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Abstract

Nonstoichiometric amorphous Mg,Ni; 3 alloys were synthesized by mechanically milling crystalline Mg,Ni alloy
with Ni powders. In comparison with the stoichiometric material, the nonstoichiometric Mg,Ni; 3 phase showed a
higher discharge capacity because of the amorphization of the alloy. Surface modification with graphite was also
carried out for further improvement of its electrode performance. The coated powders showed a better cyclic
stability because the graphite protected the Mg from oxidation. The rate capability (RC) and discharge capacity of
electrodes was also markedly improved with graphite coating due to the excellent electrical conductivity and

electrocatalytic activity of graphite.

1. Introduction

Mg-based nanocrystalline/amorphous alloys have at-
tracted great attention as negative electrodes in metal
hydride batteries and potential hydrogen storage mate-
rials for fuel cell vehicles due to their high hydrogen
storage capacities [1]. However, the reaction of Mg,Ni
alloys with hydrogen requires quite high temperatures
(200-300 °C) and pressures (up to 10 atm) due to
hydriding/dehydriding difficulties [2]. The kinetics of
hydriding and dehydriding are slow. It is almost impos-
sible to absorb and desorb hydrogen in Mg,Ni at either
one atmosphere or room temperature in a gaseous
environment. Thus an electrochemical approach was
used in our laboratory to investigate the hydriding/
dehydriding characteristics of Mg,Ni-based alloys. In
recent years, it has been shown that the most effective
way for Mg-based hydrogen storage alloy electrodes to
achieve high discharge capacities is by mechanical
alloying [3, 4] and mechanical milling (MM) of the Mg-
based hydrogen storage alloys with Ni powders [5, 6].
After mechanical milling, the most important change in
the Mg-based alloys is that they have completely or
mainly amorphous structures. It is believed that the
diffusivity and solubility of hydrogen in amorphous
metal hydrides are larger than those in the crystalline
phase, since amorphous alloys do not have a long range
order but only nearest neighbor or local order [7, 8].

In our previous work [9], nonstoichiometric amorphous
Mg-based alloy with a discharge capacity of 400 mAh g™
was successfully synthesized by mechanical milling. But the

cyclic stability of the nonstoichiometric amorphous Mg-
based alloys is very poor so that only about 20% of the
maximum capacity remains after 10 cycles. Although the
application of a mechanical milling process for producing
Mg-based alloy looks promising, oxidation on the alloy
surface was also a serious problem, leading to low
discharge capacity, poor cycle performance, etc.

In this work, nonstoichiometric amorphous Mg-based
alloys were synthesized by mechanically milling crystal-
line Mg, Ni alloy with Ni powders. It has been found that
the microstructure and electrochemical properties of ball-
milled Mg,Ni; 1 (0 < x < 1)composites depend greatly on
the amount of Ni introduced during ball-milling. Under
the ball-milling conditions we used, as the x value is
increased from 0.1 to 0.3, the alloy particles become
smaller and smaller. A large fresh surface is generated,
and hence the opportunities for surface electrochemical
reactions and charge transfer increase. However, with
further increases in x, small particles start to agglomerate
due to exceeding the optimum grinding time, thus leading
to the deterioration of electrocatalytic activity and the
charge transfer reaction. Therefore, we chose to study the
optimum composition Mg,Ni, 3 alloy. Although much
work has been done on Mg-based alloy, to our knowledge
there are no investigations on the Mg,Ni; 3 system. The
Mg,Ni; 5 alloy has an amorphous structure, resulting in
high discharge capacities in comparison with crystalline
Mg, Ni alloy. Surface modification (mechanical coating)
with graphite elemental powders was conducted in order
to further improve the electrode performance of Mg-
based alloys.
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2. Experimental
2.1. Alloy preparation and characterization

The polycrystalline Mg,Ni alloy was prepared from
Mg and Ni mixed powders by sintering at 700 °C in
argon for 10 h. Mechanical milling was performed
with a Fritsch (P5) planetary ball mill to obtain
nanocrystalline/amorphous Mg-based alloy. The vial
and balls were made from stainless steel and hardened
steel, respectively. To obtain more active alloy pow-
ders, the Mg,Ni alloy was mixed and ball milled with
Ni powder for 70 h at 200 rpm in an argon atmo-
sphere. To prolong cycle life, further mechanical
coatings with graphite were carried out. A two-step
milling process was introduced for the coating process.
In the first step, only graphite powder was charged
and milled for 30 min at 200 rpm with a ball to
powder ratio of 30:1 to make it suitable for coating.
Then, the pre-milled coating powders and milled alloy
powders were ball milled at 100 rpm for 2 h with a
ball to powder ratio of 20:1. After milling, the
powders were examined by XRD using a Philips
1730 x-ray diffractometer with CuKao radiation. Mor-
phologies of the powdered alloys were studied with a
Leica Stereoscan 440 scanning electron microscope
(SEM).

2.2. Electrochemical measurements

The Mg-based alloys obtained were mixed with Ni
powder in the weight ratio of 1:1 to make electrodes.
The hydride electrodes were fabricated by mixing the
resultant powders with polyvinyl alcohol (PVA) solu-
tion and pasting them into a foamed nickel matrix,
which acted as the current collector for the electrode.
After being compressed, the hydride electrodes were
immersed as negative electrodes in a 6 M KOH solution
together with a NiOOH/Ni(OH), positive electrode.

The electrochemical charge—discharge properties of the
alloys were measured using a battery test unit con-
trolled by a computer at room temperature. In the
charge—discharge cycle tests, the charge cycle was
commenced using a current density of 100 mA g~' of
hydrogen storage alloy for 10 h. Then, after 10 min
rest, the discharge was continued using a current
density of 50 mA g~' until the voltage of the cell
reached 0.9 V.

3. Results and discussion
3.1. Structural properties

The XRD pattern of the sintered Mg,Ni is shown in
Figure 1(a), which indicates a mainly Mg,Ni phase
with a small amount of MgO present as an impurity.
Figure 1(b) shows the XRD pattern of the sintered
Mg,Ni alloy that was ball milled for 70 h. A
nanocrystalline Mg,Ni phase with broadened diffrac-
tion peaks was observed. The peak broadening means
a decreased average crystallite size and an increase in
the internal strain due to mechanical deformation
during ball milling [10]. Two small peaks were
identified as metallic Ni. Figure 1(c) shows the
XRD pattern of the sintered Mg,Ni alloy ball-milled
with Ni powders in a molar ratio of 1:0.3, indicating
that homogenous amorphous Mg,Ni; ;3 alloy was
formed. By comparing Figurel(b) and (c), it may
be noted that amorphisation of the alloy could be
easier with further addition of Ni powder. Similar
observations on amorphous phase formation have
been reported elsewhere [11, 12]. Figure 2 shows an
SEM micrograph of the 70 h ball milled Mg,Ni; 3
powders. The sample consists of welded particles with
a size of several micrometers. The powder surface of
Mg,Ni; 3 alloy looks defective, implying that it
should be a more activated amorphous surface with
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Fig. 1. XRD patterns of the Mg-based alloys (a) sintered Mg,Ni; (b) Mg,Ni after milling for 70 h; (c) Mg,Ni, ; after milling for 70 h.



Fig. 2. SEM micrograph of the Mg,Ni;; alloy powders without
graphite coating.

high catalytic activity [9]. Since Mg is very susceptible
to oxidation, EDX mapping of the different elements
was conducted to analyse the distribution of the
species within the welded particles (Figure 3). The
bright spots indicate the presence of each particular
element. Based on the EDX elemental maps, Mg and
Ni in the Mg,Ni; ;3 sample after milling for 70 h are
completely well-distributed, while there is small
amount of oxygen (7.5 atom%). The oxygen may
come from two sources, i.e. the sintered Mg,Ni (since
MgO peaks were found in the XRD pattern of
sintered Mg,Ni) and absorbed air. The molar ratio
between Mg and Ni is 1:0.653, very close to the
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theoretical ratio, indicating that the Mg volatilization
during preparation is acceptable.

3.2. Electrochemical properties

The decrease in the discharge capacities of the
nanocrystalline Mg,Ni, amorphous Mg,Ni;3 and
Mg,Ni; 3 coated with graphite, after repeated charge/
discharge cycles at a discharge current density of
50 mA g7' is shown in Figure 4. The discharge
capacities of the alloys were calculated using their
total weights. The maximum discharge capacity was
observed at the Ist cycle in all cases. The nanocrys-
talline Mg,Ni alloy has a relatively low discharge
capacity, while amorphous alloys of Mg,Ni; ;3 with or
without graphite coating have much higher capacities,
395 mAh g!' and 450 mAh g', respectively. Capac-
ity fading was observed after several charge/discharge
cycles in all alloys, but the decay of the discharge
capacity for Mg,Ni; 3 with or without graphite coat-
ing was far slower compared to the Mg,Ni negative
electrode. Discharge curves at the 1st cycle of the Mg-
based negative eclectrodes are shown in Figure 5. The
plateau potential for the Mg,Ni; 5 electrode is higher
than that of Mg,Ni. Mg,Ni; 3 coated with graphite
shows the highest plateau potential. These results
suggest that the increase in the equilibrium hydrogen
pressure and improvement in the electrochemical
reactivity on the alloy surface leads to improved
dischargeability [13].
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Fig. 3. SEM and chemical map of (b) Mg, (c) Ni and (d) O for the Mg,Ni, ; alloy obtained after milling for 70 h.



14

500
—=— Mg,Ni,
A —&— Mg,Ni
—4A— Mg,Ni, coated with graphite
400 n
TO’
<
<<
€ 300
.y
2
‘©
3
S 200 ®
o N\,
= ~A-A 4
= —A—,
& \ \'\. A-A—AA A A A aaaa
Q. —~m—
100 [ ] -p g g
2] \ i R
.\.
T0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0
0 I . I . I . I . I

0 5 10 15 20
Cycle number

Fig. 4. Discharge capacities of the Mg-based alloys after repeated
charge/discharge cycles at a discharge current density of 50 mA g~'.

It has been well known since the 1960s that amorphous
metals and alloys can be made by rapid quenching from
the vapor or the liquid phase. A large number of
investigation have shown that amorphous metals and
alloys have the features of new alloy compositions along
with new atomic configurations which are totally differ-
ent from those of crystalline alloys. These features enable
various kinds of characteristics to be achieved, such as
excellent mechanical properties, useful physical proper-
ties and unique chemical properties [14—16]. The hydrid-
ing reaction mechanism of the amorphous phase is not
clear, and there are some conflicting reports on the
hydriding/dehydriding properties of amorphous hydride.
However, it is believed that the diffusivity and solubility
of hydrogen in amorphous metal hydride are larger than
those in the crystalline phase [7, 8]. Therefore, it seems
likely that the large discharge capacities of amorphous
Mg,Ni; ; are related to the amorphization and the
decrease in binding energy of Mg at the surface.
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Fig. 5. Discharge curves at Ist cycle of the Mg-based electrodes.
Discharge current density: 50 mA g~'. (1) nanocrystalline Mg,Ni al-
loy; (2) amorphous Mg,Ni, 5 alloy; (3) Mg,Ni; ;3 coated with graph-
ite.
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Fig. 6. Discharge curves (Ist cycle) of the Mg-based alloy negative
electrodes at different discharge current densities. (a) Mg,Nij 3
coated with graphite; (b) nanocrystalline Mg,Ni alloy; (c)
amorphous Mg,Ni, 5 alloy.

Graphite coating using the mechanical coating
method has been used in this study because it does
not require an addition process or the use of a toxic
solution as in the case of chemical coating. The
electrodes prepared from the coated powders had
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Fig. 7. RC values as a function of discharge current density for the Mg-based alloy negative electrodes.

higher electrode capacity because of the excellent
electrical conductivity and electrocatalytic activity of
graphite. The cyclic stability was also slightly
improved compared with the bare ones because the
graphite coating protected the Mg from oxidation
[17].

Besides discharge capacity and cycle performance,
rate capability is another important factor for bat-
teries. However, there have been few reports on the
rate capability of Mg,Ni-based alloy negative elec-
trodes to our knowledge. In this study, the rate
capability of Mg,Ni-based alloy with and without
graphite coating was also investigated. Figure 6
shows discharge curves (Ist cycle) of Mg-based
negative electrodes at different discharge current
densities. The discharge capacity decreased with
increasing discharge current density in all cases, and
the Mg,Ni electrode shows the largest decrease in the
discharge capacity (Figure 6(b)). The smallest de-
crease in the discharge capacity was observed in the
Mg,Ni; 3 coated with graphite electrode (Figure 6(a)).
For all electrodes, the rate capability (RC) value was
plotted as a function of the discharge current density,
and the results are shown in Figure 7. The RC is
defined as follows

RC(%) = (C;/Csp) x 100

where C; and Cs, are discharge capacities at a given
discharge current density (i mA g~') and 50 mA g™,
respectively. The increase in discharge current density
decreased the RC value and its decrease was smaller
for the Mg,Ni;3 sample. In particular, a high RC
value (78%) was obtained for the Mg,Ni;; coated
with graphite. It was reported that the hydrogen in
the amorphous phase of the alloy was destabilized,
leading to accelerated hydrogen diffusion [13]. This is

likely to be a factor for the improvement in rate
capability in amorphous Mg,Ni, ;3 electrodes. For the
Mg,Ni; ; coated with graphite, rate capability was
further improved because the graphite coating im-
proves the electrical contact between particles; there-
fore, the polarization of the electrode during
charging/discharging decreased.

In summary, nonstoichiometric amorphous Mg,Ni 3
alloy can be achieved by the mechanical milling method.
The nonstoichiometric Mg,Ni; 5 electrode showed better
electrochemical performance than stoichiometric Mg, Ni
alloy in terms of initial discharge capacity, cyclic
stability and rate capability, because of the formation
of an amorphous phase induced by Ni addition.
Graphite coating can further improve the capacity and
rate capability.
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