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ARTICLE INFO ABSTRACT

Handling Editor: Dr F Gallucci This study investigates strain engineering to optimize hydrogen storage in Mg-NiHa, with a focus on enhancing

ionic conductivity and approaching room-temperature desorption. Using density functional theory (DFT), we

Keywords: analysed the effects of uniaxial and biaxial tensile and compressive strains on the structural, mechanical,
Hydmg?n diffusion kinetics, and electronic properties of MgzNiHa. The activation energy for hydrogen diffusion was found
g;g:izsemm to range from 0.38 to 0.45 eV under different strain conditions. The application of strain significantly influences
DFT ionic conductivity, with uniaxial strain resulting in values between 1.18 and 25.5 S/m, and biaxial strain yielding
Conductivity values from 12.3 to 18.3 S/m. Mechanical analysis shows that Mg2NiH4 exhibits brittle behaviour across all strain

conditions. Additionally, electronic structure analysis indicates that the material maintains its metallic properties
under both uniaxial and biaxial strain. Although the study did not achieve room-temperature desorption, it
demonstrated significant progress, with desorption occurring at approximately 500 K. These results demonstrate
that strain engineering can significantly improve ionic conductivity and facilitate hydrogen desorption closer to
practical room temperature, providing valuable insights for optimizing Mg-NiHa for practical hydrogen storage

Mechanical properties

applications.

1. Introduction

As an energy carrier, hydrogen is increasingly attracting attention
from researchers to develop new materials, as it plays a key role in the
transition to a sustainable energy future [1-11]. Fossil fuels, such as gas,
coal, and oil, are rapidly approaching depletion [12,13]. This depletion
will be accelerated as the population grows, and the faster this growth
occurs, the sooner the available fossil fuel reserves will be exhausted
[12,14-16]. Indeed, population growth demands greater energy re-
sources to support development and improve daily living conditions [17,
18]. This increased demand contributes significantly to greenhouse gas
emissions, leading to environmental crises and a world burdened by
heightened levels of disease [14,19].

In fact, there are other types of energy, such as solar, wind and hy-
draulic power [20,21]. While these energies are less polluting, they do
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present another challenge, namely temporal sustainability [17,22]. For
example, on cloudy days, solar production is significantly reduced.
Similarly, if the wind speed isn’t between 4 m/s and 25 m/s, wind
turbines don’t produce energy, as they need this specific range to be
effective [21,23]. What’s more, in periods of drought, when dams are
empty, hydropower generation is halted [21,23]. Faced with these
major challenges, hydrogen is an effective solution, thanks to its
numerous advantages, including high energy density, low environ-
mental impact, and long-term sustainability [22,24-29]. For example,
11% of the ocean’s mass is composed of hydrogen. When used, hydrogen
combines with oxygen to produce water, further enhancing its role in
reducing greenhouse gas emissions [18,30,31].

However, hydrogen storage remains a major obstacle in the energy
field. As several research projects have pointed out, hydrogen solid-state
storage can solve volume-related issues, as hydrogen would be stored
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within the material itself rather than in a tank, where it occupies a large
volume with low energy density [19,32]. Although hydrogen storage is
not reversible in all existing materials, it is preferable to work with
reversible hydrides to fully utilize the stored hydrogen [33,34]. Several
industrial and academic laboratories have recently published results on
the development of highly resistant tanks capable of operating at pres-
sures of 700 bar and storing 30 kg of hydrogen per cubic meter [18,31].
Despite this great progress, there is still a need to improve safety to
mitigate the risk of explosion, particularly when using these tanks for
transport [33,35,36]. There are also other forms of hydrogen storage,
such as liquid hydrogen storage, where hydrogen is cooled to 20 K,
which presents a major technical challenge for this type of storage [16,
371.

Indeed, these major problems pose significant challenges that must
be addressed to meet the world’s growing energy demand [38-40].
Among the most promising solutions is hydrogen solid-state storage
(HSSS), which involves storing hydrogen molecules (Hz) either on the
surface of carefully selected materials or within the interstitial sites of
these materials [34]. Generally, materials capable of storing hydrogen,
known as hydrides, are not immediately recognized as hydrogen storage
systems. According to the US Department of Energy (DOE), a hydride is
categorized as a suitable hydrogen storage material if it has a formation
enthalpy AH = —40 kJ/molH- and operates at ambient temperature [41,
42]. To date, several research projects have theoretically validated these
criteria. For example, previously published results have studied hydrides
such as MgH2, ZrNiHs, and LiBHa [19,43-45]. Additionally, due to its
gravimetric hydrogen capacity of 3.6% and its portability, the Mg-NiHa
hydride with space group (C2/m) is considered as an acceptable material
for hydrogen storage [18].

In this work, we investigate the structural, thermodynamic, me-
chanical, hydrogenation kinetics, ionic conductivity, and electronic
properties of the hydride Mg-NiH4 under uniaxial and biaxial tensile and
compressive strains using density functional theory (DFT), based on the
generalized gradient approximation for solids developed by Perdew-
Burke-Ernzerhof (GGA-PBEsol) [30,46]. Our primary objectives are to
first validate the structural properties by comparing them with existing
literature, and then to explore the mechanical properties. Subsequently,
we apply uniaxial and biaxial tensile/compressive strains to examine the
hydrogenation kinetics and ionic conductivity of the Mg2NiHa hydride.
This study goes beyond the previously published work [18].by providing
a comprehensive analysis of the mechanical, electronic, and diffusion
properties, alongside a detailed investigation into ionic conductivity and
hydrogen desorption kinetics of Mg-NiHs under uniaxial and biaxial
strain. To the best of our knowledge, this work represents the first study
on the improvement of ionic conductivity and the mechanical behaviour
of the Mg=NiH. system under uniaxial/biaxial strain, as no prior research
has been conducted in this area. We believe the results obtained from
our study could pave the way for new advancements in the development
of hydrogen storage systems, as well as the application of ionic con-
ductivity under uniaxial/biaxial strain in other fields.

2. Computational approach and methods

The calculations performed during this work were carried out using
the Cambridge Serial Total Energy Package (CASTEP) calculation code
[47]. All calculations are based on density functional theory (DFT),
using  generalized gradient approximations improved by
Perdew-Burke-Ernzerhof for solids (GGA-PBEsol) and (GGA-PBE) [25,
46,48]. In order to optimize the structural, thermodynamic, mechanical,
diffusion kinetics, ionic conductivity and electronic properties of the
Mg,NiHy4, MgoNi systems and the Hy hydrogen molecule, we chose ul-
trasoft pseudopotentials with a 7 x 7 x 4 K-point grid and a cutoff en-
ergy of 380 eV [19,33]. The convergence criteria for maximum
displacement, maximum force, maximum strain and energy per atom
are5x 1074, 0.01 eV/A, 0.02 GPa and 5 x 10~° eV/atom respectively.

The Mg,NiHy structure is subjected to tensile/compressive uniaxial
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and biaxial strains with a 4% step along the Oz axis in the [001] di-
rection for uniaxial strains, and along Ox and Oy in the [100] and [010]
directions simultaneously for biaxial strains [18,33,44,45]. The mathe-
matical equations governing the uniaxial and biaxial strain applied to
the Mg2NiH4 hydride system are formulated as follows:

c—c . .
€2:(%) :TO x 100% uniaxial strain
0

a(b) — ao(bo)

x 100%
ap (bo)

Exx (%) =&, (%) = biaxial strain

ap, bp and ¢y are the mesh parameters of the unstrained MgoNiHy system,
while a, b and ¢ are the mesh parameters of the optimized Mg,NiH4
system. Positive values correspond to tensile strains, while negative
values correspond to compressive strains. Fig. 1 models these strains as
follows.

3. Results and discussion
3.1. Structural properties

Mg2NiHs+ undergoes a phase transformation between 240 °C and
210 °C, transitioning from a high-temperature (HT) cubic phase (Fm-
3m) to a low-temperature monoclinic (LT) phase [49,50]. The cubic HT
phase adopts an antifluoride-type structure (space group: Fm3m).
However, the crystal structures of the LT phases remain somewhat
ambiguous. At least two monoclinic LT hydride phases have been re-
ported: one with space group C2/c (a = 14.343 A, b = 6.4038 A, ¢ =
6.4864 10\, and p = 113.520°) and another with space group C2/m (a =
6.497 A, b = 6.414 A, ¢ = 6.601 A, and p = 93.23°) [50-52].

Hydrogen atoms in crystals contribute weakly to X-ray diffraction
(DRX), making their positions difficult to determine. Neutron diffrac-
tion, as used by Noréus et al. [51,53], is often employed to extract ac-
curate hydrogen atom positions. Their study provided valuable insights
into the C2/m phase of MgzNiHa,, stable below 235 °C, which aligns with
the temperature range used in this work. The C2/m space group was
chosen because it offers stable metallic properties, which are critical for
studying the strain effects on the mechanical, electronic, and hydrogen
storage properties of Mgz:NiH4, with a specific focus on achieving
near-room-temperature hydrogen desorption.

To ensure accurate results, we first optimized the parameters for the
Mg:NiHs4 hydride meshes before analyzing their elastic properties,
thermodynamics, diffusion kinetics, ionic conductivity, and structural
characteristics. The optimized parameters of the primitive cell, calcu-
lated using the GGA-PBEsol approximation, are ap = by = 4.45 A and co
=8.96 A, These values are in excellent agreement with those reported in
the literature, where GGA-PBE, GGA-WC, and LDA-CA-PZ approxima-
tions yielded:a=b=4.49Aandc=9.05A,a=b=4.45A and c = 8.97
A,a=b=439Aandc=28.85A 18]

3.2. Volume

Since hydrides are generally formed by the alloying of a metal with
hydrogen, their volume can fluctuate under tensile and compressive
strains due to the diffusion of hydrogen atoms. The study of volume
changes in hydrides is crucial to understanding how they respond to
applied strains, which is valuable for guiding industry in the develop-
ment of explosion-resistant proton exchange membrane (PEM) fuel cells
and hydrogen storage/release systems [54]. For the Mg.NiH4 hydride,
the volume variations under tension and compression are illustrated in
the diagram in Fig. 1.

Since hydrides in general are formed by the alloying of a metal with
hydrogen, their volume can vary during tensile/compressive strains due
to the diffusion of hydrogen atoms. Moreover, the interest in studying
the volume of hydrides lies in knowing how they react to the strains
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Fig. 1. Schematic of Mg,NiH, systems under uniaxial and biaxial strain.

applied to them. This can guide industry in the development of
explosion-resistant fuel cells (PEM) and hydrogen storage/release sys-
tems [54]. For MgoNiHy4 hydride, the volume variation under tensile/-
compressive strain is depicted in Fig. 1.

As illustrated in Fig. 2, the volume of free Mg-NiH4 hydride is 177.20
A3, which is in excellent agreement with values reported in the literature
using the generalized gradient approximation developed by Perdew-
Burke-Ernzerhof (GGA-PBE), yielding 182.42 A3 [18]. Based on the
generalized gradient approximation for solids (GGA-PBEsol), the system
volume exhibits a linear variation under tensile and compressive strains.
Specifically, the hydride volume decreases to 162.95 A% and 150.04 A3
under uniaxial and biaxial compressive strain, respectively, with a strain
¢ = —8%. This reduction in volume can be attributed to several factors,
including the decreased atomic spacing, diffusion of hydrogen atoms
into neighbouring sites, and variations in the total energy of the
Mg2NiH4 system. In contrast, the volume expands under uniaxial and
biaxial strain by 8%, increasing to 193.5 A% and 207.17 A3, respectively.
This underscores the importance for proton exchange membrane (PEM)
fuel cell manufacturers to account for this volume increase to prevent
potential damage to the cell [33,54]. To further our understanding of
rigidity and safety during hydrogen storage and release, we next
investigated the elastic properties of the MgoNiH4 system.

3.3. Thermodynamic properties

To investigate the ionic conductivity during the hydrogenation
process, it is essential to determine the decomposition temperature T of

210 — .
- % - Uniaxial strain [+
- @ - Biaxial strain o
200 - o
‘/
s’ X
5190+ A
s ‘/‘ ‘*"
[}] Coet
180 + 4
g LA
3 /"’,‘
> 170 4 5 S
* &
160 s
‘l
;l‘
1504 @
-8 6 -4 -2 0 2 4 6 8

Strain €(%)

Fig. 2. Volume change of Mg,;NiH, system under tensile/compressive strain.
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the Mg-NiH. system under various strain conditions, including uniaxial,
biaxial, and zero strain. To the readers’ knowledge, in this section, the
Perdew-Burke-Ernzerhof (PBE) approximation will be employed to
accurately model the effects of strain on the decomposition temperature,
as it has been demonstrated to provide reliable results consistent with
experimental data. This requires calculating the enthalpy of formation
AHy. The calculation of the enthalpy of formation and decomposition
temperature is based on the following reaction equation (equation (1))
for the formation of Mg-NiHa [18,40]:

The enthalpy of formation is calculated by optimizing the total en-
ergies of the MgzNiH4, MgNi, and H2 (hydrogen molecule) systems. As
outlined in several studies, it is defined as the difference between the
total energy of the products and that of the reactants (equation (2)). [43,
44].

AHy =E,(Mg>NiHy) — E.(MgzNi) — 2E,(Hs) (2)

The calculated enthalpy of formation for the unstrained MgzNiHa
system, using both the GGA-PBE and GGA-PBEsol approximations, was
found to be —69.97 kJ/molH:z and —72.37 kJ/molHa, respectively. These
computational results are in excellent agreement with experimental
data, which report formation enthalpies of —72.85 kJ/molHz, —63.04
kJ/molHz, —64.5 kJ/molHz, —64.0 kJ/molHz, and —63.42 kJ/molH:
[27,55,56]. Following this step, the decomposition temperature is
determined using Van’t Hoff’s law (equation (3)) [19,25,30]:

AG = AHy — TAS 3)
With AG the standard Gibbs energy and AS the entropy of reaction, in the
case of metal hydrides, the entropy is equal to 130 J/mol.K [31,45]. If
the system were at equilibrium, the standard Gibbs energy would be
equal to 0 J/mol [31,44]. Consequently, the decomposition temperature
would be equal to:

AH;
T34 @

Based on this equation, the temperature of the unstrained hydride is
equal to 556,69 K. which is in good agreement with literature results of
593 K [55]. The mechanism by which tensile and compressive strains
affect the enthalpy of formation and decomposition temperature lies in
the change in atomic spacing and interaction energy within the MgzNiHa4
lattice. Compressive strain brings atoms closer together, increasing the
system’s internal energy and thus lowering the formation enthalpy,
while tensile strain has the opposite effect. These atomic-level in-
teractions also influence the stability of hydrogen within the structure,
leading to changes in the decomposition temperature. These
atomic-level modifications induced by strain are critical for altering the
hydrogen storage characteristics of the material.

To summarize the calculated values of formation enthalpy and
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decomposition temperature under different strain conditions, we pre-
sent them in Table 1.

3.4. Activation energy

Knowing the activation energy can facilitate the selection of appro-
priate materials for hydrogen storage. Specifically, a lower activation
energy indicates a faster and more efficient hydrogenation process.
Activation energy is defined as the energy difference between the initial
and final states during the migration of H-ions from one site to a nearby
site.

As illustrated in Fig. 3, the activation energy for the free Mg2NiHa
hydride is approximately 0.4 eV. This energy varies with the applied
strain. Specifically, under maximum uniaxial tension of +8%, the acti-
vation energy peaks at about 0.45 eV, whereas it reaches a minimum of
0.38 eV under uniaxial compression of —8%. This phenomenon was also
observed in other research using approximations (GGA-PBE) [18],
which reported activation energies ranging from 0.22 eV to 0.4 eV,
consistent with our findings. This variation in the activation energy of
the MgyNiHy system can be explained by the variation in internal energy
during tensile/compressive strains and also by the variation in distance
between neighbouring sites. These findings could pave the way for
further research into ionic conductivity, as H™ ions migrate through the
material under strain.

3.5. Ionic conductivity

Following the study of activation energy, further research was con-
ducted to examine the influence of strain on the ionic conductivity of
Mg2NiHa4 hydride. This conductivity, which occurs as H~ ions migrate
from one site to a nearby site, is influenced by various factors including
decomposition temperature, ion concentration, the material’s crystal
structure, and other properties specific to the solid [57-59]. Thanks to
their unique ionic conductivity properties, metal hydrides are widely
used in applications such as fuel cells, batteries, sensors, electronic de-
vices and energy systems. Conductivity is defined as follows [60-62]:

c :g {(kZ;: nEq7, exp ( {;ﬁa} }

With Ze the charge of the H ion, K the Boltzmann constant, T the
decomposition temperature, m the molar mass of the H ion, n the
number of hydrogen atoms per mesh, E, the activation energy, 7o the

Table 1
Thermodynamic properties of MgoNiH4 under uniaxial and biaxial strain steps.
Strain Formation Decomposition
enthalpy (Kj/mol. temperature (K)
Hy)
Uniaxial Tensil e = —60,80 467.68
+8%
e = —69,29 532,98
+4%
Compression €= —58,81 452.41
—8%
e= —69,01 530,87
—4%
Biaxial Tensil e= -37.25 286,55
+8%
e= —62,28 479,11
+4%
Compression e = —-33,83 260,24
—8%
e= —63,39 487,60

—4%
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Fig. 3. Activation energy of the free Mg,NiH, system, and under uniaxial/
biaxial strain.

hydrogen atom displacement temp from one site to the nearest neigh-
bouring site. It should be noted that the study was carried out in the
following cases.

v MgoNiHy hydride is subjected to no strain.
v MgyNiH4 hydride is subjected to tensile/compressive strains &
+4% and € = +8% uniaxial and biaxial.

The results are shown in Fig. 4.

Fig. 4, shows that the ionic conductivity of the hydride MgsNiHy is
modified by increasing uniaxial/biaxial strains, due to variations in the
hydride’s thermodynamic and structural properties. Noting that the
nearest neighbor sites lie in the [001] direction, i.e. in the Oz axis di-
rection, in the equation the distance between two hydrogen atoms under
free strain is 2.183 A. More precisely, under free strain, conductivity is
equal to 21.8 S/m and under maximum tension € = +8%, uniaxial/
biaxial, it decreases to 1.18 S/m and 14 S/m respectively. This is due to
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Fig. 4. Diagram of Mg,NiH, hydride conductivity variation as a function
of strain.
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the fact that when uniaxial tensile stresses are applied, the distance
between two neighbouring atoms increases to 2.237 A, corresponding to
an increase of 2.41% compared to the distance between two neigh-
bouring atoms in the free MgoNiH4 system. On the other hand, this
distance increases slightly under biaxial traction, reaching 2.186 A, an
increase of 0.14% compared to the free MgoNiH4 system. On the other
hand, during maximum compression ¢ = —8% uniaxial/biaxial, con-
ductivity increases to 25.5 S/m and 18.3 S/m, respectively. This increase
in conductivity during compression can be explained either by a
decrease in the distance between neighbouring atoms, or by a reduction
in activation energy. Specifically, under uniaxial strain, although the
distance between sites increases to 2.185 A, conductivity rises due to a
decrease in activation energy, which is estimated to be around 0.38 eV.
Conversely, under maximum biaxial compression, conductivity also in-
creases because the distance between neighbouring atoms decreases to
2.182 A compared to the free MgzNiH. system. This study clearly dem-
onstrates that compressive strains, both uniaxial and biaxial, signifi-
cantly enhance ionic conductivity compared to tensile strains. However,
under biaxial compression of € = —4%, conductivity decreases.

Under uniaxial tensile strain, the significant reduction in conduc-
tivity is primarily due to the increased atomic spacing along the strained
axis, which weakens electron mobility. As the lattice stretches, the
overlap between electron orbitals is reduced, disrupting electron path-
ways and resulting in a sharp decline in conductivity, as seen in the red
curve in Fig. 4 at positive strain values. In contrast, when uniaxial
compressive strain is applied (negative strain values), the reduction in
atomic spacing enhances electron interactions, leading to an increase in
conductivity. This underscores the sensitivity of Mg-NiHa’s conductivity
to changes in atomic spacing and strain-induced modifications in the
electronic structure, particularly under tensile strain.

The contrasting behaviour of electrical conductivity under uniaxial
and biaxial strain can be attributed to the anisotropic vs. isotropic nature
of the applied strain. Under uniaxial strain, the lattice distortion occurs
along a single axis, leading to more significant changes in the electronic
density of states (DOS) and a pronounced impact on electron mobility.
This results in sharper fluctuations in conductivity, as reflected by the
red curve in Fig. 4. Conversely, biaxial strain distributes the deformation
more evenly across two perpendicular axes, resulting in smoother, more
gradual changes in the DOS and thus more stable conductivity, as seen in
the blue curve in the same figure. The strain-induced changes in atomic
spacing and electronic structure are therefore much more pronounced
under uniaxial strain, explaining the non-linear, more drastic changes in
conductivity.

3.6. Mechanical properties

To assess the suitability of a hydride for hydrogen storage applica-
tions, it is crucial to examine its mechanical stability. Specifically, for
studying the mechanical stability of hydrides such as the monoclinic
Mg2NiHa4 structure (space group C2/m, No. 12), it is essential to validate
several criteria, including the following [63]:

C11 >0, Co2 >0, C33 >0, Cy4 >0, Cs5 >0, Cg > 0,
C11+C22+C33+2(C12+C13+C23)>0,

C33Cs5-C3s >0,

C44Co6-Chs>0,

Ca2+C33-2C23 > 0,

It is important to note that no prior research has been conducted on
the mechanical stability of Mg=NiHa hydride. As such, the results of this
study are expected to contribute meaningfully to future investigations
[27]. The following matrix summarizes the calculation of the elastic
constants C;; for MgoNiHy4 hydride, and clearly demonstrates the validity
of the stability criteria.
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124.36095 46.13617 34.44678 0.00000—0.70330 0.00000
46.13617 143.90940 47.84325 0.00000 1.67730 0.00000
34.44678 47.84325 123.33190 0.00000—0.79255 0.00000
0.00000 0.00000 0.00000 36.44375 0.00000—3.70013
—0.70330 1.67730—0.79255 0.00000 49.63645 0.00000
0.00000 0.00000 0.00000—3.70013 0.00000 36.65380

Cij =

The next step is to evaluate how a material responds to tensile and
compressive strains as well as pressure changes. This involves examining
elastic coefficients such as the compressibility modulus K, shear
modulus G, and Young’s modulus E, along with Poisson’s ratio » and the
principal Lamé constant A. A material is typically regarded as rigid if it
exhibits a very high Young’s modulus. The shear modulus G measures a
material’s resistance to transverse strains, while the compressibility
modulus K assesses resistance to volume changes, which is a funda-
mental physical property of solids. Both the compressibility modulus K
and shear modulus G can be used to predict whether a material is brittle
or ductile. Specifically, several studies suggest that the ratio of the
isostatic modulus to the shear modulus (K/G) can indicate this charac-
teristic: if K/G is greater than 1.75, the material is considered ductile,
whereas if it is less than 1.75, the material is deemed brittle [44,64]. The
Poisson’s ratio v is defined as an important factor for measuring the
relationship between transverse and longitudinal strains of a material
under strain, while the principal Lamé constant A is calculated to
describe the elastic behaviour of the MgoNiHy4 system.

In 1928, Voigt proposed a method for calculating elastic constants, in
which he assumed that the material was homogeneous and that strains
were uniform throughout the material [63]. Following this assumption,
in 1929 Reuss proposed a deferential method in which the material is
perfectly bonded, with all phases subjected to the same strain when a
force is applied [65]. Another method, proposed in 1952 by Hill, as-
sumes that the composite material is sufficiently homogeneous on a
macroscopic scale to use a weighted average of the properties of the
constituent phases [66]. This method is also known as the
Voigt-Reuss-Hill (VRH) method. Based on these assumptions, the elastic
coefficients are determined by the following equations:

According to Voigt’s averaging scheme (upper bound):

Bulk modulus: Ky=(1/9)[(C11 + C22 + C33) + 2 (C12 + Ca3 + C31)]

Shear modulus: Gy=(1/15)[(C11 + C22 + C33) — (C12 + C23 + C31) +3
(C44 + Cs5 + Ce6)l

According to Reuss averaging scheme (lower bound):
Bulk modulus: 1/Kg—=(S11+S22+533)+2(512+S23+S31)

Shear modulus: 15/Gr = 4(S11+S22+S33)-4(S12+S23+S31)+3
(S44+S55+S66)

According to Average Voigt-Reuss-Hill (VRH):
Bulk modulus: Kyrg—(Ky + Kgr)/2
Shear modulus: Gyrg=(Gv + Gr)/2

The Young’s modulus E, Poisson’s ratio v and principal Lamé con-
stant A are determined by the following equations under the three
assumptions.

Young’s modulus: E=(9 KG)/(3K + G)
Isotropic Poisson’s ratio: v =(3K-E)/(6K)=(3K-2G)/(2(3K + G))
Lame’s first parameter: A = vE/(1 + v) (1-2v)

The results of the calculation are summarized in Table 2:

The results presented in Table 2 indicate that the K/G ratios, calcu-
lated using the Voigt, Reuss, and Hill approximations, are 1.71, 1.72,
and 1.71, respectively. These values suggest that the Mg-NiHa system
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Table 2
Elastic coefficients of the Mg,NiH, system.
Voigt Reuss Hill

Bulk modulus 72.05052 71.13492 71.59272
Shear modulus (lame mu) 42.09187 41.18694 41.63941
Lame lambda 43.98927 43.67696 43.83311
Young modulus 105.69357 103.57159 104.63287
Poisson ratio 0.25551 0.25734 0.25642

exhibits brittle characteristics. Furthermore, the high Young’s modulus
values derived from the Voigt, Reuss, and Voigt-Reuss-Hill approxima-
tions confirm that the Mg.NiHs system demonstrates considerable
resistance to the applied strains.

To investigate the thermal behaviour of the MgsNiH, system and
analyze the normal modes of vibration of the crystal, it is necessary to
examine the Debye temperature, 6p [63]. The Debye temperature is a
critical thermophysical parameter in solids, facilitating the correlation
between various physical properties. For example, it helps explain
activation energy, decomposition temperature, enthalpy of formation,
ionic conductivity, as well as the thermal temperature and bonding
forces between atoms in the MgoNiH4 system. This temperature is
defined by equation (5):

_+, 3/ [(3N\ Nap
Op=Vn E[(E) ﬁ] )

Where V;, is the mean velocity of sound, h is Planck’s constant, K is
Boltzmann’s constant, N is the number of atoms in the unit cell, N, is

(a)
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1 £=+8%

Total DOS (Mg;Ni,|

[—— Total DOS(Mg,NiH,))

Dos (states/eV)

Total DOS (Mg,NiH,

0 5 10 15 20
Energy (eV)

International Journal of Hydrogen Energy 92 (2024) 1069-1077

Avogadro’s number and M is the molar mass of the MgoNiH, system. The
mean velocity Vm is defined by equation (6) [63]:

Vi = S — (6)

L)
3\ VTR
Where V, = \/% and V; = , /%.

Based on these equations, the calculated sound velocity V; is of the
order of 4224.32 m/s, indicating that the atoms in the Mg;NiH, system
can vibrate at high frequencies. Consequently, the Debye temperature is
estimated at 600.36 K.

3.7. Density of state

In the field of hydrogen storage, analyzing the Partial Density of
States (PDOS) and Total Density of States (TDOS) can offer valuable
insights into the variation of thermodynamic properties and the kinetics
of hydrogenation processes. This approach is particularly useful for
understanding how uniaxial and biaxial strain affect the hydrogenation
behaviour, as the electronic structure modifications revealed by PDOS
and TDOS play a key role in governing the energy landscape and
diffusion pathways of hydrogen atoms [19,45]. As previously reported
in several studies, the application of strain or the substitution of chem-
ical elements in the system can lead to significant variations in the Fermi
level and alter the contribution of specific orbitals. These changes can
influence the electronic structure and, consequently, the material’s
thermodynamic and kinetic properties, particularly in systems such as
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Fig. 5. Partial DOS (PDOS) and total DOS (TDOS) under uniaxial (a) and biaxial (b) strains of Mg,NiH,4 system.
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Mg-NiHa, where strain or element substitution modifies the hydroge-
nation behaviour [25,45]. In this study, we have investigated the Total
Density of States (TDOS) and Partial Density of States (PDOS) for the
Mg2NiHa4 system under both uniaxial and biaxial tensile/compressive
strain conditions. The Fermi level (Ey) is set to zero and used as a
reference point throughout the analysis, allowing us to observe the
strain-induced changes in the electronic structure of the material.

As illustrated in Fig. 5a and 5b, bonding in the MgzNiHa system in-
volves the s orbitals of hydrogen, s and p orbitals of magnesium, and s, p,
and d orbitals of nickel. The contributions of these orbitals are altered
when uniaxial or biaxial strains are applied. For example, consider the
TDOS peak within the energy range of [—3.94, —1.96] eV. In the pres-
ence of uniaxial and biaxial tensile or compressive strains, the TDOS
peak is affected accordingly. Specifically, as shown in Fig. 5-a, the TDOS
peak increases from 16.15 states/eV in the undeformed state to 16.98
states/eV under uniaxial tensile strain (¢ = +8%). Conversely, under
uniaxial compression (¢ = —8%), the TDOS peak rises to 16.18 states/eV,
a smaller increase compared to tensile strain. This difference can be
attributed to the Mg=NiH4 system’s greater resilience to compressive
strains compared to tensile strains. On the other hand, as shown in
Fig. 5b, the TDOS peak increases to 16.25 states/eV under biaxial ten-
sion (¢ = +8%) and reaches 16.20 states/eV under biaxial compression
(e = —8%). Notably, under biaxial compression of € = —4%, the peak
rises sharply to 17.78 states/eV. This significant increase in the TDOS
peak may explain the observed decrease in ionic conductivity during
biaxial compression of € = —4%, as illustrated in Fig. 4.

4. Conclusion

This study leverages density functional theory (DFT) with the GGA-
PBEsol and GGA-PBE approximation to elucidate the effects of uniaxial
and biaxial strains on the Mg>NiHa hydride, offering a thorough analysis
of its structural, thermodynamic, mechanical, and electronic properties,
as well as its diffusion kinetics and ionic conductivity. The key findings
are as follows.

e The structural, thermodynamic, and electronic properties of
Mg:NiHs computed in this study align closely with existing literature,
confirming the reliability of our theoretical framework.

Mechanical property assessments demonstrate that while the
Mg2NiH4 system shows notable resilience to applied strains, it also
exhibits some brittleness under specific conditions.

Strain application enhances the diffusion kinetics of hydrogen atoms
within the Mg-NiH. matrix, with a significant reduction of 3.98% in
activation energy for hydrogen migration observed under uniaxial
compressive strain (¢ = —8%).

Near-room-temperature hydrogen desorption was achieved through
compressive strain, which reduces the enthalpy of formation and
facilitates hydrogen release at lower temperatures. Under uniaxial
compressive strain (¢ = -8%), the decomposition temperature was
reduced to approximately 452.41 K, and under biaxial compressive
strain (¢ = -8%), it decreased further to around 260.24 K. These re-
sults highlight the effectiveness of strain-induced modifications in
promoting hydrogen desorption closer to ambient conditions.

Both uniaxial and biaxial strains substantially improve the ionic
conductivity of the Mg.NiHa system. For example, uniaxial
compressive strain of e = —8% results in a 50.6% increase in ionic
conductivity compared to the unstrained hydride.

These results underscore the potential of strategically applied strain
to optimize the performance of Mg:NiH. for hydrogen storage applica-
tions, paving the way for further research into strain-engineered
materials.
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