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We have performed structure searches for titanium (Ti) hydrides, vanadium (V) hydrides,
zirconium (Zr) hydrides and niobium (Nb) hydrides under ambient and high pressure up to
high hydrogen content using CALYPSO method combined with first-principles calcula-
tions. Ten novel stable phases, R3-TiHs, P4,/mnm-TiHs, Ibam-TiH, s, Cccm-VH, Pna2,-ZrH,,
R3-ZrHs, Pm3n_1-ZrHs, R3m-ZrH, 5, P2/c-NbH, 5 and P4,/mcm-NbH, s were discovered under
various pressures. In particular, the high hydrogen content Pna2,-ZrH, can be stabilized at
4—12 GPa. The detailed crystal structure, dynamical stability and electronic structure are
also investigated for those novel stable phases. Combined with earlier predicted structures,
comprehensive pressure—chemical potential (P-Auy) phase diagrams are constructed for
these M—H systems.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

storage capacity (4 wt%) and high hydrogen diffusivity. Nb
with high hydrogen permeability [8,9] is often used in the
alloying of metal hydride systems to alter the hydrogenation

Metal hydrides with large hydrogen storage capacity and high
safety have been receiving widespread attention and exten-
sive study as promising hydrogen storage materials [1,2].
Moreover, strong electron-phonon coupling in high hydrogen
content hydrides indicates the hydrides as great candidates of
high-temperature superconductors, which also receiving
intensive attention [3,4].

Ti, V, Zr and Nb are used as components of hydrogen
storage alloys frequently, especially the vanadium based
hydrogen storage materials [5—7], which have high hydrogen

properties. For example, partial Nb substitution can improve
the cycle durability of Ti-Cr-V alloys with no effect to the
hydrogen storage capacity [10,11]. The Ti-based AB-type alloys
[12,13], the Ti-based AB,-type alloys [14—16] and the Zr-based
AB,-type alloys [17,18] are also strong candidates for hydrogen
storage. TiFe alloys [12,13], the typical Ti-based AB-type alloys,
attracted extensive attention due to their good reversibility,
low operation temperature and relatively low price. Ti-based
AB,-type alloys, such as TiMn, [15,16], have been extensively
investigated due to their easy activation, good hydrogenation/
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dehydrogenation kinetics and relatively low cost. ZrV, alloys
[17,18], one of the typical Zr-based AB,-type alloys, are known
for easy activation and low equilibrium pressure. As the
transition metals, Ti, V, Zr and Nb can also serve as additives
to improve hydrogen absorption/desorption kinetics in other
metal hydride systems [19,20].

Increasing the valence of metal ions can effectively
enhance the hydrogen storage capacity. Although there are
high oxidation states of +4 or +5 for various inorganic com-
pounds of Ti, V, Zr and Nb. Unfortunately, only dihydrogen
compounds of M—H system (M = Ti, V, Zr or Nb) have been
obtained in experiments [21—24]. It is curious if the prepara-
tion conditions of high hydrogen content hydrides are
feasible.

Pressure is an important factor for preparation and syn-
thesis of materials [25—28]. For the metal hydrides, it not only
helps to get new phase but also conduces to the stability of
high hydrogen content hydrides since higher hydrogen
chemical potential can be obtained at high pressures. The
structures and phase transitions of dihydrogen and lower
valence compounds is well studied [29—-37], including the
phase transition in dihydrogen compounds of the Ti, V, Zr and
Nb under high pressure [38—40]. In contrast, the structures of
hydrides with higher hydrogen content are not well
understood.

CALYPSO method is a structure prediction method based
on particle swarm optimization algorithm, which has suc-
cessfully searched various elements [41,42], binary [43,44] and
ternary [45—47] compounds. Recently, structural searches for
hydrides of Ti, V, Zr and Nb focusing on superconductivity are
performed [48—54]. High hydrogen content hydrides, such as
phases of TiHg [48], VHg [52], ZrHg [51], and NbHg [54], were
uncovered at high pressure. However, the same phases, for
example, the Fm3m-VH,, have different stability ranges in
their respective reports. The stable phases at a certain pres-
sure are also disputable between their discoveries, which
deserve further discussion.

In this work, we performed a structure search on MH,
(M =Ti, V, Zr and Nb; x < 4) in the pressure range of 0—100 GPa
at zero temperature, using the CALYPSO method, combining
with first-principles calculation. Ten novel stable phases,
including high hydrogen content hydrides, TiHz, ZrHs, and
NbH, 5, were discovered under various pressures. The pres-
sure and chemical potential range in phase diagrams for the
stable phases were calculated. The dynamical stability and
electronic structures were also been investigated. Our results
will provide guidance for the preparation of high hydrogen
content hydrides in experiments.

Computational details

The structures of MH, (M = Ti, V, Zr or Nb; x < 4) were pre-
dicted by using the CALYPSO code [55,56]. Crystal structures
were searched with simulation cells containing up to 8 for-
mula units at pressures of 0 and 70 GPa. Each prediction was
carried out for 30 to 45 generations. The total number of
structures per generation, i.e., the population size, was set to

30. Local PSO algorithm was adopted in searches. The struc-
tures of first generation were produced randomly, while 60%
of the structures was produced by PSO in the following gen-
erations, with the others generated randomly. About 3000
structures were calculated for each stoichiometry.

The simulated crystal structures were visualized as
implemented in the VESTA program [57]. The underlying ab
initio structural relaxations and electronic structure calcula-
tions were based on density functional theory (DFT) method
with the Perdew-Burke-Ernzerhof (PBE) [58] exchange-
correlation functional, as implemented in the Vienna Ab-
initio Simulation Package (VASP) [59]. The projector
augmented wave (PAW) [60] method was employed, with the
4s'3d>, 3p®4s’3d*, 4s?4p®5s?4d?, 4p°5s’4d* and 1s' as valence
electrons for Ti, V, Zr, Nb and H, respectively. The energy
cutoff of 600 eV for the plane-wave expansion and the Bril-
louin zone integration grid spacing of 27 x 0.032 A~! was used
to ensure that all the enthalpy calculations were converged to
less than 1 meV per atom. The phonon calculations were
carried out using a supercell approach as implemented in the
phonopy code [61]. The enthalpy of formation per formula
unit for MyH,, AH¢, was calculated as:

AH¢ = (HMXHy — XHy — yuy) /X, 1

where Hy,u, and Hy are the calculated enthalpy of MyHy and M
and respectively, uy is the chemical potential of hydrogen. Auy
is chemical potential of hydrogen with respect to H, molecule
at 0 GPa.

Apy = py — HH2/27 )

where Hy, is the calculated enthalpy of H, molecule.

Results and discussion
Ti-H system under ambient pressure

The structures of TiH, (x = 2, 2.5, 3, 4) were predicted at
ambient pressure. Detailed structural parameters of Ti-H
compounds are listed in Table S1. For TiH,, we find the
tetragonal [4/mmm phase (Fig. 1a) as the most stable structure,
which is in good agreement with previous results [40]. In this
structure, each conventional cell contains two formula units.
Ti atoms located at the 2b Wyckoff positions form a body-
centered tetragonal (bct) sublattice. H atoms situated in the
tetrahedral sites, occupy the 4d positions of I4/mmm. The most
stable structure of TiH, s at ambient pressure is the trigonal
R3m phase (Fig. 1c). In this structure, each conventional cell
contains four Ti atoms and ten H atoms. There are half of the
Ti atoms, each surrounded by eight H atoms, while each of the
others is surrounded by eleven H atoms. These two kinds of
Ti-centered polyhedrons are arranged in the c¢ direction
alternately. Four-fifths of H atoms are located at the tetrahe-
dral voids, while each of the others is surrounded by three Ti
atoms. The TiH; we predicted under ambient pressure is a
structure with P6s/m symmetry (Fig. 1le), which contains two
TiH; formula units in each conventional cell. The Ti and H
atoms are located at the 2d and 6h Wyckoff positions
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(b) P4/nmm-TiH,

(c) R3m-TiH,
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Fig. 1 — Optimized crystal structures of Ti-H systems. (a) [4/mmm-TiH,, (b) P4/nmm-TiH,, (c) R3m-TiH, s, (d) Ibam-TiH, s, ()
P63/m-TiHs, (f) R3-TiHs, (g) P42/mnm-TiHa, (h) Fm3m-TiHs, (i) C2/m-TiH,, (j) Pnma-TiH,, and (k) Cc-TiH,. Blue and small pink
balls denote Ti and H atoms respectively. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

respectively. Each Ti atom is surrounded by nine H atoms,
while every H atom has three neighbor Ti atoms. For TiH,, the
most stable phase monoclinic C2/m (Fig. 1i) shows a layered
structure, composed of the Ti-centered polyhedrons. The Ti
atom is surrounded by nine H atoms, which makes up a cube
with a vertex replaced by a pair of H atoms that are 0.794 A
apart. The pairs of H atoms are located at the surface of the
layers and have the same orientation. The Ti-centered poly-
hedrons within layers are connected by common edges.

The stability among different stoichiometry for titanium
hydrides was evaluated by formation enthalpy with respect to
the » phase of Ti [62] and the H, molecule. The metastable
structures of P4,/mmc for TiH [22,63] also appears as a refer-
ence in the calculation. Fig. 2 shows the evolutions of forma-
tion enthalpy with chemical potential of H for titanium
hydrides. The vertical dashed line passing through the zero
divides the picture into two parts. The left side of the dashed
line (the green area) represents the area where the chemical
potential is in a reachable range, while the gray area to the
right side requires unachievable conditions. The result in-
dicates that only Ti and TiH, can be stable under ambient
pressure. In order to find higher hydrogen content titanium
hydrides, we may need predicting under higher pressure.

Ti-H system at high pressure

The structures of TiH, (x = 2, 2.5, 3, 4) were searched up to
100 GPa. The predicted structures are displayed in Fig. 1 and
the calculated enthalpies curves are shown in Fig. S2.

The I4/mmm phase (Fig. 1a), the most stable structure of
TiH, at ambient pressure, becomes a metastable phase with
the pressure increases beyond 75 GPa. Another tetragonal
structure, P4/nmm phase (Fig. 1b), has the lowest enthalpy in
TiH, when the pressure in the range of 75-100 GPa. In the P4/
nmm structure, Ti atoms form a slightly distorted bct sub-
lattice, with all the Ti atoms located at the 2c Wyckoff posi-
tions. Half of the H atoms are situated in the tetrahedral sites
at the 2a positions. The others are situated in the octahedral
sites at the 2c positions. Each conventional cell contains two
formula units.

The Ibam phase (Fig. 1d) replaces the R3m phase (Fig. 1c) as
the most stable structure of TiH, s when pressure up to 17 GPa.
This structure contains eight TiH,s formula units in each
conventional cell. Ti atoms situated in 8j Wyckoff positions,
form a face-centered tetragonal (fct) sublattice with distor-
tion. Each Ti atom is surrounded by ten H atoms. H atoms
surrounded by four Ti atoms can be divided into three
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Fig. 2 — Formation enthalpies of titanium hydrides as a
function of hydrogen chemical potential at ambient
pressure. Here, chemical potential of H, is set to zero,
beyond which the Ti-H compounds are unstable
thermodynamically.

categories according to the distortion degree of HTi, tetrahe-
dral, with H atoms located at the 4a, 8g, and 8j Wyckoff posi-
tions respectively.

P65/m-TiHj; (Fig. 1e), the most stable phase between 0 and
4 GPa for TiHs, whose fractional coordinates of H atoms move
with the pressure, change its symmetry to P6s/mmc (Fig. S1a)
eventually when the pressure about 35 GPa. In this new
metastable structure, the H atom is surrounded by four Ti
atoms. When pressure is up to 4 GPa, a trigonal R3 phase
(Fig. 1f) has the lowest enthalpy in TiHs. This structure con-
tains six TiH; in a conventional cell. All of the Ti atoms are
located at 6f Wyckoff positions, forming a hexagonal close-
packed (hcp) sublattice. Two-thirds of H atoms located at 6f
positions, are situated in the tetrahedral voids of the sub-
lattice. The others are located at 2c positions, each surrounded
by three Ti atoms. When pressure increases up to 68 GPa, a
tetragonal P4,/mnm phase (Fig. 1g) becomes more favorable.
This structure can be regarded as a Pm3n structure with minor
distortion (can refer to the structure of Pm3n_2-ZrHs, shown in
Fig. 7). In fact, the enthalpy of Pm3n-TiH; is almost the same
as that of the P4,/mnm-TiH;. However, the Pm3n-TiH; is
dynamically unstable in the corresponding pressure range
(see Fig. S11a). In the structure of P4,/mnm phase, each con-
ventional cell contains four TiH; formula units. Ti atoms form
a distorted body-centered cubic (bcc) sublattice where H
atoms occupy half of the tetrahedral voids. The coordination
number of Ti atoms is twelve. Up to 77 GPa, a cubic phase with
Fm3m symmetry (Fig. 1h) predicted by Zhuang et al. [48], be-
comes the most stable of TiHs. Structurally, each conventional
cell contains four formula units. Ti atoms form a face-
centered cubic (fcc) sublattice in which the H atoms occupy
all the tetrahedral voids and octahedral voids. Each Ti atom
surrounded by eight first nearest-neighbor H atoms and six
second-nearest-neighbor H atoms.

For TiH,, three structures in total, a Pnma phase (Fig. 1j), a
Cc phase (Fig. 1k) and the mentioned C2/m phases (Fig. 1i) are
predicted. The C2/m phases, the most stable structure of TiH,

Aty (V)

0 20 40 60 80 100
Pressure (GPa)

Fig. 3 — Phase diagram of Ti-H system under pressure of
0—100 GPa. Structures in the gray region are unstable
thermodynamically.

at ambient pressure, loses the layered structure at the pres-
sure about 55 GPa with the increasing coordination number of
Ti. The orthorhombic Pnma phase becomes the most stable
TiH, between 3 and 56 GPa, composed by Ti-centered TiH;;
polyhedrons. When the pressure is up to 56 GPa, the mono-
clinic Cc structure of TiHy, containing four kinds of Ti-centered
polyhedrons, becomes more favorable.

By calculating the range of stable phases at pressures be-
tween 0 and 100 GPa, we obtained the P-Auy phase diagram of
Ti-H system (c.f. Fig. 3), to assess the stability among the pre-
dicted structures of Ti-H system under various pressures. The w
phase for pure Ti [62] (Fig. S6a) and the hexagonal P63/m phase
for H [64] were considered. Since the results of low hydrogen
content hydrides have little impact on the search for high
hydrogen content hydrides, high-pressure phases of those
stoichiometric compositions were not considered. In the phase
diagram, the chemical potential of P6s/m-H is plotted as a
dashed line, which increases along the pressure. The gray area
above the dashed line denotes a region where the chemical
potential of H atoms cannot reach. Different phases are sepa-
rated by solid lines. The stable phases read from the phase
diagram at ambient pressure correspond with Fig. 2, i.e., only Ti
and TiH, can be stable under ambient pressure. The result
shows that TiH; becomes stable under the pressure of 15 GPa
with the R3 symmetry. Moreover, the P4,/mnm-TiHs; and Fm3m-
TiH; can be stable under 68—77 GPa and 77—100 GPa, respec-
tively. Zhuang et al. [48] predicted a trigonal R32 phase which
transform into the Fm3m-TiH3 at about 70 GPa. The reported
R32-TiH3 has a similar structure to the R3-TiH; but is dynami-
cally unstable in the corresponding pressure range (see
Fig. S11b). In the R32-TiHs;, H atoms at Wyckoff positions of 1a
and 1b are located at centers of regular triangles, each formed
by three Ti atoms. However, in the R3-TiHs, the corresponding
H atoms are located at 2c Wyckoff positions and protrude from
the planes of regular triangles. TiH, s becomes stable when the
pressure up to 18 GPa with the structure of Ibam. TiH, main-
tains stability within the pressure range of 0—100 GPa, with a
phase transition from I4/mmm to P4/nmm at 75 GPa of TiH,, in
line with the earlier reported transition pressure of 70 GPa by
Zhuang et al. [48] and 63 GPa by Gao et al. [40]. For the stoi-
chiometric compositions that do not stable, TiH, still cannot be


https://doi.org/10.1016/j.ijhydene.2019.03.210
https://doi.org/10.1016/j.ijhydene.2019.03.210

13596

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 44 (2019) 13592—13605

(a) Ccem-VH (b) Fm3m-VH,

(¢c) Pnma-VH,

(d) 14/m-VH,

(e) P4,/mem-VH,

(k) C2/m-VH,
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Fig. 4 — Optimized crystal structures of V—H systems. (a) Cccm-VH, (b) Fm3m-VH,, (c) Pnma VH,, (d) I4/m-VH, s, (e) P4,/mcm-
VH_ s, (f) Ibam-VH; s, (g) P63/m-VHs, (h) R3m-VHg, (i) Fmmm-VHs, (j) C2-VHy, (k) C2/m-VHy, () Cm-VH,, and (m) P2,/m-VH,. Red
and small pink balls denote V and H atoms respectively. (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)
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Fig. 5 — Formation enthalpies of vanadium hydrides as a
function of hydrogen chemical potential at ambient
pressure. Here, chemical potential of H, is set to zero,
beyond which the V-H compounds are unstable
thermodynamically.

stabilized between 0 and 100 GPa and the metastable structures
of P4,/mmc-TiH show no stability range. Remarkably, three new
energetically stable structures are predicted, i.e., the R3 phase
and P4,/mnm phase of TiHs, and the Ibam phases of TiH,s,
respectively.

The calculated phonon dispersion curves of Ibam-TiH, s at
20 GPa, R3-TiHj; at 50 GPa, P4,/mnm-TiH; at 75 GPa and Fm3m-
TiH; at 80 GPa are displayed in Fig. S7. The result shows the
absence of imaginary vibrational frequencies in the Brillouin
zone, indicating that these structures are dynamically stable
under the corresponding pressures. The projected electronic
density of states (PDOS) of those stable structures were
calculated, as shown in Fig. S12. All the structures show the
metallic character, with the Fermi level dominated by the Ti-
3d levels. Hybridization of Ti-3d and H-1s levels is observed
below the Fermi level, indicating a strong interaction between
Tiand H.

V-H system under ambient pressure

The structures of the V-H system were predicted at ambient
pressure, including VH, VH,, VH, s, VH; and VH,. Additional
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Fig. 6 — Phase diagram of V—-H system under pressure of
0-100 GPa. Structures in the gray region are unstable
thermodynamically.

calculations for structures of VH were performed because the
detailed structural parameters are not available from experi-
mental researches. Detailed structural parameters of the va-
nadium hydrides are listed in Table S2. The most stable
structure of VH we predicted is an orthorhombic phase with
Cccm symmetry (Fig. 4a), which is similar to the Cccm-NbH [21]
that obtained by experiments. Occupying the 4f Wyckoff po-
sitions, V atoms form a fct sublattice (c/a <1) with distortion in
this structure. H atoms located at the 4b Wyckoff positions,
occupy half of the tetrahedral voids of the sublattice. Each
conventional cell contains four formula units. For VH,, the
famous Fm3m fluorite structure (Fig. 4b), is found as the most
stable phase under ambient pressure, which is consistent
with the previous experimental result [23]. The fluorite

structure contains four formula units in each conventional
cell. V and H atoms are located at the 4a and 8c Wyckoff po-
sitions respectively. V atoms form a fcc sublattice where the H
atoms occupy all of the tetrahedral voids. The tetragonal
structure I4/m (Fig. 4d), has the lowest enthalpy for VH, s at
ambient pressure that can be seen as the Fm3m-VH, with one-
fifth of V atoms lost. This structure contains eight V atoms and
twenty H atoms in each conventional cell, composed of the
distorted V-centered VHg cube. One-fifth of the H atoms
occupy tetrahedral voids at the 4d positions, while the others
are located at the 16i positions, each surrounded by three V
atoms. The hexagonal P6;/m (Fig. 4g) is the most stable phase
of VH; we found, and it has almost the same structure as P65/
m-TiH;. The most stable structure of VH, is a layered mono-
clinic C2 phase (Fig. 4j), which has similar polyhedrons to the
C2/m-TiH,. Each conventional cell contains four formula
units. V atoms form two close-packed plane of hcp structure
in each layer. The shortest H-H distance in the VHg poly-
hedrons is 0.810 A at ambient pressure. The pairs of H atoms
which have the shortest separation are located at the surfaces
of the layers and have two different orientations depending on
which side of surfaces they located at.

Formation enthalpy with respect to the bec phase of V and
the H, molecule were calculated to evaluate the stability of
different stoichiometry for vanadium hydrides, as shown in
Fig. 5. The experimental structures, [4,/amd-VHg s [32] and C2/
m-V3H, [23], were also considered in this calculation as the
low hydrogen content vanadium hydrides. It is indicated that
V, VHo s, VH and VH, can be stable under ambient pressure,
consistent with previous experimental results, i.e., higher
hydrogen content vanadium hydrides cannot be obtained at
ambient pressure. Therefore, we try to find vanadium hy-
drides under high pressure.

(a) /4/mmm-ZrH,

(b) R3m-ZtH,

(c) Ibam-ZrH,,

Fig. 7 — Optimized crystal structures of Zr-H systems. (a) [4/mmm-ZrH,, (b) R3m-ZrH, s, (c) Ibam-ZrH, s, (d) R3-ZrH;, (€)
Pm3n_1-ZrHs, (f) Pm3n_2-ZrHj, (g) Pna2,-ZrH,, and (h) P1-ZrH,. Lime and pink balls denote Zr and H atoms respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)


https://doi.org/10.1016/j.ijhydene.2019.03.210
https://doi.org/10.1016/j.ijhydene.2019.03.210

13598

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 44 (2019) 13592—13605

V-H system at high pressure

The structures of VH, (x = 1, 2, 2.5, 3, 4) were searched up to
100 GPa. The predicted structures are displayed in Fig. 4 and
the calculated enthalpies curves are shown in Fig. S3.

The experimental results show that VH has a sublattice of
bct composed of V atoms, while H atoms tend to occupy the
octahedral voids of the sublattice at 0 K [23]. However, more
detailed crystal structure information is lacking. A common
inferred structure with [4/mmm symmetry [65,66] is shown in
Fig. Slc. It is a metastable phase according to our calculations
(see Fig. S3a). The Cccm-VH (Fig. 4a) found at ambient pressure
is the most favorable under 0—13 GPa. When pressure up to
13 GPa, the trigonal R3m phase (Fig. S1b) becomes the most
stable VH, which contains one formula unit for each con-
ventional cell with atoms of V at 1a (0, 0, 0) and H at 1b (0.5, 0.5,
0.5) positions, reported by Li and Peng [52], and Zhuang et al.
[49] as a high-pressure stable phase.

The orthorhombic Pnma phase (Fig. 4c) becomes the most
stable VH, when pressure up to 49 GPa. In this structure, each
conventional cell contains four formula units. V atoms located
at 4c Wyckoff positions, form a hcp sublattice with distortion.
Half of the H atoms are situated in the tetrahedral sites of the
sublattice, while the rest of the H atoms are located at the
octahedral sites.

The 14/m-VH, s (Fig. 4d) is more favorable between 0 and
6 GPa. When the pressure between 6 and 15 GPa, a tetragonal
P4,/mcm phase (Fig. 4e) has the lowest enthalpies in many
structures of VH,s. In this structure, each conventional cell
contains four V atoms and ten H atoms. V atoms located at the
4i Wyckoff positions form a fct sublattice with distortion. H
atoms are located at the 4e, 4j, 2b Wyckoff positions, respec-
tively. In the pressure range of 15—100 GPa, an orthorhombic
Ibam phase (Fig. 4f) is more stable. This phase is similar to the
Ibam-TiH, s in symmetry and occupied Wyckoff positions. The
P4,/mcm-VH,s and the Ibam-VH,s consist of VH;, poly-
hedrons, with different arrangement. The enthalpy difference
between the two structures is less than 0.014 eV per VH,s
when the pressure is lower than 100 GPa.

The hexagonal P6s/m (Fig. 4g), the most stable phase of VH;
under 0—13 GPa, has a phase transition at pressure of 41 GPa.
The symmetry becomes P6s/mmc as the positions of H atoms
shift with the pressure, in analogy with P63/m-TiHs. For the
other low enthalpy structures of VHs, the trigonal R3m phase
(Fig. 4h) with a layered structure, which contains two formula
units in each conventional cell, is the most stable phase be-
tween 13 and 48 GPa. Structurally, V atoms, each surrounded
by ten H atoms, form a fragment of hcp which consist of two
adjacent and complete close-packed planes in a layer. One-
sixth of H atoms, located at octahedrons between the two
close-packed planes, occupy the 1b positions. The H atoms
surrounded by three V atoms are located at the surface of the
layers. The rest of the H atoms occupy the 1a positions which
are between two V atoms from two different layers. Up to
48 GPa, the Fmmm phase (Fig. 4i) of VH;, which contains
sixteen formula units in each conventional cell is the most
stable, reported by Zhuang et al. [49] as a stable phase under
high pressure. This structure composed by VH;, polyhedrons
with V atoms located at 8 Wyckoff positions, and VHj,

polyhedrons with V atoms located at 8e sites. V atoms form a
bct sublattice with distortion. For the hydrogen, H atoms sit-
uated in 16k and 8h positions, occupy the tetrahedral voids of
the sublattice. Another one-sixth of H atoms situated in 8g
positions, are located in the octahedron voids but deviating
from the center. The others are situated in 16m Wyckoff po-
sitions, each surrounded by three V atoms. The Fm3m phase,
reported by Li and Peng [52], and Zhuang et al. [49] as a high-
pressure stable phase, is found to be a more favorable struc-
ture of VH; when the pressure is over 100 GPa. This structure
also appeared from the prediction of TiHs.

The mentioned C2-VH, (Fig. 4j) is more favorable in the
range of 0—0.7 GPa. When the pressure is between 0.7 and
24 GPa, the most stable phase of VH, is the monoclinic C2/m
(Fig. 4k) structure, which appeared for TiH, too. Between 24
and 55 GPa, the monoclinic Cm structure (Fig. 4l) which
contains eight formula units in each conventional cell, is the
most stable structure of VH,. Up to 55 GPa, the P2;/m
structure (Fig. 4m) with the lowest enthalpy of VH, con-
sisted of two kinds of VH,; polyhedrons, has a similar
structure to the orthorhombic Pnma-TiH,. The monoclinic
Pm structure (Fig. S1d), composed of three kinds of VH;, and
one kind of VHy4, has a tendency to become the most stable
VH, with the increasing pressure. The enthalpy difference
between the Pm and P2,/m phases is less than 0.002 eV per
VH, at 100 GPa.

The P-Auy phase diagram of V-H system is illustrated in
Fig. 6, with the pressure ranged from 0 to 100 GPa. The bcc
phase and the hexagonal P63/m phase were considered for V
[23] and H [64] respectively, after the comparison on the
structures of V and H, under different pressure. High-pressure
phases of low hydrogen content hydrides were not consid-
ered. The chemical potential of H, molecule at 0 GPa is set to
zero and the chemical potential of P6s/m-H is plotted as a
dashed line. The gray area above zero point represents the
chemical potential of H atoms is too high to reach. Different
phases are separated by solid lines. The result shows that
VH, s with the structure of Ibam is stable above 29 GPa. In
previous research, Li and Peng [52] also found a VH,s with
Ibam symmetry but the stability range is from 53 to 200 GPa.
We are not sure if the two structures are the same, as the
detailed Wyckoff sites were not given in literature. The phase
transition of VH, from Fm3m to Pnma is predicted at 49 GPa, in
line with the previous result [39,49,52]. VH can be stable in the
whole pressure range. The Cccm-VH is stable from 0 to 13 GPa,
while its R3m phase is stable from 13 to 100 GPa. In previous
work, only the R3m structure at high pressure is predicted for
VH [49,52]. Both the experimental structures of C2/m-V;H, and
14,/amd-VHy s have their stability ranges in our calculated
phase diagram (c.f. Fig. 5). The specific stability ranges do not
make much sense since high-pressure phases of the low
hydrogen content hydrides were not considered. Although
VH; does not have a stability range, it has a tendency to enter
the stable area as the pressure increases. In a previous work, Li
and Peng [52] predicted that VH; can be stable above 127 GPa
with the Fm3m structure. Zhuang et al. [49] predicted the VH;
is stable at 50 GPa with Fmmm symmetry since they did not
consider the influence of VH,s. No stable VHy is predicted,
which is in agreement with the previous result.
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The calculated phonon dispersion curves for Cccm-VH at
0 GPa and Ibam-VH, s at 30 GPa are shown in Fig. S8. The result
shows that all of these structures have no imaginary fre-
quencies, confirming their dynamical stability under the cor-
responding pressure. We calculated the PDOS for the Cccm-VH
and Ibam-VH, s at their corresponding pressure as shown in
Fig. S13. The electronic density state at the Fermi level shows
that both of the hydrides are metallic. The Fermi level is
dominated by the V-3d levels. Hybridization for V-3d and H-1s
levels is observed below the Fermi level, indicating covalent
bonds between V and H.

Zr-H system under ambient pressure

The structures of ZrH, (x = 2, 2.5, 3, 4) were predicted at
ambient pressure. Detailed structural parameters of Zr-H
compounds are presented in Table S3. The most stable
structures for ZrH,, ZrH, s and ZrH; at ambient pressure are
also found in Ti-H system. They are the tetragonal I4/mmm
phase for ZrH, (Fig. 7a), the trigonal R3m structure for ZrH, s
(Fig. 7b) and the trigonal R3 phase for ZrH; (Fig. 7d). These
structures have been introduced in titanium hydrogen com-
pounds. For ZrH,, we find a novel orthorhombic Pna2, phase
(Fig. 7g) at ambient pressure. In this structure, each Zr atom is
surrounded by eleven H atoms. There are three-quarters of H
atoms, each surrounded by three Zr atoms, and each of the
others is located between two Zr atoms. This phase and the
Pnma-TiH, are similar in structure, while they have different
space groups due to tiny deviations in the positions of atoms.

The formation enthalpies for predicted low enthalpy pha-
ses of zirconium hydrides at ambient pressure were calcu-
lated relative to the w phase of zirconium solid [67] and the H,
molecule, summarized in Fig. 8. A vertical dashed line passing
through the zero divides the picture into two parts. The green
area to the left of the dashed line represents where the
chemical potential is in a reachable range, while the gray area
requires unachievable conditions. The formation enthalpy of

| Zr-H |
— w-Zr
1.5
\\\ — P4,/mmc-ZrH

§ 1 S 14/mmm-ZrH,
) \ — R3m-ZrH,
Z 05 N — R3-ZH,
= — Pna2-ZrH,
= 0
=
3
= -0.5
2
=
< -11 feol
g 1.5 {l—
o ]

-2 1 -0.01

0.86 -0.856
-2.5
-1 -0.8 -0.6 -0.4 -0.2 0 0.2

A, (V)

Fig. 8 — Formation enthalpies of zirconium hydrides as a
function of hydrogen chemical potential at ambient
pressure. Here, chemical potential of H, is set to zero,
beyond which the Zr-H compounds are unstable
thermodynamically.

P4,/mmc-ZrH [24], an experimental structure, is also illus-
trated for comparison. The result shows that Zr and ZrH,
occupy most of the stability ranges and ZrH has a small sta-
bility range according to our calculations. The high hydrogen
content zirconium hydrides of ZrH; and ZrH, are not stable at
ambient pressure. It means that higher pressures are required
to stabilize ZrH; or ZrH,.

Zr-H system at high pressure

The structures of ZrH, (x = 2, 2.5, 3, 4) were searched up to
100 GPa. The predicted structures are exhibited in Fig. 7 and
the calculated enthalpies curves are shown in Fig. S4.

The mentioned [4/mmm-ZrH, is the most stable zirconium
dihydrogen in the whole pressure range. The crystal structure
is exhibited in Fig. 7a.

The R3m phase (Fig. 7b) is the most stable for ZrH, s when
the pressure ranges from 0 to 26 GPa. Up to 26 GPa, the most
stable phase of ZrH, s is an orthorhombic structure with Ibam
symmetry (Fig. 7c), which has the same structure as the Ibam-
TiH, .

The R3 phase (Fig. 7d) is the most stable structure in ZrHs;
compounds between 0 and 19 GPa. With the increase of
pressure, two cubic Pm3n phases are revealed. One is the most
stable phase of ZrH; between 19 and 23 GPa. We refer to it as
the Pm3n_1 (Fig. 7e). The other is more favorable when pres-
sure is up to 23 GPa, reported by Li et al. [51] as a high-pressure
stable phase. We refer to it as the Pm3n_2 (Fig. 7f). Both phases
are composed by ZrH;, polyhedrons. The structure of Pm3n_2-
ZrHs is simpler: each conventional cell contains two formula
units and Zr atoms form a bcc sublattice where H atoms
occupy half of the tetrahedral voids at the 6d positions. In the
structure of Pm3n_1, each conventional cell contains eight Zr
atoms and twenty-four H atoms. The Zr atoms, which are
located at the vertices and center of the conventional cell,
occupy the 2a positions. The other Zr atoms located at the
faces of the conventional cell, occupy the 6d Wyckoff posi-
tions. H atoms are located at 24k positions, each surrounded
by four Zr atoms. The Fm3m phase of ZrHs, which is the same
structure as the cubic Fm3m-TiHs, is also found in this work,
but it is not the most stable below 100 GPa.

The Pna2, structure (Fig. 7g) is the most favorable for ZrH,
in the pressure range of 0—20 GPa. When the pressure in-
creases to 20 GPa, a triclinic P1 phase (Fig. 7h) whose con-
ventional cell contains sixteen ZrH, formula units, has the
lowest enthalpy in all the predicted ZrH, structures. In this
structure, every Zr atom is surrounded by over twelve H
atoms. The low symmetry of the new structure implies the
existence of a lower enthalpy structure with a larger con-
ventional cell.

The P-Apuy phase diagram of Zr-H system was calculated
from 0 to 100 GPa, as shown in Fig. 9. The chemical potential of
H, molecule at 0 GPa is set to zero. We considered the hex-
agonal P63/m phase for H [64] to obtain the chemical potential
of H atoms under high pressure, as shown as a dashed line in
the plot. For Zr, the w phase [67], bct phase [68] and bcc phase
[24] were used as references from 0—26 GPa, 26—31 GPa, and
31-100 GPa, respectively (shown in Fig. S6b). High-pressure
phases of low hydrogen content hydrides were not consid-
ered. The colored area denotes a region where the chemical
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Fig. 9 — (a) Phase diagram of Zr-H system under pressure of 0—100 GPa. Structures in the gray region are unstable
thermodynamically. Partial enlargement of the phase diagram to highlight (b) the P4,/mmc-ZrH and (c) the Pna2,-ZrH,.

potential of H atoms is reasonable. Different phases are
separated by solid lines. The result shows that, ZrH, with the
Pan2, symmetry has a stability range between 4 and 12 GPa.
For ZrHj, three phases are stable when the pressure up to
5 GPa: the R3 phase between 5 and 19 GPa, the Pm3n_1 phase
between 19 and 23 GPa and the Pm3n_2 phase above 23 GPa. In
earlier work, Li et al. [51] reported Pm3n_2-ZrHs with a corre-
sponding stability range from 0 to 150 GPa, while Han et al. [53]
reported a P6s/mmc-ZrH; with a stability range from 0 to
50 GPa. According to our calculations, the P6s/mmc-ZrHs
(Fig. S1e) has higher enthalpy than R3-ZrH; and is expected to
transform easily to another Pnma phase (Fig. S1f) when pres-
sure goes up to 16 GPa, as the two phases are similar in crystal
structure. The enthalpies curves are shown in Fig. S4c. The
R3m is the only stable phase of ZrH,s and the range is
3—14 GPa. The tetragonal I4/mmm phase of ZrH, is stable in the
whole range of 0—100 GPa, which is in good agreement with
the previous results [38,51]. The experimental structure, P4,/
mmc-ZrH, is only stable at pressures lower than 1 GPa. In
summary, we found several novel high hydrogen content
zirconium hydrides, including Pan2,-ZrH,, two phases of ZrHs,
the R3 and the Pm3n_1, and R3m- ZrH,s.

We calculated the phonon dispersion curves for R3m-
ZrH, s, R3-ZrHs, Pm3n_1-ZrHs, Pm3n_2-ZrHs; and Pna24,-ZrH,,
at their corresponding pressures, as shown in Fig. S9. The
result reveals that all of these structures have no imaginary
frequencies, confirming their dynamical stability under the
corresponding pressure. The calculated PDOS for ZrHy, ZrH;
and ZrH,s are illustrated in Fig. S14. R3m-ZrH, s, R3-ZrH,,
Pm3n_1-ZrHs;, and Pm3n_2-ZrH; are metallic, while the exist
band gap of Pna2;-ZrH, indicates its feature of a semi-
conductor at 10 GPa. A strong hybridization for Zr-4d and
H-1s levels below the Fermi level indicates the covalency of
Zr-H bond.

Nb-H system under ambient pressure

The structures of NbH, (x = 2, 2.5, 3, 4) were predicted at
ambient pressure. Detailed structural parameters of Nb-H
compounds are listed in Table S4. We find that the fluorite
structure with Fm3m symmetry (Fig. 10a) has the lowest
enthalpy for NbH, under ambient pressure. This structure is
also predicted for VH,. For NbH,; s, the tetragonal I14/m phase
(Fig. 10c) is the most stable structure, which is also
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(b) Pnma-NbH,

(c) 14/m-NbH, (d) P2/c-NbH,

(a) Fi m§m-NbH2

?

Fig. 10 — Optimized crystal structures of Nb-H systems. (a) Fm3m-NbH,, (b) Pnma-NbH,, (c) 14/m-NbH, s, (d) P2/c-NbH, s, (e)
P4,/mcm-NbH, s, (f) Ibam-NbH, s, (g) Cmcm-NbHj, (h) Fmmm-NbHs, (i) [43d-NbHs, (j) C2-NbH,, (k) C2/m-NbHy,, (I) Pnma-NbH,,
(m) P2,/m_1-NbHy,, (n) P2,/m_2-NbH,, and (0) R3m-NbH,. Green and small pink balls denote Nb and H atoms respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

predicted for VH, s at ambient pressure. The orthorhombic
phase with Cmcm symmetry (Fig. 10g) is found as the most
stable structure of NbH; which is composed of NbHg poly-
hedrons. In these polyhedrons, eight of H atoms form a cube
surrounding the centered Nb atom, as the remaining H atom
protrudes from a face of the cube and forming a pyramid
with four H atoms from the face. The NbHy polyhedrons
connect with each other by common edges. Each conven-
tional cell contains four NbH; formula units. The most sta-
ble phase of NbH; at ambient pressure has the same
structure as the C2-VH,, which is layered as shown in
Fig. 10j.

The formation enthalpies for the most energetically
favorable structures of niobium hydrides, which were calcu-
lated with respect to the bcc phase for niobium solid and the
H, molecule, is plotted in Fig. 11. The experimental phase of
Cccm-NDbH [21] and the theoretical predicted P2-NbHj ;5 [54] are
also added into the calculation for comparison. The green area
to the left of the dashed line denotes the available chemical
potential range. The result indicates that only Nb, NbHjy ;s,
NbH and NbH, can be stable among different stoichiometry
for niobium hydrides under ambient pressure, implying that
higher pressures are required to find richer hydrogen content
niobium hydrides.
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Fig. 11 — Formation enthalpies of niobium hydrides as a
function of hydrogen chemical potential at ambient
pressure. Here, chemical potential of H, is set to zero,
beyond which the Nb-H compounds are unstable
thermodynamically.

Nb-H system at high pressure

The structures of NbHy, (x = 2, 2.5, 3, 4) were searched up to
100 GPa. The predicted structures are displayed in Fig. 10 and
the calculated enthalpies curves are shown in Fig. S5.

The fluorite structure for NbH, (Fig. 10a) is the most
favorable one in the range of 0—47 GPa. A hexagonal P6smc
phase of NbH, (Fig. S1h), predicted by Chen et al. [39] as a
stable structure at high pressure, is the most stable NbH, in a
small range around 47 GPa. When the pressure increases to
48 GPa, the orthorhombic Pnma phase (Fig. 10b) has lower
enthalpy than other structures for NbH,. The Pnma-NbH, and
the Pnma-VH, possess the same structure.

The I4/m-NbH, s (Fig. 10c) is the most favorable phase in the
range of 0—4 GPa. Up to 4 GPa, the monoclinic P2/c phase
(Fig. 10d), whose conventional cell contains four Nb atoms and
ten H atoms, becomes more stable than the mentioned 14/m
phase. This structure can be seen as the P4,/mcm structure of
VH, s with a slight distortion. When the pressure increases to
28 GPa, the P2/c-NbH, s becomes the tetragonal P4,/mcm phase
(Fig. 10e). When the pressure up to 41 GPa, the most stable
phase of NbH, s has the same structure as the Ibam-TiH, s. The
Ibam-NbH, s (Fig. 10f) was also predicted by Liu et al. [50] as a
stable structure at high pressure.

The Cmcm phase (Fig. 10g) is the most stable NbHj in the
range of 0—15 GPa. When the pressure between 15 and 25 GPa,
the orthorhombic phase with Fmmm symmetry (Fig. 10h),
which is the same structure as the Fmmm-VHj;, becomes the
most stable structure of NbHs. Up to 25 GPa, the cubic 143d
structure (Fig. 10i), whose conventional cell contains sixteen
formula units, is found to be stable in NbH3, in line with earlier
results by Gao et al. [54]. Structurally, the Nb atoms are located
at the 16c Wyckoff positions, each surrounded by twelve H
atoms. H atoms are situated in the tetrahedral sites at the 48e
Wyckoff positions. This cubic structure can also be seen as a
distorted Pm3n structure (can refer to the structure of Pm3n_2-
ZrHs, shown in Fig. 7f). The cubic Fm3m phase, which is the

same structure as the cubic Fm3m-TiHs, is also predicted for
NbH; but it is not the most stable below 100 GPa.

The C2 structure of NbH, (Fig. 10j) we mentioned is the
most stable one when the pressure is lower than 0.6 GPa.
Between 0.6 and 10 GPa, the most stable structure of NbH,
(Fig. 10k) has the same symmetry and similar atomic co-
ordinates with the monoclinic C2/m phase of TiH,. Under the
pressure between 10 and 42 GPa, the orthorhombic phase with
Pnma symmetry (Fig. 10]) becomes the most stable NbHy, in
which each conventional cell contains four NbH, formula
units. Nb atoms are situated in 4c positions, each surrounded
by eleven H atoms. Between 42 and 43 GPa, the monoclinic
P2,/m phase (Fig. 10m), whose conventional cell contains four
NbH, formula units, composed by Nb-centered NbH;; and
NbH;, polyhedrons, is found to have the lowest enthalpy in
NbH,. We refer to it as the P2,/m_1 structure. In the pressure
range of 43—62 GPa, another P2,/m phase, which we refer to as
P2,/m_2 phase (Fig. 10n), is predicted with a lower enthalpy for
NbH,. In this structure, each conventional cell contains four
NbH, formula units. The P2,/m_2 phase is composed by Nb-
centered NbH;o and NbH;3 polyhedrons, where the distance
between the nearest H atoms is only 0.804 A under 50 GPa. Up
to 62 GPa, the trigonal R3m phase (Fig. 100) becomes the most
stable structure of NbH, with two NbH, formula units in each
conventional cell. This structure is composed by NbH;, poly-
hedrons and NbH;4 polyhedrons, where Nb atoms occupy the
1a and 1b Wyckoff positions of group R3m, respectively.

The P-Auy phase diagram of Nb-H system between 0 and
100 GPa was plotted in Fig. 12. The bec phase [21] and the P65/m
phase [64] were considered for the elemental Nb and H solids,
respectively. The chemical potential of H, molecule at 0 GPa is
set to zero and the chemical potential of P6s/m-H is plotted as
a dashed line, which divides the phase diagram into a colored
part and a gray part, representing physical and unphysical
regions, respectively. High-pressure phases of low hydrogen
content hydrides were not considered. The result shows that
the NbH; has one stable phase when the pressure is up to
33 GPa with the [43d symmetry, in line with the results of Gao
et al. [54] For NbH, s, there are three phases having their sta-
bility ranges in the phase diagram, the P2/c phase in the range

Ap, (V)

0 20 40 60 80 100
Pressure (GPa)

Fig. 12 — Phase diagram of Nb-H system under pressure of
0—100 GPa. Structures in the gray region are unstable
thermodynamically.
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of 24—28 GPa, the P4,/mcm phase under 28—41 GPa and the
Ibam phase (also reported by Liu et al. [50]) under 41—-100 GPa
NbH, is stable in the whole pressure range. The Fm3m-NbH, is
stable between 0 and 47 GPa and have a phase transition to the
Pnma-NbH, at higher pressures, which is in good agreement
with the result of Gao et al. [54] Chen et al. [39] predicted a
phase transition of Fm3m-NbH, to P6smc-NbH, at 45 GPa, and
concluded that the P6;mc structure for NbH, can be stable up
to 100 GPa. However, in our result, the P6;smc-NbH, is stable
only around 47 GPa. Both Cccm-NbH and P2-NbHj, ;5 have their
stability ranges, in line with the results under ambient pres-
sure. NbH,; has no stability range between 0 and 100 GPa,
which is consistent with Gao et al. [54], who predicted that
NbHy, is not stable until the pressure up to 287 GPa.

The phonon dispersion curves were calculated for P2/c-
NbH, s at 25 GPa, P4,/mcm-NbH, s at 35 GPa, Ibam-NbH, s at
50 GPa and I43d-NbHj; at 50 GPa, as displayed in Fig. S10. The
absence of imaginary vibrational frequencies in the Brillouin
zone indicates that these structures are dynamically stable
under the corresponding pressure. The calculated PDOS of
NbH; and NbH, 5 indicate their metallic character, shown in
Fig. S15. The result suggests that the Fermi level is dominated
by the Nb-4d levels. A strong hybridization for Nb-4d, Nb-4p
and H-1s levels below the Fermi level indicates the interaction
between Nb and H.

Conclusion

In summary, we report ten novel stable hydrides through first-
principles calculations and structure searches: three for Ti-H
system, one for V-H system, four for Zr-H system and two for
Nb-H system, and several metastable phases. The P-Auy
phase diagrams were obtained for the four metal-hydrogen
systems. The calculations of the phonon structures demon-
strated the dynamical stability of these structures.

Meanwhile, we demonstrate that the dihydrides are the
highest hydrogen content compounds obtained under
ambient pressure in these four metal-hydrogen systems.
Under high pressure conditions, stable structures of MH, s can
be formed in all the four systems. V and H cannot form stable
trihydride below 100 GPa, which implies that preparing the
trihydride requires more rigorous conditions. Both Ti and Nb
cannot form tetrahydride with H when the pressure is lower
than 100 GPa, and the lowest pressure condition of their stable
trihydride are 15 GPa and 33 GPa respectively. The trihydride
are promising to obtain in experiment under today's experi-
mental conditions. Zr is the only one that can form both tet-
rahydride and trihydride, and both the required pressure
conditions are not exceed 5 GPa. In particular, the Pna2,-ZrH,,
a semiconductor, is found to be stable under pressure of 4 GPa,
which is relatively easier to realized experimentally.
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