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Materials with very high hydrogen density have attracted considerable interest due to a range of motivations, including the search
for chemically precompressed metallic hydrogen and hydrogen storage applications. Using high-pressure synchrotron X-ray diffraction technique and theoretical calculations, we have discovered
a new rhodium dihydride (RhH2 ) with high volumetric hydrogen
density (163.7 g∕L). Compressing rhodium in fluid hydrogen at
ambient temperature, the fcc rhodium metal absorbs hydrogen
and expands unit-cell volume by two discrete steps to form
NaCl-typed fcc rhodium monohydride at 4 GPa and fluorite-typed
fcc RhH2 at 8 GPa. RhH2 is the first dihydride discovered in the
platinum group metals under high pressure. Our low-temperature
experiments show that RhH2 is recoverable after releasing pressure
cryogenically to 1 bar and is capable of retaining hydrogen up to
150 K for minutes and 77 K for an indefinite length of time.
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A

s the first and lightest element, hydrogen illustrates the richness of high-pressure physics. Wigner and Huntington (1)
started with a simple conjecture that, above 25 GPa, hydrogen
molecules would dissociate in favor of a monatomic metal.
Hydrogen may also metalize in the molecular form by pressureinduced band-gap closure (2). Moreover, metallic hydrogen has
been predicted to be a high-Tc superconductor (3, 4). However,
direct compression of hydrogen up to the maximum achievable
static pressure of 320 GPa was still insufficient to reach the
predicted metallization pressure (5) which has been revised to
>400 GPa by modern theories (4). Compression of hydrogen-rich
metallic alloys has been suggested as an alternative way to attain
the metallic hydrogen state (6). One may think of hydrogen atoms
as being “chemically precompressed” in hydrides with a small
H atomic volume, thus requiring less additional compression to
a metallic high-Tc state than that for pure hydrogen. This suggestion has motivated a great deal of high-pressure theoretical
and experimental research on hydrogen-rich alloys. Selected examples on MH4 (where M ¼ Si, Ge, Sn, or Pb) alone are shown in
refs. 7–16.
Hydrogen has also been considered as an abundant and environmental-friendly fuel of the future, but onboard hydrogen storage remains a critical issue that hinders the application (17, 18).
The ideal hydrogen storage material ought to satisfy a number
of criteria, including high volumetric H density, high gravimetric
H content, near ambient pressure–temperature condition for H
absorption/discharge, and cost effectiveness (17, 18). Although
no material has yet met all criteria, extreme limits of these criteria
have been pursued and explored individually. Materials with
extremely high H atomic ratio (n) have been synthesized in
XeðH2 Þ8 ðn ¼ 16Þ by high-pressure experiment (19), and NaH9
ðn ¼ 9Þ by theory (20). BaReH9 with a very high volumetric H
density (134 g∕L) has been predicted by theory (21) to chemically
precompress its discrete H2 units in the structure and cause a
dramatic lowering of the metallization pressure to 51 GPa.
www.pnas.org/cgi/doi/10.1073/pnas.1114680108

Hydrogen in metal hydrides (22) often exists in the atomic
form, filling the octahedral (o) or tetrahedral (t) sites of the closepacked metal atoms (Fig. 1A). Hydrides of platinum group metals
(PGM: Ru, Rh, Ir, Os, Pd, and Pt) are particularly interesting
because of a number of favorable characteristics. For instance,
the palladium hydride shows exceptional catalytic properties
and kinetic reversibility (18) of hydrogen (23, 24). The shortcomings of the PGM hydrides, however, are their low gravimetric
and volumetric H densities due to their high atomic mass and
low n in MHn (all known PGM hydrides have n ≤ 1). Here we
explored the possibility of increasing n significantly by pressure.
Rhodium with the fcc crystal structure (Fig. 1A, Bottom)
has one o site and two t sites for each Rh atom. In the known
rhodium monohydride (RhH) (25), hydrogen atoms fill the o
site (Fig. 1A, Middle). We conducted ab initio zero-temperature
calculations on enthalpies, phonon stabilities, and unit-cell
volumes for various combinations of H filled o and t sites of Rh,
and found an RhH2 phase with H in two t sites (Fig. 1A, Top)
standing out as the most stable hydride. It has a lower enthalpy
and is thermodynamically more stable than RhH and Rh in a
hydrogen-saturated high-pressure environment (Fig. 1B). Calculations of phonon dispersion curves and density of states (Fig. 1C)
of RhH and RhH2 also indicate that RhH2 is dynamically stable
to at least 90 GPa.
We conducted high-pressure experiments on Rh-H2 up to
19 GPa, and indeed observed the formation of RhH2 above
8 GPa. Rhodium powders were loaded in fluid H2 in the sample
chamber of an Re gasket and compressed with a diamond-anvil
cell (DAC). A small ruby chip was placed in the sample chamber
for pressure calibration. The crystal structure and volume of the
Rh sample was probed with monochromatic angular dispersive
high-pressure synchrotron X-ray diffraction (XRD) technique
using synchrotron X-radiation. At room temperature up to
4.0 GPa, the observed XRD pattern corresponded to the pure
rhodium sample with fcc structure (Fig. 2, Bottom). Compressing
to 4.5 GPa, the RhH formed as a result of hydrogen absorption.
The crystal symmetry and diffraction pattern remain fcc, but its
unit-cell volume expands 15.5% (ΔV 1 ¼ 9.9 Å3 ) due to the filling
of all o sites by H atoms (Fig. 2, Middle). This observation is
consistent with the known NaCl-structured RhH (26). Further
compressing to 8 GPa, we discovered the RhH2 phase which remained in the fcc structure with another step of 21.2% unit-cell
volume expansion (ΔV 2 ¼ 15.4 Å3 ). The abrupt volume expansion of the fcc unit cell clearly indicates the doubling of n and
is consistent with the fluorite-structured RhH2 with the H filling
all t sites (Fig. 2, Top). Decompressing at room temperature, the
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The large pressures hysteresis of hydrogen absorption–desorption at room temperature suggests the possibility of recovery
of the new phase to ambient pressure if the reversal reaction can
be retarded at low temperatures. We compressed the sample to
19 GPa at 300 K. After XRD confirmation of the complete
conversion to RhH2 , we cooled the sample isobarically down to
6.1 K and decompressed isothermally at 6.1 K. The XRD patterns
(Fig. 3A) obtained in situ during decompression clearly indicated
that the high-pressure RhH2 phase was quenchable to ambient
pressure at low temperature. After the successful quenching
of RhH2 to ambient pressure, we continued the experiment by
warming up the sample. Fig. 3B shows the evolution of XRD
patterns of RhH2 with rising temperature at the rate of approximately 25 K∕h at ambient pressure. The RhH2 was preserved
up to the liquid nitrogen temperature (77 K). New XRD peaks
corresponding to RhH appeared at 101 K. The intensities of
RhH peaks grew at the expense of reducing RhH2 peaks with
rising temperature to 150 K, showing the releasing of hydrogen
from RhH2 and the conversion to RhH. Further warming up
(Fig. 3B) depleted RhH2 , released hydrogen from RhH, and finally at 273 K, only Rh was present. We repeated the experiment
to keep the RhH2 at 78 K for a long time. After 10 h, 10% of the
RhH2 decomposed to RhH.
The pressure–volume (P–V ) relation of Rh, RhH, and RhH2
measured by the XRD are in excellent agreement with the theoretical calculations (Fig. 4A), thus confirming the stoichiometry
of RhH and RhH2 . Unlike PdHn and many other metal hydrides
whose volumes and n change continuously, the volume of RhHn
changes sharply and discretely and indicates integer n. The RhH2
XRD data at 6.1 K (Fig. 4B) can be fitted to a second-order
Birch–Murnaghan P–V equation of state (assuming K 00 ¼ 4):
Fig. 1. Calculated and phonon dispersionof RhH and RhH2 at zero temperature. (A) The Rh atoms (red) occupy fcc lattice points at (0, 0, 0); the H atoms
(blue) occupy the octahedral sites at (½, ½, ½) in the RhH phase, and the
tetrahedral sites at (¼, ¼, ¼) in the RhH2 phase. (B) Enthalpy of formation.
The reference state is the elements at the corresponding pressure—i.e., ΔH ¼
HðRhHn Þ − HðRhÞ − nHð0.5H2 Þ for each pressure. (C) Phonon dispersion curves
and density of states (PhDOS) per formula unit (f.u.) in RhH at 5 and 10 GPa
and RhH2 at 4 and 18 GPa.

RhH2 released H, transformed back to RhH, and finally to rhodium at 4 and 3 GPa, respectively.

P ¼ ð3∕2ÞK 0 ½ðV 0 ∕V Þ7∕3 − ðV 0 ∕V Þ5∕3 ;
where K 0 ¼ 194ð3Þ GPa and V 0 ¼ 81.7ð2Þ Å3 .
Although the NaCl-structured MHo and fluorite-structured
MHt 2 are quite common among metal hydrides (22), their highpressure transitions often involve other close phase structures
such as hcp or deviation from stoichiometry (noninteger n). Rh
actually stands out as the unique example of the elegant twostep hydrogen absorption–desorption, from metal (M) to MHo
and MHt 2 by stepwise filling of o and t sites while keeping the fcc
lattice unchanged. Similar to the intriguing pressure-induced
volume expansion of zeolite (27), XRD only sees the Rh fcc
lattice without seeing the addition of H, resulting in the apparent
pressure-induced volume expansion of the Rh-RhH-RhH2 series.
Whereas all previously known PGM hydrides have n ≤ 1 (22, 25),
this RhH2 stands out as one with n ¼ 2, and the RhH2 discovered
at high pressure is recoverable at ambient pressure at liquid nitrogen temperature. With the tight bonding (thus small volume)
of PGM and the larger n, RhH2 at ambient pressure shows a very
high volumetric H density of 163.7 g∕L, which is one of the highest among all known hydrides and is 2.3 times higher than that of
the liquid hydrogen. Finally, the present study demonstrates the
power of combination and interaction of theory and experiment
in design and synthesis interesting materials.
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Methods

Fig. 2. In situ XRD patterns and crystal structures of Rh, RhH, and RhH2 .
Experimental data, red crosses; full-profile refinements, green curves; difference patterns, pink curves (using General Structure Analysis System program); tick marks, peak positions calculated from the refined lattice
parameters; X-ray wavelength, 0.41542 Å.
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The electronic calculations presented here are based on the generalized
gradient approximation with Perdew–Burke–Ernzerhof parameterization
(28) for the exchange-correlation functional to density functional theory (29)
using Vienna Ab-initio Simulation Package software (30). The ab initio lattice
dynamics were performed with density functional perturbation theory using
Quantum espresso software. The electronic wave function was expanded
with a kinetic energy cutoff of 60 Ryd. Electronic calculations were converged
with a 24 × 24 × 24 Monkhorst–Pack (MP) (31) k mesh for Brillouin zone
integration and a 12 × 12 × 12 mesh was used for the phonon calculations.
For calculations of solid hydrogen, an hcp phase (32) with 16 atoms in the unit
cell was used with 8 × 8 × 8 MP k mesh and 1,000 eV kinetic energy cutoff.
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Fig. 3. In situ XRD patterns corresponding to the recovery of RhH2 to ambient pressure at low temperature and its decomposition with temperature increased
at 1 atm. (A) Decompression at 6.1 K; (B) warming up at ambient pressure; X-ray wavelength, 0.39804 Å. The diffraction peaks at 11°–12° marked with asterisks
are from the gasket.
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Two sets of high-pressure experiments were conducted on the Rh-H2 system: one at room temperature up to 16.5 GPa and decompressing to 1 atm,
and the other up to 19 GPa, cooling down to 6.1 K, decompressing to 1 atm,
and warming to room temperature. In situ XRD patterns were measured
along the pressure–temperature pathways at 16ID-B station of the High-Pressure Collaborative Access Team Sector, Advanced Photon Source, Argonne
National Laboratory. The Rh powder sample (99.99% purity) was compacted
into a foil and placed in the gasket hole of a DAC. Hydrogen gas was introduced into the sample chamber at 0.17 GPa and acted as both a chemical
reactant and a physical pressure-transmitting medium. A clear transparent
area around rhodium or rhodium hydride was optically visible at all pressures,
indicating the presence of free hydrogen in the sample chamber. Pressures
were measured using the ruby fluorescence technique. The room temperature experiment was conducted with diamond anvils of 300-μm diameter,
Re gasket with 250-μm initial thickness preindented to 65-μm thickness with
a hole (sample chamber) of 100 μm, and X-ray wavelength of 0.41542 Å,
focused down to 10 × 10 μm at the sample position. The low-temperature
experiment was conducted in a liquid-flow He cryostat, with diamond anvils
of 500-μm diameter, stainless steel gasket with 250-μm initial thickness preindented to 25-μm thickness with a hole of 200 μm, and X-ray wavelength of
0.39804 Å, focused through cryostat windows down to 50 × 50 μm onto the
sample. A motor-controlled gear box was used to adjust pressure during the
low-temperature experiment. The XRD patterns were integrated using the
Fit2D software and analyzed using General Structure Analysis System.

Fig. 4. Pressure dependence of unit-cell volumes of (A) Rh, RhH, and RhH2
at 300 K and (B) RhH2 at 6.1 K. Solid circles, experimental data points of Rh,
RhH, and RhH2 (red, compression; black, decompression); dashed curves,
Birch-Murnaghan fit of the P–V data; dashed-dot curves, from theoretical
calculation. The uncertainties in pressure are 0.4 GPa, and the uncertainties
in volume are smaller than the symbols.
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