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Abstract: Magnesium-based materials have been considered to be potential hydrogen
storage materials due to their high hydrogen storage capacity and abundance in natural
resources. In order to improve the hydrogen storage performance of magnesium-based
materials, a Mg95Ce5 alloy was prepared by using the vacuum induction melting method.
Moreover, TiS2 was used as a catalyst, and a series of Mg95Ce5 + x wt% TiS2 (x = 0, 3, 5 and
10) composites with different TiS2 contents were prepared by the mechanical ball-milling
method. The addition of TiS2 as a catalyst broke the inherent symmetry of the Mg95Ce5 alloy
at both the atomic and defect levels, potentially improving hydrogen storage by modifying
hydrogen diffusion pathways and interaction sites. The structural analysis results indicate
that the Mg95Ce5 alloy is composed of Mg and CeMg12 phases. After the hydrogenation
process, the Mg and CeMg12 phases in the Mg95Ce5–TiS2 composites transformed into
CeH2.73 and MgH2. In addition, CeS2 and TiH1.5 could be detected in the hydrogenated
samples, indicating that the TiS2 decomposed and changed into CeS2 and TiH1.5 during
the hydrogenation reaction. Adding TiS2 to Mg95Ce5 alloy could significantly improve the
hydrogen absorption and desorption kinetic properties, and the dehydrogenation peak
temperature of the composites was reduced from 389.5 ◦C to 329.7 ◦C when the TiS2 content
increased from 0 to 10 wt%. However, the addition of TiS2 inevitably reduced the reversable
hydrogen storage capacity of the composites. The hydrogen absorption and desorption
thermodynamic measurement results indicate that the TiS2 catalyst has almost no influence
on the enthalpy and entropy changes of the composites during the hydrogenation process.

Keywords: magnesium hydride; hydrogen storage materials; catalyst; kinetics; thermodynamics

1. Introduction
The environmental pollution and energy crisis are common challenges that human

beings are facing. Moreover, the greenhouse effect resulting from the use of fossil fuels is an
important problem in the development of society. Creating technology that converts carbon
dioxide into valuable products is an attractive way to reduce the greenhouse effect [1,2].
More importantly, it is necessary to develop renewable energy to entirely solve the energy
problem. Hydrogen energy is recognized as one of the ideal secondary energy sources due
to its non-toxicity, non-polluting nature, high energy density, and renewability [3]. However,
efficient and safe hydrogen storage technology still sets a strict limit on the development of
the utilization of hydrogen energy [4]. Magnesium and its hydride are recognized as the
optimal solid hydrogen storage material due to their high storage density of up to 7.6 wt%,

Symmetry 2025, 17, 71 https://doi.org/10.3390/sym17010071

https://doi.org/10.3390/sym17010071
https://doi.org/10.3390/sym17010071
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://doi.org/10.3390/sym17010071
https://www.mdpi.com/article/10.3390/sym17010071?type=check_update&version=1


Symmetry 2025, 17, 71 2 of 12

good reversibility, and low cost [5]. However, the high decomposition temperature and
slow reaction kinetics of Mg/MgH2 significantly limit its practical applications [6].

To address these challenges, various methods have been explored to improve the
hydrogen storage performance of magnesium-based materials, such as alloying with other
elements [7–9], doping catalysts [10–12], nanosizing [13–15], and so on. In materials science,
it is known that symmetry plays a key role in hydrogen absorption and desorption in alloys,
as it affects structural stability, atomic arrangements, and phase transitions. The alloying
method consists of adding other elements to magnesium by alloy smelting to obtain alloys,
thus enhancing the hydrogen storage performance of magnesium. Xie et al. [16] prepared
Mg-Ce alloys with various Ce contents, and the phase compositions, micro-structures,
and hydrogen storage performance of the alloys were investigated. They found that the
addition of Ce significantly improves the hydrogen absorption kinetic properties of the
alloy, and the dehydrogenation temperature can be obviously reduced with the increase
of Ce content. Yang et al. [17] prepared several Mg24Y3M (M = Ni, Co, Cu, Al) ternary
alloys, and the research results indicate that the alloy with different chemical components
showed significantly different features in its microstructure and hydrogen storage prop-
erties. Mg24Y3Ni had the best hydrogen absorption and desorption kinetic performance.
Doping catalysts is also an effective method to improve the hydrogen storage kinetic
properties of Mg/MgH2 [18]. Currently, the catalysts used for hydrogen storage materials
mainly include metals and alloys [19,20], oxides [21,22], halides [23,24], carbide [11], and
carbonaceous materials [25]. The addition of transition metal elements or their inorganic
compounds has proven to be an effective method for enhancing the hydrogen storage
performance of magnesium-based materials. Oelerich et al. [26] doped different transition
metallic oxides (Sc2O3, TiO2, V2O5, Cr2O3, Mn2O3, Fe3O4, CuO/Al2O3, and SiO2) into
MgH2 by a simple ball-milling method, and the hydrogen storage measurement results
indicate that all these oxide catalysts can improve the hydrogen absorption and desorption
performance of MgH2. Li et al. [27] synthesized a nanocrystalline Ni@C composite using
a self-templating method and then doped it into MgH2 to investigate its catalytic impact
on the hydrogen storage properties of MgH2. The research results demonstrate that the
dehydrogenation temperature of the composite was lowered by more than 74 ◦C compared
to pure MgH2.

In recent years, metal sulfides have aroused more attention due to their outstand-
ing catalytic properties the in water–electrolytic hydrogen evolution and photocatalytic
fields [28,29]. Moreover, metal sulfides also have unique catalytic effects in improving
the hydrogen storage performance of magnesium-based materials. Yuan et al. [30–32]
compared the catalytic effects of CoS2 and MoS2 nano-particles on the hydrogen storage
properties of Sm–Mg binary alloy. They found that both of the sulfides could obviously
improve the hydrogenation and dehydrogenation kinetics of Sm–Mg alloy, and the com-
posite catalyzed by MoS2 exhibits better hydrogen storage properties. Wang et al. [33] also
synthesized NiS2 particles by a one-step hydrothermal method, and various MgH2–NiS2

composites with different NiS2 contents were prepared by mechanical ball-milling. The
study indicates that the NiS2 decomposed and transformed into MgS and Mg2NiH4 phases
during the hydrogenation process, and the catalytic phases formed in situ significantly
improved the hydrogenation and dehydrogenation kinetic properties of MgH2. Based on
previous studies, a Mg95Ce5 alloy was prepared by using the vacuum induction melting
method in this study. Then TiS2 was selected as a catalyst to dope into Mg95Ce5 alloy
by using the mechanical ball-milling method to prepare a series of Mg95Ce5–x wt% TiS2

(x = 0, 3, 5 and 10) composites with different TiS2 contents. The effects of TiS2 content on
microstructure and hydrogen storage properties of Mg95Ce5–TiS2 composites were studied,



Symmetry 2025, 17, 71 3 of 12

and the catalytic mechanism of the TiS2 on hydrogen absorption and desorption reactions
of Mg95Ce5 alloy was investigated in detail.

2. Experimental Details
2.1. Material Preparation

Mg95Ce5 alloy was prepared by the vacuum induction melting method using pure
magnesium and cerium as the raw materials. A magnesia crucible with 30 mm in diameter
and 70 mm in height was used to melt the alloy. The pre-weighed magnesium and cerium
were added to the crucible, and the total weight of the raw materials was approximately
60 g. The whole smelting process was performed under argon protection. The raw materials
were heated by a high-frequency induction power source. After complete melting of the
metal blocks, the molten alloy was cooled to room temperature to form a cylindrical
alloy ingot.

The Mg95Ce5 alloy ingot was crushed into alloy particles smaller than 200 mesh using
an agate grinder. The TiS2 powder was purchased from Shanghai Titan Scientific Co.
(Shanghai, China). Then Mg95Ce5–x wt% TiS2 (x = 0, 3, 5, and 10) composites with different
TiS2 contents were prepared using the mechanical ball-milling technique. The ball-milling
process was carried out on a planetary ball-mill in an argon atmosphere, and the total
material mass was about 2 g. The ball-to-powder weight ratio was 60:1, the rotational
speed was 400 rpm, and the milling time was 5 h. For convenience, the Mg95Ce5–x wt%
TiS2 (x = 0, 3, 5, and 10) composites with different TiS2 contents are abbreviated to Mg95Ce5,
Mg95Ce5–3 TiS2, Mg95Ce5–5 TiS2, and Mg95Ce5–10 TiS2, respectively.

2.2. Structural and Morphological Characterizations

The phase composition of the prepared samples was analyzed using X-ray diffraction
(XRD, Bruker D8 Advance, Billerica, MA, USA). During sample transfer and measure-
ment, the samples were sealed with amorphous membranes to avoid exposing them to air.
The morphology and microstructure of the samples were examined by scanning electron
microscopy (SEM, JSM-7100F, Tokyo, Japan).

2.3. Hydrogen Storage Measurements

The de/re-hydrogenation performance of the samples was tested using a Sieverts-
type experimental apparatus. A powder sample weighing about 0.3 g was loaded into a
stainless-steel reactor equipped with temperature and pressure sensors. The sample was
hydrogenated five times at 380 ◦C to reach a stable hydrogen storage performance, and
then the hydrogen absorption and desorption measurements at various temperatures were
performed. The hydrogen absorption kinetic tests were performed under a hydrogen pres-
sure of 4 MPa, while the hydrogen desorption kinetic tests were conducted at a hydrogen
pressure below 0.03 MPa. The temperature-programmed desorption (TPD) experiments
were also carried out in the Sieverts-type apparatus. Before the TPD tests, the samples
were hydrogenated at 380 ◦C at 3 MPa and then cooled down to room temperature to
obtain fully hydrogenated samples. Then the fully hydrogenated samples were heated
from room temperature up to 500 ◦C at a heating rate of 3 ◦C min−1 to obtain TPD curves.
The pressure–composition isotherm (p–c–T) curves at various temperatures were tested by
gradually increasing hydrogen pressure to 4 MPa and followed by decreasing hydrogen
pressure to below 0.02 MPa.

3. Results and Discussion
The phase compositions and microtopography features of the TiS2 catalyst and

Mg95Ce5 alloy were characterized using XRD and SEM analysis, and the results are il-
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lustrated in Figure 1. It can be observed in Figure 1a that the TiS2 sample exhibits distinct
diffraction peaks, indicating it is a typical crystalline structure. Figure 1b presents the SEM
image of TiS2 powder. It can be seen that the TiS2 particles exhibit a polygonal flake-like
structure and particle size of 5~20 µm. The XRD analysis results in Figure 1a indicate
that the Mg95Ce5 alloy is composed of CeMg12 and Mg phases, and the sharp diffraction
peaks imply the alloy has good crystallinity. Figure 1c shows the SEM image (backscattered
electron image) of the Mg95Ce5 alloy ingot. It is evident that the alloy mainly consists of
two structures: the one is a coarse and gray-white blocky phase (marked A), and the other
is a eutectic structure composed of a striped or globular gray-white phase and a black
phase (marked B). In general, elements with bigger atomic numbers appear brighter in
backscattered electron images. Combined with XRD analysis and a Mg–Ce binary phase
diagram [34], we can conclude that the gray-white phase in areas A and B is CeMg12, and
the black phase in area B is Mg.
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Mg95Ce5–TiS2 composites with different TiS2 content were prepared by the mechanical
ball-milling method, and the XRD patterns of the composites are shown in Figure 2. It
can be observed that the ball-milling process has almost no influence on the phase com-
positions of the alloy, and the ball-milled Mg95Ce5 alloy still consists of CeMg12 and Mg
phases. However, the diffraction peaks of the ball-milled Mg95Ce5 alloy are broadened and
weakened, which can be attribute to the lattice distortion and grain refinement resulted
from the ball-milling process [35]. Moreover, Figure 2 also illustrates that the TiS2 content
has little effect on the phase composition of Mg95Ce5–TiS2 composites. Meanwhile, the
diffraction peaks of TiS2 cannot be observed in the Mg95Ce5–TiS2 composites, even when
the TiS2 content reaches 10 wt%. This may be due to the fact that the crystal structure of
TiS2 is destroyed under the high-impact energy in the ball-milling process [36,37].
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Figure 2. XRD patterns of the ball-milled Mg95Ce5–TiS2 composites with different TiS2 contents.

Figure 3 shows the SEM images of the ball-milled Mg95Ce5–TiS2 composites with
different TiS2 contents. The figure illustrates that these ball-milled composites contain
irregular particles with a particle size of 20~50 µm. Increasing TiS2 content appears slightly
reduce the particle size of the alloy powders. This phenomenon may be ascribed to the
added grinding effect of the TiS2.
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To explore the phase transformations of the Mg95Ce5–TiS2 composites during hydro-
genation processes, XRD tests were conducted on the hydrogenated and dehydrogenated
composite materials. It can be seen from Figure 4a that the hydrogenated Mg95Ce5 sample
mainly contained MgH2 and CeH2.73. Clearly, the CeMg12 and Mg phases in the alloy were
completely transformed into MgH2 and CeH2.73 in the hydrogen absorption process. This
result is consistent with the hydrogenation process of Mg3RE (RE represents rare earths)
intermetallic compounds [38]. Moreover, the diffraction peaks of CeS2 and TiH1.5 could
be detected in the hydrogenated Mg95Ce5–TiS2 samples. Therefore, it can be asserted that
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the TiS2 decomposed and transformed in situ into CeS2 and TiH1.5 during hydrogenation.
The appearance of CeS2 suggests that sulfur is more likely to combine with cerium rather
than magnesium to form a CeS2 compound. Figure 4b shows the XRD patterns of the
dehydrogenated Mg95Ce5–TiS2 composites. The figure shows that the diffraction peaks of
MgH2 disappeared to be replaced by the diffraction peaks of Mg. Obviously, the MgH2

in hydrogenated samples can be completely decomposed and release hydrogen during
dehydrogenation process. Moreover, there is no chemical reaction occurs in the CeH2.73,
CeS2 and TiH1.5 phases during hydrogen absorption and desorption cycles. The CeH2.73

and TiH1.5 has good chemical stability and there is decomposition reaction only at higher
temperatures [39,40]. Despite of this, the in-situ formed CeH2.73, CeS2 and TiH1.5 can
dramatically catalyze the hydrogen absorption and desorption reactions.
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(a) hydrogenated samples; (b) dehydrogenated samples.

After five hydrogen absorption and desorption cycles, the Mg95Ce5–TiS2 composites
could achieve a stable reaction kinetics. Then the TPD curves, isothermal hydrogen absorp-
tion/desorption kinetic curves, and p–c–T curves could be measured. Figure 5 exhibits the
TPD curves of the composite samples at a heating rate of 3 ◦C min−1. The dehydrogena-
tion peak temperature of the Mg95Ce5 alloy was approximately 389.5 ◦C, and the entire
desorption reaction was completed when the temperature exceeded 450 ◦C. Notably, the
dehydrogenation temperature of the Mg95Ce5–TiS2 composite material was much lower
than that of the Mg95Ce5 alloy sample, and the dehydrogenation peak temperature of
the materials gradually decreased to 329.7 ◦C when the TiS2 content increased to 10 wt%.
However, the addition of TiS2 increased the total weight of the Mg95Ce5–TiS2 composites
and inevitably reduced its effective hydrogen storage capacity.

Figure 6 presents the hydrogen absorption and desorption curves of the Mg95Ce5–TiS2

composites at various temperatures. From the hydrogen absorption kinetic curves shown
in Figure 6a–c, we can observe that all the samples exhibited good hydrogen absorption
kinetics at 380 ◦C. That is, the TiS2 catalyst did not have a significant impact on the hydrogen
absorption kinetics of the composite at higher temperatures. With the decreases of operating
temperature, the hydrogen absorption rate of the pure alloy material began to be limited.
For example, the Mg95Ce5–10 TiS2 composite reached full hydrogenation saturation within
75 min at 250 ◦C, whereas the Mg95Ce5 only reached full saturation at around 300 min.
From the hydrogen desorption kinetic curves shown in Figure 6d–f, it can be seen that
the hydrogen desorption kinetics of the Mg95Ce5–TiS2 composites were also much faster
than those of the Mg95Ce5 alloy. More importantly, increasing TiS2 content significantly
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increased the hydrogen desorption rate. However, the maximal hydrogen absorption
and desorption capacities of the composites gradually decreased with the increase of TiS2

content, which coincided with the results of the TPD test.
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Generally, the dehydrogenation reaction of magnesium hydride follows the nucleation
growth model [41]. The Johnson–Mehl–Avrami–Kolmogorov (JMAK) formula can be used
to fit the dehydrogenation kinetic curves of the Mg95Ce5–TiS2 composites for a better
understanding of the dehydrogenation mechanism. The JMAK formula can be expressed
as [42]:

ln[− ln(1 − α)] = n ln k + n ln t (1)

where α represents the extent of the dehydrogenation reaction at moment t, n denotes
the Avrami exponent, and k is the reaction rate constant, which depends on temperature.
The kinetic curve of hydrogen desorption at various temperatures was fitted with a linear
JMAK equation by plotting ln[−ln(1 − α)] against lnt. In this plot, n corresponds to
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the fitting slope, while nlnk is the intercept. The JMAK fitting results are illustrated in
Figure 7a–d, where a clear linear relationship is observed in each plot, indicating that
the dehydrogenation reaction of the Mg95Ce5–TiS2 composite material conforms to the
JMAK model. The calculated values of n and lnk are presented in Table 1. The values
of n for the ball-milled Mg95Ce5 alloy range from 3.305 to 3.696, suggesting that three-
dimensional interfacial growth determines the dehydrogenation process [19]. After doping
with TiS2, the Avrami coefficients of the samples varied from 1.341 to 1.788, implying
that the dehydrogenation process of the TiS2-catalyzed Mg95Ce5–TiS2 composites could be
described using a zero-nucleation rate mechanism and the reaction was limited by the one-
dimensional diffusion of the elements [27]. It is obvious that the CeH2.73, CeS2, and TiH1.5

formed in situ play the role of nucleating agents during the dehydrogenation process of
the Mg95Ce5–TiS2 composites and significantly accelerate the hydrogen desorption kinetic
performance of MgH2 in the composites.
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Table 1. JMAK fitting results of the Mg95Ce5–TiS2 composites.

Samples
n lnk

320 ◦C 350 ◦C 380 ◦C 320 ◦C 350 ◦C 380 ◦C

Mg95Ce5 3.315 3.696 3.305 −8.220 −7.031 −6.036
Mg95Ce5–3 TiS2 1.544 1.494 1.341 −6.908 −5.853 −5.120
Mg95Ce5–5 TiS2 1.688 1.788 1.636 −6.279 −5.450 −4.784
Mg95Ce5–10 TiS2 1.487 1.369 1.403 −5.514 −4.670 −4.120

The dehydrogenation kinetic performance is typically characterized by the apparent
dehydrogenation activation energy (Ea), which can be calculated using the Arrhenius
equation [43]:

ln k = − Ea

RT
+ ln k0 (2)

where lnk can be determined from Equation (1), Ea represents the apparent dehydrogenation
activation energy (kJ mol−1), R denotes the molar gas constant (8.314 J mol−1 K−1), T is
the thermodynamic temperature in Kelvin, and k0 is a constant. Figure 7e illustrates the
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Arrhenius fitting curves of lnk plotted against 1000/T. The Ea values can be derived from
the slope of the fitted lines, and these obtained values are also compared in Figure 7f.
We notice that the Ea value for dehydrogenation reactions decreased from 117.4 kJ mol−1

to 75.0 kJ mol−1 with the increase of TiS2 content from 0 to 10 wt%. The Ea value of
the Mg95Ce5–TiS2 sample in this study wass much lower than that of the MgH2/TiO2

composites (106.7 kJ mol−1) [44] and MgH2–Ni/TCN material (82.6 kJ mol−1) [45] reported
before. Therefore, we can conclude that adding TiS2 to Mg95Ce5 alloy can obviously
decrease the dehydrogenation activation energy and therefore significantly improves the
hydrogen desorption kinetic performance of the alloy.

To further investigate the impact of TiS2 on the hydrogen storage thermodynamics of
the Mg95Ce5 alloy, the p–c–T curves of the samples at different temperatures were measured,
and the results are illustrated in Figure 8a–d. It is evident that all the p–c–T curves of the
samples exhibited only one flat desorption plateau at each temperature, indicating that
only one phase, namely Mg/MgH2, is involved in the reversible hydrogenation cycling.
The changes in enthalpy (∆H) and entropy (∆S) related to the hydrogen absorption and
desorption reactions of the composites can be calculated using the van’t Hoff equation [46]:

ln
peq

p0
= −∆H

RT
+

∆S
R

(3)
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Figure 8. (a–d) p–c–T curves of the Mg95Ce5–TiS2 composites at different temperatures; (e,f) van’t
Hoff plots and corresponding fitting lines for hydrogen absorption and desorption reactions.

Here peq is the dehydrogenation equilibrium pressure (MPa), p0 is the standard at-
mospheric pressure (0.101325 MPa), R represents the gas constant (8.314 J mol−1 K−1),
and T represents the experimental temperature (K). The van’t Hoff plots for the hydro-
genation and dehydrogenation reactions of the Mg95Ce5–TiS2 composites are shown in
Figure 8e,f, and the calculated ∆H and ∆S values are listed in Table 2. Notably, there is no
significant difference in ∆H and ∆S values, indicating that the TiS2 had little effect on the
hydrogen absorption and desorption thermodynamic properties of Mg95Ce5 alloy. This is
mainly because the de/re-hydrogenation reactions in the Mg95Ce5–TiS2 composites were
Mg + H2 ↔ MgH2, and the catalyst could not markedly affect the hydrogen absorption
and desorption reaction process.
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Table 2. Calculated ∆H and ∆S values for hydrogen absorption and desorption reactions of the
Mg95Ce5–TiS2 composites.

Samples
Absorption Desorption

∆H
(kJ mol−1 H2)

∆S
(J K−1 mol−1 H2)

∆H
(kJ mol−1 H2)

∆S
(J K−1 mol−1 H2)

Mg95Ce5 −77.5 −138.1 79.9 141.7
Mg95Ce5–3 TiS2 −78.1 −138.9 78.3 139.0
Mg95Ce5–5 TiS2 −79.8 −141.4 80.6 142.7

Mg95Ce5–10 TiS2 −78.9 −140.2 80.0 141.7

4. Conclusions
Mg95Ce5 alloy was prepared by vacuum induction melting, and then Mg95Ce5–TiS2

composites with different TiS2 contents were prepared through the mechanical ball-milling
method. The XRD and SEM analysis results indicate that the Mg95Ce5 alloy was composed
of CeMg12 and Mg phases. The TiS2 content had no effect on the phase compositions
of the ball-milled Mg95Ce5–TiS2 composites. The Mg95Ce5 alloy could be irreversibly
hydrogenated into MgH2 and CeH2.73 during the hydrogenation process, while the TiS2

catalyst in Mg95Ce5–TiS2 composites transformed into CeS2 and TiH1.5. The addition of
TiS2 significantly improved the hydrogen absorption and desorption kinetic performance
of the Mg95Ce5. The dehydrogenation peak temperature of the Mg95Ce5 alloy could be
reduced from 389.5 ◦C to 329.7 ◦C when the TiS2 content was increased from 0 to 10 wt%. By
comparison, the addition of TiS2 had no impact on the hydrogenation and dehydrogenation
thermodynamic parameters (∆H and ∆S). It is certain that TiS2 is an effective catalyst that
can be used to enhance the hydrogen storage performance of magnesium-based materials.

Author Contributions: Methodology, X.O.; Software, L.W.; Validation, X.O.; Investigation, H.L. and
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