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Abstract. Problems concerning the synthesis of hydrogen-
containing nanomaterials based on metals, alloys and inter-
metallics are considered. Characteristics of hydrogen
absorption by and hydrogen desorption from these materi-
als are analyzed. Specific features of the phase diagrams of
metal —hydrogen systems in the case of nanostructured
components are discussed. Data on the structure and
defects, electronic structure and physicochemical properties
of nanocrystalline metal hydrides are generalized; poorly
studied problems in this field of research are outlined. The
bibliography includes 99 references.

1. Introduction

The nanostructure approach has found increasing use in
modern materials science. It utilizes the advantages of the
nanostructure which is characterized by small sizes (from
1-2 to nearly 100 nm) of the key components (grains,
inclusions, layers, pores, efc.). The possibility to obtain a
vast variety of materials with unique physicochemical and
physicomechanical properties attracts the attention of
researchers and engineers. This manifests itself in both
significant expansion of research and development and in
a considerable increase in the amount of information in the
field of nanochemistry (see, e.g., Refs 1 and 2). Materials
based on metal hydrides are promising for hydrogen-based
power systems.?~> Nanostructuring of hydrides is of inter-
est for significant activation of the synthesis conditions of
nanomaterials and for control of their physicochemical
properties.

Two reviews 7 on the behaviour of hydrogen in nano-
structures have been reported quite recently, but interest in
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nanostructured hydrides has increased considerably since
then. This is indicated by publication of some reviews (see,
e.g., Refs 8—11), a monograph !2 and by the scope of the
International Symposium ‘Metal — Hydrogen Systems. Fun-
damentals and Applications’ held recently at M V Lomo-
nosov Moscow State University, Moscow, Russia.!? Also,
numerous interesting results were reported in original
research articles and communications. The aforesaid gave
the author an impetus to writing the present review."

I1. The synthesis of nanocrystalline hydrides.
Specific features of hydrogen absorption and
desorption

Main methods of synthesis of nanocrystalline hydrides
include mechanochemical synthesis and hydrogenation of
nanofilms and bulk nanostructured materials. The former
method is most widely used. It involves high-energy milling
of starting substances in inert media or in hydrogen. The
foundations of mechanochemical synthesis were laid by
Russian 416 and Canadian researchers.!”-18 At present,
the fundamental studies ! !> whose authors for the first
time demonstrated the efficiency of mechanochemical syn-
thesis for the preparation of magnesium alloys as materials
for hydrogen power systems are cited rarely by Russian
researchers and even less abroad. Extensive research in the
field of mechanochemical synthesis has been carried out at
the McGill University (Canada) and in other research
centres.!2-18

Many researchers study magnesium alloys and com-
pounds (magnesium hydride can store as many as
7.66 mass % of hydrogen). Our analysis will be focussed
on the results obtained in studies of nanocrystalline magne-
sium compounds.

The kinetic curves for hydrogen sorption on magnesium
powders with different particle size are shown in Fig. 1.18 A

T The behaviour of hydrogen in carbon and organometallic nanostruc-
tures and in salt-like hydrides requires a separate comprehensive analysis
and goes beyond the scope of this review.
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Figure 1. Kinetics of hydrogen sorption on magnesium powders with
different particle sizes (7' = 300 °C).'8
Particle size: 30 nm (/), 50 nm (2) and 1 pm (3).

considerable advantage of the nanocrystalline particles
obtained by high-energy milling is clearly seen. Reactive
high-energy milling of magnesium powders in hydrogen
atmosphere, as well as the use of catalytic additives (Pd,
Ni, C, MgNi, NbxOs, V20s, etc.) and preparation of
various nanocomposites (MgH, + LiBH4, CeCls + NaAlH4,
etc.) was also reported.!> 13

Milling is accompanied by a substantial decrease in the
particle and grain size and by an increase in structural
defectiveness of the particles (dislocations, packing errors,
etc., appear). Finally, a hardly permeable surface oxide film
is destroyed (it forms again on the surface of the milled
particles). Attempts to differentiate the contributions of
these factors to parameters of hydrogen desorption were

The effect of the average size of magnesium hydride
particles on the parameters of hydrogen desorption spec-
trum [initial desorption temperature, low- and high-temper-
ature peaks (7ot and Twur, respectively)] is illustrated in
Fig. 2.1° In these experiments, the particle size was changed
by varying the duration of milling in hydrogen (from 15 min
to 100 h). Starting with 10-h milling, the X-ray diffraction
patterns exhibited a progressing formation of the y-MgH»
phase. The data in Fig. 2 suggest a correlation between the
desorption parameters of the particles whose size falls in a
wide range from 400 to 36 x 103 nm and almost no correla-
tion for nanocrystallites from 3 to 67 nm in size. The
observed decrease in the initial desorption temperature (by
about 60 °C), Trt (by nearly 30 °C) and Tyt (by about
50 °C) were solely associated ' 1% with the presence of the
v-phase; the role of crystallite size was thought to be
insignificant.

The impact of the size effects was studied in detail taking
the sorption properties of magnesium nanowires obtained
by evaporation—precipitation in argon atmosphere
(at 1203 and 503 K, respectively) as an example.?? Nano-
wires 30—-50 nm (batch 1), 80—100 nm (batch 2) and
150—-170 nm in diameter (batch 3) were synthesized by
varying the inert gas flow rate. The results of hydrogen
absorption and desorption studies of these systems carried
out at 373—573 K are shown in Fig. 3. As can be seen, the
diameter of particles strongly affects the kinetics of hydro-
gen absorption and desorption. It is noteworthy that the
effect changes as the temperature varies, as is particularly
clearly seen when considering the mutual position of the
kinetic curves at 573 K. Data processing showed that the
activation energies of hydrogenation (E,,) and dehydrogen-
ation (FE,q) for batches 1, 2 and 3 are

made.!? 19 Mention was made that milling of commercially ~ Batch 1 2 3
available MgH»> powders is accompanied by progressing  Eun/kJ (mole of Hy)~! 33.5 38.7 70.3
formation of a high-temperature polymorph, viz., the  E,q/kJ (mole of H)~! 38.8 46.5 81.1
v-MgH, phase with high dissociation pressure.
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Figure 3. Kinetics of hydrogen absorption (a) and desorption (b)
from magnesium nanowires of different diameter: 30—50 (7), 80—100
(2) and 150—170 nm (3).2°

These values are much lower than the corresponding
values for milled MgH> powders (120—142 kJ per mole of
H»). It was also found that nanowires from batch 1 break

after ten hydrogenation—dehydrogenation cycles, although
their composition did not change even after fifty cycles. For
the hydride samples, only the traditional tetrahedral poly-
morph B-MgH» was observed, but, unfortunately, the size
of nanocrystallites in nanowires was not reported in Ref. 20.

Recently, a number of studies on magnesium nano-
particles smaller than 5—10 nm in size were reported.?! 24
A nanocomposite MgH>—0.5% TiH, was prepared by
high-energy milling of starting hydrides in hydrogen under
a pressure of 13.8 MPa for 4 h (ball-to-mixture mass ratio
was 35:1).21:22 According to X-ray diffraction data, the
particle size was about 5 nm; transmission electron micro-
scopy (TEM) and scanning electron microscopy (SEM)
studies revealed a particle size interval from 5 to 10 nm.

Five-nanometre magnesium particles stabilized by
tetrabutylammonium bromide were obtained by electro-
chemical synthesis.?? Hydrogenation of these particles with
hydrogen was carried out at a pressure of 2 MPa at 60 °C.
Nanoparticles 2.8 £0.2 nm in size were obtained by colloi-
dal synthesis and then saturated with hydrogen at a pressure
of 3.3 MPa at 118 °C; the size of the hydride particles
determined by X-ray diffraction is 5 nm.?* After hydro-
genation, the particles contained the B-MgH, phase (the
titanium composites also contained the TiH, phase?!-22);
the amount of hydrogen was about 6.3 mass % (see Refs 21
and 22) and ~7.6 mass %.23 24 Figure 4 presents the results
of a hydrogen desorption study of magnesium hydride
nanoparticles obtained by the methods used in Refs 21—
24. These results and the data reported earlier!®-2% can be
generalized as follows.

1. A positive effect of high-energy milling and of the
decrease in the Mg and MgH, nanoparticle size on the
parameters of hydrogen absorption and desorption is
obvious and confirmed in many studies.

2. Small additives of TiH, nanoparticles favour accel-
eration of hydrogen absorption and desorption and a
decrease in the initial desorption temperature (by about
100 °C from 280 to 180 °C). It is important that not only do

Hydrogen content (mass %)
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Figure 4. Characteristics of hydrogen desorption from MgH» nano-
particles.

Kinetics of desorption at 240 (/), 270 (2) and 290 °C (3)
(MgH»—0.1TiH,, d ~ 5-10 nm) 2! (a); mass spectrometric picture of
the kinetics of desorption at 85 °C for MgH» (/) and Mg (2) (d ~ 5 nm)
particles?® (b); and is temperature-programmed desorption profile
(heating rate 5 deg min—!, d ~ 5 nm)2* (¢).
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these additives exhibit the catalytic effect, but also make the
nanocomposite rather stable on multiple thermocycling (the
composition of the samples remains almost unchanged after
80 hydrogenation—dehydrogenation cycles; this is much
better than the results obtained for undoped MgH> nano-
and microparticles). This was associated with the blocking
effect of the additives on the growth of nanograins in the
MgH, matrix.2>22 An in situ TEM study of hydrogen
desorption from MgH>+ Nb,Os composites showed that
the formation of magnesium nanoparticles is observed at
150 °C.?3

3. The possibility of hydrogen desorption from MgH>»
nanoparticles at 85 °C is remarkable. This is the lowest
desorption temperature determined for nearly 5-nm nano-
particles (see Fig. 45).23 Hydrogen desorption is controlled
by the nucleation and growth of seeds of the a-phase (a
solid solution of hydrogen in magnesium) at the MgH»/Mg
interface; the diffusion kinetics is second in importance.

4. The initial desorption temperature for 5-nm MgH»>
nanoparticles decreases by 160—250 °C as compared with
bulk magnesium hydride (see Fig. 4¢). By and large, the
data 2* differ from the results obtained in Ref. 23. Analysis
of the reasons for these differences is difficult because many
features of nanoparticles and synthesis conditions (e.g., the
structure of interfaces, the amounts of impurities and their
segregations, residual strain, ezc.) were not reported.

Hydrogenation—dehydrogenation processes are widely
studied by SEM, TEM, micro electron diffraction analysis,
energy-dispersive analysis and by electron energy loss spec-
troscopy (EELS). Figure 5 shows a micrograph of hydro-
genated powders of MggsNijglas alloy with a characteristic
banded structure typical of such magnifications.?> The
phase composition was identified based on the interplanar
spacings (/) and on EELS data. The hydride particles
contained round, nearly 10-nm LaHs; and Mg>NiHy4 par-
ticles, both isolated or in the form of aggregated species (see
Fig. 5) in the magnesium hydride matrix. The nanoinclu-
sions retained their round shape after dehydrogenation at
about 400 °C.

-~ el

S

i

[LaH; (200)
[=0.280 nm |

Figure 5. Micrograph of MggsNijgLas alloy powder after hydrogena-
tion at 400 °C.%>*
Shown are the interplanar spacings (/).

Dehydrogenation of MgH>+ Nb>Os nanocomposite
particles was studied in situ by high-resolution TEM in the
temperature range from ambient temperature to 200 °C.2¢
The catalytic effect of the additive (1 mass % Nb,Os) man-
ifested itself at 150 °C where the formation of nearly 60-nm
magnesium nanocrystals at the oxide/hydride interface was
observed. For the composite MgH>+ 10 mass % Nb,Os,
decomposition of the hydride and the formation of MG
nanocrystals at the interface were observed at room temper-
ature; in this case, additional effects of electron irradiation
in the electron microscope cannot be ruled out.

Phase transformations during hydrogenation —dehydro-
genation of compounds based on Mg and the system
Mg—Mm —Ni (Mm is the mischmetal) were studied by in
situ high-resolution synchrotronous X-ray diffraction.?’
The initial samples were obtained by arc melting followed
by plastic deformation and reactive ball milling in hydrogen
atmosphere. The formation of two magnesium hydride
polymorphs, B and v, in a 7:3 ratio with a grain size of
about 7 nm was observed. Thermal desorption at
T = 350 °C was accompanied by the y — [ transition and
growth of grains to nearly 20 nm; the magnesium crystallites
formed were larger than 150 nm in size. Subsequent hydro-
genation led to a decrease in the crystallite size to about
100 nm. Thus, the primary nanostructure is not conserved
during hydrogenation—dehydrogenation cycling. By and
large, the study 27 allowed one to reveal interesting features
and the limiting stages of hydrogenation—dehydrogenation
of magnesium and compounds in the system Mg— Mm — Ni.

Research on films is increasingly progressing in nano-
structural materials science because these objects often
allow one to exclude the influence of certain factors; this
favours successive investigations on the role of the size
effects.®7 The structure and properties of films based on
metal hydrides were analyzed in reviews.®7-28 Hydrogen
desorption from MgH» nanocrystalline thin films was also
studied.?® To prevent the films from oxidation, they were
covered with hydrogen permeable thin palladium films
(thickness ~ 10 nm). The results obtained for thick films
(thickness 380 +20 nm, nanocrystallite size ~80 420 nm)
and thin films (thickness 135+ 15 nm, nanocrystallite size
~304+10 nm) are shown in Fig. 6. As can be seen, a
complete desorption of hydrogen from thin films at room
temperature in air takes about 2000 min while the thick
films lose nearly 40% of the initial amount of hydrogen
after this time. Evaluation showed that the diffusion coef-
ficient of hydrogen in magnesium at room temperature is
about 2x 10~'2 cm s~ !, being much lower than the pub-
lished data. Taking account of this fact, it was concluded
that hydrogen desorption from MgH- films is controlled by
nucleation and growth of seeds at the MgH»>/Mg interface.
This is in excellent agreement with the conclusions drawn in
Ref. 23 (see above). Analysis of the thermodesorption
spectra showed that the activation energy of desorption
and the temperatures of peaks for the thick and thin films
are almost equal (135 4+ 20 kJ per mole of H» and ~ 148 °C);
therefore, these parameters are independent of both film
thickness and nanocrystallite size within the studied limits.

However, in spite of the representative information
obtained in the experiments with nanowires 2° and films,?®
the impact of various factors on the size effects, as applied
to the sorption properties of metal and metal hydride
nanoparticles with a wide range of particle sizes (from
~100 to 1-2 nm), cannot be determined in ‘pure’ form.
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Figure 6. Kinetics of hydrogen desorption from thick (a) and thin ()
MgH> films at room temperature.?®

The amount of information on hydrogenation of bulk
nanomaterials obtained by intense plastic deformation
(IPD) is smaller compared with the data arrays obtained
for nanomaterials prepared by mechanochemical synthesis
and for films (see above). Various IPD techniques [e.g.,
high-pressure twisting (HPT), equal channel angular press-
ing, pack rolling, etc.] favour disintegration of microstruc-
ture and accumulation of deformation defects (see, e.g.,
Ref. 30). A combination of equal channel angular pressing
of a magnesium alloy (~5 mass % Zn and ~0.7 mass % Zr)
with high-energy milling causes the grain size to decrease to
20—30 nm. The process is accompanied by absorption of
hydrogen (to 6.2 mass % at 300 °C), an increase in the
dissociation pressure in the two-phase region, improvement
of the kinetics of hydrogen desorption at 300 °C and by
disappearance of hysteresis in the adsorption and desorp-
tion isotherms on hydrogenation —hydrogenation.3!

Acceleration of hydrogen absorption by Mg—Ni and
Mg—Mm — Ni eutectic alloys in the temperature range from
300 to 350 °C after equal channel angular pressing was
reported.3?>~34 Pack rolling studies aimed at obtaining
multilayered samples (laminates) taking Mg/Ni and
Mg/Cu layers as examples showed a promise of the method
for improvement of the sorption properties (see, e.g., Refs 6,
35, 36). A considerable decrease in the grain size (up to a
few nanometres) was demonstrated in the case of palladium
and palladium hydride when using HPT and extrusion—
compression cycling.3”-3% Taking titanium as an example, it
was shown that tensile strain significantly accelerates
absorption of hydrogen, while compressive strain intensifies
desorption of hydrogen; also, twins in the microstructure
play some role.?®

The HPT method was best studied using nanocrystalline
magnesium samples as well as MgH> and MgH>+ 5% Fe
powders.*% It was shown that even multiple HPT cycles at a
pressure of 5 GPa do not lead to a decrease in the size of
large crystalline grains to less than 2 pm. Only using pressed
magnesium hydride powders pretreated under high-energy
milling conditions, one can obtain small disk samples (7 mm
in diameter and 0.3 mm in height) with crystallite sizes in
the range 10—20 nm; the (101) texture was also reported. As
in the case of milling,!® the formation of y-MgH, with the
same crystallite size was detected by X-ray diffraction.
Powder mixtures MgH,+ 5% Fe behave analogously, but
SEM studies revealed cracking in the compressed disks. A
study of hydrogen sorption—desorption kinetics revealed a
significant improvement of these properties at 300—350 °C.
It was also reported that forging and rolling of conventional
MgH> powders at room temperature produces samples with
a crystallite size of 26 and 10 nm, respectively. However, the
optimum IPD techniques are still unknown and the mech-
anism of the effect of induced defects on the sorption
properties of bulk nanomaterials remains unclear.

Bulk nanomaterials also comprise nanoporous objects
including nanoporous powders (pore size 2—3 nm) and the
so-called metallic foams (see, e.g., Ref. 41). Regularities of
the behaviour of hydrogen in metallic foams based on
palladium, iron, nickel, copper, silver, gold and other
metals and alloys are important for the design of novel
catalysts, devices for hydrogen storage and purification and
for separation of hydrogen isotopes.

I11. The absorption and desorption isotherms.
Changes in the phase diagrams of metal — hydrogen
systems

As applied to metals (M) in the nanocrystalline state,
parameters of the hydrogen absorption and desorption
isotherms have been best studied for palladium, a classical
component of research on M —H, systems. Changes in the
absorption isotherms on going from coarse-grained to
nanocrystalline palladium at different temperatures are
shown in Fig. 7. The transition is accompanied by an
increase in the solubility of hydrogen in the a-phase of
nanostructured palladium (H/Pd > 0.1-0.2), an increase in
the partial pressure of hydrogen, a decrease in the concen-
tration range of the palladium B-phase (H/Pd > 0.3) and
narrowing of the two-phase region (a+ f).

The isotherms of hydrogen absorption and desorption
by 5.2-nm and 3-nm palladium particles at room temper-
ature are shown in Fig. 8. The changes in the hysteresis
parameters due to the decrease in the critical decomposition
temperature 7. [maximum temperature at which the two-
phase region (a+ ) exists] are clearly seen. One can show,
in the quasi-chemical approximation, that the observed
decrease in 7. leads to a decrease in the mixing energy in
the palladium —hydrogen system.% 38

Analogous results were obtained for nanostructured
thin films of the hydrides Pd—H,, Nb—H, and
Ti—H,.27-43-44 Information on the phase boundaries in
the system Ti—H, at room temperature for films (grain
size 13—20 nm) and conventional coarse-grained samples is
presented in Table 1.4* As can be seen, broadening of the
a-phase region and narrowing of the two-phase region
(a0 + B) is characteristic of nanostructured film samples. In
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P /MPa a Table 1. Characteristics of the o- and B-phases in the system Ti — H,.*?
10! Object ¢ (H/Ti)  ¢p (H/Ti)
Film 100 nm thick on Al;O3 (0001) plane 0.1 0.7
Film 100 nm thick on AlO3 (1 120) plane 0.1 0.8
10-2 Film 220 nm thick on Al,O3 (0001) plane 0.1 0.4
Film 220 nm thick on Al,O3 (1120) plane 0.05 0.5
Coarse-grained samples 4x10=% 1.5
Note. ¢, and cp are respectively the maximum and minimum hydrogen
10-3 concentrations.
this case, a considerable compressive strain should be taken
1074 0 02 04 0.6 Hrd into account. The effect of the hydrogen concentration in
’ / films of different thickness on the residual compressive
strain is illustrated in Fig. 9.4* The residual strain deter-
o 1 mined by X-ray diffraction from the bending of films on
2 substrates is larger for thin films (see Fig. 9), which are also
a3 characterized by greater changes in the phase diagram.
A 4
o5

10-4 I I

0 0.2 0.4 H/Pd

Figure 7. Isotherms of hydrogen absorption by coarse-grained (a) and
nanocrystalline (b) (grain size ~10 nm) palladium at 298 (1), 323 (2),
338 (3), 353 (4) and 373 °C (5).®
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Figure 8. Isotherms of hydrogen absorption by (/) and desorption

from (2) palladium particles at room temperature.*?
Particle size 5.2 (a) and 3 nm (b).
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|
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Figure 9. Residual compressive strain in Ti— H> films 220 (a) and 100
nm thick (b) plotted vs. hydrogen concentration.**
Dashed lines denote the existence regions of the phases o, (o +v) and vy.

The results obtained in Refs 38 and 42 were confirmed
and extended in the experiments with 2.5—7-nm palladium
nanoparticles covered with polymeric films that do not
absorb hydrogen4® and placed in a mesoporous graphite
matrix 46 (Table 2, Fig. 10). An in situ study of the phase
composition allowed one to reveal specific features of
dispersion in the intermediate stage of hydrogenation (see
Fig. 10b) from broadening of reflections on the X-ray
diffraction patterns. These features appeared to be charac-
teristic of both the metal and hydride.

If broadening of the a-region (increase in c¢y) can be
explained by additional ‘dissolution’ of hydrogen at nano-
grain boundaries and by the formation of hydride-like
segregations on dislocations (see Ref. 47 and Section IV),
the narrowing of the two-phase regions (a+ ) and (o + 9)
and a decrease in the concentration range of the B-phase (cp)
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Table 2. Characteristics of the o- and B-phases in the system Pd — H».4°

Diameter Co, cp —AH, —AS,.p Tc/K
/nm (H/Pd) (H/Pd)

Coarse-grained palladium

- 0.03 0.55 ~36 ~90 565
Particle I

7.0+0.9 0.11 0.43 31+1.8 67.3+£51 —
Particle 11

2.6+0.4 0.12 0.38 34.640.61 83+1.8 393

Note. ¢, and cp is the maximum hydrogen concentration in the o- and
B-phase, respectively (7' = 303 K); AH,, _, g [kJ (mole of H,)~!] and
ASs g [J (mole of H>)~! K—!] are respectively the changes in the
enthalpy of formation and in the entropy of the o — P transition; 7 is
the decomposition temperature.

are still to be clarified. Some assumptions concerning the
subject were made. Based on analysis of the deformation
changes in the palladium fcc cell induced by hydrogen
insertion into the octahedral interstices, a hypothesis was
proposed about hindrances to location of hydrogen at other
positions and, correspondingly, about some changes in the
hydrogen concentration.?® At the same time, the deforma-
tion defects themselves can block the neighbouring posi-
tions for localization of hydrogen; this is accompanied by a
decrease in configurational entropy and in the limited
concentration of hydrogen in hydrides.® There are some
indications of possible changes in the density of states and
in the character of chemical bonds 4 as well as in the role of
phase transitions.*® In particular, mention was made that
hydrogenation of 2.5-nm Pd nanoparticles causes a phase
transition from the cuboctahedral to icosahedral structure
and a decrease in the hydrogen content compared to its
content in the coarse-grained B-phase.*®

The size effect on the decomposition temperature of
interstitial solid solutions was studied theoretically.*® Tak-
ing into account the effect of elastic strain, it was shown

P /kPa a
100
10
1
0.1
0.01 I I I
0 0.2 0.4 0.6 H/Pd
b
B}
E
z c
:
= 1 2
60 62 64 66 68 70 20 /deg

Figure 10. Isotherms of hydrogen absorption at 298 K (a) and the
X-ray diffraction reflections (220) for coarse-grained palladium () and
palladium nanoparticles (c).®

(1) hydride, (2) metal.

that a noticeable decrease in 7. begins if the particle size
becomes equal to 20 nm and smaller. Experimental data 3%
obtained for nearly 10-nm nanoparticles show a reasonable
correlation with the results of calculations;*® for nearly

a P /MPa
l =

0.1

0.01

<
2N

<
~
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S
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0.001 !
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H/FeTi

2
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Figure 11. Isotherms of hydrogen absorption on intermetallics: FeTi at 293 K ()%’ and MmMs, at 328 K (b) and the kinetics of hydrogen

absorption by the samples / and 2 (¢).%°

(a): Amorphous sample (1), nanocrystalline sample (grain size ~6—7 nm) (2) and coarse-grained sample 4° (3);
(b): samples containing nearly 40% of amorphous phase (7), initial polycrystals (nanocrystallite size ~54 nm) (2) and ~ 15-nm nanocrystal (3),

(¢): (1) and (2) are samples in ().
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2.5 nm nanoparticles, the experimental values are approx-
imately twice as large as the calculated ones (see Table 2).
The thermodynamic properties of the o — P transition (see
Table 2) calculated from the parameters of the absorption
isotherms suggest some changes in the heat of formation
and in the entropy with a decrease in the particle size. The
parameters AH, g and AS, _, g of coarse-grained palla-
dium change nonmonotonically; this was not explained so
far.

Thus, the character of absorption isotherms suggests
that the phase diagrams of metal —hydrogen systems pre-
pared from nanosized components undergo the changes
listed above. These changes become even more pronounced
on going to amorphous objects, as was shown taking the
systems FeTi—H, and MmMs,—H, as examples
(Fig. 11).#4%-%0 In these experiments, nanocrystalline and
amorphous samples were obtained by intense, high-energy
ball milling. The phase analysis of the MmMs > samples and
the determination of crystallite sizes was based on X-ray
diffraction profile analysis data. Figure 12 demonstrates a
number of (111) reflections in the X-ray diffraction patterns
of milled and annealed samples.>® Data processing showed
that the amount of amorphous phase after milling over a
period of 3000 min was about 40% and the nanocrystallite
size in the remaining crystalline phase was nearly 5 nm (see
curve 2 in Fig. 12 a). Additional annealing at 400 °C led to
crystallization of the amorphous component with the for-
mation of nanocrystalline phase (see curve 2 in Fig. 125).

Intensity (rel.u.)

Figure 12. X-ray diffraction patterns of MmM s > samples after milling
over a period of 3000 min () and annealing at 175 °C (b).5°
Amorphous phase (/) and nanocrystalline phase (2) with a crystallite
size of about 15 nm.

Within the limits of the studied hydride compositions,
the phase diagrams of intermetallic—hydrogen systems
show no two-phase regions for amorphous and amor-
phous-crystalline nanosized samples (see Fig. 11a,b). A
similar picture was also observed for the system
LaNis—Hj in a study of intermetallic powders after intense
mechanical milling under different conditions.’! Clearly,
further detailed investigations of the nature and stability
of phase equilibria in the nano scale (especially at particle
sizes smaller than 3—5 nm) taking into account the tran-
sition from nanocrystalline to amorphous state are
required. This will provide new information for assessment
of the applicability of the notion ‘phase’ to nanosystems as
well as new data on the structure of the phase diagrams of
nonequilibrium systems comprising amorphous and nano-
crystalline phases.

IV. Properties of nanocrystalline metal hydrides

1. Electronic structure

Main-group element hydrides are dielectrics with ionic and
ionic-covalent bonds, whereas most transition-metal
hydrides are metal-like compounds. Quantum chemical
calculations of the electronic structure of hydrides allow
one to elucidate the nature of chemical bonding in these
systems and to compare their absorption capacities and
stabilities. Such calculations are usually carried out within
the framework of the density functional theory using the
classical approximation (periodic boundary conditions) and
the cluster approach (see, e.g., Refs 52—55). For instance, it
was shown 32 that the smaller the Mg and MgH clusters the
lower their stabilities, especially if the number of magne-
sium atoms is less than twenty. The hydrogen desorption
energy significantly decreases if particles become smaller
than 1.3 nm in size and the desorption temperature of
0.9-nm crystallites can be nearly 200 °C. As the cluster size
decreases, the number of surface hydrogen atoms and
hydrogen atoms in angular positions increases; correspond-
ingly the total energy of M — H bonds decreases. The critical
cluster size of simple (MgH> and CaH,) and complex
[LiBH4, KBH4, Mg(AlH4), etc.] hydrides is less than
2.5 nm with some variations depending on the shape of
nanosystems (nanoparticles, nanowires, nanofilms, multi-
layered species) and on their polymorphs.>3

Calculations of the clusters Mgi3H26 and Mg;1M2Hoe
(M is the 3d-metal from scandium to zinc)>® revealed
changes in the Mg—Mg and Mg—H distances. It was
concluded that doping of magnesium hydride with Sc, Ti,
Cu and Zn atoms is promising for improvement of its
thermodynamic properties. The results of calculations of
the enthalpy of formation (see Fig. 13) are in qualitative
agreement with the experimental data '!-57 (see also Fig. 4),
although the possible catalytic effect (in the case of, e.g.,
iron 4%-58) was left out of consideration.

A study of X-ray emission spectra demonstrated the
formation of Ti—C, Ti—N and Ti—B bonds in titanium
hydride after mechanochemical synthesis using titanium
carbide, titanium nitride and boron nitride.>® In addition,
the BN and TiC additives have the strongest effect on the
evolution of the titanium hydride spectra and on hydrogen
desorption from this system.

As far as we know, such electronic characteristics as the
electronic heat capacities, magnetic susceptibilities, Knight
shifts and superconducting transition temperatures of nano-
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Figure 13. Changes in the enthalpy of formation of Mg;1M,H» cluster
for different 3d-metals.>®

Horizontal dashed line corresponds to the calculated enthalpy of the
cluster Mg;3Ha6 [experimental value is nearly — 75 kJ (mole of Hy)~!].

crystalline 3d-metal hydrides [unlike niobium and nano-
composites based on copper (Cu—Nb and Cu—Pb)]° were
not reported so far. In any case, information on the subject
is scarce and fragmentary.

2. The structure and defects

Peculiar features of the structure of nanocrystalline
hydrides revealed by elastic and inelastic neutron scattering
and the results of investigations of NMR spectra were
reviewed;% 7 therefore, in the text below we will only dwell
on common regularities and on some unpublished data and
new results, especially concerning structural defects.

Taking a nanostructured sample of iron—titanium deu-
teride FeTiDy.97 (grain size about 10 nm) as an example, it
was shown that nearly 50% of deuterium atoms are located
at grain boundaries in tetrahedral positions near titanium
atoms.® Inside grains, deuterium atoms occupy octahedral
positions. The occupation of tetrahedral positions was also
detected for nanocrystalline and amorphous iron—terbium
deuteride samples. The NMR spectra of nanocrystalline
PdHy 72 clearly demonstrate peaks corresponding to inter-
nal hydrogen atoms and to the hydrogen atoms located at
interfaces in a 1:2 ratio.®

The regularities of hydrogen dissolution in the a-phase
of nanocrystalline palladium (<4.8 at.% H) were studied ¢!
by inelastic neutron scattering. Based on the intensities of
the phonon spectra of the PdHg 924 and PdHg p4s nano-
particles nearly 15 nm in diameter and of a coarse-grained
PdHy 006 sample, hydrogen atoms in nanosized systems are
mainly localized at interfaces, which leads to an increase in
¢y (see Table 2). Both coarse-grained and nanocrystalline
samples are characterized by almost equal hydrogen ‘sol-
ubilities’ in the a-phase grains. Thus, the assumption that
hydrogen can occupy interstices in the nanostructure is
incorrect.

Atom probe tomography was used to study the distri-
bution of deuterium atoms in Fe/V multilayered films.% 63
It was found that the deuterium concentration near inter-
faces decreases on going from the Fe/V interface towards
the V/Fe interface. As the temperature decreased from 60 to
30 K, the initial inhomogeneous deuterium distribution
became much more homogeneous. The need for further

investigations to elucidate specific features of formation of
alloys at interfaces was emphasized.6% 63

Investigations of structural defects in nanocrystalline
metal hydrides are concerned with a variety of effects of
the size deformations appeared upon high-energy milling
(mechanochemical synthesis), intense plastic deformation,
formation of films, phase transformations, efc. In some
cases (see, e.g., Refs 64—66), deformation and other defects
were studied by positron annihilation spectroscopy (PAS)
which allows one to determine the presence of vacancies and
their clusters (nanopores), as well as nanosegregations of
particular alloy components. A PAS study of the defects
that appear on milling of titanium and titanium hydride
powders containing boron and hexagonal boron nitride
additives in helium and H,+ He atmospheres showed ®*
that the nanopore size and the probability of positron
formation in these systems decrease with an increase in the
milling time. Simultaneously, the titanium content in the
vicinity of nanopores increases, which is associated with
peculiarities of the behaviour of hydrogen and with the
interaction of titanium with the additives in question. A
smaller number of nanopores in the boron-containing
samples was reported.

The behaviour of Mg and (Mg+ Nb) films on hydro-
genation and dehydrogenation was also studied by
PAS.% The starting undoped magnesium films (grain size
about 100 nm, total thickness 10—20 um) prepared by high-
frequency magnetron sputtering contained a large number
of vacancies and vacancy clusters. After eight hydrogena-
tion—dehydrogenation cycles, the doped films showed the
formation of niobium clusters a few nanometres in size,
which facilitated the desorption of hydrogen and the for-
mation of magnesium seeds upon dehydrogenation.

Based on the properties determined by PAS, it was
concluded that a vacancy in niobium irradiated with
10-MeV electrons and saturated with hydrogen is sur-
rounded by one or two hydrogen atoms.®® The concentra-
tion of such vacancy—hydrogen complexes is
(18—24) x 105 at.%. Further saturation of the samples
with hydrogen leads to transformation of single-atom and
diatomic hydrogen ensembles to quadrupoles surrounding
niobium vacancies. These data indicate that PAS can be
used as efficient tool for analysis of irradiated materials
with low hydrogen content.

Vacancy—hydrogen complexes were also discovered in
nanocrystals of the hydride PdHy 75 (grain size 210 4= 60 nm)
obtained by HPT (a version of the IPD technique) and
investigated by SEM, TEM, densitometry and differential
scanning calorimetry (DSC).°7-%¢ The concentration of
thermal and deformation vacancies in coarse-grained palla-
dium is usually at most 0.6 at.%; in the deformed hydride, it
appeared to be considerably higher (1.3 at.% —4.8 at.%), as
was determined by densitometry, calorimetry and electron
microscopy. This was associated with the formation of
hydrogen complexes around the deformation vacancies.
Taking into account the results of calorimetric measure-
ments, it was assumed that the vacancy is surrounded by six
hydrogen atoms. Hydrogen complexes can also form near
other types of structural defects, e.g., dislocations, inter-
grain boundaries, efc. A study involving thermal annealing
of samples showed that a noticeable growth of nanograins
begins at temperatures above 573 K. This gave grounds to
consider these systems thermally stable.
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3. Diffusion properties

It should be noted that the presence of a considerable
amount of super-equilibrium vacancies in metal hydrides
has long been debated regardless of nanomaterials (see, e.g.,
Refs 69—71). It is accepted that hydrogen atoms favour an
appreciable decrease in the energy of vacancy formation; as
a consequence, the concentration of vacancies increases,
which significantly affects the processes of self- and hetero-
diffusion. In particular, the self-diffusion coefficient of >Nb
in the niobium hydrides NbHg s and NbHy 34 increases
with an increase in the hydrogen concentration while the
activation energy of diffusion decreases.’® Thus, the results
of studies °°~ %8 contribute to progress in research on metal
hydrides 7' and give an impetus to further investigations of
diffusion and diffusion-controlled processes.

Information on such processes in nanocrystalline metal
hydrides is restricted to the studies of corresponding NMR
spectra. The activation energies of self-diffusion of hydro-
gen in nanocrystalline vanadium hydride are listed in
Table 3.

Considerable attention was paid to the preparation and
certification of the systems under study.’”?> Samples were
prepared under controlled milling and saturation with
hydrogen. Particles of the hydride powder were 1—10 pum
in size and the crystallite sizes were 10—80 nm (according to
X-ray diffraction data) depending on the milling duration.
Without dwelling on specific features of the methods for
separation of the effects of total, bulk and grain boundary
diffusion, mention may be made that the data of Table 3
clearly indicate the effect of the crystallite size on the
activation energy (especially for the temperature range
200—-300 K) in spite of some difference in the compositions.
Some difference in the character of this effect for the
temperature intervals 120—200 and 200-300 K is due to
the phase transformations occurring in these temperature
and composition ranges, which manifests itself in a complex
phase diagram of the V—H, system (see Fig. 1 in Ref. 72).
Based on the estimate of the frequency factor in the
diffusion equation, it was concluded that the diffusion
mobility of hydrogen in the near-boundary regions is
much higher than inside crystallites. Mention was made 72
that it is unclear why the value Oy, = 120 meV (see Table 3)
differs from the activation energy of total diffusion of
coarse-grained hydride VHge> equal to 240 meV. The
obtained values O, Oy and Q,, as well as their dependences
on the crystallite size are still to be clarified.

The effect of the duration of milling of the hydrides
ZrCryHs, MgH, (doped with V,0Os and Al) and TiH»
(doped with C, B and BN) on the NMR spectra was
studied.”?-7* According to X-ray diffraction data, the crys-
tallite sizes in the experiments varied from 10 to 60 nm. For
the zirconium chromium hydride it was found that an

increase in the milling time leads to appreciable decrease in
the mobility of hydrogen atoms owing to an increase in the
proportion of disordered intercrystallite regions and amor-
phous component. Contrary to this, an increase in the
milling time of magnesium hydride led to a significant
increase in the NMR spectral parameters characterizing
the mobility of hydrogen, but the ‘provocative’ role of
paramagnetic centres formed in the course of milling was
also reported. The 'H and "B NMR spectra of titanium
hydride were studied in the temperature interval 11-384 K.
The mobility of hydrogen atoms in the nanocomposites
TiH,— BN was found to be higher than in TiH,—C and
TiH> — B due to loosening of the TiH» lattice under nitrogen
diffusion conditions. Two characteristic jumps of the hydro-
gen atom were also revealed.

It is quite obvious that parameters of hydrogen diffusion
in the nanohydrides should be refined taking into account
not only the boundary and bulk mass transfer, but also the
presence of dislocation-type defects, twins, triple junctions
and amorphous inclusions (see, e.g., Ref. 75), as well as
oxide films. This information is of fundamental importance
for understanding of hydrogenation—dehydrogenation and
for carrying out relevant calculations.

4. Physical properties

To date, the electrical properties of hydride nanofilms have
been best studied.® The results of investigations of the
electrical resistance of hydride films are often used to
disclose the role of different factors in the formation of
charge transfer properties and to estimate the hydrogena-
tion —dehydrogenation parameters. The electrical resistance
of thin films is governed by the scattering of charge carriers
by phonons, grain boundaries, impurities and segregations,
structural defects, the surface of films and by rough surface
regions.”> Also, one should take into account internal
residual strain in the film and the curvature of its surface.
The effect of nanostructure and residual strain were best
studied for palladium films 30 —200 nm thick (crystallite size
15—-22 nm) supported on various substrates [nanocrystal-
line silicon (100), sapphire (0001), potassium bromide] and
saturated with hydrogen at a pressure of 10° Pa and under
electrochemical treatment conditions.”® As a result, the
effect of the composition on the properties of such films
was refined. In particular, it was shown that an increase in
the electrical resistance of the PdH. films upon hydro-
genation to x = 0.2 (region on the left of the vertical line
in Fig. 14) is independent of film thickness. A feasibility
analysis of the known Sieverts law relating the hydrogen
concentration to its pressure at saturation showed that the
Sieverts constant for the films is much larger than that of
coarse-grained samples and increases upon re-hydrogena-
tion. It was concluded that the effect of mechanical strain

Table 3. Activation energies (meV) of hydrogen self-diffusion in vanadium hydride crystallites of different size.”?

Composition Grain size /nm 0 Ov (o8

120-200K 200-300K 200-300K 120-200K 200-300K
VHo .52 80 41+ 11 155+3 172 — 180 £12
VHo.73 30 4843 121+4 120 59+9 134+4
VHo.67 10 67+5 80+2 — 67+5 80+2

Note. Q is the activation energy of diffusion, Qy is the activation energy of bulk diffusion, Qy is the activation energy of grain boundary diffusion.
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Figure 14. The increase in the electrical resistance upon hydrogenation
of palladium films on sapphire substrate plotted vs. hydrogen con-
tent.”®

Film thickness /nm: 35 (1), 74 (2), 144 (3) and 230 (4).

on the thermodynamic properties of thin films dominates
the structural effects.

The behaviour of Mggs_gsCup.s—15 films in hydrogena-
tion —dehydrogenation was studied by monitoring the elec-
trical resistance.”’” The role of nanocrystallinity (crystallite
sizes 30—50 nm) and amorphism of the initial films was
determined as the substrate temperature decreases from 298
to 223 K. Changes in the normalized increase in the elec-
trical resistance of films in isochronous sorption experi-
ments are shown in Fig. 15.77 As the hydrogenation
temperature decreased, the film MgysCup s retained the
nanocrystalline structure and its electrical resistance
changed only slightly (Fig. 15a). The films with higher
copper content underwent amorphization, which mani-
fested itself in a four- or fivefold increase in the electrical
resistance. Also, it follows that amorphous films MgyoCu;g

and MggsCu,s are characterized by rather low desorption
temperatures. The amorphous film MgyoCu;o with a hydro-
gen content of 5.9 mass % and a desorption temperature of
about 100 °C is recommended for practical applications.

Unfortunately, yet another important property of trans-
fer phenomena, viz., thermal conductivity of nanocrystal-
line hydrides has almost not been studied.

The optical properties of Mg,NiH, (2 <y < 10) films
were studied and their dielectric properties were assessed.”®
A comparison of experimental data with the results of
calculations of various mixtures MgH> + MgNiHy4 (a dielec-
tric and a semiconductor with a forbidden gap of 5.6 and
1.6 eV, respectively) showed a reasonable correlation
between experimental and calculated data for the composi-
tions with low magnesium content (y < 3.5).

The evolution of magnetic states of chromium atoms in
Cr/V multilayered films (layer thickness 50 and 1.4 nm)
during saturation with hydrogen was studied.”® It was
shown that hydrogen uptake by individual Cr layers
increases the sensitivity of detection of magnetic parameters
including the Néel temperature.

Hydrogen ‘dissolved’ in nearly 15-nm ZnO nanopar-
ticles (ZnO is a wide-gap semiconductor) causes a two- or
threefold increase in the concentration of electrons, a
considerable (by a few orders of magnitude) increase in
conductivity and enhancement of IR reflectance.8?

V. Conclusion

As mentioned above, additional investigations of poorly
studied problems in the synthesis of hydrogen-containing
nanomaterials based on metals, alloys and intermetallics are
required. The role of the electronic structure, chemical
composition and other characteristics of metal hydride
nanoparticles should also be clarified. For instance, attritor
grinding and cryomilling of ZrAl, intermetallic particles to
a particle size of 10—20 nm followed by saturation with
hydrogen at pressures of 2—6 MPa (7 =150 °C) was
almost not accompanied by hydrogenation.®! Replacement
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Figure 15. The increase in the electrical resistance (Ap) normalized to
the initial value plotted vs. dehydrogenation temperature for
MgosCuyg s (@), MgooCuio (b) and MggsCuis (¢) films hydrogenated at
298 (1) and 223 K (2).77
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of 50% of Al atoms by Co atoms led to formation of the
monohydride phase, but the hydrogen content in this phase
was 20% lower than in the coarse-grained samples. It was
concluded ®! that nanostructuring only leads to changes in
the kinetic parameters of sorption and desorption, leaving
the key thermodynamic properties unaffected. In this con-
nection, detailed studies of the role of the size-dependent
effects in the formation of the nanohydride properties still
seem to be topical.®7-32 Compared to other compounds and
metals,®® nanohydrides have been less studied. In this
review, we mainly analyzed the hydrogen-containing nano-
materials based on magnesium, palladium and titanium for
which information is available. Analogous studies of
hydrides based on intermetallics and other transition and
main-group metals are to be carried out.

The need to compare the sorption and desorption
parameters for different methods of synthesis of nanohy-
drides should be emphasized. This is necessary to disclose
the role of ‘technological trail’, i.e., the effect of the residual
strain and the states of interfaces, the tendency to segrega-
tion of impurities, the rate of heating and cooling, etc.

Also, the phase diagrams of the M — H» systems should
be studied and calculated in the framework of the P—c—T-
approximation, as was demonstrated ®3 for many binary
systems under variable gas (oxygen, nitrogen, efc.) pressure
conditions. In addition, hydrogen as dopant in nanosized
metal samples (see, e.g., Refs 84 —86) induces superplasticity
in zirconium, milling of structure in Cu—Ti alloys, a less
brittle behaviour of nanocrystalline titanium, etc.

Considering prospects for the use of nanosized metal
hydrides, one should also take into account the progress in
the development of hydrogen-containing carbon and orga-
nometallic nanostructures, zeolites and multimolecular
objects as well as complex hydrides (see, e.g., Refs 87—-89).
Nanocrystalline metal hydrides, alloys and intermetallics
are promising for the design of devices for hydrogen storage
in transport, power sources, sensorics, efc.,!> owing to
reversibility of hydrogenation—dehydrogenation reactions,
a wide range of operating pressures and temperatures,
reasonable kinetic parameters and characteristics of sta-
tionary and mobile hydrogen storage. The nanostructure
approach in the design of novel hydride materials is partic-
ularly appropriate in the case of magnesium and magnesium
alloys (see above and Refs 11, 12, 57)

Small-scale experimental magnesium hydride tanks
270 cm?® in volume with an effective capacity of
5.8 mass % H, were designed and tested in France.?® One
tank was filled with 123 g of milled MgH> and 4% of
Ti—V —Cr alloy additive, while the other represented a
156-g pellet made of a mixture MgH>+ 5% C (expanded
natural graphite). The graphite additive made it possible to
improve the thermal conductivity of the system and to
significantly reduce the duration of the hydrogenation-—
dehydrogenation cycle (25 min at P = 1.1 MPa and
T=300°C wvs. nearly 3h at P=0.1 MPa and
T = 330 °C). Researchers at McPhy Energy S.A. (France)
struggle to design commercially available production.

Other applications in which the analyzed features of the
behaviour of hydrogen in metallic nanomaterials can be
useful include, e.g., the following:

— use of palladium nanoparticles stabilized by films of
biologically active molecules in catalysis and sensor techni-
ques;’! application of palladium nanofilms in electrochro-
mic mirrors °? and in highly sensitive hydrogen sensors;’% 93

— application of hydrogen-containing nanomaterials in
nickel hydride power sources;7-%4

— various applications of nanocrystalline zinc oxide in
electronics and optoelectronics can be extended owing to
dissolution of hydrogen, which should significantly improve
the electrical and optical properties;3°

— dissolution of hydrogen in Cr/V-type multilayered
nanostructures can significantly enhance the potential of
magnetoresistive sensors.”?

An analysis made in this review also seems to be useful
for consideration of erosion phenomena in ITER plasma
where hydrogen isotopes interact with nanofilms and nano-
particles under neutron irradiation conditions.??

In addition to a promising combination of the high-
energy milling and HPT techniques,*® noteworthy is multi-
ple rolling of commercially available MgH, powders °® and
polymer —hydride nanocomposites [5S-nm Mg nanoparticles
in poly(methyl methacrylate) matrix] with a hydrogen con-
tent of about 6 mass.% (calculated with respect to the mass
of Mg, i.e., nearly 79% of the theoretical capacity of MgH>)
and admissible kinetic parameters.®’

Summing up, intensive research and development of
nanomaterials based on MgHs is followed by investigations
on AlH; containing 10.1 mass % of Hs; studies on the
synthesis of this system are increasingly progressing.®%-°9
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