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Introduction

Utilization of renewable energy is a necessity for reducing the
impacts of global warming and greenhouse gases. This re-
quires development of sustainable energy processes and ma-
terials. Electricity from hydrogen is one of the most promising
way of accomplishing this purpose. In order to drive wide
spread use of hydrogen energy, a few obstacles have to be
overcome such as storage. There are several alloys and com-
pounds have been under investigation to find better materials
with high hydrogenation/dehydrogenation rates, low decom-
position temperature and high capacity.

Metal hydrides have been investigated as high capacity
hydrogen storage materials intensively lately [1]. Vanadium,
zirconium, titanium and uranium are the most common metals
that are considered for hydrogen storage. Especially, vanadium
based hydrides are investigated due to their high hydrogen
solubility, however there are still issues to be overcome with
these hydrides since they suffer from pulverisation and
reversibility [2—4]. Magnesium dehydrides also have been
studied extensively owing to their low cost, light weight and
high capacity [5,6]. Titanium is known to be reactive with
hydrogen to form metal hydride. It is used as electrodes in bat-
teries, catalysts and also in hydrogen storage. Mechanical
properties of titanium hydride was investigated by Setoyama
et al. [7]. Their study demonstrated that titanium hydride has
smaller elastic moduli than titanium, they also suggested that
hydrogen uptake causes a decrease in mechanical strength of
titanium, thus titanium hydrides may become brittle. However,
there is no adequate characteristics information and analysis to
draw this conclusion for all mechanical strength of titanium
hydrides. Thermodynamic properties of titanium hydrides were
computed using ab initio calculations by Olsson et al. [8]. Also,
high capacity metal tetra hydrides were proposed by Pan [9]. Pan
theoretically investigated 21 metal tetrahydrides including VH,
and TiH, using ab initio calculations. However, their calcula-
tions do not have detailed characterisations such as elastic
constants to evaluate mechanical stability. Also, ground state
stabilities and properties are not investigated. A structural
search under high pressure for various hydrides including tita-
nium was carried out by Zhao et al. [10] and novel stable phases
of R3-TiHs, P4,/mnm-TiH; and Ibam-TiH, s were reported in this
research. Recently, titanium-hydrogen interaction at high

Table 1 — Atomic positions for G2/m and C2/c phases of
TiH,.

Phases Atom Atomic positions
X y Z

C2/m (#12) Ti 0.845600 0.000000 0.645237
H 0.145800 0.000000 0.558300
H 0.451650 0.000000 0.267512
H 0.081387 0.000000 0.129300
H 0.216800 0.000000 0.127300

C2/c (#15) Ti 0.869138 0.285050 0.843731
H 0.151600 0.284438 0.782888
H 0.914550 0.214188 0.097531
H 0.107306 0.849019 0.032934
H 0.143681 0.493019 0.036478
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Fig. 1 — Volume change of TiH, under hydrostatic pressure
(simulation pressure).

pressure and temperature has been studied using molecular
dynamic calculations [11]. The result indicated that diffusion
law canbe applied for dissolution of titanium in dense hydrogen
atmegabar pressure and T > 3000 K. An ab initio calculation has
been carried out for a cubic CaF,-type structure (Fm3m space
group) TiH, and reported mechanical instability due to negative
Cyqvalue [12]. On the other hand, in an another study carried out
by Liu et al. [13] a mechanical stability at zero pressure and
temperature based on the evaluation of lattice constants was
reported for tetragonal-TiH,. In a very recent study, elastic and
thermodynamic properties of tetragonal TiH, (P42/mnm) and
orthorhombic TiH, (Pnma) were predicted using first principle
calculations [14]. There are also other studies that focus on ti-
tanium hydrides stability and properties [15,16] for hydrogen
storage. It is clear that titanium hydrides have been considered
much extensive than titanium tetra hydrides for hydrogen
storage purposes. Nevertheless, TiH, is reported to be extremely
brittle in studies [17,18]. The transportable capacity is a critical
parameter for hydrogen storage materials, thus TiH, is notideal
as a storage material. However, it is reported that TiH, can ca-
talyse and improve hydrogenation and dehydrogenation pro-
cesses and can be used as catalysts [19,20]. TiH, and titanium-
based intermetallics have been considered for improving the
kinetics of magnesium hydrogenation [21]. The impact of TiH,
and TiO, on desorption properties of MgH, was investigated
experimentally by Daryani et al. [22]. Their results also suggest
that dehydrogenation temperature of MgH, decreased as a
result of kinetic improvements of dehydrogenation process.
These attempts to find superior hydrogen storage materials
using computational methods can provide three critical ad-
vantages to the research world; understanding atomic scale
properties of materials, estimate results and potential mate-
rials, reveal all properties of materials such as structural, elec-
tronic, thermodynamic and stabilities prior to experiments [23].
First principle calculation is one of the tools that can give sub-
stantial information about these properties in a great detail. For
example, by calculating the total energy or energy difference
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Fig. 2 — Structural evolution of TiH,: C2/m at 0 GPa (a) and G2/c at 40 GPa (b).

between a perfect crystal and a distorted crystal can allow one to
predict thermodynamic properties. Moreover, by removing
atoms and determining the force in the remaining atoms can be
used to obtain phonon modes and thus, vibrational properties of
the material. The motivation of this work lies in finding the most
stable phases of high hydrogen capacity TiH, under pressure
and revealing physical properties of each phase using first
principle calculations. The study starts with calculating for-
mation enthalpy, gravimetric hydrogen density (GHD) and
hydrogen desorption temperature of TiH, and continues with
structural evolution under pressure. The mechanical strength of
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Fig. 3 — Energy-volume relations of C2/m and C2/c phases.

each stable phases along with electronic and vibrational prop-
erties have also been predicted and analysed.

Method

The ab initio computations were adopted within the density
functional theory as implemented in SIESTA method in order to
calculate structural, elastic, electronic and vibrational proper-
ties of TiH, [24]. Perdew-Burke-Ernzerhof, generalised gradient
approximation (PBE-GGA) was used for the exchange correla-
tion potential [25]. Troullier-Martins type norm-conserving
pseudo-potential for Ti and H atoms were adopted [26].
Double-zeta (DZ) basis sets of localized atomic orbitals were
taken into account for all computations. As a result of optimi-
sation, 350 Rydberg (Ry) mesh cut-off energy was utilised to
compute the Hartree, exchange, and correlation contribution to
the total energy and Hamiltonian. TiH, was modelled using
2x2x2 cells with periodic boundary conditions for 160 atoms
supercells. The Brillouin zones (BZ) were sampled with the
4x8x2 and 6x12x2 Monkhorst-Pack k-point mesh for C2/m and
C2/c structures, respectively [27]. These k-point values were
obtained fromindependent tests. In general, a particular k-point
grid then repeats with a finer k-point grid (i.e. more k-points)
was considered. Finer k-point grids were tried until all
converged to the wanted accuracy. Structural optimizations
were carried out via the conjugate gradient [28] until the residual
force acting on all atoms was lower than 0.01 eV/A and pressure
was gently risen by steps of 5 GPa via this method to the system.
To evaluate every minimization step, the KPLOT program and
the RGS algorithm was adopted that provide detailed informa-
tion about the space groups, atomic positions and lattice pa-
rameters of an analysed structure [29,30]. For the
energy—volume calculations, we used the unit cells of the C2/
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Fig. 4 — Enthalpy changes of G2/m and C2/c phases versus pressure.

m and C2/c structures. Enthalpy calculation was also made
using these energy-volume data.

Results and discussion
Hydrogen storage properties and structural evolution

Prior to investigate mechanical properties of TiH,, the equi-
librium phase of TiH, is determined at zero pressure and
temperature as monoclinic with the space group C/2 m. Table
1 displays atomic positions of phases of TiH,. Subsequently,
formation enthalpy of C/2 m phase of TiH,, gravimetric
hydrogen density and hydrogen desorption temperature are
computed. Formation enthalpy of C/2 m phase of TiH, is ob-
tained as —0.650 eV/atom, specifics are given in Ref. [31].

Gravimetric hydrogen density is a key parameter to
determine to search for superior hydrogen storage material
before proceeding further studies such as atomic structure
estimation and mechanical stability. The gravimetric
hydrogen density of TiH, is estimated by using the equation
below [32,33];

_ (H/M)My o
Cors = S+ 107 1) .

where H/M is hydrogen to metal ratio, My is molar mass of
hydrogen and Mpyes: is molar weight of host material. The
obtained GDH of TiH, is about 7.77 wt %. This may help to
achieve the recently set value (5.5 wt %) by US DOE for solid
state hydrogen storage for a complete system [34].

In addition to GHD of TiHy, hydrogen desorption temperature
is predicted to evaluate the applicability of TiH, as a storage
material. Hydrogen desorption temperature is a crucial
parameter since it determines the temperature thatis necessary
for release of hydrogen from host material. The standard Gibbs
energy AG = AH — TAS where AH and AS are the enthalpy and
entropy changes of the dehydrogenation reaction, respectively

can be used to predict hydrogen desorption temperature
computationally [31,35]. Gibbs energy goes to zero at the
decomposition temperature and under a constant pressure.
Therefore, hydrogen desorption temperature can be predicted
by AH = TAS. The hydrogen entropy change is previously
determined as 130.7 J/mol. K [36,37]. The following equation is
then adopted to carry out this calculation;

AH=T, x 4S @)

where hydrogen desorption temperature is represented by Tg.
Hydrogen desorption temperature is predicted as 480.87 K.
This temperature range may be considered close to the target
set by US DOE which is 85 °C for on-board applications [38],
however, could be much useful for stationary applications.

The variation in volume of TiH, is obtained by applying first
principles molecular dynamic simulation to determine
structural evolution under pressure thermodynamically and
presented in Fig. 1. The volume calculations in Fig. 1 have been
carried out by using a simulation cell including 160 atoms with
a 2 x 2 x 2 cells and periodic boundary conditions. V/V, im-
plies a reduction in volume which is also a ratio of volume at
any pressure to volume at zero pressure. The simulation cell
volume decreases sharply and at a pressure of 35 GPa a dra-
matic volume collapse is seen. At a 40 GPa pressure, a phase
transition from C2/m phase to C2/c phase is observed. This
severe volume change indicates a first-order phase transition
in TiH,.

The structural evolution of TiH, is also predicted and
shown in Fig. 2. The structural change of C/2 m phase of TiH,
tetra hydride is studied in this work for the first time as far as
the authors’ knowledge. As can be seen from Fig. 2 that the C2/
m phase of TiH, transforms into C2/c phase at 40 GPa simu-
lation pressure. The atomic positions of atoms of this phase is
also given in Table 1.

The constant pressure simulations can lead to estimation
of higher transitions pressures compared to actual experi-
mental transition pressures and can indicate high activation
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Table 2 — Elastic constants (GPa) of TiH, phases.

Phases C11 C12 Cis Cis Ca Cas Cos Cs3 Css Caa Css Css Ces
C2/m 139.280 53.797 2.946 0.953 127.113 3.611 1.159 11.608 0.001 3.235 1.078 0.505 18.502
C2/c 348.257 127.414 120.133 0.00 355.540 59.414 0.000 175.792 0.000 3.109 0.000 —144.781 114.267

barrier to transform from one phase to another [39—43]. This
higher estimation is well recognised and expected due to
application of pressure to a solid in a very short time scale,
consideration of perfect boundary conditions for the simula-
tion cell and ignorance of defects and surface effect etc. Due to
the listed restrictions above, thermodynamic theorem is
commonly used to compute actual transition pressures since
it does not take into account parameters such as activation
barrier and restrictions. Therefore, the energy-volume calcu-
lations are performed to obtain transitions pressures for C2/m
to C2/c phases.

The thermodynamic principle of Gibbs free energy (G) is
adopted to evaluate structural transformation of phases which
is given by;

G = Bt +PV—TS 3)

where E is the total energy, P is the pressure, V is the volume
and S is the entropy.

C33Css5 — ng >0, C44Ces — sz;g >0,
Cy + C33 —2Cyx3>0 Cq1 +Cy + Cs3 + 2(C12 + Ci3 + ng) >0
C2(C35Css — Cﬁs) + 2C3Cp5C35 — C3,Cs5 — C3:C33 >0,

stable phase will have the lowest enthalpy at zero temperature
and at a known pressure. Since both phases will have the same
enthalpy values when a structural transformation occurs, the
transition pressure can be easily estimated by equating both
enthalpy values of phases. The predicted enthalpy values of
phases are exhibited in Fig. 4. As Fig. 4 indicates that the phases
cross each other at 2.22 GPa, suggesting that the phase transi-
tion from C2/m to C2/c phase occurs at 2.2 GPa.

Elastic properties and mechanical stability

Elastic properties of phases are also computed in order to gather
information about atomic bonding, phonon properties, stiff-
ness, ductility, brittleness and mechanical stabilities. There are
thirteen independent elastic constants are defined for a low
symmetry monoclinic structure as Cj; [46,47]. For a monoclinic
structure, famous Born stability criteria for an unstressed single
crystal for mechanical stability is defined as [48,49];

2[C15C25(C33C12 — C13Co3) + C15Cs5(C22C1s — C12Ca3)+Co5Css (C11Cos — C12Ca3)] — [C25(C22Cs3 — C35) + C35(C11C33 — C24) + (©)
C§5 (CMszUC%z)} + chg >0,

with g= C11C22C33 — C11C§3 — C22C§3 — C33C§2 + 2C12C13C23

At zero temperature, this equation becomes equal to
enthalpy as;

H= Eyp + PV )

In order to compute enthalpy of both phases, energies of
phases for different volumes are predicted by scaling the lattice
parameters and atomic positions uniformly and the result is
presented in Fig. 3. Then the obtained data is fitted to the third-
order Birch-Murnaghan equation of state [44,45] given below;

7 5
VN3 (V)3 :
_ v _ _ apos: _
P=1.5By <Vo> <Vo> x< 1+0.75(B;

®)
where pressured is given by P, volume at the pressure is given
by V, Vq, By and B;) are the volume, bulk modulus and its
pressure derivate at 0 GPa, respectively.

From this curve P can be obtained as P = dE/dV and finally
the enthalpy values of phases. It is expected that the most

Mechanical properties must be revealed for hydrogen
storage materials to be transported. These properties are
examined by elastic constants and also their derivation can
provide other parameters such as Shear modulus, Young
modulus and Poisson’s ratio [50]. The thirteen independent
elastic constants of C2/m and C2/c phases are summarised in
Table 2. First of all, it can be realised that the computed elastic
constants of C2/m phase meet Born stability criteria given in
Eq. (6) whereas C2/c phase does not meet the criteria due to
having a negative value of Css. Thus, it can be concluded that
C2/m phase is mechanically stable, on the other hand, C2/c
phase is not mechanically stable. Unfortunately, there is no
data exist for comparison in literature for these phases of TiH,

Table 3 — The calculated Bulk modulus (B), Shear modulus

G (GPa), G/B and B/G ratios, Poisson’s ratios (¢) and
Young’s modulus E (GPa) of phases of TiH,.

Phases B G G/B B/G G E
C2/m 27.595 10.459 0.379 2.638 0.332 27.857
C2/c 153.363 31.428 0.204 4.880 0.404 88.254
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Fig. 5 — The calculated electronic band structures of TiH, at 0 GPa and at 40 GPa.

tetra hydride. Therefore, this study can serve as a reference
for future titanium tetra hydrides studies as a hydrogen
storage material and also other applications.

By using the data in Table 2, bulk modulus of phases are
obtained. Bulk modulus is a degree of resistivity towards
volume change which is executed by an applied pressure. This
can provide substantial information about average bound
strength because of having a strong correlation with cohesive
and binding energies of material’s atoms [51,52]. Higher bulk
modulus means higher resistivity against volume change [53].
These driven results are provided in Table 3. By examining
bulk modulus of phases from Table 3, it can be said that C2/c
has higher ability to show resistance against volume change
than C2/m phase. For the sake of the argument, the results of
C2/m monoclinic phase of TiH, may be compared with
tetragonal (I4mmm) and orthorhombic (Pnma) phase of TiH,
[14] as well. Pan et al. reported bulk modulus of tetragonal TiH,
as 136.7 and 139.5 for orthorhombic TiH,. By comparing those
results, it can be predicted that orthorhombic TiH, can resist
volume change more than tetragonal TiH, and monoclinic
TiH, with monoclinic TiH4 being the least resistive solid.

:
: . i

; , l“ s.l

g 1 ‘ ws“'}‘ ,\IJ||“ i

Energy (eV)

Shear modulus (G) of a solid defines its ability to resist a
shape change and higher Shear modulus is an indication of
hardness. Shear modulus of C2/m phase of TiH, is found to be
10.4 in our study whereas 32.6 and 51.5 Shear modulus were
reported for tetragonal and orthorhombic TiH, by Pan et al.
[14]. This suggests that titanium dihydrides show stronger
deformation resistance compared to titanium tetra hydride.

Brittleness-ductility of hydrogen storage materials are
critical for on-board application. Thus, B/G ratio of TiH, is also
determined. This well-known ratio is defined by Pugh [54] and
setas 1.75.In the case of higher value, the material is classified
as ductile material, otherwise it is classified as brittle material.
As Table 3 displays that TiH, has higher B/G ratio than 1.75.
That classifies this material as a ductile material which is a
good property for practical hydrogen storage applications.

Poisson’s ratio imparts material’s chemical bonding nature
and stability against shear. Larger ratio means good plasticity
[55]. Moreover, it is reported that the value is around 0.1 for
covalent bonding and around 0.25 or higher for ionic bonding
[56,57]. Based on that, our results suggest that ionic bonding is
dominant in TiH4.

——Total

—H-1s

Density of states (States/eV)

Energy (eV)

Fig. 6 — The partial and total DOS of TiH, at 0 GPa and at 40 GPa.
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Fig. 7 — The phonon dispersion curves of TiH, at 0 GPa.

Young Modulus (E) of a material is defined as the ratio of
tensile stress to tensile strain. Larger Young modulus means
better stiffness. Itis also defined as resistance against changes
in the x-direction under applied pressure. Based on the data
given in Table 3, it can be predicted that C2/c phase of TiH,
shows better stiffness than C2/m phase of TiH, and the stiff-
ness of material increases with applied pressure.

Electronic density of states and phonon properties

In addition to mechanical stability evaluation, the electronic
band structures of TiH, phases are calculated along with the
high symmetry directions and the results are presented in
Figs. 5 and 6. Fermi energy level is set to 0 eV in both figures. As
Fig. 5 displays that there is no band gap exist at both pres-
sures. Also, valence and conduction bands seem to cross each
other, suggesting that TiH, is a conducting material in both
phases and show metallic behaviour.

The partial and total density of states (DOS) of phases is
also computed and shown in Fig. 6. The contribution to con-
ductivity seems to be mainly because of Ti-3d orbitals in the
conduction band with a little contribution from H-1s orbitals
for both phases. It is seen that there is no dramatic change in
the electronic states due to phase transformation.

Lastly, the phonon dispersion curves of TiH, for C2/m phase
at0 GPa is calculated and given in Fig. 7. The phonon dispersion
curve of C2/c phase is not computed since this phase is me-
chanically unstable, itis expected thatit will also be dynamically
unstable. The phonon curve for C2/m phase shows no imagi-
nary frequency, indicating that C2/m phase is dynamically
stable.

Conclusion

Ab initio calculations have been applied to study hydrogen
storage properties, structural evolution, elastic, electronic and
vibrational properties of titanium tetra hydride. The GHD of TiH,
is found tobe 7.77 wt % along with 480.87 K hydrogen desorption
temperature. These values may help to achieve recently revised
USDOE target as 5.5 wt % for a complete system [34] for practical

applications. High pressure simulations show C2/m and C2/c
monoclinic phases for TiH,. C2/m phase at 0 GPa is found to be
mechanically stable whereas C2/c phase exhibits mechanical
instability. Several critical parameters have been obtained. B/G
ratios of phases indicate that both phases have ductile nature
which is a wanted property for on-board hydrogen storage ap-
plications. Additionally, electronic band structures and partial
and total density of states for two phases are obtained. The re-
sults reveal that both phases demonstrate metallic behaviour.
Finally, the phonon dispersion curve is obtained for C2/m phase
and no imaginary frequency is found. This implies that C2/m
phase is also dynamically stable. Sadly, the authors cannot find
any available data in literature to compare for these values for
titanium tetra hydride. However, this work can serve as a basis
for future research and applications.
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