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ABSTRACT: Magnesium hydride (MgH2) is a promising hydrogen storage candidate due to its large capacity; however, high
dehydrogenation temperature and slow kinetic rates are the main bottlenecks. Herein, we proposed a strategy for designing nitrogen-
doped graphene-supported Ni nanoparticles (NPs) (Ni@NC) to tackle these problems. The results showed that the MgH2 + 15 wt
% Ni@NC nanocomposite reduced the on-set dehydrogenation temperature to 195 °C, which was 175 °C lower than pristine
MgH2. In addition, MgH2 + 15 wt % Ni@NC achieved 1.7 and 6.5 wt % desorption capacities at 225 and 300 °C, respectively, while
absorbing 5.5 wt % hydrogen at 100 °C. The MgH2 + 15 wt % Ni@NC nanocomposite showed high cyclic stability, achieving 98.0%
capacity retention after 100 cycles at 270 °C with negligible loss in capacity. This remarkable hydrogen storage performance can be
attributed to the homogeneous distribution of Ni NPs on N-doped graphene layers, in situ formed Mg2NiH2 NPs, and multiphasic
regions, promoting the nucleation and growth process during hydrogenation/dehydrogenation, which stabilized and improved the
cyclic stability. This strategy paves the way to developing high-performance MgH2 for large-scale applications.

■ INTRODUCTION
Hydrogen is a promising energy carrier, achieved from
renewable resources, and exists in a wide range of varieties.1

Hydrogen is facing the challenge of finding a suitable method
for storing that can be safe, affordable, effective, and
lightweight.2−4 Compared to traditional hydrogen storage
methods such as high-pressure tanks and liquid storage,
magnesium hydrides (MgH2) have attracted much attention
due to their high hydrogen capacity (7.6 wt %), high
reversibility, availability in nature, and low cost. Nevertheless,
the practical applications of MgH2 are obstructed by high
thermodynamic stability and slow hydrogen absorption/
desorption kinetic rates.4−8

Many researchers adopted numerous approaches such as
preparing nanosized MgH2, employing new techniques, and
adding catalysts to address the mentioned-above key problems.
In fact, adding catalysts is one of the efficient methods which
can significantly improve the hydrogen storage performance of
MgH2. It has been reported that transition-metal oxides such as
TiO2 reduced the on-set dehydrogenation temperature lower

to 145 °C than undoped MgH2.9 Meanwhile, carbon-porous
niobium pentoxide (C-p-Nb2O5) synthesized by a wet-
chemical technique reduced the on-set dehydrogenation
temperature about 181 °C due to the catalytic effect of
Nb2O5, which was much lower than the pristine MgH2.

10

Furthermore, adding ZrO2 to MgH2 improved the hydrogen
storage performance due to the catalytic interaction of ZrO2
with MgH2 and formed active ZrHx catalysts.

11 Transition-
metal additives with Mg, appearing as either alloying or
secondary particles, enhanced the hydrogen storage perform-
ance of MgH2. In such cases, the addition of 4% Ni nanofibers
(NFs) with MgH2 using the ball milling method released

Received: January 6, 2024
Revised: February 19, 2024
Accepted: March 29, 2024
Published: April 22, 2024

Articlehttp://pubs.acs.org/journal/acsodf

© 2024 The Authors. Published by
American Chemical Society

19261
https://doi.org/10.1021/acsomega.4c00198

ACS Omega 2024, 9, 19261−19271

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Imran+Muhammad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jaffer+Saddique"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chengzhang+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muneeb+ur+Rahman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zaheen+Ullah+Khan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wajid+Ali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wajid+Ali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rong+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c00198&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00198?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00198?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00198?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00198?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00198?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00198?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00198?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00198?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/17?ref=pdf
https://pubs.acs.org/toc/acsodf/9/17?ref=pdf
https://pubs.acs.org/toc/acsodf/9/17?ref=pdf
https://pubs.acs.org/toc/acsodf/9/17?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c00198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


hydrogen at an on-set temperature of 143 °C which
dehydrogenated completely within 11 min at 325 °C (7.02
wt %).12 The ultrathin Ni nanoparticles (NPs) (2−6 nm) were
synthesized by the H2 plasma reduction method using nickel
acetylacetonate precursors and ball-milled with MgH2. This
composite rapidly released 6.5 wt % hydrogen in 10 min at 275
°C, while desorbed 6.0 wt % hydrogen at 225 °C. This
remarkable improvement in the hydrogen-storage properties
was attributed to the ultrafine and in situ formed Mg2NiH0.3
nanocrystals during the cycling process.13 Xia et al.14 studied
that graphene-supported Ni NPs with MgH2 boosted hydrogen
storage properties, achieving a high reversible capacity of 5.5
wt % and long cyclic performance (100 cycles) owing to the
thin size of MgH2 and alloying with Ni NPs on the graphene
surface. In another study, adding carbon NF-coated Ni NPs
with Mg hydrides designed MgH2-10 wt % Ni@C nano-
composites, which released hydrogen 5.91 wt % at 325 °C
within 500 s due to catalytic behavior of highly dispersed Ni
NPs.15 Yao et al.16 added 10 wt % Ni4@rGO6 with MgH2
nanocomposites via ball-milling showed high hydrogen storage
capacity (absorbed 5.0 wt % at 100 °C, while desorbed 6.1 wt

% at 300 °C within 15 min), suggesting that the in situ formed
Mg2Ni/Mg2NiH4 during hydrogen ab/desorption cycles
exhibited a better catalytic effect than Ni NPs. Another study
showed that the addition of TiH2 and graphite into Mg2NiH4
improved the surface oxidation performance coupled with the
sorption kinetic rates. The Mg2NiH4−TiH2 composition could
readily desorb 2.36 wt % hydrogen within 400 s and absorb
2.33 wt % in 100 s at 230 °C. These results were attributed to
the sacrificial effect of TiH2 and in situ formed Ni-based
composition.17 Gao et al. studied flower-like Ni MOF with
MgH2 and reported that Ni effectively improved the hydrogen
storage properties of MgH2-5 wt % Ni MOF, absorbing 6.4 wt
% H2 at 300 °C within 600 s due to the coupling effect of in
situ formed Mg2Ni/Mg2NiH4, MgO NPs, amorphous C, and
remaining layered Ni MOF.18 Similarly, adding 5 wt %
uniformly distributed Ni NPs on carbon to MgH2 showed
superior catalytic hydrogen storage performance and reduced
the hydrogen on-set temperature to 187 °C.19 Likewise,
another class of two-dimensional (2D) materials called
MXenes showed superior catalytic performance by adding
Ni@Ti-MX to MgH2 which reduced the dehydrogenation

Figure 1. Schematic view of Ni NPs deposition on graphene layers, formation of Ni@NC nanostructure, and ball milling of MgH2 and Ni@NC to
form MgH2 + Ni@NC nanocomposites.

Figure 2. Structural and morphology results of the Ni@NC nanocomposite. (a) XRD patterns containing Ni and carbon peaks, (b) SEM
morphology, (c) TEM microstructure, and (d) HRTEM observations of the Ni@NC nanocomposite.
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temperature by 221 °C while absorbed 5.4 wt % hydrogen
within 25 s at 125 °C and desorbed 5.2 wt % in 15 min at 250
°C due to multiphasic effects of Mg and catalysts.20,21 In
addition, adding a few-layer MXene Ti3C2Tx-supported Ni@C
nanoflakes to MgH2 showed a remarkable cyclic performance
of 50 cycles with negligible capacity loss due to the formation
of Mg2NiH4 and highly dispersed metallic Ti NPs.

22 Porous
carbon and nitrogen-doped graphene material have also been
studied to adsorb/absorb hydrogen and improve the kinetic
performance due to unique electronic properties.23 Nitrogen
doping has been investigated to enhance the hydrogen storage
performance of MgH2. In this study, heteroatom doping was
studied in terms of bonding configurations and heteroatom
doping concentrations. The graphene−Mg nanocomposites
doped with heteroatoms; hydrogen uptake was enhanced with
significantly low activation energy during the early stages of
desorption, perhaps due to the facilitation of nucleation.24

Another study showed that N-doped graphene nanoribbons
enhanced the hydrogen sorption kinetics of Mg hydrides due
to the nitrogen doping and encapsulation effect.25 Theoret-
ically, studies showed that the N-doped graphene layers
reduced the adsorption energy due to electronic behavior and
higher electronegativity than carbon.26 Although, tremendous
efforts have been devoted to improving the hydrogen storage
performance of MgH2; these investigations are still suffering
from fast sorption kinetic rates, long cycle life, and low
dehydrogenation temperature. This may be due to the
agglomeration of MgH2 NPs during preparation or using
low-efficiency catalysts to dissociate Mg−H bonds at low
temperatures.
In this paper, we have focused on the designing and

preparation of nitrogen-doped carbon-supported Ni NPs and

ball-milled with MgH2, aiming to improve hydrogen storage,
and reduce the dehydrogenation temperature and cyclic
performance. The obtained structure MgH2 + 15 wt % Ni@
NC is capable of reducing the dehydrogenation temperature to
195 °C, fast sorption kinetic performance, and long cycle life.
This composite uptakes 5.5 wt % hydrogen at 100 °C while
achieving 6.5 wt % capacity at 275 °C, which are better than
other compositions and pristine MgH2. In addition, the
composite achieved 1.7 and 6.5 wt % desorption capacities
at 225 and 300 °C temperature, respectively. The MgH2 + 15
wt % Ni@NC nanocomposite shows high cyclic stability,
achieving 98.0% capacity retention after 100 sorption kinetic
cycles at 270 °C.

■ RESULTS AND DISCUSSION
Structural and Morphological Characteristics of Ni@

NC Nanostructure. The Ni@NC nanostructures were
formed by the addition of Ni NPs on the surface graphene
layers, which act as a strong support for NP growth. The
thermolysis process results in the wrapping of Ni NPs in
graphene layers with nitrogen-doping content.27,28 The
abundance of functional groups and C−C cleavage result in
the development of Ni@NC nanostructure with uniform size
and morphology. Furthermore, the Ni@NC nanostructures
were treated with MgH2 to form MgH2 + Ni@NC nano-
composites via ball milling as shown in Figure 1.
The phase analysis and morphology micrographs of the Ni@

NC nanostructures are shown in Figure 2. The X-ray
diffraction (XRD) pattern shows that the major peaks are
corresponded to Ni NPs, exhibiting cubic structure with space
group [Fm3̅m(225)], whereas a small peak of carbon is
indexed at 2θ = 26.5°. After annealing at 900 °C for 1 hr, the

Figure 3. XPS results of the Ni@NC nanostructure. The survey curve (a), Ni 1s curve and fitted spectra (b), C 1s result with fitted curves (c), and
(d) N 1s with fitted curves.
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graphene layers are wrapped over the Ni NPs, and the Ni@NC
composite is formed. The scanning electron microscopy
(SEM) results of Figure 2b indicate that ultrasmall size
graphene-wrapped Ni NPs are uniformly dispersed.. The size
of Ni NPs is calculated about 10 nm, which are uniform in size
and shape. These results also indicate that graphene wrapping
prevents the size growth of Ni NPs and avoids agglomeration.
Transmission electron microscopy (TEM) results also indicate
that Ni NPs are covered by a few layers of graphene with a
uniform distribution, as shown in Figure S1. The robustly
bonded metal−matrix interface facilitates the sustained
dispersion of the catalyst, leading to an enlarged availability
of exposed active sites and consequently enhancing the
catalytic activity.29 The size of Ni NPs calculated by TEM is
about 5−8 nm, which is smaller than the SEM observations.
High-resolution TEM (HRTEM) observations reflect that the
d-spacings d = 0.202 and d = 0.217 nm correspond to Ni NPs
with different planes which can be indexed as (111) and (220),
respectively. These structural results match well with XRD
results.
To further investigate the elemental analysis and chemical

states of the Ni@NC NPs, the X-ray photoelectron spectros-
copy (XPS) test was performed, and the results are presented
in Figure 3. According to these results, the major peaks of
survey curves correspond to Ni 2p, C 1s, and N 1s states of
Ni@NC. The Ni 2p curve is fitted to two main peaks Ni 2p1/2
and Ni 2p3/2, which are positioned at 873.9 and 855.9 eV,
respectively. The Ni 2p3/2 spectrum further divides into Ni2+,
Ni3+, and satellite curves at different energy positions 853.1,
855.0, and 861.2 eV, respectively, which can be observed in the
previous study.30 The C 1s curve further splits into C−C and
C−N spectra located at 284.6 and 286.5 eV, respectively.
Similarly, the N 1s curve also splits into graphitic-N, pyrrolic-
N, and pyridinic-N spectra located at 402.5, 400.8, and 398.5
eV, respectively. The XPS results confirm N-doping, indicating

that the graphene structure is modified due to N-doping.
These results show the formation of Ni@NC NPs.
Structural and Morphology Results of MgH2 + x wt %

Ni@NC Nanocomposites. The MgH2 + x wt % Ni@NC
nanocomposites were synthesized via ball milling adding Ni@
NC nanocomposites to Mg hydride powder in the hydrogen
environment for 5 hrs. Three distinct composites were
synthesized, exhibiting different weight ratios of Ni@NC
NPs (wt % of 5, 10, and 15) in combination with MgH2.
From the XRD patterns of Figure 4, the major peaks are

indexed to MgH2 with the tetragonal structure of the space
group P42/mnm(136). The other phases, such as Mg2NiH4
and Ni NPs, are observed as secondary phases. During the ball
milling process, the Ni NPs are alloyed with MgH2 which lead
to the formation of Mg2NiH4.

16,31,32 The TEM results indicate
that the Ni NPs reacted with MgH2 during the ball milling
process, growing the MgH2 + 15 wt % Ni@NC nanocomposite
on the graphene layers. The STEM−EDS observations reflect
that the Ni NPs and MgH2 NPs are evenly distributed in the
microstructure. In addition, the mapping results of the MgH2 +
15 wt % Ni@NC nanocomposite indicate that Ni NPs are
distributed on MgH2 nanostructures. These nanostructures
comprise varied nanocrystalline structures including Ni NPs,
MgH2, and Mg2NiH4 nanocomposites. These results indicate
that mostly Ni NPs are reacted with MgH2 to synthesize the
Mg2NiH4 nanocomposite during ball milling. The secondary
small-sized NPs Ni NPs on the surface of graphene layers and
are also overserved. In addition, these observations reveal that
Ni@NC prevents agglomeration of the MgH2 nanostructure.
These results match well with XRD patterns. Furthermore,
SEM/EDS mapping shows that Ni NPs, N, C, and MgH2 are
distributed in the microstructure abundantly, as shown in
Figure 5. EDS results show that the major part of the
composite is MgH2, while the doping materials such as Ni and
N contribute to the elemental composition. Oxygen content in

Figure 4. (a) XRD results of MgH2 + 15 wt % Ni@NC (black), MgH2 + 10 wt % Ni@NC (green), MgH2 + 5 wt % Ni@NC (blue), and MgH2
(pink) and (b) TEM morphology results and (c−g) scanning transmission electron microscopy-high-angle annular dark-field (STEM-HAADF)
results of MgH2 + 15 wt % Ni@NC.
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the microstructure is observed due to the sample transferring
from the glovebox to the SEM sample chamber.
To in-depth investigate the elemental states of the doping

contents and MgH2 after the ball-milling process, the XPS test
of the MgH2 + 15 wt % Ni@NC hydrogenated sample was
performed and the results are mentioned in Figure 6. From the
XPS spectra, the Mg 1s peak is located at 1303.03 eV along
with a small spectrum of Mg (OH)2/MgO at 1304.20 eV
which comes from the surface oxidation during sample
transformation for the XPS test. In addition, C 1s spectra are
fitted to C−C (284.60 eV), C−N (287.05 eV), and C�O
(292.81 eV) spectra, indicating that N is doped in the carbon
matrix with oxygen functionality on the surface. Similarly, the
Ni 2P spectrum is fitted to two main curves Ni 2P1/2 and Ni
2P3/2, while Ni 2P1/2 further divides into Ni metal and satellite
curves, which are positioned at 273.40 and 277.50 eV,
respectively. In addition, the Ni 2P3/2 curve is further fitted
to Ni, satellite, and a minor peak of Ni3+ located at 250.20,
860.50, and 862.25 eV, respectively. This indicates that the Ni
ions transferred to metallic states during the ball-milling
process and alloying with Mg.28 Similarly, the N 1s curve also
splits into graphitic-N, pyrrolic-N, and pyridinic-N spectra,
which are located at 401.50, 400.10, and 399.05 eV,
respectively. These results indicate that the Ni@NC NPs are
added to the MgH2 matrix after balling which remarkably
contributes to the hydrogenation/dehydrogenation process.

Hydrogen Storage Performance Measurements. The
hydrogen storage measurements of the MgH2 + x wt % Ni@
NC (where x = 0, 5, 10, 15) nanocomposites were carried out
using a PCT machine. Initially, the temperature-programmed
desorption (TPD) test measures the hydrogen desorption
performance at increasing temperature under a constant rate, 5
°C/min, as shown in Figures 7 and S2. The MgH2 + 15 wt %
Ni@NC nanocomposite decomposes first and releases hydro-
gen at an on-set temperature of 195 °C, which is faster
compared to other composites, as shown in Figure 7a. The
hydrogen release content from the TPD test is higher than the
theoretical capacity of MgH2 + 15 wt % Ni@NC. This
contribution may come from the impurities or loosely attached
hydrogen on the sample surface, releasing hydrogen during the
TPD test. Two distinct plateaus can be observed during the
hydrogen release, indicating that the composite consists of
Mg2NiH4 and MgH2, which release hydrogen at varied
temperatures. These in situ Mg2NiH4 nanostructures provide
more channels for hydrogen absorption and release. This
varied phase and microstructure can also be observed in XRD
and microstructure analysis. Figure 7b summarizes the
hydrogen absorption capacities of various composites at
different temperatures and 30 bar pressure, indicating that
MgH2 + 15 wt % Ni@NC shows superior hydrogen storage
performance compared to other composites. The stability of
the MgH2 + 15 wt % Ni@NC nanocomposite is determined by
the sorption cyclic performance at 270 °C under vacuum of 30

Figure 5. (a−d) SEM morphology results of MgH2, MgH2 + 5 wt % Ni@NC, MgH2 + 10 wt % Ni@NC, and MgH2 + 15 wt % Ni@NC and (e)
SEM/energy-dispersive spectroscopy (EDS) results and (f−i) SEM/EDS mapping of the MgH2 + 15 wt % Ni@NC nanocomposite.
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and 0.01 bar for absorption and desorption, respectively; the
results are shown in Figure 7c,d). The results elucidate that
MgH2 + 15 wt % Ni@NC absorbs and desorbs hydrogen
rapidly, achieving a high capacity of around 6.0 wt %. After 100
cycles of sorption kinetics, MgH2 + 15 wt % Ni@NC attributes
the negligible loss in reversible capacity, which manifests that
this composite is highly stable even after cycle performance.
This remarkable stability is due to the presence of the Ni@NC
nanostructure, which prevents the microstructure from
deformation during cyclic performance under high temper-
ature and pressure. In addition, the Ni@NC-supported Mg
hydride structure is capable of precluding the agglomeration of
MgH2 NPs after successive sorption cycles. Thus, the Ni@NC
nanocatalyst reduces the dehydrogenation temperature as well
as improves the sorption kinetic rates and cyclic stability of
MgH2.
To further investigate the effect of Ni NPs on hydrogen

storage performance, the isothermal sorption kinetic rates were
measured at various temperatures with 30 and 0.01 bar
hydrogen pressure, respectively. Figure 8 indicates that the
MgH2 + 15 wt % Ni@NC nanocomposite absorbs hydrogen
much more rapidly compared to other composites. Interest-
ingly, MgH2 + 15 wt % Ni@NC composition uptakes 5.2 wt %
hydrogen in 1 hr at 30 bar, while MgH2 + 10 wt % Ni@NC
and MgH2 + 5 wt % Ni@NC achieve 4.1 and 3.5 wt %
hydrogen capacities at 100 °C, respectively. Likewise, MgH2 +
15 wt % Ni@NC achieves the highest absorption capacity of
6.5 wt % at 275 °C and 30 bar. The desorption kinetic rates
were measured at 0.01 bar and varied temperatures, as shown
in Figure 9. To investigate the role of the catalyst in the
hydrogen storage capacity, absorption kinetic tests of sample
Ni@NC were performed at various temperatures, and the

results are mentioned in Figure S3. These results indicate that
hydrogen storage capacity is negligible compared to MgH2,
showing that Ni@NC may not contribute to hydrogen storage
capacity and exhibits the catalytic role during the hydro-
genation process. In addition, for comparison, the kinetic rates
of the MgH2 + 15 wt % Ni@rGO sample were tested at
different temperatures (Figure S4), indicating that the MgH2 +
15 wt % Ni@NC nanocomposite takes up hydrogen more
rapidly than the Ni@rGO-doped sample.
The results show that the MgH2 + 15 wt % Ni@NC

nanocomposite releases hydrogen 1.7 wt % at 225 °C, which is
higher than other compositions and pristine MgH2. Moreover,
the highest desorption capacity about 6.3 wt % is achieved
within 15 min by the MgH2 + 15 wt % Ni@NC
nanocomposite. Compared to other compositions, this
capacity is substantially higher and more rapid at the same
temperature. The remarkably improved performance of MgH2
+ 15 wt % Ni@NC is due to the catalytic behavior of
nanosized Ni NPs on N-doped graphene thin layers. In
addition, the nitrogen-doping effect coupled with Ni NPs may
highly contribute to the improvement of hydrogen storage
performance.
Catalytic Role of Ni@NC Nanostructure and Reaction

Mechanism. The catalytic performance of the Ni@NC
nanostructure on the hydrogen storage performance of
MgH2 is investigated. To in-depth investigate the structure
and morphology after hydrogenation/dehydrogenation cyclic
performance, the XRD and HRTEM analysis tests were
performed. After full dehydrogenation of the MgH2 + 15 wt %
Ni@NC nanocomposite, the phase evolution results are shown
in Figure 10. In the microstructures, the Mg2Ni phase
exhibited a hexagonal structure [PDF#35-1225 with a space

Figure 6. XPS results of the MgH2 + 15 wt % Ni@NC hydrogenated nanocomposite after ball milling: (a) Mg 1s, (b) C 1s, (c) Ni 2p, and (d) N
1s.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c00198
ACS Omega 2024, 9, 19261−19271

19266

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00198/suppl_file/ao4c00198_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00198/suppl_file/ao4c00198_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00198?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00198?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00198?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00198?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 7. (a) TPD performance of MgH2, MgH2 + 5 wt % Ni@NC, MgH2 + 10 wt % Ni@NC, and MgH2 + 15 wt % Ni@NC nanocomposites
with increasing temperature. (b) Hydrogen absorption capacities of different compositions at various temperatures. (c,d) Cyclic performance of the
MgH2 + 15 wt % Ni@NC nanocomposite at 270 °C.

Figure 8. (a−f) Absorption kinetic performance of MgH2 (pink), MgH2 + 5 wt % Ni@NC (black), MgH2 + 10 wt % Ni@NC (red), and MgH2 +
15 wt % Ni@NC (blue) at 30 bar and varied temperature.
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group of P6222 (180)] along with the Mg phase unveiling a
hexagonal structure (PDF#35-0821) and space group [P63/
mmc (194)] are noticed. The Ni NPs are not detected after

dehydrogenation of the sample in the XRD results. Besides,
MgO can also be detected which may be due to the surface
oxidation during sample transferring to the TEM chamber.

Figure 9. (a−d) Desorption kinetic performance of MgH2 (black), MgH2 + 5 wt % Ni@NC (blue), MgH2 + 10 wt % Ni@NC (pink), and MgH2 +
15 wt % Ni@NC (red) at 0.01 bar and varied temperature.

Figure 10. (a) XRD results of the MgH2 + 15 wt % Ni@NC nanocomposite before and after the hydrogenation. (b,c) HRTEM results of the
MgH2 + 15 wt % Ni@NC nanocomposite after the cyclic performance. (d) Schematic of MgH2 and Mg2NiH4 formation and transformation after
the hydrogen release.
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This may further indicate that the sample is fully
dehydrogenated, and the MgH2 and Mg2NiH4 phases are
transferred to Mg and Mg2Ni.
Hydrogeneration reaction

+ + +3Mg Ni 3H MgH Mg NiH2 2 2 4 (1)

Dehydrogenation reaction

+MgH Mg H2 2 (2)

+Mg NiH Mg Ni H2 4 2 2 (3)

In addition, HRTEM results are presented in Figure 10b,c,
indicating that after the hydrogen release, the MgH2 phase is
transferred to Mg(101) with a d-spacing of 0.245 nm.
Furthermore, the Mg2NiH4 phase is converted to Mg2Ni(003)
with a d spacing of 0.445 nm. These results are well-consistent
with XRD results and can be found in previous reports.29

Besides, Ni NPs are not detectable in the HRTEM
micrographs, suggesting that the Ni NPs were completely
alloying with Mg and generated Mg2Ni in the dehydrogenation
of the MgH2 + 15 wt % Ni@NC nanocomposite, which agrees
with the result of XRD.33,34 Similarly, the hydrogenation and
dehydrogenation reactions of Mg and Ni NPs also indicate the
phase transformation, as shown in eqs 1−3, implying that
Mg2Ni and Mg yield after releasing hydrogen. In consideration
of our experimental observations, we present a schematic
diagram encapsulating the hydrogen absorption and desorption
phenomena of the MgH2 + 15 wt % Ni@NC nanocomposite,
alongside an exposition of the catalytic mechanisms inherent to
Ni@NC, as shown in Figure 10d. In the first step, Mg is milled
with Ni NPs in a H2 environment to form MgH2 and
Mg2NiH4, while Ni NPs are distributed on the MgH2 surface.
However, a minor part of MgH2 is composed of Mg2NiH4,
growing further in the next step, which is also indicated from
the HRTEM and XRD results of Figure 4. In the dehydrogen-
ation step, hydrogen is released and Mg2Ni and Mg NPs are
noticed, which can also be observed in HRTEM and XRD
results of Figure 10.
The substantial improvement in hydrogen storage perform-

ance of MgH2 + 15 wt % Ni@NC is due to the catalytic
performance of the Ni@NC composite and in situ formed in
situ Mg2NiH4 compared to additive-free MgH2. During the
ball-milling process, the Ni NPs and in situ Mg2NiH4
nanocomposite are formed which play a vital role in
decomposition of Mg−H bonds at low temperatures, and
consequently, the on-set temperature is reduced to 195 °C,
which is much lower than pristine Mg hydride.16,31,34 On one
side, these nanostructures promote the hydrogenation/
dehydrogenation process, reducing the bond length and in
the other side stabilize the MgH2 nanocrystallines. The
uniform distribution of Ni NPs in microstructure could
promote the hydrogen sorption performance and releases
hydrogen rapidly.19,35 In addition, graphene-supported Ni NPs
provide multiple channels to promote the dehydrogenation
and sorption performances of MgH2.

36 Previously, it was
proposed that the spontaneous generation of Mg2NiH4 on the
rGO surface can function as a “hydrogen pump,” thereby
improving the kinetics of dehydrogenation.29,33 The absorp-
tion and desorption kinetic rates could be promoted due to the
Ni NPs and the in situ-formed Mg2NiH4 nanocomposite,
indicating that these nanocatalysts exhibit a dual strategy of
enhancing the hydrogen storage performance of MgH2.
Furthermore, Ni promotes the nucleation of magnesium

phases and facilitates the recombination of hydrogen atoms,
resulting in faster desorption kinetic rates.32,34 In addition, N-
doping can also improve the catalytic properties of the MgH2
surface, which can promote the dissociation of hydrogen
molecules and improve the hydrogen uptake kinetics. The
nitrogen-induced graphene structure modifies the electronic
arrangement within the structure which can let down the
activation energy barrier for hydrogenation, making the
hydrogen uptake process faster.24,25 Similarly, compared to
undoped graphene, the N-doping graphene structure facilitates
the hydrogen absorption/release process due to high electro-
negativity, pulling hydrogen from the Mg surface.37,38 The
multiphasic regions in the HRTEM microstructures provide
numerous channels for hydrogen absorption and desorption
and facilitate the kinetic rates significantly. With the increasing
catalyst-loading mass, the hydrogenation performance further
improves, indicating that the high loading mass is beneficial to
the sorption and dehydrogenation performance of MgH2.

■ CONCLUSIONS
In this study, we have designed nitrogen-doped graphene-
supported Ni NPs, aiming to investigate the catalytic effects on
reducing the dehydrogenation temperature and faster sorption
kinetic rates of MgH2. The results indicated that the
dehydrogenation temperature was reduced to 195 °C of the
MgH2 + 15 wt % Ni@NC composite, which was 155 °C lower
than that of pristine MgH2. The MgH2 + 15 wt % Ni@NC
composition absorbed 5.5 wt % at 100 °C while achieving a
capacity 6.5 wt % at 275 °C hydrogen. This composition
achieved 1.7 and 6.5 wt % desorption capacities at 225 and 300
°C temperature, respectively, which was faster than other
compositions and pristine MgH2. In addition, this composite
reached 100 sorption kinetic cycles with 98.0% capacity
retention at 270 °C due to the highly stable structure. The in
situ formed Mg2NiH4 NPs and multiphasic structure provided
abundant channels for the hydrogen absorption/desorption
process. This approach unveils an opportunity to synthesize
high-performance MgH2 for large-scale applications.

■ MATERIAL SYNTHESIS
Preparation of Ni@NC Nanostructures. The synthesis of

the Ni@NC nanostructure was carried out by using the
thermolysis method. To start with, Ni(NO3)2·6H2O (0.5
mmol) was dissolved in 30 mL of dimethylformamide (DMF)
by stirring to produce graphene-wrapped Ni NPs. Sub-
sequently, ethylenediaminetetraacetic acid (0.5 mmol) con-
taining 5 mg/mL graphene oxide was dissolved in 20 mL of
DMF using ultrasonication, followed by the dropwise addition
of N,N,N-triethylamine (0.02 mmol) (6 mL). The mixture of
the two solutions resulted in the formation of a greenish-
colored precipitate. The precipitate was washed with DMF,
centrifuged, and vacuum-dried at 60 °C overnight. The gray-
colored powder was obtained after annealing for an hr at 5 °C
per minute at 900 °C under an argon atmosphere.
Synthesis of MgH2 + x wt % Ni@NC Nanocomposites.

The MgH2 + x wt % Ni@NC nanocomposites were
synthesized by adding 5, 10, and 15 wt % of Ni@NC
nanostructure to MgH2 powder in a stainless-steel jar with a
ball-to-powder ratio of 40:1. The mixture was ball-milled for 5
h in a hydrogen environment. For comparison, the MgH2 + 15
wt % Ni@rGO and pure MgH2 samples were ball-milled under
the same conditions. To avoid surface oxidation reactions, the
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samples were prepared and handled in a glovebox with O2 and
H2O levels ≤0.01 ppm.
Material Characterization. The synthesized Ni@NC NPs

and MgH2 + x wt % Ni@NC (where x = 0, 5, 10, 15)
nanocomposites were analyzed by XRD to confirm the phases
and structural characteristics. The morphology micrographs of
the synthesized nanocomposites were studied by using SEM
coupled with SEM-EDS (Gemini SEM 500). To investigate
the structure, phases, and elemental distribution within the
composite, HRTEM (Thermo-Fisher Talos-F200X) and
HAADF-STEM techniques were employed. To find out the
elemental states, the XPS spectra were achieved using a
Thermo Fisher ESCALAB Xi + instrument using mono-
chromatic Al K sources. The hydrogen storage performances of
the MgH2 + x wt % Ni@NC (where x = 0, 5, 10, 15)
nanocomposites were evaluated using a Sievert’s-type pressure,
composition, and temperature (P−C-T) apparatus. For each
composition, a 100 g sample weight was used to measure the
hydrogen storage performance. The hydrogen release perform-
ance was analyzed using a TPD technique with a rate of 5 °C/
min. The sorption kinetic rate and cyclic performance were
measured at various temperatures and pressures.
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