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Hydrogen storage alloys Lag7Mgo3(Nig9Coo1)x (x=3.0, 3.1, 3.3, 3.4, 3.5, 3.7 and 3.8) were prepared by
inductive melting followed by annealing treatment at 1173 K for 6 h. The effects of the stoichiometry (x)
on the structural and electrochemical characteristics of the alloys were investigated systematically. X-
ray diffraction (XRD), optical morphology and energy dispersive spectrometry (EDS) analyses showed
that these alloys have a multiphase structure which consists of a (La, Mg)Ni; phase with the PuNis;-type
rhombohedral structure, a LaNis phase with the CaCus-type hexagonal structure and a (La, Mg),Ni; phase
with the Ce;Ni-type hexagonal structure. The main phase of the alloys with x=3.0 and 3.1 is (La, Mg)Ni3
phase (PuNis-type structure), the main phase of the alloys with x=3.3, 3.4 and 3.5 is (La, Mg),Ni; phase
(CezNiy-type structure), and the main phase of the alloys with x=3.7 and 3.8 is LaNi5 phase (CaCus-
type structure). Moreover, the lattice parameters of the (La, Mg)Nis3 phase, (La, Mg),Ni; phase and LaNis
phase decrease monotonously with the increase of the value x. The electrochemical analysis shows that
the maximum discharge capacity increases from 356.6 mAhg-! (x=3.0) to 3921 mAhg-! (x=3.5) and
then decreases to 3441 mAhg-! (x=3.8), and the alloys exhibit good cycling stability. As the discharge
current density is 3000 mA g, the high-rate dischargeability (HRD) increases from 30.1% (x=3.0) to 56.1%
(x=3.8). The low temperature dischargeability (LTD) increases from 24.3% (x =3.0) to 58.96% (x=3.7) and
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then decreases to 48.1% (x=3.8).

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Among the different ways to store hydrogen, absorption in solid
is very attractive since it allows safe storage at the pressure and
temperature close to ambient conditions. Various metals and alloys
are able to absorb large quantities of hydrogen [1-3]. Among them,
intermetallic compounds play a very important role on develop-
ing hydrogen-absorbing alloys. Series of metal hydride electrode
materials have been developed [4-6], including the rare earth-
based ABs-type alloys, the AB,-type Laves phase alloys, the V-based
solid solution alloys, and the Mg-based alloys. To date, two types
of electrode alloys, namely the ABs5- and AB,-type alloys have
been extensively studied and used for commercial batteries [7,8].
However, the ABs-type alloys have only limited capacity, and the
AB,-type alloys suffer from slow activation and relatively low rate
capacity.

RMgM, (3<n<5) (R=rare earth, M=transition metal)-type
intermetallic compounds with various stacking structures are
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currently attracting increasing attention in view of their poten-
tial application as new hydrogen-absorbing materials. Several
systems with PuNis-type superstructure, such as La-Mg-Ni-Co,
had been studied as negative electrode [9-11]. Superstructure
La-Mg-Ni-type hydrogen storage alloy is formed by assembling
binary compounds of ABs (CaCus phase) and AB, (Laves phase)
units in terms of a certain rule along the c-axis. They crystal-
lize either into the rhombohedral structure of PuNiz-type (R3m
space group) or into the hexagonal Ce, Ni;-type structure (P63 /mmc
space group) which differ only in long range stacking arrange-
ment. From this point of view, the structure can be regarded as
intergrowth between ABs and AB, units following the scheme:
ABs5 +2AB; =3AB3, 3ABs5+4AB; =A7B,3 (AB33), ABs+AB;=A;B;
(AB35), 9ABs + 6AB, =3A5B19 (AB3g), which is the reason why we
call La-Mg-Ni-type hydrogen storage alloy as super-lattices hydro-
gen storage alloy [1,12,13]. As to their electrochemical hydrogen
storage, some researchers reported the discharge capacity of the
Lag7Mgg 3Niy gCog 5 alloy reached 380-410mAhg~!, with fairly
good cyclic stability within 30 cycles [12,14-16].

However, the overall electrochemical properties of the super-
lattices La-Mg-Ni-type hydrogen storage alloy should be further
improved for their practical application. Therefore, further investi-
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gations for improving the cyclic stability are crucial for the further
development of this alloy system. It is well known that the sto-
ichiometry (x) of ABy is the key to improve the electrochemical
properties [17] including the maximum discharge capacity, the
activation, the high-rate dischargeability (HRD), low temperature
dischargeability (LTD) and the cyclic stability of the alloy electrodes.
In this investigation, the structure and electrochemical properties
of the Lag7Mgg 3(Nig9Coq 1 )x hydrogen storage alloys were studied
systematically.

2. Experimental details
2.1. Preparation of the alloys

The chemical compositions of the investigated alloys were
Lag7Mgg.3(Nigg9Coq1)x. The purity of all the component metal (La,
Mg, Ni and Co) is at least 99%. The alloy samples were prepared by
induction levitation melting of the constituent metals on a water-
cooled copper crucible under argon atmosphere for about 2 min in
melting time. The ingot was turned over and remelted three times
for homogeneity. Then the obtained cast ingots were annealed at
the constant temperature of 1173 K for 6 h under vacuum after a
heating rate of about 10 Kmin~! and then cooled to room temper-
ature with annealing furnace by itself. Then, the alloy sample was
mechanically crushed and ground into powders of 400-200 mesh
size for both X-ray diffraction (XRD) and electrochemical analysis.

2.2. Microstructure determination and morphology observation

The samples were encapsulated in epoxy resin for polishing.
The sample surface thus prepared was etched with a 60% HF solu-
tion. The morphologies of the alloys were observed by optical
microscope and micro-area component was analyzed by energy
dispersive spectrometry (EDS) of INCAX-sight 7200. The phase
structures of the alloys were determined by XRD diffractometer
of D/max/2000. The diffraction was performed with Cu Ko; radia-
tion filtered by graphite. The experimental parameters were 40 mA,
40kV and 4° min~1.

2.3. Electrode preparation and electrochemical measurements

All test electrodes were prepared by cold pressing a mixture
of 0.3 g alloy powder and 1.2 g carbonyl nickel powder to pellets of
15 mm in diameter and about 1 mm in thickness under a pressure of
15 MPa. The alloy pellet was then interposed between two sintered
NiOOH/Ni(OH), counter electrode. The electrodes were immersed
in 6 M KOH solution for 4 hin order to wet thoroughly the electrodes
before the electrochemical measurement. The electrochemical
measurements were conducted at 293K in a two-electrode elec-
trolytic cell consisting of a working electrode (MH electrode), and
a NiOOH/Ni(OH), counter electrode, immersed in the electrolyte
of 6 M KOH solution. The discharge capacity was determined gal-
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Fig. 1. X-ray diffraction patterns of the Lag7Mgo 3(Nig9C0o1 )x alloys.

vanostatically by using an automatic charge/discharge unit. Each
electrode was charged at 60mAg-! for 7.5 h, followed by a 5min
rest, and then discharged at 60mAg-! to cut-off potential of 1V
versus the counter electrode. For cycling test, the activated elec-
trode was charged each time at 300 mA g~ for 1.3 h and discharged
at 300mAg-! to 1V versus the counter electrode. The high-rate
dischargeability (HRD 3000) was evaluated from the ratio of the
discharge capacity measured at 3000mA g~ (C3ggo) to the total
capacity defined as the sum of C3ppp and Cf, which was the addi-
tional capacity measured subsequently at 60 mAg-! after C3pgo
was measured. The low temperature dischargeability was mea-
sured after laying the cell in a low temperature (233 K) equipment
(WGD7005) for 12 h.In the HRD and LTD discharge process, the cells
were discharged to cut-off voltage of 0.8 V.

3. Results and discussion
3.1. Phase structure of the alloys

The XRD patterns of the Lag;Mggp3(NiggCog1)x alloys were
shown in Fig. 1. The alloys have a multiphase structure, composed
of (La, Mg)Ni3 phase with PuNi3-type rhombohedral structure,
LaNis phase with CaCus-type hexagonal structure, and (La, Mg), Ni7;
phase with Ce;Ni;-type hexagonal structure. When x=3.0 and 3.1,
the main phase of the alloys is (La, Mg)Ni3 phase (PuNis-type struc-
ture). When x=3.3, 3.4 and 3.5 the main phase of the alloys is
(La, Mg),Ni7 phase (Ce;Ni;-type structure). However, when x=3.7
and 3.8 the main phase of the alloys is LaNi5 phase (CaCus-type
structure).

From Table 1 the a-axis and the c-axis of (La, Mg)Nis3 phase, (La,
Mg),Ni; phase and LaNis phase are all decreased with the increase
of the value x.

The lattice parameters of the (La, Mg)Ni3 phase, (La, Mg),Ni; phase and (La, Mg),Ni; phase in Lag7Mgo 3(Nip9C0o1 )x

X (La, Mg)Ni3 phase (PuNis-type) (La, Mg),Ni7 phase (Ce;Ni;-type) LaNi5 phase (CaCus-type)
a(A) c(A) a(A) c(A) a(A) c(A)

3.0 5.062 24.528

3.1 5.050 24.505 4,995 24.542

33 5.024 24.456 4.973 24.504

34 5.014 24.434 4.961 24.485

3.5 5.006 24.416 4.95 24.463

3.7 4.922 24.414 5.031 4.002

3.8 4.917 24.399 5.026 3.996
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3.2. Microstructure of the alloys

The morphologies of the alloys observed by optical microscope
are shown in Fig. 2. All alloys exhibit multiphase structure and
possess a discrete precipitate morphology. The results obtained by
energy dispersive spectrometry indicate that all the alloys mainly

(La. MgfNis

(La,_ Mg:Nh

(_La\I\-’lg)'_—-Nh

consist of the (La, Mg)Ni3 phase (black dot regions in Fig. 2 (x=3.0
and 3.1)), (La, Mg),Ni; phase (black regions in Fig. 2 (x=3.3, 34,
and 3.5)) and LaNis phase (white grey regions in Fig. 2 (x=3.7
and 3.8)). With the increase of the value x, the amount of the (La,
Mg),Ni; phases first increase and then decrease. Fig. 2 shows the
coarse grains and inhomogeneity of the alloys. It is noticed that

(La, Mg{](l i3

Fig. 2. Optical morphologies of the alloys.
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Fig. 3. The activation curves of the Lag7Mgo3(Nig9C0o1)x alloy electrodes at 293 K.

the grain sizes of the alloys significantly change and the crystal
structure changes from round to columnar and then to round with
the increase of the value x. Stacking structure and electrode prop-
erties of the RE-Mg-Ni-based type alloys would be dependent on
their elemental composition. The fact that the alloys electrode have
good properties could be mainly ascribed to its multiphase struc-
ture, because the phase boundary can decrease the lattice distortion
and strain energy formed in the process of charging [18,19].

3.3. Electrochemical characteristics

Fig. 3 shows the activation curves of Lag7Mgg3(Nigg9Cog1)x
alloy electrodes at 293 K. It can be seen that all the alloys stud-
ied are fully activated within three cycles, which would make them
attractive in practical applications. The maximum discharge capac-
ity of the alloy electrodes increases from 356.6mAhg-! (x=3.0)
to 392.1mAhg-! (x=3.5) and then decreases to 3441 mAhg-!
(x=3.8).The discharge capacity of the Lag ;Mg 3(Nig 9Coq 1 )3.5 alloy
reaches 392 mAh g1, which is much higher than that of commer-
cial ABs alloy. This is because that (La, Mg)Ni3 and (La, Mg),Ni7;
phases have higher discharge capacity than LaNi5-type alloys [18].

Fig. 4 shows the high-rate dischargeability of Lag;Mggs
(Nig.gCog1 )x alloys. HRD can be calculated by the following expres-
sion:

HRD (%) = G000 100 (1)
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Fig. 4. HRD curve of the Lag7Mgp3(Nig9Coo1)x alloys.
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Fig. 5. LTD of Lag7Mgo 3(NigoCoq1 )x alloys electrode.

where C3pgp9 is the discharge capacity at current density
3000mAg-! while Cg is the discharge capacity at 60mAg-1. It
can be seen that as the value of x increases, the HRD of the alloy
electrodes increases from 30.1% (x=3.0) to 56.1% (x=3.8). The HRD
is dependent on two factors, namely hydrogen diffusion in the
bulk of the alloy and the charge-transfer at the surface of the
alloy electrode [20]. It is well known that the elemental Ni has
good electro-catalytic activity and the increase of Ni content in the
alloy because of increase in the B-site stoichiometry is believed
beneficial to the HRD improvement. In addition, the presence of
multiphase interfaces provides channels for hydrogen diffusion,
increasing hydrogen atoms desorbing from the hydride reaction
with OH- [19], so the multiphase alloy Lag7Mgg 3(Nigg9Coq1)x has
a good HRD property.

Fig. 5 shows the low temperature dischargeability of
Lag7Mgp3(NiggCog1)x alloys. The LTD can be calculated by
the following expression:

LTD (%) = G313 100 (2)
Cao3

where (533 is the discharge capacity at low temperature 233 K and

Cy93 is the discharge capacity at 293 K. It can be seen that the LTD

initially increases and then decreases with increasing x. At 233K,

the LTD increases from 24.3% (x=3.0) to 58.96% (x=3.7), and then

decreases to 48.1% (x=3.8).

Fig. 6 shows discharge capacity versus cycle number of the
Lag7Mgg.3(NiggCog1)x alloys. After 100 cycles, the retention of
the discharge capacity of the alloy electrodes increases from
63.8% (x=3.0) to 93.5% (x=3.5). As compared with the reported
value for the same type alloys [21,22], the alloy cycling stability
was improved obviously, which is very beneficial to its practi-
cal application. The alloy with x=3.5 showed the most suitable
electrode properties in terms of capacity and durability, because
Lag7Mgp.3(NiggCoq1)35 alloy contained more stacking-structured
phases. The ABs5 phase has relatively low capacity, while the AB;
phase has relatively larger volume expansion during hydrogen
absorption and shows rapid cycle degradation. In the stacking struc-
tures of the ABs and AB5 units, it is assumed that volume expansion
of the AB, unit in the ag-axis direction is reduced compared to that
of the AB, phase, and that hydrogen storage capacity is larger than
the total capacity of the AB5 and AB, phases, because large amount
of hydrogen is absorbed not only inside the AB, units but also
between the AB5 and AB; units [4]. It is well known that the surface
passivation due to surface oxides or hydroxides and the particle pul-
verization upon cycling lead to the decay of the discharge capacity
[23]. The increase of the cycling stability may result from decreas-
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Fig. 6. Discharge capacity versus cycle number of Lag7Mgp3(NiggCoo1)x alloys at
293K.

ing Mg content. In the alkaline KOH aqueous electrolyte Mg can
be oxidized to form loose gel-type Mg(OH), and the newly formed
Mg(OH), cannot prevent the alloy from further corrosion. The OH-
can penetrate into the bulk of the alloy particles, attack the fresh
surface of the alloy and new hydroxide Mg(OH), is formed [24]. The
oxidation of alloy particles in the electrolyte leads to a reduction of
the amount of active materials and thus a capacity deterioration
[21]. A systematic optimization in the value of x may lead to an
alloy with high discharge capacity and good cycle stability.

4. Conclusions

In this paper, the hydrogen storage alloy Lag7Mgg3(Nigg9C0g1)x
were prepared, and the effects of stoichiometry (x) on the phase
structure, the main electrochemical properties of the alloys were
investigated. Some conclusions can be summarized as follows:

(1) X-ray diffraction, optical microscopy and energy dispersive
spectrometry analyses indicate that the structures of the alloys
was multiphase, composed of (La, Mg)Ni; phase, LaNi5 phase
and (La, Mg),;Ni; phase. The lattice parameters of the (La,
Mg)Ni3 phase, (La, Mg),Ni; phase and LaNis phase decrease
monotonously with the increase of the value x.

(2) The electrochemical studies show that the maximum discharge
capacity of the alloy electrodes increases from 356.6 mAhg-!
(x=3.0) to 392.1mAhg-! (x=3.5) and then decreases to
3441mAhg! (x=3.8), the HRD of the alloy electrodes

increases from 30.1% (x=3.0)to 56.1% (x = 3.8), the LTD increases
from 24.3% (x=3.0) to 58.96% (x=3.7), and then decreases to
48.1% (x=3.8), and after 100 cycles, the retention of the dis-
charge capacity of the alloy electrodes increases from 63.8%
(x=3.0)t093.5% (x=3.5) and then decreases to 80.1% (x=3.8). A
systematic optimization in the amount of x of these alloys may
lead to an alloy with high discharge capacity and good cycle
stability.
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