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Li/Mg-Based Hydrides for High-Capacity Hydrogen and
Lithium Storage Applications

Panyu Gao, Xiaoyue Zhang, Xuechun Hu, Xuebin Yu,* Dalin Sun, Fang Fang,*
and Guanglin Xia*

The rapid development of energy storage systems with high energy density
and safety is crucial to meet the increasing demand for renewable energy
storage and portable electronics. Li/Mg-based hydrides have gained
significant attention for both hydrogen and lithium storage due to their
lightweight composition and high hydrogen content. Recent advancements in
catalytic design, thermodynamic tuning, nanostructuring, and external
field-driven methods have markedly enhanced their hydrogen storage
performance. For lithium storage, strategies to optimize ion transport and
structural stability have improved ionic conductivity, reaction kinetics, and
reversibility, enabling the development of high-performance energy storage
systems. This review provides a detailed analysis of the progress, challenges,
and opportunities in Li/Mg-based hydrides. It emphasizes breakthroughs in
material modification, innovative synthesis methods, and performance
optimization, showcasing their potential in hydrogen and lithium storage
applications. Key challenges include balancing catalytic and thermodynamic
regulation and exploring new driving methods for hydrogen storage, while
enhancing ionic conductivity and refining doping techniques for lithium
storage remain critical. By integrating insights into their dual roles, this work
lays a strong foundation for the continued development and application of
Li/Mg-based hydrides in next-generation energy storage technologies.

1. Introduction

The ever-growing energy consumption leads to the excessive use
of fossil fuels and thus the deteriorating environment of our
earth, which has become a serious issue of urgent concern to
our society and hence promotes the development of sustainable
energy solutions.[1] Therefore, the development of energy stor-
age systems that could harvest and storage energy from renew-
able sources, such as solar and wind energy, attract intensive
attention.[2] To date, various energy storage technologies have
been demonstrated for rapid and efficient energy storage/release.
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Exponential growth of electrochemical en-
ergy storage systems, particularly lithium-
ion batteries (LIBs), has been witnessed
over the last decade.[3] Due to the ur-
gent need forever-growing markets from
portable electronics to grid-scale energy
storage, the development of rechargeable
LIBs with higher energy and power den-
sities and higher safety is a long-standing
research focus. One of the main factors
that determines the energy density of LIBs
is the specific capacity of the negative
electrode.[4] Recently, some Li/Mg-based
hydrides are capable of electrochemically
reacting with Li ions via traditional con-
version reactions and hence could work
as the negative electrodes of LIBs with
much higher theoretical capacities than
the typical conversion-type anodes owing
to the light weight of H atoms.[5] For ex-
ample, the theoretical specific capacity of
MgH2 reaches 2038 mAh g−1, 5.5 times
than widely adopted commercial graphite
anode.[6] Moreover, the replacement of the
liquid electrolyte in conventional LIBs with
solid electrolytes (SEs) is regarded as an ef-
fective way to further improve their energy

densities and safety by reducing flammability. In this regard, in-
duced by the presence ofH atomswith light weight in the polyan-
ions (e.g., [BH4]

− and [B12H12]
2−), an effective ion transfer based

on the paddle-wheel mechanism through facile rotation of these
polyanions could be realized.[7]

In addition, hydrogen is regarded as an ideal clean energy
source with the highest energy content per unit mass (120 MJ
kg−1 H2) and the capability of producing energy without any
harmful effects to the environment.[8] Unfortunately, the ex-
tremely low volumetric energy density (i.e., 0.01 MJ L−1 H2 at
ambient conditions and 8.5 MJ L−1 H2 for the liquefied H2) ow-
ing to the low density of hydrogen poses a major obstacle for
the development of hydrogen storage as practical energy stor-
age technology.[9] Common ways to storage hydrogen are high-
pressure compression and cryogenic H2 liquefaction, which suf-
fer from additional pressure control technologywith serious risks
of high-pressure over 70 MPa and the liquid boil-off problems
in cryogenic systems, respectively. By comparison, the storage
of hydrogen in metal hydrides realized by chemically bonding
of hydrogen with metals and/or other functional atoms under
moderate temperatures and pressure is regarded as an effective
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Figure 1. Theoretical H2 capacity of typical Li/Mg-based hydrides.

and efficient way with higher volumetric and gravimetric stor-
age capacities than high-pressure gaseous storage and low-
temperature liquid storage methods.[10] Since 2000, consider-
ing the much lower weight of Li and Mg than most of other
metals, Li and Mg-based hydrides, including LiBH4, Mg(BH4)2,
LiAlH4, Mg(AlH4)2, LiNH2, Mg(NH2)2, MgH2, LiH, etc., have
been widely considered as potential hydrogen storage materials
owing to extremely high theoretical gravimetric and volumetric
hydrogen storage densities (Figure 1).[11] Particularly, the theo-
retical gravimetric and volumetric hydrogen storage capacity of
LiBH4 reach 18.4 wt% H2 and 121 kg m−3, which is five and
three times higher than that of high-pressure gaseous storage of
70 MPa.[12]

Hence, it is concluded that, induced by the unique struc-
tures of H atoms with high contents, Li/Mg-based hydrides
serve as a series of interesting class of energy storage materi-
als with tunable functionalities across a broad range of appli-
cations. However, a comprehensive review regarding to the re-
lationship between hydrogen storage and lithium storage appli-
cation of Li/Mg-based hydrides has not yet been published. In
this review, we will discuss the recent achievements, challenges,
and opportunities of the development of Li/Mg-based hydrides
for hydrogen storage and lithium storage application. In each
section, the major achievements for the individual material are
briefly summarized, and the remaining challenges toward their
practical applications are discussed in detail.

2. Hydrogen Storage

Although Li/Mg-based hydrides exhibit theoretical advantages
in hydrogen capacity, they typically suffer from high ther-
modynamic and kinetic barriers, resulting in high operat-
ing temperatures.[13] Furthermore, some hydrides, such as
Mg(BH4)2, demonstrate poor reversibility, while for imides and
amides, suppressing the generation of NH3 by-product remains
a significant challenge.[14] These issues pose major obstacles to
the practical application of Li/Mg-based hydrides for hydrogen
storage.
To address these challenges and improve the kinetic and

thermodynamic properties of Li/Mg-based hydrides, researchers
have developed various strategies to modify these materials. This
section will summarize the progress and challenges in hydrogen
storage using Li/Mg-based hydrides across four key approaches:
catalytic modification, composite destabilization systems, na-

noengineering, and external field-driven techniques. Here, we
present a timeline illustrating the application of Li/Mg-based hy-
drides for hydrogen storage based on the modification strategies
discussed above, as shown in Figure 2.

2.1. Catalysis

Incorporating catalysts or additives is one of the most effective
methods to reduce kinetic energy barriers, facilitating the hydro-
gen adsorption, dissociation, diffusion, and bonding with metal
atoms. Although catalyticmechanisms vary across hydrogen stor-
age systems, the primary mechanisms could be summarized as
following effects:[15]

1) Hydrogen pump effect: During dehydrogenation, transition
metals (TMs) preferentially bindwith hydrogen atoms to form
hydride clusters (TMHx) with lower energy barriers, facilitat-
ing hydrogen release from TMHx and enhancing the dehy-
drogenation kinetics.

2) Spillover effect: Hydrogen dissociate at the active sites of cat-
alysts, which then migrate to other areas of the catalyst or
nearby carriers, enhancing hydrogen storage by altering dis-
sociation and diffusion pathways.

3) Channel effect: The catalysts act as transport channels for hy-
drogen atoms, accelerating hydrogen transfer and improving
absorption/desorption rates.

4) Electron transfer effect: In multivalent catalysts, excess elec-
trons generated from electron transfer processes participate
in hydrogen ab-/desorption, facilitating hydrogen dissocia-
tion and recombination and thus enhancing the kinetics of
the hydrogen storage system.

5) Nucleation induction effect: Lattice-matching catalysts to the
products reduce interface nucleation energy, thereby promot-
ing heterogeneous nucleation and being conducive to product
formation on the catalyst surface.

Based on the composition, catalysts could be categorized into
three types: metals, metal-based compounds, and composite ma-
terials. This section focuses on the kinetic enhancement effects
and mechanisms of these catalysts in kinds of hydrogen storage
systems (e.g., Mg/MgH2, borohydrides), and reviews the recent
trends in catalyst design. Typical catalytic systems and hydrogen
storage performance are summarized in Table 1.

2.1.1. Metals

In the Mg/MgH2 systems, metallic additives would manifest in
three distinct forms of action:[16] i) alloying withMg to form solid
solutions, creating more hydrogen diffusion channels through
interfacial stress, thereby enhancing hydrogen storage perfor-
mance; ii) generating hydride clusters that function as “hydro-
gen pumps,” reducing the energy barriers for hydrogen ab-
/desorption; iii) remaining in the unreacted elemental form,
serving as a spillover catalyst to alter the hydrogen dissociation
and diffusion pathways, thus enhancing hydrogen absorption
kinetics.
The first group of metals, such as Ni,[17] Co,[18] and Cu,[19]

form Mg-based alloys by solid solution during cycling process.
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Figure 2. Development and corresponding milestones of Li/Mg-based materials in hydrogen storage.[59,80,90,129,227]

Table 1. Summary of key hydrogen storage performance indicators of various catalytic system.

Hydride Catalyst Doping ratio
(wt%)

Dehydrogenation temperature
(onset/peak, °C)

Hydrogenation performance Ea(des)/Ea(ads) Cycling capacity Refs.

Mg/MgH2 Ni 16.1 225/285 / 88.2/– 6.1 wt% (50th) [20]

Pd 5 246.5/290 2.8 MPa 275 °C 6.6 wt% –/– / [233]

Ti 10 –/317.5 3 MPa 75 °C
6.6 wt%

171/50 / [234]

Fe 5 177.6/222.6 3.2 MPa 200 °C 6.8 wt% 40.7/– 5.1 wt.% (50th) [235]

Mo 1.73 217.8/310.2 3 MPa 250 °C 6.6 wt.% 110.0/– 6.4 wt.% (10th) [236]

PdNi 10 149/270 3.5 MPa 207 °C 5.7 wt.% 62/74 6.3 wt.% (10th) [29]

CuNi 10 190/245 1 MPa 250 °C 6.1 wt.% 81/– 5.8 wt% (10th) [21b]

ZrCo 10 195/268.7 3 MPa 250 °C 6.5 wt% 90/58 5.7 wt% (10th) [30d]

FeCo 5 200/250.9 3.2 MPa 300 °C 6.7 wt% 65/53 6.4 wt% (10th) [30b]

TiVNbZrFe 10 209/227 0.5 MPa 300 °C 5.5 wt% 63/– 6.16 wt% (100th) [32]

V4Nb18O55 10 207/225 5 MPa 200 °C 6.0 wt% 78/– 6.0 wt% (10th) [37]

TiNb2O7 7 177/226 5 MPa 200 °C 6.0 wt% 96/– 6.3 wt% (10th) [237]

P-Li3VO4 10 214/272 3 MPa 100 °C 6.1 wt% 92/– 5.6 wt% (100th) [238]

HELMO-NO3 10 184.1/240 5 MPa 150 °C 6.7 wt% 54/17 6.5 wt% (50th) [239]

VNbC 10 170/235 5 MPa 200 °C 5.6 wt% 73/ 5.7 wt% (10th) [240]

Ni@C 3 233.7/285 2 MPa 275 °C 5.62 wt% 83/– 5.7 wt% (10th) [241]

NiCoFeCuMg@C 10 167.2/289 / 112/– 5.8 wt% (20th) [242]

LiBH4 TiCl3 41 100/390 7 MPa 500 °C 3.5 wt% / / [39]

TiF3 32 80/110 390 7 MPa 500 °C 5.9 wt% / / [39]

ZnF2 31 100/120 470 7 MPa 500 °C 4.3 wt% / / [39]

TiO2 21 240/340 5 MPa 0 to 500 °C 4.3 wt% 174/– 6.7 wt% (10th) [243]

CoB 50 175/350 / –/– 4.8 wt% (4th) [40]

Ni/Ni4B3 25 250/423 35 MPa 550 °C 7.9 wt% 100/– 7.9 wt% (2nd) [244]

Ni/C 50 230/450 10 MPa 400 °C 4.1 wt.% 136/– 3.7 wt% (3rd) [52b]

CoNi/C 40 130/210 355 10 MPa 400 °C 4.7 wt% 95/– 4.3 wt% (3rd) [52a]

Mg(BH4)2 NbF5 10 120/300 12 MPa 400 °C 5.5 wt% 120 182/– 4 wt% (4th) [245]

K2NbF7 14 118/322.6 10 MPa 280 °C 2.6 wt% 118/– 2.6 wt% (2nd) [246]

K2TiF6 11 105.4/333.6 10 MPa 280 °C 2.2 wt% 105/– 2.2 wt% (2nd) [246]

NbHx@Ti3C2 30 71.2/310 10 MPa 250 °C 5.1 wt.% 106 82/– 4.2 wt% (4th) [247]

VF4@Ti3C2 20 90/310 9 MPa 275 °C 2.7 wt% 172/– 1.7 wt% (4th) [248]
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Figure 3. a) TEM image of MgH2 under the catalysis of CuNi. b) Band structures of Ni(Cu)-orbitals of corresponding atoms for Mg2NiH4 and
Mg2Ni(Cu)H4. c) The charge density differences of MgH2 under the catalysis of Ni and Mg2Ni(Cu). The blue area represents electron migration,
while the yellow area represents electron aggregation. Reproduced with permission.[21b] Copyright 2024, Springer Nature. d) The hydrogen storage
performance of MgH2 under the catalysis of Ni, Cu, and NiCu. Reproduced with permission.[21a] Copyright 2022, Elsevier. e) In situ HRTEM images
showing the evolution of the microstructure upon hydrogen desorption induced by the electron beam irradiation. f) Schematic illustration of the pro-
posed mechanism for the fast dehydrogenation. g) Isothermal dehydrogenation curves of MgH2@Ti─MX at different temperatures. Reproduced with
permission.[26] Copyright 2021, American Chemical Society. h) FE-SEM cross-section images of as-deposited Pd/Mg/Pd tri-layers. i) Schematic diagram
of reaction mechanism between hydrogen and Pd/Mg lattice. j) Resistance variation of Pd/Mg/Pd tri-layers. Reproduced with permission.[28] Copyright
2015, Elsevier.

Peng et al. demonstrated that highly dispersed Mg2Ni alloys can
be in situ formed at the interface through the hydrogenation of
NiCp2.

[20] The unique Mg2Ni alloys disrupt the periodic struc-
ture of the Mg phase at the interface and alter the lattice tension
of surface MgH2. The resulting distortion energy may enhance
the ab-/desorption kinetics of Mg/MgH2 and reduce the activa-
tion energy from 160.7 to 88.2 kJ mol−1. Remarkably, even after
50 cycles, it could maintain a reversible hydrogen capacity of over
6 wt%H2 within 20min. Introducing the CuNi alloy via mechan-
ical ball milling leverages the infinite solubility between Cu, Ni
metals, andMg, enabling the formation ofMg2Ni(Cu)H4 species,
which induces additional lattice distortions due to different lattice
structure with MgH2 (Figure 3a).

[21] These distortions are con-
sidered to create favorable pathways for hydrogen diffusion, con-
tributing to enhanced kinetics in hydrogen storage and release.

The addition of Cu further modifies the electronic structure of
Mg2Ni(Cu)H4, increasing the electron density of the d-band and
weakening the Mg─H bond (Figure 3b,c). These adjustments
reduce the dehydrogenation activation energy to 77.2 kJ mol−1,
with hydrogen desorption initiating at 175 °C (Figure 3d,e,f).
Certain early transition metals, including Ti, V, Nb, and Ce,

possess relatively high d-band centers and exhibit strong adsorp-
tion affinity toward hydrogen. These metals preferentially com-
bine with H atoms to form hydride clusters. While such behav-
ior has been considered detrimental (hydrogen poisoning) in
traditional organic synthesis[22] and ammonia chemistry[23] ap-
plications, it presents advantageous properties in boosting the
dehydrogenation kinetics of Mg/MgH2 system, primarily lim-
ited by the strong Mg─H bonds. When contact with MgH2, the
ionic H− in MgH2 strongly interact with the transition metals,
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forming TM─H bonds, which consequently weakens the Mg─H
bonds.[24] Liang et al. compared the catalytic effects of these met-
als on MgH2, finding that, for dehydrogenation kinetics, V > Ti
> Ni >Mn, with MgH2─V achieving an activation energy as low
as 62.3 kJ mol−1, while Ti-containing systems exhibited the best
hydrogenation kinetics.[25] Further studies indicated that TiH2
and VH0.81 formed during hydrogenation, play a crucial role for
fast dehydrogenation, though the detailed mechanisms remain
unclear. Zhu et al. indicated that TiH2, functioning as a “hy-
drogen pump” with self-dehydrogenation characteristics, decom-
poses into TiH and Ti during dehydrogenation, promoting Mg
phase nucleation and growth (Figure 3e,f), thereby enhancing
the hydrogen storage performance of the Mg/MgH2 system.[26]

Specifically, at 250 °C, the peak dehydrogenation rate can reach
1.25 wt%H2 min−1, achieving complete dehydrogenation within
20 min (Figure 3g).
Additionally, another group of metals, including Fe and Pd,

remains in their elemental form, primarily acting as spillover
catalysts and enhancing hydrogen absorption kinetics in Mg by
modifying the dissociation and diffusion pathways of H2.

[27] For
instance, in the Pd/Mg/Pd tri-layer system, with Pd and Mg lay-
ers of 10 and 50 nm thickness respectively (Figure 3h), H2 dis-
sociation occurs preferentially on the Pd film surface due to its
lower hydrogen dissociation activation energy.[28] Additionally,
Pd atoms alter the potential well landscape of the Mg lattice
by decreasing the potential depth. Since H atoms must hop be-
tween potential wells, this adjustment facilitates H atom diffu-
sion through the metal and lowers the binding energy required
for hydride formation, as illustrated in Figure 3i. As a result,
Pd/Mg/Pd system enables hydrogen absorption at room tem-
perature under 0.2 MPa pressure within few seconds. However,
the catalytic effect of Pd alone is insufficient for MgH2 to des-
orb hydrogen at low temperatures (Figure 3j). Xu et al. devel-
oped a PdNi bimetallic alloy that leverages the electronic trans-
fer synergy between Pd and Ni to adjust the d-band center, en-
hancing catalytic activity compared to Pd or Ni alone.[29] The ac-
tivation energy for dehydrogenation decreases to 62.5 kJ mol−1,
resulting in reversible hydrogen storage at near-ambient temper-
atures, with initiating dehydrogenation at 150 °C and achieving a
high reversible capacity of 6.36 wt% H2. These findings demon-
strate that the synergistic effects of multiple metals provide addi-
tional catalytic benefits, endowingMgH2 with superior hydrogen
storage performance.
Inspired by the superior catalytic effect of metals, recent re-

search has shifted from the single metal catalysts to binary or
multi-metal systems for obtaining better catalytic performance.
Different intermetallic compounds serve varied catalytic roles,
such as ZrCo and TiFe acting as “hydrogen pumps,” FeCo fa-
cilitating a “hydrogen overflow” effect, and CeNi combining hy-
drogen channeling with overflow catalysis.[30] In cases of suf-
ficient abundance of metal elements, like in high-entropy al-
loys, the variety of introduced metal elements affects the elec-
tronic structure and surface activity of alloys to some extent.
Nevertheless, the primary catalytic effect arises from the unique
“cocktail effect” and numerous grain boundaries and defect
structures.[31] The MgH2─TiVNbZrFe composite, with reported
optimal performance, desorbsH2 at∼200 °Cand absorbs at room
temperature.[32] However, for multi-metal catalysts, identifying
the function of each component and understanding the impact of

their synergistic interactions on the microstructure pose greater
challenges. Therefore, more advanced and diverse in situ charac-
terization techniques are highly necessary (Figure 3).
Complex coordination hydrides involve both strong ionic and

covalent bonds, and the hydrogen ab-/desorption processes en-
tail intricate reaction pathways, leading to significantly higher ki-
netic barriers compared to metal hydrides. In Li/Mg-based boro-
hydride systems, doped metals typically participate in the reac-
tions, forming corresponding borides as main catalysts, which
will be discussed specifically in the next section of metal-based
compounds.

2.1.2. Metal-Based Compounds

Metal compounds, particularly multivalent transitionmetal com-
pounds, which include oxides, halides, borides, and carbides,
can also accelerate H2 dissociation and enhance storage perfor-
mance. These compounds primarily catalyze through electron
transfer mechanisms, where their extra variable valence elec-
trons facilitate electron exchange between M─H or B─H bonds,
thereby lowering the energy barriers for hydrogen ab-/desorption
reactions.
In metal oxides, metal cations play a pivotal catalytic role.

For instance, the multivalent 3d transition metal Ti can induce
electron transfer, forming various Ti-based compounds, such as
Ti0, Ti2+, Ti3+, and Ti4+, upon reaction with hydrides. Interfaces
among these Ti compounds are conducive to electron transfer,
significantly reducing the dehydrogenation activation energies of
MgH2 and Mg(BH4)2 from 135 and 61.1 kJ mol−1 to 30.8 and
56.5 kJ mol−1, respectively.[33] This allows MgH2 to desorb hy-
drogen at 175 °C, and enables Mg(BH4)2 to achieve over 4.5 wt%
reversible hydrogen capacity at 270 °C, surpassing typical hydro-
gen absorption limits. While Ti─H formation facilitates Mg─H
bond weakening, it simultaneously introduces higher hydrogen
diffusion barriers, creating new rate-determining steps.[34] Dif-
ferent valence states of Ti exhibit significant variations in hydro-
gen adsorption capacity, indicating that modulating Ti valence
states could effectively regulate Ti─H bond strength.[35] Guan et
al. incorporated multivalent Ti into the MgO lattice, leveraging
the stable MgO framework to enhance both chemical and struc-
tural stability of the catalyst while regulating Ti─Hbond strength
to accelerate hydrogen diffusion. Even after 1000 cycles, it still
maintains excellent dehydrogenation kinetics, achieving a hydro-
gen release of 5.28 wt%H2 within 10 min at 280 °C.[36] Similarly,
Nb and V also show catalytic potential through electron trans-
fer. It is disclosed that Nb/V interfaces not only maximize the
benefits of bimetallic catalysis but also facilitate enhanced elec-
tron transfer, with Nb weakening the Mg─H bond and V allevi-
ating the excessively strong H adsorption by Nb (Figure 4a,b).[37]

At 260 °C, such an interface enables 6.0 wt% H2 release within
only 5min. Remarkably, even at room temperature, Mg catalyzed
by V4Nb18O55 can achieve complete hydrogenation, while bulk
MgH2 hardly absorbs hydrogen, suggesting that electron transfer
in multi-metallic oxides can lead to synergistic catalytic effects.
The catalytic effect of halide catalysts in the Mg/MgH2 sys-

tem is also determined by transition metal cations, thus render-
ing a comparable performance to homologous oxides. However,
as for borohydrides, certain halides react with borohydrides to
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Figure 4. a) Charge density difference plot for the transition state of the dehydrogenation of MgH2 on Nb/V composites. b) Calculated energy profiles
for the H2 desorption of MgH2 on V (100), Nb (110), and Nb/V composites. Reproduced with permission.[37] Copyright 2022, Wiley-VCH. c) Ti L-
edge NEXAFS of ML-Ti2CClx, as-synthesized and hydrogen-cycled Mg@DL-Ti2CClx. d) Changes in the Bader charge of Mg atoms and H atoms in the
MgH2@DL-Ti2CClx interface models evaluated based on the DFT calculations. Reddish color indicates electron loss and bluish color indicates electron
gain and others are colored in black for simplicity. Reproduced with permission.[42] Copyright 2024, Royal Society of Chemistry.

form highly active metal hydrides/borides nanoparticles and in-
duce anion exchange, which further weakens ionic and covalent
bonds, providing significant catalytic advantages.[38] Au et al. dis-
covered that doping LiBH4 with TiCl3, TiF3, and ZnF2 lowers the
initial hydrogen release temperature to below 100 °C.[39] Specif-
ically, LiBH4 catalyzed by TiF3 shows the lowest onset dehydro-
genation temperature of 60 °C and achieves an impressive 5 wt%
H2 capacity before 100 °C. Cai et al. conducted an in-depth study
on CoB, which possesses a unique uncompensated electronic
structure characterized by electron-deficient B and electron-rich
metal ions with a lattice structure analogous to TiB2.

[40] Dur-
ing dehydrogenation, the electron-rich metal ions donate elec-
trons to LiBH4, altering the charge distribution on [BH4]

−, lead-
ing to structural distortion and ultimately facilitating H2 release.
The electron-deficient B atoms facilitate B nucleation and mod-
ify its chemical state, thereby reducing kinetic barriers. Other
metal borides, such as FeB, SiB4, and Ni4B3, also exhibit similar
uncompensated electronic structures and comparable catalytic
effects.[41] Notably, the morphology of catalysts significantly in-
fluences charge transfer efficiency, thereby further affecting cat-
alytic activity. Mulberry-like CoB with the highest specific sur-
face area demonstrates the best catalytic performance, achieving
10.4 wt%H2 dehydrogenation within 1 h at 350 °C and complete
reversibility at 400 °C under 10 MPa hydrogen pressure.
In metal carbides/nitrides, MXenes offer unique, tunable lay-

ered structures and abundant surface functional groups, pro-
viding inherent compositional and structural advantages over
other compounds. Introducing Ti-MXene into MgH2 creates het-
erogeneous interfaces between MgH2 and MXene layers, which
promote localized electron rearrangement, enhancing hydro-
gen dissociation and recombination. Kim et al. removed ─Cl

groups from the MXene surface, enabling it to act as a charge-
transfer mediator, which was evidenced by Ti L-edge near edge
X-ray absorption fine structure (NEXAFS), ultimately facilitat-
ing charge transfer between Mg and MXene. The t2g peaks be-
come intense at both L2 and L3 edges, accompanied by a shift
of the pre-edge toward the lower energy, indicating a lower ox-
idation state of Ti (Figure 4c). Figure 4d displays the Bader
charge difference in Mg and H atoms before and after form-
ing the MgH2@Ti2CClx interface. The Cl-removed MXene pro-
motes charge transfer at the interface, leading to additional elec-
tron gain for Mg and electron loss for H−, which elongates the
Mg─H bond and facilitates hydrogen release, with a reduced ac-
tivation energy of 57.2 kJ mol−1.[42] This demonstrates that con-
trolling anion–anion interactions represents another effective ap-
proach to regulating the bonding strength between early tran-
sition metals and hydrogen.[43] By optimizing the concentration
of surface anion defects, the hydrogen affinity of MXene-Tx can
be precisely tuned, effectively modulating the bonding strength
between catalytic metal centers in MXene and hydrogen atoms,
thus reducing hydrogen diffusion barriers.[44] The F-functional
groups on the MXene also provide additional catalytic enhance-
ment for Li/Mg-based borohydrides.[45] Fan et al. reported that
LiBH4─Ti3C2 composite system exhibits a dehydrogenation acti-
vation energy of only 70.3 kJ mol−1, and is capable of rapidly re-
leasing 5.4wt%H2 at 350 °C.[46] During dehydrogenation, the for-
mation of partially substituted LiBH3F weakens the B─H bonds
and facilitates hydrogen release at lower temperatures. As the
temperature increases, TiB2 is gradually formed, further driving
rapid dehydrogenation of LiBH4.
Among various metal additives, transition metal compounds,

especially Ti-, V-, Nb-, and Ni-based compounds, demonstrate
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superior catalytic effects in enhancing the hydrogen release and
uptake performance of Li/Mg-based hydrogen storage materi-
als. What is more, the catalytic activity is significantly influenced
by both the macrostructure (such as particle size and morphol-
ogy) and the microstructure (including crystal structure, elec-
tronic structure, defect structure, etc.). Consequently, further in-
vestigation into the structure–performance relationship and the
rational design of catalysts with advantageous structures would
contribute to optimizing the operating conditions of hydrogen
storage materials.

2.1.3. Composite Materials

Researches have demonstrated that reducing the size of catalysts
to the nanoscale could increase the number of exposed catalytic
sites, leading to an exponential rise in catalytic activity.[47] Com-
bining carbon materials with metal catalysts has been emerg-
ing as the most effective way to prepare nano-scaled catalysts.[48]

The high surface area of carbon materials allows for high disper-
sion of metal/metal precursor particles, preventing agglomera-
tion. For instance, Chen et al. designed a composite catalyst of
highly dispersed ZrO2 nanoparticles on a carbon matrix through
sol–gel and thermal pyrolysis methods.[49] The ZrO2 nanoparti-
cles, with a size range of 5–10 nm, significantly increase con-
tact area with hydrides, improving catalytic efficiency (Figure 5a).
Compared to ZrO2 without supports, ZrO2@C reduces the dehy-
drogenation activation energy of MgH2 by 13 kJ mol−1, lowers
the dehydrogenation temperature by 40 °C, and enables rapid
dehydrogenation below 240 °C (Figure 5c). On the other hand,
carbon materials serve as electron transport carriers, facilitating
hydrogen dissociation and recombination while maintaining the
stability of ZrO2 nanoparticles during cycling (Figure 5b), thus
retaining a reversible hydrogen capacity of 6.5 wt% H2 at 260 °C.
Huang et al. employed a quasi-solid template method to achieve
atomic-scale loading of variousmetals on N-doped carbon, where
single-atom catalysts exhibited superior activity than nanoscale
catalysts.[50]

Catalysts for borohydrides have also been advancing toward
nanoscale composite materials. Xu et al. prepared the uni-
form loading of highly dispersed Ni nanoparticles on graphene
via hydrogen thermal reduction.[51] With a doping amount of
20%, LiBH4 dehydrogenates at ∼180 °C and can be rehydro-
genated under the condition of 3 MPa at 400 °C. Even af-
ter 30 cycles, the hydrogen capacity remains ∼9.8 wt% H2.
Xia et al. introduced Ni/C and CoNi/NC into the LiBH4 sys-
tem, where Ni and CoNi nanoparticles were supported on a
hollow porous carbon framework structure (Figure 5d), with
the in situ generated Ni2B acting as the primary catalytic cen-
ter, weakening the B─H bonds.[52] This reduces the hydrogen
dissociation energy from 4.22 to 1.00 eV, achieving a hydro-
gen storage capacity of 8.86 wt% H2 after ten cycles at 320
°C. As shown in Figure 5e, the alloying of CoNi further ex-
ploited the advantages of Co, reducing the hydrogen dissocia-
tion energy to as low as 0.1 eV, with an initial dehydrogena-
tion temperature of only 130 °C and the reversible hydrogen
capacity reached 9.4 wt% H2 after ten cycles (Figure 5f). This
series of studies reveals that the carbon matrix not only dis-
perses the metal catalysts but also spatially confines LiBH4.

To combine nanoscale catalysis with nanoscale confinement in-
creases the contact area between metal and hydride particles,
intensifying their interaction while effectively preventing ag-
glomeration of hydride and catalyst particles. This methodology
ensures sustained high catalytic activity and improves cycling
stability.
Unfortunately, carbon matrixes alone have minimal catalytic

effects on hydrides and even reduce the hydrogen storage
capacity. Therefore, maintaining the stability of the micro-
/nanostructure of composite without carbon matrix or impart-
ing intrinsic catalytic activity to the carbon matrix would be more
beneficial for enhancing the hydrogen storage performance of hy-
drides. For instance, Zhu et al. synthesized ultrafine Mg─Nb@C
composite hydrogen storage materials using hydrogen plasma
metal reaction.[53] This composite material features 5 nmNb par-
ticles tightly embedded in 20 nm Mg particles, encapsulated by
a 2 nm amorphous carbon coating. This core–shell structure sta-
bilizes the internal Mg─Nb structure during cycling, resulting in
reduced hydrogen absorption and desorption activation energies
of 58.2 and 59.7 kJ mol−1, respectively. Jia et al. introduced defect
N heteroatoms into porous carbon scaffolds, transforming mi-
croporous into mesoporous materials for use in Mg(BH4)2 sys-
tems as displayed in Figure 5g.[54] N-doped carbon helps weaken
B─H bonds, facilitating not only the decomposition of [BH4]

−

but also the dissociation of the irreversible [B12H12]
2− interme-

diate, resulting in a low initial dehydrogenation temperature of
only 81.5 °C (Figure 5h,i). Benefiting from the extra spatial con-
finement provided by the N-doped carbon, the Mg(BH4)2 system
retains over 8.5 wt%H2 after 20 cycles at a moderate temperature
of 250 °C (Figure 5j).

2.1.4. Summary and Outlook

Catalytic modification is trending toward multi-component and
nanosizing. First, single-component catalysts have evolved into
multi-component and even high-entropy materials. This evo-
lution significantly enriches catalyst composition and lever-
ages synergistic effects among components, thus enhancing
hydrogen storage performance. The effect of entropy increase
caused by multiple components on hydrogen storage perfor-
mance has gained wide attention, and further investigation is
needed to reveal the underlying mechanisms. Second, nanosiz-
ing of catalysts is another effective approach to improve cat-
alytic efficiency and atomic utilization. Nano-sized catalysts pos-
sess larger specific surface areas and more active sites com-
pared to micron-sized counterparts, achieving simultaneous
gains in both hydrogen storage performance and hydrogen
capacity.
However, generalizing the mechanisms of catalytic effects still

poses a massive challenge, as their microstructure and bind-
ing forms with hydrides vary significantly due to the diversity
in preparation methods and experimental conditions. Therefore,
it is essential to establish standardized testing protocols and
employ systematic experimental designs to identify and opti-
mize key indicators that link structure to performance. Further-
more, building a comprehensive database for these structure–
performance relationships is crucial in developing universally ap-
plicable theories. This, in turn, provides a scientific basis and
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Figure 5. a) TEM images of ultra-fine ZrO2/C. b) Charge density difference of (MgH2)3 clusters interacting with ZrO2/C. c) TPD curves ofMgH2 catalyzed
by ZrO2/C, ZrO2, and undoped MgH2. Reproduced with permission.[49] Copyright 2020, Elsevier. d) TEM and EDS images of CoNi/NC. e) The aver-
age bond length of the B─H bond and Ed for LiBH4 catalyzed by Co, Ni, and Co11Ni5. f) Reversible dehydrogenation curves of 60LiBH4─CoNi/NC.
Reproduced with permission.[52a] Copyright 2024, American Chemical Society. g) Regular TEM image of ANPC and SEM image of MBH@ANPC.
h) Set charge differences of Mg(BH4)2@NC, and MgB12H12@NC. i) TPD and MS curves of as-synthesized Mg(BH4)2, MBH@NPC, and MBH@ANPC.
j) Cycling performance evaluated at 250 °C under vacuum and 12 MPa H2. Reproduced with permission.[228] Copyright 2024, Wiley-VCH.

theoretical guidance for catalyst design, advancing technology
and innovation in hydrogen storage materials.

2.2. Composite Destabilization System

Constructing destabilized systems is another promising ap-
proach to improving thermodynamic properties of Li/Mg-based
hydrogen storage materials. To further reduce the dehydrogena-

tion temperature, greater emphasis should be placed on thermo-
dynamic regulation, as the intrinsic thermodynamic properties of
hydrides, such as enthalpy (ΔH) and entropy (ΔS), play a critical
role in determining the minimum theoretical dehydrogenation
temperature.[2a]

Typically, two approaches are employed to destabilize Li/Mg-
based hydrides: reducing the stability of reactants and/or en-
hancing the stability of products, thereby decreasing the enthalpy
change of the hydrogen storage reaction.[55] In this section, we

Adv. Funct. Mater. 2025, 2425155 © 2025 Wiley-VCH GmbH2425155 (8 of 47)
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present detailed thermodynamicmodification strategies for three
typical types of hydridematerials, magnesium-based alloys, boro-
hydrides, and amides/imides.

2.2.1. Mg-Based Alloying

MgH2 exhibits highly stable thermodynamic properties, with
an enthalpy change as high as −74 kJ mol−1. Alloying Mg
with other elements is an effective strategy to modify its ther-
modynamics and lower the reaction enthalpy by forming sub-
stances with reduced formation enthalpy. These substances can
be broadly categorized into intermetallic compounds and multi-
element alloys.[56] Specifically, intermetallic compounds alter the
enthalpy change by forming phases with distinct properties, such
as atomic arrangement and lattice structure, that differ signifi-
cantly from those of Mg.[57] In contrast, in multi-element alloys,
the alloying elements integrate into the Mg lattice as a solid so-
lution, causing lattice distortion that disrupts the Mg lattice and
indirectly reduces the enthalpy change.[58]

Reilly and Wiswall pioneered the use of alloying to create in-
termetallic compounds, enhancing the hydrogen absorption and
desorption performance of Mg in the Mg─Ni system, as shown
in Equation (1).[59] The reaction enthalpy change decreased from
74 to 64 kJ·mol−1, theoretically lowering the dehydrogenation
temperature to 253 °C at 0.1 MPa H2 pressure (Figure 6c). Due
to the formation of the ternary hydride Mg2NiH4 during hy-
drogenation, Mg─Ni system exhibits reduced thermodynamic
stability and enhanced H2 absorption/desorption kinetics com-
pared to MgH2. Upon heating, in situ transmission electron mi-
croscopy (TEM) and in situ synchrotron X-ray diffraction (XRD)
patterns revealed that Mg2NiH4 undergoes a low-temperature
(LT-) to high-temperature (HT-) phase transition in the range
of 240–360 °C, which induces stress and strain, leading to par-
tial hydrogen release (Figure 6b,e).[60] Subsequently, additional
alloying elements were introduced into the Mg─Ni system to
form pseudo-binary intermetallic compound, further reducing
the enthalpy change.[61] For example, Liu et al. partially substi-
tuted Ni with Cr and Mn via ball milling to obtain Mg2NixCr1−x
and Mg2NixMn1−x.

[62] As the substitution levels of Cr and Mn
increased, the formation enthalpy of the hydride decreased, the
equilibriumpressure for dehydrogenation increased, resulting in
a lower dehydrogenation temperature (Figure 6f).

Mg2Ni +H2 ⇌ Mg2NiH4

(
ΔH = −64 kJmol−1H2

)
(1)

Vajo and his coauthors proposed an innovative reactive hy-
dride destabilization system by introducing Si into MgH2 (i.e.,
MgH2─Si system).[63] MgH2 reacts with Si to form Mg2Si and
release H2 simultaneously, which significantly reduces the dehy-
drogenation enthalpy to 36 kJ mol−1, as demonstrated in Equa-
tion (2). As a result, MgH2─Si system enables H2 release at
200 °C with a high capacity of 5.3 wt%H2. Similarly, the element
Ge, with a comparable electronic configuration, can effectively
lower the dehydrogenation temperature to 130 °C.[64] However,
the reversible capacity of both systems remains limited, posing
challenges to their practical application.

MgH2 + Si → Mg2Si + 2H2

(
ΔH = −36 kJmol−1H2

)
(2)

In the strategy of forming multi-element alloys, alloying ele-
ments integrate into Mg as solid solutions, creating Mg-based
solid solution alloys. Some studies have achieved improvements
in dehydrogenation thermodynamics while also demonstrating
promising reversible hydrogen absorption performance.[65] No-
tably, the Mg(In) solid solution achieves thermodynamics insta-
bility by reversibly transforming between MgH2 and the disor-
dered 𝛽-phase MgIn during the reaction process due to the sim-
ilar crystal structures of MgH2 and MgIn (Figure 6g).[66] It is
convinced by the EDS mapping results that after dehydrogena-
tion, the material consists of a single-phase MgIn, while after hy-
drogen absorption, the system consists of a dual-phase structure
of MgH2 and Mg3In (Figure 6h). Specifically, the Mg0.95In0.05 al-
loy reduces the dehydrogenation enthalpy to 68 kJ mol−1, with
further reductions achieved by increasing the In solubility radio,
reaching 65.2 kJmol−1 for theMg0.9In0.1 alloy (Figure 6i).

[67] Sim-
ilarly, elements, such as Ag and Y, have also exhibited compa-
rable in promoting destabilization. Zhu et al. incorporated the
MgIn solid solution into the Mg3Ag alloy system, demonstrating
the synergistic benefits of a multi-element alloying strategy.[68]

During this process, In atoms from the MgIn solid solution
migrated into the Mg3Ag alloy, resulting in the formation of a
Mg5.7In0.3Ag. Upon dehydrogenation, this alloy decomposes into
Mg and (Mg,In)3Ag phases, further lowering the dehydrogena-
tion enthalpy to 62.6 kJ mol−1.

Mg (In) +H2 ⇌ MgH2 + 𝛽
(
MgIn

)
(3)

(
Mg, In

)
3
Ag + 2H2 ⇌ MgH2 +

(
Mg, In

)
Ag (4)

Although the strategy of alloying could improve the thermo-
dynamics of Mg-based hydrides, the resulting reaction enthalpy
typically stays within the range of 60–120 kJ mol−1, making it dif-
ficult to reduce the theoretical hydrogen release temperature to
below 250 °C using this approach alone.
Moreover, the introduction of higher proportions of heavier al-

loying elements would compromise the effective storage capacity,
reducing it to below 6 wt% H2. Thus, combining alloying with
other modification strategies, such as nanoengineering, holds
promise for amplifying the thermodynamic destabilization effect
of alloying at the nanoscale while minimizing capacity loss. For
instance, Qin et al. constructed atomic-scale Mg─Zr superlattice
films through semi-co-sputtering, where Zr catalysis and strain
at coherent interfaces within Mg(Zr)H solid solution reduced
the onset dehydrogenation temperature to ∼81 °C.[69] Zhang and
colleagues fabricated an Mg@Ti@Ni core–shell structured ma-
terial, enabling rapid dehydrogenation at a low temperature of
220 °C.[70] Xia et al. developed a nano MgH2─Ni@Gr composite
via an in situ chemicalmethod, effectively reducing the reversible
hydrogen storage temperature to around 200 °C.[71]

2.2.2. Destabilization of Borohydrides

Borohydrides, as typical complex metal hydrides, exhibit high
thermodynamic stability due to their strong B─H covalent
bonds and Mn+─[BH4]

− ionic bonds, resulting in dehydro-
genation temperatures exceeding 400 °C.[72] To address this is-
sue, anion/cation substitution and destabilization system con-
struction have been developed to modulate the thermodynamic
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Figure 6. a) Local atomic structures of HT- and LT-Mg2NiH4. Reproduced with permission.[229] Copyright 2009, Elsevier. b) In situ synchrotron XRPD
3D patterns of Mg2NiH4 upon heating. c) PCT isotherms of Mg2Ni alloys. d) Detailed constituent phase evolution based on XRPD analysis. e) In situ
TEM images of a Mg2NiH4 at several temperatures. Reproduced with permission.[60] Copyright 2017, Elsevier. f) Dehydrogenation activation energy (Ea)
of the partially substituted Mg2Ni alloys. Reproduced with permission.[62] Copyright 2023, Elsevier. g) The crystal structures of MgD2 and intermetallic
MgIn. Reproduced with permission.[65b] Copyright 2023, Elsevier. h) HRTEM images, HAADF-STEM images, and the corresponding EDX elemental
mappings of the Mg0.9In0.1 hydrogenated and dehydrogenated. i) PCT isotherms and Van’t Hoff plots for the plateaus of Mg0.9In0.1. Reproduced with
permission.[67] Copyright 2024, Royal Society of Chemistry.

properties.[73] Specifically, anion/cation substitution weakens
ionic or covalent bonds, reducing the stability of ground-state
borohydrides. While in destabilized composite systems, intro-
ducing other hydrides can trigger new reaction pathways that
lead to formation of thermodynamically stable products, thereby
effectively reducing the reaction enthalpy.
In terms of cation substitution, the partial replacement of

Li/Mg by greater electronegativity metal elements (e.g., Zn, Cu,
and Zr) can inhibit electron transfer from [BH4]

− to Li/Mg, in-
dicating weakened ionic bonding, which in turn, reduces the

formation enthalpy of M(BH4)n.
[74] For example, Coudhury et

al. prepared LiMn(BH4)3 by ball milling LiBH4 with MnCl2, re-
leasing nearly 8.0 wt% H2 at 150 °C.[75] Other similar bimetal-
lic cation borohydrides include ZrLi(BH4)5, LiK(BH4)2, and
Mg1−xZnx(BH4)2, as listed in Table 2. As for anion substitution,
halogen elements can selectively replace [BH4]

− or H− according
to the size proximity. Specifically, F− tends to replaceH−, whereas
Cl− prefers to substitute [BH4]

−.[76] Density functional theory
(DFT) studies suggest that, with 7% F− substitution in LiBH4
(LiBH3.75F0.25), the enthalpy change can decrease from 60.9 to

Adv. Funct. Mater. 2025, 2425155 © 2025 Wiley-VCH GmbH2425155 (10 of 47)
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Table 2. Summary of reaction pathways, H2 capacity, activation energy, and operating temperature of various destabilization system.

Destabilization system Reaction pathways H2 capacity (wt%) ΔH (kJ mol−1 H2) Operating temperature (°C) Refs.

Mg/MgH2 Mg Mg + H2 ↔ MgH2 7.6 T75 287 [249]

Mg2Ni Mg2Ni + 2H2 →Mg2NiH4 3.6 E65 253 [17]

Mg2Cu Mg2Cu + H2 →MgH2 +MgCu2 2.7 E72 239 [250]

Mg2Co Mg + Co + H2 →Mg2CoH5 4.5 E86 280 [251]

MgAl Mg17Al12 + 18H2 → 4Mg2Al3 + 9MgH2 →

12Al + 17MgH2

4.7 T73/68 255 [252]

Mg2Si 2MgH2 + Si→Mg2Si + 2H2 5.5 T36.4 23 [63]

Mg2Ge MgH2 + Ge→Mg2Ge + H2 3.2 E23 206 [64]

Mg(In) Mg(In) + H2 →MgH2 + 𝛽(MgIn) 5 E65 270 [66]

Mg3La Mg3La + H2 → LaHx +MgH2 2.9 T81 296 [253]

Mg3Nd Mg3Nd + H2 → NdHx +MgH2 2 T68 290 [254]

Borohydrides LiMn(BH4)3 / 11.4 / 125–160 [75]

LiK(BH4)2 / 10.6 / 380 [255]

LiZn2(BH4)5 / 9.5 / −35–150 [74b]

LiZr(BH4)5 / 11.7 / 167–557 [74a]

LiBH4–2MgH2 MgH2 + 2LiBH4 →Mg + 2LiBH4 + H2 →

MgB2 + 2LiH + 4H2

11.4 T50.4 186 [81]

LiBH4–2CaH2 6LiBH4 + CaH2 → CaB6 + 6LiH + 10H2 11.7 T45.4 146 [88a]

LiBH4–Al LiBH4 + 1/2Al→ LiH + 1/2AlB2 + 3/2H2 8.6 T58 277 [256]

LiBH4–Cr 2LiBH4 + Cr→ CrB2 + 2LiH + 3H2 6.3 T31.7 25 [256a]

LiBH4–LiAlH4 LiBH4 + 1/2LiAlH4 → 3/2LiH + 1/2AlB2 +
9/4H2

11.1 E60.4 118 [257]

LiBH4–LiNH2 LiBH4 + 2LiNH2 → Li3BN2 + 4H2 11.9 T23 E250 [258]

Mg(BH4)2–AlH3 2Mg(BH4)2 + 3AlH3 →Mg2Al3 + 4B +
25/2H2

11.9 E38 E130.8 [88b]

Mg(BH4)2–LiBH4 Mg(BH4)2 + 2LiBH4 →MgB2 + 2B + 2LiH
+ 7H2

14.5 T51/58/63/82 T235/315/365/460 [55b,
259]

M–N–H LiNH2–MgH2 2LiNH2 +MgH2 → Li2MgN2H2 + 2H2 →

Mg(NH2)2 + 2LiH
5.6 T39–42 T75–85 [97]

Mg(NH2)2–LiH [95]

LiNH2–CaH2 2LiNH2 + CaH2 → Li2CaN2H2 + 2H2 →

Ca(NH2)2 + 2LiH
4.5 T78 T100 [260]

LiNH2–LiAlH4 2LiNH2 + LiAlH4 → Li3AlN2 + 4H2 →

LiNH2 + 2LiH + AlN + 2H2

9.5 T25.8/50.1 E50 [261]

Mg(NH2)2–KH Mg(NH2)2 + KH→ KMg(NH)(NH2) + H2 1.4 E56 T157 [96]

Mg(NH2)2–CaH2 Mg(NH2)2 + CaH2 →MgCa(NH2)2 + 2H2 3.9 T28.2 [262]

LiNH2–MgH2–LiBH4 6LiNH2 + 3MgH2 + 2LiBH4 → Li3BN2 +
Mg3N2 + 2LiH + 6H2

8.6 E36.5 T70 [263]

T: theoretical results; E: Experimental results

36.5 kJ mol−1, corresponding to a theoretical dehydrogenation
temperature of just 100 °C under 0.1 MPa H2 pressure.

[77] Fang
et al. indicated that, in LiBH4 systems, MnF2 disrupts reactant
stability more effectively than MnCl2. While Cl− weakens ionic
bonds to some extent, F− can break the crucial B─H covalent
bond, forming LiBH4−xFx that enables LiBH4 to release hydro-
gen at 120 °C.[78]

Currently, researchers are actively exploring the synergistic
effects of anion/cation co-substitution to enhance the hydro-
gen storage of borohydrides.[79] However, anion/cation substitu-
tion often leads to multi-phase mixtures, complicating the reac-
tion environment and making it challenging to identify specific
H2 ab-/desorption pathways. Additionally, the stability of ion-

substituted structures during hydrogen absorption/desorption
cycles remains uncertain, and the cyclic stability requires further
experimental validation.
Constructing destabilized composite system is another ef-

fective way to lower the reaction enthalpy by introducing re-
active destabilizing agents to form thermodynamically stable
products before their intrinsic dehydrogenation temperature. As
one of the most typical composite systems, the LiBH4─MgH2
system with high theoretical capacity of 11 wt% H2 was
first proposed by Vajo et al. in 2005,[80] demonstrating that
MgH2 can participate in the hydrogen release and uptake pro-
cess of LiBH4, modifying the original reaction pathway as
follows:
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Figure 7. a) Close-packed–atoms arrangement of MgB2, MgAlB4, and TiB2. b) TPD hydrogen desorption curves of LBMH@AT under 0.4 MPa hydrogen
pressure, with LBMH, LBMH-Al, and LBMH-Ti for comparison. c) Capacity retention of LBMH@AT at 400 °C for ten cycles with LBMH-Al for comparison.
Reproduced with permission.[83] Copyright 2024, Springer Nature. d) Tuning anion to modulate the reversible reaction pathway of Li-RHC–catalyst
composites. Reproduced with permission.[87] Copyright 2024, Wiley-VCH.

MgH2 + 2LiBH4 ⇌ 2LiH +MgB2 + 4H2

(
ΔH = −46 kJmol−1H2

)
(5)

The thermodynamically stable MgB2 has a much lower forma-
tion enthalpy than B, reducing the dehydrogenation enthalpy of
the system by 25 kJ mol−1 to just 46 kJ mol−1. This allows the
LiBH4─MgH2 system to dehydrogenate at 240 °C under 0.1 MPa
H2 pressure.

[81] Moreover, the formation of MgB2 rather than B
reduces the activation energy barrier for the [BH4]

− cluster for-
mation and further improves the reversible hydrogen absorption
performance of the system by applying a hydrogen pressure of
0.3–0.5 MPa, allowing it to maintain a reversible hydrogen capac-
ity above 8 wt% H2 even after multiple ab-/desorption cycles.[82]

During dehydrogenation, however, the system encounters chal-

lenges like a prolonged nucleation period for MgB2 and limited
destabilization efficiency. Chen et al. addressed this by introduc-
ing a reactive Al3Ti alloy, which forms TiB2 and MgAlB4 cata-
lysts in situ during ball milling process (Figure 7a).[83] These cata-
lysts, with lattice structures similar to MgB2, serve as nucleation
agents to induce rapid nucleation of MgB2, allowing complete
dehydrogenation within 2 h (Figure 7b). After ten cycles, the re-
versible hydrogen capacity remained as high as 9.2 wt% H2, pro-
viding a crucial guidance for overcoming the high nucleation en-
ergy barrier ofMgB2 and enhancing the destabilization efficiency
(Figure 7c).[84] Similarly, Liu et al. reported that the amorphous
VB2 exhibits a lattice mismatch of only 2.28% with MgB2, pro-
viding effective nucleation sites for the formation of MgB2.

[85] Lu
et al. demonstrated that the addition of 5 wt% layered Nb2C MX-
ene enables the LiBH4─MgH2 system to release 9.0 wt% of H2
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within 30 min at 400 °C, with negligible loss in reversible hy-
drogen storage capacity after 20 cycles.[86] Ma et al. incorporated
the transition metal sulfide TiS2 into the LiBH4─MgH2 system,
forming TiB2 and Li2S, thereby fully leveraging the dual function-
ality of cations and anions.[87] In particular, S2− ions participates
in ab-/desorption reactions in the forms of MgS and Li2S, en-
abling rapid Li+ ions migration across the solid–solid interface
(Figure 7d). This reversible transformation enhances ion mobil-
ity, resulting in a high capacity retention of 90% after 50 cycles
and further boosting the destabilization efficiency.
In addition, metals or metal hydrides, like Al and CaH2, ef-

fectively destabilize the Li/Mg-based borohydrides by forming
stable AlB2 and CaB6, thereby reducing the reaction enthalpy
change.[88] Conversely, some metals, such as Ti, V, Ce, and
Sc, do not contribute to thermodynamic improvements and re-
main unreacted as elemental or hydride phases.[39,89] A summary
of detailed information on destabilized composite systems is
presented in Table 2.
Inspired by the LiBH4─MgH2 systems, the issue of phase sep-

aration severely impacts the composite efficiency of the system.
By promoting solid-state ion transport, however, phase separa-
tion could be minimized, which in turn, accelerates reaction ki-
netics, leading to a reduced dehydrogenation temperature and an
enhanced cycling reversibility. Introducing nucleating agents as
sites for ion migration and/or combining with nanoscale modu-
lation to shorten diffusion paths are promising strategies to boost
composite efficiency, and these approaches are expected to be
central research directions.

2.2.3. Amide/Imides Composite System

Metal amides like LiNH2 and Mg(NH2)2 release NH3 upon ther-
mal decomposition, limiting their application in hydrogen stor-
age. In 2002, Chen et al. first proposed using metal nitrides and
amides/imides as hydrogen storagematerials, uncovering the hy-
drogen storage mechanism in Li3N through a two-step reversible
reaction.[90] The first hydrogenation step forms Li2NH and LiH,
followed by further hydrogenation to produce LiNH2 and LiH
(Figure 8a).

Li3N + 2H2 ⇌ Li2NH + LiH +H2 ⇌ LiNH2 + 2LiH (6)

The theoretical enthalpy changes for the two steps are −148
and −44.5 kJ mol−1 H2, respectively, indicating that complete
dehydrogenation from imides to Li3N requires temperatures
exceeding 430 °C (Figure 8b). In comparison, the second hy-
drogenation step with lower enthalpy change and high hydro-
gen capacity of 6.5 wt% H2, is more promising for further
research. Therefore, a new direction of hydrogen storage re-
search in metal–N─H system has been created, among which
LiNH2─2LiH system has been investigated first.[91]

In the LiNH2─2LiH composite system, the addition of LiH
mitigates NH3 release from LiNH2, though the exact mechanism
remains debated. Two primary theories exist: the molecularly
cooperative solid-state reaction mechanism and NH3-mediated
mechanism.[92] The molecularly cooperative solid-state reaction
involves direct interaction between H𝛿+ in amides and H𝛿− in
metal hydrides, leading to dehydrogenation with lower binding

energy. In contrast, the NH3-mediated mechanism proposed by
Ichikawa et al. suggests that NH3 generated from LiNH2 decom-
position reacts with LiH, enabling N2 fixation and H2 release.

Mg
(
NH2

)
2
+ 2LiH ⇌ Li2Mg(NH)2 +H2 (7)

Although a unified dehydrogenation mechanism has yet to be
established, both theories emphasize that weakening the N─H
bond is critical for reducing thermodynamic stability and im-
proving H2 purity. Some researchers have attempted to substi-
tute Li with more electronegative elements, such as Mg and
Ca, extending the study to binary and ternary combinations,
which strengthens interactions with N and weakens the N─H
bonds, thereby in turn lowering activation energy and enthalpy
for dehydrogenation.[93] The Li─Mg─N─H system is particularly
promising for vehicle hydrogen storage, with a moderate en-
thalpy of −39 kJ mol−1 H2, high hydrogen capacity of 5.6 wt%
H2, and a low theoretical dehydrogenation temperature of 75 °C.
In the 2LiH─Mg(NH2)2 system, the hydrogen storage pathway
involves the reaction of imide Li2Mg(NH)2 with H2, regenerat-
ing Mg(NH2)2 and LiH, thus enabling an efficient reversible cy-
cle (Figure 8c).[94] It has been proved that in the Mg(NH2)2─LiH
composite system, LiH not only effectively suppresses the release
of NH3 by-products but also significantly enhances the theoreti-
cal hydrogen capacity (Figure 8d).
However, slow ion migration across solid–solid interfaces

leads to high diffusion energy barriers, and requires actual tem-
peratures of 180 °C for dehydrogenation. Introducing a small
amount of KH can lower dehydrogenation temperature to 107 °C
(Figure 8f).[95] Wang et al. demonstrated that KH preferentially
reacts with Mg(NH2)2 to form K2Mg(NH2)4, which bonds with
N atoms, weakening the N─H bonds and facilitating the subse-
quent interaction with LiH (Figure 8e).[96] Notably, during this
process, KH is regenerated and continues to release hydrogen,
thereby facilitating a more advantageous energy transition path-
way. Functioning as a carrier for both N and H, KH accelerates
atomic migration at solid–solid interfaces, achieving kinetic and
thermodynamic dual regulation, thereby altering the dehydro-
genation pathway as follows:

Mg
(
NH2

)
2
KH + LiH ⇌ LiKMg

(
NH2

)
2
+H2 (8)

Studies have confirmed that K+ cations play a vital role in the
improvement. Similarly, Li et al. found that halide anions, like
Br−, also engage in the reaction. In the LiNH2─MgH2─0.05LiBr
composite system, LiBr undergoes an exothermic reaction with
LiNH2 during hydrogen release, resulting in the formation of
Li7(NH2)6Br.

[97] This reactionweakens theN─Hbonds and facili-
tate Li+ ionmigration, just like the effect of KH, thereby lowering
the initial dehydrogenation temperature to 120 °C.
Current findings suggest that enhancing amide reactivity and

speeding up small-sized ion diffusion at solid–solid interfaces
are essential for improving hydrogen storage performance in
metal—N─H systems.[98] These can be achieved through com-
position adjustment (e.g., adding active catalysts and/or reactivity
destabilizers), nanoengineering modulation, and microstructure
construction.[99] However, considerable debate remains regard-
ing the specific hydrogen storagemechanism. A thorough under-
standing of structural changes during hydrogen absorption and
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Figure 8. a) Optimized structures and corresponding energy diagram of the Li2NH + LiH → Li3N+H2 reaction. Reproduced with permission.[91b]

Copyright 2010, Elsevier. b) Thermal desorption profile and corresponding mass spectrum (TDMS) of the LiNH2 + 1.2LiH mixture. Reproduced with
permission.[230] Copyright 2011, Elsevier. c) Optimized structures of the reactants, the intermediate complexes (Int-1, 2), the transition state (TS), and the
products of Mg(NH2)2─LiH and e) Mg(NH2)2─LiH─KH composite of releasing a hydrogen molecule and corresponding energy diagram. Reproduced
with permission.[94] Copyright 2016, Elsevier. d) TDMS profiles of the Mg(NH2)2─LiH composite with varying ratios. Reproduced with permission.[93b]

Copyright 2006, American Chemical Society. f) Chemical interactions between KH and the reactants/intermediates of the Mg(NH2)2/2LiH system
qualitatively evaluated by using TDMS. Reproduced with permission.[95] Copyright 2013, Wiley-VCH.

desorption is needed for fine-tuning the kinetics and thermody-
namics of systems at the microscopic scale.

2.2.4. Summary and Outlook

Various effective strategies have been developed for the thermo-
dynamic regulation of Li/Mg-based hydrogen storage materials,
including alloying, cation/anion substitution, and the construc-
tion of destabilized composite systems. These strategies aim to
influence the thermodynamic stability of reactants/products by
adjusting the composition, thereby optimizing reaction pathways
and reducing enthalpy change of reaction to facilitate hydrogen
absorption and desorption processes.
However, the incorporation of destabilizing components in-

troduces greater complexity to the reaction mechanisms and fre-
quently leads to unfavorable side reactions, resulting in cycling

capacity losses. Thus, a main challenge for future research lies in
enhancing the kinetic dominance of the primary reaction path-
way while suppressing the side reactions. Regarding catalyst de-
sign, valuable insights could be drawn from the more estab-
lished research fields of ammonia synthesis/decomposition and
organoboron chemistry to explore the application potential of
novel metallic and non-metallic catalysts for boron and nitro-
gen fixation while maintaining their chemical reactivity. Consid-
ering the significant influence of component homogeneity on re-
action pathways, advanced synthesis techniques (such as ultra-
sonic, photochemical, and microwave methods) could be further
developed to construct uniformly distributed nanoscale multi-
phase composite systems that effectively suppress side reactions.
Additionally, advanced characterization techniques are needed

to elucidate themechanisms of thermodynamic destabilization at
the atomic level, such as localized structures, and help establish
structure–property relationships between destabilizing units and
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Figure 9. Summary of preparation strategies and synthesis methods for Li/Mg-Based hydrides nanoengineering.

thermodynamic properties. Given that the thermodynamic prop-
erties of materials are often influenced by intrinsic material char-
acteristics, theoretical calculations, and AI technologies will serve
as more efficient tools in guiding the design and development of
novel destabilized composite systems.

2.3. Nanosizing and Nanostructuring

Light metal hydrides generally require elevated temperatures
for hydrogen release and high pressures for hydrogen absorp-
tion, primarily due to their inherent thermodynamic stability and
kinetic barriers, which limit their practical applications. Nano-
sizing has emerged as an effective strategy to enhance both
the thermodynamic and kinetic properties of hydrogen storage
materials.[13b,c,100] Three approaches—nanosizing, nanoconfine-
ment, and nanostructuring—can all produce nanoscale parti-
cles, but they differ in their underlying principles and objec-
tives. Nanosizing refers to reducing particle size to the nanome-
ter scale. Nanoconfinement involves embeddingmaterials within
confined nanoscale spaces such as pores or hollow structures.
Nanostructuring broadly refers to the intentional design of
nanoscale architectures, including core–shell, layered, or hierar-
chical structures. At the nanoscale, the introduction of additional
surface energy increases reactivity and destabilizes the materi-

als, thereby reducing their thermodynamic stability.[101] Addition-
ally, nanosizing reduces particle size, shortens hydrogen diffu-
sion pathways, and accelerates reaction kinetics, effectively low-
ering the energy barriers involved in multistep reactions.[102]

Recent research has been focused on developing various
Li/Mg-based hydrogen storage systems, including MgH2, boro-
hydrides, and amides/imides, to improve the reversible hydro-
gen storage performance and practical viability of nanostructured
materials. For each material type, research can be divided into
three main design strategies: preparing freestanding nanosized
materials, constructing supported nanostructured systems, and
integrating catalysts to develop nanoconfined structures (Figure
9). This section provides an overview of the synthesis methods,
hydrogen storage properties, and reaction mechanisms of nano-
sized and nanostructured hydrogen storage materials. The de-
sign and performance of nanoconfined hydrogen storage sys-
tems integrated with catalysts and destabilization have been par-
tially discussed in Sections 2.1 and 2.2.

2.3.1. Magnesium Hydride

The synthesis of nanosizedMgH2 can be classified into twomain
approaches: top-down and bottom-up. Top-down techniques,
such as mechanical ball milling and physical vapor deposition
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(PVD), begin with bulk materials and break them down into
nanoscale structures. On the other hand, bottom-up methods,
including chemical vapor deposition (CVD) and solution-based
chemical techniques like thermal decomposition, solution im-
pregnation, electrochemical deposition, and nanoconfinement,
involve assembling nanosized MgH2 from atomic or molecular
precursors.
Mechanical ball milling is among the most widely used top-

down strategies for synthesizing nanosized MgH2 and Mg, pri-
marily due to its ability to simultaneously achieve material nano-
sizing and catalyst doping. During the milling process, mechan-
ical energy disrupts the crystal lattice, breaking larger particles
into smaller fragments. The resulting MgH2 particles have an
increased specific surface area, which shortens hydrogen dif-
fusion pathways, thereby enhancing hydrogen absorption and
desorption rates. In 1999, Zaluska et al. first demonstrated im-
proved hydrogen storage performance of MgH2 through ball
milling.[103] Schulz et al. further showed that ball milling can
reduce the dehydrogenation activation energy of MgH2 from
156 to 120 kJ mol−1, significantly boosting the dehydrogena-
tion rate at 300 °C.[104] Moreover, the collision forces during ball
milling can reach extremely high pressures, effectively refining
particles and inducing chemical reactions that produce ultrafine
nanoparticles.[105] For instance, Paskevicius et al. successfully
synthesized MgH2 nanoparticles smaller than 7 nm by milling
a mixture of LiH and MgCl2.

[106] However, despite the simplic-
ity and efficiency of ball milling, achieving particle sizes below
100 nm remains challenging, as cold welding would cause par-
ticles to re-agglomerate.[107] Solvent-assisted ball milling can ef-
fectively alleviate agglomeration caused by cold welding during
the milling process. The choice of organic solvent plays a cru-
cial role, with commonly used options including tetrahydrofu-
ran (THF), diethyl ether, cyclohexane, and acetone. Zou et al.
demonstrated that the addition of 20wt% acetone significantly re-
duced the particle size ofMg to below 100 nm, thereby enhancing
the kinetic performance of the resulting Mg nanoparticles.[108]

This improvement is attributed to the chemisorption of acetone
onto defects or surfaces of Mg during milling, leading to the for-
mation of a metastable magnesium complex. In contrast, sol-
vents such as methanol, which contain highly reactive functional
groups, tend to passivate the Mg surface and adversely affect its
performance.
PVD is another top-down approach that uses high-energy

beams, such as electron beams or lasers, to bombard or heat a
target material, causing it to sublimate or evaporate and subse-
quently deposit onto a substrate to form nanostructures. By con-
trolling parameters like pressure and temperature during depo-
sition, particle growth rate can be finely tuned, allowing precise
control over size and morphology, making PVD particularly suit-
able for fabricating 1D and 2D nanostructures. In 2007, Li et al.
used the vapor-transport method to synthesize Mg nanowires
of different diameters, with the 30–50 nm nanowires absorb-
ing 7.6 wt% H2 at 300 °C and releasing 3.28 wt% H2 within
30 min at 200 °C.[109] Leon et al. utilized thermal evaporation
to fabricate 30 μm-thick Mg films, which displayed remarkable
hydrogenation and dehydrogenation properties along the [002]
crystallographic direction.[110] Shimizu et al. employed reactive
magnetron sputtering to achieve epitaxial growth of MgH2 films
on MgO (100) substrates, highlighting the substantial influence

of substrate temperature and orientation on the resulting film
performance.[111] Thermal evaporation allows for precise control
over film thickness and dimensions, thus making it ideal for de-
positing multilayer metal coatings (e.g., Pd, Ti, Ni etc.) onto Mg
films.[112] Higuchi et al. utilized radio frequency sputtering to de-
posit a 25 nm-thick Pd coating on a 200 nm-thick Mg film.[113]

This composite absorbed 2.9–6.6 wt%H2 at 100 °C and desorbed
at temperatures ∼190 °C. The Pd coating not only protects Mg
from oxidation but also acts as a catalyst for hydrogen absorption
and desorption.[114] Zhu et al. developed a series of Mg-rare earth
films (e.g., Mg─Mm─Ni) that demonstrated comparable hydro-
gen storage capabilities at low temperatures.[115] Mg/polymer
composite films exhibited good air stability, though their hy-
drogen storage capacity was somewhat reduced.[116] Makridis et
al. employed laser ablation method to generate Mg nanoparti-
cles with diameters below 7 nm, subsequently stabilizing them
in a polymer poly(methyl methacrylate) (PMMA) matrix. These
nanoparticles absorbed 5.5 wt% H2 within 20 min at 250 °C
under 2.5 MPa H2 pressure.

[117]

Unlike PVD, hydrogenated chemical vapor deposition
(HCVD) is a bottom-up synthesis technique that generates
nanomaterials via vapor-phase chemical reactions. This ap-
proach enables the direct synthesis of high-purity nanosized
MgH2 using high-pressure hydrogen gas and magnesium vapor,
effectively removing the activation treatment and rate-limiting
steps commonly associated with solid–gas reactions.[118] Zhu et
al. used HCVD to synthesize MgH2 nanofibers and found that
increasing hydrogen pressure improved the product’s specific
surface area and yield, while also exploring the effects of hy-
drogen pressure on product formation rate, composition, and
morphology.[119] Additionally, waste magnesium can be utilized
as a raw material to produce low-cost, high-purity MgH2.

[120]

Solution-based chemical technique is also a bottom-up
synthesis strategy often employed to produce nanoparticles
via chemical reduction or thermal decomposition in a liquid
medium. By precisely controlling reaction condition—such
as precursor concentration, reaction temperature, and type of
reducing agents and solvents—nanoparticle morphology can
be effectively tailored. To synthesize nanoscale magnesium-
based materials, chemical reduction of magnesium precursors
typically involves reducing agents in organic solutions (e.g.,
alkali or alkaline earth metals like Li, Na, K, Ca) along with
electron carriers, such as naphthalene or phenanthrene. For
example, Norberg et al. successfully synthesized Mg nanocrys-
tals ranging from 25 to 38 nm using potassium and aromatic
compounds, where the 25 nm particles exhibited a H2 absorp-
tion rate seven times faster than the 38 nm particles.[121] Liu
et al. prepared 8 nm Mg nanoparticles through the reduction
reaction of dibutylmagnesium (MgBu2) with lithium, which
showed significant thermodynamic enhancement by absorbing
H2 below 150 °C.[122] Thermal decomposition involves decom-
posing Grignard reagents (organomagnesium compounds) to
produce nanoscale MgH2, where adjusting reaction conditions
(i.e., temperature and pressure) affects the growth kinetics,
thereby controlling particle morphology and size. For instance,
Setijadi et al. synthesized MgH2 nanoparticles of ∼30 nm
via thermal decomposition of MgBu2, which released H2 at
250 °C without requiring a catalyst.[123] The choice of solvent
can also affect particle surface energies and morphologies,
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Figure 10. a) Schematic preparation illustration of the liquid–solid metathesis reaction for non-confined ultrafine MgH2. b) SAED pattern, c) HRTEM
image, d) SEM, and e) particle size distribution of non-confined ultrafine MgH2. f) TPD-MS of bulk and non-confined ultrafine MgH2. g) Cycling stability
of non-confined ultrafine MgH2. Reproduced with permission.[129] Copyright 2021, Royal Society of Chemistry.

as certain solvents can promote the growth of specific crys-
tal facets.[124] Besides MgBu2, common Grignard reagents
also include dipropylmagnesium, di-isopropylmagnesium,
di-n-butylmagnesium, di-tert-butylmagnesium, and
dihexylmagnesium.
Additionally, solution-based chemical techniques are also

widely used for synthesizing supported nanoconfined Mg-based
hydrogen storage materials. By impregnating porous support
materials with precursor solutions, in situ growth of nanoscale
MgH2 particles can be achieved, maintaining high dispersion on
the support and simultaneously improving kinetic and thermo-
dynamic properties during H2 absorption and release.[125] This
method also allows for the combination of nanoconfinement and
catalytic strategies, leading to synergistic effects. Various porous
materials, such as ordered mesoporous silica, metal–organic
frameworks, and porous carbonmaterials, have beenwidely used
to confine MgH2 nanoparticles within their pores.[126] One sig-
nificant advantage of this approach is improving the air stabil-
ity of nanosized MgH2. Confining them within nanoporous car-
bon or encapsulating them in a PMMAmatrix has been reported
to effectively prevent oxidation.[127] A typical study combining
nanoconfinement and catalysis is presented by Xia et al., who

synthesized MgH2 nanoparticles with an average size of 5.7 nm
on a Ni–graphene support via thermal decomposition of MgBu2,
achieving 99.2% storage capacity retention after 100 cycles at
200 °C.[128] Similarly, Zhu et al. grew MgH2 nanoparticles on 3D
Ti3C2 nanosheets and utilized in situ generated TiH2 as a catalyst
phase to significantly enhance the kinetics of H2 absorption and
desorption, maintaining a reversible capacity of 4 wt% H2 after
60 cycles at 200 °C.[26]

Notably, in 2021, Zhang et al. developed an ultrasound-driven
liquid–solid phase synthesismethod to successfully produce free-
standing ultrafine MgH2 nanoparticles with sizes ranging from
4 to 5 nm (Figure 10b-e).[129] Using THF as the reactionmedium,
soluble MgCl2 reacted with insoluble LiH under ultrasonic con-
ditions to form MgH2 and LiCl. LiCl dissolved in THF, while
MgH2, which has a higher density than THF, was separated eas-
ily by centrifugation. The liquid vibrations generated by ultra-
sound enhanced the collision between reactants and simultane-
ously inhibited excessive crystal growth, which was the key points
to obtain ultrafineMgH2 nanoparticles (Figure 10a). This system
achieved a reversible hydrogen storage capacity of 6.7 wt% H2
at room temperature for the first time, and showed excellent cy-
cling stability (Figure 10f,g). Despite the relatively slow kinetics,
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this study highlighted the potential of ultrasound synthesis
technology in nanoparticle preparation, pointing to a new direc-
tion for the development of ultrafine nanosizing MgH2-based
materials.

2.3.2. Borohydrides

Nanoborohydrides can be prepared using either top-down or
bottom-up approaches. Top-down methods mainly consist of
solid-phase techniques like ball milling and liquid-phase meth-
ods, including melting infiltration and solution impregnation.
The latter two liquid-phase techniques are commonly used to
create nanoconfined composite systems with a support matrix.
Bottom-up approaches involve techniques like gas–solid reac-
tions and solvothermal methods. Similar to the MgH2 system,
the solid-phase method is the simplest way to introduce cata-
lysts and produce borohydrides at the nanoscale (hundreds of
nanometers), and thus, will not be discussed in detail here.
Themelting infiltrationmethod involves heating borohydrides

under hydrogen pressure until they reach a molten state, utiliz-
ing the fluidity and dispersibility of the molten phase to achieve
nanostructuring upon cooling. This technique is commonly ap-
plied to LiBH4, which melts at 300 °C under 10 MPa of hydro-
gen pressure. In contrast, Mg(BH4)2 requires an extreme high
pressure of 100 MPa to prevent its decomposition during the
melting process, making this approach rarely employed for its
preparation.[130] Liu et al. used the melting infiltration method
to confine LiBH4 within nanopores of varying sizes, finding that
smaller pore sizes lowered both its hydrogen release temper-
ature and the emission of toxic B2H6.

[131] Guo et al. confined
LiBH4 (∼30 nm) within carbon nanocages, lowering its dehy-
drogenation peak temperature to 320 °C.[132] Similarly, Plerd-
sranoy et al. confined LiBH4 (∼20 nm) within activated carbon
nanofibers, achieving a reduced dehydrogenation peak tempera-
ture of 305 °C.[133] Wu et al. synthesized carbon hollow spheres
and loaded them with 70–90% LiBH4 using the melting infiltra-
tion method.[134] As the infiltration time increased, the hollow
spheres deformed into double-layered carbon nanobowls, with
the LiBH4 particle size aligning with the diameter of the carbon
spheres (∼100 nm). This indicates that the high-pressure condi-
tions during the melting process may impact the final morphol-
ogy of template materials with limited structural stability.
Likewise, the solution impregnation method involves dissolv-

ing borohydrides in an organic solvent to form a precursor so-
lution, which is then infused into the porous template material.
Upon solvent removal, dispersed nanoborohydrides are formed.
This method is well-suited for the preparation of supported
nanoconfined composite systems of both LiBH4 and Mg(BH4)2,
with THF being the most commonly utilized solvent. During the
preparation process, ultrasonic treatment is typically employed to
enhance the dispersion of the solution within the support mate-
rial. As a result, the particle size obtained via the solution impreg-
nation method can be smaller than that achieved with the melt-
ing method, often falling below 10 nm, whereas the latter typi-
cally produces particles in the range of several tens of nanome-
ters. Fang et al. applied the solution impregnationmethod to em-
bed LiBH4 into activated carbon frameworks with 3.2 nm pores,
producing LiBH4 particles under 5 nm in size. These nanostruc-

tured LiBH4 particles exhibited a dehydrogenation temperature
of 220 °C, 150 °C lower than that of bulk LiBH4, with a ten-
fold increase in the dehydrogenation rate.[135] Fichtner and his
co-authors incorporated Mg(BH4)2 into pretreated activated car-
bon with pores smaller than 2 nm, reducing its onset dehydro-
genation temperature to 170 °C and lowering its onset dehydro-
genation temperature to 170 °C and achieving a H2 release of
6 wt% in a composite containing 44% Mg(BH4)2.

[136] Lai et al.
compared the effects of melting infiltration and solution impreg-
nation on hydrogen storage performance of borohydrides.[137]

The experiments revealed that borohydrides confined within hol-
low carbon exhibited lower dehydrogenation temperatures when
prepared via solution impregnation, likely attributed to the bet-
ter wetting on the matrix, which in turn influences the disper-
sion of nanoborohydrides. These findings underscore the impor-
tance of considering the interaction between the support and sol-
vent surfaces when selecting a top-down approach for synthesiz-
ing nanoborohydrides, as efficient infiltration enhances disper-
sion and optimizes system performance. Aligned with the advan-
tages of nano-MgH2 prepared by solution impregnation, the solu-
tion impregnation of borohydrides is often coupled with catalytic
strategies, generating synergistic effects between nanoconfine-
ment and catalysis to further enhance the thermodynamic and
kinetic properties of borohydrides.[138]

The bottom-up synthesis strategy relies on in situ chemical
reactions, with borohydrides produced primarily through gas–
solid reactions and solvothermal methods. For example, Xia et
al. employed an in situ gas–solid reaction between C4H9Li and
B2H6 under hydrogen pressure to fabricate 4 nm-thick LiBH4
nanolayers on graphene surfaces, which achieved a rapid H2 re-
lease of 9.7 wt% at 340 °C and maintained a reversible capacity
of 7.5 wt% H2 after five cycles at 320 °C.[139] Zhang et al. syn-
thesized Mg(BH4)2 nanoparticles with an average size of 8 nm
on graphene surfaces through an in situ gas–solid reaction be-
tween nano-MgH2 and B2H6. The onset dehydrogenation tem-
perature of Mg(BH4)2@Gr was reduced to 154 °C, with complete
hydrogen release achieved at 225 °C.[140] Building on this, Wang
et al. further employed this reaction to construct size-controlled
Mg(BH4)2@MgH2 heterostructures, effectively reducing the ki-
netic barriers for the reversible hydrogen storage of Mg(BH4)2
andMgH2 (Figure 11a–d).

[141] In this system,MgH2 acts as a “hy-
drogen pump,” converting stable B─B bonds from endothermic
to exothermic, thereby altering the enthalpy of B─H bond for-
mation and significantly enhancing the reversibility of Mg(BH4)2
(Figure 11e,f). As for the solvothermal synthesis strategy, Zhang
et al. utilized a hydrogen-assisted solvothermal method with
C4H9Li and C6H15NBH3 under 5 MPa hydrogen pressure and
temperatures ranging from 40–100 °C. This approach yielded
[100]-oriented LiBH4 nanorods with diameters of 500–800 nm,
reducing the onset hydrogenation temperature to 180 °C.[142] In-
troducing few-layer graphene as a support provided additional
nucleation sites, facilitating the transformation of LiBH4 from
nanorods to nanoparticles with diameters of 20–50 nm.[143] Us-
ing a one-pot solvothermal approach, Zhang et al. introduced a
Ni precursor to produce 5–10 nm LiBH4 nanoparticles grown on
graphene, decorated with 2–4 nm Ni nanocrystals. This LiBH4
nanocomposite achieved reversible hydrogen storage with a ca-
pacity of ∼9.2 wt% H2 at 300 °C, exhibiting stable performance
over 100 cycles.[144]
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Figure 11. a) Schematic illustration of the synthesis of Mg(BH4)2@MgH2 NPs on graphene. b) TEM, c) HRTEM, and d) SEM images of Mg(BH4)2/G.
e) Calculated hydrogen absorption energy on MgB2 with the presence of MgH2 as the structural support. The Mg, B, and H atoms are shown in green,
pink, and white spheres, respectively. f) Cycling performance of Mg(BH4)2@MgH2 composites, with MgH2/G included for comparison. Reproduced
with permission.[141] Copyright 2020, Wiley-VCH.

In terms of the preparation of free-standing nanostructured
borohydrides, Pang et al. used [LiBH4(MTBE)]n as a precursor
and successfully synthesized LiBH4 nanorods with the width
of 10–40 nm via a mechanical-force–driven physical vapor de-
position procedure.[145] Similarly, Wang et al. stabilized LiBH4
nanoparticles using surfactants through a solvent evaporation
method. They reported that the growth and stability of the LiBH4
nanoparticles are influenced by the chain length, steric hin-
drance, and binding strength of surfactant.[146] Zhang et al. syn-
thesized hierarchical nanostructured LiBH4, composed of 50–
60 nmprimary nanoparticles, via a one-pot solvothermalmethod.
The reduced particle size and porous aggregated structure pro-
moted dehydrogenation prior to melting, effectively suppress-
ing foaming and enabling 12 wt% reversible H2 storage at
400 °C.[147]

2.3.3. Amides and Imides

In the nanofabrication of amine/imine-based materials, in ad-
dition to high-energy ball milling, several distinctive methods
have been reported, including metal reduction, wet impregna-
tion, and electrospinning. These techniques are typically com-
bined with thermal reduction processes to synthesize nanoscale
amine/imine-based materials. For example, Yang et al. employed
hydrogen plasma bombardment on metallic Li to produce 200–
400 nm Li nanoparticles, followed by NH3 plasma treatment to
obtain Li2NH nanoparticles.[148] After combined with Mg(BH4)2
to form a ternary system, a hydrogen desorption of 5.3 wt%
H2 was achieved at 150 °C. Similarly, Wood et al. success-
fully synthesized Li3N within porous carbon by reacting metallic
lithium with NH3.

[149] The reaction process formed core–shell
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Li3N/[LiNH2 +2LiH] nanostructures, which altered the hydro-
genation and dehydrogenation pathways, suppressing the for-
mation of harmful intermediates and significantly enhancing
the kinetics and reversibility of the hydrogen storage reactions.
Additionally, Xia et al. developed an electrospinning technique
by incorporating Li3N solution into spinning precursors con-
taining polyvinylpyrrolidone.[150] After dehydration and high-
temperature carbonization under N2 atmosphere, 3D porous
carbon-coated Li3N nanofibers are successfully produced, which
demonstrated stable reversibility over ten cycles of H2 desorp-
tion/absorption at 250 °C. Furthermore, by incorporating Mg2+

salts to the spinning precursor and conducting in situ anneal-
ing with hydrogenation, they successfully obtained hierarchical
porous Li2Mg(NH)2@C nanowires with a lower dehydrogena-
tion temperature, which exhibited outstanding cycling stability,
retaining 94.6% of its capacity after 20 cycles at 130 °C.[151]

2.3.4. Summary and Outlook

In the synthesis of nanostructured Li/Mg-based hydrogen stor-
age materials, various effective strategies have been developed,
with significant performance enhancements achieved, particu-
larly through the incorporation of supports or catalysts. How-
ever, the synthesis of free-standing ultrafine metal nanoparticles
remains limited, posing a challenge for enhancing performance
without sacrificing hydrogen storage capacity. Furthermore, the
mechanisms driving thermodynamic improvements in nanoma-
terials remain a subject of debate, with experimental studies fail-
ing to establish consistent size-dependent trends necessary to
support detailed mechanistic investigations.
Therefore, several key areas merit further exploration. First,

a comprehensive investigation of the reaction mechanisms in-
volved in nanostructuring is essential to elucidate how differ-
ent synthesis methods influence material properties. Second, ad-
vancing the development of unsupported nanomaterials is vital
to achieving higher reversible hydrogen storage capacities along
with enhanced performance. Last, to meet the requirements of
practical applications, efforts should be directed toward optimiz-
ing synthesis processes to ensure scalability and cost-efficiency
for large-scale production of nanosized hydrogen storage
materials.

2.4. External Field-Driven Techniques

Despite various modification strategies, the thermodynamic and
kinetic properties of Li/Mg-based hydrides have improved to
some extent, yet high temperatures remain essential for effi-
cient hydrogen absorption and desorption. In practical applica-
tions, it relies on electric heating to supply sufficient external
energy to drive hydrogen storage reactions. However, such com-
plex heating systems reduce the energy density of hydrogen stor-
age systems, and high operational costs remain a significant bar-
rier to the large-scale deployment of hydrogen storage materials.
To address this challenge, developing external field-driven meth-
ods distinct fromnon-conventional electric heating is particularly
important.
Non-conventional electric heating external field-driven tech-

nologies reported to date encompass various forms, including

electromagnetic waves (e.g., light and microwaves), mechanical
forces (e.g., fraction and ultrasonic techniques), as well as elec-
trochemical methods, and electron beams technologies. Among
these, electromagnetic wave-driven technologies, which utilize
light ormicrowaves to promote the hydrogen absorption and des-
orption processes of hydrides, have advanced rapidly in recent
years, becoming the most representative external field-driven
method for driving hydrides. Since electromagnetic waves prop-
agate without the need for a medium, this technology offers
the distinct advantages of remote, non-contact heating, simpli-
fying system design and improving operational flexibility.[152] On
one hand, electromagnetic wave-driven techniques eliminate the
complexities of traditional electric heating systems by employing
focused wave sources for rapid, localized heating, thereby facili-
tating hydride reactions under milder conditions while simulta-
neously reducing external energy consumption and operational
costs. On the other hand, investigating the interaction mecha-
nisms between electromagnetic waves and hydrides can reveal
unique modification pathways distinct from conventional ther-
mal catalysis, offering valuable insights to develop more efficient
field-driven hydrogen storage technologies.
Electromagnetic waves encompass microwaves, light (includ-

ing infrared, visible, and ultraviolet), and radiations (such as
X-rays and gamma rays), each characterized by distinct prop-
erties, frequency (wavelength) ranges, and energy levels.[153]

This section reviews the latest advancements in electromagnetic
wave-driven hydrogen storage technologies and provides a brief
overview of the potential of other field-driven approaches.

2.4.1. Light-Driven Techniques

Harnessing solar energy for storage is widely recognized as a cru-
cial strategy for mitigating global energy shortages and environ-
mental pollution.[154] Light-driven hydrogen storage reactions,
utilizing natural light across the ultraviolet–visible–near-infrared
(UV–vis–NIR) spectrum, also hold great potential for advancing
next-generation energy storage technologies.
In the 1980s, Dougherty et al. investigated the decomposition

of hydrides, including BaH2, CaH2,MgH2, etc., underUV light at
room temperature.[155] Color changes were observed in these hy-
drides under UV light irradiation, accompanied by the release of
small amounts of H2. The dehydrogenation rate peaked rapidly
at the onset of light exposure, followed by a gradual decline to a
steady rate. They proposed that photodecomposition process in-
volves multiple light-induced mechanisms, with the initial stage
driven by interactions between photo-generated carriers (elec-
trons and holes) and the solid hydrides, followed by the forma-
tion of a uniform reactant–product interface, demonstrating the
interaction between hydrides and light. Recently, Chen et al. dis-
covered that UV–vis irradiation can weaken, or even break, the
highly stable Li─H chemical bonds in LiH, resulting in the re-
lease of H2 and the formation of hydrogen vacancies in hydrides
(Figure 12b).[156] Through this unique photodecomposition path-
way, LiH released over 0.0033 MPa of H2 at room temperature,
which is ∼16 orders of magnitude higher than the thermody-
namic equilibrium hydrogen pressure of LiH at the same tem-
perature (Figure 12c,d). More importantly, LiH demonstrated re-
versible hydrogenation under light irradiation, with the capacity
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Figure 12. a) A proposed reaction mechanism for re-hydrogenation of LiH. b) EPR spectra of LiH before and after illumination. c) Volumetric dehydro-
genation of LiH under UV–vis illumination. The yellow region represents the UV–vis illumination period from 0 to 200 min. The right axis represents the
number of LiH lattice layers (assuming that H2 has been fully released) corresponding to the amount of dehydrogenation. d) Digital photos of original LiH
and illuminated LiH (LiH-IL hereafter). Reproduced with permission.[156] Copyright 2024, American Chemical Society. e) Cycles of the photon-assisted
dehydrogenation and following dark hydrogenation of LiH. The inset photos show the color change of LiH during the experiment; the dark grey arrows
represent the area covered with an opaque tape during illumination. Reproduced with permission.[158] Copyright 2024, Springer Nature. f) Schematic
illustration of the destabilization mechanism of borohydrides induced by photogenerated vacancies in LiH. g) H2 signal detected by mass spectrometry
from a LiH and LiBH4 mixture under light-on and light-off conditions. The sample temperature was continuously monitored in real time using a contact
thermocouple. h) H2 signal detected by mass spectrometry coupled with TGA for the illuminated LiH and LiBH4 mixture during heating at a rate of
5 °C min−1. Reproduced with permission.[157] Copyright 2025, American Chemical Society.

to absorb 0.08 wt% of H2 (Figure 12a,e). Very recently, Zhang et
al. discovered that light-induced vacancies in LiH form electron-
rich hydrogen vacancies, which spontaneously induce strong ad-
sorption of [BH4]

− groups on the LiH surface (Figure 12e).[157]

This strong adsorption activates asymmetric electronic re-
construction of the [BH4]

− group, significantly reducing the
thermodynamic stability of the B─H bonds. As a result, the de-
hydrogenation temperature is lowered to 66 °C, which is∼300 °C
lower than that of the conventional thermally driven process
(Figure 12f,g). Interestingly, Chen et al. also leveraged the local-
ized active electrons in the vacancies generated under light irradi-
ation in hydrides to achieve nitrogen fixation and ammonia syn-
thesis under mild conditions.[158] These findings highlight the

non-thermal effects of hydrides under light irradiation, facilitat-
ing bond breaking and formation through mechanisms distinct
from conventional thermal processes. In particular, the excitation
and migration of photogenerated electrons modify the reaction
pathways, unveiling a new approach for light-driven hydrogen
storage.
Although the non-thermal effects of light-driven hydrides hold

promise for hydrogen storage, the amount of hydrogen released
remains limited. This limitation is primarily attributed to the
hydrides’ insufficient light absorption and their inherently poor
thermal conductivity, restricting the dehydrogenation reaction to
the illuminated surface area. To improve the efficiency of light
utilization, researchers have recently focused on photothermal
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effects as a key strategy, leveraging the conversion of solar en-
ergy into heat to raise the temperature of hydrides, thereby en-
hancing both the extent and rate of hydrogen absorption and
desorption processes. Sun et al. introduced Au metal nanopar-
ticles with localized surface plasmon resonance (LSPR) effects
into typical hydrogen storage systems, includingMgH2, LiH, and
NaAlH4.

[159] Through the LSPR effect, these nanoparticles ef-
ficiently converted light energy into heat. Notably, the Mg─Au
composite exhibited significant hydrogen absorption and trans-
formed into the MgH2 phase at an overall temperature of only
100 °C under full-spectrum xenon lamp irradiation, demonstrat-
ing the localized heating effect of the Au nanoparticles. Similar
phenomena were observed during the dehydrogenation of LiH
and NaAlH4, showing hydrogen desorption at relatively low tem-
peratures. However, the light-driven reactions were confined to
areas within ∼5 nm of the Au nanoparticles, limiting the overall
hydrogen storage efficiency.
To improve the photothermal conversion efficiency of hydride

systems, traditional modification strategies, such as catalyst dop-
ing and alloying, are essential to further lower the operating tem-
peratures of hydrogen storage reactions. In this context, a re-
search team from Fudan University has developed an advanced
light-driven hydrogen storage technique that coupling photother-
mal and catalytic effects. In the NaAlH4 system, Sun et al. de-
veloped a TiO2@C catalyst that combines the catalytic proper-
ties of TiO2 with the photothermal effects of carbon, which en-
abled complete H2 release within 7 min under 1 W cm−2 with
an 85% capacity retention rate after ten cycles.[160] Regarding
LiBH4, Feng et al. reported that LiBH4─TiF3─TiO2 composites
can rapidly release ∼2.84 wt% of H2 within 10 min and 3.12 wt%
within 30 min under a light intensity of 0.76 W cm−2.[161] As for
MgH2 system, Zhang et al. developed a Cu@MXene catalyst that
couples the LSPR effect of Cu nanoparticles with the photother-
mal effect of MXene, generating localized high temperatures un-
der illumination to drive the hydrogen absorption and desorp-
tion reactions of MgH2 (Figure 13a–c).

[162] Additionally, the in
situ formation of Ti and TiHx on the MXene surface during ball
milling acts as a “hydrogen pump,” weakening the Mg─H bonds
and significantly lowering the activation energy for hydrogen des-
orption. The Cu@MXene-MgH2 system maintained a reversible
hydrogen storage capacity of 5.9 wt% H2 after 30 cycles under
a light intensity of 4 W cm−2. Hu et al. further constructed a
coupled interface by doping MgH2 with TiN@TiO2, integrating
the photothermal effect of TiN with the catalytic activity of TiH2
(Figure 13d–f).[163] Under a light intensity of 2.7 W cm−2, the
TiN@TiO2─MgH2 system reached 240 °C, achieved complete de-
hydrogenation within 10 min, and retained 6.05 wt% H2 after
15 cycles, effectively reducing the light intensity required for the
light-driven reversible hydrogen storage.
Additionally, Zhang et al. proposed a strategy to endow

magnesium-based alloys with broad-spectrum light absorp-
tion (250–2000 nm) through in situ atomic reconstruction
(Figure 13g–i).[21b] This approach utilizes a single-phase pho-
tothermal catalyst, Mg2Ni(Cu), formed via the in situ dehydro-
genation of CuNi and MgH2. The alloying reconstruction of
Mg2Ni(Cu) and its hydride exhibited “flat-band” orbitals near the
Fermi level, facilitating intra-/inter-band electron transitions and
enabling the system to achieve a broad-spectrum light absorption
rate exceeding 85%. Under a light intensity of 2.6 W cm−2, the

photothermal temperature of the system reached 62 °C, mark-
ing a 6.1% increase compared to the material prior to alloy re-
construction. The Cu solute not only enhances the “hydrogen
pump” effect of Mg2Ni(Cu) but also generates hot electrons via
the LSPR effect of Cu, which are transferred to Ni, further weak-
ening the Mg─H bonds. This study offers valuable insights for
developing magnesium-based hydrogen storage materials with
inherent photothermal conversion capabilities.

2.4.2. Microwave-Driven Techniques

The frequency range of microwaves is lower than that of light
(UV–vis–NIR), resulting in reduced energy per photon. Nev-
ertheless, microwaves exhibit significantly higher heating ef-
ficiency compared to conventional electric heating, with heat-
ing rates reaching up to 70 °C s−1, enabling rapid material
heating.[164] Similar to light-driven strategies, microwave-driven
research primarily focuses on enhancing microwave-to-heat con-
version efficiency and exploring non-thermal effects induced by
microwaves. In 2006, Nakamori et al. conducted a systematic
study on the behavior of various metal hydrides (MgH2, TiH2,
and LiBH4) and alkaline earthmetal hydrides (NaBH4 andKBH4)
under single-modemicrowave irradiation.[165] Conduction losses
and microwave penetration depth were identified as key fac-
tors influencingmicrowave heating efficiency. The study demon-
strated that LiBH4 released 13 wt% of H2 at 107 °C, significantly
outperforming other hydrides due to enhanced conduction losses
during its structural transitions. To further improve microwave
responsiveness, Matsuo et al. proposed incorporating microwave
absorbers (such as TiH2, B, or C) into the LiBH4 system.[166] Ex-
perimental results showed that the composites containing these
absorbers exhibited much faster heating rates than pure LiBH4,
releasing 6 wt% H2 within just 5 min. Notably, absorbers of
C outperformed TiH2 and B, likely due to its superior thermal
conductivity.
Similar to light-driven strategies, merely enhancing

electromagnetic-to-thermal conversion efficiency is insufficient,
meaning that an ideal dopant should possess both microwave
absorption and catalytic properties. Therefore, some studies have
also explored the non-thermal effects induced by microwave
irradiation. In 2022, Zou et al. demonstrated that defect-rich
titanium oxide (TiO2−x), formed through ball milling, acts as
a “hotspot” under microwave irradiation, efficiently absorbing
microwave energy and facilitating the reduction of Ti4+ to Ti2+

(Figure 14a–c).[167] This reduction process further promotes
electron transfer between Mg2+ and H−, enabling rapid dehy-
drogenation of MgH2 at 220 °C and significantly enhancing its
hydrogen absorption performance. Although this study focused
on the interaction between microwaves and catalysts, it offers
new insights into developing more efficient microwave-assisted
hydrogen storage catalysts.
Additionally, the design of microwave-responsive devices is

also crucial for heating efficiency. Zhang et al. designed a honey-
comb ceramic monolith coated with 0.54 wt% Ni for microwave-
driven hydride dehydrogenation (Figure 14d–f).[168] Studies have
shown that the H2 release rate of hydrides is positively corre-
lated with the power and duration of microwave radiation. The
device, under 1000Wmicrowave irradiation, can heat from room
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Figure 13. a) Schematic diagram of the solar-driven reversible hydrogen storage of MgH2 based on the photothermal and catalytic effect of
Cu@MXene. b) In situ detection of surface temperature of Cu@MXene and MXene recorded by an infrared thermal imager under a light intensity
of 0.4 W cm−2. c) H2 desorption curves of MgH2 under the catalysis of Cu@MXene under different light intensities. Reproduced with permission.[162]

Copyright 2022, Wiley-VCH. d) Schematic diagram of TiN@TiH2@MgH2 coupled interface for solar-driven hydrogen storage. e) Theoretical FDTD sim-
ulated localized electric field enhancement profiles of TiN@TiH2. f) Solar-driven H2 desorption of MgH2 under the catalysis of TiH2, TiN@TiH2, and
TiN, including ball-milled MgH2 for comparison under 2.7 W cm−2. Reproduced with permission.[163] Copyright 2024, Wiley-VCH. g) Schematic dia-
gram of the ideal integration of photothermal and catalytic effects via continuous in situ atomic reconstruction upon repeated dehydrogenation process.
h) UV–vis–NIR absorption spectra of MgH2 under the catalysis of Cu1Ni1, Cu1Ni2, and Cu1Ni3 after cycling, in comparison with their pristine ball-
milled states (before cycling). i) The response of temperature with corresponding H2 desorption curves of MgH2 under the catalysis of Cu1Ni1 under
2.6W cm−2 before and after cycling. Reproduced with permission.[21b] Copyright 2024, Springer Nature.

temperature to an incandescent state within 7 s, achieving a
microwave-to-heat conversion efficiency of up to 90%. As a re-
sult, under 300 W microwave power, hydrides including MgH2,
NaAlH4, NaBH4, and LiH can complete dehydrogenation within
220 s, compared to over 720 s required by conventional electric
heating.

2.4.3. Other External Field-Driven Techniques

Other external field-driven sources include electrochemistry,
electron beams, and fraction. Although research on enhancing
hydrogen absorption and desorption through these methods re-
mains limited, studies in related fields offer valuable insights into

the design and mechanistic understanding of hydrogen storage
in hydrides. These technologies, utilizing non-conventional en-
ergy pathways, hold the potential to overcome the limitations of
thermally driven process, enabling efficient hydrogen absorption
and desorption under milder conditions.
Electrochemical-driven hydrogen absorption and desorp-

tion represent a key non-thermal method, extensively applied
in the commercialization of nickel-metal hydride (Ni/MH)
batteries.[4a,169] This technology relies on hydride alloys as anode
materials to enable reversible electrochemical reactions through
hydrogen uptake and release, with a more detailed summarized
in Section 3.2. The advantage of electrochemical-driven hydro-
gen storage lies in their precise process control, allowing real-
time regulation of hydrogen storage by adjusting the potential or
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Figure 14. a) Schematic diagram of the microwave reactor system. b) Schematic diagram of the mechanism for microwave-induced vacancy formation
in TiO2 and the generation of localized “hotspots.” c) Mass spectrum of microwave-assisted isothermal dehydrogenation of +25 wt% TiO2-microwave
sample at 220 °C. Reproduced with permission.[167] Copyright 2022, Elsevier. d) Schematic home-made glass reactor for microwave-assisted dehydro-
genation. e) HCM with Ni coating (Ni-HCM) and red-glowing Ni-HCM shortly after 1000 Wmicrowave heating. f) Real time eluting-gas volume profiles
obtained from 2.0 g of MgH2 under two different powers microwave heating: 300W (red) and 600W (black). Reproduced with permission.[168] Copyright
2011, Elsevier.

current. Furthermore, non-conventional hydrogen storagemech-
anisms induced by electrochemical processes, such as hydrogen
diffusion pathways and the involvement of electron transfer and
proton exchange, merit further exploration.
Electron beams, commonly used as illumination sources in

TEM and scanning electronmicroscopy (SEM), are primarily em-
ployed to drive hydrogen absorption and desorption reactions,
enabling in situ observation of the time-evolution of phase transi-
tions in hydrides.[170] Regarding the interaction mechanisms be-
tween electron beams and hydrides, takingMgH2 as an example,
Surrey et al. demonstrated that the dehydrogenation process is
triggered by the inelastic scattering of incident electrons, which
transferred to lattice vibrations and electronic transitions, lead-
ing to decomposition of MgH2.

[171] The high sensitivity of MgH2
to electron beams makes precise intensity control a major chal-
lenge in nanoscale hydrides. If employ electron beams are to be
employed as an external field-driven technique for hydrogen stor-
age, further studies are needed to link beam control with sample
dimensions, and design of reaction apparatus remains a key ob-
stacle.
Friction-driven methods convert external mechanical energy

into the driving force for hydrogen reactions through mechan-
ical friction stress-collision. Contrary to the conventional belief
that local heating during ball milling triggers H2 desorption,
Nevshupa et al. pointed out that the H2 release from MgH2 dur-
ing friction may involve non-thermal mechanisms.[172] During
deformation at the micro-/nano-scale, the temperature increase
was <10 °C, yet instantaneous (t <1 s) and substantial hydrogen
release (3–50 nmol s−1) was observed, with hydrogen nearly fully
released within the affected microscopic region.[173] This find-
ings indicate that friction-driven hydrogen release may involve

multiple microscopic mechanisms, including electronic and vi-
brational excitations, as well as dislocation movements. Future
research should prioritize optimizing friction conditions and fur-
ther investigating underlying mechanisms.

2.4.4. Summary and Outlook

Research on external field-driven methods for driving hydrides,
represented by electromagnetic wave-driven techniques, is still
in its early stages. These methods promote hydrogen absorption
and release through interactions with hydrides by exciting elec-
trons, generating localized heating, or inducing chemical bond
breakage within hydrides. Key challenges for future research
include improving the conversion efficiency of electromagnetic
waves to thermal energy for effective application to hydrides and
delving deeper into the non-thermal effects between electromag-
netic waves and hydrides (Figure 15).
On one hand, developing dopants with broader light spectrum

responses or enhanced microwave absorption capabilities is cru-
cial for achieving more efficient electromagnetic-to-thermal en-
ergy conversion. At the same time, optimizing interface struc-
tures and thermal conductivity will facilitate more effective heat
transfer and utilization from the surface to the bulk of hydrides.
On the other hand, understanding the unique non-thermal in-
teraction mechanisms between electromagnetic waves and vari-
ous hydrides, combined with optimizing the excitation and mi-
gration of photogenerated electrons, will offer theoretical guid-
ance for achieving more efficient hydrogen storage under milder
conditions. Additionally, at the macroscopic integration level, ex-
ploring effective strategies for assembling and scaling external
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Figure 15. Summary diagram of external field types, strategies, and mechanisms for hydrogen storage using external field-driven technologies.

field-driven hydrogen storage devices will be crucial for practical
applications in the future.

3. Lithium Storage Application

Although Li/Mg-based borohydrides exhibit favorable reduction
stability and electrode compatibility, their high ionic conductivity
is typically achieved only at elevated temperatures. Moreover, de-
spite the high lithium storage capacity of Li/Mg-based hydrides,
issues such as reaction irreversibility, interfacial side reactions,
and volume expansion lead to a significant decline in capacity
over cycling, severely limiting their practical applications.
To address these critical challenges, a series of modification

strategies have been proposed. As illustrated in Figure 16, the
recent advancements in hydride electrolytes and electrodes have
further accelerated progress in this field, marking several sig-
nificant milestones and achievements that underscore the ef-
fectiveness of these strategies. This section summarizes the
typical modification methods for Li/Mg-based borohydrides as
solid electrolytes, categorized into cation and/or anion substi-
tution, nanoconfinement, and composition alteration. Addition-
ally, the modification strategies for Li/Mg-based hydrides as elec-
trode materials, including catalysis and nanostructuring, are also
discussed.

3.1. Hydride Electrolytes

Solid-state–electrolytes based on Li/Mg hydrides have emerged
as promising candidates in the realm of solid-state electrolytes,

offering several advantages over their oxide, polymer, and sul-
fide counterparts. These include low grain boundary resistance,
high ionic selectivity, excellent reduction stability, mechanical
flexibility, ease of integration into devices, and lower processing
costs.[174] Such characteristics render hydrides particularly attrac-
tive for various applications. Although Li2NH is the first hydride
that demonstrates a high ionic conductivity of 0.3 mS cm−1 at
room temperature, the intensive research in the field of solid-
state electrolytes using hydrides is triggered by the discovery of
high ionic conductivity LiBH4 in 2007.[175] Through impedance
spectroscopy,Matsuo et al. observed a temperature-dependent in-
crease in the ionic conductivity of LiBH4, with a discontinuous
jump occurring at ∼115 °C (Figure 17a). At this point, the ionic
conductivity reached 10−3 S cm−1, comparable to that of high-
performance lithium-ion conductors at ambient conditions. This
drastic increase was attributed to a structural phase transition,
wherein LiBH4 transformed from orthorhombic Pnma phase to
hexagonal P63mc phase at elevated temperatures (Figure 17b), fa-
cilitating lithium ion transport. In this high-temperature hexago-
nal phase, atomic reorganization along the a and b axes likely pro-
motes unimpeded Li+ migration in these directions. Besides, nu-
clear magnetic resonance spectroscopy (Figure 17c) further con-
firmed that the phase transition resulted in a narrowing of the Li+

peak and the emergence of satellite peaks, indicative of increased
Li+ mobility. The reduced central peak linewidth highlights the
accelerated ion dynamics in the high-temperature phase.
Recognizing the potential of LiBH4 as a solid-state lithium-

ion electrolyte, researchers have since made concerted efforts
to enhance its ionic conductivity at lower temperatures through
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Figure 16. Timeline of developments in terms of typical Li/Mg-based hydride electrodes and solid-state electrolytes.[7a,177,182,187,197,202,203,209,217,218,231]

various modification strategies. Concurrently, borohydrides have
gained significant attention due to their unique ability to form
stable compoundswith alkali and alkaline-earth cations, position-
ing them as strong candidates for fast-ion conductors. As shown
in Figure 17d, recent studies have further explored the properties

of metal borohydrides (such as Na+ and Mg2+) as potential solid-
state ion electrolytes, and their feasibility has been demonstrated
in these systems.[176] Various strategies have been developed to
improve the electrochemical performance of Li/Mg-based hy-
drides as the ion conductors. This section reviews Li/Mg-based

Figure 17. a) Temperature dependence of the electrical conductivity of LiBH4. Reproduced with permission.[175b] Copyright 2007, AIP. b) Crystal struc-
tures of the low-temperature and high-temperature phases of LiBH4. Reproduced with permission.[232] Copyright 2011, Wiley-VCH. c) 7Li (I = 3/2) NMR
spectra of LiBH4 at some selected temperatures. Reproduced with permission.[175b] Copyright 2007, AIP. d) Temperature-dependent conductivities of
LiBH4, NaBH4, and Mg(BH4)2�Reproduced with permission.[207] Copyright 2022, Elsevier.
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borohydrides and discusses the corresponding performance
improvement strategies for solid-state batteries (SSBs), as
summarized in Table 3.

3.1.1. Cation and/or Anion Substitution

The introduction of halides was one of the earliest strategies
employed to enhance the ionic conductivity of LiBH4. In 2009,
Maekawa et al. reported that mixing and reheating pure LiBH4
with various LiX (X = Cl, Br, I) led to significant improve-
ment of electrochemical performance.[177] The substitution of
the BH4

− anions with larger halide anions (X−) caused lattice
expansion, resulting in structural relaxation within the LiBH4
framework, which reduced the migration energy barrier for Li+

ions, thereby facilitating their transport through the solid elec-
trolyte. This study revealed that the phase transition temperature
of all LiX-doped samples decreased markedly, with the most sig-
nificant reduction observed in the LiI-doped samples. Notably,
the 3LiBH4·LiI compound exhibited the highest ionic conduc-
tivity at room temperature, reaching 10−4 S cm−1 (Figure 18a).
XRD analysis indicated that the incorporation of LiI stabilized
the high-temperature phase of LiBH4 even at lower tempera-
tures (Figure 18b). Furthermore, NMR results further demon-
strated that the peak corresponding to 3LiBH4·LiI was broader
than that of LiBH4·LiI, with the disappearance of the LiI peak,
accompanied by the emergence of a peak corresponding to the
high-temperature phase of LiBH4 (Figure 18c), suggesting that
the substitution of BH4

− with the highly polarizable I− anion al-
tered the electronic structure, resulting in changes in Li+ coordi-
nation. This modification leads to a lower activation energy (i.e.,
0.56 eV) for ion migration in the composite sample. DFT calcu-
lations indicate that substituting the BH4

− ion with halogen an-
ions significantly reduces the energy difference between the low-
temperature and high-temperature phases of LiBH4, thereby pro-
moting the stabilization of the high-temperature phase. Further-
more, the introduction of LiI results in the formation of lattice
defects, such as vacancies and dislocations, which provides addi-
tional pathways and sites for Li+ migration, thereby enhancing
ionic diffusion performance. Additionally, the ionic exchange be-
tween I− and BH4

− facilitates charge redistribution, further pro-
moting Li+ migration. These findings provide important theoret-
ical insights for optimizing the phase behavior and ionic conduc-
tivity of LiBH4. Inspired by research demonstrating that anionic
substitution can stabilize high-temperature phases and alter the
coordination environment of LiBH4 at room temperature, a se-
ries of LiBH4-related compositions based on cation and/or anion
substitution have been developed recently.
Inspired by these results, Li+ conduction has also been dis-

covered in other complex hydrides, which have been extensively
studied as potential hydrogen storage materials. Yan et al. pre-
pared Li(BH4)1−x(NH2)x solid solution samples (x = 3/4, 2/3)
by ball-milling and subsequent heat treatment of LiBH4 and
LiNH2.

[178] The crystal structure of the 𝛼 phase, as shown in
the Figure 18d, Li(BH4)1/2(NH2)3/4 crystallizes in a cubic lattice
(space group I213), characterized by three distinct lithium coor-
dination environments (Figure 21a). Each lithium ion is tetra-
hedrally coordinated by a mixture of BH4

− and NH2
− anions.

Additionally, the structure contains an equivalent number of va-

cant tetrahedral sites to maintain charge neutrality. Compared
to the previously discussed monoatomic anion doping (e.g., I−),
introducing the NH2

− anionic group can facilitate reorientation
of the anions, particularly the polar NH2

−, thereby enhancing
the ionic conductivity of the material.[179] In the same sublat-
tice of the 𝛼-phase lithium amidoborohydride, lithium ions ex-
perience lower hopping energy between tetrahedral sites sharing
two edges. This significantly reduces the energy barrier and en-
ables efficient lithiummigration within the cubic 𝛼-phase. When
x = 2/3, the NH2

− units in the solid solution are partially re-
placed by the larger BH4

−, which increases the lattice spacing.
Combined with the presence of a disordered phase with high
conductivity, this further enhances the ionic conductivity of the
electrolyte. Therefore, both samples exhibited high ionic con-
ductivity at room temperature (0.2 mS cm−1 for x = 3/4 and
6.4 mS cm−1 for x = 2/3 at 40 °C). Building on this work, this
researcher added LiOH in the synthetic procedure and synthe-
sized LiBH4·1/2NH3 solid electrolyte by ball-milling a mixture
of LiBH4, LiNH2, and LiOH according to the reaction: 2LiBH4
+LiNH2 +LiOH→ 2LiBH4·1/2NH3 +Li2O.[180] Compared to the
single 2LiBH4·1/2NH3 electrolyte, the in situ formed nanocrys-
talline Li2O effectively enhances the thermal and mechanical sta-
bility of the electrolyte, which may form better contact with the
electrodes. In-depth studies the structure and lithium-ion coor-
dination environment of this electrolyte reveal that this crystal
structure of 2LiBH4·1/2NH3 identified as an orthorhombic sys-
tem with space group Pna21, featuring two distinct lithium coor-
dination sites, both in tetrahedral environments. The researchers
proposed that the presence of NH3 molecules alters the coordina-
tion between the framework and lithium ions during migration.
Specifically, NH3 molecules stabilize the interstitial Li+, promot-
ing rapid lithium-ion migration within the a–c plane. As a result,
the material exhibited an ionic conductivity of 0.7 mS cm−1 at
40 °C, showcasing its potential as a high-performance solid elec-
trolyte. In addition, Zhang et al. moved beyond traditional ele-
mental doping approaches by introducing gas molecules (NH3)
into LiBH4.

[181] By controlling the crystal structure of the am-
moniated compound through “solid–gas” dynamic equilibrium
at different temperatures. The adsorption of NH3 induced the
formation of defects and reduced the lithium ion volume den-
sity, resulting in enhanced conductivity. Based on this, they syn-
thesized Li(NH3)nBH4, which achieved an ionic conductivity of
2.21 mS cm−1 at 40 °C.
More importantly, this approach could be applied toMg(BH4)2.

Higashi et al. first utilized mechanical ball milling to blend
Mg(BH4)2 with Mg(NH2)2 in 2014, successfully incorporating
the NH2

− group into the Mg(BH4)2 structure.
[182] The incorpo-

ration of NH2
− groups significantly altered the structure, reduc-

ing the magnesium atom spacing and enhancing Mg2 + diffu-
sion. Besides, the NH2

− groups interact with Mg and H, creat-
ing additional ion migration pathways, resulting in an ionic con-
ductivity of 10−6 S cm−1 at 150 °C and improved oxidative sta-
bility within a range of 3 V. In 2020, Jensen et al. reacted NH3
with Mg(BH4)2 to synthesize Mg(BH4)2·NH3, revealing that the
interaction of NH3 with Mg2+ and BH4

− enhanced the struc-
tural flexibility, further promoting Mg2+ ion conduction.[183] Fur-
thermore, Zheng et al. synthesized amorphous Mg(BH4)2·2NH3
with a 3D framework by reacting NH3 with 𝛾-Mg(BH4)2.

[183b]

Compared to 𝛾-Mg(BH4)2 and Mg(BH4)2·NH3 (Figure 18e), this
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Table 3. Performance comparison of hydride-based electrolytes.

Solid-state electrolytes Conductivity
[mS cm−1]

Temperature
[°C]

Refs.

Li2B12H12 3.1 RT [231b]

LiCB11H12 150 130 [194]

LiCB9H10 100 110 [264]

0.7Li(CB9H10)/0.3Li(CB11H12) 6.7 25 [197]

LiBH4/𝛾Al2O3/PEO 3 60 [265]

LiBH4/LiNH2/g-C3N4 1.5 30 [266]

Li4(BH4)3I@SBA-15 0.25 35 [206]

LiBH4/BN 0.11 40 [267]

LiBH4/1/2NH3 0.7 40 [180a]

LiBH4@Al2O3 0.2 RT [268]

LiBH4/LiNO3 0.19 70 [269]

Heated-400LiBH4 1.38 25 [270]

Li(NH3)xBH4@SiO2 39.5 60 [217]

3LiBH4·LiI ∼10−4 RT [177]

LiBH4@SiO2 (MCM-41) 0.1 RT [187]

LiBH4/MgO/MgI2 0.145 50 [174a]

LiBH4/LiNH2─Al@SBA-15 0.5 30 [271]

LiBH4/ZrO2 0.016 25 [272]

LiBH4·AB 0.4 25 [174a]

LLZTO/4LiBH4 0.08 30 [200]

Heated-LiBH4/5PMMA 0.4 RT [270]

LiBH4/oxide (SiO2, CaO, MgO,
𝛾-Al2O3, TiO2 and ZrO2)

0.26 40 [198]

(3LiBH4─LiI)─20P2S5 0.38 30 [200]

AOLiBHI-5PMMA 0.1 RT [273]

Li(NH3)nBH4 2.21 40 [181a]

Li2B12H12─5Li2
B10H10─6LiBH4

0.1 RT [174a]

Heated LiBH4 0.27 35 [274]

PEO/Li4(BH4)3I 0.41 70 [200]

Li(BH4)1/3(NH2)2/3 6.4 40 [200,275]

LiCe(BH4)3Cl 0.1 20 [184]

4LiBH4·NaCl 0.006 60 [185]

2LiBH4·NaI 0.015 60 [185]

Li2NH 0.3 25 [175a]

LiNH2 4 × 10−4 RT [232]

LiAlH4 0.005 120 [276]

Li3AlH6 0.02 120 [276]

Mg(BH4)(NH2) 0.001 150 [182]

Mg(en)(BH4)2 0.06 70 [277]

Mg(BH4)2(NH3BH3)2 0.013 30 [278]

Mg(BH4)2NH3 0.33 80 [180a]

Mg(BH4)2·2NH3 0.5 75 [183b]

Mg(BH4)2·1.47NH3@SBA-15 0.27 80 [279]

𝛽-Mg(BH4)2·CH3NH2 0.15 25 [280]

Mg(BH4)2·1.6NH3/Al2O3 0.025 22 [281]

Mg(BH4)2·1.6(NH3)─MgO 0.01 RT [180a]

Mg(BH4)2·1.5(NH3)─
Y2O3─ZrO2

0.296 25 [176b]

electrolyte possesses a greater number ofMg vacancies and lower
migration energy barriers, achieving an ionic conductivity of 5 ×
10−4 S cm−1 at 75 °C.
Similar to the anions incorporation, the introduction of

metal cations could also increase the Li+ transport pathways in
LiBH4, thereby effectively enhancing its conductivity. In 2012,
Ley et al. introduced Ce3+ cations into LiBH4 and synthesized
LiCe(BH4)3Cl by mechanical ball milling of CeCl3 and LiBH4
with various molar ratios.[184] This compound crystallizes in the
cubic structure composed of isolated tetranuclear anionic clus-
ters [Ce4Cl4(BH4)12]

4−. The core of the cluster is a distorted
cubane Ce4Cl4 structure, with Li+ ions disordered throughout
the lattice, acting as charge balancers. According to the struc-
tural model of LiCe(BH4)3Cl, only 2/3 of the Li

+ positions (12d
Wyckoff site) are occupied in a disordered manner (Figure 18f).
The disordered distribution of Li+ ions and the presence of va-
cancies increase the pathways for Li+ migration, thereby enhanc-
ing the ionic conductivity. As a result, LiCe(BH4)3Cl achieves
an ionic conductivity of 10−4 S cm−1 at 20 °C. In 2018, Xiang
et al. mixed LiBH4 with NaCl or NaI using ball milling to pre-
pare LiBH4─NaX (X = Cl, I) composites, introducing both Na+

cations and X− anions.[185] During ball milling process, LiBH4
would react with NaCl or NaI to form LiBH4─NaBH4─LiX com-
pounds. These various solid solutions and eutectic structures fa-
cilitate lithium ion migration. Additionally, differential scanning
calorimetry (DSC) results showed that the phase transition tem-
perature of the LiBH4─NaX composites decreased by ∼10 °C
compared to pure LiBH4 (Figure 18g), indicating that the incor-
poration of NaX helps stabilize the high-conductivity phase of
LiBH4 at elevated temperatures. Ultimately, the optimal compo-
sitions, 4LiBH4·NaCl and 2LiBH4·NaI, achieved ionic conductiv-
ities of 0.006 and 0.015 mS cm−1 at 60 °C (Figure 18h), respec-
tively. These values are nearly 100 times higher than those of pris-
tine LiBH4 at temperatures below 100 °C.
In short, the implementation of both anion and cation doping

strategies significantly enhances the ionic conductivity of mate-
rials. Anion doping, by substituting larger anions, induces lat-
tice expansion and structural relaxation, which in turn reduces
the energy barrier for ion migration. This approach not only
improves ion diffusion pathways but also adjusts the electronic
structure of the material through changes in anion polarizability,
thereby further optimizing ion transport channels. Cation dop-
ing, on the other hand, introduces new cations that create lat-
tice defects such as vacancies and dislocations, providing addi-
tional migration pathways for ions. Moreover, the exchange be-
tween doped cations and the host ions promotes charge redis-
tribution, which further facilitates ion migration. These doping
mechanisms not only effectively increase the ionic conductivity
but also significantly broaden the material’s operational range
across various temperatures, making them suitable for a wider
range of applications.

3.1.2. Nanoconfinement

Inspired by the nanoconfinement effect in improving hydro-
gen storage performance of LiBH4, in which high-temperature
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Figure 18. a) Temperature-dependent conductivities of LiBH4─LiX (X = Cl, Br, and I). b) XRD pattern of LiBH4─LiI at 25 °C and calculated XRD pat-
terns for low- and high-temperature forms of LiBH4. c) Temperature dependence of 7Li NMR for LiBH4, 7LiBH4·LiI, and 3LiBH4·LiI, respectively, and
temperature variation of 7Li NMR spectra for LiBH4 and 3LiBH4·LiI. Reproduced with permission.[177] Copyright 2009, American Chemical Society.
d) The crystal structure of the cubic 𝛼 phase for x = 3/4 and its symmetry-related dual structure. Reproduced with permission.[178] Copyright 2017,
Wiley-VCH. e) Schematic illustration of the design principle of am-Mg(BH4)2·2NH3. Reproduced with permission.[183b] Copyright 2023, Wiley-VCH.
f) [Ce4Cl4(BH4)12]

4− tetranuclear anionic cluster with a distorted cubane Ce4Cl4 core and tetrahedral coordination of Li to four BH4 groups. Repro-
duced with permission.[184] Copyright 2012, American Chemical Society. g) DSC curves of LiBH4─NaX composites after ball milling. h) Temperature
dependencies of ionic conductivity for LiBH4 and xLiBH4─NaI composites. Reproduced with permission.[185] Copyright 2018, Elsevier.

phases of LiBH4 could be stabilized at room temperature,
nanoconfinement is widely regarded as an effective strategy for
enhancing the ionic conductivity of LiBH4. In 2011, Ngene et
al. pioneered the nanoconfinement of LiBH4 using nickel-doped
nanoporous carbon as a substrate, revealing that the high sur-
face area of the porous carbon significantly increases the re-
action sites, thereby improving the overall hydrogen storage
performance.[186] However, compared to carbon with high con-
ductivity and uneven pore sizes, SiO2 exhibits lower electronic
conductivity, highly uniform and tunable pore sizes, and a sta-
ble structure that performs better under high-pressure loads. In
2015, Blanchard et al. successfully infiltrated molten LiBH4 into
mesoporous SiO2 (MCM-41) under high-pressure conditions for
the first time.[187] By optimizing the pore size and loading rate,
they achieved an ionic conductivity of 0.1 mS cm−1 at 40 °C for
the optimal sample (Figure 19a), confirming significant func-
tional changes due to interfacial effects and size reduction in

solid materials. NMR analysis demonstrated that LiBH4 within
the silica nanopores exhibited two distinct lithium ion (Li+) mi-
gration mechanism, suggesting the presence of two different
LiBH4 components after nanoconfinement (Figure 19b). The
confined LiBH4@SiO2 electrolyte displayed slowly migrating
BH4

− anions in the bulk region, while a layer of rapidly migrat-
ing anions was observed near the scaffold walls and grain bound-
aries. This discovery indicates that nanoconfinement could pro-
vide rapid ionic migration pathways at the grain boundaries, sig-
nificantly enhancing the ionic conductivity of LiBH4. However,
how these fractions with different Li+ mobilities influence the
overall ionic conductivity of the nanocomposite is not yet under-
stood. Building upon this foundation, Lambregts et al. conducted
further investigations, studying the temperature behavior of
LiBH4 in these two fractions, with a primary focus on the local en-
vironment and dynamics within these LiBH4 fractions.

[188] They
used NMR techniques to confirm that under nanoconfinement
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Figure 19. a) Schematic representation of the porosity in MCM-41 ordered mesoporous silica scaffolds, bright-field transmission electron micrograph
of a SiO2 scaffold particle, and Arrhenius plots of the ionic conductivities of SiO2─LiBH4 nanocomposites and bulk LiBH4. b) Static-solid state 7Li
NMR measurements. Reproduced with permission.[187] Copyright 2014, Wiley-VCH. c) 7Li NMR spectra of bulk LiBH4 and LiBH4 confined in 5–8 nm
silica pores, measured at temperatures below (left) and above (right) their respective structural phase transition temperatures. Model of nanoconfined
LiBH4 showing the cross section of a single silica pore. Reproduced with permission.[188] Copyright 2019, American Chemical Society. d) A schematic
diagram of the preparing process of Li4(BH4)3I in SBA-15. Reproduced with permission.[206] Copyright 2019, Wiley-VCH. e) Schematic illustration of
the electrolyte synthesis and an integrated all-solid–state battery of Li/Li(NH3)0.2BH4@SiO2/SPAN. Reproduced with permission.[190] Copyright 2022,
American Chemical Society.

conditions, Li+ and BH4
− in LiBH4 could be distinguished into

two components at all temperatures. One component of LiBH4
exhibited a faster ionic migration rate, allowing both Li+ and
BH4

− to diffuse rapidly within the material, while the other com-
ponent, apart from differing in phase transition temperature,
exhibited characteristics similar to bulk LiBH4. DSC and NMR
analyses demonstrated that the LiBH4 with high migration rates
predominantly resides on the pore walls of SBA-15, and that
the LiBH4 closer to the core region of the pores exhibits prop-
erties increasingly similar to the bulk material. Furthermore, a
space charge model used to elucidate this phenomenon indi-
cates ions may be attracted to or repelled by charges on the sur-
face of the insulator, such as SiO2, resulting in the formation
of defects within the ionic lattice, with the density of these de-
fects decreasing exponentially with distance from the insulator
(Figure 19c). The formation of these defects enhances the ionic
migration rate. However, the dynamic phase in this system is so
active that it is not considered to have a clear lattice structure.
Additionally, the complex undulating porosity of SiO2 may inter-
fere with the crystallization of LiBH4 on its surface, thus affect-
ing its conductivity, which is a phenomenon that requires fur-
ther investigation. This method has strong general applicability,
enhancing not only bulk LiBH4 but also the electrochemical per-
formance of modified LiBH4-based electrolyte derivatives. For in-
stance, Lu et al. combined I ions doping with nanoconfinement
strategy, successfully infiltratingmolten Li4(BH4)3I into the SBA-
15 framework to synthesize Li4(BH4)3I @SBA-15 (Figure 19d),

which exhibits an ionic conductivity of 2.5 × 10−4 S cm−1 at
35 °C.[189] The presence of a stable interfacial phase also allows
Li4(BH4)3I@SBA-15 to display a relatively wide electrochemical
stability window (0–5 V vs Li/Li+) and excellent lithium dendrite
suppression capability, along with superior electrochemical per-
formance in full battery applications. In addition, Liu et al. pre-
pared the Li(NH3)xBH4@SiO2 composite by introducing ammo-
nia into LiBH4@SiO2 at room temperature, resulting in the for-
mation of fast Li+ migration pathways (Figure 19e).[190] Both ex-
perimental results and DFT calculations reveal that the compos-
ite exhibits a low diffusion barrier and fast migration pathways,
leading to superior conductivity.

3.1.3. Composition Alteration

The structure of Li/Mg-based hydrides is a critical factor deter-
mining their ionic conductivity. Converting LiBH4 into a struc-
ture that facilitates Li+ migration through chemical reactions is
an effectivemeans of enhancing its conductivity. Previous studies
have shown that alkali metal borane salts contain highly mobile
alkali metal cations (i.e., Li+, Na+) and complex anionic species
(i.e., BH4

−, B10H10
2−, B12H12

2−). Various structural phase transi-
tions occur in these materials, increasing atomic disorder in the
lattice at elevated temperatures and creating vacancies, which in
turn enhance both cation and anion mobility.[191] For instance,
in situ testing of Li2B12H12 revealed a first-order phase transi-
tion at 355 °C, where thermally induced disorder in B, H, and Li
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results in a disordered Li+ sublattice, indicating that this mate-
rial could potentially serve as a superionic conductor.[192] Hence,
Teprovich et al. synthesized Li2B12H12 by reacting LiBH4 with
decaborane at high temperatures.[193] This material exhibits a
Li+ conductivity of up to 0.31 mS cm−1 at room temperature,
with an activation energy for ionic conduction of only 0.34 eV.
This phenomenon could be attributed to the crystal structure
of Li2B12H12, which features a 3D framework where Li+ is sur-
rounded by four [B12H12]

2− tetrahedra. During migration, Li+

shifts from the central position to a tetrahedral site at a distance of
1.82 Å, where it is relatively weakly bound within the [B12H12]

2−

ion cage. This weak binding allows Li+ to move relatively freely
within the lattice, providing easy pathways for ionic conduction
and facilitating rapid migration of Li+ through low-energy bar-
riers within the structure. Inspired by this result, Zheng et al.
successfully synthesized Li─B─H complexes through the partial
dehydrogenation of LiBH4 under a pressure of 0.3 MPa H2.

[174a]

This process resulted in in situ formation of the partially dehydro-
genated products LiBH4, LiH, and [Li2B12H11+1/n]n, In addition
to the formation of the highly conductive [Li2B12H11+1/n]n, the
interfacial layer between [Li2B12H11+1/n]n and LiBH4 also exhib-
ited superionic conductivity, providing interconnected pathways
for rapid Li+ conduction and significantly enhancing conductivity
(Figure 20a). Furthermore, due to improved contact, the in situ
formed [Li2B12H11+1/n]n/LiBH4 interfacial layer after LiBH4 dehy-
drogenation demonstrated superior ionic conductivity compared
to that achieved by ball milling. Ultimately, its ionic conductivity
reached as high as 2.7 × 10−4 S cm−1 at 35 °C.
Although Li2B12H12 exhibits a higher intrinsic ionic conduc-

tivity than LiBH4, its phase transition temperature reaches as
high as 350 °C, indicating that further improvements are nec-
essary for practical applications. In 2015, Tang et al. first pro-
posed substituting a [B─H] vertex with an isoelectronic [C─H]
group, successfully synthesizing Li(CB11H12), which has a cage-
like structure similar to Li2B12H12 (Figure 20b).[194] In com-
parison to Li2B12H12, the 1:1 ratio of cations to anions in
Li(CB11H12) means that the number of cations in Li(CB11H12)
and NaCB11H12 is halved, providing more available cation va-
cancies within each unit cell and reducing the obstruction to
cation migration. Additionally, the (CB11H12)

− anion exhibits
stronger directional mobility. When cations attempt to pass
through (CB11H12)

−, the anion can further assist in ion trans-
port, enhancing the overall ionic conductivity of the material.[195]

Finally, Li(CB11H12) has a larger lattice constant, providing more
space for cation transport. In summary, Li(CB11H12) exhibits a
faster ion migration rate, with its ionic conductivity reaching
0.15 S cm−1 after the complete phase transition at 130 °C. In
2016, this group synthesized Li(CB9H10), which, compared to
Li(CB11H12), exhibits a lower phase transition temperature and
ionic conductivity (0.03 S cm−1 at 80 °C), as well as a lower
activation energy barrier (0.29 eV).[196] This is due to the re-
duced anionic charge in Li(CB9H10) compared to Li(CB11H12),
resulting in weaker cation–anion Coulomb interactions and
a lower cation diffusion barrier, ultimately leading to higher
ionic conductivity. In 2019, Kim et al. conducted further stud-
ies by grinding and mixing Li(CB9H10) and Li(CB11H12).

[197]

Using (CB11H12)
− to partially substitute (CB9H10)

−, they sta-
bilized the disordered high-temperature phase of Li(CB9H10)
and successfully synthesized the composite superionic conductor

0.7Li(CB9H10)─0.3Li(CB11H12), which exhibited a ionic conduc-
tivity of up to 6.7 mS cm−1 at 25 °C (Figure 20c). The disordered
high-temperature phase of Li(CB9H10) has a low phase transition
temperature at 90 °C and high ionic conductivity of 10−1 S cm−1,
making it the primary phase for synthesizing the composite Li+

conductor solid electrolyte. Due to the similar geometry, size, and
valence of (CB11H12)

− and (CB9H10)
−, mechanical ball milling al-

lowed partial substitution of (CB9H10)
− by (CB11H12)

− to stabilize
the high-temperature phase. A molar fraction of 0.3(CB11H12)

−

was selected to ensure sufficient stabilization without forming
impurity phases. The all-solid–state lithium–sulfur battery using
0.7Li(CB9H10)─0.3Li(CB11H12) as a solid electrolyte exhibited a
high energy density of 2500 Wh kg−1 at a high current density of
5016 mA g−1.
Additionally, previous studies have shown that different two-

phase composites exhibit heterogeneous dynamics, reflecting the
presence of both slow and fast-diffusing lithium ions, which
aligns with the redistribution of carriers in space-charge re-
gions near the two-phase interface. The presence of an insula-
tor can form a defective and highly conductive interfacial layer
between the conductive and insulating phases. As mentioned
above, creating interfaces by mixing with oxides is an effec-
tive strategy to enhance the ion conductivity of hydride elec-
trolyte at room temperature. Therefore, Gelino et al. employed
ball milling to combine LiBH4 with various oxides such as
SiO2, CaO, MgO, 𝛾-Al2O3, TiO2, and ZrO2, and proposed gen-
eral guidelines for improving the conductivity of LiBH4 using
oxides (Figure 20d).[198] Their study revealed that a defective,
highly conductive interfacial layer formed between the oxide and
LiBH4, and the extent of enhancement is influenced by the ox-
ide particle size and porosity. Among the samples, those con-
taining 25 v/v% ZrO2 and MgO exhibited the highest conduc-
tivities, achieving 0.26 and 0.18 mS cm−1 at 40 °C, respectively.
Furthermore, ball milling with oxides could also be applied to en-
hance the ionic conductivity of Mg(BH4)2. Jensen’s group com-
binedMg(BH4)2·xNH3 with nanosizedMgO and Al2O3 particles,
using the nanoparticles to increase the amorphization degree of
Mg(BH4)2, which results in a highly dynamic state for Mg2+. As a
result, Mg(BH4)2·1.6NH3@MgO andMg(BH4)2·1.6NH3@Al2O3
achieved Mg-ion conductivities of 10−5 and 2.5 × 10−5 S cm−1

at room temperature, respectively.[199] Based on these finding,
building composites of Li/Mg-based hydrides with non-hydride
materials is a widely usedmethod to enhance the ionic conductiv-
ity of LiBH4 (Figure 20e).Wei et al. mixed the PMMAwith LiBH4,
leveraging the interaction between the─OCH3 groups in PMMA
and the BH4

− anions in LiBH4.
[7a] Through an in situ melting

reaction, new B─O coordination bonds ((OCH3)xBH4−x) were
formed on the surface of the electrolyte particles (Figure 20f).
The final product, HT150-5PMMA-LiBH4, achieved a conductiv-
ity of 0.4 mS cm−1 at room temperature. Theoretical calculations
showed that after reacting with PMMA, BH4

− is less likely to ex-
perience electron leakage, with high concentrations of covalent
bonding electrons localized on the anions. This strong localiza-
tion thermodynamically halts electron exchange during anion ox-
idation and kinetically prevents electron percolation on the sur-
face of the electrolyte particles. As a result, the material exhibits
very low electronic conductivity, effectively suppressing the for-
mation and growth of lithium dendrites, with a critical current
density of 21.65mA cm−2 at 25 °C.Moreover, compositing LiBH4
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Figure 20. a) 7Li SSNMR spectra of HP-LiBH2.4 at different temperatures with peak fitting results; temperature-dependent FWHM of each fitted peak
and schematic diagram of Li-ion conduction in HP-LiBH2.4. Reproduced with permission.[189] Copyright 2019, American Chemical Society. b) Relative
geometries of the [B12H12]

2− and [CB11H12]
− anions with boron, carbon, and hydrogen atoms. Reproduced with permission.[194] Copyright 2015, Royal

Society of Chemistry. c) Arrhenius plots of the conductivities of 0.7Li(CB9H10)─0.3Li(CB11H12) and those of other complex hydride lithium ion conduc-
tors. Reproduced with permission.[197] Copyright 2019, Springer Nature. d) Li-ion conductivity of ball-milled mixtures of LiBH4 with 25v/v% of different
oxides. Reproduced with permission.[198] Copyright 2020, American Chemical Society. e) Temperature-dependent Mg2+-ionic conductivities of samples
and Quasi-elastic neutron scattering (QENS) measurement of Mg(BH4)2·1.6NH3–Al2O3. Reproduced with permission.[199] Copyright 2022, American
Chemical Society. f) B 1s and O 1s XPS spectra for 5PMMA and HT150-5PMMA. Reproduced with permission.[7a] Copyright 2023, Royal Society of
Chemistry. g) Schematic of the preparation of LiBH4-modified LLZTO and schematic illustration of contact and the Li+ diffusion path between particles
in the pellets. Reproduced with permission.[200] Copyright 2021, Wiley-VCH.

with other types of solid-state electrolytes are also explored for en-
hancing its ionic conductivity. Gao et al. used a ball-milling tech-
nique to synthesize a composite of LiBH4 with garnet-type ox-
ide electrolyte Li6.4La3Zr1.4Ta0.6O12 (LLZTO), obtaining a bilayer-
coated LLZTO electrolyte material with a LiBO2 inner shell and
a LiBH4 outer shell (Figure 20g).

[200] The amorphous coating of
LiBH4 significantly enhanced particle-to-particle contact, func-
tioning as a filler, binder, and bridge and hence the open poros-
ity of LiBH4-modified LLZTO was less than half of that of pris-
tine LLZTO, delivering an ionic conductivity of 0.08 mS·cm−1 at
30 °C. To further fill the gaps between LLZTO particles and effec-
tively improve the density of composites, Lv et al. applied a liquid-

phase method, using a THF solution of Li4(BH4)3I to uniformly
coat LLZTO with a composite hydride layer.[201]The conductivity
at 30 °C reached 0.06mS cm−1. Simultaneously, the hydride coat-
ing significantly reduced the electronic conductivity of the com-
posite electrolyte and formed a compatible interface with lithium
metal, enhancing the electrochemical stability of the battery.

3.1.4. Summary and Outlook

Li/Mg-based borohydrides demonstrate significant potential in
the field of SEs. The ionic conductivity and electrochemical
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stability of LiBH4 and Mg(BH4)2 have been notably en-
hanced through various modification strategies, including
cation/anion substitution, composition alteration, and nanocon-
finement techniques. These methods induce lattice expan-
sion and structural relaxation, thereby lowering the energy
barrier for ion migration and further optimizing ion trans-
port pathways, which effectively improves the migration per-
formance of Li and Mg ions. Additionally, composite strate-
gies that incorporate hydride electrolytes with other com-
pounds facilitate the creation of more flexible ion migration
paths. Collectively, these approaches not only enhance ionic
conductivity but also lay a solid foundation for the develop-
ment of high-performance solid-state battery materials, thereby
showcasing excellent performance across a wider range of
applications.
Looking ahead, the development of BH4-based SEs is likely

to focus on optimizing structural characteristics at both macro
and nanoscale levels. This includes fine-tuning pore sizes in
nanoconfined systems and designing new lattice frameworks to
enable faster ion migration. Additionally, advancing composite
strategies by further integrating hydride electrolytes with other
SEs may improve interfacial stability and enhance compatibility
with lithiummetal anodes. Furthermore, exploring novel doping
techniques, including the introduction of gasmolecules, can pro-
mote defect formation and modify charge distribution, thereby
enhancing ionic conductivity. These research advancements are
expected to propel the application of LiBH4 and Mg(BH4)2 based
materials in high-performance SSBs, improving their safety, en-
ergy density, and cycle life, thus laying the foundation for the next
generation of solid-state energy storage technologies.

3.2. Anode Materials of LIBs

In 2008, Oumellal first introducedMgH2 as a metal hydride elec-
trode in LIBs.[202] The research showed that, relative to Li+/Li0,
MgH2 electrodes demonstrated a high reversible capacity of 1480
mAh g−1 at an average voltage of ∼0.5 V, making it suitable for
use as an anode material. Additionally, it exhibited minimal po-
larization of only 250 mV as a conversion electrode. The electro-
chemical reaction resulted in the formation of a Mg-containing
composite material in the LiH matrix, which was reconverted to
MgH2 during charging. This reaction is not exclusive to MgH2,
as other metals or intermetallic hydrides (e.g., NaAlH4, LiAlH4,
Mg2NiH4 etc.) also exhibit similar reactivity with Li. Notably, the
reaction produced nanoscale Mg andMgH2, which displayed en-
hanced hydrogen absorption/desorption kinetics. However, due
to the conversion reaction (MgH2 [61.59 Å3] → Mg [46.46 Å3]
+2LiH [2 × 33.3 Å3]) shown in Figure 21a, MgH2 undergoes a
significant volume expansion of ∼85% during lithium storage,
leading to severe electron loss within the electrode. Furthermore,
degradation of the electrode and particle agglomeration during
the conversion process caused rapid capacity fading, leaving only
520 mAh g−1 of reversible capacity after 50 cycles. Neverthe-
less, the study demonstrated the potential of MgH2 as an an-
ode material for LIBs. In addition to MgH2, LiAlH4, as a class
of light-weight complex hydrides, also exhibit significant poten-
tial as conversion-type electrodes for lithium storage. For exam-
ple, both LiAlH4 and Li3AlH6 can exchange up to three electrons

when fully reduced to LiH and Al, with theoretical capacities of
2119 and 1493 mAh g−1, respectively, owing to their extremely
low molecular weights. In 2015, Silvestri et al. systematically ex-
plored the potential of lithium alanates (LiAlH4 and Li3AlH6) as
negative electrodes in LIBs.[203] By using mechanical ball milling
to process LiAlH4 and Li3AlH6, they investigated the effects of
differentmilling times on their electrochemical performance. Af-
ter nanostructuring by ball milling, LiAlH4 and Li3AlH6 deliv-
ered discharge specific capacities of 1180 and 900 mAh g−1, re-
spectively. The experimental work was further supported by the-
oretical calculations to study the structural changes during the
electrochemical reactions.
Additionally, Teprovich and Zhang also investigated the

conversion mechanisms of these hydrides with lithium
(Figure 21c).[193] They summarized the lithium storage re-
action of LiAlH4 into three stages:

LiAlH4 + 3e− + 3Li+ ⇌ 4LiH + Al (9)

3LiAlH4 + 6e− = Li3AlH6 + Al + 6LiH (10)

Li3AlH6 + 3e− + 3Li+ ⇌ 6LiH + Al (11)

It is important to note that the conversion of LiAlH4 to Li3AlH6
is irreversible due to the thermodynamic instability of LiAlH4.
Li3AlH6, however, serves as an intermediate product in the lithia-
tion process of LiAlH4 and can reversibly store three lithium ions
via a conversion reaction. Despite their high initial capacity, these
materials suffer from reaction irreversibility, interface reactions,
and volume expansion. For example, LiAlH4 reacts strongly with
carbonate-based electrolytes, forming a complex surface passi-
vation layer that negatively impacts the electrochemical perfor-
mance of the electrodes. As cycling progresses, the capacity of
these materials decreases significantly. Therefore, various strate-
gies have been developed to improve the electrochemical per-
formance of Li/Mg-based hydrides. In this section, we describe
the two main approaches, including catalysis and nanostructur-
ing. This section focuses on two typical improvement strategies
for MgH2 and LiAlH4 electrodes, including catalysis and nanos-
tructuring. Tables 4 and 5 summarize the electrochemical perfor-
mance of the respective electrode in liquid batteries and all-solid–
state batteries.

3.2.1. Catalysis

Incorporating catalysts into MgH2 and LiAlH4 through mechan-
ical mixing is a commonly used modification method to enhance
their electrochemical performance of the material. Among them,
TiH2, with its high conductivity and rapid hydrogen transport
properties, serves as an ideal catalyst choice.
In 2015, Huang et al. introduced TiH2 into MgH2 electrodes

through mechanical ball milling.[204] TiH2 exhibits high elec-
tronic conductivity and rapid hydrogen diffusion, which signif-
icantly improved the electrochemical performance of the elec-
trode. Compared to electrodes based onMgH2 or TiH2 alone, this
compositematerial demonstrated superior performance in terms
of reversible capacity and polarization stability. At a current den-
sity of 0.1C, the composite electrode achieved a reversible capac-
ity of 1450 mAh g−1, and it retained higher capacity and lower
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Figure 21. a) Voltage profile and XRD patterns of MgH2 electrode at various stages of the conversion reaction. Reproduced with permission.[202] Copy-
right 2018, Elsevier. b) 7MgH2─0.3TiH2/Li cell GITT curves recorded during discharge and charge and corresponding in situ XRD patterns. Reproduced
with permission.[204] Copyright 2015, Royal Society of Chemistry. c) Galvanostatic cycling performance of xMgH2 +(1−x)TiH2 composites at various
kinetic regimes between 1C and C/50. Reproduced with permission.[209] Copyright 2018, Elsevier. d) O 1s and Mg 2s photoelectron spectra regions of
i) the starting CoO/MgH2 powders, ii) the 75MgH2─25CoO–based cell discharged at 0.3 V, and iii) charged at 1 V. Reproduced with permission.[211]

Copyright 2018, Royal Society of Chemistry.

polarization at increasing current densities. This performance
enhancement is attributed to the formation of a uniformly cou-
pled nanostructure of Mg and Ti-containing hydrides during ball
milling. Furthermore, the presence of TiH2 provides rapid con-
duction pathways for Li+ andH, effectivelymitigatingMgparticle
coarsening during cycling and reducing volume changes in the
MgH2 electrode.

[205]

Further analysis revealed that TiH2 not only improves the ki-
netic performance of MgH2, but also facilitates the reversible
lithium storage process of TiH2. Through in situ XRD analy-
sis, researchers explored the lithium storage process in the com-
posite electrode and identified three main stages: i) lithium stor-
age transformation of MgH2, ii) conversion of TiH2 to a TiH2−x
solid solution, and iii) further transformation of TiH2−x into

Ti. This reversible behavior of TiH2 provides additional lithium
storage capacity for the composite electrode. The nanoscale
synergistic effect between these two hydrides significantly en-
hances the overall electrochemical performance of the electrode
(Figure 21b).

MgH2 + 2Li+ + 2e− ⇌ LiH +Mg (12)

TiH2 + xLi + xe− ⇌ TiH2−x + xLiH (x ≤ 0.5) (13)

TiH2−x + (2 − x) Li+ + (2 − x) e− ⇌ Ti + (2 − x) LiH (x > 0.5) (14)

Nevertheless, the liquid organic electrolyte used in this study
poses inherent flammability risks, potentially leading to safety
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Table 4. Performance comparison of hydride-based electrodes in liquid
battery.

Material Current density
[mA g−1]

Cycle Capacity
[mAh g−1]

Refs.

Nano MgH2-GR 100 100 946 [209]

Nanosized MgH2 particles
(BM50MgH2@HSAG-500)

2000 20 500 [213]

MH@HyC 2000 1000 554 [174a]

MgH2─TiO2─EG 20h 100 100 305.5 [275]

MgH2─Ti3C2 MXene 2000 1000 1092.9 [282]

MgH2 / 1 1480 [202]

G/MgH2@PTh. 2000 500 866 [209]

Si─MgH2 500 200 3228 [267]

MHG@MBH 200 380 1651 [283]

Thin film MgH2 40 5 200 [181a]

LiAlH4 / 1 2119 [203]

Li3AlH6 / 1 1493 [203]

hazards from short circuits during operation.[206] Additionally,
during the lithiation/delithiation process, side reactions may oc-
cur at the electrolyte–electrode interface in liquid systems, re-
sulting in rapid capacity decay.[207] Therefore, future research
focuses on developing SEs with enhanced safety and electro-
chemical stability to replace conventional liquid electrolytes.[208]

Dao et al. investigated the application of MgH2─TiH2 compos-
ites in all-solid–state lithium-ion batteries (ASSLIBs), selecting
LiBH4 as the solid electrolyte due to its excellent mechanical
properties, strain-induced diffusion activation energy, and ability
to form stable composites with MgH2 anodes.

[209] The research
team conducted electrochemical testing on xMgH2 +(1−x)TiH2
electrodes with various ratios and performed detailed analysis
using cyclic voltammetry (CV), identifying distinct electrochem-
ical behaviors across different lithiation and delithiation stages
and associating each stage with corresponding reactions of TiH2
and MgH2. Through electrochemical impedance spectroscopy,
the researchers assessed the evolution of cell resistance across
various electrochemical steps, further elucidating the causes of

Table 5. Performance comparison of hydride-based electrodes solid-state
battery.

Material Current density [mA
g−1]

Cycle Capacity
[mAh g−1]

Refs.

MgH2@Nb2O5 200 50 140 [284]

0.7MgH2 + 0.3TiH2 40 10 1050 [209]

MgH2─Nd2O5 800 50 924 [285]

MgH2 (25 MPa stacking pressure) 836 200 1300 [266]

Nd4Mg80Ni8Hx 2038 100 997 [217]

MgH2/Gr 400 200 597 [218]

75MgH2─25CoO 100 5 ∼800 [211]

MHG@MBH 2000 350 800 [218]

MgH2─TiH2-AB or
MgH2─TiH2-VGCF

/ 1 1100 [286]

LiAlH4─Al 1000 100 1429 [180a]

electrode degradation induced by the contact loss within the elec-
trode intensified with continuous cycling, resulting in increased
resistance. Compared with liquid electrolyte cells, the same elec-
trode materials in solid-state cells exhibited higher reversibility
and lower polarization, attributed primarily to the fact that the
electrochemical performance of electrode materials depends not
only on nanostructures but also on charge and mass transport.
Furthermore, high-temperature of 120 °Cused in SSBs promotes
faster electron and ion transport, facilitating electrochemical re-
actions. Unlike lithium storage mechanisms in liquid-state cells,
the formation of a solid electrolyte interphase during the first dis-
charge process in solid-state cells reduces interfacial resistance
between the electrode and electrolyte, thereby improving cycling
stability. During charging, all samples exhibited a minor plateau
at 0.7 V, suggesting a possible reversible reaction between MgH2
and LiBH4, which further contributes to reversible capacity. Ad-
ditionally, at a 1C rate, the capacity of all composites remained at
∼45% (Figure 21c), indicating that xMgH2 +(1−x)TiH2 compos-
ites with SEs demonstrate greater reversibility and that the solid
electrolyte configuration significantly mitigates degradation ob-
served during initial galvanostatic cycles. This is especially critical
for TiH2-rich electrodes, as the excellent mechanical properties
of LiBH4 can accommodate volume changes, while the high op-
erating temperature of solid-state cells enhances mass transport.
In summary, SSBs offer significant advantages in terms of safety,
energy density, and cycle stability, exhibiting low polarization and
superior interfacial stability, making them a highly promising so-
lution in future battery technology.
In addition to hydrides, the incorporation of oxides has been

shown to effectively enhance the kinetic performance of MgH2.
Similarly, using LiBH4 as a solid electrolyte, Ichikawa and Ko-
jima’s group introduced 1 mol% Nd2O5 into MgH2, facilitat-
ing rapid hydrogen diffusion, which improved reaction kinetics,
reversibility, and initial coulombic efficiency, while also reduc-
ing reaction polarization.[210] Furthermore, Kharbachi et al. in-
corporated 25 mol% conversion-type anode material CoO with
MgH2.

[211] Electrochemical testing revealed that, in contrast to
the single electrochemical plateau around 0.5 V for MgH2 alone,
the MgH2─CoO composite electrode exhibited electrochemical
plateaus at both 0.89 and 0.5 V, representing the reversible
lithium storage reactions of CoO and MgH2, respectively. As the
cycle continues, the charge and discharge platform of CoO gradu-
ally weakens, which may be related to the nanocrystalline nature
of the CoO, as the CoO can be reversibly cycled at a constant cur-
rent density to form nanoscale particles in the 1–2 nm range.[212]

Such nanoscale interactions make Li+ and electrons readily avail-
able in close proximity at the MgH2/Mg surface via highly dis-
persed CoO/Co nanoparticles, thereby overcoming the issues of
electronic conductivity and particle aggregation (Figure 21d). Ad-
ditionally, the presence of CoO shortens diffusion pathways and
reduces electrode polarization, which are believed to be key fac-
tors contributing to the enhanced electrochemical performance.

3.2.2. Nanostructuring

Nanosizing is a common method used to enhance the energy
storage performance of materials. Nanostructured materials pos-
sess a larger specific surface area, which provides a greater
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chemical reaction area that facilitates more complete reactions
and accelerates Faradaic processes. The smaller distance between
particles allows for faster Li+ diffusion and charge transport,
thereby improving the overall electrochemical performance of
the material.
Oumellal et al. adopted a bottom-up preparation method,

wherein a MgBu2 solution was used to impregnate a porous car-
bon host, followed by heating under a hydrogen atmosphere.[213]

InMgH2 samples with varying loadings, themajority of nanopar-
ticles have diameters below 10 nm, with an average particle size
ranging from 4 to 5.5 nm (Figure 22a). The particle size of MgH2
nanoparticle could be facile adjusted by controlling the load-
ing of Mg, reaching up to a maximum metal concentration of
50 wt%, at which MgH2 nanoparticles fully occupy the avail-
able carbon scaffold pores. On one hand, the nanoscale size of
MgH2 particles and the high porosity of the carbon scaffold in-
crease the electrode–electrolyte contact area and reduce inter-
nal diffusion paths (such as the MgH2/electrolyte interface dur-
ing discharge and Mg/LiH interface during charge), enabling
fast diffusion of hydrogen and lithium ions.[214] Additionally, the
developed porous structure of the carbon scaffold could allevi-
ate the MgH2 volume expansion and, subsequently, hinder the
loss of electronic percolation due to repeated volume changes
during cycling. Furthermore, the researchers suggest that me-
chanical milling in an Ar atmosphere could enhance the con-
tact between MgH2 and the carbon host, thereby improving elec-
trode cycle life. Consequently, the overall electrochemical perfor-
mance of MgH2 is significantly improved, retaining a capacity of
∼500mAh g−1 after 20 cycles at a current density of 2 A g−1. How-
ever, using thismethod, the initial capacity decline remains rapid,
particularly during the second cycle, where the capacity quickly
decreases to 1000 mAh g−1. This decline could be attributed to
the loss of conductivity and changes in surface morphology dur-
ing cycling, as a small portion of unconfined pores persists within
the composite, with some MgH2 nanoparticles deposited on the
outer surface of the carbon scaffold.[215]

Subsequently, Yu’s group optimized this process by using
hierarchical porous silica spheres as a template to synthesize
hierarchical porous carbon (HyC) in a flower-like morphology
(Figure 22b).[216] They then in situ loaded nano-MgH2 onto this
substrate using MgBu2 as the precursor. Compared to conven-
tional porous carbon, HyC exhibits a higher specific surface area
and a distinct mesoporous structure. This 3D layered porous ar-
chitecture not only provides sufficient electrochemical active sites
but also enhances electronic conductivity and facilitates rapid
electron/lithium ion transfer channels, alleviating aggregation
and volume accommodation effects during cycling. As a result,
the MgH2@HyC composite can deliver a high reversible capac-
ity of 554 mAh g−1 after 1000 cycles at a high current rate of
2 A g−1. Although the method described above could alleviate
the issue of volume expansion of MgH2 during cycling in liquid
electrolytes to some extent, as mentioned in the previous section,
the electrode exhibits inherent limitations when applied in liquid
electrolyte-based batteries. Consequently, researchers have also
applied the nanostructuring strategy to ASSLIBs, using LiBH4 as
the solid electrolyte. However, the nanostructured MgH2 anode
still struggles with volume expansion during cycling, while the
confinement effect of porous carbon on MgH2 particles remains
limited, leading to unresolved capacity decay.

In order to solve this problem, Gao et al. report the fab-
rication of space-confined MgH2 and Mg2NiH4 by the uni-
formly distributed Nd2H5 frameworks with high Li-ion and elec-
tronic conductivity through the facile hydrogenation of single-
phase Nd4Mg80Ni8 alloys.

[217] TEM and XRD results indicated
that, MgH2 and Mg2NiH4 serve as active materials that partic-
ipate in reversible lithium storage reactions, providing capac-
ity during cycling, while Nd2H5 remains stable throughout the
charge/discharge process without reacting. The in situ-formed
nanocrystals of MgH2 and Mg2NiH4 not only provide shorter
diffusion paths for electrons and lithium ions, thereby enhanc-
ing the lithium storage kinetics of the metal hydrides, but also
alleviate the stress induced by volume changes of the metal
hydrides. Moreover, the homogeneous distribution of inactive
Nd2H5 acts as a stable scaffold, effectively mitigating the vol-
ume expansion of MgH2 and Mg2NiH4, preventing phase sep-
aration during cycling, and maintaining electrode structural in-
tegrity (Figure 22c). Notably, theoretical and experimental results
indicate that Nd2H5 is an electronic conductor with a Li+ dif-
fusion barrier much lower than that of MgH2 and Mg2NiH4.
Its uniform distribution effectively promotes electron and Li+

transport within MgH2 and Mg2NiH4. Additionally, both Nd2H5
and Mg2NiH4 can catalytically weaken the Mg─H bonds in
MgH2, thereby kinetically facilitating the reversible lithiation and
delithiation of MgH2. The results show that the hydrogenated
Nd4Mg80Ni8 electrode retains a high reversible capacity of up to
997 mAh g−1 after 100 cycles, even at a high current density of
2038 mAh g−1.
In 2023, Huang et al. employed a gas–solid reaction to in

situ generate a nanostructured MgH2 material uniformly sup-
ported on graphene, encapsulated by a thin shell of Mg(BH4)2
(Figure 22d).[218] This core–shell structure facilitated the uni-
form construction of an ion-conductive pathway connected by
conductive graphene on individual MgH2 nanoparticles, signif-
icantly enhancing the electrochemical activity and ultra-stable
reversibility of MgH2 in ASSLIBs, with ionic conductivity im-
proved by two orders of magnitude compared to electrodes with-
out the Mg(BH4)2 shell. The researchers observed that during
cycling, Mg(BH4)2 decomposes in situ to form a composite of
Li2B6, LiBH4, and the nanostructured MgH2 particles. Theoreti-
cal calculations demonstrate that Li2B6 exhibits a strong capabil-
ity for the absorption of LiBH4, which not only stabilizes the uni-
form coverage of LiBH4 on the surface of MgH2 but also main-
tains a consistent distribution of LiBH4 around MgH2 during re-
peated charge and discharge cycles, facilitating the rapid move-
ment of Li+ to the surface of MgH2. Furthermore, Li2B6, as an in-
active substance with high ionic conductivity, along with the uni-
form distribution of graphene, provides structural support that
mitigates the volume changes of MgH2 nanoparticles, alleviat-
ing phase separation issues during cycling. This stabilization en-
hances the close contact between LiBH4 and individual MgH2
nanoparticles, improving lithium ion diffusion kinetics. As a re-
sult, the electrode retains a capacity of 800 mAh g−1 after 350
cycles at a current density of 2 A g−1. In summary, the in situ
construction of an inactive scaffold on the surface of MgH2 ef-
fectively limits its volume change while enhancing the kinetic
performance of the electrode, representing a viable approach
to improve the overall electrochemical performance of MgH2
electrodes.
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Figure 22. a) TEM images and the corresponding MgH2 nanoparticle size distribution histograms for the xMgH2@HSAG-500 composites. Reproduced
with permission.[213] Copyright 2014, Royal Society of Chemistry. b) Schematic illustration of the fabrication process of the MH@HyC framework.
Reproduced with permission.[216] Copyright 2019, American Chemical Society. c) Schematic illustration of the charge and discharge process of MgH2
and Nd4Mg80Ni8Hx electrodes and cycling performance of the Nd4Mg80Ni8Hx electrode at 0.5C and 1C. Reproduced with permission.[217] Copyright
2022, American Chemical Society. d) Schematic diagram of the distribution and preparation process of MH@MBH nanoparticles on the surface of
graphene. Reproduced with permission.[218] Copyright 2023, Wiley-VCH. e) Schematic illustration of the structural evolution of the SSPP Li─Al─H
anode and LiAlH4 anode during cycling. f) The GCD profiles of the solid-state full cell. Reproduced with permission.[180a] Copyright 2020, Wiley-VCH.
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In addition to MgH2, the nanostructuring strategy also signif-
icantly enhances the performance of LiAlH4 electrodes, partic-
ularly in all-solid–state batteries. Pang et al. improved upon the
issue of the irreversible conversion of LiAlH4 to Li3AlH6, caused
by the thermodynamic instability of LiAlH4, by proposing a solid-
state pre-lithiation strategy to develop a novel coordinated hy-
dride nanocomposite electrode material.[180a] By mixing LiAlH4,
Li, LiBH4, and C, they enabled the in situ electrochemical reac-
tion between LiAlH4 and Li in the solid phase, leveraging the
ionic conductivity of LiBH4 and the electronic conductivity of car-
bon (Figure 22e). Through solid-state short-circuit pre-lithiation,
nano-sized Al particles were generated and uniformly distributed
in the amorphous Li3AlH6 matrix, forming a Li3AlH6─Al com-
posite material. This electrode, when combined with a LiBH4
solid electrolyte, was used to fabricate an all-solid–state battery,
demonstrating excellent high capacity, high-rate capability, and
cycling performance. The results showed that the Li3AlH6─Al
composite material had nano-sized Al particles uniformly dis-
persed within the amorphous Li3AlH6 matrix. In an all-solid–
state half-cell, this material exhibited a reversible capacity of 2266
mAh g−1 in the first cycle, with a coulombic efficiency of 88%.
Moreover, when used as the anode in an all-solid–state battery
with LiCoO2 as the cathode, the material demonstrated stable cy-
cling performance (Figure 22f). This strategy can be applied not
only to Li3AlH6─Al compositematerials but also to other lithium-
deficient electrode materials, effectively improving their overall
performance.

3.2.3. Summary and Outlook

In conclusion, MgH2 and LiAlH4 exhibits significant potential
as an anode material for LIBs, with various promising modifi-
cation strategies identified for future research. The nanosizing
of MgH2 represents a pivotal approach to enhance its electro-
chemical performance by increasing the specific surface area and
improving Li ion diffusion rates. Furthermore, the incorpora-
tion of catalysts, such as TiH2 and Nd2O5, could enhance the
reaction kinetics of MgH2 and improve cycling stability by pro-
moting hydrogen transportation. Therefore, it is expected that
the design of advanced structures, such as core–shell configu-
rations composed of the encapsulation of MgH2 nanoparticles
with functional shell materials with high Li ion and electronic
conductivity could not only alleviate volume changes occurring
during charge–discharge cycles but also enhance the kinetic per-
formance, further promoting electron and ion transport. Unfor-
tunately, owing to the high reactivity of Li/Mg-based hydrides, the
techniques of producing their nanostructured anodes is limited
to nanoconfinement, solvothermal, and ball milling, which lim-
its the specific control over the nanostructures of Li/Mg-based
hydrides.
Specifically, combining hydride anodes with SEs (e.g., LiBH4)

in all-solid–state batteries represents a promising avenue for in-
creasing energy density and enhancing safety of ASSLIBs, par-
ticularly through techniques such as hot pressing to create sta-
ble interfaces. Finally, exploring novel doping techniques, such
as the introduction of transition metals and the development of
newmetal hydrides, could significantly broaden their application
scope. By focusing on these modification strategies, it is antici-

pated that MgH2 and LiAlH4 will play a crucial role in advanc-
ing next-generation battery technologies, thereby improving the
performance and sustainability of high-capacity energy storage
solutions.

4. Market Availability

4.1. Hydrogen Storage

MgH2 is one of themost promisingmetal hydrides for large-scale
hydrogen storage due to its high hydrogen capacity (7.6 wt%)
and material abundance. Compared to other hydrogen storage
approaches, such as liquid hydrogen, high-pressure gas, ammo-
nia, and liquid organic hydrogen carriers, MgH2 offers a unique
combination of low-pressure operation, high safety, and good re-
cyclability. Here, we useMgH2 as a representative case to demon-
strate the development from production and pilot demonstration
to practical application, focusing on its market availability and
cost.
The industrialization of MgH2 began with McPhy Energy,

which previously produced up to ∼27 tons per year of MgH2-
based pellets using self-developed facilities.[219] In 2023, JOMI-
LEMAN SA publicly introduced a solid-state hydrogen storage
system based on MgH2 (Figure 23a). The production process
starts with commercial magnesium particles that undergo initial
hydrogenation at 360 °C and 2–4 MPa H2 to form MgH2 pow-
der. This is followed by high-energy ball milling with catalytic
additives (e.g., Ti, V) for 5–10 h to reduce particle size and in-
troduce lattice defects. Expanded graphite is then added to en-
hance thermal conductivity, and themixture is pressed into dense
discs (∼1 kg each), which are assembled into modular hydrogen
storage units.[220]

In terms of demonstration projects, Ding et al. in collaboration
with Hydrexia have deployed the world’s first ton-scale MgH2-
based solid-state hydrogen storage and transportation trailer.
The 40-foot container holds 14.4 tons of Mg-based material and
achieves a hydrogen storage capacity of 1.03 tons (Figure 23b).
After 1000 hydrogenation/dehydrogenation cycles, the material
retains 92% of its initial capacity, whose cycling stability can
be further improved using nanoconfinement strategies.[221] An
industrial-scale production line has also been established with
a capacity of 100 tons per year, and the current ex-factory price
of MgH2 pellets is ∼16 USD kg−1. With scale-up, the cost is ex-
pected to decrease by 20–50%. To address energy and cost chal-
lenges, three key strategies have been proposed: optimizing tank
structure and heat exchanger topology, recovering heat released
during hydrogenation for reuse in dehydrogenation, and cou-
pling with industrial processes to utilize available waste heat.
Figure 23c illustrates a geometric design scheme for enhancing
thermal conductivity in MgH2-based hydrogen storage tanks.

[222]

In practical applications, the high energy consumption asso-
ciated with dehydrogenation is a major contributor to the over-
all cost of MgH2-based hydrogen storage systems. However, this
cost varies by country due to differences in energy structures
and pricing. As shown in Figure 23d, four heating scenarios for
dehydrogenation were compared. Generally, direct electric heat-
ing is not economical and natural gas heating tends to be more
expensive, especially in countries with higher gas prices or car-
bon taxes. In contrast, factory waste heat, though not entirely
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Figure 23. a) Schematic diagram of the production process for the MgH2-based solid-state hydrogen storage system. b) The first ton-scale Mg-based
solid-state hydrogen storage and transportation trailer. c) Geometric design scheme of a magnesium hydride-based hydrogen storage tank to enhance
thermal conductivity. d) Comparison of energy consumption costs for MgH2 dehydrogenation under different heating strategies. Reproduced with
permission.[222] Copyright 2024, Royal Society of Chemistry. e) Commercial cost comparison of solid-state electrolyte materials. f) Cost of precursor
materials for various electrolytes based on data from Aladdin Reagent.

free, is available at very low cost and offers considerable poten-
tial for reducing energy expenses. Furthermore, as discussed in
Section 2.4, researchers are exploring the use of renewable en-
ergy sources such as solar irradiation to drive MgH2-based hy-
drogen storage systems, though such technologies remain at a
pre-commercial stage.
Additionally, Amica et al. evaluated the economic feasibil-

ity of using Mg(NH2)2─LiH–based hydride systems for mo-
bile hydrogen storage in Argentina, where wind energy en-
ables green hydrogen production at ∼5 USD kg−1. Their anal-
ysis showed that competitive system costs (∼5300–6700 USD
for 4 kg H2) can be achieved only if the hydrides are synthe-
sized from elemental Mg and Li. Nonetheless, the total cost re-
mains more than twice that of high-pressure hydrogen storage
systems.[223]

4.2. Lithium Storage

In the field of energy storage, hydride materials are gain-
ing significant attention due to their high energy density and
lightweight characteristics. Typical examples include MgH2 an-
odes and LiBH4 electrolytes, which not only exhibit high theo-
retical capacity and good ionic conductivity but also offer poten-
tial advantages in terms of resource abundance and recyclability.
However, these potential benefits have not yet been effectively
translated into commercial applications, primarily due to inher-
ent technical bottlenecks and high production costs associated
with hydride materials.

Hydridematerials are highly sensitive tomoisture and oxygen,
making them prone to decomposition reactions. For instance,
when exposed to air, LiBH4 rapidly absorbs moisture and decom-
poses into LiOH and B2O3, significantly reducing its ionic con-
ductivity and compromising the structural integrity of the mate-
rial. This moisture and oxygen sensitivity not only degrades elec-
trochemical performance but also substantially increases produc-
tion and storage costs. To prevent decomposition, the synthesis,
storage, and application of hydride materials must be conducted
under strictly controlled anhydrous and oxygen-free conditions,
imposing higher requirements on equipment and production en-
vironment control, further escalating overall production costs.
Moreover, the synthesis of hydride materials is complex and

energy-intensive. Common synthesis methods such as high-
temperature hydrogenation, solvothermal methods, and me-
chanical alloying require stringent control over hydrogen purity,
temperature, and pressure. These processes not only increase
equipment and energy costs but also demand higher precision in
reaction environment control. Compared to conventional carbon-
based or silicon-based anode materials, the sensitivity of hydride
materials to reaction atmospheres significantly increases pro-
duction complexity, posing substantial challenges to large-scale
production.
As a result, the market price of hydride materials remains

relatively high. As shown in Figure 23e, the commercial price
of MgH2 is ∼16 USD kg−1, significantly higher than the
more mature silicon anode (14.29 USD kg−1) and graphite an-
ode (5.00 USD kg−1).[224] Although the raw material cost of
MgH2 is relatively low, the high-temperature hydrogenation and
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environmental control required during synthesis considerably
drive up the overall cost. For LiBH4 electrolytes, there is cur-
rently no clear large-scale production price data. However, based
on existing research estimates, the large-scale production cost of
LiBH4 may reach 300–400 USD kg−1, a price significantly higher
than sulfide electrolytes (200 USD kg−1),[225] LLZ (50 USD kg−1),
[226] and polymer electrolytes (18.57 USD kg−1). To further com-
pare the costs of different electrolytes, we analyzed the prices of
precursor materials based on data from Aladdin Reagent. The re-
sults show that while the cost of LiBH4 precursors is lower than
that of sulfide electrolyte precursors such as Li2S, it is still signifi-
cantly higher than that of La2O3 in LLZ and PEO in polymer elec-
trolytes (Figure 23f). This indicates that even though LiBH4 may
have certain cost advantages in rawmaterials, its complex synthe-
sis process and strict environmental requirements still limit the
potential for cost reduction, making it difficult to compete with
established technologies under current conditions.
To achieve the commercialization of hydrides, the establish-

ment of a comprehensive large-scale production system is essen-
tial, with quality control being a critical factor. In addition to op-
timizing synthesis processes and reducing energy consumption,
it is also crucial to strictly control material consistency to ensure
stable electrochemical performance across different production
batches. Furthermore, the practical application of hydridemateri-
als is hindered by challenges such as volume expansion and poor
conductivity, which necessitate further optimization through pro-
cess improvements and structural design.
In summary, while hydride materials exhibit notable advan-

tages in terms of high energy density and low weight, they still
face significant challenges in terms ofmarket availability and cost
control. If production costs can be effectively reduced, synthesis
processes optimized, and cycle stability enhanced, hydride ma-
terials have the potential to become strong contenders for next-
generation high-energy–density energy storage systems.

5. Conclusion

This paper provides a comprehensive overview of the recent ad-
vancements, challenges, and future prospects in the develop-
ment of Li/Mg-based hydrides for both hydrogen and lithium
storage applications. For hydrogen storage, advances in catalytic
modification, including multi-component and nanosized cata-
lysts, have significantly improved performance. However, chal-
lenges remain in generalizing catalyticmechanisms and optimiz-
ing structure–performance relationships. Thermodynamic reg-
ulation strategies, such as alloying and destabilized composite
systems, have effectively enhanced reversible hydrogen storage
reaction pathways, but careful balancing is needed to maintain
high hydrogen storage capacity. Nanostructuring has delivered
remarkable performance improvements, yet the synthesis of free-
standing ultrafine nanoparticles and a deeper understanding of
size-dependent effects require further investigation. Additionally,
emerging external field-driven methods, particularly electromag-
netic wave-driven techniques, show great potential for enabling
hydrogen storage under milder conditions. Further research is
needed to optimize conversion efficiency and ensure scalability
for practical applications.
For lithium storage, Li/Mg-based borohydrides, such as

LiBH4 and Mg(BH4)2, have shown considerable potential as

solid-state electrolytes due to their enhanced ionic conductiv-
ity and electrochemical stability. Modification strategies, includ-
ing cation/anion substitution, composition tuning, and nanocon-
finement, have optimized ion transport pathways and lowered
migration barriers, while composite designs further enhance
ionic conductivity, effectively suppress dendrite growth, improve
mechanical strength, and promote interfacial stability and elec-
trode compatibility to varying degrees. Similarly, MgH2 and
LiAlH4 are promising anode materials for LIBs, with nanosiz-
ing and catalyst incorporation improving specific surface areas,
ion diffusion, and reaction kinetics. Additionally, confinement
strategies have significantly enhanced the reversibility of the elec-
trodes. Combining hydride anodes with hydride electrolytes in
all-solid–state batteries offers a promising route to enhance en-
ergy density and safety. However, the preparation of thin, large,
and uniform solid-state hydride films, and the realization of
large-scale film fabrication, remain significant challenges. Fu-
ture research should focus on optimizing structural features at
both macro and nanoscale levels, advancing doping techniques,
and developing thin-film novel hydride materials to enable the
industrial application of high-energy–density hydride batteries,
improving the performance and scalability of next-generation
lithium storage systems.
In addition, the commercialization of hydride-based energy

storage systems still faces significant challenges, including high
synthesis costs, complex manufacturing processes, and limited
large-scale production capacity. These barriersmust be addressed
through technological innovation, cost reduction strategies, and
enhanced support from both policy frameworks and industrial
stakeholders.
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