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Abstract

The phase relations and electrochemical properties of the Ca1−xMgx(Ni0.9Al0.1)2 alloys have been studied. It was found
that the single C15 phase and the single C36 phase exist, respectively, in the approximate composition ranges of x = 0–0.63
and 0.76–1. Between the single-phase regions, the C15 and C36 phases coexist. The hydrogen storage capacity of the C15-type
Ca1−xMgx(Ni0.9Al0.1)2 alloys was lifted with increasing Mg content x. When x = 0.6, the hydrogen absorption and desorption
capacities are 1.33 and 0.8 wt%, respectively. The alloy electrodes do not need activation during electrochemical measurements.
The discharge capacity of the Ca0.4Mg0.6(Ni0.9Al0.1)2 alloy is 401 mAh/g at a discharge current of 10 mA/g. However, the
cyclic stability should be improved significantly.
� 2005 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Recently new hydrogen absorbing materials with
light elements have been developed to increase
hydrogen storage capacity. For examples, aluminum-
containing hydrides such as NaAlH4, LiAlH4, Sr2AlH7,
BaAlH5 and Ba2AlH7 have been extensively studied
for this purpose [1–9]. In the meantime, Mg-based
alloys have also attracted more attention due to their
high hydrogen storage capacities [10,11]. Furthermore,
several La–Mg–Ni system alloys have been success-
fully developed for electrode materials in nickel/metal
hydride (Ni/MH) batteries because of their good elec-
trochemical properties [12–15].
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Ca–Ni-based alloys with low densities are also
candidates for hydrogen storage applications. For ex-
ample, CaNi5 has a hydrogen storage capacity of 1.9
wt% [16]. Ca0.4Mg0.6Ni3 alloy with the PuNi3 structure
can absorb 1.56 wt% of hydrogen at room temperature
[17–19]. The crystal structures and hydrogen storage
properties of Ca1−xMgxNi2 alloys were first reported
by Oesterreicher [20], which were further investigated
by Terashita [21]. CaNi2 is a C15-type Laves phase and
MgNi2 is a C36-type Laves phase. Terashita found that
the single C15 Laves phase existed in the composition
range between CaNi2 and Ca0.32Mg0.68Ni2, and the
maximum hydrogen content was 1.4 wt% at 313 K [21].

The purpose of this work is to investigate the possible
application of the Ca1−xMgxNi2-based alloys for elec-
trode materials in Ni/MH batteries. In order to increase
the corrosion resistance of the alloys in KOH electrolyte
solution and improve their charge–discharge
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cycle life, we have selected Ca1−xMgx(Ni0.9Al0.1)2
alloys as the investigated materials. However, the par-
tial substitution of Ni by Al would lead to a change in
crystal structure and hydrogen storage property. Thus
we have studied the crystal structure, hydrogen absorp-
tion/desorption properties and electrochemical proper-
ties of Ca1−xMgx(Ni0.9Al0.1)2 alloys in this work.

2. Experimental details

The Ca1−xMgx(Ni0.9Al0.1)2 (x = 0, 0.3, 0.4, 0.5,
0.6, 0.7, 0.8 and 1.0) alloys were prepared by magnetic
levitation melting of appropriate amounts of pure met-
als. The samples were remelted three times to ensure
homogeneity. Before the preparation, the losses of Ca
and Mg during melting were determined to be about 3
and 10 wt%, respectively. On the basis of stoichiomet-
ric amounts of starting materials, thus, extra 3 wt% of
Ca and 10 wt% of Mg were added to compensate the
losses of Ca and Mg during melting. The ingots were
wrapped in tantalum sheets, placed in stainless steel au-
toclaves under argon atmosphere and annealed at 973 K
for 7 days.

The alloys were first ground to powders with particle
size smaller than 45 �m in a glove box under dry argon
atmosphere. The powder samples were then loaded into
stainless steel autoclaves. The pressure–composition
(P–C) isotherms were measured using a Sietverts-type
apparatus at 313 K. Before the measurements, the
samples were activated by the following process. The
powder samples in the autoclaves were evacuated at
373 K for 1 h. Then they were hydrogenated under a
hydrogen pressure of 3 MPa for 1 h, followed by three
hydriding–dehydriding cycles at 373 K and finally
cooling down to 313 K.

In order to evaluate the phase structures of the sam-
ples, X-ray diffraction (XRD) measurements were per-
formed using a Rigaku D/MAX-3B diffractometer with
Cu K� radiation at 40 kV and 30 mA. The XRD profiles
were analyzed with the Rietveld refinement program
RIETAN-2000 [22].

All test electrodes were prepared by mixing alloy
powders with copper powder in a weight ratio of 1:2
and then cold-pressing the mixture into pellets. The
electrochemical measurements on test electrodes were
conducted at 298 K with a sintered Ni(OH)2/NiOOH
positive counter electrode and a Hg/HgO (6 N KOH)
reference electrode. The test electrodes were charged at
100 mA/g for 6 h and discharged at different currents to
the cut-off potential of −0.6 V vs. Hg/HgO reference
electrode.
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Fig. 1. X-ray diffraction patterns for Ca1−xMgx(Ni0.9Al0.1)2 alloys.
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Fig. 2. Calculated (line) and observed (+) X-ray diffraction patterns
for the Ca0.4Mg0.6(Ni0.9Al0.1)2 alloy. Vertical bars below the pat-
terns show the positions of all possible reflection peaks of the C15
phase. The difference between the observed and calculated patterns
is shown below the vertical bars.

3. Results and discussion

Fig. 1 shows the XRD patterns of the Ca1−xMgx

(Ni0.9Al0.1)2 (x = 0, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 1.0)
alloys. It can be seen that a single C15 Laves phase
is present when x is in the range from 0 to 0.6. The
XRD peaks of the C15 phase shift to higher 2� values
with increasing x, indicating that the lattice parameter
decreases with the increase of Mg content. Increasing
x to 0.7, the alloy consists of C15 and C36 phases.
However, only a single C36 phase can be found in the
alloy with x = 0.8.

In order to calculate the lattice parameters and phase
abundance, the XRD profiles were refined by the Ri-
etveld method. Fig. 2 shows the result of the Rietveld
analysis for the Ca0.4Mg0.6(Ni0.9Al0.1)2 alloy. For the
Rietveld refinement, the structure model for the C15
phase was taken from the reported structure for CaNi2
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Fig. 3. Calculated (line) and observed (+) X-ray diffraction patterns
for the Ca0.2Mg0.8(Ni0.9Al0.1)2 alloy. Vertical bars below the pat-
terns show the positions of all possible reflection peaks of the C36
phase. The difference between the observed and calculated patterns
is shown below the vertical bars.
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Fig. 4. Calculated (line) and observed (+) X-ray diffraction patterns
for the Ca0.3Mg0.7(Ni0.9Al0.1)2 alloy. Vertical bars below the pat-
terns show the positions of all possible reflection peaks of the C15
and C36 phases (from above), respectively. The difference between
the observed and calculated patterns is shown below the vertical
bars.

[23]. We assumed that Mg and Al atoms occupy the
Ca and Ni sites, respectively. Fig. 3 presents the result

Table 1
Structural parameters and phase abundance of the Ca1−xMgx(Ni0.9Al0.1)2 alloys refined by the X-ray Rietveld analysis

Alloy Phase Space group Rwp (%) S RI (%) Lattice parameters Abundance (wt%)

a (Å) c (Å)

x = 0 C15 Fd3̄m 8.18 3.09 4.77 7.2663(4) 100
x = 0.3 C15 Fd3̄m 9.16 3.94 3.87 7.1206(6) 100
x = 0.4 C15 Fd3̄m 7.31 3.13 2.62 7.0537(6) 100
x = 0.5 C15 Fd3̄m 8.76 3.61 3.78 7.0246(2) 100
x = 0.6 C15 Fd3̄m 7.66 3.25 3.90 6.9757(2) 100
x = 0.7 C15 Fd3̄m 8.50 3.90 1.08 6.9568(4) 52

C36 P 63/mmc 1.58 4.8718(5) 15.972(1) 48
x = 0.8 C36 P 63/mmc 8.68 4.05 2.40 4.8677(2) 15.963(1) 100
x = 1 C36 P 63/mmc 8.26 4.04 1.53 4.8498(4) 15.912(1) 100

of the Rietveld analysis for the Ca0.2Mg0.8(Ni0.9Al0.1)2
alloy. The structure model for the C36 phase was taken
from the reported structure for MgNi2 [24]. Similarly,
we assumed that Ca and Al atoms, respectively, occupy
the Mg and Ni sites. As shown in Figs. 2 and 3, the
diffraction patterns calculated from the structure models
are in good agreement with those measured.

The calculated and observed XRD patterns for the
Ca0.3Mg0.7(Ni0.9Al0.1)2 alloy are shown in Fig. 4. The
C15 and C36 phases were calculated to be 52 and
48 wt%, respectively. The crystal structural parameters
and phase abundance of the Ca1−xMgx(Ni0.9Al0.1)2
(x = 0, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 1.0) alloys were
summarized in Table 1. It can be seen that the lattice
parameters of the C15 and C36 phases decrease with
increasing Mg content x. Fig. 5 shows the relationship
between the lattice parameter a and x. Assuming that
the lattice parameters of the C15 or C36 phases in the
single-phase alloys have a linear relationship to x and
those of the C15 and C36 phases in the double-phase
alloys keep constant, the maximum solubility of Mg in
the C15 phase Ca(Ni0.9Al0.1)2 can be estimated to be
x=0.63. Similarly, the maximum solubility of Ca in the
C36 Laves phase Mg(Ni0.9Al0.1)2 was determined to be
x = 0.76. Thus the C15 and C36 phases coexist within
an approximate composition range of x = 0.63–0.76.

Comparing the above results with the reported data
for Ca1−xMgxNi2 alloys [21], we should note that the
composition range for the two-phase region shifted
to lower x values because of the partial substitution
of Ni by Al. Although Terashita did not report the
detailed composition range for the two-phase region
in Ca1−xMgxNi2 alloys, it was ascertained that the
Ca0.32Mg0.68Ni2 alloy contained the single C15 phase
and the Ca0.24Mg0.76Ni2 alloy consisted of C15 and
C36 [21]. This means that the partial substitution of Ni
by Al can stabilize the C36 structure.
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Fig. 5. Relationships between the lattice parameter a of the Laves
phases and x in Ca1−xMgx(Ni0.9Al0.1)2 alloys.

Fig. 6 shows the P–C isotherms of the Ca1−xMgx

(Ni0.9Al0.1)2 (x = 0.4, 0.5 and 0.6) alloys at 313 K.
It can be seen that there is no obvious pressure
plateau for the hydrogen absorption/desorption of
the Ca0.6Mg0.4(Ni0.9Al0.1)2 alloy. However, the
hydrogen absorption/desorption plateaus can be
obtained for the Ca0.5Mg0.5(Ni0.9Al0.1)2 alloy. In-
creasing x to 0.6, the hydrogen capacity increases
further. The hydrogen absorption capacity of the
Ca0.4Mg0.6(Ni0.9Al0.1)2 alloy is 1.33 wt%, which
is comparable with that of the Ca0.32Mg0.68Ni2 al-
loy (1.4 wt% [21]). However, the hydrogen desorp-
tion capacity of the Ca0.4Mg0.6(Ni0.9Al0.1)2 alloy
is about 0.8 wt%, which is smaller than that of the
Ca0.32Mg0.68Ni2 alloy (1.1 wt% [21]). This indi-
cates that the partial substitution of Ni by Al leads
to the decrease of the gaseous hydrogen desorption
capacity.

Fig. 7 shows the discharge capacity vs. charging– dis-
charging cycle number for the Ca1−xMgx(Ni0.9Al0.1)2
(x = 0.4, 0.5 and 0.6) alloys at a discharge current of
50 mA/g. It can be seen that the initial discharge ca-
pacity of each alloy electrode shows a maximum value.
Especially, the Ca0.4Mg0.6(Ni0.9Al0.1)2 alloy electrode
has a discharge capacity of 365 mAh/g at the discharge
current of 50 mA/g. It was suggested that these elec-
trodes do not need activation. However, the discharge
capacity decreases quickly with the increase of cy-
cle number. The bad cyclic stability is mainly caused
by the corrosion of Ca and Mg in KOH electrolyte
solution.
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Fig. 6. Pressure–composition isotherms for Ca1−xMgx(Ni0.9Al0.1)2
(x = 0.4, 0.5 and 0.6) alloys at 313 K.
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Fig. 7. Discharge capacity at a discharge capacity of 50 mA/g vs.
cycle number for Ca1−xMgx(Ni0.9Al0.1)2 (x = 0.4, 0.5 and 0.6)
alloys at 298 K.

Fig. 8 shows the initial discharge capacity of the
Ca1−xMgx(Ni0.9Al0.1)2 (x = 0.4, 0.5 and 0.6) alloys at
different discharge currents. It can be seen that the dis-
charge capacity was enhanced with the increase of x.
The discharge capacity of the Ca0.4Mg0.6(Ni0.9Al0.1)2
alloy is 401 mAh/g at a discharge current of 10 mA/g,
which is larger than LaNi5-based alloys. It is interesting
to note that the capacity of the Ca0.4Mg0.6(Ni0.9Al0.1)2
alloy is almost same as that of CaNi5-based alloy [25]
but larger than that of CaMg2Ni9 alloy [17].

From the results above, it is certain that the
Ca0.4Mg0.6(Ni0.9Al0.1)2 alloy with the C15 struc-
ture has a high discharge capacity. However, the
cyclic stability needs to be improved significantly.
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Fig. 8. Relations between discharge capacity and discharge current
for Ca1−xMgx(Ni0.9Al0.1)2 (x = 0.4, 0.5 and 0.6) alloys at 298 K.

Thus further work should be done to increase the
corrosion resistance of the alloy in KOH electrolyte
solution.

4. Conclusions

In the Ca1−xMgx(Ni0.9Al0.1)2 alloys, the single C15
phase and the single C36 phase exist, respectively, in
the approximate composition ranges of x = 0–0.63
and 0.76–1. Between the single-phase regions, the
C15 and C36 phases coexist. The hydrogen absorp-
tion/desorption characteristics and electrochemical
properties of the C15-type Ca1−xMgx(Ni0.9Al0.1)2 al-
loys are related to Mg content x. There is no obvious
pressure plateau for the hydrogen absorption/desorption
of the Ca0.6Mg0.4(Ni0.9Al0.1)2 alloy at 313 K. In-
creasing x to 0.6, however, the absorption/desorption
plateaus can be obtained and the hydrogen absorption
and desorption capacities are 1.33 and 0.8 wt%, respec-
tively. All the alloy electrodes do not need activation
during electrochemical measurements. Among these
alloys, the Ca0.4Mg0.6(Ni0.9Al0.1)2 alloy possesses
the highest discharge capacity (about 401 mAh/g) at a
discharge current of 10 mA/g. However, the discharge
capacity decreases quickly with the increase of cycle
number. Further work should be done to increase the
corrosion resistance of the alloy in KOH electrolyte
solution.
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