Open Access Atrticle. Published on 18 July 2023. Downloaded on 2/13/2026 4:00:26 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Industrial
Chemistry
& Materials

MINI REVIEW

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online
View Journal | View Issue

{ '.) Check for updates ‘

Cite this: Ind. Chem. Mater., 2023, 1,
282

Received 10th June 2023,
Accepted 28th June 2023

DOI: 10.1039/d3im00061c

rsc.li/icm

“ National Engineering Research Center of Light Alloys Net Forming & State Key
Laboratory of Metal Matrix Composites, Shanghai Jiao Tong University, Shanghai,
200240, PR China. E-mail: zoujx@sjtu.edu.cn; Fax: +86 21 34203730;

Tel: +86 21 54742381

b Shanghai Engineering Research Center of Mg Materials and Applications & School
of Materials Science and Engineering, Shanghai Jiao Tong University, Shanghai,

200240, PR China

¢ Center of Hydrogen Science, Shanghai Jiao Tong University, Shanghai, 200240, PR

China

Yinghui Li

282 | /nd. Chem. Mater.,, 2023, 1, 282-298

Jiao

Core-shell nanostructured magnesium-based
hydrogen storage materials: a critical review
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Hydrogen holds the advantages of high gravimetric energy density and zero emission. Effective storage
and transportation of hydrogen constitute a critical and intermediate link for the advent of widespread
applications of hydrogen energy. Magnesium hydride (MgH,) has been considered as one of the most
promising hydrogen storage materials because of its high hydrogen storage capacity, excellent reversibility,
sufficient magnesium reserves, and low cost. However, great barriers both in the thermodynamic and the
kinetic properties of MgH, limit its practical application. Doping catalysts and nanostructuring are two facile
but efficient methods to prepare high-performance magnesium (Mg)-based hydrogen storage materials.
Core-shell nanostructured Mg-based hydrogen storage materials synergize the strengths of the above two
This
thermodynamic and kinetic properties, microstructure and phase changes during hydrogen absorption and

modification methods. review summarizes the preparation methods and expounds the
desorption processes of core-shell nanostructured Mg-based hydrogen storage materials. We also
elaborate the mechanistic effects of core-shell nanostructures on the hydrogen storage performance of
Mg-based hydrogen storage materials. The goal of this review is to point out the design principles and
future research trends of Mg-based hydrogen storage materials for industrial applications.

Keywords: Hydrogen storage; Mg/MgH,; Core-shell nanostructure; Thermodynamics and kinetics.

1 Introduction

Excessive fossil fuel consumption and resultant greenhouse
gas (GHG) emissions have led to public health jeopardy and
environmental deterioration at the global level." Hydrogen
has become one of the most promising alternatives to the
current energy landscape because it possesses the highest
gravimetric energy density (142 MJ kg') among energy
carriers.” The effective development and application of
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hydrogen energy mainly needs to solve three scientific
problems, ie., green production, high-density storage and
transportation, and efficient conversion of hydrogen. Among
them, the development of high-performance hydrogen
storage materials is the bottleneck to realize the commercial
application of hydrogen energy.’” Ideal hydrogen storage
materials should fulfill the requirements of (i) high hydrogen
storage density, (ii) good hydrogen absorption and desorption
kinetics, and (iii) superior cycling stability.® According to the
requirements above, the U.S. Department of Energy (DOE)
proposed that the mass density of hydrogen storage should
exceed 6 wt%, the hydrogen desorption temperature should
be lower than 150 °C, and the cycle life should exceed 1000
times.” The reaction of Mg with hydrogen yields a stable
magnesium hydride (MgH,) with a high hydrogen gravimetric
and volumetric capacity of 7.6 wt% and 110 g L7,
respectively, abundant magnesium reserves (the earth's
magnesium content is about 2.5 wt%), and low cost.® It has
been considered to be one of the most promising hydrogen
storage materials. However, there are two major impediments
in the practical utilization of a Mg/MgH, hydrogen storage
system: the enthalpy of the hydrogen absorption/desorption
is 74.7 k] mol " H, and the desorption energy barrier is about
160 kJ mol™" H,. Excessively high hydrogen absorption and
desorption temperatures together with poor kinetic
properties severely limit the practical application of the
MgH,/Mg system for hydrogen storage.”°

Many pioneering research studies as well as excellent
review articles on improving the performance of the MgH,/
Mg hydrogen storage system have been published. Methods
based on addition of catalysts,""* doping with metals to
form alloys,">'® and nanocrystallization'”'® have been
applied to tune the dehydriding/hydriding thermodynamic
and kinetic performance of Mg/MgH,. Among them, the
introduction of catalysts can change the electronic structure
of MgH,/Mg and thus significantly reduce the energy barrier
of H, dissociation. Nanostructured Mg-based materials can
shorten the diffusion pathway, which is more conducive to
the transport of H atoms, thereby markedly improving the
hydrogen absorption and desorption rate of Mg-based
hydrogen storage materials. For example, Xia et al
synthesized graphene-supported MgH, nanoparticles covered
by homogeneous nanosized Ni catalysts.'” MgH,
nanoparticles are homogenously distributed throughout the
surface and between the layers of graphene, which provides
geometric confinement of the MgH, nanoparticles to
suppress agglomeration during the thermal hydrogen storage
process. The MgH, nanoparticles could implement
hydrogenation within 60 min at 50 °C and release 5.4 wt%
hydrogen within 30 min at 250 °C under the catalytic effect
of Ni. Zhu et al. successfully fabricated highly dispersed
MgH, nanoparticles immobilized on 3D Ti-MXenes.>* The
MgH, nanoparticles started to decompose at 140 °C and
released 3.0 wt% H, at 150 °C within 3 h. 3D Ti-MXenes
played the role of nanoconfinement and in situ catalysis.
Recently, researchers have found that properly designed
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core-shell nanostructure can improve the overall hydrogen
storage performance of Mg-based materials.*?*>* The
catalytic atoms at the interface of the core-shell
nanostructure can react or change the electronic structure of
the Mg atoms nearby and form many active sites,>* where the
dissociation,® transportation,®® and recombination®” of
hydrogen atoms can be accelerated. In addition, the shell
structure can also serve as a protective layer to prevent the
oxidation and agglomeration of nano Mg/MgH, during the
thermal hydrogen storage process.”® Constructing and
optimizing core-shell nanostructures is a promising synthetic
strategy to synthesize Mg-based materials for both
transportation and stationary applications.

Nevertheless, there are few reviews published in recent
years that focus on the relationship between the unique
structure and properties of core-shell Mg-based hydrogen
storage materials. This paper summarizes the latest research
progress of core-shell nanostructured Mg-based hydrogen
storage materials, mainly covering an introduction of the
preparation methods and technology, advances in material
synthesis and mechanistic effects, followed by an outlook on
future research studies and applications.

2 Preparation methods of core-shell
nanostructured Mg-based hydrogen
storage materials

2.1 Ball milling method

Nowadays mechanical milling is one of the most common
methods to synthesize and modify core-shell nanostructured
Mg-based materials (Fig. 1).>°7* In this type of preparation,
the ball-milled MgH, and catalysts have a considerably high
energy.”® As researched by El-Eskandarany et al., the effective
centrifugal force of the composites and balls under ball
milling reaches up to 20 times gravitational acceleration.*
The MgH,, powder particles will reduce their particle size and
create fresh surfaces under the abrasive and impacting force.
Metals or other materials can be introduced onto the surface
of MgH,/Mg under mechanical forces, forming a
homogeneous shell. Liu et al. synthesized NiCu nanoparticles
anchored on the surface of reduced graphene oxide catalyst
(rGO@NiCu) and incorporated it into MgH, by ball milling.**
MgH,-rGO@NiCu exhibited good cycling stability during the
thermal hydrogen ab/desorption process by the protection of
the NiCu/rGO shell. At the same time, the nanocrystalline
structure and associated defects form through mechanical
milling, which are often perceived as leading to enhanced
hydrogen ab/desorption kinetics. However, the core-shell
nanostructured Mg-based materials prepared by the high-
energy ball milling method usually exhibit uneven thickness
and particle size, and wide hydrogen absorption and
desorption temperature range. Meanwhile, nanoparticles
obtained from ball milling undergo a significant growth in
crystal size and a subsequent structural relaxation of defects
in the initial hydrogen ab/desorption cycles.
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Fig. 1 Preparation methods of core-shell nanostructured Mg-based
hydrogen storage materials.

2.2 Electroless plating method

The electroless plating method directly utilizes the strong
reducibility of Mg to reduce transition metals with higher
electronegativity from the metal salt, which coats on the
surface of the Mg nanoparticles in situ to form a core-shell
structure.® The electronegativity of Mg is 1.31, which is more
negative than that of 3d transition metals. In principle, these
metal ions can be deposited on the surface of Mg
nanoparticles to form core-shell structures.

Lu et al. used nano magnesium particles prepared by a
direct current (DC) arc plasma method as the core and
adopted a liquid-phase electroless plating method to prepare
Mg@TM (TM = Ti, Co, V) composite materials with core-shell
structures.®”*® The researchers utilized the electroless plating
method to fabricate core-shell structures, which usually
consists of three steps. Firstly, the TM salts and pure Mg
ultrafine powder were evenly dispersed in organic solvents
(including THF etc.) separately. Secondly, the TM salt solution
was added to the magnesium nanoparticle dispersion
proportionally and the mixture was stirred vigorously at room
temperature, followed by isolation through centrifugation
and repeated rinsing to wash away the residual Mg salt
solution. Finally, the core-shell structured Mg@TM
composites were obtained by drying the rinsed products
under vacuum. Owing to the operation convenience of the
electroless plating method, additional metal catalysts can be
introduced to the Mg-TM binary core-shell structure to build
a multilayer structure. The synergistic effect between metal
catalysts can further improve the comprehensive hydrogen
storage performance of Mg-based materials. Lu et al
continued to plate a layer of Ni on the Mg-Ti core-shell
structure, and the hydrogen storage performance of the
prepared ternary hydrogen storage material had been greatly
improved.”” The hydrogen desorption enthalpy (69.84 kJ
mol™ H,) and the hydrogenation activation energy (63.7 kJ
mol ™' H,) values of the ternary composite were also slightly
lower than that of the binary composite (76.37 kJ mol™" H,
and 72.2 k] mol™ H,, respectively). These improvements in
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the hydrogen storage properties of Mg/MgH, are mainly
attributed to the combined effects of Mg,Ni/Mg,NiH, acting
as a “hydrogen pump” and TiH, acting as the activation site.
Similarly, the onset dehydrogenation temperature of
hydrogenated Mg@Co@V (323 °C) was lower than that of
Mg@Co (342 °C) and Mg@V (346 °C) composites with the
combined effects of Mg,Co/Mg,CoH, serving as the
“hydrogen pump” and V,H accelerating the dissociation of
H2.38

Electroless plating is a process in which redox chemical
reactions occur violently so that a strictly inert atmosphere is
required.*® Also, the post-processing is cumbersome due to
the generation of by-products. However, this problem can be
avoided if the various chemicals produced in the whole
reaction process have catalytic effects on the Mg-based
hydrogen storage materials. Cui et al. prepared multiple-
valence Ti-doped Mg-based core-shell composite materials.”?
The catalytic shell was prepared by the chemical reaction
between Mg and TiCl; in THF solution, which is ~10 nm in
thickness and contains multiple-valence Ti including Ti (0),
TiH, (+2), TiCl; (+3) and TiO, (+4). The multiple-valence Ti
acted as the intermediate and catalytic active site for the
electron transfer between Mg>" and H™ and thus contributed
significantly to the good dehydrogenation performance,
which could start to release H, at about 175 °C and release 5
wt% H, within 15 min at 250 °C. The chemical reactions
involved in the electroless plating method are simple and
controlled. Moreover, this method generates a core-shell
structure of Mg and transition metals in situ, which is more
conducive to the interactions between Mg and transition
metals, and forms an active interface to facilitate hydrogen
diffusion.

2.3 Arc plasma method

Arc plasma is an effective physical vapor deposition
technology to prepare metal nanoparticles.’”*' The main
process is to use arc plasma to heat the metal block, and
then metal evaporation, followed by nucleation and
deposition onto a substrate. In the arc plasma process, the
sample is evaporated instantaneously. The sample particles
continue to grow in the high-temperature growth zone. When
the particle is out of the critical temperature zone of growth,
the size of the sample particles becomes stable and begins to
settle down. In the arc equipment, the temperature gradient
is large, and the metal vapor is in a great supersaturation
state with the sudden drop of temperature. The metal atoms
are difficult to diffuse in a long distance, thus forming the
metal nano powders. When the arc vaporizes multiple
metals, magnesium with a low melting point will nucleate
first, and the nucleus of other transition metals or their
compounds attached to the Mg nanoparticles form a shell
subsequently, of which the total layer thickness is between a
few nanometers and few tens of nanometers due to the low
concentration.
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The arc plasma method is suitable for forming core-shell
nanostructured Mg-based materials coated by different
metals or compounds. Magnesium powder can be mixed
evenly with metal or its compound powder, which is
solidified with a tablet press, and then arced to prepare
powder. Zou et al. prepared Mg-RE (RE = La, Nd, Gd, Er)
composite powders using an arc plasma evaporation
apparatus followed by in situ passivation in air. Ultrafine Mg-
RE particles were covered by the nano-sized MgO and REO,
shell.””™** The hydrogen absorption kinetics of Mg can be
significantly improved; in addition, the Mg-RE composite
powders showed better anti-oxidation ability than pure Mg
powders. Mao et al. prepared core-shell nanostructured Mg-
MF, (M = V, Ni, La and Ce) nanocomposites via the arc
plasma method.*> Mg-NiF, composite showed the best
hydrogen absorption properties, which could absorb 3.26
wt% H, at 100 °C in 2 h. The improved dehydrogenation and
hydrolysis  properties of the hydrogenated Mg-MF,
composites were attributed to the MgF, and metal oxide shell
structure. Yang et al. introduced three metal oxides (Al,Oj,
TiO, and Fe,03) into Mg ultrafine powders by the arc plasma
method to prepare core-shell nanostructured Mg-MO, (M =
Al, Ti, Fe) nanocomposites.*>*” It is worth noting that some
metals and magnesium will undergo alloying reactions
during the arc plasma process, while some metal compounds
will react with magnesium during the arc process to form a
shell structure with multiple components.

The arc plasma method has the advantages of low
equipment cost, simple operation, fast evaporation speed
and high yield, so it is highly convenient for large-scale
production.”®*® However, there are many variables affecting
the size of sample particles, which are related not only to the
raw material but also to the current, voltage, distance
between the electrodes and the internal atmosphere.
Therefore, further optimization of the technical schemes and
parameters is required.

2.4 Nanoconfinement method

Nanoconfinement is a modification method of confining Mg/
MgH, in porous matrix materials, which effectively limit the
movement, agglomeration and growth of nanoparticles.® The
size of the Mg/MgH, can be effectively controlled so as to
achieve outstanding hydrogen storage performances. The
supporting materials mainly include carbon materials (e.g.
ordered mesoporous carbon scaffolds, carbon nanotubes,
graphene, etc.), metal-organic frameworks (MOFs), porous
polymer materials, covalent organic frameworks (COFs), and
so on.”® A wet impregnation method was developed by
infiltrating the porous scaffold hosts with a solution of
magnesium precursor, and the magnesium precursor can
enter spontaneously into the channel under -capillary
force.”™**> Through subsequent hydrogenation or reduction,
the magnesium precursor will transform to MgH, or Mg
nanoparticles confined in the supporting materials. The size
of magnesium nanoparticles prepared by nanoconfinement
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is closely interrelated with the pore size of the supporting
materials. Generally, the scaffolds should be stable under the
loading and thermal process of hydrogen release and uptake,
and relatively light to hold a high gravimetric hydrogen
storage capacity for the composite system. In the composites,
magnesium  or magnesium  hydride obtained by
hydrogenation is confined in a nanoporous scaffold shell to
form the core-shell nanostructures.

The use of nanoporous supporting materials is a feasible
method to limit the particle agglomeration and growth of
Mg/MgH,, which also maintains close contact between the
Mg/MgH, nanoparticles and scaffolds.” At the same time,
different kinds of supporting materials can give different
properties to the resultant composites. A supporting material
with catalytic activities can facilitate the desorption and
absorption rate of hydrogen. Ren et al. utilized 1D N-doped
hierarchically porous carbon as the scaffold for MgH,/Ni
nanoparticles.”® The Ni nanocrystals on the shell facilitated
the formation of Mg,Ni/Mg,NiH,, which acted as the
“hydrogen pump” to accelerate the dissociation of hydrogen
and recombination of H atoms, and the porous carbon shell
suppressed the growth and agglomeration of MgH,
nanoparticles in the process of hydrogen ab/desorption.

3 Core-shell nano magnesium-based
hydrogen storage materials
3.1 Mg@transition metal

Catalyst doping has been regarded as one of the most
feasible means to improve the ab/dehydrogenation kinetics
of MgH, because it can effectively lower the ab/
dehydrogenation energy barrier of Mg/MgH, systems.>® High
H, dissociation energy on the surface of Mg and the slow
diffusion rate of hydrogen atoms in the MgH, matrix hinder
the reaction Kkinetics. Transition metals and rare earth
elements are ideal catalysts for Mg-based hydrogen storage
materials, which can significantly improve the hydrogen
absorption and desorption kinetic properties. Firstly, the
contact surface between some transition metals and Mg-
based hydrogen storage materials will promote the
dissociation of hydrogen molecules and produce a large
hydrogen solubility gradient through the “spillover effect”,
thus accelerating the diffusion of hydrogen atoms. Secondly,
some metal elements can react with magnesium to form a
kind of alloy or corresponding hydrides, which serve as a
“hydrogen pump” to provide channels for hydrogen atoms to
diffuse into the magnesium matrix. At the same time, the
stability of magnesium hydride will be weakened, and the
system onset hydrogen desorption temperature will decrease.
Therefore, many researchers have prepared core-shell
nanostructured Mg@transition metals, i.e., transition metal
(TM) as the shell layer, and systematically explored their

hydrogen storage performance and reaction
mechanism."**%?7
Zou et al  synthesized Fe-covered core-shell

nanostructured composites and the hydrogen absorption
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activation energy was reduced to 54.6 kJ mol™ H,.”®
Subsequently, Lu et al. prepared core-shell structured
Mg@TM (TM = Ni, Co, V or Ti) by the plasma method
combined with electroless plating method.>”*® In order to
clarify the core-shell structure, TEM observations were
employed and the images are shown in Fig. 2a and b. A
homogeneous thin layer with a thickness in nanometers
was observed on the surface of MgH, particles, and the
sharp peaks at the two sides of the concentration profiles
of EDS linear scanning indicated that TM was rich at the
edge of hydrogenated Mg@TM particles. Similarly, Lu
et al attempted to wuse transition metals and Mg
nanoparticles to form a ternary core-shell composite
system (Mg@Co@V) (Fig. 2c), and the research showed
that the ternary magnesium-based hydrogen storage
material phase exerted a lower reaction enthalpy and
activation energy compared with binary hydrogen storage
materials (Fig. 2d).*® Yao and his coworkers coated Mg
with TM (TM = Ti, Nb, V, Co, Mo or Ni) and its
compounds through high-energy pre-milling Mg powder
with the corresponding chlorides (TiCl;, NbCls, VCl;,
CoCl,, MoCl;, and NiCl,) followed by electroless plating
technology to form a composite material with Mg as the
core and the corresponding TM as the shell.>® The Mg-Ti
composite showed the best hydrogen storage performance
among them. Studies showed that metals with
electronegativity possessed a higher catalytic activity for
Mg nanoparticles (Fig. 2e and f). Noble metals also
showed a high catalytic activity for Mg-based hydrogen
storage materials. Lu et al prepared the core-shell
nanostructured Mg@Pt material by a plasma-solid reaction
method.>® In situ TEM observations and density functional
theory calculations showed that metastable H stabilized
the Mg;Pt particles formed on the interface and acted as
a “hydrogen pump” to accelerate the hydrogen absorption
and desorption rate of Mg/MgH,.
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Fig. 2 HAADF-STEM images and elemental line scanning of EDS
analysis for hydrogenated (a) Mg@Co, (b) Mg@V and (c) Mg@Co@V
composites and (d) the corresponding hydrogen absorption kinetic
fitting curves®® (copyright 2017 Elsevier). Comparison in (e) TPD-MS
curve rate of 4 K min™ and (f) dehydrogenation average kinetics within
5 min at different temperatures of Mg-TM samples®® (copyright 2013
Royal Society of Chemistry).
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3.2 Mg@metal oxide

Metal oxide is another kind of catalyst having great potential
to improve the hydrogen storage properties of magnesium-
based materials. In the process of hydrogen absorption and
desorption, metal oxides can react with magnesium to
produce a fast diffusion channel for H atoms, thus
accelerating the process of hydrogen absorption and
desorption of materials. The excellent kinetic catalytic
performance of metal oxides has been widely proved.®*®
Zou et al. prepared nanosized single-crystal hexagonal Mg
particles with a size of 50-600 nm by the plasma method. In
situ passivation technology was used to coat a 10-20 nm layer
of MgO shell to protect the inner Mg from oxidation.*> In
order to improve the thermodynamics and kinetics of the
hydrogen absorption and desorption performance of nano-
Mg, rare earth metal oxides as catalysts and protective agents
were used to prepare a series of core-shell nanostructured
Mg®@ER,0; (ER,0; = Ce,03, La,0;, Er,0;, Gd,03;, Nd,O3)
with a 20 nm-thick shell of ER,0;.* Mg@La,0; (Fig. 3a)
showed the best hydrogen storage performances. The total
amount of hydrogen absorbed by Mg@La,0; within 2 h at
200 °C was 5.98 wt%, while pure Mg particles absorbed only
1.8 wt% hydrogen under the same conditions (Fig. 3b and c).
Zou et al. also tried to construct ternary core-shell Mg-TM-
La (TM = Ti, Fe, Ni) composites by using an arc plasma
evaporation apparatus (Fig. 3d).®* The experimental results
showed that the hydrogen storage performance of the Mg-
TM-La system was better than that of the binary Mg-TM or
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Fig. 3 (a) Bright-field TEM micrograph and the corresponding SAED
patterns, (b) hydrogen absorption profiles, and (c) PCT curves of the
Mg-La-O composite*? (copyright 2012 Elsevier). (d) Bright-field TEM
micrograph and the corresponding SAED patterns, (e) hydrogen
absorption profiles, and (f) PCT curves of the Mg-La-Ti-O composite®®
(copyright 2013 Elsevier). (g) Typical TEM image of the passivated Mg-
TiO, hydrogenated powder and its (h) HRTEM images; hydrogen
absorption profiles for Mg-MO, (M = Al, Ti and Fe) as well as Mg
powders without (i) and with (j) passivation®’ (copyright 2019 Elsevier).
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Mg-La system (Fig. 3e and f). In the above experiments,
metal oxides were formed from magnesium, transition
metals and rare earth metals in the passivation process,
and the composites exhibited good anti-air oxidizing ability.
However, in the passivation process, the oxidation of
magnesium will lead to the decrease of the overall
hydrogen storage capacity, and the formed magnesium
oxide shell will hinder the diffusion of hydrogen atoms,
thus reducing the hydrogen absorption and release rate.
Yang et al. introduced three metal oxides (Al,O3, TiO, and
Fe,0;) into Mg ultrafine powders via the arc plasma
method to synthesize core-shell structured Mg-MO, (M =
Al, Ti and Fe) nanocomposites (Fig. 3g and h).*” After
passivation treatment, Mg-TiO, exhibited a higher hydrogen
absorption capacity (5.90 wt%) than pure Mg (4.85 wt%),
which resulted from the good protective and catalytic effect
of TiO, on the hydrogen absorption process of Mg
(Fig. 3i and j). In addition, the direct addition of metal
oxides greatly enriched the types of Mg@TMO, core-shell
structured composites.

3.3 Mg@carbon

Studies have shown that the hydrogen absorption and
desorption performances of the composite can be
significantly improved by ball milling CNTs mixed with
magnesium hydrides.®® However, compared with most
metal catalysts, the improvement of carbon on the kinetic
performance of magnesium hydrides is relatively weak.
Carbon materials have many advantages of low density,
light weight, lower cost, high stability and easy
adjustability.”> A variety of porous carbon materials have
been designed to act as catalyst support materials or as
scaffold materials for magnesium hydrides. Mg/MgH, is
dispersed in the pores of the carbon matrix, forming a
unique core-shell structure with Mg/MgH, as the core and
carbon as the shell. Besides improved thermodynamic and
kinetic performance, Mg@carbon core-shell nanostructures
have other unique features, such as air tolerance and cyclic
stability. Jeon et al. used PMMA, which could allow
hydrogen to pass but blocks oxygen and water molecules
(Fig. 4a), to nano-confine Mg and prepare a Mg-PMMA
core-shell structure composite material, and studied the
hydrogen absorption and desorption properties of the
material.®® Microstructural analyses revealed the presence
of Mg particles with an average diameter of 5 nm (Fig. 4b).
The material could achieve a reversible cycle at 200 °C, had
a fast hydrogen absorption rate, and could absorb 4 wt%
hydrogen within 30 min. At the same time, PMMA could
effectively prevent the oxidation and agglomeration of Mg/
MgH, and maintain the hydrogen storage performance
(Fig. 4c). Eun Seon Cho et al. constructed Mg nanocrystals
encapsulated by atomically thin and gas-selective reduced
graphene oxide (rGO) sheets (Fig. 4d and e).*” As the rGO
shell was atomically thin, this approach could minimize
inactive mass in the composite, which exhibited

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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Fig. 4 (a) Sketch of high-capacity Mg nanoparticles encapsulated by a
selectively gas-permeable polymer composite, corresponding X-ray
diffraction patterns of the as-synthesized structure (top) and after
three days of air-exposure; (b) HRTEM micrograph of the as-
synthesized structure; (c) hydrogen absorption and desorption
properties of Mg nanoparticles/PMMAS® (copyright 2011 Springer
Nature). (d) Illustrations depicting the structure of rGO-Mg,
corresponding XRD spectra of rGO-Mg after synthesis and after 3
months in air and (e) HRTEM micrograph of as-synthesized rGO-Mg; (f)
hydrogen absorption/desorption cycling of rGO-Mg®’ (copyright 2016
Springer Nature). (g) Schematic model of MgH,@CMK-3 composite
and its (h) HADDF-STEM image; (i) PCT isotherms for H, absorption in
MgH,@CMK-3°® (copyright 2013 Royal Society of Chemistry).

exceptionally dense hydrogen storage (6.5 wt% and 0.105
kg H, L") (Fig. 4f). This material was also protected from
oxygen and moisture by the rGO layers. Jia et al. used
CMK-3 to prepare a MgH,@CMK-3 core-shell structured
composite (Fig. 4g) with a MgH, size ranging from 1 to 2
nm without any bulk phase formation (Fig. 4h).®® Such
nanoconfined MgH, within CMK-3 could alter the
thermodynamic property of MgH, (Fig. 4i), thereby reducing
the desorption temperature. The results confirmed that the
desorption temperature threshold of confined MgH, could
be lowered to 50 °C. The charge transfer from MgH, to the
carbon shell played a critical role in the observed low-
temperature dehydrogenation. In addition, activated carbon
and carbon aerogel scaffold were selected to confine MgH,
nanoparticles to explore the kinetic properties of hydrogen
uptake and release and other properties.®®”°

3.4 Other core-shell structured Mg-based composites

In addition to the metals, metal oxides and carbon materials

described above, metal carbides, fluorides and other
composites are also often introduced into Mg-based
hydrogen storage materials to construct core-shell

nanostructures. Hu et al. confined TiC,-embedded Mg core
in 2-3 nm carbon shells through a gas evaporation method.”"
The Mggs(TiCo6)1.@C nanocomposite could absorb 5.5 wt%
H, within 25 min at 250 °C and desorb 4.5 wt% H, within 60
min at 300 °C. Mao et al. prepared core-shell nanostructured
Mg@metal fluoride (MF,, M =V, Ni, La and Ce) composites

Ind. Chem. Mater., 2023,1, 282-298 | 287
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Fig. 5 HRTEM micrograph of (a) Mgge(TiC)s@C and (b)
Mgy5(TiCq.6)25@C7* nanocomposites (copyright 2020 Elsevier). (c) TEM
bright-field images of the hydrogenated Mg-NiF, composite; (d)
HRTEM image of the hydrogenated Mg-VFs and the corresponding
SAED pattern®® (copyright 2017 Elsevier). TEM images and EDS profiles
of (e and f) MgH,-Co/Pd@B-CNTs*® (copyright 2019 Royal Society of
Chemistry) and (g and h) Mge,Vs@C’’ composites (copyright 2019
Royal Society of Chemistry).

via the arc plasma method (Fig. 5c and d).*> MF, could
improve both the hydrogen absorption performance of Mg
and the hydrolysis properties of relevant hydrogenated
powder.

MOFs have considerable surface areas, ordered
mesoporous structures, and potential catalytic effects (due to
metal ions), which means that they can be designed as
multifunctional host materials for nanoconfinement of Mg/
MgH,.”>”* Ma et al. successfully prepared a Ni(u)-based MOF
(Ni-MOF) scaffold by a solvothermal method to nano-confine
MgH,.”* Owing to the nano-cofine and catalytic effects of the
Ni-MOF, the core-shell structured MgH,@Ni-MOF composite
showed excellent hydrogen sorption thermodynamic and
kinetic performances. The derivates of MOFs with high
surface areas and metal catalytic sites can also serve as
functionalized scaffolds.”

A composite shell structure can be designed in order to
obtain hydrogen storage materials with excellent
comprehensive performance. Adding metal catalysts to
Mg@carbon composites is a good way to further enhance the
hydrogen storage properties.”® Liu et al found that the
addition of carbon materials to Mg-based composites was
conducive to the formation of a core-shell structure with
MgH, as the core by ball milling (Fig. 5e and f).>* Studies

have shown that the carbon shell can inhibit the
agglomeration of particles, improving the kinetic
performance of the material. MgH,-Co/Pd@B-CNTs

composites can absorb 6.68 wt% hydrogen within 10 s at 250
°C and also have a fast hydrogen absorption rate at low
temperatures. Lotoskyy et al. also found that after graphite
was added to the Mg-Ti system by high-energy ball milling,
the graphite evenly covered the surface of MgH,.”” The Mg-
based hydrogen storage material with graphite had better
stability, even after 100 weeks, and the hydrogen absorption/
desorption rate and hydrogen storage capacity remained
nearly unchanged. Chen et al constructed a Mg-V-C
hydrogen storage composite with an average size of 32 nm
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and with carbon material as the shell by vapor deposition
(Fig. 5¢ and h).”® The thickness of the carbon shell of this
material is 1 nm; therefore, the hydrogen storage capacity of
this material is relatively high, which can maintain a
hydrogen storage capacity of 5.2 wt%. Different components
contained in composites can play different catalytic roles in
some aspects of thermodynamics, kinetics, cycling and other
properties of core-shell nanostructured Mg-based hydrogen
storage materials. In addition, synergistic catalysis between
different components can show better catalytic effect than
single catalysts.”” The hydrogen storage performances of
typical core-shell nanostructured Mg-based materials are
summarized in Table 1.

4 Mechanistic effects of core-shell
nanostructure

4.1 Thermodynamic and kinetic principles of MgH,, for
hydrogen storage

4.1.1 Thermodynamics of the Mg/MgH, system. The

hydrogen absorption reaction of Mg generates the
corresponding hydride of MgH,, which can be written as:
Mg + H, = MgH,. (1)

The equilibrium of the three phases above refers to the
composition, temperature and hydrogen pressure.®® At a fixed
temperature and reference pressure (p° = 1 bar), the standard
Gibbs free energy change of reaction (1) is eqn (2):
0
AG® = AH*~TAS® = ~RTIn L. @)
Pu,

Correspondingly, the Gibbs free energy of the hydriding
reaction is eqn (3):
eq
AG = AH-TAS = RT In2H2 | (3)
Pu,

where T is the absolute temperature, R the universal gas
constant (R = 8.314 ] mol ' K '), py, the plateau pressure at
the temperature, and AH and AS the enthalpy and entropy
change of the hydrogen absorption, respectively.

When py >pit, AG < 0, the hydriding reaction is
thermodynamically favoured, and reversely, the dehydriding
reaction happens. Notably, pyl is closely related with the
temperature, so the driving force of reaction (1) depends on
both temperature and py,.

4.1.2 Kinetics of the Mg/MgH, system. According to the
thermodynamic analysis above, under the hydrogen pressure
of 1 bar, MgH, begins to decompose at about 280 °C.
However, the desorption temperature of unmodified MgH, is
higher than 350 °C. This is because both thermodynamics
and kinetics restrict the practical operation temperature of
the Mg/MgH, system.

The hydrogen absorption processes of Mg mainly contain
four steps: H, adsorption, H, splitting, H chemisorption and

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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Table 1 Hydrogen storage performances of typical core-shell nanostructured Mg-based materials
Material Synthetic method Ab/desorption activation energy (k] mol™ H,) Hydrogen storage properties Ref.
Mg-Ti Electroless plating —/30.9 Ab: 4.1 wt%/225 °C/2 MPa/5 min 23
De: 4.6 wt%/250 °C/1 kPa/10 min
Mg-Nb Electroless plating —/48.2 Ab: 4.2 wt%/225 °C/2 MPa/5 min 23
De: 2.5 wt%/250 °C/1 kPa/10 min
Mg-V Electroless plating —/56.5 Ab: 3.5 wt%/225 °C/2 MPa/5 min 23
De: 1.1 wt%/250 °C/1 kPa/10 min
Mg-Ni Electroless plating —/51.2 Ab: 5.8 wt%/225 °C/2 MPa/5 min 23
De: 0.7 wt%/250 °C/1 kPa/10 min
Mg-Co Electroless plating —/65.4 Ab: 4.0 wt%/225 °C/2 MPa/5 min 23
De: 2.0 wt%/250 °C/1 kPa/10 min
Mg-Mo Electroless plating —/76.1 Ab: 3.0 wt%/225 °C/2 MPa/5 min 23
De: 0.5 wt%/250 °C/1 kPa/10 min
Mg-Ti Electroless plating 72.2/— Ab: 2.2 wt%/250 °C/2.8 MPa/10 min 37
Mg-Co Electroless plating 73.2/— Ab: 3.7 wt%/250 °C/2.8 MPa/10 min 38
Mg-V Electroless plating 86.3/— Ab: 5.0 wt%/250 °C/2.8 MPa/10 min 38
Mg-Ni Electroless plating 88.9/— Ab: 4.7 wt%/250 °C/2.8 MPa/10 min 42
Mg-Co-V Electroless plating 67.7/— Ab: 3.9 wt%/250 °C/2.8 MPa/10 min 38
Mg-Ni-Ti Electroless plating 63.7/— Ab: 2.5 wt%/250 °C/2.8 MPa/10 min 37
Mg-MgO Arc plasma & passivation 55.9/— Ab: 3.1 wt%/300 °C/3.5 MPa/5 min 41
Mg-La,0; Arc plasma & passivation 42.0/— Ab: 4.8 wt%/250 °C/3.5 MPa/15 min 42
Mg-Nd,03 Arc plasma & passivation 55.9/— Ab: 5.3 wt%/300 °C/4 MPa/5 min 43
Mg-Gd,0; Arc plasma & passivation 59.3/— Ab: 2.4 wt%/300 °C/4 MPa/5 min 43
Mg-Er,0; Arc plasma & passivation 78.7/— Ab: 6.0 wt%/300 °C/4 MPa/5 min 43
Mg-Y,03 Arc plasma & passivation 79.9/— Ab: 5 wt%/300 °C/3 Mpa/100 s 44
Mg-Al,O; Arc plasma 52.3/— Ab: 5.2 wt%/325 °C/3 Mpa/5 min 47
Mg-TiO, Arc plasma 48.0/— Ab: 5.6 wt%/325 °C/3 Mpa/5 min 47
Mg-La,0;-Ti Arc plasma & passivation 38.8/— Ab: 3.8 wt%/300 °C/3 MPa/20 min 63
Mg-La,0;-Fe Arc plasma & passivation 34.7/— Ab: 3.8 wt%/300 °C/3 MPa/20 min 63
Mg-La,0;-Ni Arc plasma & passivation 74.5/— Ab: 3.8 wt%/200 °C/3.5 MPa/20 min 63
Mg-NiF, Arc plasma 72.4/139.2 Ab: 5.2 wt%/200 °C/3 MPa/120 min 45
Mg-LaF; Arc plasma 73.0/185.8 Ab: 6.2 wt%/200 °C/3 MPa/120 min 45
Mg-CeF; Arc plasma 66.2/182.4 Ab: 5.3 wt%/200 °C/3 MPa/120 min 45
Mg-VF; Arc plasma 112.6/204.5 Ab: 4.1 wt%/200 °C/3 MPa/120 min 45
Mg-TiC, Arc plasma —/56.5 Ab: 5.5 wt%/250 °C/4 MPa/25 min 71
De: 4.5 wt%/300 °C/0.1 kPa/60 min
Mg-Ni-Ti;C, Ball milling 56/73 Ab: 5.4 wt%/125 °C/3 MPa/25 s 84
De: 5.2 wt%/250 °C/2 kPa/15 min
Mg-CoPd-CNT Ball milling 176.7 Ab: 6.5 wt%/200 °C/8 MPa/20 s 30
De: 6.3 wt%/250 °C/2 kPa/30 min
Mg-NiCu-rGO Ball milling —/71.7 Ab: 5.0 wt%/200 °C/3 MPa/100 s 35
De: 5.0 wt%/275 °C/5 kPa/20 min
Mg-V-C Reactive gas evaporation 41/67 Ab: 5.5 wt%/200 °C/4 MPa/45 min 78
De: 5.2 wt%/300 °C/0.1 kPa/60 min
Mg-PMMA Nanoconfinement 25/79 Ab: 4 wt%/200 °C/3.5 MPa/60 min 66
Mg-GO Nanoconfinement 60.8/92.9 Ab: 6.5 wt%/200 °C/1.5 MPa/45 min 67
De: 6.1 wt%/300 °C/0 kPa/60 min
Mg-Ni-MOF Nanoconfinement 41.5/144.7 Ab: 1.2 wt%/150 °C/3 MPa/60 min 68

H diffusion.®” Accordingly, the desorption processes of MgH,
include the breakage of Mg-H, the diffusion of H, the
recombination of H, and the physical desorption of H,. Each
step needs to overcome the reaction activation energy barrier
(Ea), and a lower E, will result in a faster reaction rate under
the same conditions. The E, of hydrogen ab/desorption can
be obtained using the Arrhenius equation (eqn (4)):

k(T) = Ae7r. (4)
That is eqn (5):

Ink(T) = —% +1na4, (5)

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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De: 1.5 wt%/325 °C/2 kPa/150 s

where k(T) is the rate constant and A is the pre-exponential
factor.

The dissociation energy of H, molecules is up to 432 kJ
mol™ which acts as the initial rate-limiting step.
Subsequently, the nucleation and growth of MgH, crystals
are limited by the slow diffusion coefficient of H atoms in
Mg (107 m? s7'); moreover, the firstly formed MgH, will act
as an additional barrier due to the lower diffusion coefficient
in MgH, (107'® m?® s™), limiting further diffusion of H atoms
to bulk Mg. The desorption of MgH, is mainly restricted by
the high dissociation energy of Mg-H bonds (160 kJ mol™*
H,) as well as the following diffusion of H escaping from
MgH,.
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4.2 Mechanistic effects of core-shell nanostructured MgH,
for hydrogen storage

As mentioned above, construction of core-shell
nanostructured MgH, is an effective approach to improve the
thermodynamics and kinetics simultaneously. The catalytic
shell with TM elements can accelerate the dissociation of
H-H and Mg-H bonds, and the nanostructure stabilized by
the shell can shorten the diffusion path of H atoms and
increase the system energy by introducing extra interfaces.
The details are discussed as follows.

4.2.1 Effect of catalysis. Transition metal (TM) groups have
received significant attention since the 1990s owing to their
excellent capabilities for hydrogen adsorption, dissociation,
diffusion and recombination, which generally include
transition metals and corresponding compounds. Liang et al.
made MgH,-TM (TM = 3d transition elements Ti, V, Mn, Fe,
and Ni) nanocomposite powders by mechanical milling and
studied the phase change during the absorption and
desorption process systematically in 1999."" TiH,, VH g1,
Mg,FeH,, and Mg,NiH, phase were found as catalysts in the
Mg-Ti, Mg-V, Mg-Fe, and Mg-Ni composites, respectively,
and Mn remained in the metallic state in the Mg-Mn case.
Lu et al. investigated the structural changes during the
dehydrogenation of the core-shell nanostructured Mg@Pt

]

3 M
M (i) Mo
O Main)
© M(v-v)| ’“ Co
MO, -

)

Fel
e

Ea (kJ mol ')
s s 5 s
z

o3
v

NE

10 o

2 14
Pauling Electronegativity

7(Electronegativity)

drer et Toats M
:
i

MSIN

)
ies (States eV') (@

|

|

§

s (States eV')

g
z
H

ERR AP
Encrgy (eV)

o W™
R

VAR B A}
Encrgy (¢V)

Bl

& e & g o
20 ) 20 N
£

Relative Energy (eV)

H
Energy.

2 ¥=0.9540.18x

e Ri=0.83 .

Fs R T S S S TR B
Electronegativity

" y=4.59+2.28x|
R?=0.63

iz a0 08
Charge Difference (¢)

TS
Reaction Coordination

Fig. 6 (a) HRTEM images showing the microstructure evolution during
the hydrogen desorption process induced by electron beam radiation
in the hydrogenated Mg@Pt composite®® (copyright 2019 Royal
Society of Chemistry). (b and c) Scatter plot of active energy versus
Pauling electronegativity of metal elements®*®® (copyright 2021
Elsevier, 2013 Royal Society of Chemistry). (d) Deformation charge
density map of clean Mg(0001) with H, adsorption and Mg(0001) with
Ni incorporation after H, adsorption. (e) Deformation charge density
maps and charge density isosurface maps of Mg(0001) with Ni
incorporation after H, adsorption®® (copyright 2016 Elsevier). DOS of
clean B-MgH,(001) (f) and Fe-incorporated B-MgH,(001) (g)®”
(copyright 2016 Elsevier). (h) Free energy profiles of MgH,
dehydrogenation at MgH, and nine MgH,/SAC-TM (TM = Ti, V, Cr, Mn,
Fe, Co, Ni, Cu, and Zn) heterojunction systems, and correlations of (i)
electronegativity vs. energy barrier, (j) metal charge difference vs.
energy barrier®® (copyright 2022 Royal Society of Chemistry).
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material by in situ high-resolution transmission electron
microscopy (Fig. 6a).”® They found that Pt nanoparticles in
the shell had a “spillover” effect to enhance the initial
hydrogen absorption. In the continuous hydrogen
absorption, H-stabilized Mg;Pt particles formed. During the
hydrogen desorption process, the H atoms in Mg;Pt left first,
followed by H atoms/ions in MgH, passing from MgH, to
Mg;Pt, where Mg;Pt acted as a “hydrogen pump” to
accelerate the hydrogen desorption. The hydrogen storage
mechanism of Mg-TM composites depends on the electron/
proton-transfer pathway during the ab/desorption process.
The ability to lose or gain electrons of different TMs should
be a key factor to influence the catalytic effect,®” and the
electronegativity (y) of a TM represents the ability to lose or
gain an electron from a TM or TM ion. Huang et al
successfully synthesized a whole series of 3d transition
elements (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn) and La
and Ce transition metal catalysts highly dispersed on
nitrogen-doped carbon (M-N-C).** The correlation between
the kinetics of MgH,-M-N-Cs and the electronegativity of M
in M-N-Cs was confirmed. The M-N-Cs with high
electronegativity center elements (V, Cr, Fe, Co, Ni, Cu, and
Zn) showed a well-dispersed morphology and improved
kinetics, whereas those with electronegativity lower than 1.6
(Sc, La, Ce, Ti, and Mn) showed unsatisfactory kinetic
performance due to the oxidation and aggregation of metal
atoms resulting from the strong affinity between these
elements and oxygen. The estimated E, of MgH,-M-N-C
composites was in the descending order Ni < V < Cu < Co <
Zn < Cr < Fe (Fig. 6b). Similarly, Cui et al. found that the
activation energy for dehydrogenation (E4) decreased with
increasing electronegativity except for the Mg-Ni system
(Fig. 6¢).>

In recent years, many researchers have further explained
the effect of catalysts on Mg-based hydrogen storage
materials  through first-principles calculations. The
relationship between the microelectronic structure and the
hydrogen storage properties has been elucidated, and
experimental studies confirm the results of theoretical
studies. Zhou et al. reported that the bond length of the H,
molecule absorbed on Ni-incorporated Mg(0001) had been
extended to 0.86 A compared with 0.75 A on clean
Mg(0001).5* A strong interaction existed between H, and Ni
and the electrons of H moved towards the Ni nucleus. The
energy barrier of H, dissociation had been significantly
decreased and the diffusion became the limiting step with Ni
incorporation (Fig. 6d). They also found that the incorporated
Fe could act as a bridge that contributed to the electron
transfer from the H anion to the Mg cation before H,
molecule formation (Fig. 6e).*> The calculated energy gap of
B-MgH,(001) was 2.3 eV, revealing their low electron mobility
and strong ionic structure, while the energy gap between the
valence band and the conduction band vanished with the
hybridization of Mg s, Mg p, H s, and Fe d states
(Fig. 6f and g). Dong et al. explicitly analyzed MgH,/single-
atom catalyst (SAC) heterojunction systems including nine
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different 3d transition metals (Ti, Cr, V, Mn, Fe, Co, Zn, Cu,
and Ni) using spin-polarized DFTD3 calculations (Fig. 6h).5°
The electronic properties of the single atom metal played

an essential role in determining the dehydrogenation
performance  of  MgH,/single-atom  catalysts. = The
dehydrogenation energy barriers of MgH,/single-atom
catalysts showed good linear correlation with the

electronegativity (Fig. 61 and j).

Metal compounds, such as oxides, carbides, halides,
carbides, etc.,, can cover the Mg-based hydrogen storage
materials to form core-shell structures, in addition to their
catalytic effects on Mg-based hydrogen storage materials, and
the by-products generated by the reaction of the metal
compounds and magnesium during hydrogen absorption
and desorption may further promote the hydrogen storage
performance. Zhu et al. prepared Ni-doped Ti;C, MXene
catalyst (Ni@Ti-MX) and introduced it into MgH, through
ball milling. A synergetic effect of Mg,Ni, TiO,, Ti, and
amorphous C derived in the MgH, + Ni@Ti-MX composite
exhibited remarkable improvements in the hydrogen sorption
kinetics of MgH,.*” Such a unique core-shell structure makes
different kinds of multivalent catalysts evenly distributed on
the surface of Mg nanoparticles, and the Mg at the surface of
the core can be fully in contact with the transition metal in
the shell layer, which concurrently accelerates the hydrogen
sorption rate.

4.2.2 Effect of active interfaces. All interfaces, especially
solid-solid interfaces, are ubiquitous in nanoscale
materials.®® The free energy change for the hydrogenation
reaction of bulk Mg is given by eqn (6):

lanzbulk _ ArGgulk 7 (6)
Py RT
where py, bux is the pressure of hydrogen gas in equilibrium
with Mg and MgH, phases at temperature 7, and R is the gas
constant. A,Gpuy represents the Gibbs free energy of the Mg
hydrogenation reaction under standard conditions (pressure
Po)-

For nanosized Mg, the interface energy contribution to the
Gibbs free energy has to be taken into account (the effect of
the elastic strain is ignored) (eqn (7)):

0
Ar Gnano

lanz,nano o

P RT

1
TRT MG + D (A wgenyi— D W)uagi |+ (7)
- :

A

where py nano is the pressure of hydrogen gas in equilibrium
with nanosized Mg and MgH, phases, A is the interfacial area
per mole Mg, and y is the interface energy. AGL o represents
the Gibbs free energy of the Mg hydrogenation reaction
under standard conditions (pressure p,), and i represents
catalytic component 7 (eqn (8)):

Z (AV)MgH2 i~ Z (AV)MgU
i ey (5

Dy, bulk RT

lanzAnano
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Furthermore, we assume that the Mg/catalyst i interfaces
remain well-defined after loading and unloading with
hydrogen:

Amgh, i ¥ Amgli ¥ A

And with }’MgHzli - )’Mg|i = A}/, (eqn (9))
AA

lanz,nano _ _y (9)
Pu,puc RT

It is clear that a positive Ay results in a destabilization of the
nanosized hydride phase with respect to the bulk hydride
phase.

Dam et al. deposited two different multilayer stacks of Mg
and Ti by magnetron sputtering, and the interface area
changed with the thickness of Mg.*® They observed different
plateau pressures indicating several distinctive
thermodynamic equilibria, and the slope of the linear fit gave
Ay = 0.35 ] m 2, which was in excellent agreement with
calculations (Fig. 7a). Patelli et al. synthesized biphasic Mg-
Ti-H nanoparticles that permitted complete absorption and
desorption at a remarkably low temperature of 150 °C
(Fig. 7b).®® A model based on interface-induced
destabilization explaining the observed hydrogen sorption
thermodynamics was established. The interface is conducive

3
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Fig. 7 (a) A schematic representation of the two Mg-Ti multilayer
geometries and their absorption isotherms taken at 60 °C. From the
equilibrium pressures versus the inverse thickness, the slope of the
linear fit gives Ay = 0.35 J m28° (copyright 2011 Wiley-VCH). (b)
Collection of all peq vs. T data for different Xv; values®® (copyright 2020
Elsevier). (c) Adsorption sites of H atom and charge density distribution
of defect-free Mg(0001) surface and vacancy defective Mg(0001)
surface; (d) corresponding calculated MEPs for H, molecule
dissociation on defect-free and vacancy defective Mg(0001) surfaces®®
(copyright 2017 Elsevier). (e) Desorption temperature as a function of
Vmg concentration for Mgy ,H, (ref. 91) (copyright 2020 Elsevier). (f)
Schematic of the Pd@HKUST-1 (ref. 92) (copyright 2014 Springer
Nature). (g) Reaction energy (E,) for hydrogen release from clusters of
pure Mgi4Hog cluster, MgsgHze cluster and MgsgH74 adsorbed on the
cluster of amorphous carbon®® (copyright 2013 Royal Society of
Chemistry).
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to the generation of defect sites, and the defect sites can
further improve the interface energy. Han et al. found that
energy barriers of 1.42 eV require to be overcome for H,
dissociation on defect-free surfaces and 1.28 eV for vacancy
defective Mg(0001) surfaces, indicating that vacancy defects
can moderately increase the reactivity of the Mg(0001) surface
(Fig. 7c and d).”° Similarly, Bahou et al. reported that the
desorption  temperature decreased with increasing
concentration of vacancy defects; however, the formation
energy increased with increasing concentration of vacancy
defects (Fig. 7e).”"

In addition, close interfacial contact facilitates charge
transfer between the two phases, thus promoting the
destabilization of the hydrogenated phase. Li et al
synthesized Pd nanocrystals covered with a metal-organic
framework HKUST-1 (Fig. 7f).”> The XPS spectra of
Pd@HKUST-1 suggested that the electrons in the Pd
nanocubes were slightly transferred to the HKUST-1 shell,
which might be responsible for the increased number of
holes in the 4d band of Pd nanocubes with the HKUST-1
coating, resulting in the enhanced hydrogen storage capacity.
Jia et al. studied the interfacial effect between nanoconfined
Mg/MgH, and carbon, which originated from the charge
transfer between the supported surface and the reactants.®®
Mg-C bonding did transfer electrons from MgH,
nanoparticles to the CMK-3 substrate; as a consequence, the
Mg-H bonding had been weakened. The reaction energies for
hydrogen release from clusters of MgssH,¢ cluster and
Mg;gH7, adsorbed on the cluster of amorphous carbon were
determined to be 0.40 eV and 0.09 eV, respectively (Fig. 7g).
The thermodynamic stability of the Mg-H system could also
be drastically modified by elastic constraints raised as a
consequence of alloying between Mg and the catalytic layer.”
In summary, the core-shell structure can greatly increase the
interface area, and the core-shell junction is the favorable
position for defects. Therefore, the system energy can be
improved by additional interface, which is conducive to the
completion of hydrogen absorption and desorption at a lower
temperature for Mg-based hydrogen storage materials.

4.2.3 Effect of nanoconfinement. Many recent experiments
and theoretical calculations have suggested that nanostructured
metal hydrides have significantly different thermodynamic and
kinetic performance than their bulk counterparts.*** As
mentioned in the previous section, more atoms are exposed at
the surface for nanoscale materials, which leads to an increase
in surface energy. By considering these additional surface
factors, we obtain the van't Hoff equation (eqn (10)):*!

1anz,nano _ ArGgano
Py RT
1 [ArHO . <3VMgH2yMgHZ B 3VMgVMg):| _As? .
RT 'MgH, 'mg R
(10)

Part of the heat of formation will be stored as excess surface
energy during the hydrogen absorption, which will result in a
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Fig. 8 (a) PCT profiles and the corresponding van't Hoff plots of MgH,
systems® (copyright 2017, Elsevier). (b) Hydrogen absorption of the
different sized Mg nanocrystal samples at 300 °C°® (copyright 2011
American Chemical Society). (c) TGA isothermal and (d) under different
conditions of bulk and non-confined ultrafine MgH,. (e) Computational
models of hydrogen uptake, diffusion and release steps for bulk and
nanosized Mg and MgH,%” (copyright 2021 Royal Society of Chemistry).
(f) HR-TEM image of PMMA/MgH, composite (inset: hydrogen sorption
cycling schematic)'®® (copyright 2019 Elsevier). (g) HR-TEM image of
PMMA/MCNTs/MgH, composite (inset: Mg nanoparticles supported by
a selectively gas-permeable matrix)'®* (copyright 2019 Elsevier). (h)
Bright-field TEM image of Mg,NiH,; nanoparticles covered by MgO
(inset: detailed description process of a single microencapsulated
particle)®® (copyright 2019 Wiley-VCH).

lower enthalpy; correspondingly, the plateau pressure at the
same temperature will increase. The influence of surface energy
on the enthalpy change increases with the decrease of particle
size (Fig. 8a).

Wagemans et al. systematically investigated the effect of
crystal grain size on the thermodynamic stability of
magnesium and magnesium hydride, using ab initio Hartree-
Fock and density functional theory -calculations.”” The
hydrogen desorption energy decreased significantly when the
crystal grain size became smaller than ~1.3 nm. The MgH,
crystallite size of 0.9 nm corresponded to a desorption
temperature of only 200 °C. Norberg et al. synthesized Mg
nanocrystals of 25, 32, and 38 nm controllable sizes and the
small particles absorbed more hydrogen at the same time
and temperature (Fig. 8b).°® Zhang et al. developed a novel
strategy to synthesize nanoscale MgH, with the assistance of
ultrasound.”” The ultrafine MgH, with the size of 4-5 nm
started to release hydrogen at 30 °C (Fig. 8c and d), and
calculations revealed that the reaction barrier of H,
disassociation, diffusion, and release for Mg cluster was
lower than that on the Mg(001) slab (Fig. 8e). On the whole,
it is difficult to synthesize free-standing ultrafine MgH,
nanoparticles (<10 nm) due to their high surface energy,
strong reduction trend, and high water-oxygen sensitivity.
Confining Mg/MgH, nanoparticles into porous scaffold
materials, i.e., protected by an inert shell, can prohibit
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agglomeration and grain growth, which are stable over many
hydrogen release and uptake cycles.****® Konarova et al.
synthesized MgH,/CMK-3 compounds with 20 wt% loading
that released hydrogen at a temperature of 253 °C, and its
corresponding decomposition enthalpy was equal to 52.38 kJ
mol™ H,.°° Nielsen et al. found that the size of MgH,
nanoparticle embedded in nanoporous carbon aerogel was
related with the pore size distribution of the scaffold, and the
smaller pores mediated faster desorption rate.®® Liang et al.
prepared air-stable Mg nanoparticles in situ reduced in
PMMA and PMMA/MCNTs (Fig. 8f and g).'°>**" The PMMA
shell could be permeated with H,, but O, and H,O molecules
could not infiltrate, and the porous structure of the MWCNT-
PMMA served as hydrogen diffusion channels. The composite
samples exhibit improved hydrogen storage properties and
stable uptake/release cycles. Zhang et al synthesized
monodispersed Mg,NiH, single-crystal nanoparticles that
were encapsulated in situ into a well-defined ultrathin MgO
layer (Fig. 8h).>® The MgO layer had superior gas-selective
permeability to prevent air poisoning while being accessible
for hydrogen to pass through. On the whole, nanoscale Mg
possesses significantly better hydrogen storage performances
than bulk Mg, and the shell covering on the surface of
nanoparticles can effectively inhibit the agglomeration of
nanoparticles in the thermally induced process of hydrogen
absorption and desorption. Meanwhile, other characteristics
of the shell structure, such as gas-selective permeability, can
render the nanoconfined composites with distinct properties.

5 The promising applications of core-
shell nanostructured magnesium-
based hydrogen storage materials
Core-shell nanostructured Mg-based hydrogen storage
materials show excellent hydrogen absorption and desorption

kinetics and long-term cycling performances. Such a unique

structure renders the composites some outstanding
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Fig. 9 A vision of the future applications of core-shell nanostructured
Mg-based hydrogen storage materials.
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properties, for example, anti-air oxidation ability, rapid
hydrolysis rate, etc. Considering the above, we suggest a
bright vision for the use of core-shell nanostructured Mg-
based hydrogen storage materials in the future (Fig. 9).
Environmentally friendly hydrogen can be obtained by
electrolysis of water using electricity generated from
renewable sources, such as solar energy and wind energy,
and the hydrogen is reserved in a solid Mg-based hydrogen
storage tank. Core-shell nanostructured Mg-based materials
can absorb and desorb hydrogen at a relatively low
temperature, which significantly reduces the energy
consumption during hydrogen storage. Moreover, core-shell
nanostructured Mg-based materials have the advantages of
excellent reversibility under the protection of their shell
structures, which is available for commercial applications. In
addition, core-shell nanostructured Mg-based materials
exhibit outstanding hydrolysis performances. During the
hydrolysis process of pure Mg particles, a magnesium
hydroxide film will be formed on the surface, thereby
inhibiting the progress of the hydrolysis reaction.'®® The
shell components of core-shell nanostructured Mg-based
composites can effectively prevent the formation of dense
magnesium hydroxide film on the surface. Meanwhile, some
materials generated in the shell through reaction with water
can serve as catalysts to regulate the hydrolysis rate of
MgH,."”"% The storage system, producing hydrogen by
pyrolysis or hydrolysis, could supply hydrogen source to a
fuel cell for electricity generation, small-scale portable
emergency power supply, industry usage, and so on. Indeed,
core-shell nanostructured Mg-based hydrogen storage
materials will play an important role in future hydrogen
energy systems.

6 Summary and outlook

MgH,/Mg-based hydrogen storage systems have attracted
much attention for possible applications as promising
hydrogen carriers due to their high hydrogen storage density,
good cycling performance, and high abundance of Mg on
earth. However, the high hydrogen desorption temperature
and slow absorption and desorption rate impede its practical
applications. Adding catalysts is one of the most effective
methods to reduce the dehydrogenation temperature of Mg-
based hydrogen storage materials, and the optimization of
catalysts is thus highly important. In addition, only when the
size of magnesium hydride particles is reduced down to a
certain extent can the modification in both thermodynamics
and kinetics be achieved. It is clear from the discussion
above that the development of core-shell nanostructured Mg-
based hydrogen storage materials has provided an effective
solution for simultaneously improving the thermodynamic
and kinetic properties of Mg-based materials. Many
experimental and theoretical investigations have shown the
relationships between core-shell structures and improved
hydrogen sorption properties of Mg/MgH,. Meanwhile, it is
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necessary to develop new design principles for such specific
structured hydrogen storage materials in the future.
In this review, we have presented inspiring research

progress in the field of core-shell nanostructured
magnesium-based hydrogen storage materials, mainly
focusing on the preparation methods, microstructures,

properties and related mechanisms. Various methods were
developed to regulate the core-shell structures of Mg-based
hydrogen storage materials from nanoscale. Ball milling
and arc plasma methods are physical strategies, while
electroless plating and nanoconfinement methods belong to
chemical ones. Ball milling is easy to operate but with high
energy consumption and long duration. The arc plasma
method is highly controllable and suitable for industrial
production. The electroless plating method is sensitive to
experimental conditions, including the composition, stirring
rate, the kinds of reactants and so on, but it is usable to
explore optimized core-shell nanostructures in the lab
because of the compatibility. Nanoconfinement of Mg/MgH,
nanoparticles in porous scaffolds exhibits outstanding
hydrogen storage performance where the scaffolds lower
the total hydrogen storage capacity of the system. It is
especially important to find the optimal processing
parameters and technical routes to synthesize advanced
core-shell nanostructured Mg/MgH, nanoparticles with
smaller size and better catalytic shell for improving their
hydrogen storage properties and balance the benefits and
costs. It is recognized that through efficiently combining
the size effect of the Mg core and the catalytic effect of the
shell, significantly improved thermodynamic, kinetic and
cycling performances can be achieved in order to meet the
requirements for industrial applications.
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