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Abstract

The hydriding and structural characteristics of amorphous MgNi, alloys prepared by mechanical alloying have been investigated with
charge—discharge tests and X-ray photoelectron spectroscopy (XPS) in combination with X-ray excited Auger electron spectroscopy
(XAES). It was found that the increase in Ni content lead to a significantly enhancement in cycle performance of MgNi, aloys. XPS and
XAES investigations indicated the existence of a significantly thicker Ni enriched layer for the MgNi, ; and MgNi, , aloys than that for
the MgNi alloy. These results revea that excess of Ni in MgNi, aloys may improve the cycle performance of aloy electrodes by
suppressing the segregation of Mg during electrochemical cycling. O 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Magnesium-based hydrogen storage aloys have been
considered to be possible candidates for use as the negative
electrode in Ni—metal hydride batteries, due to their
extremely high discharge capacity, lower specific gravity,
and richer natural resources [1]. Nevertheless, the crys
talline Mg,Ni aloy can reversibly absorb and desorb
hydrogen only at high temperatures, such as 250°C; while
the crystalline MgNi, aloy does not absorb hydrogen at
all. The research activities of many groups have therefore
concentrated on lowering the hydriding temperature of
Mg-based aloys [2,3].

Lei and coworkers [4,5] and our group [6,7] reported
that a MgNi aloy prepared by ball-milling can charge and
discharge in a Ni—metal hydride battery at room tempera-
ture, which opened a new possibility for the application of
the Mg-based aloys in Ni—metal hydride batteries. Orimo
et al. [8,9] reported that by ball-milling of Mg,Ni with
metallic Ni, the resultant MgNi alloy absorbed hydrogen
more easily than the initial alloy. Kohno et a. [10,11] and
our group [12,13] reported that amorphous alloys prepared
by bal milling of Mg,Ni with Ni exhibited discharge
capacities ranging from 750 to 1086 mAh g~* (Mg,Ni).
All the investigations suggest that the amorphous Mg-
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aloys differ greatly in nature from the crystalline ones, and
Ni may play an extremely important role in facilitating the
absorption and desorption of hydrogen.

On the other hand, although amorphous MgNi aloys
prepared by mechanica aloying have been demonstrated
to reversibly absorb and desorb hydrogen at room tempera
ture, there has been little further investigation on the
structural and electrochemical properties of the aloys
containing excess of Ni. Investigations on the effect of Ni
on the electrochemical behavior of MgNi aloys as well as
the relation between the structural characteristics and the
electrochemical hydriding properties will be vitaly im-
portant for a better understanding of the electrode per-
formance of Mg-based dloys.

In the present study, structural and electrochemical
properties of MgNi, aloys with x=1.0~2.0 were investi-
gated, with the intention of revealing the role of Ni played
in the microstructure and electrochemical hydriding pro-
CeSSES.

2. Experimental

The detailed procedures for the preparation of MgNi
alloy were the same as those described in the previous
papers from this laboratory [6,7,12]. The prepared aloys
were kept in an Ar atmosphere for charge—discharge tests
and spectroscopic measurements. Preparation of the alloy
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electrodes and charge—discharge tests were performed
according to the same procedures as those described in our
previous paper [12].

X-ray photoelectron (XPS) and X-ray excited Auger
electron spectroscopy (XAES) measurements were carried
out with a PHI ESCA 5700 Cl spectrometer using AIK
radiation (1486.6 ¢/). Ar" ion bombardment at 4 keV was
used for depth profile measurements and SiO,/Si was used
as a reference to estimate the sputtering rates. The C 1s
peak at 284.6 &/ was used to calibrate the peak positions.
The quantitative data were obtained using a sensitive factor
method. The Ni/Mg ratios were estimated from the Ni 2p
and Mg 2p peaks. Before each measurement, the brief
exposure to air was strictly controlled to be the same from
sample to sample, which was well comparable to the
histories of the alloy electrodes for the electrochemical
experiments.

3. Results and discussion

Fig. 1 shows the X-ray diffraction (XRD) patterns of the
MgNi, MgNi, ¢, and MgNi, , aloys. Only broad peaks at
around 40-45 degree were observed, indicating that amor-
phous MgNi, phases were formed for MgNi, MgNi, ., and
MgNi,, aloys. Although it has been reported that the
amorphous Mg,Ni alloy cannot be prepared by mechanical
aloying of Mg and Ni [14], MgNi, (x=1.0~2.0) studied
here, in contrast, can readily form amorphous aloys. These
results indicate that Ni plays an important role in stabiliz-
ing the amorphous phases of various MgNi, alloys with
x=1.

A minor change in the XRD band position from MgNi
to MgNi, , was observed, and with increase in the amount
of Ni in the alloy, the XRD band shifted to the high 26
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Fig. 1. The XRD patterns of the MgNi, alloys.
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Fig. 2. Discharge capacity as a function of the cycle number for the
MgNi, alloys.

region. This is due to the introduction of Ni which has a
smaller atomic diameter than Mg.

Fig. 2 depicts the charge—discharge capacities of MgNi,,
aloys as afunction of the cycle number. For all the MgNi,
alloys with x=1.0~2.0, the largest discharge capacity was
obtained at the first cycle, indicating that the fundamental
structural characteristics of the three alloys responsible for
the activation and hydriding processes may be quite
similar. In the case of MgNi, comparable with the previ-
ously reported values [6,7], the maximum discharge
capacity amounts to about 490 mAh g~ ', while for
MgNi, ; a discharge capacity of 370 mAh g~* and for
MgNi, , a discharge capacity of 200 mAh g~ * was found.
A monatomic decrease in the discharge capacity was
observed from MgNi to MgNi, , for the first cycle. This
can be attributed to the decrease of Mg amount in unit
mass of aloy, and also suggests that Ni in aloys con-
tributed little to the discharge capacity of MgNi, alloys
directly.

Also from Fig. 2, another interesting feature that can be
seen is that the cycle performance of either the MgNi, ¢ or
the MgNi, , alloy is much better than the MgNi aloy. For
the MgNi, ¢ aloy, athough the difference in discharge
capacity from that of the MgNi aloy at the first cycle
amounts to 120 mAh g~ *, a discharge capacity the same as
that of the MgNi aloy was reached at the sixth cycle, and
a higher level than the MgNi aloy was kept afterwards. At
the 20th cycle, the MgNi, . aloy exhibited a discharge
capacity of 210 mAh g~*, which was about 60 mAh g™+
higher than that of the MgNi alloy. In the case of the
MgNi, , aloy, even the difference in discharge capacity
from that of the MgNi aloy was much larger at the first
cycle, a similar discharge capacity to the MgNi alloy was
observed at the 20th cycle. All these results suggest that
the cycle life of MgNi, aloy electrodes can be greatly
enhanced by increasing Ni content in aloys.

In order to understand the role of Ni played in MgNi,



554 SG. Zhang et al. / Journal of Alloys and Compounds 293—295 (1999) 552—555

MgNiz_0

MgNi,

MgNi

| | |
1170 1175 1180 1185 1190
Kinetic energy / eV

Fig. 3. Mg KLL XAES spectra observed for MgNi, alloys.

aloy electrodes, the MgNi, alloys were investigated with
XPS and XAES measurements. Fig. 3 shows the Mg KLL
XAES spectra observed with various MgNi, aloys. It has
been found that the XAES measurement is a very useful
method in distinguishing the metallic Mg from its oxide
counterpart, due to the larger chemical shift in XAES than
XPS [15]. For al three aloys, the band at around 1186 &/
can be assigned to metallic Mg and the one at around 1181
e/ to Mg oxide [16]. In the case of MgNi, magnesium
oxide dominates and only a small amount of Mg occurs in
the metallic state on the alloy surface, in agreement with
our previous report. For MgNi, ; and MgNi, ,, the relative
amounts of MgO versus metallic Mg on aloy surfaces as
estimated from XAES data are quite similar to that of the
MgNi aloy. Minor difference in the full width at half of
maximum of Mg KLL bands for alloys with different x
values was most probably due to the minor changes in
surface contamination. These results indicated that the
chemical state of Mg is similar for al three aloys, and
therefore, the difference in the cycle performances of the
MgNi, alloy electrodes does not result from any difference
in chemical state of Mg directly.

Fig. 4 shows the Ni 2p core level spectra observed with
various MgNi, aloys. For MgNi, two strong bands ap-
peared at 852.5 &V, 870.0 &/ and another set of peaks at
855.0 &/ and 875.2 &V, respectively. The former set of
peaks correspond to the metallic nickel while the latter set
of peaks are related to nickel oxide [17]. The strong peaks
at 852.5 and 870 &V clearly indicated that Ni mainly exists
in the metallic state with only a small fraction of nickel
oxide existing on the surface of the MgNi dloy. In the
cases of MgNi,  and MgNi, ,, the peaks due to nickel
oxides become stronger than that of the MgNi alloy, and
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Fig. 4. Ni 2p XPS spectra observed for MgNi, aloys.

the intensity is dependent on the amount of Ni in the
aloys, i.e., the more Ni, the stronger the peaks of nickel
oxide. It has been reported that in a MgNi aloy, due to the
extremely large oxidative affinity of Mg, Ni may be
protected from being oxidizing to a certain extent by Mg,
and consequently the Ni occurs mainly in the metallic state
on the surface of alloy. The results obtained from the
MgNi, . and MgNi, , aloys seem to suggest that with the
increase of Ni content in aloys, the protective effect of Mg
weakens.

Fig. 5 depicts the depth profiles from XPS measure-
ments for MgNi, aloys. It can be seen that upon sputter-
ing, the Ni/Mg ratio changes dramatically with depth,
indicating that the distribution of Mg and Ni in the alloy
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Fig. 5. XPS depth profiles for MgNi, aloys.
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bulk is quite different from that on the surface. On the
alloy surface, Mg dominates for all three aloys. Upon
sputtering, the increase in Ni/Mg ratio for either MgNi ¢
or MgNi,, is much more rapid than that for the MgNi
alloy. The Ni/Mg ratio is 2.91 for MgNi after 4-min
sputtering, while it amounts to 4.34 and 4.58 for MgNi ¢
and MgNi,,, respectively. The Ni/Mg ratios of both
MgNi, ; and MgNi,, are larger than that of the MgNi
alloy and similar Ni/Mg ratios were maintained between
the MgNi, . and MgNi,, aloys. Note that the cycle
performances of both MgNi, ¢ and MgNi,, are much
better than that of the MgNi aloy; the larger Ni/Mg ratios
may be responsible for the enhancement in cycle per-
formance of the MgNi, ; and MgNi, , aloys.

On the other hand, it has been observed that the
distribution of Mg and Ni in an amorphous MgNi alloy
electrode after 20 electrochemical cycles changed into the
reverse of the original aloy, which indicated that the
degradation of MgNi alloy electrode involved the redistri-
bution of Mg and Ni. This fact supports the conclusion that
the Ni enriched layer underneath the top surface of aloy is
responsible for the enhancement in cycle performances of
MgNi, . and MgNi,, alloys with respect to MgNi. The
larger Ni/Mg ratio directly reflects the existence of a
thicker Ni enriched layer in the surface region of aloys,
which stabilizes the initial alloy structure during electro-
chemical cycling by suppressing the migration of Mg to
the surface.

4. Conclusions

In summary, we have demonstrated that the cycle
performance of MgNi, alloys can be significantly en-
hanced by increasing the x value, i.e.,, introduction of
excess Ni in aloys. XPS and XAES investigations re-
vealed that such an effect resulted from the increase in
Ni/Mg ratio in the surface region underneath the top
surface, rather than from changes in chemica states of
either Mg or Ni in aloys. Also, due to the dilution of Mg
in aloys, the discharge capacity decreased at the first cycle
with the increase in Ni content.
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