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Abstract: Hydrogen is a flexible energy carrier with the potential to replace fossil fuels
as a clean and renewable energy source. However, efficient storage systems under ambient
conditions are essential for practical applications. This study investigates magnesium-
nickel-based metal hydrides for hydrogen storage, enhanced with 20% graphite or
additional nickel. The synthesized samples—MgNi,, MgNi, + graphite 20%, MgNi +
graphite 20%, and Mg:Ni + Ni 1:1—were characterized using XRD, BET, SEM-EDX, and
hydrogen temperature-programmed desorption (TPD). Crystallite sizes were found to be

132.125, 137.125, 77.168, and 92.335 nm, respectively. BET analysis revealed surface
areas of 2.144, 1.664, 7.113, and 2.308 m’/g, corresponding pore volumes of 0.0038,
0.0031, 0.0137, and 0.0100 cm?/g. TPD results showed that MgNi + graphite 20% had
the fastest desorption rate (46 min), consistent with its highest surface area and pore
volume. This sample also achieved the highest hydrogen adsorption capacity at
0.0615 mmol/g. These findings demonstrate that Mg-Ni hydrides, especially those
modified with graphite, offer promising performance for hydrogen storage applications,
particularly in systems requiring rapid desorption and efficient kinetics, such as fuel-cell
electric vehicles. The results highlight the potential of tailored Mg-Ni composites for

advanced hydrogen storage solutions.

Keywords: hydrogen storage; metal hydride; magnesium and nickel alloy;
chemisorption; hydrogen-temperature-programmed desorption

m INTRODUCTION

The flexibility of hydrogen as an energy carrier has
opened up research opportunities in utilizing hydrogen as
an alternative fuel to fossil energy. Hydrogen can be
utilized as fuel for industry, transportation, heat
production, and power generation to create an
environmentally friendly production cycle process [1-4].
In addition to flexibility in utility aspects, hydrogen is easy
to produce using various primary energy sources, one of
which is by integrating renewable energy with electrolysis
technology to produce green hydrogen free from
greenhouse gas (GHG) emissions. However, to fully
realize the potential of hydrogen, especially in mobile and

off-grid applications, the development of efficient and

practical storage systems is crucial. Hydrogen’s low
volumetric energy density at ambient conditions
(0.01 MJ/L) poses a significant challenge for storage,
making it essential to explore innovative solutions for
safe and compact hydrogen storage [5-6].

Hydrogen can be stored chemically or physically in
gas, liquid, or solid phases. Hydrogen storage in the gas
phase is carried out by compressing hydrogen at a
certain pressure, known as compressed air hydrogen
storage (CGH2). The storage system that converts
hydrogen into a liquid is called liquefied hydrogen
storage (LH2). Those storage methods have drawbacks
in terms of storing the hydrogen efficiently. The
hydrogen must be compressed into the storage tank to
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maintain its volatility and avoid losses. Thus, CGH2 is not
compatible with long-distance mobile hydrogen storage.
So does LH2 also need high energy because the hydrogen
should be in the cryogenic phase under its boiling point
(=253 °C) [7]. In addition to the two commonly used
technologies, hydrogen storage technology in solid media
uses metal hydride materials, which is quite promising
due to its ambient temperature and atmospheric storage
conditions [8].

This study aimed to experimentally investigate the
hydrogen storage performance of metal hydrides,
specifically focusing on Laves-phase intermetallic alloys
of the AB; and A;B types. Magnesium (Mg), a lightweight
alkaline earth metal with high hydrogen storage potential,
was used on the A-site, while nickel (Ni), a transition
metal, occupied the B-site, forming MgNi, and Mg,Ni
binary alloys [9]. The Mg-Ni system was selected based on
its favorable hydrogen storage characteristics, as reported
in previous studies [7,10-14], which considered key
factors such as performance, cost, and material
availability.

To enhance the adsorption and desorption
properties, graphite and additional Ni were incorporated
into the Mg-Ni system. Graphite acts as a structural
stabilizer and dispersant, improving the hydrogen
diffusion pathways. Meanwhile, nickel acts as a catalytic
agent, improving the dissociation of hydrogen molecules
into atomic hydrogen, which is a critical step in the
hydrogen adsorption process. This approach followed the
work of Sun et al [15]. It aligned with findings by Guo et
al. [13], which demonstrated that the addition of carbon
and Ni significantly improved the hydrogen storage
performance of Mg-Mg,Ni/C composites. For instance,
MgH, mixed with these composite materials exhibited a
reduced dehydrogenation activation energy of
77.6 + 2.1 kJ/mol, approximately 50% lower than that of
MgH, (156.3 + 2.3 kJ/mol). Furthermore, the composite
achieved a maximum hydrogen capacity of 6 wt.% at
473 K within 4 min of absorption.

Hydrogen storage performance was evaluated using
a  chemisorption-based method and hydrogen
(H>-TPD).
Chemisorption involves the formation of chemical bonds

temperature-programmed desorption
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between the adsorbate and the adsorbent surface,
leading to stronger, more stable interactions compared
to physisorption [16-18]. Unlike the multilayered nature
of physisorption, chemisorption is characterized by
monolayer adsorption, terminating once surface
saturation is achieved. Due to the strength of the
chemical bonds formed, desorption in chemisorption
typically requires elevated temperatures (300-400 °C),
as governed by the TPD principles. This work presents a
novel strategy that combines material modification of
the Mg-Ni system with graphite and Ni, alongside
comprehensive analysis using chemisorption and H,-
TPD. This approach provided a comprehensive
understanding of the synergistic effect of the added
materials on the hydrogen adsorption-desorption

kinetics and overall storage capacity.

m EXPERIMENTAL SECTION
Materials

Mg powder (=98.5%, ~0.1 mm, Sigma-Aldrich)
and Ni powder (99.9%, ~150 pm, Sigma-Aldrich) were
used as the primary raw materials. In addition, artificial
graphite powder (~14.5 nm, Gelon LIB) and extra Ni
powder were incorporated as additive materials into the
synthesized Mg-Ni alloy. Two types of intermetallic
alloys, MgNi, and Mg,Ni, were prepared according to
the Mg-Ni phase diagram. A total of four samples were
synthesized: two samples of MgNi, and two of Mg,Ni,
with each sample having a total mass of 20 g.

Instrumentation

Several tests are conducted to determine the

material's physical properties, including X-ray
diffraction (XRD), scanning electron microscope-
energy dispersive X-ray (SEM-EDX), and surface pore
size analyzer through the Brunauer-Emmet-Teller
(BET). The phase compositions and crystallographic
structures of the synthesized samples were characterized
using X-ray diffraction (XRD, PANalytical Empyrean)
with Cu Ka radiation (A = 1.5406 A). Measurements
were conducted in the 20 range of 20-80°, with a
scanning rate of 2°/min, an operating voltage of 40 kV,

and a current of 30 mA. Surface area and porosity
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characteristics were analyzed by nitrogen adsorption-
desorption measurements using the BET method
(Quantachrome Quadrasorb-Evo Surface Area and Pore
Size Analyzer). Before measurement, the samples were
degassed under vacuum at 150 °C for 12h to remove
adsorbed impurities. The specific surface area was
calculated from the linear part of the BET plot.

The hydrogen adsorption and desorption behavior
was evaluated using H,-TPD (Autochem I Micrometrics.).
The test includes pre-treatment by purging or outgassing
at a temperature of 350 °C for 60 min in a helium (He) gas
(inert) environment to neutralize the surface from gas
contaminants. After the pre-treatment process, the
adsorption process is carried out at a room temperature
of 40-50°C with atmospheric pressure for 30 min,
followed by purging with argon gas (inert). Then, the
process is continued with desorption using the TPD
method up to 800 °C with a temperature increase rate of
10 °C/min and a hydrogen gas flow rate of 50 mL/min.
The temperature and kinetic rate during desorption can
be analyzed using the TPD method through a thermal
conductivity detector (TCD) sensor, which is an
instrument for detecting the difference in conductivity
values of the carrier gas (H,) expressed in intensity units
(a.u.). The peak intensity describes the amount of hydrogen
molecule concentration that has been desorbed [19].

Surface morphology and microstructural features
were examined using scanning electron microscopy
(SEM, JEOL JSM-6510LV). Prior to imaging, the samples
were gently ground and dispersed onto carbon tape
mounted on an aluminum SEM sample holder. To ensure
good conductivity and minimize charging effects during
imaging, the samples were coated with a thin layer of gold
(Au) using a sputter coater under vacuum conditions.
SEM imaging was performed in secondary electron
detection mode using an Everhart-Thornley Detector
(ETD) at an accelerating voltage (HV) of 30.0 kV. EDS
was performed simultaneously to analyze the elemental
distribution of Mg, Ni, and C across the sample surfaces.
SEM aims to obtain images captured by the instrument to
observe the morphology of the micro-sized material
structure, while EDX operates on the principle of
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dispersing light at specific wavelengths, manifested as
energy to extract electrons from the innermost layers of
the constituent atoms of the material. Then, the
extracted electrons provide information related to the
weight composition percentage and atomic composition
of each element in the material [20].

Procedure

The Mg-Ni alloys were synthesized using a solid-
state calcination method. Stoichiometric mixtures of Mg
and Ni powders were heated from 25 to 700 °C at a ramp
rate of 2 °C/min. The temperature was held at 700 °C for
10 h, approximately 61% below the melting point of
1,147 °C, as indicated in the Mg-Ni phase diagram.
Sample preparation was done by weighing and mixing
Mg and Ni powders using a mortar. The calcination was
conducted under an argon (Ar) atmosphere with a flow
rate of 1.5L/min to prevent oxidation during the
reaction. A total of four samples were prepared,
consisting of two MgNi, and two Mg,Ni compositions.
Both MgNi, (Mg = 3.451 g, Ni = 16.549 g) and Mg,Ni
(Mg =9.198 g, Ni = 10.802 g) samples are synthesized by
calcination at 700 °C for 10 h within 20 g of each sample.
The molar mass of Mg powder that was used was
24.30 g/mol, while Ni powder was 58.69 g/mol.
additional Ni
incorporated into selected samples (S2, S3, and S4) via

Graphite and powders were
mechanical alloying using a wet ball milling method to
enhance surface properties for hydrogen adsorption-
desorption. Sample S1 was retained as pure MgNi, for
comparison. The doping compositions were as follows:
§2—20 wt.% graphite (4 g), S3—50 wt.% Ni (10 g), and
S$4—20 wt.% graphite (4 g), as summarized in Table 1.
Ball milling was performed for 120 min at 240 rpm
using a planetary mill with a stainless-steel vial and
zirconia balls, with a material-to-ball ratio of 1:3 and
12 mL of ethanol as the process medium, based on the
procedure by Joseph et al. [21]. Ethanol acted as a
dispersion medium and prevented excessive
agglomeration or structural degradation. The resulting
slurry was dried in an oven at 80 °C for 4 h and then

stored in a dry box.
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Table 1. Composition of synthesized Mg-Ni-based samples with doping variations

Sample ID Base alloy Doping material

Total mass (g)

S1 MgNiz -

S2 MgNi, Graphite (C)
S3 Mg,Ni Nickel (Ni)
S4 Mg,Ni Graphite (C)

"Doping composition (wt.%) Doping mass (g)

-- 20
20 4 20
50 10 20
20 4 20

"Doping composition refers to the additive’s weight percent to the total weight of the sample

MgNi, ),JM

Intensity (a.u.)

ICSD

(114)
MoNi; | ]

o

10 20 30 40 50 60 70 80 90
20 (deg)

Fig 1. XRD pattern of MgNi, compared to ICSD: #98-010-
4838

m RESULTS AND DISCUSSION
XRD Result and Analysis on MgNi, and Mg,Ni Alloys

The MgNi, has been determined by the peak of
intensity at a certain 20, as shown in Fig. 1. To ensure
accurate phase identification, the XRD patterns were
analyzed using HighScore Plus with manual adjustment
of peak positions, fitting range, and background
correction. The test results determine the material's lattice
parameters through the X-ray spectrum's intensity peaks.
To observe the results of the light reflection, the Bragg's
Law principle [22]. In addition to the lattice parameters of
the crystal structure, the crystallite size is also obtained
through the Debye-Scherrer equation [23]. Goodness of
fit (GoF) and Fit Score values were carefully validated
against ICSD reference data. Those peak positions have
been fitted and matched based on the Inorganic Crystal
Structure Database (ICSD). The ICSD data reference for
the binary alloy MgNi, is ICSD #98-010-4838. A fit score
of 79 and a GoF of 1.86 were obtained, where the GoF has
met the fit standards, namely < 10 and lies between 1-2

[24]. Crystallography analysis was conducted to obtain
the lattice parameters of the crystal structure, where the
crystal is hexagonal in shape with a value of 0.482 nm, b
value of 0.482 nm, and c value of 1.583 nm, as well as a
cell volume of 0.319 nm®. The intensity peak is located at
20 of 44.024° with the plane positions h, k, and | of (114).
The analysis of crystallite size was conducted only at the
highest peak with an FWHM value of 0.093°, resulting in
a crystallite size of 132.125 nm.

Then, MgNi, and Mg,Ni with the additional of
graphite 20 wt.% was analyzed to observe the effect of
additional graphite on the changes in the crystal structure
of the alloy is shown in Fig. 2. Fig. 2(a) shown in the
ICSD data references for the MgNi, + graphite 20%
sample use two references for each MgNi, and graphite
phase, which are ICSD: #98-010-4838 and ICSD: #98-
005-2230. A fit score of 74 for ICSD MgNi, and 47 for
ICSD graphite was obtained with the GoF value of 1.278.
Fig. 2(b) shows that the ICSD data for the Mg,Ni + Ni
1:1 sample uses two references for each Mg,Ni and Ni
phase, namely ICSD #98-003-0713 and ICSD #98-005-
2231. A fitting score 67 was obtained for ICSD Mg,Ni
and 30 for ICSD graphite, with the value of GoF is 1.360.

Crystallographic analysis can be seen in Table 2.
Crystallography analysis was conducted where the
crystal is hexagonal with a value of 0.483 nm, b value of
0.483 nm, and ¢ value of 1.572 nm, the cell volume is
0.318 nm’, and an intensity peak located at 26 43.936°
with the plane positions h, k, and 1 (114) in the MgNi,
phase. Meanwhile, the graphite phase is also hexagonal
with a value of 0.245 nm, b value of 0.245 nm, ¢ value of
0.667 nm, the cell volume is 0.035 nm?, and the highest
intensity peak is located at 20 26.575° with the plane
positions h, k, and 1 (002). The cell volume in the MgNi,
phase after the addition of graphite decreased by
0.001 nm’. The crystallite size of the MgNi, phase after
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Fig 2. XRD pattern of (a) MgNi, and MgNi, + graphite 20%, and (b) Mg,Ni + graphite 20% and Mg,Ni + Ni 1:1

Table 2. Comparison of lattice parameters and crystallite size between MgNi, and MgNi, + graphite 20 wt.%

Sample h-k-1 a(nm) b(nm) c(nm) Cell volume (nm?®) Crystallite size (nm)
MgNi, (114) 0.482 0.482 1.583 0.319 132.125
MgNi, + graphite 20% (114)  0.483 0.483 1.572 0.318 137.125
Mg,Ni + graphite 20% (203)  0.521 0.521 1.323 0.310 77.168
Mg,Ni + Ni 1:1 (203)  0.520 0.520 1.322 0.310 92.335

the addition of graphite was determined only at the
highest peak with an FWHM value of 0.116°, resulting in
a crystallite size of 137.125 nm. Mg,Ni crystal is hexagonal
with a value of 0.520 nm, b value of 0.520 nm, and c value
of 1.322 nm, a cell volume of 0.310 nm’, and the intensity
peak located at 20 45.361° with the plane positions h, k,
and 1 (203). The structure form of Ni phase is cubic with
a, b, and c values of 0.352 nm, a cell volume of 0.043 nm?,
and the highest intensity peak located at 20 44.752° with
the plane positions h, k, and 1 (111). The cell volume
values did not change in both samples, Mg,Ni + graphite
20% and Mg,Ni + Ni 1:1.

The crystallite size results of the Mg,Ni phase after
the addition of Ni were conducted only at the highest peak
with an FWHM value of 0.114°, resulting in a crystallite
size of 92.335 nm. The mechanical alloying process via
ball milling can induce lattice strain and reduce crystallite
size, which may lead to slight distortions in lattice
This effect is attributed to
imperfections introduced during the high-energy milling

parameters. structural

process. The results of the crystallite size change after the
additional doping of Ni on Mg,Ni, where the crystallite

size in the MgNi + Ni 1:1 is larger than the Mg,Ni +
graphite 20%, with an increase of 19.6%. However, the
crystallite size in both Mg,Ni samples after mixing with
the two different materials remains smaller than the
crystallite size in both MgNi, samples. Crystallography
analysis was conducted where the crystal is hexagonal
with a value of 0.483 nm, b value of 0.483 nm, and ¢
value of 1.572 nm, the cell volume is 0.318 nm’, and an
intensity peak located at 20 43.936° with the plane
positions h, k, and 1 (114) in the MgNi, phase.
Meanwhile, the graphite phase is also hexagonal with a
value of 0.245 nm, b value of 0.245 nm, ¢ value of
0.667 nm, the cell volume is 0.035 nm’, and the highest
intensity peak is located at 260 26.575° with the plane
positions h, k, and 1 (002). The cell volume in the MgNi,
phase after the addition of graphite decreased by
0.001 nm’. The crystallite size of the MgNi, phase after
the addition of graphite was determined only at the
highest peak with an FWHM value of 0.116°, resulting in
a crystallite size of 137.125 nm.

There are two types of MgNi materials with
different additional doping materials: Mg,Ni + graphite
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20% and Mg,Ni + Ni with 50 wt.% of Ni powder to the
total weight. ICSD data references for the MgNi +
graphite 20% use two references for each Mg,Ni and
graphite phase: ICSD #98-003-0713 and ICSD #98-005-
2230. A fit score of 87 for ICSD Mg,Ni and 37 for ICSD
graphite was obtained, and the GoF value is 1.053.
Crystallography analysis was conducted where the Mg,Ni
crystal is hexagonal with a value of 0.521 nm, b value of
0.521 nm, and ¢ value of 1.323 nm, a cell volume of
0.310 nm’, and the intensity peak located at 26 45.298°
with the plane positions h, k, and 1 (203) in the Mg,Ni
phase. The graphite phase is also hexagonal with a value
of 0.246 nm, b value of 0.246 nm, ¢ value of 0.670 nm, a
cell volume of 0.035 nm’, and the highest intensity peak
located at 20 26.674° with the plane positions h, k, and L
(002). The difference in the stoichiometry of the mixed
materials Mg and Ni between MgNi, and Mg,Ni with the
same mixed material—which is graphite at 20 wt.% of the
total weight—affects the cell volume with a difference of
0.008 nm’, where the cell volume in the MgNi, phase is
larger than in the Mg,Ni phase. The crystallite size of the
Mg,Ni phase after adding graphite was determined only
at the highest peak within the FWHM value of 0.127°,
resulting in a crystallite size of 77.168 nm. The results
indicate that the crystallite size changes with the different
stoichiometry of MgNi, and Mg,Ni, with the crystallite
size in the MgNi, phase being larger than that in the
Mg,Ni phase. The results of the plotted sample peak
points of the Mg,Ni + graphite 20% can be seen in Fig. 3.
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Surface Area and Pore Size Results on Alloys

The first sample to be discussed is the MgN1i, in Fig.
4(a), using N,— which is then referred to as the adsorbate
—and adsorption is carried out under STP conditions.
The desorption process of N, was carried out at 300 °C
for 4 h, as shown in Fig. 4. The results of this test are the
total pore volume, the surface area of the metal, and the
average pore radius [25]. The isothermal adsorption curve
of the MgNi, sample falls into type III, which is interpreted
as a non-porous material, possibly macroporous with
relatively low energy adsorption [26]. The total pore
volume of the MgNi, is 0.0038 cm’/g, with the surface
area was obtained at 2.144 m’/g and an average pore
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Fig 4. N, isothermal adsorption curve of MgNi, and Mg,Ni samples

radius of 3.566 nm. The MgNi, sample, after the addition
of 20 wt.% graphite, was analyzed to observe the effect of
graphite addition on the metal mixture. The isotherm
adsorption curve for the MgNi, + graphite 20% sample
falls into type II, which is interpreted as a non-porous
material, possibly macroporous, and has relatively high
energy adsorption capacity [26]. The total pore volume in
the MgNi, + 20% Graphite sample is 0.0031 cm’/g, where
the pore volume is smaller than that of the sample before
graphite was added. The surface area of the MgNi, +
graphite 20% is 1.664 m*/g with an average pore radius of
3.737 nm.

The test on the following two different types of
samples was conducted to determine the effect of the
differing composition of the Mg and Ni mixtures on the
material's pore volume and surface area. The isotherm
adsorption curve of the Mg,Ni + Ni 1:1 falls into type II,
which has the same interpretation as the MgNi, + graphite
20% in Fig. 4(b) and 4(c). The total pore volume in the
Mg:Ni + Ni 1:1 sample is 0.0100 cm?/g, where the pore
volume in this sample is larger than both previous
samples of MgNi,. The surface area of the Mg,Ni + Ni 1:1
is 2.308 m’/g with an average pore radius of 8.644 nm.
The increase in pore volume and surface area of the
material is related to the crystallite size from the XRD
analysis results. The crystallite size in the Mg,Ni + Ni 1:1
sample is smaller compared to both MgNi, samples,
indicating that the smaller the crystallite size of the

material, the greater the surface contact area during the
adsorption process [19].

The Mg,Ni + graphite 20% was tested to observe
the effect of graphite addition on the MgNi metal
mixture in Fig. 4(d). The shape of the isotherm
adsorption curve for the Mg,Ni + 20% graphite sample
falls into type II. The total pore volume for the Mg,Ni +
graphite 20% sample is 0.0137 cm’/g, where the pore
volume in this sample is larger than in the three previous
samples. The surface area value of the Mg,Ni + graphite
20% is 7.113 m*/g with an average pore radius of
3.853 nm. This result is in line with the XRD analysis
results, where the Mg,Ni + graphite 20% has the smallest
crystallite size compared to the other three samples.
Although the BET analysis shows open-loop isotherms
in Fig. 4(a—c), this could be attributed to the presence of
macroporous structures or incomplete desorption
cycles. Such behavior has also been reported in studies
involving Mg-based alloys with low surface areas, where
the interaction between adsorbate and surface is weak,
leading to non-ideal isotherm closure. The surface area
and pore size analysis results for the four samples are
listed in Table 3.

SEM-EDX Results on the Morphology Structure of
Alloys

The structure of the MgNi, sample changes its
crystal shape after adding graphite material. It increases
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Table 3. BET surface area and pore size comparison

Sample Total pore volume (cm?®/g)  Surface area (m?*/g) Average pore radius (nm)
MgNi, 0.0038 2.144 3.566
MgNi, + graphite 20% 0.0031 1.664 3.737
Mg,Ni + Ni 1:1 0.0100 2.308 8.644
Mg,Ni + graphite 20% 0.0137 7.113 3.853

in particle size but is not significant when observed at
10,000x magnification. This result is related to the results
of the crystal size analysis, where the MgNi, + 20%
Graphite sample is larger than MgNi, without the
addition of graphite because the crystal structure is a
constituent element of grains or particles. Regarding the
material's morphological structure, the crystal shape in
the MgNi, + graphite is 20% more distinct than the crystal
shape in the MgNi,. The morphological images of both
MgNi, samples are shown in Fig. 5.

The results of both Mg,Ni samples with Ni and
Mg,Ni with graphite show no difference in structural
form, where both samples have the same structural
morphology at a magnification of 10,000x. In terms of

particle size, the Mg,Ni + graphite 20% sample has a
larger particle size compared to the Mg,Ni + Ni 1:1
Although SEM provide
information about particle morphology and size, these

sample. images visual
particles often consist of agglomerates of smaller
crystallites. It should be noted that the particle size
observed in SEM refers to agglomerates or grains. In
contrast, the crystallite size obtained from XRD reflects
the coherent diffraction domains, which are typically
much smaller. The crystal structure of the samples
became distinct after adding material to both the MgNi,
and Mg,Ni samples. The morphology images of the
Mg,Ni + Ni 1:1 and Mg,;Ni + graphite 20% samples are
shown in Fig. 6.

Fig 6. SEM results on (a) Mg:Ni + Ni 1:1 and (b) Mg,Ni + graphite 20%
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Table 4. Weight and atomic percentage of each element

%Weight % Atomic
Sample Spot - -
Mg Ni C Mg Ni C
. 1 25.53 68.60 1.51 40.24 44.77 4.82
MgNi,
2 2722 67.07 113 4271 4359 3.59
1 19.81 59.52 16.09 23.58 29.35 38.78
MgNi, + graphite 20%
2 15.61 65.67 16.76 19.56 34.02 4251
. . 1 37.57 5747 136 54.15 3430 3.97
Mg,Ni + Ni 1:1
2 4047 52.04 249 5421 2887 6.75
1 2494 4879 19.73 2648 21.45 42.39
Mg,Ni + graphite 20%
2 33.06 4827 14.73 3729 2254 33.62

The weight and atomic percentage of the constituent
elements of the material from the EDX results were
plotted. This was conducted at two spots for each sample,
covering weight and atomic percentages. All spots have
been shown on 10,000x magnification, and these samples
have been reviewed in different spots. The weight and
atomic percentage of each element have been listed in
Table 4. The EDX results show that the increase in weight
and atomic percentages is consistent with the samples
made. The spread of the mixture is good enough, as it is
shown that the increase follows the increase of the
additional material in their weight and atomic percentage.

Adsorption and Desorption Performance Test Result

The total hydrogen absorbed into the surface of the
MgNi, sample is 0.0029 mmol with a sample weight of
0.0527 g, so the total hydrogen absorbed on the material's
surface per unit weight of the sample is 0.0550 mmol/g.
The desorption process is carried out with the
endothermic principle from the condition of the
hydrogen-saturated sample until the sample's pores are
empty, marked by a stable TCD intensity value. The TPD
graph for the MgNi, sample is shown in Fig. 7.

From the H,-TPD graph is known that the hydrogen
desorption process in the MgNi, (Fig. 7(a)) sample starts
to become active at a temperature of 300 °C and continues
to increase until it stabilizes at a temperature of 800 °C
with a duration of 100 min, indicating that hydrogen
molecules have desorbed from the surface of the material.
The total hydrogen absorbed into the surface of the MgNi,
+ graphite 20% with a sample weight of 0.0504 g is
0.0031 mmol, resulting in total hydrogen absorbed on the

material's surface per sample weight of 0.0615 mmol/g.
This result shows that the hydrogen adsorption capacity
on the MgNi, + graphite 20% sample increased
compared to the MgNi, without the addition of graphite.
This result is related to the result of surface area and pore
analysis, where the pore radius of the MgNi, surface
increased after the addition of graphite. Thus, the
contact area on the surface is enlarging, and the
material's adsorption capacity is enhanced [13]. The
result of the desorption process from the H,-TPD graph
(Fig. 7(b)) shows that the hydrogen desorption process
in the MgNi, + graphite 20% starts to become active at a
temperature of 300 °C and continues to increase until it
stabilizes at a temperature of 550 °C with a duration of
52 min. This indicates that the hydrogen molecules have
been fully desorbed from the material's surface in less
time than the MgNi, without adding graphite.

The total hydrogen adsorbed into the surface of the
Mg,Ni + Ni 1:1 with a sample weight of 0.0574 g is
0.0035 mmol (Fig. 7(c)); thus, the total hydrogen
adsorbed on the material's surface per sample weight is
0.0610 mmol/g. These results indicate that the hydrogen
adsorption capacity on the surface of the Mg,Ni sample
is greater compared to the MgNi, sample. Meanwhile, in
the desorption results through the H,-TPD graph, it is
known that the Mg,Ni + Ni 1:1 sample starts to become
active at a temperature of 300 °C and continues to
increase until it declined and stabilizes at a temperature
of 650 °C with a duration of 62 min, indicating that the
hydrogen molecules have been completely desorbed
from the material's surface. The results of the adsorption
test on the material Mg,Ni + graphite 20% yielded a total
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Fig 7. Desorption process through TPD: (a) MgNi,, (b) MgNi, + graphite 20%, (c) Mg,Ni + Ni 1:1, and (d) Mg.Ni +

graphite 20%

of hydrogen molecules adsorbed into the material's
surface, with a sample weight of 0.0553 g corresponding
to 0.0033 mmol, resulting in a total hydrogen adsorption
per sample weight of 0.0600 mmol/g. The adsorption test
results show that the total hydrogen adsorbed on the
surface of the Mg,Ni + graphite 20% sample is greater
compared to MgNi,, where based on the pore radius of the
Mg,Ni + graphite 20% sample is larger than that of MgNi,
resulting in a larger surface contact area and a higher
ability to adsorb hydrogen. However, the hydrogen
adsorption capacity of the MgNi + graphite 20% sample
is similar to that of the MgNi, + graphite 20% sample,
even though the Mg,Ni + graphite 20% sample has a
larger pore radius. This may be caused by several factors,

including the environmental conditions and equipment
during the testing, the different room temperatures
during the testing, or the treatment during pre-
treatment or purging, resulting in contaminants still
present in the sample. The desorption results through
the H,-TPD (Fig. 7(d)) graph show that the Mg,Ni +
graphite 20% sample starts to become active at 300 °C
and continues to increase until it declines and stabilizes
at 500 °C with a duration of 46 min. This indicates that
hydrogen molecules have been fully desorbed from the
material's surface in less time than the previous three
samples. In hydrogen storage applications, a faster
desorption rate is generally preferred as it enables rapid
hydrogen release when needed, which is critical for
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practical use, particularly in energy applications such as
fuel cells, portable devices, or transportation systems [27].

m CONCLUSION

The XRD test results show that the four samples
have forming phases corresponding to the materials'
names: MgNi,, MgNi, + graphite 20%, Mg,Ni + graphite
20%, and Mg,Ni + Ni 1:1, with crystallite sizes of 132.125,
137.125, 77.168, and 92.335 nm, respectively. The surface
and pore analysis results show that MgNi, + graphite 20%
has the smallest surface area and pore volume compared
to other samples, while Mg,Ni + graphite 20% has the
largest surface area and pore volume. The SEM results
show the morphological structure of each sample, where
all samples with added material have a more distinct
crystalline structure. Meanwhile, the structural shape of
the MgNi, is not clearly visible. In the EDX result, the
distribution of the material's constituent elements is
evenly spread and tends to align with the composition of
the material made according to the weight percentage and
atomic percentage. The highest hydrogen adsorption
capacity was found in the MgNi, + graphite 20% material
at 0.0615 mmol/g, while the lowest was in the MgNi,
material at 0.0550 mmol/g. Then, the results from TPD
show a correlation with the analysis of pore volume and
surface area where the MgNi, + graphite 20% material—
which has the largest surface area and pore volume —also
has the fastest desorption kinetic rate (46 min) and the
lowest temperature compared to other samples to
completely release hydrogen from the material surface
(300-500 °C). A faster desorption rate ensures quick
hydrogen release when it's needed, especially in
applications like vehicles or portable power systems. In
fuel-cell electric vehicles (FCEVs), faster hydrogen
desorption from the storage material enables quicker fuel
cell activation and shorter refueling times. Consequently,
this enhances the system's responsiveness and improves
the overall power output performance of the FCEVs.
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