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for the dehydrogenation of Mg(BH4)2 to 
form MgB2, which is equivalent to the 
release of 1 atm H2 at temperatures of 
20–75 °C, which is suitable for practical 
application in proton-exchange membrane 
fuel cells.[12–14] The high kinetic energy 
barriers resulting from the sluggish dif-
fusion of hydrogen and mass transport, 
however, cause the operating storage tem-
perature to rise over 300 °C.[15–18] More-
over, the reversibility of Mg(BH4)2 that 
could be achieved was only partial, even 
under an extreme condition of 950 bar H2 
at 400 °C, which is impractical for many 
applications, and this poses a major bar-
rier for the future application of Mg(BH4)2 
as hydrogen storage materials.[19,20]

Space-confining Mg(BH4)2 into porous 
substrates has been demonstrated as a 
direct and effective method for improving 
the hydrogen storage performance of 
Mg(BH4)2. This method can significantly 
reduce their particle size, and hence 
reduce the barrier that inhibits hydrogen 
and mass transport during the solid-state 
transformation process.[21–24] In addition, 

the introduction of support materials could inhibit the particle 
growth and agglomeration of Mg(BH4)2, enhancing the cycling 
stability.[25] Moreover, the space-confinement of Mg(BH4)2 could 
promote the formation of MgB2, which is thermodynamically 
capable of being hydrogenated directly to form Mg(BH4)2; 
hence, the reversibility of Mg(BH4)2 can be improved to some 
extent.[26] However, owing to the high energy required to break 
stable BB bonds and the large diffusion barrier of H in MgB2, 
the reversible ratio is still lower than 20% even under a pres-
sure as high as 15 MPa.[27] Another method for improving the 
reversibility of Mg(BH4)2 is to mechanically mill MgB2 with 
Mg/MgH2 in solvents.[28] Although milling process creates 
defects that improve the reversibility of MgB2 to some extent, 
the physical contact between Mg/MgH2 and MgB2 was largely 
limited owing to the uncontrollable distribution with large par-
ticle size; more importantly, only the first cycle of hydrogen 
storage could be achieved owing to the difficult formation of 
MgB2 via the direct dehydrogenation of bulk Mg(BH4)2. In addi-
tion, the adsorption of solvents degrades the performance of 
the as-synthesized composites, possibly pollutes the released 
hydrogen, and reduces the suitability of the hydrogenation pro-
cess for on-board hydrogen storages.

In this work, in order to simultaneously facilitate the forma-
tion and the hydrogen storage reversibility of MgB2, a unique 

Hydrogen storage is a vital technology for developing on-board hydrogen fuel 
cells. While Mg(BH4)2 is widely regarded as a promising hydrogen storage 
material owing to its extremely high gravimetric and volumetric capacity, its 
poor reversibility poses a major bottleneck inhibiting its practical applica-
tions. Herein, a facile strategy to effectively improve the reversible hydrogen 
storage performance of Mg(BH4)2 via building heterostructures uniformly 
inside MgH2 nanoparticles is reported. The in situ reaction between MgH2 
nanoparticles and B2H6 not only forms homogeneous heterostructures with 
controllable particle size but also simultaneously decreases the particle size 
of the MgH2 nanoparticles inside, which effectively reduces the kinetic barrier 
that inhibits the reversible hydrogen storage in both Mg(BH4)2 and MgH2. 
More importantly, density functional theory coupled with ab initio molecular 
dynamics calculations clearly demonstrates that MgH2 in this heterostructure 
can act as a hydrogen pump, which drastically changes the enthalpy for the 
initial formation of BH bonds by breaking stable BB bonds from endo-
thermic to exothermic and hence thermodynamically improves the revers-
ibility of Mg(BH4)2. It is believed that building heterostructures provides a 
window of opportunity for discovering high-performance hydrogen storage 
materials for on-board applications.

Hydrogen has been considered as a sustainable and clean 
energy carrier that promises environmentally friendly energy 
sources capable of supplying the ever-increasing global energy 
demands.[1] Unfortunately, the efficient and safe storage of 
hydrogen with high gravimetric and volumetric capacity poses 
a major economical bottleneck for the adoption of hydrogen.[2–7] 
Magnesium borohydride (Mg(BH4)2), which exhibits an 
extremely high gravimetric capacity of 14.9 wt% and volumetric 
capacity of 145–147  kg cm−3, has been widely regarded as a 
promising hydrogen storage material.[8–11] More importantly, an 
enthalpy change of –39 kJ mol−1 H2 was theoretically calculated 
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heterostructure of Mg(BH4)2@MgH2 was constructed, wherein 
Mg(BH4)2 nanoparticles (NPs) were in situ built on MgH2 NPs 
uniformly via the solid–gas reaction between MgH2 and B2H6 
(Figure  1a). The building of heterostructures with an average 
particle size of approximately 10 nm could not only realize the 
formation of Mg(BH4)2 NPs, but also serve as an effective way 
to chemically tune the particle sizes of both MgH2 and the 
as-formed Mg(BH4)2 NPs, which further reduces their respec-
tive hydrogen storage temperature and increases systematic 
reversible hydrogen storage density. In addition, the control-
lable tuning of particle size of Mg(BH4)2 within <1  nm leads 
to the efficient formation of MgB2 upon the dehydrogenation 
of Mg(BH4)2 at a moderate temperature, which provides a 
plausible thermodynamic solution for improving the revers-
ibility of the hydrogen storage of Mg(BH4)2. More interest-
ingly, it was theoretically and experimentally validated that the 
presence of MgH2 may act as a hydrogen pump, which could 
affect the enthalpy for the initial formation of BH bonds such 

that breaking the stable BB bonds becomes an exothermic 
process; this thermodynamically improves the reversibility of 
Mg(BH4)2 significantly. As a result, the synergistic improve-
ment in thermodynamics and kinetics facilitates the building of 
heterostructures that increase the reversible ratio of Mg(BH4)2 
to approximately 70%. Coupled with the stable reversibility of 
MgH2 NPs, the as-built Mg(BH4)2@MgH2 nanoparticles could 
exhibit a stable systematic hydrogen capacity of approximately 
4.8 wt% after eight cycles.

As shown in Figure  1, graphene-supported homogeneous 
MgH2 nanoparticles (MgH2/G) with an average particle size 
of 8.5  nm were synthesized via hydrogenation-induced self-
assembly (Figure S1, Supporting Information). High-resolution 
transmission electron microscopy (HRTEM) images revealed a 
typical d-spacing of 0.25 nm, which could be indexed to the (101) 
planes of hexagonal MgH2, indicating the formation of MgH2 
NPs. This is in good agreement with X-ray diffraction (XRD) 
patterns (Figure S2, Supporting Information). The uniform 

Figure 1.  a) Schematic illustration of the synthesis of Mg(BH4)2@MgH2 NPs on graphene. b,c) SEM, d) TEM, e) STEM, and f) HRTEM images of 
MBH@MH-2. g) TEM image of Mg(BH4)2/G. h) Elemental mapping of MBH@MH-2.
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distribution of MgH2 NPs on flexible graphene layers could not 
only ensure the high loading of MgH2 NPs and facilitate the sub-
sequent chemical reaction between MgH2 and B2H6, leading to a 
high systematic hydrogen storage density, but also contribute to 
preserving the structural integrity. Upon proceeding for 2 h, the 
reaction between MgH2 and B2H6 (denoted as MBH@MH-1) 
resulted in the weakening of the intensity of characteristic XRD 
peaks belonging to MgH2, and X-ray photoelectron spectroscopy 
(XPS) spectra clearly demonstrated the high purity of the as-syn-
thesized MBH@MH-1 with the appearance of B-containing spe-
cies (Figure S3a, Supporting Information). Although there were 
no visible peaks belonging to Mg(BH4)2 in the XRD results, the 
formation of Mg(BH4)2 could be evidenced by the presence of 
characteristic peaks of Mg(BH4)2 in the high-resolution XPS 
B 1s spectra (Figure S3b, Supporting Information) and by the 
characteristic BH bonds in the Fourier transform infrared 
spectroscopy (FTIR) spectra (Figure S4, Supporting Informa-
tion). The coexistence of MgH2 and Mg(BH4)2 in the XRD 
patterns (Figure S2, Supporting Information) as well as FTIR 
spectra (Figure S4, Supporting Information) could be verified in 
the composite after prolonging the reaction time to 5 h (denoted 
as MBH@MH-2). Moreover, it could be clearly observed that, 
with graphene providing the structural support, the distribution 
of MgH2 NPs was homogeneous (Figures 1a–c) with the forma-
tion of partial hollow structures inside (Figure 1d). These hollow 
structures could be attributed to the Kirkendall effect resulting 
from the different diffusion speeds of Mg and BH-containing 
species. HRTEM image verifies the presence of characteristic 
d-spacings of MgH2 and Mg(BH4)2 (Figure  1e), illustrating the 
formation of Mg(BH4)2 on the surface of MgH2 NPs (denoted 
as MBH@MH), which simultaneously reduces the particle 
size of MgH2 NPs inside to some extent. In addition, it should 
be noted that due to the introduction of B2H6, the average 
particle size of nanoparticles was slightly increased to approxi-
mately 10.0  nm (Figure S5, Supporting Information). To char-
acterize the particle size of thus-formed Mg(BH4)2 NPs, the 
as-synthesized Mg(BH4)2@MgH2 composite was washed by tet-
rahydrofuran, which is a good solvent for Mg(BH4)2. After the 
washing process, FTIR spectra clearly illustrated the absence 
of characteristic peaks of BH bonds indexed to Mg(BH4)2 
(Figure S6, Supporting Information), which provides additional 
evidence proving the formation of Mg(BH4)2 with high purity 
after the reaction between MgH2 and B2H6. The decrease in 
particle sizes of MBH@MH NPs induced by the removal of 
Mg(BH4)2 were analyzed: the average particle size of Mg(BH4)2 
in MBH@MH-1 and MBH@MH-2 could be indirectly verified 
to be lower than 0.7 and 1.1 nm, respectively (Figures S5 and S7,  
Supporting Information). This demonstrates that building 
heterostructures of Mg(BH4)2 on MgH2 NP is an effective way 
not only to fabricate Mg(BH4)2 NPs but also to tune the par-
ticle size of both Mg(BH4)2 and MgH2 in a facile manner. The 
corresponding elemental mapping validates the uniform dis-
tribution of Mg, B, and C in the as-synthesized MBH@MH-2, 
providing further evidence to the homogeneous distribution 
of Mg(BH4)2@MgH2 NPs on the graphene layers. Upon pro-
longing the reaction time to 12 h, MgH2 NPs were transformed 
into Mg(BH4)2 completely (denoted as MBH/G), as evidenced 
by the XRD and FTIR results (Figures S2 and S4, Supporting 
Information).

The hydrogen storage performance of MBH@MH compos-
ites was first evaluated by thermogravimetric analysis (TGA) 
coupled with mass spectra (MS). The peak temperature for 
the hydrogen desorption from bulk Mg(BH4)2 reaches 329 °C,  
accompanied by a minor peak at 432 °C (Figure S8, Sup-
porting Information), indicating the multistep decomposition 
of Mg(BH4)2 before 500 °C. By comparison, the addition of 
graphene could reduce the peak dehydrogenation temperature 
down to 316 °C with the completion of the main dehydrogena-
tion process before 400 °C, which validates the catalytic role of 
graphene in improving the hydrogen desorption performance 
of Mg(BH4)2. However, the addition of MgH2 into the com-
posite of Mg(BH4)2 and graphene (denoted as MBH-MH-G) 
resulted in the peak temperature for the dehydrogenation of 
MgH2 and Mg(BH4)2 as well as that for the dehydrogenated 
product after heating to 500 °C to be comparable to that of 
the bulk MgH2-G and Mg(BH4)2-G, indicating that there was 
no chemical interaction between MgH2 and Mg(BH4)2 during 
the dehydrogenation process (Figure S9, Supporting Infor-
mation). Showing strong contrast, MgH2/G could release  
4.3 wt% hydrogen with a peak temperature at approximately 
253 °C, whereas the hydrogen released from Mg(BH4)2/G, 
owing to the introduction of B2H6, could reach 8.9 wt% with 
a lower peak temperature of 200 °C (Figure  2a,b) due to the 
significant decrease in particle size down to nanometer scale. 
More interestingly, utilizing heterostructures facilitated the 
extra reduction of particle size of both Mg(BH4)2 and MgH2 
NPs relative to pure Mg(BH4)2/G or MgH2/G, simultaneously 
lowering their characteristic peak temperature down to 191 and 
242 °C for MBH@MH-1 and 197 and 234 °C for MBH@MH-2, 
respectively. This result directly verifies that the facile-tuned 
particle size via building heterostructures of Mg(BH4)2 on 
MgH2 NP synergistically decreases the dehydrogenation tem-
perature due to the reduction of particle size of both Mg(BH4)2 
and MgH2. Consequently, the significant decrease in the dehy-
drogenation temperature of both MgH2 and Mg(BH4)2 in the 
MBH@MH composite could be mainly attributed to the signif-
icant reduction of particle size to the nanometer scale and their 
uniform distribution on graphene, which exhibits a catalytic 
effect. Based on their separate dehydrogenation temperature, 
the amount of hydrogen desorbed from Mg(BH4)2 and MgH2 in 
MBH@MH-1 was approximately 2.8 and 3.4 wt%, respectively, 
and 5.1 and 2.5 wt% for MBH@MH-2.

XRD results demonstrate that the dehydrogenation prod-
ucts of the MBH@MH composite at 300 °C were mainly com-
posed of MgB2 and Mg (Figure S10, Supporting Information), 
accompanied with the complete disappearance of BH peaks 
in FTIR spectra (Figure S11, Supporting Information). It not 
only verifies the complete hydrogen desorption but also further 
proves the noninteraction among the dehydrogenation process 
between MgH2 and Mg(BH4)2 upon heating on the nanometer 
scale. By comparison, only minor MgB2 was observed in the 
bulk composite of Mg(BH4)2 and graphene with or without the 
presence of MgH2 (Figure S9, Supporting Information), accom-
panied with residual MgB12H12 after heating to an even higher 
temperature of 500 °C (Figure S12, Supporting Information). 
The formation of MgB12H12, Mg, and amorphous boron with 
high thermodynamic stability after dehydrogenation would 
significantly decrease the reversibility of hydrogenation of the 
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whole system.[29] As a result, only negligible reversibility could 
be achieved for bulk Mg(BH4)2-G and MBH-MH-G after the 
initial reversible charge of hydrogen (Figure S13, Supporting 
Information). By comparison, a capacity of approximately  
3 wt% was obtained for the Mg(BH4)2/G, corresponding to a 
capacity retention of only 34%, with the observation of abun-
dant MgB2 in the dehydrogenated products of Mg(BH4)2/G, 
which could be attributed to the sluggish mass transporta-
tion and stable BB bonds of MgB2.[30] More interestingly, it 
could be clearly observed that upon partial transformation, the 
reversible hydrogen capacity of MBH@MH composites could 

be further enhanced to a value that is much higher than that 
of both MgH2/G and Mg(BH4)2/G. Particularly, the reversible 
capacity of MBH@MH-1 reached as high as 5.3 wt%, with 
1.9 wt% for Mg(BH4)2 and 3.4 wt% for MgH2. The complete 
reversibility of MgH2 was maintained in the composite, and the 
capacity retention of Mg(BH4)2 in MBH@MH-1 and MBH@
MH-2 was upgraded to 68% and 53%, respectively, much higher 
than that of Mg(BH4)2/G. After the hydrogenation process, the 
formation of Mg(BH4)2 and MgH2 could be directly verified for 
MBH@MH composite, accompanied with the complete dis-
appearance of MgB2 in the XRD results (Figures S14 and S15,  

Figure 2.  a) TGA and b) MS results of the as-synthesized MBH@MH-1 and MBH@MH-2, including MgH2/G and Mg(BH4)2/G for comparison. c) TGA 
and d) MS results of MBH@MH-1 and MBH@MH-2 after the first cycle of hydrogenation process, including MgH2/G and Mg(BH4)2/G for comparison. 
e) Normalized reversible ratio of MgH2 and Mg(BH4)2 in MBH@MH-1 and MBH@MH-2, including MgH2/G and Mg(BH4)2/G for comparison, where 
the hydrogen capacities are normalized to the dehydrogenation capacity exhibited in the first cycle.
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Supporting Information). By comparison, although FTIR 
spectra validated the partial formation of Mg(BH4)2, there were 
evident characteristic peaks belonging to MgB2 in the rehy-
drogenated Mg(BH4)2/G, indicating the limited reversibility of 
pure Mg(BH4)2 NPs, which corresponds with its low reversible 
ratio of approximately 34% (Figure S14, Supporting Informa-
tion). It provides direct evidence to the significantly enhanced 
reversibility by building heterostructures of Mg(BH4)2@MgH2 
NPs, which could simultaneously tune the particle size of 
Mg(BH4)2 and MgH2 NPs.

In addition to that of the structural effect, we investigated 
the direct effect of MgH2 on improving the reversibility of 
MgB2, which is the dehydrogenated product of Mg(BH4)2 NPs, 
by mixing MgH2 with MgB2 particles. Surprisingly, with the 
addition of MgH2, the reversible capacity of MgB2 could be 
increased remarkably to 12.3% from the 3.4% of pure MgB2 
(Figure S16, Supporting Information), accompanied by the 
weak but detectable formation of BH bonds (Figure S17, Sup-
porting Information), which demonstrates that the presence of 
MgH2 also plays an important role in improving the revers-
ible hydrogen storage of MgB2. In order to unravel the mecha-
nism behind this, first-principle calculations were conducted 
based on density functional theory. The calculations reveal that 
under a stable structural configuration, the clear formation 
of numerous BH bonds can be observed on MgB2 under 
the support of MgH2, formed due to the transfer of hydrogen 
from MgH2 to form Mg atoms, (Figure  3a,b). This demon-
strates that MgH2 could act as hydrogen pump to facilitate the 
initial hydrogenation of MgB2. In order to better understand 
the mechanism of this hydrogenation process, ab initio mole-
cular dynamics (AIMD) simulations were further conducted 
(Figure 3c). Initially, one layer of MgB2 was deposited on the 
top surface of MgH2 matrix after structural modification; as 
the simulation proceeded, all hydrogen atoms moved toward 
a low-energy configuration (Movie S1, Supporting Informa-
tion). It directly demonstrates the transfer of hydrogen from 
MgH2 matrix after only 3  ps from the start of the simula-
tion, leading to the further breaking of BB bonds in MgB2 
and the favorable formation of BH bonds. The number of 
BH bonds significantly increased as the simulation time 
increased from 3 to 15  ps, indicating the favorable formation 
of B–H bonds induced by the transfer of hydrogen from MgH2 
as the structural support. More interestingly, under the struc-
tural support of MgH2, the subsequent absorption of hydrogen 
on MgB2 was energetically favorable, with an enthalpy of 
−2.99  eV (Figure  3d). Contrastingly, despite the thermody-
namically favorable hydrogen storage reaction of MgB2 to 
form Mg(BH4)2, the initial adsorption of H on MgB2 via the 
breakage of stable BB bonds was instead an endothermic 
process with an enthalpy of 0.117 eV (Figure 3e). This indicates 
that the building of heterostructures could thermodynami-
cally promote the hydrogenation of MgB2 through the forma-
tion of BH bonds owing to the transfer of hydrogen from 
MgH2, which significantly enhanced the reversibility of MgB2. 
Coincidentally, the building of heterostructures via the in situ 
formation of Mg(BH4)2 on MgH2 NPs could ensure the homo-
geneous and intimate contact between MgH2 and Mg(BH4)2, 
which could largely affect the potential and hence lead to sig-
nificantly improved reversibility of Mg(BH4)2.

In an ideal hydrogen storage system, the reversibility of 
hydrogenation and dehydrogenation must be efficient even 
under moderate conditions. Hence, the long-term cycling 
hydrogen storage performance of Mg(BH4)2 was subsequently 
measured through isothermal hydrogenation and dehydro-
genation at 260 °C via the volumetric method. As shown in 
Figure 4a, the presence of graphene as the structural support 
could realize the stable reversibility of MgH2/G, exhibiting 
a capacity retention of approximately 99.8% after five cycles. 
In the terms of MBH@MH-2, after partial transformation of 
MgH2 into Mg(BH4)2, although the initial storage capacity is 
much higher than MgH2/G, a reversible capacity ratio of only 
58.6% could be preserved after five cycles of hydrogenation and 
dehydrogenation processes, owing to the limited reversibility 
of Mg(BH4)2. In strong contrast, the enhanced reversibility of 
Mg(BH4)2 via tuning the heterostructures of Mg(BH4)2@MgH2 
caused the reversible capacity of MBH@MH-1 after five cycles 
to reach 4.92 wt%, which was 12% higher than that of MgH2/G. 

Figure 3.  Top view and side view of the adsorption configuration of MgB2 
under the support of MgH2 before (a) and after (b) structural modifica-
tion, in which the thus-formed BH bonds are highlighted by red circles. 
c) Snapshot of the AIMD simulation of the hydrogenation process of 
MgB2 under the support of MgH2, in which the thus-formed BH bonds 
via the transfer of hydrogen from MgH2 are highlighted by red circles. 
Calculated hydrogen absorption energy on MgB2 with (d) and without  
(e) the presence of MgH2 as the structural support. The Mg, B, and H 
atoms are shown in green, pink, and white spheres, respectively.
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 15214095, 2020, 31, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202002647 by Fudan U
niversity, W

iley O
nline L

ibrary on [12/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2002647  (6 of 8)

www.advmat.dewww.advancedsciencenews.com

This value could be maintained at 4.83 wt% after eight cycles, 
corresponding to a capacity retention of 91.1% after the second 
cycle. SEM and TEM images validate that graphene, as the 
structural support helped preserve the homogeneous distribu-
tion of MBH@MH composite on graphene in MBH@MH-1 
after the cycling performance. No evident agglomeration and 
particle growth could be observed for the MBH@MH NPs with 
an average particle size of 9.7 nm (Figure S18, Supporting Infor-
mation). These structural features could effectively facilitate 
the transfer of hydrogen and shorten the diffusion pathway of 
hydrogen and mass transport, which contributes to enhancing 
the reversibility of both Mg(BH4)2 and MgH2.

Isothermal volumetric dehydrogenation values were meas-
ured at various temperatures to evaluate the hydrogen des-
orption kinetics of MBH@MH composites (Figure  4e). At a 
temperature of 260 °C, no hydrogen release could be observed 
for the bulk composite of MgH2, Mg(BH4)2, and graphene, and 
4.4 wt% of hydrogen could be released from MgH2/G owing to 
the significant reduction of particle size down to the nanometer 
scale. By comparison, a complete dehydrogenation process could 
be achieved for MBH@MH-1 under less than 80 min, equaling 
to a hydrogen desorption capacity of 6.2 wt%, indicating the full 
dehydrogenation of both MgH2 and Mg(BH4)2 with help from 
the reduction in particle size. Moreover, upon decreasing the 

temperature down to only 230 °C, MBH@MH-1 was capable 
of releasing approximately 5.5 wt% hydrogen within 120 min, 
which is much higher than that of MgH2/G even at 260 °C. In 
order to quantitatively characterize the improved dehydriding 
kinetics, the apparent activation energies (Ea) of MBH@MH-1 
were subsequently calculated based on the Arrhenius equation 
(Figure S19, Supporting Information). After fitting the experi-
mental data at various temperatures, the Ea for the dehydro-
genation of MBH@MH-1 was calculated to be 90.6  kJ mol−1, 
which is much lower than the same value for both their bulk 
counterparts and pure nanosized MgH2 with the support of a 
carbon matrix (118.9  kJ mol−1 for MgH2 NPs on graphene).[31] 
By accounting for the cycling stability, the reversible capacity, as 
well as the operating temperature, the MBH@MH NPs in this 
study is among the best reported Mg(BH4)2-based hydrogen 
storage materials so far (Table S1, Supporting Information). 
The superior hydrogen storage performance of MBH@MH-1 
could be mainly attributed to several unique features. First, the 
Mg(BH4)2 heterostructures layers built on MgH2 NPs with an 
overall particle size of ≈10 nm could effectively control the par-
ticle sizes of both MgH2 and Mg(BH4)2, thereby lowering their 
respective hydrogenation/dehydrogenation temperature and 
maintaining high hydrogen storage capacity. Upon dehydroge-
nation, the thus-formed Mg(BH4)2 NPs with a particle size less 

Figure 4.  a) Cycling performance and b) normalized hydrogen desorption capacity of MBH@MH composites, with MgH2/G included for comparison. 
c) SEM and d) STEM image with the corresponding elemental mapping of MBH@MH-1 after eight cycles of hydrogen storage process. e) Isothermal 
dehydrogenation kinetics of MBH@MH-1 at various temperatures, with MgH2/G and the ball-milled composite of MBH-MH-G at 260 °C included for 
comparison.
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than ≈1 nm promoted the efficient formation of MgB2 at a mod-
erate temperature, which offers a thermodynamic prerequisite 
for the reversible formation of Mg(BH4)2. More importantly, 
the close and homogeneous contact between MgB2 and MgH2 
could further promote the reversibility of Mg(BH4)2, thermody-
namically enhancing the reversible formation of BH bonds by 
breaking stable BB bonds of MgB2. Additionally, the uniform 
distribution of graphene provided stable structural support for 
alleviating the growth and agglomeration of MBH@MH NPs, 
which contributed to the enhancement of cycling stability. 
As a consequence, the designed MBH@MH NPs exhibited 
advanced hydrogen storage performance with respect to the 
kinetics, thermodynamics, and stable cycling performance with 
high hydrogen storage capacity.

In summary, we have discovered a facile strategy for 
improving the reversible hydrogen storage performance of Mg-
based hydrides by building heterostructures of Mg(BH4)2 on 
MgH2, which was demonstrated to be an effective way to simul-
taneously control the particle sizes of both MgH2 and Mg(BH4)2 
NPs, leading to the improved kinetics for hydrogen storage. In 
addition, the controllable tuning of particle size of Mg(BH4)2 
within the region less than ≈1 nm leads to the efficient forma-
tion of MgB2 upon the dehydrogenation of Mg(BH4)2 at mod-
erate temperature. Moreover, the presence of MgH2 acted as 
a hydrogen pump, effectively reducing the energy required 
for the initial formation of BH bonds and hence thermody-
namically improving the reversibility of Mg(BH4)2. Owing to 
the synergistic effect on tuning thermodynamics and kinetics, 
the as-built Mg(BH4)2@MgH2 nanoparticles exhibited a stable 
systematic hydrogen capacity of approximately 4.8 wt% at 
a low temperature of 260 °C after eight cycles. Our study on 
the heterostructures reported herein may also enlighten the 
interests on the interface chemistry research to improve the 
hydrogen storage performance of metal hydrides for practical 
applications.
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