the alloys were determined by XRD.
The type of X-ray diffractometer used in this experiment is 3.1.2. Discharge capacity
D/max/2400. The diffraction was performed with CuKra- The maximum discharge capacities of the as-cast and -
diation and the rays were filtered by graphite. The experimen- quenched alloys were measured with a constant current den-
tal parameters for determining phase structure are 160 mA,sity of 100 mA g 1. The quenching rate dependence of the
40kV and 10min~1, respectively. The powder samples maximum discharge capacity of the alloy is showRia. 2 It
were dispersed in anhydrous alcohol for observing the grain can be derived frorkig. 2that the discharge capacities of the
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Fig. 1. The cycle number dependence of the discharge capacity of the alloys: (a) as-cast; (b) as-cast and -queaiidysd Cr
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Fig. 2. The relationship between the quenching rate and the maximum dis-

charge capacity.

decreased from 387 to 358 mAhY In addition, the capaci-
ties of the alloys were decreased after rapid quenching. When
the quenching rate increased from 0T §as-cast was de-
fined as quenching rate of 0mY to 30ms?, the maxi-
mum capacities of the gralloys were decreased from 374
to 355 mAhgL.

3.1.3. Cycle life

The cycle life, indicated biy, is characterized by the cycle
number after which the discharge capacity of the alloy ob-
tained with a current density of 100 mA §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 ifrig. 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

as-cast and -quenched alloys decrease with the increase of Caddition Cr and rapid quenching treatment are favourable for
content. When Cr content increased from 0 to 0.2, the max- the cycle stabilities of the alloys. In order to show the effect of
imum capacities of the as-cast alloys were decreased fromthe quenching rate on the cycle life of the alloy, the quenching
396 to 364 mAhgl. For the as-quenched alloys obtained rate dependence of the cycle lives of the alloys is illustrated
with a quenching rate of 15 ms, the maximum capacities were in Fig. 4 Fig. 4shows that the cycle lives of the as-cast alloys
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130 The effect of the rapid quenching on the amount of the kaNi
e Cr /4 phase is unperceivable. The fact that the addition Crincreases
e B i, <« 0 the amount of the LaNiphase shows the relative amount of
Z 110 | —<— Cr, /4/0/ the phases in the alloys change with the variety of the alloy
g 0/ component.
% 100 + // /I]
&) B | 4/0 /E' 3.2.2. Microstructure and morphology
> /EI The morphologies of the as-cast and -quenched alloys
80 | o were observed by SEM, and the results are showkign®é.
- ﬂ/ A_ccording to the results obtaiped by energy spec’;rum analy-
> : B e % sis, the areas A, B are the Laj\ihase and (La, Mg)Niphase,

Quenching rate (m/ s)

Fig. 4. The relationship between the quenching rate and the cycle life.

respectively, and there is a specific amount of the LaRase
closetothe (La, Mg)Niphase, butitis difficult to distinguish
LaNiy phase and (La, Mg)Niphase by the observation of the
microstructure and morphology. This is probably because the

increase with the increase of Cr content. When the Cr contentLaNi> phase adheres to the (La, Mgi¥Nihase grew in the
increases from 0 to 0.2, the cycle life of the as-cast alloy is process of the crystallization. The morphologies and the crys-
enhanced from 72 cycles to 93 cycles. For the as-quenchedalline states of the as-quenched alloys were examined by
alloys obtained with a quenching rate of 15 sthe cycle
lives were enhanced from 80 to 105 cycles. The cycle lives Fig. 7 that the grains of the alloy are refined markedly with
of the alloys increase with the increase of the quenching rate.the increase of the quenching rate. And the phase structure
When the quenching rate increases from 0 to 30 the
cycle lives of the Cg, Cry, Cr; alloys are enhanced from 72,
87,9310 100, 119, 126 cycles, respectively.

3.2. Microstructure

3.2.1. Phase composition and structure

TEM, and the results are shownkig. 7. It can be seen from

of the alloy change from nanocrystalline phase to the amor-
phous phase when the quenching rate increases from 15 to
30ms 1. The results obtained by SAFig. 7(b) and (d))

with different quenching rate show that the alloys present a
multiphase, integral crystal structure when the quenching rate
is 15ms1, and a trend of the amorphous phase formation is
very obvious in as-quenched alloy with the quenching rate of

The XRD patterns of the as-cast and -quenched alloys are30ms1.
shown inFig. 5. 1t can be seen frofiig. 5a) that no new phase
is formed in alloys with Cr, but the main diffraction peaks of
the LaNi phase and LaNiphase are nearly overlapping,
and the amount of the Lapliphase increase significantly.

Generally, the activation performance of the electrode al-
loy is closely related to the phase structure, the surface char-
acteristic, the grain size and the interstitial dimensions of
the alloy. The fact that the as-cast and -quenched alloys have
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Fig. 5. The X-ray diffraction patterns of the as-cast and -quenched alloys: (a) as-cast alloys; (b) as-cast and -qugealttyesl Cr
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Fig. 6. The morphologies of the as- alloys taken by TEM: (a) &loy; (b) Cr_alloy; (c) Cr, alloy.

good activation performances is mainly ascribed to their mul- phase is much lower than that of the (La, Mgk hase and
tiphase structures because the phase boundary can decreasige LaNg phase. So, the more the amount of the Ladiase,
the lattice distortion and strain energy formed in the process the smaller the capacity of the alloy. In addition, the capacity
of hydrogen absorption. Furthermore, the phase boundaryof the alloy decreases with the increase of the quenching rate,
provides good tunnels for diffusion of hydrogen atoms and it being relative to rapid quenching changing the microstruc-
the activation performance of the alloys is improved signifi- ture of the alloy. According to the analysis of the microstruc-
cantly. The main cause that the addition Cr improves the ac-ture, the rapid quenching refines greatly the grain of the alloy,
tivation performance of the as-cast alloy is that Cr increasesand the higher the quenching rate, the finer the grain of the al-
the amount of the LaNiphase and phase boundary area. loy. An amorphous phase is formed at the specific quenching
The addition Cr decreasing the capacities of the as-castrate. The influence of the rapid quenching on the discharge
alloys is attributed to the increase of the amount of the baNi capacity is complicated. Both the increase of the lattice con-
phase. The capability of the hydrogen absorption ofthe kaNi stants and the decrease of the grain size as necessary results

S50nm

50nm

Fig. 7. The morphologies and SAD of the as-quenchedalloys: (a) and (c) morphologies of as-quencheg &lloys (15, 30 ms?); (b) and (d) SAD of
as-quenched Grlloys (15 and 30 m3h).
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of the rapid quenching are favourable for the capacity on one of the granule sizes of the as-cast and -quenched alloys be-
hand, but the formation of an amorphous phase produced byfore and after electrochemical cycle are insignificant. The
rapid quenching is unfavourable on the other hand. There-result shows that the pulverization does not basically occur
fore, whether rapid quenching would increase or decreasein process of the charge—discharge cycle. This indicates that
the discharge capacity of the alloy depends on the relativethe oxidation and corrosion of the alloy electrode surface in
predominance of the above-mentioned effects. We consid-corrosive electrolyte are main reasons of leading to the effi-
ered that the effect of the amorphous phase is much strongercacy loss of the alloy electrode. The formation of an oxida-
Liand Chend11] investigated the hydrogen absorbing capa- tion and corrosion layer on the surface of the alloy electrode
bility of La—Ni alloy amorphous film, and the results showed baffles the diffusion of hydrogen atoms, and decreases the dy-
the capacity of the amorphous film was half as large as thatnamical property in the process of hydrogen absorption and
of the crystal alloy. Therefore, the greater the quenching rate,desorption. Therefore, it can be concluded that the most im-
the more the amount of amorphous phase, the smaller theportant approach of enhancing the cycle life of the La—Mg—Ni
capacity of the alloy. system (PuNj-type) hydrogen storage electrode alloy is to
The cycle stability of electrode alloy is an overwhelming improve the anti-corrosion and oxidation capabilities of the
factor of the life of Ni-MH battery. The root cause of leading alloy in corrosive electrolyte. The function of addition Cr on
to battery lose efficacy is on negative electrode rather thanthe electrochemical stability of the as-cast alloy is relative to
on positive electrode. The failure of battery is characterized the formation of the LaNi phase. The electrocatalytic acti-
by the decay of the discharge capacity and the decrease ofation of LaNp, LaNi3z and LaN§ phases in alloy increases
the discharge voltage. It can be derived from the literatures in the sequence Labllk LaNi3z <LaNis. The lanthanum in
[12-15]that the fundamental reasons for the capacity decay the LaNp phase is eroded by the alkaline electrolyte during
of the electrode alloy are the pulverization and oxidation of the electrochemical cycle. Thus, the electrocatalytic activa-
the electrode alloy during the charge—discharge cycles. Thetion of the LaNp phase is significantly improved, and the
lattice internal stress and cell volume expansion, which are capabilities of hydrogen absorption and desorption are en-
inevitable when hydrogen atoms enter into the interstitials hanced16,17] The capacity decay of the alloy can partly
of the lattice, are the real driving force that leads to the pul- be compensated by the power produced by the L aRase.
verization of the alloy. In order to understand correctly the In addition, Cr can improve the anti-corrosion capability of
mechanism of the efficacy loss of the electrode alloy, the the alloy. It was suggested that the effect of Si, Cr, and Al
morphologies of the as-cast and -quenched alloy particlesaddition led to the formation of a passivating oxide layer on
before and after electrochemical cycle as observed by SEMthe alloy surface which would prevent further oxidation of
are shownirFig. 8. It can be seen frofig. 8thatthe changes  the inner alloy{13,18,19] The detailed mechanisms need to

] 40u m

Fig. 8. The granular morphologies of as-cast and -quenchgdll@y before and after electrochemical cycle (SEM): (a) and (b) as-castli©y before and
after cycle; (c) and (d) as-quenched, @Hoy before and after cycle (15 m¥).
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be investigated further. The reason of the rapid quenching Acknowledgements

improving the cycle stability of the alloy is that a special
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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 notabl2d0-22] However, it
is difficult for rapid quenching to obtain more amorphous
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