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ABSTRACT: This paper reports fast microwave hydrothermal
synthesis of Ni-based metal−organic frameworks (Ni-MOFs) and
their derived yolk−shell NiO structures by direct calcination in air.
The molar ratio of the Ni ion to the benzene-1,3,5-tricarboxylic acid
(H3BTC) ligand has important influence on the NiO morphologies
and their electrochemical performances. The obtained yolk−shell
NiO microsphere displays a large reversible capacity of 1060 mAh
g−1 at a small current density of 0.2 A g−1 and a good high-rate
capability when evaluated as an anode for rechargeable lithium-ion
batteries. Moreover, the facilitated hydrogen release from ammonia
borane (AB) at a lower temperature and the depressed release of
undesired volatile byproducts are also observed in the Ni-MOFs
supported AB.
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■ INTRODUCTION

There is a increasing demand to make efficient use of energy
and to find renewable and clean energy sources that can
substitute for fossil fuels.1,2 Energy storage, an important
intermediate step toward versatile, clean, and efficient energy
applications, has received worldwide concern both in academia
and industry.3−7 Among various candidates of energy storage
systems, lithium-ion batteries (LIB) and fuel cells have received
considerable attention owing to their high energy densities and
environmental benignity.8−16 LIB, one of the most important
rechargeable batteries, have been widely used due to their high
energy density and long cycle life.10,17,18 Metal oxides such as
NiO have long been extensively investigated as a potential
electrode material for LIBs because of their 2−3 times higher
theoretical capacities than commercial graphite electrodes.19−42

However, their cycling performances and high-rate capabilities
are still not satisfactory due to the large volume change
associated with lithium insertion and extraction and poor
electrical conductivity.32−38,40−42 Hydrogen is one of the most
promising candidates to replace nonrenewable fuel sources
because it can react with oxygen to generate electricity with
high energy density without byproducts.43−45 Thus, hydrogen
has been regarded as a suitable energy carrier for energy
production from primary sources. Advanced materials are
highly desired that can store a large amount of hydrogen at
mild conditions (common temperature and relatively low
pressure) along with a fast release kinetics.46 Over the past
decade, ammonia borane (NH3BH3, AB) has received much

attention as a solid-state hydrogen storage medium because of
its satisfactory stability, relatively low molecular mass, and
remarkably high energy density.47−50 However, its practical
application is greatly limited by the poor kinetics of hydrogen
generation below 85 °C and the release of impurities that are
detrimental to fuel cells.
Metal−organic frameworks (MOFs) are porous materials

synthesized by assembling metal ions with organic bridging
ligands.51,52 The metal ions in the MOFs can be thermally
transformed into metal oxides, and the C and other elements
are oxidized into gas molecules after calcining the MOFs in air
at elevated temperatures.53 Through the topological conversion
by thermal treatment, the corresponding metal oxides can be
readily synthesized with a similar morphology to the nanoscale
MOFs precursors and a certain degree of permanent
porosity.54−59 These pores generated by such a calcination
process are typically hydrophobic, which are favorable to the
infiltration of the electrolyte and Li+ ion diffusion coefficient.60

In particular, AB-filled MOFs have been recently synthesized
from the self-assembly of metal clusters and organic molecules
into an infinite array, and they showed enhanced dehydrogen-
ation properties of AB.61−64

Herein, this work presents a fast and facile microwave
hydrothermal method to synthesize Ni-MOFs from nickel
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nitrate and benzene-1,3,5-tricarboxylic acid (H3BTC). There
are two main objectives in this work for applications of the
obtained Ni-MOFs. The primary objective is to use the Ni-
MOF as the precursor to obtain a yolk−shell NiO microsphere
for Li-ion battery application. Owing to its mesoporous
structure, the yolk−shell NiO exhibited enhanced electro-
chemical performances compared to other NiO nanostructures.
A large reversible capacity of ∼1060 mAh g−1 could be achieved
at a small current density of 0.2 A g−1 along with a good high-
rate cycling performance. The secondary objective is to use the
Ni-MOFs as the matrix to support ammonia borane (AB).
Nickel ions are also used as the catalyst to promote the latter’s
hydrogen desorption property. The obtained Ni-MOF/AB
composite delivered improved hydrogen desorption properties
with a low dehydrogenation temperature of ∼70 °C. Those
byproducts such as ammonia and diborane/borazine were also
effectively prevented.

■ EXPERIMENTAL SECTION
Materials Preparation. Preparation of Ni-MOFs. Ni(NO3)2·

6H2O and a calculated amount of benzene-1,3,5-tricarboxylic acid
(H3BTC) (theoretical molar ratios of Ni:H3BTC are 1:1, 1.5:1, 2:1,
and 2.5:1) were mixed and dissolved in 15 mL dimethylformamide
(DMF). The obtained green solution was transferred into a specialized
glass tube and followed by microwave irradiation with continuous
magnetic stirring in a single mode microwave reactor (Nova, EU
Microwave Chemistry) at 150 °C for 30 min. After cooling to room
temperature, the product was collected by centrifugation, washed
copiously with DMF and ethanol, and dried in a vacuum oven at 60 °C
for 12 h. The obtained samples prepared from different molar ratios of
Ni:H3BTC of 1:1, 1.5:1, 2:1, and 2.5:1 were labeled as M1, M1.5, M2,
and M2.5, respectively.
Preparation of Yolk−Shell NiO Microspheres. Green Ni-MOFs

powders were placed in a tube furnace and heated at 500 °C for 2 h in
air. The obtained black powder was NiO and labeled as N1, N1.5, N2,
and N2.5, corresponding to various Ni-MOFs precursors (M1, M1.5, M2,
and M2.5). As a benchmarked sample, NiO nanoparticles (N0) were
also synthesized by calcining Ni(NO3)2·6H2O in the absence of
H3BTC via a similar process.
Preparation of AB@Ni-MOFs. Typically, 50 mg of Ni-MOFs (M1.5)

was heated at 100 °C for 6 h under vacuum to remove the coordinated
water molecules and then mixed with 50 mg ammonia borane (AB).
The mixture was sealed in an argon-filled 100 mL hardened steel bowl
and ball-milled at 300 rpm for 2h. The obtained Ni-MOFs loaded AB
composite was named as AB@M1.5. Because of the sensitivity of AB to
oxygen and moisture, the sample of AB@M1.5 was weighed and stored
in an argon-filled glovebox, which kept both water and oxygen
concentrations below 1 ppm during operation.
Materials Characterization. The products were characterized by

X-ray diffraction (XRD, Rigaku D/max-2550 V, Cu Kα radiation),
field-emission scanning electron microscopy (FE-SEM, JSM-6700F)
with an energy-dispersive X-ray spectrometer (EDS), and transmission
electron microscopy/selected area electron diffraction (TEM/SAED,
JEOL JEM-200CX, and JEM-2010F). The specific surface area and
porous structures were characterized by an accelerated surface area and
porosimetry analyzer (Micromeritics Instrument Corp, ASAP 2020 M
+C, analysis adsorptive: Nitrogen). Fourier transform infrared (FTIR)
spectra were measured by a BIO-RAD FTS 135 FTIR spectropho-
tometer using the KBr pellet method.
Electrochemical Measurement. Electrochemical performances

were measured using two-electrode cells at a temperature of 20 °C.
These cells were assembled in an argon-filled glovebox. The working
electrode was composed of 80 wt % active materials, 10 wt % each of
the conductive agent (acetylene black), and the binder (poly
vinylidene difluoride, PVDF, Aldrich). The loading amount of the
electrode on copper foil was around 1.5 mg cm−2. Lithium foil (China
Energy Lithium Co., Ltd.) was used as the counter and reference
electrode, and polypropylene film (Celgard-2300) was used as

separator. The electrolyte was 1 M LiPF6 in a 50:50 w/w mixture of
ethylene carbonate (EC) and diethyl carbonate (DEC). Electro-
chemical measurement was performed on a LAND CT2001 test
system. The Swagelok-type cells were discharged (lithium insertion)
and charged (lithium extraction) at a constant current (0.2 A g−1) in
the fixed voltage range of 5 mV to 3.0 V. Higher current densities (1, 2,
3, and 5 A g−1) were also used, and the first cycle discharging was kept
at 0.2 A g−1. Cyclic voltammetry (CV) was carried out on a CH
Instruments electrochemical workstation (model 660D) at a scan rate
of 0.1 mV s−1.

Hydrogen Release Measurements. The simultaneous thermog-
ravimetry and mass spectrometry (TGA/MS, Netzsch STA 409C)
measurements were carried out to investigate the heat effect and
gaseous products at a heating rate of 5 °C per min from room
temperature to 240 °C in argon atmosphere. The isothermal
temperature-programmed desorption (TPD) was performed by
Sievert’s method under the temperature of 90 °C.

■ RESULTS AND DISCUSSION

Materials Synthesis and Characterization. Microwave
syntheses have been widely used in material science due to their
facile, fast, and energy-saving characteristics.8 Single-mode
microwave irradiation was used in this work to prepare Ni-
MOFs because it can offer a more homogeneous reaction
environment compared to a multimode commercial microwave
oven and therefore help to obtain various metal/metal oxide
products with uniform dispersion and size and morphology
control.8,10 It is worth noting that the reaction time is only 30
min, which is substantially reduced compared to previous long-
time (24 h) formation of Ni-MOFs by a solvothermal route in
electrical oven.54 The crystallographic structure and phase
purity of products were analyzed by XRD and FTIR, as shown
in Figure 1a and Figure S1 of the Supporting Information. The
diffraction pattern of the synthesized M1.5 precursor (Ni-MOFs
with the molar ratio of Ni:H3BTC being 1.5:1) exhibits a
largely amorphous nature, which is similar to previous Ni-
MOFs.54 Furthermore, two peaks at 1618 and 1553 cm−1 are
observed in the FTIR curve of M1.5 in Figure S1 of the
Supporting Information, which can be assigned to the CO
and aromatic CC functional groups of the BTC ligands. The
XRD pattern of NiO (N1.5) prepared by the thermal treatment
of M1.5 is also shown in Figure 1a. All diffraction peaks can be
indexed to the (111), (200), (220), (311), and (222) planes,
which are in good agreement with the standard face-centered
cubic (fcc) NiO phase (PDF 47-1049).27 No other impurity
peaks are observed, indicating a complete thermal conversion
from Ni-MOF precursors to NiO nanostructures in air. Figure
1b shows XRD patterns of the benchmarked NiO product (N0)
prepared directly from nickel nitrate and other NiO products
(N1, N2, N2.5) obtained from Ni-MOFs with different molar
ratios of Ni to H3BTC. These samples all exhibit same fcc
phase to that of N1.5.
The thermal transformation process from Ni-MOFs to NiO

was investigated by thermogravimetric analysis (TGA), as
shown in Figure 2a. The first-step of weight loss (4.6%) takes
place from room temperature to 100 °C, corresponding to the
removal of lattice water from Ni-MOFs, while the second-step
of weight loss (22.3%) below 350 °C can be attributed to the
removal of DMF solvent.55,59 The subsequent heating in air
results in the complete decomposition of Ni-MOFs and the
formation of NiO. This process occurs in a temperature range
from 350 to 435 °C with a dramatic weight loss of 47.2%.
When the temperature continues to increase, there is no
detected thermal event. It is indicated that NiO can be formed
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below 435 °C. Therefore, a temperature of 500 °C in air was
used to obtain crystalline NiO from Ni-MOFs in this work.
Figure 2b shows the nitrogen adsorption/desorption isotherm
curves of yolk−shell NiO microspheres. The specific
Brunauer−Emmett−Teller (BET) surface area is 21.5 m2 g−1,
and their typical pore size distributions are ∼1−40 nm.
The morphology and microstructure of the as-prepared Ni-

MOF precursors and NiO products were examined by scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM). The SEM and magnified TEM images of
the Ni-MOF (M1.5) precursors are shown in Figure 3, which
reveal the spherical morphology of the Ni-MOFs with
diameters around 1−2 μm. Their surface is smooth under the
low-magnification SEM imaging in Figure 3a. As indicated by
the TEM image in Figure 3b, these Ni-MOF microspheres are
solid without detected pores. After the one-step calcination of
the M1.5 precursor in air, the resulted NiO product (N1.5) is
shown in SEM images (Figure 4a−c) with various magnifica-
tions. In general, the similar microsphere morphology is
observed for NiO with sphere size of ∼1−2 μm. As shown in
the SEM image of a broken NiO microsphere in the inset of
Figure 4b, it is worth noting that there is an internal NiO core,
which is separated from the outer NiO shell in the microsphere.
Moreover, the sphere surface is composed of innumerable small
particles (Figure 4c), which presents a striking contrast to the
smooth surface of Ni-MOF spheres. The TEM image in Figure
4d reveals more structural details of the spherical core: large
void pores and shell layer of NiO microspheres. A unique
yolk−shell NiO nanostructure can be clearly confirmed. Figure

5a−c shows elemental mapping images of NiO, which indicates
the presence of uniform distribution of Ni and O elements.

Figure 1. (a) XRD patterns of Ni-MOFs (M1.5 with Ni:H3BTC =
1.5:1) and the corresponding NiO products (N1.5). (b) XRD patterns
of various NiO products (N0, Ni(NO3)2·6H2O only; N1, Ni:H3BTC =
1:1; N2, Ni:H3BTC = 2:1; N2.5, Ni:H3BTC = 2.5:1).

Figure 2. (a) TGA curve of Ni-MOFs of M1.5 (Ni:H3BTC = 1.5:1) in
air. (b) Nitrogen adsorption−desorption isotherm of the yolk−shell
NiO microsphere (N1.5). Inset shows the pore size distribution.

Figure 3. (a) SEM image and (b) TEM image for the Ni-MOF
precursors of M1.5.
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These elements can also be confirmed by the EDS results in
Figure 5d.
The effect of molar ratio of Ni ion to H3BTC on the MOFs-

derived NiO products was also investigated. Almost all N1 and
N2 products still exhibit microsphere morphology as shown in
Figure 6a and b, respectively. A broken NiO microsphere (N2)
is shown in Figure 6c, which indicates the yolk−shell structure
of NiO. This yolk−shell structure can also be confirmed by the
TEM image of N2 in Figure 6d. When the molar ratio of Ni to
H3BTC is further increased to 2.5, a mixture of microspheres
and particles are observed in SEM image of N2.5 in Figure 6e.
The corresponding SEM image of a broken N2.5 microsphere
(Figure 6f) and TEM image (Figure 6g) also indicate there is a
void space between the NiO shell and core. However, these
pore spaces are largely reduced compared to the N1.5 and N2
products prepared from the Ni-MOFs with decreased molar
ratios of Ni to H3BTC. It is because the weight percentage of
Ni in the Ni-MOF (M2.5) precursor is the highest one among
the N1.5, N2, and N2.5 samples. The NiO product (N0) prepared
in the absence of H3BTC is shown in Figure 6h; only
nanoparticle products are observed. It is demonstrated that the
amount of H3BTC plays an important role in the product
morphology.

On the basis of the above results, the yolk−shell NiO
microspheres can be obtained with morphology and size
control by a MOF-based technique. Scheme 1 illustrates the

overall strategy for the preparation of yolk−shell NiO
microspheres, involving the fast microwave-assisted fabrication
of Ni-MOF microspheres and subsequent calcination treatment
at 500 °C in air. First, the Ni-MOF microspheres are prepared
via a microwave-assisted hydrothermal method using Ni-
(NO3)2·6H2O and H3BTC. Second, the subsequent thermal
treatment leads to the transformation of Ni-MOFs into yolk−
shell NiO microspheres. The formation of the yolk−shell
structure is basically ascribed to the heterogeneous decom-
position and contraction process of Ni-MOFs induced by
nonequilibrium heat conduction. At the beginning of the
calcination process, there is a large temperature gradient

Figure 4. SEM images of NiO microsphere (N1.5, Ni:H3BTC = 1.5:1):
(a) scale bar = 10 μm, (b) scale bar = 1 μm, and (c) scale bar = 500
nm. (d) TEM image of NiO microsphere (N1.5).

Figure 5. Elemental mapping images of N1.5: (a) SEM image, (b)
nickel element, (c) oxygen element. (d) EDS spectrum of N1.5.

Figure 6. (a) SEM image of N1, (b) SEM image of many N2
microspheres, (c) SEM image of a broken N2 microsphere, (d)
TEM image of N2, (e) SEM image of many N2.5 microspheres, (f)
SEM image of a broken N2.5 microsphere, (g) TEM image of N2.5, and
(h) SEM image of N0 without H3BTC.

Scheme 1. Schematic Illustration of Evolution of Yolk−Shell
NiO Microspheres
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existing along the radial direction from the exterior surface to
interior core.53 This leads to the surface decomposition of Ni-
MOFs and the formation of a NiO shell. When the thermal
treatment continues, the Ni-MOF core is further decomposed
and changed to NiO. At this stage, there are two opposite
forces. One is the outward force caused by the linkage between
NiO shell and Ni-MOF core and the release of gas in the NiO-
MOFs decomposition process. Another is the inward force
caused by the decomposition and contraction of the Ni-MOF
core.56 Finally, after 2 h calcination treatment in air at 500 °C,
the NiO shell and core are formed and separated by the void
pores, forming a unique yolk−shell NiO microsphere
nanostructure.
Lithium Storage Properties of MOFs-Derived NiO. It is

believed that the unique porous yolk−shell NiO microspheres
may hold certain merits as an anode for lithium-ion batteries.
Their electrochemical lithium storage properties were per-
formed by using the standard half-cell configuration. CV curves
of the initial three cycles were first employed to evaluate Li
storage electrochemical reactions of the porous NiO electrode
(N1.5) at a sweep rate of 0.1 mV s−1 and a voltage range from 0
to 3.0 V (Figure S2a, Supporting Information). In the first
cathodic scan, a strong peak centered at ∼0.45 V is related to
the reduction reaction of NiO to Ni and the formation of
amorphous Li2O and a solid electrolyte interface (SEI). There
is a peak at ∼2.28 V in the first anodic scan, which should be
assigned to the formation of NiO.19,20,22,23 In the subsequent
two cycles, the cathodic and anodic peaks can be found at 1.08
and 2.28 V, respectively. The second cycle is almost overlapped
with the third cycle, indicating a high degree of reaction
reversibility.19,26 As shown in the initial three discharge (lithium
insertion) and charge (lithium extraction) curves of the yolk−
shell N1.5 composite at a current density of 0.2 A g−1 (Figure
S2b, Supporting Information), the discharge and charge
capacities in the first cycle are 1606 and 1063 mAh g−1,

respectively. A Columbic efficiency (ratio of the lithium
extraction capacity to the lithium insertion capacity) of ∼66%
can be determined. This large irreversible capacity loss in the
first cycle should be ascribed to the electrolyte decomposition
and the formation of solid electrolyte interface (SEI) film,
which has also been observed in previous NiO anodes.19−22 It is
found that there is a long voltage plateau appeared at ∼0.65 V
in the first discharge process. In the subsequent discharge and
charge cycles, the plateau is shifted to ∼1.15 V, which is in
agreement with the CV results mentioned above.
Figure 7a shows the cycling performances of the obtained

NiO products at a current density of 0.2 A g−1; all samples (N1,
N1.5, N2, and N2.5) display better cycling stabilities than the N0
sample prepared directly from nickel nitrate in the absence of
H3BTC. The yolk−shell N1.5 microspheres exhibit the best
cycling performances among all samples. They deliver an initial
charge (lithium extraction) capacity of 1063 mAh g−1, and there
is almost no capacity fading during cycling. A high charge
capacity of 1060 mAh g−1 could be still retained after 60 cycles,
which corresponds to a retention rate of ∼99.7% compared to
the first cycle charge capacity. The average capacity fading rate
is calculated to be only 0.005% per cycle. The large retained
reversible capacity (1060 mAh g−1) is larger than those of N1
(756 mAh g−1), N2 (886 mAh g−1), N2.5 (389 mAh g−1), and
N0 (221 mAh g−1) after the same cycle number (60 cycles).
This should be ascribed to good control of the uniform yolk−
shell structure with enough pore cavities in the N1.5 product.
Compared with previous NiO anodes with various nanostruc-
tures such as nanoparticles, hollow microspheres, nanosheets,
nanoflakes, and nanoflowers (Table S1, Supporting Informa-
tion), the unique yolk−shell NiO of this work also exhibits
enhanced lithium storage performance with larger reversible
capacity.
High-rate cycling performances of yolk−shell N1.5 micro-

spheres were also tested at large current densities of 1, 2, 3, and

Figure 7. (a) Cycling performances of various NiO nanostructures (N0, N1, N1.5, N2, and N2.5) at 0.2 A g−1. (b) High-rate cycling performances of
the yolk−shell NiO of N1.5. (c) High-rate capabilities of N1.5 anode. Inset figure is the first cycle discharge−charge curves at large currents. (d)
Nyquist plots of N1.5 anode.
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5 A g−1 (Figure 7b). The N1.5 product exhibits stable cycling
performance at a large current of 1 A g−1. The initial reversible
charge capacity is 959 mAh g−1, which decreases to 856 mAh
g−1 after 60 cycles. The capacity fading is calculated to be 0.18%
per cycle. With the increase in current densities, the yolk−shell
N1.5 microsphere exhibits decreased capacity and faster capacity
fading. Reversible capabilities of 678, 612, and 454 mAh g−1

could be observed after 60 cycles at large current densities of 2,
3, and 5 A g−1 respectively. Figure 7c shows the high-rate
capability of the yolk−shell N1.5 microsphere. There is only a
small decrease in the initial charge capacity when the current
increases from 1 to 5 A g−1. An excellent high-rate capability
can be determined; for example, an initial charge capacity of
833 mAh g−1 can be observed at 5 A g−1, which corresponds to
78.36% of the value achieved at 0.2 A g−1. These good
electrochemical properties should be ascribed to the unique
yolk−shell structure of mesoporous NiO microspheres.
Because the NiO core and shell are both composed of many
small nanoparticles, there are pores among these nanoparticle-
assembled NiO networks. These interstices among porous
nanoparticle shells and cores are more convenient for the
intercalation of Li+ ions into active materials. The transport
pathways of lithium ions are shortened, and electrochemical
kinetics can be improved.55 There are also large interior void
spaces for the yolk−shell NiO microspheres as well as
interparticle pores. These pore spaces can be used to efficiently
buffer the stress caused by volume changes during the charge−
discharge cycling, thus maintaining the mechanical integrity and
electrical conductivity of the electrode material.
To further understand the outstanding electrochemical

performance of the yolk−shell NiO nanostructure, an electro-
chemical impedance spectra (EIS) test was carried out in the
frequency range from 0.01 Hz to 100 kHz at ambient
temperature (Figure 7d). Apparently, the curvature of the
semicircle remains nearly unchanged for the first and 60th
cycles, indicating stable electrical conductivity, charge transfer,
and electrochemical reactions during repetitive cycling. More-
over, the microsphere structure can be clearly observed in
Figure S3 of the Supporting Information. The yolk−shell N1.5
microsphere structures preserve the stable structure integrity
after repetitive discharge−charge cycles. The successful
demonstration of the yolk−shell NiO anode with enhanced
Li-ion storage properties in this work may be also meaningful
to design other types of high-capacity anodes such as Si and
Sn.2,6,8 These two elements have higher electrochemical
activities because each of them can alloy and dealloy with a
maximum 4.4 Li and therefore deliver much larger theoretical
capacities of 4200 mAh g−1 (Si) and 990 mAh g−1 (Sn) than
NiO.
Hydrogen Desorption Properties of MOFs-Supported

AB. Mass spectrometry (MS) was used to compare the
temperature profiles of volatile products (hydrogen, ammonia,
diborane, and borazine) released from pristine AB and
synthesized AB@M1.5 sample, which was obtained by loading
AB to the template of M1.5. The M1.5 was selected as the
template to support AB due to its uniform and regular spherical
morphology. As shown in Figure 8a, pristine AB can release the
first equivalent and the second equivalent of H2 at the
temperatures of ∼110 and 150 °C, respectively, whereas the
AB@M1.5 sample starts to evolve H2 at ∼70 °C with a broad
peak centered at 90 °C, which is ∼40 °C lower than those for
pristine AB. Another notable effect resulting from the MS
curves is the evolution of the borazine, ammonia, and diborane

byproducts (m/z = 80, m/z = 16, and m/z = 27) that are
depressed completely for AB@M1.5, which is more predom-
inant than most of the previous reports.61,64 The isothermal
volumetric hydrogen release properties of the pristine AB and
AB@M1.5 sample were measured at 90 °C to compare the gas
release rate as well as the hydrogen release kinetics (Figure 8b).
Clearly, sluggish gas desorption and only 4.8 wt % weight
desorption up to 200 min are observed for pristine AB, which
may be ascribed to its high kinetic barrier for dehydrogenation
at this temperature. In contrast, vigorous hydrogen release
without any induction period could be observed from the AB@
M1.5 sample at the same temperature. A total gas capacity of
0.03 mol g−1 (based on the weight of pristine AB) in 60 min
could be detected from isothermal volumetric release result of
AB@M1.5. Due to the complete suppression of the borazine,
ammonia, and diborane byproducts, hydrogen is the only
material released in this process. Therefore, the weight
desorption (∼6.0 wt %) can be calculated based on the
product of multiplying the total gas capacity (0.03 mol g−1) and
the molar mass of hydrogen (2.016 g mol−1), as shown in
Figure 8b. It is clear that the improved dehydrogenation
properties and hydrogen release kinetics, as well as the
complete depression of the release of undesired volatile
byproducts, are achieved successfully for the AB@M1.5
composite compared with neat AB. Such significantly improved
dehydrogenation properties of AB@M1.5 may be contributed to
the confinement of AB in the MOFs nanoscaffolds as well as
the probable catalytic effect of Ni ions from Ni-MOFs.64

Figure 8. (a) MS results of AB@M1.5 between 40 and 240 °C at a
heating rate of 5 °C min−1. (b) Isothermal volumetric hydrogen
release properties of AB@M1.5 and pristine AB at 90 °C.
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■ CONCLUSIONS
In summary, a facile and fast microwave hydrothermal method
was used to fabricate Ni-MOFs in this work. The Ni-MOFs
were used as the precursor to obtain mesoporous yolk−shell
NiO microspheres or as the matrix to load AB. The yolk−shell
NiO@NiO microsphere exhibits a large reversible capacity of
1063 mAh g−1 at 0.2 A g−1 along with a good high-rate
capability. Moreover, the hydrogen desorption properties of the
Ni-MOFs supported AB composite have also been investigated.
It delivers a lower temperature for the first-step dehydrogen-
ation, improved dehydrogenation rate, and complete depres-
sion of the release of byproducts. The MOF-based synthesis
and application strategy can be extended to synthesize other
metals/metal oxides for applications in lithium-ion batteries or
hydrogen desorption.
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