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Hydrogen storage

MgH, is one of the most attractive candidates for on-board H, storage. However, the
practical application of MgH, has not been achieved due to its slow hydrogenation/dehy-
drogenation kinetics and high thermodynamic stability. Many strategies have been adop-
ted to improve the hydrogen storage properties of Mg-based materials, including modifying
microstructure by ball milling, alloying with other elements, doping with catalysts, and
nanosizing. To further improve the hydrogen storage properties, the nanostructured Mg is
combined with other materials to form nanocomposite. Herein, we review the recent
development of the Mg-based nanocomposites produced by hydrogen plasma-metal re-
action (HPMR), rapid solidification (RS) technique, and other approaches. These nano-
composites effectively enhance the sorption kinetics of Mg by facilitating hydrogen
dissociation and diffusion, and prevent particle sintering and grain growth of Mg during
hydrogenation/dehydrogenation process.
Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

challenged by its storage technology, especially for the appli-
cations in the vehicles powered by fuel cells and in the
hydrogen fueled internal combustion engines. To realize the

Hydrogen, the lightest element, burns with oxygen and emits
only environmentally friendly water. The hydrogen energy
system was first proposed to solve the worldwide oil crisis in
1970s. In recent years, hydrogen has drawn growing attentions
from scientists and automotive industries as the ideal candi-
date for energy carrier to replace the fossil fuel-based econ-
omy. However, the widespread use of hydrogen is still

hydrogen economy, the development of a safe and efficient
hydrogen storage approach is the key issue. The US Depart-
ment of Energy (DOE) published a long-term goal for hydrogen-
storage applications, and the required minimum hydrogen-
storage capacity should be 6.5 wt.% and 65 g L * hydrogen at
the temperature between 333 and 393 K [1]. The conventional
hydrogen storage approaches through the compressed
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hydrogen gas and the cryogenic hydrogen liquid are not
capable of meeting the targets of DOE for the on-board appli-
cations, e.g. high hydrogen storage capacity, safety and low
cost. Hydrogen storages via metal hydride materials have the
potential advantages of high volumetric and gravimetric ca-
pacities and safety [2]. So far, many kinds of hydrogen storage
materials have been developed, e.g. LaNis [3], Mg,Ni [4], ala-
nates [5], amides [6] and borohydrides [7]. Nevertheless, these
materials fail to satisfy all the necessary requirements due to
the drawbacks, including unfavorable thermodynamics, poor
kinetics, irreversibility, and releasing undesirable by-products.

Features of magnesium hydrides

Among the metal hydrides, MgH, is still one of the most
attractive candidates for hydrogen storage due to its high
theoretical gravimetric capacity of 7.6 wt.%, volumetric capacity
of110gL~?, energy density of 9 MJ kg~ *, abundance, reversibility
and low cost [2]. Moreover, MgH, possesses other advantages,
such as heat-resistance, vibration absorbing and recyclability.
In recent years, much attention has been paid to develop novel
Mg-based hydrogen storage materials. Up to now, the practical
application of MgH,, however, has not been achieved due to its
slow hydrogenation/dehydrogenation kinetics and high ther-
modynamic stability. MgH, must be heated to 623—673 K under
a hydrogen pressure of more than 3 MPa to achieve an adequate
rate of hydrogenation/dehydrogenation [8].

There are three main factors that significantly hinder the
hydrogen absorption/desorption rate of Magnesium. Firstly, a
highly stable MgO layer is often formed on the surface of the
Mg particles and prevents the diffusion of hydrogen into Mg.
In order to break down the oxide layer, the activation process
is often carried out through annealing Mg at 673 K in vacuum
and in hydrogen for several cycles. Andreasen et al. found
that with the presence of MgO surface layer, the Mg-based
materials showed large apparent activation energies due to
the delayed hydrogen diffusion, whereas the well activated
samples exhibited smaller activation energies [9]. Neverthe-
less, even after the activation process, Mg in microscale can
absorb only 1.5 wt.% H, within 2 h at 673 K [10]. The second
reason for the slow rate of hydrogenation is the low disso-
ciation rate of hydrogen molecules on the surface of Mg [11].
Without catalytic additives, the dissociation of hydrogen
molecules on the surface of magnesium requires high acti-
vation energy. Thirdly, after the formation of MgH, on the
surface of Mg, the diffusion of hydrogen through this hydride
layer becomes the dominant factor for the hydrogenation
process because the diffusion rate of hydrogen in MgH, is
lower than in Mg [12,13]. It was also reported that the hy-
drogenation rate of Mg decreased with the increasing hydride
layer thickness [14]. When the thickness of hydride layer
exceeded a critical value of 30-50 pm, the hydrogenation
reaction even stopped [10,15].

Approaches to improve the hydrogen storage
properties of magnesium hydride

In the past two decades, many efforts have been devoted to
reduce the operation temperature and improve the

hydrogenation/dehydrogenation kinetics of the Mg-based ma-
terials via modifying microstructure by ball milling, alloying
with other elements, doping with catalysts, and nanosizing.

Ball milling not only creates fresh surfaces, but also can
induce structural defects, phase change, and nanostructure
[16,17]. By the mechanical milling or alloying method, the
crystalline size of the Mg-based materials can be reduced to
nanometer scale, which offers more diffusion channels for
hydrogen. Moreover, the induced microstrain also assists
diffusion by reducing the hysteresis of hydrogen absorption
and desorption [18]. However, the grain boundary effect due to
the nanocrystalline does not dramatically change the
pressure-composition (P—C) isotherms. Milling wunder
hydrogen atmosphere has also been adopted to prepare the
Mg-based hydrides [19]. In this approach, ball milling causes
hydrogen uptake and mechanical deformation simulta-
neously. Therefore, the nanostructured Mg-based materials
often exhibit much higher hydrogen storage capacity and fast
sorption kinetics as well [10].

Chemical composition is one of the most important factors
to determine the hydrogen storage properties [20]. The Mg-
based materials alloyed with other elements have shown
rapid hydrogenation/dehydrogenation kinetics and a reduced
operation temperature [21-25]. Mechanical alloying is often
adopted to synthesize the Mg-based hydrogen storage alloys,
such as Mg—Ni [21,22] and Mg—Co [23,24]. Mg,Ni can react
with hydrogen to form Mg,NiH, at 470—500 K [25]. The stan-
dard enthalpy of this reaction was found to be 65 kJ mol* H,,
lower than that of MgH, (78 kJ mol * H,) [26]. Akiba group
produced the Mg—Co alloys by mechanical alloying method
[24,27]. They found that the MgsoCosg alloy with both crystal-
line BCC phase and amorphous-like phase had a particle size
of 1-2 um and a grain size of about a few nanometers [28]. It
can absorb 2 wt.% hydrogen at 303 K in 1 h under an initial
hydrogen pressure of 3.3 MPa. By using Mg, Ni, Co, Cu and Fe
nanoparticles, Shao and Liu et al. [29,30] also synthesized the
nanostructured Mg-based compounds (Mg,Ni, Mg,Co, Mg,Cu
and Mg,FeHg) with high purity by gas—solid reaction in much
mild. For example, the Mg,Ni nanoparticles of 50 nm can be
prepared at 523 K under 4 MPa H,. The nanostructure of these
samples greatly enhanced the kinetic properties of hydrogen
absorption and desorption. The Mg,Ni nanoparticles can
absorb 3.4 wt.% hydrogen in several minutes at 493 K.
Furthermore, the sorption kinetics of the nanostructured
Mg,Ni was almost stable during ten cycles [30]. The thermo-
dynamic properties of these nanostructured Mg,M were
improved slightly as well.

Catalyst is another critical factor to promote the hydrogen
sorption kinetics in Mg. The transition metals (Fe, Ni, Ti, V, Cu,
Co) [31-33], oxides [34], halides [35], and intermetallic com-
pounds [36—38] can catalyze the dissociation of H, molecules
on the surface of Mg. The mobile H atoms induce fast diffusion
rate into Mg crystal lattice, enhance the kinetics of hydroge-
nation/dehydrogenation, and increase the hydrogen storage
capacity at the moderate temperatures [32]. Fujii et al. [39]
found that MgH, sample doped with 1 mol% Nb,Os absorbed
4.5 wt.% hydrogen at room temperature under a hydrogen
pressure of 1 MPa.

Recent theoretical simulations have suggested that when
the particle size of Mg is reduced to nanoscale, both the
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hydrogen absorption and desorption kinetics can be signifi-
cantly improved [16,40,41]. Metal hydride particles with grain
size of 10—50 nm are usually prepared by high-energy ball
milling. However, this technique can hardly decrease the
particle size to nanoscale and is inadequate to produce a
dramatic size effect. Mg nanoparticles have been prepared by
several routes, including organometallic chemistry [42,43],
solution-processing using colloidal chemistry [44,45], sonoe-
lectrochemistry [46], and gas-phase methods [47,48]. The
nanoscale Mg exhibited far superior hydrogen storage prop-
erties to the Mg in microscale [49].

Mg-based nanocomposites with improved
hydrogen storage properties

To further improve the hydrogen storage properties, recently,
the Mg nanoparticle or nanocrystalline has been combined
with other materials to form nanocomposite. High energy
ball-milling (HEBM) approach is often adopted to produce the
Mg-based nanocomposites [50,51]. The Mg—TiH, nano-
composite exhibited rapid absorption kinetics, and the acti-
vation energy of desorption for magnesium hydride was
reduced to 473 K. On the other hand, Mg nanoparticles are
very reactive towards oxygen [52]. The oxide layer of these
nanoparticles impeded the hydrogen diffusion and decreased
the hydrogen storage performance. To improve both the
durability and the hydrogen sorption kinetics of Mg, the Mg-
based nanocomposites have been developed through surface
modification or nanoconfinement [53,54]. Nanocomposites
enhance the sorption kinetics of Mg due to the shorter diffu-
sion length for hydrogen and the higher nucleation rate, pre-
vent particle sintering and grain growth of Mg during
hydrogenation/dehydrogenation process, and possibly desta-
bilize the hydride phase. Hereafter, we review the recent
achievements in the Mg-based nanocomposites produced by
HPMR, RS technique, and other approaches.

Mg-based nanocomposites synthesized by HPMR approach

Krishnan and co-workers [55,56] endeavored to cover Mg
nanoparticles with metallic layer by inert gas condensation
technique. They produced the Mg—Ti nanoparticles by
magnetron sputtering a target of Mg and Ti mixture in an inert
Kr atmosphere [55]. The addition of Ti reduced the size of Mg

nanoparticles to 5-20 nm. However, the Mg nanoparticles
were covered with magnesium oxide shell of 3—4 nm in
thickness, and the Ti nanoparticles were separated from the
Mg nanoparticles. The Mg—Ni binary system has also been
tested by the same group [56]. They only observed the Mg,Ni
nanoparticles covered with Ni, nevertheless, the Mg nano-
particles covered with metallic shell have not been success-
fully prepared yet. Thus, it is still very challenging to cover the
Mg nanoparticles with a metallic shell by using the conven-
tional technique.

HPMR method is a novel vapor deposition processing and
suitable for producing metallic nanoparticles industrially with
high purity and low cost. In this approach, bulk metals are
vaporized by arc plasma in a mixture of Ar and H, atmo-
sphere. The metal vapors are taken to a collecting filter by
circulation gas. Before being taken out from the collecting
room, the metal nanoparticles are passivated by a mixture of
Ar and air to prevent them from burning. Up to now, nano-
particles of various alloys and intermetallics have been
fabricated by using HPMR approach, and the particle size can
be tuned by controlling the hydrogen pressure and the current
value [57—59]. Recently, we have designed and fabricated
several types of Mg-based nanocomposites, such as Mg—Zn,
Mg—V, Mg—Al, Mg—La—Al and Mg—La—Ni nanocomposites, by
HPMR approach to create a metallic coating on the Mg nano-
particles [60—64].

Mg—V nanocomposite

It is known that vanadium can absorb and release hydrogen
under moderate pressure and temperature [65,66]. Liang
et al. [66] found that the ball-milled MgH,—5 at.% V nano-
crystalline desorbed hydrogen completely within 1000 s at
523 K. Kondo and Sakurai [67] demonstrated that Mg,CaVs
ternary alloy prepared by mechanical alloying could absorb
3.3 wt.% even at 298 K. According to the Mg—V binary dia-
gram, they are immiscible in solid state [68], and therefore it
is possible to create the Mg-based nanocomposite with V
hydride dispersed on the surface of Mg during the HPMR
processing.

Liu et al. [60] prepared the Mg—10.2 at.% V composite
nanoparticles from the Mg and V ingots by HPMR method.
These nanoparticles are made of Mg, VH, and a small
amount of MgH,. The Mg nanoparticles are hexagonal in
shape with the particle size in the range of 50—150 nm, see
Fig. 1(a). The spherical VH, nanoparticles with a mean

Fig. 1 — TEM bright-field images of the as-prepared Mg—V nanoparticles (a), the Mg—V nanoparticles after the hydrogen

absorption under 4 MPa hydrogen pressure at 673 K (b) [60].
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Fig. 2 — Hydrogen absorption curves under 4 MPa hydrogen pressure (a), and desorption curves under 100 Pa (b) of the Mg—V

nanoparticles at 473, 523, 573 and 623 K [60].

diameter of 10 nm disperse evenly on the surface of the Mg
nanoparticles. The formation of the Mg—V composite nano-
particles by HPMR and the hydrogen absorption and
desorption processes can be summarized by the following
equations, respectively:

Mg + V + H, > Mg + MgH, + VH,(HPMR) 1)
Mg + V + H, —» MgH, + VH,(Absorption) 2
MgH, + VH, —»Mg + V + H,(Desorption) (3)

After hydrogenation, the mean particle size of MgH,
decreased to 60 nm, while the VH, nanoparticles were still
about 10 nm, see Fig. 1(b). The Mg—V nanocomposite absorbed
3.8 wt.% hydrogen in less than 30 min at 473 K and accom-
plished a high storage capacity of 5.0 wt.% in less than 5 min at
623 K, see Fig. 2. This result was comparable with the very
recent report that Mg nanoparticles with a mean particle size
of 38 nm absorbed nearly 4 wt.% hydrogen in 40 min at 493 K
[45]. Compared with the Mg nanoparticles of 38 nm, the Mg—V
nanocomposite showed higher hydrogenation rate due to the
catalytic effect of the V nanoparticles, especially at the initial
stage. The Mg—V nanocomposite released 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 con-
tent of the Mg particles resulted in the low hydrogen absorp-
tion and desorption activation energies of 71.2 and
119.4 kJ mol ™%, respectively. It should be noted that the
enhanced hydrogen sorption rate and storage capacity were
due to the improved kinetics rather than the change in
enthalpy.

Mg—Zn nanocomposite

Although different kinds of transition metals have been used
as catalytic additives to enhance the hydrogen storage prop-
erties of Mg, the effect of Zn was rarely discussed. Deledda and
coworkers [69] added Zn to Mg by ball milling in order to
synthesize Mg—Zn intermetallic compounds. However, the
final product was the amorphous Mg—Zn phase with a
composition of MgssZnss. They further synthesized the
Mg—Y—Zn ternary alloys and found that the phase trans-
formations during hydrogen sorption were pressure depen-
dent [70]. At pressures above 1 MPa, Mg,Zn; decomposed into
MgH, and MgZn,. Since a large amount of Zn was added to Mg

in these studies, the hydrogen storage capacity was reduced.
Zn is one of elements, which can dissolve in hcp-Mg at the
level of several mole percent. Moreover, on the basis of Mg—Zn
binary diagram, Mg and Zn can form several kinds of in-
termetallics, such as MgZn, MgZn,, Mg,Zn; and Mg,Zn;;.
During the HPMR processing, the addition of Zn may modify
the morphology and structure of Mg nanoparticles.

Liu et al. [61] synthesized the Mg-6.9 at.% Zn nano-
composite from the bulk Mg-10at.%Zn alloy by HPMR method.
The particles were in spherical shape ranging from 100 to
700 nm with an average of about 400 nm. The XRD result
proves that Zn partially dissolved in the «-Mg structure, see
Fig. 3(a). A broad and diffusive peak between 40 and 43° in-
dicates the formation of amorphous Mg—Zn phase during the
solidification at very high cooling rate of 10° K/s in the HPMR
processing. The amorphous Mg—Zn phase promoted the ho-
mogeneous growth of the composite particles into the
spherical shape rather than the hexagonal shape of Mg. After
the hydrogenation at 673 K, most of Mg in the Mg—Zn nano-
composite transformed into MgH,, and the rest of the Mg
combined with Zn to form intermetallics MgZn,, see Fig. 3(b).
After the desorption process, the Mg—Zn nanocomposite were
broken into smaller particles with an average size of about
250 nm MgH, decomposed almost completely into the

e Mg
v MgZn,
¢ MgH,

(c) after desorption

Intensity (a. u.)

20 30 40 50 60 70 80 90
20 (degree)
Fig. 3 — XRD patterns of the Mg—Zn nanocomposite, (a) as-

prepared, (b) after the absorption in 4 MPa hydrogen at
673 K, and (c) after the desorption under 100 Pa at 673 K [61].
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Fig. 4 — (a) Hydrogen absorption curves of the Mg—Zn nanocomposite at 473, 523, 573, 623 and 673 K under 4 MPa hydrogen
pressure; (b) pressure-composition isotherm curves of the Mg—Zn nanocomposite at 573, 598, 623 and 648 K [61].

nanocrystalline «-Mg, and the intermetallics MgZn, trans-
formed into the complex Mg—Zn intermetallics, see Fig. 3(c).
The formation of Mg—Zn nanocomposite and the hydrogen
absorption and desorption processes can be summarized by
the following equations, respectively:

Mg + Zn—Mg(Zn) + MgZn,(Amorphous) (4)
Mg(Zn) + MgZn, (Amorphous) + H, —MgH, + MgZn, (5)
MgH, + MgZn, —Mg(Zn) + MgZn, (Intermetallics) (6)

The addition of Zn played a crucial role in enhancing the
sorption kinetics properties of the Mg—Zn nanocomposite.
After one activation cycle, the Mg—Zn nanocomposite could
absorb over 5.0 wt.% hydrogen in less than 20 min at 573 K, see
Fig. 4(a). The presence of Mg—Zn alloy or intermetallics in the
Mg—Zn nanocomposite may act as a catalyst to decrease the
dissociation energy of H,, leading to a low hydrogen absorp-
tion activation energy of 56.3 kJ mol™'. The Mg—Zn nano-
composite could absorb 6.1 wt.% H, at 573 K, even though the
addition of Zn deteriorated the hydrogen absorption capacity.
The obtained value of the hydride formation enthalpy by the
Van’'t Hoff plot for the Mg-Zn nanocomposite was
—74.0 kJ mol~?, similar with Mg, see Fig. 4(b).

Mg—Al nanocomposite

According to the discussion above, the Mg nanoparticles
covered with metallic shell cannot be prepared in the Mg—Zn
and Mg—V nanocomposites by HPMR. To reach the goal, a

suitable Mg-based alloy should be designed. Among the
alloying elements, Al is one of the most attractive candidates
to decrease the stability of magnesium hydride. The hydrogen
storage capacities of three Mg—Al intermetallic compounds,
Mgi7Al15, MgyrAlsg and MgoAls, are 4.44, 3.17, and 3.02 wt.%,
respectively [71]. Wang and co-workers [72] reported that the
ball-milled Mg;,Al;, could absorb 2.19 wt.% hydrogen at 573 K
in 40 min and the hydrogen desorption capacity reached
2.01 wt.% in 30 min at 613 K under hydrogen pressure of
0.1 MPa. It was reported recently that the hydrogen adsorp-
tion/desorption kinetics of Mg was significantly improved
with Al addition, and the enthalpy of hydrogenation
was decreased upon Al addition as the result of the endo-
thermic disproportionate reactions of Mg—Al intermetallic
compounds [71—-74].

It is known that the stoichiometry compound nano-
particles can hardly form at very high cooling rate during the
HPMR process, whereas the non-stoichiometry compounds
with wide composition range are relatively easy to nucleate
and grow into intermetallic compound nanoparticles. In the
case of the Mg—Zn binary system with only stoichiometry
compounds, the Mg—Zn intermetallics cannot be generated.
As to the Mg—V system, the immiscible Mg and V nucleate in
separate particles. The wide composition range of Mg;;Al;»
between 45 and 60.5 at.% Mg possibly enables its nucleation
even at very high cooling rate. Recently, Liu et al. [62] suc-
cessfully prepared the Mg-7, 22 and 27 at.% Al nano-
composites with Mg@Mg;,Al,, structure from the Mg—Al alloy
ingots by using HPMR method. With the addition of Al, the

Fig. 5 — High resolution TEM images of the as-prepared Mg—Al nanocomposites: (a) Mg-7 at.% Al, (b) Mg-22 at.% Al and (c)

Mg-27 at.% Al [62].
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sizes of Mg—Al nanocomposites were effectively reduced to
about 150 nm. The Mg;,Al;, shell nucleated with the Mg core
as a nucleation position, and the formation mechanism of the
core/shell structure could be explained by the Mg—Al phase
transformation. Surprisingly, no oxide phase was detected on
the surface of these Mg—Al nanocomposites. The excellent
oxidation resistance was ascribed to the fact that the Mg;;Al;,
shell in the Mg@Mg;;Al;; nanocomposite provides much
higher chemical stability than Mg. The thickness of Mg;,Al;,
shell increased from 2 to 3 nm for Mg-7 at.% Al to 4-5 nm for
Mg-22 at.% Al, see Fig. 5. In order to control the content of
Mg,,Al;; in the nanocomposite, the content of Al should be
adjusted. A high Al concentration, e.g. 27 at.% Al, led to the
formation of fcc-Al and the reduced thickness of Mg;,Al;,.
The Mg@Mg,;;Al;; nanocomposites showed fast initial
hydrogen absorption/desorption rates, and the hydrogen
sorption kinetics and storage capacity decreased with the
increasing Al concentration. Mg-7 at.% Al nanocomposite
absorbed 3.3 wt.% H, at 473 K in 60 min, as shown in Fig. 6(a).
This result was comparable with the Mg nanocomposite of
38 nm [45], but was superior to that of the Mg—Zn nano-
composite that absorbed 2.3 wt.% Hin 60 min at 473K [61]. Itis
surprising to find that the hydrogen storage capacity of Mg-
7 at.% Al nanocomposite was as high as 5.7 wt.% at 523 K. The
storage capacity reached 6.2 wt.% H, at 573 K. As compared to
the Mg nanocomposite embedded in a gas-selective polymer
matrix of about 40 wt.%, which had a storage capacity of
4 wt.% [53], the thin Mg;,Al;, shell of 2—3 nm not only prevents
the Mg nanocomposites from oxidation, but also offers a high
hydrogen storage capacity of nearly 7.0 wt.% at 673 K, only
about 10% less than the theoretical gravimetric capacity of
MgH,. It is noted that the Mg@Mg;,Al;, nanocomposite
released 6.0 wt.% H, within 30 min at 623 K, and 6.2 wt.% H,
within 3 min at 673 K, see Fig. 6(b). The Mg;,Al;, shell dis-
proportionated into MgH, and Al upon hydrogenation, and
was recovered after the hydrogen release. The recovery of
Mgy7Aly; is of great importance for sustaining the excellent
hydrogen storage reversibility. The morphology and size of
the nanocomposite was not apparently changed during the
hydrogenation/dehydrogenation cycle, whereas the particle
core Mg changed from single crystal into polycrystalline of
2—4 nm. The whole hydrogenation process of the
Mg@Mg;,,Al;, nanocomposite can be expressed as follows:

Mg + Mg, ,Aly, + H, — Al + MgH, (7)

The hydrogen desorption process of the Mg@Mg;,Al;,
nanocomposite can be formulized as follows:

Al + MgH, »Mg + Al + H, > Mg + Mg,,Al;, + H, (8)

The calculated E, value for the hydrogen absorption of
Mg@Mg;,Al;, nanocomposite is 49.3 kJ mol~?, lower than that
of the magnesium thin film of 72 kJ mol™! [75], and much
lower than that of the Mg in 38 nm of 115 kJ mol™* [45]. The
calculated hydrogen desorption activation energy is
105.5 k) mol~?, which is also lower than that of the Mgin 38 nm
of 126 k] mol~* [45]. Thus, the high hydrogen sorption rate is
attributed to the catalytic effect and oxidation resistance of
the Mg;7Al;, shell, and the nanostructure of the Mg particle
core. The Mg@Mg;,Al;, nanocomposite with high hydrogen
sorption rate, high hydrogen storage capacity and low opera-
tion temperature, is promising for the application as a
hydrogen storage material.

Mg—La—Al and Mg—La—Ni nanocomposites

In order to clarify whether Mg-based ternary system can
form core/shell structure nanocomposite, Liu et al. [63,64]
further produced the Mg-2 at.%la-2.6 at.%Al and the
Mg-10.6 wt.% La-3.5 wt.% Ni nanocomposites by HPMR
method. However, no metallic shell can be found in both
Mg—La—Al and Mg-La—Ni systems. For the Mg—La—Al
nanocomposite, these nanoparticles are made of single
crystalline Mg of about 160 nm, and a little amount of
polycrystalline Al,La of 15 nm dispersing on the surface of
Mg. After hydrogenation, Al,La disproportionates into sin-
gle crystalline LaH; of 15 nm. As to the Mg—La—Ni system,
these nanoparticles were made of Mg, LaH; and a small
amount of Mg,Ni. LaH; and Mg,Ni nanoparticles were
nearly spherical in shape with the mean particle size of
15 nm, and dispersed on the surface of Mg (180 nm). The
hydrogen storage properties of both nanocomposites have
been improved remarkably. The Mg—La—Al nanocomposite
can absorb 5.0 wt.% H, in 30 min at 473 K, and the storage
capacity is as high as 6.8 wt.% at 673 K. It can also release
6.0 wt.% H, in less than 10 min at 673 K. The Mg—La—Ni
nanocomposite also accomplished a hydrogen storage ca-
pacity of 6.5 wt.% H, in less than 10 min at 673 K. The
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catalytic effect of LaH; and Mg,Ni nanoparticles promoted
the hydrogen sorption process.

Mg-based nanocomposite prepared by RS technique

Ball milling generally results in the reduced grain size and
formation of various defects [76]. In addition to ball milling, RS
through melt-spun is also an effective way to obtain the Mg-
based nanocomposites. The hydrogen storage capacity and
hydrogenation/absorption kinetics of the Mg-based nano-
composites were influenced by a number of factors, including
chemical composition, microstructure and grain size.
Compared to the conventional Mg-based alloys with micro-
meter crystalline, the nanocrystalline Mg combined with
other catalysts in nanoscale exhibit much faster rate of
hydrogen absorption/desorption and lower temperature of
hydrogenation/dehydrogenation [77,79]. The large number of
interfaces and grain boundaries available in nanocrystalline
materials provides easy pathways for hydrogen diffusion and
promotes the absorption of hydrogen. Spassov et al. [77,78]
studied the hydrogen storage properties and thermal stabil-
ity of Mg—Ni—RE nanocomposite (RE = Y, La, Ce) with nano-
crystalline and amorphous or partially amorphous
microstructures, and reported that the difference in the hy-
drogenation properties between the as-quenched nano-
crystalline/amorphous and completely nanocrystalline was
insignificant. Huang et al. [79] studied the nanocrystallization
and hydrogenation properties of amorphous MgesCu,sNdyg
prepared by melt-spinning. They found that MggsCuasNdyo
nanocomposite showed fast initial hydrogenation rate and
high hydrogen capacity.

Wu et al. [80,81] obtained Mg-based Mg—20Ni—8Mm
(wt.%) (Mm = Ce, La-rich Mischmetal) nanocomposite with

microcrystalline, nanocrystalline, and amorphous micro-
structures by controlling the solidification rate of the melt-
spun ribbon. The microstructure was remarkably refined
by rapid solidification compared with that of the conven-
tional polycrystalline alloy, see Fig. 7. A considerable
amount of nanocrystalline Mg and Mg,Ni was produced in
the amorphous matrix. Mischmetal-containing Mg;,Mm
intermetallic precipitated preferentially at the boundary of
magnesium grains, providing additional pathways for
hydrogen diffusion into the Mg. The hydrogen absorption
kinetics was improved in the order “Cu-300 < Cu-1000 < Cu-
2000” (the numbers denote the spinning velocity of the
copper wheel in rpm) [81]. During the hydrogenation, the
grain refinement of the Mg—Ni—Mm alloy introduced by the
RS process resulted in the formation of Mg,NiH, and the
solid solution hydride Mg,NiH, 3, and the decrease in the
unit cell volumes of the constituent hydride phases. This
was explained by the increased mechanical stresses in the
materials and/or by the increased interfacial energy of the
fine grains of the corresponding hydrides. The temperature
range of dehydrogenation from the hydrogenated alloys
decreased in the order “Cu-300 > Cu-1000 >> Cu-2000",
which was explained by the increased uniformity of the
hydrides grain size with the increasing solidification rate.
During PCT (pressure composition temperature) tests, see
Fig. 8, the Cu-1000 and Cu-2000 samples displayed not only
larger pressure hysteresis and smaller slope of the plateau,
but also lower hydrogen storage capacity.

Wu et al. [82] also studied the microstructure and hydrogen
storage properties of the melt-spun Mg—10Ni—2Mm (at.%)
nanocomposite. By increasing the solidification rate, the ki-
netics of the H-absorption/desorption reactions of the melt-
spun ribbons was greatly improved due to the grain

Fig. 7 — SEM micrograph of the as-cast Mg—20Ni—8Mm alloy (a), and TEM micrographs of the melt-spun Mg—20Ni—8Mm
alloy at the copper wheel velocity of 20.9 m s™* (b), 10.5 m s~ * (c), 3.1 m s~ * (d) [80].
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refinement and the formation of nanocrystallines from
amorphous phase. RS processing resulted in the formation of
Mg,NiH, and the solid solution hydride phase Mg,NiHg 5 due
to incomplete hydrogenation of Mg,Ni. The maximum
hydrogen storage capacity of the melt-spun ribbons depended
on the contents of different hydrides. At various solidification
rate, the hydrogen storage capacities were 5.1, 4.6 and 4.2 wt.%
H, for the Cu-300, Cu-1000 and Cu-2000 samples, respectively.
Vacuum TDS gave a much narrower desorption temperature
range (220—330 °C, peak at 286 °C) for the Cu-2000 sample than
that for the Cu-1000 (210—395 °C, peak at 294 °C), due to the
increased uniformity of the hydride particle size with the
increasing solidification rate.

Wu et al. further compared the microstructure and
hydrogen storage properties of the melt-spun Mg—10Ni—2Mm
(at.%) nanocomposites with those of the ball-milled sample
[83]. The melt-spun ribbon alloy and the 2 h ball-milled alloy
reached a maximum hydrogen storage capacity of 4.2 wt.% in
141 min and 3.2 wt.% in 210 min, respectively. Vacuum TDS of
the melt-spun alloy showed narrower desorption temperature
range (220—330 °C) than the ball-milled one (250—425 °C). The
types of hydrides were closely related to the microstructure.
TEM micrographs demonstrated that the grains remained in
nanoscale in the melt-spun ribbons even after annealing at
350 °C during cycles, see Fig. 9. This proves that the RS tech-
nique is an effective way to obtain Mg-based nanocomposite
with improved hydrogen storage properties. According to the

results of Orimo and Fujii [84], the hydrogen concentration at
the grain boundary is much higher than that at the grain
interior region and amorphous region. The formation of
nanocrystalline increases the grain boundary in the melt-spun
ribbon, which promotes the hydrogen storage properties.

TEM studies of the as-quenched ribbons and ball-milled
hydrides of the Mg—10Ni—2Mm alloy showed the refinement
of the microstructures during the processing and the nucle-
ation of MmMg;, intermetallic at the grain boundaries of Mg
and Mg,Ni, see Fig. 10 [85]. The interface between MmMg;,
and Mg,Ni was semi-coherent, with an ordered repetition of
the consistent atomic arrangements. The kinetics of H-ab-
sorption/desorption was improved due to the fast hydrogen
diffusion in the nanograins, thus, providing paths for H-ex-
change. The nano-sized grains in the ball-milled Cu-1000
sample were stable during the cycling of hydrogen desorption
and absorption at 350 °C, and MmH; , was derived from
MmMg;, at grain boundaries of MgH,, see Fig. 11. MmH;_, and
Mg,NiH, acted as the nucleation centers to initiate the for-
mation of MgH,, promoting the hydrogen absorption of Mg.
PCT diagrams showed two plateaus of Mg—MgH, and
Mg,Ni—Mg,NiHy, see Fig. 11. The MgH, plateau exhibited no
hysteresis and practically no slope, while the plateau of
Mg,NiH,; exhibited a pronounced hysteresis and a slope,
particularly for the nanocomposite. The maximum hydrogen
storage capacity of the nanocomposite was higher than that of
the microcrystalline one.

Fig. 9 — TEM micrographs of the coarse grains of MgH, in the 2 h ball-milled Mg—10Ni—2Mm alloy (a), the nanograins of
MgH, (b), and the Mg,NiH, hydrides in the melt-spun Mg—10Ni—2Mm ribbon (c) [83].
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MmH;

Fig. 10 — High resolution TEM micrograph of the melt-spun Mg—10Ni—2Mm solidified with a copper wheel surface velocity
of 3.1 m s~ ! (a), TEM micrograph of the ball-milled Cu-1000 Mg—10Ni—2Mm ribbon after 3 cycles of hydrogen
desorption—hydrogenation (b), and high resolution TEM of MmH;_, phase at the grain boundary of the MgH, (c) [85].

Mg-based nanocomposite synthesized by other methods

The Mg-based nanocomposites have also been synthesized
through nanoconfinement, especially combining with the
carbon materials to stabilize Mg nanoparticles over hydrogen
uptake and release cycles. Carbonaceous materials are often
selected as the most suitable scaffold materials due to their
lightweight, chemically inert, good thermal conductivity and
mechanically flexible to withstand repeated volume change
[53,86—89]. Jongh et al. [53] synthesized the Mg nanoparticles
of several nanometers by melt infiltration of nanoporous
carbon with Mg, and most of the Mg nanoparticles were not
oxidized. However, these composites contained only
10-15 wt.% Mg due to the large quantity of carbon, which was
difficulty to be removed. Gross et al. [90] used a similar
approach to synthesize MgH, nanoparticles of 2—30 nm
confined in a porous carbon host. This nanocomposite can
release about 5 mass% hydrogen at 250 °C due to the fine
particle size and catalytic effect of Cu and Ni from the wetting
layers. Nevertheless, the thermodynamics change was not
observed in this nanocomposite.

More recently, Jeon et al. [54] reported the synthesis of
air-stable Mg nanocomposite by encapsulation of 5-15 nm

5 T 5 T B T . T L T L& T
—=— ABS, Cu1000+BM
4. —® DES, Cu1000+BM ]
—A— ABS, Cu300+BM
®

—w— DES, Cu300+BM

Hydrogen pressure, MPa

Weight content H, %

Fig. 11 — PCT absorption and desorption isotherms for the
ball-milled Mg—10Ni—2Mm ribbon at 300 °C [85].

Mg in polymer poly (methylmetha-crylate). The polymer
effectively protected the Mg nanoparticles from O, and H,0,
and the nanocomposite showed stability after two weeks of
air exposure. Moreover, the polymer matrix was gas-
selective, which enabled Mg nanoparticles to absorb and
release hydrogen at a rapid rate without being oxidized.
Even without any catalysts, the nanocomposite displayed a
fast hydrogenation kinetics and possessed a storage capac-
ity of 4 wt.% H, at 200 °C in 30 min, see Fig. 12. Theoretical
modeling indicated that the hydrogenation of Mg nano-
composite carried out through 1D growth, namely along line
defects. The hydrogen storage capacity of this nano-
composite can be further increased if the matrix polymer
content is reduced.

The Mg-based nanocomposites of thin film have been
prepared by magnetron sputtering method, and their
chemical composition, dimension and crystallinity can be
accurately tailored in nanoscale by adjusting the power of
the targets [91-96]. Various elements have been added into
the Mg-based thin film to produce multilayer nano-
composites and improve their hydrogen storage properties.
Bendersky and co-workers demonstrated that the hydro-
genation kinetics of Mg-4 at.% Fe films was enhanced in
comparison to pure Mg [91]. Xin et al. prepared Mg/Ti/Pd
trilayer films and found that the hydrogen storage prop-
erties of Mg/Pd films could be significantly improved with
the addition of a Ti interlayer [92]. Ouyang and coworkers
proved that the hydrogen absorption content of MgNi/Pd
multilayer thin films deposited using MgNi alloy target
reached to 4.6 mass% at room temperature and hydrogen
desorption reached 3.4 mass% hydrogen [93]. Mitlin et al.
reported that the Mg—Fe—Ti films were capable of
absorbing nearly 5 wt.% hydrogen in seconds and desorb-
ing in minutes, and this sorption behavior was stable over
cycling [94]. They further investigated the Mg—AITi multi-
layers with 2 nm thick AlTi layer, and found that these
nanocomposites accomplished a hydrogen capacity of
5.1 wt.% at 473 K without significant degradation over 200
cycles [95]. Moreover, the rapid sorption kinetics and
microstructure stability can be maintained over 250 cycles.
Recently, Liu et al. prepared the MgiNijgo_/Pd films by
magnetron co-sputtering Mg and Ni targets with a Pd layer
of 10 nm deposited on these films [96]. Mg,Ni and MgNi, are
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directly generated during the co-sputtering process in the
MggaNije/Pd and MgsgNis,/Pd films. The hydrogenation of
the MggsNi;/Pd film saturates within 45 s under 0.1 MPa H,
at 298 K and exhibits the fastest absorption kinetics
compared with the Mggy,Nig/Pd and Mg,sNis,/Pd films. The
maximum discharge capacity of the Mgg,Ni¢/Pd film car-
ried out in 6 M KOH with a three-electrode cell is as high as
4827 mAh gt

Conclusions

To realize the hydrogen economy, the development of a safe
and efficient hydrogen storage approach is the key issue.
Recent achievements in the Mg-based hydrogen storage ma-
terials have shown the possibility to overcome their disad-
vantages of unfavorable thermodynamics and poor kinetics.
Optimization of the composition of Mg-based alloys, in com-
bination with the mechano-chemical treatment accelerates
the hydrogen absorption/desorption rates at much moderate
conditions. However, because of thermodynamic limitation,
the hydrogen desorption still requires rather high
temperature.

Many strategies have been adopted within the past
decade to improve the hydrogen storage properties of the
Mg-based materials, including modifying microstructure by
ball milling, alloying with other elements, doping with cat-
alysts, and nanosizing. To further improve the hydrogen
storage properties, the Mg nanoparticle or nanocrystalline is
combined with other materials to form nanocomposite. The
Mg-based nanocomposites produced by HPMR, RS tech-
nique, and other approaches, effectively enhance the sorp-
tion kinetics of Mg by facilitating hydrogen dissociation and
diffusion, and prevent particle sintering and grain growth of
Mg during hydrogenation/dehydrogenation process. How-
ever, it is still quite challenging for these nanocomposites to
absorb/desorb hydrogen below 373 K. Novel Mg-based
nanocomposites, which not only confine Mg nanoparticles
but also catalyze the sorption processing, are required. To
achieve this goal, new theories for designing nano-
composites and the state of art technologies for synthesiz-
ing the nanocomposites are highly needed. Further progress
in materials science would most probably result in the
development of new weight efficient hydrogen storage ma-
terials based on magnesium.
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