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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/)
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1. Introduction

With the world experiencing an emergent environmental
and energy crisis, reducing carbon dioxide (CO;) emission
has become one of the top priorities for many industries [1,2].
Several strategies have been proposed to curb the CO, emis-
sions. While natural resources, such as solar power, wind,
geothermal, and tidal energy, are the primary candidates of re-
newable energies, their environment and time-zone dependent
resulted in intermittent, capacity-instable, and unpredictable
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features. Accordingly, large-scale energy storage and conver-
sion devices (ESCDs) are needed for the practical applica-
tions, because direct use of such unstable energy sources is
harmful to current power grid systems [3]. Recently, there is
growing consensus that hydrogen (H,) energies can provide
a better energy solution for global warming due to their high
energy density, zero CO, emission, and diverse renewable en-
ergy sources.

To promote the mass application of H, energy, it is in-
evitable to establish the industry chains for H, production,
purification, storage, and consumption. Among them, hydro-
gen storage is the most challenging procedure for H, trans-
portation and consumption. At present, three major technolo-
gies 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.

H, in cryogenic tanks, (2) high-pressure gas cylinders, and
(3) solid-state H, storage technique. Amongst them, solid-
state H, storage technique has been attracting considerable
attention because it is operatable under moderate tempera-
tures and nearly ambient pressure condition, realizing higher
energy density and improved operability. The first discovery
of materials-based H, storage was made in 1869 by T. Gra-
ham in Pd [6], in which the distance between hydrogen atoms
is significantly decreased when the hydrogen atoms are ab-
sorbed and coordinated with host materials [7]. Subsequently,
major efforts have been devoted to developing extensive hy-
drogen storage materials due to the low geological reserves
of Pd. A milestone breakthrough was achieved in the 1970s
represented by the development of non-noble metal materials,
such as LaNis and FeTi [8,9]. These materials not only re-
duce the cost of solid-state H, storage but also demonstrate
that H, can be reversibly absorbed/desorbed under relatively
mild reaction conditions [8].

Motivated by the successful development of intermetallic
H, storage materials, hydrides of light metals have been in-
creasingly attracting attention, aiming to enhance the hydro-
gen storage density [10]. One of its promising playgrounds
is magnesium (Mg)-based compounds, which host the mer-
its of good capacity as high as 7.6%, satisfying the US
Department of Energy (DOE) target, excellent reusability,
environmental-friendly, and high Clarke number characteris-
tics [11,12]. However, the mass-scale commercialization of
Mg-based H, storage systems (e.g., using in fuel cell vehi-
cles (FCVs)) has not yet been realized due to the remaining
challenges. The bottle-neck is the high operation temperature
and slow dehydrogenation reaction rate. As shown in Fig.1,
these issues are closely associated with the thermodynamics

and kinetics of hydrogenation reactions. To be specific, during
the H, storage cycle, the formation of strong chemical bonds
between Mg and hydrogen atoms leads to high thermody-
namic stability and thus the large reaction enthalpy change.
For instance, the enthalpy change (AH) of Mg metal reaches
~ 75 kJ/mol, resulting in high operating temperature and low
equilibrium pressure and ultimately hindering their further
practical applications. Moreover, the lack of active sites on
the Mg/MgH, surface gives rise to high energy barriers for
dissociation/recombination and diffusion processes, resulting
in low hydrogenation/de-hydrogenation rates.

To improve the thermodynamic and kinetic properties of
Mg-based H, storage materials, various investigations have
been conducted. In this review, we concentrate on the ther-
modynamic and kinetic fundamentals of hydriding and de-
hydriding reactions, and discuss the advanced methodologies
employed for improving the properties of Mg-based hydro-
gen storage materials. In particular, the significance of nano-
size effect, alloying and composite structure on improving
the thermodynamic properties is elucidated. The influence of
catalytic, surface treatment, and nano-sizing on kinetic per-
formances are also discussed. Subsequently, the remaining
challenges in developing novel Mg-based hydrogen storage
materials are summarized. It is expected that our endeavor
in this review can inspire more new ideas to expedite the
development in related fields and beyond.

2. Thermodynamic properties of Mg-based hydrogen
storage materials

2.1. Thermodynamic principles of the hydriding/dehydriding
reaction in Mg-based hydrogen storage materials

2.1.1. The classical thermodynamics of
hydriding/dehydriding reaction

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

MgMe, + H), — Mg, Me,H, (1)

where Me represents substitutional alloying elements. The
molar Gibbs free energy of the reaction can be formulated
as

Ape Me,
AG = AG® 4+ RTIn-sMett

eq
aMgXMey PHZ

2

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

AH° AS°
RT R

where Py is the equilibrium pressure of Hy, AH® and AS°
represent the standard enthalpy and entropy change, respec-

tively. The equilibrium pressure of H, depends on the tem-
perature, enthalpy, and entropy change of the reaction.

lnPEZ =

3)
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Fig. 2. Schematic diagram of the relationship between Gibbs free energy, hydrogen chemical potential, equilibrium pressure P:’;I and van’t Hoff equation: (a)
the Gibbs free energies of Mgy Ni, MgoNiHy and hydrogen at 573 K, (b) the P-C-T curve of Mg,Ni at 573 K, and (c) the van’t Hoff relation for Mg Ni + 2H,

< Mg,NiHy reaction.

Fig. 2 shows the correlation between Gibbs free energy,
hydrogen chemical potential, the equilibrium pressure of P:,Z
and van’t Hoff equation. Taking MgyNi as the example,
Fig. 2a shows the Gibbs free energies of MgyNi, Mg,NiHy,
and hydrogen at 573 K. The Gibbs free energy of hydro-
gen is a function of hydrogen partial pressure. Only Mg, Ni
equilibrates with hydrogen when hydrogen partial pressure is
lower than the plateau pressure (0.316 MPa at 573 K). This
stage corresponds to the Mg,Ni+H, region in Fig. 2b. The
increase of hydrogen pressure will lead to the equilibrium
composition of H in Mg,Ni shifts right side, which means
the solid solution of H in Mg;Ni increases. As the hydro-
gen pressure rises to 0.316 MPa, a three-phase equilibrium
is reached for Mg,Ni+Mg,NiH4+H,, indicating the forma-
tion of Mg,NiHy. With further increasing the H, content, the
transformation of Mg,Ni+2H,<>Mg,NiH, continues until the
Mg, Ni is exhausted which manifests the increase of hydrogen
absorption content. At fixed temperature, the freedom degree
of the 2D ternary system reduces to one in three equilibria.
Therefore, a plateau appears in the P-C-T curve (Fig. 2b).
When H; pressure is higher than 0.316 MPa, there is only
two-phase equilibrium Mg,NiH4+H, in the system, as shown
in Fig. 2a. This state corresponds to the S(Mg,NiH4) +H; in
Fig. 2b. Continuing improvement of hydrogen pressure will
increase both the Gibbs free energy and the chemical potential
of hydrogen.

Since the equilibrium hydrogen potential is a function of
hydrogen partial pressure, as shown in Fig. 2b, the P-C-T
curve can be predicted by calculating the Gibbs free energies
of various phases. For the plateau pressure, we can obtain a
series of Pflfm' (the plateau pressure of P-C-T curve) at dif-
ferent températures, which shows the linear relation between
In(P;!) and 1/T within a certain temperature range, as shown
in Fig. 2c. The relationship between In(P;) and 1/T is de-
noted as van’t Hoff equation. Finally, for all of the phase equi-
librium, P-C-T properties including plateau pressure (Plf,im'),
hydrogen storage capacity (xm, max), reaction enthalpy (AH®)
and entropy (AS°), can be calculated based on the Gibbs free
energies of phases.

The enthalpy and entropy of the hydrogenation reaction
can be determined using the van’t Hoff equation, i.e. Eq.(3).
Accordingly, ln(Pfg) lineally correlates with 1/7, where the
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Fig. 3. van’t Hoff plot of different Mg-based hydrogen storage materials at
0.1 MPa.

slop corresponds to AH® and the Y-intercept by extrapolating
the straight line to Y-axis intersection is AS°. Fig. 3 shows
the van’t Hoff plot for typical Mg-based hydrogen storage
materials at 0.1 MPa. The negative values of AH® indicate
that the reactions are all exothermic. The larger the slope
is, the greater the reaction enthalpy changes. Compared to
pure Mg, the solid solution containing In slightly reduces the
enthalpy, while the enthalpy of Mg,Ni containing In reduces
significantly, resulting in the decreased release temperature
of Hy. The value of AS® is approximately equal to —Sj,
where Sy, is the absolute entropy of hydrogen. The value is
ca. 130.6 J/(mol*K) H, at 298 K, which differs slightly in
different metals.

Table | shows the standard enthalpy and entropy of dehy-
drogenation reaction for several typical hydrides. Compared
with Mg-based hydrides, LaNisHg in ABs type, TiMn,Hs
in AB, type and TiFeH, in AB type hydrides have much
lower standard enthalpy, leading to the low hydrogen release
temperatures. Thus, strategies of both microstructure nano-
crystallization and catalytic additive have been extensively
studied to control the enthalpy change in dehydrogenation
process for Mg-based hydrogen storage alloys because the
relatively large reaction enthalpy of Mg-based hydrogen stor-
age 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) AH®° (kJ/mol) AS° (J/(mol*K))
MgH, 300 —74.4 130.1
MgyNiHy 254 —64.4 122.2
Mg,FeHg 310 —80.0 137.0
Mg,CoHs 317 —-79.0 134.0
LaNisHs 10 -30.9 109.0
TiMnpHz  —57 —24.6 114.0
TiFeH, -8 —28.1 106.0

Note: The desorption temperature is given at 0.1 MPa hydrogen pressure.

of Mg-based hydrogen storage alloys is much flatter and wider
than other hydrogen storage materials, implying the relatively
large hydrogen storage capacities.

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

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

a 2
AG = AG® + RTIn—2202

angMey H,

+ AGxurf+ AGext (4)

where AG*/ is the surface energy difference between
MgMe, and Mg.Me,H>; AG* is the energy contribution
from the external field. When the equilibrium state achieves,
Eq.(4) can be simplified as

RTInPj = AH® — TAS® + AG™/ + AG* (5)

which can be reformulated as

AH® + AG™f + AG*™  AS° ©
RT R

Bérubé et al. [15] investigated the effect of particle size

on the heat of formation for hydrides, in which the surface
energy difference is expressed as

SVMgMeE ()/ , }’)
r

lnP;Z =

AGmrf — (7)

The surface energy E(y, r) depends on the surface energy
per unit area y and the particle radius r, which is described
via the equation:

VMg, Me,H,

>3 - yMgMe(r):| + Eads
®)

E(y,r)= |:VMgXMe)H2(r)<

VM gMe

where Ve and Vivig ae,n, are the molar volumes of MgMe
and Mg, Me,H,, respectiVely. E 4 represents the reduction of
the surface energy by bonding hydrogen on the surface of
metals or hydrides. After the hydrogeneration, the lattice ex-
pands and the volume of Mg.Me,Hy (Vmg,me,n,) usually in-
creases by ca. 10-20% than the original volume of MgMe
(V™mgnte)

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

ext __ mag __ (ymag _ mag _ gomag
AG - (GMgXMe}.Hz GMgXMey) (EMgXMe}.HQ EngMey>
)

where Gy ), , and Gy éy,, - are the magnetic free energies
of Mg.Me,H, and MgMe, respectively. They both can be de-
scribed as a function of magnetic moment and Curie tempera-
ture within the Hillert-Jahl model [15]. Eﬁig’g MeyH, and Elnwl;g Me,
are the magnetostatic energies of the two phases induced by
the external magnetic field, which can be calculated by

B
E}“ = / m(T, B)dB (10)
0

where m(7, B) is the magnetic susceptibility that depends on
temperature and the magnetic field.

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

2.1.2. The quantum statistical mechanics of
hydriding/dehydriding reaction

Self-consistent electronic structure calculations within the
density functional theory (DFT) is powerful method used for
hydrogen storage simulations [16-20]. It can predict ener-
getics and structures, benefitting to design novel hydrogen
storage materials based on the fundamental understanding of
atomic mechanisms [21]. In DFT calculations, the motion of
electrons within the fully interacting system is mapped onto a
fictitious state that electrons experience an effective potential
within a non-interacting system. The electron density mini-
mizing the total energy and describing the ground-state prop-
erties can be determined by solving self-consistently the one-
electron Kohn-Sham equations [22,23].

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

1 N
E(H)=N[Ez(X—NH)—l-EEI(Hz)—Er(X)] (1)
where E(H) is the binding energy of hydrogen (or equivalent

to the absorption energy); E,(X) and E,(X — NH) represent
the total energy of the original system and the total energy of



1926

0-m
(a) A MgH2 |
-25 .ﬂu
-
= A L]
%, -50 — [ I ]
£ = a
° . n .
E s 4
=
= A
>
o 100 4
2 A
wi
125 L
A P
A A A
-150 T T T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50 55 60
# Mg atoms
784 - Mgﬂ“l
(c) o MgH,

Desorption Energy [kJ / mol(H,)]

MgHy

( ]
T T T T T T T T T
0.00 025 050 075 1.00 125 150 175 200 225

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

100 - (b)

80

= DFT (B97)
® HF

60

40

20

Energy [kJ/mol(MgH,)]

T T T T T T T T T J
0 5 10 15 20 25 30 35 40 45 50 55 60

# Mg atoms

@

VH,

13 15 17 19

Metal particle radius (nm)
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MgsHy (red line) and Mg sHy (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].

the hydrogen deficient system, respectively. E;(H,) is the total
energy of a H, molecule in vacuum. The value of E(H) rep-
resents the binding energies of hydrogen atoms with the host
materials. For hydrogen storage applications, binding energy
raging from 0.1 eV/H to 0.35 eV/H are considered suitable
[21].

Mass-scale applications of Mg-based hydrogen storage ma-
terials are currently hindered by the strong thermodynamic
stability and Mg-H bonding. How to weak these chemical
bonds? One option is nano-crystallization. Wagemans et al.
investigated the size effect of the Mg and MgH, clusters us-
ing DFT calculations [25]. Their results show that the lattice
energies remain unchanged when the clusters are composed
of 19 Mg atoms and more, as shown in Fig. 4a. However,
the cluster energies of both Mg and MgH, increase with fur-
ther decreasing cluster size. The lattice energy modification
of MgH, is more significant than that of Mg, resulting in
the relatively smaller hydrogen desorption energy gap of the
Mg/MgH, system (Fig. 4b). The desorption temperature and
enthalpy were estimated to be ~200 °C and 63 kJ/mol for
MgoH;g, in which the cluster size corresponds to ~0.9 nm
[25]. With further downsizing the cluster toward the smallest
unit, the hydrogen desorption enthalpy even may go nega-
tive, i.e., MgyHy is energetically unstable relative to the Mg
cluster. Similar conclusions were reached by Cheung et al.
[26] using Reactive Force Field simulations. In addition, the

nano-size effect is also expected to boost hydrogen desorp-
tion with the hydrogen-poor condition. For example, when the
Mg/H ratio becomes lower than 0.5, the hydrogen desorption
energy increases for the 15 Mg atom cluster model (Mg;sHy)
but decreases for the 6 Mg atom cluster model (Mg¢Hy), as
shown in Fig. 4c [25].

Although the nano-crystallization is helpful to improve
thermodynamic properties in the Mg/MgH, systems, it can-
not be applied to a wide range of materials. For example,
Kim et al. [27] systematically investigated the impact of nano-
crystallization of seven metals (Mg, Li, Na, Sc, Ti, Al, and
V) and their hydrides. The results show that the energy gap
of hydrogen desorption could be suppressed with downsiz-
ing particle size for MgH, and NaH, while increases for the
other systems, LiH, ScH,, TiH,, and AlH; (Fig. 4d). The
root-cause of the nano-size effect on thermodynamic proper-
ties is the energies of hydrides relative to corresponding met-
als, since the free energies of both metal and hydride increase
with downsizing particle size. Because nanoparticles exhibit
a much larger surface area than the corresponding bulk mate-
rials, their surface energy depends on crystal morphology and
exposed planes.

One of the highlighted advantages of DFT is that various
calculations can be conducted based on any structural models
[28]. Wagemans et al. reported the modifications of thermo-
dynamic properties of Mg/MgH, with different particle sizes,
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and found that the system becomes more thermally unsta-
ble with decreasing particle sizes. Obviously, it is difficult
to precisely control the particle size in experiments, showing
the importance of DFT methods on investigating the H, stor-
age materials. Moreover, DFT calculation provides a promis-
ing platform to unveil the dynamics of hydrogenation pro-
cess, offsetting the deficiency of experimental methods, since
the existing experimental technique is difficult to observe the
hydrogen species. It enables the analysis of hydrogenation
process of specific surface, e.g. Mg (0001) plane, giving an
important insight for further material design. Meanwhile, the
DFT calculation, particularly for slab models, typically needs
larger input models than bulk materials and thus consumes
more computer resources. Furthermore, implementing strong
correlation and spin-polarization 3d transition metals is still
challenging, which should be addressed in the future studies.

2.2. Improvements on the thermodynamic properties of
magnesium-based alloy

2.2.1. The effect of alloying elements

The addition of alloying elements is a standard method to
improve alloys’ properties. The alloying technique can be di-
vided into two types, doping and substitution. Doping means
adding trace of alloying elements, while substitution is using
substantial amounts of elements to substitute the atoms in ma-
jor structure. Both methods modify the hydriding/dehydriding
thermodynamic properties of magnesium-based alloys.

The major issue of the Mg is its high hydrogenation and
dehydrogenation enthalpies, resulting in high desorption tem-
perature (>300 °C) of MgH, at 0.1 MPa. The doping of tran-
sition elements (Ni, Ti, Fe, etc.) and/or other representative
elements (N, B, etc. [29,30]) shows a significant improve-
ment in desorption behavior. Bis(cyclopentadienyl) nickel II
is a good precursor of nickel catalyst which decomposes into
metallic nickel during ball milling process with MgH, and
homogeneously dopes over the Mg-MgH, surface [31]. The
catalyzed MgH, desorbs hydrogen below 225 °C under Ar
flow and absorbs hydrogen at 50 °C under 1.5 MPa H,. The
Fe-doped Mg could be hydrogenated at 0 °C up to 45% of
the theoretical hydrogen storage capacity within an hour and
the dehydrogenation started below 150 °C, which is attributed
to the nano-engineered surface of MgH, by Fe [32]. The in-
terstitial doping of nonmetallic elements is another effective
way to improve the hydrogen storage properties of Mg-based
metal hydride. Wu et al. [33] used first-principle calculations
to investigate the influences of N concentration on the hydro-
gen absorption/desorption thermodynamics of the Mg,NiNy
system. It was found that the formation enthalpy and dehy-
drogenation energy of Mg,;NiNys reduce by 98% and 59%,
respectively, due to the strong hybridization between the or-
bits of N and H.

Elemental substitution is an effective method for improv-
ing the H, storage properties of pure Mg and Mg-based in-
termetallics. At the expense of moderate capacity, its ther-
modynamic properties can be optimized by modulating the
structure and composition of Mg [34]. Mg(In) solid solution

absorbs H; to form MgH, and a disordered Mgln compound
[35], where the MggosInggs solid solution shows reduced
hydrogen sorption reaction enthalpy of 68.1 £ 0.2 kJ/mol.
In addition, considering the high cost of In, various of in-
vestigations were carried out to improve the hydrogen stor-
age properties of Mg using more affordable elements instead
of In. For example, Al can dissolve into Mgln compound
to form Mg-In-Al ternary system [36]. MgggInggsAlges has
a reversible capacity of 5.0 wt.% which is slightly higher
than that of Mgy ¢lng; alloy. The desorption enthalpy AH of
MgoolnggsAlpos is determined to be 66.3 kJ/mol, showing
that the Al addition further decreases the AH of Mg(In) solid
solution. Mao et al. [37] proposed a new strategy to improve
the thermodynamic properties of MgH, using the structural
transformation from a solid-solution to a core-shell struc-
ture during de/hydrogenation process. The Mg-In and Mg-Ag
alloys transform to MgH, @MglIn and MgH, @MgAg core-
shell structure by self-assembly during the hydrogenation pro-
cess, and change back to Mg-In and Mg-Ag solid solutions
by reversible organization after dehydrogenation through a
diffusion-controlled two-step reaction.

Although the thermodynamic properties of Mg,NiN, and
Mg-(Al, In, Ag) were better than MgH, system [38], it is
still far from the requirement of practical applications. The
substitution of third element on Mg or Ni sites was therefore
investigated to lower thermodynamic stability of the Mg,Ni
compound. IA~VB group elements (Ti, V, Zr, Ca and RE)
can substitute the Mg site, while VI B~VIIl B group ele-
ments (Mn, Fe, Co, Cr, Cu and Ag) can replace Ni [39-42].
Takahashi et al. [43] calculated the electronic structure of the
3d transition metal TM (TM = V, Cr, Fe, Co, Cu, Zn) al-
loyed Mg,;NiHg cluster using the DV-Xao method based on
the molecular orbital theory. When different TM replaced Ni
sites, the weaker bond formation between TM-Mg decreases
the structural stability of Mg, Ni hydride. The replacement of
Ni in Mg,Ni by Cr, Mn and Co lowers the decomposition
plateau pressure, Ti and Cu demonstrate the opposite effects,
while the influence of Fe and Zn can be neglected [44].

2.2.2. Composite Mg based materials

The construction of Mg-based composite is an approach to
achieve thermodynamic destabilization by changing the reac-
tion path of the hydrogenation/de-hydrogenation [45,46]. Us-
ing additives that can react with metal hydrides makes it pos-
sible to generate hydrogen with different chemical reaction
paths. The additives can be classified into three categories
according to their effects: active hydrogenates, reversible in-
termetallics and ligand hydrides.

The active hydrogenates may promote the hydrogena-
tion/dehydrogenation process of Mg/MgH,, which includes
REH,, TiH,, etc. The rare-earth elements, such as Y, La, Ce,
Pr and Nd, can form a series of intermetallic compounds with
Mg, such as REMgi,, RE;Mg7, REsMgy, REMgs, REMg,,
REMg, etc. Due to the affinity of RE elements and hydro-
gen, those RE-Mg intermetallics decompose into REH, 3 and
MgH, during the hydrogenation, among which REH, 3 is sta-
ble 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].

thalpy and entropy of REMg;—H dehydriding reaction were
determined to be 81.0 kJ/mol and 142 J/(mol*K) from P-C-T
curves [47].

The further addition of transition metal elements is com-
mon to form the composite of REH,—Mg-Mg,Ni which ex-
hibits great kinetic properties, while it plays a little con-
tribution to thermodynamic improvement [48-54]. Fig. 5
shows the microstructural mechanism and evolution of Mg-
NiY 18R-LPSO structure during the hydrogenation and de-
hydrogenation [55]. The desorption enthalpy of MgH, was
74.5 kJ/mol for MgyoCesNis alloy [56] and 79.1 kJ/mol for
NdsMggoNig alloy [57]. Ouyang et al. [58] reported that
CeH;73—MgH,-Ni nanocomposites in-situ formed from the
hydrogenation of as-melt Mgg;Ce gNij, alloy show good
cycling stability where the desorption enthalpy and en-
tropy are almost unchanged even up to 500 cycles. The
in-situ hydrogenation of single intermetallic compounds of
Nd4MggoNig and 18R-LPSO leads to form nanocomposites of
Nde_MgHz_Mg2NiH4 and YHz—MgHz—MgzNiH4 [59—
61]. The composite of NdH,—MgH,—Mg,NiH, achieves su-
perior stability of 819 cycles with 80% hydrogen storage ca-
pacity remains.

LaNis compound in the Mg-LaNis nanocomposite decom-
poses upon hydrogenation, transforming to a new compos-
ite of MgH,+LaH;+Mg,NiH,. The monoclinic Mg,NiHy
phase is obtained when hydriding at low temperature,
while the orthorhombic Mg;NiH, structure is formed at
higher hydrogenation temperatures (above 523 K) [62]. The
MgH,+LaH;+Mg;NiHs composite exhibits great improve-
ment on kinetic performance and thermodynamic properties.
The Mg-30 wt.% LaNis alloy could be obtained by hydrid-
ing combustion synthesis followed by mechanical milling,
and the optimized enthalpies were 77.19 kJ/mol for Mg and
59.61 kJ/mol for Mg,Ni in Mg-30 wt.% LaNis composite
according to the van’t Hoff equation [63]. The Mg-5 wt.%
LaNis nanocomposite was prepared by mixing Mg (200 nm)
and LaNis (25 nm) nanoparticles ultrasonically, and the de-
composition enthalpy was reported to be ca. —76.0 kJ/mol.
This indicates that the addition of LaNis nanoparticles does
not apparently alter the thermodynamics of MgH, due to the
low content of 5 wt.% [64].

Ligand hydrides were added into Mg based systems to im-
prove the hydrogen storage capacity of the composites. Here
ligand hydrides indicate the hydrides formed by representa-
tive elements, such as Al, B, N, that form covalent bonds with

hydrogen together with ionic bonds with metals. They can be
classified into three categories according to the element dif-
ference: the first is metal-aluminum (Al) hydrides containing
[AlH4]-ligands, such as LiAlH4, NaAlH4, and Mg(AlHy),,
etc. [65-68]; the second is metal-boron (B) hydrides contain-
ing [BH4]-ligands, such as LiBH4, NaBH4, and Mg(BHy),,
etc. [69,70], and the third is metal-nitrogen (N) hydrides con-
taining [NH;]-ligands, such as LiNH, and Mg(NH,), [71,72].
Compared to the conventional metal hydrides, those ligand
hydrides have much higher hydrogen density. However, the
ionic and covalent bonds also give rise to the high thermo-
dynamic stability. Meanwhile, the MgH,-ligand hydride com-
posite systems can change the reaction path of the hydro-
gen generation reaction by forming intermetallic compounds,
which reduces the thermodynamic stability of the reaction
systems while maintaining a high hydrogen storage capacity.

The composite LiBH4—MgH, with the presence of 2—
3 mol% TiCls reduced the overall reaction enthalpy by
25 kJ/mol compared with pure LiBH4 [73]. Small amount
of LiCl is also confirmed plausibly due to the reaction be-
tween TiCls; and LiBH4. LiCl and MgB, are confirmed as
main phases after dehydrogenation at 450 °C. The composite
undergoes a re-hydrogenation process at 350 °C and under
100 bar, re-forming LiBH4 and MgH, phases again, while
LiCl phase disappears. The overall reaction is summarized
in the Eq. (12). The reaction enthalpy is estimated to be
40.5 kJ/mol, which is smaller than the de-hydrogenation pro-
cess of both MgH, and LiBHy.

MgH,+2LiBH; — 2LiH + MgB,+4H, (12)

2.2.3. Nano-crystallization

As discussed in the previous sections, nano-crystallization
is one of the promising techniques to improve the thermo-
dynamics of H, storage materials. In this section, the ball-
milling, gas-phase reactions and chemical reduction tech-
niques to prepare nanoparticles as well as their impact on
thermodynamics of Mg-based materials are discussed in de-
tail.

In Mg metal, downsizing particles is predicted as a practi-
cal approach to improve its thermodynamic properties. Thus,
various methods were attempted to synthesize nanoparticles
(NPs) of Mg/MgH,. Amongst these, ball-milling is a tradi-
tional but effective technique on suppressing particle diam-
eter. Since Mg metal and many Mg-based alloys are sen-
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Ref. [75].

sitive to air and moisture, ball-milling offers a low-cost
and inert environment for sample preparation. Varin et al.
[74] prepared MgH, fine powders using ball-milling with
various parameters, such as milling time, rotation speed,
etc. SEM images show that the minimum particle size of
MgH;, is ca. 600 nm which is obtained under the op-
timized ball-milling condition (175 rpm for 100 h). Ac-
cordingly, the H, desorption temperature decreases from
414 °C to 360 °C.

However, despite of decades of unremitting efforts, critical
issues of ball-milling are remaining unsolved. First, reducing
particle size below 500 nm is still challenging, and the ho-
mogeneity of particle size cannot be well controlled. Second,
ball-milling easily damages both surface and bulk structure of
materials, resulting in low crystallinity and even amorphous
structure. Third, Ball-milling should not be considered an op-
tion for material synthesis if a function is derived from their
specific surface/bulk structure. The surface damage may even
increase their surface energy by introducing defects and dis-
ordering, making the materials more sensitive to air and mois-
ture. Finally, due to the high surface energy, the ball-milled
sample tends to aggregate to reduce the surface energy for
reaching a more stable state.

To obtain NPs with better crystallinity and clearer surface
structure, the gas-phase reaction method is proposed as one
option. How metallic elements be evaporated into the gas-
phase state? One of the solutions is using high-temperature
plasma treatment under Ar, H, or Ar/H, atmosphere [76].
This technique was proven effective for preparing varieties of
elemental metallic NPs. Even NPs with strong oxygen affini-
ties, such as Ti, Sc, V, and Ta, were obtained by this method
and have a particle size of ~200 nm [76]. Subsequently, Shao
et al. applied this technique to Mg, and obtained Mg NPs
with the particle size of 200-500 nm [75]. The Mg particle
can be further suppressed using Ar/C,H, plasma instead of
Ar/H, plasma [77]. The particle size of Mg NPs decreases
with increasing C,H, partial pressure and the mean particle
size is only ~40 nm which is obtained under the optimized
reaction condition (CoH,: 21.7-28 mol%). The mechanism is
that more C,H, decompose to C with increasing C,H; ratio,

and Mg NP size was limited by the deposited carbon on Mg
surface by hindering the crystal growth.

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

Comparatively, chemical reduction methods appear to be
a more economical and practical approach. One of the suc-
cessful examples is the synthesis of Mg nano-crystals using
metal-organic compounds, such as magnesocene (MgCp,), as
starting Mg sources. Norberg et al. [79] reported that MgCp,
could be reduced to Mg nano-crystals using strong reducing
agents, e.g., potassium biphenyl, potassium phenanthrene, and
potassium naphthalin, etc. The synthesized Mg crystals are in
the size of ~30 nm, one order of magnitude smaller than
those by previously reported ball-mill (top-down) techniques
(Fig. 7). Subsequent studies further optimized the reducing
agents and Mg sources. The particle size could be further
suppressed to 1040 nm using Mg(n-Bu), as Mg source and
optimized solvents [80,81]. By reducing the particle size of
Mg/MgH,, the reaction enthalpy was reduced to 63.5 kJ/mol
for the optimized condition (8-34 nm) At the same time, the
hydrogen desorption temperature was decreased to ~335 °C
[80,81].

The nano-crystallization can enhance the thermodynamics
of hydrogen storage process without sacrificing hydrogen ca-
pacity. However, two more challenging issues need to be ad-
dressed. For one thing, the synthesized NPs are sensitive to
thermal energy. The particle size increases from 27 nm to
90 nm after applying temperature of 300-375 °C, lacking
recycle stability [78]. It should be noted that particle aggre-
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gation is a universal issue due to its relatively high surface
energies [82]. For the other, it is still challenging to prepare
NPs with particle sizes smaller than 10 nm. Given that the
nano-size effect becomes significant at the sub-nm scale, the
improvement of intrinsic thermal dynamics is not substan-
tial, further downsizing particle size is required. In the future
studies, the combination of chemical reduction method and
attaching NPs on appropriate supports are becoming increas-
ingly important to further suppress the particle size and avoid
particle aggregation.

3. Kinetic performances of Mg-based hydrogen storage
materials

3.1. Kinetic models and analysis methods on the
hydriding/dehydriding reaction

As shown in Fig 8, the hydrogen absorption process
on Mg-based materials is suggested to occur via the fol-
lowing steps at the mesoscopic scale: (1) H, transport to
and physisorption on the surface. The physisorption process
refers to H, being adsorbed on the Mg-based metals’ sur-
face through intermolecular forces or Mg-H bonds formation;
(2) chemisorption and dissociation of H, on the surface of
Mg-based materials; (3) penetration and diffusion of the H,
into the Mg-based materials (o phase); and (4) nucleation and
growth of Mg hydride (8 phase) in the H, supersaturated re-
gion [83-87]. Accordingly, the hydrogen release process is
regarded as their inverse processes. The rate-determining step
may vary for different Mg-based hydrogen storage materials.

The hydrogen storage/release process is a typical gas-solid
multi-phase reaction, where different energy barriers at each
stage should be considered. During the hydrogenation process,
the kinetics may degrade because of the following issues: (1)
MgH; can form on the surface of bulk Mg and prevent the
hydrogen diffusion on the Mg surface. For example, the hy-

drogen diffusion rate on MgH, (1.5 x 107'® m?/s, 300-600 K)
is much lower than that on Mg (4 x 10713 m?%/s, 493473 K).
(2) The formation of Mg metal on MgH, surface is ther-
modynamically unfavored. (3) The hydrogen dissociation/re-
combination on Mg surface typically needs to overcome high
activation barriers. It worsens if impurity phases, such as
MgO and Mg(OH),, are formed on Mg surface. Therefore,
in order to improve the kinetics of hydrogen storage/release
in Mg alloys, it is required to optimize the hydrogen dissoci-
ation and diffusion routes on surface.

First of all, the classical kinetic process of incompressible
flow and physisorption needs to be considered for H, ph-
ysisorption on Mg surface. The transport process of H, gas
to the surface of the Mg-based metal is mainly driven by pres-
sure differences. From the macroscopic perspective, the hy-
drogen absorption/desorption rate, the shape of the hydrogen
storage materials and the container will affect the flow distri-
bution. The gas-surface interaction between H, and hydrogen
storage materials occurs in the boundary layer on the meso-
scopic scale. A “local equilibrium” is reached between H,
transportation and adsorption onto the surface of storage ma-
terials. The adsorption process can be described by the exten-
sion of Langmuir theory, in which the monolayer adsorption
is first formed on the storage materials. After the monolayer
adsorption saturates, the multi-layer adsorption randomly oc-
curs on the first layer. The uppermost molecule layer is always
in equilibrium with the gas phase H,. From a dynamic point
of view for ad-/de-sorption, the reaction rate of this process
can generally be described by the following equation:

Vph = ng(l - Gph)P - kﬁ:’@,,;, (13)

where kgg and kgf are the kinetic coefficients of physical ad-
/de-sorption, respectively, which depends on temperature and
activation energy based on the Arrhenius formula. 6, is the
surface coverage ratio, and P is the hydrogen gas pressure.

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

E! EM
Vph = 5}};1,0 exp <_ Ra; ) (1 - Qph)P - kgg,o €xp (‘ Rd; )Qph

(14)

where E(fbh and E 5: are the activation energies of ad-/de-
sorption, respectively, T is temperature (K), and R is the gas
constant.

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

Vph = ng,o(l — Op) P as)

For the second step in Fig 8, the chemisorption and dis-
sociation of hydrogen occur on the surface of the Mg-based
materials. The dissociation of hydrogen can be expressed as
H,=2[H], and H; is transformed into hydrogen atoms that
can diffuse into metals and hydrides. Chemisorption is the ki-
netic process, in which the H, molecules coordinate with the
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exposed alloy surface. This process involves electron trans-
fer, atomic rearrangement, and chemical bonds dissociation
and formation. The defects, edges, steps, grain boundaries,
and other impurities can facilitate the chemisorption as ac-
tive sites. After H, absorption, the H, molecule decomposes
into two hydrogen ad-atoms, occupying the active sites. Once
H atoms fully cover exposed active sites, the chemisorption
process on the surface is saturated. Generally, the kinetic rate
of chemisorption can be calculated by the Elovich equation,
which can be expressed as,

E + b, R
22— — (1 —0,)°P
RT ( ch)

ESt + bech) 5
Y ech

B
Veh = kZb,o exp <—

=T (16)

+ kf,’;,o exp (
where a and b are coefficients related to the surface state of
the particles, and 6., is between O and 1. A lower 6., value
represents a smaller reverse rate of chemisorption. When the
last term of Eq. (16) approaches to 0, the kinetic equation of
chemisorption can be simplified as,
ES 4 af
M) P (17)

Vep = kflﬁ,o exp (— RT

When the value of 6. is medium, the influence of
(1 — 04)* and 0% in Eq. (16) is too small. Therefore, the
first term and second term of the right side of Eq. (16) can
be merged into the kinetic coefficients k;ZYO and kff;o, which
can be written as,

E + ab,, ES" + b0,y
7 b h b
Ven = Kgp o €Xp (‘aR—TC>P + kge 0 €Xp <—eRTC

(18)

The third step in Fig 8 represents penetration and diffusion
of the hydrogen into the Mg-based materials. Prior to the H;
storage, the surface of the Mg-based hydrogen storage ma-
terial is covered by an oxide passivation layer [89,90]. The
H; needs to penetrate into the passivation layer as an etchant
to remove the oxide layer. However, the small diffusion co-
efficient of H atom in the passivation layer suppresses the
hydrogen transport. Therefore, the etching of the oxide layer
is the key issue to the incubation period of hydride growth. In
certain locations without passivation layer, the transportation
of H, to the metal is much faster. Then, the high concentration
of hydrogen in this region is created, favoring the nucleation
and growth of hydrides. In addition, the local volume expan-
sion caused by the growth of hydride under the passivation
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layer may induce microscopic cracks in the brittle passivation
layer, providing a faster channel for hydrogen transport.
When the passivation layer is removed, the adsorbed hy-
drogen on the metal surface is directly contact with the S
phase, causing hydrogen penetration. The surface penetration
process refers to the chemically adsorbed hydrogen atoms on
the surface passing through several atomic layers inside the
alloy. Only hydrogen atoms with high energy can penetrate
into the alloy. The concentration of hydrogen atoms participat-
ing in surface penetration can be calculated by Cy,, = k160..
Therefore, the kinetic rate expression of surface penetration
is
Vep = kN Cour — k1 Cp 19)

where k7 and k" are the kinetic coefficients, and Cg is the
concentration of hydrogen in 8 phase.

Once the hydrogen atoms penetrate into the inside of B
phase, the transport in 8 phase follows the classical law of
diffusion, including the diffusion from the surface of the g
phase to «-8 phase interface, and the following diffusion from
the «-B phase interface to 8 phase distributed in the « phase.
The kinetic equation of diffusion can be expressed as,

aC

Tl V- (DVu) (20)
where C is the hydrogen concentration, D is the diffusion
coefficient, and w is the diffusion potential.

The aforementioned diffusion of the hydrogen in the solid
phase can be classified into several steps, i.e., the diffusion
in o phase and B phase, the redistribution at the different
phase interfaces, as well as the diffusion at grain boundaries.
Therefore, the diffusion coefficient (D) in Eq. (20) associates
with many factors, including local temperature, phase com-
position, and grain boundaries/bulk regions. The expression
of diffusion potential p varies in different phases. Given that
the influential factors are variable during H, ab-/de-sorption
processes, different kinetic models are needed for each diffu-
sion step. In the following section, the kinetic models will be
introduced in detail.

Assuming that the hydrogen diffusion in 8 phase is the
rate-determining step under constant temperature and pres-
sure, various analytical models are derived from the diffu-
sion equation, including the Jander model [91,92], Ginstling-
Brounshtein (G-B) model [93], Valenssi-Carter (V-C) model
[94] and Chou model [95-97]. These kinetic models are ge-
ometrical contraction models, which assume that the ab-/de-
sorption of H, occurs uniformly on the surface. However, the
geometrical disorder, surface roughness and heterogeneity ex-
plicitly, etc. are not taken into account. [98—100].

For the fourth step in Fig 8, the nucleation and growth
of the B phase are the committed steps in hydrogen stor-
age. These steps are realized by the generation and migration
of the interface between o phase and B phase [101-106].
With the B phase grows, the hydrogen reaches the «-8 in-
terface by diffusion to participate in the chemical reaction
of Mg,Me, + 2[H] — Mg,Me,H,. Furthermore, this process
can be regarded as the precipitation of hydride in the supersat-
urated region [107]. Generally, the generation and migration

of the a-f interface are mainly affected by three factors: the
local chemical driving force, the microelastic stress caused
by volume expansion, and the local Laplace pressure. Based
on the Stefan theory [108], the kinetic equation of the «-f
interface can be expressed as,

vi=B(T)(=AGY, ; — [ = ok) 1)

where v is the vertical movement velocity of the interface,
B(T) is the temperature-related kinetic coefficient, AG" g 18
the driving force of phase transition (@ — B), f is the
microelastic stress at the interface, o is the interface energy,
and « is the local interface curvature.

The chemical driving force AG™, g is determined by the
local temperature, local concentration of hydrogen and com-
position of Mg-based materials. Because hydrogen preferen-
tially diffuses along the grain boundaries in the metal, the
hydrogen concentration near the grain boundary tends to be
higher than that in bulk, resulting in higher chemical driv-
ing force. In addition, the kinetic factor of transformation at
grain boundary is more significant than that of bulk, lead-
ing to the fast growth of hydride near the grain boundary.
Therefore, the 8 phase tends to nucleate at the o phase grain
boundary and grow towards the bulk. Second, the microelas-
tic stress f“ caused by volume expansion is the local stress
distributed around the B phase [109]. Compared with the «
phase, the volume of the B phase increases by ca. 20%. How-
ever, the caused stress negatively affects against the expansion
phenomenon itself. Therefore, the above factors inhibit the
growth of the B phase during the hydrogen storage process
but promote the development of the o phase during the hydro-
gen release process. In the case of isothermal equilibrium, the
plateau interval of hydrogen absorption/dissociation pressure
is associated with the effect of the microelastic stress. In ad-
dition, the expansion caused by the precipitation of hydrides
may lead to the generation of micro-cracks [110], thereby
forming new gas-phase channels for hydrogen penetration.
Third, the Laplace pressure ok depends on «-f interface en-
ergy and local interface curvature, which is also the origin
of Gibbs-Thomson effect. The influence of Laplace pressure
is non-negligible during the B phase nucleation and initial
growth stage, considering the large interface curvature.

Furthermore, some analytical models were established to
describe the nucleation and growth of B phase, such as the
classical JMAK model [111] and the nucleation index incor-
porated JIMAK (NI-JMAK) model [112]. The former is suit-
able for isothermal conditions, while the latter that takes the
effect of the self-catalysis of the nucleation into account is
suitable for non-isothermal conditions. These models divide
the determinants of the kinetic process into several kinetic
factors [113-117], such as rate constant, activation energy,
etc. It is helpful for the understanding the relationship of the
volume fraction of B phase vs. time and clarifying the roles
of various kinetic factors step by step.

Although there are many kinetic models of hydrogen stor-
age/release reactions, most of them are based on three fac-
tors of kinetics: rate constant, activation energy and the cor-
responding kinetic equation describing the rate-determining
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step. According to the analytical solutions of classical ki-
netic models, the experimental data of the hydrogen absorp-
tion and desorption reactions can be used to fit the rate con-
stants. These data can be obtained from the Sievert method
[100] or the flowing volumetric method [118]. For the Siev-
ert method, the experimental data of the reaction fraction vs.
reaction time and the reaction fraction change rate vs. reac-
tion time can be used to analyze the kinetic mechanism. The
flowing volumetric method is based on the experimental data
of hydrogen gas pressure and time. The premise of applying
this kinetic analysis method is the equilibrium pressure equa-
tion, which can be determined from the experimental P-C-T
curves. When H, pressure is lower than or close to the equi-
librium pressure of the metal hydride, the § phase cannot
form and the limiting step is regarded as chemisorption or
surface penetration process. When H, pressure is higher than
the equilibrium pressure, the 8 phase can be readily obtained
and the rate-controlling step can be considered as the diffu-
sion of hydrogen, the nucleation, and growth of § phase. To
the end, the controlling step under different pressures can be
obtained according to the fitting results of the pressure-time
curve.

3.2. Strategies for improving kinetics of magnesium-based
alloy

3.2.1. Nano-crystallization

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

Mg nanoparticles obtained by high-energy ball-milling pro-
cess do not require the initial activation. Furthermore, it pos-
sesses fast hydrogenation and de-hydrogenation rate than bulk
polycrystalline Mg, as reported by Schulz et al. [123]. Nano-
crystalline Mg can be fully hydrogenated within 6.5 min and
desorb within 1 h at 300 °C. These are in stark contrast
to the bulk Mg, in which de-hydrogenation hardly occurs at
the same temperature. Compared with polycrystalline Mg, the
apparent activation energies of the hydriding/dehydriding re-
actions decrease to 40~60 kJ/mol [124]. It is unveiled that
[16,125-128] ball-milling process enhances the surface area
of fresh Mg, reducing the effect of surface impurity, such
as MgO, etc. The defects on surface of Mg will promote
H, dissociation. In addition, the kinetic properties are simply
improved by enhancing surface area, i.e., the specific surface
area is increased by 10 times after the ball-milling process.
All of the aforementioned strategies promote the dissociation
of hydrogen molecules and the diffusion of hydrogen atoms,
improving overall kinetic properties.

However, the particle size of the nano-crystalline Mg after
several hydrogenation/de-hydrogenation cycles increases from
a few nanometers to a few hundred nanometers due to the
aggregation effect [129]. Moreover, the surface defects disap-
pear during the annealing process. However, from the view of
kinetic behavior of hydrogen absorption and desorption pro-
cesses, the decay of kinetic performance is not significant,
implying that the improved kinetics are likely free from the
influence of defects and stresses produced in the ball milling
process [130]. The origin of the improved kinetics is consid-
ered as the decreased particle size results in shortened diffu-
sion length. Besides, the active reaction interface is increased
by suppressing the surface magnesium oxide layer.

Inspired by the improvement in kinetics of hydrid-
ing/dehydriding reactions in Mg/MgH, by reducing parti-
cle size, substantial investigations regarding nano-sized Mg
(zero-dimensional (0OD) nanodots, 1D nanowires, and 2D
nanofilms) were conducted [132-134]. Qu et al. [135] in-
vestigated Mg nanowires with different thickness synthesized
by vapor deposition. The results show that hydrogen can be
absorbed on the nanowires at nearly room temperature, but
the de-hydrogenation temperature is still high. The kinetic
performance decays fast due to the change of film struc-
ture after several hydrogenation/de-hydrogenation processes.
Li et al. [131] found that the activation energies of hydrid-
ing/dehydriding reactions in 30-50 nm Mg nanowire decrease
to 33.5-38.8 kJ/mol. Moreover, the uptake/release activation
energies were suppressed with decreasing nanowire diameter
(Fig 9).

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

3.2.2. Catalysis

Hydrogen dissociation and recombination are the critical
steps for H, storage materials. Vegge investigated the H, dis-
sociation/desorption and diffusion processes of dissociated hy-
drogen atoms on Mg (0001) plane using density functional
theory [136]. It was found that hydrogen dissociation shows
the highest energy barrier for the activation of hydrogen
molecules, which was estimated to be 1.15 eV While other
energy barrier can also be identified between the meta-stable
state and the final state, which is less critical because of the
much smaller activation energy. Therefore, using catalyst is an
effective way to improve the kinetic performance of chemical
reactions. Both of the hydrogenation/de-hydrogenation kinet-
ics can be significantly improved by enhancing the dissociate
and 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].

the catalyst can also help to improve H diffusion as a "hy-
drogen pump".

The effect of transition metals (7M) as catalysts on the hy-
driding and dehydriding reactions in MgH, was extensively
investigated by researchers, because of their variable valence
states and excellent catalytic effects [137,138]. Xia et al.
[139] reported a bottom-up self-assembly MgH, nanopar-
ticles anchored on graphene uniformly with a loading ra-
tio high to 75 wt.%. After modified with Ni catalyst, the
graphene supported MgH, presented superior hydrogen ab-
sorption/desorption properties, hydrogenating/ dehydrogenat-
ing completely at 50 °C and 200 °C, respectively. The su-
perior hydrogen storage properties of MgH, were further ob-
served by porous Ni nanofibers catalyzed MgH,. The 4% Ni
nanofibers catalyzed MgH, starts to release hydrogen at only
143 °C, with a peak temperature of 244 °C [140]. Liang et al.
[141] systematically investigated the catalytic effect of early
to late transition metals on Mg/MgH, system. The authors
prepared the MgH,-TM (TM = Ti, V, Mn, Fe, and Ni) us-
ing the ball-milling method. The results show that Ti and V
possess good catalytic effect among the above-studied tran-
sition metals. The activation energies of the hydrogen des-
orption process were estimated to be 71.1 kJ/mol for MgH,-
Ti, 62.3 kJ/mol for MgH,-V, 104.6 kJ/mol for MgH,—Mn,
67.6 kJ/mol for MgH,-Fe, and 88.1 kJ/mol for MgH,—Ni,
respectively. The obtained activation energies are smaller
than the ball-milled MgH, sample (120 kJ/mol). Cui et al.
employed chemical reaction between Mg metal and TMCI,
(TiCl3, NbCls, VClz, CoCl,, MoCl;, NiCl,) to load nano-
sized transition metals on Mg/MgH, [142]. In this study, Mg-
TM composites were synthesized using metal Mg and TMCI,
as the precursors. It was reported that 10-20 nm-sized TMs
are dispersed on Mg surface after the reaction in tetrahydro-
furan, resulting in a core-shell-liked structure. The activation
energy of de-hydrogenation was reduced to be 30.9 kJ/mol
for MgH,-Ti system [142].

The catalytic activity can be scaled as a function of Me-
H interaction, where Me indicates metal catalysts, known as
a volcano plot (Fig 10) [143]. The catalytic activity shows
the highest value for the noble metals having moderate Me-
H interaction while degrading with increasing or decreasing
Me-H interaction. The tendency can be interpreted as follows:
The stronger Me-H interaction represents a higher binding
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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.

energy between hydrogen and catalysts and thus more thermal
energy is needed to break Me-H bonding to stimulate a further
reaction. Meanwhile, the weak Me-H interaction is difficult
to adsorb H on catalyst, therefore, the Me cannot serve as
catalysts that promote hydrogen’s activation, recombination
and diffusion.

The results of the catalytic effects on Mg/MgH, raise the
following question: Why some reports show that the catalytic
effect of Ni (a famous hydrogenation catalyst) is lower than Ti
or other transition metals? To solve the problem, Han et al.
systematically investigated the impact of Ni on the (0001)
surface and bulk metal of Mg. [136], where 6 Ni positions
were taken into account, i.e., three sites are on the surface
(FCC site, HCP site, and Bridge site) and other three sites
are located in the 1st, 2nd, and 3rd layers, respectively. The
activation energies of hydrogen dissociation on Mg (0001)
plane were estimated to be 1.4 eV, in consistent with the
values reported by Vegge (1.2 eV) [144]. Interestingly, the
activation energies were suppressed to 0.04-0.05 eV when
Ni is located on the surface and the 1st layer of Mg [136].
The activation energies of surface diffusion increase when
Ni is located on the surface, due to the relative strong Ni-H
interaction. Thus, more thermal energy is required to break
the chemical bond, and the activation energy changed from
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0.16 eV (Ni-free) to 0.62-0.95 eV (Ni on the surface). In
these cases, the surface diffusion becomes the rate-determine
step rather than hydrogen dissociation (Fig 11). The activation
energies of inward diffusion almost remain unchanged after
migrating Ni in the bulk structure of Mg.

These results indicate that the three essential steps are
strongly correlated each other and all of the steps must be
considered during the hydrogenation/de-hydrogenation pro-
cesses. Namely, the real reaction is much more complicated
than the well-studied hydrogenation models. Thus, it is re-
quired to establish new scaling relations for hydrogen storage
materials in future. The above discussion is based on the sim-
ple combination of elemental Mg and Ni, and cannot be used
to the Mg-Ni binary alloys and intermetallic systems. For ex-
ample, Cho et al. [145] reported that both thermodynamic and
kinetic properties could be significantly improved using Mg-
Ni binary nanoalloys as additives to the Mg/MgH, system. It
is not surprising, because Mg-Ni binary compounds exhibit
different crystal and electronic structures, resulting in distinct
M-H interactions.

3.2.3. The other sample preparation technology

Hydriding combustion synthesis. Based on the hydriding
combustion synthesis (HCS) method, various Mg-based ma-
terials showing superb hydrogen storage performance have
been prepared by Li and Zhu et al. [39,50,126,146,147]. Bi-
nary Mg-Al [148], Mg-Ni [149], ternary Mg-Ni-La [150],
Mg-Ni-Fe [151], and other Mg-based composites were syn-
thesized in the HCS process. For example, Mg@Ni/Gn (Gn:
Graphene nanoplate) samples were successfully synthesized
by this method using the mixture of Mg and Ni/Gn additives.
The Mg@NigGn, absorbed 6.28 wt.% hydrogen within 100 s
at 100 °C, which can be explained by the uniform disper-
sion of in situ formed Mg;NiHy nanoparticles [152]. With-
out activation process, Mg-Ni composite synthesized by HCS
(HCSed MggoNiyg) can release hydrogen at ca. 210 °C, indi-
cating that the HCS method can be applied to the metal-based
hydrides with high activity [153]. In addition, abundant meth-
ods such as surface modifying [154], compositing [155], and
catalyzing [156] were applied to enhance the hydrogen stor-
age performance of HCSed Mg-based materials. For example,
bulk Mg-Ni-based hydrides with rapid treatment by water ex-
hibit peak dehydrogenation temperature at 108 °C. Simulta-
neously, the air stability is improved due to the in situ formed

Ni@Mg(OH), nanosheets [154]. HCSed MgH,+LiAlH4 com-
posite shows faster dehydrogenation kinetics and lower de-
hydrogenation barrier than commercial MgH,+LiAlHs com-
posite, indicating the pronounced synergistic effect brought
by the unique structure of HCSed MgH, [157]. After in-
troducing Ni3o/FL-TisC,T, (FL: few layer) catalyst, HCSed
MgH, desorbs 5.83 wt.% hydrogen within 1800s at 250 °C
because of the rich electronic interaction brought by the suf-
ficient contacts and interfaces between Ni nanoparticles and
Ti;C, matrix [158].

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

Amorphous Mg-based alloys, particularly Mg-La-Ni amor-
phous alloys, were firstly prepared by Inoue group in the
1990s [166]. Afterward, tremendous efforts have been de-
voted to study the hydrogen storage properties of amor-
phous Mg-based alloys prepared by melt-spinning. Spassov
et al. [167,168] reported that some nanocrystalline and/or
amorphous Mg-rare earth (RE)-Ni alloys showed much supe-
rior hydrogen absorption/desorption properties than the corre-
sponding conventional crystalline alloys. They found that the
melt-spun Mg75sNipgREs (RE = Ce or La-rich mischmetal)
alloy possesses fast hydrogenation kinetics with a hydro-
gen capacity of ~4 wt.% by searching a series of Mg-RE-
Ni alloys. Kalinichenka et al. [169] reported the hydrogen
storage properties of melt-spun Mg-based alloys, including
MggoCHz_gNi2_5Y5, MgggcusNisYi and Mg30Cu5Ni5Y10. The
activation procedure and the hydrogen sorption kinetics of
these alloys were studied by thermogravimetric analysis at
different temperatures in the range from 100 °C to 380 °C,
these alloys can reach up to reversible gravimetric H, storage
of 4.8 wt.%.

The hydrogen storage capacity of Mg-based alloys depends
on the content of Mg elements in the alloys. On one hand,
RE or Ni elements benefit to enhance the glass-forming ability
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(GFA) of Mg-based alloys and the hydrogen storage kinetics
of MgH;. On the other hand, Ni and RE are much heavier
than Mg, which reduces the hydrogen storage capacity of Mg-
based alloys. Therefore, Ni and RE contents should be ratio-
nally controlled in a suitable window. Lin et al. [56] studied
the effect of Ce and Ni contents on the GFA of Mg-Ce-Ni sys-
tem on Mg-rich corner of phase diagram by X-ray diffraction
(XRD) patterns and differential scanning calorimetry (DSC)
curves of the melt-spun alloys. As a result, the melt-spun
MgyoCesNis amorphous alloy with the highest Mg-content in
this system shows rapid hydrogenation kinetics. At 300 °C,
about 5.0 wt.% H can be absorbed within 5 min, reaching
the reaction rate of 1 wt.%-H/min. The onset dehydrogenation
temperature of the amorphous Mgy,CesNis alloy is ~50 °C
lower than that of the induction-melt crystalline alloy. More-
over, the activation energies of MgH, desorption for melt-
spun and induction-melt MggCesNis alloys are 109.2 kJ/mol
and 124.6 kJ/mol, respectively. Lin et al. [170] also found
that increasing hydrogen gas pressure and reducing temper-
ature are beneficial for obtaining fine hydrides with lowered
hydrogen desorption temperature and activation energy. The
activation energy of MgH, desorption for the cycled sample
induced by the highest pressure and the lowest temperature is
only 87 £ 7 kJ/mol, which is much smaller than that of the
cycled sample induced by the lowest pressure and the highest
temperature (98 + 8 kJ/mol).

However, the amorphous Mg-based alloys usually en-
counter crystallization during the hydrogenation and dehy-
drogenation processes which requires high temperature and
high hydrogen pressure. To avoid crystallization, Lin et al.
[165,171-174] studied the hydrogen storage properties of Mg-
Ce-Ni alloys at temperature as low as 25-120 °C. At room
temperature, the hydrogenation kinetics curve of Mg-Ce-Ni
alloys can be fitted by Avrami-Erofeev equation deduced from
the nucleation and growth process.

o =1—exp(—Bt™) (22)

where « is the weight ratio of reacted material to total ma-
terial, m and B are constants relating with temperature and
nucleation rate, respectively. The rate-determining step of hy-
drogenation kinetics of the MggyCesNis amorphous alloy at
25 °C is likely to be a diffusion process, indicating that
hydrogen penetrates directly into the amorphous alloy un-
der high pressure. Hydrogenation kinetics of the amorphous
MgsoCeoNijg powders under an initial pressure of 4.5 MPa at
120 °C are shown in Fig. 12. The amorphous MggoCe;oNijq
alloy absorbs hydrogen with sluggish kinetics in the initial
15 h and then, the absorption rate further slows down, result-
ing in over 80 h to reach full hydrogenation (~5.0 wt.%-H).
Fig 12b shows the evolution of XRD patterns as increasing
hydrogen concentration. The MggoCe;oNijg amorphous alloy
displays a broad amorphous peak at 26 of 35°. With the in-
crease in hydrogen concentration, the diffraction peak at 35°
decreases in intensity. Meanwhile, a new diffraction peak at
29° appears after charging of 5 wt.%-H (i.e. H/M = 2.07).
The reduced diffraction peak angle suggests that the space be-
tween atoms in the amorphous matrix considerably expands

upon hydrogenation. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) measure-
ments were performed to directly observe the atom-scale
structure of the MggyCeoNij9 amorphous alloy and hydride,
as shown in Fig. 12c-d. The acquired HAADF-STEM images
give very clear information that the image contrast is approx-
imately proportional to the square of the atomic number. The
disordered atoms in amorphous alloy and hydride are distin-
guishable in the STEM images. The size of the disordered
Ce/Ni clusters in the amorphous alloy is a few nanometres;
however, these clusters remarkably grow upon hydrogenation.

3.2.4. External field

The magnetic field is an external factor that can affect the
free energy of materials through the interaction with electron-
spin, which is known as the Zeeman effect. Strong magnetic
field (e.g., 10 T) is possibly to change the microscopic struc-
ture of materials, including atomic order, coordination, and
migration without mechanical contact. Therefore, their phys-
ical properties can be significantly optimized [175-177]. The
Gibbs free energy change associated with the applied mag-
netic field can be expressed as follows;

AGY" iy, = (G, — G™*) — By, — En™) (23)
where G;“is the contribution of free energy derived from the
magnetic field to the phase. According to the Hillert-Jahl and
Inden model, G:;'agis considered as the function of magnetic

moment m, which is proportional to the applied external field.
The Ggwg can be expressed as,

B
E}“ = / m(T, B)dB, 24)
0

where B is the magnitude of the external magnetic field. To
investigate the effect of the magnetic field in hydrogen stor-
age materials, an experimental device combined with mag-
nets was developed by Li et al. [178,179]. A static magnetic
field, varying from O to 14 T, can be generated in this de-
vice. Nanostructured Mg,FeHg was successfully prepared by
this method. Here we name the technique as controlled hy-
drogenation combustion synthesis under the high magnetic
field (CHCS) [180]. Compared to the sample synthesized by
the conventional HCS method, the CHCS technique affects
the structure and morphological characteristics, phase com-
position, crystal size, as well as elemental distribution of
the Mg-Fe and Mg-LaNi, composites, successfully decreas-
ing the hydrogenation/de-hydrogenation temperature. Electro-
chemical functionalities of Lag¢7Mgg33Niz5Cog s alloy, syn-
thesized by CHCS technique, were investigated [48,181]. The
results show that the (La, Mg)Ni; transforms to the (La,
Mg),Ni; structure alongside the unit cell expansion. Similar
synthesis method was also applied to Mg,;NiggMng,. [182]
Besides, the microwave is also applicable to assist the
phase formation. Liu et al. [183] applied magnetic field and
microwave during the sample preparation and investigated
their effects on material thermodynamics and kinetics. Li et al.
[184] investigated the microwave-assisted synthesis of Mg-
La-Ni alloy and investigated its crystallography and hydro-
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Fig. 12. (a) Hydrogenation kinetic curve of MggoCejoNijo amorphous alloy, (b) XRD patterns of MggoCej9Nijo amorphous alloy with the increase of hydrogen
concentration. HAADF STEM images of MggoCeoNijg amorphous alloy (c) before and (d) after full hydrogenation. The figures are reproduced from Ref.

[171].

gen storage properties. The P-C-T results show that the re-
action enthalpy of synthesized composite (Mg 60.00 wt.%;
La 12.96 wt.%; Ni 27.04 wt.%) is comparable to Mg-Ni-
RE alloys, indicating that microwave-assisted synthesis can
improve the thermodynamic properties of hydrogen storage
materials. Meng et al. [52,185] comparatively studied the ef-
fect of microwave-assisted and conventional solid-state reac-
tions on the properties of Nd-Mg-Ni-Fe;0, alloy. The hydro-
gen storage capacity of the samples prepared by conventional
methods was less than 5.0 wt.% at 280-350 °C, while the
one made by microwave-assisted synthesis exhibits a higher
hydrogen storage capacity (over 5.5 wt.%) and wider plateau
region of hydrogenation/de-hydrogenation processes. In ad-
dition, the hydrogenation enthalpy and entropy are slightly
lowered by this technique. Luo et al. compared the effects
of magnetic and microwave fields on the kinetic characteris-
tics of self-made Mg,Ni hydrogen storage alloys [92]. The
external fields have a positive influence on both thermody-
namic and kinetic properties of Mg,Ni. Especially, the ki-
netic properties of the sample prepared by microwave-assisted
activation-synthesis are significantly improved. The enhanced
hydriding/dehydriding kinetic properties can be ascribed to
the formation of the new structure and the incident energy
into materials from the physical field, leading to a decrease
of reaction activation energy.

Overall, both the magnetic field- and microwave-assisted
preparation can optimize the microstructure and particle size
of the alloy. Namely, the above technique contributes to op-
timizing the macroscopic morphology of the structure, while
the phase itself remained unchanged. However, few attempts
have been carried out to couple the electric, magnetic, mi-
crowave, ultrasonic, and even mechanical fields to obtain bet-
ter kinetics properties.

4. Summary and outlook
4.1. Summary

As a solution for the inescapable problem of H, storage,
Mg-based materials hold outstanding merits of good capacity,
meeting the DOE ultimate target, etc., but limited by slow
thermodynamics and kinetics (High dehydrogenation temper-
ature and low H, release rate). The temperature, enthalpy,
and entropy, etc. play significant roles in determining the re-
action thermodynamics. The P-C-T curve can be obtained by
calculating the Gibbs free energies.

The recent progress of kinetic behaviors of Mg-based H;
storage materials are also reviewed. Particularly, four kinetic
steps (physisorption, chemisorption, penetration and diffusion,
nuclear and growth) as well as their rate-determining fac-
tors are detailed summarized. Various geometrical contrac-
tion models, e.g., Jander model, G-B model, V-C model, etc.,
were discussed based on the hypothesis that hydrogen dif-
fusion is the rate-determining step. In addition, a classical
JMAK model was discussed to analyses the nucleation and
growth of § phase. On the basis of these models, the activa-
tion energy, release rate, penetration process of H,, nucleation
and growth of 8 phase as well as the phase interface migra-
tion, etc. could be accurately predicted. To improve the kinet-
ics of Mg-based H, storage materials, various strategies were
adopted to lowering the energy barrier or create new diffusion
path, including ball milling, catalyst addition, core-shell struc-
ture, using external field, etc. These approaches improve the
hydrogen absorption/desorption behavior and are helpful for
further development of Mg-based hydrogen storage materials.

In summary, great efforts have been devoted to study the
thermodynamics and kinetics of H, storage materials so far.



1938 Q. Li, Y. Lu, Q. Luo et al./Journal of Magnesium and Alloys 9 (2021) 1922-1941

Despite the numerous achievements, some challenges remain
unsolved. When the H, storage materials can be commercial-
ized is still an open question.

4.2. Outlook and challenge

A variety of studies revealed the effectiveness of nano-
crystallization and catalytic effects to improve the thermo-
dynamic and kinetic properties of Mg-based H, storage ma-
terials. However, prior to the commercialization, several in-
escapable barriers need to be overcome:

(1) The mechanism of enhanced thermodynamics and ki-
netics of doping TMs into Mg/MgH, 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, 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,), 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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