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a b s t r a c t

Transition-metals have emerged as promising catalyst candidates for improving the hydrogen storage
properties of MgH2. However, the preparation of uniformly dispersed and extra-fine transition-metals
catalysts with high catalytic activity still remains a challenge. In this paper, an electrospinning-based
reduction approach is presented to generate nanostructured nickel catalyst, which is protected from
irreversible fusion and aggregation in subsequent high-temperature pyrolysis, in carbon nanofibers
(Ni@C) in situ. The obtained Ni@C reveals remarkable catalytic effect on improving the hydrogen storage
properties of MgH2. For example, the MgH2-10 wt%Ni@C composite delivers dehydrogenation capacities
of 5.79 wt% and 6.12 wt% at 280 �C and 300 �C, respectively, whereas the as-milled MgH2 hardly de-
composes at the same temperature. By Arrhenius plots, the calculated Ea of the dehydrogenation of
MgH2-10 wt%Ni@C is 93.08 kJ mol�1, which is 94.33 kJ mol�1 lower than that of the as-milled MgH2.
Furthermore, the microstructure of Ni@C is remained during the re/dehydrogenation process and the Ni
nanoparticles are still distributed homogeneously in the composite, accounting for the excellent cycling
performance. This study could render combinations of ultrafine metal nanoparticles with carbon
accessible, thereby, extending opportunities in catalytic applications for hydrogen storage.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Hydrogen (H2) with its renewable, green, clean properties and
high-energy density, has gained a great attention as an ideal sus-
tainable candidate for the alternative energy sources to replace
fossil fuels [1e9]. However, the widespread use of hydrogen in
practical applications is severely limited by the relatively backward
hydrogen storage technologies [10,11]. Currently, except for the
successful application of hydrogen storage alloys in Ni-MH batte-
ries [12e16], few developed hydrogen storage materials can meet
the requirement of practical application, particularly for the on-
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board applications targets proposed by the U. S. Department of
Energy (DOE) [17]. As a typical solid-state hydrogen storage ma-
terial, magnesium hydride (MgH2) with high theoretical hydrogen
capacities (7.6 wt% in gravimetry and 110 kg/m3 in volumetric),
excellent reversibility, abundance, and low cost has attracted great
attentions in the past decades [18e21]. Nevertheless, the draw-
backs of high hydrogenation/dehydrogenation temperature and
low hydrogen desorption/absorption rate resulted from the ther-
modynamic stability and slow kinetics, need to be overcome before
its practical application in on-board fuel cells. Thus, tuning these
two intrinsic parameters in absorption/desorption reaction are the
keys in improving the hydrogen storage performances of materials
[22e24].

To improve the hydrogen storage properties of MgH2, different
strategies including alloying [25e30], catalyzing [31e35]and
nanosizing [36e41] have been developed and demonstrated
impressive improvements, among which catalyzing is one of the
most effective methods. A variety of different catalysts, such as
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carbon materials, metals and intermetallics, transition-metal
compounds (oxides, halides, hydrides, carbides, nitrides and fluo-
rides) have been reported to enhance the hydrogen storage prop-
erties of Mg-based materials [42e49]. Particularly, transition
metal-related catalytic systems, e.g. Ni-based catalysts, have
shown superior properties in improving the adsorption kinetics
and promoting the rapid and effective dissociation or recombina-
tion of hydrogen molecules in Mg-based materials. For example,
Yao et al. [50] developed a one-step method to capitalize on the in
situ bottom-up reduction of a Ni-MOF-74 precursor in the presence
ofMgH2 as a reducing and sacrificial agent viamechanical chemical
ball milling, and the MgH2-5 wt% (Ni-MOF-74) composite can
absorb 6.2 wt% hydrogen within only 30 s at a temperature as low
as 150 �C. Jalil et al. [51] proposed a new technique to study MgH2
catalyzed with a small amount of Ni nanoparticles by the reactive
ball milling under 10 bar hydrogen. The results showed that the
MgH2-2 mol% Ni nanopowders could absorption/desorption 5.3 wt
% H2 within 5 min, exhibiting that a small amount of Ni with
nanoscale could be a suitable catalyst for improving the kinetics of
MgH2. Wang et al. [52] developed a self-template strategy using
benzimidazole as the reductant and carbon precursor to fabricated
Ni@C and the desorption peak temperature of the MgH2eNi@C
composite was lowered down to 283 �C. Li et al. [44] prepared Mg
and Ni nanoparticles by hydrogen plasma-metal reaction (HPMR)
and the MgH2 nanoparticles were obtained by hydriding the Mg
nanoparticles. The obtained sample showed superior hydrogen
storage kinetics, releasing 6.1 wt% hydrogen in 10 min at 250 �C
under an initial pressure of 0.01 bar of H2 when the proportion of
Ni nanoparticles is 10wt%. It is drawn that the enhanced desorption
kinetics are mainly attributed to the accelerated combination pro-
cess of hydrogen atoms by the Ni nanoparticles on the surface of
MgH2.

Compared with bare nano-Ni, carbon supported nano-Ni cata-
lysts could exhibit better catalytic effect on improving the hydrogen
storage properties of MgH2, since Ni nanoparticles can be distrib-
uted uniformly on the surface of carbon matrix and the micro-
structure is able to remain well during the following process to
ensure the stability of the catalysts. Therefore, preparing uniformly
dispersed and extra-fine Ni-based catalyst with high catalytic ac-
tivity is of significant value to the application of MgH2. Many efforts
have been devoted toward realizing metallic compounds as cata-
lysts, including with the use of carbon nanotubes [34], active car-
bon, graphene [53e55], and carbon nanofibers (CNFs) [46] as
substrates. Among these substrates, CNFs embraced with some
intrinsic advantages, such as large surface area, lightweight, good
electrical conductivity, and high thermal/chemical/mechanical
stability, have been allured a great deal of attention in eminent
Fig. 1. Schematic illustration for the Ni@C formation pr
researchers [56,57].
Herein, we describe an in situ preparation of embedded ultra-

fine Ni nanoparticles in carbon nanofibers (Ni@C) by electro-
spinning technique, followed by controllable pyrolyzed reduction
in a H2/Ar atmosphere. In our method, a precise ratio of nickel
cation and polyvinylpyrrolidone (PVP) was well mixed and then
electrospun into 1D NFs. In the subsequent pyrolysis reduction, Ni
cation was transformed into Ni nanoparticles and then embedded
in the carbon matrix. The accompanying ultrafine porosity resulted
from the decomposition of PVP were used as a molecular sieve to
effectively prevent the aggregation of the in situ generated Ni
nanoparticles, which is beneficial to confine Ni nanoparticles to a
very small size (ca. 5 nm in diameter). As a result, the Ni-catalyzed
MgH2 exhibits significantly improved hydrogen storage properties.

2. Experimental

2.1. Syntheses of Ni@C and MgH2eNi@C composite

Chemicals were all obtained commercially and used without
any purification. MgH2 (98% in purity) was purchased from Alfa
Aesar. Nickel nitrate hexahydrate (Ni(NO3)2$6H2O) and poly-
vinylpyrrolidone (PVP, Mw ~ 1300000) were purchased from A.R.,
Alfa-Aesar Inc., USA and Sigma-Aldrich Inc, USA) respectively. N,N-
dimethylformamide (DMF) and ethanol were both purchased from
A.R., Tianjin Chemical Corp., China.

2.1.1. Syntheses of Ni@C
Carbon supported Ni catalyst was synthesized via the following

procedure.
Polyvinylpyrrolidone (PVP, 0.17 g) and nickel nitrate hexahy-

drate (Ni(NO3)2$6H2O, 0.101 g) was dispersed in 1.25 ml of ethanol
and 1.25 ml of DMF, with vigorous stirring for 24 h to make a ho-
mogeneous spinning dope. After that, the well-prepared precursor
solution was poured into a syringe with an 18-gauge blunt-tipped
needle. The voltage, which was provided by a high-voltage power
supply, and the distance between the needle and the collector were
set at 12 kV and 15 cm, respectively. The flow rate of the solution
was controlled by a syringe pump (Longer, TJP-3A, China) to
approximately 250 ml h-1. Then the as-collected fibers produced by
electrospinning were annealed in air at 250 �C with a heating rate
of 2 �C min-1 for 3 h, and finally carbonized in hydrogen/argon
atmosphere at 400 �C with a heating rate of 3 �C min-1 for 3 h to
obtain the porous Ni@C nanofibers.

2.1.2. MgH2eNi@C composite
To prepare the MgH2eNi@C composite, X wt% (X ¼ 5, 10, 15 and
ocess and the synergetic catalytic effect on MgH2.



Fig. 2. SEM image of the as-electrospun PVP-coated Ni(NO3)2 nanofibers (a), pre-oxidized as-electrospun PVP-coated Ni(NO3)2 nanofibers(b), SEM image of Ni@C nanofibers (c)
and XRD pattern of Ni@C synthesized by calcination (d).
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20) Ni@C catalyst was added into the commercially available MgH2
(Alfa Aesar 98%) powder by mechanically milling for 10 h under Ar
atmosphere using a planetary ball mill (QM- 1SP2, Nanjing). The
ball-to-powder weight ratio was 50:1, and the milling speed was
350 rpm. The operation on the samples was handled in a glovebox
filled with high purity argon (99.999%), which could keep the water
vapor and oxygen levels below 1 ppm by recycling the purification
system to protect samples from hydroxide formation and/or
oxidation. The obtained samples were labeled as MgH2-X wt%Ni@C
(X ¼ 5, 10, 15 and 20). In addition, pure MgH2 without catalyst was
also ball milled in the same way as a reference sample.
2.2. Sample characterizations

The phase composition of the composites was examined by X-
ray diffraction (XRD, D8 Advance, Bruker AXS) with Cu Ka radiation.
The structure and morphology of the samples were characterized
by field emission scanning electron microscopy (FE-SEM;
JEOL7500FA, Tokyo, Japan) and a transmission electron microscope
(TEM; JEOL 2011 F, Tokyo, Japan). The hydrogen storage properties
of the samples were measured on a HPSA-auto high pressure vol-
ume gas storage device (self-made). During the hydrogen storage
performance test, about 0.1 g of each sample was loaded into a
stainless steel sample chamber in the glovebox filled with argon.
The initial hydrogen pressure of absorption kinetics measurements
was 3.0 MPa.

Temperature-programmed desorption (TPD) was used to
investigate the hydrogen desorption properties of MgH2-X wt%
Ni@C at a constant heating rate of 5 �C min-1 to evaluate the cat-
alytic effectiveness of Ni@C, and the result is presented in the
following part.
3. Results and discussion

For visual presentation, Fig. 1 illustrates two processes,
including the preparation of the Ni@C nanofibers and the mixing of
MgH2 and Ni@C. The Ni@C nanofibers were produced by simple
electrostatic spinning and controlled pyrolysis reduction in a H2
atmosphere. Briefly, polyvinylpyrrolidone (PVP) and nickel nitrate
hexahydrate (Ni(NO3)2$6H2O) were mixed to an exact ratio to
produce a pale green spinning precursor. The prepared precursor
solution is then poured into a syringe with a No. 18 blunt needle,
and the as-spun fiber matrix was obtained by an electrospinning
technique. The as-spun fiber was firstly pre-oxidized in air at 250 �C
for 3 h and further annealed in a H2/Ar atmosphere for 3 h. During
the process, PVP was decomposed with simultaneously producing
ultrafine voids, the Ni ions were transformed into metal Ni nano-
particles and embedded in the porous carbon matrix. The ultrafine
voids after PVP thermal decomposition were used as molecular
sieves, which prevented Ni nanocrystals from gathering in the
pyrolysis and reduction process and helped to maintain the fine
size of Ni particles (the average diameter was 5 nm). Because of this
excellent property, the Ni nanoparticles embedded in the porous
carbon fiber (Ni@C) showed prominent catalytic effects on
hydrogen desorption and hydrogen adsorption of MgH2. A certain
proportion of Ni@C and commercial MgH2 were mechanically
mixed by high-energy ball milling. The Ni@C were uniformly
dispersed on the surface of MgH2, which enhanced the interface
interaction and promoted the interaction between Ni@C andMgH2.

3.1. Structural characterizations of Ni@C and the MgH2eNi@C
composite

The micromorphology of the corresponding products at each



Fig. 3. (aeb) TEM images, (c) HRTEM image, (d) SAED pattern and (eeg) element mapping of the as-prepared Ni@C: (f) Ni, and (g) C.
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reaction stage in the synthesis of Ni@C was characterized by
scanning electron microscope (SEM) as shown in Fig. 2aec. Fig. 2a
shows that the precursor fibers obtained by electrostatic spinning
reveal smooth and uniform solid 1D nanofibers (NFs) structures
with an average diameter of 185 nm. After pre-oxidation, the
diameter of the fiber decreases to 119 nm averagely and the one-
dimensional nanofiber structure is still maintained (Fig. 2b).
Fig. 2c shows the SEM image of the final product (Ni@C) obtained
after pyrolysis and reduction. As expected, the solid 1D structures
of the nanofiber precursors arewell-maintained, while the surfaces
of the NFs becamemuch rougher. The as-prepared Ni@C nanofibers
are homogeneous and continuous with a shrinkable diameter of
117 nm and the fine Ni nanocrystals were uniformly dispersed in
the matrix of the carbon nanofibers. After the pyrolysis reduction
treatment, PVP is decomposed into fine porous carbon fibers, and
the ultrafine voids as molecular sieves limit the growth and ag-
gregation of nickel nanocrystals, resulting in a very small size of Ni
nanoparticles. The X-ray diffraction (XRD) pattern of Ni@C reveals
that apart from the broad diffraction hump at about 25� assigned to
the amorphous carbon, the remaining diffraction peaks at 44.38�
(111), 51.84� (200), and 76.37� (220) are consistent with Ni (JCPDS
no. 04e0850), and the diffraction peak shape is not obvious
because of the small grain size and the poor crystallinity of Ni
(Fig. 2d). No diffraction peaks corresponding to other phases or
impurities are observed, indicating that this pyrolysis reduction
strategy manufactures Ni successfully.

The transmission electron microscopy (TEM) images show that
the Ni@C presents a pea-like structure, and the uniform Ni nano-
particles (black dots) with a diameter of 5 nm are embedded in the
carbon nanofibers matrix(Fig. 3a and b). Fig. 3c displays the high
resolution transmission electron microscopy (HRTEM) image and
consequent fast Fourier transform (FFT) of Ni@C, in which the
interplanar spacing of 0.207 nm is indexed to the (111) plane of Ni.
In addition, the analogous selected area electron diffraction (SAED)
pattern (Fig. 3d) confirms the crystalline structure of Ni, which is in
good agreement with the XRD results and the HRTEM observation
described above. The STEM and the corresponding energy-disper-
sive X-ray spectroscopy (EDS) elemental mappings further reveal
the uniform dispersion of Ni particles within the carbon nanofibers
in the Ni@C (Fig. 3eeg).



Fig. 4. XRD patterns of the as-milled MgH2 and MgH2-X wt%Ni@C (X ¼ 5, 10, 15 and 20) composites.

Fig. 5. (a) TEM image, (b) HRTEM image, (c) SAED pattern and (deg) element mapping: (e) Mg, (f) Ni and (g) C of the MgH2-10 wt% Ni@C after ball milling.
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The phase structures of as-milled MgH2, and MgH2-X wt%Ni@C
(X¼ 5, 10, 15 and 20) samples are shown in Fig. 4. The XRD patterns
of all the samples display the reflections of MgH2 phase. However,
no reflection of Ni can be observed in all Ni-catalyzed samples
because of small grain size of the synthesized Ni@C. Comparedwith
the as-milled MgH2, the intensity of diffraction peak of MgH2 in all
Ni-catalyzed nanocomposites decreases with the increased amount
of Ni@C, caused by the poor crystallinity of the additive.

TEM studies were characterized to further investigate the
microstructure of the MgH2-10 wt%Ni@C composite. Fig. 5a dis-
plays the image of MgH2-10 wt%Ni@C composite with an uneven
particle size of 200e500 nm. Fig. 5b illustrates the HRTEM image of
the MgH2-10 wt%Ni@C composite, in which the lattice spacing of
0.275 nm corresponds to the (110) plane of MgH2 and the lattice
spacing of 0.214 nm corresponds to the (110) plane of Ni. Further-
more, the diffraction rings (Fig. 5c) are identified to be the Ni and
MgH2 phases, respectively, indicating the existence of Ni@C in the
MgH2-10 wt%Ni@C composite. The EDX mappings of the MgH2-



Fig. 6. TPD curves for ball-milled MgH2 and MgH2-X wt%Ni@C(X ¼ 5, 10, 15 and 20) composites. The heating rate is 5 �C min-1.

Fig. 7. Hydrogen absorption (a) and desorption (b) kinetics curves of MgH2-10 wt %Ni@C at different temperatures as compared with the hydrogen absorption (c) and desorption
(d) kinetics curves of as-milled MgH2 at different temperatures.
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Table 1
A comparison of apparent activation energies for dehydrogenation of Mg-based
hydrogen storage systems.

Sample Ea (kJ mol�1)

Sample Comparative sample (pure MgH2)

MgH2-5 mol%Li2TiO3 [59] 84 113
Mg17Ba2 [60] 173.92 160
nfTa2O5eMgH2 [61] 74 ± 7 143
CeH2.73-MgH2-Ni [62] 63 ± 3 158 ± 2
MgH2/NiCl2 [63] 102.6 158.5
This work 93.08 187.41
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10 wt%Ni@C composite in Fig. 5deg shows that the distribution of
Ni@C in the MgH2 matrix is homogeneous.
Fig. 9. Hydrogen desorption cycling curves of the MgH2-10 wt%Ni@C composite at
325 �C.
3.2. Hydrogen storage performance of the MgH2e Ni@C sample

The dehydrogenation of MgH2 ball milled with different content
of Ni@C is shown in Fig. 6. The onset dehydrogenation of MgH2-
10 wt%Ni@C starts at 230 �C, which is 100 �C lower than that of as-
milled MgH2. In addition, a hydrogen desorption capacity of 6.8 wt
% can be reached on heating the MgH2-10 wt%Ni@C composite to
350 �C. In contrast, the as-milled MgH2 sample needs to be heated
to 475 �C for a complete dehydrogenation. The onset and peak
temperatures of dehydrogenation further shift to low temperature
with the increasing Ni@C content in the composite, indicating that
a high content addition of Ni@C has a positive effect on the
desorption kinetics of MgH2. However, it is noticeable that the
increasing Ni@C content will lead to a decreased dehydrogenation
capacity. As a result, the MgH2-10 wt%Ni@C sample exhibited
optimized dehydrogenation properties by simultaneously consid-
ering the operating temperature and the available hydrogen ca-
pacity in the present study.

To further study the hydrogenation/dehydrogenation kinetics of
the MgH2-10 wt%Ni@C composite, isothermal sorption experi-
ments of this sample as compared with the as-milled MgH2 were
Fig. 8. Arrhenius plots according to the isothermal H2 desor
measured at various temperatures, and the results are shown in
Fig. 7. The hydrogen absorption kinetics curves show that the
MgH2-10 wt %Ni@C composite has fast hydrogen absorption ki-
netics at temperatures ranging from 300 to 350 �C (Fig. 7a). The
hydrogen absorption capacities can reach to 4.78 wt% and 5.60 wt%
within 80 s at 300 �C and 350 �C, respectively. In contrast, as shown
in Fig. 7c, the hydrogen absorption kinetics of as-milled MgH2 is
sluggish before 300 �C, and to reach maximum hydrogen absorp-
tion capacity over 350 s at 350 �C is required. The desorption ki-
netics curves show that the MgH2-10 wt %Ni@C delivers hydrogen
release of 5.79 wt% and 6.12 wt% at temperatures of 280 �C and
300 �C, respectively, whereas the as-milled MgH2 hardly de-
composes at the same temperature (Fig. 7b, d). With the increase of
operating temperature, MgH2-10 wt%Ni@C composite features
ption of MgH2-10 wt % Ni@C and the as-milled MgH2.



Fig. 10. XRD patterns of the MgH2-10 wt%Ni@C before (a) and after (b) 20 hydrogen
absorption/desorption cycles.
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faster kinetics. At 325 �C, a hydrogen capacity of 5.91 wt% could be
reached in 500 s. In contrast, the as-milled MgH2 can only release
0.03 wt% H2 at the same conditions. Even at a higher temperature
of 375 �C the as-milled MgH2 can only release 4.55 wt% H2 at the
same time. From the current experimental results, it can be
concluded that Ni@C shows much better catalytic effect on
improving the dehydrogenation of MgH2. The improved dehy-
driding kinetics can be further understood by calculating the
apparent activation energy (Ea) during dehydrogenation at various
temperatures. To show the catalytic effect of Ni@C on the dehy-
drogenation of MgH2 in terms of the activation energy, Table 1
gives a comparison of Ea of different Mg-based hydrogen storage
systems. As shown in Fig. 8, by plotting ln(H2 release rate) versus T-
1 [58], the Ea for desorption of MgH2-10 wt%Ni@C were deter-
mined to be 93.08 kJ mol�1, which are drastically lower than the
Fig. 11. (a) TEM image, (b) HRTEM image, (c) SAED pattern and (deg) element mappi
corresponding value for the as-milled MgH2 (187.41 kJ mol�1).

3.3. Cycling performance of the MgH2-10 wt%Ni@C sample

Fig. 9 displays the hydrogen desorption cycling stability of
MgH2-10 wt%Ni@C composite at 325 �C. The dehydrogenation ki-
netics show no decrease during cycling. Meanwhile, around 99.8%
of the initial capacity(5.86 wt% H2)is preserved even after 20 cycles,
exhibiting an excellent cyclic stability of the MgH2-10 wt%Ni@C
composite. Fig. 10 exhibits the XRD patterns of the MgH2-10 wt%
Ni@C sample before and after 20 hydrogen absorption/desorption
cycles. It can be seen that both samples are mainly formed with
MgH2 phases. Ni is hardly detected before and after cycling due to
its nanocrystalline states. The similarity XRD patterns of both
samples verifies the good reversibility of the MgH2-10 wt%Ni@C
sample upon cycling.

Generally, the degradation of hydrogen storage properties of
MgH2 during hydrogenation-dehydrogenation cycles is caused by
agglomeration of powders [64], growth of crystallites [65e67], and
redistribution of catalysts [68]. To observe the microstructure sta-
bility, the MgH2-10 wt%Ni@C composite was rehydrogenated at
300 �C and then characterized by TEM, HRTEM, SAED and EDS
mapping after 20 hydrogen absorption/desorption cycles, as pre-
sented in Fig. 11. It displays that the MgH2-10 wt%Ni@C composite
maintains an uneven particle size of 200e500 nm and the average
particle size shows no significant increase after cycling (Fig. 11a).
According to the HRTEM image in Fig. 11b, the interplanar spacings
of 0.204 nm and 0.151 nm corresponds to the (111) plane of Ni and
the (002) plane of MgH2, respectively. Furthermore, the diffraction
rings (Fig. 11c) in SAED pattern are identified as belonging to Ni and
MgH2, which further proves the good reversibility of MgH2 and the
stability of Ni as an outstanding catalyst. Fig. 11deg shows the
corresponding elemental mapping results, which clearly illustrate
the well distribution of Mg, Ni and C elements in the MgH2-10 wt %
Ni@C composite after 20 cycles, indicating that the Ni nanoparticles
are still evenly distributed in the MgH2-10 wt%Ni@C composite,
accounting for the excellent hydrogenation and dehydrogenation
kinetics and stable cycling of theMgH2-10wt%Ni@C composite. The
ng:(e) Mg, (f) Ni and (g) C of the MgH2-10 wt%Ni@C after 20th rehydrogenation.
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supported substrate (carbon nanofibers) plays an important role in
preventing from further aggregating of catalytic Ni particles from
each other during cycling at elevated temperatures and pressures,
and thus the initial microstructural characteristics of the compos-
ites retain, leading to a reasonably good cyclic performance.

4. Conclusions

In summary, an electrospinning-based reduction approach is
presented to generate nickel nanoparticles, which are protected
from irreversible fusion and aggregation in subsequent high-tem-
perature pyrolysis, in carbon nanofibers (Ni@C) in situ. The ultra-
fine Ni particles with an average size of 5 nm are embedded
homogeneously in carbon fibers. The effect of the Ni@C on the
structural and hydrogen storage performances of MgH2 has been
investigated systematically. The Ni@C catalyzed MgH2 exhibited
significantly improved hydrogen storage properties. It was
demonstrated that the uniformly distributed ultrafine Ni nano-
particles in the MgH2-10 wt%Ni@C composite are responsible for
the superior catalytic effect of Ni@C, leading to the excellent hy-
drogenation and dehydrogenation kinetics and cycling perfor-
mance of MgH2.
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