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Summary

The doping effect of hydrogen on the Ca3CHx (x = 1, 4, 7, 9, and 10)

antiperovskite compounds has been examined using density functional theory

(DFT). The results of the structural optimizations show that all these com-

pounds have negative formation energy implying the energetic stability and

synthesizability. The band structures that are essential for the electronic prop-

erties have been determined along with the partial density of states (DOS)

showing the metallic behavior of these compounds. In addition, the electron‐

density distribution has been determined, and the charge of each ion in the

structures has been obtained with the Bader partial charge analysis. Moreover,

the electronic stability of these compounds has been determined using the

band filling theory and the number of the electrons at the Fermi level. The

results of the formation enthalpy and the electronic stability investigations

imply that the most stable structure is Ca3CH among the considered com-

pounds. Ca3CH10 has the gravimetric storage capacity as 7.10 wt% that is the

largest capacity among the considered compounds. Also, Ca3CH9 has the

smallest hydrogen desorption temperature as 468.4 K among the studied

compounds.
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1 | INTRODUCTION

The International Energy Agency investigates the world
energy demand, and they have been found that the world
energy demand will increase 25% between today and 2040
in the New Energy Scenario1 because of the technology
development and the population growth. Therefore, new
energy sources have been investigated, and hydrogen
energy is one of the potential energy sources for the
future energy problem because of the high abundance
of hydrogen in the earth. In the future, hydrogen econ-
omy includes production, storage, and usage of hydro-
gen.2 Therefore, the storage of hydrogen is the
motivation of this study.
wileyonlinelibrary.com/jou
The solid‐state hydrogen storage is the most encourag-
ing method for the hydrogen storage, and it is divided
into two categories: physically bound hydrogen and
chemically bound hydrogen. The physically bound hydro-
gen is obtained with the bonds between the hydrogen
atoms and the surface of a material,3 and the chemically
bound hydrogen is obtained with the bonds between the
hydrogen atoms and the material.4,5 For the physically
bound hydrogen, low temperatures are required in order
to obtain a high storage capacity.6,7 In contrast to the
physically bound hydrogen, high temperatures are
required to release of hydrogen for the chemically bound
hydrogen.6 High gravimetric and volumetric capacities,
reversibility, good kinetics, storage, and release at
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ambient conditions must be satisfied for an efficient
hydrogen storage.8

In the literature, metal hydrides, complex hydrides,
and carbon materials9-24 are commonly studied materials
for hydrogen storage. However, these material groups
have some drawbacks such as MgH2, most studied metal
hydride, has low hydrogen desorption kinetics and high
reactivity to air and oxygen.25 The drawback for the com-
plex hydrides is the nonreversibility.26 So promising
materials are still under investigation that satisfy the
required conditions for a sufficient hydrogen storage. A
material group has been studied extensively in the litera-
ture that is the perovskite‐type hydrides having high stor-
age capacities.27-34 Also, effect of the dopants to the
perovskite‐type hydrides for the hydrogen release has
been studied.29,35 However, even perovskite‐type hydrides
have not been satisfied the required properties for an
effective hydrogen storage material.

Perovskite materials having ABX3 formula could be
probable compounds for the chemically bound hydrogen
storage method because of being hard and ceramic.36

Recently, a few studies consider the perovskite materials
for hydrogen storage applications.37-39 In these studies,
hydrogen atoms are doped to the perovskite materials,
and their hydrogen storage characteristics have been
determined. Gencer et al37 present the study for MgTiO3

and CaTiO3 perovskite materials, and it has been found
that CaTiO3H6 has 4.27 wt% gravimetric hydrogen stor-
age capacity with thermodynamic and mechanical stabil-
ities. Also, BaScO3 perovskite material has been studied
for the five possible crystal structures, and the hydrogen
doping studies have been performed to the most stable
crystal structure that is the orthorhombic phase.38 The
FIGURE 1 Crystal structure for Ca3CH [Colour figure can be viewed
study by Gencer and Surucu38 reveals that the gravimet-
ric hydrogen storage capacity of the hydrogen‐doped
BaScO3H0.5 is 0.22 wt%. In addition, BaYO3 perovskite
material has been investigated, and after the hydrogen
doping studies, it has been found that BaYO3H3 is ther-
modynamically and mechanically stable compound with
1.09 wt% gravimetric hydrogen storage capacity.39

Antiperovskite materials having X3AB formula are
also in the group of the perovskite materials. The only dif-
ference between the antiperovskite materials and the
perovskite materials is that there are two anions and
one cation in the antiperovskite structure whereas there
are two cations and one anion in the perovskite structure.
The positions of the cation and the anion are reversed for
the antiperovskite structure. So the antiperovskite mate-
rials could be a possible material group with appropriate
properties for the hydrogen storage applications. The
aim of this study is to examine the hydrogen storage
applications of Ca3CH antiperovskite material that com-
poses from abundant elements as Ca, C, and H.
2 | COMPUTATIONAL DETAILS

Density functional theory (DFT) calculations have been
carried out with the Vienna Ab initio Simulation Package
(VASP)40,41 in this study. The electron‐ion interaction has
been considered with the projector‐augmented‐wave
(PAW) method42,43 with a kinetic energy cut off of 550
eV. The electron‐electron interaction has been examined
using the Perdew‐Burke‐Ernzerhof (PBE)44 functional
within the generalized gradient approximation (GGA).
The 10 × 10 × 10 k‐points mesh has been received with
at wileyonlinelibrary.com]
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TABLE 1 The lattice parameter a, density ρ, formation enthalpy ΔEf, atomic positions, Wocc/Wb ratio, number of electrons at the Fermi

level, gravimetric storage capacity Cwt%, hydrogen desorption temperature T for Ca3CHx (x = 1, 4, 7, 9, and 10)

Compound a, Å ρ, g/cm3 ΔEf, eV/atom Atomic Positions Wocc/Wb n Cwt% T, K

Ca3CH 5.02 1.75 −2.56 Ca: 3c (0.000, 0.500, 0.500)
C: 1b (0.500, 0.500, 0.500)
H: 1a (0.000, 0.000, 0.000)

1.00 0.42 0.76 1891

Ca3CH4 4.92 1.90 −1.60 Ca: 3c (0.000, 0.500, 0.500)
C: 1b (0.500, 0.500, 0.500)
H1: 1a (0.000, 0.000, 0.000)
H2: 3d (0.500, 0.000, 0.000)

0.95 2.15 2.96 1184

Ca3CH7 5.04 1.81 −1.11 Ca: 3c (0.000, 0.500, 0.500)
C: 1b (0.500, 0.500, 0.500)
H1:1a (0.000, 0.000, 0.000)
H2: 6e (0.584, 0.000, 0.000)

1.01 0.65 5.08 818

Ca3CH9 5.40 1.49 −0.63 Ca: 3c (0.000, 0.500, 0.500)
C: 1b (0.500, 0.500, 0.500)
H1:1a (0.000, 0.000, 0.000)
H2: 8g (0.294, 0.294, 0.294)

0.97 0.92 6.43 468

Ca3CH10 5.06 1.83 −0.72 Ca: 3c (0.000, 0.500, 0.500)
C: 1b (0.500, 0.500, 0.500)
H1:1a (0.000, 0.000, 0.000)
H2: 3d (0.500, 0.000, 0.000)
H3: 6e (0.708, 0.000, 0.000)

0.96 0.72 7.10 534

FIGURE 2 Crystal structures for Ca3CH4, Ca3CH7, Ca3CH9, and Ca3CH10 [Colour figure can be viewed at wileyonlinelibrary.com]
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a gamma‐centered grid.45 The structures have been opti-
mized up to 10−10 eV per unit cell energy convergence.
Also, the stresses and Hellman‐Feynman forces have
been minimized up to 10−9 eV/Å force convergence.
VASP has been used for the Bader charge investigation,
and the algorithm established by Tang et al46 has been
employed to analyze the obtained results.
FIGURE 3 The band structures and corresponding partial

density of states (PDOS) for (A) Ca3CH, (B) Ca3CH4, (C) Ca3CH7,

(D) Ca3CH9, and (E) Ca3CH10 [Colour figure can be viewed at

wileyonlinelibrary.com]
3 | RESULTS AND DISCUSSIONS

Figure 1 shows the lattice structure for Ca3CH that
belongs to the space group 221 (Pm‐3m). Ca atoms are
at the 3c Wyckoff positions, C atom is at the 1a Wyckoff
position, and H atom is at the 1b Wyckoff position. The
formation enthalpy (ΔEf) has been calculated using Equa-
tion (1), and the result implies that Ca3CH is thermody-
namically stable and synthesizable. For Ca3CH
compound, the obtained results could not be compared
with the literature because there is no study for this com-
pound. For hydrogen bonding studies, the possible
Wyckoff positions of the space group 221 have been
determined. With the hydrogen additions at the 3d, 6e,
8g, and 3d+6e Wyckoff positions,47 Ca3CH4, Ca3CH7,
Ca3CH9, and Ca3CH10 have been obtained as shown in
Figure 2. Ca3CH4, Ca3CH7, Ca3CH9, and Ca3CH10 have
been optimized, and the obtained lattice constants are
listed in Table 1. Also, the atomic positions have been
listed in Table 1. As can be concluded from Table 1,
Ca3CHx compounds are thermodynamically stable and
synthesizable. The order of the stability is as follows:
Ca3CH > Ca3CH4 > Ca3CH7 > Ca3CH10 > Ca3CH9.

ΔEf Ca3CHxð Þ ¼ ECa3CHx
Total − 3:ECa

Solid − EC
Solid − 3:x:EH

Solid

(1)

The hydrogen storage properties of Ca3CHx

antiperovskite compounds have been explored and listed
in Table 1. The measure of hydrogen deposited per mass
of a material is defined as the gravimetric storage capac-
ity, and in Baysal et al,15 an equation is given to obtain
this capacity. For the studied compounds, if the material
has higher hydrogen atoms, the gravimetric storage
capacity increases as expected. Also, the United States
Department of Energy has set targets for the portable
hydrogen power equipment, and the gravimetric hydro-
gen storage capacity target is 3.0 wt% for rechargeable
equipment.48 As can be concluded from Table 1, Ca3CH
has low gravimetric capacity considering the target while
the capacity increases (0.76 to 7.10 wt%) with the hydro-
gen doping to Ca3CH with satisfying the target. The nec-
essary temperature to discharge the deposited hydrogen
in the material is defined as the hydrogen desorption
temperature, and it can be determined using Equation (2).
The formation enthalpy is given as ΔH and the entropy
difference of hydrogen is given as ΔS that equal to 130
kJ/mol K49 in Equation (2). Ca3CH has a high hydrogen
desorption temperature (1891 K) because of a high forma-
tion enthalpy (−2.56 eV/atom) while the hydrogen dop-
ing to Ca3CH decreases the formation enthalpy (−0.72

http://wileyonlinelibrary.com


TABLE 2 Bader partial net charges (in electron charge e for per

unit cell) for Ca3CH, Ca3CH4, Ca3CH7, Ca3CH9, and Ca3CH10

Atom Ca3CH Ca3CH4 Ca3CH7 Ca3CH9 Ca3CH10

Ca 3.45 15.73 3.83 4.23 4.06

C −2.55 −2.80 −2.35 −0.35 −1.84

H −0.90 −12.93 −1.48 −3.88 −2.22
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eV/atom) that results lower hydrogen desorption temper-
atures (534 K). Therefore, the largest capacity belongs to
Ca3CH10 and the smallest temperature belongs to Ca3CH9

among the studied compounds.

H ¼ T × S (2)

The band structures have been obtained along the high
symmetry points in the first Brillouin zone as well as
the partial density of states (PDOS) as shown in
Figure 3A‐E for Ca3CH, Ca3CH4, Ca3CH7, Ca3CH9, and
Ca3CH10, respectively. All compounds have metallic char-
acter as can be seen from the figures. In the band struc-
tures and the PDOS plots, the colors correspond to the
contributions coming from s (red), px, py (green), and pz
(blue) orbitals. More contributions to the PDOS come
from s orbitals of H atoms if the compound has more
hydrogen atoms in its structure. In addition, if the com-
pound has more hydrogen atoms, the contribution at
the Fermi level coming from s orbitals of H atoms
increases. For Ca3CH, there is a strong hybridization
between the s orbital of Ca atoms and the px, py orbitals
of the C atom in −2.8 to 0.8 eV range. Ca3CH4 has a
strong hybridization between the s orbital of H atoms
and the s orbital of Ca atoms in −3.0 to −2.0 eV range,
and also there is a strong hybridization between the s
orbital of Ca atoms and the p orbital (px, py, pz) of C
atoms in −2.0 to −0.5 eV range. In addition, there is a
strong hybridization between the s orbital of H atoms
and the p orbitals of C atom at the Fermi level for
Ca3CH4, which results in an electronic unstability ten-
dency of Ca3CH4. For Ca3CH7, there is a strong hybridi-
zation between the s orbital of Ca atoms and the p
orbital (px, py, pz) of C atoms in −3.0 to −0.6 eV range.
For Ca3CH9, there is a strong hybridization between Ca
and H atoms in −3.0 to −2.0 eV range. Furthermore,
the dominant contribution to the antibonding states
comes from the Ca atoms for Ca3CH, Ca3CH4, and
Ca3CH7. The more hydrogen doping to the structure
results with the dominant contributions to the
FIGURE 4 Electron‐density

distribution for Ca3CH10 in (1 0 0), (1 1 0),

and (1 1 1) planes for 2 × 2 × 2 supercell

[Colour figure can be viewed at

wileyonlinelibrary.com]
antibonding states coming from the Ca and H atoms for
Ca3CH9 and Ca3CH10.

The ratio of the extent of the occupied states (Wocc) to
the extent of the bonding states (Wb) could be used to dis-
cuss the phase stability of a compound using band filling
theory.50-52 If the Wocc/Wb ratio is around 1, the stability
of the compound increases. The obtained Wocc/Wb ratios
are listed in Table 1, and as can be concluded from these
ratios, Ca3CH is the most stable compound where Wocc/
Wb ratio is 1. Also, the number of electrons at the Fermi
level has been listed in Table 1, and the lower value of the
number of electrons at the Fermi level indicates the struc-
tural stability of these compounds. Ca3CH has the lowest
number of electrons at the Fermi level that implies the
structural stability of it while Ca3CH4 has the highest
number of electrons at the Fermi level among Ca3CHx

compounds implying the less electronic unstability of this
compound. Also, the PDOS plot of Ca3CH4 reveals the
hybridization between the s orbital of H atoms and the
p orbitals of C atoms at the Fermi level that is the reason
of the electronic unstability of this compound.

Figure 4 shows the electron‐density distribution for
Ca3CH10 in (1 0 0), (1 1 0), and (1 1 1) planes where
Ca3CH10 has ionic bonding. The remaining studied com-
pounds have also ionic bonding, and they are not pre-
sented here not to keep more space in the journal.
Moreover, the charge of each ion in Ca3CHx compounds
has been obtained with the Bader partial charge analysis
as listed in Table 2. The charge transfer could be deter-
mined with the sign of the Bader net charge.13 The atom
with a positive Bader charge gives away the charge, and it
gets charge with a negative Bader net charge. As can be

http://wileyonlinelibrary.com
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concluded from Table 2, the Ca atoms give charge away
while the C and H atoms get charge. In addition, each
compound has zero total Bader net charge. Ca3CH4 has
higher charges for Ca and H atoms than the remaining
compounds that indicates the electronic unstability of
this compound consistent with the result of the number
of electrons at the Fermi level.
4 | CONCLUSION

In this study, Ca3CHx (x = 1, 4, 7, 9, and 10)
antiperovskite compounds have been investigated using
VASP, and it has been found that they are thermodynam-
ically stable and synthesizable. Moreover, when the
hydrogen atoms in the compounds increase, the gravi-
metric storage capacity increases. Also, the desorption
temperature decreases with the lower formation
enthalpies (−0.72 eV/atom). The calculated band struc-
tures show that Ca3CHx (x = 1, 7, 9, and 10) compounds
show metallic character while Ca3CH4 is electronically
unstable compound among the considered compounds.
Also, the Bader partial charge analysis shows that the
Ca atoms give charge to the C and H atoms. With the
band filling theory, it has been found that Ca3CH is the
electronically most stable compound that is consistent
with the result of the formation enthalpy. As known up
to date, this is the first consideration of the antiperovskite
compounds for hydrogen storage applications and
Ca3CH10 compound having 7.10 wt% gravimetric storage
capacity and 534.0 K hydrogen desorption temperature
is the possible compound with both energetic and elec-
tronic stability. This study could lead to the future studies
for these compounds.
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