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Abstract: As one of the most promising new energy sources, hydrogen
energy is expected to usher in a full-fledged “hydrogen economy” in
the 21st century. Compared with traditional high-pressure gaseous and
cryogenic liquid hydrogen storage methods, solid-state chemical
hydrogen storage shows significant advantages in safety, high
efficiency, and cost-effectiveness. Magnesium-based lightweight
hydrogen storage materials have attracted widespread attention due to
their high gravimetric hydrogen storage density (7.6%) and favorable
reversibility. However, their sluggish reaction kinetics and stringent
operating conditions (with H, release temperatures exceeding 350 °C
and H, absorption pressures above 4 MPa) pose major challenges for
practical applications. Domestic and international researchers have
conducted in-depth studies to address these issues, achieving substantial

progress in the modification of magnesium-based hydrogen storage
alloys. This paper systematically elaborates on major modification
techniques such as alloying, nanostructuring, and catalytic material doping, providing a comprehensive analysis of the strengths
and limitations of each approach. Furthermore, it offers prospects for the future development of magnesium-based hydrogen
storage materials by integrating current theoretical and experimental research findings.
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The fossil fuels have propelled the essential progress of
human society, but at the same time constrain the further
improvement of living standards!' .. Under the increasing
global demand for primary energy sources such as coal, oil,
and natural gas, environmental issues like smog, greenhouse
gas emissions, and global warming have consequently
emerged. Currently, it is imperative to vigorously develop
renewable energy sources such as solar, wind, biomass, and
hydrogen energy™ . Driven by the global energy transition
and carbon neutrality goals, hydrogen energy acts as a
clean, high-calorific, and abundant new energy source,
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which offers distinctive advantages and provides an
effective solution to current energy and environmental
challenges. Both academia and industry have conducted
extensive research on the large-scale application of
hydrogen energy, which is expected to contribute to
sustainable industrial and social development worldwide in
the future®™'%. However, the extremely low density (STP:
0.0899 kg/m®) and flammable, explosive nature of hydrogen
makes efficient storage a major bottleneck for its large-scale
safe application, posing serious challenges to the joint
development of the hydrogen energy chain, including
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production, storage, and utilization!"!. Hydrogen storage
methods can be categorized into gaseous™, liquid"¥ and
solid-state storage!'”. Conventional high-pressure gaseous
storage (35-70 MPa) is limited by low gravimetric H,
density and safety concerns, while cryogenic liquid H,
storage requires cooling temperatures below —253 °C
(20 K), which faces severe insulation requirements for
storage tanks and high energy consumption during
operation. In contrast, solid-state chemical hydrogen storage
technology features high volumetric H, density, moderate
storage/release conditions, and superior safety and
economy, making it a prominent research hotspot in the H,
energy industry chain.

Solid-state chemical hydrogen storage materials can be
classified into metal hydrides (e.g., MgH,, TiFeH,,
LaNisHg), light metal complex hydrides (e.g., LiAlH,,
NaAlH,, NaBH,, LiBH,) and chemical hydrides (e.g.,
NH,BH,)"). Meanwhile, MgH, exhibits the notable
advantages as follows: (1) a prominent volumetric hydrogen
storage density of 110 kg/m®, over 1000 times than that of
traditional gaseous under ambient conditions, significantly
exceeding the cryogenic liquid H, storage of 70.8 kg/m*["*);
(2) a high gravimetric hydrogen storage density of up to
7.6%, far exceeding the 1.0%-2.0% of high-pressure
gaseous storage and 1.5 times that of cryogenic liquid
hydrogen storage (5.5%)!'", which outnumbers five times
that of rare-earth-based hydrogen storage alloys like LaNis
(1.4%)"; (3) eminent cycling reversibility and vast
potential for modification™; (4) abundant reserves (Mg
accounts for 2.3% of the Earth's crust, ranking 8th among
elements, over 85% of the global supply produced in China)
and low cost (approximately 20¥ /kg), causing it one of the
most promising candidates for solid-state hydrogen storage
materials"®,

Nevertheless, Mg-based H, storage materials still face
several challenges in practical applications that need to be
addressed:

(1) The kinetic rate during hydrogenation/dehydrogenation
is extremely slow due to the low diffusion coefficients of H
atoms in MgH, and Mg, which are only 4x107" and
1.58x107'* m%s, respectively.

(2) The operating temperatures for H, absorption and
desorption of MgH, are relatively high (above 300 °C),
which is mainly due to the strong stability of the Mg—H
bond, requiring an adsorption energy barrier of 1-10 kJ/mol
to be overcome during the hydriding process and a
corresponding dissociation energy barrier as high as
432 kJ/mol during the dehydriding process.

(3) Metallic Mg is highly active and easily forms an
oxide layer in air, which hinders further surface
hydrogenation and may pose fire risks, while maintaining
an oxygen-free environment is particularly difficult and costly.

Due to these unfavorable factors, the large-scale
application of MgH, has been suspended, and how to
rationally modify MgH, to overcome these shortcomings
has become a major research focus for enhancing its H,
storage performance. Currently, the major modification

methods for MgH, include alloying, nanostructuring'*"1,

and catalytic doping with various materials®** )], including
transition metals and their oxides, carbon-based materials,
and metal-organic frameworks™!. This article summarizes
the recent research progress on Mg-based H, storage
materials and discusses the primary modification methods
and relevant reaction mechanisms, while offering a
prospective outlook for their future development.

1 Alloying method

Many scholars regard alloying as a traditional
modification method, which involves adding metallic
elements (such as transition metals Ni, Co and Mn) into
Mg-based materials in designated proportions to produce
multielement alloys. The successful introduction of metals
can create new solid-solution phases and reduce their
thermal stability as expected. A large number of transition-
metal-centered active sites provide additional reaction
pathways for hydrogen absorption and release, thereby
effectively enhancing the H, storage performance of the
prepared materials®®).

Related studies on the alloying modification of Mg-based
H, storage materials can be traced back to the pioneering
work of Reilly et al.” in 1968. They discovered that the
intermetallic compound Mg, Ni, synthesized by alloying Ni
with Mg, could significantly decrease the hydrogenation
temperature to 300 °C (2 MPa), highlighting the pivotal role
of transition metal elements in manipulating the H, storage
properties of Mg-based materials. Further investigations by
Selvam et al.”” and Stucki et al.”® found that the Ni content
in the alloy had a dominant influence on material
performance, and the material almost lost its hydrogenation
capability when excess Ni formed the MgNi, phase, owing
to the enhanced metallic bonding and metastable structural
stability. In contrast, a proper amount of Ni doping could
produce Mg,Ni, which effectively weakened the Mg—H
bond and reduced the reaction activation energy, thereby
facilitating the hydriding/dehydriding process of Mg,NiH,.
Based on this mechanism, Yang et al.”” introduced eight
transition metals (Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn) into
Mg,Ni via planetary ball milling. The results showed that
Cr, Co and Mn markedly reduced the reaction plateau
pressure, while Ti and Cu significantly lowered the H,
absorption temperature, increasing the hydriding capacity of
the modified material to 3.0%—-3.5% and accelerating its
kinetics. Shao et al.®” reported that Mg,Cu (formed by Cu
alloying) underwent disproportionation during H,
absorption, producing MgH, and MgCu,, which resulted in
poor cycling reversibility. Zlotea et al.’!! compared the H,
absorption behaviors of Mg;Ga, and Mg¢Pd, and revealed
that both samples experienced partial disproportionation
reactions but exhibited different microstructural evolutions:
Mg;Ga, formed elongated polycrystalline particles, while
MgcPd generated pyramid-shaped particles. Yajima et al.*?,
Polanski et al.’¥ Gennari et al.P*, Kyoi et al.B”
investigated element doping including Fe, Ti and La, and
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their work demonstrated clear improvements in the H,
storage properties of Mg-based alloys. Ding et al.**
prepared Mg-2Ni alloy via casting and compared it with a
sample after ultrasonication (Mg-2Ni UST). The
experimental results confirmed that the latter showed a
remarkable enhancement in hydriding capacity and kinetic
performance. Moreover, the DSC curve of Mg-2Ni UST
showed that its decomposition peak temperature decreased
from 392.99 to 345.6 °C, and the activation energy dropped
from 101.93 to 88.65 kJ/mol. These improvements were
attributed to the increase in grain boundary density and
crystal refinement induced by ultrasonic treatment, which
alleviated the hysteresis effect of the Mg-Mg,Ni structure
and accelerated the formation and decomposition kinetics of
metal hydrides. Liu et al®®? synthesized MgH,-15%
LaNi,sX,5s (X = Ni, Fe, Co, Al) through melting, wet ball
milling, and dry ball milling. Among them, LaNi,Xj;
showed the most effective modification, reducing the
dehydrogenation temperature of MgH, from 380 to 214 °C
and lowering the hydrogenation pressure from 3 to 1 MPa.
This improvement was attributed to the weakening of the
Mg-H bond strength induced by LaNi,sX;s;, thereby
reducing the activation energy of the samples. Liu et al.?”
prepared a combined LiBH,/Mg;,CeNi hydride system by
ball milling a mixture of LiBH, and Mg, ,CeNi hydride at a
molar ratio of 17:2.5. This system could release 6.6% H,
within 280425 °C. Specifically, 4.0% H, was released
from the decomposition of MgH, and Mg,NiH, at 280—
350 °C, while the remaining H, was obtained from the
decomposition of LiBH, catalyzed by Mg,Ni, CeH, and
newly formed Mg at 350-425 °C. Moreover, the
dehydrogenated sample could be partially regenerated at
400 °C and 9 MPa, achieving a reversible H, storage
capacity of 4.9%, indicating that hydrogenated Mg-RE-Ni
ternary alloys may effectively lower the dehydrogenation
temperature of LiBH, and improve its reversibility. Yang et
al.”® produced a three-phase composite of MgH,-Bi,Ti,0,-
Bi,Mg; by ball milling hollow spherical Bi,Ti,O, with
MgH,. During ball milling, the novel Bi,Mg; alloy
appeared, showing a clear promotive effect on hydriding
performance. The dehydrogenation onset temperature was
only 1943 °C, much lower than that of pure MgH,
(335 °C), and the rapid hydrogen absorption capability was
demonstrated by absorbing 5.4% H, within 60 s at 200 °C.
After 50 cycles, the capacity of MgH,-Bi,Ti,0,-Bi,Mg;
remained at 5.2% with a retention rate of 98.1%. Further
density functional theory (DFT) calculations indicated that
the appearance of Bi,Mg; caused the Mg—H bond length to
expand from 1.71 to 1.792, and also reduced the
dissociation energy barrier from 1.21 to 0.47 eV. Yoon et
al.?! employed DFT calculations to reveal the multiscale
effects of various elements (e.g., P, As, Sb, Bi, S, Se) on the
H, storage performance of Mg-Mg,Ni alloys. The results
indicated that Ba, Ca, Y and La preferentially occupy Mg
sites, while Ag, Cu and P tend to occupy Ni sites in Mg-rich
alloys. Meanwhile, the volume change (AV) during
hydrogenation of pure Mg to @-MgH, and y-MgH, resulted
in volume expansions of 31.8% and 29.4%, respectively,

which agreed with experimental data of 31.4% and 29.1%.
Alkali metals (K, Rb, Cs) and alkaline earth metals (Ba, Ca,
Sr) markedly reduced AV, while transition metals (Co, Ni,
etc.) significantly increased it. Further electronic structure
analysis showed that Mg,NiH, is a semiconductor with a
DOS bandgap of 1.53 eV, where the d-orbital of Ni strongly
hybridized with the s-orbital of H, dominating the density of
states near the Fermi level. Notably, the introduction of
elements such as Sb and P depleted the bandgap and
weakened the metal-H bond, whereas Ba and Ru enhanced
electron localization and bond strength.

As a result, alloying modification has been proven to be
an effective strategy for enhancing the H, storage/release
performance of MgH,, and its mechanism primarily
involves introducing multi-metal components to generate
thereby improving the
thermodynamic and kinetic properties. Simultaneously, the
adsorption and dissociation of H atoms are promoted
through electronic interactions between hydrogen and metal
atoms. However, this method has two distinct limitations:
(1) irreversible metal bond breakage during metal doping,
leading to structural instability and cycling degradation after
multiple H, absorption/desorption cycles; (2) the use of
high-atomic-weight inevitably
theoretical gravimetric H, storage density of the prepared
materials. Due to these constraints, pure alloying
modification usually fails to meet practical application
requirements. A more promising strategy is to integrate
alloying with other modification approaches, particularly
catalytic material combination, which can retain the benefits
of alloy-derived active sites, further lower reaction energy
barriers, and avoid excessive capacity loss. For example,
combining nanocatalytic materials with alloying can not
only maintain high H, storage capacity but also significantly
improve cycling stability, enabling comprehensive
optimization of the H, storage performance of the prepared
materials.

more active  sites, related

metals reduces the

2 Nanostructuring method

The nanostructuring approach involves physical or
chemical treatments applied to the prepared material or the
reduction of its internal particle size to the nanoscale (below
100 nm)“!. This strategy can significantly weaken the
strength of Mg—H bonds by introducing defects and altering
reaction pathways*, thereby requiring an in-depth
understanding of the rate-determining steps during H,
absorption/desorption to improve material performance.
Meanwhile, the hydrogenation process of Mg (to MgH,)
can be summarized in four steps: (1) physical adsorption of
H, on the surface of the metal hydrides; (2) dissociation of
hydrogen into H atoms; (3) surface penetration and bulk
diffusion of H atoms; (4) nucleation and growth of MgH,.
Correspondingly, the dehydrogenation of MgH, consists of
three stages: (1) dissociation of H atoms from the MgH,
lattice; (2) diffusion of H atoms to the particle surface
(through the MgH,/Mg phase interface); (3) recombination
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of H atoms into H, followed by the desorption process!** 4,

During dehydrogenation, the molar volume of MgH, and
nano-MgH, follows a quantitative relationship with the
corresponding partial pressure, as shown in Equation (1):

I’li%m _ L 3 Vit Yne _3 VMgHZ’)/MgHZ )

Pox  RT Tvig Tvigh,
where p represents the equilibrium partial pressure during
dehydrogenation, ¥ denotes the molar volume (m*/mol) of
the particle, 7 is the particle radius (m), and y represents the
surface energy (J/m?)1> 1,

This expression demonstrates that when the particle size
decreases to the nanoscale, the noticeable increase in
specific surface area exerts a dual effect on the reaction
process. On the one hand, the larger specific surface area
and shorter interparticle distance can enhance reactant
contact and accelerate the diffusion of H atoms, thereby
significantly improving kinetic rates. On the other hand, the
accumulated free energy at particle surfaces and interfaces
can reduce the reaction activation energy barrier, thus
endowing the material with higher chemical activity™ **,

In 2005, Wagemans et al.”*” investigated the 1mpact of
MgH, grain size on its thermodynamic properties through
theoretical calculations, and the resulting geometric
structure is shown in Figure 1. The authors concluded that
the dehydrogenation temperature of the material dropped
markedly when the particle size fell below 1.3 nm (each
cluster containing fewer than 19 Mg atoms), highlighting
the crucial role of nanoscale effects in regulating the H,
storage performance of the designed materials.

Cheung et al.”™ conducted a related simulation study and
found that the thermodynamic properties were notably
improved during the dehydrogenation process when the
MgH, particle size reached 2 nm, which may provide
theoretical evidence for the application of nanoscale
technology. Dong et alP" further explored the
dehydrogenation process of MgH, and discovered a unique
“burst effect”. Theoretical calculations showed that both the
reaction energy barrier and Mg—H bond strength gradually
decreased as the dehydriding reaction progressed, resulting
in an accelerated dehydrogenation rate and indicating that
precise control of nanoparticle size is of vital importance for
promoting both the kinetic rate and thermodynamic stability
of MgH, materials.

%O@)

(1)

Oe

MgH, MgH,, H Mg
MgH, 55 MgH, 55

Mg, H Mg,sHy MgsH;,
ME:HU 13 MgH, 53 MgH, ;3

Fig. 1 Selected geometries of MgcH, and Mg, sH, clusters®”

(with permission from ACS Publication)

Nevertheless, two key issues still need to be addressed:
(1) developing preparation methods capable of precisely
controlling nanoscale dimensions, and (2) designing
effective surface modification strategies to inhibit
nanoparticle agglomeration.

In recent years, nanoscale technology has achieved
significant progress in improving the H, storage and release
performance of MgH,, which can be essentially classified
into three preparation methods: mechanical alloying (ball
milling), nanoconfinement, and electrochemical reduction.
Among them, mechanical ball milling is a conventional
method for producing nano-MgH, due to its operational
convenience and low cost. This method can introduce
numerous defects into the samples and reduce particle size
through strong metal-metal interactions generated by
mechanical energy, thereby effectively shortening the H,
diffusion distance and accelerating reaction kinetics. Zhang
et al.’ prepared solid-state H, storage materials MgH,+fl-
TiO,@C and MgH,+{1-TiO, via ball milling. The catalytic
precursors were first obtained as white titanium glycerolate
powder by hydrothermal synthesis, followed by annealing
at 450 °C in air and Ar atmospheres to produce black fl-
TiO,@C and white fl-TiO,, respectively. As shown in the
DSC curves (Figure 2), the initial dehydrogenation
temperatures for MgH,, MgH,+{l-TiO,, and MgH,+fl-
Ti0,@C were 294.6, 199.2 and 180.3 °C, respectively, and
the corresponding peak temperatures appeared at 362.6,
245.4 and 233.0 °C, respectively. Notably, MgH,+{I-TiO,
absorbed 6.0% H, in 40 min at 150 °C and 8 min at 250 °C,
with a dehydrogenation reaction activation energy of
77.72 kJ/mol.

Chen et alP®! used Co(NO;),"6H,0, Ti(OC,H,),,
C¢HgO,-H,0, and ethanol to carry out a solvothermal
reaction in a Teflon-lined autoclave at 190 °C, followed by
calcination at 700 °C under Ar atmosphere to obtain the
catalytic material Co/TiO,. The final ball-milled products
MgH,-Co/TiO,, MgH,-TiO, and MgH,-Co exhibited
dehydrogenation peak temperatures of 235.2, 288.4 and
329.4 °C, respectively, in DSC tests, which were all
significantly lower than 367.4 °C for ball-milled MgH,,
confirming the excellent effect of metallic Co and TiO, in
reducing dehydrogenation temperature. Importantly, MgH,-
Co/TiO, started its dehydriding process at 190 °C and
released 6.2% H, within 15 min at 250 °C.

.MgHz. TiO, @ Carbon

— MgH,
— MgHz+ﬂ -TiO,
— MgH,+1-TiO,@C

Flower-like 233.0 2454 362.6
TiO,@C 100 200 300 400 500
Temperature/°C

Fig. 2 DSC curves of the prepared MgH,+{1(3-D flower-like)-
TiO,, MgH,+1-TiO,@C and MgH,"*”
(Hydrogenation: 5 MPa, dehydrogenation: 1 kPa)

(with permission from Elsevier)
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Under a 6 MPa H, supply pressure, MgH,-Co/TiO,
absorbed 6.07%, 5.56% and 4.24% H, within 10 min at 165,
130 and 100 °C, respectively, and 4.0% H, after 10 h at
50 °C.

For nanoconfinement research, Nielsen et al.’* employed
chemical impregnation to load magnesium dibutyl (MgBu,)
precursor into aerogel nanochannels, and then prepared
confined MgH, nanoparticles after the hydrogenation
process. The obtained nanoconfined structure reduced the
dehydrogenation temperature to below 200 °C, which
increased the dehydrogenation rate by a factor of five
compared with pure MgH,, further confirming the
effectiveness of nanoconfinement. Li et al.”* successfully
prepared diameter-regulable Mg nanowires by precisely
manipulating Ar flow during vapor deposition, and found
that the nanowire diameter decreased with lower Ar flow,
resulting in a clear improvement in hydrogen storage
performance. The prepared sample released 3.28% H, in 30
min at 200 °C and achieved a maximum capacity of 6.77%
at 300 °C, while maintaining excellent capacity stability
after 50 absorption-desorption cycles. Compared with
traditional bulk materials, the outstanding performance of
the as-prepared nanowires likely originated from their high
specific surface area, which significantly increased active
sites and provided more efficient H, diffusion channels. Xia
et al.”¥ investigated the combined nanoconfinement effect
with graphene (GR) addition on MgH,. As shown in Figure 3
(a)—(d), DFT calculations revealed that (C,H,),Mg had the
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lowest adsorption energy among (C,H,),Mg, C;H,,, Mg and
MgH, during the assembly of MgBu, on graphene. By
precisely regulating the MgBu,/GR ratio, a series of H,
storage materials including MHGH-20, MHGH-40,
MHGH-60, MHGH-70 and MHGH-75 were synthesized
with different MgH, loading amounts, and MHGH-75
showed the best H, absorption/desorption performance

(Figure 4(a)—(d)).
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Fig. 3 (a) Schematic illustration of the self-assembly of MgH,
nanoparticles (NPs) on GR, atomic structures (side views) of the
adsorption of (b) C4H,, and (c) (C,Hy),Mg on a GR sheet in their
most stable configurations, (d) Binding energy curves for the
adsorption of (C,H,),Mg, CsH,,, Mg, and MgH, on a GR sheet
obtained from DFT calculations®
(with permission from John Wiley and Sons)

0 Woma“vm*wtm:
o (b)
1+ % %‘Q}
% Q%)pw
[+]
R 2F 03c 'u...if‘:?:o»m»»»»
% % .“'..'“'000001
3 %
=] ()
5 %%,
:N OOD
4t o
6 1 1 1
0 50 100 150 200
Time/min
0
f..  Debydrogention @
E, OAA
Ito o 4,
9 A
n® Ta
* “
IS 2 @ < AL a
= A . AL
5 9 . AL
i':) 3 * taa,
5] LR . sy
S . YV 180 <C
~ b a ’. Addaasaa
=4 4 ®e, 200 C
%, 8,220 T %
5 ot **000
250 Gc% kﬁ"&‘u oh 0
6 1 1 1
0 50 100 150 200
Time/min

Fig. 4 (a) Hydriding and (b) dehydriding curves of the as-prepared MHGH samples at 200 °C, including ball-milled MgH,
(BM MgH,) and ball-milled MgH,/GR composite (BM MgH,/GR), (¢) Hydriding and (d) dehydriding curves of
Ni-MHGH-75 at various temperatures, the inset in (c) shows the performance at 25 °C over a longer period
Conditions: hydriding at 3 MPa, dehydriding at 1 kPal*®
(with permission from Elsevier)
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Subsequently, Ni nanoparticles were self-assembled on
MgH, nanoparticle surfaces via a solvothermal method, and
the resulting Ni-MHGH-75 displayed superior H, storage
properties, absorbing 2.3% H, within 60 min at 50 °C under
3 MPa and releasing 5.4% H, in 30 min at 250 °C, with
99.2% capacity retention after 100 cycles.

In electrochemical reduction for nanostructuring, Aguey-
Zinsou et alP” obtained nano-sized Mg particles by
reducing magnesium salts (Mg?") in tetrahydrofuran (THF),
followed by hydrogenation at 60 °C under 2 MPa to
synthesize MgH,. The resulting product achieved complete
dehydrogenation at just 85 °C, a remarkable decrease
compared with conventional bulk MgH, (> 350 °C for
dehydriding).

It can be concluded from the above investigations that
nanostructuring technology plays a vital role in modifying
Mg-based H, storage materials, as it can overcome the
limitations of traditional approaches and balance the
thermodynamic stability and kinetic performance of
nanomaterials. However, the preparation process introduces
additional excess energy that may reduce the stability of
MgH, and cause unexpected agglomeration and grain
growth. As a result, the existing synthesis routes remain
relatively complex, and continuous efforts are still required
to enable large-scale practical applications in three aspects:
fundamental research, engineering implementation, and
commercialization. Future research should focus on precise
nanostructure control and scalable preparation to advance
practical applications.

3 Catalyst doping method

Catalytic material modification is a crucial strategy for
effectively improving the performance of Mg-based H,
storage materials. It essentially involves combining MgH,
with designated functional materials in adjustable
proportions to promote the desired H, storage
characteristics. The conventional catalytic materials include
transition metals, transition metal oxides, and carbon-based
materials, while recent research hotspots have also explored
novel catalysts such as MOFs and MZXenes. The
corresponding reaction mechanisms can generally be
divided into four categories:

(1) Hydrogen pump effect: Theoretically, doping with
transition metals (e.g., Nb, Ni) may destabilize the material
and favor dehydrogenation. In this process, H atoms tend to
form hydride clusters with the surrounding transition
metals, which facilitates rapid hydrogen transfer during
reversible  hydrogenation/dehydrogenation and  thus
enhances absorption/desorption kinetics.

(2) Spillover effect: Hydrogen molecules first dissociate
into H atoms at the active sites on the catalyst surface, and
these atoms then migrate to the MgH, interface via surface
diffusion.

(3) Electron transfer: Catalytic materials (e.g., transition
metal oxides, MXenes) can alter the electron cloud
distribution of Mg—H bonds through electronic interactions.

When electrons transfer from the catalytic material to
MgH,, the Mg-H bonds may be weakened and the
hydrogen dissociation energy barrier reduced.

(4) Channeling effect: Catalysts with well-defined pore
structures or unique interfacial properties (e.g., porous
MOFs) can serve as diffusion pathways for H atoms,
enabling efficient hydrogen transfer between the catalyst
and MgH,.

3.1 Transition metals

Transition metals, located in the d-block (Groups IIIB to
IIB) of the periodic table, display a strong affinity for H
atoms. During hydrogen dissociation, the d-orbital electrons
of transition metals can transfer to the antibonding o*
orbital of H,, thereby strengthening the interaction between
the transition metal and H,. This process reduces the
electron density of the Mg-H bond and subsequently
weakens its strength. Consequently, transition metals are
regarded as essential catalytic doping materials for MgH,.

Owing to its excellent catalytic properties, Ni is
considered one of the most extensively studied transition
metals. Olmez et al.®® mixed MgNi,, Ni and Mg in
appropriate proportions through hot pressing, forging, and
sintering, ultimately identifying MgNi, as an effective H,
storage component. Mao et al.®” used ball milling to mix
MgH, with NiCl,/CoCl,, effectively lowering the
dehydrogenation temperature and improving the hydriding
kinetics of MgH,. Notably, MgH,/NiCl, showed
outstanding performance, absorbing 5.17% H, within 60 s at
300 °C, compared with only 3.51% absorbed by pure MgH,
within 400 s under the same conditions. Yao et al."
reported that in situ-formed Mg,NiH, released hydrogen
more readily than MgH,, with its “hydrogen pump effect”
accelerating dehydrogenation kinetics. Dan et al.®! also
observed this effect in MgH, composites, largely attributed
to the improvement in H, dissociation, diffusion, and
recombination in Mg,NiH,;. Duan et al.®’! developed a
composite material by ball milling MgH, with Ni-loaded
carbon nanotubes, exhibiting excellent H, storage
performance due to efficient electron transport facilitated by
Ni nanoparticles. Liu et al'®! synthesized a Ni/CeO,
composite catalyst via coprecipitation and reduction,
reducing the dehydrogenation peak temperature of MgH,
from 384.5 to 268.2 °C. This improvement was attributed to
interfacial coupling between Ni and CeO,, which promoted
electron transfer and facilitated oxygen vacancy formation,
further enhancing H, storage performance. Ma et al.l¥
proposed a template consumption method to construct a
CoS framework with specific pore structures and confined
MgH, nanoparticles inside its cavities via impregnation.
The active sites provided by in situ-formed MgS were
shown to remarkably enhance H, storage performance.
Wang et al.'® prepared a core-shell Co@C catalyst via
solvothermal and annealing methods, which exhibited
excellent thermal conductivity. The MgH,-10%Co@C
sample desorbed H, at an onset temperature of 168 °C
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(101 °C lower than MgH,), with maximum dehydrogenation
occurring at 300 °C and activation energy reduced to
84.5 kJ/mol. Yin et all gsynthesized a 3D hollow
Ti*@TiO, nanobox by hydrothermal method and
compounded it with MgH,, where TiO, transformed into
MgTi,0, during hydrogenation. The multivalent Ti species
promoted electron transport during H, absorption/
desorption. The prepared samples released 6.1% H, within
20 min at 325 °C, with dehydrogenation activation energy
reduced to 57.2 kJ/mol. Cui et al.'”! coated Mg powder with
catalytic materials such as TiH,, TiCl;, and TiO,, and
synthesized a Mg-Ti multivalent composite that acted as an
electron transfer mediator. This promoted the reduction of
high-valence Ti*'/Ti* to low-valence Ti*', facilitating
electron transfer between Mg®" and H" and weakening the
Mg-H bond strength. Similarly, Ti*" could lose electrons
and convert to Ti*"/Ti*, thereby strengthening the
hydrogenation process and enhancing dehydrogenation
performance.

3.2 Transition metal oxides

Transition metal oxides have emerged as promising
materials for modifying the H, storage properties of MgH,,
demonstrating unique advantages. They exhibit greater
brittleness than transition metals, which facilitates more
uniform dispersion on MgH, surfaces during ball milling
and effectively reduces MgH, particle size through
mechanical friction. The pioneering work on transition
metal oxides can be traced to Terzieva et al.’®®, who first
proposed and validated the catalytic mechanism of metal
oxides in H, absorption/desorption. Metal oxides can be
reduced to metallic species with higher catalytic activity,
thereby significantly improving both the thermodynamic
and kinetic properties of MgH,.

Representative studies include Shi et al® who
developed a fluorinated TiO,(F) nanosheet catalyst system.
Through precursor reduction in an Ar/H, atmosphere, they
prepared TiO,_, nanosheets rich in oxygen vacancies. When
compounded with MgH, at 5%, the material showed
exceptional performance: an onset dehydriding temperature
of 189 °C with a storage capacity of 6.79%. It released
6.0% H, in just 6 min at 250 °C, and even under milder
conditions (100 °C), it released 3.62% H, within 10 min.
After 10 cycles, the sample maintained 92.6% and 93.3%
capacity retention for absorption and desorption,
respectively, illustrating excellent cycling stability.
Mechanistic studies revealed multiple synergistic effects:
(1) formation of active catalytic centers from MgF, and
low-valence Ti%Ti*"; (2) additional H, storage sites
provided by MgF, H, solid solutions during
rehydrogenation; (3) significant reduction of the reaction
barrier through the cooperative effect of F and oxygen
vacancies. These findings not only confirm the
effectiveness of TiO,-based catalysts in enhancing MgH,
performance but also provide theoretical guidance for
designing high-efficiency H, storage materials.

Ren et al.l™ synthesized 2D-TiO, nanosheets rich in
oxygen vacancies via a surfactant-assisted method. Using
nanoconfinement, they grew MgH, nanocrystals in situ on
the nanosheet surfaces, constructing a TiO,/MgH,
heterostructure.  This  composite  showed excellent
properties: the initial dehydriding temperature decreased to
180 °C (115 °C lower than pure MgH,); the hydriding rate
at 300 °C reached 2.116% (35 times that of pure MgH,);
and after 100 cycles, it maintained 98.5% capacity
retention, indicating remarkable cycling stability. The same
team further developed nanosheet H-V,Os catalysts”". In
this work, a “hydrogen pump effect” was achieved through
the synergy between in situ-formed VH,/V and abundant
oxygen vacancies on V,0s surfaces. This mechanism
enabled the material to adsorb 2.38% H, at 30 °C within
60 min, release 6% H, in 6 min at 275 °C, and maintain
99% capacity retention after 100 cycles.

Zhang et al." precisely tuned the ratio of NiCl,-6H,0 to
TiO, to prepare single-atom catalytic —materials
(Nix@TiO,_/MgH,) with different Ni loadings. Among
them, Ni, o3,@Ti0,-MgH, exhibited optimal performance in
non-isothermal dehydrogenation curves (Figure 5(a)).
Comparative temperature-programmed curves (Figure 5(b))
of MgH,, TiO,-MgH,, and Ni, o;,@TiO,-MgH, showed that
both Ni and TiO, promote H, storage properties. As shown
in Figure 5(c), (d), 15% Nig,@TiO,-MgH, displayed
extraordinary kinetics: absorbing 6.53% H, within 10 s at
300 °C, 4.6% in 5 min, and nearly 3% within 60 min even
at 225 °C. Theoretical calculations (Figure 5(e)) indicated
that activation energies for dehydrogenation and
hydrogenation decreased from 160 and 87.3 to 64.35 and
35.17 kJ/mol, respectively. After 100 cycles (Figure 5(f)),
the material maintained 97.26% capacity, fully illustrating
the effectiveness of the single-atom catalytic strategy.

Zhu et al!™ constructed novel TiO,-based catalytic
materials using a metal-organic framework (MOF)
templating method. The synthesized copper
tetracarboxylphenylporphyrin (TCPP(Cu)) was coordinated
with Zn clusters to form a two-dimensional ZnTCuM
framework, and TiO, nanoparticles grew in situ on its
surface, enabling precise control of TiO, catalysts and
offering new insights into the development of MOF-based
H, storage materials. Oelerich et al.’* systematically
concluded that multivalent metal oxides (e.g., V,0;, Mn,O;,
Fe;0,) exhibit superior catalytic performance compared
with monovalent metal oxides, as multivalent metals act as
electron transfer mediators during H, absorption/desorption,
thereby promoting the entire process of hydrogen atom
adsorption, dissociation, and diffusion, which provides
important theoretical guidance for designing efficient
catalysts. In single-oxide catalyst systems, Hanada et al.”™
developed Nb,Os/MgH, composites showing exceptional
kinetics, absorbing 4.5% H, in just 15 s at 200 °C with a
final capacity exceeding 5%, while the hydrogenated
material released 6% H, at 160 °C, demonstrating the
significant role of Nb,Os; in MgH, hydrogen storage
kinetics.
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Fig. 5 (a) Temperature-programmed desorption curves of Ni,@TiO,-MgH, (x = 0.007, 0.017, 0.034, 0.051, 0.068); (b) temperature-
programmed desorption curves of x%-Nij ;,@TiO,-MgH, (x = 10, 15, 20); (c¢) dehydriding and (d) hydriding curves of
15%-Ni, ;,@TiO,-MgH, at different temperatures; (¢) calculated activation energies for dehydriding (blue) and
hydriding (red) and (f) 100-cycle performance at 300 °C for 15%-Niy 3,@TiO,-MgH,"

(with permission from American Chemical Society)

Wang et al.” introduced the high-entropy alloy concept
into layered metal oxides, successfully preparing anion-
regulated Cr-Mn-Fe-Co-Ni-based high-entropy layered
metal oxides (HELMO). Comparative studies of NO, and
CI intercalated HELMO revealed the decisive influence of
anion type on catalytic performance, with HELMO-NO;
showing optimal activity by decreasing the onset
dehydrogenation temperature from 340.6 to 184.1 °C. At
250 °C, MgH,+10% HELMO-NO; released 6.68% H, in
8 min while maintaining 97.8% of its capacity (6.52%) after
50 cycles, and these excellent properties were attributed to
high-entropy effects and anion synergy, in which the
cooperative action of five transition metals provided
abundant active sites, while NO; intercalation facilitated
oxygen vacancy formation, thereby reducing reaction
barriers.

These studies confirmed the benefits of multivalent metal
oxides in MgH, modification and offered new directions for

developing advanced H, storage catalysts through

innovative strategies such as high-entropy design and anion
regulation. In particular, the concept of high-entropy
layered metal oxides successfully achieved synergistic
optimization of multiple active components, highlighting
their broad application potential. Future research could
further investigate other anion types (e.g., F-, SO; ) and
advance scale-up production processes to promote the
practical application of these materials.

3.3 Carbon-based materials

The research on carbon-based materials (e.g., carbon
nanotubes, graphene, activated carbon, and carbon fibers)
for H, storage can be traced back to Kidnay et al.l’”), whose
report on their physical H, storage performance was
conducted at cryogenic temperatures (76 K). This early
insight stimulated extensive research into morphology
control and performance optimization of carbon-based
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materials for H, storage. In 2007, Su et al.’® further
clarified the H, storage mechanism of activated carbon,
establishing a positive correlation between H, storage
capacity and specific surface area, with optimal adsorption
occurring when micropore sizes were below 1 nm.
Nevertheless, the room-temperature H, storage performance
of carbon materials remains insufficient for practical
applications due to weak van der Waals interactions
between carbon and H molecules. To address this
limitation, researchers have developed novel metal/carbon
composite systems: transition metals (e.g., Fe, Ni), through
their 3d electrons, can effectively modulate the electronic
structure of MgH, and reduce reaction energy barriers,
while carbon nanotubes and graphene not only inhibit
nanoparticle aggregation but also form conductive networks
to facilitate charge transfer, thereby enhancing both the
kinetic and thermodynamic performance of the designed
materials.

Wang et all” prepared a VTiFe alloy via
mechanochemical methods and then obtained the final
nanocatalytic materials through mechanical alloying with
carbon nanotubes. Although CNT incorporation decreased
absorption/desorption rates by 15%, cycling stability was
greatly improved, achieving 97.3% capacity retention after
31 cycles compared with 80.1% for CNT-free systems
under the same conditions. Lu et al.® synthesized TiFe-
CNTs/MgH, composites through sintering, mechanical
milling, and wet-chemical ball milling, which exhibited
exceptional pressure stability (<2% capacity deviation
under 0.1-3.0 MPa H, fluctuations) and zero capacity decay
after 10 cycles, attributed to the dispersive and stabilizing
effects of CNTs. Jia et al.®"! prepared Ni-VO/AC-MgH,
systems that achieved rapid absorption of 6.2% min™' at
150 °C and 6.5% H, release within 10 min at 300 °C, while
the dehydrogenation activation energy was halved to
60 kJ/mol compared with MgH,. This enhancement was
ascribed to the activated porous structure of carbon and
uniformly dispersed Ni-VO, sites. Lu et al.®? developed
MgH,+10% TiO, ZnTiO;@CNTs composites (catalytic
mechanism shown in Figure 6(a)), which reduced the initial
dehydrogenation temperature to 197 °C and the onset
absorption temperature to 50 °C, while enabling 6.1% H,

release in 10 min at 300 °C with 97% retention over 20
cycles. These improvements were attributed to the buffering
effect of CNTs on the 30% volume strain and their
promotion of electron conduction.

Graphene oxide (GO), an oxidized derivative of graphene
containing abundant oxygen functional groups (—OH, —O—,
—COOH), can effectively anchor metal nanoparticles and
create oxygen vacancies to enhance performance. Wang et
al.®) fabricated Ni-Ov-C@GO-MgH, via electrostatic
assembly and calcination, achieving exceptional properties:
the dehydriding activation energy decreased to 40.78 kJ/mol
(20% of that of pure MgH,), with 97.3% capacity retention
(6.32%) after 30 cycles, attributed to the synergistic
catalysis between Ni nanoparticles and Co;0, on GO. For
graphene-based composites, Singh et al™ developed
Ni@GA-MgH,, reducing the onset dehydrogenation
temperature from 358 to 221 °C while maintaining stable
capacity over 27 cycles. Yan et al.® prepared rGO-
BTB/MgH, via a soft-template method (synthesis flowchart
shown in Figure 6(b)), achieving a capacity of 6.6% with
dehydrogenation onset at 50 °C, though the performance
requires further optimization due to side reactions between
silanol and Mg.

Bu et alB constructed MgH,-20 nm TiO,@Gra
composites using atomic deposition, achieving a
dehydrogenation onset temperature of 199 °C and 95.5%
capacity retention after 50 cycles, attributed to the
synergistic effects of internal TiO, nanochannels and
external graphene coating. Liu et al.®” developed a
bimetallic Co/Pd@B-CNTs catalyst that demonstrated
superior performance: MgH,-Co/Pd@B-CNTs absorbed
6.49% H, in just 20 s at 200 °C under 8 MPa, with the
dehydrogenation activation energy reduced dramatically
from 178 to 76.66 kJ/mol. Comparative experiments
revealed that Pd exhibited greater catalytic performance
than Co, likely due to its stronger hydrogen spillover effect.

These findings fully demonstrate the significant potential
of carbon-based composite materials in hydrogen storage,
indicating that precise design of metal-carbon interfacial
structures and multi-scale morphological control can
synergistically enhance both thermodynamic and kinetic
properties.

BTB/DDA, sol-gel

Pyrolysis at 370 C

gBu,/rGO-BTB

Dehydrogenation

B
Rehydrogenation

MgH,/rGO-BTB Mg/rGO-BTB

Fig. 6 (a) Catalytic mechanism of MgH,+10% TiO, ZnTiO;@CNTs®™; (b) Schematic illustration of the preparation process for
MgH,/*GO-BTB and Mg/rGO-BTB™!
(with permission from Elsevier and Royal Society of Chemistry)
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Carbon materials not only act as structural stabilizers to
prevent active particle aggregation but also facilitate charge
transfer through conductive networks, while transition
metals effectively reduce reaction barriers. This
multifunctional synergy provides valuable insights for
developing next-generation high-efficiency H, storage
materials. Future research should focus on: (1) precise
control of interfacial interactions; (2) effective suppression
of side reactions; (3) development of scalable preparation
processes; and (4) long-term stability evaluation under
practical conditions. Breakthroughs in these areas will help
advance carbon-based hydrogen storage materials toward
real-world applications.

3.4 Metal-organic frameworks (MOFs)

Metal-organic frameworks (MOFs) are crystalline porous
materials synthesized through the self-assembly of
inorganic metal centers (metal ions or clusters)
interconnected with organic ligands, thereby forming
periodic network structures. Characterized by large surface
areas and tunable micropore sizes, MOFs can be engineered
into specific topological configurations to regulate H,
storage performance. As illustrated by representative MOF
structures in Figure 7%, their key features include: (1)
Synthetic flexibility: MOFs are obtained by self-assembly
of metal salts and organic ligands, often containing
coordinatively unsaturated metal sites with acidic or basic
properties; (2) Porosity: the inherently porous frameworks
provide high specific surface areas and abundant adsorption
sites; (3) Structural diversity: a wide range of metal-ligand
combinations enables diverse spatial architectures, offering
multiple synthetic pathways for tailored material design.

The research history of MOF materials can be traced
back to 1995, when Hailian et al.™ first synthesized the
three-dimensional MOF-5. In recent years, significant
breakthroughs have been achieved in MOF-derived material
studies. Naveen et al.®’” employed a Co/Zn bimetallic MOF
precursor and successfully prepared a single-atom dispersed
Co-Zn bimetallic carbon material by precisely regulating
the pyrolysis process (Figure 8 illustrates its assembly and
synthesis procedure). This material exhibited excellent H,
storage performance, which was attributed to the synergistic
effects between atomically dispersed Co/Zn active sites and

H HOOC{ )-COOH

. TPA
Zn(NO,), 6H,0 1. Stir, DMF, 120 C, 5 h, Ar

o |]\£ 2. Melamine, 120 °C, 1 h, Ar § !
‘ 3. Evaporation of DMF and
al drying
Co(NO,),"6H,0 NG
4, 4-BiPy

the porous carbon matrix.

Lan et al.®" prepared a (Ni,TiO,)CN/MgH, composite
system (synthesis route shown in Figure 9(a)) that achieved
multiple performance enhancements through refined
structural design: (1) The Ni-induced MgNi, phase
generated a distinctive “hydrogen pump” effect, markedly
promoting hydrogen adsorption and dissociation; (2)
Multivalent Ti species (Ti*"/Ti*") effectively accelerated
electron transfer; (3) A stable carbon-nitrogen protective
layer successfully inhibited MgH, nanoparticle agglomeration
during cycling. Performance tests demonstrated remarkable
outcomes: 5.85% H, release in 10 min at 275 °C, 5.94%
release within 5 min at 300 °C, 6.17% absorption within
10 min at 125 °C, and even 5.08% storage capacity after
100 min at near-ambient temperature (40 °C). Zheng et
al.’? synthesized NiFe MOFs via a solvothermal method,
followed by 2.5 h hydrogen reduction at 400 °C to obtain
flower-like FeNi;-S catalyst (synthesis and mechanism
shown in Figure 9(b)). This catalyst lowered the H,
absorption peak temperature of MgH, from 325 to 202 °C,
enabling 3.04% release in 1000 s at 250 °C and complete
6.57% dehydrogenation at 325 °C. After 20 cycles, MgH,-
FeNi;-S maintained excellent capacity retention owing to H,
diffusion channels provided by Fe/MgS phases.

In the field of bimetallic catalysts, Li et al.”*! developed a
CoFe@C/MgH, composite nanoparticle that demonstrated
excellent H, storage/release performance (the preparation
process and catalytic mechanism are shown in Figure 10).
The MgH,-CoFe@C-800 exhibited remarkable H, storage
properties: its onset dehydrogenation temperature was
175.9 °C, with a DSC peak temperature as low as 263 °C.
At 250 °C, it could desorb more than 3.6% H, within 3600 s,
while absorbing over 4.0% H, in 3000 s at 150 °C.

MIL-53

HKUST-1

UiO-66 ZIF-8
Fig. 7 Schematic diagrams of typical MOF structures'®*
(with permission from Royal Society of Chemistry)

Co,Zn,-NC (SACs)

Zn,Co,-MOF-508@Melamine

Fig. 8 Schematic diagram of the synthesis of Co,Zn,-NC™”

(with permission from Elsevier)
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After 10 cycles, the sample showed negligible capacity
attenuation, suggesting that the MOF framework effectively
inhibited MgH, nucleation. Notably, after 20 cycles, the H,
absorption rate even improved. These enhancements may be
attributed to Co providing hydrogen pump channels through
the reversible conversion between Mg,Co and Mg,CoHs,
while a-Fe catalyzed the decomposition of MgH,, and the
carbon matrix  effectively prevented nanoparticle
agglomeration, thereby improving overall cycling
performance.

Hu et al.’ further revealed the bimetallic synergistic
catalytic ~mechanism through comparative studies,
synthesizing MgH,+Fe/C, MgH,+Ni/C and MgH,+TM/C
via calcination and ball milling. The tests showed that the
dehydrogenation temperatures of these samples were
reduced by 103, 73 and 106 °C respectively compared with
pure MgH,. After 10 cycles at 325 °C, the capacity retention
rates were 99.8%, 99.7% and 99.8% respectively, with
cycling stability attributed to the ability of carbon to prevent
MgH, particle agglomeration. Comparative analysis of
isothermal  absorption/desorption and non-isothermal
dehydrogenation curves revealed that MgH,+TM/C

exhibited the best kinetic performance.

Yang et al.” developed a NiCo-MOF/V-O catalyst that
reduced the onset dehydrogenation temperature of MgH, to
155 °C through vanadium-oxygen species induction. Highly
crystalline NiCo layered double hydroxide (LDH) was
synthesized through stirring and aging, and then treated in
(NH,)VO; aqueous solution at 150 °C for 3 h to produce the
final catalytic material, with XRD and XPS confirming its
structure. Among the H, storage alloys prepared by ball
milling MgH, with NiCoLDH and NiCo-MOF/V-O, the
latter showed superior performance due to the inducing
effect of (NH,)VO;. MgH,-7% NiCo-MOF/V-O began
dehydrogenation at 155 °C (125 °C lower than pure MgH,)
and achieved complete dehydrogenation (6.5%) within
5 min at 300 °C. After 30 cycles at 325 °C, the absorption/
desorption capacities decreased slightly from 6.494%/
7.597% to 6.451%/7.239%, demonstrating stable cycling
performance.

Chen et al.’9 systematically investigated the effect of
calcination temperature on Ni/Fe-MOF-derived catalysts.
Using solvothermal and ultrasonic methods, they prepared
Ni/Fe-MOF precursors, which were calcined at 700, 800
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and 900 °C to obtain the final catalysts. The hydrogen
storage alloys MgH,-10NiFe-700, MgH,-10NiFe-800 and
MgH,-10NiFe-900 showed DSC peak temperatures of
305.5, 289.7 and 298.8 °C respectively, remarkably lower
than the 395 °C of MgH,. The 800 °C-calcined MgH,-
10NiFe-800 could release 3.70% and 5.95% H, within
10 min at 275 and 300 °C respectively, and 6.16% within
5 min at 325 °C. These outstanding results primarily
stemmed from synergistic effects between Ni;Fe, Ni and
NiFe,0, during dehydrogenation.

MOF materials demonstrate both advantages and
challenges in H, storage applications. The main advantage
lies in their highly designable crystal structures, which can
provide abundant active sites for H, adsorption through the
selection of suitable metal nodes and organic linkers.
Unsaturated metal sites in MOFs can also generate acid-
base catalytic activity, while functional groups (e.g.,
—COOH, -NH,) allow further surface modification. In
addition, MOF-derived materials can form highly dispersed
single-atom catalysts through pyrolysis, which can
significantly improve H, storage performance. However,
several challenges remain for practical applications. Most
MOFs have poor thermal stability and tend to collapse at
high temperatures. Although high-performance MOF-based
H, storage materials can be prepared at the laboratory scale,
large-scale production is still costly and has low yields.
Moreover, while microporous structures help increase
hydrogen storage density, they may also hinder rapid H,
diffusion.

3.5 MXenes

MZXenes, as a novel class of two-dimensional materials,
mainly include transition metal carbides (Ti;AlC,, Ta,AlC;,
V,AIC)P”, transition metal nitrides (Ti,AIN;, Ti,AIN)“],
and transition metal carbonitrides (Ti;AICN)®". Their MAX
phase precursors are layered ternary carbides or nitrides
with the general formula “M,,;AX,”, where M, A, and X
represent transition metals (e.g., Ti, V, Zr, Nb, Ta), A-group
elements (typically Al or Si), and carbon or nitrogen,
respectively!®”.,

Zhu et al."*" synthesized a Ni@Ti;C, composite material
that exhibited excellent hydriding/dehydriding Kkinetics.
Using liquid-phase reduction, Ni was assembled onto the
surface of two-dimensional Ti;C, to obtain Ti;C, MXene-
based catalytic materials, with the synthesis strategy
illustrated in Figure 11. Under 3 MPa at 125 °C, the
material absorbed 5.4% H, within 25 s (93% of its
maximum capacity), stored over 4.0% H, within 60 min at
75 °C, and even absorbed more than 4.0% H, within 5 h at
room temperature. At 250 °C, the sample released
approximately 5.0% H, within 10 min, in sharp contrast to
only 0.2% for pristine MgH, under the same conditions.
After 10 absorption/desorption cycles at 275 °C, the
composite maintained a storage capacity of 5.2%, further
demonstrating the significant enhancement effect of Ni@Ti-

MX catalytic materials on the H, storage performance of
MgH,. Researchers including Kim et al.'"” and Lu et al.”®
focused on the development of Cl-terminated MXene
materials, and the CI-Ti,C prepared through Lewis acidic
molten salt etching displayed surface chemical properties
and a 2D layered structure that offered abundant active sites
for H, adsorption/dissociation. Lan et al.'®! designed a
MgH,+Ni@Nb,C composite that showed more competitive
performance compared with pure MgH,, MgH,+Ni, and
MgH,+Nb,C: absorbing 4.45% H, within 5 h at 30 °C and
reaching 6.15% at 100 °C; showing a H, release rate of
4.26% in 100 min at 225 °C and achieving complete
dehydrogenation within 4.3 min at 300 °C. After 100 cycles
at 325 °C, the sample maintained a H, storage capacity of
5.91% with a retention rate of 93.4%.

These research findings indicate that the two-dimensional
layered structure of MXene materials, with their high
surface area and excellent mechanical processing and
thermal conductivity, can provide abundant active sites for
the hydrogenation/dehydrogenation processes of MgH,,
thereby significantly enhancing its H, storage performance.
In addition, through metal nanoparticle modification and
surface functional group regulation, the H, storage
properties and cycling stability of the materials can be
further optimized synergistically. Future research should
focus on addressing key challenges such as large-scale
preparation of MXene materials, long-term cycling stability,
and performance degradation under practical operating
conditions, in order to accelerate the industrial application
of MXene-based materials.
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Fig. 11 Schematic illustrations of the synthetic strategy applied
for the Ni@Ti-MX catalyst!'"

(with permission from American Chemical Society)

3.6 High-entropy alloys (HEAs)

High-entropy alloys (HEAs) are advanced materials
composed of five or more principal metallic elements in
near-equiatomic ratios. In recent years, HEAs have shown
unique advantages in modifying magnesium-based H,
storage materials, as their high configurational entropy
endows them with distinctive features such as lattice
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distortion and sluggish diffusion effects.

Wang et al'"™ innovatively prepared an equimolar
(V:Mn:Fe:Co:Ni = 1:1:1:1:1) VMnFeCoNi high-
entropy alloy solid solution through mechanical ball
milling-compression-sintering processes, and the research
results showed that adding 5% of this alloy decreased the
hydriding temperature of MgH, to 223 °C while increasing
the absorption kinetics by 70-fold, which was attributed to
the synergistic catalytic effects of transition metal multi-
active sites and the lattice distortion effect of the high-
entropy solid solution. Deng et al.l'”! synthesized TiCrVM
(M = Fe, FeCo, FeZr) HEAs via vacuum arc melting and
prepared Mg/TiCrVM composites by reactive ball milling
of HEAs with Mg powder (5 MPa). TiCrVFeCo could
reduce the dehydrogenation activation energy of MgH,
from 183.4 to 81.1 kJ/mol, which may have been due to y-
MgH, formation and grain refinement, and it lowered the
enthalpy change (AH) from 81.76 (pure Mg) to 62.45 kJ/mol
(Mg/TiCrVFeCo). At 260 °C, Mg/TiCrVFeCo released
5.27% H, in 20 min, significantly outperforming pure Mg
(0.20%). Moreover, the onset dehydrogenation temperature
decreased from 324 to 205 °C, with only 8.6% capacity
decay after 20 cycles. Liu et al.'% designed a carbon-
supported NiCoFeCuMg HEA catalyst, and the ball-milled
MgH,+NiCoFeCuMg@C sample exhibited extraordinary
H, storage performance through the “hydrogen pump”
effect of Mg,Ni(Cu)/Mg,Ni(Cu)H,, the “hydrogen channel”
role of Co;Fe,, and the dispersive function of the carbon
carrier. The composite lowered the initial dehydrogenation
temperature to 167.2 °C (vs. 331 °C for pure MgH,), with a
peak temperature of 302.96 °C (vs. 371.25 °C). In addition,
it released 6.01% H, in 5 min at 325 °C and completed
hydrogenation within 30 s at 275 °C. Furthermore, the
dehydrogenation activation energy decreased from 157.9
(pure MgH,) to 112.4 kJ/mol, with 97% capacity retention
after 20 cycles. Wei et al.l'"! designed and synthesized
(TiVZiNb)g;Cr;; HEA  via arc  melting, ensuring
compositional homogeneity through multiple melting
cycles. The final MgH,-6% (TiVZrNb)sCr;; composite
exhibited excellent hydrogen storage performance,
absorbing 53% H, in 5 min at 573 K, with the
dehydrogenation activation energy as low as 90.5 kJ/mol
and 98.5% capacity retention after 10 cycles. The
outstanding results could be attributed to the multi-
component characteristics of HEAs (high-entropy effects,
lattice distortion, etc.), which suppressed intermetallic
compound formation, enhanced catalytic efficiency, and
demonstrated specific hydrogen storage capabilities (e.g.,
rapid room-temperature absorption), thereby promoting the
H, absorption/desorption kinetics of MgH,. Wang et al.l'®
chose two HEAs, CrFeCoNi (HEA-1) and CrMnFeCoNi
(HEA-2), and prepared them as nanosheets (HEA-3 and
HEA-4) via wet-chemical ball milling. CrMnFeCoNi
nanosheets (HEA-4) showed the best catalytic performance,
reducing the onset dehydrogenation temperature from 350
(pure MgH,) to 198 °C. At 300 °C, the MgH,-10% HEA-4
composite released 6.5% H, in 10 min, with hydrogen

absorption initiating at 40 °C. In terms of kinetics, HEA-4
reduced the dehydrogenation activation energy from 219.23
to 75.81 kJ/mol and the hydrogenation activation energy
from 83.79 to 50.25 kJ/mol. The rate-limiting step shifted
from a permeation model to diffusion control, significantly
enhancing reaction rates. The MgH,-HEA-4 composite
showed only 0.2% capacity loss after 20 cycles,
demonstrating excellent cycling stability, and this method
triggered H, release pathways through multi-element
synergy and surface active sites.

Through their unique compositional and structural
properties, HEAs provide a threefold solution for
magnesium-based H, storage materials: kinetic acceleration,
thermodynamic modulation, and long-term stability.
However, challenges remain regarding cost, mechanistic
understanding, and scalability. Future research should
therefore focus on rational design, deeper mechanistic
exploration, and engineering-oriented applications to
promote practical implementation.

4 Conclusions

Although MgH, has attracted worldwide attention due to
its high hydrogen storage density, strong modification
potential, and inherent safety, its thermodynamic and
kinetic properties still require significant improvement. In
recent years, many scholars have made substantial
contributions to enhancing the hydrogen storage
performance of MgH,, and the major research outcomes can
be summarized as follows:

Alloying method: Manipulating the composition and ratio
of metals can effectively improve the thermodynamic and
kinetic properties of Mg-based materials. However, the
introduction of metals usually reduces their hydrogen
storage capacity, and the breaking of metal bonds during
hydrogenation/dehydrogenation may compromise cycling
stability. Thus, selecting suitable alloying elements to
balance high storage capacity with stable cycling
performance remains a major challenge.

Nanostructuring method: Nanostructured materials, with
their high surface areas, porosity, and abundant defects, can
significantly accelerate hydrogen absorption/desorption
kinetics and lower the activation energy of MgH,.
Nanoconfinement, which restricts materials
frameworks with fixed cavities, can effectively suppress
nanoparticle ~ growth  while  preserving  desirable
thermodynamic and kinetic properties. Nevertheless, several
challenges persist: ball milling often induces agglomeration
and deteriorates storage performance; chemical synthesis
lacks controllability and may produce unwanted oxidized
products; other synthetic methods are too complex for
large-scale application. Therefore, developing robust
nanostructuring strategies is essential to maintain high
performance and prevent particle coarsening.

Catalytic material doping: Introducing catalysts can
trigger mechanisms such as spillover, hydrogen pump,

within
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channeling, and electron transfer, thereby enhancing
hydrogenation/dehydrogenation activity. The synergistic
use of carbon-based materials and transition metals has
shown impressive improvements in kinetics, activation
energy reduction, and cycling stability. This demonstrates
that catalytic doping can effectively accelerate reaction
kinetics while maintaining hydrogen storage density and
retention. However, many existing catalysts still fall short
of the comprehensive performance requirements,
highlighting the need for novel catalysts with abundant
active sites and superior thermal/kinetic characteristics.

Although each of these strategies can independently
enhance the hydrogen storage performance of MgH,, a
single approach is insufficient to achieve the ideal effect.
Recent studies have revealed more pronounced benefits
from synergistic strategies, such as alloying combined with
nanostructuring or catalytic doping coupled with
nanoconfinement.

For large-scale application and development of Mg-based
hydrogen storage materials, future efforts should focus on
the following directions:

Systematic design of novel materials: Leveraging Al-
driven big data for catalyst design and exploring emerging
modifiers such as MXenes and MOFs, which can provide
both catalytic activity and nanoconfinement to enhance
cycling stability.

In-depth mechanistic study: Integrating theoretical
models (e.g., finite element analysis, kinetics, DFT) with
experiments to understand hydrogen adsorption, diffusion,
and reaction mechanisms. Kinetic rate-limiting models can
guide the rational design of efficient multi-component
systems (e.g., HEAs), with experimental validation used to
refine theoretical frameworks.

Improvement of preparation techniques: Applying
ultrasonic treatment for uniform dispersion of metal/catalyst
mixtures, adopting solvothermal methods or aging
processes to facilitate lattice incorporation, and combining
solvothermal synthesis with ball milling for synergistic
modification.

In summary, these strategies can bridge the gap between
laboratory research and industrial application, ultimately
accelerating the deployment of high-performance Mg-based
hydrogen storage materials.
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