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Abstract The high-pressure technique is a fundamental

tool for realizing novel phase transitions, chemical reac-

tions, and other exotic phenomena. Hydrogenation is one

example of a high-pressure reaction; at high pressures of

several gigapascals, hydrogen becomes chemically active

and reacts with metals and alloys to form hydrides. This

paper covers a high-pressure study of the hydrogenation

process and the synthesis of hydrides using a cubic-type

multi-anvil apparatus. The experimental details of a

hydrogenation cell assembly, high-temperature and high-

pressure generation, and an in situ observation technique

are presented. These experiments are conducted with the

aid of in situ synchrotron radiation X-ray diffraction

measurements operated in an energy-dispersive mode in

the conventional manner for time-resolved measurements

and a newly developed angle-dispersive mode for obser-

vation of the crystal growth process during formation of

metal hydrides. Two successful cases of high-pressure

hydrogenation are presented: aluminum hydride, AlH3, and

an aluminum-based alloy hydride, Al2CuHx, which are

potential candidates for hydrogen storage materials.

Keywords Aluminum � Hydride � High pressure

and high temperature � In situ measurement �
Synchrotron radiation X-ray diffraction measurement

1 Introduction

Applying high pressure to a material enables us to effec-

tively and significantly alter its volume and, consequently,

its physical properties. We can induce phase transitions,

chemical reactions, and other phenomena by applying high

pressure in the gigapascal range. In this context, metal–

hydrogen systems under high pressure have been inten-

sively studied; highly pressurized hydrogen becomes sig-

nificantly reactive owing to a steep increase in the chemical

potential of hydrogen [1], and it reacts with metals to form

novel hydrides stable only under high pressure. A large-

volume high-pressure apparatus is a promising tool for

such synthetic studies of metal hydrides, as it enables us to

generate high pressures and high temperatures sufficient for

the hydrogenation reaction and often allows us to recover a

sufficient amount of synthesized hydrides for character-

ization at ambient conditions.

In the 1960s, Baranowski et al. [2, 3] initiated the study

of high-pressure hydrogenation of metals using a piston–

cylinder apparatus. They succeeded in hydrogenating pure

nickel at around 1 GPa. Recently, the group members

successfully synthesized novel hydrides of Laves phase

intermetallic compounds using an improved piston–cylin-

der apparatus at a pressure of up to 1.2 GPa [4]. Subse-

quently, Antonov [5] developed a new technique for high-

pressure hydrogenation. They use a Troid-type high-pres-

sure apparatus, which contains a metal capsule filled with a

metal sample and chemical hydrides as an internal hydro-

gen source. The high-pressure apparatus is designed to
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allow rapid cooling of the synthesized hydrides to the

temperature of liquid nitrogen; thermodynamically unsta-

ble hydrides can be recovered at ambient pressure condi-

tions and used for precise structural study via neutron

diffraction [6]. In the 1980s, Wakamori et al. [7] reported a

high-pressure hydrogenation study using a cubic-type

multi-anvil apparatus, in which a reaction vessel similar to

that developed by the Russian group was used. Fukai et al.

[8] reported a high-pressure study of a Fe–H system using a

cubic-type multi-anvil apparatus. They later improved the

high-pressure technique [9], and this improved technique

has been widely used to synthesize novel hydrides, espe-

cially by Japanese groups [10–12]. A number of reviews of

high-pressure hydrogenation studies are now available [1–

3, 5].

In this paper, we describe our recent results for the

hydrogenation of metals under high pressure and high

temperature. Details of a cubic-type multi-anvil apparatus

and hydrogenation cell assembly will be given. The for-

mation and crystal structures of hydrides are investigated

by in situ synchrotron radiation X-ray diffraction (SR-

XRD) measurements. Two alternative measuring systems

for X-ray diffraction will also be presented. Finally, suc-

cessful results for the hydrogenation of aluminum (Al) and

an aluminum-based alloy, Al2Cu, are presented.

2 Experimental methods

2.1 Multi-anvil apparatus for high-pressure and high-

temperature generation

A cubic-type multi-anvil apparatus is employed for gen-

erating high-pressure and high-temperature conditions up

to 10 GPa and 1,000 �C, respectively. This high-pressure

apparatus was developed by Osugi et al. [13], and its

remodeled version has been widely used in materials and

earth sciences. Figure 1 shows a schematic of the central

part of the cubic-type multi-anvil apparatus, which consists

of six anvils arranged in a cubic configuration to generate

isostatic pressure on a cubic pressure medium. The

opposing two anvils are pushed forward with a uniaxial

hydraulic press and the remaining four anvils, mounted on

wedge-shaped side blocks, are pushed in synchronously.

Thin Teflon or glass epoxy sheets are attached to the

sliding faces of the side blocks for electrical insulation and

to reduce friction between the guide and side blocks. The

cubic pressure medium is made larger than the anvil size so

that the excess volume is extruded into gaps a few milli-

meters wide between the anvils to seal the pressurized

sample inside the pressure medium. The pressure

generation depends on the anvil size: *6 GPa with 6-mm-

edge anvils and *10 GPa with 4-mm-edge anvils.

2.2 Hydrogenation reaction cell

The hydrogenation reaction cell was originally developed by

Fukai and Okuma [9], and it has been successively modified

for experimental purposes [10–12, 14]. A schematic of a

high-pressure cell for synchrotron X-ray diffraction mea-

surements is shown in Fig. 2. The first technical issue of the

hydrogenation experiment is how to load hydrogen in a

sample capsule. Hydrogen fluid or liquid can be loaded in a

compact high-pressure apparatus such as diamond–anvil cell

[15–17], but not in a large device such as a cubic-type multi-

anvil apparatus. To provide a sufficient amount of hydrogen

gas to completely hydrogenate a sample, it requires a dense

hydrogen fluid, prepared via compression to 200 MPa, or

liquid hydrogen formed by cooling below the boiling tem-

perature of 20 K. Such a loading process is unavailable for

the large apparatus.

Instead of gaseous hydrogen, solid chemical hydrides are

used as the internal hydrogen sources. A powder mixture of

NaBH4 and Ca(OH)2 (molar ratio 1:2) is conventionally

used for this purpose. Since the decomposition temperature

of NaBH4 is high (400 �C at ambient pressure, and it

increases with increasing pressure), the powdered mixture

is used. Ca(OH)2 is firstly decomposed into CaO and H2O,

and then, formed H2O reacts with NaBH4 to evolve

hydrogen (a hydrolysis reaction). The reaction paths are:

CaðOHÞ2 ! CaOþ H2O, ð1Þ

NaBH4 þ 2H2O! 4H2 þ NaBO2: ð2Þ

Side block

Lower 
guide block

Load

Upper
guide block

Anvil

Cubic 
pressure medium

Fig. 1 A schematic of a cubic-type multi-anvil apparatus
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The overall reaction is irreversible, and thus, evolved

hydrogen is expected to be used only for a hydrogenation

reaction of a sample. LiAlH4 is also employed as an

internal hydrogen source, depending on samples to be

hydrogenated. Owing to the high chemical reactivity of

hydrides to water, they are handled in an inert gas atmo-

sphere, such as an argon gas environment. The internal

hydrogen source is stable at ambient conditions and

evolves hydrogen on heating to around 400 �C. Evolved

hydrogen reacts with a sample in the hydrogen-sealing

capsule. Disks of an internal hydrogen source, *1.2 mm in

diameter and 0.9 mm in height, are made by compaction of

the powder and used to sandwich the sample capsule in the

middle (see Fig. 2).

The sample capsule is made of pyrolytic boron nitride

(PBN) (Shin-Etsu Chemical Co. Ltd., Japan). The PBN cap-

sule allows hydrogen permeation, but blocks the by-products

of the decomposed internal hydrogen sources. The sample is

immersed and allowed to react with hydrogen to form

hydrides. PBN has advantages over the standard boron nitride

(BN) that is conventionally used. One advantage is its excel-

lent machinability; the PBN capsule manufactured through

milling has a half-mirror-like smooth surface that allows

perfect removal of the sample from the capsule recovered after

hydrogenation at high temperature and pressure. The coarse

surface of standard BN adheres tightly to the sample surface,

preventing them from separating. Another advantage of its

machinability is that a thin-walled capsule and lid can be

manufactured, because highly densified PBN is not friable.

The thickness of the top and bottom PBN layers is 0.1 mm,

which allows hydrogen to pass through quickly. The sample

dimensions are typically 0.8 mm in diameter and 0.5 mm in

height. The capsule containing the sample and disks of the

hydrogen source are placed in a hydrogen-sealing capsule

made of sodium chloride (NaCl).

The second technical issue is how to confine hydrogen

in the high-pressure cell for a typical reaction time of

24 h. Metals with low hydrogen affinity are used to

confine the hydrogen gas around the ambient pressure;

however, they do not work well at higher pressures of

several gigapascals, owing to the significant increase in

hydrogen solubility of metals with pressure [18]. For

example, aluminum has a very low hydrogen solubility,

and hydrogen storage vessels made of aluminum alloys

are mounted in fuel cell vehicles. The solubility of the

hydrogen-resistant metal, however, increases from

x & 10-6 at 0.1 MPa to x & 10-2 at 10 GPa around

800 �C. Other hydrogen-resistant metals show similar

behaviors at high pressures, absorbing considerable

amounts of hydrogen to form solid solutions or hydrides.

Fukai and Okuma [9] have found that a NaCl capsule can

confine hydrogen even at high pressures of several giga-

pascals. The NaCl capsule is confirmed to work well at 10

GPa and 800 �C for over 24 h [19]. Reagent-grade NaCl

powder is ground with a mortar and pestle to make a fine

powder with a particle size less than 5 lm. The fine

powder is pelletized into a disk of the desired size, and

then, the disk is shaped into a cylindrical capsule via

milling.

The NaCl hydrogen-sealing capsule is inserted in a

cylindrical heater made of graphite designed to generate

high temperatures. The top and bottom ends of the heater

are electrically contacted with metal electrodes to the top

and bottom anvils, which are connected to an electric

power supply through the top and bottom guide blocks. The

generated temperature inside the NaCl capsule is calibrated

with thermocouples embedded in a dummy sample to

obtain the relationship between temperature and electric

power. The hydrogenation experiment is conducted with-

out thermocouples in order to reliably confine hydrogen in

the capsule. The sample temperature is estimated using the

calibration curve.

The cell components are placed in a straight hole in a

cubic pressure medium made of pyrophyllite. The cube is

baked in advance at 1,000 �C for 2 h; the heat-treated cube

becomes slightly harder by dehydration, enabling us to

generate pressures approximately 10 % higher than in the

raw pyrophyllite cube. The high-pressure cell is assembled

in a glove box filled with argon gas to avoid degradation of

the internal hydrogen sources, which can react with water

in air. The assembled cell is placed on the cubic-type multi-

anvil apparatus and squeezed by synchronously moving the

six anvils. Pressure is estimated based on the relationship

between generated pressure and the applied load. The

relationship is calibrated in advance via SR-XRD mea-

surements for standard pressure markers such as NaCl, and

the pressures are calculated from the lattice volumes using

the equation of state reported in the literature [20].

Internal
hydrogen source

Hydrogen sealing
capsule (NaCl)

NaCl lid

Cubic pressure 
medium

Electrode

Graphite
heater

Electrode

Sample in
PBN capsule

PBN lid

6 
m

m

Fig. 2 A high-pressure cell assembly for the hydrogenation

experiment
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2.3 In situ synchrotron radiation X-ray diffraction

measurement in an energy-dispersive mode

The SR-XRD technique enables us to obtain structural infor-

mation on the sample in situ under high-pressure and high-

temperature conditions. An energy-dispersive X-ray diffrac-

tion (EDXD) technique is primarily used with a cubic-type

multi-anvil apparatus, whereas an angle-dispersive X-ray dif-

fraction (ADXD) technique, a conventional technique used in

an ordinary X-ray diffractometer, is rarely employed. The

cubic-type multi-anvil apparatus allows limited optical win-

dows for incident and diffracted X-rays, but it does not allow

the wide-angle scanning required for ADXD measurement.

The point detection of diffracted X-rays via the EDXD method

has great advantages for measuring diffraction profiles quickly

using a multi-anvil apparatus with spatial limitations.

Figure 3 depicts a schematic of the experimental setup.

The incident beam—white X-rays from a synchrotron radia-

tion light source—passes through a narrow gap

(200–300 lm) between the side anvils and irradiates the

sample compressed in the high-pressure cell. The X-rays

diffracted from the sample are guided through a narrow gap

between the anvils on the opposite side and are detected by a

solid-state detector fixed at an appropriate angle of 4�–10� off

from the incident beam axis. The BL14B1 beam-line at

SPring-8 provides X-ray energies ranging from 30 to 120 keV

for the in situ diffraction measurement [21]. This energy range

corresponds to d values of 1–3.5 Å for a fixed diffraction angle

of 6�. The typical acquisition time is 15–120 s per profile. A

collimator is placed between the sample and the detector to

collect X-rays diffracted from the sample alone.

2.4 In situ synchrotron radiation X-ray diffraction

measurement in an angle-dispersive mode

The EDXD method allows for quick collection of powder

X-ray diffraction profiles from a very limited reciprocal

lattice space. The reciprocal lattice space observable in the

EDXD mode is very limited, as illustrated in Fig. 4a. When

the grain size of the sample is larger than approximately

20 lm, some sets of reciprocal lattice points hkl do not

intersect with the Ewald sphere and hence do not satisfy the

Bragg condition for diffraction. Their diffraction peaks are

lost in the measurement of the EDXD mode. We cannot

obtain reliable or accurate diffraction data by the EDXD

mode for the sample with the large grain size.

Cubic pressure
medium

Incident 
X-rays Diffracted

X-rays

Anvil

Sample

Fig. 3 A schematic of the experimental setup of the in situ synchro-

tron radiation X-ray diffraction measurement in the energy-dispersive

mode

Kmin
Kmax

K'min

K'max

(a)

(b)

Monochromatic X-ray

Diffracted X-rays

Imaging plate

Anvil (WC)

Anvil (cBN)

K’ Observable

Observable

K

Ewald sphere for 
maximum energy

Ewald sphere for 
minimum energy

Ewald sphere

Fig. 4 a The observable reciprocal lattice space in the energy-

dispersive mode. Vectors K and K0 show the directions of the incident

and diffracted X-rays. The energies of the incident X-rays for Kmin

and Kmax are 30 and 120 keV, respectively. b The observable

reciprocal lattice space in the angle-dispersive mode with an incident

X-ray energy of 60 keV and a schematic of its experimental setup
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In contrast to the one-point detection in the EDXD

mode, a two-dimensional imaging plate detector is used in

the ADXD mode. Anvils made of cubic boron nitride

(cBN), which are transparent to X-rays, allow for the col-

lection of whole diffraction rings, or Debye rings, from the

sample even with large grains or preferred orientations

[22–24]. ADXD allows further evaluation of the average

grain size of the sample from the number of diffraction

spots observed (note that if the sample is fine powder, the

average grain size can be determined from the observed

peak width using the Scherre formula, which is indepen-

dent of the detecting mode [25]). Figure 4b shows a

schematic of the ADXD measurement system and its

observable reciprocal lattice space. The two lateral anvils

on the detector side are replaced by those made of cBN,

through which the diffracted X-rays from the sample can

pass to arrive at the imaging plate detector. Uniform Debye

rings are recorded for an ideal powder sample, while sharp

Bragg spots are observed for a sample with a large grain

size.

3 Hydrogenation of aluminum

3.1 Background

Aluminum tri-hydride (AlH3) is a crystalline solid at

ambient conditions [26]. AlH3 has a large gravimetric and

volumetric hydrogen content (10.1 wt% and 148 kg/m3,

respectively) and therefore has been studied as a potential

hydrogen storage material [26–29]. AlH3 can be prepared

by organometallic synthesis procedures as a kinetically

stabilized solid that displays excellent stability even in air.

Seven polymorphs of AlH3 have been obtained through

organometallic synthesis [30]. Pressure-induced structural

phase transformations have also been investigated [31]. A

metallic phase with a simple cubic structure has been found

above 100 GPa. The a-phase, which crystallizes in a tri-

gonal space group R-3c with six molecules in a hexagonal

unit cell of dimensions a = 4.449 Å and c = 11.804 Å

[30], is the most stable phase below 10 GPa; its crystal

structure is shown in Fig. 5. The crystal structure consists

of corner-shearing AlH6 octahedra. Only the a-phase is

discussed in this section.

At atmospheric pressure, AlH3 cannot be obtained from

a metallic element, as the hydrogenation reaction of pure

aluminum has not been realized; pure aluminum is

expected to be hydrogenated above 0.7 GPa and room

temperature, where AlH3 is thermodynamically stable.

However, the hydrogenation reaction is inhibited even in

the AlH3-stable conditions because the surface oxide layer

on aluminum prevents reaction. Tkacz et al. [32] have

reported a re-hydrogenation reaction of decomposed AlH3

at 2.8 GPa. Konovalov and Bulychev [33] have observed

the dehydrogenation of AlH3 and its re-hydrogenation

reactions via differential thermal analysis and have deter-

mined the pressure–temperature relation of AlH3, in which

they used AlH3 as a starting material. These early hydro-

genation and dehydrogenation experiments [32, 33]

revealed decomposition temperatures approximately

100 �C higher than those obtained through thermodynam-

ical calculations. Graetz et al. [26] and Sakharov et al. [34]

have also reported the pressure–temperature relation of

AlH3, determined by using non-oxidized aluminum powder

prepared by the dehydrogenation of AlH3 and filled in a

copper capsule. Their results are consistent with the ther-

modynamical calculations. They conjectured that the ear-

lier works were affected by an oxide layer virtually

impermeable to hydrogen. Kato et al. [35] have reported

that the surface oxide layer of AlH3 prevents the dehy-

drogenation reaction of AlH3 using in situ X-ray photo-

electron spectroscopy. It has been clarified that both the

hydrogenation of aluminum and the dehydrogenation of

AlH3 are prevented by a surface oxide layer. It is thought

that the hydrogenation of pristine aluminum is difficult

even under thermodynamically stable conditions for AlH3.

Apart from hydrogen storage applications, the hydro-

genation reaction of aluminum is worth investigating,

because the hydrogenation reaction process of aluminum is

expected to be different from other hydrogen-absorbing

metals and alloys. Aluminum metal hardly absorbs

hydrogen in the interstitial sites of the metal lattice (e.g.,

H/Al & 10-1 at 10 GPa and 1,250 �C [18]).

a
b

c

Al

H

Fig. 5 A crystal structure of AlH3
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Hydrogenation of aluminum does not produce mono- and

di-hydrides; only tri-hydride AlH3 is formed, whereas rare-

earth metals and hydrogen-absorbing alloys form solid–

solution phases and low- and high-hydrogen content pha-

ses. The volume of the aluminum metal lattice doubles in

size as a result of the hydrogenation reaction (Dv = 5.6 Å3

per H atom). The lattice expansion is significantly larger

than that of other metals and alloys (Dv = 2–3 Å3 per H

atom) [1].

We have reported that pristine aluminum with a surface

oxide layer can be hydrogenated above 8.9 GPa and 600 �C

[14]. The reaction process has been investigated using

in situ SR-XRD measurements. It has been clarified that the

oxide layer on aluminum is partly removed or modified by

the high-pressure and high-temperature hydrogen fluid,

which enables us to achieve a hydrogenation reaction of

aluminum and investigate the process.

3.2 In situ observation by the EDXD method

Figure 6 shows a series of X-ray diffraction profiles taken

during a hydrogenation of aluminum and a dehydrogena-

tion of the produced AlH3. The starting material was pure

aluminum, in disks 0.8 mm in diameter and 0.05 mm in

thickness. The disks were stacked to fill the sample cap-

sule. The sample was used as received without any treat-

ment to remove the oxide layer. An X-ray photoelectron

spectroscopy measurement reveals that the oxide layer was

35-Å thick. The sample is pressurized to 10 GPa at room

temperature, heated to 650 �C, and then kept in hydrogen

fluid. Bragg peaks from pure aluminum, BN, and NaCl are

observed just after the sample is heated to 650 �C (Fig. 6a).

New Bragg peaks appear approximately 20 min after the

sample is heated to 650 �C. These peaks are weak when

they appear and grow upon continued heating. These peaks

are clearly seen about 200 min after heating, as shown in

Fig. 6b. They are indexed with a trigonal unit cell of AlH3,

indicating that pristine aluminum is successfully hydroge-

nated at 10 GPa and 650 �C. Then, the sample is heated to

800 �C. The Bragg peaks from AlH3 vanish (Fig. 6c). The

produced AlH3 decomposes into aluminum and hydrogen.

The aluminum is hydrogenated again on successive cooling

to 650 �C (Fig. 6d). The hydrogenation of aluminum and

dehydrogenation of the produced AlH3 are realized and

observed in situ through SR-XRD measurements. It is

worth mentioning that the crystal sizes of AlH3 and their

crystal directions change during the hydrogenation and

dehydrogenation cycle. This is because the relative inten-

sities of diffraction from AlH3 change even though the

diffraction profiles are taken from the same sampling spot.

The hydrogenation and dehydrogenation pressure–tem-

perature conditions are determined based on the in situ

measurement and summarized in the inset of Fig. 6. It

should be noted that a high pressure of over 8.9 GPa is

necessary for initial hydrogenation of passivated alumi-

num. However, aluminum obtained by dehydrogenation of

the produced AlH3 can be hydrogenated at less than 8.9

GPa, as reported previously [32–34]. The pressure–tem-

perature conditions are determined by decreasing the

pressure from 10 to 4.5 GPa. Our results agree with the

equilibrium curve obtained by thermodynamical calcula-

tions. Sakharov et al. [34] have pointed out that the oxide

layer on aluminum exhibits an artificially high decompo-

sition temperature compared with that at equilibrium. Our

results imply that the oxide layer on aluminum is partly

removed or modified by the high-pressure and high-tem-

perature hydrogen fluid, which enables us to hydrogenate

pristine aluminum and determine decomposition tempera-

tures free from the kinetic effects caused by the surface

oxide. It is difficult to observe the oxide layer under high

pressure, and thus the modification of the surface oxide

layer has yet to be observed.

We infer that the modification of the surface oxide layer

is irrelevant to the hydrogenation reaction. If this is true,

then the modification may occur in AlH3-unstable condi-

tions (e.g., the pressure–temperature conditions indicated

by a star in the inset of Fig. 6). Once the oxide layer on

aluminum is modified (hereafter we refer to this treatment

as the modifying treatment), the aluminum is not passiv-

ated again because the sample capsule is free from oxygen
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Fig. 6 A series of X-ray diffraction profiles taken during the

hydrogenation of aluminum and dehydrogenation of the produced

AlH3. The shaded Bragg peaks are from AlH3. The inset summarizes

hydrogenation and dehydrogenation pressure–temperature conditions
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unless the sample is recovered at ambient conditions.

Aluminum modified in AlH3-unstable conditions is

expected to be hydrogenated by successive cooling into

AlH3-stable conditions.

The above presumption is experimentally confirmed

[19]. Pristine aluminum is heated to 600 �C at 6 GPa in a

hydrogen fluid. The sample is not hydrogenated at these

pressure–temperature conditions because AlH3 is thermo-

dynamically unstable. After the sample is heated to 600 �C,

the sample is immediately cooled to 400 �C, kept in a

hydrogen fluid for 2 h, and recovered at ambient condi-

tions. An optical microscope measurement reveals that

AlH3 is formed via the synthetic procedure. When pristine

aluminum is immersed in a hydrogen fluid at 600 �C at 6

GPa without the modifying treatment, the sample is not

hydrogenated (as mentioned above, a high pressure and

high temperature of over 8.9 GPa and 600 �C are necessary

for the initial hydrogenation reaction of pristine alumi-

num). It is confirmed that the modifying treatment enables

pristine aluminum to be hydrogenated.

3.3 AlH3 obtained by the hydrogenation reaction

under high pressure

Figure 7 shows an optical micrograph of the recovered

AlH3 synthesized at 10 GPa and 650 �C for 24 h. The

surface of the sample is covered with grains of AlH3, while

the inner part remains unreacted. The thickness of the

produced AlH3 is from 20 to 50 lm. Hydrogenation at the

inner part of the aluminum is inhibited owing to slow

hydrogen diffusion in the produced AlH3; this AlH3 pre-

vents further hydrogenation of the inner part. The

introduction of hydrogen permeation pathways allows the

hydrogenation reaction of the inner part. Details of this are

described elsewhere [36].

The majority of the produced AlH3 is composed of small

crystalline particles less than a few microns in length. A

few transparent particles exceed 10 lm in length (see the

inset of Fig. 7). One of the transparent particles is char-

acterized by taking an X-ray oscillation photograph of it in

an undulator beam-line, BL22XU, at SPring-8. All the

Bragg spots are sharp without peak splitting and indexed

with a trigonal unit cell of AlH3, indicating that the particle

is a highly crystalline single crystal. The results raise the

question of how such high-quality single crystals can grow

through hydrogenation, given the significant modification

in unit cell structure from cubic to trigonal and the

accompanying volume expansion of the host metal lattice

(Dv/v = 100 %). To clarify the crystal growth process of

AlH3, the hydrogenation reaction of aluminum is investi-

gated through ADXD, which provides information about

the crystal growth process.

3.4 Formation and crystal growth process of AlH3

under high pressure

The starting material was pure aluminum disks, which were

the same as those used for the EDXD measurement. Fig-

ure 8 summarizes ADXD images recorded on an imaging

plate. Figure 8a is taken at 10 GPa and room temperature

prior to heating. Uniform Debye rings from the aluminum

sample are observed, indicating that the grain size of the

sample is less than 1 lm (the relationship between the

grain size and the number of Bragg spots are determined in

advance by recovery experiments). The sample is heated to

600 �C at 10 GPa.

The uniform Debye rings from the sample change into

brilliant Bragg spots just after the sample is heated to

600 �C (Fig. 8b). Solid-state grain growth of aluminum

takes place. The grain size is 20–30 lm in length. Such

solid-state grain growth is frequently observed at high

pressure and high temperature [22].

The aluminum grains are slowly pulverized prior to the

hydrogenation reaction of aluminum. The diffraction

intensities of aluminum begin to decrease, and the Bragg

spots are crushed into arc streaks after a 3-h heating

treatment in hydrogen (Fig. 8c). Weak Debye rings of

aluminum are also observed. These changes in the dif-

fraction pattern indicate that aluminum grains are pulver-

ized into small grains. It is worth mentioning that the

pulverization is observed only in the AlH3-stable pressure–

temperature conditions. When the aluminum is kept in

hydrogen at 10 GPa and 800 �C, which are outside of the

AlH3-stable conditions, the aluminum grains grown by

10 µm

200 µm

Fig. 7 A polarized photomicrograph of the recovered AlH3. The

inset shows a transparent polarized photomicrograph of a particle of

the produced AlH3
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solid-state grain growth remain; no pulverization takes

place.

The hydrogenation reaction does not cause the pulveri-

zation reaction directly, because hydrogenation reaction

does not occur when the pulverization begins. This is in

contrast to pulverization reactions observed for other

hydrogen-absorbing alloys [37]. Pulverizations of other

hydrides are thought to be caused by internal strain intro-

duced by the large volume changes associated with the

hydrogenation reactions.

The hydrogenation reaction of aluminum proceeds

gradually, following the pulverization reaction. As seen in

Fig. 8d, Bragg spots from AlH3 begin to appear 6 h after

heating. The grain size of AlH3 is comparable to that of

pulverized aluminum at this stage. The Bragg spots of

AlH3 become stronger and new Bragg peaks of AlH3

appear simultaneously with continued heat treatment, as

shown in Fig. 8e. Solid-state grain growth of AlH3 and the

hydrogenation reaction of aluminum to produce AlH3

occur simultaneously. Finally, single crystals of AlH3

10–20 lm in length are formed.

The ADXD measurement on the aluminum–hydrogen

system at 10 GPa and 600 �C has revealed the self-pul-

verization of aluminum prior to hydrogenation and the

subsequent solid-state grain growth of AlH3. The pulveri-

zation appears to be the precursor of the hydrogenation

reaction because it occurs at pressure–temperature condi-

tions where AlH3 is thermodynamically stable. A hydrogen

absorption or a reaction in aluminum must occur before the

pulverization and cause it, though the absorption or the

reaction has not been detected. Such a pulverization reac-

tion has not been observed for other metals and alloys. SR-

XRD studies of the hydrogenation processes of aluminum

and other metals are currently being planned to clarify the

origin of the pulverization reaction.

4 Synthesis of novel aluminum-based interstitial

hydride

Not only pure aluminum hydride, AlH3, but also alumi-

num-based hydrides are promising hydrogen storage

materials for fuel cell vehicles because aluminum is

lightweight and the most abundant metal in the Earth’s

crust. In this context, complex aluminum hydrides, such as

NaAlH4 and LiAlH4, have been studied; however, because

of their thermodynamical properties and slow kinetics,

complex aluminum hydrides obtained so far are unsuited

for practical applications. Apart from complex aluminum

hydrides, few aluminum-based alloy hydrides have been

reported. If such a material is developed, then it would

expand the variety of aluminum-based hydrides.

Recently, we have demonstrated the formation of an

aluminum-based interstitial hydride, Al2CuHx [38]. The

hydride formed can be recovered at ambient conditions and

is characterized via a conventional X-ray diffraction

10 GPa
Al 111

Al 200

Al 111

Al 200

Al

AlH3

AlAlH3

Al 220

(d) 6 h (e)

(b) 600 °C, 0 h(a) Room Temp. (c) 3 h

(d) 6 h (e)

(b) 600 °C, 0 h(a) Room Temp. (c) 3 h

 24 h 24 h

Fig. 8 A series of recorded diffraction images in the angle-dispersive X-ray diffraction mode. Diffraction rings with triangles are from produced

AlH3. Diffraction rings without notations in a are from the sample capsule and the hydrogen-sealing capsule, and are masked in b–e
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measurement. The interstitial nature of the hydride is

investigated here.

Figure 9a shows a schematic of the crystal structure of

the Al2Cu alloy. The alloy crystallizes in the space group

I4/mcm with a = 6.067 Å and c = 4.877 Å [39]. An

Al8Cu square antiprism is the structural unit of the crystal

structure. One-dimensional chains are formed in the c axis

direction by face-sharing of Al8Cu. These chains share

edges to form a crystal structure with interstices. The

starting material was ground Al2Cu alloy (particle

size \ 50 lm), which was made by arc-melting around

ambient pressure. The sample was placed into a high-

pressure cell, pressurized to 10 GPa, and then heated in

hydrogen fluid. Structural changes and the hydrogenation

reaction of the alloy were observed in situ via SR-XRD

measurements in the EDXD mode.

Figure 10 plots X-ray diffraction profiles taken during

the high-pressure and high-temperature treatment. The

Al2Cu structure is maintained when the sample is pres-

surized at room temperature and heated to 600 �C in

hydrogen fluid (Fig. 10a). The sample decomposes into

AlCu1.5 and aluminum at 880 �C on subsequent heating.

Figure 10b shows a diffraction profile taken at 900 �C after

the decomposition. After decomposition, the sample is

cooled to 800 �C. Figure 10c shows a diffraction profile

taken at 800 �C, which is different from those of Al2Cu,

AlCu1.5, and aluminum. The Bragg peaks in Fig. 10c are

indexed with an enlarged unit cell of Al2Cu, indicating

volume expansion caused by a hydrogenation reaction of

Al2Cu.

The hydrogenation reaction proceeds only after the

sample is decomposed into AlCu1.5 and aluminum at

880 �C. Al2CuHx is not formed when the sample is initially

heated from room temperature to 800 �C in hydrogen fluid.

This is probably because the surface oxide layer on the

Al2Cu alloy prevents the hydrogenation reaction. The

oxide layer is removed by the decomposition reaction,

which allows the hydrogenation reaction on subsequent

cooling of the sample. Such a complex temperature path

for the hydrogenation reaction is difficult to explore with-

out the aid of in situ SR-XRD measurements. It is worth

mentioning that the melting temperatures [40] of aluminum

(1,200 �C at 10 GPa), copper (1,400 �C at 10 GPa), and

binary alloys increase with increasing pressure. A melting

component is not detected during measurement, and it does

not affect the hydrogenation process.

The produced hydride is quenched at ambient condi-

tions. Hydrogen evolution from the recovered sample is

observed around 150 �C at ambient pressure. A powder

X-ray diffraction measurement reveals that the sample has

an Al2Cu structure after the hydrogen evolution occurs. It

Hydrogen

Aluminum Copper

a

b
c

(a) Al2Cu

(b) Al2CuH

Fig. 9 a Crystal structure of Al2Cu alloy. b Crystal structure of

Al2CuHx. The positions of hydrogen atoms are determined by first-

principles calculations

 30  40  50  60  70  80  90  100

Energy (keV)
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(b) 900 °C
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Fig. 10 A series of X-ray diffraction profiles taken at 10 GPa and

(a) 600 �C, (b) 900 �C, and (c) 800 �C. Open triangles, closed

triangles, circles, and squares indicate Bragg peaks from Al2Cu,

Al2CuHx, AlCu1.5, and aluminum, respectively
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is clarified that the Al2CuHx is formed through the

hydrogenation reaction of the Al2Cu alloy at 10 GPa and

800 �C. The hydrogen content is roughly estimated to be

x & 1 on the basis of mass measurements made during the

dehydrogenation reaction, although the small sample vol-

ume of \ 0.2 mm3 does not allow a precise determination

of the hydrogen content.

A powder X-ray diffraction profile of the recovered

sample is shown in Fig. 11. Bragg peaks from Al2CuHx are

indexed using a tetragonal unit cell with a = 6.110 Å and

c = 5.201 Å, an enlarged unit cell of the Al2Cu alloy.

Some peaks from unreacted Al2Cu, AlCu1.5, and aluminum

are detected from the recovered sample. The reaction yield

is estimated to be approximately 60 % from a comparison

of the diffraction intensities. The unit cell expands along

the c axis (Dc/c = 7 %) upon hydrogenation, whereas the

lattice parameter a remains almost unchanged (Da/

a = 1 %). The unit cell volume increases by 8 %, which is

in accordance with the estimated hydrogen content of

x & 1.

The diffraction profile of Al2CuHx is reproduced by

introducing twists of the Al8Cu square antiprisms around

the c axis. The peak intensities of Al2CuHx are not repro-

duced with the simply enlarged unit cell of Al2Cu alloy, as

seen in Fig. 11b. Here, we attempt to find a structure model

of Al2CuHx that reproduces the peak intensities. The space

group is fixed to I4/mcm, and only the atomic parameter of

aluminum is changed to find the model. The obtained

crystal structure is shown in Fig. 9b (note that the positions

of hydrogen atoms are determined only via first-principles

calculations; details will be described later). The simulated

X-ray diffraction profile for the obtained model is shown in

Fig. 11a. It can be seen that the simulated profile agrees

well with the experimentally observed one. The changed

atomic parameter corresponds to a twist of the Al8Cu

square antiprisms, which is illustrated in Fig. 12. The angle

a (49.6� for Al2Cu) between the corner-shared squares of

aluminum atoms changes to a0 = 66.1� ± 0.5� as a result

of the twist caused by the hydrogenation reaction.

Structural optimization via first-principles calculations

is performed to examine the obtained structural model of

Al2CuHx. The hydrogen content x is fixed to be 1.0. The

obtained structure is of an Al2Cu-type with lattice param-

eters of a = 6.137 Å, c = 5.225 Å, and a0 = 68.2�, which

are consistent with the experimentally determined values.

 30  40  50  60  70  80  90  100

2θ  (°) for CuKα

In
te
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ity

 (
a.

u.
)

Experimental
Simulated
(with twist)

Experimental
Simulated

(without twist)

(a)

(b)

×5

Fig. 11 a A powder X-ray diffraction profile of the recovered sample

with a simulated diffraction pattern made by introducing twists of the

Al8Cu square antiprism. b A powder X-ray diffraction profile of the

recovered sample with a simulated pattern without the twist.

Triangles, circles, and squares indicate Bragg peaks from Al2Cu,

AlCu1.5, and aluminum, respectively. Diffraction intensities above

2h = 50� are multiplied by a factor of 5

Al8Cu square antiprism

Twist of 
the square antiprism

Hydrogenation

Aluminum

Copper

Crystal structure of Al2Cu

Crystal structure of Al2CuHx

α

α ’

Hydrogen

Fig. 12 A schematic drawing of the crystal structures of Al2Cu and

Al2CuHx showing atomic movement during the hydrogenation

reaction
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This agreement supports both the validity of the structural

model and the estimated hydrogen content, x & 1.

Hydrogen atoms are located in the centers of the rhom-

buses of aluminum atoms, which are enlarged by the

hydrogenation reaction as shown in Fig. 12. Hydrogen

atoms are aligned linearly along the c axis, as shown in

Fig. 9b.

The structural change of the Al2Cu alloy caused by the

hydrogenation reaction can be explained as follows. The

Al8Cu square antiprisms are twisted to enlarge the inter-

stitial spaces consisting of four aluminum atoms. Hydrogen

atoms are located at the center of the enlarged interstitial

site to form interstitial hydride, Al2CuHx (x & 1). It is

likely that the twist enables the formation of the interstitial

hydride without lattice expansions of the a and b axes,

whereas the unit cell is enlarged along the c axis.

Interstitial hydrides are expected to exhibit different

properties than those of complex aluminum hydrides. The

properties of interstitial hydrides are favorable for hydro-

gen storage because the hydrogenation and dehydrogena-

tion reactions would proceed simply and their

thermodynamic properties are tunable by the addition of

other elements to the alloy. Both the experimentally and

theoretically obtained results are useful for exploring other

aluminum-based interstitial hydrides. These findings will

help expand the variety of aluminum-based alloy hydrides,

which, in turn, will help in developing practical hydrogen

storage materials.

5 Conclusions and future perspectives

This paper presented the latest advancement in the high-

pressure study of the hydrogenation process of metals and

alloys. The SR-XRD technique combined with the high-

pressure technique using a cubic-type multi-anvil apparatus

was shown to be a very powerful tool for in situ measure-

ments, providing information on the synthetic conditions of

novel metal hydrides and the reaction process. Examples of

the hydrogenation of aluminum and aluminum-based alloys

were successfully demonstrated via X-ray diffraction results.

The X-ray diffraction measurement, however, indicates the

limitations of the experiment, yielding structural informa-

tion only on the metal atoms and no useful information on the

hydrogen atom. This is because X-ray scattering from

hydrogen atoms is too small compared with that from metal

atoms, hardly contributing to diffraction profiles. The exact

locations and stoichiometry of the hydrogen atoms in the

hydrides remain unknown.

A neutron diffraction measurement would overcome the

lack of hydrogen information in X-ray diffraction. The

scattering from the nucleus of deuterium, an isotope of

hydrogen, has sufficient intensity for diffraction

measurements. A neutron diffractometer, PLANET, used

for high-pressure experiments constructed at J-PARC,

Japan [41, 42], allows us to make in situ measurements of

the atomic positions and proportions of deuterium

(hydrogen) in hydrides. However, neutron diffraction

measurements require measuring times of up to several

hours, even with high-intensity pulsed beams, since the

sample volume for the high-pressure apparatus is still

limited to *0.04 cm3, which is over one order of magni-

tude less than a standard volume of 1 cm3.

Hence, the complementary use of X-ray diffraction is

necessary; for example, in exploring experiments of syn-

thetic conditions. It is worth mentioning here that theo-

retical calculations are also helpful for high-pressure

synthetic study because synthesized materials are thermo-

dynamically stable under high pressure and high tempera-

ture, and their thermodynamical properties can be

predicted theoretically, for instance, by first-principles

methods and well examined by comparing the calculated

data with the experimental data. In situ X-ray and neutron

diffraction measurements combined with first-principles

calculations will thus accelerate high-pressure synthetic

study of novel hydrides under high pressure.
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