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Abstract 

Mg-based materials have been intensively studied for hydrogen storage applications due to their high energy density up to 2600 Wh/kg 
or 3700 Wh/L. However, the Mg-based materials with poor kinetics and the necessity for a high temperature to achieve 0.1 MPa hydrogen 
equilibrium pressure limit the applications in the onboard storage in Fuel cell vehicles (FCVs). Over the past decades, many methods 
have been applied to improve the hydriding/dehydriding (H/D) kinetics of Mg/MgH 2 by forming amorphous or nanosized particles, adding 
catalysts and employing external energy field, etc. However, which method is more effective and the intrinsic mechanism they work are 
widely differing versions. The hydrogenation and dehydrogenation behaviors of Mg-based alloys analyzing by kinetic models is an efficient 
way to reveal the H/D kinetic mechanism. However, some recently proposed models with physical meaning and simple analysis method are 
not known intimately by researchers. Therefore, this review focuses on the enhancement method of kinetics in Mg-based hydrogen storage 
materials and introduces the new kinetic models. 
© 2018 Published by Elsevier B.V. on behalf of Chongqing University. 
This is an open access article under the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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1. Introduction 

The rapidly depletion of traditional fossil fuel and public-
concerned environmental problems have led to the develop-
ment of clean and sustainable energy. Hydrogen is thought
to be a promising alternative energy media for replacing
the long-term use of fossil fuel while with no emitting
CO 2 emission, but just water. However, the technologies for
high density and low cost storing hydrogen are still to be
solved. It is reported that solid-state storage materials can
store atomic hydrogen in metal-based compounds resulting
in relatively higher energy density and greater safety when
∗ Corresponding authors. 
E-mail addresses: hshao@umac.mo (H. Shao), shuliqian@shu.edu.cn (Q. 

Li). 
1 Equally contributing first author. 
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ompared with that of compressed gas storage and low-
emperature liquid storage both stored with molecular hy-
rogen. These solid-state storage materials consist of metal
ydrides, some complex hydrides and chemical hydrides
1 –9] . For hydrogen-energy process chain and hydrogen eco-
omics, the new method that one-step approach is recom-
ended which towards hydrogen generation and storage in
aBH 4 using Mg/MgH 2 [10 –12] . In addition, Mg-based ma-

erials have been intensively studied for hydrogen storage ap-
lications due to the outstanding merits, such as the high hy-
rogen storage capacity (7.6 wt.% for MgH 2 ), low cost (2–3
SD kg 

−1 ) and abundant resources in the earth’s crust and
he sea [13 –15] . Fig. 1 a presents the energy density of MgH 2 

omparing with other materials. The energy density of MgH 2 

an reach up to 2600 Wh/kg or 3700 Wh/L (calculated from
he lower heating value of hydrogen), which shows clear ad-
antage in comparison with other materials. Unfortunately,
. This is an open access article under the CC BY-NC-ND license. 
y of Chongqing University 
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Fig. 1. (a) Energy densities of MgH 2 and their comparison with NCR 

18650A lithium-ion battery, 70 MPa compressed hydrogen, and several other 
hydrogen storage materials, schematic illustration of the kinetic (b) and ther- 
modynamic (c) requirements for onboard hydrogen storage and the current 
status in Mg–MgH 2 hydrogen-storage materials. Reprinted with permission 
[1] . 
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Fig. 2. (a) Schematic illustration of thermodynamic and kinetic barrier for 
de-/hydriding reactions of metal hydrides and (b) the van’t Hoff plots of the 
desorption reaction for various Mg–MgH 2 systems. Reprinted with permis- 
sion [16,22] . 
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he Mg-based materials with poor kinetics and the necessity
or a high temperature to achieve 0.1 MPa hydrogen equilib-
ium pressure limit the applications in the onboard storage in
CVs [1] . 

. Current situation of Mg-based materials for hydrogen 

torage development 

As mentioned above, the challenges of the rigorous kinet-
cs and the improper thermodynamics for Mg-based hydrogen
torage materials hinder their possible onboard application,
hich needs high temperature and pressure to improve the
roperties [1,11,16-19] . Clearly, the current Mg-based hydro-
en storage materials take hours to complete the hydrogen
bsorption reaction at a temperature of over 623 K under a
ydrogen pressure over 3 MPa [20] ( Fig. 1 b). However, a re-
lling time of 3–5 min and max delivery temperature of 358 K
re desired for on-board hydrogen storage in the hydrogena-
ion process, which is a challenge for common Mg-based hy-
rogen storage materials. Concerning to the thermodynamics,
he temperature for releasing 1 bar hydrogen is 560 K accord-
ng to the desorption enthalpy (–74 kJ ·mol −1 H 2 ) and entropy
–135 J ·K 

−1 ·mol −1 H 2 ) in Mg-based materials ( Fig. 1 c). This
ust be changed to release hydrogen at a temperature below
58 K [1] . 

It is known that the improper thermodynamics may be
temmed from the strong bonding of Mg–H for Mg-based hy-
rogen storage materials. The thermodynamics stability could
e characterized by the formation enthalpy ( �H ) and entropy
 �S ) of metal hydride, while the kinetics barrier could be ex-
ressed by the activation energy of reaction ( E a ). Moreover,
he formation enthalpy and entropy also could be derived from
he van’t Hoff equation while the activation energy of reac-
ion could be determined by Arrhenius or Kissinger’s equation
21,22] . Herein, tailoring the thermodynamics and kinetics of
ydrogenation/desorption reactions, as well as the van’t Hoff
lots of desorption reaction for various Mg–MgH 2 systems
re showed in Fig. 2 . It is concluded that the positive effect
f downsizing and catalyst on the kinetics is widely accepted
y the researchers, while for the downsizing effect on the
hermodynamics of hydrogen absorption and desorption for

g–MgH 2 system, different results are reported. In order to
irectly understand the relationship between the thermody-
amics and the particle size, many van’t Hoff equations for
g–MgH 2 systems were presented. From Fig. 2 b, we could

ee that there is no apparent change of thermodynamic prop-
rties in desorption reactions when downsizing the diameter
rom 5 to 300 nm. Shao et al. [16] focused on the effects
f downsizing and the doping of additives (transition metals,
etal oxides, halides, etc.) on the thermodynamics and ki-

etics of hydrogen desorption. It is found that there are no
pparent changes of thermodynamic properties in desorption
eaction with the catalyst and nanostructure on the scale down
o 5 nm [23] . The ab-initio Hartree–Fock and density func-
ional theory calculations suggest that both Mg and MgH 2 

ecome less stable with decreasing cluster size, but MgH 2 is
ore destabilized than Mg upon decreasing the cluster size

elow 19 Mg atoms [24] . That is to say, a MgH 2 crystallite
ize of 0.9 nm would correspond to a desorption temperature
f only 473 K. 
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Fig. 3. (a) Hydrogen absorption curve of Mg 50 Co 50 alloy at 303 K un- 
der an initial hydrogen pressure of 3.3 MPa (the insets are SEM im- 
age (left) and dark-field TEM image (right) of the alloy); (b) Pressure–
composition isotherms of Mg 50 Co 50 bcc alloy measured at different tem- 
peratures. Reprinted with permission [17,41] . 
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Because the thermodynamic properties are hardly to be
changed, many researchers focused on the improvement of
hydrogenation and dehydrogenation kinetics. With regard to
quantitatively evaluating the hydrogenation and dehydrogena-
tion rate, the hottest topic focuses on the in-depth under-
standing of the H/D kinetic mechanism. The analysis of
hydrogenation and dehydrogenation behavior by kinetic mod-
els is a significant and efficient way to reveal the kinetic
mechanism. The evaluated kinetic triplet including the E a ,
the pre-exponential factor ( A ) and kinetic model functions
( g ( α)) quantificationally reflect the improvement effects. Up
to now, a large number of kinetic models have been proposed
[25 –27] ,but only several classical models are frequently used,
such as Jander model [28] , Ginstling–Brounshtein function
[29] and Johnson–Mehl–Avrami–Kolmogorov model [30 –34] .
The main problem concentrates on following aspects: (i) the
kinetic function is too complicate to use, which only give
the analytical solutions and cannot give the numerical solu-
tions. (ii) The detailed assumptions and derivation steps are
hardly found, which usually leads to misunderstanding of ki-
netic mechanism. (iii) It is difficult for the researchers to se-
lect the reasonable method among those numerous models to
analyze their experimental data. In order to solve above prob-
lems, a series of formulae concerning the isothermal kinetics
of gas-solid reaction based on a real physical picture are pro-
posed in our previous work [35 –39] , which shows higher ac-
curacy and provides more kinetic information. Therefore, the
systematical summary of present kinetic model is provided to
introduce the new analysis methods. 

3. Enhancement of kinetics in Mg-based hydrogen 

storage materials 

3.1. Nano and amorphous processing 

Nano processing for the synthesis of nanosized Mg-based
materials has gained more and more interest because of the
need to increase the surface contact between Mg and hydro-
gen and to reduce the diffusion distance for hydrogen in parti-
cles and grains, which improves the hydrogen storage kinetics
when the size is reduced to a few nanometers. Up to now,
many methods are adopted to prepare the nanostructured Mg-
based materials, including ball milling, thin film synthesis,
catalyzed chemical solution synthesis, hydrogen plasma metal
reaction, hydrogen combustion synthesis, nano-confinement,
etc. 

Ball milling is the most common technique to synthesize
the hydrogen storage materials, which consists of mechan-
ical grinding, mechanical alloying and reactive ball milling.
The ball-milled materials with superior nano-size were formed
when the strong force generated in the process of ball milling
was applied to the composites inside. It is known that the
method of ball milling has two advantages. One is that the
time of ball milling is relatively shorter on account of usu-
ally reducing the particle size without atom rearrangement.
The other is that it will introduce amounts of defects, dislo-
cations and fresh surfaces of the samples, which will improve
he chemical reactive activities in the gas phase, chemical so-
ution or electrolyte. Moreover, the samples of micro-strain
enerated during the ball milling will decrease the effect of
ysteresis in the cycling of absorption and desorption. 

Shao et al. [17,40,41] ball-milled the mixture of mag-
esium powder and cobalt powder at the rotation speed
f 200 rpm for varying times from 0.5 to 400 h and
hen carefully investigated the phase, morphology, hy-
rogen storage properties and mechanism of nanostructured
g 50 Co 50 materials. The fabrication process of Mg 50 Co 50 

lloy is confirmed as Mg + Co-hcp → Mg nano + Co nano -
cp → Mg nano + Co nano −hcp + Co nano -fcc → bcc + Co nano -
cc → bcc. The as-obtained Mg 50 Co 50 alloy is with 1–2 μm
nd the crystal size is about a few nanometers from the
EM image in Fig. 3 a. It is interesting to mention that the
g 50 Co 50 alloy with bcc structure exhibited a higher hydro-

en storage capacity at relatively lower temperature, which
bsorbs 2.67, 2.42 and 2.07 wt.% at 258, 303 and 373 K
 Fig. 3 b), respectively. The absorption temperature of 258 K
s the lowest temperature reported for the Mg–Co composite.
wo factors including the mechanical alloying and the bcc
tructure with proper lattice parameter are responsibility for
he novel hydrogen storage performance. 
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Fig. 4. Hydrogen re-absorption curves of Ti-catalyzed MgH 2 nanocrystalline 
sample and commercial MgH 2 sample (Alfa Aesar) at different temperatures 
in 1 MPa hydrogen after complete desorption (inset: absorption curves simu- 
lated by Jander diffusion equation). Reprinted with permission [17,49] . 
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The new developed ball-milling process assisted by
ielectric-barrier discharge plasma for dual-tuning the ther-
odynamics and kinetics of Mg based hydrogen storage ma-

erials is deserved to mention [42 –46] . This method solved
he preparation problem of Mg(In) and Mg(In, Al) solid so-
ution, moreover improved the preparation efficiency [42,43] .
he dehydriding kinetics is modified via the catalyzing effect
f in situ synthesized MgF 2 . The dehydrogenation enthalpy
hange and activation energy of Mg 85 In 5 Al 5 Ti 5 alloy were
owered to 65.2 kJ ·mol −1 H 2 and 125.2 kJ ·mol −1 [46] , respec-
ively. Ding et al. [47] reported a method for using hydrogen-
nduced Mg–Zr interfacial coupling to manipulate the migra-
ion of hydrogen atoms, thus significant enhanced the kinetics
long with the thermodynamics of Mg–Zr–H MCs. 

Beside the ball milling, the method of catalyzed chemical
olution synthesis is also adopted to synthesize the Mg-based
ydrogen storage materials. Bogdanovic et al. [48] fabricated
he homogeneously catalyzed hydrogenation of magnesium 

ith the raw materials of magnesium powders, anthracene,
etrahydrofuran and CrCl 3 or TiCl 4 acted as catalyst by the
ethod of catalyzed solution synthesis for the first time. After

hat, Shao et al. [49] synthesized the nanostructured Ti-
atalyzed nanocrystalline magnesium hydride by adopting this
echnique and fully studied its hydrogen storage properties.
he typical procedure to prepare the Ti-catalyzed nanocrys-

alline magnesium hydride is listed in equations of (1) –(3) . 

(1) 

(2) 

(3) 

Rietveld analysis showed that the as-obtained sample made
p of a tetrahedral β-MgH 2 phase with 89 wt.% and an or-
horhombic high-pressure modification γ -MgH 2 with 11 wt.%.
t is worth mentioning that it was the first time to ob-
erve the high-pressure modification γ -MgH 2 under such mild
onditions. The re-hydrogenation of the two kinds of dehy-
rogenated MgH 2 was investigated, which was depicted in
ig. 4 . Clearly, the Ti-catalyzed nano-Mg could absorb hy-
rogen at the temperature of 530, 545 and 573 K while the
ommercial Mg could absorb hydrogen at 573, 598 and 623 K
nder the same conditions. In addition, 6 wt% hydrogen could
e absorbed in less than 1 h for the Ti-catalyzed nano-Mg,
hich is at least two times faster than that of the com-
ercial Mg reaching the same capacity. The enthalpy and

ntropy values of hydrogen desorption for the nano-MgH 2 

xtracted from the equilibrium plateaus of the desorption
easurements are 77 . 7 kJ ·mol −1 H 2 and 138 . 3 J K 

−1 ·mol −1 

 2 , respectively, which means thermodynamic properties do
ot change with nanostructure and catalyst. The absorption
urves fitted by Jander diffusion equation were also shown in
ig. 4 . The results indicated that the rate-limiting step was

hree-dimensional diffusion of hydrogen through the hydride.
n addition, the absorption rate of Ti-catalyzed nano-Mg at
73 K was 3.06 s −1 , which was 40 times faster than that of
ommercial Mg (0.0736 s −1 ). 

Fig. 5 depicted the TEM images of the obtained metal and
g-based alloys synthesized by hydrogen plasma metal reac-

ion (HPMR) [17,50 –53] . From the figures, it could see that
he Ni, Cu, Co, Fe and Al particles had a granular structure
nd the particle size was with a mean size of 30–50 nm. While
he Mg particles exhibited hexagonal structure and the aver-
ge particle size was about 300 nm. When compared the size
f Mg particles with other metals, it could clearly find that the
g particles were much bigger than the other metal nanopar-

icles which was originated from the much faster vaporization
ate and the higher generation rate of Mg than the ones of Ni,
o, Cu, Fe and Al metals [54] . Additionally, the Mg-based
lloy were also obtained by HPMR. From the TEM micro-
raphs, the obtained Mg 2 Ni, Mg 2 Co and Mg 2 Cu were with
n average size about 50–200 nm, which was smaller than
hat of original Mg particles. This indicated that the Mg–M

ixture particles would crack into smaller ones during the
ydrogenation and dehydrogenation process. 

Fig. 6 presented the hydrogen absorption kinetics of Mg-
ased nanoparticles synthesized by HPMR methods. From
ig. 6 a, it could see that the Mg nanoparticles could ab-
orb hydrogen very quickly at 573 K after one absorption-
esorption cycle under 4 MPa hydrogen pressure at 673 K.
oreover, the hydrogen absorption rate became faster as

he temperature increasing. The hydrogen content increased
reatly with the time and quickly reached a maximal value
.54 wt.% in 30 min at 573 K. The nanostructured Mg 2 Ni sam-
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Fig. 5. TEM images of Mg, Ni, Cu, Co, Fe, Al metal nanoparticles and Mg 2 Ni, Mg 2 Co, Mg 2 Cu alloys synthesized by hydrogen plasma metal reaction 
[17,50] . 
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ple and Mg 85 Ni 15 samples absorbed hydrogen with smaller
hydrogen capacity but with a much faster speed than the Mg
nanoparticle sample at the same temperature of 573 K. After
13 min absorption at 573 K under an initial hydrogen pres-
sure of 3.5 MPa, the Mg 85 Ni 15 nanocomposite sample showed
a hydrogen capacity of 4.73 wt.%. With the existence of the
nanostructured Mg 2 Ni phase in the Mg 85 Ni 15 sample, it could
act as catalyst to the absorption reaction of Mg phase. The
Mg 2 Ni nanoparticle sample might even absorb hydrogen at
room temperature (1.73 wt.% after 32 min absorption under
4 MPa H 2 ). Seen from Fig. 6 b, there is no obvious delegation
in the hydrogen absorption capacity and speed for the Mg 2 Ni
nanoparticle sample in 5 cycles at 623 K, which presented
good cycle ability of the sample for hydrogen storage appli-
cation. We knew normally Mg-based materials needed a strict
activation process before they might absorb hydrogen with a
fast rate and a reasonable hydrogen capacity at temperature
above 523 K. These results demonstrated that superior hydro-
gen absorption kinetics and capacity of the Mg and Mg–M
based nanoparticle samples. 

Hydriding combustion synthesis (HCS) method is a
common method that used to synthesize the nanosized hy-
drogen storage materials. Li et al. [55 –63] prepared a series
f Mg–RE–Ni nano-composites including La 1.5 Ni 0.5 Mg 17 ,
aNiMg 17 , Mg-8 mol% LaNi 0.5 , Mg 1.9 Al 0.1 Ni, Mg 2 Ni,
tc. using mechanically alloying and hydriding combustion
ynthesis method. These alloys showed much better hydro-
enation and dehydrogenation kinetics than pure Mg. Yao et
l. [64] coated Mg 95 Ni 5 with polyvinylpyrrolidone (PVP) via
CS followed by wet mechanical milling with tetrahydro-

uran. The Mg 95 Ni 5 –7 wt.% PVP nano-composites exhibited
ignificant improved dehydriding kinetics, which was mainly
ue to the synergistic effect of PVP and THF. The addition
f PVP and THF helps to alleviate the aggregation of Mg
nd MgH 2 particles during milling process. The dehydriding
eak temperature of MgH 2 was reduced to 523 K and the
ehydrogenation apparent activation energy was reduced to
6.94 kJ ·mol −1 as well. The oxide-free Al 12 Mg 17 on the
urface of Mg particles was prepared by HCS and heating
o 693 K [65] . The hydrogen firstly reacted with the newly
enerated Al 12 Mg 17 and subsequently the hydrogen diffused
nto the inner part of the particles to further hydriding upon
ecreasing to 613 K and holding for 2 h under 1.5 MPa H 2 

ressure. The promoted hydrogenation kinetics of Mg–10at.%
l composite was obtained by forming Al 12 Mg 17 during
CS [65,66] . 
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Fig. 6. (a) Hydrogen absorption curves of various Mg–M based nanoparticle samples (Mg, Mg 2 Ni, Mg 2 Cu, Mg 2 Co and Mg 85 Ni 15 ), (b) Absorption curves in 
five cycles of the Mg 2 Ni nanoparticle sample, (c) A schematic showing effect of nanosizing on absorption kinetics in hydrogen storage materials. Reprinted 
with permission [17] . 
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Nano-confinement is that utilization of nanoporous mate-
ials as scaffold for geometrically confining Mg-based hy-
rogen storage materials in nanoscale, which can inhibit
he particle sintering or agglomeration during hydrogena-
ion/dehydrogenation at elevated temperatures [67] . The on-
et dehydrogenation temperature of MgH 2 –Ni@C composite
s 460 K, which is 113 K lower than that of as-milled MgH 2 

68] . The Mg@Ni 8 Gn 2 composite absorbs 6.28 wt.% of hy-
rogen in 100 s at 373 K and desorbs 5.73 wt.% of hydrogen
n 1800 s at 523 K, suggesting that the composites have high
ydrogen capacity and impressive fast kinetics in both hy-
rogenation and dehydrogenation [69] . Tan and co-workers
ntroduced multi-walled carbon nanotubes supported titania
TiO 2 /MWCNTs) into Mg 95 Ni 5 [70] , MWCNTs not only can
ct as lubricant during mechanical milling process, but also
mprove the dispersibility of TiO 2 nanoparticles and facili-
ate the diffusion of the H atom. The MWCNTs supported
imetal palladium and nickel co-catalyst showed hydrogen
bsorption capacity of 6.44 wt.% within 100 s at 373 K and
ydrogen desorption capacity of 6.41 wt.% within 100 s at
23 K [71] . Chen et al. [72,73] prepared the Mg nanowires
y vapor-transport approach. The results showed that thinner
g/MgH 2 nanowires have a much lower desorption energy
han that of thicker nanowires or bulk Mg/MgH 2 , indicat-
ng the changes of kinetics and thermodynamics are expected
hen the diameters of nanowires are less than 30 nm. Zhang

t al. [74] reported a novel strategy named microencapsulated
anoconfinement to realize local synthesis of nano-metal hy-
rides, which possesses ultrahigh structural stability and supe-
ior desorption kinetics. Monodispersed Mg 2 NiH 4 single crys-
al nanoparticles were in situ encapsulated on the surface of
raphene sheets via hydriding chemical vapor deposition. The
gO coating layer with a thickness of about 3 nm efficiently

eparated the nanoparticles from each other, preventing aggre-
ation during hydrogen absorption/desorption cycles, leading 

o excellent thermal and mechanical stability. More interest-
ngly, the MgO layer showed superior gas-selective perme-
bility to prevent further oxidation of Mg 2 NiH 4 , meanwhile
ccessible for hydrogen absorption/desorption. As a result, an
xtremely low activation energy (31.2 kJ ·mol −1 ) for the dehy-
rogenation reaction was achieved. 

Amorphous processing is a novel method to prepare the
g-based materials as a new hydrogen-storage pathway in

omparison with that of crystalline ones, which was dis-
overed in the 1960s [75] . Amorphous Mg-based alloys,
uch as Mg–RE–Ni, have attracted great interest because
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Fig. 7. (a) HAADF image of the Mg 12 NiY alloy after hydrogenation for 
90 min, (b) EDS mapping of the area shown in (a), (c) the bright image of 
Nd 4 Mg 80 Ni 8 alloy and SAED pattern of NdH 2 and MgH 2 . Reprinted with 
permission [83,85] . 
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of the hydrogen storage capacity as high as in the case of
MgH 2 (7.6 wt.%). Lin et al. [76] reported a hydrogen-induced
glass-to-glass transition in amorphous Mg 80 Ce 10 Ni 10 alloys
with a hydrogen storage capacity of about 5 wt.%. The en-
hancement of hydrogen storage capacity of this amorphous
Mg 80 Ce 10 Ni 10 is attributed to the free volume and disordered
atomic structure inside the material. Remarkably, the desorp-
tion temperature of the amorphous Mg–Ce–Ni can be effi-
ciently tuned through the doping of 5at.% Cu with reduction
from about 623 K to 423 K. It also indicated that the synthe-
sis of nanoporous amorphous alloys could contribute to the
hydrogen absorption properties [77] . 

Besides above-mentioned methods, recently, a new method
of in-situ formation of REH x –Mg–Mg 2 Ni nanocomposites
was developed through directly hydrogenation of the rare
earth containing alloys. Zhu et al. [78-80] found that the
composites of CeH 2.73 −MgH 2 –Ni and YH 2 −Mg −Mg 2 NiH 0.3 

exhibited superior hydrogen storage kinetics. However, the as-
melted Mg 80 Ce 18 Ni 2 alloy was a multiphase mixture which
was composed of 57 wt.% CeMg 3 , 29 wt.% Ce 2 Mg 17 , 7 wt.%
CeMg and 5 wt.% CeMgNi 4 [78] . That is to say, the cat-
alytic elements Ce and Ni did not distribute uniformly in
the alloy, which would lead to the non-uniformity of in situ
formed CeH 2.73 −MgH 2 –Ni composites. Therefore, Li et al.
[81–83] proposed the method that direct hydrogenation of
the single-phase Mg–RE alloy to form REH x homogenously
distributed Mg-based nanocomposites. The in situ formed
YH 2 and NdH 2 grains with size less than 35 nm were in-
terdispersed in the Mg and Mg 2 Ni matrix (as shown in
Fig. 7 ), which produced high density grain boundaries for
the diffusion of H atoms. Although the enthalpy and entropy
of hydrogenation/dehydrogenation of Mg were basically un-
hanged, the homogenous YH 2 /NdH 2 −Mg −Mg 2 Ni nanocom-
osites showed excellent hydriding/dehydriding kinetics even
fter 620 [84] and 819 [85] cycles, respectively. Furthermore,
he hydrogen storage capacity only decayed about 20% from
he maximum value of 5.2 wt.%. The fast formation process
f YH 2 in 18R-type LPSO phase is due to the high affinity
etween hydrogen atoms and the L1 2 –Ni 6 Y 8 clusters [83] .
he in situ formed NdH 3-x nanograins could capture H atoms
nd transfer them from the 4b sites of NdH 3-x to the octa-
edral interstitial site of the NdH 3-x / α-Mg interface along the
1 –100] direction [85] . 

To better understand the effect of downsizing on the ki-
etics, the mechanism for nanosizing on the hydrogen ab-
orption kinetics in Mg-based materials is illustrated in Fig.
 c [86] . The hydrogenation was one of process of formation
f hydrides in the Mg-based particles based on the reaction
etween Mg-based materials and hydrogen on the surface of
he particles. The figure clearly shows that the nanostruc-
ured Mg can fully absorb hydrogen in a shortened time,
hich was faster than that of Mg with a size of microm-

ter. The nanostructured Mg with faster absorption kinetics
ay be attributed to larger surface area and smaller parti-

le size [1,87,88] , which means that Mg nanomaterials had a
uch greater contact area for hydrogen reaction, and a much

horter diffusion distance for hydrogen diffusion during the
ydrogen absorption reaction [17,46,89,90] . Mg-based mate-
ials with the particles size in nanoscale could improve hy-
rogen storage kinetics even thermodynamics when the size
as reduced to a few nanometers. 

.2. Additives with catalytic effects 

Besides improving the kinetics with the reduction of par-
icle size, catalytic additives were also combined with Mg-
ased materials to enhance the kinetics of absorption and des-
rption. Up to now, many publications related to the catalyzed
g-based hydrogen storage materials have been reported,

uch as metal oxides [91 –93] , transition metals [40,52,53,94 –
8] , rare earth elements [99,100] , fluorides [101] , halides
102 –104] , etc. Numerous efforts have been devoted to de-
eloping efficient catalyst for Mg-based hydrogen storage and
ome appear to be good. 

Barkhordarian and collaborators [105] firstly reported the
b 2 O 5 catalysts doped MgH 2 by ball milling. The doped pre-

ented the fastest hydrogen sorption kinetics among these se-
ected metal oxides. 6.9 wt.% of hydrogen could be absorbed
ithin 60 s and the absorbed hydrogen could be fully des-
rbed in only 140 s. Clearly, the Nb 2 O 5 dopant possessed
he fastest desorption rate in comparison with that of other
opants, yielding a desorption rate of 0.011 wt.%/s. It is
uggested that the metal with multiple valencies and cat-
lytic effect of electronic exchange reacting with hydrogen
olecular are attributed to the acceleration of the gas-solid

eaction. In a word, the additive of Nb 2 O 5 presented im-
roved hydrogenation-dehydrogenation reaction for hydrogen
torage. Mustafa et al. [106] reported the hydrogen stor-
ge properties of the ball-milled MgH 2 + 5 wt.% CeO 2 at the
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peed of 400 rpm in an argon atmosphere. The results showed
hat the hydrogenation rate of CeO 2 doped MgH 2 compos-
tes was faster than of pristine magnesium hydride. The as-
eceived MgH 2 at 593 K could absorb 3.46 wt% hydrogen
fter 5 min. In contrast, the hydrogen capacity of as-milled
gH 2 and MgH 2 + 5 wt% CeO 2 at 593 K could reach up

o 3.72 wt.% and 3.95 wt.% after 5 min, respectively. In addi-
ion, about 3.6 wt.% hydrogen is released within 30 min for

gH 2 + 5 wt.% CeO 2 composites while less than 1.0 wt.% hy-
rogen for pure MgH 2 . Moreover, the activation energies of
he CeO 2 doped MgH 2 composite and pure MgH 2 are deter-
ined to be 133.62 and 108.65 kJ ·mol −1 , respectively, which

ndicated that the introduction of CeO 2 could lead to a great
ydrogen desorption improvement. In a word, the enhanced
erformance of hydrogen storage is due to the formation of
eH 2 and CeO 2 species. 

Extensive investigations have focused on the addition ef-
ect of transition metals (Ni [107,108] , Nb [109] , Ti [110] ,
e [111] ) and rare earth elements (RE = La [112] , Ce [113] ,
r [114] , Nd [115] , Sm [116] ). The addition of Ti and Ni
as found to play key role in improving the thermodynamic

nd kinetic properties of MgH 2 by decreasing the desorp-
ion temperature and the activation energy [117] . Mg–TM(Ti,
e, Ni)–La ternary ultrafine particles produced by arc plasma
ethod shows significantly improved hydrogen absorption ki-

etics and the hydrogen desorption temperature was reduced
n the hydrogenated ternary Mg–TM–La composites when
ompared to those in the binary Mg–TM or Mg–RE com-
osites [118] . The Mg–La–Fe–H nano-composites prepared
hrough reactive ball milling can absorb 5.0 wt.% of hydro-
en at room temperature and desorb hydrogen at 463 K [119] .
bH x nanoparticles with disordered structure and small par-

icle size (10–50 nm) were synthesized by ball milling NbCl 5 
nd LiH, and significantly enhanced the hydriding and dehy-
riding kinetics of MgH 2 , which could desorb 7.0 wt.% H 2 

ithin 9 min at 573 K and absorb ∼4.0 wt.% H 2 at 373 K at
 reasonable rate [120] . 

Due to the multiple alloy elements are introduced, seek-
ng for the Mg-based multicomponent alloys with good hy-
rogen storage properties is time-consuming through tradi-
ional trial-and-error method. Therefore, the researchers take
dvantage of the phase diagram to design the novel hydro-
en storage alloys [121 –126] . Li et al. [81,127-129] assessed
he phase equilibria of RE–Mg–Ni–H (RE = La, Ce, Y, Nd)
ystems at the Mg–Ni rich side. They used the phase dia-
ram to discuss synthesized technological parameter of al-
oys and developed a series of Mg-based hydrogen storage
lloys with good hydriding/dehydriding properties. A success-
ul case of designing the Mg-based hydrogen storage alloy is
he development of Nd 4 Mg 80 Ni 8 intermetallic compound by
xploring the Nd–Mg–Ni–H phase diagram [81,82] . Based
n the materials design idea that searching for the alloy with
atalytic elements distribute uniformly in the whole sample,
he attention was focused on Mg-based ternary intermetal-
ic compound and the new phase Nd 4 Mg 80 Ni 8 was devel-
ped fulfilling the design requirement. The hydrogen-induced 

ecomposition of Nd 4 Mg 80 Ni 8 led to in situ formation of
dH 2 −Mg −Mg 2 Ni nanocomposites, which processed excel-
ent hydrogenation and dehydrogenation kinetic properties and
xcellent cycling stability [85] . 

Since the property of fluorides is similar with chlorides
nd bromides, fluorides are also expected to be effective cat-
lysts for the promotion of hydrolysis reaction. Doping MgH 2 

ith NiCl 2 and CoCl 2 , both the dehydrogenation temperature
nd the absorption/desorption kinetics were improved, and a
ignificant enhancement was obtained in NiCl 2 doped sample
130] . Mao et al. [101] produced a series core-shell structured

g–MF x (M = V, Ni, La, and Ce) nano-composites and tested
he hydrolysis properties of corresponding hydrogenated pow-
ers. The results revealed that the addition of MF x improves
he hydrogen absorption kinetics and enhances its hydrolysis
roperties. Wei et al. [131] systematically investigated the cat-
lytic actives of VF 4 on the hydriding cycling performance
nd dehydriding properties of Mg 99 Ni. It demonstrated that
he HCS + MM −Mg 99 Ni + VF 4 could absorb 5.57 wt.% H 2 at
73 K in 50 s even after the 5th hydriding cycle and can re-
ease about 6.50 wt.% H 2 at 533 K within 1800 s and at 543 K
ithin 1300 s, respectively. The formation of VH 0.91 phase
uring mechanical milling process played an important role
n the improvement of dehydriding properties and hydriding
ycling properties of the HCS + MM-Mg 99 Ni. 

Besides the simple substance, mixtures of complex hy-
rides were able to effectively modify MgH 2 system with
igh hydrogen capacity. MgH 2 doped with 2.5 wt.% LiAlH 4 

nd 2.5 wt.% LiBH 4 started to release H 2 at about 553 K and
eleased a high hydrogen capacity of 7.62 wt.% with superior
eaction kinetics, as well absorbed 7.7 wt.% H 2 within 15 min
t 573 K. This synergistic effect of LiBH 4 and LiAlH 4 was
scribed to the in situ formation of Li 3 Mg 7 , Mg 17 Al 12 , and
gAlB 4 , which acted as the “catalytic active sites” to facil-

tate the diffusion of hydrogen through the reaction barriers
n the de/hydrogenation cycles of MgH 2 [132] . 

The catalytic effectiveness is not only determined by in-
rinsic activity but also the distribution state of the catalyst.
he core-shell Mg-based nano-composites with shell-shaped 

atalysts are welcome in hydrogen storage materials. Zou
t al. [133] produced a Mg-based Mg–La–O nano-composite
ith an arc plasma method followed by passivation in air.
EM analysis showed that such Mg ultrafine particles were
overed by MgO and La 2 O 3 nano particles, forming a core-
hell structured metal-oxide composite. Then, they synthe-
ized Mg–RE composite metal-oxides, such as Mg–Nd, Mg–
d, and Mg–Er [134] . It shows that these RM-oxides can

ct as channels for hydrogen sorption, leading to a signifi-
ant improvement of hydrogen sorption kinetics of Mg ultra-
ne particles. Lu et al. [135] produced a core-shell structured
g@TM (TM = Co, V) composites via an approach comb-

ng arc plasma method and electroless plating. The measured
ydrogenation enthalpy ( −70.02 kJ ·mol −1 H 2 ) and activation
nergy (67.66 kJ ·mol −1 H 2 ) of the ternary Mg@Co@V com-
osite were lower than those of binary composites and the
ure Mg powder. These improvements can be attributed to
i) the core-shell structure which may providing more nu-
leation sites for hydrogen sorption, and (ii) the co-effect of
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Mg–Co hydrides. Binary Mg@Fe [136] , Mg@Ti [137] and
ternary Mg@Ti@Ni [137] have been synthesized in the same
way. Mg 2 FeH 6 @MgH 2 core–shell hydrides comprised of the
Mg 2 FeH 6 -core with a particle size of 40–60 nm and the
MgH 2 -shell with a thickness of 5 nm were synthesized, which
released 5.1 wt.% H 2 within 10 min at 573 K, and 5.0 wt % H 2 

within 50 min at 553 K. These low hydrogen desorption tem-
perature and improved desorption kinetics were ascribed to
the special core–shell nanostructure, leading to the dehydro-
genation of the MgH 2 -shell followed by the decomposition of
the Mg 2 FeH 6 -core into Mg and Fe. The recovered core–shell
nanostructure after rehydrogenation further contributed to the
excellent cycling hydrogen desorption properties [138] . 

Carbon-wrapped transition metal (Co/C, Ni/C) nanoparti-
cles (8–16 nm) were found a better catalytic efficiency when
doped in the MgH 2 system. MgH 2 -6% Co/C could release
about 6.1 wt.% H 2 at 523 K and uptake 5.0 wt.% H 2 at 373 K
within 20 s [139] . Mechanistic research revealed that the cat-
alytic mechanism lied in the in situ formed Mg 2 Ni and
Mg 2 NiH 4 nanoparticles acting as advanced catalytically ac-
tive species and carbon attached around the surface of tran-
sition metal nanoparticles inhibiting the aggregation of the
catalysts. Furthermore, Na 2 Ti 3 O 7 nanotubes (NTs) with a uni-
form diameter of 10 nm were found high-efficiency in catalyz-
ing the hydrogenation/dehydrogenation. MgH 2 –Na 2 Ti 3 O 7 NT
composites could desorb 6.5 wt.% H 2 within 6 min at 573 K,
absorb 6.0 wt.% H 2 within 60 s at 548 K, and could even up-
take 1.5 wt.% H 2 within 30 min at a temperature as low as
323 K [140] . These enhanced absorption and desorption ki-
netics were attributed to the homogeneously distribution of
Na 2 Ti 3 O 7 NTs in MgH 2 matrix, offering numerous diffusion
channels to significantly accelerate the transportation of hy-
drogen atoms. 

3.3. External energy field effects 

The different physical fields of magnetic field and mi-
crowave field during the preparation process of Mg-based
hydrogen storage alloys on its physicochemical proper-
ties including thermodynamic and kinetic characteristics
have also investigated [141] . The enthalpies of Mg and
Mg 2 Ni in Mg–12.96 wt.%La-27.04 wt.%Ni alloy prepared by
microwave-assisted activation synthesis are comparable to
those of melt-spun Mg–Ni–RE alloys by nano-crystallization
[142] , indicating the microwave sintering has an effective
effect on the thermodynamic properties of Mg–La–Ni alloys.
Meng et al. [143] comparatively investigated the effect of
microwave sintering and conventional sintering on properties
of Nd–Mg–Ni–Fe 3 O 4 alloy. It was shown that the hydrogen
capacity of the samples prepared by conventional sintering
was less than 4.0 wt.% at 553–623 K, whereas the samples
prepared by microwave sintering exhibited higher hydrogen
storage capacity (more than 4.5 wt.% at same temperature
range) and wider plateau of hydriding/dehydriding. Fur-
thermore, the enthalpy and entropy of hydrogenation for
microwave sintered samples were a little lower than those of
the conventionally sintered samples. 
In order to investigate the magnetic field on the prepa-
ation and properties of hydrogen storage alloys, Li et al.
144, 145] designed and manufactured an experimental appa-
atus for magnet. The magnitude of static magnetic field on
he vertical direction could change from 0 to 14 T. The nanos-
ructured Mg 2 FeH 6 was successfully prepared by controlled
ydriding combustion synthesis (CHCS, with high magnetic
eld) [144] . The high magnetic field has an influence on the
tructure, morphological characterization, phase composition,
rystalline size and element distribution of Mg-Fe compos-
te. Comparison between the conventional hydriding combus-
ion synthesis (HCS) and the CHCS was made to prepare the

g–4 mol%LaNi 2.5 [146] and Mg–3 mol%LaNi 3 [145] com-
osites. The high magnetic field changed the microstructure
nd phase compositions, decreased the hydriding/dehydriding
emperature and the particle size of the composites. The
ffect of magnetic-heat treatment on the structures and
lectrochemical properties of La 0.67 Mg 0.33 Ni 3.0 [147] and
a 0.67 Mg 0.33 Ni 2.5 Co 0.5 [148] alloys were investigated and the

esults showed that the magnetic-heat treatment was helpful
o the transformation of (La,Mg)Ni 3 to (La,Mg) 2 Ni 7 and en-
arged the cell volumes of alloys. The La 0.67 Mg 0.33 Ni 2.5 Co 0.5 

lloy obtained by magnetic-heat treatment exhibited the best
ischarge capacity of 324.8 mAh ·g 

−1 and large capacity re-
ention of 83.07% after 50 charge/discharge cycles. The com-
arative study of the CHCS and microwave synthesis to pre-
are Mg 2 Ni was carried out [149] , but the effect of mag-
etic field on enthalpy of (de)hydrogenation reaction was not
bvious. 

From above researches, it could be found that both mag-
etic field and microwave field introduced during the prepa-
ation process imposed a helpful effect on the microstructure,
hase compositions and particle size of alloys. However, the
hermodynamic properties of hydriding/dehydriding reactions
id not change much. It is reasonable to expect that applying
he magnetic field and microwave field not only in preparation
rocess but also in the hydriding/dehydriding process would
bviously reduce the enthalpy of reactions. 

. Kinetics mechanism 

Most of hydrogen storage process are gas-solid reactions.
g and its hydride MgH 2 have different crystal structures.

herefore, the hydrogenation and dehydrogenation of Mg-
ased alloys is based on the chemical reaction between
g and MgH 2 . Many researchers have analyzed the hydro-

en absorption and desorption behaviors of Mg-based al-
oys using various kinetic models. However, seen from the
eaction mechanisms, two types of models are most fre-
uently used: diffusion-controlled reaction models [17, 150]
nd nucleation-growth-impingement-controlled reaction mod-
ls. Jander model [28] assumes that the interface area is
onstant for diffusion (two- and three-dimensional diffusion
re simply regarded as one-dimensional diffusion), and pro-
osed the function of particle radius according to Fick’s first
aw. Ginstling–Broundshtein model [29] removes the assump-
ion of constant diffusion interface area, and give the differ-
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nt functions for two dimensional cylinder and three dimen-
ional sphere ball. The nucleation-growth-impingement mod-
ls is generally regarded as classical Johnson–Mehl–Avrami–
olomogorov (JMAK) model [30-34] . 

Comparing those models, a general problem has been no-
iced that the introduced kinetic parameters do not have clear
hysical meanings, such as rate constant k and rate-controlling
tep m . Therefore, Chou et al. [151 –153] proposed a series
f functions based on real physical picture to describe the
ydrogenation and dehydrogenation behavior of alloys. This
odel mainly focuses on the physical interpreting the gener-

lized rate constant by introducing apparent activation energy
nd chemical driving force [154] . At first, this model assumes
hat only hydrogen diffusion in hydride is slow, and the other
teps all proceed very fast. Then the reacted fraction can be
xpressed as a function of unreacted powder radius. Introduc-
ng the relationship between hydrogen diffusion rate and the
ick’s diffusion law, the preliminary model is proposed [152]

= 1 −

⎛ 

⎜ ⎝ 

1 −

√ √ √ √ 

2D 

β

h 

(
C 

′ β/ H 2 
H 

− C 

′′ α/β
H 

)
R 

2 
0 v m 

t 

⎞ 

⎟ ⎠ 

3 

(4) 

here D 

β
H 

is the diffusion coefficient, C 

′ β/ H 2 
H 

and C 

′′ α/β
H 

rep-
esent concentration of hydrogen in hydride β phase at the
/gas interface and at the α/ β interface, R 0 is the radius of
lloy particle. When the hydrogenation reaches a certain frac-
ion ϕ, the required time t ξ =φ is equal to [152] 

 ξ= ϕ = 

(
1 − ( 1 − ϕ ) 1 / 3 

)2 

2D 

β
H 

(
C 

′ β/ H 2 
H −C 

′′ α/β
H 

)
R 2 0 v m 

(5) 

This is defined as a new concept, the “characteristic ab-
orption time”. Combining Eqs. (4) and ( 5 ), one has the sim-
lest expression [152] 

= 1 −
( 

1 − (
1 − ( 1 − ϕ ) 1 / 3 

)√ 

t 

t ξ= ϕ 

) 3 

(6) 

The value of Eq. (4) is that when any of the experi-
ental point in the hydrogenation or dehydrogenation pro-

ess is known, the whole kinetic curve can be predicted
y substituting the known data ( t ξ= ϕ , ϕ). This function was
sed to analyze the hydrogen absorption and desorption of
g 1.95 Ag 0.05 Ni [152] , LaNiMg 17 [56] and La 0.5 Ni 1.5 Mg 17 

63] alloys at different temperatures. The predicted results
greed well with experimental data which suggested that the
iffusion of hydrogen through the hydrides is the rate-limiting
tep. 

The further extension of preliminary model considered
arious rate-limiting steps (surface penetration of hydrogen
toms, diffusion of hydrogen atoms through the hydride,
hemical reaction) and introducing the effect of tempera-
ure, hydrogen pressure and apparent activation energy. Af-
er derivation, the formulae for diffusion-controlled reaction
s [151] 
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⎝ 1 −
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(√ 
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(7) 

nd for other rate-controlling steps, the function format is
imilar 

= 1 −
( 

1 − K rc 
(√ 

P H 2 −
√ 

P eq 
)

exp 

(− E a 
RT 

)
R 0 νm 

t 

) 3 

(8) 

here D 

0 
H 

is a diffusion coefficient constant of hydrogen,
 H 2 is the hydrogen partial pressure of hydrogen in gas, P eq 

s hydrogen partial pressure in equilibrium with hydride, K d 

nd K rc are equilibrium constant for diffusion and other rate-
ontrolling steps. So far, the transformed fraction is clearly
xpressed as a function of time t , temperature T , hydrogen
artial pressure P H 2 , particle radius R 0 and apparent activation
nergy E a [150] . The concept of “characteristic sorption time”
s further clarified as the required time of a completely hy-
riding or dehydriding the alloys. Therefore, the t c is regarded
s the criterion for reaction rate, which expressed as [151] 

 c ( d ) = 

R 0 
2 νm 

2D 

0 
H 

K d 
(√ 

P H 2 −
√ 

P eq 
)

exp 

(− E a 
RT 

) (9) 

or diffusion-controlled reactions. Combining with the 
sothermal fitting method, this model could calculate the ex-
erimental data with higher accuracy and more explicit phys-
cal meaning. These formulae are widely used in hydrogen
torage materials [81,111,155,156] , ceramics oxidation [157] ,
hemical metallurgy [158] , etc. Fig. 8 (a) and (b) show the hy-
riding kinetics of Mg x Ni 100-x alloys ( x = 33–67) and Mg 2 Ni
lloy respectively. The experimental data are fitted well by
he diffusion kinetic model ( Eq. (7) ) and surface penetration
odel ( Eq. (8) ), which indicates the effect of composition

nd pressure on the hydriding kinetics of Mg–Ni alloys. 
Then, the kinetic model is developed to describe the hy-

rogenation/dehydrogenation of alloys in the form of sphere,
at plate and fiber shape with considering the hydrogenation

nduced volume change [153] . The expression for diffusion-
ontrolled reaction is [153] ∫ ξ

0 

[ z − ( z − 1 ) ( 1 − ξ ) ] 1 / 3 − ( 1 − ξ ) 1 / 3 

3 ( 1 − ξ ) 2/ 3 

dξ = 

D 

0 
H 

exp 

(− E a 
RT 

)
K p 

(√ 

P H 2 −
√ 

P eq 
)

z R 0 
2 νm 

t (10) 

or three-dimensional sphere ball, where z is the volume ratio
f hydride to metal. The modified Chou model is applied to
nterpret the kinetic mechanisms of hydriding and dehydriding
eactions of La–Mg–Ni alloys ( Fig. 8 c), and the calculated
esult agree well with the experimental data [159] . It indicates
hat the model describes the kinetic behaviors of La–Mg–Ni
lloys more accurately due to the introduction of volume ratio
arameter. 

In addition to the geometrical contraction models, Li
t al. [35,37,154] modified the classical JMAK model by tak-
ng the self-catalysis of the nucleation into consideration, and
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Fig. 8. The fitted curves by kinetic model comparing with experimental data: (a) the effect of Ni content on hydriding kinetics of Mg x Ni 100-x alloys, (b) the 
effect of hydrogen pressure on hydriding kinetics of Mg 2 Ni alloy, (c) the effect of hydride density on the hydriding kinetics of three Mg–Ni–La alloys, (d) 
the effect of temperature on the dehydriding kinetics of Mg(AlH 4 ) 2 , (e) the effect of heating rate on the dehydriding kinetics of Mg(AlH 4 ) 2 , (f) comparison 
of different model-fitting curves with dehydriding kinetics of Mg(AlH 4 ) 2 . Reprinted with permission [35,37,150,159] . 
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the disadvantage of C-JMAK, linear continuous nucleation, is
replaced by continuous nucleation mode. The nucleation index
incorporated JMAK (NI-JMAK) model not only can analyze
the isothermal hydrogen absorption and desorption behaviors
through isothermal fitting methods, but also can simulate the
non-isothermal behaviors by obtaining the kinetic parameters
from isothermal data. The analytical form of model is [37] 
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or isothermal condition, 
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or E / RT > > 0 and non-isothermal condition, and 
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or E n / RT ≈0 and non-isothermal condition. Here, E n and E g 

re activation energy of nucleation and growth, a is the nucle-
tion index, d / m is growth index, I 0 is the intrinsic nucleation
ate constant, G 0 is the intrinsic growth rate and β is heat-
ng rate. Fig. 8 d shows the isothermal NI-JMAK model fitted
ehydriding kinetic curves of Mg(AlH 4 ) 2 alloy. With the in-
rease of the temperature, the dehydriding rate accelerates.
ig. 8 e gives the dehydriding kinetics of Mg(AlH 4 ) 2 alloy
ith different heating rate. It indicates that the dehydriding

emperature increases with the heating rate increasing. Both
he isothermal and non-isothermal cases predicted well by the
I-JMAK model. Fig. 8 f illustrates the difference of isother-
al NI-JMAK model with other kinetic models. 

. Summary and prospect 

Hydrogen storage is a key challenge that needs to be han-
led with the development of storing hydrogen materials for
peeding up the realization of hydrogen society. Mg-based
aterials are regarded as potential candidates due to the out-

tanding merits, such as high hydrogen storage capacity, low
ost and abundant resources in the earth’s crust and the sea.
nfortunately, the poor kinetics and improper thermodynam-

cs hinder their applications for storing hydrogen, especially
n the onboard storage in FCVs. In the past few decades,
any approaches, such as ball milling, catalyzed chemical

olution synthesis, hydrogen plasma metal reaction and in-
itu formation of nanocatalyzer, have been adopted to en-
ance the absorption/desorption kinetics by reducing the par-
icles size and introducing additives. Moreover, the kinetic
odels are provided to effectively understand the intrinsic
echanism of the materials synthesized by different meth-

ds. Among these kinetic models, the diffusion-controlled re-
ction model and nucleation-growth-impingement-controlled 

eaction model are most frequently used. In addition, an ex-
ended JMAK model, overcoming the disadvantage of classi-
al JMAK, is developed to analyze the isothermal hydrogen
bsorption and desorption behaviors through isothermal fitting
ethods as well as the non-isothermal behaviors by obtaining

he kinetics parameters from isothermal data. On the basis of
his model, the parameters of activation energy of nucleation
nd growth, the nucleation and growth index etc. can be com-
rehensively determined by simultaneous analysis of isother-
al and non-isothermal experimental data. It will be a great

elp to understand the hydrogen absorption/desorption behav-
or and for further development of Mg-based hydrogen storage

aterials. 
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