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means of X-ray diffraction (XRD) and high-resolution transmission electron micro-
scopy (HRTEM). It was found that the intermetallic compounds of MgzNi and
MgNiz formed with existence of phases of Mg, Ni, and Mg0 in Mg-Ni nanoparticles.
After one cycle of hydrogen absorption/desorption process (activation treat-
ment), Mg-Ni nanoparticles exhibited excellent hydrogen absorption properties.
MgoNi phase became the main phase by aphase transformation during the hydro-
gen treatments. The phenomenon of refinement of grain size in the nanoparticle
was also observed after the hydrogen absorption/desorption processes, which
was attributed to the effect of volume expansion/shrinkage and subsequent
break of nanoparticles. Maximum hydrogen absorption contents are 1.75, 2.21
and 2.77 wt.% at 523, 573 and 623 K, respectively.
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1. Introduction

Mg-based alloys are considered to be one of the
promising hydrogen storage materials for their high
hydrogen storage capacity (7.6 wt.%), light weight,
the abundance of Mg in the earth’s crust, and
low-cost compared with other hydrogen storage
materials. Since Reilly et al.” reported that Mg,Ni
can form MgNiH, phase, in which the corresponding
hydrogen content can achieve 3.6 wt.%, MgNi at-
tracts more and more attention for its relatively high
capacity and favorable thermodynamics. However,
conventional MgNi alloy absorbs hydrogen at high
temperature and exhibits poor absorption/desorption
kinetics. To improve hydrogen absorption/desorption
properties, much effort has been carried out with var-
ious approaches, such as element substitution™, sur-
face modification™”, forming nanometer-scale struc-
tures™, forming composite etc”), Forming nano-
meter-scale structures offers new ways of addressing
those issues emerged in Mg-based alloys by taking
advantage of the distinctive chemical and physical
properties caused by nanostructures'”. Nanoparticles
often show excellent hydrogen storage properties be-
cause they possess more surface area and defects,
which mean more nucleation sites with hydrogen. In
addition, particle size reduction gives shorter dif-
fusion distance for hydrogen. Thus, extensive work
have been done to improve the kinetic properties of
Mg-based

Mg-based materials using various methods including

alloys by preparing nanostructured

ball-milling  method®”, metal-

lurgical reactions (HDMR)®, hydriding combustion

Hydrogen-driven

synthesis13), etc.

However, there were few studies on the formation
of Mg:Ni by a physical vapor condensation method,
ie., DC arc-discharge method. In addition, most of

the samples were prepared by a ball-milling method
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in the past, with which the impurities were inevitably
doped into the as-prepared powders. As a typical
method to fabricate nanoparticles, DC arc-discharge
has many unique advantages, such as low impurity
introduction, distinct “core/shell” nanostructure, etc.
Considering the large difference in vapor pressure
and melting point between Mg and Ni, it is difficult
to obtain Mg,Ni by conventional melting method or
vacuum arc melting technique. In this work, Mg-Ni
nanoparticles were in situ synthesized by a modified
arc-discharge method and the hydriding/dehydriding
properties were explored by a volumetric method.
The main purpose of this investigation is to gain
some understanding on hydrogen storage kinetic and

thermodynamic properties of Mg-Ni nanoprticles.

2. Experimental

The experimental equipment for production of
Mg-Ni nanoparticles is similar to our previous
work'”. In the experimental setup a tungsten rod was
used as the cathode. Micron-sized Mg and Ni pow-
ders (99% purity) as the raw materials were weighed
prorata and compressed into acylindrical block which
served as the anode to be evaporated. A series of the
compacted master blocks were prepared with different
molar ratios of Mg to Ni (2:1, 1:1, and 1:2), and the
resultant nanoparticles were labeled as sample (A)-(C),
respectively. After the chamber was evacuated, a mix-
ture of hydrogen and argon was introduced as the
source of hydrogen plasma and a condensing atmo-
sphere. Arc current and voltage were maintained at
240 A and 30 V, respectively. Before removing the
nanoparticles from the chamber, they were experi-
enced a passivation process for stabilization.

The phases in as-prepared nanoparticles were de-
termined by X-ray diffraction (XRD) using a Shimazu
XRD-6000 instrument. The morphology, size and mi-
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crostructure of the nanoparticles were observed by
high-resolution transmission electron microscopy
(HRTEM) using a Tecnai220 S-TWIM instrument.
The Mg-Ni samples were activated sufficiently under
thermal treatment conditions (heating at 673 K for 2
hours in 4.0 MPa hydrogen atmosphere and then an-
nealing at the same temperature for 2 hours in vac-
uum). If the change in hydrogen pressure is less than
about 1 Pa per second during the process of activa-
tion to avoid the absorbing of hydrogen and give the
sufficient activation. The pressure-composition-iso-
therms (P-C-I) curves were measured using a conven-

tional volumetric method

3. Results and discussion
3.1 The phases in Mg—Ni nanoparticles

Fig. 1 shows XRD patterns of Mg-Ni nanoparticles
with different molar ratios of Mg to Ni. Five phases,
i.e. Ni, MgNi, MgNi,, Mg and MgO, coexist in all
nanoparticle samples. MgO in nanoparticles is attrib-
uted to the oxidation reaction between Mg and oxy-
gen during the passivation process. A trace of

Mg(OH), was observed in the as-prepared nano-
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Fig. 1. XRD patterns of Mg-Ni nanoparticles produced by
arc-discharge with different molar ratio of Mg to Ni
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particles sample (A), which may be attributed to the
reaction between MgO and H,O vapor as nano-
particles were exposed to air. It is indicated from the
experimental results that the single phase of MgNi
was difficult to beformed by co-evaporating Mg and
Ni raw materials, although the stoichiometric compo-
sition of master bulk was set as the molar ratio of
2:1 for Mg and Ni. In present preparation, the ther-
mal non-equilibrium condition and the significant dif-
ference between melting points of Mg and Ni would
result in the complex phase constitution. It was alsor-
eported that the main phase of Mg,Ni in Mg-Ni pow-
ders can be obtained by hydriding combustion syn-
thesis and the ball milling methods™". A similar
XRD result to present work was also obtained by the
laser sintering method by which five phases, i.e.
Mg:Ni, MgNiy, Mg, Ni and MgO, were founded'®. It
is well known from the equilibrium phase diagram'”
that two kinds of intermetallic compounds (MgoNi
and MgNi,) exist in binary bulk Mg-Ni alloy system.
MgNi is considered to be a good candidate for a hy-
drogen storage material; nevertheless, MgNi, is un-
able to absorb hydrogen”. It is suggested that the or-
dered intermetallic compounds (Mg:Ni) would be
formed by solid state diffusion and transition, neither
in gas nor in liquid states. The free-energy and
strains at surfaces or interfaces are mainly responsible
for the formation of Mg;Ni and MgNi, during the arc
discharge process'”. Pure metallic phases of Mg and
Ni are due to the non-equilibrium condition in
arc-discharge process, namely it is short diffusion
time to exhaust out to form the stable intermetallic

compound phases.

3.2 Kinetic properties during the activation process

In this work, sample A was taken as a typical one

to measure its hydrogen storage properties, which has
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Fig. 2. Hydrogen absorption kinetic curves of the Mg-Ni nano-
particles at 673 K under a hydrogen pressure of 4.0 MPa: (a)
Cycle 1, (b) Cycle 2, and (c) Cycle 3

the most quantity of active Mg,Ni phase in compar-
ison to that in other samples. Fig. 2 shows hydrogen
absorption kinetic curves of Mg-Ni nanoparticles
(sample A) at 673 K under a hydrogen pressure of
4.0 MPa. The maximum hydrogen contentis 3.14
wt.% in 300 min. for cycle 1, while it is 3.12 wt.%
and 3.09 wt.% in 120 min. for cycle 2 and cycle 3,
respectively. It is indicated that both of hydrogen ab-
sorption rates in cycles 2 and 3 are sharp higher than
that in cycle 1. Compared with MgNi alloy prepared
by a conventional melting method"'”, the activation
property of this nanoparticles sample is largely
improved. For instance, the hydrogen absorption con-
tent of 0.46 wt.% is reached in 15 min. during the
first cycle, while it becomes 2.62 wt.% and 2.68
wt.% in the same time for cycle 2 and cycle 3,
respectively. It seems that oxide layer on the surface
of Mg-based nanoparticles act as a barrier for hydro-
gen diffusion during first activation process. To crack
this kind of oxide layer leaves as the key factor for
excellent hydrogen absorption propertieszo). The nano-
particles without exposal to air can be activated with
ease under a moderate activation condition'® or do
not need further activation process at all'”. However,

an oxygen-free condition is quite money-consuming
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or time-consuming and reduces the possibility of its
practical applications. It is speculated that the im-
proved kinetics in cycle 2 and 3 are mainly attributed
to the fracture of oxide surface layers of nanoparticles
after first cycle and the resultant fresh surfaces facili-
tate hydrogen absorption in the following cycles.
Furthermore, the other reason may be the refinement
of grain size in a nanoparticle during the hydrogen
absorption/desorption process, which was observed
and will be analyzed in next section. It is also well
known that nanoparticles possess various kinds of de-
fects, such as phase boundaries, interfaces, dis-
locations, etc. All of these defects are favorable to
diffuse hydrogen atoms and store an excess energy
that may facilitate hydrogen absorption'”. As a result,
Mg-Ni nanoparticles can exhibit excellent hydrogen
absorption properties by only one absorption/de-

sorption cycle.

3.3 The microstructure change through hydrogen
absorption and desorption

Fig. 3 presents the change of phase constitution be-
tween as-prepared Mg-Ni nanoparticles (sample A)
and the treated one through hydrogen absorption/de-
sorption processes (three cycles). It is well shown in
Fig. 3 that Mg,Ni becomes the main phase instead of
Ni, mean while Mg is consumed out. This phenomen-
on indicates that the phase transformations occur dur-
ing the hydrogen process accompanying the change of
microstructure in nanoparticles. An energy dispersive
spectroscopy (EDS) analysis reveals that the measured
composition in Mg-Ni nanoparticles is almost the
same to the nominal one in raw bulk (Mg:Ni=2:1 in
molar ratio). Part of Mg is consumed by MgO layers
on the surface of nanoparticles and result in the lack
of Mg resource to form MgNi phase in comparison

to the Ni counter part. Therefore, the residual pure Ni
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Fig. 3. X-ray patterns of the as-prepared Mg-Ni nanoparticles
(sample A) and its variation by hydrogen absorption/de-
sorption processes

phase is found in the treated sample without pure Mg
phase appeared. It was reported that single phase of
MgyNi can be formed by treating the mixture of sep-
arated pure Mg and Ni nanoparticles under proper
temperature and pressure with existence of hydrogen.
The lowest temperatures to form MgNi were 703 K
in argon and 603 K in hydrogen atmosphere, re-
spectivelyzl). In addition, the trace of Mg(OH), dis-
appears after hydrogen treatment, indicating change of
Mg(OH); into MgO and H,O during the hydrogen ab-
sorption/desorption process.

Fig. 4 is TEM images of the as-prepared Mg-Ni
nanoparticles (sample A, Fig. 4(a) and (c)) and its
variation after hydrogen absorption/desorption treat-
ments (Fig. 4(b) and (d)). Significant changes were
observed in the morphologies and microstructures be-
tween two samples. Based on the analysis of TEM
images, the sizes of original nanoparticles are about
in the range of 50-200 nm, and the particles’ shape
are spherical with smooth surface. After several cy-
cles, the outline of nanoparticles is indistinct and
some smaller particles are observed because of the
separation of between shell and core parts. As shown
in Fig. 4(b) and (d), some of broken nanoparticles are

labeled with arrows. A broken nanoparticle and its
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Fig. 4. TEM image of the as-prepared Mg-Ni nanoparticles
(sample A, (a) and (c)) and its variation by hydrogen absorp-
tion/desorption processes ((b) and (d)).

Fig. 5. HRTEM images of a fractured Mg-Ni nanoparticle by
hydrogen treatment (partly hollow within nanoparticle) (a) and
its shell part of MgO (b)

shell part are displayed as HRTEM images in Fig. 5.
The largest interplanar spacing of crystal MgO is
about 0.21 nm for (200) plane, which agrees with the
observed value (0.21 nm) of MgO in the shell of
nanoparticle (Fig. 5(b)).

If the pressure and temperature are high enough, the
adsorbed hydrogen is then dissociated at the surface
and becomes chemisorbed. Chemisorption is the chem-
ical combination of hydrogen with the metal to form
a new compound accompanied with phase transition.
This phase transition is usually characterized by a

crystalline structure change, a volume expansion, and
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a nucleation energy barrier associated with volume ex-
pansion and interface energy between the phases”. In
this work, a volume expansion/shrinkage is expected
to take place in the hydriding/dehydriding process as
long as the existence of active phases, such as Mg or
Mg,Ni. Nevertheless, as a shell of nanoparticle, the
phase of MgO can not absorb hydrogen with a volume
expansion, which result in the maintenance of its origi-
nal states and the separation between shell and
coreparts. This interesting phenomenon may play an
important role to improve of hydrogen absorption
kinetics. Some larger particles will be divided in to
smaller ones and this refinement of grain and particle
sizes will bring out lots of defects, i.e. new fresh sur-
faces, boundaries, etc. All the changes maybe facili-
tate hydriding/dehydriding and give a chance to im-
prove the hydrogen storage properties.

It is well known that grain growth is a serious
problem in nanostructured materials. Generally, large
numbers of grain boundaries with excess energy will
increase the free energy and drive recrystallization in
nanostructure materials™. Recrystallization occurs by
the migration of the grain boundary of a growing
crystal into surrounding particles and results in the
partial lost of the nanostructure properties. Boundary
migration can be reduced by doping with incoherent
second phase particles to limit recrystallization23). In
this work, MgO can act as a second phase which dis-
perses in active materials and prohibits the grain
growth. This phenomenon may be potentially benefi-
cial to stabilize nanoparticles and leads to better cy-
cling properties, as indicated in this work after sev-

eral hydrogen absorption/desorption cycles.

3.4 The hydrogen absorption properties of Mg—Ni
nanoparticles

As shown in Fig. 6, P-C-I curves of Mg-Ni nano-
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paticles (sample A) were measured at different temper-
atures to reveal the hydrogen absorption/desorption
properties. The maximum hydrogen absorption con-
tents are 1.75, 2.21 and 2.77 wt.% at 523, 573 and
623K, respectively. In the case of Mg-Ni bulk or film
with an excess Mg, P-C-I curves exhibit two pla-
teaus"””. Nevertheless, only one plateau occurs in the
present nanoparticles. As discussed in 3.3, pure Mg
component in the original Mg-Ni nanoparticles was
consumed out to form Mg,Ni during the hydrogen ab-
sorption/desorption process. It can be concluded that
the single plateau in P-C-I curve of Mg-Ni nano-
particles mainly attribute to the absorption/desorption
reactions of MgoNi phase with the absence of pure
Mg. As shown in Fig. 6, the P-C-I curves show a
large hysteres is between the measured absorption and
desorption plateau pressure, which can be ascribed to

coherency strain between the phaseszs)

. The coherency
strain introduces an unsurmountable energy barrier be-
tween the transforming phases, which prevents the co-
existence of the phase and results in a reversible hyste-
resis in the P-C-I curves. It is obvious that the hyste-
resis is incomplete, which indicates that hydrides are
not completely desorbed. The residual hydrides may
reduce the capacity of future cycles. Similar results

were also reported in other reports'®”. Generally, the
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Fig. 6. P-C-I curves of the Mg-Ni nanoparticles (sample A)
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hydrogen solubility is expected to decrease at higher
temperatures and this should be reflected in the length
of the corresponding plateau in LaNis-type alloys.
However, it displays an inverse behavior and the max-
imum hydrogen absorbption capacity is found to de-
crease remarkably with decreasing temperature in this
work. This phenomenon is a common case in Mg-Ni
alloys and more details are discussed by Kuji et al’®.

To further explore the thermal properties of nano-
particles, the van’t Hoff curve (Log P versus 1/T) is
usually employed to estimate the thermal stability of
hydrides. The van’t Hoff curve of Mg-Ni nano-
particles (sample A) is displayed in Fig. 7. The re-
sulting van’t Hoff equation is Log P = —3578/T +
6.719. From van’t Hoff equation, the hydride for-
mation enthalpy (AH) is calculated to be —68.52
kl/mol H, and the entropy (AS) is —0.129 kJ/K/mol
H,. It was reported that AH and AS of hydriding re-
action are —64.4 kJ/mol H, and —0.121 kJ/K/mol H,
for pure MgNi system, respectively”’. The measured
values in this study are close to the reported ones, in-
dicating thermodynamic properties of Mg,Ni can not
be improved by fabricating nanoparticles.

4. Conclusion
In this study, Mg-Ni nanoparticles are prepared by
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arc discharge using micro-sized metallic powders as
the raw materials. It was found that the intermetallic
compounds of MgNi and MgNi, are generated and
coexist with the phases of Mg, Ni, and MgO in
nanoparticles. Mg-Ni nanoparticles exhibit excellent
kinetic properties after only one hydrogen absorp-
tion/desorption cycle. After this kind of hydrogen
treatment, MgNi becomes the main phase by a phase
transformation. The absorption/desorption of hydrogen
atoms causes the expansion and shrinkage of the
crystal lattice, which lead to fracture and refinement
of grain size in nanoparticls. P-C-I curves exhibit sin-
gle plateau which attributes to the absorption/de-
sorption reactions of MgNi phase with the absence
of pure Mg. The hydride formation enthalpy (—68.52
kl/mol H,) and the entropy (AS) (—0.129 kJ/K/mol

H>) are close to the reported ones.
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