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This work investigates the impact of Mg/Ni atomic ratios (75 : 25 and 66.7 : 33.3) on the formation of Mg,Ni
phases and their hydrogen storage performance. Mg-Ni alloys were synthesized by vacuum casting at 1073
K followed by high-energy ball milling and were evaluated through both experimental methods and density
functional theory (DFT) simulations. DFT calculations revealed that hydrogen absorption in Mg,Ni is
thermodynamically more favorable than in pure Mg, with enthalpy values consistent with experimental
results. Hydrogenation tests at 588 K under 20 MPa demonstrated superior performance for the Mg-
25Ni alloy, which achieved a higher storage capacity (3.76 wt%) and faster kinetics than Mg-33Ni
(3.53 wt%). The improved performance is attributed to the enhanced formation of MgH, and the
synergistic interaction between Mg and Mg;Ni. Kinetic analysis using the Johnson—Mehl-Avrami—
Kolmogorov (JMAK) model indicated a lower activation energy for Mg-25Ni (56.74 kJ mol™), confirming

faster desorption kinetics. Pressure—composition—temperature (PCT) isotherms and van't Hoff analysis
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Introduction

The depletion of fossil fuels and their adverse environmental
impact have intensified the search for renewable and clean
energy sources. Among the candidates, hydrogen has emerged
as a highly promising energy carrier due to its abundance, high
energy content, and zero emissions potential when used in fuel
cells."” However, the widespread adoption of hydrogen energy
technologies is still limited by the challenge of efficient, safe
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candidate for high-efficiency, reversible hydrogen storage, bridging fundamental insights with practical

and reversible storage. Hydrogen storage technologies are
broadly classified into physical and chemical methods. Among
the chemical options, solid-state storage using metal hydrides
offers several advantages, including high volumetric density,
safety, and potentially reversible hydrogen absorption and
desorption under moderate conditions.?

Among various metal hydrides, magnesium hydride (MgH,)
stands out due to its high theoretical hydrogen capacity
(7.6 wt%), low cost, and abundance in the Earth's crust.*®
Additionally, MgH, exhibits promising properties for practical
hydrogen storage applications, including high thermal stability,
reusability, and reversible hydrogen adsorption/desorption.
Despite its favorable characteristics, MgH, exhibits slow
absorption/desorption kinetics and high thermodynamic
stability, resulting in high operating temperatures (typically
above 623 K) and susceptibility to oxidation.®®

These limitations have prompted extensive research aimed
at improving the thermodynamics and kinetics of Mg-based
systems. One effective strategy is the formation of binary
alloys, particularly with nickel, which reacts with magnesium to
form Mg,Ni, an intermetallic compound that also absorbs
hydrogen to form Mg,NiH,.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The Mg,Ni phase offers significant improvements in reac-
tion kinetics and hydrogen diffusion pathways compared to
pure MgH, """

It exhibits a hydrogen capacity of 3.6 wt%, and its dehydro-
genation temperature (~513 K) is significantly lower than that
of MgH,."

However, the drawback is its lower overall capacity and
potential structural degradation during cycling. Therefore,
finding the right balance between Mg and Ni content is crucial
to synergize the high capacity of Mg with the favorable kinetics
of Mg,Ni."*'®* However, due to the significant differences in
vapor pressure and melting points between Mg and Ni, the
synthesis of pure Mg,Ni phases via conventional melting tech-
niques remains challenging.'” Alternative methods such as
mechanical alloying, vacuum arc melting, and combustion
synthesis have been developed, yet they often fail to produce
bulk alloys with homogeneous microstructures and high phase
purity on a large scale.”

High-energy ball milling (HEBM) has proven effective in
enhancing hydrogen absorption/desorption properties by
reducing grain size, increasing defect density, and activating
particle surfaces.'® Nonetheless, its high energy consumption,
prolonged processing time, and safety concerns limit its
industrial applicability.” In this context, the isothermal evap-
oration casting process (IECP), combined with ball milling,
emerges as a promising approach to produce Mg-Ni alloys with
high phase purity, structural homogeneity, and better control
over amorphization.”7?->

Previous studies have shown that the Ni content directly
influences phase formation mechanisms during milling. A
short milling duration was strategically chosen to promote
nanocrystallinity and surface activation, while minimizing
amorphization, which is known to adversely affect hydrogen
storage performance.*

These methods help refine grain size, introduce lattice
strain, and enhance solid solution formation, all of which
contribute to improved hydrogenation behavior. Additionally,
Density Functional Theory (DFT) simulations have been
employed to provide atomic-scale insight into hydrogen
binding energies and preferred sites within the Mg and Mg,Ni
lattice structures.>*>*

In contrast to previous studies that often focus separately on
either alloy composition or synthesis technique, the present
work integrates both aspects to provide a more comprehensive
understanding of the structure-properties-performance rela-
tionships in Mg-Mg,Ni-based hydrogen storage systems. By
tailoring the Mg/Ni atomic ratio (75:25 and 66.7:33.3) and
employing a controlled two-step synthesis route involving
vacuum casting followed by short-time high-energy ball milling,
we successfully promote the formation of nanocrystalline
Mg,Ni phases with improved purity, defect-rich grain bound-
aries, and refined microstructures. These structural features,
combined with the increased reactivity of the milled powders,
significantly enhance the hydrogen absorption/desorption
kinetics while maintaining favorable thermodynamic charac-
teristics. Furthermore, by coupling experimental observations
with DFT calculations and applying kinetic models such as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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JMAK and Arrhenius analysis, this study uniquely elucidates the
activation mechanisms governing the hydrogenation behavior.
This novel, synergistic approach to compositional control and
microstructural engineering offers a viable pathway for opti-
mizing Mg-based hydrides toward practical, reversible, and
durable hydrogen storage applications.

Experimental
Synthesis process of Mg-Ni alloy

High-purity magnesium (=99.99%, particle size 50 um) and
nickel powder (=99.99%, particle size 10 um), both supplied by
Sigma-Aldrich, were used to synthesize Mg-25Ni and Mg-33Ni
alloys. Precursors were weighed to achieve atomic ratios of
55.4 wt% Mg-44.6 wt% Ni and 45.3 wt% Mg-54.7 wt% Ni,
respectively, with a total batch mass of 50 g for each composition.
The powders were mixed homogeneously under argon to avoid
oxidation, then compacted into cylindrical pellets (20 mm
diameter x 20 mm height) in a nitrogen-filled glove box
(=99.95%). The pellets were sealed in steel tubes containing 1 bar
of argon and subjected to sintering at 1073 K for 1 hour at a rate of
10 K min~ . After cooling to room temperature, the sintered alloy
was mechanically crushed and sieved to obtain powders with
particle sizes below 100 pm. The resulting powders were further
subjected to high-energy ball milling using a planetary ball mill
(PULVERISETTE 7, FRITSCH, Germany) at a rotation speed of
300 rpm for 20 min. The ball-to-powder weight ratio (BPR) was
maintained at 10: 1, and milling was carried out under argon to
prevent oxidation. To minimize temperature rise and avoid
amorphization, the milling direction was reversed every minute
and the process was paused for 10 min after every 5 min of
milling. This post-sintering milling step aimed to refine the
microstructure, promote homogeneous alloying, and enhance
the material's hydrogen storage performance.

Characterization

The morphology and microstructure of the alloys were charac-
terized via field-emission scanning electron microscopy
(FESEM, JEOL JSM-7600F), while phase composition was
analyzed using X-ray diffraction (XRD, D8 Advance, Bruker,
Germany) with Cu-K,; radiation (I = 0.15406 nm). Elemental
composition and distribution were assessed using energy-
dispersive X-ray spectroscopy (EDS, 7395H, Horiba). Textural
properties were evaluated by nitrogen adsorption-desorption
isotherms at 77 K using a Micromeritics Gemini VII 2390
system. Specific surface area was calculated by the Brunauer-
Emmett-Teller (BET) method.

Hydrogen storage behavior was studied using a high-
precision gravimetric analyzer (XEMIS-001, Hidden Isochema,
UK) under pressures up to 20 MPa. 50 mg of each sample was
placed in the reaction chamber and initially degassed under
high vacuum (0.0005-0.001 MPa). Samples were activated by
three hydrogenation/dehydrogenation cycles at 573 K and
2 MPa prior to testing.

Hydrogen absorption kinetics were measured at 523 K, 573
K, and 588 K, under 2 MPa hydrogen pressure, with a heating
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rate of 10 °C min'. Desorption tests were conducted at the
same temperatures under a vacuum of 0.01 MPa. After each
cycle, the chamber was evacuated at 523 K for 30 minutes to
ensure complete hydrogen removal. Cycling stability was eval-
uated over 10 consecutive cycles at 573 K.

Computational method

Density functional theory (DFT) calculations were carried out
using the open-source Quantum ESPRESSO package* to
investigate the hydrogen absorption behavior of Mg, MgH,,
MgNi, Mg,Ni and Mg,NiH, at 0 K. Plane-wave pseudopotential
were used, and all structures underwent full geometric relaxa-
tion before total energy calculations. Variable-cell relaxation
was performed with convergence criteria of 2.8 x 10~® Ry for
total energy and 1.0 x 10> Ry per bohr for ionic forces. A
mixing factor (@) of 0.7 was used to aid electronic convergence.
Total forces and stress tensors were reported for each structure.

Brillouin zone sampling employed Monkhorst-Pack grids*
(detailed in Table S1). Hydrogen absorption energies were
computed using the following reactions:

Mgle + 2H2 d Mg2N1H4 (1)
Mg2 + 2H2 - 2MgH2 (2)

For each system, total energies of the materials before and
after hydrogen absorption, along with the energy of an isolated
H, molecule, were computed. The absorption energy per
hydrogen molecule was then calculated using:

E i —E . — SE.(H
Ef(H2)MgsNi4H16 _ “MgNigHie I‘ggsNA ( 2) (3)

Eniorte — Enta, — 4E.(H
E(Hy) g, = Dt = B 2B )
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where: E(Mg,Hg) is total energy of the Mg, system after H,
absorption. E(MggNiH;g) is total energy of the MggNi, system
after H, absorption. E(MggNi,) is total energy of the MggNi,
system before H, absorption. E(Mg,) is total energy of the Mg,
system before H, absorption. E(H,) is total energy of a free H,
molecule.

The primitive cell of Mg,NiH, was converted to a conven-
tional cell to align with experimental data for comparison.

Results and discussion
Morphology and structure

Fig. 1 shows field emission scanning electron microscopy (FE-
SEM) images of Mg-25Ni (a—-c) and Mg-33Ni (d-f) alloys after
high-energy ball milling under argon atmosphere. Both
samples exhibit irregularly shaped particles, mostly smaller
than 10 pm, indicating significant refinement due to severe
plastic deformation. The short milling duration was selected to
promote nanocrystallinity and surface activation while mini-
mizing amorphization, which is known to impair hydrogen
storage performance.>

Mg-25Ni (Fig. 1la-c) exhibits extensive fragmentation and
numerous surface defects, such as cracks and grooves, which
likely enhance hydrogen kinetics through increased surface
area and diffusion pathsways.>*° In contrast, Mg-33Ni (Fig. 1d-
f) shows smoother particle surfaces and fewer defects, implying
a more ductile deformation behavior due to the higher Ni
content. This difference suggests that Ni enrichment improves
mechanical plasticity but may reduce surface reactivity by
limiting defect formation.

Microstructural evolution after cycling

Fig. 2 shows FE-SEM images of the Mg-25Ni and Mg-33Ni alloys
after three hydrogenation/dehydrogenation cycles conducted at

Fig. 1 FE-SEM micrographs of mechanically milled Mg-25Ni (a—c) and Mg-33Ni (d—f) alloys at low magnification.
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Fig.2 FE-SEM micrographs of as-synthesized Mg-25Ni (a—c) and Mg-33Ni (d—f) alloys at low magnification, showing surface morphology after

hydrogen absorption.

573 K and 2 MPa. Post-cycling, both materials exhibit notable
changes in surface morphology, reflecting mechanical and
structural responses to repeated hydrogen adsorption and
desorption. The Mg-25Ni alloy undergoes substantial morpho-
logical alteration. Particles appear more fractured and rough-
ened compared to the as-milled state, with an increased
presence of fine cracks and jagged edges. These changes indi-
cate structural degradation due to repeated cycling, but also
suggest that the exposure of fresh surfaces could be beneficial
for hydrogen absorption kinetics by increasing the number of
active sites and improving hydrogen diffusion.*"*

In contrast, the Mg-33Ni alloy retains a more compact and
stable morphology after cycling. Particle surfaces remain rela-
tively smooth, and large-scale fragmentation is less
pronounced. This greater structural integrity may be linked to
the higher nickel content, which can confer improved
mechanical resilience and reduce pulverization during phase
transitions.

However, while the Mg-33Ni alloy may benefit from
enhanced mechanical stability, its smoother surfaces and lower
density of surface defects may result in reduced hydrogen
reaction kinetics compared to the more fragmented and porous
Mg-25Ni alloy.

Energy-dispersive X-ray spectroscopy (EDS) confirms the
elemental composition of the Mg-25Ni and Mg-33Ni alloys, as
illustrated in Fig. S1(a-d) and S2(a-d) (SI). The measured mass
fractions —55.4% Mg and 44.6% Ni for Mg-25Ni, and 44.11%
Mg and 55.89% Ni for Mg-33Ni-closely match the theoretical
compositions. No impurity peaks or contamination were
detected in the EDS spectra, confirming the high purity of both
alloys and aligning with values reported in previous studies.
Elemental mapping (Fig. S1(b-d) and S2(b-d)) further demon-
strates a uniform distribution of Mg and Ni across the samples,
indicating homogenous microstructures.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Microstructural analysis before and after hydrogen absorption

Fig. S3 shows TEM and HRTEM images of the Mg-25Ni and Mg-
33Ni alloys after mechanical milling. The presence of the Mg,Ni
phase is clearly identified in both materials. Indeed, high-
resolution HRTEM images (Fig. S3c and f) reveal clear lattice
fringes with an interplanar spacing of 0.20 nm, corresponding
to the (023) plane of the Mg,Ni phase, confirming the preser-
vation of high crystallinity after milling.**

Fig. 3 shows TEM and HRTEM images of the Mg-25Ni and
Mg-33Ni alloys after hydrogen absorption. The Mg-25Ni (a—c)
alloy maintains a clear crystalline structure with an interplanar
spacing of 0.24 nm, attributed to the (112) plane of the Mg,Ni
hydride phase.* In contrast, the Mg-33Ni alloy (d-f) exhibits
a largely amorphous microstructure after hydrogenation, indi-
cating severe lattice degradation.

The partial amorphization observed in Mg-33Ni after
hydrogenation can be attributed to the combined effect of
interstitial hydrogen insertion, lattice distortion, and internal
stress accumulation. Hydrogen absorption induces local volu-
metric expansion and destabilizes the crystalline order, partic-
ularly in Ni-rich compositions.*® Additionally, hydrogen-
enhanced embrittlement at grain boundaries*® and the ther-
modynamic favorability of disordered Mg,NiH, formation®
contribute to the transition from a nanocrystalline to an
amorphous structure. Furthermore, increased Ni content
promotes grain refinement and enhances hydrogen diffusion
pathways, which facilitate the development of local structural
disorder.*® Experimental evidence also shows that higher Ni
concentrations accelerate amorphization by lowering the acti-
vation barrier for structural disruption during hydrogenation.*
These effects are consistent with prior observations in Mg-Ni
systems and are interpreted as a structural response to
hydrogen-induced strain rather than to chemical side reactions.

RSC Adv, 2025, 15, 31240-31254 | 31243
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d=0.24 nm
Mg,Ni (112)

Fig. 3 TEM and HRTEM images of Mg-25Ni (a—c) and Mg-33Ni (d—f) alloys after hydrogen absorption.

X-ray diffraction (XRD) patterns and Rietveld refinement
analyses (Fig. 4(a), (c) and Table 1) reveal the phase evolution of
the alloys through three states: as-synthesized, post-
hydrogenation, and after three hydrogenation/
dehydrogenation (H-cycling) cycles.

In the as-cast state, both alloys primarily form single-phase
Mg,Ni with a hexagonal crystal lattice structure, consistent
with JCPDS card no. 35-1225.*° The absence of peaks corre-
sponding to MgH, or Mg,NiH, confirms that hydrogen
absorption has not yet occurred. Higher Ni content leads to

suggesting increased lattice strain or solid-solution effects due
to Ni enrichment.*?°

After the hydrogenation process, both Mg-25Ni and Mg-33Ni
alloys exhibited significant structural transformations, partic-
ularly the conversion of Mg,Ni into Mg,NiH,. This phase
transformation is evidenced by the substantial reduction in the
intensity of the diffraction peaks corresponding to Mg,Ni, and
the simultaneous appearance of peaks related to Mg,NiH,.
Indeed, X-ray diffraction patterns of the hydrogenated alloys,
measured at 537 K (red curves in Fig. 4a and b), show prominent

noticeable broadening of the Mg,Ni diffraction peaks, reflections at 26 values of 19.43°, 23.24°, 37.77°, 39.15°, 41.39°,
- - 32
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Fig. 4 X-ray diffraction patterns and Rietveld refinement results of Mg-Ni alloys at different stages: (a—c) Mg-25Ni alloy and (d—f) Mg-33Ni alloy
in three states: as-synthesized, after initial hydrogenation, and after three hydrogen absorption/desorption (H-cycling) cycles.
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Table 1 Phase composition and crystallite size of Mg-25Ni and Mg-33Ni alloy after treatment

Composition Mg-25Ni Mg-33Ni
Sample Phase Crystallinity (%) Grain size (nm) Crystallinity (%) Grain size (nm)
As-synthesized Mg, Ni 100 31.59 100 32
Hydrided Mg,Ni 1.7 25.61 10.6 26.06
Mg,NiH, 92.9 22.17 84.5 23.23
MgH, 5.4 31.04 4.9 30.2
After ten cycles Mg, Ni 74.5 24.15 79 26.54
Mg,NiH, 22.7 23.89 6.6 24.94
MgH, 2.8 28.73 14.4 29.89

51.35°, 55.93°, and 71.84°, attributable to monoclinic Mg,NiH,.
Additional diffraction peaks at 20 = 24.22°, 47.15°, and 57.59°
correspond to a cubic Mg,NiH, phase. These results confirm
the coexistence of both monoclinic and cubic hydride phases
following hydrogen absorption. The observed diffraction peaks
are in excellent agreement with standard reference patterns for
the monoclinic phase (JCPDS: 00-038-0792) and the cubic phase
(JCPDS: 00-037-1159). This phase evolution highlights the
effective hydrogenation of Mg-Ni alloys under the applied
conditions and agrees well with previous literature data.**
These changes indicate effective hydrogen uptake and forma-
tion of hydride phases. Rietveld refinement quantifies the phase
conversion, with Mg,NiH, formation efficiencies of 92.9% for
Mg-25Ni and 84.5% and Mg-33Ni. Concurrently, the crystallite
sizes of major phases decrease, particularly for Mg,NiH,
(22.17 nm in Mg-25Ni and 23.23 nm in Mg-33Ni; Fig. 3(b and e)),
confirming rapid and homogeneous hydrogenation.

Following three hydrogenation/dehydrogenation cycles,
partial reformation of the Mg,Ni phase is observed. Recovery
ratios reach 74.5% for Mg-25Ni and 79% for Mg-33Ni (Fig. 4(c
and f)), though the regenerated Mg,Ni displays broader, less
intense peaks relative to the original alloy, indicating micro-
structural degradation. This may be attributed to as defect
formation, lattice distortion, or partial amorphization induced
by cyclic hydrogenation.* The persistence of residual MgH, and
Mg,NiH, peaks suggests incomplete reversibility of the
hydrogen sorption process under the tested conditions.

Despite these changes, the crystallite sizes remain within
a relatively narrow range (22-32 nm), indicating some structural
stability under thermal and mechanical stress. Notably, Mg-
25Ni produces a more crystalline Mg,NiH, phase than Mg-
33Ni, which may explain its enhanced hydrogenation kinetics
and overall performance. These observations highlight the
influence of Mg/Ni ratio on phase transformation dynamics and
hydrogen storage behavior.*

Nevertheless, the observed broadening of Mg,Ni peaks and
declining hydride signal intensity with repeated cycling suggest
structural fatigue, potentially limiting long-term performance.
To improve durability and reversibility, further strategies such
as catalytic doping, advanced mechanical processing, or
compositional optimization may be necessary.*

Overall, these results highlight a well-defined and tunable
phase transition pathway among Mg,Ni, MgH,, and Mg,NiH, in

© 2025 The Author(s). Published by the Royal Society of Chemistry

Mg-Ni alloys, reinforcing their potential as high-capacity
hydrogen storage materials, while also emphasizing the
importance of stability for practical
applications.

improving cyclic

Surface area and porosity evolution

Fig. S4 and S5 (SI) display the nitrogen adsorption-desorption
isotherms and the evolution of surface area and porosity in Mg-
25Ni and Mg-33Ni alloys before and after hydrogenation. Both
materials exhibit type IV isotherms with H3 hysteresis loops,
indicative of mesoporous structures with slit-shaped pores,
according to IUPAC classification.

Notably, the extent of surface area and pore volume change
after hydrogenation differs significantly between the two alloys.
The Brunauer-Emmett-Teller (BET) surface area of Mg-25Ni
increases substantially from 6.79 to 32.54 m”> g, whereas
Mg-33Ni exhibits a more moderate increase from 2.89 to 17.18
m?” g~ ", Similarly, the total pore volume of Mg-25Ni increases to
0.06 cm® g~ ' compared to only 0.033 cm® g~ for Mg-33Ni.

These findings suggest that higher Ni content may hinder
the development of an effective pore network during hydroge-
nation, likely due to denser phase packing or reduced
mechanical fragmentation. In contrast, Mg-25Ni generates
more extensive surface area and porosity, offering improved
pathways for hydrogen diffusion and sorption. This difference
in microstructural evolution highlights the critical role of Ni
concentration in tuning the adsorption kinetics and storage
capacity of Mg-Ni alloys.

Thus, optimizing Ni content emerges as a viable strategy for
engineering high-performance hydrogen storage materials,
where pore architecture and active surface area are essential for
fast and reversible hydrogen uptake.

Hydrogen absorption and desorption performance

Fig. 5(a and b) compare the hydrogen absorption behavior of
Mg-25Ni and Mg-33Ni alloys during three initial activation
cycles. The activation was performed at 537 K under 2 MPa H,
for absorption and 0.01 MPa for desorption, conditions
designed to remove oxide layers and initiate efficient hydrogen-
metal interaction.

Mg-25Ni consistently outperforms Mg-33Ni in both capacity
and kinetics throughout the activation cycles. In the third cycle,

RSC Adv, 2025, 15, 31240-31254 | 31245
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Fig. 5 Hydrogenation behavior of Mg-25Ni (a) and Mg-33Ni (b) alloys synthesized at 573 K and 2 MPa.

Mg-25Ni reaches a hydrogen capacity of 3.65 wt% after 29.3
minutes, while Mg-33Ni only achieves 2.97 wt% H, in 22.9
minutes. Although Mg-33Ni shows some kinetic improvement
with cycling, its overall storage performance remains inferior.

This discrepancy is attributed to the higher proportion of
Mg,Ni in the Mg-33Ni alloy. While Mg,Ni promotes fast
kinetics, its hydrogen storage capacity is lower than that of the
Mg matrix. Therefore, increasing Ni content to 33.3 at% effec-
tively reduces the contribution of pure Mg to overall hydrogen
uptake.

Moreover, morphological differences between the two alloys
significantly impact their hydrogenation behavior. Mg-25Ni
features a rougher, more fractured surface morphology with
microcracks and porous structures, which enhance surface area
and provide rapid hydrogen diffusion channels. In contrast,
Mg-33Ni forms smaller, more uniform particles with
a smoother and more amorphous surface layer, which can
hinder hydrogen diffusion and slow down absorption kinetics.

Additionally, the fragmented surface of Mg-25Ni promotes
oxide layer removal during activation, enabling more efficient
hydrogen uptake. On the other hand, the denser amorphous
layer in Mg-33Ni can act as a barrier, delaying the onset of
hydrogen-metal interaction.*®

(2)

= Mg-25Ni, k=3.82x10"* R*=0.97

19 o Mg-33Ni, k=1.04x10"% R*=0.99
588K Fit line
0 —— 588K Fit line

Hydrogen absorption (wt.%)

0 20 40 60 8 100

Time (min)

Hydrogenation and dehydrogenation kinetics

Fig. 6a compares the hydrogen absorption and desorption
curves of Mg-25Ni and Mg-33Ni alloys at 588 K under
a hydrogen pressure of 20 MPa. The two alloys exhibit signifi-
cant differences in both storage capacity and kinetic behavior.

The Mg-25Ni alloy achieves a maximum hydrogen uptake of
3.76 wt%, exceeding the 3.53 wt% recorded for Mg-33Ni. More
significantly, Mg-25Ni reaches 90% of its full absorption
capacity in just 50 minutes, whereas Mg-33Ni requires 83
minutes to reach a similar level. These results indicate a clearly
faster hydrogenation rate and higher overall storage perfor-
mance for the Mg-25Ni composition.

The enhanced kinetics observed in Mg-25Ni are primarily
attributed to its phase composition and the hydride formation
pathway. XRD confirms the formation of both MgH, and
Mg,NiH, in both alloys upon hydrogenation. However, the
higher Mg content in Mg-25Ni favors the formation of MgH, at
lower temperatures, which plays a pivotal role in accelerating
the initial hydrogenation process.

While the formation of MgH, introduces lattice expansion
and local compressive stress that could, in theory, impede the
growth of the Mg,NiH, phase, this effect is less detrimental in
Mg-25Ni due to its greater Mg availability. In contrast, the Mg-

—a— Vg=25Ni
0 —e—Mg-33Ni

Jy ()

588K & 0.01 MPa

Hydrogen desorption (wt.%)
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Fig. 6 Hydrogen absorption and desorption performance of Mg-25Ni (a) and Mg-33Ni (b) alloys at 588 K.
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33Ni alloy, with lower Mg content, forms less MgH, and expe-
riences more pronounced structural constraints that hinder
Mg,NiH, phase development.

As a result, the Mg-25Ni alloy benefits from both rapid initial
hydrogen uptake via MgH, formation and a more favorable
microstructural environment for subsequent Mg,NiH, growth.
These combined effects account for its superior hydrogenation
kinetics and overall absorption capacity.*

Temperature-dependent hydrogenation kinetics

To further investigate the superior hydrogen absorption
performance of Mg-25Ni relative to Mg-33Ni, the absorption
kinetics of both alloys were studied at three different tempera-
tures: 523 K, 573 K, and 588 K (Fig. 7a and d).

As expected, increasing the temperature significantly
enhances the hydrogen uptake rate for both compositions. At
588 K, Mg-25Ni reaches a hydrogen capacity of 3.76 wt%, while
Mg-33Ni achieves 3.53 wt%. These values are slightly lower than
those observed under higher pressure conditions (Fig. 7a), but
they reaffirm the compositional advantage of Mg-25Ni at lower
thermal input.

The hydrogen absorption curves reveal a characteristic
induction period—particularly for Mg-25Ni—of approximately
30 minutes before a sharp uptake occurs. The total absorption
time for Mg-25Ni varies between 40 and 100 minutes across the

Mg=25Ni @ 2 MPa
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o 573K k=3.82x10"* R*=0.90
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tested temperatures,
temperature.

This behavior reflects the temperature-dependent nature of
hydrogen diffusion and hydride nucleation. At elevated
temperatures, higher thermal energy enhances atomic mobility,
facilitating faster hydrogen penetration into the alloy matrix. In
the early stages, hydrogen dissociates at the metal surface and
diffuses into the bulk, where hydride phases such as MgH, and
Mg,NiH, begin to form. The induction period corresponds to
the time required for sufficient hydride nucleation sites to
develop—particularly relevant for materials with surface oxides
or amorphous layers.

The sharper kinetics and shorter activation times observed
in Mg-25Ni are consistent with its rougher surface morphology
and more porous microstructure (Section 3.2), which provide
abundant sites for hydrogen interaction and reduce diffusion
resistance.

decreasing notably with increasing

Hydrogen desorption behavior and activation energy analysis

Fig. 8(a—c) show the hydrogen desorption kinetics of Mg-25Ni
and Mg-33Ni alloys at various temperatures. As expected, the
desorption rate increases with temperature, reflecting the
thermal instability of hydride phases and the reduced energy
barrier for hydrogen under high thermal conditions. XRD
analysis reveals that the desorption induces microstructural
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Fig.7 Hydrogen absorption and desorption kinetics of Mg-Ni alloys: (a) absorption kinetics at 2 MPa under various temperatures (523 K, 573 K,
588 K) for the Mg-25Ni alloy; (b) desorption kinetics at 0.01 MPa under various temperatures (523 K, 573 K, 588 K) for the Mg-25Ni alloy; (c)
absorption kinetics at 2 MPa under various temperatures (523 K, 573 K, 588 K) for the Mg-33Ni alloy; (d) desorption kinetics at 0.01 MPa under

various temperatures (523 K, 573 K, 588 K) for the Mg-33Ni alloy.
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Fig. 8 JMA plots for the hydrogen desorption process of Mg-Ni alloys: (a) Mg-25Ni and (b) Mg-33Ni; (c) plot of In k versus 1000/RT for the

hydrogen desorption process.

changes in both alloys. The Mg,Ni crystallite size decreases
significantly after desorption, from 32 nm to 26.06 nm in Mg-
33Ni, and from 31.59 nm to 25.61 nm in Mg-25Ni. Addition-
ally, the crystallinity of the Mg,Ni phase is significantly reduced
after hydrogenation, with only 10.6% and 1.7% remaining for
Mg-33Ni and Mg-25Ni, respectively. This sharp decline indi-
cates partial decomposition of the original crystal lattice during
hydride formation, specifically the transition to Mg,NiH, and
MgH, phases.

Although partial recrystallization of Mg,Ni is observed after
three hydrogenation-dehydrogenation cycles, the recovered
crystallite sizes (26.54 nm and 24.15 nm) remain smaller than in
the as-synthesized alloys. Furthermore, the crystallinity does
not fully recover, suggesting the accumulation of lattice defects
structural distortion, or localized amorphization during cyclic
operation. This progressive microstructural degradation
contributes to the observed decline in hydrogen storage
performance and underscores the importance of improving
cycling stability for practical applications.

To quantitatively assess the hydrogen sorption dynamics,
kinetic modeling was performed using the Johnson-Mehl-
Avrami-Kolmogorov (JMAK) approach, which describes solid-

31248 | RSC Adv, 2025, 15, 31240-31254

state phase transformations via nucleation and growth
mechanism.
The JMAK equation is given by:***

In[—In(1 — @)]=nlnk +nlnt (5)

where: « is the fractional conversion (i.e., hydrogen that has
reacted) at time ¢, k is the reaction rate constant, n is the Avrami
exponent, reflecting the reaction mechanism and dimension-
ality of growth. By plotting In[—In(1 — «)] versus In ¢ at constant
temperature, it is possible to determine n from the slope and
extract In k from the intercept. The kinetic parameter k can then
be evaluated across different temperatures to obtain the
apparent activation energy using the Arrhenius equation:>**

E,
k = Aexp <7RT) (6)
E,
- _ 7
Ink RT +1n4 (7)

where E, is the apparent activation energy (k] mol™"), R is the
universal gas constant (8.314 ] mol ' K™ ), T is the absolute
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temperature (K), A is the pre-exponential factor, related to the
frequency of effective molecular collisions.

Arrhenius plots of In k versus 1/T (Fig. 8c) reveal that the Mg-
25Ni alloy exhibits a lower activation energy for hydrogen
desorption (56.74 kJ mol ') compared to Mg-33Ni
(61.25 kJ mol'). This difference suggests that Mg-25Ni
undergoes more facile hydrogen release, likely due to its more
defective and reactive microstructure formed during cycling.
The addition of Ni contributes to improving desorption
kinetics, yet excessive Ni—as in the Mg-33Ni composition—
appears to impose structural constraints that limit
performance.*>**

These findings confirm that the Mg/Ni ratio strongly influ-
ences the reaction mechanism and energy barrier for hydrogen
release. The lower activation energy of Mg-25Ni highlights its
superior potential as a hydrogen storage material, combining
faster desorption kinetics with better microstructural adapt-
ability during cycling.

Together, the JMAK and Arrhenius models offer a robust
framework to interpret and quantify the effect of alloy compo-
sition on hydrogen sorption behavior, guiding the design of
high-performance hydrogen storage materials.

Fig. 9 presents the hydrogen absorption/desorption behavior
of the Mg-25Ni alloy over 10 consecutive cycles following an
initial activation at 588 K for 30 hours. The cycling tests were
performed under alternating hydrogen pressures of 2 MPa
(absorption) and 0.01 MPa (desorption).

Throughout the 10-cycle test, the alloy exhibits excellent
stability in both hydrogen uptake and release. The average
absorption capacity remains consistent at approximately
3.70 wt%, while the corresponding desorption capacity stabi-
lizes around 3.65 wt%, indicating minimal hysteresis and nearly
complete reversibility. No significant loss in capacity or deteri-
oration in reaction kinetics is observed across the cycles. Both
the absorption and desorption curves retain their characteristic
shapes, suggesting that the material maintains its structural
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Fig. 9 Hydrogen absorption/desorption cycles of the Mg-25Ni alloy
after activation at 588 K.
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and kinetic integrity under repeated hydrogenation-dehydro-
genation conditions.

Moreover, the residual MgH, content following desorption
remains extremely low (<0.1 wt%), confirming near-complete
dehydrogenation at the tested conditions. This minimal
residual hydride fraction demonstrates the alloy's ability to fully
release hydrogen and reset its structure effectively between
cycles.

These results validate the high cyclic durability of the Mg-
25Ni alloy and its capability to sustain long-term hydrogen
storage performance without significant degradation. Such
stability makes it a promising candidate for practical hydrogen
storage systems, particularly those requiring extended opera-
tion, high reversibility, and consistent efficiency over many
cycles.

Thermodynamic analysis of hydrogen absorption

To gain insight into the thermodynamic behavior of the
hydrogen absorption process, pressure-composition-tempera-
ture (PCT) measurements were conducted at three isothermal
conditions: 523 K, 573 K, and 588 K. The PCT curves for the Mg-
25Ni alloy (Fig. 10a) exhibit characteristic plateaus, confirming
the formation of stable hydride phases.

The van't Hoff equation was employed to determine the
enthalpy (AH) and the entropy (AS) changes associated with the
hydrogenation reaction:**

Py\ AH AS
ln(PO) T RT R (8)

where P is the equilibrium hydrogen pressure (Pa), P, is the
standard atmospheric pressure (Pa), AH is the enthalpy change
(J mol™), AS is the entropy change (J mol ' K™ '), R is the
universal gas constant (8.314 J mol™' K™%), T is the absolute
temperature (K).

By plotting In P against 1/T, the slope and intercept of the
resulting linear regressionprovide direct estimates of AH and
AS, respectively.*

For the Mg-25Ni alloy, the van't Hoff plot yields lower
enthalpy values (AH,ps = 68.2 k] per mol Hy, AHys = 66.7 K]
per mol H,) compared to those of Mg-33Ni (AH,ps = 72.5 K]
per mol H,, AHg.s = 70.3 K] per mol H,). These values are in line
with previously reported data for Mg-Ni-based hydride systems,
and they indicate that hydrogen absorption is an exothermic
process, thermodynamically favored at lower temperatures.

The slope of the absorption plateau in the PCT curve remains
fairly consistent across the three tested temperatures, implying
that the alloy retains a stable phase equilibrium and does not
undergo phase separation or significant hysteresis under
cycling conditions. The reversible nature of the hydrogenation
reaction in Mg-25Ni is further supported by the low residual
hydride content after desorption (Section 3.9), affirming its
strong potential for long-term applications.

The lower enthalpy of Mg-25Ni suggests that hydrogen
absorption and desorption occur more energetically favorable.
Although Mg-33Ni forms thermodynamically more stable
hydrides due to stronger metal-hydrogen interactions, it
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requires higher temperatures for hydrogen desorption.
However, since the entropy difference (AS) is small, the
improvement in thermodynamic performance remains limited,
and entropy does not play a decisive role in enhancing the
hydrogen absorption-desorption behavior of the Mg,Ni-based
system.>

Hydrogen absorption and desorption mechanisms of Mg-25Ni
and Mg-33Ni alloys: influence of nickel content

The hydrogen storage performance of Mg-Ni alloys is strongly
influenced by the Mg-to-Ni atomic ratio, which governs phase
formation, reaction kinetics, and hydrogen diffusion behavior
within the alloy matrix.>® In this study, Mg-25Ni and Mg-33Ni
alloys—synthesized via vacuum melting and processed by
mechanical milling—exhibit distinct hydrogenation and dehy-
drogenation mechanisms due to their differing Ni content.
Mechanical milling under an inert atmosphere reduces the
as-cast microstructure into nanocrystalline Mg,Ni and eutectic
phases embedded in the Mg matrix. Average crystallite sizes are
approximately of 31.6 nm for Mg-25Ni and 32.0 nm for Mg-33Ni.
The smaller grain size and higher grain boundary density in Mg-
25Ni promote enhanced hydrogen diffusion through an inter-
connected network of fast diffusion pathsways.”” These
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nanostructures shorten the diffusion distance and accelerate
hydrogen uptake, while the expanded lattice of Mg,Ni further
assists as a transport channel for hydrogen mobility.

Within the eutectic regions, the abundant interfaces
between Mg and Mg,Ni create fast hydrogen diffusion path-
ways, improving absorption kinetics. However, large primary
Mg grains-especially in the coarser microstructure of Mg-33Ni.
Exhibit lower boundary density, which can impede deep
hydrogen penetration.

These microstructural distinctions explain the faster hydro-
genation and higher capacity observed for Mg-25Ni, as shown in
Fig. 11. The alloy's lower Ni content results in a higher
proportion of reactive Mg phase, which is known for its larger
hydrogen capacity and lower activation pressure compared to
Mg,Ni. Consequently, Mg-25Ni achieves faster hydrogen uptake
despite containing less catalytic Ni phase. A schematic illus-
tration of the proposed hydrogenation mechanisms is provided
in Fig. 11.5

In Mg-25Ni, hydrogen absorption is dominated by the
formation of MgH, in Mg-rich domains. This phase forms
readily under moderate pressure and contributes to rapid
kinetics. Although the Mg,Ni content is lower, the contribution
from MgH,—combined with enhanced surface reactivity—leads

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Schematic illustration of the hydrogen absorption and desorption mechanisms in (a) Mg-25Ni and (b) Mg-33Ni alloys.

to superior absorption performance. Conversely, Mg-33Ni, with
a higher Mg,Ni fraction, favors the formation of Mg,NiH,,
a stable hydride with moderate capacity. While Ni catalyzes H,
dissociation at the surface, the ordered crystal structure and
strong Ni-H bonding in Mg,NiH, impose greater thermody-
namic and kinetic constraints, requiring higher energy for
phase transformation.

During the hydrogenation process, Ni serves as a catalytic
centerfor H, molecule dissociation and facilitates the initial
stages of the hydrogen diffusion. The higher Ni content in Mg-
33Ni indeed accelerates Mg,NiH, formation, but this comes at
the cost of reduced MgH, formation, limiting total capacity and
slowing down kinetics relative to Mg-25Ni.

During dehydrogenation, Mg,NiH, decomposes first,
generating Mg,Ni and releasing hydrogen. This reaction
induces lattice contraction due to the smaller unit cell of Mg,Ni
compared to its hydride form. Hydrogen released from the
Mg,NiH, phase then diffuses outward, decreasing local
hydrogen concentration and triggering further hydride decom-
position in adjacent regions. The resulting tensile stress and
local hydrogen gradient also promote the breakdown of MgH,,
even under relatively high hydrogen pressure.

In Mg-33Ni, the larger among of Mg,NiH, contributes to
more uniform and stable hydrogen release at intermediate
temperatures.

In terms of desorption behavior, the Mg,NiH,-rich structure
of Mg-33Ni enables stable hydrogen release at intermediate
temperatures, as the hydride decomposes uniformly. High local
Ni concentrations also enhance H atom recombination into
molecular hydrogen. In contrast, Mg-25Ni relies more heavily
on MgH, decomposition, which can occur at lower

© 2025 The Author(s). Published by the Royal Society of Chemistry

temperatures but tends to proceed in a less uniform manner
due to local strain effects and less thermodynamically stable
reaction pathways.

Although the two alloys have comparable surface composi-
tions, their hydrogen penetration capabilities differ signifi-
cantly. As shown in Fig. 10a and b, the unreacted Mg core in Mg-
25Ni is notably smaller than that in Mg-33Ni, indicating more
effective hydrogen penetration efficiency in the Ni-lean sample
under identical hydrogenation conditions.

This discrepancy primarily arises from the higher density of
lattice defects in Mg-25Ni, including high-angle grain bound-
aries, tangled dislocations, and surface microcracks introduced
during mechanical milling. These defects serve as preferential
nucleation sites for hydride formation and as pathways for
hydrogen diffusion and decomposition, thus lowering the
activation energy and accelerating hydrogen release.

Notably, MgH, can form at relatively low temperatures
(approximately 300-350 °C), offering a significant kinetic
advantage. Compared to Mg,NiH,, MgH, has a weaker Mg-H
bond and a lower decomposition enthalpy, thus requiring less
energy and a lower temperature for desorption. Moreover, the
presence of residual Mg grains within the MgH, matrix has
been shown to facilitate desorption via an epitaxial growth
mechanism of metallic Mg.*

A comparative analysis highlights that the Ni content has
a decisive influence on the hydrogen absorption and desorption
performance of Mg-Ni alloys by altering the hydride phases,
diffusion characteristics, and microstructural evolution during
thermal cycling. The Mg-25Ni alloy, with a higher Mg/Ni ratio
and defect-rich microstructure, exhibits faster absorption/
desorption kinetics and improved low-temperature reactivity.

RSC Adv, 2025, 15, 31240-31254 | 31251
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In contrast, Mg-33Ni, despite its superior thermal stability and
higher Mg,NiH, content, exhibits slower kinetics and lower
overall capacity.

Therefore, tailoring the Mg/Ni ratio and controlling the
microstructure represents a viable strategy for balancing
hydrogen capacity, reaction kinetics, and cycling stability in Mg-
based hydrogen storage materials.

DFT results

The optimized configurations of Mg,, MgH,, Mg,Ni, and
Mg,NiH, were obtained through density functional theory. For
direct comparison with experimental crystallographic data, the
primitive cell of Mg,NiH, was converted into its conventional
unit cell (Fig. S6). A summary of the computed lattice parame-
ters and interaxial angles for all compounds, alongside corre-
sponding experimental values, is provided in Table S2.

For hexagonal close-packed (hcp) Mg, the DFT-optimized
lattice constants were a = 3.296 A, b = 3.296 A, ¢ = 9.743 A,
with interaxial angles of (90°, 90°, 120°). These values closely
match the experimental parameters a = 3.202 A, b = 3.202 A, c =
10.4 A (ref. 56) confirming that the anisotropic crystal structure
of Mg was well-reproduced in the simulation. For MgH,,
a tetragonal structure was obtained, with optimized parameters
a=4.493 A, b = 4.868 A, ¢ = 5.358 A, and angles of (90°, 90°,
90°). These values show good agreement with the correspond-
ing experimental data (a = 4.505 A, b = 4.916 A, ¢ = 5.419 A).%’

For Mg,Ni, the DFT optimization yielded a = 5.721 A, b =
5.713 A, ¢ = 6.970 A, with interaxial angles of (113.41°, 114.14°,
90.08°). These parameters are reasonably consistent with
experimental values of a = 6.06 A, b = 6.08 A, ¢ = 7.46 A, and
angles of (113.28°, 113.85°, 90.10°).®

For Mg,NiH,, the optimized lattice constants were a =
13.294 A, b = 6.0275 A, c = 6.0470 A, with angles of (90°, 114.77°,
90°). These results are reasonably close to the experimental
values of @ = 14.22 A, b = 6.34 A, ¢ = 6.42 A, and angles (90°,
113.33°, 90°), validating the structural modelling approach.

In terms of energetics, the reaction enthalpy for hydrogen
absorption in MgH, was calculated as —72.2 k] mol ", which is
in close agreement with the experimental value of
—74.5 k] mol'. For Mg,NiH,, the calculated enthalpy was
—80.08 k] mol ', more exothermic than the experimental value
of —64.0 k] mol . The observed deviation may be attributed to
known limitations of DFT, including the choice of pseudo-
potentials, neglect of zero-point vibrational energy, and exper-
imental uncertainties. Despite these quantitative differences,
the trends remain consistent: Mg,NiH, exhibits a more negative
formation enthalpy than MgH,, indicating stronger thermody-
namic driving force for hydrogen uptake. This finding supports
experimental observations that Mg-Ni alloys, particularly those
rich in Mg,NiH,, offer enhanced hydrogenation behavior, likely
due to the electronic and catalytic influence of Ni on H, disso-
ciation and absorption processes. These theoretical results
confirm that Mg,NiH, is a thermodynamically favorable
hydride phase and underscore its potential as a key component
in high-performance hydrogen storage systems. The consis-
tency between simulation and experiment further validates the
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use of DFT as a tool for screening and optimizing Mg-based
hydride materials (Table S3).

Conclusions

This work demonstrates that Mg-25Ni alloy outperforms Mg-
33Ni in terms of hydrogen storage capacity, absorption/
desorption kinetics, and cycling stability. The optimized Mg/
Ni ratio enhances MgH, formation and facilitates a favorable
interaction with Mg,Ni, resulting in a maximum hydrogen
capacity of 3.76 wt% and rapid kinetics at 588 K under 20 MPa.
Kinetic modelling using the JMAK approach confirms lower
activation energy for Mg-25Ni, while DFT simulations and PCT
analysis validate its superior thermodynamic behavior. Notably,
Mg-25Ni maintains excellent cyclic stability with negligible
capacity loss over ten hydrogenation—-dehydrogenation cycles.

Structural analyses further reveal the reversibility of the
Mg,Ni phase, supporting the nanomaterial long-term
durability.

These results underscore the critical role of alloy composi-
tion in designing advanced hydrogen storage materials. The
integration of experimental and theoretical insights positions
Mg-25Ni as a promising and practical candidate for efficient,
reversible solid-state hydrogen storage.
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