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performance of MgH2†
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Although MgH2 is widely regarded as one of the most promising solid-

state hydrogen storage materials, the high operating temperature and

sluggish kinetics of hydrogenation and dehydrogenation are major

challenges for its practical application. Herein, V6O13 nanobelts with

a thickness of 11 nm are fabricated to promote the reversible hydrogen

storage performance of MgH2. The favorable interaction between V6O13

nanobelts and MgH2 leads to in situ homogeneous formation of

metallic V during the initial dehydrogenation of MgH2. Induced by the

catalysis of metallic V, which results in weaker structural stability and

higher surface states of MgH2 attributed to the strong bonding inter-

actions between V and H, the energy required for H2 desorption from

MgH2 is decreased to 49.5 kJ mol−1, 10.9 kJ mol−1 lower than that of

pristine MgH2. Moreover, during the reversible hydrogenation process,

the catalysis of metallic V lowers the energy for H2 adsorption and

dissociation on Mg down to −5.904 and 0.023 eV, respectively, while

those values reach −0.086 and 1.103 eV for pristine Mg. As a result, with

the introduction of V6O13 nanobelts with an ultralow content of 3 wt%,

a systematic hydrogen storage capacity of 6.8 wt% could be retained at

250 °C after 10 cycles.
1. Introduction

As a sustainable and clean energy source, hydrogen energy is
undoubtedly one of the best choices for future low-carbon
energy systems.1 Efficient and safe storage of hydrogen with
high gravimetric and volumetric capacity poses a major bottle-
neck for the development of hydrogen energy.2–5 Due to its high
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theoretical volumetric and gravimetric storage density (110 g
L−1 and 7.6 wt%) and low price, magnesium hydride (MgH2) is
considered as one of the most ideal solid hydrogen storage
materials.6–8 Unfortunately, induced by the high thermody-
namic stability and kinetic barrier, the operating temperature
for the reversible hydrogen storage of MgH2 is in general over
400 °C, which hinders its commercial applications for on-board
hydrogen storage.9,10

To date, the introduction of transition metal based catalysts
that have a unique 3d electronic structure, especially V-based
compounds, is regarded as one of the most effective strategies
to enhance the hydrogen storage performance of MgH2.10–18 It
has been widely veried that transition metal-based catalysts
could alleviate the dissociation energy of hydrogen on the
surface of Mg, which would signicantly improve the hydrogen
adsorption kinetics of Mg.19–25 The interaction between the
unsaturated d electrons of transition metals and the H 1s
electron, on the other hand, could weaken the Mg–H bonds of
MgH2, which would enhance the hydrogen desorption perfor-
mance of MgH2.26–30 As a result, various strategies have been
proposed to further realize and improve the catalytic effect of V-
based catalysts, e.g., the building of nanostructured
catalysts,31–33 the construction of bimetallic catalytic systems,
etc.18,34–37 During the reversible H2 desorption and adsorption
process of MgH2, V-based compounds would be reduced to low-
valence metal compounds or even zero-valence metals, which
are regarded as real catalysts in the system,38–41 accompanied by
the irreversible formation of Mg-based byproducts (e.g., MgO,
MgCl2, MgS, etc.) that are inactive for hydrogen storage. The
consumption of MgH2 during the reduction of V-based
compounds would lead to continuous degradation of revers-
ible hydrogen storage capacity and more importantly, the
balance between the amount of catalysts and the hydrogen
storage performance of MgH2 is difficult to reach in general.
Therefore, although it has long been demonstrated that the
catalytic effect of V in enhancing the hydrogen storage perfor-
mance of MgH2 is much better than that of other transition
metals,42,43 such as Nb, Zr, Ti, Sc and Y, the performance of
This journal is © The Royal Society of Chemistry 2023
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MgH2 catalyzed by V-based compounds is far behind that ach-
ieved recently by the catalysis of other transition metal-based
compounds.

Herein, to unleash the potential of V-based catalysts in
improving the hydrogen storage performance of MgH2, uniform
two-dimensional V6O13 nanobelts with a thickness of only
11 nm, which could facilitate the homogeneous distribution of
V6O13 nanobelts inside of the MgH2 matrix to maximize their
catalytic effect, are fabricated. It is theoretically and experi-
mentally demonstrated that metallic V that would be in situ
formed during the hydrogen desorption of MgH2 could not only
promote the H2 desorption process from MgH2, but also facil-
itate its H2 adsorption process. Induced by the strong bonding
interaction between V and H that is capable of effectively
weakening the Mg–H bonds of MgH2, the H2 desorption energy
for MgH2 under the catalysis of metallic V is decreased to only
49.5 kJ mol−1, 10.9 kJ mol−1 lower than that of pristine MgH2.
Moreover, during the reversible hydrogenation process, the
energy required for H2 adsorption and dissociation on Mg
catalyzed by metallic V is signicantly reduced to −5.904 and
0.0234 eV, respectively, while those values reach −0.086 and
1.103 eV for pristine Mg, indicating its remarkably catalytic
effect for the H2 adsorption of MgH2 attributed to the weaker
structural stability and higher surface states. As a result, with
the addition of V6O13 nanobelts with an ultralow content of 3
wt%, the peak temperature of H2 desorption of MgH2 decreases
to 221 °C, 101 °C lower than that of pristine MgH2 and, even at
room temperature, approximately 5.4 wt% H2 could be revers-
ibly charged into the dehydrogenated MgH2 within 12 h. More
impressively, a systematic H2 storage capacity of 6.8 wt% is
preserved aer 10 cycles at 250 °C.

2. Results and discussion

As schematically illustrated in Fig. 1a, V6O13 nanobelts were
synthesized by a facile two-step process including hydrothermal
reaction and calcination under argon. The phase analysis of as-
synthesized catalysts is rst performed by X-ray diffraction
(XRD). As shown in the XRD patterns, the characteristic
diffraction peaks of the product aer hydrothermal reaction
and aer calcination could be indexed to NH4V4O10 and V6O13

(Fig. S1† and 1b), respectively, which are the direct proofs of the
successful synthesis of V6O13. The high-resolution V 2p X-ray
photoelectron spectroscopy (XPS) patterns exhibit that the
bimodal peaks at 516.2/523.1 eV and 517.3/524.5 eV (ref. 44 and
45) could be indexed to V4+ and V5+ (Fig. 1c), respectively,
demonstrating the successful synthesis of V6O13. The
morphologies of as-prepared catalysts are rst investigated by
scanning electron microscopy (SEM). SEM images validate that
as-prepared NH4V4O10 is composed of nanobelts (Fig. S2†) and
its morphology is preserved perfectly aer thermal treatment
(Fig. 1d and S3†). Transmission electron microscopy (TEM) is
used to further observe the morphology of the products. TEM
images verify that the length, width, and thickness of V6O13

nanobelts are limited to be only 500, 50, and 11 nm, respectively
(Fig. 1e and S4†). The lattice fringes of 5.85 Å could be clearly
observed from the high-resolution TEM (HRTEM) images,
This journal is © The Royal Society of Chemistry 2023
which could be indexed to the (200) plane of V6O13 (inset of
Fig. 1f and S5†), corresponding well to the relative XRD and XPS
results. The formation of V6O13 nanobelts, which could be
additionally veried by the scanning TEM (STEM) image, would
facilitate homogeneous distribution of V6O13 inside of the
system during the ball-milling process, therefore leading to
promoted catalytic effect of V6O13 in boosting the hydrogen
storage properties of MgH2. As illustrated in Fig. 1g, the
homogeneous dispersion of V and O elements in V6O13 nano-
belts could be conrmed by the energy dispersive spectroscopy
(EDS) elemental mapping images, while bulk V6O13 is
composed of irregular particles of tens of microns in size as
evidenced by SEM images (Fig. S6†).

The catalytic effect of V6O13 nanobelts in facilitating the
hydrogen desorption process of MgH2 is estimated using the
mixture of V6O13 nanobelts and MgH2. Aer ball milling, as
shown in XRD patterns, the dominant characteristic diffraction
peaks belong to MgH2, while weak peaks of MgO are also
detected (Fig. S7†), demonstrating partial reaction between
MgH2 and V6O13 nanobelts during the process of ball milling.
Unfortunately, owing to the low content and in situ reaction, the
diffraction peaks of V6O13 nanobelts could not be observed.
Aer the ball milling process, SEM and TEM images exhibit that
the mixture of MgH2 and V6O13 nanobelts is irregular, 100 to
500 nm particles in size, which is basically consistent with that
of pristine MgH2 (Fig. S8 and S9†). EDS elemental mapping
analysis (Fig. S10†) veries the uniform dispersion of V, Mg, and
O in the ball-milled composites, directly demonstrating the
uniform distribution of V6O13 in the system.

The dehydrogenation properties of MgH2 catalyzed by V6O13

nanobelts are evaluated by temperature programmed desorp-
tion (TPD) measurements. The initial and terminal tempera-
tures of ball-milled MgH2 are about 285 and 360 °C (Fig. 2a),
respectively, and the H2 capacity could nally approach 7.5
wt%, corresponding well to the theoretical H2 capacity of MgH2.
For MgH2 mixed with 10 wt% bulk V6O13, the initial and peak
dehydrogenation temperatures could be reduced to 204 and
237 °C, respectively, indicating the impressive catalytic effect of
V6O13 in facilitating the H2 desorption process of MgH2. In
strong contrast, upon decreasing the weight percent of V6O13

nanobelts to only 5 wt%, the initial dehydrogenation tempera-
ture of MgH2 could signicantly lower to 208 °C (Fig. S11†),
indicating that the building of nanobelts that could induce the
uniform distribution of V6O13 nanobelts in the system effec-
tively improves the catalytic effect of V6O13 towards enhancing
the H2 desorption performance. The initial and peak tempera-
tures for H2 to desorb from MgH2 mixed with 15 wt% V6O13

nanobelts are comparable with those of MgH2 mixed with 10
wt% V6O13 nanobelts (Fig. S11†), while MgH2 catalyzed by 15
wt% V6O13 nanobelts has a lower capacity of hydrogen storage.
Hence, MgH2 catalyzed by 10 wt% V6O13 nanobelts is chosen for
subsequent investigation in detail. Impressively, under the
catalysis of 10 wt% V6O13 nanobelts, MgH2 starts liberating H2

at only 180 °C, 24 °C lower than that of MgH2 mixed with bulk
V6O13, and a H2 capacity of about 6.5 wt% could be achieved at
250 °C (Fig. 2a).
J. Mater. Chem. A, 2023, 11, 9762–9771 | 9763
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Fig. 1 (a) Schematic illustration of the synthesis process of as-synthesized V6O13 nanobelts. (b) XRD pattern, (c) High-resolution V 2p XPS
spectra, (d) SEM images, (e) TEM images, (f) HRTEM images, and (g) STEM and the relative EDS elemental mapping images of as-synthesized
V6O13 nanobelts.
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Isothermal hydrogenation kinetics of MgH2 catalyzed by
V6O13 nanobelts are subsequently investigated. Hydrogen
release could be hardly detected from pristine MgH2 at
a temperature of 250 °C (Fig. 2b), while MgH2 catalyzed by bulk
V6O13 could dehydrogenate completely within about 25 min,
further demonstrating the catalytic role of V6O13 in facilitating
the dehydrogenation properties of MgH2. By contrast, the time
for MgH2 catalyzed by V6O13 nanobelts to dehydrogenate
completely requires only 5 min, which further demonstrates the
key role of the building structure of nanobelts in promoting the
catalytic role of V6O13. When the thermal temperature was
increased up to 275 °C, MgH2 catalyzed by V6O13 nanobelts
could dehydrogenate completely within only 2 min with a H2

capacity of 6.3 wt% (Fig. 2c). Moreover, when the temperature
decreases to 225 and 200 °C, MgH2 under the catalysis of V6O13

nanobelts is capable of releasing 5.9 and 3.6 wt% H2 in 30 min,
respectively. According to Kissinger's method, the apparent
activation energy (Ea) is computed to quantitatively study the
9764 | J. Mater. Chem. A, 2023, 11, 9762–9771
catalytic role of V6O13 nanobelts in promoting the dehydroge-
nation kinetics of MgH2. According to eqn (1),46 Tm is the
temperature corresponding to the maximum dehydrogenation
rate, b is the heating rate, R is the gas constant and Ea is the
apparent activation energy and.

d
�
lnb

�
Tm

2
�

dð1=TmÞ ¼ �Ea

R
(1)

Herein, the TPD curves and relative differential results of
MgH2 catalyzed by V6O13 nanobelts with various heating rates
are selected to determine the Tm (Fig. S12–S15†). The Ea of
MgH2 under the catalysis of V6O13 nanobelts is computed to be
82.3± 2.5 kJ mol−1 (Fig. S16†) aer linear tting, corresponding
to 58% of that of pristine MgH2 (i.e., 141.2 kJ mol−1), directly
demonstrating that the introduction of V6O13 nanobelts could
signicantly enhance the dehydrogenation kinetics of MgH2.
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) TPD results of MgH2 under the catalysis of V6O13 nanobelts, with ball-milledMgH2 catalyzed by bulk V6O13 included for comparison. (b)
Isothermal H2 desorption curves of MgH2 catalyzed by V6O13 nanobelts at 250 °C, with ball-milled MgH2 under the catalysis of bulk V6O13

included for comparison. (c) Isothermal H2 desorption curves of MgH2 catalyzed by V6O13 nanobelts. (d) Isothermal H2 adsorption curves of ball-
milled MgH2 and MgH2 catalyzed by V6O13 nanobelts at 150 °C. (e) Isothermal H2 adsorption curves of MgH2 under the catalysis of V6O13

nanobelts. (f) Isothermal H2 adsorption curves of MgH2 without and with the addition of V6O13 nanobelts at room temperature.
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The reversible hydrogen adsorption measurement under
a H2 pressure of 50 atm at 50 °C illustrates that, aer complete
dehydrogenation, only 0.2 wt% H2 could be adsorbed onto
MgH2 within 30 min, while 4.3 wt.% H2 could be recharged into
MgH2 catalyzed by bulk V6O13 within 30 min (Fig. S17†). This
result indicates that V6O13 could also enhance the H2 adsorp-
tion properties of MgH2. In strong contrast, aer complete
dehydrogenation, the H2 readsorption capacity of MgH2 could
approach 4.7 wt%, which validates the excellent catalytic effect
of V6O13 nanobelts in promoting the hydrogenation process of
MgH2 compared to that of bulk V6O13. These results conrm
that the uniform dispersion of V6O13 nanobelts is capable of
catalytically improving both hydrogenation and dehydrogena-
tion properties of MgH2. Aer complete dehydrogenation, at the
temperature of 150 °C, approximately 5.1 wt% H2 could be
recharged intoMgH2mixed with V6O13 nanobelts in 100 s, while
a small H2 capacity of 0.5 wt% could be achieved for pristine
MgH2 at an identical temperature (Fig. 2d). It additionally
conrms the catalytic effect of V6O13 nanobelts in facilitating
the hydrogenation process of MgH2. Aer complete dehydro-
genation, when the thermal temperature is down to 100 °C,
about 5.2 wt% H2 could be adsorbed onto MgH2 catalyzed by
V6O13 nanobelts within 30 min (Fig. 2e). More impressively,
even at room temperature, aer complete dehydrogenation,
approximately 4.7 wt% H2 could be recovered to MgH2 mixed
with V6O13 nanobelts in 8 h (Fig. 2f), corresponding to 81% of
the initial H2 capacity, while only approximately 0.2 wt% H2
This journal is © The Royal Society of Chemistry 2023
could be recharged into pure MgH2 under identical conditions.
This result provides additional evidence to the superior catalytic
effect of V6O13 nanobelts in enhancing the H2 adsorption
properties of MgH2.

The dehydrogenation equilibrium pressure, which is vali-
dated by pressure–composition isotherm (PCI) curves
(Fig. S18a†), could be intended to be about 0.3, 0.7, 1.2, and 2.5
atm at 250, 275, 300, and 325 °C, respectively. Under the
catalysis of V6O13 nanobelts, according to the van't Hoff equa-
tion,47 the thermodynamic enthalpy (DH) of MgH2 is computed
to be 74.7± 2.8 kJ mol−1 (Fig. S18b†), corresponding well to that
of ball-milled MgH2, which indicates that V6O13 nanobelts are
ineffective in changing its thermodynamical stability. Hence,
due to the impressive catalytic effect of V6O13 nanobelts in
improving its dehydrogenated and hydrogenated kinetics, the
dehydrogenation and hydrogenation processes of MgH2 have
been greatly promoted.

Aer ten cycles of dehydrogenation and hydrogenation
process, the reversible H2 capacity of MgH2 catalyzed by V6O13

nanobelts could reach about 5.8 wt% (Fig. 3a), which could be
conrmed by the cycling performance. The initial and terminal
dehydrogenation temperatures of MgH2 catalyzed by V6O13

nanobelts aer 10 cycles are basically consistent with those of
the rst cycle as veried by the relative TPD results (Fig. 3b).
EDS elemental mapping images (Fig. S19†) reveal that the
homogeneous dispersion of V inside of the MgH2 matrix is
maintained aer 10 cycles, leading to stable dehydrogenation
J. Mater. Chem. A, 2023, 11, 9762–9771 | 9765
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Fig. 3 (a) Reversible H2 capacity and (b) the relative TPD results of MgH2 under the catalysis of V6O13 nanobelts upon cycling. (c) XRD patterns of
MgH2 under the catalysis of V6O13 nanobelts at various states. (d–f) High-resolution V 2p XPS spectra of MgH2 catalyzed by V6O13 nanobelts and
bulk V6O13 at various states.
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and hydrogenation performance of MgH2. The chemical states
of various samples are further investigated to understand the
evolution of V6O13 nanobelts during the reversible hydrogen
storage process. XRD patterns reveal the reversible trans-
formation between MgH2 and Mg in the dehydrogenation and
hydrogenation process (Fig. 3c). However, owing to the low
content and/or in situ reduction of V6O13 nanobelts, no
diffraction peaks of V6O13 nanobelts are observed from the XRD
patterns. Fortunately, XPS analysis demonstrates that, during
the ball milling process, partial high-valence V6O13 is reduced
with the formation of V3+ and metallic V (Fig. S20†).32,36 Aer
complete dehydrogenation in the rst cycle, the valence state
of V of V6O13 nanobelts is further reduced with the disappear-
ance of V5+ and V4+, accompanied by the formation of metallic V
and a small amount of V2O3 (Fig. 3d), indicating that V

5+ and V4+

of V6O13 nanobelts are in situ transformed to metallic V and
V2O3. By comparison, partial high-valence V would be preserved
aer the dehydrogenation of MgH2 catalyzed by bulk V6O13,
indicating the weaker reduction capability of bulk V6O13 than
V6O13 nanobelts inside of MgH2. This result suggests that the
smaller particle size also promotes the reduction of V6O13 and
hence the catalytic effect in facilitating the dehydrogenation
and hydrogenation process of MgH2. During the subsequent
hydrogenation process, both V6O13 nanobelts and bulk V6O13

are in situ reduced to V2O3 and metallic V (Fig. 3e) and they are
well preserved in the cycling process (Fig. 3f). Hence, metallic V
9766 | J. Mater. Chem. A, 2023, 11, 9762–9771
and V2O3 could be regarded as the real catalyst for enhancing
stable hydrogen storage performance of MgH2. Furthermore,
TPDmeasurements of commercial metallic V powder have been
conducted (Fig. S21†), and under the catalysis of commercial
metallic V powder, the onset temperature for the main dehy-
drogenation of MgH2 is approximately 230 °C, 30 °C higher than
that of MgH2 catalyzed by V6O13 nanobelts. This result indicates
that the catalytic effect of in situ formed metallic V from the
reaction between MgH2 and V6O13 nanobelts is better than that
of bulk metallic V.

To understand structural evolution of MgH2 catalyzed by
V6O13 nanobelts, TEM and HRTEM are subsequently conduct-
ed. As shown in Fig. 4, the visible lattice spacings of 0.245 and
0.251 nm are observed aer dehydrogenation and hydrogena-
tion in the initial cycle, which belong to the (101) planes of Mg
and MgH2, respectively, providing extra evidence to the revers-
ible transformation of MgH2 and Mg. Aer the initial dehy-
drogenation, new lattice spacings of 0.214 and 0.271 nm are
veried and belong to the (110) plane of metallic V and the (104)
plane of V2O3, respectively, which is consistent with the XPS
results (Fig. 3d). Moreover, the characteristic lattice spacings of
metallic V are uniformly distributed in the system, demon-
strating the homogeneous dispersion of metallic V inside of
MgH2. Aer 10 cycles of H2 desorption and adsorption process,
the homogeneous distribution of metallic V and V2O3 is well
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 TEM and the relative HRTEM images of MgH2 under the catalysis of V6O13 nanobelts after (a) dehydrogenation, (b) hydrogenation, and (c)
10 cycles of hydrogen storage process.
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preserved, leading to stable reversibility of the dehydrogenation
and hydrogenation process of MgH2.

Based on density functional theory (DFT), theoretical calcu-
lations are conducted to unravel the catalytic role of metallic V
and/or V2O3 in the hydrogen storage process of MgH2. As shown
in Fig. S22,† the length of Mg–H bonds in pure MgH2 reaches
1.714 Å, and only limited changes of Mg–H bonds could be
observed under the catalysis of V2O3, indicating the limited
catalytic effect of V2O3 in enhancing the hydrogen storage
performance of MgH2. In strong contrast, under the catalysis of
metallic V, the length of Mg–H bonds could be signicantly
extended to 3.116 and 2.046 Å, respectively, indicating the
superior catalytic effect of metallic V to that of V2O3. Hence, the
catalytic mechanism of V is further investigated in detail and
the models of MgH2 cells without and with the additional of V
are provided in Fig. S23,† respectively. It is calculated that the
desorption energy for H2 from pristine MgH2 reaches
60.4 kJ mol−1, while the desorption energy drops down to
approximately 49.5 kJ mol−1 for MgH2 catalyzed by metallic V
(Fig. 5a). These results indicate that the in situ formedmetallic V
during the cycling hydrogen storage process could effectively
promote the dehydrogenation procedure of MgH2, which could
be veried by XPS and HRTEM results, corresponding well to
This journal is © The Royal Society of Chemistry 2023
the H2 desorption results (Fig. 2a). The desorption of hydrogen
from MgH2 could be hypothesized as a two-step reaction
(denoted as H1 and H2 atoms, respectively), and the calculated
results are regarded as the removal energy of H atoms. The
removal energy from pristine MgH2 of both H1 and H2 atoms is
computed to be 1.58 eV (Fig. 5b), indicating the high energy
barrier for the dehydrogenation procedure of MgH2, corre-
sponding well to the high H2 desorption temperature of pristine
MgH2. By comparison, for the H1 and H2 atoms of MgH2 cata-
lyzed by metallic V, the removal energies are decreased to 1.43
and 1.41 eV (Fig. 5b), respectively, which directly veries its
superior catalytic effect in improving the H2 desorption
performance. During the reversible H2 adsorption process, the
adsorption energy and dissociation energy barrier for H2 on Mg
(0001) is calculated to be about−0.086 and 1.103 eV (Fig. 5c and
S24†), respectively, indicating the weak adsorption capacity and
dissociation ability of H2molecules on Mg, corresponding well
to the slow H2 adsorption rate and low hydrogen adsorption
capacity of pure Mg. In strong contrast, the dissociation energy
and adsorption energy barriers for H2 on Mg (0001) with the
addition of metallic V are only 0.023 and −5.904 eV (Fig. 5c and
S24†), respectively, which are much lower than those of pristine
J. Mater. Chem. A, 2023, 11, 9762–9771 | 9767
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Fig. 5 (a) Calculated desorption energy profiles for the H2 desorption of MgH2 and MgH2 doped with metallic V, respectively. (b) Calculated
removal energy profiles for the removal of H1 and H2 from MgH2 without and with the addition of metallic V, respectively. (c) Calculated
dissociation energy barrier profiles for H2 adsorption on Mg (0001), and Mg (0001) doped with metallic V, respectively. (d) Valence charge
densities of pristine MgH2 and MgH2 doped with metallic V. (e) Total densities of states of Mg and MgH2 doped with metallic V, with both pristine
Mg and MgH2 included for comparison. (f) Valence charge densities of pristine Mg and Mg doped with metallic V.
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Mg, which is regarded as the direct verication of the catalytic
role of V in promoting reversible hydrogenation of Mg.

Moreover, to reveal the mechanism of the sharp decline of
the H2 desorption and adsorption energy barrier induced by the
catalysis of metallic V, the valence charge densities of Mg and
MgH2 with the addition of metallic V are investigated. Obvious
charge transfer could be observed in pristine MgH2 (Fig. 5d),
9768 | J. Mater. Chem. A, 2023, 11, 9762–9771
leading to the presence of H negatively and Mg positively
charged. In addition, the charge distribution around the H
atom of MgH2 is spherically symmetric, indicating the existence
of strong ionic bonds between H and Mg, which should be
responsible for the high removal energy of H atoms fromMgH2.
Interestingly, aer the addition of V atoms, the V atom shares
charge with the adjacent H atoms and the charge distribution
This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (a) TPD results and (b) the relative derivative curves of MgH2 with the weight percent of 3 and 10 wt% V6O13 nanobelts. (c) Isothermal H2

desorption curves of MgH2 with the weight percent of 3 and 10 wt% V6O13 nanobelts at 250 °C. (d) Isothermal H2 adsorption curves of MgH2 with
the addition of 3 wt% V6O13 nanobelts at room temperature. (e) Isothermal H2 desorption curves of MgH2 with the addition of 3 wt% V6O13

nanobelts upon cycling at 250 °C. (f) The comparison of the amount of the catalysts, peak temperature, and H2 desorption capacity of MgH2

catalyzed by V6O13 nanobelts with the state-of-the-art values reported recently using various catalysts.
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around H atoms is directional, indicating the existence of
covalent bonding interactions between V and H. These results
demonstrate that the signicant decrease of the removal energy
of the H atom of MgH2 induced by the doping of V could be
attributed to the strong bonding between V atoms and adjacent
H atoms, which weakens the Mg–H bond. The total densities of
states (DOS), in which the Fermi level (Ef) is used as the refer-
ence and set as zero (Fig. 5e), illustrate that the total DOS of
pristine MgH2 is mainly distributed in the range of −6.6 to
6.7 eV, while it moves to a lower energy level aer the intro-
duction of V. More interestingly, the energy gap of MgH2 with
the introduction of the V atom near the Ef is narrower than that
of pure MgH2, which demonstrates that the doping of V leads to
weaker structural stability of MgH2 induced by the favorable
bonding between the V atom and adjacent H atoms, resulting in
lower energy required for hydrogen desorption from MgH2.

In the case of pristine Mg, the electron cloud is relatively fat,
while obvious sinking of the electrons on the top of the V atom
could be observed for Mg aer the doping of V (Fig. 5f), indi-
cating that the doping of V is capable of enhancing the reactivity
of Mg towards hydrogen adsorption. In addition, it could be
observed that Mg (0001) doped with the V atom has higher
surface states relative to Mg (0001) near the Ef in the total DOS
plots (Fig. 5e) attributed to the contribution of the 3d orbitals
of V atoms. It provides further evidence to the enhanced activity
for H2 dissociation on Mg induced by the doping of V, which
accounts for the signicant decline of the activation energy of
This journal is © The Royal Society of Chemistry 2023
H2 dissociation on Mg. These results demonstrate the strong
catalytic effect of V in enhancing the reversible dehydrogena-
tion and hydrogenation performance of MgH2, corresponding
well to its lower operating temperature and rapid hydrogen
storage kinetics. Hence, it could be demonstrated theoretically
and experimentally that metallic V shows superior effective
catalysis in the reversible hydrogenation and dehydrogenation
process of MgH2.

Unfortunately, it should be noted that, owing to the chemical
reaction between V6O13 nanobelts and MgH2, the reversible H2

storage capacity of MgH2 mixed with 10 wt% V6O13 nanobelts
aer 10 cycles is much lower than that of the rst cycle (Fig. 3a
and b). Reducing the amount of V6O13 nanobelts should be an
effective way to alleviate this negative effect and surprisingly,
the catalytic effect of V6O13 nanobelts is still capable of
endowing MgH2 with superior hydrogen storage performance
when the weight percent of V6O13 nanobelts is decreased down
to only 3 wt%. As exhibited in Fig. 6a and b, mixed with 3 wt%
V6O13 nanobelts, the onset and peak dehydrogenation temper-
ature of MgH2 could lower to 210 and 221 °C. Although the
onset dehydrogenated temperature of MgH2 mixed with 3 wt%
V6O13 nanobelts is higher than that of MgH2 mixed with 10 wt%
V6O13 nanobelts, the peak and terminal dehydrogenated
temperatures of them are comparable. At the temperature of
250 °C, the isothermal H2 desorption results illustrate that
MgH2 with the addition of 3 and 10 wt% V6O13 nanobelts
releases the same amount of H2 within 5 min, while the capacity
J. Mater. Chem. A, 2023, 11, 9762–9771 | 9769
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of hydrogen released from MgH2 under the catalysis of 3 wt%
V6O13 nanobelts reaches 7.25 wt% aer prolonging the time to
10 min, 0.9 wt% higher than MgH2 with the addition of 10 wt%
V6O13 nanobelts (Fig. 6c). Moreover, aer complete dehydro-
genation of MgH2 under the catalysis of 3 wt% V6O13, even at
room temperature, approximately 5.4 wt% H2 could be revers-
ibly adsorbed within 12 h (Fig. 6d), demonstrating that the
reduction of the amount of V6O13 nanobelts could still retain
the superior low temperature H2 adsorption performance. More
importantly, the cycling performance veries that, owing to the
addition of V6O13 nanobelts with an ultralow content of 3 wt%,
the reversible H2 capacity of this system could reach 6.8 wt%
aer ten cycles of hydrogen storage process at 250 °C (Fig. 6e),
which is 1.0 wt% higher than that of MgH2 catalyzed by 10 wt%
V6O13 nanobelts. These results directly demonstrate that, owing
to the unique structure of V6O13 nanobelts that ensures the
uniform distribution of in situ formed metallic V inside of
MgH2, the catalytic effect of V6O13 nanobelts could be effectively
preserved upon decreasing the amount of V6O13 nanobelts. The
amount of the catalysts and the peak temperature and revers-
ible capacity of dehydrogenation from MgH2 catalyzed by V6O13

nanobelts are among the best reported using various catalysts
so far (Fig. 6f).
3. Conclusion

In this work, two-dimensional V6O13 nanobelts with a thickness
of 11 nm, which promote the uniform formation of metallic V
inside of MgH2, are fabricated to improve hydrogen storage
performance of MgH2. It is theoretically and experimentally
demonstrated that metallic V not only enhances the H2

desorption properties of MgH2, but also facilitates its reversible
H2 adsorption process. Under the catalysis of metallic V, the
energy for H2 desorption of MgH2 is reduced to 49.5 kJ mol−1,
10.9 kJ mol−1 lower than that of the pristine counterpart, and
the energy required for H2 adsorption and dissociation is also
decreased to −5.904 and 0.023 eV, respectively, which are much
lower than those of the bulk counterpart, indicting its superior
catalytic effect for improving the hydrogen storage performance
of MgH2. The introduction of V leads to strong bonding inter-
actions between V and H, weaker structural stability, and higher
surface states, which account for the dramatic decline of the H2

desorption and adsorption energy barrier. As a result, the peak
temperature for H2 desorption of MgH2 under the catalysis of 3
wt% V6O13 nanobelts decreases to 221 °C, 101 °C lower than
that of pristine MgH2 and only 10 min is required for complete
dehydrogenation of MgH2 under the catalysis of V6O13 nano-
belts at 250 °C. More interestingly, even at room temperature,
about 5.4 wt% H2 could be recharged into the dehydrogenated
MgH2 within 12 h under the catalysis of V6O13 nanobelts, and
a systematic H2 storage capacity of 6.8 wt% could be achieved
within 10 cycles of hydrogenation and dehydrogenation process
at 250 °C. This study provides a promising strategy to develop
advanced V-based catalysts for improving the hydrogen storage
performance of MgH2.
9770 | J. Mater. Chem. A, 2023, 11, 9762–9771
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