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ABSTRACT

KEYWORDS

Due to its significant hydrogen capacity (7.6 wt%), availability, and reversibility, magnesium
hydride (MgH,) is considered one of the most promising solid-state hydrogen storage
materials, making it attractive for sustainable energy systems. The excellent thermodynamic
stability and slow absorption/desorption kinetics, which require elevated operating
temperatures, limit its practical application. This paper addresses the important issue of how
advanced synthesis methods, specifically high-energy reactive ball milling and catalytic
doping, can overcome inherent challenges and enable the practical use of MgH, for hydrogen
storage. The methodology adopted is a systematic and integrative review of state-of-the-art
experimental and theoretical studies, focusing on thermodynamic and kinetic fundamentals,
synthesis routes, catalytic additives, and nanostructuring strategies. Results indicate that high-
energy ball milling significantly improves hydrogen diffusion by reducing particle sizes to the
nanoscale and lowering the desorption onset temperature by approximately 45 °C. Catalysts
such as 2 mol% Nb,Os further reduce activation energy barriers, enabling rapid hydrogen
release of 6.4 wt% in 114 s, while polymorphic transitions (y-MgH, formation) enhance
structural stability. Despite these advances, challenges such as grain coarsening and cycling
capacity loss remain, highlighting the importance of nanoencapsulation, alloying, and scalable
fabrication techniques. In conclusion, the review provides a critical framework for
understanding the synergistic role of ball milling and catalysis in tailoring MgH, properties and
outlines future research directions toward efficient, scalable, and application-ready hydrogen
storage systems.

© 2025 The Authors. Published by Synsint Research Group.
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1. Introduction

Crude oil, natural gas, coal, and other fossil fuels account for almost
85% of global energy production. This monopoly has resulted in high
carbon dioxide emissions, global warming, environmental hazards from
drilling, and unstable sources. The transition to renewable energy
sources is a substantial challenge. Hydrogen, a promising renewable

energy carrier, works well with intermittent renewable energy systems,

* Corresponding author. E-mail address: ali.borchloo77@sharif.edu (A. Borchloo)

allowing surplus energy to be stored and used during peak hours. This
option is highly favorable for sustainable energy carriers because of its
impressive energy density and the fact that its combustion results solely
in water production. However, the basic issue is safe and effective
storage, which is a major impediment to widespread adoption [1].

Magnesium hydride, a possible material for solid-state hydrogen
storage, is lightweight, inexpensive, and abundant, with a hydrogen
density. It accounts for 2.76% of the Earth's crust and 0.14% of
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Fig. 1. Literature search results of different years in Scopus on hydrogen storage based on magnesium hydride (MgH,) as keywords and

data received from Scopus.

saltwater. However, the sluggish adsorption and desorption kinetics of
hydrogen, as well as the high operating temperatures, limit its
applicability [2]. Fig. 1 shows the rapid increase in Scopus publications
on magnesium hydride and hydrogen storage. It is known that since
2000, the production of hydrogen storage based on magnesium hydride
has greatly increased. Thermodynamic laws dictate that H, absorption
from MgH, occurs at relatively high temperatures, T (1 bar) = 283 °C.
In addition to this, the effective calculations of the enthalpy and
entropy change of bulk MgH, are as follows: AHg..=74.06+0.42 kJ/mol
and AS=133.4+0.7 J/(mol.K) [2, 3]. The creation of a workable
hydrogen storage material has nevertheless advanced significantly, and
this paper reviews recent advancements over the last five years,
especially as they relate to hydrogen-based energy storage.

In general, the adsorption and desorption of H, from magnesium
hydride are affected by temperature, which is very important for its
practical application in hydrogen storage. Absorption temperature is the
process by which hydrogen gas is absorbed by magnesium to form
magnesium hydride, which occurs at temperatures between 300 and
400 °C. During this process, hydrogen molecules first contact the
surface of magnesium (Mg) particles, and then hydrogen molecules are
decomposed after interacting with the magnesium surface. Then,
hydrogen atoms penetrate the magnesium lattice and grow to form
magnesium hydride (MgH,) [4, 5]. Its general chemical reaction
includes:

Mg + H, —» MgH, (1)

Desorption is also a process in which hydrogen is released from
magnesium hydride, which involves breaking the chemical bonds
between magnesium and hydrogen and releasing hydrogen gas, which
has a temperature of about 283 °C. Heating breaks the magnesium-
hydrogen bonds in MgH,. This phase is endothermic, and when
hydrogen atoms are released from their bonds with magnesium, they
diffuse through the MgH, matrix on the surface. Also, the diffusion

process is influenced by the microstructure of the material [6]. The
nanostructure and presence of defects can facilitate faster diffusion
pathways.

MgH, — Mg + H, 2)

Moreover, the kinetics of desorption are influenced by both
temperature and pressure. Higher temperatures provide increased
thermal energy, which generally speeds up the desorption process.
Lower hydrogen pressures and nano-scale materials increase the rate of
absorption. The use of catalysts and additives, such as transition metals,
can reduce the activation energy required for the desorption process,
thereby releasing hydrogen at lower temperatures [6, 7].

High temperatures accelerate hydrogen absorption by supplying energy
for hydrogen separation and release [8]. Adding catalysts such as
transition metals increases adsorption kinetics, whereas encapsulating
MgH, nanostructures improves hydrogen release and absorption
kinetics [9]. Mechano-synthesized nanostructures produce flaws,
boosting the kinetic rates of hydrogen diffusion. Additives such as
transition metals and oxides can also boost reaction kinetics [7].
Magnesium forms the dihydride stoichiometry as MgH,, which
crystallizes into two polymorphic structures. Stability in such
environmental conditions makes o-MgH, possess a tetragonal rutile
TiO, structure. This hydride, at high applied pressures of more than
0.39 GPa (3.9 kbar) [10], undergoes an unstable change, under normal
conditions, into y-MgH,, which crystallizes with a a-PbO, type
structure [8].

The hexagonal closed magnesium lattice (HCP) grows by around
30% after hydrogenation (31.4% for o-MgH, and 29.1% for y-MgH,)
(Table 1). The HCP metallic sublattice undergoes hydrogenation and
becomes a deformed, body-centered cubic sublattice. This sublattice
becomes orthogonal for y-MgH,. Even if the o-y transformation is
accompanied by a volume contraction of 1.3%, the main structural
features of the dihydrides remain the same for both hydrides [11].
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Table 1. Changing transitions in the metallic sublattice during the Mg-MgH, transition [8].

Hydride H/Mg (at%) Metal structure Vau (3% Hydride structure Vi (A% V"‘_]A (%) Ref.
m

a-MgH, 2 HCP 232 TiO, 30.53 314 [12]

y-MgH, 2 HCP 232 0-PbO, 30.01 29.1 [13]

Magnesium and aluminum often exhibit comparable behaviors. In both
cases, a small quantity of metal atoms, two in the AlH; structure and
three in the MgH, structure, connect the gaps instead of occupying
them with H atoms. The evidence of the covalent connection between
them is clearly demonstrated by this discovery. In the o-MgH,
structure, MgH; octahedra interconnect through their edges, forming
chains.

The advancement of safe, effective, and affordable hydrogen storage
solutions is crucial for reducing carbon emissions, enhancing the
efficiency of clean renewable energy consumption, and harnessing
hydrogen energy. Technologies for compressed gaseous hydrogen
storage have maintained a prominent role in this sector due to their
advantages in efficiency, low energy consumption, user-friendliness,
and simplicity [14]. Solid-state hydrogen storage technologies, which
are regarded as a promising hydrogen storage method, use metal
hydrides in their industrial applications. The metal hydride-based
hydrogen storage method can effectively overcome the shortcomings of
other hydrogen storage techniques due to its high volumetric hydrogen
storage density, ease of use, portability, affordability, and high device
safety, as well as the ability to choose the right fuel for the vehicle [15—
17].

Alloying is generally a straightforward and established technique for
changing Mg/MgH,. The thermodynamic characteristics of MgH, can
be successfully enhanced by introducing alloying elements to the
Mg/MgH, system to alter the water reaction routes and hydrogen
absorption. Reilly et al. [18] first discovered that the Mg,Ni
intermetallic compound, which is produced by adding the alloying
element Ni to the Mg/MgH, system, had good thermodynamic
performance for hydrogen adsorption and desorption. In order to exert
the hydrogen storage capabilities of their respective alloying
compounds, Fe, Co, Si, Cu, and other alloying elements are then added
to the Mg/MgH, system. Nevertheless, the main drawback of alloying
is that capacity is lost when all alloying elements are used, and certain
magnesium-based hydrogen storage alloys exhibit an irreversible
hydrogen absorption or desorption process [19].

As a result, employing catalysts to improve the kinetics of MgH,
hydrogen storage has been a common and successful strategy since the
1990s. These catalysts include carbides, halides, transition metals, and
transition metal oxides. In addition to the catalyst, the development of
hydrogen storage composites through the combination of complex
hydrides with MgH, has been a popular research topic in recent years
[20]. Also, Table 2 lists the names and short forms referenced in this
overview are provided in.

Also, studies in recent years have shown that the nanoscale of
magnesium hydride, due to the accumulation and inevitable growth of
additives, has led to the improvement of MgH, hydrogen storage
performance in recent years [6, 21, 22]. The particle size of MgH,
generally affects its kinetics and thermodynamics by changing the
surface-to-volume ratio. Since smaller particles usually have a higher

surface-to-volume ratio than larger particles, they can supply the
reactivity and reaction rate of MgH,. In keeping with smaller crystal
sizes, they also have more surface area, more nucleation sites, and a
shorter path for the absorption and desorption of hydrogen. The size of
the MgH, crystal in that material can affect the nucleation and
formation of new phases, the overall crystal structure of the material,
and ultimately the reaction kinetics and thermodynamics [4].
Additionally, schematic representations of basic theories and
approaches for magnesium-based hydrogen storage material
nanostructures are shown in Fig. 2.

Table 2. Nomenclatures are mentioned in this review.

Nomenclature Description Unit
Mg Magnesium -
H, Hydrogen molecule -
MgH, Magnesium hydride -
v-MgH, Gamma phase of magnesium hydride -
(orthorhombic, unstable at high T)
a-MgH, Alpha phase of magnesium hydride -
(tetragonal rutile TiO; type)
Nb,Os Niobium pentoxide catalyst -
wt% Weight percent of hydrogen storage %
capacity
T (1 bar) Equilibrium temperature for MgH, °C
decomposition at 1 bar
AH Enthalpy change of reaction kJ.mol”!
AS Entropy change of reaction J.(mol.K)"!
AG Gibbs free energy kJ.mol!
P Operating hydrogen pressure bar (or MPa)
P« Equilibrium hydrogen pressure bar (or MPa)
Keq Equilibrium constant -
Q. Reaction quotient -
T-desorption Hydrogen desorption temperature °C (or K)
AGhano Gibbs free energy at nanoscale (bulk + kJ.mol!
surface terms)
HCP Hexagonal close-packed magnesium -
lattice
BCC Body-centered cubic sublattice -
Vi Hydride unit cell volume A
Vi Metal unit cell volume As

Universal gas constant (8.314 J.mol.K™") J.(mol.K)!
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Fig. 2. Schematic illustrations of fundamental theories and strategies for the nanostructures of magnesium-based hydrogen storage materials [6].

The pressure must be released whenever it reaches a certain threshold
(roughly 1 MPa) due to the evaporation of liquid hydrogen brought on
by the residual thermal leakage. Due to these factors, dense liquid
storage has not been widely used, especially in transportation
applications. Instead, when boiling is avoided and cost is not an issue,
liquid hydrogen is used [23]. Hydrogen storage techniques, such as
compressed gas and metallic materials, are gaining popularity due to
their low density and short driving distance. These approaches can be
classified as physical adsorption using adsorbents and hydrides, in
which hydrogen atoms are chemically linked to metal hydrides. These
reversible materials may store up to 19% of hydrogen and are classified
into two types: physical adsorption with adsorbents and hydrides [24].
Also, in Fig. 3a, you can see different material-based hydrogen storage
technologies.

Some materials form a very strong bond when they bond with
hydrogen and require very high energy to release the hydrogen. In
general, a hydride is a negatively charged anion of hydrogen (H) that
has a hydrogen atom with two electrons. Also, all compounds
containing H atoms that have a covalent bond and are attached to an
element with a lower electronegativity are called hydrides; for
example, water (H,O) is an oxygen hydride, and ammonia is a nitrogen
hydride. In such cases, the H center has a nucleophilic character [8].

In general, it is common for two or more metal compounds to form a
moderately stable hydride, with one forming an unstable hydride and
the other a stable hydride. The order of material desorption is metal >
ionic > covalent bonds, which are complex hydrides of an anionic
complex with hydrogen covalently linked to a metal or non-metal, such
as (AlH4), (NHy), and (NH,)". Stronger bonds result in less hydrogen
desorption. These materials desorb hydrogen at a much higher
temperature [8, 14].

Materials used to store hydrogen include LiH, BeH,, CaH,, NaH, and
MgH,. LiH has a weight density of 12.5% but requires temperatures
above 700 °C to desorb hydrogen. BeH, and AlH; have a high weight
density but are poisonous and irreversible. CaH, and NaH have limited
storage capacity but contain less than 5% H, by mass [25]. Magnesium
hydroxide is the best choice for storing hydrogen due to its low

hydrogen desorption temperature, high reversibility, and 7.6% weight
density. These materials differ in their ability to store hydrogen [14,
16-20]. Magnesium hydride is a preferred option for storing hydrogen
due to its consistent storage density. Because magnesium is
inexpensive, stable, non-toxic, and plentiful, it is also used in battery
applications other than hydrogen storage.

A solid solution of hydrogen in magnesium (a phase) is formed when
hydrogen pressure is applied, as shown in Fig. 3b. This occurs when
hydrogen molecules break from the metal surface and hydrogen atoms
enter the lattice. The initial a-phase is fully transformed into B-MgH,
when the hydrogen concentration rises and the B-phase nucleation
becomes energetically favorable. Under a hydrogen pressure of roughly
30%, magnesium, which is typically produced as a hexagonal network,
B-MgH, the
At high compressive stress (70-80 bar),

expands to form a tetragonal structure  during
hydrogenation process.
B-MgH, transforms into the orthorhombic y-MgH, phase. Also, y-MgH,
is not stable and returns to tetragonal B-MgH, at high temperatures
(300 °C) [9, 16, 24, 26].

According to our findings, magnesium has been thoroughly studied for
use as a hydrogen storage material due to its abundance, non-toxicity,
affordability, and stability. He first examines the basic circumstances
and the fundamentals of the Mg-H system before highlighting the most
recent advancements in the optimization of magnesium hydride as a
hydrogen storage material. Then, the molecular structure of magnesium
is investigated, and the factors affecting its thermodynamics and
kinetics are pointed out. The scope of magnesium hydride synthesis
and its methods are discussed in this review article, which also looks at
how to optimize magnesium hydride as a material for storing hydrogen
by utilizing different additives, integrating defects, and comprehending
rate-limiting processes during adsorption and desorption. Finally, in
this article, various characterizations and analyses have been carried
out, and various applications of hydrogen and magnesium hydride
storage have been mentioned. You can also see the roadmap of this
article in Fig. 4.

In the global transition to renewable and sustainable energy systems,
hydrogen has become a very appealing energy carrier due to its high
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Fig. 3. a) A schematic illustration of various metallic-based hydrogen storage systems, metal hydrides, complex hydrides, and physical absorption of

hydrogen [24], and b) schematic representation of the transformation of magnesium into its o and p phases under hydrogen pressure [27].

gravimetric energy density, environmental friendliness, and potential to
replace fossil fuels in both stationary and mobile applications. It is
attractive due to its natural abundance, relatively low cost when
compared to complex hydrides, and exceptionally high potential
hydrogen storage capacity of 7.6 weight percent. Despite these
advantages, MgH, exhibits several intrinsic drawbacks, such as slow
hydrogen absorption and desorption kinetics, high enthalpy of
formation (AH = 75 klmol' H,), and a high decomposition
temperature, typically above 300 °C. These limitations not only hinder
fast hydrogen release under practical operating conditions but also pose
significant barriers to its integration into next-generation energy
systems.

This review seeks to bridge these gaps by conducting a systematic
and critical analysis of the advances in MgH, research, with a
particular emphasis on the dual roles of high-energy reactive
ball milling and catalytic doping. Unlike many previous reports
that address these modification strategies in isolation, the present
study highlights their combined impact on both the thermodynamic
and kinetic properties of MgH,. In doing so, it not only clarifies
how ball milling-induced nanostructuring enhances hydrogen
diffusion pathways and reduces particle size, but also explains
how transition-metal-based catalysts lower activation barriers
and promote reversible hydrogen release. Furthermore, the
review extends beyond laboratory-scale demonstrations by
assessing the scalability and long-term cycling stability of these

approaches, thus providing insights that are often overlooked in prior
literature.

Ultimately, this study aims to provide a stronger motivation for future
research by identifying the shortcomings of earlier investigations and
demonstrating how an integrated approach combining mechanical
processing, nanostructuring, and catalytic enhancement can accelerate
the transition of MgH, from a well-studied but problematic hydride to a
viable hydrogen storage medium for next-generation energy
applications. By offering a comprehensive perspective that interlinks
fundamental science with practical engineering considerations, this
review aspires to guide researchers toward more targeted, scalable, and
application-oriented solutions. In doing so, it lays the foundation for
advancing MgH,-based systems beyond incremental improvements and
toward transformative innovations capable of meeting the pressing
demands of sustainable hydrogen energy technologies.

2. Basic thermodynamic principles

The behavior and characteristics of MgH, are influenced by the
thermodynamic analysis of the reaction between Mg and H,. Due to
this, before trying any reaction, it is crucial to comprehend the
fundamentals of the magnesium-hydrogen reaction's thermodynamics.
MgH, is the result of an exothermic reaction between magnesium and
hydrogen, which is linked to entropy changes (AS = -135 J.mol"' K™") of
H, and enthalpy (AH = -75 kJ.mol™") of H, [28].
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The driving force behind a process is the Gibbs free energy (AG) [28]
(Egs. 3-9), and a reaction is considered thermodynamically favorable
when AG < 0. This can be written as follows:

AG® = AH? - TAS® (3)
AG’=RT InK,, 4)
AG = AG® +RT InQ, 5)

where Q; is the reaction coefficient and K., is the equilibrium constant.
The equilibrium constant and the reaction coefficient for the
hydrogenation reaction between solid magnesium and H, gas are solely
dependent on the H, pressure and can be written as follows:

0
Keg =g ©
P9
- 7
Q=% ™

in which P is the operating pressure and P* is the equilibrium pressure.
Additionally, the Van’t Hoff diagram corresponding to the hydride
reaction is illustrated by Eqs. 3—6 as follows.

P AH’ As’

P® RT R ®

In

eq
AG =RT In PP

®

According to Eq. 9, the conditions necessary for hydrogen storage are
determined by the equilibrium pressure of magnesium (P°Y). The
hydrogenation reaction between magnesium and hydrogen will
therefore be thermodynamically beneficial when P > P because
AG < 0. The temperature determines the equilibrium pressure in Eq. 8;
therefore, by modifying the temperature, hydrogen absorption and
desorption can be regulated [29].

Characterization and
various analyzes

Hydrogen absorption reactions have a corresponding temperature T, at
pressure Py, while hydrogen desorption uses a temperature greater than
To. It is possible to lower the temperature needed for hydrogen
emission by altering the system's thermodynamics. Adjusting AH® and
AS? correctly can result in lower temperatures T, for pressure P
Calculations revealed that when the enthalpy varies, the entropy also
changes; this phenomenon is commonly referred to as enthalpy-entropy
compensation [30, 31].

For a number of hydrogen storage materials, this linear relationship
between enthalpy and entropy, which is based on the enthalpy-entropy
compensation effect, has been studied. Additionally, when both entropy
and enthalpy fall, the temperature at which hydrogen is removed
decreases as little as possible. To optimize the drop in desorption
temperature, entropy should ideally rise in tandem with the enthalpy
decrease [32] (Egs. 10-15), which is defined as:

Tdesorplion = % (10)
Compared to bulk materials, nanoscale particles have a greater surface
area, more atoms, and distinct stability and chemical characteristics.
The surface energy of bulk materials may typically be disregarded for
thermodynamic calculations when they are in the bulk state, but at the
nanoscale, the surface energy becomes significant and needs to be
taken into account [33]. As a result, an extra surface energy term that
can be written as follows is frequently added to the Gibbs free energy
for nanosized particles (AGano):

AGpano = AGpuik + AGqut (11)

where AGg,r is the extra term resulting from the excess surface energy
and AGy, is the Gibbs free energy of the bulk material. The surface
energy of a spherical nanoparticle with radius r and molar volume V
can be represented as follows:

AGsurf = Z .171 (12)

i b
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With y = 8G/8A corresponding to the surface energy density on the
surface, A can be inserted in the above equation. From Eq. 12, the
particle size, molar volume, and surface energy density of the
nanosized particles all affect the nanoscale surface energy. A van't Hoff
equation for the nanoscale reaction is produced by adding the surface
energy term, and it looks like this:

AG surf

In P;;lm =In Pl?ﬁlk + RT

13)
Then, by substituting Eq. 10 in Eq. 13 for the Van't Hoff equation, we
will have:

P, 1 A’

In =—(AH9 +AG )—— 14
Pe RT surf R ( )

In the case of hydrogen desorption from nanoscale MgH,, by
substituting Eq. 12 into 14, the updated Van't Hoff equation can be

written as:
P 1 i | As?

lnhano _ - AH9+Z3V—‘Y‘ _AS” (15)
p® RT = 1 R

The extra surface energy of the nano-sized hydride will therefore
result in a lower enthalpy and, consequently, a lower desorption
temperature if the surface energy of MgH, is higher than that of Mg.
For instance, MgH, nanoparticles smaller than 4 nm had a lower
desorption temperature (253 °C) and a better enthalpy (52 kJ.mol™ Hy)
[34, 35].

According to research, MgH, nanoparticles should be smaller than
5 nm to facilitate the creation of unstable y-MgH, phases, introduce
grain boundaries, and provide extra volume in the deformed areas, all
of which improve thermodynamics. It should be mentioned that
because of the simplified assumptions used in the computations,
computational studies that calculate enthalpy values at the nanoscale
may have an error of up to £20 kJ.mol" H,. In the end, the metal
hydride nanoparticle model shouldn't produce inaccurate size forecasts
because the desired enthalpy for real-world applications is between 20
and 50 kJ.mol" H, [36].

3. Basic kinetics principles

The thermodynamic experimental values of H, (AH = -74.5 kJ.mol
and AS = -13 kJ.mol™" H,) indicate that hydrogen desorption processes
can occur at 253 °C with 1 bar of pressure offering However, a
temperature close to 40 °C is necessary for MgH, bulk hydrogen
desorption, resulting in a high activation energy barrier (E,). This
process requires both kinetic and thermodynamic control to lower the
desorption temperature [36].

The Arrhenius equation can be used to express k(T), which is a general
approach to estimate the rate of a reaction at a specific temperature
[36].

Eq

K(T)=Ae RT (16)

According to the Arrhenius equation, as the activation energy falls, the
reaction rate increases. Because of the slow kinetic conditions, bulk
magnesium may take many hours to complete the hydration processes
[6]. The diffusion rate, the oxide layer covering the magnesium surface,
and the low rate of hydrogen dissociation on the magnesium surface are
the three main hypotheses offered, though the exact reason for this
reaction's slow speed has not yet been determined [37].

Hydrogenation reactions involve a variety of heterogeneous gas-solid
interactions with different energy barriers and processes. At the gas-
solid interface, hydrogen-surface interactions with magnesium are
generally thought to take place at crystallographic defects (such as
grain boundaries and surface impurities). Nonetheless, the synthesis of
MgH, nanoparticles affects the type and amount of defects produced,
meaning that it often has a major impact on the kinetics of the reaction.
Finding the rate-limiting mechanisms and reducing the related energy
barriers are essential to fast kinetics [38].

During the hydration reaction, hydrogen gas is physically adsorbed on
the magnesium surface, and H, molecules are removed from the
surface before the chemical adsorption of H atoms. Physical absorption
requires little activation energy and does not slow down kinetics. The
dissociation of H, molecules into H atoms on the magnesium surface,
which has a slightly higher energy barrier of roughly 432 kJ.mol" H,,

metal

Fig. 5. The Lennard-Jones potential diagram depicts various energy barriers in the metal-hydrogen system at the metal surface and within the

metal, such as physical hydrogen adsorption (E,uys), H> decomposition (Eg;s), hydrogen chemical adsorption (Echem), hydrogen penetration in
the subsurface (Ej.,), diffusion of H atoms in the bulk (Egi), and nucleation and growth inside the hydride phase (E..) [39].
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is believed to be one of the primary rate-limiting phases [40].
Magnesium, unlike transition metals like Ni and Pd, lacks d orbitals
that can assist H, dissociation by interacting with hydrogen bonding
orbitals. Furthermore, the oxide layer generated on the magnesium
surface promotes weak hydrogen breakdown and chemisorption. This
issue is well represented in Fig. 5, which relates to the Lennard-Jones
potential diagram for the various energy barriers in the metal-hydrogen
system both inside and at the metal surface [39].

H atoms enter through the lower surface and disperse throughout the
magnesium matrix once hydrogen has chemically attached to the
surface. This additional rate-limiting phase is caused by the low
diffusion coefficient of hydrogen in magnesium and magnesium
hydride [41]. Next comes the temperature- and pressure-dependent
germination and growth phase. Rapid nucleation and development at
high temperatures and pressures (P > P°Y) produce a hydride shell that
prevents additional hydration and slows down reaction kinetics.
However, the opposite happens at low temperatures and pressures,
where the slow diffusion of hydrogen in magnesium becomes the
limiting step and hydride phase nucleation occurs inside the
magnesium particle without the formation of a hydride shell [42].
Magnesium hydride nanostructures (which reduce the size of
magnesium particles to a few nanometers) boost the reaction's kinetics
while decreasing its activation energy. The researchers observed that
smaller magnesium nanoparticles absorbed hydrogen 7 times faster
than 38 nm particles [43].

Increased surface kinks and defects brought on by nanosizing may
make the surface more reactive to hydrogen [44]. Other advances in
nanosizing include increasing surface area with smaller magnesium
nanoparticles, encouraging hydrogen dissociation at the surface, and
creating shorter diffusion routes, all of which can speed up hydrogen
diffusion. A major energy barrier to diffusion across the hydride is
eliminated when nanosizing aids in preventing the formation of a
hydride shell. Rather, the last obstacles to magnesium generation are
nucleation and growth, which frequently depend on temperature and
pressure [45].

When using composites for hydrogen storage based on magnesium, the
long-term stability cycle is also crucial. Long-term re-hydrogenation at
high temperatures decreases hydrogen storage capacity and the rate of
water/hydrogen absorption, according to the experimental results [46].
On the other hand, surface energies stimulate the aggregation and
development of nanoparticles, which expands the hydrogen diffusion
channel and decreases the kinetics of Mg/MgH,. In addition to using
pure H, to prevent capacity loss, the nanoproduct strategy and
encapsulation are useful ways for limiting nanoparticle aggregation and
growth [47]. The molecular investigation of magnesium hydride
nanostructures will be described in depth in the following section.

Fig. 6. Schematic of complex 1 and 2 [52].

4. Molecular magnesium hydrides

According to recent thermodynamic simulations, altering the particle
size can have some effect on the desorption temperature. The number
of surface hydride ions decreases, and the surface-to-volume ratio
rapidly increases as MgH, particles shrink. For MgH, clusters with
n<19 (particles smaller than 1.3 nm), this effect is taken into account;
for clusters in the sub-nm range, it increases significantly [48, 49].

The breakdown enthalpy is negative (AH=-5.5 kJ.mol ™) after the linear
monomer MgH,'s enthalpy has been calculated. Furthermore, a
"bottom-up" molecular approach can be used to create tiny, distinct
magnesium hydride clusters from MgH, clusters in the sub-nanometer
range. By employing a ligand framework, these clusters can
subsequently be utilized as the smallest magnesium hydride particles.
They are contained and visible. These molecular clusters cannot store
hydrogen effectively [49]. However, their molecular composition
enables detailed investigation down to the atomic level [48].
Researchers recently described the dimeric magnesium hydride
compound B-discriminate (2,6-diisopropylphenyl-nacnac MgH), [50].
Because of the steric location of 2,6-diisopropylphenyl (DIPP), the
researchers found that this complex is resistant to ligand exchange and
the production of the insoluble MgH, salt. Because of its stability,
B-diketiminate is a promising option for applications involving the
storage of hydrogen.

Mgl, can only be converted to complex 2 by potassium (K) reduction,
and complex 1 is thought to be extremely stable (reported
disintegration temperature of 300 °C). Nevertheless, hydride complex 1
is not produced when complex 2 is pressurized with H, (see Fig. 6).
However, oxidation of Mgl with AlH; resulted in the creation of
complex 1 [51]. It seems that more than two metal atoms must work
together to directly remove decreasing H,. Julia et al. discussed their
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Fig. 7. Schematic molecular process of synthesis (NN-(MgH),) is
proposed in this study [52].
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Fig. 8. Schematic of crystal spatial structures: a) crystal structure of
(NN-(MgH),), b) molecular structure of {NN-(MgnBu)(MgH)}, with a
double crystallographic axis, and c) crystal structure of (NN-(MgH),)
with three dual axes of crystallography and crystal system symmetry
[52].

research on polymetallic magnesium hydride in this context. According
to the study, complex 1 production is significantly decreased when
magnesium is alloyed with Ti, V, Cr, Mn, Fe, or Co. [52].

Julia et al. investigated molecular clusters of magnesium hydride and
the link between particle size and hydrogen removal temperature. They
said that the magnesium hydride complex (NN-(MgH),) was produced
by reacting the NN-H, ligand with nBu,Mg and then converting two
nBu groups into hydrides using PhSiH;. As seen in Fig. 7, the first
MgnBu functionality is substantially more responsive than the second.
By reacting with PhSiHj; in toluene at 60 °C for an hour, the first nBu
anion can be transformed into the hydride; however, the second nBu
anion necessitates higher temperatures and longer reaction times
(80 °C, 48 hours) [52].

Fig. 8 shows the crystal structure (NN-(MgH),) with a twofold
crystallographic axis placed horizontally in the plane; in (b) the

molecular structure of {NN-(MgnBu)(MgH)}, with a twofold
crystallographic axis placed vertically in the projection plane; and in
(c) it shows the crystal structure (NN-(MgH),) where the three
crystallographic double axes are perpendicular. Crystals with a yield of
48% were all identified by single-crystal X-ray diffraction.
Additionally, Fig. 8 creates a dimer combination where the four Mg
nuclei are in the same plane. passes through the N-(D,)N bond's center
and the H; and H, atoms [52].

Solid magnesium hydride (MgH,) has generally been suggested as a
material for storing hydrogen. Since the middle of the 20th century,
researchers have been interested in soluble magnesium hydride
reagents. Over the past 20 years, molecular magnesium hydride
chemistry has been introduced by organometallic chemists, who have
produced several distinct structural examples. The findings of this
study are promising for real-world uses of hydrogen storage
technology. These developments could revolutionize the way we store
and use energy [8, 30, 53-56].

In 1951, magnesium dihydride (MgH,) was first synthesized by direct
hydrogenation of magnesium metal using an Mgl, catalyst at 500 °C
and 200 bar H, pressure [57]. This process was effectively catalyzed by
anthracene and intermediate metal halides (Ti, Cr, and Fe) at
658-680 °C and 80 bar H,. The MgH, (a-MgH,) crystal has Mg-H
linkages and a rutile (TiO,) structure at normal pressure. Both B-MgH,
and y-MgH, can also develop under high pressure. Additionally, their
matrix separation techniques allow the vibrational spectra of a number
of molecular forms, such as MgH, MgH,, Mg,H, Mg,H,, Mg,H;, and
Mg,H,, to be detected and identified [58, 59].

At room temperature, MgEt, and LiAlH, combine to generate
microcrystalline magnesium dihydride, also referred to as active
magnesium dihydride, which is pyrophoric. Fig. 9 shows the
production of activated magnesium dihydride [60].

The equilibrium that causes crystal formation (MgH,) by the
corresponding ligand, which is highly sensitive to air and humidity, is
one of the challenges [60]. By offering crucial kinetic stability, the
proper use of powerful and stable auxiliary ligands, like S-donating,
improves the situation. Fig. 10 shows the four distinct reaction types
for the currently recognized techniques of magnesium hydride
production. The most common, extensive, and advantageous reaction
route is generally the Mg-C/H-Si stretching bond metathesis reaction
between alkyl magnesium and PhSiH; [61].

Furthermore, molecular magnesium hydride refers to a variety of MgH,
complexes. The molecular hydrides of group II metals will have
comparatively stronger bonds as their size, electropositivity, and lattice
energies increase. Additionally, the formation of these compounds
depends on the kinetic stability offered by suitable sub-ligands, and the
investigated ligands for molecular magnesium hydrides are primarily
mono- or di-anionic [60].

The Mg-H bond interaction in MgHj is primarily ionic, although some
covalent character can be seen, in contrast to pure ionic hydrides like
LiH. The presence of covalent character in the bond helps explain some
of the unique properties of MgH,, such as its ability to reversibly store

Et,0

e + i r
T MgH,y + LiAIH,Et;

MgEt,+ LiAlH,

Fig. 9. Synthesis of activated magnesium dihydride [60].
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o-Bond metathesis with hydrosilane
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Fig. 10. The main synthetic routes to well-defined molecular magnesium hydrides [60].

hydrogen for use in fuel cell applications. Overall, the combination of
ionic and covalent bonding in MgH, contributes to its stability and
reactivity in various chemical reactions [59].

As a result, the binding energy in MgH, is lower than in ionic hydrides
like LiH, but it is still considerable when compared to other metal
hydrides, such as the much weaker bonding in LaNisHs. The addition
of another element, such as an intermediary metal, to MgH, can help to
destabilize it and give it a polymorphic structure due to the Fermi level
characteristic. Furthermore, its hydrides are insulating, with a band gap
(bandgap energy) of approximately 3—5 ¢V. This makes them ideal for
use as solid-state electrolytes in batteries [59, 62].

5. Mechanisms of absorption and desorption

Now that we have accurately understood the thermodynamic and
kinetic relationships in magnesium hydride, as well as its molecular
and structural investigation, we may move on to the study of
adsorption/desorption and its mechanisms. In general, magnesium's
reaction with hydrogen consists of several steps, including physical and
chemical absorption, hydrogen diffusion to subsurface and mass
network regions, and eventually nucleation and expansion of the
hydride phase. During desorption, magnesium must form primary buds,
after which hydrogen atoms must go to the subsurface and recombine
with hydrogen molecules, causing the transition from the physical to
the gas phase. The slowest step in this chemical cycle also determines
the overall kinetics of hydrogen absorption [63].

While the hydrogen diffusion constant in magnesium is 10-13 m%s in
300 K, the hydrogen diffusion in MgH, is at a minimum [64]. As a

result, it is envisaged that hydrogenation will gradually slow down
following the development of the initial hydride layer around the Mg
particles. To determine the rate-limiting phases (kinetic) for both
absorption and desorption, they assessed hydrogen absorption and
release in a range of samples with very low to high additive
concentrations and following very brief to lengthy ball milling times.
They discovered that the best fit to their data in the case of absorption
was obtained by employing a three-dimensional diffusion-controlled
contraction volume model [65] (Egs. 17 & 18):

1—[23—“j—(1—a)§=m (17)

As would be expected from H diffusion through an Mg-hydride layer,
this equation best describes the experimental data, where diffusion in
the phase transformation is the rate-limiting step. Unlike the absorption
and desorption of H, from samples that have additives and catalyst
content and that require very little grinding time, Bakhrodian et al. [66]
obtained the best fit using the limited surface reaction model:

a=KT (18)

According to this equation, the primary rate-limiting processes in this
process are the recombination of hydrogen atoms and the diffusion
from the lower surface to the higher surface.

Moreover, the researchers effectively characterized the thermal
desorption spectroscopy results for pure a-MgH, using a model of
hydrogen evolution from the stoichiometric dihydride during its
breakdown [67]. In this concept, the metal phase is first nucleated, and
then hydrogen evolves through the surface of the metal islands that are
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created (seed nucleation and nucleation). The amount of hydrogen
desorption is determined by the final phase, which also serves as a
limiting step for the entire process.

In general, the adsorption and desorption mechanisms for
magnesium hydride (MgH,) in hydrogen storage include a series of
steps at the atomic level, which are controlled by thermodynamic and
kinetic principles. After examining the thermodynamic and kinetic
principles as well as the molecular model and its connections, it can be
stated that the absorption process includes the absorption of hydrogen
gas (H,) by magnesium (Mg) to form magnesium hydride (MgH,)
(according to Eq. 1) [68]. First, the surface of magnesium particles
absorbs hydrogen molecules (H,). On the magnesium surface, the
absorbed hydrogen molecules subsequently split into hydrogen atoms
(H) [5]. Of course, this step can be facilitated by the presence of
impurities or the use of catalysts [21]. Then the hydrogen atoms are
separated and leading to the movement of hydrogen atoms through the
magnesium crystal lattice. Finally, the hydrogen atoms find suitable
places inside the magnesium lattice and start forming magnesium
hydride (MgH,) buds. These primary buds act as sites of germination
[6, 21,22, 69].

MgH, nucleating regions grow by releasing more hydrogen atoms,
heating the material, and reacting with magnesium atoms. In the final
stage, primary hydrides are formed; this reaction is exothermic and
releases heat, leading to the formation of magnesium hydrides [7, 20,
70].

However, the desorption process involves releasing hydrogen gas from
magnesium hydride (MgH,) and returning it to magnesium (Mg). The
desorption process requires heating MgH, to provide the energy
necessary to break the Mg-H bonds. In general, the desorption
temperature varies from 300 to 400 °C, which needs to be optimized
[21, 22]. Then the supplied thermal energy causes Mg-H bonds to
break in magnesium hydride, which is endothermic and absorbs heat
[52]. After breaking the bonds, hydrogen atoms diffuse through the
MgH, matrix on the surface side. Of course, in the presence of existing
grain boundaries or catalysts, the diffusion process is facilitated by the
microstructure of the material [70]. Finally, the hydrogen atoms on the
surface recombine and form hydrogen molecules (H,) (according to
Eq. 2). Also, hydrogen molecules can be released into the surrounding
environment as hydrogen gas.

In addition, effective factors affect the process of absorption and
resorption and can facilitate the process. In general, the factors
affecting these processes are temperature, catalysts, nanoscale, and
pressure [5, 15, 21, 22]. Higher temperatures increase the kinetics of
adsorption and desorption by providing the necessary energy for
hydrogen decomposition, diffusion, and bond breaking. Catalysts such
as transition metals (Ni, Pd) can significantly reduce the activation
energy for adsorption and desorption, and these processes can be
carried out at lower temperatures [15, 22]. Reducing the size of
magnesium particles to the nanoscale increases the available surface
area for hydrogen interaction, increases the surface-to-volume ratio,
and improves the overall kinetics [30]. Finally, high hydrogen
pressures increase the speed of the adsorption reaction, while low
pressures facilitate the desorption process [7].

6. Methods of magnesium hydride synthesis

The high hydrogen storage capacity and comparatively low cost of
magnesium hydride (MgH,) make it a viable material for hydrogen

storage. A number of synthetic techniques have been developed to
create MgH, with better stability and kinetics. Here, the main methods
of magnesium hydride synthesis are described. In general, magnesium
hydride (MgH,) can be synthesized through ball milling (mechanical
alloying) [21, 22], thin film deposition [5], electrochemical methods
[72], the melt method [55], and high-pressure techniques [73]. In the
presence of hydrogen gas, magnesium hydride can also be produced
straight from the pure metal [74].

Mechanical alloying is a method of converting alloys into powders of
elemental metals without using direct heat. J.S. Benjamin developed
this cold alloy process in the 1960s to produce a nickel-based
superalloy for gas turbine applications [75]. Mechanical alloying of
metal powders involves three processes: cold welding, fracture, and
rewelding of the powder particles. These three processes are carried out
by the highly powerful impact forces generated by the grinding balls in
the mill. From a mixture of elemental or pre-alloyed powders,
mechanical alloying effectively creates equilibrium and non-
equilibrium alloy phases [76].

Ball milling is conceptually different from mechanical alloying because
actual alloying may not occur during ball milling, so particle size
reduction is a significant advantage compared to the production of
alloys. In general, this effect is suitable for Mg-based nanocomposites
because the nanostructure (from ball milling) has been shown in
several studies by researchers to improve hydrogen storage properties
[21, 22, 24, 77-81]. Furthermore, the high-energy ball milling method
can result in the development of solid solutions and amorphous phases,
improving the mechanical and chemical properties of the materials.
This can result in increased strength, ductility, and corrosion resistance,
making ball milling a versatile and valuable approach for developing
new materials with specific qualities. Additionally, the final output can
be customized to meet the needs of certain applications thanks to the
ability to alter milling parameters, including ball-to-powder ratio,
speed, and milling duration.

There are different types of ball mills, among which are horizontal ball
mills, vibrating ball mills, planetary ball mills, reactive ball mills, and
large-diameter ball mills. A variety of large-diameter and abrasive ball
mills are used for large-scale sizes (1 to 1000 kg) [76]. Shaker mills
and planetary ball mills are more suitable for research purposes due to
their ability to handle small amounts of powder [22].

A shaking mill is a very energetic mill that applies motion in three
perpendicular directions at more than 1000 rpm. Planetary ball mills
are lower-energy mills compared to vibrating mills. The working
mechanism of the planetary ball mill consists of a special container that
is placed on a rotating disk. During operation, the disc and the vessels
(vials) of the mill rotate in opposite directions, and as a result, the
centrifugal forces alternately synchronize. This action causes the
grinding balls to rise and fall, impacting the materials in the containers
[82].

Reactive ball milling (RBM), also known as ball milling in a hydrogen
atmosphere, is a useful method for creating a range of hydrides. High
mechanical stresses in general can result in high-pressure
polymorphism in powders, and the unstable gamma phase of
magnesium hydroxide is commonly observed following ball milling.
Alloying can be accomplished easily through grinding. Ball milling is
the only way to create some alloys, such as iron and magnesium alloys
[83].

A high-energy ball mill is now used to describe a rotating cylinder
filled with steel or tungsten carbide balls. The balls strike the
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magnesium powder, providing the required mechanical energy for the
reaction [81]. According to researchers, this process comprises the
mechanical grinding of magnesium (Mg) in the presence of hydrogen
gas, resulting in the creation of MgH, by a combination of mechanical
activation and chemical reaction. This approach can result in
nanostructured MgH, with increased hydrogen storage capabilities.
Furthermore, the high-energy ball milling process gives you more
control over the size and distribution of particles, resulting in a more
consistent and efficient reaction. This approach produces
nanostructured MgH, with potential hydrogen storage capacity, making
it a viable option for clean energy applications. Overall, the
combination of mechanical activation and chemical reaction in the
high-energy ball milling process has proven to be a successful
approach for enhancing the properties of magnesium hydride
[24,77].

Additionally, the researchers said that in order to promote the synthesis
of MgH,, the grinding is carried out in a hydrogen environment [22].
The ratio of pellet mass to powder mass, milling time, temperature,
pressure, and speed are some of the variables that affect the milling
process. This process is usually done at room temperature, although the
process can generate heat that can raise the ambient temperature.
Hydrogen gas pressure is also maintained to ensure a continuous
supply of hydrogen throughout the milling process [21]. In addition to
breaking the oxide layer on the magnesium powder and creating new
surfaces, this procedure drastically lowers the size of the powder and
grain (crystallite). The size of the required particles and the degree of
hydrogenation determine how long the grinding process takes. Another
important factor influencing the grinding operation's efficiency is the
mass ratio of the pellets to the mass of magnesium powder. Therefore,
it is important to carefully control these variables in order to achieve
the desired particle size and degree of hydrogenation [21, 22].

The ball milling process causes severe plastic deformation in the
magnesium powder, creating defects and increasing the surface-to-
volume ratio, which increases the reactivity of magnesium with
hydrogen. Repeated collisions and friction between balls and
magnesium powder cause hydrogen molecules (H,) to decompose into
hydrogen atoms (H) [24, 82].

In general, a combination of a-MgH, and y-MgH, is formed in situ
when magnesium metal is ball milled in hydrogen gas, which also
lowers the desorption temperature of hydrogen in MgH, [84]. In 1990,
Fecht et al. began working on the manufacture of nanocrystalline
metals using high-energy milling techniques. According to them, ball
milling may decrease pure metals with bce and hexagonal (hep) crystal
structures to 9 nm for bce metals and 14 nm for hep metals. [83].

To prevent oxidation, Fecht et al. [83] reacted Zr powder in a steel
container with an argon environment for 24 hours. The powder was
combined with epoxy, the reaction temperature was kept constant, and
a microtome and diamond knife were used to cut thin slices that ranged
in size from 20 to 50 nm. Then, Hout et al., inspired by the previous
research [83], were able to significantly improve the hydrogen
absorption properties of magnesium hydride by using a high-energy
ball mill [85]. They concluded that an 18% by weight y-MgH, phase
was produced by high-energy ball milling of magnesium hydride at
room temperature. The surface of the milled particles was significantly
rougher than the unmilled ones, and there was minimal particle
aggregation after milling. They also measured the hydrogen desorption
temperature, which was reduced to 64 K, using a differential

calorimeter. It implies a lower activation energy and quicker hydrogen
desorption kinetics [85].

Magnesium hydride is often created when magnesium reacts with
hydrogen during milling. Hydrogen can more readily penetrate and
react with magnesium as the grinding time increases because the
mechanical energy provided to the particles reduces their size, and the
specific surface area of the smaller particles enhances the reaction
kinetics [86, 87].

Hanada et al.'s study used the mechanical grinding method to examine
the connection between magnesium hydride's (MgH,) nanostructural
characteristics and hydrogen storage properties [88]. The MgH,
nanostructures utilized in this investigation were created by
mechanically grinding them in an atmosphere of hydrogen gas. The
amount of desorbed hydrogen decreased by 16 weight percent, from
7.3 to 6.1% by weight, during the first two hours of milling. The size of
the powder and its crystallites also shrank, and the initial
dehydrogenation temperature dropped from 670 K to 70 K. Finally,
they discovered that the decrease in crystallite size and lattice strain in
MgH, during milling has an effect on hydrogen storage capacity.
Examining the possible trade-off between greater hydrogen desorption
and decreased hydrogen storage capacity is essential when employing
mechanical grinding techniques for MgH, nanostructures. Furthermore,
further investigation is needed to fully comprehend how lattice strain
and decreased crystallite size affect the overall capacity to store
hydrogen.

High-energy ball mill settings' effects on the microstructure and
properties of magnesium hydride and single-walled carbon nanotubes
were examined by Kudiyarov et al. Since milling speed and ball
milling duration are crucial factors in determining the composite
qualities that are created, they were chosen as variable parameters in
this study. Fig. 11 displays SEM images of MgH,-5 weight percentage
single-walled carbon nanotube (SWCNT) composites that were
acquired after 60 minutes of grinding at 660 and 900 rpm speeds.

In the work of Campos et al, a similar picture with a high
concentration of MgH, network was seen [89], which can be seen in
Fig. 12a. Fig. 12b & 12c also shows the SEM images of the composites
obtained by milling at 300 rpm for 120 minutes (a, b) and 180 minutes
(d, e) [21].

Physical vapor deposition (PVD) and chemical vapor deposition
(CVD) are the two types of thin film deposition techniques that can be
used to create doped magnesium-based materials with sizes ranging
from a few atoms to micrometers. Materials are evaporated from a
solid or liquid source and subsequently deposited on a substrate using
the atomic deposition technique known as PVD [90].

In research by Korablov et al. [22], magnesium hydride (MgH,) was
synthesized by ball milling magnesium powder under hydrogen
pressure. 202 steel balls with a diameter of 10 mm and a duplex steel
container (V = 500 ml) filled with hydrogen gas (P = 24 bar H,) were
used for milling. 400 rpm rotation speed and a 40:1 ball-to-powder
mass ratio. For the synthesis, 20.425 grams of magnesium powder were
utilized. Ultimately, the produced MgH, was combined with 5% by
weight of additives to create MgH,-based nanocomposites. At the same
time, magnesium hydrogenation was synthesized using the TiC-2TiB,
additive. MgH,-based solutions were ground at 500 rpm for 15 minutes
in Ar gas to produce ethylenediaminetetraacetic acid (EDTA) and
AICl; additions. The produced nanostructures were then ready for

examination.
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Fig. 11. SEM images of MgH,-5 wt% after 60 minutes of ball milling with speeds of a) 660 rpm and b) 900 rpm
show different morphologies and particle sizes [21].

The milling time required to finish the hydride production process is
obviously increased by residual magnesium traces. Additionally,
Kurablov et al's SEM investigations demonstrated that the
nanostructure of the finished product for TiC-2TiB,-doped magnesium
hydride from ball milling occurs [22].

In 2023, research by Zhi-Kang Qin et al. was conducted on hydrogen
storage with the synthesis of magnesium hydride. In this research,
MgH, and LiBH, were mixed with a weight ratio of 19:1 and subjected
to ball milling in a 300 ml tank. A planetary ball mill was used to
mechanically mill one gram of mixed material in a grinding tank for
ten hours at 400 rpm. Twenty 30-minute intervals were used to mill all
of the prepared samples, with a 2-minute break in between.
Additionally, pure MgH, doped with 5 weight percent Li,B;,H,, [4].
Since LiBH, acts as an ionic conductor to increase the grinding kinetics
in MgH,, the researchers performed it with pure MgH, systems doped
with Li;B,H,, and in Fig. 13, the adsorption and desorption kinetics of
pure hydrogen doped with Li,B;,H;, and MgH, doped It is done with
LiBH, at a temperature of 300 °C. As shown in Fig. 13a, MgH, has
poor kinetics for hydrogen desorption; in 40 minutes, less than 0.7
weight percent of hydrogen is desorbed. However, the kinetics of
MgH, desorption are enhanced by the presence of complicated
borohydrides [4].

Dehydrogenation can be completed rapidly, releasing 1.7 wt% of
hydrogen within 40 min, which represents a tenfold increase compared
to pure MgH,. A similar increase in desorption was observed in the
MgH, system doped with Li,Bj,H;,. Fig. 13b also shows that MgH,
doped with LiBH, has hydrogen adsorption kinetic properties [4].

6.1. Magnesium-based hydrogen storage materials: recent
developments

The impact of newly developed techniques, such as mechanical ball
milling, methanol-wrapped chemical vapor deposition (MWCVD),
plasma-assisted ball milling, and organic ligand-assisted synthesis, on
hydrogen storage performance was highlighted by Xu et al. and
associates in their comprehensive analysis of recent advancements in
the production processes of magnesium-based hydrogen storage
materials. Their research indicates that while MWCVD and organic
ligand-assisted techniques offer high-performance materials with

controllable nanostructures, their scalability is constrained. On the
other hand, due to their affordability and scalability, mechanical ball

Fig. 12. a) SEM image of magnesium hydride nanocrystals,

b, ¢) SEM images of MgH,-5 wt% multi-walled carbon nanotube
(MWCNT) composite with 120 rpm, and d, e) 180 rpm [21].
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Fig. 13. Graphs of a) hydrogen desorption and b) adsorption kinetic curves of net, Li,B;,H;,-doped and LiBH4-doped MgH, at 300 °C [4].

milling and plasma-assisted ball milling are the most promising
methods for practical use. The study emphasized that hydrogen storage
capacity and kinetics remain critical challenges [91].

Theoretically, MgH, has a storage capacity of 7.6 weight percent;
however, contaminants, surface oxidation, and incomplete
hydrogenation make practical values less feasible. Rapid hydrogen
absorption and release are restricted by slow solid-state diffusion and
high activation energy barriers for hydrogen dissociation and
recombination. According to Xu et al., sorption kinetics can be greatly
improved by using catalytic additions (such as metal oxides, bimetallic
alloys, and metal-organic frameworks) and nanostructuring techniques
that lower energy barriers and increase diffusion rates. The review also
focused on cycling stability. Magnesium-based materials tend to
degrade during repeated hydrogen absorption-desorption cycles due to
particle agglomeration, surface oxidation, and phase segregation, which
reduce specific surface area and reactivity [91].

The authors suggested that the combination of nanostructuring and
catalytic doping can mitigate these degradation mechanisms, improving
long-term reversibility and performance. In their conclusion, Xu et al.
presented several research directions, including the development of
novel catalytic systems, the rational design of materials based on
magnesium nanostructure, multi-scale computational modeling, the
exploration of combined preparation methods (ball milling +
MWCVD), system integration optimization, and the development of
scalable production and recycling strategies. These strategies aim to
develop magnesium-based hydrogen storage materials that are safe,
effective, and affordable for practical hydrogen energy applications
[91].

Xu et al. investigated the development of magnesium-based hydrogen
storage materials using mechanical ball milling as a versatile and
scalable technique. Ball milling, they pointed out, allows MgH, to be
homogenized and nanostructured, which greatly enhances the kinetics
of hydrogen absorption and desorption and lowers reaction
temperatures without the need for external heating. The study
emphasizes that optimization of milling parameters, including milling
time, speed, and energy input, is crucial to achieving high hydrogen
storage capacity, fast kinetics, and reproducible performance for both
laboratory-scale and industrial-scale production. The authors also
examined the effect of catalytic additives such as transition metals,
metal oxides, carbon materials, and metal halides, showing that these

additives enhance hydrogen sorption kinetics by facilitating hydrogen
dissociation, diffusion, and recombination [92].

Furthermore, the review discussed nanocomposite strategies, including
the combination of Mg-based hydrides with MOFs, other hydrides, and
carbon scaffolds, which improve performance via nanoconfinement
and interfacial effects. Structure—property correlations and synergistic
mechanisms were clarified by using advanced characterization
techniques, including XRD, TEM, XPS, and Raman spectroscopy, in
conjunction with theoretical tools like DFT and molecular dynamics.
Despite these advancements, Xu et al. pointed out persistent
challenges: (1) the hydrogen storage capacity remains below the
theoretical limit due to impurities and oxidation, (2) low-temperature
kinetics (<100 °C) are still insufficient for practical on-board storage,
(3) cycling stability is limited by sintering, coarsening, and structural
degradation, (4) safety and material compatibility need further
investigation, and (5) cost and scalability of ball milling processes
require optimization [92].

The authors recommended several approaches for future research to
address these issues, including the development of new magnesium-
based alloys and composites, advanced ball milling techniques (such as
planetary and attritor mills), multi-scale characterization and modeling,
nanoconfinement and catalysis methods, and the integration of
magnesium-based hydrides into prototype hydrogen storage systems.
Overall, Xu et al. demonstrated that ball milling innovations provide a
solid foundation for practical Mg-based hydrogen storage applications,
offering enhanced kinetics, cycle stability, and scalability, while
highlighting areas for further improvement to meet the demands of
hydrogen energy technologies [92].

Soltani et al. developed a ZnSnO5;—SnO, nanocomposite as an efficient
catalyst for hydrogen generation via sodium borohydride (NaBH,)
methanolysis. They used a modified sol-gel technique, which is new in
this field, combining zinc acetate and tin chloride with EDTA
ammonium salt as an electrosteric stabilizing and chelating agent.
Characterization of the synthesized nanocomposite was done with
TGA/DSC, XRD, FTIR, UV-Vis spectroscopy, and SEM. XRD
analysis indicated an average crystalline size of 32 nm, while SEM
images showed that SnO, nanoparticles were deposited on ZnSnO;
aggregates of 10—50 pm [93].

The combination of ZnSnO; and SnO, exhibited significant catalytic
activity. A total of 374.11 ml.min".g" (832.38 h™'") was reported as the
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TOF. The activation energy was 43.19 kJ.mol”, the enthalpy AH was
40.65 kJ.mol”, and the entropy AS was -178.96 J.mol.K™'. Moreover,
the catalyst retained 87% of its activity after four cycles, demonstrating
excellent stability and recyclability. These findings suggest that the
ZnSnO;—SnO, nanocomposite is an economical, environmentally
friendly, and effective catalyst for hydrogen production. The study
highlights the importance of nanostructuring, chelating agents, and
composite formation in improving the efficiency, stability, and
reusability of hydrogen production catalysts, offering valuable insights
for future development of advanced catalytic systems in sustainable
hydrogen generation [93].

Recent developments in materials for hydrogen synthesis and storage
based on magnesium and zinc have shown great promise for real-world
uses. Xu et al. comprehensively reviewed various preparation methods
for Mg-based hydrogen storage materials, including mechanical ball
milling, methanol-wrapped chemical vapor deposition, and plasma-
assisted techniques, highlighting strategies to improve hydrogen
capacity, kinetics, and cycling stability. In a complementary study, Xu
et al. focused on ball milling innovations, showing that optimization of
milling parameters and incorporation of catalytic additives or
nanocomposites ~ can  significantly  enhance the  hydrogen
absorption/desorption performance and scalability of MgH,-based
materials. Expanding beyond storage, Soltani et al. demonstrated that a
ZnSnO5—SnO, nanocomposite synthesized via a modified sol-gel
method with EDTA ammonium salt as a chelating agent can efficiently
catalyze hydrogen production from sodium borohydride methanolysis,
achieving high turnover frequency, low activation energy, and
excellent recyclability.

6.2. Cost-effectiveness and long-term cycling stability of MgH,

While laboratory-scale improvements in Mg-based hydrogen storage
materials have demonstrated remarkable enhancements in kinetics and
capacity, translating these advances to industrial-scale applications
requires careful consideration of cost-effectiveness. Synthesis
techniques, including reactive milling, methanol-wrapped chemical
vapor deposition (MWCVD), and high-energy ball milling, may need
expensive precursors, specialized equipment, or significant energy
consumption, which may restrict their economic viability. Recent
studies, however, have begun to address these economic constraints by
optimizing milling parameters, reducing catalyst loadings, and
developing scalable mechanochemical methods. For example, Xu et al.
demonstrated the production of MgH,-based composites with fast
hydrogen absorption/desorption kinetics using an attritor-type ball mill,
achieving high throughput while maintaining relatively low energy
input and material costs. By carefully balancing performance with
production efficiency, these approaches illustrate pathways to
economically viable Mg-based hydrogen storage solutions [91, 92].
Long-term cycling stability remains a key factor in the practical use of
magnesium-based hydrides. Phase segregation, surface oxidation,
particle coarsening, and loss of active surface area are common
outcomes of frequent cycles of hydrogen absorption and desorption, all
of which progressively reduce the effectiveness of hydrogen storage.
Empirical evidence shows that even high-performance nanostructured
MgH, composites can experience significant capacity loss after several
hundred cycles if protective strategies are not implemented. Therefore,
understanding and mitigating degradation mechanisms is central to
ensuring reliable operation under realistic conditions.

To enhance cycling stability, several advanced strategies have been
explored. Confining nanoparticles in porous scaffolds, encapsulation
with carbon-based materials, and introduction of anti-sintering
additives have been effective in maintaining particle size and surface
area during extended cycling. Catalytic additives, such as Ti- and Nb-
based compounds, not only improve hydrogen kinetics but also
contribute to structural stability by facilitating reversible phase
transformations and preventing irreversible agglomeration. Studies by
Xu et al. and Zhou et al. reported that MgH, composites combined with
carbon nanofibers or MOFs retained more than 85-90% of their initial
hydrogen capacity after 50-100 cycles, demonstrating that tailored
nanostructuring and composite design are key to long-term
performance [5, 91, 92, 94].

A comprehensive framework for moving magnesium-based hydrogen
storage toward practical applications is provided by including cost-
effectiveness and cycling stability factors into material design. By
optimizing synthesis techniques for both scalability and economic
feasibility, while simultaneously applying structural stabilization
strategies, researchers can develop Mg-based hydrides that balance
high capacity, fast kinetics, and durability. Furthermore, integrating
these materials into prototype storage systems allows for realistic
performance evaluations, including thermal management, pressure
cycling, and safety assessments. Collectively, these efforts indicate that
Mg-based hydrogen storage can move beyond laboratory
demonstrations to practical, long-term, and economically viable energy
solutions [5, 92].

In summary, addressing cost-effectiveness and long-term cycling
stability is essential for the practical deployment of magnesium-based
hydrogen storage materials. While laboratory-scale methods have
enhanced hydrogen capacity and kinetics, scalable and economically
viable synthesis routes such as optimized ball milling and
mechanochemical approaches are critical for industrial applications.
During repeated cycles of hydrogen absorption and desorption,
structural = stabilizing techniques such as carbon encapsulation,
nanoconfinement, and catalytic additives successfully reduce
deterioration.

Overall, cost considerations and long-term cycling stability are just as
important as enhancing hydrogen capacity and kinetics for the practical
application of magnesium-based hydrogen storage materials. Alloying,
catalytic improvements, and the application of scalable ball-milling
processes are examples of recent developments that have shown
promise in lowering manufacturing costs without sacrificing
performance. Moreover, strategies such as nanoconfinement, carbon
coating, and optimized catalyst distribution help preserve the structural
integrity of Mg-based hydrides over extended hydrogen
absorption/desorption cycles. These combined approaches offer a path
toward the creation of sustainable and commercially feasible
magnesium-based hydrogen storage devices by taking durability and
economic factors into account [5].

6.3. Heat management in MgH; hydrogen storage tanks: heat
exchangers and thermal control

The impacts of pulsed heating on MgH, desorption kinetics and
thermal efficiency in solid-state hydrogen storage were investigated
numerically by Lanbaran et al. [95]. They used a pulsed (ON/OFF)
heating technique to improve the hydrogen release performance of
MgH,. They demonstrated that a 15-minute pulsed heating cycle could
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reduce the desorption time by 25%, achieving complete hydrogen
release in 45 minutes, while maintaining efficient desorption kinetics
and improved thermal management. The study offers crucial insights
into the processes of mass and heat transport under pulsed heating and
suggests reactor layouts that are optimum for realistic hydrogen storage
applications [95].

The authors assessed and contrasted two heating strategies, constant
radial heat flux and stepwise pulsed heat flow, in a 2D symmetric
geometry using finite element simulations in COMSOL Multiphysics
(Fig. 14). This figure, which can be included in our review,
schematically represents the MgH, tank setup: (a) the traditional
method with continuous uniform heating, and (b) the pulsed heating
approach where the external wall alternates between ON and OFF
states. In terms of thermal efficiency and hydrogen desorption
management, the graphic shows how pulsed heating clearly
outperforms traditional constant heating by enabling accumulated
heat to enter the MgH, bed more deeply without overheating the wall
[95].

In order to improve thermal conductivity by almost an order of
magnitude, a critical component of precise heat-transfer modeling, the
simulated bed in the approach was made of MgH, mechanically
combined with 8 weight percent expanded natural graphite (ENG).
Realistic boundary characteristics like fixed surfaces, conductive heat
transfer borders, and hydrogen gas outlet paths were incorporated into
the models. To enable useful comparisons between the two approaches,
important factors such as the initial temperature, hydrogen gas flow
rate, and heat flux intensity were maintained constant. The results show
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that the pulsed heating approach improves both desorption kinetics and
thermal efficiency, providing a numerical basis for designing more
efficient and practical MgH,-based hydrogen storage systems.

Overall, the study by Davoud Abdi Lanbaran et al. demonstrates that
pulsed heating offers significant advantages over conventional
continuous heating for MgH, hydrogen storage. Their numerical
simulations show that the pulsed (ON/OFF) approach accelerates
hydrogen desorption, enhances heat penetration, and improves thermal
efficiency, providing key insights for the design of more effective and
practical solid-state hydrogen storage systems.

7. Various additives in magnesium hydride

In storage applications, high temperatures are often viewed as a
drawback. Numerous studies have been conducted to enhance MgH,'s
thermodynamic properties. One solution is to use additives and change
the reaction equilibrium [96]. Compounds that form magnesium alloys,
such as Al-Mg, or additives that form ternary hydrides and decrease the
reaction enthalpy, such as Mg,NiHy [97]. Of course, the enthalpy
values of these hydrides are still high and are in the range of 60 kJ/mol.
According to theoretical calculations, MgH, atomic clusters that
contain a small number of atoms have less thermodynamic stability
[98].

However, the experimental results showed that even in these atomic
clusters, the thermodynamic equilibrium changes are very small, and
this is because small positive values for enthalpy are neutralized by
small positive values for entropy [2]. Magnesium hydride's slow
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Fig. 14. Schematic of the MgH, tank showing a) continuous heating and b) pulsed (ON/OFF) heating.
Pulsed heating improves heat penetration, desorption kinetics, and thermal efficiency [95].
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kinetics of hydrogen absorption and desorption processes are another
problem. It is possible to alter kinetic characteristics by altering the size
of magnesium particles. Particle kinetics are greatly enhanced when
particle sizes are reduced to the nanometer range. The decrease in the
hydrogen atom's penetration path in the solid state and the increase in
the surface-to-volume ratio of the particles are the causes of this
phenomenon [99]. Several methods have been investigated for the
synthesis of nanostructured magnesium hydride. Asianizing MgH,
micron powder, along with some catalyst, is often a suitable method.
For example, metals such as Pd and Ni or metal oxides such as N,Os
have an optical effect [100].

In MgH, grinding, multi-walled carbon nanotubes improve the kinetics
of hydrogen release, releasing 5% weight of the stored hydrogen in the
first five minutes. On the other hand, grain expansion brought on by
high temperatures diminishes efficiency and kinetic characteristics.
Capture nanoparticles in porous supports with particular surfaces, large
pore volumes, and chemical neutrality to stop grain growth. Carbon-
based materials can be used to facilitate the synthesis of nanoparticles
of magnesium hydride [2, 101-104].

Magnesium particles can also be synthesized at temperatures lower
than the melting point of Mg. In this method, magnesium atoms are
evaporated during heating in a neutral atmosphere and deposited on the
surfaces and holes of the support through the penetration mechanism
[105]. It is predicted that small MgH, nanoparticles can be synthesized
by the vapor infiltration method on porous carbons, and
nanocomposites with controlled particle size can be prepared. In
addition, the resulting materials would have potential applications in
hydrogen storage.

Danaei et al. [106] compared hydrogen desorption from unmilled and
milled magnesium hydride for 33 min and found that milling can
reduce the onset temperature of desorption to about 45 °C. Shang et al.
[107] investigated the desorption temperature of magnesium hydride at
different milling times and showed that milling for 8 and 15 hours
reduced the desorption onset temperature to 73 and 83 °C, respectively.
Hanada et al. [108] showed that the combination of magnesium hydride
and niobium oxide milled for 15 minutes has two peaks in the
desorption graph at temperatures of 233 and 273 °C. After milling for
2 hours, they saw a decrease in the peak that exists at a higher
temperature. And milling for 23 hours also leads to only one peak at
about 233 °C. When Simchi et al. [109] investigated the desorption
temperature of magnesium hydride at various milling times, they
discovered that the temperature decreased as the milling time increased
up to 4 hours and increased as the milling time increased beyond
4 hours.

Barkhordarian et al. [66] investigated the desorption kinetics of
3% wt niobium oxide in different times of magnesium hydride with
1% milling and showed that the desorption reaction speed improved
by 133 hours compared to 2 hours. Fuster et al. [110] indicated that
the reduction of the magnesium dehydrogenation temperature was a
result of milling the magnesium particles for a length of 7 to
133 hours. In order to increase the specific surface area and
facilitate more collisions between the metal and improver particles,
grinding reduces the size of the particles and creates voids and
fractures on their surface. This accelerates the reaction, lowers
the desorption temperature, and facilitates the penetration path of
hydrogen atoms. It reduces the surface of the metal, but with an
excessive increase in the grinding time, this effect may be lost by
creating a lumpy state in the particles and leading to an increase in the

desorption temperature. This can result in decreased hydrogen storage
capacity.

Magnesium hydride removal behavior has been improved by a variety
of additions with varying effects, which are assessed in two oxide and
non-oxide portions. In the section on oxide additives, Barkhordarian et
al. showed that a magnesium nanocrystal with 0.2 mol% Nb,Os has
better hydrogen absorption kinetics compared to the same amount of
Cr,03, and Fe;04 shows a much lower effect than Cr,O; under the same
test conditions. Additionally, they investigated how various
concentrations of niobium oxide affected the desorption behavior and
discovered that greater improver concentrations improved the
desorption kinetics, reaching the ideal limit of 0.5 mol% improver [28].
From the research of Huhn et al. [111], it can be seen that the addition
of 5% Nb,Os greatly improves the speed of the desorption reaction.
Friedrichs et al. [112] showed that the combination of MgH, with
2 mol% Nb,Os released 6.4% of hydrogen in 114 seconds, while
magnesium hydride alone released 7.6% of hydrogen by weight in
114 seconds. The time is 114 seconds.

Polanski et al. [113] investigated the effect of chromium, iron,
titanium, zinc, and indium oxides on magnesium hydride desorption
rate. The results showed that Cr,O; and then TiO, have the greatest
effect on increasing the rate of hydrogen desorption. In addition to
causing or increasing surface imperfections on magnesium hydride
during grinding, metal oxides with tiny and hard particles also aid in
accelerating the desorption reaction by exchanging electrons with
hydrogen. Among these additives, Nb,Os has the greatest effect on the
speed of the magnesium hydride absorption reaction.

However, in the non-oxide additives section, Veron et al. [114]
investigated the desorption behavior of magnesium hydride in the
presence of multi-walled carbon nanotubes and cobalt, and according
to the results, they found that the effect of cobalt on reducing the
desorption temperature is better than the effect of multi-walled carbon
nanotubes, but the simultaneous addition of carbon nanotubes Multi-
walls and cobalt have a much better and stronger effect on reducing the
temperature and absorption. According to the findings of Ranjbar et al.
[115]. The use of silicon carbide improver reduces the desorption
temperature of magnesium hydride by 23 °C, and if silicon carbide is
used together with nickel, this temperature reduction reaches 83 °C. Jin
et al. [116] showed that among metal fluorides, Ni, Ti, V, and Nb
fluorides have a greater effect on reducing the dehydrogenation
temperature of magnesium than Cr, Zr, and Fe fluorides. Czujko et al.
[117] applied a different light hydride, such as lithium allanate, to
lower the desorption temperature of magnesium hydride. They found
that by lowering the activation energy of the desorption reaction,
increasing the weight percentage of lithium allanate lowers the
dehydrogenation temperature of magnesium. When magnesium hydride
was mixed with 3 weight percent lithium allanate, the dehydrogenation
temperature was observed to drop by around.

The kinetics of hydrogen desorption were found to be significantly
improved when Wu et al. [118] examined the catalytic effect of
5% by weight of various carbon materials, such as graphite, activated
carbon, carbon black, and single-walled carbon nanotubes, on the
rate of magnesium hydride desorption reaction. The strongest effect
was seen in carbon nanotubes with a single wall. In their study,
Gasan et al. [119] examined the impact of adding 5% by weight of
graphite, V, Nb, and Ti additives on the hydrogen desorption
temperature from magnesium hydride. They found that these improvers
raised the temperature to 383.9, 376.3, and 384.7, respectively, and
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decreased 373.1 °C. In contrast, they reported that the desorption
temperature of magnesium hydride milled without additives was
421 °C.

By decreasing the activation energy barrier and shifting the
rate-limiting phase from the nucleation and development of magnesium
metal to hydrogen atoms to the surface and producing hydrogen
molecules, non-oxidative improvers generally aid in lowering the
desorption temperature and speeding up the reaction. Also, these
materials, with their hard nature, cause holes and porosity in
magnesium hydride during grinding and thereby shorten the path of
hydrogen penetration. Also, some improvers play the role of a
lubricant during grinding. In addition, Table 3 shows the desorption
temperature of magnesium hydride in the presence of different
improvers. Of course, it should be noted that the different conditions of
the test, which include grinding time and speed, particle size, initial
desorption temperature, and operating pressure, also affect the
desorption temperature. Therefore, a thorough understanding of these
variables is crucial for accurately predicting the desorption
temperature.

By adding Ti and other elements to Mg by PVD procedures, the Mg-
Ti-H system is created, which may have an impact on MgH, stability.
The thin films of Mg-Ni-Ti ternary alloys produced by Gremaud et al.
[121] demonstrated a decrease in the hydrogen adsorption/desorption
enthalpy to 40 kJ/mol” H,, as illustrated in Fig. 15. The Ni and Ti
included in the magnesium alloy are the cause of this drop in enthalpy.

Chemical reactions can be used to create MgH, and doped magnesium-
based hydrides from organic molecules. One of the bottom-up methods
for creating magnesium-based nanoparticles is chemical reduction,
which has a number of benefits, such as facile isolation, stable
nanoparticles, morphological control, and simplicity of scale-up [122].

Magnesium hydride's molecular chemistry has been thoroughly studied
by researchers over the last 20 years, using several well-characterized
structural examples [123]. Norberg et al. [43] mentioned that low-
temperature reduction increases the density of defect sites in
magnesium nanocrystals, offering a straightforward method to

significantly boost the rate of H, uptake kinetics.

Table 3. Comparison of the effect of non-oxidizing improvers on the
reduction of temperature and hydrogen absorption from magnesium

hydride.

Enhancer (additives) Desorption temperature Ref.

Type Value O
NI 5mol% 260 [108]
Co 5 wt% 325 [115]
% 5 wt% 3.376 [119]
Nb 5 wt% 7.384 [119]
Ti 5 wt% 1.370 [119]
G 5 wit% 9.383 [119]
NiF, 1 mol% 260 [117]
TiF; 1 mol% 260 [117]
VF, 1 mol% 260 [117]
NbFs 1 mol% 260 [117]
FeF, 1 mol% 275 [117]
CrF, 1 mol% 280 [117]
SiC 5 wit% 390 [116]
LiAlH, 10 wt% 355 [118]
SWCNT 5 wt% 325 [21]
MWCNT 5 wt% 350 [120]

hydrogenation in light of this knowledge of the hydrogen reaction
in the metal-hydrogen system: (1) H, molecules physically absorb,
(2) H, molecules dissociate, (3) H atoms penetrate the surface,
(4) H atoms emit in the lattice, and (5) hydride production occurs at the
metal/hydrogen interface, as demonstrated in Fig. 16. The five steps are
crucial for the successful conversion of Mg-based systems to

hydrogenation.
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Fig. 15. Enthalpy change diagram of a thin layer of Mg-Ti-H system [121].
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(1) Physisorption

(2) Chemisorption

(3) Surface penetration
(4) Diffusion

(5) Hydride formation

(1) Hydride decomposition
(2) Diffusion

(3) Surface penetration
(4) Recombination

(5) Desorption to gas phase

Fig. 16. Reaction steps of hydrogen adsorption (left) and desorption (right) by a spherical particle of metal/hydride powder [124].

Recombination into hydrogen molecules, surface penetration,
diffusion of hydrogen atoms, hydride breakdown, and desorption
into the gas phase are the steps involved in hydrogen absorption.
A rate-limiting phase must also be included in hydrogen absorption
to be managed while other actions are completed in balance.
However, there are differences between the rate control
mechanisms used in dehydrogenation and hydrogenation. Physical
adsorption is typically not regarded as a limiting step
because it requires relatively little activation energy to adsorb
an H, molecule on a metal surface. There may be speed limits
on the remaining steps. For dehydrogenation, steps 1, 2, and 3
(shown in Fig. 16) can be considered as possible rate-limiting
steps [5].

The final stage of magnesium hydrogenation can be thought of as the
nucleation and development of the MgH, phase. Because magnesium
metal and its constituent hydride have different crystal structures, the
nucleation and development of the hydride phase result in notable
surface energy shifts [125].

Pure magnesium and MgH, in a coarse powder state show
slow kinetics for hydrogen absorption and release, which usually

Table 4. Dissociation energy of hydrogen molecule on Mg surface

[127].
Metal Metal dissociation energy (eV)
Pure Mg Pure Mg 0.87-1.00
Ti-doped Mg Null, negligible
Ni-doped Mg 0.06
V-doped Mg Null
Cu-doped Mg 0.56
Pd-doped Mg 0.39
Fe-doped Mg 0.03
Ag-doped Mg 1.18

low rate of hydrogenation of magnesium, as well as the rate of
hydrogen in the matrix (field) are some of the intrinsic elements  that
require a temperature of more than 400 °C for the reaction. The
determine the speed increase [5]. The rate-limiting step in
dehydrogenation of MgH,, can be increased by adding and
doping several substances. The dissociation of hydrogen molecules,
the diffusion of hydrogen through the surface, and the diffusion
magnesium hydrogenation is thought to be the dissociation of hydrogen
molecules on the magnesium surface. The energy needed for the
hydrogen molecules on magnesium surfaces to dissociate is displayed
in Table 4. Magnesium surfaces have been reported to have hydrogen
dissociation energies between 0.4 and 1.1515 eV, which is higher than
that of the majority of transition metals, including Ti, VNi, and Fe
[126]. This indicates that on pure magnesium (0001) surfaces, a
significant amount of energy must be overcome to dissociate H, [127].
Another inherent problem is the low rate of hydrogen diffusion in
MgH,.

Table 4 shows the geometric model of the reaction of an Mg/MgH,
particle based on the model of the hydride layer that forms on the
particle's surface during hydrogenation. In addition, hydrogen atoms
diffuse in the hydride phase at a far slower pace than in the metal
phase. The hydrogen (DH) diffusion coefficient in MgH, is extremely
low, Spatz et al. [128].

Alloying MgH,/Mg is one of the best ways to lower its thermodynamic
barrier. The creation of magnesium alloys alters the absorption path of
MgH, rather than causing a direct interaction between Mg and Mg. The
operating temperature of MgH,/Mg can also be lowered by creating
more thermodynamically stable alloys [129]. Table 5 presents the
fundamental characteristics of a few hydrogen storage alloys based on
magnesium.

According to Kumar et al., the Mg,NiH, nanocrystalline alloy
begins to absorb hydrogen at 200 °C. Nevertheless, the hydrogen
capacity of Mg,NiH, alloys was just 3.6% by weight. In the
meantime, Mg,FeHs exhibits an even greater enthalpy of
95 kJ.mol' H,, despite having a higher theoretical hydrogen
capacity of 5.5 weight percent [135]. According to Chen et al.,
Mg,FeHs@MgH, demonstrated hydrogen storage capabilities,
releasing 5% of its weight in hydrogen over 50 minutes at 280 °C
[136].
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Table 5. Basic information of some magnesium base alloys [130].

Name E, (kJ.mol™) AH (kJ.mol H,) Capacity (wt%) T (°C) Ref.
Mg - 74.5 7.6 300 [3]

Mg (2-8 nm) - 742 7.6 273 2]
MggoCe1oNijg 109.2 719 54 284 [131]
Mg:Ni B 64.5 3.6 254 [18]
Mg;LaNi; - 81 2.73 284 [132]
Mg;Cd 69 65.5 2.8 - [133]
Mg;Ag - 68.2 2.1 - [134]

The addition of heavy metals lowers the system's ability to absorb
hydrogen, while magnesium-based hydrogen storage alloys can
generally lower the reaction temperature. Zhou et al. [5] stated
that a one to five percent addition of TM catalyst resulted in a
significant improvement, while the hydrogen storage capacity
did not decrease. Table 6 summarizes the reported results of
MgH, systems with Ti-based additives, as well as the synthesis
method, pressure, temperature, weight percentage, and reaction time
for adsorption and desorption processes. The findings demonstrate
that Ti-based additions significantly improve MgH,'s capacity to
store hydrogen.

8. Characterization and various analyses performed on
magnesium hydride

8.1. SEM & TEM analysis

The absorption of hydrogen in magnesium was investigated by
Vigeholm et al. [149] at temperatures between 260 and 425 °C and
pressures equal to 2 MPa. At constant temperature, they concluded that
the rate of absorption depends on the pressure, while the total
absorption is achieved almost at the same time, regardless of the

pressure.

Table 6. Magnesium's hydrogen storage capabilities with various Ti-based catalysts.

Material Synthesis method Hydrogen storage properties Ref.
Desorption kinetics Absorption Kkinetics
Mg-2% Ti Ball mill (argon gas) 4.50%- 320 °C-0.2 bar-25 min 4.8%-320 °C-8 bar-21 min [137]
MgH,-2 at% Ti Ball mill 6.32%- 623 K-35 kPa-0.5 h 6.32%-632 K-2000 kPa-4 min [138]
MgH,-4 mol% Ti Ball mill 1.10%- 573 K- 2 MPa- 5 min 6.40%-573 K-2 MPa-5 min [139]
MgH,-5 at% Ti Ball mill 5.50%-523 K-0.015 MPa-20 min 4.20%-373 K-1.0 MPa-15 min [140]
Mg-5% Ti CVD [141]
MgH>-20% Ti Ball mill 0.12% 573 K-1 bar- 60 min 3.48%-573 K-12 bar-60 min [142]
MgH,-coated Ti Ball mill 5.00%- 250 °C-15 min - [143]
MgH; 4 mol% TiH, Ball mill 0.70%-573 K-2 MPa-5 min 6.10%-573 K-2 MPa- 5 min [139]
MgH, 10 mol% TiH, Ball mill 5.70%-240 °C-2 MPa-200 s [144]
MgH,-10% TiO, Ball mill 6.00%-300 °C-vacuum-20 min 6.00%-300 °C-0.84 MPa-5 min [145]
Mg-20% TiO, Ball mill reactive 4.40%-350 °C-1 bar-8.5 min 3.80%-350 °C-20 bar-2 min [146]
MgH, 4 mol% TiF; Ball mill 4.50%-573 °C-2 MPa-5 min 5.10%-573 K-2 MPa-5 min [139]
MgH, 4 mol% TiCly Ball mill 3.70%-583 K-2 MPa-5 min 5.30%-573 K-2 MPa-5 min [139]
MgH, 5 at% TiAl Ball mill 4.90%-270 °C-0.12 bar-10 min 2.50%-25 °C-1 bar-250 min [140]
MgH, 5 at% TiNb Ball mill 5.90%-27 °C-0.12 bar-10 min 2.80%-25 °C-1 bar-250 min [147]
MgH,-5% FeTi Ball mill 2.30%-150 °C-2 MPa-5 min [148]
MgH,-5 at% TiMn, Ball mill 4.80%-270 °C-0.12 bar-10 min 3.20%-25 °C-1 bar-250 min [140]
MgH,-5 at% TiVMn Ball mill 5.70%-270 °C-0.12 bar-10 min 3.00%-25 °C-1 bar-250 min [140]
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Fig. 17. Schematic image of the melt foaming process [150].

Hout et al. [85] found that each particle was a solid block of MgH, with
a smooth surface before grinding and that the particles grew smaller
following grinding in their investigation on the structural and kinetic
examination of magnesium hydride hydrogen absorption utilizing the
high-energy ball mill technique. The bigger particles in the ball-milled
powder were aggregates of many smaller particles, and they had
several elevations and depressions on their surface.

Hanada et al.'s study examined the connection between crystallographic
characteristics and hydrogen storage in nanostructured magnesium
hydride (MgH,) that was made by mechanically milling it in an
environment of hydrogen gas. MgH, nanostructures were created in
this study by mechanically grinding them in a hydrogen gas
atmosphere. During the first two hours of grinding, the amount of
desorbed hydrogen was reduced by 16 weight percent, from 7.3 to
6.1% by weight [88].

In research by Bhatnagar et al. [69] on the synthesis of MgH, using the
autocatalytic effect of MgH,, they concluded that MgH, synthesized
using 30 atm of H, pressure during ball milling followed by heat
treatment and sintering, which was named MgH,30BM, is the optimal
material because it has the lowest desorption temperature (325 °C) and
the highest weight percentage (6.60 wt%) of hydrogenation.

[150]

and manufacturing processes

Kucharczyk et al discussed the characteristics, surface

alterations, of porous structures
composed of magnesium and its alloys. Controlling the temperature
drop is essential for hydrogen solubility because liquid magnesium
becomes supersaturated with hydrogen before solidification, forming
bubbles. Using a concentration-cost-effective method that involves
adding a blowing agent to the analyzer and evaporating it to create gas
bubbles is one way to get around this. The quality of the final metal
foam is influenced by the blowing agent's wetting and thermal stability
(Fig. 17a).

Due to this method, magnesium is melted at a steady 720 °C in a
crucible. Typically, a thickening agent such as calcium, SiC, or Al,Os
is added at a weight percentage of 2-5% to raise the viscosity. The
magnesium alloy's ignition point is then raised to 800 °C by calcium.
Additionally, to prevent magnesium fire, a CO, and SF, gas mixture is
employed during the entire production process. A blowing agent is then
used to swirl the liquid for approximately 30 seconds to spread it
uniformly. At an atmospheric temperature of 825 °C, CaCO; is
reported to break down into CO, and CaO. The likelihood of this
reaction is low when compared to the temperature of molten
magnesium. The foamy gas CO caused an exothermic reaction,
according to a TGA-DTA investigation [151] conducted on the
identical combination that had been heated above the melting

temperature of magnesium. It was due to the decomposition of
magnesium hydroxide.

A passive layer of SiO, can be applied on CaCO; particles to raise the
reaction's initial temperature and enhance the blowing agent's thermal
stability [152]. Using hydrochloric acid to stir, the CaCOs particles are
combined with the Na,0.nSiO, solution to create a slurry and keep the
pH at around 12. A layer of SiO, forms on top of the CaCOj; particles
as a result of chemical reactions. Furthermore, the coating raises the
temperature of the reaction between magnesium and the blowing agent
by roughly 40 °C, improving a particle's thermal stability and giving
the particles more time to disperse uniformly while stirring and
allowing bubbles to gradually form at the bottom.

Melted magnesium is applied via the preform infiltration method to a
porous substance, which is then removed once it has frozen (Fig. 18a).
Therefore, the preform, which is a porous space-holding structure that
is formed in separate phases, should have the following characteristics:
appropriate  particle arrangement, low reactivity with liquid
magnesium, thermal resilience, and ease of washing to leave the
desired pore configuration in the magnesium casting. The wetness of
the preform also affects the quality of magnesium penetration.
Insufficient wettability between liquid magnesium and solid preform
(often NaCl) decreases the depth and rate of penetration of smaller
holes [150]. Furthermore, fresh ossification development and cell
infiltration are hindered by smooth pore walls. Rough surfaces and
irregular pore walls are more favorable for cell infiltration and new
ossification formation [153].

Higher pressures generally enable penetration into extremely small
pores, roughening the pore walls, which is highly advantageous for cell
growth within the pores. The porous structure of AZ91 infiltrated by
the casting process at a pressure of 90 MPa is depicted in Fig. 18b—c.
The metal frame profile shows higher stiffness and better energy
absorption [153].

Typically having a granularity of 50 to 400 mm, common salt
(sodium chloride) is one of the most readily available preform
materials. To produce only grains of the necessary diameter that
form equal-sized pores in the porous magnesium, the NaCl particles
must first be sieved before usage. To create mechanically stable
open porosity preforms, the particles undergo heat treatment.
Additionally, it is feasible to generate the phenomenon of diffusion in
grain boundaries and partial melting of salt to create a bottleneck
between particles due to the high sintering temperature (785-750 °C),
which is close to the melting point of salt (Fig. 18c). Low-density
yet the
increases, particularly for finer grains. These constructions are

robust structures are produced as sintering duration
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Fig. 18. The preform infiltration process is shown schematically in a) magnesium (AZ91) porous casting in a steel casing, which is

the result of pressure casting infiltration of a salt preform; interconnected pores are seen after washing; the preform salt is sintered at

780 °C for 50 minutes; and the magnesium porous structure is created in the preform base at 780 °C for 22 hours [150].

frequently preferred in applications requiring strong, lightweight
materials.

Also, these low-density structures are more stable during penetration
and are easily washed away, resulting in a highly porous metal
structure (Fig. 18d—e). Some techniques involve adding the sieved salt
particles to a rubber mold, distributing them evenly, and then cold
isostatically [154] pressing them to create a porous compact. In order to
build a stable structure between the table salt grains after one to three
hours, another way of performing production involves pouring the
moistened grains into a core box and then dehumidifying them at
200 °C. The next step is to carefully remove the core box, leaving
behind the stable salt performance [155].

When a rise in the sample's weight is noticed as a result of Mg(OH),
deposition, corrosion has begun. Additionally, because fluids may
move more freely in wider gaps, weight loss occurs more quickly at
higher porosity levels. Both the exterior and the interior of the pores of
porous magnesium corrode [156]. Crucially, after seven days of
submersion, porous magnesium maintains its porous structure, and its
mechanical strength declines more gradually than that of bulk
magnesium [157]. Studies for biomedical applications have generally
found that magnesium corrodes quite quickly. Consequently, it is
necessary to regulate the rusting process. [158]. However, studies have

indicated that porous magnesium coated with hydroxyapatite has
comparable characteristics to porous magnesium that is not coated
[158-160].

Liu et al. conducted a study on the impact of air exposure on hydrogen
storage capabilities utilizing magnesium hydride. Following a
15-minute exposure to air, a TEM investigation of the MgH,-5%
TiMn, structure was carried out. The MgH,-5% TiMn, powder was
dispersed in hexane to deposit hydride particles on the copper (Cu)
network, as should be mentioned. Following dispersion, air drying
was used to remove the hexane, and the sample was unavoidably
exposed to ambient air for a few minutes before the TEM investigation.
There is minimal particle-level contamination as a result of this
technique [70].

8.2. TGA & DSC analysis

The dehydrogenation temperature of catalyzed magnesium hydride was
considerably lower than that of other samples, according to Zhou et
al's study on the thermodynamic and kinetic correlations of
magnesium hydride. At around 100 °C, magnesium hydride began to
lose weight (i.e., release hydrogen), which is too low a temperature to
hydrogenate magnesium-based hydrides. All four samples'
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dehydrogenation thermal analysis (TGA) curves are displayed in
Fig. 19a.

Furthermore, TGA analysis was carried out at 120 and 150 °C, as
Fig. 19b illustrates. This graph demonstrates that hydrogen can be
slowly released from magnesium alloy hydride that has been catalyzed
at 120 °C. The sample dehydrogenated considerably more quickly and
completely in 3 hours when the TGA analysis was carried out at a
temperature higher than 150 °C [161].

Additionally, Kudiyarov et al's DSC and thermogravimetric (TG)
analyses of the magnesium hydride MgH,-5 wt% SWCNT composite
(at 300 rpm) are displayed in Fig. 20. According to the DSC results,
magnesium hydride exhibits a large endothermic peak that is associated
with the material's hydrogen emission. When heating magnesium
hydride at a rate of 6 °C per minute, the maximum desorption
temperature is 446 °C. A lower hydrogen desorption temperature of
420 °C is detected for the composition of MgH,-5 weight percent
SWCNT, which was produced by milling at 300 rpm. Thus, SWCNT
can enhance magnesium hydride's hydrogen desorption capabilities
[21].

A weight shift of 1.36% occurs at the start and finish of hydrogen
desorption at a relatively low temperature, according to the TGA
diagram. Tiny magnesium particles are present, which indicates this
problem. These extremely small particles can be created via high-
speed, high-energy milling and are distinguished by their greater
hydrogen mobility [21].

8.3. FT-IR analysis

Qin et al. examined the morphological and structural features of MgH,
materials doped with LiBH, to ascertain the state of the MgH, system

doped with LiBH,4 following desorption and absorption. LiBH, peaks
were not seen in the XRD patterns, except for the MgH,/Mg phases, as
shown in Fig. 21a. Interestingly, Fig. 21b of the FTIR results shows
that the characteristic B-H vibrational bonds and LiBH, stretching bond
are seen at the corresponding wavenumbers 2359, 2293, and 2225 cm’™.
Additionally, LiBH4 does not break down or react to produce a new
phase during decomposition; rather, it forms in amorphous and
nanocrystalline states. As demonstrated by XPS analysis in Fig. 2lc,
LiBH, indicates the stable existence of LiBH, in cyclic LiBH4-doped
MgH,. The binding energy shifts in the analysis provide additional
evidence for the stable presence of LiBH, in cyclic LiBHs-doped MgH,
[4].

Furthermore, Fig. 21d-i shows the MgH, doped with LiBH,'s
morphological development and elemental distribution during the
milling cycle. The morphology of particles with an average size of 1 to
2 wm is noticed before and after the cycle, as is the bonding
phenomenon brought on by sintering after heating to absorb hydrogen.
These findings demonstrate that LiBH,4's fine distribution considerably
prevents Mg grain development, which explains why the hydrogen
adsorption and desorption peaks in Fig. 13 were obtained by these
researchers.

Ultimately, the kinetic and stable cycling properties of hydrogen were
much enhanced by these researchers' effective introduction of 5% by
weight of LiBH, into the MgH, hydrogen storage system. Two crucial
elements that prevent the formation of magnesium grains are necessary
for the proper operation of an amorphous layer and uniform dispersion
of LiBH4. The evenly spaced LiBH4 droplets in the MgH, matrix
function as a quick hydrogen transfer during heating. The results of
these studies point to a novel approach for boosting ionic hydrides' and
other hydride systems' hydrogen absorption for hydrogen storage [4].
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A. Borchloo & K. Nekouee

SYNTHESIS AND SINTERING 5 (2025) 200-230

223

0,
a) 16 % DSC, mW/mg b) TG, % DSC, mW/mg
[ 1104 3
105 [
F 105
100
100
95
[ 95
90
904
85 ~-10 85
80 80+
b
75 —TG +-15 s{ —TG
5
70 446 °C 704 420°C
T T T T T T
100 200 300 400 500 500 100 200 300 400 500 600

Temperature,'C

Temperature,'C

Fig. 20. a) Results of TG analysis for magnesium hydride and MgH,-5 wt% SWCNT composite, and b) the results of analysis [21].

Researchers have so far worked hard to lower the temperature at which
hydrogen adsorption and desorption occur and to speed up the
adsorption/desorption mechanism; most of them were based on
changing the microstructure by mechanical alloying or using a suitable
catalyst (in elemental or composite form) [104].

Nevertheless, there are still obstacles in the way of developing effective
hydrogen storage systems. The utilization of metal-organic frameworks
(MOFs) as possible hydrogen storage materials is one promising
strategy that has drawn interest recently. MOFs are a type of porous

material with a large surface area and adjustable pore size for effective
hydrogen adsorption. They are made up of metal ions or clusters
connected by organic ligands [162].

9. Applications of materials based on MgH, for the
hydrogen storage

The new energy structure, "renewable energy for hydrogen storage",
was clearly envisioned for the future in this study (Fig. 22). In general,
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Fig. 21. a) XRD patterns, b) FTIR spectra, and c) XPS spectra of pure MgH, and LiBH,-doped MgH, samples
after milling and cycling. FESEM images of the LiBH4-doped MgH, sample d) before and g) after cycling, with

corresponding e, h) Mg element maps, and f, i) multi-element maps [4].
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hydrogen can be produced and stored in magnesium-based hydrogen
storage tanks by electrolyzing water using electricity derived from
clean energy sources. This system can simultaneously supply high-
purity hydrogen gas to a fuel cell for power generation or other
industrial uses. Thus, the stored energy can be used to propel the
constant release of hydrogen from hydrogen storage tanks [5].

MgH, exhibits encouraging possibilities for weight and volume
capabilities when compared to LaNis-based materials and Ti-V(Cr)-
based alloys with center-filled cubic structures. Furthermore, the
hydrogen supply via the hydrolysis reaction in water is extremely
promising for small-scale portable applications because of the cost and
energy density of MgH,. It is also important to note that the MgH,
nanostructures enhance the hydrolysis reaction's performance and make
it more practical and efficient for portable, small-scale applications [6].
Furthermore, MgH, can be utilized for large-scale energy storage in
solar power plants or businesses due to its high storage density
(3060 kJ kg), great reversibility, and low cost [22]. In the field of
chemical heat storage, this is one of the most popular research areas.
MgH, can be broken down throughout the day using excess solar
energy, and hydrogen can be stored at low temperatures in a hydrogen
tank or other hydrogen storage material. To increase the MgH,/Mg
system's heat storage efficiency, more catalysts ought to be added.
Naturally, it should be noted that estimating the cost of this sector is
challenging. The utilization of nanostructured magnesium-based
hydrogen storage materials would result in significant cost savings for
heat storage systems if the synthesis process for these materials can be
established at the nanoscale.

According to this study, the synthesized material is anticipated to
undergo one or more cycles of change in characteristics under normal
hydrogenation or dehydrogenation circumstances of magnesium-based
materials in dynamic systems. Grain growth and the release of
significant species are the results of hydrogenation, which is carried out
at a high temperature. This straightforward process of hydrogen
entering and leaving the lattice can therefore alter the crystal structure.
When creating novel materials and implementing them in their
intended uses, this problem should be considered.

It has also been found that the kinetics of hydrogenation or
dehydrogenation can be dramatically improved by using suitable

catalysts. In terms of suitable hydrogen storage materials, it is
associated with a large heat of reaction; to use these materials in real
conditions, the great challenge will be to improve the heat transfer.
Alloying magnesium with other metals can enhance the
thermodynamic features of the Mg-H system, but generally speaking, a
fundamental understanding of the impact of nanocrystalline, catalyst
addition, and chemical alteration is necessary. However, mechanical
changes of Mg/MgH, without additions show notable improvements
due to the increase in storage capacity. It has been experimentally
demonstrated that the nano-doping of magnesium improves the
thermodynamic characteristics of Mg/MgH,. Magnesium nanodoping
has demonstrated encouraging outcomes in terms of increasing the
hydrogen storage capacity.

The kinetics of hydrogen absorption and desorption in systems
containing magnesium have also been shown to be enhanced by the
addition of catalysts like titanium and nickel. These catalysts contribute
to reducing the activation energy required for hydrogen uptake and
release, making the process more efficient. Furthermore, chemical
changes, such as the inclusion of carbon-based materials, have been
shown to increase magnesium hydride stability and cycling
performance. Overall, magnesium-based materials' capacity to store
hydrogen might be greatly enhanced by chemical modification, catalyst
addition, and nanocrystallinity.

The shift in entropy controls the notable decrease in reaction enthalpy
observed in MgH,-capped nanoparticles. Furthermore, these theoretical
studies demonstrate that for very small clusters of magnesium atoms, a
notable drop in the desorption energy may take place. According to the
majority of researchers, every attempt to bring the size of the Mg/MgH,
crystallite particles down to the nanoscale range improved the kinetics
of the interaction with hydrogen. The primary concern, though, is
maintaining the original nanostructure while cycling at high
temperatures. During cycling, the use of nanoencapsulants may also aid
in preventing grain sintering or recrystallization.

Reaction kinetics has definitely advanced significantly with the usage
of additives. Even with the significant scientific efforts of the majority
of researchers and the equipment at their disposal, a comprehensive
explanation of the mechanism behind the catalytic actions of each
additive is still lacking. For all additions, it is unknown if the action is
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appropriately catalytic [78, 120, 161, 163—165]. Some additions have
several uses and are not real catalysts because they aid in the
breakdown, reduction, or formation of more complex compounds with
magnesium after cycling. Additionally, creating more potent additives
can be aided by knowing the mechanisms via which additives alter the
kinetics of the Mg-H reaction.

10. Conclusions and outlook

Magnesium-based hydrides have demonstrated significant potential as
thermal energy and hydrogen storage due to their high energy density.
Mg-based materials are attractive because of their high hydrogen
capacity, plentiful supplies, reversibility, and low toxicity. Ti doping-
based addition is a well-known method of improving MgH,'s hydrogen
storage capabilities. MgH, additive composites with nanomaterial
structures are commonly created by combining ball milling processes
with catalytic doping. Moreover, additional techniques have been
employed, including chemical and thin-film deposition.

Several nanostructures can be produced from magnesium-based
materials, and catalytic doping significantly increases their kinetics,
according to a recent study. Hydrogenation and hydrogenation kinetics
were improved by a variety of Ti-based catalyst types, including
hydrides, oxides, halides, and intermetallics. An analysis of the
reported activation energies reveals that Ti-based additions can
significantly lower the energy barrier. Diffusion, development of the
hydride nucleus, surface penetration, and hydrogen dissociation are the
general phases that make up the catalytic mechanism for
hydrogenation.

Although the exact function of Ti-based catalysts is yet unknown, there
is proof that catalysts are crucial to the development of various
processes. The doped catalyst species, according to the researchers,
may lower the hydrogen molecule's dissociation energy barrier and
promote hydrogen diffusion in the Mg/MgH, matrix. Another helpful
tool for interpreting the reaction control processes is kinetic modeling.
In order to give more precise comparisons with boundary conditions
for various models utilized for interpretations, future mechanisms
should also be focused on observing catalytic activity and
microstructure  evolution under extremely regulated reaction
circumstances.

Porous nanomagnesium is becoming more and more popular, which
indicates that researchers are interested in it. Numerous uses are made
possible by the characteristics of the material that is produced. The
need for sophisticated, biodegradable, and biocompatible materials has
made biomedical applications the most attractive area of research. The
use of foam in the building of floating things is demonstrated by its
great mechanical strength and lower density than water. Their
advantageous strength-to-density ratio helps laboratory centrifuge
rotors reach faster speeds in addition to boosting vehicle speed and
reducing fuel consumption. This study demonstrates the typical
processes for creating porous nanoparticles based on magnesium,
including their synthesis and manufacturing.

Additionally, magnesium's mechanical characteristics, corrosion
resistance, and surface alterations have demonstrated that one of the
primary challenges in the design of porous magnesium materials is
striking a balance between porosity and mechanical resistance. It
appears that designing the pore architecture in some way to produce
comparatively smooth pore walls is a good method for a variety of
applications. Thus, manufacturing techniques for isotropic porous

magnesium with a strong focus on hydrogen storage applications
should be part of future studies. Additionally, a better, easier, and more
affordable production process needs to be developed. It is easier to
automate a simpler procedure. The impact of porosity on the rate of
corrosion of porous magnesium is widely recognized, although much
more research is still required.

In general, in this research, magnesium hydride was milled with
various analyses and characterizations, such as SEM, FE-SEM, FT-IR,
TGA, DSC, XPS, and XRD. Using the obtained results, it is now
possible to produce porous MgH, nanostructures with high precision.
Also, after the ball mill is obtained, the distribution and checking of the
properties of the sample should be performed. It was found that the
high-energy part of the vibration spectra is relatively sensitive to the
stresses caused by the ball mill. Certain phases whose spectra show a
strong voltage dependence may be inelastic in the high-energy (i.e.,
above 50 mV) part of the spectrum. Ultimately, we deduce that the
kinetics of hydrogen adsorption and desorption improved mostly due to
particle size reduction, nanostructure, and encapsulation, rather than
stresses and defects. It is also predicted that the same improvement in
prepared and porous magnesium samples will have better performance

and a high yield of hydrogen storage with other methods.
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