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Aminoborane NH3;BHj; is proposed as an appropriate material to produce hydrogen in the
high-pressure cells designed for the synthesis of hydrides in sizeable amounts at pressures
of a few GPa and elevated temperatures. Aminoborane is a non-hydroscopic material and it
does not noticeably react with air that permits assembling the high-pressure cells under
ambient conditions without any precautions. If heated to 300 °C at any pressure from 0.6 to
9 GPa, aminoborane decomposes to H, gas and chemically inert amorphous BN and does
not further absorb the liberated hydrogen. Experiments using NH3;BH; and AlH; alterna-
tively as the internal hydrogen source gave coinciding isotherms of hydrogen solubility in
rhodium at 600 °C and pressures up to 9 GPa therefore demonstrating that the partial
pressure of impurities (if any) in the H, gas generated by NH3BHj; is well below the accuracy
+0.3 GPa of determination of the total gas pressure.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Most hydrides discovered recently (e.g., PtH [1], RhH, [2], IrH3
[3], FeH, and FeHj; [4], RuH [5]) have been synthesized at high
hydrogen pressures and room temperature using diamond
anvil cells. The reaction volume of these apparatus is filled
with molecular hydrogen prior to the experiment that war-
rants the hydrogen purity. In view of the small size of the
samples (of the order of 0.01 mm?® or even less), most new
high-pressure hydrides were only studied by in situ X-ray
diffraction, which determined the structures of their metal
lattices. To explore other properties of high-pressure hy-
drides, more and more methods of in situ measurements in
diamond anvils are being developed by different research
groups, such as the methods of measuring the electrical
resistance [6], X-ray absorption and X-ray magnetic circular
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dichroism (XMCD) [7], Mossbauer [8,9] and optical [10,11]
spectra and many others.

At the same time, the determination of some important
properties of the high-pressure hydrides (e.g., measuring their
hydrogen content by a direct method like thermal desorption,
or establishing the full crystal and magnetic structures by
neutron diffraction, or studying the lattice dynamics by in-
elastic neutron scattering, etc.) still requires much larger
samples. At pressures up to a few GPa and temperatures up to
a few hundred degrees Celsius, hydride samples amounting to
dozens mm? can be synthesized using multi-anvil apparatus
(mostly employed by research groups in Japan [12—14]) or
Toroid-type apparatus (used by our group [15,16]). In these
apparatus made of hard alloys, hydrogen is produced in situ,
from the material placed in the high-pressure cell together
with the sample (see Figs. 1 and 2) and decomposed by heating
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Fig. 1 — Schematic diagram of a high-pressure cell with
aminoborane NH;BH; used as a solid hydrogen source [16].
The external diameter of the cell is 8.5 mm, the thickness
of its walls varies from 0.7 mm in the experiments at

400 °C to 1.5 mm at 800 °C.
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Fig. 2 — Schematic diagram of the high-pressure assembly
with a Nichrome heater. 1 — current lead to the heater
(Nichrome); 2 — electric and thermal insulator (limestone);
3 — thin electric and thermal conductive discs (copper);

4 — squirrel-type heater (Nichrome); 5 — spacer (limestone);
6 — thermocouple (Chromel—-Alumel); 7 — high-pressure
cell (copper) wrapped in mica; 8 — working zone; 9 — gasket
(limestone) of the Toroid-type high-pressure apparatus.

at a pressure of 1-3 GPa or higher, when the liberated
hydrogen is already dense. The cell is made of the material
largely impermeable to hydrogen (Teflon [15], Cu [15,16], NaCl
[12—14], etc.); the sample is protected from direct contact with
the hydrogen source by a layer of kaolin wool [15] or hexago-
nal BN (e.g., [13,16]).

To produce hydrogen inside the cell, our group mostly uses
AlH; proposed for this purpose in Ref. [17]. Thermal decom-
position of chemically prepared AlH; produces only Al and
pure H,. Using AlH; and Toroid-type apparatus allowed us, in
particular, to synthesize hydrides of Fe, Co, Mo, Rh and Re [15].

The most impressive result of using AlD; in a multi-anvil
apparatus is the recent in situ determination of the full crys-
tal structure of fcc (face centered cubic) iron deuteride at
6.3 GPa and 715 °C by neutron diffraction [14].

The usage of AlHj; as the internal hydrogen source in the
high-pressure cells has, however, certain limitations. The Al
particles resulting from the decomposition of AlH; at tem-
peratures above the upper curve (violet one in the web
version) in Fig. 3 [18] can further absorb the released hydrogen
and form AlH; if exposed to P, T conditions below the equi-
librium line of the Al + (3/2)H, = AlH; reaction shown in Fig. 3
by the lower curve (red one in the web version) [19]. The
amount of the absorbed hydrogen becomes significant at
P > 5 GPa. At a pressure of 9 GPa, it can reach from 0.3 to 0.8 of
the initial hydrogen release. Besides, the Al particles are
chemically active and should carefully be isolated from the
sample and from the walls of the high-pressure cell, if it is
made of a metal.

In the multi-anvil apparatus of the Japanese high-pressure
groups, hydrogen is usually produced by thermal decompo-
sition of alumohydrides or by thermally activated reaction
between borohydrides and Ca(OH),. Regretfully, the by-
products (yet unidentified) of the hydrogen release in these
processes seem to be too chemically active. Particularly, the
fec high-pressure high-temperature phases of manganese
synthesized using LiAlH, as the hydrogen source [20] had the
atomic volume and magnetic properties unrealizable for the
fecc manganese hydrides [21]; the fcc high-pressure high-
temperature phase of molybdenum obtained in the experi-
ments with hydrogen produced by a reaction between NaBH,
and Ca(OH), [13] was not a binary Mo—H hydride either [16].

The present paper proposes NH3;BH; as a more convenient
material to produce hydrogen in the high-pressure cells
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Fig. 3 — Experimental baric dependence of the
decomposition temperature of chemically prepared AlH;
powder stabilized by a surface oxide layer [18] (open
magenta circles) and the equilibrium line of the Al + (3/2)
H, = AlH; reaction [19] (solid red curve; the dashed black
curves show the reaction hysteresis rapidly growing at
temperatures below 150 °C). (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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designed for high-temperature experiments. Such a recom-
mendation might look questionable because the thermal
decomposition (pyrolysis) of NH3;BH; at low pressures is
known to be a complex, multi-stage process including for-
mation of volatile intermediate compounds. However, ac-
cording to Ref. [22], the only products of this process surviving
at T > 200 °C are solid BN and H, gas.

Encouraged by the latter result, we examined at T < 800 °C
and P < 6 GPa the reaction of molybdenum with the gas ob-
tained by decomposition of aminoborane after its relatively
rapid heating (within a few minutes) to 300 °C at a pressure of
1.5 GPa [16]. Experiment showed no contamination of the
hydrogenated metal with nitrogen or boron.

In the present paper, we constructed isotherms of
hydrogen solubility in rhodium metal at T = 600 °C and
P < 9 GPa using NH3BH; and alternatively AlHj; as the internal
hydrogen source. Rhodium is known to form a hydride via an
isomorphic phase transition at hydrogen pressures of 4—5 GPa
[23] and our idea was to examine if the transition pressure was
independent on the hydrogen source, NH3;BH; or AlH;. The
isotherms of hydrogen solubility were constructed using a
quenching technique. After the hydrogenation of the sample
at 600 °C and pre-selected pressure was complete, it was
rapidly cooled (quenched) to the liquid N, temperature to
prevent further changes in the hydrogen content. The phase
composition of the quenched samples was further examined
by X-ray diffraction at ambient pressure and their hydrogen
content was determined by thermal desorption.

Experimental details

The 99% pure NH;BH; used in the present work was prepared
by the method of [24] and further recrystallized from a solu-
tion in dehydrated alcohol. The 99.2% pure AlH; was synthe-
sized as described by Brower et al. [25]. The starting rhodium
samples were in the form of 3.5 x 3.5 x 0.1 mm? platelets cut
out of a polycrystalline foil of 99.99% Rh metal.

The rhodium platelets were hydrogenated in the high-
pressure cells schematically shown in Fig. 1. The cells were
nearly identical to those used to hydrogenate molybdenum in
our recent paper [16] and similar to the cells proposed by
Wakamori et al. [17] for the synthesis of rare-earth hydrides
many years ago. In our experiments at 600 °C, the cells had an
outer diameter of 8.5 mm and a wall thickness of 1 mm. When
AlH; was used as the internal hydrogen source, it was addi-
tionally isolated from the walls of the copper cell by a layer of
mica in order to prevent their reaction with Al particles
formed after the decomposition of the hydride.

The assembled cell was compressed in a quasihydrostatic
Toroid-type high-pressure apparatus [26] with a squirrel-type
heater made of Nichrome wire 0.5 mm in diameter (Fig. 2). A
0.2 mm layer of mica electrically isolated the cell from the
heater and from the thermocouple used to determine the
temperature of the sample with an accuracy of +15 °C. To
prevent the limestone of the gasket from transformation to
the denser aragonite-type modification at elevated tempera-
tures, it was separated from the heater by a pyrophyllite
sleeve (not shown in Fig. 2) with an outer diameter of 13 mm.
The sleeve was preliminarily dehydrated in air at 650 C for

30 min. The pressure in the cell was estimated with an accu-
racy of +0.3 GPa using the relationship between the pressure
and ram load determined in separate room-temperature
experiments.

In each experiment, the high-pressure cell was first com-
pressed to ~1.5 GPa at room temperature, heated during a few
minutes to 300 °C and kept under these conditions for 10 min
in order to decompose the NH3;BH3 or AlH; compound served
as the internal hydrogen source. The samples were hydroge-
nated by a 30 min exposure to the resulting H, atmosphere at a
temperature of 600 °C and pre-selected pressure followed by
rapid cooling (quenching) together with the Toroid-type
apparatus to room temperature in 15 s and further to ~80 K
in 20 min. The pressure was then released; the apparatus was
disassembled under liquid nitrogen; the sample was retrieved
from the cell and stored in liquid N, until the measurements.

Each hydrogenated sample was examined by X-ray
diffraction at 85 K with a Siemens D500 diffractometer using
Cu Ka radiation selected by a diffracted beam mono-
chromator. The diffractometer was equipped with a home-
designed nitrogen cryostat that permitted the samples to be
loaded without any intermediate warming. The obtained
diffraction patterns were analyzed using POWDERCELL2.4
software.

The hydrogen content of the samples was determined with
a relative accuracy of 3% by thermodesorption of hydrogen
into a pre-evacuated measuring system in the regime of
heating from 85 K to 440 °C at a rate of 10 °C/min. The mass of
the analyzed probe was a few milligrams. The method is
described in more detail elsewhere [27].

Results and discussion

Our preliminary experiments showed that the hydrogen
content of the Rh—H samples stopped changing after a 10 min
exposure to the synthesis conditions. On the other hand, in
spite of the high hydrogen diffusivity at 600 °C, the 1 mm
thickness of the copper walls of the high-pressure cell war-
ranted the retention of a hydrogen atmosphere around the
sample for a few hours at pressures up to 6 GPa and for not
less than 1 h at 9 GPa. The chosen hydrogenation time of
30 min was therefore sufficient for the samples to reach the
stationary hydrogen compositions in contact with the H, gas
taken in excess.

The vy, < v, transformation between the dilute (y; phase)
and concentrated (y, hydride) solid hydrogen solutions in fcc
Rh was earlier studied at temperatures up to 400 °C by
measuring the electrical resistance of the samples [23]. Within
the experimental error of +£0.5 GPa, the equilibrium pressure
of the y; < vy, transformation did not depend on temperature
and lied between 4 and 5 GPa at 50 < T < 400 °C, and the baric
hysteresis of the transformation vanished at T > 250 °C. One
could therefore expect that at a temperature of 600 °C chosen
for the investigation in the present work, the y; < v, trans-
formation would occur at a similar pressure and show very
small baric hysteresis.

As seen from Fig. 4, the y; < v, transformation in the Rh—H
system did occur in the expected pressure interval and was
accompanied with a step-wise increase of the hydrogen
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Fig. 4 — Isotherm of the hydrogen solubility in rhodium at

600 °C. The Rh—H samples were synthesized in the high-

pressure cells shown in Fig. 1 using AlH; (open diamonds)

or NH3BHj (filled circles) as the internal source of hydrogen.

The hydrogen content was determined by thermal
desorption of the gas from quenched Rh—H samples.

solubility from a few atomic per cent in the in y; phase to an
atomic ratio H/Rh of x = 1 in the y, hydride. The x(P) de-
pendences for the samples synthesized using AlH; and
NH3BH; as the internal hydrogen source nearly coincided and
could be represented by a common curve with a step midpoint
at P = 4.4(3) GPa. This is the principle result of the present
paper. Considering that AlH; generates high purity hydrogen
[19], the coinciding transition pressures would demonstrate
that the hydrogen gas produced by NH3BHj; is pure enough to
reliably construct phase diagrams of the metal-hydrogen
systems in the GPa pressure range at temperatures of up to
600 °C, at least.

Some new results concerning the Rh—H system may also
be of interest. While the hydrogen content x = 1 and the lat-
tice parameter a = 4.021(2) A of the single-phase y, samples
synthesized at 600 °C were the same as those of the y, samples
obtained at T < 400 °C [23], no hydrogen solubility was earlier
detected in the y; phase. Our X-ray diffraction study of the
quenched Rh—H samples with x < 0.1 prepared at 600 °C and
pressures up to 4 GPa (below the pressure of the y; — v,
transition, see Fig. 4) showed them to be mostly composed of
the y, phase with the lattice parameter a = 3.804(2) A notice-
ably exceeding a = 3.792(2) A of the initial Rh foil at the
measuring temperature of 85 K. The increased value of the
lattice parameter could not, however, be directly related with
the mean hydrogen content of samples, because they con-
tained a certain amount of the vy, phase, too, traces of which
were seen in the X-ray patterns. A considerable contribution
from the vy, phase to the total hydrogen content of the Rh—H
sample prepared at 3.7 GPa can also be inferred from the
presence of a large step on its decomposition curve in the
temperature interval from —50 to —20 °C of the intensive
hydrogen release from the y, sample synthesized at 9 GPa
(Fig. 5). The hydrogen content of the vy, phase retained in the
quenched Rh—H samples can roughly be estimated as x ~0.05

T, K
100 200 300 400 500 600 700
T T T T T T T
1.0+ +40.10
RhH1.01(3)
synthesis 9 GPa, 600°C
0.8} analyzed portion 3.58 mg - 0.08
0.6l RhHovon(z) 10.06
= synthesis 3.7 GPa, 600°C e
D\f analyzed portion 4.97 mg g
T 04 F - 0.04 T
0.2 —40.02
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Fig. 5 — Temperature dependences of the amount of
hydrogen released from the quenched Rh—H samples
heated at 10 °G/min in a closed-volume, pre-evacuated
measuring system.

from the value of its lattice parameter assuming a linear
concentration dependence a(x) of solid hydrogen solutions in
fece Rh in the full concentration range fromx =0tox = 1.

A few years ago [2], rhodium was discovered to form a
dihydride at room temperature and a hydrogen pressure of
8 GPa, and this new phase proved to be thermally stable at
ambient pressure and T = 77 K and started rapidly decom-
posing only after heating to 150 K. The experiments were
carried out on a powder Rh sample in a diamond anvil cell by
X-ray diffraction using synchrotron radiation. Our efforts to
prepare a bulk sample of RhH, at a hydrogen pressure of 9 GPa
and temperatures from 25 to 600 °C, however, failed. Most
likely, the formation pressure of RhH, is higher than 9 GPa in
the case of bulk samples because of the larger baric hysteresis
caused by the elastic stresses. The formation of RhH, at room
temperature and a hydrogen pressure of 10.5 GPa has recently
been confirmed by X-ray diffraction experiments in a dia-
mond anvil cell using a Rh foil with a “macroscopic” thickness
of 10 pm [28].

We also used the experiments with Rh at a pressure of
9 GPa to learn more about the thermal stability of NH;BH; at
high pressures. Particularly, we compared products of two
different experiments of a 24 h hydrogenation of Rh at 9 GPa
and 300 °C followed by quenching the high-pressure cell to the
liquid nitrogen temperature. In one experiment, the hydrogen
was produced inside the cell via our standard procedure of
decomposing NH3BH3 by heating to 300 °C at 1.5 GPa. In
another experiment, the cell was first compressed to 9 GPa at
room temperature and then heated to 300 °C. The two ex-
periments gave identical results. The Rh metal transformed to
the y, hydride with x = 1, while NH3BH; decomposed to
hydrogen and amorphous boron nitride with an X-ray
diffraction pattern similar to that presented in Fig. 7 of
Ref. [29]. The transformation of NH;BH; to amorphous BN was
also observed in all our experiments at other pressures and
the BN thus produced always contained hydrogen at the level
of a molar ratio of Hy/BN = 0.08—0.1. This relatively small
amount of residual hydrogen (compared to H,/BN = 3 of the
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starting NH3BH3; compound) was likely to be adsorbed on the
surface of BN particles and it left the quenched material on
heating in vacuum to 20—80 °C.

The decomposition of NH3;BH; at a pressure of 9 GPa
demonstrates that the compound remains thermodynami-
cally unstable up to this pressure. Such instability is an
important advantage of NH3BH; compared to AlHs;, which
easily releases hydrogen in heating above 250 °C at pressures
up to about 2 GPa, but begins to absorb it back in considerable
amounts at pressures above 5 GPa and moderate tempera-
tures of 250—600 °C below the equilibrium line of the Al + (3/2)
H, = AlH; reaction [19] shown in Fig. 3 by the lower curve (red
one in the web version).

Conclusions

Aminoborane NH3BHj; is shown to be a good material for the
use as internal hydrogen source in large-volume high-pres-
sure apparatus working at elevated temperatures in the GPa
pressure range. Compared to AlH; proposed for this purpose
many years ago [17] and later successfully used to synthesize
and study a number of new high-pressure hydrides (see, e.g.,
[15] and [14]), aminoborane has the following advantages: i)
NH3BH; irreversibly decomposes to H, and BN when heated to
300 °C at pressures up to 9 GPa and does not absorb the
released hydrogen at P < 9 GPa and T < 600 °C; ii) the residual
BN is one of the most chemically inert materials in contrast to
the very active Al metal resulting from decomposition of AlHs.
Despite the complex reaction path of thermal decomposition
of aminoborane, the partial pressure of impurities in the
H, gas produced by heating NH;BH; above 300 °C in the GPa
pressure range is vanishingly small that allows an accurate
investigation of phase diagrams of metal-hydrogen systems.
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