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a  b  s  t  r  a  c  t

The  Mg–10.2  at.% V  nanoparticles  are  prepared  by  hydrogen  plasma–metal  reaction  (HPMR)  method.
These  nanoparticles  are  made  of Mg, VH2 and  a small  amount  of MgH2. The  Mg  nanoparticles  are  hexag-
onal  in  shape  with  the  particle  size  in  the range  of 50–150  nm.  The  VH2 nanoparticles  are  spherical  in
shape  with  the  particle  size  around  10 nm, and  disperse  on  the  surface  of  the  Mg  nanoparticles.  After  the
eywords:
ydrogen storage
g–V
anoparticles

hydrogen  absorption,  the  mean  particle  size  of MgH2 decreases  to  60 nm,  while  the  V  nanoparticles  are
still  about  10  nm.  The  Mg–V  composite  nanoparticles  can  absorb  3.8 wt.% hydrogen  in less  than  30  min
at  473  K  and  accomplish  a high  hydrogen  storage  capacity  of  5.0  wt.%  in  less  than  5  min  at  623  K.  They
can  release  4.0 wt.% hydrogen  in less  than  15  min  at 573  K. The  catalytic  effect  of  the  V  nanoparticles  and
the  nanostructure  and  the  low  oxide  content  of the Mg  particles  promote  the  hydrogen  sorption  process

sorp −1
ydrogen plasma–metal reaction with  the low  hydrogen  ab

. Introduction

The constantly growing use of non-renewable fossil fuels gives
ise to problems of both oil shortage and environmental degra-
ation. Recently, as an ideal energy carrier candidate to replace
he fossil fuel, hydrogen has drawn tremendous attentions from
cientists and automotive industries. The key issue to realize the
ydrogen economy is to develop a safe and efficient hydrogen
torage approach. Solid-state hydrogen storage materials offer
everal advantages, including higher storage capacity and higher
afety than the conventional approaches of liquefaction and com-
ression [1].  Hydrogen storage materials through chemisorption

nclude simple metal and intermetallic hydrides [2–4], and com-
lex hydrides such as alanates, amides and boronates [5–7]. Among
hese hydrides, MgH2 is still the most attractive one due to its
igh theoretical gravimetric capacity of 7.6 wt.%, abundance and

ow cost. Nevertheless, the practical application of MgH2 has not
een achieved as the result of its slow hydrogen sorption kinetics
nd high operational temperature [8].

In the past decades, many efforts have been made to improve

he hydrogen sorption kinetics of MgH2, such as reducing the par-
icle size and crystallite size and adding the catalytic materials.
p to now, different kinds of transition metals and their oxides,
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tion  activation  energy  of  71.2  kJ mol .
© 2011 Elsevier B.V. All rights reserved.

including Fe, Ti, Ni, V, V2O5 and Cr2O3, to name a few, have been
used as catalysts to enhance the sorption properties of Mg  [9–15].
High energy ball milling (HEBM) is often adopted to disperse these
catalysts effectively and produce nanostructured hydride particles.
Holtz observed that the addition of 1 at.% Ni to Mg  decreased the
onset temperature of hydrogenation from 548 to 448 K and the
hydrogen storage capacity increased by 50% [11]. Liang et al. [12]
found that the ball milled MgH2–5 at.% V nanocrystalline could des-
orb hydrogen completely within 1000 s at 523 K. Kondo and Sakurai
demonstrated that Mg2CaV3 ternary alloy prepared by mechanical
alloying for 10 h could absorb 3.3 wt.% even at 298 K [16]. On  the
other hand, the process of HEBM usually takes a long time, and it is
also difficult to prevent the particles from oxidation and contami-
nation. Moreover, the HEBM approach is unavailable to reduce the
particle sizes of hydrides and catalysts to nano-scale.

The HPMR method is a novel vapor deposition process that is
suitable for producing metallic nanoparticles industrially with high
purity and low cost. So far, nanoparticles of various alloys and inter-
metallics have been fabricated by using HPMR approach, and the
particle size can be tuned by controlling the hydrogen pressure
and the current value [17–19].  Recently, the authors have synthe-
sized the Mg–6.9 at.% Zn ultrafine particles that are made of Mg(Zn)
solid solution and amorphous Mg–Zn alloy. These particles showed
high hydrogen absorbing rate and high storage capacity due to

the improved kinetics [20]. It is known that vanadium can absorb
and release hydrogen under moderate pressure and temperature
[21], and it is also an effective catalyst to improve the sorption
properties of Mg  [12]. Moreover, the production of nanoparticles
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in the as-prepared nanoparticles than that in the master ingots is
due to the higher evaporation rate of Mg  than that of V in the HPMR
process.
Fig. 1. TEM bright-field image of the as-prepared Mg–V nanoparticles (a) and th

rom Mg  and V by HPMR will be quite different from the Mg–Zn
ystem in that these two elements are immiscible [22]. Thus, the
rimary objective of the present study is to prepare the Mg–V
omposite nanoparticles using HPMR method and investigate the
ydrogen sorption properties and the particle size and structure
hanges during the absorption and desorption cycle. To achieve
ood catalytic effect and high hydrogenation capacity, the target
ontent of V is determined to be about 10 at.%.

. Experimental

The equipment for producing nanoparticles primarily contains
n arc melting chamber and a collecting system, which was
escribed elsewhere [17]. The Mg–V nanoparticles were produced
y arc melting Mg  (purity >99.5%) ingot of 20 g and V (purity >99.5%)

ngot of 20 g in a 50% Ar and 50% H2 mixture of 0.1 MPa. The
ow rate of the circulation gas for the collection of nanoparticles
as 100 L min−1. The arc current was selected as 80 A. Before the
anoparticles were taken out from the collection room, they were
assivated with a mixture of argon and air to prevent the particles
rom burning.

The hydrogen desorption and absorption properties of the as-
repared Mg–V nanoparticles were evaluated using a Sievert-type
pparatus. The volume of the reactor chamber was about 60 mL,
nd the error of the measurement was less than 5%. After the Mg–V
anoparticles of 100 mg  were put into the Sievert reactor, the sys-
em was evacuated to 10−3 Pa. Then, the sorption kinetic curves at
73, 523, 573 and 623 K were measured after one absorption and
esorption cycle at 673 K. A hydrogen pressure of 4 MPa  was pro-
ided to make the Mg–V nanoparticles absorb hydrogen, and the
esorption process was tested at each temperature under 10−1 Pa.

 conventional pressure–volume–temperature technique was  used
o obtain the pressure–composition isotherm (P–C–T) curves of the

g–V nanoparticles at 598, 623 and 648 K. Once the change of
ydrogen pressure was less than 20 Pa s−1, the hydrogen absorp-
ion and desorption measurements were considered as reaching
he equilibrium.

The structural analysis of the Mg–V nanoparticles samples
efore and after the hydrogen sorption was carried out by X-
ay diffraction (XRD) using a Rigaku X-ray diffractometer with
onochromatic Cu K� radiation. The morphology, size distribution

nd shape of the samples before and after the hydrogen sorp-
ion were observed by transmission electron microscopy (TEM)

sing JEOL-JSM-2100 at an accelerating voltage of 200 kV. The BET
Brunauer–Emmett–Teller) specific surface area was  obtained from
he nitrogen adsorption data using a Coulter Counter volumetric
as adsorption analyzer (Counter SA 3100) at 77 K. Before the BET
tron diffraction pattern of one big particle and several tens of small particles (b).

measurement, the sample was  activated by evacuating in vacuum
at 393 K for 2 h.

3. Results and discussion

3.1. Particle feature

Fig. 1(a) displays the TEM image of the as-prepared Mg–V
nanoparticles. It can be seen that there are two  types of particles.
The big particles vary from 50 to 150 nm with an average of about
100 nm.  They have clear hexagonal shapes, which are the same
as the pure Mg  nanoparticles prepared with pure Mg by HPMR
[23]. On the surface of each big particle, small particles of about
10 nm in spherical shape are dispersed. Fig. 1(b) shows the elec-
tron diffraction pattern of one big particle together with several
tens of small particles. The point pattern can be indexed by the
hexagonal structure of �-Mg  (hcp) with the diffraction zone axis
of [3 8̄ 7̄], indicating that the big particle is a single-crystal Mg.  The
ring pattern can be indexed by the fcc structure of VH2, implying
that the small particles belong to VH2. This is quite different from
the Mg–Zn system, where the Mg  and Mg–Zn amorphous phases
are included in one spherical particle [20]. The energy dispersive
X-ray spectroscopy in Fig. 2 displays that the average V content in
the Mg–V composite nanoparticles is 10.2 at.%. The lower V content
Fig. 2. The energy dispersive X-ray spectroscopy obtained from the Mg–V nanopar-
ticles.
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Fig. 3. X-ray diffraction patterns of the Mg–V nanoparticles (a) as-prepared, (b) after
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gen even at 473 K and reach a value of 3.8 wt.% in less than
30 min, quite superior to the Mg–Zn nanoparticles that absorb
only 2.3 wt.% in 55 min  at the same temperature [20]. This result
is comparable with the very recent report that Mg  nanopar-
he  absorption under 4 MPa  hydrogen pressure at 673 K, and (c) after the hydrogen
esorption under 10−1 Pa at 673 K.

Fig. 3 shows the XRD patterns of the as-prepared nanoparti-
les and the samples obtained after the hydrogen absorption and
esorption at 673 K. It is found that the as-prepared sample con-
ains dominantly �-Mg  (hcp) together with a certain amount of
cc-VH2, in excellent agreement with the TEM observation. It is
urprising to find that 3 weak diffraction peaks of MgH2 at 27.95◦,
5.74◦ and 54.62◦, are also discernable in Fig. 3(a). This means that

 small amount of MgH2 forms in the present work. Generally, no
g  hydride phase comes into being during the HPMR process when

ure Mg  or Mg–Zn alloy are used as the master materials [20,23],
ue to the poor formation kinetics of MgH2. It is proposed that in
he present work, the formation of MgH2 is attributed to the cat-
lytic effect of V nanoparticles dispersed on the surface of the Mg
anoparticles. The lattice constants of Mg  calculated from the XRD
ata are a = 3.209 Å and c = 5.211 Å, the same as the standard data
f pure �-Mg (JCPDS 35-0821), indicating that no V dissolves in
g.  This agrees with the Mg–V equilibrium binary diagram, where
g and V are immiscible [22]. The metallic nanoparticles often

ecome more pyrophoric than their corresponding coarse parti-
les, and start to oxidize once exposed to air. It is worth to note that
he diffraction peak of MgO  around 42.9◦, which usually appears in
he Mg  particles prepared by HPMR [23], cannot be detected in the
resent XRD pattern. This demonstrates that the addition of V effec-
ively suppresses the pyrophoricity of Mg,  and decreases the MgO
ontent in the nanoparticles after the passivation process. From the
RD pattern in Fig. 3(b), it can be found that after the absorption
rocess at 673 K, Mg  and V elements in the Mg–V nanoparticles
ransform into MgH2 and VH2, respectively. It is observed from
ig. 3(c) that after the desorption at 673 K, MgH2 dehydrogenates
nd changes completely into �-Mg, and VH2 transforms into V. The
eak of MgO  at 42.9◦ is detectable in both Fig. 3(b) and (c), which is
ttributed to the fact that the nanoparticles were taken out of the
hamber without sufficient passivation after the absorption and
esorption processes.

Fig. 4 shows the TEM image of the Mg–V nanoparticles after
he absorption. It is interesting to find that after the hydrogen
bsorption, the MgH2 nanoparticles are no longer in the hexag-
nal shape but are broken into smaller quasi-spherical particles
ith an average size of about 60 nm.  It is also shown in Fig. 4 that

fter the absorption, the fine black particles, known as VH2, is still
round 10 nm,  almost the same as the as-prepared sample. They are

omogeneously distributed on the surface of the MgH2 nanopar-
icles. The nitrogen adsorption–desorption isotherm curves of the
s-prepared and the hydrogenated Mg–V samples are displayed in
ig. 5. It is clear that as the consequence of the reduction in the
Fig. 4. Bright field electron image of Mg–V nanoparticles after the hydrogen absorp-
tion  under 4 MPa  hydrogen pressure at 673 K.

particle size of MgH2, the surface area of the hydrogenated sample
measured by BET is 20.5 m2 g−1, nearly twice as much as that of the
as-prepared sample, 10.3 m2 g−1.

On the basis of the analysis above, the formation of the Mg–V
composite nanoparticles by HPMR and the hydrogen absorption
and desorption processes can be summarized into the following
equations, respectively:

Mg + V + H2 → Mg  + MgH2+ VH2 (1)

Mg + V + H2 → MgH2 + VH2 (2)

MgH2 + VH2 → Mg  + V + H2 (3)

3.2. Hydrogen storage properties

The activation treatment through annealing at 673 K in vac-
uum and in hydrogen for several cycles is often required for the
micro-size Mg  particles. However, even after the activation, Mg
at microscale can absorb only 1.5 wt.% hydrogen within 2 h at
a temperature as high as 673 K [8].  Fig. 6(a) shows the hydro-
gen absorption curves of the Mg–V composite nanoparticles at
different temperatures. It can be observed that after one absorp-
tion and desorption cycle at 673 K under 4 MPa  hydrogen and
vacuum (10−1 Pa), the Mg–V nanoparticles can absorb hydro-
Fig. 5. Nitrogen adsorption–desorption isotherm curves of the as-prepared and the
dehydrogenated Mg–V samples.
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ig. 6. Hydrogen absorption curves (a) and desorption curves (b) of the Mg–V nano
nd  desorption cycle at 673 K.

icles with a mean particle size of 38 nm can absorb nearly
 wt.% in 40 min  at 493 K [24]. However, the Mg–V nanoparti-
les show higher hydrogenation rate due to the catalytic effect
f the V nanoparticles, especially at the initial stage. It is also
ound from Fig. 6(a) that the hydrogen absorption rate increases
ith increasing temperature from 473 to 623 K. At 523, 573

nd 623 K, the hydrogen absorption content enlarges remarkably
ith time at the initial absorption stage and reaches a satura-

ion value of 3.8, 4.2 and 5.0 wt.% in 5 min, respectively. Fig. 6(b)
hows the hydrogen desorption curves of the Mg–V nanoparticles
t different temperatures. It is found that the hydrogen desorp-
ion content rises remarkably with time at the initial desorption
tage and reaches a saturation value of 4.9 wt.% H in 10 min  at
23 K. Even at 573 K, the Mg–V nanoparticles can dehydrogenate
.0 wt.% H in 15 min, nearly the same as the absorbed value at
73 K.

It is well known that the hydrogenation rate of Mg  is affected
y several factors. Firstly, the surface of pure magnesium without
atalytic additives requires a very high energy for the dissociation
f H2. In the present work, the V nanoparticles dispersed on the
urface of Mg  particles act as a catalyst to decrease the activation
nergy to dissociate H2 and improve the hydrogen sorption kinetics
f Mg  nanoparticles. Secondly, the formation rate of MgH2 on the
g surface and the diffusion rate of hydrogen atoms within MgH2
re the critical factors to impact the hydrogenation capacity and
inetics, due to the fact that the diffusion coefficient of H in MgH2
s much smaller than that in Mg  [25]. It was also reported that the
ydrogenation rate of the magnesium decreased with increasing

Fig. 7. Absorption plot (a) and desorption plot (b) 
les at 473, 523, 573 and 623 K under 4 MPa  hydrogen pressure after one absorption

hydride layer thickness [26]. In this work, the nano-scale particle
size decreases the thickness of MgH2, accelerates the H diffusion
and improves the hydrogen sorption kinetics of Mg.  Additionally,
it is known that the oxide layer of Mg  particles prevents hydrogen
from transporting into Mg.  In this work, the decrease of oxide con-
tent in the Mg–V composite nanoparticles enhances the sorption of
H on the surface of the Mg  nanoparticles. Thus, the high hydrogen
sorption rate is attributed to the combined effects of the catalytic
V nanoparticles, and the nanostructure and the decreased oxide
content of Mg  particles.

The activation energy for hydrogen absorption is usually calcu-
lated from the JMAK (Johnson–Mehl–Avrami–Kolmogorov) model
and the Arrhenius theory. On the basis of JMAK model, the hydro-
gen absorption kinetics can be expressed in the following linear
equation:

ln[− ln(1 − ˛)] = � ln k + � ln t (4)

where  ̨ is the fraction transformed at time t, k is an effective
kinetic parameter, � is the Avrami exponent of reaction order.
For the experimental data of 473, 523, 573 and 623 K, by plot-
ting ln[−ln(1 − ˛)] vs. ln(t), each temperature provides a straight
line with a slope � and an intercept � ln(k). After calculating
the rate constant k from the � value, the apparent activation
energy for the absorption process is evaluated from the Arrhenius

equation:

k = A exp
(−Ea

RT

)
(5)

of ln k vs. 1000/T of the Mg–V nanoparticles.
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ig. 8. Pressure–composition isotherm curves of the Mg–V nanoparticles at 598,
23  and 648 K.

here A is a temperature-independent coefficient, Ea is the appar-
nt activation energy, R is the gas constant (8.314472 J mol−1 K−1),
nd T is the absolute temperature. The absorption plot of ln(k) vs.
000/T is shown in Fig. 7(a), and the calculated hydrogen absorption
ctivation energy of the Mg–V nanoparticles is 71.2 kJ mol−1, which
s quite smaller than that of the 25 nm Mg  particles, 122 kJ mol−1

24]. By using the same approach, the desorption plot of ln(k)
s. 1000/T  for the experimental data of 523, 573 and 623 K is
hown in Fig. 7(b), and the hydrogen desorption activation energy
f the Mg–V nanoparticles is 119.4 kJ mol−1. This value is slightly
arger than that of the Mg  particles catalyzed with Ni nanoparti-
les, 94 kJ mol−1, but is quite lower than that of non-catalyzed Mg
articles, 323 kJ mol−1 [27].

Fig. 8 shows the P–C–T curves of the hydrogen absorption–
esorption for the Mg–V nanoparticles at 598, 623 and 648 K.
he hydrogen pressures of the absorption plateaus are 1.41 MPa
t 648 K, 0.81 MPa  at 623 K and 0.44 MPa  at 598 K. The hydro-
en pressures of the desorption plateaus are 0.96 MPa  at 648 K,
.59 MPa  at 623 K and 0.30 MPa  at 598 K. From these data, the
an’t Hoff Plots (ln P vs. 1/T) for both absorption and desorption
f the Mg–V nanoparticles are built in Fig. 9. According to the
tting line from the experimental data, the Van’t Hoff equation

or the absorption is ln(P) = − 8.93/T + 18.74. The obtained value
f the formation enthalpy (�Habs) for the Mg–V nanoparticles is

−1
74.3 kJ mol , comparable with the formation enthalpy for the
g micro-particles reported by other works [28,29].  The Van’t Hoff

quation for the desorption is ln(P) = − 8.94/T + 18.39. The decom-
osition enthalpy (�Hdes) for the Mg–V nanoparticles is evaluated

Fig. 9. Van’t Hoff plots for the Mg–V nanoparticles.
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to be −74.4 kJ mol−1, similar with that of the Mg micro-particles
[30]. This implies that the addition of V to Mg  does not alter the
thermodynamics of the hydrogenation process, but improve the
sorption kinetics. The Mg–V composite nanoparticles with high
sorption kinetics and storage capacity, and relatively low hydro-
genation temperature, are a promising candidate for hydrogen
storage.

4. Conclusions

The Mg–10.2 at.% V composite nanoparticles were prepared
from the Mg  and V ingots by HPMR method. The Mg  nanopar-
ticles are hexagonal in shape with an average particle size of
100 nm.  The spherical VH2 nanoparticles with a mean diam-
eter of 10 nm disperse evenly on the surface of the Mg
nanoparticles. After the hydrogen absorption, the MgH2 nanopar-
ticles decrease to 60 nm,  while the V nanoparticles are still
about 10 nm.

The Mg–V composite nanoparticles can absorb 3.8 wt.% hydro-
gen in less than 30 min  even at 473 K, and accomplish a high
hydrogen storage capacity of 5.0 wt.% in less than 5 min  at 623 K.
They release 4.0 wt.% hydrogen in less than 15 min at 573 K. The
catalytic effect of the V nanoparticles, and the nanostructure and
the low oxide content of the Mg  particles result in the low hydro-
gen absorption and desorption activation energies of 71.2 and
119.4 kJ mol−1, respectively. The enhanced hydrogen sorption rate
and storage capacity are due to the improved kinetics rather than
the change in enthalpy.
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