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Hydrogen Storage in Magnesium Hydride at Room
Temperature Enabled by Graphene-Stabilized Multivalent

Niobium Oxides

Chaoqun Li, Ying Ding, Xiaoyue Zhang, Xuechun Hu, Xuebin Yu,* Dalin Sun,

and Guanglin Xia*

Reversible hydrogen storage in magnesium hydride (MgH,) remains hindered
by intrinsic, complicated kinetic barriers associated with both hydrogen
release and uptake, particularly under mild conditions. In this work,
graphene-confined, low-crystallinity niobium oxide nanoparticles are
developed to optimize the kinetic barriers across all stages of hydrogen
absorption and desorption in MgH,. This is realized by the synergistic effect
of in situ-generated stable multivalent niobium oxide (NbO,) and the
electronically modulating graphene. It is theoretically and experimentally
demonstrated that Nb?* enhances H, dissociation and diffusion, while Nb**
facilitates Mg—H bond cleavage and recombination of H,. Graphene serves a
dual function by modulating the electronic environment at NbO, interfaces to
facilitate charge transfer, while confining nanoparticles to prevent aggregation
and hence maintain the catalytic stability of NbO,. Moreover, graphene
suppresses the excessive hydrogen binding tendency of over-reduced Nb°,
which otherwise traps H and impedes hydrogen diffusion. This integrated
structure ensures the stabilization of active Nb species and lowers energy
barriers across all key steps of hydrogen storage. As a result, an effective
hydrogen absorption even at 0 °C and an onset hydrogen desorption
temperature of 155.9 °C is realized. This provides a versatile strategy for
engineering multivalent oxides for promoting hydrogen storage of MgH,.

1. Introduction

Hydrogen energy, as a clean, efficient, and renewable energy car-
rier, has received widespread attention driven by the pursuit of
carbon neutrality.2] However, the lack of a safe and effective
hydrogen storage technique hinders the widespread application
of hydrogen energy. Compared to gaseous and liquid hydrogen
storage technologies, solid-state hydrogen storage is considered
one of the most promising methods due to its high volumetric
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hydrogen storage density, good safety,
and controllable  hydrogen release
properties.>™! Among them, magnesium
hydride (MgH,) has attracted significant
attention due to its high hydrogen storage
capacity (7.6 wt.%), abundant resource
availability, and low cost.[*® However, its
practical application is limited by two major
factors, namely the high enthalpy changes
of dehydrogenation (75 kJ-mol-! H,),
which leads to an elevated dehydrogenation
temperature. And the slow hydrogena-
tion/dehydrogenation kinetics hinder the
rate of hydrogen storage and release. These
issues make it difficult for MgH, to achieve
fast and reversible hydrogen storage at low
temperatures. In this context, enabling
hydrogen absorption at room temperature
or even subzero conditions is particularly
desirable, as it can significantly reduce en-
ergy consumption, simplify system design,
improve safety, and facilitate integration
with low-temperature polymer electrolyte
membrane fuel cells (PEMFCs) and other
energy-efficient technologies.]

The hydrogen desorption of MgH, in-
volves the cleavage of Mg—H bonds and the
combination of hydrogen toward the formation of H,"% and
its reversible hydrogen absorption of Mg involves three se-
quential steps: hydrogen molecule dissociation, surface adsorp-
tion/migration, and bulk diffusion.'!l While the endothermic
dehydrogenation process inherently requires energy input, the
exothermic hydrogenation reaction should theoretically proceed
spontaneously at ambient conditions. However, high kinetic bar-
riers force hydrogenation to occur at elevated temperatures of
over 200 °C, incurring substantial energy penalties. Addressing
these kinetic limitations to enable room-temperature or subzero
hydrogen absorption represents a critical pathway toward energy-
efficient cyclic operation.l'?] Previous studies identify hydrogen
dissociation as the rate-determining step due to its high activa-
tion barrier.['*] Notably, transition metal doping!'! (e.g., V, Ti) and
metal oxide additives(**! (e.g., Nb,Os) have demonstrated remark-
able efficacy in reducing dissociation barriers to near-zero levels.
Among these additives, Nb,O; exhibits superior catalytic perfor-
mance, attributed to the formation of multivalent metal oxides
enabled by its low thermal stability, thereby imparting a strong
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affinity for hydrogen.[1*18] During the hydrogen storage reaction,

the formation of multivalent Nb species,?! possessing distinct d-
electron configurations, %! facilitates electron transfer between
Mg and H. Furthermore, metal oxides act as lubricants during
ball milling, preserving MgH, surface reactivity and improving
dehydrogenation kinetics.[?!] However, the application of Nb,Os
in MgH, systems still faces several challenges that hinder fur-
ther performance enhancement. First, the overly strong hydro-
gen adsorption on the catalyst surface impedes the subsequent
diffusion of hydrogen into the Mg matrix, leading to the pres-
ence of a high kinetic barrier for hydrogen adsorption.[??! Sec-
ond, the rapid reduction of metal oxides under operating con-
ditions compromises the long-term catalytic stability.?}] More
importantly, the excessive reduction of Nb-based catalysts leads
to the attenuation of the catalytic effect in reducing the kinetic
barrier for hydrogen desorption, resulting in an increased op-
erating temperature.[1*1824] Therefore, although multivalent Nb-
based catalysts play an effective role in enhancing hydrogen stor-
age performance of MgH,, it is still difficult to realize barrierless
H, dissociation and simultaneously improve reversible hydrogen
desorption, and the mechanism behind tuning the catalytic role
of multivalent Nb species remains insufficiently understood.

In this work, we engineer a graphene-encapsulated low-
crystallinity niobium oxide nanocomposite (denoted as
Nb,Os@G) to concurrently address the kinetic constraints
of dehydrogenation and hydrogenation in MgH,. Owing to the
strong reducing capability of Mg/MgH,, Nb, O; is prone to form
low-valence NbO,. Compared to Ti-based catalysts (Ti** or Ti**)
reported in recent studies,”>?’] which utilize a single dominant
valence state to mediate hydrogen absorption and desorption,
the thus-formed multi-valent Nb species (Nb>*, Nb*, and Nb?*)
form Nb,O; @G plays a synergistic effect in various hydrogena-
tion and dehydrogenation steps. It is theoretically demonstrated
that low-valence NbO, with various valences plays different roles
in alleviating the kinetic barriers of MgH,. Among them, Nb**
and Nb* containing oxides exhibit the best catalytic effect in
promoting H, dissociation and diffusion into Mg and H, adsorp-
tion, respectively, and NbO, exhibits a superior catalytic effect in
promoting the cleavage of Mg—H bonds and the combination of
hydrogen toward the formation of H,. However, the formation
of Nb® through excessive reduction results in the favorable
H, dissociation via spin-polarized charge transfer into the H,
o* antibonding orbital, which leads to the formation of overly
stable Nb—H bonds and ultimately hinders hydrogen diffusion
into Mg. Interestingly, Nb** and Nb?* containing oxides and
Nb° are in situ formed and well-preserved during hydrogen
storage of MgH,, under the catalysis of Nb,O; @G. Moreover, the
introduction of graphene reduces the magnetic moment of Nb,
from 2.0 py to 0.0 ug, which alleviates the excessive hydrogen
adsorption of Nb°, and simultaneously leads to the formation
of electron-rich regions at the interfaces between graphene and
Nb of NbO, induced by the graphene’s z-electron contribution,
which creates electron-accepting orbitals compatible with H,
o* orbitals and hence lowers the H, dissociation barrier. In
addition, the introduction of graphene matrix not only modu-
lates the electronic structure at the catalyst interface but also
physically confines NbO, nanoparticles to prevent aggregation
and stabilize multivalent Nb species. Therefore, all the kinetic
barriers involved during reversible hydrogen absorption and
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desorption of MgH, are well alleviated under the catalysis of
Nb,O; @G, which enables instant hydrogenation at ambient
temperature (25 °C) and even facilitates hydrogen uptake even at
0 °C and an onset hydrogen desorption temperature of 155.9 °C,
offering practical advantages for the application of MgH, in
low-temperature environments.

2. Results and Discussion
2.1. Synthesis and Characterization of Nb,O, @G

The synthesis process for Nb,Os @G is illustrated in Figure 1a,
achieved through a straightforward sequence of heating with stir-
ring, freeze-drying, and subsequent high-temperature calcina-
tion. X-ray diffraction (XRD) pattern displays diffraction peaks
at 22.6°, 28.4°, 36.6°, 46.2°, and 55.1°, which closely align with
the standard Nb,Os reference (PDF#30-0873)28! (Figure 1b). To
validate the phase, Nb,O; @G was recrystallized at 800 °C under
Ar. The resulting XRD pattern shows sharper peaks matching
the original, confirming the presence of low-crystallinity Nb,Os.
The observed weak peaks indicate Nb,Os exists with small par-
ticle sizes and low crystallinity. Scanning electron microscopy
(SEM) confirms the distribution of Nb,Os nanoparticles with di-
ameters <15 nm across the crumpled graphene surface, in which
graphene plays a supporting role in preserving the structural in-
tegrity of Nb,O; @G (Figure 1c). Energy-dispersive spectroscopy
(EDS) mapping demonstrates the uniform dispersion of Nb and
C, confirming the homogeneous distribution of Nb,O; particles
on the graphene surface (Figure S1, Supporting Information). Af-
ter the thermal reduction of graphene oxide during the synthe-
sis, Raman spectroscopy (Figure S2a, Supporting Information)
showed an I, /I ratio of 1.1, indicating moderately defective re-
duced graphene oxide. Thermogravimetry (TG) analysis (Figure
S2b, Supporting Information) further confirmed that graphene
accounted for #27.5 wt.% of the composite. High-resolution TEM
(HRTEM) further reveals a lattice spacing of 0.393 nm, corre-
sponding to the (001) plane of Nb,Os (Figure 1d), which is con-
sistent with XRD results. Additionally, X-ray photoelectron spec-
troscopy (XPS) analysis of Nb,O;@G shows a Nb 3d doublet at
207.3 and 210.0 eV,®®! which provides additional evidence for
the formation of Nb,O; (Figure 1e). These characterization re-
sults indicate the successful preparation of Nb,Os nanoparti-
cles supported on the graphene surface. For comparison, the cal-
cined bare Nb,O; (nano-Nb,Os) exhibits micron-sized agglom-
erates due to graphene decomposition during heating, resulting
in sharper XRD peaks than those of Nb,O; @G, while the com-
mercial Nb, O particles (C-Nb,O;) show larger sizes with irregu-
lar morphologies (Figure S3, Supporting Information). After me-
chanical ball-milling with MgH,, adding 10 wt.% Nb,O; @G, the
thus-obtained Nb,Os @G-MgH, composite demonstrates a ho-
mogeneous spatial distribution of Mg, Nb, and C throughout the
sample, directly confirming uniform integration of Nb,O;@G
into the MgH, matrix (Figure 1f).

2.2. Hydrogen Storage Performance of Nb,O, @G-MgH,

The hydrogen desorption performance of MgH, under the
catalysis of 10 wt.% Nb,O;@G is assessed first. Temperature-
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Figure 1. a) Schematic illustration of the synthesis process of Nb,Os @G. b) XRD patterns, c) SEM, d) HRTEM images, and e) high-resolution Nb 3d
XPS spectra of Nb,Os @G. f) SEM-EDS elemental mapping images of Mg, Nb, O, and C of Nb,Os @G-MgH,.

programmed desorption (TPD) curves during the initial dehydro-
genation demonstrate that MgH, catalyzed by Nb,O @G begins
to release H, at 208.9 °C and reaches a dehydrogenation peak at
230.9 °C, which are 96.0 and 96.6 °C lower than those of ball-
milled MgH,, respectively (Figure 2a). To quantitatively describe
the effect of Nb,O; @G in enhancing the H, desorption kinetic
performance of MgH,, the activation energy (E,) was calculated
by the Kissinger method (Figure S4, Supporting Information).
The fitting results show that the dehydrogenation activation en-
ergy of Nb,O; @G-MgH, is significantly reduced to 92.3 k] mol
H,, demonstrating a 31.5% reduction compared to the 134.7 k]
mol~! H, of ball-milled MgH, (Figure S5, Supporting Informa-
tion). Itis worth noting that MgH, catalyzed by nano-Nb, O, with-
out the presence of graphene also exhibits similar H, release
performance, with a significant reduction in dehydrogenation
temperature compared to MgH, catalyzed by commercial Nb,Og
(C-Nb,Os). These results highlight the critical role of nanoscale
Nb,O; in enhancing the dehydrogenation performance of MgH,.

Notably, compared to the initial dehydrogenation process, the
secondary H, desorption curves of various samples exhibited
varying degrees of alteration (Figure S6, Supporting Informa-
tion). Specifically, MgH, catalyzed by Nb,O;@G exhibits a re-
markable reduction in onset temperature from 208.9 to 155.9 °C,
and the final H, desorption temperature decreases from 272.2 to
243.6 °C (Figure 2b). This suggests that the active catalytic species
undergo phase changes after the initial H, desorption, attributed
to the high reducibility of MgH, and Mg, leading to exceptional
dehydrogenation performance in the second cycle compared to
the initial process and minimal degradation in H, capacity, which
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could also be evidenced by previous literature.3%3!] The newly

evolved catalytic species further reduce the apparent activation
energy for MgH, dehydrogenation to 78.1 kJ-mol~! (Figure S7,
Supporting Information). Interestingly, MgH, catalyzed by nano-
Nb,Os also maintained stable H, desorption capacity, but with
the secondary H, desorption temperature 10-50 °C higher than
that of MgH, catalyzed by Nb,O; @G from the onset to the end
of H, desorption process, indicating that graphene plays an im-
portant role in maintaining the superior catalytic effect of nano-
Nb, O in improving dehydrogenation performance of MgH,. In
contrast, MgH, under the catalysis of C-Nb,Os shows almost no
change in H, desorption temperature between the initial two de-
hydrogenation processes, even experiencing a reduction in H,
capacity from 6.4 to 5.9 wt.% (Figure S6). These results demon-
strate that the phase change of Nb, O promotes its catalytic effect
in improving the dehydrogenation performance of MgH,, which
could be well preserved by graphene, while the decrease of par-
ticle size in Nb,O;@G enhances the phase change reaction of
Nb, 0.

In addition, isothermal dehydrogenation performance of
MgH, catalyzed by Nb,O; @G after the first cycle of hydrogena-
tion verifies full dehydrogenation of 6.2 wt.% within 5 min at
260 °C (Figure S8, Supporting Information). Remarkably, upon
decreasing the temperature to even 200 °C, it still retains 2.6 wt.%
H, release capacity within 30 min. This further emphasizes
the role of the in situ-generated Nb-based catalytic species af-
ter the first cycle of dehydrogenation in enabling superior low-
temperature dehydrogenation performance.
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Figure 2. a) TPD results of ball-milled MgH, and MgH, under the catalysis of Nb,O; @G, nano-Nb,Os, and commercial Nb,O5 (C-Nb,Os), respectively.
b) The first and second TPD derivative curves of MgH, under the catalysis of Nb,Os@G. c) Isothermal hydrogenation curves of MgH, catalyzed by
Nb,Os @G at different temperatures. d) Isothermal hydrogenation curves of ball-milled MgH, and MgH, catalyzed by Nb,Os @G, nano-Nb,Os, and
C-Nb, Oy at room temperature (25 °C). e) Isothermal hydrogenation curves of MgH, catalyzed by Nb,Os @G and nano-Nb,Os at 0 °C. f) TPD results
and g) the reversible capacity of MgH, catalyzed by Nb,Os @G upon cycling. h) Performance comparison of MgH,-based materials with reported low-
temperature hydrogenation systems.32371 T, 't,, C,, T,, and C, denote hydrogenation temperature, hydrogenation time, hydrogen capacity under T,

[TRef[35]1[ | Ref[36][__] Ref[37]

and t;, conditions, dehydrogenation onset temperature, and total dehydrogenation capacity, respectively.

The reversible hydrogen absorption performance of MgH, cat-
alyzed by Nb,O; @G is evaluated subsequently. MgH, catalyzed
by Nb,O;@G exhibits near-instantaneous (>4 wt.% hydrogena-
tion within a few seconds) H, absorption at both 50 and 75 °C
under 50 bar H, pressure, with absorption curves leveling off
shortly afterward, and the final H, uptake capacity reaches 5.6
and 5.8 wt.% within 30 min, respectively (Figure 2c). In contrast,
pristine MgH,, absorbs only 5.0 wt.% H, even at a high temper-
ature of 150 °C within 30 min (Figure S9, Supporting Informa-
tion), highlighting the advantage of Nb, O; @G in accelerating the
hydrogenation kinetics of MgH, . It is worth noting that when the
hydrogenation temperature is further reduced to room tempera-
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ture (25 °C), MgH, catalyzed by Nb,O;@G could still instanta-
neously absorb 5.0 wt.% H, within 1 min (Figure 2d). For com-
parison, pure Mg is unable to absorb H, at this temperature, and
Mg catalyzed by C-Nb,Os exhibits a gradual H, uptake, reach-
ing a capacity of only 2.5 wt.% within 30 min. Additionally, Mg
catalyzed by nano-Nb,O; displays similarly excellent hydrogena-
tion performance, with its H, absorption curve closely resem-
bling that of Nb,Os@G, which emphasizes the importance of
the nanoscale size of Nb,Os in enhancing the low-temperature
hydrogenation performance of Mg. Furthermore, even under
a low hydrogen pressure of 1 bar at room temperature, the
Nb,O; @G-catalyzed composite could still absorb 3.2 wt.% H,
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within 30 min (Figure S10, Supporting Information). In addi-
tion to low-pressure hydrogenation, the catalyst also exhibits ex-
cellent low-temperature hydrogenation performance, even at an
ultralow temperature of 0 °C, Mg catalyzed by nano-Nb,Os and
Nb,O; @G still demonstrates considerable hydrogenation capac-
ity, and Mg under the catalysis of Nb,O; @G exhibits a faster H,
absorption rate during the first 2 h, as shown in Figure 2e. Ulti-
mately, Mg catalyzed by Nb, O @G absorbs 5.0 wt.% H,, whereas
only a capacity of 3.0 wt.% H, is achieved under the catalysis of
nano-Nb,Os after 12 h at 0 °C, further confirming its exceptional
catalytic efficiency under practical, mild conditions. Based on the
pressure-composition isotherm (PCI) curves of MgH, catalyzed
by Nb,O; @G at different temperatures and the van’t Hoff equa-
tion (Figure S11, Supporting Information), the enthalpy change
(AH) for hydrogen desorption of Mg catalyzed by Nb,O,@G is
calculated as 75.0 + 1.5 k] mol~!, which is similar to that of pris-
tine MgH, (76.6 + 1.2 k] mol™!). This indicates that the incor-
poration of Nb,O; @G demonstrates negligible influence on the
thermodynamic properties of the reaction, with its enhancement
mechanism principally attributed to kinetic optimization rather
than thermodynamic modulation.

Cycling stability is a crucial indicator for evaluating reversible
H, storage performance of materials, and hence over 10 H,
absorption-desorption cycles were conducted for Nb,Os@G-
MgH,, with each TPD analysis for hydrogen desorption per-
formed at a heating rate of 2 °C min™'. After the initial H, des-
orption, the dehydrogenation temperature of MgH, under the
catalysis of Nb,O;@G further decreases and maintains a stable
H, desorption temperature and kinetic performance during sub-
sequent cycles (Figure 2f). This result suggests that the gradual
enhancement of the catalytic effect of Nb-based catalysts occurs
during the continuous hydrogen storage process. The initial H,
desorption capacity of Nb,Os @G-MgH, is 6.62 wt.%, while it re-
mains at 6.33 wt.% after 10 cycles, demonstrating excellent re-
versible H, storage performance with a high capacity retention of
95.6% (Figure 2g). To the best of our knowledge, this material rep-
resents one of the most promising MgH,-based candidates for
low-temperature hydrogen storage reported to date,?37 offer-
ing not only exceptional hydrogenation capability at reduced tem-
peratures, but also improved cycling stability and excellent dehy-
drogenation performance compared with other low-temperature
systems (Figure 2h).

2.3. Catalytic Species of Nb,O, @G-MgH, at Different Stages

To monitor the phase changes of Nb,O;@G-MgH, during H,
cycling, XRD analysis was performed. As shown in Figure S12
(Supporting Information), only the Mg phase (PDF#35-0821)
after H, desorption and the MgH, phase (PDF#12-0697) af-
ter hydrogen absorption are observed, indicating that the re-
versible transformation between Mg and MgH, accounts for
repeated hydrogen storage cycles of Nb,O.@G-MgH,. How-
ever, no characteristic diffraction peaks of Nb,Os-related phases
could be observed due to the intrinsic weak diffraction inten-
sity of Nb,O, nanoparticles with low content.?®] Fortunately, the
high-resolution XPS Nb 2p spectra show the presence of Nb>*,
Nb?*, and NDb?, indicating that Nb,O5 was partially reduced by
MgH, during the ball-milling process (Figure 3a). After the ini-
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tial H, desorption, Nb>* disappears and is completely converted
into lower-valence Nb species, including Nb*", Nb**, and Nb°,
with the content of Nb** and Nb° further increasing to 76%
(Figure 3b). These lower-valence Nb species maintain their states
throughout subsequent hydrogen absorption and desorption cy-
cles (Figure S13, Supporting Information). High-resolution TEM
(HRTEM) images corroborated this conclusion. In addition to the
reversible Mg and MgH, phases, lattice fringes corresponding to
Nb, NbO,, and NbH, are observed at the states of ball milling, H,
desorption, and absorption (Figure 3c). Notably, the relative con-
tents of lower-valence Nb species remain stable during cycling,
indicating that the active catalytic species stabilize after the ini-
tial H, desorption cycle (Figure 3b). This aligns with the observed
decrease in H, desorption temperature (Figure 2b), confirming
that the lower-valence niobium oxides and metallic Nb are possi-
bly responsible for enhancing the catalytic activity of Nb,O; @G.

In addition, comparative experiments show that the valence-
state evolution of Nb varies among different catalysts. As shown
in Figure S14 (Supporting Information), although Nb,Oj is par-
tially reduced to NbO, and metallic Nb upon dehydrogenation,
a significant portion remains unconverted for MgH, catalyzed
by both nano-Nb,O, and C-Nb,O;. In contrast, the presence of
graphene in Nb,O; @G facilitates the predominant conversion
of Nb,O, to Nb** and lower-valence states, whereas nanosized
and commercial Nb,Os retain over 30% Nb’*. This result di-
rectly demonstrates that the decrease of particle size and the uni-
form distribution of Nb,O; on graphene promotes the reduc-
tion of Nb,O; by MgH, or Mg and hence the formation of more
low-valent Nb-based catalytic species. Meanwhile, graphene pre-
serves a uniform distribution of low-valent Nb-based catalytic
species during cycling, contributing to its superior H, desorption
and absorption performance in subsequent cycles.

2.4. Theoretical Studies on the Catalytic Mechanism of
Nb,O, @G-MgH,

In order to unveil the enhanced catalytic mechanism induced
by the formation of multivalent Nb-based species, density func-
tional theory (DFT) calculations were conducted using various
Nb?, NbO, clusters (e.g., Nb,, NbO, Nb,0,, NbO,, Nb,0Os), and
Nb,O; slab model was cleaved from bulk Nb,O; (b- Nb,O;) for
theoretical simulation. It is well known that the sluggish kinet-
ics of MgH, dehydrogenation largely stem from the high stabil-
ity of the Mg—H bond, which poses a significant obstacle to hy-
drogen release.’®*1 As shown in Figure 4a-d, NbO, species on
the MgH, surface significantly weaken Mg—H bonds, elongating
their bond lengths from 1.87 A in pristine MgH, (110) surfaces
to 1.90—2.27 A. This bond elongation reflects a significant re-
duction in the strength of the Mg—H interaction, facilitated by
the formation of interfacial Mg—O and Nb—H bonds. Another
critical challenge in the dehydrogenation of MgH, is its intrin-
sically high energy barrier,[***5] which severely limits hydrogen
release kinetics. In order to understand the weakening of Mg—H
bonds in facilitating hydrogen desorption kinetic of MgH,, the
energy barrier of the typical two-step mechanism!*! is further
calculated, first, the Mg—H bond is cleaved and the dissociated
hydrogen atom migrates toward the catalyst surface; second, the
recombination of two surface-adsorbed hydrogen atoms occurs
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Figure 3. a) Nb 3d XPS spectra of MgH, catalyzed by Nb,O; @G upon cycling. b) Changes in Nb valence state distribution during hydrogen storage
cycling. ¢) HRTEM images of MgH,-Nb,Os @G after ball-milling, the 1st cycle of hydrogen desorption, and the Tst cycle of hydrogen absorption.

on the NbO, interface to form H,. Transition-state (TS) calcula-
tions for all systems indicate that the energy barrier for Mg—H
bond breaking is substantially reduced and is no longer the rate-
determining step. Instead, a high H, recombination barrier has
been identified as the critical kinetic limitation step (Figure 4e).
Remarkably, NbO, cluster achieves a low rate-determining bar-
rier of 1.29 eV, far below the dehydrogenation barrier of pristine
MgH, (2.37 eV). The hierarchy of rate-determining energy barri-
ers across systems (Mg > b-Nb,Os (crystalline) > Nb, > Nb,O;
(cluster) > NbO > NbO,) aligns well with the hydrogen desorp-
tion performance trends (Figure 2a). As a result, the favorable
formation of Nb** species from Nb,O;@G after hydrogen ad-
sorption, as evidenced by experimental results (Figure 3b) is de-
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termined to be the key factor that contributes to its outstanding
catalytic performance in the hydrogen desorption process than
nano-Nb, Os.

Notably, Nb,Os clusters induce the substitution of bridge-site
H in MgH, with O, as shown in Figure 4a and Figure S15
(Supporting Information), suggesting that nanoscale high-valent
Nb oxides promote rapid surface oxidation of MgH,. This also
explains the disappearance of Nb°* in the Nb 3d XPS spec-
tra exclusively for Nb,O;@G (Figure 3a). Without the presence
of graphene, the crystallization and aggregation of nanoscale
Nb,Os (Figure S16, Supporting Information) hinder the forma-
tion of Nb*" species, whereas the presence of Nb** in MgH,-
Nb,Os@G (Figure 3a) has a more favorable dehydrogenation
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b), MgH, @NbO c), and MgH, @Nb, d). e) The comparison of the hydrogen desorption energy barrier on the MgH, surface with Nb oxidation states

and catalyst particle size.

thermodynamics with a smoother enthalpic transition and a
lower H, release energy barrier (Figure 4d). Consequently, a sig-
nificant enhancement in hydrogen desorption performance is
observed in the second cycle of hydrogen storage (Figures S6, S7,
Supporting Information).
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During the reversible hydrogenation of Mg, three critical
steps,2#] including H, dissociation, H adsorption/bonding
on the Mg surface, and H diffusion into Mg bulk, are mainly
involved. First, the climbing image nudged elastic band (CI-
NEB) method was employed to elucidate the energetic and
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Figure 5. a) Energetic and structural evolution of H, dissociation catalyzed by NbO, @G. Graphene is omitted in the figure for simplicity. The left side
illustrates the transition state structure and H, dissociation energy barrier, while the right side depicts the final state structure and the energy after H,
dissociation. b) Structures of different NbO, @Mg systems and their H adsorption energy (E ) on Mg surfaces and H interstitial doping energy (Eqping)
in the bulk. The orange, blue, green, red, and brown spheres represent Mg, H, Nb, O, and C atoms, respectively. c) The ground-state structures of NbO,
and NbO, @G and the comparison of their Nb atomic magnetic moments and binding energies between NbO, and graphene. d) The charge density
differences of NbO, @G, where yellow indicates electron accumulation and blue indicates electron depletion. The charge density differences are plotted

with an isovalue of 0.005 e-Bohr3.

structural evolution of the dissociation pathway for both
graphene-supported and unsupported NbO, structures
(Figure 5a). To achieve low-temperature hydrogenation, a
low-barrier H, dissociation pathway is essential. The results
reveal that Nb-based catalysts exhibit significantly enhanced
H, dissociation kinetics, with energy barriers reduced by
0.25-0.60 eV compared to the Mg (0001) surface (0.60 eV).
Remarkably, the in situ formation of Nb?* during the hydrogen
storage of MgH, catalyzed by Nb,O,@G is able to realize a
barrierless H, dissociation process (0 eV), which is identified as
the key factor responsible for its high hydrogenation activity at
0°C.
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After H, dissociation, particular attention was given to the
preferential formation of Nb—H bonds and the interaction be-
tween Mg and O species during the investigation of hydrogen
migration and diffusion behavior. The structural relaxation of
NbO, on the Mg (0001) surface (Figure 5b) indicates that the sys-
tem maximizes Mg—O interactions. On the Mg surface, Nb,O;
clusters adopt a C,-symmetric configuration through a sym-
metry transformation, whereas the ground-state structure in-
volved in the MgH, dehydrogenation and H, dissociation pro-
cesses exhibits C; symmetry. This structural evolution promotes
stronger interfacial coupling with Mg, which could facilitate the
catalytic effect of Nb-based catalysts. Interestingly, induced by the
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interaction between Mg and O, the hydrogen adsorption energy
on the Mg surface is lower by 0.15-0.57 eV for NbO, @Mg com-
pared to pristine Mg(0001), and among them, NbO, (—0.56 eV)
and Nb,O, (—0.40 eV) show the best performance in reducing
hydrogen adsorption energy on Mg. The reduced hydrogen ad-
sorption energy on the Mg surface suggests that Mg can more
readily capture H from the catalyst interface, thereby accelerating
hydrogen diffusion across the Mg surface. Overall, the presence
of NbO, species significantly reduces the hydrogenation activa-
tion energy on the surface of Mg, thereby weakening the primary
kinetic barrier of the absorption process. This effect resembles
the shift in rate-limiting steps observed by Liu et al.*8] in LaNis-
based systems, where the limiting mechanism changes from sur-
face penetration to bulk diffusion. Furthermore, NbO, reduced H
doping energies (E,,;,,) by 0.25-0.37 eV, with NbO achieving the
lowest value of —0.18 eV. By comparison, Nb, under the absence
of oxygen demonstrates poor performance (E,;; = —0.06 eV) in
terms of H atom migration during the hydrogenation process.
Hence, it could be concluded that, under the support of graphene,
NDb?* and Nb** containing species exhibits best catalytic effect in
promoting H, dissociation and diffusion into Mg and H, adsorp-
tion, respectively, and more importantly, both of them are major
components of Nb,O; @G in situ formed during the hydrogen
storage process of MgH, (Figure 3b). These results highlight the
important synergistic role of multivalent Nb-based oxides in cat-
alyzing the hydrogen absorption processes of Mg.

It is noteworthy that during the structural relaxation of the
NbO, @G system, the graphene substrate exhibited strong ad-
sorptive behavior, particularly demonstrating pronounced affin-
ity toward ND atoms. This interfacial interaction could be quanti-
tatively evidenced by the significant binding energy (E, < —1 eV)
between the NbO,, cluster and graphene, accompanied by a dis-
cernible outward displacement of oxygen-terminated edges as
shown in Figure 5c. The hybridization between the p orbitals of
C and the d orbitals of Nb, as shown in Figure S17 (Supporting
Information), further indicates the significant confinement ef-
fect of graphene on both NbO,, species. This enables graphene to
prevent the aggregation and crystallization of NbO,, clusters dur-
ing cycling hydrogen storage, and hence the morphology of the
Nb,O; @G-MgH, particles remained largely unchanged during
cycling, as evidenced by the SEM images in Figure S18 (Support-
ing Information). The uniformly dispersed NbO, species pro-
mote both nucleation and growth of the Mg/MgH, phase tran-
sition via a nanoconfinement-enhanced catalytic mechanism, as
described by the extended Johnson—Mehl-Avrami-Kolmogorov
(JMAK) model.[**5% Overall, the unique electronic structure of
multivalent Nb-based oxides supported on graphene significantly
lowers the H, dissociation barrier and H adsorption energy on
the NbO, surface (Figure S19, Supporting Information), en-
abling facile hydrogen absorption at an ultralow temperature of
0°C.

Interestingly, charge density difference analysis (Figure 5d)
demonstrated that, under the support of graphene, graphene’s
n-electron contribution leads to the formation of the electron-
rich regions at C-Nb interfaces (except for Nb,). These regions
likely create electron-accepting orbitals compatible with H, ¢”
orbitals, significantly lowering the dissociation barrier, which in
turn facilitates rapid H, cleavage (Figure S19, Supporting Infor-
mation). In contrast, graphene also reduced the magnetic mo-
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ment of Nb, from 2.0 y5 to 0.0 uy (Figure 5c), eliminating spin-
polarized states critical for charge transfer to H, ¢* antibonding
orbitals, thereby increasing the H, dissociation barrier (Figure
S14, Supporting Information). The spin-polarized d orbitals of
Nb, cluster facilitate asymmetric electron transfer into H, ¢”
antibonding orbital, thereby enhancing H—H bond cleavage via
effective orbital hybridization (Figure S20, Supporting Informa-
tion). Due to the strong hydrogen adsorption affinity (1.98 eV)
of Nb, the dissociation of Nb—H bonds is hindered, leading to
the formation of stable NbH, species, which subsequently im-
pedes the migration of hydrogen into Mg. In this context, the
reduced H, dissociation barrier of Nb° slows down the overall
reaction on its surface, allowing more H, molecules to dissoci-
ate and adsorb on neighboring NbO, species with lower H ad-
sorption energies. This establishes a more efficient dissociation-
diffusion pathway, rather than blocking H on Nb° sites via ex-
cessive NbH, formation. This mechanism is supported by the
experimental observation in Figure 3b, where a significant reduc-
tion of Nb° is observed during hydrogenation in the absence of
graphene, and the phase stability of Nb,O;@G after hydrogen
absorption further confirms the transient yet rapid residence of
hydrogen on the catalyst surface. Although partial NbH, forma-
tion still occurs due to the intrinsically low dissociation barrier of
Nb (Figure 3c), the resulting NbH,/MgH, interfacial structure
forms a favorable gateway model during the subsequent dehy-
drogenation process, which effectively lowers the hydrogen ad-
sorption barrier and hence promotes facile hydrogen storage of
MgH, at room temperature.

3. Conclusion

In this study, we design and synthesize graphene-stabilized mul-
tivalent niobium oxide nanoparticles (Nb,O;@G) as a high-
efficiency catalyst for promoting the hydrogen storage perfor-
mance of MgH,. During cycling hydrogen storage, MgH, un-
der the catalysis of Nb,O;@G not only retains a stable hydro-
gen capacity of 6.3 wt.% but also achieves a reduction of the on-
set dehydrogenation temperature to 155.9 °C, which is 124.1 °C
lower than that of pure MgH,. In terms of reversible hydrogen
absorption, MgH, instantaneously achieves a capacity of 5.0 wt.%
within 1 min at ambient temperature (25 °C), and it retains
5.0 wt.% hydrogen uptake even at 0 °C, demonstrating unprece-
dented low-temperature hydrogen absorption capability. Both ex-
perimental and theoretical results revealed that Nb, O undergoes
in situ reduction to low-valence niobium oxides (NbO,) and ele-
mental Nb during the hydrogenation/dehydrogenation process,
where different Nb oxidation states play distinct catalytic roles.
Specifically, in comparison with crystalline Nb,Os, all the thus-
formed NbO,, clusters exhibit significantly superior hydrogena-
tion and dehydrogenation performance due to their barrierless
H, dissociation and the ability to lower the H adsorption energy
on Mg surfaces from 0.01 to —0.99 eV. Meanwhile, NbO, facili-
tates hydrogen diffusion into Mg by reducing the interstitial dop-
ing energy from 0.19 to —0.19 eV. Notably, Graphene played an
additional role in enhancing the catalytic effect of NbO,, which
ensures uniform dispersion of Nb,Os within MgH, and pre-
vents particle agglomeration of NbO, and maintains intimate
contact between NbO, and MgH, during hydrogen absorption-
desorption cycles. This tight interface facilitates the rapid
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reduction of nanosized Nb,Os on the MgH, surface, which sig-
nificantly enhances catalytic activity for hydrogen absorption by
mitigating the low efficiency of the saturated coordination state
of Nb>*. Moreover, the electron-rich regions formed at the inter-
face between graphene and NbO, effectively lower the H, dis-
sociation barriers across all niobium oxide species, which, more
importantly, simultaneously reduces the unpaired spin electrons
of Nb? that would elevate the H, dissociation barrier at Nb° sites.
Consequently, hydrogen stagnation by the strong Nb—H bonds is
suppressed, facilitating efficient hydrogen migration into Mg and
accelerating the overall hydrogen absorption kinetics. This work
not only achieves a breakthrough in niobium-based catalytic per-
formance for MgH, but also provides a comprehensive mecha-
nistic framework for designing multivalent metal oxide catalysts
in hydrogen storage systems.

4. Experimental Section

Materials and Preparation—Preparation of Nb,O;@G: To prepare
Nb,Os @G, 100 mg of NbCls (>99.9%, Aladdin) was dissolved in 20 mL
of anhydrous ethanol under stirring in an ice-water bath to form solution
A. Separately, 6.4 mL of graphene oxide (GO) dispersion (2 mg mL™",
Tanfeng Tech.Inc.) was ultrasonicated in 20 mL of anhydrous ethanol to
produce solution B. Solution B was then gradually added to solution A,
and the combined solution was stirred continuously in the ice-water bath
while 1 mL of oleylamine (C18 content: 80-90%, Aladdin) was added drop-
wise. The mixture was then heated to 75 °C and stirred vigorously for 6 h.
The resultant product was washed sequentially with ethanol and deion-
ized water, followed by centrifugation. Subsequently, 120 mg of sodium
ascorbate (>99%, Aladdin) and 8 mL of deionized water were added to
disperse the product by ultrasonication, and the mixture was heated at
100 °C for 2 h to reduce the graphene oxide. The sample was then washed
with deionized water, centrifuged, and freeze-dried. The dried sample was
placed in a tubular furnace and heated at a rate of 5 °C min~' to 600 °C
under a N, atmosphere. This temperature was maintained for 3 h, after
which the sample was allowed to cool naturally to room temperature to
obtain Nb,Os@G.

Materials and Preparation—Preparation of Nano-Nb,Os: The prepa-
ration of nano-Nb,Os followed the same procedure as Nb,O; @G, with
the exception that during the high-temperature calcination step, air rather
than N, was introduced into the tubular furnace.

Materials and Preparation—Preparation of MgH,-Nb,Os@G Compos-
ite:  The MgH,-Nb,Os @G composite was synthesized by high-energy
ball milling, using a stainless-steel milling jar and balls capable of with-
standing high pressure. The mass ratio of the milling balls to the sample
was 120:1, and the rotation speed of the miller was maintained at 500 rpm
(alternate clockwise and counterclockwise rotation) for 12 h (20 min stop
every 10 min). The milling process was carried out under a 50 bar H, at-
mosphere within the jar. All sample preparations were conducted in an
argon-filled glovebox, where both water and oxygen levels were maintained
below 0.01 ppm. Control samples were prepared under the same milling
parameters as MgH,-Nb,Os @G.

Material Characterization: The phase composition of the powdered
samples was analyzed using X-ray diffraction (XRD) on a Bruker D8 Ad-
vance diffractometer with Cu Ka radiation (A = 1.5418 A). To prevent air-
induced reactions, all samples were covered with an amorphous tape,
producing a broad peak around 26 = 20°. Sample morphology was ex-
amined through field-emission scanning electron microscopy (FE-SEM,
ZEISS Gemini 300) and transmission electron microscopy (TEM, FEI Tec-
nai F20). For surface analysis, X-ray photoelectron spectroscopy (XPS) was
conducted with a ThermoFisher ESCALAB 250Xi, USA, under an analy-
sis chamber pressure of 8 x 10710 Pa, using an Al Ka excitation source
(hv = 1486.6 eV), with a working voltage of 12.5 kV, filament current of
16 mA, and signal accumulation over 5-10 cycles. Data were acquired
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with a pass energy of 20 eV and a step size of 0.1 eV. The Nb 3d re-
gion was calibrated using the sp?-hybridized carbon peak of graphene at
284.0 eV to correct for charging effects, instead of the typical adventitious
carbon peak at 284.8 eV, to ensure accuracy in binding energy referencing.
For samples without graphene, the adventitious carbon peak was refer-
enced at 284.8 eV. Peak fitting was performed using a Gaussian-Lorentzian
mixed function with an L/G ratio of 30%. The spin-orbit doublets (3ds;
and 3d;,) were constrained with an area ratio of 3:2 and a fixed energy
separation of 2.8 + 0.1 eV. The full width at half maximum (FWHM) was
maintained consistently within each valence state: ~#0.9-1.0 eV for NbBO,
~1.7-1.8 eV for Nb2*, and ~1.9-2.0 eV for both Nb** and Nb>*. Bind-
ing energy positions were referenced to established literature values. The
content of each oxidation state was quantified by integrating the fitted
peak areas and normalizing them to the total Nb 3d signal. Addition-
ally, XPS spectra of the ball-milled sample were also analyzed to assess
changes in Nb valence states after mechanical processing. Air-sensitive
MgH, composites were transferred using a specially designed vessel in a
glovebox to ensure no air contamination. Chemical bonding was analyzed
via Fourier-transform infrared spectroscopy (FT-IR, Magna-IR 550 |1, Nico-
let), using KBr-pelletized powder samples compressed into translucent
chips.

Hydrogen Storage Measurements: Hydrogen desorption and absorp-
tion properties of the prepared samples were measured through
temperature-programmed desorption (TPD) and isothermal dehydro-
genation, using a custom-built high-pressure sorption apparatus (HPSA),
calibrated with LaNis for hydrogen capacity accuracy within +1%. Hydro-
gen storage capacity (wt.%) calculations were based on the total mass of
each sample. Approximately 20 mg of each sample was used in these tests.
TPD analyses were performed with a heating rate of 2 °C min~', while both
TPD and isothermal dehydrogenation tests were carried out under an ini-
tial vacuum pressure of <0.0001 bar. The cycling stability was tested at
250 °C under isothermal conditions, with hydrogenation conducted at an
initial pressure of 5 MPa.

Density functional theory calculation method: The Vienna Ab initio
Simulation Package (VASP) was utilized to conduct spin-polarized den-
sity functional theory (DFT) calculations. Post-processing and analysis
of VASP data were carried out using VASPKIT.T! To accurately describe
hydrogen absorption and desorption processes, the study employed the
Perdew-Burke-Ernzerhof (PBE) functional within the generalized gradient
approximation (GGA) framework, selected due to its reliable performance
in prior benchmarking studies.[*2°%33] To address van der Waals forces
in layered and cluster systems, the DFT-D3 dispersion correction method
with Becke-Jonson damping was implemented.[>*] Spin-polarized density
functional theory calculations were performed to account for the possible
magnetic behavior of the system, particularly in the presence of transition
metal species and adsorbed hydrogen. The local magnetic moments on
selected atoms were analyzed based on site-projected wavefunction data,
enabling the characterization of spin states and their influence on the hy-
drogen adsorption mechanism.

For graphene-supported systems, the Nb, and NbO, clusters were
placed on a 4 x 4 graphene supercell (a = b =9.87 A) with a 20 A vacuum
layer along the c-axis, while isolated clusters were centered in a carbon-
free box with equivalent vacuum spacing. MgH, (110) and Mg (001) sub-
strates were modeled using 3 X 4 and 4 X 4 supercells, respectively, both
with 25 A vacuum layers. All calculations employed a 450 eV plane-wave
cutoff, 0.05 eV Gaussian smearing, and DFT-D3 van der Waals correction.
Slab systems used 4 x 4 X 1 k-point grids, whereas clusters were treated
with I'-point sampling. Electronic and ionic convergence criteria were set
to 1x 107 eV and 0.02 eV A=, respectively. Transition states were rig-
orously determined using the climbing-image nudged elastic band (Cl-
NEB)[>3] method combined with the improved dimer method (IDM),[>¢]
ensuring higher accuracy than conventional nudged elastic band (NEB)
approaches. For each CI-NEB calculation, 6-8 intermediate images were
employed between the initial and final states to ensure a smooth transi-
tion along the reaction pathway. The average total atomic displacement
between adjacent images was kept within 0.8 A in the initial interpolation,
guaranteeing a physically reasonable and continuous reaction coordinate.
In this study, the Gibbs free energy was used for analysis (by considering
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the entropic change and zero-point energy). The Gibbs free energies were
calculated as follows:

G =E, +Ezpg — TS )

where G represents the Gibbs free energy, E, represents the DFT calculated
energy, E;p¢ represents the zero-point energy, T represents the tempera-
ture, and S represents the entropic.

Meanwhile, multiple energy parameters were employed in theoretical
calculations to evaluate the interactions between graphene, niobium ox-
ide, Mg, and H, including the binding energy between graphene and NbO,
clusters (E,), hydrogen adsorption energy (E,,), and hydrogen dissocia-
tion energy (E,). The computational methods used are as follows:

Ep = Eioral — (Egraphene + Ecluster) (2
Eads = Etotal = (Esupstrate + 1/2Ep2) (3)
Ed = EZH* - (Esubstrate + EHZ) (4)

where E,, represents the energy of the relaxed composite structure.

Egraphener Eclusterr Esubstrater Enz» and Epx denote the energies of pristine

graphene, free cluster, substrate for adsorption, isolated H, molecule, and
the system with two adsorbed H atoms on the substrate, respectively.
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