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Abstract 

Mg-based materials are one of the most promising hydrogen storage candidates due to their high hydrogen storage capacity, environmental 
benignity, and high Clarke number characteristics. However, the limited thermodynamics and kinetic properties pose major challenges for 
their engineering applications. Herein, we review the recent progress in improving their thermodynamics and kinetics, with an emphasis on 
the models and the influence of various parameters in the calculated models. Subsequently, the impact of alloying, composite, and nano- 
crystallization on both thermodynamics and dynamics are discussed in detail. In particular, the correlation between various modification 
strategies and the hydrogen capacity, dehydrogenation enthalpy and temperature, hydriding/dehydriding rates are summarized. In addition, the 
mechanism of hydrogen storage processes of Mg-based materials is discussed from the aspect of classical kinetic theories and microscope 
hydrogen transferring behavior. This review concludes with an outlook on the remaining challenge issues and prospects. 
© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
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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. Introduction 

With the world experiencing an emergent environmental
nd energy crisis, reducing carbon dioxide (CO 2 ) emission
as become one of the top priorities for many industries [ 1 , 2 ].
everal strategies have been proposed to curb the CO 2 emis-
ions. While natural resources, such as solar power, wind,
eothermal, and tidal energy, are the primary candidates of re-
ewable energies, their environment and time-zone dependent
esulted in intermittent, capacity-instable, and unpredictable
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eatures. Accordingly, large-scale energy storage and conver-
ion devices (ESCDs) are needed for the practical applica-
ions, because direct use of such unstable energy sources is
armful to current power grid systems [3] . Recently, there is
rowing consensus that hydrogen (H 2 ) energies can provide
 better energy solution for global warming due to their high
nergy density, zero CO 2 emission, and diverse renewable en-
rgy sources. 

To promote the mass application of H 2 energy, it is in-
vitable to establish the industry chains for H 2 production,
urification, storage, and consumption. Among them, hydro-
en storage is the most challenging procedure for H 2 trans-
ortation and consumption. At present, three major technolo-
ies are available for hydrogen storage [ 4 , 5 ], i.e., (1) liquified
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Fig. 1. The relations of thermodynamics and kinetics of hydriding and dehy- 
driding reactions in Mg-based alloys with their hydrogen storage properties. 
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 2 in cryogenic tanks, (2) high-pressure gas cylinders, and
3) solid-state H 2 storage technique. Amongst them, solid-
tate H 2 storage technique has been attracting considerable
ttention because it is operatable under moderate tempera-
ures and nearly ambient pressure condition, realizing higher
nergy density and improved operability. The first discovery
f materials-based H 2 storage was made in 1869 by T. Gra-
am in Pd [6] , in which the distance between hydrogen atoms
s significantly decreased when the hydrogen atoms are ab-
orbed and coordinated with host materials [7] . Subsequently,
ajor efforts have been devoted to developing extensive hy-

rogen storage materials due to the low geological reserves
f Pd. A milestone breakthrough was achieved in the 1970s
epresented by the development of non-noble metal materials,
uch as LaNi 5 and FeTi [ 8 , 9 ]. These materials not only re-
uce the cost of solid-state H 2 storage but also demonstrate
hat H 2 can be reversibly absorbed/desorbed under relatively

ild reaction conditions [8] . 
Motivated by the successful development of intermetallic

 2 storage materials, hydrides of light metals have been in-
reasingly attracting attention, aiming to enhance the hydro-
en storage density [10] . One of its promising playgrounds
s magnesium (Mg)-based compounds, which host the mer-
ts of good capacity as high as 7.6%, satisfying the US
epartment of Energy (DOE) target, excellent reusability,

nvironmental-friendly, and high Clarke number characteris-
ics [ 11 , 12 ]. However, the mass-scale commercialization of

g-based H 2 storage systems (e.g., using in fuel cell vehi-
les (FCVs)) has not yet been realized due to the remaining
hallenges. The bottle-neck is the high operation temperature
nd slow dehydrogenation reaction rate. As shown in Fig.1 ,
hese issues are closely associated with the thermodynamics
nd kinetics of hydrogenation reactions. To be specific, during
he H 2 storage cycle, the formation of strong chemical bonds
etween Mg and hydrogen atoms leads to high thermody-
amic stability and thus the large reaction enthalpy change.
or instance, the enthalpy change ( �H ) of Mg metal reaches

75 kJ/mol, resulting in high operating temperature and low
quilibrium pressure and ultimately hindering their further
ractical applications. Moreover, the lack of active sites on
he Mg/MgH 2 surface gives rise to high energy barriers for
issociation/recombination and diffusion processes, resulting
n low hydrogenation/de-hydrogenation rates. 

To improve the thermodynamic and kinetic properties of
g-based H 2 storage materials, various investigations have

een conducted. In this review, we concentrate on the ther-
odynamic and kinetic fundamentals of hydriding and de-

ydriding reactions, and discuss the advanced methodologies
mployed for improving the properties of Mg-based hydro-
en storage materials. In particular, the significance of nano-
ize effect, alloying and composite structure on improving
he thermodynamic properties is elucidated. The influence of
atalytic, surface treatment, and nano-sizing on kinetic per-
ormances are also discussed. Subsequently, the remaining
hallenges in developing novel Mg-based hydrogen storage
aterials are summarized. It is expected that our endeavor

n this review can inspire more new ideas to expedite the
evelopment in related fields and beyond. 

. Thermodynamic properties of Mg-based hydrogen 

torage materials 

.1. Thermodynamic principles of the hydriding/dehydriding 

eaction in Mg-based hydrogen storage materials 

.1.1. The classical thermodynamics of 
ydriding/dehydriding reaction 

In H 2 storage materials, the hydrogenation and dehydro-
enation process involve the reaction between bulk materials
nd H 2 gas. The hydrogenation reaction of Mg-based hydro-
en storage alloys can be simply expressed as 

 g x M e y + H 2 → M g x M e y H 2 (1)

here Me represents substitutional alloying elements. The
olar Gibbs free energy of the reaction can be formulated

s 

G = �G 

◦ + RT ln 

a M g x M e y H 2 

a M g x M e y P 

eq 
H 2 

(2)

The activity ( a ) of solid hydrogen storage alloys and hy-
rides is approximately close to 1. At the equilibrium state
 �G = 0), the van’t Hoff equation can be expressed as: 

n P 

eq 
H 2 

= 

�H 

◦

RT 
− �S 

◦

R 

(3)

here P 

eq 
H 2 

is the equilibrium pressure of H 2 , �H 

◦ and �S 

◦

epresent the standard enthalpy and entropy change, respec-
ively. The equilibrium pressure of H 2 depends on the tem-
erature, enthalpy, and entropy change of the reaction. 
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Fig. 2. Schematic diagram of the relationship between Gibbs free energy, hydrogen chemical potential, equilibrium pressure P eq 
H 2 

and van’t Hoff equation: (a) 
the Gibbs free energies of Mg 2 Ni, Mg 2 NiH 4 and hydrogen at 573 K, (b) the P-C-T curve of Mg 2 Ni at 573 K, and (c) the van’t Hoff relation for Mg 2 Ni + 2H 2 

↔ Mg 2 NiH 4 reaction. 
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Fig. 3. van’t Hoff plot of different Mg-based hydrogen storage materials at 
0.1 MPa. 
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Fig. 2 shows the correlation between Gibbs free energy,
ydrogen chemical potential, the equilibrium pressure of P 

eq 
H 2 

nd van’t Hoff equation. Taking Mg 2 Ni as the example,
ig. 2 a shows the Gibbs free energies of Mg 2 Ni, Mg 2 NiH 4, 

nd hydrogen at 573 K. The Gibbs free energy of hydro-
en is a function of hydrogen partial pressure. Only Mg 2 Ni
quilibrates with hydrogen when hydrogen partial pressure is
ower than the plateau pressure (0.316 MPa at 573 K). This
tage corresponds to the Mg 2 Ni + H 2 region in Fig. 2 b. The
ncrease of hydrogen pressure will lead to the equilibrium
omposition of H in Mg 2 Ni shifts right side, which means
he solid solution of H in Mg 2 Ni increases. As the hydro-
en pressure rises to 0.316 MPa, a three-phase equilibrium
s reached for Mg 2 Ni + Mg 2 NiH 4 + H 2 , indicating the forma-
ion of Mg 2 NiH 4 . With further increasing the H 2 content, the
ransformation of Mg 2 Ni + 2H 2 ↔ Mg 2 NiH 4 continues until the

g 2 Ni is exhausted which manifests the increase of hydrogen
bsorption content. At fixed temperature, the freedom degree
f the 2D ternary system reduces to one in three equilibria.
herefore, a plateau appears in the P-C-T curve ( Fig. 2 b).
hen H 2 pressure is higher than 0.316 MPa, there is only

wo-phase equilibrium Mg 2 NiH 4 + H 2 in the system, as shown
n Fig. 2 a. This state corresponds to the β(Mg 2 NiH 4 ) + H 2 in
ig. 2 b. Continuing improvement of hydrogen pressure will

ncrease both the Gibbs free energy and the chemical potential
f hydrogen. 

Since the equilibrium hydrogen potential is a function of
ydrogen partial pressure, as shown in Fig. 2 b, the P-C-T
urve can be predicted by calculating the Gibbs free energies
f various phases. For the plateau pressure, we can obtain a
eries of P 

plat . 
H 2 

(the plateau pressure of P-C-T curve) at dif-
erent temperatures, which shows the linear relation between
n( P 

eq 
H 2 

) and 1/ T within a certain temperature range, as shown
n Fig. 2 c. The relationship between ln( P 

eq 
H 2 

) and 1/ T is de-
oted as van’t Hoff equation. Finally, for all of the phase equi-
ibrium, P-C-T properties including plateau pressure ( P 

plat . 
H 2 

),
ydrogen storage capacity ( x H, max ), reaction enthalpy ( �H 

◦)
nd entropy ( �S 

◦), can be calculated based on the Gibbs free
nergies of phases. 

The enthalpy and entropy of the hydrogenation reaction
an be determined using the van’t Hoff equation, i.e. Eq.(3) .
ccordingly, ln( P 

eq 
H 

) lineally correlates with 1/ T , where the

2 
lop corresponds to �H 

◦ and the Y-intercept by extrapolating
he straight line to Y-axis intersection is �S 

◦. Fig. 3 shows
he van’t Hoff plot for typical Mg-based hydrogen storage

aterials at 0.1 MPa. The negative values of �H 

◦ indicate
hat the reactions are all exothermic. The larger the slope
s, the greater the reaction enthalpy changes. Compared to
ure Mg, the solid solution containing In slightly reduces the
nthalpy, while the enthalpy of Mg 2 Ni containing In reduces
ignificantly, resulting in the decreased release temperature
f H 2 . The value of �S 

◦ is approximately equal to −S 

◦
H 2 

,
here S 

◦
H 2 

is the absolute entropy of hydrogen. The value is
a. 130.6 J /(mol • K) H 2 at 298 K, which differs slightly in
ifferent metals. 

Table 1 shows the standard enthalpy and entropy of dehy-
rogenation reaction for several typical hydrides. Compared
ith Mg-based hydrides, LaNi 5 H 6 in AB 5 type, TiMn 2 H 3 

n AB 2 type and TiFeH 2 in AB type hydrides have much
ower standard enthalpy, leading to the low hydrogen release
emperatures. Thus, strategies of both microstructure nano-
rystallization and catalytic additive have been extensively
tudied to control the enthalpy change in dehydrogenation
rocess for Mg-based hydrogen storage alloys because the
elatively large reaction enthalpy of Mg-based hydrogen stor-
ge alloys leads to higher hydriding/dehydriding temperatures
 13 , 14 ]. In addition, the equilibrium plateau on P-C-T curve
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Table 1 
Standard enthalpy and entropy change for hydrogen release in various hy- 
drides. 

Hydride Desorption temperature ( ◦C) �H 

◦ (kJ/mol) �S ◦ (J/(mol • K)) 

MgH 2 300 −74.4 130.1 
Mg 2 NiH 4 254 −64.4 122.2 
Mg 2 FeH 6 310 −80.0 137.0 
Mg 2 CoH 5 317 −79.0 134.0 
LaNi 5 H 6 10 −30.9 109.0 
TiMn 2 H 3 −57 −24.6 114.0 
TiFeH 2 −8 −28.1 106.0 

Note: The desorption temperature is given at 0.1 MPa hydrogen pressure. 
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f Mg-based hydrogen storage alloys is much flatter and wider
han other hydrogen storage materials, implying the relatively
arge hydrogen storage capacities. 

As mentioned above, the high hydrogen release tempera-
ure of Mg-based hydrides is a bottleneck of its applications.
arious methods, including alloy addition (e.g., Ni, Cu, Al, Ti,
e, Nb, La, Ce, Y, and Si) and controllable processing tech-
iques (ball milling, amorphization, microwave, and magnetic
reatment), have been used to improve the thermodynamic
roperties of hydrogen absorption and desorption. The aim of
hese strategies is to reduce the reaction energy difference by
educing the enthalpy through alloying, increasing the surface
nergy by downsizing, or introducing additional energy from
he external field. In the following part, the theoretical back-
round and the feasibility of these methods will be briefly
ummarized. 

According to Eq.(2) , the change in Gibbs free energy in-
olving surface energy and additional energy terms can be
xpressed as 

G = �G 

0 + RT ln 

a M g x M e y H 2 

a M g x M e y P 

eq 
H 2 

+ �G 

sur f + �G 

ext (4)

here �G 

surf is the surface energy difference between
g x Me y and Mg x Me y H 2 ; �G 

ext is the energy contribution
rom the external field. When the equilibrium state achieves,
q.(4) can be simplified as 

T ln P 

eq 
H 2 

= �H 

◦ − T �S 

◦ + �G 

sur f + �G 

ext (5)

hich can be reformulated as 

n P 

eq 
H 2 

= 

�H 

◦ + �G 

sur f + �G 

ext 

RT 
− �S 

◦

R 

(6)

Bérubé et al. [15] investigated the effect of particle size
n the heat of formation for hydrides, in which the surface
nergy difference is expressed as 

G 

sur f = 

3 V M gM e E ( γ , r ) 

r 
(7)

The surface energy E ( γ , r ) depends on the surface energy
er unit area γ and the particle radius r , which is described
ia the equation: 

 ( γ , r ) = 

[ 

γM g x M e y H 2 ( r ) 

(
V M g x M e y H 2 

V Mg Me 

) 2 
3 

− γMg Me ( r ) 

] 

+ E ads 

(8) 
here V Mg Me and V M g x M e y H 2 are the molar volumes of Mg Me
nd Mg x Me y H 2 , respectively. E ads represents the reduction of
he surface energy by bonding hydrogen on the surface of

etals or hydrides. After the hydrogeneration, the lattice ex-
ands and the volume of Mg x Me y H 2 ( V M g x M e y H 2 ) usually in-
reases by ca. 10–20% than the original volume of Mg Me
 V Mg Me ). 

The influence of the magnetic field on the Gibbs free en-
rgy can be evaluated via 

G 

ext = 

(
G 

mag 
M g x M e y H 2 

− G 

mag 
M g x M e y 

)
−

(
E 

mag 
M g x M e y H 2 

− E 

mag 
M g x M e y 

)
(9) 

here G 

mag 
M g x M e y H 2 

and G 

mag 
M g x M e y 

are the magnetic free energies
f Mg x Me y H 2 and MgMe , respectively. They both can be de-
cribed as a function of magnetic moment and Curie tempera-
ure within the Hillert-Jahl model [15] . E 

mag 
M g x M e y H 2 

and E 

mag 
M g x M e y 

re the magnetostatic energies of the two phases induced by
he external magnetic field, which can be calculated by 

 

mag 
φ = 

∫ B 

0 
m ( T , B ) dB (10)

here m ( T, B ) is the magnetic susceptibility that depends on
emperature and the magnetic field. 

As shown in Eq.(6) , all of the standard enthalpy change,
urface energy, and magnetic free energy have an impact on
he heat of reaction and the equilibrium pressure. The stan-
ard enthalpy depends primarily on the chemical potential and
ence changes with alloy composition. Furthermore, reducing
he size of MgH 2 or introducing an external field can reduce
he enthalpy change. 

.1.2. The quantum statistical mechanics of 
ydriding/dehydriding reaction 

Self-consistent electronic structure calculations within the
ensity functional theory (DFT) is powerful method used for
ydrogen storage simulations [16–20] . It can predict ener-
etics and structures, benefitting to design novel hydrogen
torage materials based on the fundamental understanding of
tomic mechanisms [21] . In DFT calculations, the motion of
lectrons within the fully interacting system is mapped onto a
ctitious state that electrons experience an effective potential
ithin a non-interacting system. The electron density mini-
izing the total energy and describing the ground-state prop-

rties can be determined by solving self-consistently the one-
lectron Kohn-Sham equations [ 22 , 23 ]. 

The binding strength of hydrogen is the most important
actor for H 2 storage materials because it associates with en-
halpy of formation and plateau pressure, and the kinetics of
ydrogen release procedure [24] . The strength of hydrogen
onds can be evaluated by the following equation: 

 ( H ) = 

1 

N 

[
E t ( X − N H ) + 

N 

2 

E t ( H 2 ) − E t ( X ) 

]
(11)

here E (H) is the binding energy of hydrogen (or equivalent
o the absorption energy); E t ( X ) and E t ( X − N H) represent
he total energy of the original system and the total energy of
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Fig. 4. (a) The calculated energy and (b) energy difference of Mg and MgH 2 clusters as a function of Mg atoms included. (c) The H 2 desorption energy of 
Mg 6 H x (red line) and Mg 15 H x (blue line) as a function of normalized hydrogen content. (d) The difference of metal/metal hydride reaction enthalpy as a 
function of particle sizes. The figures are reproduced with permission from Refs. [25] and [27] . 
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he hydrogen deficient system, respectively. E t (H 2 ) is the total
nergy of a H 2 molecule in vacuum. The value of E (H) rep-
esents the binding energies of hydrogen atoms with the host
aterials. For hydrogen storage applications, binding energy

aging from 0.1 eV/H to 0.35 eV/H are considered suitable
21] . 

Mass-scale applications of Mg-based hydrogen storage ma-
erials are currently hindered by the strong thermodynamic
tability and Mg-H bonding. How to weak these chemical
onds? One option is nano-crystallization. Wagemans et al.
nvestigated the size effect of the Mg and MgH 2 clusters us-
ng DFT calculations [25] . Their results show that the lattice
nergies remain unchanged when the clusters are composed
f 19 Mg atoms and more, as shown in Fig. 4 a. However,
he cluster energies of both Mg and MgH 2 increase with fur-
her decreasing cluster size. The lattice energy modification
f MgH 2 is more significant than that of Mg, resulting in
he relatively smaller hydrogen desorption energy gap of the

g/MgH 2 system ( Fig. 4 b). The desorption temperature and
nthalpy were estimated to be ∼200 °C and 63 kJ/mol for
g 9 H 18 , in which the cluster size corresponds to ∼0.9 nm

25] . With further downsizing the cluster toward the smallest
nit, the hydrogen desorption enthalpy even may go nega-
ive, i.e., Mg 2 H 4 is energetically unstable relative to the Mg
luster. Similar conclusions were reached by Cheung et al.
26] using Reactive Force Field simulations. In addition, the
ano-size effect is also expected to boost hydrogen desorp-
ion with the hydrogen-poor condition. For example, when the

g/H ratio becomes lower than 0.5, the hydrogen desorption
nergy increases for the 15 Mg atom cluster model (Mg 15 H x )
ut decreases for the 6 Mg atom cluster model (Mg 6 H x ), as
hown in Fig. 4 c [25] . 

Although the nano-crystallization is helpful to improve
hermodynamic properties in the Mg/MgH 2 systems, it can-
ot be applied to a wide range of materials. For example,
im et al. [27] systematically investigated the impact of nano-

rystallization of seven metals (Mg, Li, Na, Sc, Ti, Al, and
) and their hydrides. The results show that the energy gap
f hydrogen desorption could be suppressed with downsiz-
ng particle size for MgH 2 and NaH, while increases for the
ther systems, LiH, ScH 2 , TiH 2 , and AlH 3 ( Fig. 4 d). The
oot-cause of the nano-size effect on thermodynamic proper-
ies is the energies of hydrides relative to corresponding met-
ls, since the free energies of both metal and hydride increase
ith downsizing particle size. Because nanoparticles exhibit
 much larger surface area than the corresponding bulk mate-
ials, their surface energy depends on crystal morphology and
xposed planes. 

One of the highlighted advantages of DFT is that various
alculations can be conducted based on any structural models
28] . Wagemans et al. reported the modifications of thermo-
ynamic properties of Mg/MgH 2 with different particle sizes,



Q. Li, Y. Lu, Q. Luo et al. / Journal of Magnesium and Alloys 9 (2021) 1922–1941 1927 

a  

b  

t  

t  

a  

i  

c  

t  

h  

p  

i  

D  

l  

m  

c  

c  

2
m

2
 

i  

v  

a  

s  

j  

t
 

d  

p  

s  

e  

m  

i  

m  

h  

c  

fl  

F  

t  

t  

t  

t  

w  

m  

t  

g
s  

d  

r  

b
 

i  

t  

m  

s  

a  

[  

h  

I  

v  

a  

o  

t  

a  

t  

M  

t  

s  

t  

t  

t  

a  

s  

c  

b  

d
 

M  

s  

s  

i  

c  

c  

m  

T  

3  

l  

t  

s  

t  

N  

p  

w

2
 

a  

t  

i  

s  

p  

a  

t
 

t  

R  

P  

M  

R  

g  

M  

b  
nd found that the system becomes more thermally unsta-
le with decreasing particle sizes. Obviously, it is difficult
o precisely control the particle size in experiments, showing
he importance of DFT methods on investigating the H 2 stor-
ge materials. Moreover, DFT calculation provides a promis-
ng platform to unveil the dynamics of hydrogenation pro-
ess, offsetting the deficiency of experimental methods, since
he existing experimental technique is difficult to observe the
ydrogen species. It enables the analysis of hydrogenation
rocess of specific surface, e.g. Mg (0001) plane, giving an
mportant insight for further material design. Meanwhile, the
FT calculation, particularly for slab models, typically needs

arger input models than bulk materials and thus consumes
ore computer resources. Furthermore, implementing strong

orrelation and spin-polarization 3d transition metals is still
hallenging, which should be addressed in the future studies.

.2. Improvements on the thermodynamic properties of 
agnesium-based alloy 

.2.1. The effect of alloying elements 
The addition of alloying elements is a standard method to

mprove alloys’ properties. The alloying technique can be di-
ided into two types, doping and substitution. Doping means
dding trace of alloying elements, while substitution is using
ubstantial amounts of elements to substitute the atoms in ma-
or structure. Both methods modify the hydriding/dehydriding
hermodynamic properties of magnesium-based alloys. 

The major issue of the Mg is its high hydrogenation and
ehydrogenation enthalpies, resulting in high desorption tem-
erature ( > 300 

◦C) of MgH 2 at 0.1 MPa. The doping of tran-
ition elements (Ni, Ti, Fe, etc.) and/or other representative
lements (N, B, etc. [ 29 , 30 ]) shows a significant improve-
ent in desorption behavior. Bis(cyclopentadienyl) nickel II

s a good precursor of nickel catalyst which decomposes into
etallic nickel during ball milling process with MgH 2 and

omogeneously dopes over the Mg-MgH 2 surface [31] . The
atalyzed MgH 2 desorbs hydrogen below 225 

◦C under Ar
ow and absorbs hydrogen at 50 

◦C under 1.5 MPa H 2 . The
e-doped Mg could be hydrogenated at 0 

◦C up to 45% of
he theoretical hydrogen storage capacity within an hour and
he dehydrogenation started below 150 

◦C, which is attributed
o the nano-engineered surface of MgH 2 by Fe [32] . The in-
erstitial doping of nonmetallic elements is another effective
ay to improve the hydrogen storage properties of Mg-based
etal hydride. Wu et al. [33] used first-principle calculations

o investigate the influences of N concentration on the hydro-
en absorption/desorption thermodynamics of the Mg 2 NiN x 

ystem. It was found that the formation enthalpy and dehy-
rogenation energy of Mg 2 NiN 0.5 reduce by 98% and 59%,
espectively, due to the strong hybridization between the or-
its of N and H. 

Elemental substitution is an effective method for improv-
ng the H 2 storage properties of pure Mg and Mg-based in-
ermetallics. At the expense of moderate capacity, its ther-
odynamic properties can be optimized by modulating the

tructure and composition of Mg [34] . Mg(In) solid solution
bsorbs H 2 to form MgH 2 and a disordered MgIn compound
35] , where the Mg 0.95 In 0.05 solid solution shows reduced
ydrogen sorption reaction enthalpy of 68.1 ± 0.2 kJ/mol.
n addition, considering the high cost of In, various of in-
estigations were carried out to improve the hydrogen stor-
ge properties of Mg using more affordable elements instead
f In. For example, Al can dissolve into MgIn compound
o form Mg-In-Al ternary system [36] . Mg 0.9 In 0.05 Al 0.05 has
 reversible capacity of 5.0 wt.% which is slightly higher
han that of Mg 0.9 In 0.1 alloy. The desorption enthalpy �H of

g 0.9 In 0.05 Al 0.05 is determined to be 66.3 kJ/mol, showing
hat the Al addition further decreases the �H of Mg(In) solid
olution. Mao et al. [37] proposed a new strategy to improve
he thermodynamic properties of MgH 2 using the structural
ransformation from a solid-solution to a core-shell struc-
ure during de/hydrogenation process. The Mg-In and Mg-Ag
lloys transform to MgH 2 @MgIn and MgH 2 @MgAg core-
hell structure by self-assembly during the hydrogenation pro-
ess, and change back to Mg-In and Mg-Ag solid solutions
y reversible organization after dehydrogenation through a
iffusion-controlled two-step reaction. 

Although the thermodynamic properties of Mg 2 NiN x and
g-(Al, In, Ag) were better than MgH 2 system [38] , it is

till far from the requirement of practical applications. The
ubstitution of third element on Mg or Ni sites was therefore
nvestigated to lower thermodynamic stability of the Mg 2 Ni
ompound. IA ∼VB group elements (Ti, V, Zr, Ca and RE)
an substitute the Mg site, while VI B ∼VIII B group ele-
ents (Mn, Fe, Co, Cr, Cu and Ag) can replace Ni [39–42] .
akahashi et al. [43] calculated the electronic structure of the
 d transition metal TM ( TM = V , Cr, Fe, Co, Cu, Zn) al-
oyed Mg 2 NiH 6 cluster using the DV-X α method based on
he molecular orbital theory. When different TM replaced Ni
ites, the weaker bond formation between TM -Mg decreases
he structural stability of Mg 2 Ni hydride. The replacement of
i in Mg 2 Ni by Cr, Mn and Co lowers the decomposition
lateau pressure, Ti and Cu demonstrate the opposite effects,
hile the influence of Fe and Zn can be neglected [44] . 

.2.2. Composite Mg based materials 
The construction of Mg-based composite is an approach to

chieve thermodynamic destabilization by changing the reac-
ion path of the hydrogenation/de-hydrogenation [ 45 , 46 ]. Us-
ng additives that can react with metal hydrides makes it pos-
ible to generate hydrogen with different chemical reaction
aths. The additives can be classified into three categories
ccording to their effects: active hydrogenates, reversible in-
ermetallics and ligand hydrides. 

The active hydrogenates may promote the hydrogena-
ion/dehydrogenation process of Mg/MgH 2 , which includes
E H 2 , TiH 2 , etc. The rare-earth elements, such as Y, La, Ce,
r and Nd, can form a series of intermetallic compounds with
g, such as RE Mg 12 , RE 2 Mg 17 , RE 5 Mg 41 , RE Mg 3 , RE Mg 2 ,

E Mg, etc. Due to the affinity of RE elements and hydro-
en, those RE -Mg intermetallics decompose into RE H 2–3 and
gH 2 during the hydrogenation, among which RE H 2–3 is sta-

le in the following hydriding/dehydriding cycles. The en-
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Fig. 5. The microstructural mechanism and the evolutions of 18R-LPSO structure during the hydrogenation and dehydrogenation [55] . 
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halpy and entropy of REMg 3 –H dehydriding reaction were
etermined to be 81.0 kJ/mol and 142 J/(mol • K) from P-C-T
urves [47] . 

The further addition of transition metal elements is com-
on to form the composite of RE H 2 −Mg-Mg 2 Ni which ex-

ibits great kinetic properties, while it plays a little con-
ribution to thermodynamic improvement [48–54] . Fig. 5
hows the microstructural mechanism and evolution of Mg-
iY 18R-LPSO structure during the hydrogenation and de-
ydrogenation [55] . The desorption enthalpy of MgH 2 was
4.5 kJ/mol for Mg 90 Ce 5 Ni 5 alloy [56] and 79.1 kJ/mol for
d 4 Mg 80 Ni 8 alloy [57] . Ouyang et al. [58] reported that
eH 2.73 −MgH 2 –Ni nanocomposites in-situ formed from the
ydrogenation of as-melt Mg 80 Ce 18 Ni 12 alloy show good
ycling stability where the desorption enthalpy and en-
ropy are almost unchanged even up to 500 cycles. The
n-situ hydrogenation of single intermetallic compounds of
d 4 Mg 80 Ni 8 and 18R-LPSO leads to form nanocomposites of
dH 2 −MgH 2 −Mg 2 NiH 4 and YH 2 −MgH 2 −Mg 2 NiH 4 [59–
1] . The composite of NdH 2 −MgH 2 −Mg 2 NiH 4 achieves su-
erior stability of 819 cycles with 80% hydrogen storage ca-
acity remains. 

LaNi 5 compound in the Mg-LaNi 5 nanocomposite decom-
oses upon hydrogenation, transforming to a new compos-
te of MgH 2 + LaH 3 + Mg 2 NiH 4 . The monoclinic Mg 2 NiH 4 

hase is obtained when hydriding at low temperature,
hile the orthorhombic Mg 2 NiH 4 structure is formed at
igher hydrogenation temperatures (above 523 K) [62] . The
gH 2 + LaH 3 + Mg 2 NiH 4 composite exhibits great improve-
ent on kinetic performance and thermodynamic properties.
he Mg-30 wt.% LaNi 5 alloy could be obtained by hydrid-

ng combustion synthesis followed by mechanical milling,
nd the optimized enthalpies were 77.19 kJ/mol for Mg and
9.61 kJ/mol for Mg 2 Ni in Mg-30 wt.% LaNi 5 composite
ccording to the van’t Hoff equation [63] . The Mg-5 wt.%
aNi 5 nanocomposite was prepared by mixing Mg (200 nm)
nd LaNi 5 (25 nm) nanoparticles ultrasonically, and the de-
omposition enthalpy was reported to be ca. −76.0 kJ/mol.
his indicates that the addition of LaNi 5 nanoparticles does
ot apparently alter the thermodynamics of MgH 2 due to the
ow content of 5 wt.% [64] . 

Ligand hydrides were added into Mg based systems to im-
rove the hydrogen storage capacity of the composites. Here
igand hydrides indicate the hydrides formed by representa-
ive elements, such as Al, B, N, that form covalent bonds with
ydrogen together with ionic bonds with metals. They can be
lassified into three categories according to the element dif-
erence: the first is metal-aluminum (Al) hydrides containing
AlH 4 ]-ligands, such as LiAlH 4 , NaAlH 4 , and Mg(AlH 4 ) 2 ,
tc. [65–68] ; the second is metal-boron (B) hydrides contain-
ng [BH 4 ]-ligands, such as LiBH 4 , NaBH 4 , and Mg(BH 4 ) 2 ,
tc. [ 69 , 70 ], and the third is metal-nitrogen (N) hydrides con-
aining [NH 2 ]-ligands, such as LiNH 2 and Mg(NH 2 ) 2 [ 71 , 72 ].
ompared to the conventional metal hydrides, those ligand
ydrides have much higher hydrogen density. However, the
onic and covalent bonds also give rise to the high thermo-
ynamic stability. Meanwhile, the MgH 2 -ligand hydride com-
osite systems can change the reaction path of the hydro-
en generation reaction by forming intermetallic compounds,
hich reduces the thermodynamic stability of the reaction

ystems while maintaining a high hydrogen storage capacity.
The composite LiBH 4 −MgH 2 with the presence of 2–

 mol% TiCl 3 reduced the overall reaction enthalpy by
5 kJ/mol compared with pure LiBH 4 [73] . Small amount
f LiCl is also confirmed plausibly due to the reaction be-
ween TiCl 3 and LiBH 4 . LiCl and MgB 2 are confirmed as

ain phases after dehydrogenation at 450 °C. The composite
ndergoes a re-hydrogenation process at 350 °C and under
00 bar, re-forming LiBH 4 and MgH 2 phases again, while
iCl phase disappears. The overall reaction is summarized

n the Eq. (12) . The reaction enthalpy is estimated to be
0.5 kJ/mol, which is smaller than the de-hydrogenation pro-
ess of both MgH 2 and LiBH 4 . 

g H 2 +2LiB H 4 → 2LiH + Mg B 2 +4 H 2 (12) 

.2.3. Nano-crystallization 

As discussed in the previous sections, nano-crystallization
s one of the promising techniques to improve the thermo-
ynamics of H 2 storage materials. In this section, the ball-
illing, gas-phase reactions and chemical reduction tech-

iques to prepare nanoparticles as well as their impact on
hermodynamics of Mg-based materials are discussed in de-
ail. 

In Mg metal, downsizing particles is predicted as a practi-
al approach to improve its thermodynamic properties. Thus,
arious methods were attempted to synthesize nanoparticles
NPs) of Mg/MgH 2 . Amongst these, ball-milling is a tradi-
ional but effective technique on suppressing particle diam-
ter. Since Mg metal and many Mg-based alloys are sen-
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Fig. 6. (a) The schematic illustration of Ar/H 2 arc-evaporation technique. (b) The TEM observations of obtained Mg NPs. The figures are reproduced from 

Ref. [75] . 
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itive to air and moisture, ball-milling offers a low-cost
nd inert environment for sample preparation. Varin et al.
74] prepared MgH 2 fine powders using ball-milling with
arious parameters, such as milling time, rotation speed,
tc. SEM images show that the minimum particle size of
gH 2 is ca. 600 nm which is obtained under the op-

imized ball-milling condition (175 rpm for 100 h). Ac-
ordingly, the H 2 desorption temperature decreases from
14 °C to 360 °C. 

However, despite of decades of unremitting efforts, critical
ssues of ball-milling are remaining unsolved. First, reducing
article size below 500 nm is still challenging, and the ho-
ogeneity of particle size cannot be well controlled. Second,

all-milling easily damages both surface and bulk structure of
aterials, resulting in low crystallinity and even amorphous

tructure. Third, Ball-milling should not be considered an op-
ion for material synthesis if a function is derived from their
pecific surface/bulk structure. The surface damage may even
ncrease their surface energy by introducing defects and dis-
rdering, making the materials more sensitive to air and mois-
ure. Finally, due to the high surface energy, the ball-milled
ample tends to aggregate to reduce the surface energy for
eaching a more stable state. 

To obtain NPs with better crystallinity and clearer surface
tructure, the gas-phase reaction method is proposed as one
ption. How metallic elements be evaporated into the gas-
hase state? One of the solutions is using high-temperature
lasma treatment under Ar, H 2, or Ar/H 2 atmosphere [76] .
his technique was proven effective for preparing varieties of
lemental metallic NPs. Even NPs with strong oxygen affini-
ies, such as Ti, Sc, V, and Ta, were obtained by this method
nd have a particle size of ∼200 nm [76] . Subsequently, Shao
t al. applied this technique to Mg, and obtained Mg NPs
ith the particle size of 200–500 nm [75] . The Mg particle

an be further suppressed using Ar/C 2 H 2 plasma instead of
r/H 2 plasma [77] . The particle size of Mg NPs decreases
ith increasing C 2 H 2 partial pressure and the mean particle

ize is only ∼40 nm which is obtained under the optimized
eaction condition (C 2 H 2 : 21.7–28 mol%). The mechanism is
hat more C 2 H 2 decompose to C with increasing C 2 H 2 ratio,
nd Mg NP size was limited by the deposited carbon on Mg
urface by hindering the crystal growth. 

Despite much progresses were made by the high-
emperature plasma treatment, many issues remain. The first
ne is associated with the synthesis condition. Because each
lement has different vapor pressure, the optimization of va-
or pressure is essential to obtain desired phases if the target
ontains several elements. Second, the device structure leads
o a low yield issue. Fig. 6 a shows that the evaporated metal
ransfers from the reaction chamber to the sample collecting
oom. During this process, a fair amount of metal gas is also
bsorbed on the wall of the equipment, resulting in a low
ield of NPs. Last, this technique is not suitable for mass
roduction, and difficult to produce kg scale of NPs due to
he high cost and low efficiency [78] . 

Comparatively, chemical reduction methods appear to be
 more economical and practical approach. One of the suc-
essful examples is the synthesis of Mg nano-crystals using
etal-organic compounds, such as magnesocene (MgCp 2 ), as

tarting Mg sources. Norberg et al. [79] reported that MgCp 2 

ould be reduced to Mg nano-crystals using strong reducing
gents, e.g., potassium biphenyl, potassium phenanthrene, and
otassium naphthalin, etc. The synthesized Mg crystals are in
he size of ∼30 nm, one order of magnitude smaller than
hose by previously reported ball-mill (top-down) techniques
 Fig. 7 ). Subsequent studies further optimized the reducing
gents and Mg sources. The particle size could be further
uppressed to 10–40 nm using Mg(n-Bu) 2 as Mg source and
ptimized solvents [ 80 , 81 ]. By reducing the particle size of
g/MgH 2 , the reaction enthalpy was reduced to 63.5 kJ/mol

or the optimized condition (8–34 nm) At the same time, the
ydrogen desorption temperature was decreased to ∼335 °C
 80 , 81 ]. 

The nano-crystallization can enhance the thermodynamics
f hydrogen storage process without sacrificing hydrogen ca-
acity. However, two more challenging issues need to be ad-
ressed. For one thing, the synthesized NPs are sensitive to
hermal energy. The particle size increases from 27 nm to
0 nm after applying temperature of 300–375 °C, lacking
ecycle stability [78] . It should be noted that particle aggre-
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Fig 7. (a) The powder XRD and (b) TEM observations of synthesized Mg 
nano-crystals. The figures are reproduced from Ref. [79] . 
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ation is a universal issue due to its relatively high surface
nergies [82] . For the other, it is still challenging to prepare
Ps with particle sizes smaller than 10 nm. Given that the
ano-size effect becomes significant at the sub-nm scale, the
mprovement of intrinsic thermal dynamics is not substan-
ial, further downsizing particle size is required. In the future
tudies, the combination of chemical reduction method and
ttaching NPs on appropriate supports are becoming increas-
ngly important to further suppress the particle size and avoid
article aggregation. 

. Kinetic performances of Mg-based hydrogen storage 
aterials 

.1. Kinetic models and analysis methods on the 
ydriding/dehydriding reaction 

As shown in Fig 8 , the hydrogen absorption process
n Mg-based materials is suggested to occur via the fol-
owing steps at the mesoscopic scale: (1) H 2 transport to
nd physisorption on the surface. The physisorption process
efers to H 2 being adsorbed on the Mg-based metals’ sur-
ace through intermolecular forces or Mg-H bonds formation;
2) chemisorption and dissociation of H 2 on the surface of

g-based materials; (3) penetration and diffusion of the H 2 

nto the Mg-based materials ( α phase); and (4) nucleation and
rowth of Mg hydride ( β phase) in the H 2 supersaturated re-
ion [83–87] . Accordingly, the hydrogen release process is
egarded as their inverse processes. The rate-determining step
ay vary for different Mg-based hydrogen storage materials.
The hydrogen storage/release process is a typical gas-solid

ulti-phase reaction, where different energy barriers at each
tage should be considered. During the hydrogenation process,
he kinetics may degrade because of the following issues: (1)

gH 2 can form on the surface of bulk Mg and prevent the
ydrogen diffusion on the Mg surface. For example, the hy-
rogen diffusion rate on MgH 2 (1.5 × 10 

–16 m 

2 /s, 300–600 K)
s much lower than that on Mg (4 × 10 

–13 m 

2 /s, 493–473 K).
2) The formation of Mg metal on MgH 2 surface is ther-
odynamically unfavored. (3) The hydrogen dissociation/re-

ombination on Mg surface typically needs to overcome high
ctivation barriers. It worsens if impurity phases, such as
gO and Mg(OH) 2 , are formed on Mg surface. Therefore,

n order to improve the kinetics of hydrogen storage/release
n Mg alloys, it is required to optimize the hydrogen dissoci-
tion and diffusion routes on surface. 

First of all, the classical kinetic process of incompressible
ow and physisorption needs to be considered for H 2 ph-
sisorption on Mg surface. The transport process of H 2 gas
o the surface of the Mg-based metal is mainly driven by pres-
ure differences. From the macroscopic perspective, the hy-
rogen absorption/desorption rate, the shape of the hydrogen
torage materials and the container will affect the flow distri-
ution. The gas-surface interaction between H 2 and hydrogen
torage materials occurs in the boundary layer on the meso-
copic scale. A “local equilibrium” is reached between H 2 

ransportation and adsorption onto the surface of storage ma-
erials. The adsorption process can be described by the exten-
ion of Langmuir theory, in which the monolayer adsorption
s first formed on the storage materials. After the monolayer
dsorption saturates, the multi-layer adsorption randomly oc-
urs on the first layer. The uppermost molecule layer is always
n equilibrium with the gas phase H 2 . From a dynamic point
f view for ad-/de-sorption, the reaction rate of this process
an generally be described by the following equation: 

 ph = k ph 
ab 

(
1 − θph 

)
P − k ph 

de θph (13) 

here k ph 
ab and k ph 

de are the kinetic coefficients of physical ad-
de-sorption, respectively, which depends on temperature and
ctivation energy based on the Arrhenius formula. θph is the
urface coverage ratio, and P is the hydrogen gas pressure. 

According to the Arrhenius formula, Eq.(13 ) can also be
xpressed as, 

 ph = k ph 
ab, 0 exp 

( 

−E 

ph 
ab 

RT 

) (
1 − θph 

)
P − k ph 

de, 0 exp 

( 

−E 

ph 
de 

RT 

) 

θph 

(14) 

here E 

ph 
ab and E 

ph 
de are the activation energies of ad-/de-

orption, respectively, T is temperature (K), and R is the gas
onstant. 

If the physical adsorption does not require activation en-
rgy and the adsorption rate in the process is much faster than
he desorption rate, Eq. (14) can be expressed as, 

 ph = k ph 
ab, 0 

(
1 − θph 

)
P (15)

For the second step in Fig 8 , the chemisorption and dis-
ociation of hydrogen occur on the surface of the Mg-based
aterials. The dissociation of hydrogen can be expressed as
 2 �2[ H ], and H 2 is transformed into hydrogen atoms that

an diffuse into metals and hydrides. Chemisorption is the ki-
etic process, in which the H 2 molecules coordinate with the
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Fig 8. Schematic illustration of the kinetic steps in hydrogen storage process (up) and Lennard-Jones potential diagram [88] describing continuous energy 
barriers in the process of hydrogen absorption and desorption (down). 
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xposed alloy surface. This process involves electron trans-
er, atomic rearrangement, and chemical bonds dissociation
nd formation. The defects, edges, steps, grain boundaries,
nd other impurities can facilitate the chemisorption as ac-
ive sites. After H 2 absorption, the H 2 molecule decomposes
nto two hydrogen ad-atoms, occupying the active sites. Once
 atoms fully cover exposed active sites, the chemisorption
rocess on the surface is saturated. Generally, the kinetic rate
f chemisorption can be calculated by the Elovich equation,
hich can be expressed as, 

 ch = k ch 
ab, 0 exp 

(
−E 

ch 
ab + a θch 

RT 

)
( 1 − θch ) 

2 P 

+ k ch 
de, 0 exp 

(
−E 

ch 
de + b θch 

RT 

)
θ2 

ch (16) 

here a and b are coefficients related to the surface state of
he particles, and θ ch is between 0 and 1. A lower θ ch value
epresents a smaller reverse rate of chemisorption. When the
ast term of Eq. (16) approaches to 0, the kinetic equation of
hemisorption can be simplified as, 

 ch = k ch 
ab, 0 exp 

(
−E 

ch 
ab + a θch 

RT 

)
P (17)
When the value of θ ch is medium, the influence of
1 − θ ch ) 2 and θ2 

ch in Eq. (16) is too small. Therefore, the
rst term and second term of the right side of Eq. (16) can
e merged into the kinetic coefficients k ch 

ab, 0 and k ch 
de, 0 , which

an be written as, 

 ch = k ch 
ab, 0 exp 

(
−E 

ch 
ab + a θch 

RT 

)
P + k ch 

de, 0 exp 

(
−E 

ch 
de + b θch 

RT 

)
(18) 

The third step in Fig 8 represents penetration and diffusion
f the hydrogen into the Mg-based materials. Prior to the H 2 

torage, the surface of the Mg-based hydrogen storage ma-
erial is covered by an oxide passivation layer [ 89 , 90 ]. The
 2 needs to penetrate into the passivation layer as an etchant

o remove the oxide layer. However, the small diffusion co-
fficient of H atom in the passivation layer suppresses the
ydrogen transport. Therefore, the etching of the oxide layer
s the key issue to the incubation period of hydride growth. In
ertain locations without passivation layer, the transportation
f H 2 to the metal is much faster. Then, the high concentration
f hydrogen in this region is created, favoring the nucleation
nd growth of hydrides. In addition, the local volume expan-
ion caused by the growth of hydride under the passivation
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ayer may induce microscopic cracks in the brittle passivation
ayer, providing a faster channel for hydrogen transport. 

When the passivation layer is removed, the adsorbed hy-
rogen on the metal surface is directly contact with the β
hase, causing hydrogen penetration. The surface penetration
rocess refers to the chemically adsorbed hydrogen atoms on
he surface passing through several atomic layers inside the
lloy. Only hydrogen atoms with high energy can penetrate
nto the alloy. The concentration of hydrogen atoms participat-
ng in surface penetration can be calculated by C sur = k 1 θ ch .
herefore, the kinetic rate expression of surface penetration

s 

 sp = k sp 
ab C sur − k sp 

de C β (19)

here k sp 
ab and k sp 

de are the kinetic coefficients, and C β is the
oncentration of hydrogen in β phase. 

Once the hydrogen atoms penetrate into the inside of β
hase, the transport in β phase follows the classical law of
iffusion, including the diffusion from the surface of the β
hase to α- β phase interface, and the following diffusion from
he α- β phase interface to β phase distributed in the α phase.
he kinetic equation of diffusion can be expressed as, 

∂C 

∂t 
= ∇ · (D∇μ) (20)

here C is the hydrogen concentration, D is the diffusion
oefficient, and μ is the diffusion potential. 

The aforementioned diffusion of the hydrogen in the solid
hase can be classified into several steps, i.e., the diffusion
n α phase and β phase, the redistribution at the different
hase interfaces, as well as the diffusion at grain boundaries.
herefore, the diffusion coefficient ( D ) in Eq. (20) associates
ith many factors, including local temperature, phase com-
osition, and grain boundaries/bulk regions. The expression
f diffusion potential μ varies in different phases. Given that
he influential factors are variable during H 2 ab-/de-sorption
rocesses, different kinetic models are needed for each diffu-
ion step. In the following section, the kinetic models will be
ntroduced in detail. 

Assuming that the hydrogen diffusion in β phase is the
ate-determining step under constant temperature and pres-
ure, various analytical models are derived from the diffu-
ion equation, including the Jander model [ 91 , 92 ], Ginstling-
rounshtein (G-B) model [93] , Valenssi-Carter (V-C) model

94] and Chou model [95–97] . These kinetic models are ge-
metrical contraction models, which assume that the ab-/de-
orption of H 2 occurs uniformly on the surface. However, the
eometrical disorder, surface roughness and heterogeneity ex-
licitly, etc. are not taken into account. [98–100] . 

For the fourth step in Fig 8 , the nucleation and growth
f the β phase are the committed steps in hydrogen stor-
ge. These steps are realized by the generation and migration
f the interface between α phase and β phase [101–106] .
ith the β phase grows, the hydrogen reaches the α- β in-

erface by diffusion to participate in the chemical reaction
f Mg x Me y + 2[H] → Mg x Me y H 2 . Furthermore, this process
an be regarded as the precipitation of hydride in the supersat-
rated region [107] . Generally, the generation and migration
f the α- β interface are mainly affected by three factors: the
ocal chemical driving force, the microelastic stress caused
y volume expansion, and the local Laplace pressure. Based
n the Stefan theory [108] , the kinetic equation of the α- β
nterface can be expressed as, 

 ⊥ 

= β(T ) 
(−�G 

ch 
α→ β − f ela − σκ

)
(21)

here ν⊥ 

is the vertical movement velocity of the interface,
( T ) is the temperature-related kinetic coefficient, �G 

ch 
α→ β is

he driving force of phase transition ( α → β), f ela is the
icroelastic stress at the interface, σ is the interface energy,

nd κ is the local interface curvature. 
The chemical driving force �G 

ch 
α→ β is determined by the

ocal temperature, local concentration of hydrogen and com-
osition of Mg-based materials. Because hydrogen preferen-
ially diffuses along the grain boundaries in the metal, the
ydrogen concentration near the grain boundary tends to be
igher than that in bulk, resulting in higher chemical driv-
ng force. In addition, the kinetic factor of transformation at
rain boundary is more significant than that of bulk, lead-
ng to the fast growth of hydride near the grain boundary.
herefore, the β phase tends to nucleate at the α phase grain
oundary and grow towards the bulk. Second, the microelas-
ic stress f ela caused by volume expansion is the local stress
istributed around the β phase [109] . Compared with the α
hase, the volume of the β phase increases by ca. 20%. How-
ver, the caused stress negatively affects against the expansion
henomenon itself. Therefore, the above factors inhibit the
rowth of the β phase during the hydrogen storage process
ut promote the development of the α phase during the hydro-
en release process. In the case of isothermal equilibrium, the
lateau interval of hydrogen absorption/dissociation pressure
s associated with the effect of the microelastic stress. In ad-
ition, the expansion caused by the precipitation of hydrides
ay lead to the generation of micro-cracks [110] , thereby

orming new gas-phase channels for hydrogen penetration.
hird, the Laplace pressure σκ depends on α- β interface en-
rgy and local interface curvature, which is also the origin
f Gibbs-Thomson effect. The influence of Laplace pressure
s non-negligible during the β phase nucleation and initial
rowth stage, considering the large interface curvature. 

Furthermore, some analytical models were established to
escribe the nucleation and growth of β phase, such as the
lassical JMAK model [111] and the nucleation index incor-
orated JMAK (NI-JMAK) model [112] . The former is suit-
ble for isothermal conditions, while the latter that takes the
ffect of the self-catalysis of the nucleation into account is
uitable for non-isothermal conditions. These models divide
he determinants of the kinetic process into several kinetic
actors [113–117] , such as rate constant, activation energy,
tc. It is helpful for the understanding the relationship of the
olume fraction of β phase vs. time and clarifying the roles
f various kinetic factors step by step. 

Although there are many kinetic models of hydrogen stor-
ge/release reactions, most of them are based on three fac-
ors of kinetics: rate constant, activation energy and the cor-
esponding kinetic equation describing the rate-determining
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tep. According to the analytical solutions of classical ki-
etic models, the experimental data of the hydrogen absorp-
ion and desorption reactions can be used to fit the rate con-
tants. These data can be obtained from the Sievert method
100] or the flowing volumetric method [118] . For the Siev-
rt method, the experimental data of the reaction fraction vs.
eaction time and the reaction fraction change rate vs. reac-
ion time can be used to analyze the kinetic mechanism. The
owing volumetric method is based on the experimental data
f hydrogen gas pressure and time. The premise of applying
his kinetic analysis method is the equilibrium pressure equa-
ion, which can be determined from the experimental P-C-T
urves. When H 2 pressure is lower than or close to the equi-
ibrium pressure of the metal hydride, the β phase cannot
orm and the limiting step is regarded as chemisorption or
urface penetration process. When H 2 pressure is higher than
he equilibrium pressure, the β phase can be readily obtained
nd the rate-controlling step can be considered as the diffu-
ion of hydrogen, the nucleation, and growth of β phase. To
he end, the controlling step under different pressures can be
btained according to the fitting results of the pressure-time
urve. 

.2. Strategies for improving kinetics of magnesium-based 

lloy 

.2.1. Nano-crystallization 

The nano-crystallization method does not only improve the
hermodynamic properties of Mg-based hydrogen storage ma-
erials but also optimize their kinetic performances. Because
he nanocrystalline structure is beneficial for shortening the
iffusion distance of hydrogen, more grain boundaries provide
he diffusion channels for hydrogen. Besides, the formation
nergy barriers of hydrides are reduced as the solid solution of
ydrogen atom increases in nanoparticles, lowering the appar-
nt activation energies of the hydriding/dehydriding reactions
n Mg-based hydrogen storage materials [ 65 , 119–122 ]. 

Mg nanoparticles obtained by high-energy ball-milling pro-
ess do not require the initial activation. Furthermore, it pos-
esses fast hydrogenation and de-hydrogenation rate than bulk
olycrystalline Mg, as reported by Schulz et al. [123] . Nano-
rystalline Mg can be fully hydrogenated within 6.5 min and
esorb within 1 h at 300 °C. These are in stark contrast
o the bulk Mg, in which de-hydrogenation hardly occurs at
he same temperature. Compared with polycrystalline Mg, the
pparent activation energies of the hydriding/dehydriding re-
ctions decrease to 40 ∼60 kJ/mol [124] . It is unveiled that
 16 , 125–128 ] ball-milling process enhances the surface area
f fresh Mg, reducing the effect of surface impurity, such
s MgO, etc. The defects on surface of Mg will promote
 2 dissociation. In addition, the kinetic properties are simply

mproved by enhancing surface area, i.e., the specific surface
rea is increased by 10 times after the ball-milling process.
ll of the aforementioned strategies promote the dissociation
f hydrogen molecules and the diffusion of hydrogen atoms,
mproving overall kinetic properties. 
However, the particle size of the nano-crystalline Mg after
everal hydrogenation/de-hydrogenation cycles increases from
 few nanometers to a few hundred nanometers due to the
ggregation effect [129] . Moreover, the surface defects disap-
ear during the annealing process. However, from the view of
inetic behavior of hydrogen absorption and desorption pro-
esses, the decay of kinetic performance is not significant,
mplying that the improved kinetics are likely free from the
nfluence of defects and stresses produced in the ball milling
rocess [130] . The origin of the improved kinetics is consid-
red as the decreased particle size results in shortened diffu-
ion length. Besides, the active reaction interface is increased
y suppressing the surface magnesium oxide layer. 

Inspired by the improvement in kinetics of hydrid-
ng/dehydriding reactions in Mg/MgH 2 by reducing parti-
le size, substantial investigations regarding nano-sized Mg
zero-dimensional (0D) nanodots, 1D nanowires, and 2D
anofilms) were conducted [132–134] . Qu et al. [135] in-
estigated Mg nanowires with different thickness synthesized
y vapor deposition. The results show that hydrogen can be
bsorbed on the nanowires at nearly room temperature, but
he de-hydrogenation temperature is still high. The kinetic
erformance decays fast due to the change of film struc-
ure after several hydrogenation/de-hydrogenation processes.
i et al. [131] found that the activation energies of hydrid-

ng/dehydriding reactions in 30–50 nm Mg nanowire decrease
o 33.5–38.8 kJ/mol. Moreover, the uptake/release activation
nergies were suppressed with decreasing nanowire diameter
 Fig 9 ). 

However, although most of the studies report a signifi-
ant improvement on the hydrogen absorption performance
f Mg-based materials based on nano-crystallization method,
he de-hydrogenation temperature and dehydriding rate are
till far behind our expectations. Furthermore, the high sur-
ace energy of nano-materials makes them easily to agglomer-
te, challenging to maintain good kinetic performance. Since
he dissociation and recombination of hydrogen are the crit-
cal steps to improve the kinetic performance of Mg-based
ydrogen storage materials, employing catalysts to decrease
he energy barriers is becoming a more promising approach. 

.2.2. Catalysis 
Hydrogen dissociation and recombination are the critical

teps for H 2 storage materials. Vegge investigated the H 2 dis-
ociation/desorption and diffusion processes of dissociated hy-
rogen atoms on Mg (0001) plane using density functional
heory [136] . It was found that hydrogen dissociation shows
he highest energy barrier for the activation of hydrogen
olecules, which was estimated to be 1.15 eV While other

nergy barrier can also be identified between the meta-stable
tate and the final state, which is less critical because of the
uch smaller activation energy. Therefore, using catalyst is an

ffective way to improve the kinetic performance of chemical
eactions. Both of the hydrogenation/de-hydrogenation kinet-
cs can be significantly improved by enhancing the dissociate
nd recombine rate of hydrogens with catalyst. In addition,
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Fig. 9. The (a) hydrogenation and (b) de-hydrogenation rates as the function of time of Mg nano-wires with different diameters. The black, red and blue 
points are the data collected at 373 K, 473 K and 573 K, respectively. [131] . 
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Fig 10. The volcano plot for hydrogen evolution reaction [143] . The x and y - 
axis represent M-H bond formation energy and catalytic activity, respectively. 
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he catalyst can also help to improve H diffusion as a "hy-
rogen pump". 

The effect of transition metals ( TM ) as catalysts on the hy-
riding and dehydriding reactions in MgH 2 was extensively
nvestigated by researchers, because of their variable valence
tates and excellent catalytic effects [ 137 , 138 ]. Xia et al.
139] reported a bottom-up self-assembly MgH 2 nanopar-
icles anchored on graphene uniformly with a loading ra-
io high to 75 wt.%. After modified with Ni catalyst, the
raphene supported MgH 2 presented superior hydrogen ab-
orption/desorption properties, hydrogenating/ dehydrogenat-
ng completely at 50 °C and 200 °C, respectively. The su-
erior hydrogen storage properties of MgH 2 were further ob-
erved by porous Ni nanofibers catalyzed MgH 2 . The 4% Ni
anofibers catalyzed MgH 2 starts to release hydrogen at only
43 °C, with a peak temperature of 244 °C [140] . Liang et al.
141] systematically investigated the catalytic effect of early
o late transition metals on Mg/MgH 2 system. The authors
repared the MgH 2 - TM ( TM = Ti, V, Mn, Fe, and Ni) us-
ng the ball-milling method. The results show that Ti and V
ossess good catalytic effect among the above-studied tran-
ition metals. The activation energies of the hydrogen des-
rption process were estimated to be 71.1 kJ/mol for MgH 2 -
i, 62.3 kJ/mol for MgH 2 -V, 104.6 kJ/mol for MgH 2 −Mn,
7.6 kJ/mol for MgH 2 -Fe, and 88.1 kJ/mol for MgH 2 –Ni,
espectively. The obtained activation energies are smaller
han the ball-milled MgH 2 sample (120 kJ/mol). Cui et al.
mployed chemical reaction between Mg metal and TM Cl x 
TiCl 3 , NbCl 5 , VCl 3 , CoCl 2 , MoCl 3 , NiCl 2 ) to load nano-
ized transition metals on Mg/MgH 2 [142] . In this study, Mg-
M composites were synthesized using metal Mg and TM Cl x 
s the precursors. It was reported that 10–20 nm-sized TMs
re dispersed on Mg surface after the reaction in tetrahydro-
uran, resulting in a core-shell-liked structure. The activation
nergy of de-hydrogenation was reduced to be 30.9 kJ/mol
or MgH 2 -Ti system [142] . 

The catalytic activity can be scaled as a function of Me -
 interaction, where Me indicates metal catalysts, known as
 volcano plot ( Fig 10 ) [143] . The catalytic activity shows
he highest value for the noble metals having moderate Me -
 interaction while degrading with increasing or decreasing
e -H interaction. The tendency can be interpreted as follows:
he stronger Me -H interaction represents a higher binding
nergy between hydrogen and catalysts and thus more thermal
nergy is needed to break Me -H bonding to stimulate a further
eaction. Meanwhile, the weak Me -H interaction is difficult
o adsorb H on catalyst, therefore, the Me cannot serve as
atalysts that promote hydrogen’s activation, recombination
nd diffusion. 

The results of the catalytic effects on Mg/MgH 2 raise the
ollowing question: Why some reports show that the catalytic
ffect of Ni (a famous hydrogenation catalyst) is lower than Ti
r other transition metals? To solve the problem, Han et al.
ystematically investigated the impact of Ni on the (0001)
urface and bulk metal of Mg. [136] , where 6 Ni positions
ere taken into account, i.e., three sites are on the surface

FCC site, HCP site, and Bridge site) and other three sites
re located in the 1st, 2nd, and 3rd layers, respectively. The
ctivation energies of hydrogen dissociation on Mg (0001)
lane were estimated to be 1.4 eV, in consistent with the
alues reported by Vegge (1.2 eV) [144] . Interestingly, the
ctivation energies were suppressed to 0.04–0.05 eV when
i is located on the surface and the 1st layer of Mg [136] .
he activation energies of surface diffusion increase when
i is located on the surface, due to the relative strong Ni-H

nteraction. Thus, more thermal energy is required to break
he chemical bond, and the activation energy changed from
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Fig 11. The energy modification and reaction coordinate of each model. Hydrogen dissociation and diffusion process of Ni-free Mg (0001) surface, Ni on 
Mg (0001) surface and Ni in Mg bulk were considered, respectively [136] . 
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.16 eV (Ni-free) to 0.62–0.95 eV (Ni on the surface). In
hese cases, the surface diffusion becomes the rate-determine
tep rather than hydrogen dissociation ( Fig 11 ). The activation
nergies of inward diffusion almost remain unchanged after
igrating Ni in the bulk structure of Mg. 
These results indicate that the three essential steps are

trongly correlated each other and all of the steps must be
onsidered during the hydrogenation/de-hydrogenation pro-
esses. Namely, the real reaction is much more complicated
han the well-studied hydrogenation models. Thus, it is re-
uired to establish new scaling relations for hydrogen storage
aterials in future. The above discussion is based on the sim-

le combination of elemental Mg and Ni, and cannot be used
o the Mg-Ni binary alloys and intermetallic systems. For ex-
mple, Cho et al. [145] reported that both thermodynamic and
inetic properties could be significantly improved using Mg-
i binary nanoalloys as additives to the Mg/MgH 2 system. It

s not surprising, because Mg-Ni binary compounds exhibit
ifferent crystal and electronic structures, resulting in distinct
-H interactions. 

.2.3. The other sample preparation technology 
ydriding combustion synthesis. Based on the hydriding

ombustion synthesis (HCS) method, various Mg-based ma-
erials showing superb hydrogen storage performance have
een prepared by Li and Zhu et al. [ 39 , 50 , 126 , 146 , 147 ]. Bi-
ary Mg-Al [148] , Mg-Ni [149] , ternary Mg-Ni-La [150] ,
g-Ni-Fe [151] , and other Mg-based composites were syn-

hesized in the HCS process. For example, Mg@Ni/Gn (Gn:
raphene nanoplate) samples were successfully synthesized
y this method using the mixture of Mg and Ni/Gn additives.
he Mg@Ni 8 Gn 2 absorbed 6.28 wt.% hydrogen within 100 s
t 100 °C, which can be explained by the uniform disper-
ion of in situ formed Mg 2 NiH 4 nanoparticles [152] . With-
ut activation process, Mg-Ni composite synthesized by HCS
HCSed Mg 80 Ni 20 ) can release hydrogen at ca. 210 °C, indi-
ating that the HCS method can be applied to the metal-based
ydrides with high activity [153] . In addition, abundant meth-
ds such as surface modifying [154] , compositing [155] , and
atalyzing [156] were applied to enhance the hydrogen stor-
ge performance of HCSed Mg-based materials. For example,
ulk Mg-Ni-based hydrides with rapid treatment by water ex-
ibit peak dehydrogenation temperature at 108 °C. Simulta-
eously, the air stability is improved due to the in situ formed
i@Mg(OH) 2 nanosheets [154] . HCSed MgH 2 + LiAlH 4 com-
osite shows faster dehydrogenation kinetics and lower de-
ydrogenation barrier than commercial MgH 2 + LiAlH 4 com-
osite, indicating the pronounced synergistic effect brought
y the unique structure of HCSed MgH 2 [157] . After in-
roducing Ni 30 /FL-Ti 3 C 2 T x (FL: few layer) catalyst, HCSed

gH 2 desorbs 5.83 wt.% hydrogen within 1800s at 250 °C
ecause of the rich electronic interaction brought by the suf-
cient contacts and interfaces between Ni nanoparticles and
i 3 C 2 matrix [158] . 

morphization. As structural materials, metallic glasses
MGs) or amorphous alloys have attracted great attention due
o their high strength, high hardness, excellent corrosion re-
istance, etc. [159–162] which are rendered by their unique
niform disordered atomic structure compared to their crys-
al counterparts [161–164] . In addition, MG has also been
idely used as functional materials, for example, in the hy-
rogen storage realm as hydrogen storage materials that di-
ectly possess higher capacity due to their large free volume
165] . 

Amorphous Mg-based alloys, particularly Mg-La-Ni amor-
hous alloys, were firstly prepared by Inoue group in the
990s [166] . Afterward, tremendous efforts have been de-
oted to study the hydrogen storage properties of amor-
hous Mg-based alloys prepared by melt-spinning. Spassov
t al . [ 167 , 168 ] reported that some nanocrystalline and/or
morphous Mg-rare earth ( RE )-Ni alloys showed much supe-
ior hydrogen absorption/desorption properties than the corre-
ponding conventional crystalline alloys. They found that the
elt-spun Mg 75 Ni 20 RE 5 ( RE = Ce or La-rich mischmetal)

lloy possesses fast hydrogenation kinetics with a hydro-
en capacity of ∼4 wt.% by searching a series of Mg-RE-
i alloys. Kalinichenka et al . [169] reported the hydrogen

torage properties of melt-spun Mg-based alloys, including
g 90 Cu 2.5 Ni 2.5 Y 5 , Mg 85 Cu 5 Ni 5 Y 5, and Mg 80 Cu 5 Ni 5 Y 10 . The

ctivation procedure and the hydrogen sorption kinetics of
hese alloys were studied by thermogravimetric analysis at
ifferent temperatures in the range from 100 °C to 380 °C,
hese alloys can reach up to reversible gravimetric H 2 storage
f 4.8 wt.%. 

The hydrogen storage capacity of Mg-based alloys depends
n the content of Mg elements in the alloys. On one hand,
E or Ni elements benefit to enhance the glass-forming ability
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GFA) of Mg-based alloys and the hydrogen storage kinetics
f MgH 2 . On the other hand, Ni and RE are much heavier
han Mg, which reduces the hydrogen storage capacity of Mg-
ased alloys. Therefore, Ni and RE contents should be ratio-
ally controlled in a suitable window. Lin et al. [56] studied
he effect of Ce and Ni contents on the GFA of Mg-Ce-Ni sys-
em on Mg-rich corner of phase diagram by X-ray diffraction
XRD) patterns and differential scanning calorimetry (DSC)
urves of the melt-spun alloys. As a result, the melt-spun
g 90 Ce 5 Ni 5 amorphous alloy with the highest Mg-content in

his system shows rapid hydrogenation kinetics. At 300 °C,
bout 5.0 wt.% H can be absorbed within 5 min, reaching
he reaction rate of 1 wt.%-H/min. The onset dehydrogenation
emperature of the amorphous Mg 90 Ce 5 Ni 5 alloy is ∼50 °C
ower than that of the induction-melt crystalline alloy. More-
ver, the activation energies of MgH 2 desorption for melt-
pun and induction-melt Mg 90 Ce 5 Ni 5 alloys are 109.2 kJ/mol
nd 124.6 kJ/mol, respectively. Lin et al . [170] also found
hat increasing hydrogen gas pressure and reducing temper-
ture are beneficial for obtaining fine hydrides with lowered
ydrogen desorption temperature and activation energy. The
ctivation energy of MgH 2 desorption for the cycled sample
nduced by the highest pressure and the lowest temperature is
nly 87 ± 7 kJ/mol, which is much smaller than that of the
ycled sample induced by the lowest pressure and the highest
emperature (98 ± 8 kJ/mol). 

However, the amorphous Mg-based alloys usually en-
ounter crystallization during the hydrogenation and dehy-
rogenation processes which requires high temperature and
igh hydrogen pressure. To avoid crystallization, Lin et al.
 165 , 171–174 ] studied the hydrogen storage properties of Mg-
e-Ni alloys at temperature as low as 25–120 °C. At room

emperature, the hydrogenation kinetics curve of Mg-Ce-Ni
lloys can be fitted by Avrami-Erofeev equation deduced from
he nucleation and growth process. 

= 1 − exp ( −B t m ) (22)

here α is the weight ratio of reacted material to total ma-
erial, m and B are constants relating with temperature and
ucleation rate, respectively. The rate-determining step of hy-
rogenation kinetics of the Mg 90 Ce 5 Ni 5 amorphous alloy at
5 °C is likely to be a diffusion process, indicating that
ydrogen penetrates directly into the amorphous alloy un-
er high pressure. Hydrogenation kinetics of the amorphous
g 80 Ce 10 Ni 10 powders under an initial pressure of 4.5 MPa at

20 °C are shown in Fig. 12 . The amorphous Mg 80 Ce 10 Ni 10 

lloy absorbs hydrogen with sluggish kinetics in the initial
5 h and then, the absorption rate further slows down, result-
ng in over 80 h to reach full hydrogenation ( ∼5.0 wt.%-H).
ig 12 b shows the evolution of XRD patterns as increasing
ydrogen concentration. The Mg 80 Ce 10 Ni 10 amorphous alloy
isplays a broad amorphous peak at 2 θ of 35 °. With the in-
rease in hydrogen concentration, the diffraction peak at 35 °
ecreases in intensity. Meanwhile, a new diffraction peak at
9 ° appears after charging of 5 wt.%-H (i.e. H/M = 2.07).
he reduced diffraction peak angle suggests that the space be-

ween atoms in the amorphous matrix considerably expands
pon hydrogenation. High-angle annular dark-field scanning
ransmission electron microscopy (HAADF-STEM) measure-
ents were performed to directly observe the atom-scale

tructure of the Mg 80 Ce 10 Ni 10 amorphous alloy and hydride,
s shown in Fig. 12 c-d. The acquired HAADF-STEM images
ive very clear information that the image contrast is approx-
mately proportional to the square of the atomic number. The
isordered atoms in amorphous alloy and hydride are distin-
uishable in the STEM images. The size of the disordered
e/Ni clusters in the amorphous alloy is a few nanometres;
owever, these clusters remarkably grow upon hydrogenation.

.2.4. External field 

The magnetic field is an external factor that can affect the
ree energy of materials through the interaction with electron-
pin, which is known as the Zeeman effect. Strong magnetic
eld (e.g., 10 T) is possibly to change the microscopic struc-

ure of materials, including atomic order, coordination, and
igration without mechanical contact. Therefore, their phys-

cal properties can be significantly optimized [175–177] . The
ibbs free energy change associated with the applied mag-
etic field can be expressed as follows; 

G 

mag 
M → M H 2 

= 

(
G 

mag 
M H 2 

− G 

mag 
M 

) − (
E 

mag 
M H 2 

− E 

mag 
M 

)
(23)

here G 

mag 
φ is the contribution of free energy derived from the

agnetic field to the phase. According to the Hillert-Jahl and
nden model, G 

mag 
φ is considered as the function of magnetic

oment m , which is proportional to the applied external field.
he G 

mag 
φ can be expressed as, 

 

mag 
φ = 

∫ B 

0 
m ( T , B ) dB, (24)

here B is the magnitude of the external magnetic field. To
nvestigate the effect of the magnetic field in hydrogen stor-
ge materials, an experimental device combined with mag-
ets was developed by Li et al. [ 178 , 179 ]. A static magnetic
eld, varying from 0 to 14 T, can be generated in this de-
ice. Nanostructured Mg 2 FeH 6 was successfully prepared by
his method. Here we name the technique as controlled hy-
rogenation combustion synthesis under the high magnetic
eld (CHCS) [180] . Compared to the sample synthesized by

he conventional HCS method, the CHCS technique affects
he structure and morphological characteristics, phase com-
osition, crystal size, as well as elemental distribution of
he Mg-Fe and Mg-LaNi x composites, successfully decreas-
ng the hydrogenation/de-hydrogenation temperature. Electro-
hemical functionalities of La 0.67 Mg 0.33 Ni 2.5 Co 0.5 alloy, syn-
hesized by CHCS technique, were investigated [ 48 , 181 ]. The
esults show that the (La, Mg)Ni 3 transforms to the (La,

g) 2 Ni 7 structure alongside the unit cell expansion. Similar
ynthesis method was also applied to Mg 2 Ni 0.8 Mn 0.2 . [182] 

Besides, the microwave is also applicable to assist the
hase formation. Liu et al. [183] applied magnetic field and
icrowave during the sample preparation and investigated

heir effects on material thermodynamics and kinetics. Li et al.
184] investigated the microwave-assisted synthesis of Mg-
a-Ni alloy and investigated its crystallography and hydro-
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Fig. 12. (a) Hydrogenation kinetic curve of Mg 80 Ce 10 Ni 10 amorphous alloy, (b) XRD patterns of Mg 80 Ce 10 Ni 10 amorphous alloy with the increase of hydrogen 
concentration. HAADF STEM images of Mg 80 Ce 10 Ni 10 amorphous alloy (c) before and (d) after full hydrogenation. The figures are reproduced from Ref. 
[171] . 
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t  
en storage properties. The P-C-T results show that the re-
ction enthalpy of synthesized composite (Mg 60.00 wt.%;
a 12.96 wt.%; Ni 27.04 wt.%) is comparable to Mg-Ni-
E alloys, indicating that microwave-assisted synthesis can

mprove the thermodynamic properties of hydrogen storage
aterials. Meng et al. [ 52 , 185 ] comparatively studied the ef-

ect of microwave-assisted and conventional solid-state reac-
ions on the properties of Nd-Mg-Ni-Fe 3 O 4 alloy. The hydro-
en storage capacity of the samples prepared by conventional
ethods was less than 5.0 wt.% at 280–350 °C, while the

ne made by microwave-assisted synthesis exhibits a higher
ydrogen storage capacity (over 5.5 wt.%) and wider plateau
egion of hydrogenation/de-hydrogenation processes. In ad-
ition, the hydrogenation enthalpy and entropy are slightly
owered by this technique. Luo et al. compared the effects
f magnetic and microwave fields on the kinetic characteris-
ics of self-made Mg 2 Ni hydrogen storage alloys [92] . The
xternal fields have a positive influence on both thermody-
amic and kinetic properties of Mg 2 Ni. Especially, the ki-
etic properties of the sample prepared by microwave-assisted
ctivation-synthesis are significantly improved. The enhanced
ydriding/dehydriding kinetic properties can be ascribed to
he formation of the new structure and the incident energy
nto materials from the physical field, leading to a decrease
f reaction activation energy. 

Overall, both the magnetic field- and microwave-assisted
reparation can optimize the microstructure and particle size
f the alloy. Namely, the above technique contributes to op-
imizing the macroscopic morphology of the structure, while
he phase itself remained unchanged. However, few attempts
ave been carried out to couple the electric, magnetic, mi-
rowave, ultrasonic, and even mechanical fields to obtain bet-
er kinetics properties. 
. Summary and outlook 

.1. Summary 

As a solution for the inescapable problem of H 2 storage,
g-based materials hold outstanding merits of good capacity,
eeting the DOE ultimate target, etc., but limited by slow

hermodynamics and kinetics (High dehydrogenation temper-
ture and low H 2 release rate). The temperature, enthalpy,
nd entropy, etc. play significant roles in determining the re-
ction thermodynamics. The P-C-T curve can be obtained by
alculating the Gibbs free energies. 

The recent progress of kinetic behaviors of Mg-based H 2 

torage materials are also reviewed. Particularly, four kinetic
teps (physisorption, chemisorption, penetration and diffusion,
uclear and growth) as well as their rate-determining fac-
ors are detailed summarized. Various geometrical contrac-
ion models, e.g., Jander model, G-B model, V-C model, etc.,
ere discussed based on the hypothesis that hydrogen dif-

usion is the rate-determining step. In addition, a classical
MAK model was discussed to analyses the nucleation and
rowth of β phase. On the basis of these models, the activa-
ion energy, release rate, penetration process of H 2 , nucleation
nd growth of β phase as well as the phase interface migra-
ion, etc. could be accurately predicted. To improve the kinet-
cs of Mg-based H 2 storage materials, various strategies were
dopted to lowering the energy barrier or create new diffusion
ath, including ball milling, catalyst addition, core-shell struc-
ure, using external field, etc. These approaches improve the
ydrogen absorption/desorption behavior and are helpful for
urther development of Mg-based hydrogen storage materials.

In summary, great efforts have been devoted to study the
hermodynamics and kinetics of H 2 storage materials so far.
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espite the numerous achievements, some challenges remain
nsolved. When the H 2 storage materials can be commercial-
zed is still an open question. 

.2. Outlook and challenge 

A variety of studies revealed the effectiveness of nano-
rystallization and catalytic effects to improve the thermo-
ynamic and kinetic properties of Mg-based H 2 storage ma-
erials. However, prior to the commercialization, several in-
scapable barriers need to be overcome: 

(1) The mechanism of enhanced thermodynamics and ki-
netics of doping TMs into Mg/MgH 2 remains unclear.
Moreover, few studies are reported on the multiple ele-
ments doping/alloying (e.g., B, C, ect.). As the energy-
electron contribution is insufficient to describe the full
enthalpy at finite temperature, the synergistic effect
from electronic, magnetic, and vibrational excitations
should be properly described. 

(2) Hydrogen dissociation, surface diffusion and surface
penetration are three critical steps in H 2 storage pro-
cess in terms of large activation energy barrier. An
“overall consideration” on the three steps in material
design needs special attention in future. For exam-
ple, Ni-based catalysts can enable hydrogen dissocia-
tion by lowering the reaction barrier, but limited hydro-
gen diffusion on catalyst surface due to the solid Ni-H
bonding. 

(3) Downsizing particle size is effective way to improve
both thermodynamics and kinetics by increasing sur-
face area and energies. However, most of the Mg-
based materials are sensitive to air and moisture,
which will deteriorate their performance. Furthermore,
the relatively short cycle-life induced by aggrega-
tion and particle growth during the hydrogenation/de-
hydrogenation should be addressed. Combining Mg-
based nanoparticles on large specific area materials
could to be a promising research direction to solve the
problem. 

(4) The mechanisms for the influence of elemental substi-
tution/doping, and catalyst on enthalpy, P-C-T curve
and hysteresis coefficient of hydrogen absorption and
desorption remain unclear. While DFT calculations can
provide the deep insight into the mechanism of the hy-
drogenation and dehydrogenation process of simple sys-
tems (e.g., pure Mg and MgH 2 ), the models and strate-
gies adopting to complex systems need to be amended,
such as multiple elements alloying, multiple external
fields, and nano-sized structures. For more trouble-
some and complicated systems (e.g., elemental substi-
tution/doping, alloying, nano-crystallinity, catalyst addi-
tion, and chemical modification), additional theoretical
and experimental efforts are required to provide com-
prehensive understandings. 
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