PHYSICAL REVIEW B 104, 054110 (2021)

First-principles investigation of rhodium hydrides under high pressure
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Hydrogen-rich compounds are being extensively explored theoretically and experimentally as potential hy-
drogen storage materials. In this work, we predicted a hydrogen-rich compound rhodium trihydride (RhH;) with
a high volumetric hydrogen density of 212.5 g/L. by means of ab initio calculations. The RhH; with Pnma
symmetry is thermodynamically stable and accessible through synthesis above 40 GPa. The compound is dy-
namically and mechanically stable at ambient pressure. Further calculation suggests a probable dehydrogenation
temperature Ty of 65 °C at ambient pressure with decomposition route to Rh + H,. High volumetric hydrogen
density and moderate dehydrogenation temperature place RhHj as one of the best hydrogen storage materials.
Our work encourages the experimental synthesis of RhHj at high pressure.

DOI: 10.1103/PhysRevB.104.054110

I. INTRODUCTION

The exhaustion of conventional fossil fuels and alarming
environmental problems prompt a rapid search for renewable
energy sources. As a promising alternative, hydrogen fuel is
promising for its abundance, efficiency, and friendliness to the
environment. However, low storage capacity and safety issues
for hydrogen-carrying materials are major obstacles to the
practical use of hydrogen fuel. Compared to traditional meth-
ods for hydrogen storage (compacted gas or liquid), metal
hydrides such as MgH, or KAIH, are safer and have high
volumetric hydrogen density about 110 g/L and 53.2 g/L [1],
which satisfy the ultimate target of 50 g/L set by the U.S.
Department of Energy [2]. But, due to the strong bonding be-
tween the main-group metals and hydrogen, the hydrogen des-
orption temperatures Ty are outside the acceptable range for
practical applications (above 300 °C for MgH; and 270 °C for
KAIHy) [3,4]. Since Ty is closely related to the decomposi-
tion enthalpy, lower T likely exists in metastable transition-
metal hydrides with lower thermodynamical stabilities.

Group VIII elements (Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, and Pt)
all have low solubility of hydrogen under ambient conditions.
However, under high pressure, many novel polyhydrides of
group VIII elements have been discovered recently, both by
theory and experiment, such as FeH, 35 [5,6], CoH, 3 [7,8]
IrH; [9], and RhH; [10]. Through a systematic analysis of
these hydrides, we found three pieces of key information: (i)
Hydrogen absorption in transition metals has a higher limit
under pressure than originally thought. Transition-metal el-
ements like Fe, Co, and Ir are all capable of forming high
hydrides. For instance, CoHs, IrH3, FeHs, and FeHs were
successfully synthesized through high-pressure experiments
[5,6,9,11]. On the other hand, Rh as an element close to Ir and
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Co only have RhH and RhH; known, which leads to a further
exploration for rubidium polyhydrides with higher hydrogen
content. (ii) Transition-metal polyhydrides can be regarded as
a prototypic hydrogen storage material with high volumetric
hydrogen density. RhH; synthesized above 8 GPa has a rather
high volumetric hydrogen density of about 163.7 g/L [10]. For
cobalt polyhydrides, the volumetric hydrogen densities are
even higher, 214 and 435 g/L [8,10]. (iii) Transition-metal hy-
drides that are thermodynamically accessible at high pressure
are often metastable at ambient pressure. RhH, was reported
to be experimentally recoverable to ambient pressure at 6.1 K
with Tges about 150-270 K [10]. IrHj3 is also expected to be
recoverable due to the slow kinetics formation and decompo-
sition of IrH3 [9]. The hexagonal close-packed CoHj ¢ and fcc
CoH which synthesized above 7 GPa can remain metastable
at atmospheric pressure [12]. From the analysis above, RhHj;
is very likely to exist under high pressure but metastable
under the ambient pressure condition and is expected to be
a promising hydrogen storage material.

Here, we systematically investigate the high-pressure
phase diagram on the Rh-H system from 1 atm to 300 GPa and
successfully predict a hydrogen-rich compound RhHj3 with
Pnma symmetry above 40 GPa by first-principles calculation.
When pressure is decreased to 1 atm, RhHj still remains
dynamically and mechanically stable with high volumetric
hydrogen density (212.5 g/L). This capacity places RhH; as
one of the best hydrogen storage materials, meritorious for
synthesis and further investigation for practicable usage.

II. COMPUTATIONAL METHODS

According to the previous investigation on Co-H and Ir-H
systems, the highest stable stoichiometry is 1:3. In addition,
we performed coarse variable-composition predictions with
about 2000 structures at 100 GPa using USPEX and found
only RhH;_3 being located on the convex hull. Therefore,
we focused the exploration on stable compounds of RhH,
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(n=1-4) at 1 atm, 2, 4, 5, 10, 20, 40, 50, 100, 200, and
300 GPa based on the fixed composition search implemented
by USPEX [13,14] with system sizes from two to four for-
mula units per cell. To examine the possible existence of
superhydrides with higher hydrogen contents, the structural
research of RhH,, (n = 5-8) at 100, 200, and 300 GPa were
also carried out. In the evolutionary cycle, 60 structures were
randomly created as the first generation in the evolution. Ev-
ery subsequent generation was composed of the best 60%
structures with the lowest enthalpy from the previous gener-
ation and new structures which were produced by variation
operator heredity (50%), soft mutation (20%), transmutation
(10%), and 20% random structures. The simulation is con-
sidered converged once the best structure does not change
for 20 generations. The structural geometry optimizations
and electronic structure calculations were employed by the
Vienna Ab initio Simulation Package (VASP) code [15] in
the framework of density-functional theory. The electron-ion
interactions were treated using the all-electron projector aug-
mented wave potentials [16]. The exchange-correlation effects
were described by the Perdew-Burke-Ernzerhof revised for
solids parametrization of the generalized gradient approxi-
mation [17]. The valence electrons of H and Rh are 1s' and
4d85s', respectively. To ensure that the calculated enthalpies
are converged to better than 1 meV/atom, the plane-wave
cutoff energy of 700 eV was employed with the energy and
force convergence criteria of 1077 eV and 0.005e¢V A~'. The
k-point grid spacing of 27 x 0.03 A" and 27 x 0.025 A~!
were used in calculations of enthalpies and electronic proper-
ties, respectively. Phonon calculations and zero-point energies
(ZPE) were performed by the PHONOPY code using a finite
displacement approach [18,19]. In structural optimizations
and electronic structures calculations, the spin-polarized were
included. Electron-phonon couplings were carried out within
the framework of the linear-response theory as implemented
in the QUANTUM ESPRESSO program [20]. A Kkinetic energy
cutoff is set to be 80 Ry after the convergence tests. Norm—
conserving pseudopotentials for H and Rh were chosen. The
g-points sampling meshes of RhH,-Fm-3m, RhH,-P2;/m,
RhH,-Cmcm, and RhH3-Pnma were 6 x 6 x 6, 2 x 4 x 4,
4 x4 x4, and 4 x 4 x 2, respectively. The k-points meshes
are 24 x 24 x 24, 12 x 24 x 24, 24 x 24 x 24, and 16 x
16 x 8, correspondingly.

III. RESULTS AND DISCUSSION

A. Stabilities and structures

The formation enthalpies (AH) of all predicted RhH,
(n = 1-4) are depicted through thermodynamic convex hull
construction at selected pressures [Fig. 1(a)]. In order to
examine the stabilization of the superhydrides, the stoi-
chiometries with higher hydrogen contents RhHs ¢ 7 g are also
taken into consideration at 100, 200, and 300 GPa. The convex
hull of RhH,, (m = 1-8) at 100, 200, and 300 GPa are con-
structed (see Fig. S1 of the Supplemental Material [21]). In
constructing the convex hull, the known structures of Fm-3m
for Rh [10] and P63/m, C2/c, and Cmca for H, [22] are used
as references. In addition to reproducing the experimentally
known RhH and RhHj,, the structure search uncovers a previ-
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FIG. 1. (a) Convex hulls of the Rh-H system with respect to
elemental Rh and H, from 1 atm to 300 GPa. The compounds located
on the solid lines are thermodynamically stable. (b) The pressure-
composition phase diagram of Rh-H system under high pressure.

ously unreported RhH3 with Pnma space group, found to be
stable above 40 GPa.

No rhodium hydrides can form from elements at ambient
conditions [10]. Our calculation shows that RhH and RhH,
become thermodynamically stable at 2 and 4 GPa, respec-
tively, which match well with the previous experimental study
in which RhH and RhH; were synthesized at 4 and 8 GPa [10].
The predicted structures and corresponding pressure range of
stability are shown in the pressure-composition phase diagram
of Rh-H system from 1 atm to 300 GPa [Fig. 1(b)]. No phase
transitions are found in RhH and RhHj3 in the entire inves-
tigated pressure range. RhH, is predicted to have two phase
transitions at 36.5 and 240 GPa, respectively.

The predicted stable structures are presented in Fig. 2 and
detailed structure parameters are provided in the Supplemen-
tal Material (Table SI) [21]. Consistent with experimental
results [10,23], in Fm-3m-RhH and Fm-3m-RhH, [Figs. 2(a)
and 2(b)], the Rh atoms located at the 4a Wyckoff positions
form a face-centered cubic (fcc) sublattice, while H atoms
fill the octahedral and tetrahedral voids. Upon increasing the
pressure, Fm-3m phase of RhHj; is predicted to transform to
P2, /m phase at 36.5 GPa [Fig. 2(c)]. In this structure, Rh
atoms are connected into individual rectangle sheets with the
closest Rh-Rh distance of about 2.64 A at 100 GPa. The
Rh sheets are with the ABAB stacking sequence along the a
axis with atomic H intercalated. When the pressure reaches
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FIG. 2. The crystal structures of (a) Fm-3m-RhH, (b) Fm-3m-RhH,, (¢) P2, /m-RhH,, (d) Cmcm-RhH,,and (e) Pnma-RhHj;. The big gray

balls represent Rh atoms and small pink balls represent H atoms.

240 GPa, the P2, /m phase is predicted to transform to Cmcm
phase [Fig. 2(d)]. The Rh atoms in Cmcm-RhH, are located at
4c sites and H atoms occupy the 4¢ and 4a sites. In addition to
causing phase transition, the effect of pressure also includes
increasing the hydrogen content. A hydrogen-rich rhodium
trihydride RhHj with space group Pnma is revealed above 40
GPa which maintains the stability until at least 300 GPa. In
this structure, the Rh atoms are hexaconnected (dashed line)
and H atoms are distributed in the triangular prism interstices
of Rh sublattices [Fig. 2(e)]. This structure is isostructural to
the previously predicted Pnma-IrH; [9].

Learning from the experimental synthesis of Fe, Co, Rh,
and Ir hydrides, the changes in symmetry may result in high-
energy barriers. For Co and Rh in fcc lattice, only 4 GPa
is required for the formation of fcc CoH and RhH, 8 GPa
and 45 GPa for fcc RhH, and CoH, at room temperature,
respectively [8,10]. But, for Fe in body-centered cubic and Ir
in fcc, the formation of corresponding hydrides induces sym-
metry changes (tetragonal and simple cubic symmetries), and
therefore require high-temperature conditions [5,6,9]. As for
the Pnma-RhHj3 in our prediction, Rh adopts an orthorhombic
sublattice instead of the cubic one in pure Rh. Thus, the sig-
nificant change in symmetry will increase the energy barrier
for the formation of RhHj, which may require laser heating
under pressure.

B. Equation of states

By fitting the pressure as a function of volume to the third-
order Birch-Murnaghan equation of state (EOS) [24],

7/3 5/3
r=(v) () |
2 Vv Vv
3 , Vo\ 22
i e [(5) )

the EOS of Rh, and RhH, (x = 1-3) are determined (Fig. 3).
The equilibrium volumes at zero pressure (V;), bulk modulus
(Bo), and their pressure derivatives (Bj,) are listed in Table I.
Our calculation has a very good agreement with the values
previously reported in experiments and calculations. The cal-
culated lattice constant ag for Rh and RhH are 3.799 and
4.008 A, which agree well with the experimental value of
3.803 and 4.010 A [2]. The EOS of Rh and RhH, (x = 1-3)
are presented in Fig. 3 along with experimental data [10]. In
the low-pressure range from 1 atm to 30 GPa, the volume
expansions are 9.2 and 15.3 A3 in the staged absorption of
hydrogen atoms (fcc-Rh— fcc-RhH— fce-RhH;), which are
in good agreement with the experimental values [10] (9.9 and
15.4 A%). In the high-pressure range from 30 to 300 GPa, our
prediction provides two suggestions for future experiments on
high-pressure rhodium hydride. First, RhH, will likely experi-
ence two first-order phase transitions (Fm—3m — P2;/m —
Cmcm) with the volume reduction of 2.03 and 0.5 A3, re-
spectively. Second, the formation of Pnma-RhH; will bring
about 11.6 A% volume increase at 40 GPa compared with
P2, /m-RhH; at the same pressure.

C. Electronic structures

Given that no electron accumulation is found in spaces be-
tween Rh and H by electronic localization functions (ELFs) as
shown in Fig. 4, Bader charge analysis in Table SII therefore
shows a direct charge transfer between Rh and H atoms in
Rh-H solids. For Fm-3m-RhH, Fm-3m-RhH,, P2;/m-RhH,,
and Pnma-RhHj at 2, 4, 40, 250, and 40 GPa, each Rh on
average loses about 0.05-0.2 ¢~ to H atoms. For Cmcm-RhH,
at 250 GPa, each Rh atom on average gains about 0.006 ¢~
from H atoms. The ELF and Bader charge analysis show that
the interactions between H and Rh atoms have slight ionic
character. The spin polarization of Rh-H system is also taken
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FIG. 3. EOS of Rh, RhH, RhH;, and RhHj in the pressure range
of (a) 0-30 and (b) 30-300 GPa. The results of our calculation are
shown in solid lines and experimental data are represented by dots
[10].

into consideration. According to our calculation, only RhH
is magnetic. The magnetic moment of RhH is calculated to
be 0.325 up at 5 GPa, which is in agreement with other the-

1.0 (a)
P

TABLE 1. Zero-pressure volume V, (A3), bulk modulus By
(GPa), and pressure derivative of bulk modulus B, obtained from the
equation of state by Birch-Murnaghan fit for Rh, RhH, RhH,, and
RhH;.

Structure Vo (A%) B, (GPa) B;,
Fm-3m-Rh 54.83 299.4 4.9
Experimental data [28] 55.00 270

Other calculation [29] 59.05 245.1

Fm-3m-RhH 64.35 261.4 4.6
Experimental data [10] 64.48

Other calculation [29] 67.42 230.9
Fm-3m-RhH, 80.68 212.2 4.4
Experimental data [10] 81.72 194.3

Other calculation [29] 84.13 189.34
P2,/m-RhH, 79.82 169.9 5.0
Cmcm-RhH, 76.46 221.1 4.5
Pnma-RhHj3 93.54 179.8 4.1

oretical value of 0.45 ug [25]. The spin-polarized electronic
band structure and electronic density of states (DOS) of RhH
at 5 GPa are depicted in Figs. S3(a) and S3(b). The splitting
between the spin-up and spin-down channels near the Fermi
level induces magnetic moments. Partial electronic density of
states indicates that the DOS at the Fermi level is dominated
by Rh and magnetism of RhH mainly arises from the d elec-
trons of Rh. All predicted rhodium hydrides are calculated
metallic.

D. Dynamic stabilities and superconductivities

The phonon band structures and partial phonon den-
sity of states (PHDOS) of Fm-3m-RhH, Fm-3m-RhH,,
P2, /m-RhH,, Cmcm-RhH,, and Pnma-RhH; at different
pressures are displayed in Fig. S3 in the Supplemental
Material [21] and Fig. 5. Since no imaginary frequencies
are found in the entire first Brillouin zone, all considered

FIG. 4. The calculated 2D ELF of (a) Fm-3m-RhH at 2 GPa for the plane (001), (b) Fm-3m-RhH, at 4 GPa for the plane (0-11), (c)
P2, /m-RhH, at 40 GPa for the plane (010), (d) Cmcm-RhH, at 240 GPa for the plane (001), and (e) Pnma-RhH; at 50 GPa for the plane (103).

(£)—(j) Their 3D ELFs. The isosurface is 0.6.
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FIG. 5. The phonon band structures (left), total and PHDOS
(right) of Pnma-RhHj at (a) 50 GPa and (b) 1 atm, respectively.

structures are dynamically stable. The different masses of two
elements divide the phonon density of states into two parts:
low-frequency and high-frequency ranges mainly correspond
to the vibrations of Rh and H atoms, respectively.

Recently, the cobalt trihydride Pm-3m-CoH; was ex-
perimentally synthesized over 75 GPa, and the super-
conductive temperature 7. is calculated to be about
23 K [11]. Considering the metallic nature of Rh-H
compounds, the superconductivity is investigated through
the Allen-Dynes-modified McMillan equation [26] T. =
Wiog/1.2exp[—1.04(1 + A)/[A — u*(1 + 0.621)]]. The calcu-
lated main superconducting characteristics and values are
presented in Table SII. Due to the low contribution of H
element to the DOS at the Fermi level N(er) and heavy mass
of Rh atoms, the critical temperature (7;) values of all R-H
system are lower than 10 K.

E. Capability of hydrogen storage

Since the RhH, compound is considered as a potential
hydrogen storage material with high volumetric hydrogen
density (163.7 g/L) [10], the new RhH3 compound with higher
hydrogen content holds the same promise. Significantly, the
calculated phonon band structure [Fig. 5(f)] and elastic con-
stants (Table II) confirm that Pnma-RhHj3 is dynamically
and mechanically stable at ambient pressure. The minimum

TABLEII. The calculated elastic constants (GPa) of Pnma-RhHj;
at 1 atm.

Cl 1 C22 C33 C44 CSS C66 C12 C13 C23

207.39 242.48 248.67 66.10 103.01 87.79 114.52 130.22 119.55

distances between hydrogen atoms in Pnma-RhH; at 40 GPa
and 1 atm are calculated to be 1.62 and 1.80 A, respectively,
which are significantly larger than the typical bond length in
H, molecules (0.74 A). In Pmna-RhHs, the hydrogen atoms
are not paired, but present as isolated anions. The volumetric
hydrogen density of Pnma-RhHj is calculated as large as
253.7 g/L at 50 GPa and 212.5 g/L at 1 atm, which indi-
cates that Pnma-RhHj; may be a potential hydrogen storage
material. Different from metal hydrides naturally existing
under normal conditions, Pnma-RhHj is thermodynamically
metastable at 1 atm with a positive decomposition enthalpy.
Herein, the decomposition of RhHj3 is an exothermic reaction
with the decomposition enthalpy of about 0.172 eV/atom.
According to the van’t Hoff equation [27] at 1 atm, Ty =
AH;/AS,, where the AH, is the change of dehydrogenation
enthalpy and AS, is the change of reaction entropy of hy-
drogen which is about 130.7 J/K/mol; the calculated absolute
value of Tyes for RhHj is about 65 °C at ambient pressure. In
the investigation of hydrogen storage materials, the capacity
of hydrogen absorption and dehydrogenation of hydrogen
are always trade-offs. Thus, high-pressure hydrides that are
metastable under ambient conditions could be competitive
candidates for hydrogen storage for its high volumetric hy-
drogen density and low decomposed temperature.

IV. CONCLUSION

In conclusion, we systematically investigated the struc-
tures, stability, superconductivity, and hydrogen storage
ability of Rh-H compounds under high pressure by means
of evolutionary algorithm USPEX and first-principle calcula-
tions. Two high-pressure phases P2;/m and Cmcm of RhH;
are found at 36.5 and 240 GPa, respectively. Furthermore,
the estimated superconducting critical temperature 7. of
P2, /m-RhH,; reaches 6 K at 100 GPa. Rhodium polyhydride
RhH; with Pnma symmetry is predicted to be stable above 40
GPa and remains so up to at least 300 GPa. Most importantly,
the RhHj is found metastable at ambient pressure, giving
it potential as practical hydrogen storage material with high
volumetric hydrogen density of 212.5 g/L and decomposition
temperature of 65 °C.
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