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Abstract

It is difficult to obtain pure Mg,Ni alloy by conventional melting method because of the large difference in vapor pressure and melting point
between Mg and Ni. However, Mg,Ni with high purity and fine properties as a hydrogen storage material was successfully synthesized from
elemental Mg and Ni powders by Induction Field Activated Combustion Synthesis (IFACS). The IFACSed Mg,Ni showed convenient hydrogen
properties as same as the reference. The effect of Mechanical Grinding (MG) on the hydrogen storage behavior in Mg, Ni is also described. The MG
process developed the applicability of Mg,Ni as a hydrogen storage material by decreasing the absorption pressures and enhancing the reaction

kinetics.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Mg and Mg-based alloys are some of the potentially impor-
tant hydrogen storage materials owing to their high hydrogen
storage capacity and relatively low environmental impact. Pure
Mg is an attractive material for hydrogen storage because of
its high hydrogen absorbing capacity (7.6 wt%). On the other
hand, the stable ionic Mg-H bonding (i.e., the formation energy
for MgH», is —74.4kJ/mol [1]) makes Mg difficult to desorb
hydrogen. However, the Ni addition into pure Mg is known
to be effective as a catalysis [2]. Since Reilly and Wiswall
[3] found reversible hydrogenation reaction for Mg>Ni com-
pound, much effort has been made to improve the hydrogen
absorption-desorption kinetics of Mg—Ni alloys.

There are still some difficulties in the synthesis of MgyNi
alloy because of the large differences in vapor pressure and
melting point between Mg and Ni. Furthermore, it is difficult
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to obtain pure Mg;Ni alloy by conventional melting method.
The hydriding combustion synthesis with elemental Mg and Ni
was successfully applied as an alternative process to synthesize
full hydride of MgyNi, Mg>NiH, directly by Akiyama et al.
[4]. Moreover, the hydrogen storage capacity reached 3.6 wt%,
which is same as the theoretical value for Mg, Ni. The hydriding
combustion synthesis is a promising process; however, it has to
be performed under pressured hydrogen atmosphere.

In this paper, the synthesis of pure Mgy Ni from elemental
Mg and Ni was carried out using Induction Field Activated
Combustion Synthesis (IFACS) method. IFACS is the new
processing method of combustion synthesis utilized an elec-
tromagnetic induction field. The formation energy of MgyNi
is AH=—40kJ/mol and is generally not enough to self-sustain
the combustion reaction without any external heat support.
Reactions which are weakly exothermic cannot be initiated or
sustained. We, herein, applied the field-activated process arising
from the use of induction [5-8] for the external heat support.
The reactants sample is covered with a conductive carbon foil
and is placed inside an induction coil. The induction current
is generated in the foil as well as in the sample. Since the
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induction current is localized in a surface layer of the foil and
the sample, ignition takes place in this region and is expected
to propagate in an inward radial direction. After preparation
of Mgy Ni by IFACS, the specimen was mechanically milled to
improve properties as hydrogen storage material.

2. Experimental details

High-purity powders of Mg and Ni were used. Both Mg and Ni powders
were 99.9% pure and had average particle sizes of about 180 and 63 pm, respec-
tively (Kojundo Chemical Laboratory, Inc., Japan). Powders of Mg and Ni were
weighed out in mole ratios of Mg/Ni: 2/1 to give a composition of Mgy Ni and
were ball milled under dry condition with Si3Ny balls and vial for 1h. After
mixing, the reactants sample coated by MgO was covered with a conductive
carbon foil (0.4 mm in thickness and 40 mm in diameter) and was placed inside
an induction coil. The induction current (45-85 'V, 100-170 A, 70 kHz) was gen-
erated both in the foil and sample to reach 500—1000 °C. The reactants sample
was heated at 900 °C and held for 0-30 min. After induction heating, sample
was thermal treated at 600°C for 2.5h using electrical furnace to complete
formation of Mg, Ni. To observe the effect of strain and crystallite size on hydrid-
ing/dehydriding properties of MgyNi, Mechanical Grinding (MG) process for
powders was performed using planetary ball milling (PS5, Fritsch, Germany) with
Si3Ny balls and vials (revolution: 300 rpm, weight ratio: powder/ball = 1/10).

The phase identification of powder samples was carried out using X-ray
diffraction (XRD) analysis (Model: RINT2500, RIGAKU, Japan) with Cu Ka
radiation operated at 200 mA and 40 kV. Strain and crystallite size of specimen
were estimated using the Halder—Wagner method [9-11]. The determination
of crystallite size and the lattice strain was carried out through the governing
relationship:

,B* 2_ /3* )
(E) = e (1)

where B (8" = Bcos6/n, A1) is the integral width in the lattice plane, A is
1.5405 A, D the crystallite size, ¢ the lattice strain, and d* (26/x, A=) is the
reciprocal of the lattice distance. The strain and the crystallite size can be cal-
culated from the intercept and the slope of the linear plot of (8%/d")? versus
BId">.

Pressure-composition isotherms (PC) and the kinetics of hydrogen sorp-
tion were measured by PCT-A04 (LESCA, Japan). Before measuring
hydride/dehydride properties, the samples were heated at 350 °C under vacuum
as a pretreatment process.

3. Results and discussion

Fig. 1 shows XRD patterns of specimens prepared by IFACS
at various reaching temperatures, at which the induction current
was stopped. When mixed powder was heated at 500 °C, the
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Fig. 1. X-ray diffraction patterns of specimen prepared by IFACS at various
reaching temperature for O min.
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Fig. 2. The effect of holding time on specimen prepared by IFACS at 900 °C
for 0-20 min.

specimen still contained remaining of metallic Mg and Ni from
green powder. Hence, the reaction between powders has not been
taking place yet. As the temperature reached 600 °C, the reac-
tion initialized and formed Mg;Ni phase. Below 800 °C, the
specimen contained remarkable amount of unreacted material
(mainly Ni). Furthermore, even if the synthesizing tempera-
ture was increased from 800 to 900 °C, the unreacted Mg still
existed. From the comparison between specimens treated at 800
and 900 °C (Fig. 1), it was observed that the latter contained
slightly less unreacted metal. When the temperature reached
above 1000 °C, the unreacted metals seemed to be no longer
existing in the product; however, the peaks corresponding to
MgNi, were observed after all.

Fig. 2 shows the effect of holding time on product phase
prepared by IFACS at 900 °C for 0—20 min. In order to have fur-
ther reaction, the induction heating was kept for 0-20 min. The
unreacted Ni was not detected on the specimen held for O min,
whereas the amount of unreacted Mg decreased with holding
time and became negligible on the sample held for 20 min.

Fig. 3 shows the comparison between commercial Mgy Ni
powder with 99.9% purity and thermal treated specimen
prepared by IFACS. The IFACSed sample was thermal treated
at 600 °C for 2.5h using electrical furnace. The commercial
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Fig. 3. The comparison between (a) thermal treated specimen prepared by
IFACS at 900 °C for 20 min and (b) commercial Mg, Ni powder with 99.9%
purity.
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Fig. 4. XRD patterns of Mg;Ni pulverized for 0-360 min by planetary ball
milling.

powder contained small amount of unreacted Mg and MgNij.
However, Fig. 3 reveals only one phase of Mg,;Ni existed in
the product of IFACS, which suggested that it has higher purity
than the commercial one. Hence, Mgy Ni with high purity was
synthesized successfully using IFACS.

The maximum hydrogen storage capacity of Mg, Ni prepared
by IFACS was 3.5% at 350 °C, which coincided with the theo-
retical value of 3.6%. Absorption and desorption curves on PC
measurement showed good agreement with reference data [12].
Unusual activation process, such as acid or base cleaning, was
not required before PC measurement, which suggested that there
was only negligible amount of inactive phase on the surface of
IFACSed Mg, Ni grains. From the result of XRD analysis on
the hydrogenated specimen, only Mg>,NiH4 phase was identi-
fied. Due to the large differences in vapor pressure and melting
point between Mg and Ni, the synthesis of Mg;Ni is generally
difficult. However, these results suggest that IFACS method is
effective for preparing Mg, Ni as the hydrogen storage material.

To further develop the applicability of IFACSed Mg,Ni
as hydrogen storage material, the properties such as hydro-
genation/dehydrogenation kinetics should be improved. Fig. 4
shows XRD patterns of sample pulverized for 0-360 min by
planetary ball milling. All peaks weakened and got wider as
grinding time was increased. At and above 180 min, the peaks
became broad and weak, significantly. These data suggested
that the structure like crystallite size and strain of Mgy Ni could
be changed during MG.
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Fig. 5. The dependence of the crystallite size and strain on MG time.

Fig. 5 shows the dependence of crystallite size and strain
on the grinding time. To clarify the structural change in the
MG process, the crystallite size and strain were estimated using
Halder—Wagner method. Estimated value of strain increased
with MG time. Balls collided with powder, then strain was intro-
duced into the lattice, and they broke down the grain causing
crystallite size to decrease. Above 180 min of MG time, the spec-
imen might have partial or dominant amorphous structure and
unattractive property as hydrogen storage material (i.e., hydro-
gen storage capacity) due to the extremely low crystallinity,
which was suggested from the results of XRD analysis.

Fig. 6 shows the hydrogen storage capacity of MgyNi after
MG. Hydrogen storage capacity slightly increased by MG. How-
ever, the decreasing of hydrogen storage capacity on MGed
specimen for 10 min and more was observed, which could be
caused by excess MG declining H site on the crystal struc-
ture. Fig. 7 shows the absorption kinetics at 350 °C. Absorption
kinetics of Mg>Ni well agreed with reference before MG pro-
cess [12]. When MG was performed for 10 min, the specimen
showed quicker reaction than the ones carried out for shorter
times. Recently, Hanada et al. reported the effect of milling on
hydrogen storage properties of MgH»> system, and showed the
role of decreasing crystallite size and introducing lattice strain
on the properties [13]. Smaller particles and crystallite size (also
larger specific surface area) caused by MG lead to the increase
in hydrogen molecule diffusion length and hydrogen absorption
sites. Therefore, absorption kinetics of IFACSed Mg>Ni was
enhanced by MG in this study.
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Fig. 6. Hydrogen storage capacity of specimen after MG process for 1-30 min.
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Fig. 7. Absorption kinetics of specimen after MG process for 1-30 min. Y-axis

values were calculated based on maximum hydrogen storage capacity from PCT
data.

4. Conclusions

Pure Mg, Ni was successfully synthesized from elemental Mg
and Ni powder by IFACS. IFACS is the new processing method
of combustion synthesis utilized an electromagnetic induction
field. The maximum hydrogen storage capacity of the speci-
men was 3.5% at 350 °C. Only MgyNiH, phase was identified
after the hydrogenation process. Those results suggested that
IFACS method is effective for preparing Mg, Ni as the hydrogen
storage material. During MG process, strain and crystallite size
of Mg Ni increased and decreased, respectively, with milling
time. MG process enhanced the absorption kinetics of IFACSed
Mg, Ni.
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