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XNiH3 (X ¼ Li, Na, and K) perovskite type hydrides have been studied by using Density

Functional Theory (DFT) and these materials are found to be stable and synthesizable. The

X-ray diffraction patterns have been obtained and they indicate that all materials have the

polycrystalline structure. The electronic properties have been investigated and it has been

found that these structures show metallic character. The Bader partial charge analysis has

also been performed. In addition, the elastic constants have been calculated and these

materials are found to be mechanically stable. Using these elastic constants, the

mechanical properties such as bulk modulus, shear modulus, Poisson's ratio have been

obtained. Moreover, the Debye temperatures and thermal conductivities have been stud-

ied. The anisotropic elastic properties have been visualized in three dimensions (3D) for

Young's modulus, linear compressibility, shear modulus and Poisson's ratio as well as with

the calculation of the anisotropic factors. Additionally, the dynamical stability has been

investigated and obtained phonon dispersion curves show that these materials are

dynamically stable. Also, the thermal properties including free energy, enthalpy, entropy

and heat capacity have been studied. The hydrogen storage properties have been examined

and the gravimetric hydrogen storage capacities have been calculated as 4.40 wt%, 3.57 wt

% and 3.30 wt% for LiNiH3, NaNiH3 and KNiH3, respectively. Furthermore, the hydrogen

desorption temperatures have been obtained as 446.3 K, 419.5 K and 367.5 K for LiNiH3,

NaNiH3 and KNiH3, respectively.
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Introduction

The technological development affects the daily life in mod-

ern societies which causes more energy demand. Currently,

the most used energy source is fossil fuels that are limited.

Also, these sources release greenhouse gases that contributes

to global warming. Moreover, the world's energy demand in-

creases more than 25% between today and 2040 according to

the International Energy Agency New Policies Scenario [1].

Therefore, new energy sources have to be explored. One of the

possible energy sources is hydrogen which is the most abun-

dant element on the Earth. In addition, the water is produced

after combustion of hydrogen. The mass energy content of

hydrogen is three times higher than gasoline while the vol-

ume energy content is four times lower than gasoline [2]. Also,

the efficiency of hydrogen is higher than gasoline in the fuel

cells [2]. In view of these properties of hydrogen, the new

energy scenarios could include a hydrogen economy [3] which

includes production, storage and use. This study focuses on

hydrogen storage.

Hydrogen storage methods are classified into three: gas,

liquid and solid state storage [4,5]. Hydrogen is a gas at

ambient conditions. Therefore, the gas hydrogen storage

method requires high pressure vessels that demand safety

cautions [6]. For liquid hydrogen storage method, hydrogen

must be liquefied that needs additional energy and cryogenic

temperatures [6]. Also, boiling of hydrogen should be consid-

ered for this method. Solid state hydrogen storage methods

could divide into two categories, physisorption of hydrogen

and chemisorption of hydrogen [4]. For the physisorption,

hydrogen is bonded to the surface of a material and generally
Fig. 1 e The X-ray diffraction pattern a
high surface area carbon, carbon nanotubes and zeolites have

been studied [7]. For the chemisorption, hydrogen has chem-

ical bonds with a material and metal hydrides and complex

hydrides are the commonly studied materials [6e11]. The one

of the most considered metal hydride is MgH2 compound that

has high hydrogen storage capacity with low hydrogen

desorption kinetics. Besides MgH2, magnesium borohydride

withMg(BH4)2 formulahas a highhydrogen storage capacity as

14.94wt% [12]. Also, several studies have been performedwith

Mg and transitions metals that have relatively low storage

capacity but good kinetics [13e15]. Recently, the dopants to

MgH2 have been investigated and it has been found that the

dopants improve the hydrogen desorption kinetics of MgH2

[16e21]. Also, the reaction of two or more hydrides have been

investigated that enhance the hydrogen kinetics for desorp-

tion and absorption [22,23]. Furthermore, another promising

material group are Nickel-based hydrides for the reversible

hydrogen storage with stability and appropriate kinetics

[10,24e26].

In this study, perovskite type hydrides have been investi-

gated which is one of the material group for the solid-state

hydrogen storage method. Perovskite type hydrides with

ABH3 formula, have high gravimetric hydrogen storage

capacities [27]. The possible combinations for the perovskite

type hydrides are Aþ1Bþ2H3
�1 and Aþ2Bþ1H3

�1. Hence, there are

limited number of perovskite type hydrides due to generally

composing from 1A to 2A group elements. The most studied

perovskite type hydride is NaMgH3 [28e30]. In the literature,

LiNiH3 perovskite type hydride has been synthesized and

investigated using in situ synchrotron X-ray diffraction [31]

and also theoretical modeling [32]. The investigation of

LiNiH3 is interesting due to havingNickel, an 8B group element.
nd the crystal structure for XNiH3.
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Table 1 e The lattice parameters (a in �A), densities (r in g/
cm3), scattering angles (2q), and formation energies (DEf
in eV/atom) for XNiH3.

Compound a r 2q DEf

LiNiH3 This work 3.23 3.38 27.59 �0.73

Exp. [12] 3.21

Theory [13] 3.25

NaNiH3 This work 3.28 3.65 26.37 �0.69

KNiH3 This work 3.62 3.51 24.54 �0.61
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With the inspiration from these studies, XNiH3 (X¼ Li, Na, and

K) have been studied in order to examine their hydrogen

storage properties using Density Functional Theory (DFT).

In addition, the effect of the change of X element in the com-

pounds have been discussed in detail.
Calculation details

The Vienna Ab-initio Simulation Package (VASP) [33,34] has

been employed for DFT calculations. The Perdew-Burke-

Ernzerhof (PBE) functional [35] has been used for the ex-

change correlation term of the electron-electron interaction

within the Generalized Gradient Approximation (GGA). For the

electron-ion interaction, Projector Augmented Wave (PAW)

[36,37] method has been chosen with a kinetic energy cut offs

as 600 eV for LiNiH3 and 550 eV for NaNiH3 and KNiH3. In

addition, the k-points have been obtained with a gamma

centered mesh [38] that yields a 12 � 12 � 12 k-points. The

energy tolerance criterion has been chosen as 10�10 eV per

unit cell for the solution of the Kohn-Sham equations. The

force convergence has been performed with a criterion as

10�9 eV/�A for the minimization of the stresses and the

Hellman-Feynman forces. The Bader partial charge calcula-

tions have been performed using VASP and the analysis has

been done using algorithm developed by Henkelman et al. [39]

that is based on Bader's suggestion [40]. Also, the elastic con-

stants have been studied using stress-strain method that is

implemented in VASP [41]. For the vibrational properties,

PHONOPY software [42] has been used for the supercell gen-

eration and this supercell has been employed to VASP using

linear response method. Additionally, X-ray diffraction pat-

terns are obtained by using VESTA program package [43] and

the Cu Ka source having the wavelength of 1.541 �A is used.
Fig. 2 e Band structures and partial density of states for (a)

LiNiH3, (b) NaNiH3 and (c) KNiH3.
Results and discussions

Structural and hydrogen storage properties

The XNiH3 (X ¼ Li, Na, and K) perovskite type hydrides have

been optimized in the cubic phase (Pm-3m (space group: 221))

and their X-ray diffraction pattern and the crystal structures

are shown in Fig. 1. The structural parameters (lattice pa-

rameters (a in �A), densities (r in g/cm3), and the scattering

angles (2q) for (1 0 0) direction) have been listed in Table 1. The

optimized lattice parameters for LiNiH3 is consistent with the

available experimental [12] and theoretical [13] studies as
deduced from Table 1. However, there is no study in the

literature for NaNiH3 and KNiH3 to compare the obtained re-

sults as known up to date. In addition, X-ray diffraction

patterns of these materials indicate that these materials have

explicit picks. So, these materials have polycrystalline

property.

The formation energies (DEf in eV/atom) have been calcu-

lated using Eq. (1). All compounds have negative formation

energies which imply that these compounds are energetically

stable and synthesizable compounds. The stability of these

compounds has the order as LiNiH3 > NaNiH3 > KNiH3.

DEf ¼ EtðXNiH3Þ � ½EðXÞ þ EðNiÞ þ 3*EðHÞ� (1)
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Fig. 3 e Electron-density distribution of LiNiH3 for a

2 £ 2 £ 2 supercell.

Table 2 e Bader partial net charges (in units of e) for
XNiH3.

Atom LiNiH3 NaNiH3 KNiH3

Li, Na or K 0.88 0.80 0.70

Ni 0.21 0.30 0.39

H �1.09 �1.10 �1.09

Table 4 e The longitudinal (Vl in m/s), transverse (Vt in m/
s) and average wave velocities (Vm in m/s), Debye
temperature (QD in K), anisotropic factor A for XNiH3.

Compound Vl Vt Vm QD A

LiNiH3 7383 4331 4801 756.5 0.512

NaNiH3 6871 4178 4616 695.6 0.857

KNiH3 6122 3657 4047 568.3 1.792
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Electronic properties

The band structures and corresponding partial density of

states (PDOS) have been obtained along the high symmetry

points in the first Brillioun zone using the optimized struc-

tures for XNiH3. Fig. 2 shows the band structures and PDOS

where all compounds have metallic character. Also, Ni-based

hydrides [10,24e26] show metallic character. So, it can be

concluded that Ni atoms contribute the metallic character of

the compounds. The contributions from electrons at the s (in

red), p (in green) and d (in blue) orbitals to the band structures

are illustrated with different colors in the figures. For LiNiH3,

there is a hybridization between electrons at the s orbitals of H

and electrons at the d orbitals of Ni around �5 eV energy

range. Similar behaviors have been seen around �4 eV for

NaNiH3 and KNiH3. In addition, the most significant contribu-

tion at the Fermi level comes from the d states of Ni. Also, the

path of the high symmetry points is inserted in the figures.

Fig. 3 shows the electron-density distribution for LiNiH3

compound along (1 1 0) direction and LiNiH3 has ionic bonding

as can be seen from the figure. Charge densities of NaNiH3 and

KNiH3 compounds have not been presented here in order to

save space in the journal. In addition, to determine the charge
Table 3 e The elastic constants (Cij in GPa), bulk modulus (B in G
Poisson's ratio (n), G/B, and B/G ratios for XNiH3.

Compound C11 C12 C44 B

LiNiH3 226.0 36.7 48.5 99.8

NaNiH3 180.5 40.7 59.9 87.3

KNiH3 113.2 46.9 59.4 69.0
of each ion in the structures, the Bader partial charge analysis

have been performed and Table 2 lists the Bader net partial

charges where the total Bader net charge is zero. The positive

Bader charge implies that the charge is transferred away from

the atom while the negative Bader charge implies that the

charge is transferred to the atom [44]. The X and Ni atoms give

charges awaywhileH atoms take charge. The Bader net partial

charges are similar for these compounds.

Mechanical and anisotropic elastic properties

The elastic constants (Cij) should be obtained in order to

determine the mechanical stability of a material which is an

important consideration for the technological applications.

So, the elastic constants have been calculated using stress-

strain method implemented in VASP. The necessary elastic

constants for the cubic structures are C11, C12 and C44 given in

Table 3 for XNiH3. The calculated constants satisfy the well-

known Born stability criteria [45,46] given in Eq. (4). As a

result, these compounds are mechanically stable and their

mechanical properties could be further investigated.

C11 >0;C44 > 0;C11 � C12 > 0;C11 þ 2C12 >0 (2)

The calculated elastic constants could be used to deter-

mine some physical properties such as bulk modulus, shear

modulus, etc. Table 3 lists these determined properties. The

bulk and shear moduli have been determined using Voigt [47],

Reuss [48], Hill [49] approximation. The result of Voigt

approximation gives the highest limit for that modulus while

the result of Reuss approximation gives the lowest limit. Also,

the result of Hill approximation is generally more close to the

experimental results. The values given in Table 3 are the re-

sults of the Hill approximation. Bulk modulus (B) is the resis-

tance to volume changewhen a pressure is applied. LiNiH3 has

the highest bulk modulus as can be seen from Table 3. The

shear modulus (G) is the ratio of the shear stress to shear

strain. From Table 3, it can be concluded that LiNiH3 and

NaNiH3 has close shear moduli while KNiH3 has lower shear

modulus. Young's modulus (E) also called modulus of elas-

ticity is the ratio of the uniaxial stress to strain. Among the

studied materials, LiNiH3 has the highest Young's modulus.

Poisson's ratio (n) could be used to determine the bonding
Pa), shear modulus (G in GPa), Young's modulus (E in GPa),

G E n G/B B/G

63.5 157.1 0.238 0.636 1.571

63.7 153.7 0.207 0.729 1.370

47.0 114.9 0.222 0.681 1.468
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Fig. 4 e The directional dependent (a) Young's modulus, (b) linear compressibility, (c) shear modulus and (d) Poisson's ratio

for XNiH3.
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Table 5 e Themaximum andminimum values of the Young's modulus E (in GPa), linear compressibility b (in TPa¡1), shear
modulus G (in GPa) and Poisson's ratio n for XNiH3.

Compound E (GPa) b (TPa�1) G (GPa) n

Emin Emax bmin bmax Gmin Gmax nmin nmax

LiNiH3 125.22 215.75 3.34 3.34 48.50 94.65 0.09 0.44

NaNiH3 146.25 165.52 3.82 3.82 59.90 69.90 0.17 0.26

KNiH3 85.72 138.47 4.83 4.83 33.15 59.40 0.01 0.41
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nature of a material. It is the measure of the expansion or

contraction in the perpendicular directions to the direction of

a compression or a stretching. If the Poisson's ratio is around

0.1, the material has dominantly covalent bonding, while if it

is around 0.25, it has dominantly ionic bonding [50]. The

studied compounds have the Poisson's ratio around 0.25, so

they have dominantly ionic bonding. This result is consistent

with the charge density distributions for these materials. The

G/B ratio also called Pugh's modulus given in Table 3, could

also be used to determine the bonding nature of a material. If

G/B ratio is around 0.6, the dominant bonding is ionic and if it

is 1.1, this time the dominant bonding is covalent [51]. The G/B

ratios of the studied materials are around 0.6 that indicates

that the ionic bonding is dominant consistent with the Pois-

son's ratio. The brittle or ductile nature of a material could be

confirmed using B/G ratio. The brittle materials have B/G ratio

lower than 1.75 while the ductile materials have higher than

1.75 [52]. The studied materials are brittle having the B/G ra-

tios lower than 1.75.

For the next consideration of these materials, the Debye

temperature and anisotropic elastic properties have been

determined. The Debye temperature is related to some phys-

ical properties such as specific heat and melting temperature.

A high value of the Debye temperature indicates that a high

thermal conductivity and a high melting temperature for that

material. The obtained longitudinal, transverse, average wave

velocities, the Debye temperatures and anisotropic factors are

listed in Table 4. The Debye temperature (QD), average wave

velocity (Vm), the longitudinal wave velocity (Vl) and the

transverse (Vt) wave velocity have been calculated using

below equations [53,54]. In Eq. (5), h is the Planck's constant, k

is the Boltzman's constant, n is the number of atoms per

formula unit, r is the density, M is the mass of atoms con-

tained in the unit cell and NA is the Avogadro number.

QD ¼ h
k

�
3n
4p

NAr

M

�1=3
Vm (3)

Vm ¼
"
1
3

 
2

V3
t

þ 1

V3
l

!#�1=3

(4)

Vt ¼
ffiffiffiffi
G
r

s
(5)

Vl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3Bþ 4G

3r

s
(6)

LiNiH3 has the highest Debye temperature. When X atom

changes from Li to K, both the wave velocities and the Debye
temperature decrease. The anisotropic factors are important

for the technological considerations. Eq. (7) [55] have been

used for the calculation of the anisotropic factors and

obtained A values are given in Table 4. For the cubic crystal

structures A1, A2 andA3 are equal due to the crystal symmetry.

If the anisotropic factor is equal to one, this implies that the

material is isotropic while it is lower or higher than one, this

implies the anisotropy. Both compounds have anisotropy.

A1 ¼ A2 ¼ A3 ¼ A ¼ 2C44

ðC11 � C12Þ (7)

In addition to anisotropic factors, the anisotropic elastic

properties have been visualized in 3D using ELATE software

[56]. The anisotropic elastic factors give an information about

the material properties in specific directions. Fig. 4 shows the

directional dependent Young's modulus, linear compress-

ibility, shear modulus and Poisson's ratio for XNiH3. The green

shapes show the minimum for that parameter while blue

shapes show the maximum. For the isotropic materials, the

shape is spherical and distortion from the spherical shape

indicates the anisotropy. Only linear compressibility is

isotropic. Young'smodulus, shearmodulus and Poisson's ratio
are anisotropic. Furthermore, the maximum and minimum

values for these parameters are listed in Table 5.

Vibrational and thermodynamic properties

The dynamical stability of a compound could be determined

with the phonon dispersion curves. The generated 2 � 2 � 2

supercells for these compounds have been employed to VASP

and the phonon dispersion curves have been calculated using

linear response method. Fig. 5 shows the phonon dispersion

curves and phonon density of states for XNiH3. The unit cell of

XNiH3 has five atoms and as a result there are 15 phonon

branches in the figures where three of them are acoustic and

the remaining are optic branches. As can be seen from the

figures, there are no soft modes. Therefore, these compounds

are dynamically stable materials. Also, H being the lightest

element in the compounds, gives contributions to the higher

frequencies that is the expected situation. In addition, the

zero point energies ðEZPEÞ for these compounds could be ob-

tained from the phonon studies. The obtained zero point en-

ergies are 0.62 eV, 0.63 eV and 0.54 eV for LiNiH3, NaNiH3 and

KNiH3, respectively.

In addition, when X atom changes from Li to K, the fre-

quencies of the acoustic and optic branches are close to each

other that is related to the lower thermal conductivities. This

condition is consistent with the results given in Table 6. The

minimum thermal conductivities for these materials have

been obtained using two models: Clarke's model [57] and

https://doi.org/10.1016/j.ijhydene.2019.04.097
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Fig. 5 e The phonon dispersion curves and phonon density

of states for (a) LiNiH3, (b) NaNiH3 and (c) KNiH3.

Table 6e The lower limits of thermal conductivities using
Clarke's and Cahill models for XNiH3.

Compound Clarke's model Cahill's model

Ma

(10�26 kg)
lmin

(W m�1 K�1)
n

(1028 m�3)
lmin

(W m�1 K�1)

LiNiH3 2.282 2.293 14.800 2.503

NaNiH3 2.812 1.998 12.900 2.172

KNiH3 3.347 1.528 10.400 1.665

Fig. 6 e The free energy, enthalpy, entropy and heat

capacity as a function of temperature for (a) LiNiH3,

(b) NaNiH3 and (c) KNiH3.
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Cahill's model [58]. Ma is the average mass per atom and n is

the density of number of atoms per volume. The minimum

thermal conductivities (lmin) decrease when the X atom

changes from Li to K.

https://doi.org/10.1016/j.ijhydene.2019.04.097
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Table 7 e The gravimetric hydrogen storage capacity (Cwt

%) and hydrogen desorption temperature (T in K) for
XNiH3.

Compound Cwt% T

LiNiH3 4.40 446.3

NaNiH3 3.57 419.5

KNiH3 3.30 367.5
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The thermal properties (free energy, enthalpy, entropy,

and heat capacity) of XNiH3 have been obtained using phonon

information and quasi harmonic Debye model [42] as shown

in Fig. 6. As the temperature increases, the enthalpy and the

entropy increase while the free energy decreases. Also, the

heat capacity reaches a constant called the Dulong-Petit limit

at high temperatures.

Hydrogen storage properties

Thehydrogen storageproperties (gravimetrichydrogen storage

capacity and hydrogen desorption temperature) of these

compounds have to be studied to discuss their applications in

this field. The gravimetric hydrogen storage capacity is the

amount of hydrogen stored per unitmass of amaterial. Table 7

lists the gravimetric hydrogen storage capacities for the stud-

ied compounds that are calculated using Eq. (8) [10]. H/M is the

hydrogen to material atom ratio, MH is the molar mass of

hydrogen and MHost is the molar mass of the host material.

When the X atom changes from Li to K, the gravimetric

hydrogen storage capacity decreases to due to increasing of the

mass of the compound. The obtained results are compared

with the Ni-based compounds such as LaMgNiH4 [10] and

Mg2NiH6 [4]. The gravimetric hydrogen storage capacities are

1.74wt%and 3.59wt% for LaMgNiH4 andMg2NiH6, respectively.

So, the studied compounds have significant storage capacities.

Cwt% ¼
 �

H
M

�
MH

MHost þ
�
H
M

�
MH

� 100

!
% (8)

Another essential parameter is the hydrogen desorption

temperature for the hydrogen storage applications. The

hydrogen desorption temperature is the required temperature

to release the stored hydrogen. The obtained hydrogen

desorption temperatures are listed in Table 7 as well. These

temperatures have been calculated using Eq. (9) at 1 bar

pressure where DH is the obtained formation enthalpy and DS

is the entropy change of hydrogen that is 130 kJ/mol K [59]. The

zero-point energy correction contributes the formation

enthalpy that has been calculated from Eq. (1). The corrected

formation enthalpy could be obtained using Eq. (10) [60] and D

EZPE are the zero point energies given in Section Vibrational

and thermodynamic properties.

DH ¼ T� DS (9)

DEcor
f ¼ DEf þ DEZPE (10)

The hydrogen desorption temperature decreases when the

X atom changes from Li to K. Once the results are compared

withMg2NiH6 [4] having the hydrogen desorption temperature

as 555 K, it has been deduced that the obtained temperatures
are lower than that of the Ni-based hydrides. In addition, if

one needs to lower desorption temperatures despite of lower

hydrogen storage capacity, KNiH3 is an option or the high

hydrogen storage capacity is crucial despite the high desorp-

tion temperature, this time LiNiH3 is an option with these

considerations.
Conclusion

In this study, XNiH3 where X is Li, Na or K perovskite type

hydrides have been investigated and these compounds are

found to be energetically, mechanically and dynamically sta-

ble and synthesizable. The band structures show that these

compounds have metallic character. In addition, the Bader

partial charge analysis reveals that X and Ni atoms give

charges away while H atoms take charge. These compounds

have dominantly ionic bonding that has been determined

from the Poisson's ratio and G/B ratio. The B/G ratios for these

materials show that they are brittle materials. Also, NaNiH3 is

found to be as the hardest material among the studied com-

pounds. In addition, the free energy, enthalpy, entropy and

heat capacity have been investigated as a function of tem-

perature and it has been found that enthalpy and entropy

increase when the temperature increases while free energy

decreases. The hydrogen storage properties have been inves-

tigated and it is deduced that LiNiH3 has the highest

gravimetric hydrogen storage capacity and the hydrogen

desorption temperature (4.40 wt%, 446.3 K) while KNiH3 has

the lowest ones (3.30 wt%, 367.5 K). Consequently, the theo-

retical predictions on the XNiH3 (X ¼ Li, Na or K) perovskite

type hydrides would be serving as a reliable reference for the

future experimental and theoretical studies.
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