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HIGHLIGHTS

® Two new perovskite hydrates have been investigated for hydrogen storage.
® The electronic analysis showed that both hydrides are metallic.
® Both ternary hydrides are ductile in nature.
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In this study, new, lightweight perovskite type hydrides; MgNiH; (GHD is calculated as ~3.51 wt%) and
MgCuHj3 (GHD is calculated as ~3.32 wt%) are investigated. Hydrogen storage, structural, elastic, mechanical,
electronic and thermodynamic behaviour of these hydrides are investigated using first principle calculations as a
tool. Our elastic and mechanical analysis revealed that these hydrides are mechanically stable and have a ductile
nature which is a necessary assessment required for handling materials for transportation. Furthermore, elec-

tronic band structures of hydrides indicate metallic characteristics for both hydrides. Many unknown thermo-
dynamic properties of these ternary hydrides are revealed and discussed.

1. Introduction

Magnesium hydride is a superior candidate for solid state hydrogen
storage owing to its high volumetric and gravimetric hydrogen density
(H, content in MgH, is 7.6 wt%) and its light weight specifically for
automotive industry [1,2]. Moreover, magnesium is abundant in Earth’s
surface composition (~2.5%), non-toxic, safe (compared to alkaline
metals which undergo violent reactions under oxidising conditions) and
its production industry is well established [3]. However, magnesium
shows slow kinetics of adsorption/desorption, high thermodynamic
stability and strong bonding between magnesium and hydrogen [2].
These obstacles have been tried to overcome by particle size reduction,
which led to reduction of hydrogen pathways, or addition of additivities
such as transition metals that led to improvement of adsorption and
desorption kinetics [4]. Decreasing the equilibrium temperature of
desorption means lowering the thermodynamic enthalpy which can be
managed by magnesium alloys formation. Significant progress has been
made by researchers by tuning thermodynamic and kinetic properties of
magnesium based hydrides to meet practical application criteria.
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Recent investigations focus on addition of 3d transition metals to
magnesium based hydrides which seems to be a progress for solid state
hydrogen storage without sacrificing too much hydrogen storage ca-
pacity. Mg-Ni and Mg-Cu binary alloys have shown promising progress
and studied extensively [5,6]. Mg;,Ni, alloys were prepared with
various compositions (0 < x < 0.33) using melt-spinning method and
seen an increasing hydrogen sorption kinetics with Ni [7]. Moreover, Ni
seems to destabilize Mg-H bonding thus reducing the dehydrogenation
temperature [4]. Recently, Mg-Ni and Mg-Cu nano-powders were suc-
cessfully prepared using physical vapour deposition method and phase
formations were verified [8]. The impact of ball milling on hydro-
genation properties of binary Mg-Cu system was also investigated and
reported an activated reversible hydrogenation reaction with reduced
particle size [9]. Hydrating and dehydrating processes of Mg-Ni was
studied using thermogravimetric analysis [10]. The search for Mg-based
systems for better and practical hydrogen storage materials led research
to ternary hydrides due to higher hydrogen content compared to alloy
hydrides. There are few studies exist on ternary hydrides in literature.
The formation enthalpies of various ternary hydrides in perovskite form
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(MgTMH3; hydrides, where TM = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn)
were calculated by Vegge et al. [2] and it was shown that these hy-
drides are thermodynamically favourable and synthesisable. MMgH;
(M = Na, K, Rb) perovskite hydrides were synthesised using ball mil-
ling method [11]. The structural and electronic properties of MMgH;
(M = Li, Na, K, Rb, Cs) were investigated using first principle calcu-
lations [12,13]. The vibrational and structural properties of AMgHj3
(A = Na, K, Rb) hydrides in cubic form was studied by Fornari et al.
[14]. Even tough, there are extensive studies on Mg-Ni and Mg-Cu
binary alloys, experimental and theoretical investigations about fun-
damental properties of Mg-based ternary hydrides are scarce. In order
to take full advantage of Mg-based hydrogen storage hydrides; struc-
tural, electronic, elastic and thermodynamic investigations are neces-
sary. Therefore, this study adopts theoretical interpretation of Mg-based
ternary hydrides, their structures, electronic, elastic and thermo-
dynamic properties using computational methods. Special attention
will be paid to MgNiH; (gravimetric hydrogen density is calculated
as ~3.51 wt%) and MgCuH; (gravimetric hydrogen density is calcu-
lated as ~3.32 wt%) perovskite type hydrides. The mechanical, elec-
tronic and thermodynamic properties of those ternary hydrides will be
discussed. The stability of hydrides will be examined using elastic
constants.

2. Method

Density functional theory was utilised to run calculations in this
study [15,16]. Quantum-Espresso software package was used to com-
pute minimum energy, equilibrium volumes and structural properties
[17]. Perdew-Burke-Ernzerhof, generalised gradient approximation
(PBE-GGA) was utilized for the exchange correlation potential [18]. All
elements’ pseudopotentials were adopted from the Rappe group [19].
Brillouin zone integration was carried out using a 8 x 8 X 8 k-point
mesh. The cut off energy was taken as 40 Ry for the expansion of
electronic wave functions. The kinetic energy was set to 400 Ry for
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evaluation of electronic charge density. Methfessel-Paxton smearing
method was adopted to carry out integration up to Fermi level with a
smearing parameter of 0.02 Ry [20]. The lattice dynamic calculations
were conducted using the density functional perturbation theory
(DFPT) [21,22]. The materials’ elastic constants were obtained from
energy difference between distorted and undistorted lattice cell using
the technique of stress-finite strain. The equations that were used to
obtain elastic constants are given in [23,24]. Thermodynamic compu-
tations to get variables such as heat capacity, entropy were done using
the Debye Model within Gibbs2 code described in [25].

3. Results and discussion
3.1. Structural and elastic properties

The ternary hydrides, MgNiH; and MgCuHs, crystalize in an ideal
perovskite structure with the space group Pm3m (no.221) as shown in
Fig. 1. The structure has one formula per unit cell with the Wyckoff
positions; magnesium (Mg) atoms are at the centre (1/2, 1/2, 1/2),
Nickel (Ni)/Copper (Cu) atoms are at corners (0, 0, 0) and hydrogen (H)
atoms are at (1/2, 0, 0) positions. The ground state properties of
MgNiH; and MgCuHj; ternary hydrides are obtained by computing total
energies for various volumes around the equilibrium positions and then
these results are fitted to Murnaghan’s equation of state [26]. The
structures of ternary hydrides are optimised in order to compute
equilibrium lattice constants that are given in Table 1. The obtained
results are compared to values that are available in literature [1,27].
The equilibrium lattice constants that are obtained in this study are in
accordance with the previous results.

The elastic parameters of materials are crucial for understanding
mechanical properties of compounds such as stability, anisotropic be-
haviour, internal forces, ductility and brittleness [28]. The elastic
constants of a material (C;) defines its response towards an externally
applied force. It shows the ability of material against deformation. For a

Fig. 1. Crystal structures of MgNiH3 and MgCuH3 (X=Ni or Cu).
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Table 1
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The calculated lattice constants (a), Bulk modulus (B), elastic constants (Cy1, C12, C44) and Cauchy Pressures (Cp) of MgNiH; and MgCuHs;.

Materials References a B C11 Cia Caq C12 - C44 (Cp)
MgNiH; This work 3.332 120.45 220.75 70.3 29.87 40.43
Abdellaoui et al. [1] 3.37
MgCuH3 This work 3.456 86.87 110.86 74.13 4.63 69.5
Matar et al. [27] 3.32

cubic system as ours, there are three independent elastic constants
exist; Cy3, C1, and Cyy which are presented in Table 1. Cj; represents
axial compression, C}, and Cy; present shear modulus and dilation on
compression, respectively. These constants define the mechanical sta-
bility of a material by [29];

(Ci1 = C1p) > 0,C11 >0, Cyy >0, (Cy + 2C12) >0 (@)
Eq. (1) also limits Bulk modulus as;
C, <B<(Cph (2)

The obtained elastic constants of hydrides are all positive as can be
seen from Table 1. These results are the first elastic constants of these
materials presented in literature. From Table 1, one can easily see that
both hydrides fulfil the stability criteria given in Egs. (1) and (2).
Therefore, it can be safely said that both ternary hydrides are me-
chanically stable. The unidirectional compression (along the x-axis) is
represented by Cj; [30]. As can be noticed from Table 1 that C;; values
of both hydrides are much higher than that of Cy44, indicating that the
resistance against unidirectional compression is much higher compared
to resistance shear deformation compression for both hydrides. Fur-
thermore, the value of C; is lower for MgCuH3; than that of MgNiH3,
demonstrating that MgCuH; has weaker resistance against unidirec-
tional compression than MgNiH; [31].

Elastic constant computation promotes understanding of funda-
mental, structural and mechanical properties of a material and allow
one to obtain several polycrystalline elastic moduli given in Table 2.
The computation detail of parameters are given in [31]. Bulk modulus
of a material defines its response to a shape change under hydrostatic
pressure. Hence, it can be adopted to measure average bong strength
due to having a strong connection with cohesive energy or binding
energies of atoms within the material. As higher bulk modulus gets, the
higher the resistance becomes [32]. The bulk modulus of MgNiH; is
higher compared to MgCuHs. Shear modulus (G) of hydrides are ob-
tained by using the Voigt Reus Hill approach where Reuss’s shear
modulus (Gg) is associated with lower value of G and the Voight’s shear
modulus (Gy) is associated with higher value of G. The G is defined as a
ratio between shear stress and strain. From Table 2, it can be seen that
shear modulus of MgNiHj; is greater than that of MgCuHj, indicating
that MgNiH; will show higher resistance to shear deformation. This
prediction is in accordance with B values. By comparing the two ternary
hydrides, it can be predicted that MgNiH3 has much rigid structure than
MgCuHs.

Another important parameter that is driven from Bulk and shear

modulus is that the ratio of B/G. This ratio classifies materials as ductile
or brittle based on the Pugh’s criteria [33]. In the case of B/G > 1.75,
the material has ductile nature, in other case, (B/G < 1.75) the ma-
terial shows brittle nature [34]. From our results in Table 2, both hy-
drides have ductile nature. That is a critical parameter to determine
practical hydrogen storage materials since it will eliminate handling
problem especially for on-board applications. In addition to B/G values,
Cp (Cauchy Pressure) given in Table 1 is used to understand ductility
and brittleness of hydrides. Cp of hydrides can also be used to estimate
angular characteristic of atomic bonding. A negative value of Cp means
directional bonding with angular character and brittleness, on the other
hand, a positive value of Cp means more metallic and ductile nature
[35]. Based on the both B/G and Cp values, both hydrides have ductile
and metallic nature.

Poisson's ratio (o), provides insight about bonding nature of mate-
rials. As the value of o gets higher, the plasticity of material increases
[36,37]. If the value of o is around 0.1, the material shows covalent
characteristics, if it is around 0.25, the material shows ionic char-
acteristic [38]. Also, it was reported that 0.5 and 0.25 are upper and
lower limits for o ratio for central force of a solid [30]. The o values of
both hydrides are between 0.5 and 0.25, demonstrating that both hy-
drides have dominant ionic nature and the forces are central.

Young Modulus (E) of a material is defined as the ratio of tensile
stress to tensile strain. As E increases, the stiffness of the material in-
creases [39]. Based on the results given in Table 2, it can be predicted
that MgNiHsj is the stiffest hydride with respect to MgCuHs.

The elastic anisotropy is an another important parameter that is
related with micro cracks, precipitation, anisotropic plastic deforma-
tion, elastic instability and internal friction [40,41]. If this value equals
to one, the material is completely isotropic, deviation from this value
exhibits the anisotropy degree. The elastic anisotropy factor can be
computed using three independent elastic constants (A = 2Cy/(
Ci; — C12).As Table 2 illustrates that both hydrides have anisotropy
factors that are lower than 1, indicating an anisotropic nature. From the
results in Table 2, MgNiH; has higher anisotropy compared to MgCuHs.
Due to the fact that both hydrides are not completely isotropic, 2D
directional change of compressibility, Poisson’s ratio, Shear and Young
Modulus of MgNiH; and MgCuHj3 are calculated using EIAM code [42].
The results are given in Fig. 2. Fig. 2 illustrates that the compressibility
of both hydrides are spherical whereas Poisson’s ratio, Shear and Young
Modulus of MgNiH; and MgCuHj; display a deviation from isotropy and
becomes anisotropic at all directions.

Table 2

The calculated Bulk modulus (B), Shear modulus (G), B/G ratios, anisotropy factor (A), Poisson's ratios (¢) and Young's modulus (E) of MgNiH3 and MgCuHs.
Materials References B G G, Gr B/G A (4 E
MgNiH; This work 120.45 43.68 48.01 39.36 2.75 0.397 0.338 116.92
MgCuHj This work 86.87 8.363 10.124 6.606 10.38 0.252 0.453 24.31
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Fig. 2. 2D directional change of compressibility, Poisson’s ratio, Shear and Young Modulus of MgNiH3 and MgCuHs.
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Fig. 3. Electronic band structures of MgNiH; and MgCuHs.

3.2. Electronic properties

The obtained electronic band structure of hydrides along with the
high symmetry directions are presented in Fig. 3. Fermi energy level is
set to 0 eV. From Fig. 3, it can be seen that some bands cross Fermi
energy level and there is no band gap exist, demonstrating metallic
characteristic of both hydrides. In order to gain much insight into the
electronic structures of hydrides and determine the contributions of
each element to the metallicity, the total and partial density of states of
MgNiH; and MgCuH; are computed and presented in Fig. 4. For
MgNiH3, in the energy range between —7 eV and —5eV below Fermi
level, the biggest contribution to the conduction comes from the Ni-d
states with a few contributions from Mg-p states. For MgCuH;, Cu-d
states are dominant at 4.5 eV energy level. At around Fermi level, most
contributions are due to Ni-d and Cu-d states for MgNiH; and MgCuHs;.

3.3. Thermodynamic properties

The ground state properties of hydrides are used to obtain thermal
properties such as entropy, specific heat values, thermal expansion
coefficient and Griineisen parameter using quasi-harmonic Debye
model calculations within the temperature range of 0-1400 K. Debye
temperature is an important parameter that defines heat capacity of
solids. Debye temperatures of hydrides are found to be 418.38 K and
280.96 K for MgNiH3; and MgCuHs;, respectively. Entropy of a system
provides information about its thermal energy. Fig. 5 depicts calculated
entropy change of MgNiH; and MgCuHj; versus temperature. It is clear
that the entropy is zero at 0 K. Then, it increases as temperature in-
creases due to the fact that thermal vibrations of atoms increase as
temperature increases.

The specific heat is another thermodynamic property which gives
insight into heat loss or retention. The capacities of hydrides at a
constant volume (C,) and pressure (C,,) are presented in Fig. 6. As can
be seen from Fig. 6 that both heat capacities increase rapidly from 0 K
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Fig. 6. The temperature dependence of the specific heat capacities at constant

volume (C,) (a) and pressure (C,) (b) of MgNiH; and MgCuHs.

to 700 K, then a sluggish increase continues up until 1300 K. And finally
they are expected to reach Dulong-Petit limit [43] where a saturation
limit occurs. The calculations in this study can serve as a reference data
since there is no theoretical or experimental data exist with respect to
thermodynamic properties for these hydrides up to date.

Thermal expansion coefficient (a) describes thermal expansion
ability of a substance when heat is applied due to atoms’ motion. Fig. 7a
displays variation in thermal expansion with temperature for both hy-
drides. From this Figure, it is clear that o increases rapidly up to 400 K
and then a sluggish increase can be seen as temperature increases. The
increase in a at low temperature follows the T rule [44].

Griineisen parameters (y) of hydrides are also obtained using the
quasi-harmonic approximation. y describes the anharmonic impact on
the vibrating lattice and can be used to predict a substance’s anhar-
monic properties. Griineisen parameters of hydrides are illustrated in
Fig. 7b. As Fig. 7b displays that Griineisen parameters of hydrides de-
monstrate small change with temperature. It is also worthwhile to no-
tice that y differs from zero at 0 K, demonstrating that thermal ex-
pansion coefficient and specific heat capacity approaches zero in the
same asymptotic way. In general, vy at 0 K is proportional to the loga-
rithmic derivative of T coefficient in the heat capacity with respect to
volume [45].
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4. Conclusion

Computation of structural, elastic, electronic and thermodynamic
properties of perovskite type ternary hydrides for solid state storage of
hydrogen has been carried out via first principle method. The obtained
equilibrium lattice constants of both ternary hydrides are found to be in
a great agreement with the previously reported experimental data. The
three independent elastic constants and other computed data has been
presented for the first time. By evaluation of elastic constants of hy-
drides based on well-known. Born stability criteria, it is found that both
ternary hydrides are mechanically stable. The nature of hydrides are
evaluated using Bulk and Shear modulus along with Cauchy Pressure.
As Pugh criteria indicated that the ratio of both modulus is higher than
1.75 and Cauchy pressures are both positive, which means that both
ternary hydrides are ductile in nature. That is a wanted property for
handling and transporting materials easily. The bonding analysis of
hydrides revealed that both hydrides have dominant ionic bonding
characteristics and central forces based on the Poisson‘s ratio. The
compressibility of both hydrides are spherical whereas Poisson’s ratio,
Shear and Young Modulus of MgNiH; and MgCuHj; display a deviation
from isotropy and becomes anisotropic at all directions. The electronic
analysis proposed that both hydrides are metallic. Moreover, several
thermodynamic characteristics such as Debye temperature, thermal
expansion coefficient and specific heat values are reported. The results

in this recent study are new and useful in terms of solid state hydrogen
storage and serving as a reference data to literature.
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