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1. Introduction

Hydrogen is regarded as one of the best candidates for future
low-carbon energy systems,[1] while its safe and efficient storage,
with high gravimetric and volumetric capacity, is a major bottle-
neck for its practical application.[2] As one of the most investi-
gated hydrogen storage materials, magnesium hydride (MgH2)
attracts extensive attention due to its high gravimetric capacity

(7.6 wt%), favorable reversibility, and abun-
dant natural resources.[3] The operating
temperature for reversible hydrogen stor-
age of MgH2, however, is over 400 °C in
general due to its high thermodynamic sta-
bility and kinetic barrier.[4]

To date, considerable efforts have been
devoted to improving reversible H2 desorp-
tion and absorption performance of MgH2

via nanosizing, catalyst doping, or the com-
bination of them.[5] Owing to the unique 3d
electronic structure, transition metal and
their compounds have been widely investi-
gated and demonstrated as effective cata-
lysts to lower the operating temperature
of MgH2.

[6] Among them, Nb-based com-
pounds, especially Nb2O5, are representa-
tive and typical catalysts that play an
efficient catalytic role in facilitating H2

desorption and adsorption process of
MgH2.

[7] Moreover, the catalytic effect
of Nb2O5 could be further optimized by

tailoring the electronic state of Nb, e.g., the introduction of
Nb into Nb2O5 via mechanical milling, the modification of N into
Nb2O5, and the fabrication of complex metal oxides of Nb2O5.

[8]

These oxides, however, would be reduced down to low-valence
metal oxides and even zero-valence metals during the hydrogen
storage process of MgH2, which hence results in multi-element
and/or multi-valence chemical environment.[7d,9a] It has been
proposed that, due to their high electronegativity, these low-
valence Nb-based species would compete with Mg as the
electron donor and hence weaken Mg-H bonds, which leads
to the enhanced H2 desorption and adsorption process of
MgH2.

[5b,7e] Despite these research progress, the operating tem-
perature catalyzed by Nb-based catalysts is still over 250 °C in
general and the mechanism behind the limitation of catalytic
effect of Nb-based catalysts is far from clear.

Herein, to improve the catalytic role of Nb2O5 in improving
the hydrogen storage performance of MgH2, we investigate
the role of slight introduction of V into Nb2O5 that is facile
realized by building V4Nb18O55 microspheres constructed by
V4Nb18O55 nanoparticles. This structure not only facilitates
the uniform distribution of V4Nb18O55 nanoparticles inside of
MgH2 matrix to facilitate its catalytic effect but also ensures
the homogenous building of Nb/V interfaces based on a molec-
ular scale. Interestingly, bulk V4Nb18O55 nanoparticles exhibit
superior catalytic effect in both Nb2O5 and V2O5, and, due to
the high reductive ability of MgH2 and Mg, these oxides are
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While MgH2 has been widely regarded as a promising solid-state hydrogen
storage material, the high operating temperature and sluggish kinetics pose a
major bottleneck for its practical application. Herein, V4Nb18O55 microspheres
composed of nanoparticles with size of tens of nanometers are fabricated to
promote H2 desorption and absorption properties of MgH2, which results in the
uniform formation of Nb/V interfaces based on a molecular scale during the
reversible hydrogen storage process. It is experimentally and theoretically
demonstrated that the uniform building of Nb/V interfaces not only preserves the
ability of Nb in weakening Mg-H bonds but also alleviates the strong adsorption
capacity of metallic Nb toward hydrogen atoms, leading to a relative energy
barrier for the whole dehydrogenation process of MgH2 of only 0.5 eV, which is
0.22 and 0.43 eV lower than that of Nb and V, respectively. As a result, under the
addition of V4Nb18O55 microspheres, the onset H2 desorption temperature of
MgH2 is decreased to 165 °C, 125 °C lower than that of bulk MgH2, and the
complete hydrogenation of Mg could be realized even at room temperature, while
almost no H2 adsorption is observed for bulk Mg at a high temperature of 50 °C.
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inevitably reduced during the reversible hydrogen storage pro-
cess of MgH2, leading to the formation of metallic V and Nb,
as well as other Nb-containing species with low valence.[9] It is
theoretically and experimentally demonstrated that metallic
Nb-based compounds exhibit best catalytic effect than other
Nb-containing compounds. The cleavage of Mg-H bonds is spon-
taneous under the catalysis of Nb, and the relative energy barrier
for the bonding of these hydrogen atoms from the surface of Nb,
however, reaches 0.88 eV due to its strong adsorption capacity
toward hydrogen, which is responsible for the limited catalytic
effect of Nb-based compounds. By comparison, although a high
energy barrier of 0.78 eV is observed for the cleavage of Mg-H
bonds under the catalysis of metallic V, the bonding of hydrogen
atoms from its surface is only 0.15 eV. Impressively, the uniform
building of Nb/V interfaces not only preserves the ability of Nb in
weakening Mg-H bonds but also alleviates the strong adsorption
capacity of metallic Nb toward hydrogen atoms, which hence
leads to an energy barrier for the whole dehydrogenation process
of MgH2 of only 0.5 eV. As a result, under the catalysis of
V4Nb18O55 microspheres, the onset H2 desorption temperature
of MgH2 is significantly decreased down to 165 °C, 125 °C lower
than that of bulk MgH2, and complete hydrogenation of Mg

could be facile achieved even at room temperature. More impres-
sively, a stable reversible capacity of 6.0 wt% could be achieved
for MgH2 for 10 cycles.

2. Results and Discussion

As schematically illustrated in Figure 1a, V4Nb18O55 micro-
spheres were synthesized by a solvothermal reaction strategy fol-
lowed by thermal calcination under air. X-Ray diffraction (XRD)
patterns exhibit the characteristic diffraction peaks of V4Nb18O55

(PDF#46-0087) after the calcination of the amorphous Nb and V
oxide solid solution precursor obtained from the solvothermal
reaction (Figure 1b), which directly demonstrates the formation
of spinel V4Nb18O55. The valence states of V and Nb of the
as-synthesized V4Nb18O55 microspheres are further investigated
by X-Ray photoelectron spectroscopy (XPS). The presence of V 2p
and Nb 3d bimodal peaks at 517.3/524.5 eV and 206.6/209.6 eV
could be indexed to V5þ and Nb5þ,[10] respectively, which
provides additional evidence to the formation of V4Nb18O55

(Figure 1c). Moreover, the elemental analysis (Figure S1,
Supporting Information) and XPS survey spectrum

Figure 1. a) Schematic illustration of the synthesis process of V4Nb18O55 microspheres. b) XRD patterns of the as-prepared precursor and V4Nb18O55

microspheres. c) High-resolution V 2p and Nb 3d XPS spectra of V4Nb18O55 microspheres (XPS raw data were processed using Advantage software for
peak splitting and fitting). d) SEM images of as-synthesized precursor. e) SEM and f ) HRTEM images of V4Nb18O55 microspheres (Lattice parameters
were measured using Digital Micrograph Software). g) STEM and the relative EDS elemental mapping images of V, Nb, and O of V4Nb18O55

microspheres.
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(Figure S2, Supporting Information) confirm that there is no
chlorine residue in the as-synthesized V4Nb18O55 microspheres.
Scanning electron microscopy (SEM) images validate that the as-
synthesized precursor from the solvothermal reaction are micro-
spheres with smooth surface (Figure 2d and S3a, Supporting
Information), which could be converted into spinel
V4Nb18O55 after the thermal treatment. Their morphology is
perfectly preserved after calcination as uniform spheres but with
various sizes (Figure S3b, Supporting Information). SEM and
transmission electron microscopy (TEM) images demonstrate
that each V4Nb18O55 microsphere is composed of numerous pri-
mary particles with size of tens of nanometers (Figure 1e and S4,
Supporting Information). High-resolution TEM (HRTEM)
images exhibit the lattice fringes of 3.97 Å (inset of Figure 1f )
and 3.01 Å (inset of Figure S5, Supporting Information),
corresponding to the (200) and (035) planes of V4Nb18O55,
respectively, which is in good agreement with XRD and XPS
results. Interestingly, scanning TEM (STEM) image illustrates
the as-synthesized V4Nb18O55 microspheres are constructed by
V4Nb18O55 nanoparticles (Figure 1g), which would promote
the uniform distribution of V4Nb18O55 microspheres with
MgH2 during mechanical milling process. Energy-dispersive
spectroscopy (EDS) elemental mapping results demonstrate
the uniform distribution of V, Nb, and O elements in the

as-synthesized V4Nb18O55 microspheres. For comparison, bulk
V4Nb18O55, V2O5, and Nb2O5 particles are also synthesized based
on the similar synthetic procedure, which have particle sizes of
several microns with irregular morphology as evidenced by XRD
patterns (Figure S6, Supporting Information) and SEM images
(Figure S7 and S8, Supporting Information).

The catalytic effect of V4Nb18O55 microspheres in improving
hydrogen storage performance of MgH2 is first evaluated by
mixing V4Nb18O55 microspheres and MgH2 with various weight
percent. After the milling process, XRD patterns reveal that the
main characteristic diffraction peaks of MgH2 catalyzed by
V4Nb18O55 microspheres could be indexed to MgH2 with the
appearance of weak peaks of MgO (Figure S9, Supporting
Information), indicating partial oxidation of MgH2 by
V4Nb18O55 microspheres. No diffraction peaks of V4Nb18O55

microspheres, however, could be detected, which could be attrib-
uted to its in situ reduction reaction by MgH2 and/or its low con-
tent. SEM and TEM images verify that MgH2 mixed with
V4Nb18O55 microspheres exhibits particle sizes ranging from
100 to 500 nm, which are comparable to that of ball-milled
MgH2 (Figure S10 and S11, Supporting Information), without
the observation of any V4Nb18O55 microsphere, indicating the
crushing of V4Nb18O55 microspheres during milling process.
It could be further supported by EDS elemental mapping results

Figure 2. a) TPD results of MgH2 under the catalysis of V4Nb18O55 microspheres with various loading ratios. b) TPD and c) isothermal H2 desorption
curves of MgH2 at 260 °C under the catalysis of V4Nb18O55 microspheres, with ball-milled MgH2 catalyzed by bulk V4Nb18O55, V2O5, and Nb2O5 included
for comparison. d) Isothermal H2 desorption curves of MgH2 under the catalysis of V4Nb18O55 microspheres. e) The differential curves of the H2 desorp-
tion of MgH2 under the catalysis of V4Nb18O55 microspheres. f ) Kissinger’s plots of MgH2 with and without the catalysis of V4Nb18O55 microspheres
(The differential curves were derived from the relative TPD curves, and data points for activation energy calculation were extracted based on the hydrogen
desorption profiles presented in Figure S14 and S15, Supporting Information. With ln(β/Tm

2) as the y axis and 1000/Tm as the x axis, the Kissinger’s plots
were generated via linear fitting of the data points. According to the equation of the Kissinger’s plots, the corresponding activation energies were then
calculated using the slope values).
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(Figure S12, Supporting Information), which reveal that the dis-
tribution of V and Nb of V4Nb18O55 microspheres corresponds
well with Mg of MgH2, indicating the homogeneous distribution
of V4Nb18O55 nanoparticles evolved from V4Nb18O55 micro-
spheres inside of MgH2 matrix.

The H2 desorption performance of MgH2 under the catalysis
of V4Nb18O55 microspheres is first investigated via temperature-
programmed desorption (TPD) test. As shown in Figure 2a, the
ball-milled MgH2 starts releasing H2 at approximately 290 °C
with a high terminal temperature at 365 °C, delivering a H2

desorption capacity of about 7.55 wt%, which agrees well with
its theoretical H2 capacity. After the addition of only 1 wt% of
V4Nb18O55 microspheres, the onset H2 desorption temperature
of MgH2 is significantly lowered by 50 °C with the release of
7.34 wt% of H2 before 280 °C, which directly demonstrates the
catalytic role of V4Nb18O55 microspheres in enhancing hydrogen
storage performance of MgH2. As expected, although the
increase of the amount of V4Nb18O55 microspheres leads to
the decrease of both onset and terminal H2 desorption tempera-
ture, a significant decrease of H2 storage capacity could be
observed. Particularly, MgH2 catalyzed by V4Nb18O55 micro-
spheres with a weight percent of 25 wt% exhibits comparable
H2 desorption performance with that catalyzed by 10 wt% of
V4Nb18O55 microspheres but with much less H2 capacity
(Figure S13, Supporting Information). Considering the balance
between H2 storage capacity and the operating temperature,
MgH2 catalyzed by V4Nb18O55 microspheres with a weight per-
cent of 10 wt% (denoted as MgH2@VNbO) is selected for inves-
tigation in detail, and for comparison, the amount of all the
catalysts adopted in this work is also set to 10 wt%.

It is interestingly to note that, after the addition of bulk V2O5

and Nb2O5, the onset temperature for the H2 desorption from
MgH2 could be decreased to approximately 240 and 252 °C
(Figure 2b), respectively, indicating that both V2O5 and Nb2O5

could catalytically enhance H2 desorption performance of
MgH2. By comparison, the addition of bulk V4Nb18O55 leads
to further reduction of H2 desorption temperature of MgH2

down to 225 °C, demonstrating the superior catalytic effect of
V4Nb18O55 composed of both V5þ and Nb5þ than both V2O5

and Nb2O5, which indicates the presence of the synergistic effect
between both V5þ and Nb5þ in improving the H2 desorption
from MgH2. Impressively, the addition of V4Nb18O55

microspheres results in the decrease of the onset and terminal
dehydrogenation temperature of MgH2 down to only 207 and
255 °C, which are 18 and 20 °C lower than those of bulk
V4Nb18O55, respectively. This result indicates that the decrease
of particle size effectively facilitates the uniform distribution
between V4Nb18O55 microspheres and MgH2 during ball milling
process, which could be verified by the elemental mapping
results that validate the homogeneous distribution of
V4Nb18O55 microspheres inside of MgH2 matrix. It hence
promotes the catalytic effect of V4Nb18O55 in improving H2

desorption performance of MgH2.
Isothermal H2 desorption kinetics of MgH2 under the cataly-

sis of V4Nb18O55 microspheres are subsequently investigated. It
should be noted that the subsequent H2 desorption of MgH2 cat-
alyzed by these catalysts are conducted after the hydrogenation of
first cycle. As shown in Figure 2c, no detectable H2 desorption
could be observed for ball-milled MgH2 at 260 °C, while a

complete dehydrogenation of MgH2 could be realized within
approximately 20 and 30min under the catalysis of either
V2O5 or Nb2O5, respectively, indicating their catalytic role in pro-
moting H2 desorption performance of MgH2. By comparison,
the time required for the complete dehydrogenation of MgH2

could be decreased to 15min when using bulk V4Nb18O55 as
the catalyst, which provides further evidence to the superior cat-
alytic effect of V4Nb18O55 than both V2O5 and Nb2O5.
Interestingly, under the catalysis of V4Nb18O55 microspheres,
only 5min is required for the complete dehydrogenation of
MgH2, delivering a H2 desorption capacity of 6.0 wt%.
According to the slope of the tangent line of the curve, the H2

desorption rate of MgH2 catalyzed by V4Nb18O55 microspheres
is calculated to be 2 wt%min�1, which is much faster than that of
MgH2 with the addition of bulk V4Nb18O55. At the temperature
of 240 °C, 5.57 wt% H2 could be released from MgH2 under the
catalysis of V4Nb18O55 microspheres within 10min.
Furthermore, upon decreasing the heating temperature down
to 220 °C, MgH2 catalyzed by V4Nb18O55 microspheres is still
capable of releasing 4.82 wt% H2 within 15min. More impres-
sively, even at the temperature of 200 and 180 °C, about 3.15
and 1.16 wt% H2 could be desorbed from MgH2 under the catal-
ysis of V4Nb18O55 microspheres within 30min, respectively. In
order to quantitively investigate the catalytic role of V4Nb18O55

microspheres in improving H2 desorption kinetics of MgH2,
the apparent activation energy (Ea) is calculated based on
Kissinger’s method[11] according to Equation (1)

dðlnβ=T2
mÞ

dð1=TmÞ
¼ �Ea

R
(1)

where β is the heating rate, Tm is the temperature that
corresponds to the maximum rate of dehydrogenation, Ea is
the apparent activation energy, and R is the gas constant. The
value of Ea could be obtained from the slope of the plot by
the Equation (1). Herein, the TPD derivative curves are
used to evaluate the Tm at different heating rates (Figure 2e,
S14–S16, Supporting Information). After linear fitting, the Ea
of MgH2 catalyzed by V4Nb18O55 microspheres is determined
to be approximately 78.2 kJmol�1 (Figure 2f ), 44.3% lower than
that of ball-milled MgH2 (i.e., 140.5 kJ mol�1), which provides
additional evidence to the significant improvement of H2 desorp-
tion kinetics for MgH2 under the catalysis of V4Nb18O55

microspheres.
During the reversible hydrogenation process under the hydro-

gen pressure of 30 atm at a temperature as low as 50 °C, no
detectable H2 absorption could be observed for the dehydrogen-
ated products of ball-milled MgH2 within 30min (Figure 3a),
while a capacity of 3.59 and 2.71 wt% of H2 could be absorbed
into MgH2 under the catalysis of bulk V2O5 and Nb2O5, respec-
tively, indicating their catalytic role in promoting H2 absorption
performance of MgH2. By comparison, a capacity of 4.06 wt%
could be absorbed by MgH2 under the catalysis of bulk
V4Nb18O55, which demonstrates the superior catalytic effect of
V4Nb18O55 in enhancing H2 adsorption performance of MgH2

than either V2O5 or Nb2O5. This result directly confirms that
the synergistic catalytic effect of V and Nb simultaneously
promotes H2 absorption and desorption performance of
MgH2. More importantly, under the catalysis of V4Nb18O55
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microspheres, the reversible capacity of MgH2 approaches
4.34 wt% H2 under identical condition, which further verifies
that uniform distribution of V4Nb18O55 microspheres not only
improves the H2 desorption performance MgH2 but also greatly
enhances its H2 absorption performance. Impressively, 5.92 wt%
of H2 is recharged into the dehydrogenated MgH2 catalyzed by
V4Nb18O55 microspheres within 20 s at 200 °C, while only a
neglectable capacity of 0.35 wt% could be adsorbed into dehydro-
genated bulk MgH2 under identical conditions (Figure 3b). Upon
decreasing the operating temperature down to 150 and 100 °C,
5.28 and 4.15 wt% of H2 could be recharged into the dehydrogen-
ated MgH2 under the catalysis of V4Nb18O55 microspheres
within a time period of only 1min (Figure 3c). Even at room tem-
perature under a H2 pressure of 50 atm, a reversible capacity of
3.35 wt% H2 could also be achieved for MgH2 under the catalysis
of V4Nb18O55 microspheres within an hour, and this value
approaches 5.64 wt% H2 upon extending hydrogenation time
to 12 h (Figure 3d), corresponding to 94% of the theoretical
reversible hydrogen capacity of this system, while ball-milled
MgH2 after complete dehydrogenation could only absorb
0.95 wt% H2 under identical condition.

Pressure–composition isotherms (PCI) curves validate that the
equilibrium pressure of H2 desorption from MgH2 at 250, 275,
300, and 325 °C is determined to be approximately 0.3, 0.6, 1.4,
and 2.5 atm, respectively (Figure 3e). As a result, the

thermodynamic enthalpy (ΔH) of MgH2 under the catalysis of
V4Nb18O55 microspheres calculated by the van’t Hoff equation[12]

is determined to be 75.4� 1.1 kJ mol�1 (Figure 3f ), which is
comparable to the ΔH of ball-milled MgH2 (Figure S17,
Supporting Information). It demonstrates that the introduction
of V4Nb18O55 microspheres has no effect in tuning thermody-
namic stability of MgH2, and hence the improvement of hydro-
gen storage performance of MgH2 under the catalysis of
V4Nb18O55 microspheres could be attributed to its catalytic effect
in promoting H2 absorption and desorption kinetics of MgH2.

The cycling performance demonstrates that a reversible capac-
ity of 6.0 wt%, corresponding to a capacity retention of 97% after
the second cycle, could be obtained for MgH2 under the catalysis
of V4Nb18O55 microspheres after 10 cycles of hydrogen storage
process (Figure 4a). More interestingly, a continuous decline of
the onset temperature from 207 °C to 165 °C could be clearly
observed for MgH2 under the catalysis of V4Nb18O55 micro-
spheres since the second cycle of H2 desorption process
(Figure 4b), indicating the enhancement of catalytic effect of
V4Nb18O55 microspheres upon cycling process. Since the second
cycle, MgH2 could liberate approximately 97% of its theoretical
H2 capacity before 240 °C under the catalysis of V4Nb18O55

microspheres, and the peak temperature for H2 desorption is
significantly decreased to 220 °C (Figure S18, Supporting
Information), which is among the best reported MgH2-based

Figure 3. a) Isothermal H2 absorption curves of MgH2 under the catalysis of V4Nb18O55 microspheres at 50 °C, with ball-milled MgH2 catalyzed by bulk
V4Nb18O55, V2O5, and Nb2O5 included for comparison. b) Isothermal H2 absorption curves of ball-milled MgH2 and MgH2 catalyzed by V4Nb18O55

microspheres at 200 °C. c) Isothermal H2 curves of MgH2 catalyzed by V4Nb18O55 microspheres. d) Isothermal H2 curves of MgH2 catalyzed by
V4Nb18O55 microspheres at room temperature, with ball-milled MgH2 included for comparison. e) PCI curves and f ) van’t Hoff plot of MgH2 under
the catalysis of V4Nb18O55 microspheres (Data points for the thermodynamic enthalpy calculation were extracted based on the PCI curves profiles
presented in 3e. With ln(p) as the y axis and 1000/(R·T ) as the x axis, the van’t Hoff plots were generated via linear fitting of the data points.
According to the equation of the van’t Hoff plots, the corresponding thermodynamic enthalpy were then calculated using the slope values).
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hydrogen storage materials so far (Table S1, Supporting
Information). By comparison, although the H2 desorption perfor-
mance of MgH2 under the catalysis of V2O5 or Nb2O5 could also
be improved to some extent, the onset temperature for H2

desorption of MgH2 under the catalysis of V2O5 or Nb2O5 is still
much higher than that of MgH2 under the catalysis of V4Nb18O55

under identical condition (Figure S19, Supporting Information).
This result provides additional evidence for the presence of the
synergistic effect between V and Nb in improving hydrogen stor-
age performance of MgH2. EDS elemental mapping results
(Figure S20, Supporting Information) reveal that the uniform
distribution of V and Nb in MgH2 matrix could be well preserved
after 10 cycles, which contributes to stable reversibility of MgH2.

In order to understand the improved catalytic effect of
V4Nb18O55 microspheres upon repeated H2 adsorption and
desorption process, the chemical states of MgH2 at different
stages are characterized in detail. XRD results demonstrate
the reversible transformation between Mg and MgH2 during
H2 desorption and adsorption process (Figure 4c). After 10
cycles, the main characteristic diffraction peaks of MgH2 under
the catalysis of V4Nb18O55 microspheres could also be indexed to
MgH2, which provides additional evidence for the stable revers-
ibility of MgH2. No diffraction peaks belonging to V4Nb18O55

microspheres, however, could be identified, which possibly could
be attributed to the in situ reduction of V4Nb18O55 microspheres
and/or its low content. Hence, XPS analysis and HRTEM mea-
surement are further conducted to analyze the changes of V and
Nb of V4Nb18O55 microspheres. It should be mentioned that the
proportion of catalysts is increased to 25 wt% to ensure
the valid identification of the states of V and Nb during the

characterization of XPS and HRTEM measurement. The first
and second H2 desorption curves of MgH2 with a weight percent
of 25 wt% V4Nb18O55 microspheres exhibit comparable with that
with the addition of 10 wt% of V4Nb18O55 microspheres
(Figure S13, Supporting Information), indicating that the phase
evolution of V and Nb of V4Nb18O55 microspheres is consistent.
The difference of their onset temperature could be induced by
the formation of smaller MgH2 particles due to the increased
content of the oxides as grinding assistants during ball
milling.[13]

Despite the increased content of V4Nb18O55 microspheres, the
signals of V in MgH2 catalyzed by V4Nb18O55 microspheres after
ball milling and dehydrogenation could not be accurately identi-
fied (Figure S21, Supporting Information). After the subsequent
hydrogenation process, the spin-orbit double peaks at 512.6 and
519.8 eV in the V 2p XPS spectra (Figure 4d) could be indexed to
V0,[9b] indicating that V5þ of V4Nb18O55 microspheres is reduced
to V0. Moreover, the signal of V0 is well preserved after 10 cycles
of H2 adsorption process, demonstrating the stable formation of
metallic V. By comparison, the valence of Nb could be clearly
detected by XPS spectra of MgH2 catalyzed by V4Nb18O55 micro-
spheres (Figure 4e). The ball milling process leads to only partial
reduction of Nb5þ, with the observation of NbO at 202.8 and
205.6 eV in the Nb 3d XPS spectra.[7e,9a] After the initial dehydro-
genation process, the valence state of Nb is further reduced with
the complete disappearance of Nb5þ,[7c,7d] accompanied by the
formation of Nb, NbO, and NbO2, indicating that Nb5þ of
V4Nb18O55 microspheres is in situ transformed to Nb, NbO,
and NbO2. The subsequent hydrogenation process results in
the detection of new peaks at 203.4 and 206.0 eV that could

Figure 4. a) The reversible capacity and b) TPD results of MgH2 catalyzed by V4Nb18O55 microspheres upon cycling. c) XRD patterns, and high-resolution
d) V 2p and e) Nb 3d XPS spectra of MgH2 under the catalysis of V4Nb18O55 microspheres at various states (XPS raw data were processed using
Advantage software for peak splitting and fitting).
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be indexed to NbH2.
[7c,14] Hence, it could be concluded that

V4Nb18O55 microspheres are in situ transformed into metallic
V and Nb, NbH2, NbO, and NbO2, which could be regarded
as the actual catalysts that facilitate the H2 desorption and adsorp-
tion process of MgH2.

Subsequently, TEM and HRTEM are used to clarify the
evolution of microstructure of MgH2 under the catalysis of
V4Nb18O55 microspheres (Figure 5, S22 and S23, Supporting
Information). The well-distributed dark regions in these images
could be identified as the nanoparticles from the broken
V4Nb18O55 microspheres during ball milling process, which
further demonstrates the uniform distribution of V4Nb18O55

nanoparticles inside of MgH2 matrix (Figure 5a–c). HRTEM
images illustrate the obvious lattice spacings of 0.245 and
0.251 nm that could be indexed to the (101) planes of Mg and
the (101) planes of MgH2, respectively, indicating the reversible
transformation between Mg and MgH2 during H2 desorption
and adsorption process, which agrees well with the XRD results.
After the initial hydrogenation process, the lattice spacing of
0.214 nm that could be indexed to the (110) plane of metallic
V is observed in the HRTEM image, corresponding well with
the XPS results. In addition, after the dehydrogenation process,
HRTEM images exhibit obviously lattice spacings of 0.233, 0.148,
and 0.255 nm that could be indexed to the (110) planes of metallic
Nb, the (022) planes of NbO, and the (222) planes of NbO2,
respectively, which also agrees well with the XPS results.
After the hydrogenation process, the new lattice spacings of
0.228 and 0.263 nm could be observed, which are indexed to
the (200) and (111) planes of NbH2, respectively. Owing to the
in situ reduction of V4Nb18O55 based on a molecular scale, the

homogeneous distribution of numerous Nb/V interfaces that
are uniformly distributed inside of MgH2 could be clearly
observed during the reversible hydrogen storage process
(Figure 5e,f ). As a result, it could be concluded that the differ-
ence between the first and second dehydrogenation process of
MgH2 under the catalysis of V4Nb18O55 microspheres could
be attributed to the transformation of active catalysts.
Moreover, the thus-formed metallic V and Nb, NbH2, and
NbO2 from the in situ transformation of V4Nb18O55 micro-
spheres are well preserved after 10 cycles of H2 desorption
and adsorption process, which contributes to the stable cycling
hydrogen storage performance of MgH2.

In order to reveal the catalytic role of Nb and V species in the
H2 desorption of MgH2, theoretical calculation is conducted
based on density functional theory (DFT). It is calculated that
the length of Mg-H bonds in the pristine MgH2 monomer is
1.71 Å, and only limited change of the length of Mg-H bonds
could be observed for MgH2 under the catalysis of Nb2O5 and
V2O5 (Figure S24, Supporting Information). Interestingly, under
the catalysis of metallic V, metallic Nb, NbO, NbH2, and NbO2,
the corresponding Mg-H bonds are largely stretched to 2.06,
2.58, 1.76, 1.85, and 2.28 Å, respectively (Figure S24 and S25,
Supporting Information). This result indicates that the in situ
formed V and Nb species upon the hydrogenation and dehydro-
genation as verified by XPS and HRTEM results could effectively
weaken Mg-H bonds, which is capable of promoting hydrogen
storage performance of MgH2. This phenomenon could be
attributed to the electron transfer to MgH2 from the surface
of V and Nb species due to their larger electronegativity, resulting
in the weakening of Mg-H bonds (Figure S25, Supporting

Figure 5. a–c) TEM and d–f ) the relative HRTEM images of MgH2 under the catalysis of V4Nb18O55 microspheres at various states (Lattice parameters
were measured using Digital Micrograph Software).
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Information). Among them, the catalytic effect of metallic Nb is
most effective, and obvious adsorption of H fromMgH2 could be
even observed by the surface of Nb after only structural modifi-
cation owing to a large charge transfer of 0.58|e| frommetallic Nb
to MgH2.

To quantitatively understand the synergistic catalytic effect of
these V and Nb species, the energy barrier for the dehydrogena-
tion process of MgH2 on V (100) and Nb (110) are subsequently
calculated, as schematically illustrated in Figure 6. The detailed
H2 desorption process from MgH2 is hypothesized as a two-step
reaction. MgH2 adsorbed on different substrates (initial state,
denoted as IS) undergoes the breakage of Mg-H bonds to the
transition state (TS), followed by the escape of H atoms from
the substrate and their aggregation into H2 (final state, denoted
as FS). As shown in Figure S26, Supporting Information, the
relative energy barrier for H2 desorption from pristine MgH2

is calculated to be 1.72 eV, indicating the presence of large kinetic
barrier for its H2 desorption, which corresponds well with its
high operating temperature for dehydrogenation. In strong

contrast, under the catalysis of metallic V and Nb, the energy bar-
rier is significantly decreased to 0.93 and 0.72 eV, respectively,
which directly demonstrates their superior catalytic effect in
reducing the operating temperature for H2 desorption
(Figure 6d). Specifically, the energy barrier of the decomposition
of MgH2 and the bonding of hydrogen atoms on V (110) is cal-
culated to be 0.78 and 0.15 eV, respectively, indicating that metal-
lic V exhibits superior catalytic effect in facilitating the bonding
of hydrogen atom but has limited effect in promoting the cleav-
age of Mg-H bonds, which could be explained by the low charge
transfer of 0.40|e| from metallic V to MgH2 (Figure S25,
Supporting Information). By comparison, the decomposition
of MgH2 on metallic Nb is spontaneous, which could be induced
by the effective effect of Nb in breaking Mg-H bonds and adsorb-
ing hydrogen atoms owing to the large charge transfer of 0.58|e|
from metallic Nb to MgH2. The energy barrier of the bonding of
hydrogen atoms, however, is calculated to be as high as 0.88 eV,
much higher than that under the catalysis of metallic V. This
result indicates that, although metallic Nb leads to the spontane-
ous breakage of Mg-H bonds, its strong adsorption capacity of
hydrogen atoms hinders the subsequent bonding of these
hydrogen atoms. Hence, the relative energy for the whole dehy-
drogenation process of MgH2 under the catalysis of metallic Nb
is comparable to that of metallic V.

Interestingly, after coupling the interface of metallic Nb and V,
a much lower relative energy barrier could be observed for both
the breakage of Mg-H bonds in comparison to metallic V and the
bonding of hydrogen atoms in comparison to metallic V and Nb.
This result indicates that the synergistic effect of Nb/V interfaces
could not only preserve the ability of Nb in weakening Mg-H
bonds but also alleviate the strong adsorption capacity of metallic
Nb toward hydrogen atoms, which could hence effectively pro-
mote the bonding of these hydrogen atoms. It could be directly
supported by the integrated charge donation from both metallic
Nb and V at their interfaces. As a result, under the catalysis of
Nb/V interfaces, the relative energy required for the whole
dehydrogenation process of MgH2 is calculated to be 0.5 eV
(Figure 6d), which is much lower than that of either metallic
Nb or V. This result confirms the synergistic catalytic effect of
Nb/V composite in decreasing H2 desorption temperature of
MgH2, which correlates well with the lower H2 desorption tem-
perature of MgH2 under the catalysis of V4Nb18O55 than V2O5 or
Nb2O5 (Figure 2 and S14, Supporting Information). In addition,
during the H2 desorption and adsorption of MgH2, the in situ
formation of these nanostructured actual catalytic species could
ensure their uniform distribution inside of MgH2 matrix as veri-
fied by TEM images (Figure S20, Supporting Information),
which could effectively promote their catalytic effect in improv-
ing the reversible hydrogen storage performance of MgH2 that is
advanced compared to some other reported works under the
same condition (Figure S27, Supporting Information).

3. Conclusion

In this work, V4Nb18O55 microspheres composed of nanopar-
ticles are fabricated to promote the catalytic effect of Nb2O5 in
improving the reversible hydrogen storage properties of
MgH2, which not only results in the uniform distribution of

Figure 6. a–c) Schematic illustration of the H2 desorption process of
MgH2 on V (100), Nb (110), and Nb/V composites, respectively.
d) Calculated energy profiles for the H2 desorption of MgH2 on V
(100), Nb (110), and Nb/V composites, respectively. e) Charge density
difference plot for the transition state of the dehydrogenation of MgH2

on Nb/V composites. Areas of charge accumulation are shown in yellow,
while charge depletion are shown in blue.
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V4Nb18O55 inside of MgH2 matrix to effectively improve its
catalytic effect but also ensures the homogenous building of
Nb/V interfaces based on a molecular scale during the H2

desorption and adsorption process. It is experimentally and the-
oretically demonstrated that the uniform building of Nb/V inter-
faces not only preserves the effective ability of Nb in weakening
Mg-H bonds but also alleviates the strong adsorption capacity of
metallic Nb toward hydrogen atoms, hence leading to a relative
energy barrier for the whole dehydrogenation process of MgH2

of only 0.5 eV, which is 0.22 and 0.43 eV lower than that of metal-
lic Nb and V, respectively. As a result, under the catalysis of
V4Nb18O55 microspheres, the onset and peak H2 desorption tem-
peratures of MgH2 are reduced down to 165 and 220 °C, 125 and
105 °C lower than that of pristine MgH2, respectively. Moreover,
complete hydrogenation of Mg under the catalysis of V4Nb18O55

microspheres could be achieved even at room temperature upon
the reversible H2 adsorption process, while almost no H2 adsorp-
tion is observed for bulk Mg at a high temperature of 50 °C. More
impressively, a stable reversible capacity of 6.0 wt% could be real-
ized for MgH2 for 10 cycles. This study provides a promising
approach to modify the catalytic effect of various metal-based cat-
alysts toward enhanced hydrogen storage performance of metal
hydrides.
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