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the effective catalyst for H, desorption of 2LiBH,-MgH,
composite. Due to the synergistic effect of in situ formed CoB
and MgNi;B,, the incubation period for 2LiBH,-MgH, is reduced to 1.5 h in the initial H, desorption process and almost vanished
in the following H, desorption and adsorption cycles, while the incubation time for bulk 2LiBH,-MgH, composite reaches 16 h.
More importantly, induced by the catalysis of NiCo@NC, 2LiBH,-MgH, exhibits improved cycling stability with a reversible
capacity of 8.4 wt % after 10 cycles of hydrogen storage process, corresponding to 95.5% of H, desorption capacity of the second
cycle. This work provides a potential strategy for the design of dual-functional catalysts to improve reversible hydrogen storage

performance of reactive hydride composites.
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1. INTRODUCTION

Hydrogen storage has been widely regarded as one of the most
important challenges in the implementation of so-called
“hydrogen economy”.' > It depends critically on the advanced
hydrogen storage materials, which could realize the effective
and efficient storage of H, on-board with high gravimetric and
volumetric densities.>® In recent years, complex hydrides
attract considerable attention as potential hydrogen storage
materials due to their high gravimetric and volumetric
hydrogen densities.””'" Among them, the gravimetric hydro-
gen density of lithium borohydride (LiBH,) reaches 18.5 wt
%."" The practical application of LiBH,, however, is strictly
hindered by its high thermodynamic stability and sluggish
kinetics.'”~'* More importantly, the formation of inactive
element boron and intermediate compound Li,B,H,, after
dehydrogenation results in the extremely poor reversibility of
LiBH, even under harsh conditions.'”'® As a result, the
reactive hydride composite composed of LiBH, and MgH, has
been developed, in which LiBH, could be thermodynamically
destabilized by MgH, via the formation of MgB, with favorable
adsogption capability of H, as the dehydrogenation prod-
uct.'”"” Hence, in comparison with pure LiBH,, the H,
desorption enthalpy could be reduced by ~21 kJ mol™' H,
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based on the two-step reaction pathways (eq 1), which
thermodynamically improves the reversibility of hydrogen
storage reaction under moderate conditions.'®™*°

2LiBH, + MgH, — 2LiBH, + Mg + H,
— 2LiH + MgB, + 3H, (1)

Unfortunately, owing to the nucleation restriction of MgB,
during the second step, an ultralong incubation period (e.g, up
to 25 h at 400 °C under S atm of hydrogen) is required in
general, thereby resulting in an extraordinarily sluggish
kinetics.”' It poses a major bottleneck for the development
of 2LiBH,-MgH, composite as practical hydrogen storage
materials. On the other hand, the dehydrogenation reaction of
2LiBH,-MgH, composite is highly dependent on the temper-
ature and hydrogen back pressure. It has been found that the
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Figure 1. (a) Schematic diagram of the fabrication process of LBMH-NiCo@NC. SEM images of (b) NiCo-MOFs and (c) NiCo@NC. (d) TEM
and HRTEM (inset) images of NiCo@NC. (e) TEM and (f) HRTEM images of LBMH-NiCo@NC. (g) STEM and the corresponding EDS

elemental mapping images of LBMH-NiCo@NC.

modification of suitable hydrogen back-pressure could avoid
the individual decomposition of LiBH, and simultaneously
facilitate the mutual reaction between LiBH, and MgH,, which
promotes the hydrogen desorption from 2LiBH,-MgH,
composite through eq 1.

One of the most effective strategies to improve the hydrogen
storage performance of 2LiBH,-MgH, composite is the
introduction of metal-based catalysts, including metal halides,
metal oxides, and metal sulfides.”” > Induced by the high
reactivity of MgH, and LiBH,, these metal-based catalysts
would be transformed to stable metallic borides in general,
which are able to reduce the operating temperature and
simultaneously promote the kinetics of hydrogen desorption
and adsorption process of 2LiBH,-MgH, composite.”* " For
instance, it has been demonstrated that the formation of CoB
from the interaction between Co and LiBH, plays a catalytic
role in improving the H, desorption and adsorption of 2LiBH,-
MgH, and promoting the formation of MgB,, which results in
the reduction of incubation period down to only 4 h*’
Interestingly, during the dehydrogenation process of Ni-
catalyzed 2LiBH,-MgH, composite, the formation of
MgNi;B, is identified as the heterogeneous nucleation sites
for the formation of MgB,, which could also facilitate the
dehydrogenation kinetics of 2LiBH,-MgH, composite.”’
Despite these intense research efforts, the high operating
temperature for the reversible hydrogen storage of 2LiBH,-
MgH, composite with a long incubation period still hinders its
practical application.”’ ** Therefore, the development of
advanced catalysts to improve H, desorption and adsorption
performance of 2LiBH,-MgH, composite is highly desirable
but remains a great challenge.

Inspired by the role of CoB in catalytically improving the
hydrogen storage performance of 2LiBH,-MgH, composite
and the role of MgNi;B, in serving as the heterogenous
nucleation sites for the formation of MgB,, a bimetallic (NiCo)
sheet-like nanoporous carbon (denoted as NiCo@NC) is

prepared to improve the hydrogen storage performance of
2LiBH,-MgH, composite, which could result in simultaneous
formation of CoB and MgNi;B, during the initial H,
desorption process. As a result, under the catalytic effect of
NiCo@NC, the 2LiBH,-MgH, composite could release 9.4 wt
% of H, within 4.5 h in the initial H, desorption process with
an incubation time of only 1.5 h, and interestingly, the
incubation period is almost vanished during the following H,
desorption and adsorption cycles. By comparison, an ultralong
incubation time of 16 h, 10.7 times of 2LiBH,-MgH,
composite under the catalysis of NiCo@NC, is observed for
bulk 2LiBH,-MgH, composite. More importantly, a reversible
H, storage capacity of 8.4 wt % could be maintained for
2LiBH,-MgH, catalyzed by NiCo@NC after 10 cycles of H,
desorption and adsorption process, corresponding to 95.5% of
H, desorption capacity of the second cycle.

2. RESULTS AND DISCUSSION

As schematically illustrated in Figure la, the ultrathin metal—
organic framework nanosheets (denoted as NiCo-MOFs),
which could be directly revealed by scanning electron
microscopy (SEM) images (Figure 1b), are first synthesized
from a mixed solution of Ni**, Co*", terephthalic acid (PTA),
and triethylamine (TEA) by a previously reported ultra-
sonication method.”*** X-ray diffraction (XRD) patterns
confirm the formation of NiCo-MOFs with a space group of
C2/m (Figure S1).*® After carbonization under a dynamic Ar
atmosphere, the typical diffraction peaks of NiCo-MOFs
completely disappear and new peaks that could be indexed to
NiCo alloys could be observed in the XRD patterns (Figure
S1) of thus-obtained NiCo@NC, which inherits the sheet-like
structure of NiCo-MOFs (Figure 1c). Transmission electron
microcopy (TEM) results (Figure 1d) reveal the uniform
distribution of NiCo NPs that have particle sizes distributed
between 15 and 30 nm in NiCo@NC. The high-resolution
TEM (HRTEM) image (inset of Figure 1d) illustrates a clear
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Figure 2. (a) H, desorption curves of LBMH-NiCo@NC under a hydrogen pressure of 4 atm, with LBMH, LBMH-NiCo, LBMH-CoB, and
LBMH-NC included for comparison. (b) Isothermal H, desorption kinetics of LBMH-NiCo@NC at various temperatures under a hydrogen
pressure of 4 atm. (c) XRD patterns of LBMH, LBMH-NiCo@NC, LBMH-NC, and LBMH-CoB after the initial H, desorption process at 400 °C

under a hydrogen pressure of 4 atm.

lattice spacing of 0.204 nm of the (111) plane of NiCo alloys
that are homogeneously coated with ultrathin carbon layers,
which demonstrates the synthesis of NiCo alloys after
carbonization. The coating of ultrathin carbon layers could
preserve the agglomeration NiCo NPs during the ball-milling
process and inhibit the particle growth of NiCo NPs upon
subsequent thermal heating during a repeated H, adsorption
and desorption process. The fitting peaks at approximately
852.5 and 869.9 eV in high-resolution Ni 2p X-ray photo-
electron spectroscopy (XPS) spectrum and two fitting peaks at
approximately 778.3 and 793.4 eV in high-resolution Co 2p
XPS spectrum could be indexed to NiCo alloys (Figure S2).”

To evaluate the effect of NiCo@NC in improving the
hydrogen storage performance of 2LiBH,-MgH, composite,
the as-prepared sheet-like NiCo@NC with a mass ratio of 10%
is mixed with 2LiBH,-MgH, composite via mechanical milling
(denoted as LBMH-NiCo@NC). SEM (Figure S3) and TEM
measurements (Figure le) indicate the relatively uniform
distribution of sheet-like NiCo@NC into 2LiBH,-MgH,
composite. After the milling process, the characteristic peaks
of MgH, and NiCo alloy could be clearly observed in the XRD
results of LBMH-NiCo@NC (Figure S4), whereas no peaks of
LiBH, could be detected, indicating the amorphous nature of
LiBH,. Fortunately, the presence of LiBH, with its typical
absorption peaks could be verified by the detection of Fourier
transform infrared spectroscopy (FTIR) (Figure SS). The
presence of typical lattice planes of MgH, and NiCo alloys in
the HRTEM image (Figure 1f) coincides well with XRD
results (Figure S4). According to the EDS elemental mapping

results (Figure 1g), the signals of Ni, Co, and C of NiCo@NC
overlap well with those of Mg of MgH, and B of LiBH,, which
provides direct evidence to the uniform distribution between
NiCo@NC and 2LiBH,-MgH, composite.

The H, desorption performance of LBMH-NiCo@NC is
subsequently investigated under a hydrogen pressure of 4 atm
with a heating rate of S °C min™" (Figure 2a). Owing to the
sluggish H, desorption kinetics and longstanding nucleation
period of MgB,, the complete dehydrogenation of the ball-
milled 2LiBH,-MgH, composite (denoted as LBMH) is
realized within a period of over 28 h, exhibiting an incubation
time of as long as 16 h. It is interesting to note that the
nucleation period for 2LiBH,-MgH, could be reduced to less
than 7 h after the addition of NiCo NPs (denoted as LBMH-
NiCo), and this phenomenon could also be observed for
2LiBH,-MgH, composite with the addition of NiCo@NC after
the etching of NiCo NPs (denoted as LBMH-NC). This result
indicates the catalytic role of both NiCo NPs and carbon
nanosheets in enhancing the H, desorption performance of
2LiBH,-MgH, composite. As a result, induced by the
introduction of NiCo@NC, the nucleation period for
2LiBH,-MgH, could be impressively reduced to approximately
1.5 h, and only 5 h is required for the complete dehydrogen-
ation of LBMH-NiCo@NC, indicating the synergistic role of
NiCo NPs and carbon nanosheets of NiCo@NC with uniform
distribution in facilitating the H, desorption process of
2LiBH,-MgH, composite. To further verify the catalytic role
of NiCo@NC, the H, desorption kinetics of LBMH-NiCo@
NC at various temperatures is evaluated in detail. As shown in
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Figure 3. High-resolution (a) Ni 2p and (b) Co 2p XPS spectra, (c) SEM, (d) HRTEM, and relative (e) FFT and simulated FFT patterns and (f)
SAED pattern of LBMH-NiCo@NC after the initial H, desorption process. (g) STEM and the relative elemental mapping images of LBMH-

NiCo@NC after the initial H, desorption process.

Figure 2b, 5.5 wt % of H, could be released within 6 h even at
a temperature as low as 380 °C and only 3.5 h was required for
the complete H, desorption of LBMH-NiCo@NC upon
increasing the operating temperature to 420 °C. By
comparsion, an ultralong time of 11 h, 3.1 times that of
LBMH-NiCo@NC, is required for the full decomposition of
LBMH under identical conditions at 420 °C (Figure S6).
Specifically, upon decreasing the operating temperature down
to 400 °C, 9.4 wt % hydrogen could be released from LBMH-
NiCo@NC within 4.5 h, which further demonstrates the
superior catalytic role of NiCo@NC in improving H,
desorption kinetics of 2LiBH,-MgH, composite.

To reveal the mechanism behind this enhancement, the
dehydrogenation products of LBMH-NiCo@NC are inves-
tigated. As shown in Figure 2¢, the XRD patterns exhibit the
diffraction peaks of LiH and MgB, with the complete
disappearance of the typical peaks of B—H vibrations in
FTIR results after the H, desorption process at 400 °C (Figure
S7), indicating the complete dehydrogenation of the 2LiBH,-
MgH, composite. It is interesting to note that, in addition to
the presence of LiH and MgB,, new diffraction peaks indexed
to MgNi;B, could be observed in the magnified XRD patterns
of LBMH-NiCo@NC after complete dehydrogenation, which
could be further supported by high-resolution Ni 1p XPS
spectrum (Figure 3;1),38 verifying the formation of MgNi;B,
after the initial H, desorption process. The as-formed MgNi;B,
has been identified as the heterogeneous nucleation sites for
MgB,, which hence is capable of facilitating H, desorption

kinetics of 2LiBH,-MgH, composite.”**>** In addition, the

binding energies at 778 and 793.6 eV in Co 2p XPS spectrum
(Figure 3b) and 187.9 eV in B 1s XPS spectrum (Figure S8)
provide further evidence to the formation of CoB upon the H,
desorption process.”” Hence, in addition to the H, desorption
pathway, as shown in eq 1, the reaction between 2LiBH,
MgH, composite and NiCo@NC during the initial dehydro-
genation process of 2LiBH,-MgH, composite upon heating to
400 °C under a hydrogen pressure of 4 atm could be involved
according to eq 2, as shown below.

12LiBH, + 3MgH, + 6NiCo

— 12LiH + MgB, + 2MgNi,B, + 6CoB + 21H,

()

Interestingly, after the addition of CoB NPs (denoted as
LBMH-CoB), the nucleation period for H, desorption from
2LiBH,-MgH, composite could be significantly decreased to 7
h (Figure 2a), which directly confirms the catalytic role of CoB
in improving the H, desorption performance of 2LiBH,-MgH,
composite. Moreover, upon elevating the temperature to 420
and 440 °C, the XRD results (Figure S9) of the
dehydrogenated products of LBMH-NiCo@NC, which reveal
the formation of MgB, accompanied with the detection of CoB
and MgNi;B,, are comparable to those upon heating at 400 °C,
indicating that the dehydrogenation pathway of LBMH-
NiCo@NC remains unchanged upon heating from 400 to
440 °C. In addition, the characteristic peaks of the B—H bonds
of LBMH-NiCo@NC disappear completely in the FTIR
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EDS elemental mapping images of LBMH-NiCo@NC after 10 cycles of H, desorption process.

spectra (Figure S7) after heating from 400 to 440 °C,
validating the complete dehydrogenation of LBMH-NiCo@
NC, which corresponds well with their complete dehydrogen-
ation performance with a H, desorption capacity that is
comparable to their theoretical capacity (Figure 2b).

After the initial H, desorption process upon thermal heating,
partial aggregation of LBMH-NiCo@NC could be observed in
the SEM (Figure 3c) and TEM (Figure S10) images. The
interplanar spacings of the as-formed nanoparticles observed in
the HRTEM image (Figure 3d) are calculated to be 0.213,
0.239, and 0.291 nm, which could be indexed to the (101)
plane of MgB,, (101) plane of CoB, and (003) plane of
MgNi;B,, respectively, which validates the uniform distribution
of CoB and MgNi;B, near the surface of MgB, with intimate
contact. Figure 3e presents the fast-Fourier transform (FFT)
diffraction patterns of the selected regions and the correspond-
ing simulated FFT patterns. The FFT patterns of the thus-
formed hexagonal MgNi;B, and MgB, agree well with their
respective simulated patterns, which provide additional
evidence to the formation of MgNi;B, and MgB,. In addition,

the selected area electron diffraction (SAED) of the
dehydrogenated LBMH-NiCo@NC (Figure 3f) also illustrates
the existence of LiH, MgB,, MgNi;B,, and CoB, which is in
good agreement with XRD (Figure 2c) and XPS (Figure 3a,b)
results. In the relative EDS elemental mapping images (Figure
3f), the elements Mg, B, Ni, Co, and C are still homogeneously
distributed, indicating the uniform distribution of thus-formed
CoB and MgNi;B, in the dehydrogenation products (ie.,
MgB,). Since the nucleation of MgB, is the reaction rate-
limiting step in the H, desorption process of 2LiBH,-MgH,
composite, it has been widely regarded as an effective strategy
to improve the H, desorption kinetics of 2LiBH,-MgH,
composite by shortening the nucleation period of MgB,.”" In
terms of 2LiBH,-MgH, composite under the catalysis of
NiCo@NC, the in situ formed MgNi;B, exhibits a hexagonal
structure with a space group of P6,22 that is identical to the
structure of MgB, (hexagonal, P6/ mmm).””*" As a result, the
formation and growth of MgB, could be facilitated around the
surface of MgNi;B, due to their comparable crystal structure as
evidenced by the HRTEM result (Figure 3e), which hence
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would promote the H, desorption kinetics of 2LiBH,-MgH,
composite. In addition, the simultaneously formed CoB plays a
catalytic role in further enhancing the H, desorption kinetics of
2LiBH,-MgH, composite as evidenced by TPD results (Figure
2a).”®*” Therefore, based on the synergistic effect of in situ
formed dual metal borides, ie, MgNi;B, and CoB, the H,
desorption kinetics of 2LiBH,-MgH, composite is significantly
improved.

Since the synergistic role of MgNi;B, and CoB that are
simultaneously formed during the initial H, desorption process
of LBMH-NiCo@NC simultaneously contributes to enhancing
the H, desorption performance of 2LiBH,-MgH, composite,
the reversibility of LBMH-NiCo@NC is subsequently
investigated to evaluate its cycling performance. As schemati-
cally illustrated in Figure 4a, owing to the addition of NiCo@
NC, 9.4 wt % of H, could be released from LBMH-NiCo@NC
at 400 °C within 4.5 h (Figure 4b), while the capacity is
reduced to 8.9 wt % in the second cycle of H, desorption,
which could be attributed to the consumption of LiBH, and
MgH, due to the formation of CoB and MgNi;B, from the
reaction between 2LiBH,-MgH, and NiCo@NC. After
rehydrogenation, the regeneration of MgH, could be clearly
observed in the XRD results (Figure S11), accompanied with
the detection of MgNi;B, and CoB. Although no characteristic
XRD peaks of LiBH, could be detected, the formation of
LiBH, could be well supported by FTIR results (Figure S12),
which reveal the typical peaks of the B—H bonds of LiBH,,
which provides additional evidence to the regeneration of
LiBH, and MgH, with the existence of MgNi;B, and CoB after
rehydrogenation at 350 °C under 60 atm H, pressure.
Interestingly, there is almost no nucleation period for
LBMH-NiCo@NC from the second cycle of H, desorption
due to the presence of thus-formed CoB and MgNi;B, during
the initial H, desorption process, which provides direct
evidence to the synergistic role of MgNi;B, and CoB in
enhancing the H, desorption performance of 2LiBH,-MgH,
composite. More importantly, the H, desorption capacity
could be well preserved to be 8.4 wt % after 10 cycles of
hydrogenation and dehydrogenation process, corresponding to
95.5% of H, desorption capacity of the second cycle (Figure
4d), indicating the excellent stability of MgNi;B, and CoB
upon the cycling hydrogen storage process. By contrast, an
ultralong period of 12 h is required for the complete H,
desorption of 2LiBH,-MgH, composite even at a temperature
as high as 420 °C (Figure 4c) and a slight increase in the
nucleation time would be observed in the subsequent H,
desorption process due to the increase in particle sizes during
cycling. In addition, the H, desorption capacity is also reduced
to 9.5 wt % after only five cycles of H, storage process, which
could be attributed to the particle aggregation upon heating at
high temperatures and incomplete hydrogenation of the
dehydrogenated products, corresponding to 88.8% of the
initial capacity (Figure 4d).'”*" By prolonging the hydro-
genation time to 20 h, only a slight capacity decay of LBMH
could be observed (Figure S6), which confirms the sluggish
hydrogenation kinetics of LBMH and catalytic effect of in situ
formed MgNi;B, and CoB in enhancing the hydrogen
adsorption performance of 2LiBH,-MgH, composite. Com-
pared with the previously reported 2LiBH,-MgH, composite
catalyzed by Ni-based catalysts, the capacity retention and the
reversible capacity of LBMH-NiCo@NC are among the best
Ni/Co-based catalyst-doped 2LiBH,-MgH, composite.

After 10 cycles of H, desorption process, HRTEM (Figure
4e) of LBMH-NiCo@NC illustrates the interplanar spacings of
0.213, 0.221, and 0.292 nm, corresponding to the (101) plane
of MgB,, (111) plane of CoB, and (003) plane of MgNi;B,,
respectively, which directly confirms the excellent stability and
uniform distribution of in situ formed CoB and MgNi;B,
around MgB, during the cycling H, storage process. Moreover,
the elemental mapping of Ni, Co, and C of NiCo@NC
matches well with that of B and Mg from 2LiBH,MgH,
composite (Figure 4f), which provides additional evidence to
the homogeneous distribution of in situ formed CoB and
MgNi;B, during the cycling H, storage process. As a result, the
H, desorption kinetics and H, storage capacity of 2LiBH,-
MgH, composite under the catalysis of NiCo@NC could be
well-preserved (Figure 4b).

3. CONCLUSIONS

In this work, a novel bimetallic (NiCo) sheet-like nanoporous
carbon derived from ultrathin NiCo-MOFs nanosheets is
fabricated to improve the reversible H, desorption and
adsorption of 2LiBH,-MgH, composite. The initial H,
desorption of 2LiBH,-MgH, composite with the catalysis of
NiCo@NC under 4 atm H, pressure results in the in situ
formation of both MgNi;B,, acting as the nucleation sites for
the formation of MgB,, and CoB, serving as the catalysts to
promote the H, desorption kinetics of 2LiBH,-MgH,
composite, which possess the same reaction pathway at
temperatures lower than 440 °C. As a result, the incubation
time for H, desorption of 2LiBH,-MgH, composite could be
significantly reduced to only 1.5 h in the initial dehydrogen-
ation process at 400 °C and it almost vanished in the following
H, desorption and adsorption cycles owing to the excellent
stability of in situ formed CoB and MgNi;B,. In strong
contrast, the incubation time for H, desorption of bulk
2LiBH,-MgH, composite reaches 16 h at 400 °C, 10.7 times of
that of 2LiBH,-MgH, composite under the catalysis of NiCo@
NC. More importantly, a reversible H, desorption capacity of
8.4 wt % could be achieved for 2LiBH,-MgH, composite under
the catalysis of NiCo@NC after 10 cycles, corresponding to
95.5% of H, desorption capacity of the second cycle. The
synergistic role of dual metal borides that could serve as
effective catalysts and nucleation sites developed in this work
might open up new perspectives in improving the reversible
hydrogen storage performance of reactive hydride composites.
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