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The formation of rhenium hydride from rhenium and hydrogen
at high pressure has been studied using a diamond anvil cell and
in-situ X-ray diffraction. Rhenium hydride forms by 5.3 GPa at
room temperature. The hydride has an hcp structure with inter-
stitial hydrogen. By 8.6 GPa, the stoichiometry of rhenium hy-
dride saturates to ReHj 35.404, a value significantly greater than
found in earlier studies of quenched material. After saturation at
8.6 GPa, the interstitial hydrogen is “incompressible,”” such that
the difference in the volumes between rhenium metal and rhenium
hydride remains pearly constant up to at least 20 GPa. © 1995
Academic Press, Inc.

INTRODUCTION

There is currently great interest in metal-hydrogen
systems because of their importance in a wide range of
technological (1), fundamental (1-3), and geologic (4, )
problems. With the development of techniques for com-
pressing materials to ultrahigh pressures (> 100 GPa} (6)
it is now possible to synthesize bulk hydrides of metals
that incorporate limited amounts of hydrogen at ambient
pressure. After synthesis at high pressure, these hydrides
can often be quenched to ambient pressure at tempera-
tures in the range from 80 to 300 K. At pressures above
0.1 GPa the chemical potential of hydrogen increases
steeply (2), allowing hydrogen to be implanted at or near
equilibrium. In contrast, nonequilibrivm techniques,
such as ion implantation, often cause extensive lattice
damage and amorphization (7) and do not implant as
much hydrogen. Here we report an X-ray diffraction
study of the rhenium-hydrogen system at high pressure
using diamond anvil cell techniques. These measure-
ments document the formation of rhenium hydride at
high pressure with a stoichiometry greater than pre-
viously reported, an expansion in the unit cell volume of
the metal upon reaction, and a constant volume differ-
ence between rhenium and rhenium hydride with increas-
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ing pressure, similar to the incompressible behavior of
hydrogen found in other transition metal hydrides (8).
Rhenium hydride was first synthesized using a large-
volume pressure apparatus (9, 10). Formation of the hy-
dride at 250°C and 2 GPa was detected by comparing the
electrical resistivity of rhenium under high pressures of
hydrogen with the resistivity of pure rhenium at high
pressure. Rhenium hydride synthesized at high tempera-
ture and pressure loses much of its hydrogen when the
pressure is released at room temperature, but it can be
quenched in a metastable form at low temperature
{~90 K) (10). Measurement of the amount of hydrogen
evolved upon warming quenched samples showed that
the hydrogen stoichiometry was variable, increasing
from ReHg o for material synthesized at 7 GPa and 250°C
to ReHg 13 by 9 GPa. At lower temperatures, more hydro-
gen was incorporated; the stoichiometry was ReHj 5, for
samples synthesized at 9 GPa and 170°C.
Low-temperature X-ray (9) and neutron diffraction
measurements (9, [1, 12) on the guenched samples
showed that the hydride retains the hep crystal structure
of pure rhenium, but with a larger unit cell volume that
scales with the hydrogen stoichiometry. The neutron dif-
fraction patterns did not contain extra peaks due to hy-
drogen, indicating that the hydride is a disordered solid
solution. By comparison of calculated intensities from
models for which the interstitial hydrogen was in both
octahedral and tetrahedral sites with the measured inten-
sities, it was concluded that the hydrogens must be octa-
hedrally coordinated. No direct information, however, is
available on the ¢rystal chemistry or stoichiometry of the
hydride in equilibrium with hydrogen at high pressure.

EXPERIMENTAL

Powdered Re (Aecsar, 99.99%) was loaded together
with hydrogen at 0.2 GPa at room temperature in a Mao—
Bell-type diamond anvil cell (6). The molar ratio of hy-
drogen to rhenium was estimated to be larger than 10,
Pressures were measured with ruby fluorescence (13).
Because an excess of hydrogen was present throughout
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the experiment, the pressures remained quasi-hydro-
static (6).

Two sets of diffraction experiments were performed.
In the first, energy dispersive diffraction measurements
at line X17C of the National Synchrotron Light Source
were collected to a pressure 16 GPa. For these experi-
ments diamonds with 600-um-diameter culets, a T30t
stainless steel gasket, and a 200-um gasket hole were
used. The energies of the diffraction peaks were derived
from fits to psuedo-Voigt profiles (14). Angular dispersive
diffraction measurements also were performed at pres-
sures up to 19.2 GPa, using a conventional X-ray source
and a focusing diffraction technique. Diamonds with 400-
pm culets, a rhenium gasket, and a 150-um gasket hole
were used. MoK« radiation from a Rigaku rotating anode
was focused in the horizontal plane with a Johansson-
type curved quartz monochromator to a width of 100 pm
(15). The beam was constrained in the vertical direction
to a height of 75 um by a brass collimator located close to
the diamonds. Diffraction patterns were collected on a
curved film oriented vertically. The focusing technique
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FIG. 1, Energy dispersive (bottom five curves) and angutar disper-
sive (top curve) diffraction patterns at different pressures. The addi-
tional peaks on the curve at 8.6 GPa are due to diffraction from the steel
gasket, which was formed a hydride (5). At 17.8 GPa, the weak shoul-
ders on the right side of the diffraction peaks are due to the rhenium
gasket.

ATOU AND BADDING

TABLE 1
Observed and Calculated Interplanar
Distances for Rhenium Hydride at 10.2

GPa

s doae Ad

(A) (A) (A) hki
2.4246 2.4262 —0.0016 1 060
2.2211 2.2202 0.0009 00 2
2.1282 2.129] —0.0009 101
1.6368 1.6379 —0.0011 I o2
1.4006 1.4008 —0.0002 110
1.2635 1.2636 —0.0001 1 0 3
1.2129 1.2132 —0.0003 2.0 0
1.1851 1.1847 0.0004 1t 2
1.1705 1.1703 —0.0002 2 0 1

Note. The lattice parameters derived from
the fit to the hcp structure are a = 2.801 A and
¢ =4.440 A.

increases the intensity of the X-ray beam as compared
with a simple collimator and removes the Ka; line. Since
the beam is monochromatic with a small vertical angular
divergence, improved resolution and signal to noise (15)
are obtained. Typical exposure times were between 12
and 24 hr. The films were digitized with a scanner and
collapsed into diffraction profiles using the computer pro-
gram of Jeanloz et al. (16).

RESULTS

The diffraction pattern (Fig. 1) at 2.3 GPa and rcom
temperature is characteristic of rhenium metal. At 5.3
(GPa, shoulders begin to appear on the hep rhenium dif-
fraction peaks due to the formation of hydride. In view of
earlier results on the electrical resistivity of rhenium un-
der high pressures of hydrogen (9), it is likely that hy-
dride formation begins below 5.3 GPa, but cannot be seen
by diffraction because it forms only a small portion of the
sample. By 8.3 GPa, two phases can clearly be seen. The
coexistence of metal and hydride at room temperature
has also been observed in other metal-hydrogen systems
(2). The new diffraction peaks can be fit to an hcp struc-
ture (Table 1). The octahedrally coordinated interstitial
hydrogens cannot be detected by X-ray diffraction. As
the pressure is increased further, the proportion of rhe-
nium hydride increases until, by 12.3 GPa, the sample is
entirely hydride. Up to 19.2 GPa, the highest pressure
attained, the structure remains hcp. Upon releasing the
pressure at room temperature, the diffraction pattern re-
mains that of an hcp metal, but with a slightly larger cell
volume than pure rhenium.
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FIG. 2. Unit cell volumes of rhenium and rhenium hydride as a
function of pressure. The dashed line is a fit to the data of the Birch—
Murnaghan equation of state (18) with the bulk modulus (K;) con-
strained to that of rhenium (372 GPa) and K, constrained to be 4. The
resulting zero pressure volume is 31.0 ecm*/mole. The solid line is the
rhenium equation of state from Ref. (17).

DISCUSSION

The volume of rhenium hydride (Fig. 2) increases from
5.3 GPa to about 8.6 GPa, then begins to decrease at still
higher pressures. This behavior can be attributed to
changes in stoichiometry as more hydrogen is incorpo-
rated with increasing pressure. Because no further in-
crease in volume occurs above 8.6 GPa, it is likely that
the sample has become saturated with hydrogen near this
pressure. The differences in the unit cell volumes of rhe-
nium hydride and rhenium (Fig. 3) can be used to esti-
mate the stoichiometry of the hydride. It has been found
empirically that many metals exhibit an almost constant
increase in unit cell volume per hydrogen incorporated.
For hep and bee metals which have the interstitial hydro-
gen in an octahedral site, the increase in the unit cell
volume is almost always 2.1 = 0.2 A3 per H atom incor-
porated (2). For example, the increase in unit cell volume
of ReHy > quenched to low temperature amounts to 2.0
A3 per H (9, 12). After saturation, the average difference
in the unit cell volumes between rhenium and the hydride
is 1.58 A3, which gives a stoichiometry of ReHp 30 4.
This is a significantly greater hydrogen stoichiometry
than was found in earlier quenching experiments (maxi-
mum H stoichiometry, 0.23 H per Re) (9) in which
the hydride was synthesized at higher temperatures
(>120°C). At temperatures lower than room temperature,
even more hydrogen might be incorporated, though the
kinetics of the formation of the hydride might become
slow. Because many octahedral sites remain unoccupied,
it is plausible that more hydrogen could be incorporated.

301

Thus, at present, the ultimate limit to the hydrogen stoi-
chiometry of rhenium hydride is uncertain.

Above 8.6 GPa, the interstitial hydrogen in rhenium
hydride is incompressible, such that the difference in the
volumes between metal and hydride remains nearly con-
stant with pressure. This provides further evidence that
the hydrogen stoichiometry has become constant by 8.6
GPa. Similar incompressible behavior of the hydrogen
volume in several transition metals has been observed (2,
10, 17). The physical significance of this behavior and the
relationship between the volume of hydrogen in a metal-
lic environment and in elemental hydrogen at high pres-
sure is beginning to be explored (2, 8).

_The equation of state of a material is important for
assessing its stability and structure—property relations at
high pressure. Because the hydrogen stoichiometry of
rhenium hydride does not saturate until about 8.6 GPa,
the present data collected up to 20 GPa do not cover a
sufficient range of pressures to fit a complete equation of
state (18) (Fig. 2). However, since the compression
curves for rhenium and rhenium hydride appear similar
except for an offset in the volume (in other words, the
hydrogen volume in the hydride is incompressible), the
bulk modulus should be similar to that of rhenium (372
GPa) (19). The c/a ratio of the hcp hydride (Fig. 4) re-
mains constant with pressure (~1,583), smaller than that
for rhenium (~1.613) (20), which also has a c¢/a ratio
independent of pressure.

After the release of pressure, the ¢/a ratio (1.58) of the
sample is characteristic of the hydride, not pure rhenium.
From the difference in the volume between pure rhenium
and the pressure-released sample (Fig. 3), the stoichiom-
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FIG. 3. Difference in the vnit cell volumes of rhenium and rhenium
hydride as a function of pressure. The error bars represent estimated
uncertainties in the hydrogen stoichiometry due to uncertainty in the

volume-stoichiometry relationship for hecp transition metal hydrides
(2.1 = 0.2 A3 per H atom) (2).
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FIG. 4. c/a ratios for rhenium (squares) and rhenium hydride {cir-

cles) as a function of pressure.

etry of the metastable hydride at room temperature can
be estimated to be ReHy g5, in good agreement with pre-
vious quenching studies (10). With the exception of palla-
dium hydride, hydride stability decreases from left to
right in the transition metal series (21). Because some
hydrogen remains incorporated at room temperature,
rhenium hydride must be on the border of stability be-
tween stable hydrides to the left (e.g., TaH) (21)
and those to the right that decompose completely at
room temperature after synthesis at high pressure (e.g.,
FeH) (5).

These results have implications for the containment of
hydrogen to ultrahigh pressures. Rhenium is increasingly
being used as a gasket material to contain hydrogen in
diamond cell experiments aimed at the metallization of
hydrogen (22) and for the exploration of high-pressure
hydride chemistry (5). Steel gaskets used in high-pres-
sure hydrogen experiments in the diamond cell are dis-
rupted and embrittled by the formation of a hydride with
a stoichiometry close to FeH (5). The use of rhenium
gaskets generally results in less hole deformation and
higher sample stability (23). In the absence of hydrogen,
both ferrous and rhenium gaskets behave well in ultra-
high pressure experiments. At high pressure, rhenium
forms a hydride of stoichiometry ReHg s., which suggests
that the superior properties of rhenium gaskets are due
the incorporation of less hydrogen and smaller changes in
the materials properties of the metal.
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