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Abstract Magnesium and magnesium-based alloy
hydrides remain attractive hydrogen storage materials
owing to high hydrogen capacity and rich reserves in the
earth’s crust. A high stability of hydride and sluggish
hydriding/dehydriding kinetics at practical temperatures
for the materials drove researchers into alloying with other
elements, using different preparation techniques, using
catalyst and thin film hydride to improve the hydrogen
absorption/desorption properties. In this review, the
development of these approaches and their effects on the
thermodynamic and kinetics properties of magnesium and
magnesium-based alloy hydrides were descript in details.
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1 Introduction

New-type hydrogen storage alloy with high capacity is the
key to promote the application of fuel cell [1]. Of the many
options for the candidate’s storing hydrogen alloys, mag-
nesium and magnesium-based alloys increasingly attract
much attention due to their abundance, low density, and
high amount of hydrogen storage. The content of hydrogen
absorption for MgH,, Mg,NiH,, Mg,FeHg, and Mg,RE-
NiH; are 7.6 wt%, 3.6 wt%, 4.5 wt%, 5.4 wt%, and
6.5 wt% under certain temperature and pressure of hydro-
gen, respectively [2—-6]. Although Mg-based alloy with
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crystalline structure has higher hydrogen storage capacity,
their poor hydrogen absorption/desorption kinetics result-
ing from the extremely high thermodynamics stability of
metal hydride limit their practical application. In order to
break through these obstacles, various approaches,
including alloying with other elements, adding catalysts
using mechanical milling, and thin film material, were
adopted and important progresses were achieved. This
paper presents a summary on the recent advances and
developments on Mg and Mg-based materials.

2 Alloying with transition metal and rare earths

Generally, the method of rare earth elements, transition
metal, or combination substituting for Mg is confirmed to
effectively decrease the desorption temperature and
remove other thermodynamic constrains of Mg and Mg-
based alloys. One reason is that Mg and transition metals
(Ni, Cu, Co, Fe, Mn, etc.) form alloy such as Mg,Ni,
Mg,Cu, Mg,Co, Mg,Fe, and Mg;Mn binary alloys.
Despite the lower hydrogen storage capacity of the alloys
compared with that of the MgH,, it has much faster
hydrogen absorption and desorption kinetics. Another
reason is that RE hydrides involving (La, Ce, Nd, Sm)-H
can form during hydrogen absorption process and catalyze
the hydrogen sorption and releasing reactions in the alloys,
thus improving the hydrogenating and dehydrogenating
kinetics of Mg hydride. Consequently, it is believed that
alloying of Mg with transition metals, REs, and combina-
tion is beneficial to exhibit outstanding hydrogen storage
properties of Mg and Mg-based hydrogen storage alloy.
Multiphase structure involving composition of Mg-M, RE-
Mg, and RE-Mg-M easily form after partial substitution for
Mg with combinations of metals and REs, which facilitates the

@ Springer


www.editorialmanager.com/rmet

500

D.-L. Zhao, Y.-H. Zhang

improvement of thermodynamic and kinetic properties during
hydrogen absorption and desorption reaction.

Hu and Ren et al. [7, 8] reported that LaMg,Cu alloy
containing LaMg,Cu, and LaMg3 phases and LaMg,Ni; ¢7
alloy containing La,Mg;;, LaMg;, and Mg,Ni phases
could exhibit excellent absorption and desorption kinetics
because of abundant phase interfaces as hydrogen diffusion
channels and buffer areas for releasing distortion and stress
of the crystal lattice in the alloys. Liu et al. [9] found that
the LaMgg 40Niz 34 Al (x = 0, 0.20) alloys were com-
posed of La,Mg;;, LaMg,Ni, and Mg,Ni phases. The
substitution for Ni with Al could not change the alloy
phase. However, the phase distribution of LaMgg 4.
Nij 14Alg 5o alloy was much more uniform compared with
that of LaMgg4oNis 34 alloy. The reversible hydrogen
storage capacity of LaMgg 4oNis 14Alp 20 Was 3.22 wt% at
558 K, higher than the value of 3.01 wt% of
LaMgg 40Nis 34 alloy. In addition, the Mg hydride in
LaMgg 40Nis 14Alg 20 alloy was less stable than that in
LaMgg 40Ni5 34 alloy, which was ascribed to the fact that
Mg hydride was transformed from the reaction of La,Mg;;
with hydrogen in the activation process and the Al element
could solute in the La,Mg;; phase. LaMgg 40Nis 14Alp20
alloy also shows faster hydriding and dehydriding kinetics.
So it was believed that the partial substitution for Ni with
Al could effectively enhance the hydrogen storage capacity
and improve the kinetic performance of magnesium and
transition metal-based alloys.

Pei et al. [10] added four rare earths (La, Ce, Pr, and Nd)
to Mg,Ni alloy and found that the composition of
REMg,Ni alloys is formed. A single-phase composition of
REMg,Ni phase was found when RE was one of three
elements (La, Pr, and Nd), and a double-phase composition
of CeMg,Ni and CeMgj; phases when RE was Ce. In the
process of the hydrogen absorption, REMg,Ni phases
transform to rare earth hydrides (RE-H) and Mg,NiH,
phase, and for CeMg; phase, it was decomposed to CeH, 74
and MgH, phases. The RE-H played an important role in
improving hydrogen storage properties of Mg,Ni phase in
RMg,Ni alloys. The enthalpy change in the hydrogen
absorption and desorption process of Mg,Ni phase in
REMg,Ni alloys was smaller than that of pristine Mg,Ni
alloy, which indicated that the RE-H could reduce the
enthalpy of the Mg,Ni phase. Meanwhile, RE-H could
accelerate the hydriding rate of Mg,Ni phase. The uptake
time for the hydrogen content reaching 90 % of their
maximum hydrogen storage capacity was shorter than that
of pristine Mg,Ni alloy. At 573 K, the NdMg,Ni alloy had
the highest hydrogen storage capacity and dehydriding
plateau, and the descending order of hysteresis was
PrMg,Ni < NdMg,Ni < CeMg,Ni < LaMg,Ni (Table 1,
[10]), which suggested that the PrMg,Ni alloy exhibited a
better cycling stability and reversibility than the other three
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Table 1 Hydrogen storage properties of REMg,Ni (RE = La, Ce,
Pr, and Nd) alloys at 573 K

Alloys Hydrogen Hydriding Dehydriding  Hysteresis
storage plateau/ plateau/MPa
capacity/wt%  MPa

LaMgoNi  1.92 0.2443 0.1205 0.701

CeMg,Ni  1.78 0.3617 0.1884 0.652

PrMg,Ni  1.84 0.3241 0.2005 0.480

NdMg,Ni  2.07 0.3269 0.2021 0.491

alloys. At 523 K, the uptake time of REMg,Ni (RE = La,
Ce, Pr, and Nd) alloys reaching 90 % of the maximum
hydrogen storage capacity was 75, 34, 65, and 52 s for La,
Ce, Pr, and Nd, respectively, which were much shorter than
110 s of pristine Mg,Ni alloy. The RE-H in the alloys not
only improved their thermodynamic properties but also
accelerated their hydriding kinetics. Pei et al. [11] also
investigated the phase structure and hydrogen storage
property of LaMg; 93Nig,; alloy. X-ray diffraction (XRD)
and scanning electron microscope (SEM) results exhibited
that LaMg;93Nig,; alloy consisted mainly of LaMgs,
La,Mg;;, and LaMg,Ni phases; after hydriding/dehydrid-
ing process, all the three phases transformed, Laz;H; phase
existed, and the actual hydrogen absorption phases were
Mg and Mg,Ni phases. The reversible hydrogen storage
capacity of LaMgs93Nig,; alloy was 2.63 wt%, and the
absorption time reaching 90 % of the storage capacity was
124 s at 523 K, and that was 1850 s for deabsorbing 90 %
of the maximum dehydrogen capacity. The hydriding
process of LaMgs;93Nig,; alloy followed the nucleation
and growth mechanisms. The enthalpy and entropy for
hydriding and dehydriding reactions of the Mg phase in
LaMgj; 95Nig »; alloy were calculated to be (—66.38 &+ 1.10)
kJ-mol ™!, (—100.96 £ 1.96) J-K-mol " and (68.50 + 3.87)
kJ-mol ™", (98.28 + 5.48) J-K-mol ™", respectively. A com-
parison of these data with those of MgH, (—74.50 kJ-mol ™",
—132.30 J-K-mol™") suggested that the hydride of
LaMg3 93Nig,; alloy was less stable than MgH,. The exis-
tence of La hydride and synergetic effect of multiphase led
to higher reversible hydrogen storage capacity and better
kinetic property at lower temperature for LaMgs93Nig o
alloy.

Xie et al. [12] reported that substitution for Mg with Nd
in Mg,Ni alloy promoted the appearance of multiphase
structure involving Mg,Ni, Nd,Ni;, NdMg;,, or NdsMgy,
and other minor phases in the Mg, ,Nd,Ni (x = 0, 0.1,
0.2, 0.3) alloys. The addition of Nd transformed the phase
of the alloys. In Mg, oNdp Ni alloy, the main phase was
Mg,Ni, and there was a small quantity of some binary alloy
phases such as NdsMg4;, Nd,;Ni;, and NdMg;,; while in
Mg, gNdy,Ni and Mg, 7Ndy3Ni alloy, the main phases
became Mg,Ni and Nd,Ni;, and the contents of NdsMgy,
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and NdMg,, increased correspondingly. The alloys could
be activated within only one hydrogen absorption and
desorption cycle. The substitution for Mg with Nd
improved the hydrogen storage properties of Mg,Ni evi-
dently and kept relative high hydrogen capacities. The
pressure composition temperature (PCT) of the Mg—Nd—Ni
alloys displayed two plateaus, the lower and narrower ones
corresponding to MgH, formation and the higher and
broader ones corresponding to Mg,NiH,; formation.
Among the Mg-Nd-Ni alloys, the hydrogen absorption
kinetics was enhanced significantly and the alloys kept a
relative high hydrogen storage capacity. Except for
Mg oNdy ;Ni, the desorption kinetics of Mg; ;Nd,3Ni and
Mg, gNdy,Ni were deteriorated compared with Mg,Ni.
The Mg, oNdyNi alloy exhibited the best hydrogen
absorption and desorption kinetics, and the hydrogen
capacities were 3.47 wt% and 3.50 wt% at 573 and 623 K,
respectively.

Binary and ternary Mg-based alloys with Fe, Al, and Ti
as alloying elements were studied [13]. The dehydroge-
nation kinetics binary Mg;0Alzp and MgsTirs alloys
decreased after several cycles due to alloying of the Ta and
Pd catalyst layers or decomposition of a metastable ternary
hydride phase. In binary Mg;oFes,, Mg,FeHg could form,
but was not reversible at 200 °C. The ternary alloys
showed superior performance over the binary ones. This
was most likely due to their multiphase structure; the
interphase areas of both Mg phase and Ti-Al or Ti—Fe
phases provided good pathways for hydrogen diffusion and
surface catalysts. Kinetically, the Mg;Al;5Ti;s and
Mg,oFe;5Ti;s showed the best performance, fully desorb-
ing their total capacity of approximately 4 wt% within
15 min, which remained stable for over 100 cycles. The
Mg-Al-Fe alloys, which did not form a hydride-forming
secondary phase, performed considerably worse, although
the presence of Al made Mg,FeHg phase in Mg;oAl;oFeyo.
Of all the compositions tested, MggsAl;sTi;s had the
highest reversible capacity of 5.4 wt% and performed
kinetically only slightly worse than Mg;oAl;5Ti;s.

Ren et al. [8] investigated the structure of the as-cast and
quenched Mg,o_,LaNijg (x = 0, 2, 4, 6) alloys; for con-
venience, the alloys were denoted with La content as La,,
La,, Lay, and Lag, respectively. There was no amorphous
phase in the as-quenched Mg,Ni alloy, but the as-quenched
alloys (x > 2) presented a feature of the nanocrystalline
alloy embedded in the amorphous matrix, confirming that
the substitution for Mg with La significantly enhanced the
glass-forming ability of the Mg,o_,LaNijo (x = 0, 2, 4, 6)
hydrogen storage alloys. La substitution (x = 2) did not
change the major phase of the as-cast alloy, but with La
content further rising, the major phase of the as-cast alloys
changed from Mg,Ni into (La, Mg) Niz 4+ LaMg; phase
(Fig. 1, [8]). The substitution for Mg with La markedly
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Fig. 1 XRD patterns of as-cast Mg,o_,La,Nijo (x = 0-6) alloys

increased the hydrogen absorption and desorption capaci-
ties and the kinetics of the as-cast Mgy, La,Nijg (x = 0,
2,4, 6) alloys. The as-quenched alloy (x = 2) displayed the
maximum hydrogen desorption capacity and excellent
kinetics, but with La content further increasing, the
hydrogen absorption and desorption capacities of the as-
quenched alloys significantly declined, owing to the change
of the major phase in the alloys caused by La substitution.
The substitution for Mg with La clearly increased the
discharge capacity of the as-cast alloys. The discharge
capacities of the as-quenched alloys had the maximum
values with the variation of La content. The cycle stability
of the as-cast and quenched alloys was significantly
improved with La content increasing (Fig. 2, [8]), which
was ascribed to the increase of the glass-forming ability
and the change of the major phase of the alloy caused by
La substitution.

Knotek and VolJtéch [14] prepared eighteen as-cast
binary Mg-Ni, Mg-Mm, and ternary Mg-Ni-Mm and
Mg-Ni—-TM (TM = transition metals Cu, Zn, Mn, and Co;
Mm = mischmetal containing Ce, La, Nd, and Pr) alloys
and determined the alloys with the most potential for
electrochemical hydrogen storage. These alloys had fine
eutectic structure composed of a-Mg and intermetallic
phase rich in elements, such as Ni, Co, and RE, which had
good catalytic effect on hydriding. In terms of hydrogen
surface concentration and hydrogen penetration depth, the
best hydriding performance was observed for the Mg—26Ni
alloy with a purely eutectic structure. However, regarding
the total mass of hydrogen absorbed during electrochemi-
cal hydriding, the Mg-25Ni—-12Mm alloy had the best
performance. In this alloy, catalytic activities of both Ni
and Mm were combined, and the Mm addition also chan-
ged the hydriding mechanism and facilitated the inward
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Fig. 2 Evolution of discharge capacity of Mg,q_<La,Ni;q alloys with cycle number: a as-cast and b as-quenched (20 m-s™")

diffusion of hydrogen. Both the Mg—26Ni and Mg-25Ni—
12Mm alloys were prospective materials for electrochem-
ical storage of hydrogen because the main hydriding
product of these alloys was the binary MgH, hydride which
can theoretically absorb 7.6 wt% hydrogen. The maximum
hydrogen concentrations of 1.6 wt% and 1.0 wt% reached
were seemingly low, but it should be taken into account
that the studied alloys were in the as-cast state.

3 Improving surface and kinetics properties by
preparation technique

Ultra-particle, micro- and nano-crystalline, or amorphous
structure of Mg and Mg-based alloys could be obtained by
ball milling, rapid solidification, and other techniques.
Nano-sized Mg particle exhibits several advantages: (1)
increased surface area Mg reacting with hydrogen, (2)
shortened hydrogen diffusion distances, and (3) increased
number of atoms at grain boundaries and interfaces to
enhance the hydrogen diffusion rates. Theoretical studies
predicted that thermodynamic properties of MgH, would
be significantly improved when the MgH, nanoparticle size
was reduced to smaller than 2.0 nm [15-20].

Poletaev et al. [21] found that thin ribbons with com-
position of LaMg;, were produced by solidifying the melt
on a spinning copper wheel in an argon atmosphere using
three different rotations speeds: 3.1, 10.5, and 20.9 m-s~ '
The phase structure and microstructure of the alloys were
closely related to the solidification rate. There are three
types of the parent crystal structures in La—Mg alloys,
including the firstly reported hexagonal TbCu; type in the
paper and the earlier tetragonal ThMn;, and orthorhombic
LaMg,, types. A metastable TbCu;-type structure was
firstly known for the La—-Mg system. From the scanning
electron microscopy (SEM) studies, rapid solidification
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was found to cause a significant grain refinement and an
amorphization for the highest cooling rate (Fig. 3, [21]).

The particle size of the formed hydride phases varied in
the range of 0.2-3.0 um depending on the rapid solidifi-
cation synthesis route used to prepare the original alloy.
Hydrogen absorption resulted in a two-step disproportion-
ation process:

LaMg,, + H, — LaH3; + Mg — LaH3 + MgH, (1)

A decrease in the grain size improved the hydrogenation
kinetics. Hydrogen desorption studied by thermal
desorption spectroscopy (TDS) and in situ synchrotron
radiation X-ray diffraction (SR XRD) showed a major peak
of hydrogen evolution at 370 °C. For the alloys synthesized
at 10.5 and 20.9 m-s™"', it was accompanied by an extra
desorption event at 415 °C. This extra peak was associated
with Mg-assisted low-temperature hydrogen desorption
from LaH, proceeding below 450 °C, leading to a
recombination process to form the initial intermetallic
alloy LaMg;,. Wu et al. [22] found that the grain size of
melt-spun ribbon of Mg—10Ni—2Mm alloy was remarkably
reduced by the increasing solidification rate. The
microcrystalline,  nanocrystalline, and  amorphous
microstructures were obtained by applying the surface
velocities of the wheel of 3.1, 10.5, and 20.9 m-s™ ',
respectively. By applying the surface velocity of the wheel
of 3.1 ms~', the melt-spun specimen obtained full
crystalline with a considerable amount of coarse
microcrystalline Mg and Mg,Ni except for some Mm-
rich particles. The amount of nanocrystalline phases
significantly increased with the surface velocity of the
wheel increasing to 10.5 m-s~', and the microstructure was
composed of a large amount of nanocrystalline phases of
Mg and Mg,Ni particles. A mixed microstructure
containing amorphous and nanocrystalline phases was

obtained at a surface velocity of the wheel of 20.9 m-s™".
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Fig. 3 Backscattered SEM images of RS LaMg;, samples at different rotations speeds: a 3.1 m-s~', b 10.5 m-s~', and ¢ 20.9 m-s ™"

The optimal microstructure with a considerable amount of
nanocrystalline Mg and Mg,Ni in an amorphous matrix
was expected to have the maximum hydrogen absorption
capacity and excellent hydrogenation kinetics.

Zhang et al. [23] reported that the amorphous
Mg, Y,Ni, alloy prepared by melt-spinning technique
transformed into the crystalline Mg;;Y,Ni, in metastable
state at 279 °C and subsequently decomposed into Mg,
YMgNiy, and Y(Mg) solid solution in stable state at
366 °C. All the amorphous, metastable, and stable
Mg Y,Ni, alloys can be hydrogenated into MgH,,
Mg,NiH,, and YH,/YH;. However, the stable Mg;;Y,Ni,
alloy had slightly slower hydrogen absorption/desorption
kinetics due to the worse dispersivity of YH,/YH; and

Lin et al. [25] pointed out that the melt-spun MgzLaNig ;
alloy could absorb 2.7 wt% hydrogen at room temperature
within 3 min and release completely at 241 °C. The melt-
spun Mg;LaNi,; alloy decomposed to LaH;, MgH,, and
Mg,NiH, after the first hydrogenation, and a multiphase
composite structure consisting of nanocrystalline LaH,,
Mg, and Mg,Ni was obtained after dehydrogenation.
Mg,NiH, released hydrogen at 216 °C, which could benefit
the dehydrogenation of MgH,. Moreover, LaH, nanocrys-
tals surrounding the MgH, crystallites would enhance the
hydrogenation and dehydrogenation of MgH, by providing
abundant hydrogen diffusion pathways along the phase
boundaries and the intra-grains [26].

Kalincichenka et al. [27] found that the activation of the
as-spun MgyoNigRE, alloy was successfully carried out at
temperature of 385 °C and H, pressure of 3 MPa. Figure 4
presents the hydrogenation behavior of melt-spun and
activated MggoNigRE, under 2 MPa H, at temperatures
between 50 and 300 °C [27]. It could be seen from Fig. 4
that activated MgyoNigRE, can reach reversible gravimet-
ric hydrogen storage capacities of up to 5.5 wt% within
20 min, which was superior to the comparable melt-spun
Mg-based alloys. The hydrogenation rates were rather high
(up to 1.6 wt%-min~"' at 300 °C). The dehydrogenation
rates of the hydrogenated alloy depended strongly on
temperature and pressure. The dehydrogenation at 0.1 MPa
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hydrogen back pressure was observed only above 250 °C
because of thermodynamic reasons. The hydrogen uptake
within 60 min increased with the number of cycles (up to
23 cycles), while the initial hydrogenation and dehydro-
genation rates remained unchanged. This fact was most
probably caused by the increase of the specific surface area
of the ribbon. The microstructure of the MgyoNigRE,; alloy
remained nanocrystalline even after 23.5 h hydrogen
absorption and desorption in one day.

Lass [28] investigated that amorphous-crystalline com-
posite ribbons of quaternary Mg-Ni-(Y, La)-Pd alloys were
produced via rapidly solidification and used precursors for
creating nanocrystalline hydrogen storage materials. The
resulting materials demonstrated relatively high hydrogen
capacity of around 4.5 wt% and excellent absorption/
desorption kinetics at 573 K. Additionally, the alloys
demonstrated reversible hydrogen storage at 473 K.
MggsNij oY, sPd; 5 fully absorbed and desorbed 4.6 wt% H
in 90 min. The cyclability of the quaternary alloys dem-
onstrated good stability with little loss in the maximum
capacity through 8-10 cycles. This was attributed to the
improved stability of the nanocrystalline structure attained
via the Y and La additions. Thermodynamically, the
enthalpy of the hydrogen absorption reaction was reduced
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Table 2 Enthalpies and entropies of reaction for each alloy

ASABS/(J-mol 1K)

AHPES /(kJ-mol ™) ASPES/(J-mol " K™)

Alloys AH*BS/(kJ-mol ")

MggsNijola,Pdy —724£59 130.6 £ 5.1
MegsNijoYa sPds 5 —65.7 £ 99 117.3 + 20.0
Mg85Ni10La2‘5Pd2'5 —69.4 + 8.1 1244 + 6.6

=772 £ 9.8 134.0 £ 105
—77.6 £59 1355 £ 104
=774 £9.9 1355 £ 7.6

—81.3 £ 8.1 140.8 £ 21.7

by 5 kJ-mol™! in the quaternary alloys compared with
Mg-MgH,, while the entropy of reaction was also reduced
(Table 2, [28]).

Wu et al. [29] found that the amorphous MggsNiy;Lag
alloy prepared by melt spinning had a maximum discharge
capacity of 558 mAh-g~'. Some Mg,NiH, nanocrystallites
appeared in the alloy after charging. Most of them were
less than 4 nm in diameter and metastable. These small
nanocrystallites can readily be dehydrogenated and
decomposed by discharging. Hydrogen atoms were stored
in the amorphous phase and the Mg,NiH, phases. The
amorphous phase can absorb and desorb H atoms effec-
tively and efficiently, and facilitate the dehydrogenation of
these small Mg,NiH, nanocrystallites. The high discharge
capacity was attributed to a synergistic effect of the small
nanocrystallites of Mg,Ni hydrides and the amorphous
phase around them. Hydrogen atoms were stored in two
regions in the amorphous MggsNiy;Lag alloy after charg-
ing, i.e., one part in the amorphous phase and the other one
in the Mg,NiH, phases. The charge/discharge process
consisted of four steps. These four steps were corre-
sponding to the hydrogen absorption in the amorphous
phase, the formation of the Mg,NiH, phases, the dehy-
drogenation of the Mg,NiH, phases, and the hydrogen
desorption from the amorphous phase, respectively. The
amorphous phase in the alloy played an important role in
achieving the high discharge performance and cycle dura-
bility of the electrode. The Mg,NiH, nanocrystallites with
size of less than 4 nm can be easily dehydrogenated by
discharging, which was catalyzed by the amorphous phase
around them. The high discharge capacity can be attributed
to the synergistic effect of the small Mg,Ni hydrides and
the amorphous phase in the alloy. The Mg,NiH, nano-
crystallines with size of more than 4 nm remained in the
discharged alloy were likely to grow up during further
charge/discharge cycles, which was one of the reasons to
cause the decay of the discharge capacity.

Li et al. [30] investigated the dehydrogenation of the
amorphous (MggoNiss)9oLag alloy by both galvanostatic
and non-isothermal methods and obtained a maximum
discharge capacity of 558 mAh-g~' at room temperature
and 4.5 wt% of released hydrogen at a heating rate of
5 °C-min~". The non-isothermal dehydrogenation process
was divided into two steps. In the first step, the alloy
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released 2 wt% H, which corresponded to the amorphous
phase dehydrogenation and the growth of Mg,NiH,. In the
second step, the alloy released 2.5 wt% H, corresponding
to the dehydrogenation of Mg,NiH, accompanied by the
formation of LaH,. During the charging process, the
amorphous phase partially crystallized into a Mg,NiH,
phase. It was found that the hydrogen storage capacity of
the amorphous phase was larger than that of Mg,NiH,. The
solute H atoms dissolved in the amorphous phase could be
easily released at room temperature, which suggested that
restraining the amorphous phase crystallization during
charging could be useful to improve the discharge capacity.

Shao et al. [31] investigated the phase and morphology
evolution study of ball-milled Mg—Co hydrogen storage
alloys. At the beginning of the milling, Co was dispersed
on the surface of Mg particle. Then, Mg particles were
cracked into small ones. After 25 h, FCC Co phase formed
and Co particles dissolved into Mg particles. From 25 to
50 h, the particle size was greatly reduced with the milling
time. BCC phase appeared after 45 h milling. After 100 h,
only BCC phase was observed. Differential scanning cal-
orimetry (DSC) curves of MgsyCos, alloys milled for 50
and 100 h showed two obvious exothermic peaks. These
two peaks shifted to higher temperatures with the milling
time due to the less presence of remaining catalytic Co
phase. For the samples milled for 300 h, a broad exother-
mic peak consisting of two overlapped peaks was observed,
which may result from round-shape particles with few
defects and surface area on the particle surface. The
MgsyCosg alloy milled for 100 h absorbed more hydrogen
at 258 than at 323 K. The absorption process by PCT
measurements under these conditions was thermodynami-
cally dominant. The MgsoCoso alloy milled for 50 h
showed better kinetics and absorption capacity than that
milled for 100 h, because of the catalytic effect of residual
Co in the 50 h sample. The 300 h sample probably had
more inner defects from longer milling process.

Ball milling of Mg;sNiys powders resulted in a
Mg + Ni — Mg,Ni solid-state reaction, while some por-
tion of FCC-Ni did not take part in the reaction. During the
hydrogenation of Mg,Ni powder milled for 10 h, the
Mg,NiHg 3 hexagonal solid solution and the monoclinic
Mg,NiH, hydride phase nucleated. There are partial des-
orbed states in the sample, indicating that the solid solution
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was more stable during the dehydrogenation process,
having practically the same average crystallite size
(D =33 nm) and similar size distribution. Despite the
decreasing hydrogen content during desorption at 300 °C;
moreover, the monoclinic Mg,NiH, crystals grew up to
50 nm, while its distribution became significantly broader.
It was also confirmed that the dehydrogenation of both
hydrides occurred in a single-step process. The desorption-
induced changes in the relative amount of the hydride
phases indicated that the gradual volumetric decreases of
Mg,NiH, and Mg,NiHj3; were not simultaneous. At the
beginning of the dehydrogenation process, the decompo-
sition of the solid solution was more intensive, while later
on the conversion of Mg,NiH, became dominant [32].

Liu et al. [33] proved that hydrogen plasma—metal
reaction (HPMR) was effective to prepare nanoparticles of
Mg and other transition metals in large scale because of
plasma promotion. The nanoparticle formation process can
be divided into five steps: the formation of active hydrogen
ion or atom, the hydrogen over-saturation dissolving, the
hydrogen bubble formation, the evaporation of metal vapor
together with hydrogen bubble, and the condensation of
metal vapor. Metallic nanoparticles were fabricated by
HPMR method when the starting metal was a non-hydride
formation element, whereas metal hydride nanoparticles
were produced when the starting metal was a hydride
formation element except for Mg. The pure and nano-
structured Mg,Ni, Mg,Co, Mg,Cu, and Mg,FeHs were
successfully prepared by gas—solid reaction of hydrogen
and mixture of Mg and corresponding transition metal
nanoparticles. The reaction temperature was much lower
than the hydrogen combustion approach; therefore, the
nanostructure can be kept through the reaction. The
hydrogen absorption and desorption rates were promoted,
and the sorption temperatures decreased. The kinetic
properties were improved greatly because of the short
diffusion distance and large specific surface area. The
thermodynamic properties of the nanostructured Mg,Ni
were improved only slightly.

These researchers also prepared Mg-6.9 at% Zn ultra-
fine particles by HPMR method [34]. The -electron
microscopy study revealed that they were spherical in
shape with particle size in the range of 100-700 nm. Each
fine particle was composed of single crystal structure of o-
Mg(Zn) solid solution and amorphous structure of Mg-Zn
alloy. After one absorption and desorption cycle, these
ultrafine particles (UFPs) transformed from the single
crystal into the nanocrystalline structure and the mean
particle size changed from 400 to 250 nm (Fig. 5, [34]). It
was found that the Mg-Zn ultrafine particles could absorb
5.0 wt% hydrogen in 20 min at 573 K and accomplished a
high hydrogen storage capacity of 6.1 wt% at 573 K. The
fine particle size, nanocrystalline structure, and the low
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Fig. 5 TEM bright-field image of the as-prepared Mg-Zn ultra
particles a and electron diffraction pattern of one particle b

oxide content of the obtained sample promoted the
hydrogen sorption process with low hydrogen absorption
activation energy of 56.3 kJ-mol~'. The hydrogen revers-
ible capacities were as large as 4.6 wt%, 4.9 wt%,
5.1 wt%, and 5.2 wt% at 573, 598, 623, and 648 K,
respectively. The Mg-Zn UFPs 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 for the Mg—Zn UFPs was
—74.0 kJ-mol~'. These researchers also prepared the
Mg—10.2 at% V composite nanoparticles by HPMR method.
The Mg nanoparticles were hexagonal in shape with average
particle size of 100 nm. The spherical VH, nanoparticles
with mean diameter of 10 nm dispersed evenly on the sur-
face of the Mg nanoparticles. After the hydrogen absorption,
the size of MgH, nanoparticles decreased to 60 nm, while
the size of V nanoparticles was still about 10 nm. The Mg—
V composite nanoparticles can absorb 3.8 wt% hydrogen 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 released 4.0 wt% hydrogen in less than 15 min
at 573 K. The catalytic effect of V nanoparticles, the
nanostructure and the low oxide content of the Mg particles
resulted in the low hydrogen absorption and desorption
activation energies of 71.2 and 119.4 kJ-mol ', respectively.
The enhanced hydrogen sorption rate and storage capacity
were due to the improved kinetics rather than the change in
enthalpy [35].

Magnesium nanoparticles confined in carbon aerogels
were successfully synthesized through hydrogenation of
infiltrated dibutyl magnesium followed by hydrogen
desorption at 623 K. The average crystallite size of Mg
nanoparticle was calculated to be 19.3 nm based on XRD
analyses. The size of MgH, particle mainly was distributed
in the range from 5.0 to 20.0 nm with a majority portion of
smaller than 10.0 nm. The hydrogenation and dehydroge-
nation enthalpies of the confined Mg were determined to be
(—65.1 £ 1.56) kJ-mol~' and (68.8 & 1.03) kJ-mol~" by
pressure—composition—temperature  tests, respectively,
slightly lower than the corresponding enthalpies for pure
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Fig. 6 Thermal gravimetric/differential thermal analyzer (TG/DTA) curves of ultrafine hydrogenated pure Mg a and Mg-Ti b particles

Mg. In addition, the apparent activation energy for
hydrogen absorption was determined to be 29.4 kJ-mol ',
much lower than that of the micro-size Mg particles. These
results indicated that the thermodynamic and absorption
kinetic properties of confined Mg nanoparticles can be
significantly improved due to the nano-sized effect [36].

Stéphane et al. [37] used arc plasma method to produce
ultrafine pure Mg and Mg-Ti particles for hydrogen stor-
age. Most of the ultrafine Mg and Mg-Ti particles have a
hexagonal shape. Their particle size was in the range of
50-700 nm. The hydrogenation enthalpy of Mg-Ti pow-
ders was determined to be about —67 kJ-mol™', while
—78.6 kJ-mol ' measured for pure Mg powders. After
hydrogenation, some of the large Mg particles cannot be
fully hydrogenated. This explained the fact that the maxi-
mum hydrogen storage capacity of the Mg powders was
lower than the theoretical capacity of Mg. The onset de-
hydriding temperature of hydrogenated Mg-Ti powders
was measured to be 386 °C, which was significantly lower
than the dehydriding temperature (423 °C) of hydrogenated
pure Mg powders (Fig. 6, [37]). Therefore, the addition of
Ti into Mg through arc evaporation method can effectively
improve the thermodynamic properties of Mg for hydrogen
storage.

4 Using catalysts for hydrogenation/dehydrogenation
process

The use of catalysts is an important pathway to improve
surface kinetics. Several catalysts were applied such as
transition metal, metal oxides, carbon, and halides. The
catalytic effect may consist of various mechanisms, such as
enhancing the rate of hydrogen dissociation, accelerating
the diffusion of hydrogen, or modifying the surface of
magnesium.

@ Springer

Song et al. [38] employed La,O3;—CaO composite
additive to accelerate the hydrogen absorption/desorption
rate of the Mg,Ni alloy. The composite additive was ball
milled with Mg,Ni hydride to produce Mg,Ni-5 wt%
Lay03-5 wt% CaO composite. The composite additive
significantly reduced the thermal stability of Mg,NiH,. The
onset decomposition temperature of the hydrogenated
composite was 470 K, 21 K lower than that of the pure
Mg,NiH,. Meanwhile, the composite presented accelerated
hydriding/dehydriding kinetic properties. It absorbed
1.61 wt% H at 373 K in 2 h and released 2.44 wt% H at
573 K in 1,200 s, while the absorbed and desorbed
hydrogen of the pure Mg,NiH, were only 0.78 wt% and
1.32 wt%, respectively. The improvement in the hydrogen
storage properties of the Mg,Ni alloy by the adoption of
La,05;—Ca0 additive was ascribed to the modified catalytic
effects of La,O3 and CaO in the composite.

Kubota et al. [39] investigated the catalytic effects of
non-milled graphite, milled graphite at hydrogen atmo-
sphere, and milled graphite at argon atmosphere. Three
types of the Mg—C materials were synthesized by ball
milling method from the carbon materials with different
crystallinities. All the Mg—C materials were multiphase
state composed of Mg and the Mg—C compounds with
nanocrystalline or amorphous structure. The Mg—C com-
pounds possessed the similar chemical bonding state as
Mg,C5. The amount of the Mg—C phase increased when the
crystallinity of carbon materials was lower. For the
hydrogen absorption reaction, the kinetics of the Mg-C
compounds was slower than that of Mg, and the hydroge-
nation of Mg and the compounds occurred at around 150
and 350 °C, respectively. By the hydrogenation, the MgH,
phase formed in all the materials. In addition, it was indi-
cated that the C-H bonds were generated in Mg-milled
graphite at argon atmosphere during the hydrogen
absorption of the Mg-C compounds. The hydrogen
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desorption reactions were classified into two processes.
The first hydrogen desorption at 350 °C was caused by the
separated thermal decomposition of MgH,. In the second
process, the hydrogen was desorbed at around 400 °C by
the interaction between Mg and the C—H bonds to form the
Mg-C phase. The Mg-C materials exhibited different
hydrogen storage properties with the crystallinity of carbon
materials as the starting material. The high-crystalline
graphite was difficult to form the carbide phase because
graphite structure was quite stable and Mg was unable to be
intercalated into the layers of graphite, resulting in that Mg
separately absorbed and desorbed hydrogen. In the case of
the low-crystalline graphite, about 3.7 wt% hydrogen can
be absorbed and desorbed below 420 °C via the formation
and decomposition of the Mg—C phase.

Yuan and Lototskyy et al. [40, 41] used hydriding com-
bustion synthesis (HCS) and mechanical milling (MM) to
prepare the composites Mg95-Pdm/MWCNTsS5—m
(m=0,1,2,3,4,5). The PA/MWCNTs catalyst can sig-
nificantly increase the hydrogenation degree of Mg during
the HCS process, and both the hydriding and dehydriding
properties of the PA/MWCNTs added composites were
improved. There was a synergistic effect of MWCNTSs and
Pd on the hydrogen storage properties of the composites. For
hydriding, the Mg95-Pd3/MWCNTs2 composite required
only 100 s to reach its saturated hydrogen capacity of
6.67 wt% at 473 K. For dehydriding, Mg95-Pd3/
MWCNTs2 possessed the best properties, desorbing
6.66 wt% hydrogen within 1,200 s at 573 K. The dehydro-
genation activation energy of the Mg95-Pd3/MWCNTs2
was 78.6 kI-mol~'. The addition of P&/MWCNTs was
favorable to the improvement of hydrogen storage properties
of Mg-based materials prepared by HCS + MM.

Magnesium hydride was ball-milled with 7 wt% var-
ious metal halide additives (ZrF4, TaF5, NbF5 and
TiCl3) by Malka et al. [42]. The metal halides except
ZrF, took part in the partial and full disproportionation
reactions directly after milling in the first desorption/

absorption cycle. The catalytic effect of metal halides on
the Mg hydrogenation/dehydrogenation process was
caused by the formation of pure transition metal and/or
the MgF, phase, which led to the influence of two
simultaneous factors on the sorption properties of the
MgH,. This effect may be caused by the presence of the
F anion, which weakened the Mg—-H bonding, led to the
formation of MgF,, and provided an electron-rich center
to trap the transition metal atoms. In addition, the F
anion may tailor the electronic structure of the transition
metal atom to influence its activity for hydrogen dis-
sociation/recombination. This was essential for the cata-
lytic behavior of these additives. It was important to note
the change in the valence state of the metal halides
during processing. It was shown that NbFs, TaFs, and
particularly TiCl; took part in the disproportionation
reactions that created a significant amount of structural
defects.

Mg-23.5 wt% Ni—5 wt% Cu alloy was prepared by
gravity casting method in a large quantity (approximately
7.5 kg), and then melt spun and heat treated [43]. There-
after, 30 wt% LaNis;, 10 wt% nano-sized Nb,Os, and
30 wt%LaNis + 10 wt% nano-sized Nb,Os, respectively,
were added to the prepared Mg-23.5 wt% Ni-5 wt% Cu
alloy by reactive mechanical grinding. The (Mg-23.5
Ni—5Cu)-10 Nb,O5 sample showed the highest hydrogen
storage capacity and hydriding and dehydriding rates, fol-
lowed by (M-23.5N-5Cu)-30LaNis and (Mg—23.5Ni—5Cu)
—30LaNis—10Nb,Os. The addition of Nb,Os was believed
to increase the hydrogen -storage capacity and hydriding
and dehydriding rates due to the brittleness and
small particle size, which led to the pulverization of
Mg—23.5Ni-5Cu during reactive mechanical grinding. The
activation of the (Mg—23.5Ni—-5Cu)-10Nb,O5 sample was
completed only after the second cycle. This sample absorbed
243 wt% in 10 min and 3.07 wt% in 60 min at 573 K
under 1.2 MPa H,, and desorbed 3.08 wt% in 20 min at
573 K under 0.1 MPa H, at n = 2 (Fig. 7, [43]).
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Fig. 7 Variation of hydrogen absorption and desorption with number of cycles (n) for (Mg—23.5Ni—5Cu)-10Nb,05 at 573 K under 0.1 MPa H,:

a hydrogen absorption and b hydrogen desorption
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Long et al. [44] prepared Mg-5 wt% Ce oxide nano-
composite through arc plasma method. CeO, transformed
into Ce,Oj; after arc evaporation, and nanoscale Ce,Oj3
particles were attached on the surface of Mg particles,
forming a core—shell structured metal-oxide nanocompos-
ite. The hydrogenation and dehydrogenation enthalpies of
the composite were calculated to be —71.00 and
75.41 kJ-mol ', respectively, while the activation energy
for hydrogen absorption was 47.75 kJ-mol~". In addition,
the composite can absorb 4.07 wt% of hydrogen at 323 K
in 10 h. These results revealed that the minor addition of
Ce oxide in Mg through arc plasma method was able to
significantly improve the hydrogen absorption kinetics of
Mg.

Singh et al. [45] investigated the effect of different sized
CeO, nanoparticles on decomposition and hydrogen
absorption kinetics of magnesium hydride. A small amount
of admixing of the above said catalysts with MgH,
exhibited improved hydrogen storage properties. Among
these different sizes of CeO, nanoparticles, 2 wt%
admixed CeO, with a particle size of 10-15 nm led to the
decrease of desorption temperature by 50 K. Moreover, it
also showed 1.5 times absorption kinetics with respect to
pure MgH,. The hydrogenation/dehydrogenation properties
were measured by gas reaction controller.

Han et al. found that MoS, had a superior catalytic
effect over MoO, on improving the hydrogen kinetic
properties of MgH, [46]. DTA results indicated that the
desorption temperature decreased from 662.10 K of the
pure MgH, to 650.07 K of the MgH, with MoO, and
640.34 K of that with MoS,. Based on the Kissinger plot,
the activation energy of the hydrogen desorption process
was estimated to be (101.34 =+ 4.32) kJ-mol ! of the MgH,
with MoO, and (87.19 + 4.48) kI-mol™' of that with
MoS,, indicating that the dehydriding process energy bar-
rier of MgH, can be reduced. The enhancement of the
hydriding/dehydriding kinetics of MgH, was attributed to
the presence of MgS and Mo or MgO and Mo which cat-
alyzed the hydrogen absorption/desorption behavior of
MgH,. The detailed comparisons between MoS, and MoO,
suggested that S anion had superior properties than O anion
on catalyzing the hydriding/dehydriding kinetics of MgH,.

5 Using thin film hydride

Owing to the advantages of thin film metal hydrides such
as large surface area, fast charging, and discharging rate for
hydrogen, protective surface coating could be done to stop
poisoning by oxygen, and activation of thin film hydrides
was possible by coating with a layer of catalytic.

Liu et al. [47] investigated the hydrogen storage
properties of a series of Mg-La—Pd trilayer films
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(La = 0.5-9.0 nm). When the thickness of La layer was
larger than 3 nm, the distribution of La element became
homogeneous. The hydrogen storage properties of the films
under 0.1 MPa H, and at 298 K were investigated by
measuring their resistance and optical transmittance during
the hydrogenation. The hydrogenation of the La-3.0 nm
film saturated within 14 s and possessed the fastest
absorption kinetics compared with other Mg—La—Pd films.
The further increase of La thickness decreased the hydro-
genation rate due to the decreased hydrogen diffusion rate
through this layer. The La-3.0 nm film also exhibited the
fast hydrogen desorption rate in air at room temperature. It
released 80 % of hydrogen within 60 min. The electro-
chemical properties of the Mg-La—Pd films were carried
out in 6 mol-L~' KOH with a three-electrode cell. Among
these films, the La-3.0 nm film possessed the largest anodic
area and anodic peak current, as well as the highest max-
imum discharge capacity of 377.8 mAh-g~".

Wang et al. [48] used direct current magnetron cosput-
tering to prepare Mg—Y thin films capped with Pd. It was
found that Mg alloyed with Y in film state formed ultrafine
nanocrystalline intermetallic compounds. The structure
together with the catalytic effect of Y gave rise to a high
electrochemical hydrogen storage capacities and superior
activation properties. It was worthy to noting that Mg;5Y 2,
film achieved a high discharge capacity of 1,590 mAh-g~"
without requiring activation process. Moreover, Mg
alloyed with Y effectively improved the cyclic stability of
Mg-based films ascribed to the anti-corrosion role of Y. For
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Fig. 8 Cross-sectional TEM images of a as-deposited Mg/Pd mul-
tilayer film, b Mg/Pd multilayer film after hydrogenation, ¢ low-
resolution (inset: EDS line scan profiles), and d high-resolution image
of Ti/Mg/Ti/Pd multilayer film after hydrogenation at 200 °C
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Mg37Y g3 film, more than 92 % of the maximum discharge
capacity can be maintained after 100 charge/discharge
cycles.

Jung et al. [49] investigated the microstructural and
hydrogen storage properties of 60 multilayer Mg/Pd and
Ti/Mg/Ti/Pd films (Fig. 8, [49]) using an ultra-high-vac-
uum (UHV) DC magnetron sputtering system. The
hydrogen absorption capacity of the Ti/Mg/Ti/Pd film was
found to be 1.7 wt%, 3.5 wt%, and 4.7 wt% at 50, 100, and
150 °C, respectively, while that of the Mg/Pd film was
measured at significantly lower values, 0.18 wt%,
0.65 wt%, and 1.35 wt%. The hydrogen absorption
capacity for the Mg/Pd and Ti/Mg/Ti/Pd films was greatly
dependent upon the formation of Mg—Pd intermetallic
phases during the hydrogenation process. Our results
demonstrated that Ti interlayers in the Ti/Mg/Ti/Pd film
played a crucial role in preventing the formation of Mg—Pd
intermetallic phases, which originated from the inter-dif-
fusion of Mg and Pd atoms during hydrogenation, and thus
resulting in an improved hydrogen storage capacity.

6 Conclusion and future prospects

All these approaches resulted in promising results, such as
improved development on hydrogenation, thermodynamic,
and kinetics of metal hydrides; however, the states of Mg and
Mg-based alloys are still far from meeting the aimed target for
fuel cell which is used to transport application. Therefore,
further research work is needed to carry on as follows: (1) the
hydrogen absorption and desorption velocity of Mg and Mg-
based alloys should be further enhanced, and the temperature
of hydrogenation and dehydrogenation reaction even at nor-
mal pressure and temperature should be lowered; (2) the high
sensitivity and anti-oxidation in hydrogen gas atmosphere
containing impurity gas, such as O,, N,, and air, should be
strengthened; (3) although ultra-particle, micro- and nano-
crystalline, or amorphous structure can improve the thermo-
dynamic and kinetics of hydrogen absorption and desorption
of Mg and Mg-based alloys, the real status such as hydroge-
nation and dehydrogenation temperature and velocity could
not satisfy; therefore, the advantage and disadvantage of
nanometer effect and amorphous should be further investi-
gated; and (4) catalyst-enhanced Mg and Mg-based alloy
hydrides improve activation energies and the kinetics of sur-
face interactions; the addition of the catalysts (REs, etc.) and
the using of preparation technique (ball milling, etc.) modify
hydrogen absorption and desorption properties of Mg and Mg-
based alloy owing to the defects and decreasing particle sizes.
More work is needed to evaluate the catalytic mechanism and
find more effective catalysts on other kinetics such as nucle-
ation and diffusion.
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