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A B S T R A C T

2LiBH4-MgH2 composite that undergoes re-hydrogenation under relatively mild conditions achieves a high 
reversible capacity of 10.8 wt%, positioning it as a promising material for hydrogen storage. However, the slow 
kinetics due to the difficult nucleation of MgB2 serve as the critical step that limits the hydrogen desorption rate, 
which hinders its commercial application. Therefore, a low-crystallinity graphene-wrapped Nb2O5 nanoparticles 
(Nb2O5@G) is designed to in-situ synthesize NbB2 nanoparticles for accelerating the nucleation and growth of 
MgB2. Moreover, upon reducing the particle size to the nanometer scale, Nb2O5 is more easily reduced to a lower 
valence state, which accelerates the formation of NbB2 and further shortens the incubation time of MgB2. As a 
result, under the catalysis of Nb2O5@G, the 2LiBH4-MgH2 composite achieves a desorption amount of 9.5 wt% 
H2 within only 100 min, outperforming the commercial Nb2O5 catalyzed composite by 8 times. More impor
tantly, stable reversible hydrogen storage with a capacity of 9.3 wt% and a capacity retention of 98 % after 10 
cycles could be achieved for 2LiBH4-MgH2 composite under the catalysis of Nb2O5@G.

1. Introduction

Hydrogen energy is increasingly recognized as a cornerstone of 
future clean and sustainable energy systems, owing to its high energy 
density and environmentally benign combustion products [1,2]. 
Nevertheless, its practical application is currently limited by the absence 
of safe, efficient, and reversible hydrogen storage technologies [3,4]. 
Among various approaches to hydrogen storage, solid-state materials 
offer significant advantages, including high volumetric energy density, 
enhanced operational safety, and adaptability to different scenarios 
compared with conventional methods of storing hydrogen as 
high-pressure gas or cryogenic liquid [5–9]. Despite of their promise, the 
challenges of high operating temperatures, sluggish kinetics, and poor 
reversibility continue to limit the widespread adoption of solid-state 
hydrogen storage materials.

Magnesium hydride (MgH2) and lithium borohydride (LiBH4) are 
among the most extensively studied hydrides due to their exceptionally 
high theoretical hydrogen capacities of 7.6 wt% and 18.5 wt%, respec
tively. MgH2 features relatively low cost, abundance, and reversible 
hydrogen storage properties, yet its slow hydrogenation/dehydrogena
tion kinetics and high decomposition temperature (~300 ◦C) remain 
significant barriers [10–12]. LiBH4, while possessing one of the highest 

hydrogen storage capacities among metal hydrides, suffers from an even 
higher decomposition temperature (~450 ◦C) and poor reversibility [13, 
14]. To address these limitations, the combination of MgH2 and LiBH4 
into a 2LiBH4-MgH2 composite has emerged as a promising strategy. 
This composite exploits the synergistic thermodynamic and kinetic in
teractions between two hydrides, lowering the overall reaction 
enthalpy. During dehydrogenation, a hydrogen back pressure of 3–5 bar 
is required to ensure the completion of the following two reaction steps 
(Eqs. (1) and (2)), facilitating the formation of MgB2 and maintaining 
reaction reversibility [15,16]: 

2LiBH4 + MgH2 ↔ 2LiBH4 + Mg + H2                                            (1)

2LiBH4 + Mg + H2 ↔ 2LiH + MgB2 + 4H2                                     (2)

However, the rate-determining step of MgB2 formation and the high 
temperature required for this reaction (~350–400 ◦C) continue to limit 
the practical utility of this composite [17].

Catalyst modification has emerged as an effective strategy for 
addressing the slow kinetics of hydrogen storage materials [18–20]. In 
terms of the 2LiBH4-MgH2 system, ideal catalysts must fulfill dual 
functions: facilitating the breaking of B-H bonds during dehydrogena
tion, and providing effective nucleation sites to guide the crystallization 
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of intermediate phases. Recent studies have demonstrated that the 
introduction of catalysts capable of facilitating the formation of layered 
metal borides is an effective way to improve reversible hydrogen storage 
of 2LiBH4-MgH2 system [21–25], as these structures can serve as pref
erential nucleation templates for the formation of MgB2. For example, 
under the catalysis of NbB2, which shares a similar crystal structure with 
MgB2[26], 2LiBH4-MgH2 system could rapidly release 7.55 wt% H2 at 
320 ◦C [27]. Building nanostructured catalysts is an effective approach 
to enhance their catalytic effect in promoting hydrogen storage perfor
mance of 2LiBH4-MgH2 composite [16,28–32]. In a previous work [25], 
under the catalysis of amorphous VB2 nanoparticles, 2LiBH4-MgH2 
composite realized complete dehydrogenation within 2 h, half the time 
required for that catalyzed by commercial VB2. The decrease in particle 
size of catalysts down to a nanoscale size could effectively improve the 
nucleation efficiency of MgB2, thereby contributing to the enhancement 
of the reversible hydrogen storage performance in 2LiBH4-MgH2 com
posite. Therefore, there is a critical need to develop advanced catalysts 
capable of providing nanoscale nucleation sites to further enhance the 
catalytic efficiency of 2LiBH4-MgH2 composite for realizing rapid 
reversible hydrogen storage.

In this study, we present the development of a graphene-wrapped 
nano niobium oxide (Nb2O5@G) catalyst, which has been shown to 
significantly accelerate the dehydrogenation rate of 2LiBH4-MgH2 sys
tem towards high-capacity reversible hydrogen storage. The slow for
mation of MgB2 is addressed by using ultrafine nanoparticle Nb2O5, 
which, in combination with graphene as a support that facilitates the 
nanoconfinement of the thus-formed catalyst [33–36] and 2LiBH4-MgH2 
composite. The reaction between LiBH4 and Nb2O5 leads to in-situ for
mation of nanostructured NbB2 that exhibits similar lattice structure to 
MgB2 with low d-value mismatch, which significantly reduces the for
mation energies of Mg and B layers by 27.42 kJ⋅mol− 1 and 
85.96 kJ⋅mol− 1, respectively. The synergistic effects of graphene and 
NbB2 enhance the kinetics of MgB2 formation, thereby eliminating the 
incubation times and consequently reducing dehydrogenation temper
atures. As a result, the 2LiBH4-MgH2 composite releases 9.5 wt% 
hydrogen within 125 min during the first dehydrogenation cycle at 400 
◦C under the catalysis of Nb2O5@G. In contrast, the commercial 
Nb2O5-catalyzed 2LiBH4-MgH2 composite requires over 15 h for com
plete dehydrogenation. More importantly, the Nb2O5@G-catalyzed 
2LiBH4-MgH2 composite achieves complete dehydrogenation in just 
90 min during subsequent cycles, maintaining a hydrogen storage ca
pacity of 9.3 wt% over 10 cycles.

2. Experimental section

2.1. Synthesis of Nb2O5@G:

100 mg of NbCl5 was dissolved in 20 mL of anhydrous ethanol under 
stirring in an ice-water bath to obtain solution A. Simultaneously, 
6.4 mL of graphene oxide (GO) dispersion (2 mg⋅mL− 1) was sonicated in 
20 mL anhydrous ethanol to form solution B. Solution B was then added 
dropwise to solution A while maintaining stirring in the ice-water bath. 
Afterward, 1 mL of oleylamine was added, and the mixture was heated 
to 75 ◦C and stirred rapidly for 6 h. The resulting product was washed 
with ethanol and deionized water and centrifuged. Subsequently, 
120 mg of sodium ascorbate and 8 mL of deionized water were added 
and sonicated, followed by heating at 100 ◦C for 2 h to reduce the 
graphene oxide. The thus-obtained sample was then washed with 
deionized water, centrifuged, freeze-dried, and placed in a tube furnace 
for heating at 600 ◦C for 3 h with a rate of 5 ◦C⋅min− 1. The final product 
obtained was Nb2O5@G.

2.1.1. Synthesis of the 2LiBH4-MgH2-Nb2O5@G composite
Nb2O5@G, LiBH4, and MgH2 were weighed in varying proportions 

and thoroughly mixed before being transferred to a stainless-steel high- 
pressure ball milling jar. Steel balls were added at a ball-to-material 

ratio of 120:1, and the jar was sealed and subjected to 50 bar of 
hydrogen. The milling process was carried out for 10 h, with a milling 
cycle of 15 min followed by a 5-minute pause to prevent localized 
overheating and hydrogen loss. All weighing and handling of materials 
were performed in an argon-filled glove box with oxygen and moisture 
levels below 0.1 ppm.

2.2. Characterization

The phase composition of the powdered samples was characterized 
using X-ray diffraction (XRD) with a Bruker D8 Advance diffractometer 
and Cu Kα radiation (λ = 1.5418 Å). To minimize air-induced reactions, 
an amorphous tape was applied to the samples, resulting in a broad peak 
near 2θ ≈ 20◦. Sample morphology was observed via field-emission 
scanning electron microscopy (FE-SEM, ZEISS Gemini 300) and trans
mission electron microscopy (TEM, JEOL JEM-2100F). Surface chemical 
analysis was performed using X-ray photoelectron spectroscopy (XPS, 
ThermoFisher ESCALAB 250Xi), operating at an analysis chamber 
pressure of 8 × 10− 10 Pa, with an Al Kα excitation source (hv =
1486.6 eV), a working voltage of 12.5 kV, and filament current of 
16 mA. Signals were accumulated over 5–10 cycles, with a pass energy 
of 20 eV and a step size of 0.1 eV, and charge correction was applied 
using C1s = 284.60 eV. To prevent air contamination, air-sensitive 
2LiBH4-MgH2 composites were transferred with a custom-designed 
vessel in a glovebox. Chemical bonding was examined using fourier- 
transform infrared spectroscopy (FT-IR, Magna-IR 550 II, Nicolet), 
where the powdered samples were mixed with KBr, pressed into trans
lucent pellets, and analyzed.

2.3. Density function theory calculations

First-principles density functional theory (DFT) calculations were 
conducted utilizing the projector augmented wave (PAW) method [37]
within the Vienna Ab initio Simulation Package (VASP). To describe the 
electronic exchange-correlation effects, the Perdew-Burke-Ernzerhof 
(PBE) functional under the generalized gradient approximation (GGA) 
was adopted [38–40]. Dispersion forces were accounted for by applying 
Grimme’s DFT-D3 van der Waals correction [41]. Since the deposition of 
the B atomic layer leads to an asymmetric structure along the top and 
bottom surfaces, a dipole moment correction in the z-direction was 
applied during the calculations. Calculations employed a plane-wave 
cutoff energy of 550 eV and a (4 × 4 × 1) Γ-centered k-point grid. 
The Gaussian smearing method was used with a width parameter of 
0.05 eV, and all computations were spin-polarized. Structural optimi
zations proceeded until atomic forces and total energy converged to 
thresholds of less than 0.02 eV⋅Å⁻1 and 1 × 10− 5 eV, respectively.

3. Results and discussion

As shown in Fig. 1a, the synthesis of Nb2O5@G involved a straight
forward procedure that entailed heating and stirring, followed by freeze- 
drying and high-temperature calcination. A weak characteristic peak of 
Nb2O5 (PDF#30–0873) [42] was observed in the X-ray diffraction (XRD) 
pattern (Fig. 1b). The binding energies of 207.3 eV and 210.0 eV in the 
high-resolution Nb 3d X-ray photoelectron spectroscopy (XPS) spectrum 
(Fig. 1c) further confirm the successful formation of Nb2O5[43]. Scan
ning electron microscopy (SEM) image (Fig. 1d) demonstrates that the 
particle size of Nb2O5 is in the range of 10–20 nm, with uniform dis
tribution of nanoparticles on the surface of graphene. As shown in 
Fig. 1e, the interplanar spacing of Nb2O5 measured by high-resolution 
transmission electron microscopy (HRTEM) is 0.314 nm[42], which 
corresponds to the characteristic peaks observed in the XRD spectrum. 
Energy dispersive spectroscopy (EDS) mapping (Fig. 1f) provides further 
evidence of the uniform dispersion of Nb elements across the graphene.

To evaluate the catalytic effect of Nb2O5@G on the hydrogen storage 
performance of 2LiBH4-MgH2 (denoted as LBMH) composite, the 
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composite was ball-milled with Nb2O5@G with mass fractions of 4 wt%, 
7 wt%, and 10 wt% (All weight percentages mentioned in the manu
script refer to the total mass of the composite, including LiBH4, MgH2, 
and the catalyst, without excluding the mass of support materials such as 
graphene.). Isothermal dehydrogenation experiments were conducted at 
400 ◦C under a hydrogen pressure of 4 bar, and the results are presented 
in Fig. S1. Among all the tested samples, the LBMH composite with the 
addition of 7 wt% Nb2O5@G yielded the highest dehydrogenation ca
pacity (9.5 wt%) and the shortest dehydrogenation duration (100 min). 
Therefore, 7 wt% Nb2O5@G was identified as the optimal catalyst 
loading and was selected for further investigation of the catalytic effect 
of Nb2O5@G.

XRD pattern (Fig. 2a) exhibited distinct diffraction peaks that were 
unambiguously assigned to LiBH4 and MgH2 in the ball-milled com
posite of 2LiBH4-MgH2 with or without the addition of 7 wt% 
Nb2O5@G. Notably, due to the nanometer size of Nb2O5, low crystal
linity, and minimal content of Nb2O5@G, no detectable diffraction peaks 
corresponding to Nb2O5 or other Nb-related phases were observed in the 
XRD result of 2LiBH4-MgH2 with the addition of 7 wt% Nb2O5@G. The 
characteristic peaks at 1126, 2221, 2297, and 2390 cm− 1 in fourier 
transform infrared spectroscopy (FTIR) [44] further confirm the pres
ence of LiBH4 (Fig. 2b). After mixing with 7 wt% Nb2O5@G, SEM image 
of 2LiBH4-MgH2 composite (Fig. 2c) revealed a granular morphology 
with particle diameters on the order of several hundred nanometers. The 

uniform distribution of Mg of MgH2, B of LiBH4, and Nb and C of 
Nb2O5@G throughout the sample was confirmed by elemental mapping 
results, indicating that MgH2, LiBH4, and Nb2O5@G were homoge
neously mixed during the ball milling process.

The 2LiBH4-MgH2 composite with the addition of 7 wt% Nb2O5@G 
was subjected to isothermal hydrogen desorption tests at 400 ◦C and 
4 bar hydrogen back pressure, with the addition of commercial Nb2O5 
(C-Nb2O5) included for comparison (Fig. 3a). In the case of pure 2LiBH4- 
MgH2 composite, after the rapid decomposition of MgH2, the incubation 
time for MgB2 formation was about 300 min, and the total hydrogen 
desorbed reached 10.7 wt%, which is close to the theoretical hydrogen 
release capacity. In comparison, the LBMH catalyzed by commercial 
Nb2O5 required a longer incubation time. On the other hand, after the 
addition of Nb2O5@G, complete hydrogen release with negligible in
cubation time for MgB2 formation was achieved for 2LiBH4-MgH2 
composite within only 125 min. These results suggest that the nano
structured Nb2O5 accelerates the formation of MgB2, thereby promoting 
faster nucleation.

Isothermal hydrogen desorption tests were then conducted on 
2LiBH4-MgH2 composite at various temperatures ranging from 380 ◦C to 
440 ◦C to investigate the catalytic role of Nb2O5@G in improving 
hydrogen desorption kinetics. As shown in Fig. 3b, under Nb2O5@G 
catalysis, LBMH released 6 wt% of hydrogen within only 200 min at 380 
◦C, whereas ball-milled LBMH required more than 600 min to achieve 

Fig. 1. Preparation and characterization of Nb2O5@G. (a) Preparation process of Nb2O5@G. (b) XRD patterns, (c) FTIR spectra, (d) SEM image, (e) HRTEM image, (f) 
TEM image, and relative EDS elemental mapping images of Nb and C of Nb2O5@G.
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the same desorption amount. As the temperature increased, the 
hydrogen desorption kinetics were significantly enhanced. At 400 ◦C, 
the time required for complete desorption was reduced to only 125 min, 

and upon increasing the operating temperature to 420 ◦C and 440 ◦C, 
the desorption time was further reduced to below 50 min. In contrast, 
the LBMH sample without a catalyst required 10 h for complete 

Fig. 2. (a) XRD patterns, (c) FTIR spectra, (d) SEM image and relative EDS mapping images of 2LiBH4-MgH2 composite with the addition of 7 wt% Nb2O5@G.

Fig. 3. (a) The isothermal hydrogen desorption curves of LBMH catalyzed by 7 wt% Nb2O5@G and 7 wt% commercial Nb2O5 at 400 ◦C and 4 bar hydrogen pressure. 
(b) Comparison of isothermal hydrogen desorption curves of LBMH before and after the addition of 7 wt% Nb2O5@G under 4 bar hydrogen pressure at 380, 400, 420, 
and 440 ◦C. (c) Hydrogen desorption rates of LBMH with and without 7 wt% Nb2O5@G at different heating rates, and (d) Kissinger plots derived from the 
desorption data.
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desorption at 400 ◦C, with an extended incubation period of 6 h.
In order to quantitatively investigate the positive role of Nb2O5@G in 

improving hydrogen desorption kinetics of 2LiBH4-MgH2 composite, the 
apparent activation energy of the reaction was estimated by the Kis
singer method based on the hydrogen desorption performance at 
different heating rates under vacuum (Fig. 3c) according to Eq. (3): 

ln(β/Tp
2) = -Ea/RTp + ln(AR/Ea)                                                      (3)

where β is the heating rate, Tp is the hydrogen desorption peak at a 
different heating rate, Ea is the apparent activation energy, R is the gas 
constant, and A is the pre-exponential factor. The peak desorption 
temperature (Tₚ) of 2LiBH4-MgH2 composite under the catalysis of 
Nb2O5@G is shown in Fig. 3c, where a significant reduction in Tp is 
observed. The relationship between ln(β/Tp

2) and the inverse of Tp was 
plotted using the Kissinger equation, as shown in Fig. 3d. From the slope 
of the fitting line, the activation energies (Eₐ) for the decomposition of 
MgH2 and LiBH4 in LBMH were determined to be (203.69 ± 5.96) 
kJ⋅mol− 1 and (148.49 ± 3.74) kJ⋅mol− 1, respectively. In contrast, under 
the catalysis of Nb2O5@G, Ea is significantly decreased to (130.86 
± 5.07) and (128.04 ± 3.41) kJ mol− 1, which are 72.83 and 
20.45 kJ mol− 1 lower than that of ball-milled 2LiBH4-MgH2 composite, 
respectively. To better illustrate the changes in reaction kinetics under 
reversible conditions, hydrogen desorption rates for 2LiBH4-MgH2 
composite were also tested under 4 bar hydrogen pressure (Fig. S2). The 
Eₐ for the 2LiBH4-MgH2 composite under the catalysis of Nb2O5@G were 
significantly reduced to (283.51 ± 8.72) kJ⋅mol− 1 and (216.82 ± 4.82) 
kJ⋅mol− 1, which is 24.52 kJ⋅mol− 1 and 55.28 kJ⋅mol− 1 lower than that 
of 2LiBH4-MgH2 composite without the addition of Nb2O5@G. This 
result indicates that, under 4 bar hydrogen pressure, Nb2O5 exhibits a 
better catalytic effect compared to vacuum conditions. The application 
of 4 bar hydrogen pressure during hydrogen desorption facilitates the 

reaction between LiBH4 and Mg, thereby leading to the effective for
mation of MgB2. This suggests the potential of Nb2O5@G is able to 
promote the nucleation and formation of MgB2, which in turn could 
enhance the hydrogen desorption of 2LiBH4-MgH2 composite.

To evaluate the cycling reversibility of 2LiBH4-MgH2 composite 
under the catalysis of Nb2O5@G, hydrogen desorption was conducted at 
400 ◦C under 4 bar H2, followed by hydrogen absorption at 350 ◦C under 
60 bar H2 for 3 h. The hydrogen desorption curves over the initial 10 
cycles are shown in Fig. 4a. The Nb2O5@G-catalyzed LBMH system 
exhibited improved dehydrogenation kinetics in the second cycle, with 
the hydrogen release time decreasing from 125 min (first cycle) to 
110 min. From the third cycle, the desorption curves remained largely 
unchanged, suggesting consistent and reliable catalytic performance. 
After 10 cycles, the hydrogen storage capacity stabilized at 9.3 wt%, 
with a minor loss of only 0.2 wt% compared to the first cycle.

For comparison, we also evaluated the cycling performance of the 
commercial Nb2O5 catalyzed 2LiBH4-MgH2 composite (Fig. S3) and the 
ball-milled 2LiBH4-MgH2 composite (Fig. 4b) under identical desorption 
conditions, with the hydrogen absorption time being extended to 8 h. It 
is noticed that the ball-milled 2LiBH4-MgH2 composite demonstrated 
enhanced performance following the initial cycle, a phenomenon that 
may be attributed to the presence of residual MgB2 from the hydroge
nation step. This residual MgB2 has been suggested to function as the 
nucleation site, thereby facilitating the acceleration of hydrogen 
desorption. However, it still required over 5 h for complete hydrogen 
desorption during the third cycle. Similarly, the 2LiBH4-MgH2 com
posite under the catalysis of commercial Nb2O5 required a longer hy
drogenation time to maintain stable capacity without degradation. 
Notably, while the commercial Nb2O5 catalyzed 2LiBH4-MgH2 com
posite required 950 min for complete hydrogen release during the first 
cycle, the desorption time decreased significantly in subsequent cycles, 
stabilizing at approximately 300 min after the third cycle (Fig. S4). This 

Fig. 4. (a) Reversible dehydrogenation curves of LBMH catalyzed by 7 wt% Nb2O5@G. (b) Reversible dehydrogenation curves of LBMH. (c) Time required to reach 
90 % of the maximum hydrogen desorption observed in experiments.
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suggests that additional reaction time is necessary for the transformation 
of active catalytic species in the commercial Nb2O5 system.

As shown in Fig. 4c, the time required to reach 90 % of the full 
hydrogen capacity during cycling demonstrates the superior perfor
mance of Nb2O5@G. Across all 10 cycles, the desorption time for 
2LiBH4-MgH2 composite under the catalysis of Nb2O5@G remained 
below 90 min. In strong contrast, 2LiBH4-MgH2 composite without and 
with the addition of commercial Nb2O5 required over three cycles to 
reduce the MgB2 nucleation incubation period, and the desorption times 
to reach 90 % hydrogen capacity exceeded 300 min and 200 min, 
respectively.

To unravel the active catalytic species of Nb2O5@G, XRD analysis 
was performed to observe the phase changes of 2LiBH4-MgH2 composite 
under the catalysis of Nb2O5@G during cycling (Fig. 5a). Unfortunately, 
due to the low crystallinity and small amount of Nb2O5@G, no charac
teristic peaks of Nb2O5 or other Nb-based species were observed in the 
XRD patterns. Subsequent to ball milling, the hydrogenation process 
following the initial cycles and 10 cycles of hydrogen desorption led to 
the discernible emergence of characteristic peaks of MgH2 and LiBH4. 
After the first and 10 cycles of dehydrogenation, peaks corresponding to 
LiH and MgB2 appeared, in good agreement with the theoretical phase 
changes of the composite during hydrogen absorption and desorption. 
Notably, the formation of MgO phases was detected during the second 
hydrogenation cycle following initial dehydrogenation, with sustained 
MgO presence observed up to the tenth dehydrogenation cycle, possibly 
due to the transfer of oxygen from Nb2O5 to Mg, which leads to the 
formation of stable MgO. In addition, previous studies have shown that 
upon heating, Nb2O5 decomposes to form MgxNb1-xO solid solutions. 
The resulting MgO suppresses grain growth [45], while the large unit 
cell of MgxNb1-xO induces cracks in the dense MgO phase, creating 
pathways for hydrogen diffusion [46,47]. As a result, MgO does not 
hinder hydrogen absorption and desorption but rather facilitates it. 
FT-IR spectra shown in Fig. 5b confirmed these phase transitions.

After ball milling, hydrogenation, and cycling, the characteristic 
peaks of LiBH4 were prominent (marked by a red dashed box). After the 
dehydrogenation of the first cycle, the characteristic peaks of LiBH4 
were significantly weakened, appearing as faint signals, likely due to the 

residual presence of a small amount of undecomposed LiBH4. Upon 
dehydrogenation, these peaks weakened significantly, indicating partial 
decomposition of LiBH4. Furthermore, as shown in Fig. S5, after 10 
cycles, the morphology of the Nb2O5@G-catalyzed composite remains 
largely unchanged, with no obvious particle aggregation observed. This 
morphological stability contributes to the excellent cycling perfor
mance. Meanwhile, no characteristic peaks of Li2B12H12 were detected 
throughout the cycling process, indicating the stable reversibility of 
LiBH4 and explaining the superb cycling stability of the Nb2O5@G- 
catalyzed composite.

To analyze the evolution and catalytic role of Nb in 2LiBH4-MgH2 
composite under the catalysis of Nb2O5@G, XPS analyses of Nb 3d and B 
1 s were conducted at various stages during cycling, as shown in Fig. 5c. 
After ball milling, the deconvoluted Nb 3d XPS spectrum exhibited 
characteristic doublet peaks at 203.4 and 205.6 eV [48], corresponding 
to NbH2, and at 204.0 and 206.2 eV, indicative of NbO. The emergence 
of low-valent Nb in Nb2O5 nanoparticles is crucial to accelerating the 
formation of NbB2. Additionally, peaks associated with unreduced 
Nb2O5 were observed. In the B 1 s spectrum, peaks corresponding to B-H 
bonds (LiBH4) and B-O bonds were identified, likely due to minor 
oxidation of LiBH4 by Nb2O5 or during sample preparation and testing. 
After hydrogen desorption, the Nb 3d peaks shifted notably toward 
lower binding energies, with the disappearance of Nb2O5 peaks and the 
reduction of Nb2O5 to NbO2. New peaks at 203.0 and 204.8 eV [49], 
combined with a new peak in the B 1 s spectrum at 184.7 eV, suggest the 
formation of NbB2.

Additionally, a peak at 187.6 eV in the B 1 s spectrum corresponds to 
MgB2[50], corroborated by XRD results, confirming the successful for
mation of MgB2. Notably, after subsequent hydrogenation, the NbB2 
peaks disappeared, while the intensity of NbH2 peaks increased, and 
elemental Nb peaks emerged. This indicates the reversible nature of 
NbB2 formation, where NbB2 generated during hydrogen desorption 
were transformed to NbH2 and elemental Nb upon hydrogenation. 
Similarly, the disappearance of MgB2 peaks after hydrogenation, 
replaced by B-H peaks, indicates the conversion of MgB2 back to MgH2 
and LiBH4. The XPS spectra of the sample after 10 cycles were nearly 
identical to those after the second hydrogenation, suggesting stable 

Fig. 5. (a) XRD and (d) FT-IR spectra of LBMH composite catalyzed by 7 wt% Nb2O5@G upon cycling. (c) Nb 3d and B 1 s XPS spectra of LBMH composite catalyzed 
by 7 wt% Nb2O5@G upon cycling.
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material composition throughout the cycling process. This stability ex
plains the excellent cyclic performance of the Nb2O5@G-catalyzed 
LBMH composite. These XPS findings align with the proposed catalytic 
mechanism of Nb2O5 in the LBMH system and are consistent with the 
material transformations observed during cycling.

The decomposition of 2LiBH4-MgH2 composite occurs in two steps. 
The first step is rapid dehydrogenation of MgH2 at low temperatures, 
accompanied by slow dehydrogenation of LiBH4. The second step 
involving the reaction between Mg and LiBH4 to form MgB2 is rate- 
limiting and the formation of MgB2 is essential for its reversibility. 
Therefore, a 4-bar H2 pressure was applied in the reversible hydrogen 
storage of 2LiBH4-MgH2 composite. Nb2O5 was introduced as a catalyst, 
reacting with LiBH4 to form NdB2, which serves as a nucleation site for 
the formation of MgB2. The catalytic reactions of Nb2O5 are shown in 
Eqs. (4) and (5). 

2LiBH4 + Nb2O5 ↔ 2LiBO2 + NbH2 + NbO + H2                            (4)

2LiBH4 + NbH2 ↔ 2LiH + NbB2 + 4H2                                           (5)

To further investigate the mechanism of NbB2 in promoting the 
nucleation and growth of MgB2, DFT calculations were conducted to 
study the epitaxial growth of MgB2 on Mg and NbB2 substrates. Typi
cally, during MgB2 nucleation in 2LiBH4-MgH2 composite, the (110) 
plane of Mg, with its hexagonal arrangement similar to the Mg layer of 
MgB2, facilitates the formation of MgB2 via the interaction of B atoms 
from [BH4]- groups. Under the catalysis of Nb2O5, NbB2 forms as a 
byproduct in advance through the interaction with B atoms. Both NbB2 
and MgB2 are intercalation compounds consisting of alternating metallic 
and B layers, allowing MgB2 growth to proceed epitaxially on NbB2 
instead of solely relying on in-situ MgB2 nucleation. To evaluate the 
nucleation tendency of MgB2, the formation energy was calculated by 
adding a single layer of Mg or B onto the surface. The specific calculation 
formula is as follows: 

Eformation = EAB – EA – EB                                                                 (6)

where Eformation is the formation energy, EAB is the total energy after 
nucleating a Mg or B layer on the substrate, EA is the energy of the 

substrate, and EB is the energy of the isolated Mg or B layer. DFT cal
culations (Fig. 6a) reveal that the formation of a B layer on NbB2’s Nb 
layer is thermodynamically more favorable than on Mg, with an energy 
difference of 75.96 kJ mol− 1. Similarly, the subsequent formation of Mg 
layer is 27.42 kJ mol− 1 lower in energy on NbB2 than on Mg. This sig
nificant difference arises from the lattice parameter mismatch (Fig. 6b). 
The d-value mismatch between NbB2 and MgB2 is only 1.6 %, far lower 
than the 3.5 % mismatch between Mg and MgB2. Consequently, Mg 
(110) requires more energy to undergo lattice distortion for B-layer 
formation. Moreover, the d-band electrons of Nb exhibit better orbital 
overlap with the p-orbitals of the B layer, which further reduces the 
energy required for nucleation, as shown in Fig. S6. The thermodynamic 
advantage of NbB2 in the growth of Mg and B layers alters the nucleation 
pathway of MgB2, accelerating the decomposition kinetics of LiBH4. In 
summary, the rapid formation of nanostructured MgB2, facilitated by the 
low formation energy of Mg and B on the NbB2 surface, enables 2LiBH4- 
MgH2 composite the shortest desorption time compared to previously 
reported results (Table S1).

4. Conclusion

In summary, this work synthesized graphene-wrapped nano-Nb2O5 
(Nb2O5@G) as a catalyst for the 2LiBH4-MgH2 composite hydrogen 
storage material. Experimental results demonstrated that the addition of 
7 wt% Nb2O5@G significantly enhanced hydrogen storage performance 
of 2LiBH4-MgH2 composite. During the first dehydrogenation at 400 ◦C, 
the Nb2O5@G-catalyzed system released 9.5 wt% H2 within just 
125 min, compared to 900 min for the system catalyzed by 7 wt% 
commercial Nb2O5. Furthermore, the Nb2O5@G-catalyzed 2LiBH4- 
MgH2 composite maintains complete dehydrogenation within 90 min 
and a stable hydrogen capacity of 9.3 wt% over the subsequent 9 cycles 
with negligible degradation, thus achieving high-capacity reversible 
hydrogen storage of 2LiBH4-MgH2 composite. During the dehydroge
nation process, the in-situ formed NbB2 acted as a nucleation site for 
MgB2, significantly reducing the induction time and accelerating 
nucleation rates, which thereby shortens the dehydrogenation time and 
improves the reversible hydrogen storage performance of the composite. 

Fig. 6. (a) Comparison of formation energy changes between Mg and NbB2 in forming alternating B and Mg layers during MgB2 nucleation. (b) Lattice parameters of 
MgB2, NbB2, Mg, and Mg covered with a single B layer. Orange and green large spheres represent Mg and Nb atoms, respectively, while small green spheres represent 
B atoms.

C. Li et al.                                                                                                                                                                                                                                        Journal of Alloys and Compounds 1039 (2025) 183052 

7 



Theoretical calculations revealed that the formation energies of B and 
Mg layers during MgB2 nucleation are reduced by 85.96 kJ⋅mol− 1 and 
27.42 kJ⋅mol− 1, respectively, due to the minimal 1.6 % d-value 
mismatch between NbB2 and MgB2, which greatly accelerates the 
dehydrogenation rate of LiBH4. Additionally, the nanoscale structure of 
Nb2O5 facilitated its rapid reaction with B to form NbB2, which facili
tates the formation of MgB2 and thereby reduces the dehydrogenation 
temperature of 2LiBH4-MgH2 composite. This study demonstrates the 
potential of low lattice mismatch metal borides as nucleation sites for 
the formation of MgB2. This approach provides a novel and effective 
strategy for optimizing the hydrogen storage performance of reactive 
hydride composites.
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