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Abstract As a typical reactive composite hydrogen stor-

age system, 2LiBH4–MgH2 holds an ultrahigh hydrogen

storage capacity of 11.5 wt%. However, it suffers from

sluggish hydrogen storage kinetics due to the difficult

nucleation of MgB2. Herein, amorphous VB2 nanoparticles

with an average size of approximately 32 nm are synthe-

sized to enhance the hydrogen storage performance of

2LiBH4–MgH2 composite. VB2, sharing the same hexag-

onal structure with MgB2 with a d-value mismatch ratio of

only 2.28%, could serve as effective nucleation sites for

promoting the formation of MgB2. Theoretical calculations

reveal that the introduction of VB2 significantly reduces the

binding energies of B and Mg, facilitating in situ nucle-

ation of MgB2. As a result, after the introduction of VB2

nanoparticles, complete hydrogen desorption of 9.23 wt%

is achieved for 2LiBH4-MgH2 within 2 h at 400 �C, which

is 4 times shorter than the time required for pure 2LiBH4-

MgH2, and no nucleation incubation period for hydrogen

desorption is observed even at a low temperature of

380 �C. More importantly, a reversible capacity of

9.3 wt%, corresponding to a capacity retention of 100%,

could be preserved after 10 cycles of hydrogen storage,

demonstrating stable reversible hydrogen storage perfor-

mance. This study provides a novel technological pathway

for improving the reversible hydrogen storage performance

of composite metal hydrides and offers significant insights

into the development of high-performance hydrogen stor-

age materials.

Keywords VB2 nanoparticles; 2LiBH4–MgH2; Hydrogen

storage materials; MgB2 nucleation; Cyclic stability

1 Introduction

In response to the global energy crisis and environmental

concerns, hydrogen energy has emerged as a crucial clean

energy alternative. However, the widespread adoption of

hydrogen energy is significantly constrained by bottlenecks

in hydrogen storage technologies [1–6]. Solid-state

hydrogen storage materials have attracted considerable

attention due to their high hydrogen density and superior

safety characteristics. While metal hydrides and borohy-

drides demonstrate impressive gravimetric hydrogen stor-

age capacities, they generally suffer from poor reaction

kinetics and high operating temperatures [7–11]. Among

these materials, LiBH4 exhibits a remarkable hydrogen

capacity of 18.5 wt%, making it to be one of the most

promising candidates for the ultimate hydrogen storage

targets for light-duty fuel cell vehicles [12, 13]. Conven-

tionally, LiBH4 decomposes into LiH and B upon heating

with the desorption of H2. However, the actual thermal

decomposition process of LiBH4 is considerably more
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complex, involving multiple decomposition pathways. The

formation of boron-containing intermediates during ther-

mal decomposition, including Li2B12H12 or Li2B10H10,

results in elevated desorption temperatures, sluggish

kinetics, and poor reversibility [14–16]. Stabilization of

dehydrogenation products represents an effective strategy

for optimizing the thermodynamic properties of LiBH4.

Through the introduction of reactive additives, the trans-

formation of elemental B to metal borides in dehydro-

genation products can effectively reduce the

thermodynamic enthalpy of hydrogen storage reaction

[17–19]. This thermodynamic modification not only

enhances the desorption equilibrium pressure but also

significantly lowers the operating temperature, thereby

improving reversible hydrogen storage capabilities. As

early as 2005, Vajo et al. demonstrated the complete

reversibility of LiBH4 when combined with MgH2 in a 2:1

stoichiometric ratio under relatively mild conditions

(\ 450 �C) [20]. 2LiBH4–MgH2 system exhibits a high

hydrogen storage capacity (11.5 wt%) and excellent

reversibility [21]. The overall reaction process could be

expressed as follows:

2LiBH4 þ MgH2 $ 2LiH þ MgB2 þ 4H2 ð1Þ

When the 2LiBH4–MgH2 heated to 400 �C under a

hydrogen pressure of 4 bar, the dehydrogenation process

occurs in two distinct steps [22]. Firstly, MgH2 rapidly

decomposes to form Mg and H2, followed by the reaction

between LiBH4 and the generated Mg to form MgB2 and

LiH with H2 release. However, the nucleation of MgB2

from the mixture of Mg and LiBH4 is significantly

challenging, resulting in a prolonged incubation period

between the two steps, which impedes subsequent

hydrogen release. The addition of catalysts is considered

one of the most effective strategies for enhancing the

hydrogen storage properties of 2LiBH4-MgH2 composite,

including carbon materials, transition metals (Pd, Ni, Ru,

Fe), metal halides (TiCl3, TiF3, ZrCl4, CuCl2, HfCl4, VCl3,

NbF5), metal oxides (Nb2O5, Sc2O3, Fe2O3, MgO), and

metal borides (MgB2, TiB2, NbB2) [23–25]. Fan et al.

synthesized amorphous TiB2 and NbB2 nanoparticles as

catalysts for the 2LiBH4-MgH2 system [26]. These metal

borides initially catalyze the dehydrogenation of MgH2,

subsequently induce the decomposition of LiBH4, and

simultaneously serve as nucleation agents for MgB2. Shao

et al. investigated the catalytic effects of three transition

metal chlorides (FeCl2, CoCl2, and NiCl2) on the hydrogen

storage properties of 2LiBH4-MgH2 [27]. During the ball

milling process, NiCl2 reacts with LiBH4 to form Ni3B.

During the dehydrogenation, MgH2 first rapidly

decomposes to form metallic Mg, which then reacts with

Ni3B to form MgNi3B2. Notably, MgNi3B2 shares the same

hexagonal structure as MgB2, enabling it to serve as

nucleation sites for MgB2 formation. Therefore, materials

with crystal structures similar to MgB2 could be selected as

effective catalysts to promote hydrogen desorption of

2LiBH4-MgH2 system [28].

Inspired by the catalytic enhancement and nucleation

effects of metal borides on 2LiBH4-MgH2 composites,

amorphous VB2 nanoparticles (denoted as VB2 NPs) with

an average size of approximately 32 nm are synthesized to

enhance the hydrogen storage performance of 2LiBH4–

MgH2 composite. Due to its hexagonal structure and lattice

parameters closely resembling those of MgB2, VB2 could

serve as effective nucleation sites for the formation of

MgB2. Theoretical calculations reveal that the binding

energy of a single B atom on the (0001) surface of VB2 is

2.66 eV lower than that on the Mg surface. The introduc-

tion of VB2 significantly reduces the binding energies of B

and Mg, particularly promoting the formation of B layer,

which effectively facilitates in situ nucleation of MgB2,

thereby enhancing the hydrogen desorption kinetics of

2LiBH4–MgH2. As a result, after the introduction of VB2

NPs, complete dehydrogenation of 9.23 wt% is achieved

for 2LiBH4–MgH2 within 2 h at 400 �C, which is 4 times

shorter than the time required for pure 2LiBH4–MgH2.

Moreover, no nucleation incubation period for hydrogen

desorption is observed even at a low temperature of

380 �C, whereas pure 2LiBH4-MgH2 still exhibit a 1 h

nucleation incubation period even at a high temperature of

440 �C. Notably, a reversible hydrogen storage capacity of

9.3 wt% could be preserved after 10 cycles, corresponding

to a capacity retention of 100%, demonstrating excellent

cycling stability and reversibility of 2LiBH4–MgH2 under

the catalysis of VB2 NPs.

2 Experimental

2.1 Chemicals

Vanadium (III) chloride (VCl3, 97%), lithium borohydride

(LiBH4, 95%), lithium hydride (LiH, 97%), and vanadium

boride were purchased from Aladdin Industrial Corpora-

tion. Ethanol was purchased from Sinopharm Chemical

reagent Co., Ltd. Lithium chloride (LiCl, 99.9%) was

purchased from Macklin Biochemical Co., Ltd. Magne-

sium hydride was purchased from Sigma-Aldrich. All

chemicals were used directly without further purification.

2.2 Synthesis of VB2 NPs

According to Reaction (2), 157.3 mg vanadium chloride,

43.56 mg lithium borohydride, 7.95 mg lithium hydride,

and 200 mg lithium chloride was mixed by the high-energy

mechanical ball milling at 500 rpm for 10 h. The ball-to-
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powder ratio is approximately 100:1. The addition of

excess LiCl was to prevent local overheating and disperse

the generated VB2 NPs. The powder was washed and

centrifuged three times with deionized water and then

vacuum dried to obtain amorphous VB2 nanoparticles. The

reaction is as follows:

VCl3 þ 2LiBH4 þ LiH $ VB2 þ 3LiCl þ 4:5H2 ð2Þ

2.3 Synthesis of 2LiBH4–MgH2 composites

The as-prepared VB2 NPs were mixed with LiBH4 and

MgH2 in a certain mass ratio using high-energy mechanical

ball milling, under the same milling conditions as men-

tioned above. The resulting product was denoted as

LMBH-VB. For comparison, pure 2LiBH4–MgH2 and

2LiBH4–MgH2 mixed with commercial VB2 were ball-

milled using the same process, denoted as LMBH and

LMBH-c-VB, respectively.

2.4 Characterization

Morphologies of the as-synthesized materials were

observed by scanning electron microscopy (SEM, JEOL

7500FA) and transmission electron microscopy (TEM,

JEOL JEM-2100F), while TEM-associated energy disper-

sive X-ray spectroscopy (EDS) was used for elemental

analysis. The particle size of the nanoparticles in the SEM

images was statistically analyzed using the software Nano

Measurer. The phase composition of the samples was

identified by X-ray diffraction (XRD, D8 advance, Bruker

AXS) with Cu Ka radiation at 50 kV and 30 mA. In order

to avoid any possible oxidation during XRD measurement,

all materials were pre-sealed on sample stages with invis-

ible tape in an Ar-filled glovebox. Chemical bonds in the

materials were examined by fourier transform infrared

spectroscopy (FTIR, Bruker Tensor 27). X-ray photoelec-

tron spectroscopy (XPS) was carried out on a Thermo

Scientific K-Alpha ? with an Al X-ray radiation source.

2.5 Hydrogen storage measurement

The hydrogen storage performance was tested using the

volumetric method with the self-assembled High-Pressure

Gas Sorption Apparatus (HPSA) in the laboratory. Since

the LiBH4 reacts easily with water and oxygen, the samples

were loaded into the reactor inside a glove box with water

and oxygen levels below 0.1 ppm. The reactor was then

transferred to the HPSA for testing. In specific hydrogen

storage performance tests, unless otherwise specified, the

default addition ratio of the catalyst was 10 wt%. For

temperature-programmed desorption (TPD) tests, approxi-

mately 30 mg of the sample was loaded into the reactor and

connected to the HPSA, then heated at a rate of 5 �C min-1

until the sample released all the hydrogen under an initial

H2 pressure of 4 bar. Isothermal dehydrogenation tests

were conducted at constant temperatures (380, 400, 420

and 440 �C) under the same initial pressure of 4 bar H2.

For the cycling test, the as-prepared samples were quickly

heated to the working temperature and kept under 4 bar H2

for complete dehydrogenation. Subsequently, the dehy-

drogenated samples re-hydrogenated at 350 �C under

60 bar H2 pressure for 2 h.

2.6 Computational method

Density functional theory (DFT) calculations were per-

formed using the projector augmented wave (PAW)

method as implemented in the Vienna Ab initio Simulation

Package (VASP). Because the Perdew–Burke–Ernzerhof

(PBE) functional was found to be relatively accurate for

describing atomic adsorption based on previous bench-

marking studies, the PBE within the generalized gradient

approximation (GGA) framework was employed in this

study [29–31]. The dispersion interactions were included

using the DFT-D3 van der Waals correction proposed by

Grimme. A plane-wave energy cutoff of 500 eV and

Gamma-centered k-point meshes with equivalent density

were used for surface calculations. The Gaussian smearing

method with a width of 0.05 eV was applied, and all cal-

culations were spin-polarized. The structures were relaxed

until the forces on all atoms and total energy converged to

less than 0.05 eV Å-1 and 1 9 10-5 eV, respectively.

3 Results and discussion

As schematically illustrated in Fig. 1A, VB2 NPs were

synthesized via a previously reported high-energy

mechanical ball milling method [32]. VCl3, LiBH4, LiH,

and LiCl were ball-milled under specific conditions, and

the resulting solid powder was washed and dried to obtain

VB2 NPs. The morphological characteristics of these

nanoparticles can be observed through SEM and TEM

analysis (Fig. S1). TEM results validate a uniform distri-

bution of the as-synthesized VB2 NPs (Fig. 1B). To further

quantify the particle size distribution, approximately 150

nanoparticles are selected from Fig. 1B to perform statis-

tical analysis, showing that the particle sizes range from 25

to 40 nm with an average size of approximately 32 nm

(Fig. 1C). This demonstrates the effectiveness of the ball

milling method in producing uniform VB2 nanoparticles.

XRD analysis was performed to investigate the crystalline

nature of the as-synthesized VB2 NPs. Interestingly, no

distinct diffraction peaks of VB2 were observed in the XRD

patterns (Fig. S2), indicating that the as-synthesized VB2

NPs are amorphous. To further confirm the successful
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synthesis of VB2 NPs, XPS measurement was conducted.

The fitted XPS spectra revealed two characteristic peaks of

VB2 at 512.4 and 519.9 eV in the V 2p region, and a

characteristic peak of VB2 at 187.6 eV in the B 1s spec-

trum, which provides direct evidence to the successful

synthesis of VB2 (Fig. 1D, F). The peaks corresponding to

V2O3 and B2O3 were also observed, which could be

attributed to surface oxidation occurring during sample

preparation and testing. Further structural and composi-

tional analysis was carried out using STEM coupled with

EDS. The results showed that the as-synthesized VB2 NPs

were primarily composed of vanadium and boron, with a

homogeneous elemental distribution throughout the parti-

cles (Fig. 1E). The atomic ratio of V–B was determined to

be approximately 1:2, which corresponds well with the

stoichiometric composition of VB2 (Fig. S3). This finding

further confirms the successful synthesis of the VB2 NPs

with the desired chemical composition and structural

integrity.

To evaluate the effect of VB2 NPs in improving the

hydrogen storage performance of 2LiBH4–MgH2 compos-

ite (denoted as LMBH-VB), VB2 NPs was added into

2LiBH4-MgH2 through high-energy mechanical ball

milling. SEM and TEM analysis (Figs. S4, S5) revealed

that the VB2 NPs were uniformly distributed within the

2LiBH4-MgH2 composite. After high-energy ball milling,

XRD analysis of LMBH-VB (Fig. 2A) showed the distinct

characteristic peaks of MgH2, while no peaks correspond-

ing to LiBH4 were observed (Fig. S6). The absence of

LiBH4 peaks could be attributed to its reduced crystallinity

and/or the extremely fine particle size resulting from the

ball milling process. The fitted XPS spectra of the V 2p

region showed no change in the characteristic peaks of VB2

after ball milling (Fig. 2B), indicating that the structure of

VB2 remained intact throughout the milling process. In

contrast, the B 1s spectra displayed a peak corresponding to

B-H bonds (Fig. 2C), providing clear evidence for the

presence of LiBH4 in the composite. Additionally, FTIR

spectroscopy detected the characteristic vibrational modes

of LiBH4 (Fig. 2D), further verifying its presence within

the ball-milled composite. HRTEM analysis provided

additional insights into the microstructure of the composite

(Fig. 2E). The observed lattice spacings of 0.219 and

0.319 nm could be indexed to the (111) plane of LiBH4 and

the (110) plane of MgH2, respectively. According to the

STEM and EDS characterization results, the V and B

Fig. 1 A Schematic illustration of the synthesis process for amorphous VB2 NPs. B SEM image, C particle size distribution, D high-
resolution V 2p XPS spectra, E STEM and the relative elemental mapping images, and F high-resolution B 1s XPS spectra of the as-
synthesized VB2 NPs
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signals from VB2 overlap well with the Mg signal from

MgH2 and the B signal from LiBH4 (Fig. 2F). This pro-

vides direct evidence of the uniform distribution between

VB2 NPs and 2LiBH4-MgH2 composite, confirming that

the materials are uniformly mixed at the nanoscale through

the ball milling process.

The hydrogen storage properties of 2LiBH4–MgH2

composite under the catalysis of VB2 NPs were initially

investigated by isothermal dehydrogenation method,

including pristine 2LiBH4–MgH2 (denoted as LMBH) and

commercial VB2-catalyzed 2LiBH4–MgH2 (denoted as

LMBH-c-VB) for comparison (Fig. 3A). Due to the slug-

gish hydrogen desorption kinetics and prolonged nucle-

ation period of MgB2, LMBH composite required more

than 9 h for complete dehydrogenation under a hydrogen

back pressure of 4 bar at 400 �C, including a nucleation

plateau time of 4 h. After the introduction of commercial

VB2 particles, LMBH-c-VB showed a reduced plateau

period of 1 h, completing major hydrogen release within

4 h, which verifies the catalytic role of VB2 in promoting

hydrogen desorption of 2LiBH4–MgH2. However, the

nucleation plateau still persists even at an elevated tem-

perature of 440 �C (Fig. S7). In contrast, with the addition

of VB2 NPs, no nucleation plateau could be observed for

2LiBH4–MgH2 at 400 �C, achieving major hydrogen

release within 2 h, which demonstrates that the decrease in

particle size down to nanometer scale effectively enhances

the catalytic role of VB2. To determine the optimal addi-

tion of VB2 NPs for achieving the best hydrogen storage

performance in the LMBH-VB system, the hydrogen des-

orption performance of LMBH-VB systems with 5 wt%,

7.5 wt%, 10 wt% and 12.5 wt% VB2 NPs (denoted as

LMBH-0.5VB, LMBH-0.75VB, LMBH-VB, and LMBH-

1.25VB, respectively) were compared under a hydrogen

back pressure of 4 bar at 400 �C (Fig. 3B). LMBH–0.5VB

achieved 9.4 wt% hydrogen release after 2 h but exhibited

slow kinetics. In contrast, LMBH-VB showed an improved

desorption rate, achieving most of the hydrogen release

within 1.5 h. Based on a comprehensive comparison of

dehydrogenation rates and hydrogen release capacities,

2LiBH4–MgH2 with the addition of 10 wt% VB2 NPs was

identified as the optimal formulation for further detailed

studies. This formulation not only eliminates the nucleation

incubation period but also provides a high hydrogen release

capacity and rapid desorption kinetics.

To investigate the effect of different heating rates on the

hydrogen desorption kinetics, the desorption properties of

LMBH-VB were tested through temperature-programmed

desorption (TPD) experiments. As shown in Fig. 3C, the

decrease in heating rates leads to more complete reactions

at given temperatures and the reduction of onset tempera-

tures for hydrogen release. At the heating rate of

1 �C min-1, LMBH-VB initiated dehydrogenation at

250 �C with the rapid release of approximately 3 wt%

hydrogen at 350 �C and the complete dehydrogenation

before 500 �C. Even at slower heating rates, the nucleation

plateau period is still absent. To further evaluate the

dehydrogenation performance of 2LiBH4–MgH2 under the

catalysis of VB2 NPs, isothermal dehydrogenation tests

were conducted at temperatures of 380, 400, 420 and

440 �C, respectively (Fig. 3D). At a low temperature of

380 �C, LMBH-VB is still capable of releasing 9.2 wt%

hydrogen within 6 h without the observation of obvious

nucleation incubation period, which provides additional

Fig. 2 A XRD patterns of LMBH–VB, LMBH and LMBH-c-VB. High-resolution B V 2p and C B 1s XPS spectra, and D FTIR spectra of
LMBH and LMBH–VB. E HRTEM image and F the corresponding EDS elemental mapping images of LMBH–VB
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evidence to the crucial role of VB2 NPs in promoting

dehydrogenation by effectively catalyzing the nucleation of

MgB2. Upon increasing the temperature to 420 �C, the

same hydrogen capacity could be achieved within 1 h,

while the time for complete dehydrogenation of LBMH

reaches 4 h under the same conditions (Fig. S7), which is 4

times longer than the time required for 2LiBH4–MgH2

under the catalysis of VB2 NPs. Upon increasing the

temperature to 440 �C, complete dehydrogenation could be

accomplished within only 0.75 h. The significantly reduced

dehydrogenation time at all tested temperatures under-

scores the superior catalytic activity of VB2 and its

potential to improve the practical applicability of 2LiBH4–

MgH2 under the catalysis of VB2 NPs as a high-perfor-

mance hydrogen storage material.

Hydrogen storage materials are required to maintain

stable performance during multiple hydrogen absorption

and desorption cycles. To evaluate the reversibility, cycling

performance of 2LiBH4–MgH2 under the catalysis of VB2

NPs was investigated under a hydrogen pressure of 4 bar at

400 �C for dehydrogenation and 60 bar at 350 �C for re-

hydrogenation condition (Fig. 4A). The time required for

the initial cycle of dehydrogenation to achieve a hydrogen

capacity of 9.23 wt% is approximately 2 h. Interestingly,

from the second cycle, the hydrogen desorption kinetics is

further improved and complete dehydrogenation could be

achieved within 1.5 h only. The hydrogen desorption

kinetics and capacity could be well preserved throughout

the subsequent cycles, with nearly overlapping

dehydrogenation curves for the followed 9 cycles. After 10

cycles, the hydrogen capacity is maintained at 9.3 wt%,

corresponding to a capacity retention of 100%, demon-

strating the complete reversibility of 2LiBH4–MgH2 under

the catalysis of VB2 NPs (Fig. 4D). By comparison, pris-

tine LMBH exhibited a 3 h nucleation plateau in the first

cycle, requiring 10 h to reach a hydrogen release capacity

of 10.8 wt%. Although the plateau is also weakened in the

second cycle for pristine 2LiBH4–MgH2, the time required

for complete dehydrogenation is extended to 14 h in the

third cycle (Fig. 4B). Under the catalysis of commercial

VB2, 2LiBH4–MgH2 exhibit a shorter dehydrogenation

time of 6 h and a reduced nucleation plateau of 2 h during

the first cycle. However, the nucleation plateau could still

be observed, and the dehydrogenation rate further declined

in the second cycle, requiring 10 h for the release of

hydrogen with a capacity of 9.0 wt% (Fig. 4C). The

instability of the catalytic effect of commercial VB2 during

the initial cycles further demonstrates the advantages of

nano-sized VB2.

After the first cycle of dehydrogenation, XRD results of

LMBH-VB (Fig. 4E) demonstrate the formation of MgB2,

accompanied with the disappearance of LiBH4 and MgH2.

This indicates complete dehydrogenation of LMBH-VB

that leads to the formation of MgB2 after the second

dehydrogenation step. After re-hydrogenation, the charac-

teristic peaks of LiBH4 and MgH2 peaks reappeared with

the complete disappearance of MgB2, indicating complete

re-hydrogenation of MgB2. After 10 cycles of hydrogen

Fig. 3 A Hydrogen desorption curves of LMBH-VB at 400 �C under a hydrogen pressure of 4 bar, with LMBH and LMBH-c-VB
included for comparison. B Isothermal hydrogen desorption of LMBH at 400 �C under the catalysis of VB2 with various loading ratios.
C TPD results of LMBH–VB under different heating rates. D Isothermal hydrogen desorption kinetics of LMBH–VB at various
temperatures and LMBH, LMBH-c-VB at 400 �C under a hydrogen pressure of 4 bar
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desorption, XRD peaks of MgB2 could still be clearly

observed. FTIR spectroscopy detected the characteristic

vibrational modes of LiBH4 during the cycling, demon-

strating the reversibility of 2LiBH4–MgH2 (Fig. S8). XPS

results of cycling products (Fig. S9) demonstrate that V

valence state remains unchanged throughout cycling and

the disappearance of B-H bond peaks after dehydrogena-

tion, indicating the stable presence of VB2 NPs during

cycling hydrogen storage process. SEM and TEM images

verify that the structure of LMBH under the catalysis of

VB2 NPs is well preserved after 10 cycles of hydrogen

desorption (Figs. S10, S11). The characteristic lattice

fringes of MgB2 could also be clearly detected in HRTEM

image (Fig. 4F). STEM-EDS mapping (Fig. S12) con-

firmed homogeneous distribution of Mg, B, and V elements

after cycling, which provides additional evidence to the

homogeneous distribution of VB2 NPs within LMBH

during the cycling hydrogen storage process. Therefore,

under the catalysis of VB2 NPs, the hydrogen desorption

kinetics and hydrogen storage capacity of the 2LiBH4–

MgH2 composite material could be well maintained

(Fig. 4A). The overall hydrogen storage performance of

2LiBH4-MgH2 under the catalysis of VB2 NPs is among

the best in terms of hydrogen desorption kinetics, operating

temperature, and capacity retention ratio (Table S1).

Upon heating to 400 �C under a hydrogen pressure of

4 bar, the first hydrogen desorption reaction of 2LiBH4-

MgH2 results from the rapid decomposition MgH2, pro-

ducing Mg and H2. Subsequently, LiBH4 reacts with Mg to

form MgB2 and LiH, along with the release of additional

H2. However, the major issue throughout this process is the

significant difficulty in the nucleation of MgB2, which is

characterized by a long nucleation incubation period of 4 h

for pure 2LiBH4–MgH2 (Fig. 3A). As a result, the des-

orption kinetics of the second step are extremely slow,

ultimately prolonging the overall dehydrogenation time to

10 h. In order to understand the mechanism of VB2 in

enhancing hydrogen storage performance of 2LiBH4–

MgH2, the structures of VB2 and MgB2 were first investi-

gated. As shown in Fig. 5A, it could be clearly noticed that

VB2 shares the same crystal system (hexagonal) and space

group (P6/mmm) as MgB2, enabling MgB2 to nucleate on

Fig. 4 Cycling hydrogen desorption performance of A LMBH–VB, B LMBH and C LMBH-c-VB at 400 �C under a hydrogen pressure
of 4 bar. D The reversible capacity of LMBH-VB upon cycling. E XRD patterns of LMBH-VB at various states. F HRTEM image of
LMBH-VB after 10 cycles of hydrogen desorption

Fig. 5 A Crystal structures of MgB2 and VB2. B The adsorption
energies of single B atom on Mg surface, metal-rich VB2 surface;
adsorption energy of single Mg atom on the formed B layer
(green, orange, and red spheres represent B, Mg, and V,
respectively)
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VB2. Importantly, the lattice constant of MgB2 (a = b =

3.06 Å) is very close to that of VB2 (a = b = 2.99 Å), the

d-value mismatch between the two structures is calculated

to be 2.28% only. This similarity in lattice constants indi-

cates that MgB2 and VB2 have favorable lattice matching

during crystal growth, allowing MgB2 to nucleate and grow

more easily on the substrate of VB2 or in an environment

with similar lattice structure. As a result, VB2 could act as a

nucleation site that promotes the formation of MgB2.

Additionally, the uniform distribution of VB2 nanoparticles

enhances the formation of MgB2, thereby improving the

reaction kinetics. This combination of structural similarity,

lattice matching, and uniform distribution makes VB2 an

effective promoter for MgB2 nucleation and growth, ulti-

mately optimizing the desorption kinetics of the system.

To further investigate the mechanism of VB2 in pro-

moting the nucleation of MgB2, the adsorption energies of

a single B atom on the Mg (0001) surface and on the metal-

rich (0001) surface of VB2 were calculated, along with the

adsorption energy of a single Mg atom on the formed B

layer (Fig. 5B). EX1B and EX1Mg represent the total energy

of atomic B and atomic Mg binding to the substrate,

respectively. EX represents the energy of the substrate, and

DE indicates the binding energy. The binding energy of a

single B atom on the Mg (0001) surface is approxi-

mately -3.94 eV, while the binding energy on the metal-

rich (0001) surface of VB2 is -6.60 eV, which is 2.66 eV

lower than that on the Mg surface (Table S2). This indi-

cates that VB2 facilitates the adsorption of B atoms on its

surface. Additionally, under the presence of VB2, the cal-

culated binding energy for Mg atoms on the formed B layer

also decreased slightly by 0.1 eV. These results demon-

strate that the presence of VB2 provides favorable nucle-

ation sites for both B and Mg, especially for the formation

of the B layer, toward promoting the formation of MgB2,

which effectively enhances the hydrogen desorption

kinetics of 2LiBH4–MgH2.

4 Conclusion

In this work, amorphous VB2 nanoparticles with an aver-

age size of approximately 32 nm are synthesized via a

simple high-energy ball milling method to enhance the

reversible hydrogen sorption properties of the 2LiBH4–

MgH2 composite. The uniformly distributed VB2

nanoparticles, sharing the same crystal structure and sim-

ilar lattice parameters with MgB2 with a d-value mismatch

ratio of only 2.28%, could serve as nucleation sites for

promoting the formation of MgB2. Theoretical calculations

reveal that the binding energy of a single B atom on the

(0001) surface of VB2 is 2.66 eV lower than that on the Mg

surface. The introduction of VB2 significantly reduces the

binding energies of both B and Mg, particularly promoting

the formation of B layer, which facilitates in situ nucleation

of MgB2, thereby enhancing the desorption kinetics of

2LiBH4–MgH2. As a result, after the introduction of VB2

nanoparticles, complete dehydrogenation of 9.23 wt% is

achieved for 2LiBH4–MgH2 within 2 h, which is 4 times

shorter than the time required for pure 2LiBH4–MgH2.

Moreover, no nucleation incubation period for hydrogen

desorption is observed even at a low temperature of 380

�C. More importantly, a reversible capacity of 9.3 wt%,

corresponding to a capacity retention of 100%, could be

preserved after 10 cycles of hydrogen storage, demon-

strating stable and fully reversible cycling performance.

Metal borides, serving as effective catalysts and nucle-

ation sites, effectively alleviate the challenging MgB2

nucleation issue and enhances the reversible hydrogen

storage performance of reactive hydride composites. By

optimizing the catalyst synthesis process, we have

achieved more efficient hydrogen storage performance

and improved the cycling stability of the material. This

study provides a new technological approach for future

hydrogen storage and utilization, offering strong support

for the design and optimization of future hydrogen storage

devices.
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