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ARTICLE INFO ABSTRACT

Keywords: Prospective materials for hydrogen storage should have a high hydrogen content, high adsorption/desorption
Hydrogen storage rates, and consist of abundant elements. Simultaneous implementation of these properties in one material poses a
Si.lica great challenge for researchers. To solve this problem, placement of hydrogen in hollow silicate glass micro-
E;gn}ggiiﬁzs spheres with a diameter greater than 5 pm was previously proposed as one of the possible ways for hydrogen

storage. Additionally, various deuterium-containing spheres were proposed as fuel targets in laser-initiated
thermonuclear reactions. In this study, opal matrices consisting of hollow silica nanospheres with an outer
diameter of 289 nm and a shell thickness of 25 nm were hydrogenated to X = 0.94 mol Hy per mole SiO; at a
pressure of 7.5 GPa and a temperature of 413 K. This highest hydrogen content of silicates achieved to date
dropped to X = 0.8 after keeping the sample in liquid nitrogen at ambient pressure for three days, and then
stopped changing. Scanning electron microscopy showed that hydrogenation did not damage the shape of the
nanospheres. Raman spectroscopy demonstrated that hydrogen molecules formed a gas in the cavities inside the
spherical SiO; shells and a solid solution in the shells. The density of the hydrogen gas inside the cavities esti-
mated from the intensity of the H vibrational mode was about 0.016 g/cm®, which is 52 times greater than its

Raman spectroscopy

density at the same temperature and normal pressure.

1. Introduction

Hydrogen is one of the most promising substances for green energy
since its combustion does not lead to the formation of such a greenhouse
gas as carbon dioxide. In addition, hydrogen isotopes deuterium and
tritium are considered to be the main components of fuel for controlled
thermonuclear fusion. However, in all cases, the key problem for the use
of hydrogen is its “packaging” in the maximum possible quantity in the
minimum volume and mass of the container material. Among the
numerous materials and methods for hydrogen storage, such as various
metal hydrides [1], complex hydrides decomposed by hydrolysis [2,3],
adsorption [4,5], and liquefaction [6] techniques, the accommodation
of hydrogen gas in hollow spheres can be identified as a separate cate-
gory. For example, the accommodation of hydrogen in hollow silicate
glass microspheres was previously proposed as one of the possible op-
tions for hydrogen storage [7]. Hollow spheres consisting of shells that
can be made of various compounds and a deuterium-tritium mixture
embedded in the voids were also proposed as fuel targets in laser-
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initiated thermonuclear reactions [8]. However, in both cases, the ma-
terial should correspond to the necessary parameters for its use. To use it
for hydrogen storage, it must have sufficient energy capacity per unit
mass and volume of the substance [9]. To use spheres filled with
deuterium as fuel targets for thermonuclear fusion, it is necessary that
(1) the shell material is amorphous; (2) the size of irregularities on the
sphere surface does not exceed 1 % of the diameter of the sphere; (3)
deuterium embedded in them has a fine crystalline or amorphous form
and is uniformly distributed over the inner surface of the sphere [8].
These criteria are necessary to create a centripetal spherically symmetric
shock wave that ignites a thermonuclear reaction [10]. The lack of
sufficient homogeneity and isotropy in the shell material can break this
symmetry and, hence, prevent a thermonuclear reaction. The re-
quirements for the surface of the two-shell targets are not so strict.
However, in this case, they must withstand a pressure of 1000-1500 atm
since a deuterium-tritium mixture can be used in the gas form [8].
According to the data of [11], a uniform distribution of deuterium
over the sphere surface is best achieved when its density inside the
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sphere is close to or equal to the critical value. Such a density may be
created inside the sphere only by introducing hydrogen into the cavity at
pressures greater than normal one. Creating smooth spherical fuel tar-
gets of the same size is an equally difficult challenge, the implementa-
tion of which depends on the material and techniques used. It was
proposed to use organic compounds such as polystyrene, lavsan, and
polyethylene, as well as inorganic silicate glasses to create such targets.
Organic compounds in their initial chemical composition already
contain significant amounts of hydrogen. At the same time, silicate
spheres have greater strength and, accordingly, are able to accommo-
date larger amounts of hydrogen gas in their cavities. However, one of
the main problems is the uniformity of the shell material and/or a large
variation in the sphere size. For example, the diameter of silicate spheres
obtained by spraying a gel can differ by several times, as it was shown by
Shelby [12]. The sol-gel method allows one to create opal matrices
consisting of identical silica particles, the sizes and structure of which
depend on the synthesis conditions. It is also possible to form identical
hollow SiOs particles with a diameter of 300 nm and a shell thickness of
30 nm [13,14]. The diameter of these hollow spheres differs by no more
than 4 %. In addition, amorphous silica can dissolve up to 0.7 mol of
hydrogen per mole of SiOy and retain it for several years at normal
pressure and a temperature of 77 K [15]. Thus, amorphous silica can be
saturated with hydrogen to values comparable to hydrogen content in
such organic materials as polystyrene, lavsan, and polyethylene.

In recent work [16], we have shown that opal matrices consisting of
silicon dioxide particles with a specific surface area of 300-630 mz/g
can accommodate X = 0.8 mol of molecular hydrogen per mole of SiO5
after saturation at a pressure of 7.5 GPa and a temperature of 413 K. A
significant part of the dissolved hydrogen is introduced not only into the
interatomic cavities of SiOy, as in bulk silica glass [9], but also in a
gaseous form into the nanocavities formed by silica particles. According
to the decomposition data obtained by Raman studies, this amount of
dissolved hydrogen decreases by half in 16 years at normal pressure and
a temperature of 77 K. Considering that a significant part of hydrogen
dissolved in opal structures has a gaseous form, we assume that Hy gas
can also penetrate and be retained inside hollow SiOy spheres under
similar conditions. However, there is a possibility of their destruction at
both an increase in the pressure up to 7.5 GPa and a decrease in the
pressure due to the difference in the external and internal pressure on
the sphere, which can arise due to insufficient diffusion of hydrogen
through the shell.

In the present paper, we studied the possibility of introducing
hydrogen into hollow silica nanospheres at a pressure of P = 7.5 GPa and
its subsequent retention at ambient pressure. Opal matrices consisting of
hollow silica nanospheres with a diameter of 289 nm were saturated
with hydrogen at P = 7.5 GPa and T = 413 K. The hydrogenated samples
were quenched to liquid nitrogen temperature, followed by pressure
reduction to ambient pressure, and stored at this temperature and
normal pressure. The samples were heated above this temperature only
to study the hydrogen content and thermal stability by desorption in a
pre-evacuated volume. The states of hydrogen and the opal matrix in the
hydrogenated samples were studied by Raman spectroscopy at normal
pressure and a temperature of 80 K. The integrity and changes in the
shape of the nanospheres after their hydrogenation and dehydrogena-
tion were studied using scanning electron microscopy.

2. Experimental methods

Hollow silica particles were prepared using the template method.
Monodisperse spherical particles of polymethyl methacrylate (PMMA)
~ 300 nm in diameter were synthesized using the emulsion method and
served as templates. On the surface of the templates, silicon dioxide
shells were formed by the hydrolysis of vinyltrimethoxysilane (VTMS) in
an aqueous ammonia solution (0.8 M NH3). After air drying at 60 °C, the
hybrid particles were annealed for 3 h at 750 °C. The size and
morphology of the particles were monitored using scanning electron
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microscopy (a Zeiss Supra 50 VP microscope) and high-resolution
transmission-electron  microscopy (JEM-2100 microscope). A
transmission-electron microscopy image of the initial sample of hollow
silica particles is shown in Fig. S1 (Supplementary material). Based on
data obtained by the scanning electron microscopy (Fig. S2, Supple-
mentary material), the SiOy spheres had an average outer diameter of
289 + 10 nm. The thickness of the shells was estimated to be ~ 25 nm in
accordance with [17].

Elemental X-ray microanalysis of the samples revealed the presence
of only two chemical elements: 67.2 at.% O and 32.8 at.% Si. In
agreement with the previous study [17], X-ray diffraction showed that
the samples contained only the amorphous silica phase. The Raman
spectrum of the initial sample shown in Fig. 1 almost coincided with the
spectrum of silica glass prepared by quenching, which confirmed the
amorphous state of the shells of the silica nanospheres.

The hollow silica nanospheres were hydrogenated in a toroid-type
high-pressure apparatus [18]. Hydrogen in the reaction cell is ob-
tained by thermal decomposition of the chemical compound NH3BH3
[19]. The cell is made of Teflon; the sample is separated from NH3BH3 by
Pd foil. The pellet of the opal sample placed into the high-pressure cell
had a diameter of ~ 5 mm and a height of ~ 2.5 mm. To ensure the
decomposition of NH3BH3 and hydrogenation of the sample, the tem-
perature and pressure in the cell were varied along the routes indicated
in Fig. 2. The pressure was increased in steps of 0.09 GPa per 4 min.

The high-pressure treatment of the samples began with their
compression to 1.5 GPa under quasi-hydrostatic conditions, so that the
H, gas released from the aminoborane NH3BH3 at higher pressure was
dense and occupied a sufficiently small volume. Aminoborane de-
composes in several stages at temperatures of 400-553 K and eventually
forms a binary mixture of gaseous Hy and solid BN [20,21]. In our ex-
periments, it was decomposed at P = 1.5-2 GPa by heating to T = 553 K.
Then, the temperature was lowered to T = 413 K, the hydrogen pressure
was increased to P = 7.5 GPa, and the samples were kept under these
conditions for 30 min. After this procedure, the samples were quenched
to liquid nitrogen temperature to exclude hydrogen losses under the
subsequent release of pressure to the normal one. The samples were
stored in a Dewar vessel with liquid nitrogen. The molar ratio X = Hy/
SiO; of the obtained samples was determined with an accuracy of ~ 3 %
by hot extraction of the absorbed hydrogen into a pre-evacuated silica
glass ampoule [22]. The sample was placed from a liquid nitrogen bath

hollow silica nanospheres

Raman intensity, a. u.

bulk silica glass
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Fig. 1. Raman spectra of the sample consisting of hollow silica nanospheres
(upper curve) and a sample of bulk silica glass (bottom curve). Both spectra
were collected under normal conditions.
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Fig. 2. Temperature-baric routes of hydrogenation of the opal nanospheres and
final cooling (quenching) of the hydrogenated samples. The black and red solid
arrows indicate the changes in pressure and temperature under quasi-
hydrostatic conditions and in a hydrogen atmosphere, respectively. The aster-
isks show the decomposition range of the NH3 BH3 compound used to fill the
high-pressure cell with an H, gas. The open circle shows the pressure and
temperature at which the sample was kept for 30 min. The dashed arrows
indicate the routes of the sample quenching. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

into an open copper container, while the latter was placed into the
quartz ampoule that was cooled from outside by liquid nitrogen. The
ampoule was attached to a vacuum system with the calibrated volume,
the system was pumped out to 0.136 Pa, and then the ampoule was
heated at a rate of 20 K/min with simultaneous measurement of the
pressure of the gas released during heating to 873 K. The sample mass
was determined by weighing after the measurements, while the mass of
the extracted hydrogen was calculated using the data on the ampoule
volume and gas pressure.

The Raman spectra were recorded in the back-scattering geometry in
the spectral range of 150-4400 cm ' using a setup comprised of an
Acton SpectraPro-2500i spectrograph and a CCD Pixis2K detector
cooled down to 203 K. A stabilized single-mode YAG laser of 532 nm
with an intensity of ~ 6 mW was focused on the sample in a ~ 2 pm spot
by a x 50 objective of an Olympus BX51 microscope. The spectral res-
olution was ~ 3 cm ™, and an edge filter with a bandwidth of ~ 60 cm™*
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and OD6 suppressed the laser radiation line. The Raman spectra were
measured at ~ 80 K using a homemade nitrogen cryostat allowing cold
loading of samples.

3. Results and discussion

Fig. 3a shows the thermal desorption curve of the hollow nano-
spheres measured during the first 4 h after their saturation with
hydrogen at a pressure of 7.5 GPa and a temperature of 413 K. The total
hydrogen content of the sample X = 0.94 significantly exceeds the
previously obtained values of hydrogen solubility in the bulk silica glass
(X = 0.6) and the OM1600 opal matrix (X = 0.8) [15,16]. Hydrogen
evolution from the nanospheres began at temperatures above 77 K and
continued up to 273 K, similar to the hydrogenated OM1600 opal
matrices [16]. The amount of dissolved hydrogen in the hollow silica
nanospheres decreased to X = 0.8 within five days and did not change
thereafter under further storage in liquid nitrogen (Fig. 3 b).

Fig. 4 shows SEM images of the surface of the initial sample before its
hydrogenation (a) and after the hydrogenation/dehydrogenation pro-
cedures (b). Comparison of the images shows that the spheres retained
their original shape despite the initial exposure to a quasi-hydrostatic
pressure of 1.5 GPa and subsequent exposures to a hydrogen pressure
of 7.5 GPa during the hydrogenation and to temperatures up to 823 K
during the dehydrogenation. In addition, unlike the initial sample, the
spheres on the surface of the sample subjected to the hydrogenation/
dehydrogenation procedure are orderly arranged and close-packed. A
possible explanation for their ordering is the action of external pressure
before the formation of the hydrogen atmosphere at P = 1.5 GPa.

Fig. 5 depicts a typical Raman spectrum of hydrogen-saturated hol-
low silica nanospheres measured at 80 K and ambient pressure and, for
comparison, a spectrum of the hydrogen-saturated OM1600 opal
matrices [16]. In the low-energy part of the spectra, there are broad
bands corresponding to silica glass and intense peaks at frequencies of
353 and 587 cm™! corresponding to the rotational modes of free ortho-
and parahydrogen molecules [23]. The complex band in the frequency
range of 4140-4170 cm™! corresponds to the stretching H-H vibrations
of the hydrogen molecules dissolved in the silica shell, as well as of free
Hy gas located inside the hollow silica nanospheres. No lines corre-
sponding to Si-H, Si-OH bonds were observed in any spectrum in the
examined frequency interval of 200-4200 cm ™.

The stretching H-H vibration band was decomposed to four Pseudo-
Voit peaks with frequencies of 4147, 4154, 4158, and 4168 cm ™! shown
in Fig. 6. The frequency of 4158 cm ™! of the most intense narrow peak
with a width of 4.43 cm™! almost coincided with the frequency of 4156
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Fig. 3. Thermal desorption curve for the hollow silica nanospheres measured during the first 4 h after their hydrogenation at P = 7.5 GPa and T = 413 K (a) and the
variation of the hydrogen content of these nanospheres depending on the time of their storage in liquid nitrogen at ambient pressure (b).
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Fig. 4. SEM images of the initial sample (a) and the sample surface after hydrogenation at P = 7.5 GPa and T = 413 K and consequent annealing at temperatures up

to 823 K in the pre-evacuated system (b).
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Fig. 5. Raman spectrum of the hollow silica nanospheres hydrogenated to X = 0.94 at P = 7.5 GPa and T = 413 K (upper spectrum, this data) and the hydrogenated
OM1600 opal matrices (lower spectrum, data from Ref. 16). All spectra were collected at about 80 K and ambient pressure.

em ™! of the Q;(1) mode of a hydrogen gas [23]. Thus, it can be attrib-
uted to the hydrogen embedded into the cavity of the nanosphere.

The width and frequency of Raman scattering lines of Hy molecules
in a solid should differ from those of a free Hy molecule due to their van
der Waals interactions with neighboring atoms [24,25]. For example, a
strong broadening of the H-H stretching line was previously observed for
the hydrogen molecules dissolved in bulk silica glass [26,27] due to
different Van der Waals forces in different interstitial voids. Thus, the
band with a frequency of 4154 cm™! and a large width of 20.28 cm™!
should correspond to the molecular hydrogen dissolved in the silica
shell.

Assuming, as in Refs. [15,16], that the area Sy, of each Raman Hj
peak is proportional to the amount X of molecular hydrogen in the
corresponding state, the value of X can be estimated as:

X= (Speak/stotal)'xtotal (1)

where Xiota] is the total hydrogen content determined by hot extraction.

According to the Raman band decomposition shown in Fig. 6, the
ratio of the area of the Hy narrow peak to the total area of the stretching
band is S4158/Stotal = 0.30. The total amount of hydrogen dissolved in
the sample and determined by hot extraction is X = 0.94. Thus, the
cavities of the nanospheres contain about 0.28 mol of hydrogen gas per a
mole of SiO,, so the shells should contain X = 0.94-0.28 = 0.66 mol of
hydrogen. The latter value correlates with the previously reported
hydrogen solubility X = 0.6 + 0.7 in bulk silica glass reached at the same
hydrogen pressure [15]. This indicates a correct estimation of the
hydrogen content of the cavities of nanospheres resulted from the
Raman study in the present work.

Data on the size and thickness of the nanosphere shell obtained by
electron microscopy allow one to estimate the volume of the nanosphere
cavity. Using the volume of the cavity, the amount of the embedded
hydrogen, and the equation of state of an ideal gas, the density and
pressure of the embedded hydrogen gas were estimated. In Table 1, the
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Fig. 6. Fitting of the H; phonon stretching band by the Pseudo-Voigt function.

Table 1

Hydrogen density in the SiO, nanospheres cavities estimated in this study and its
density at normal pressure and at the critical point. The data marked with an
asterisk were taken from the NIST database [28].

Density of Ha, g/cm3 Pressure in the cavity, atm Temperature, K

0.016 52 80
0.031* 12.79 33.14
0.000308* 1 80

resulting value of the hydrogen density inside the nanosphere is
compared with the hydrogen density at 1 atm and its density at the
critical point.

As can be seen from Table 1, the density p~0.016 g/cm® of gaseous
hydrogen in the cavities is 52 times greater than the density of gaseous
hydrogen at 1 atm and 80 K and, therefore, corresponds to a pressure of
approximately 52 atm. Note also that the density of hydrogen in the
cavities is comparable to its density p~0.031 g/cm® at the critical point.

According to the criterion R > 5 x AR, where AR =25 nm and R =
144.5 nm are the thickness of the sphere shell and its radius, the
nanospheres can generally be attributed to thin-shell spheres [29,30]. In
this case, the approximate external buckling pressure P that the silica
nanosphere shell will withstand should be estimated by the classical
formula for a thin-shell sphere taken from [31]:

2E-AR?

p=—C 2
R>\/3(1-12) @

where E = 72 GPa is the Young’s modulus of silica glass, AR and R are
the thickness of the sphere shell and its radius, and v = 0.17 is the
Poisson’s ratio. The value P = 3.45 GPa obtained in this way is higher
than the external pressure of 1.5 GPa acting on the shell before the
emergence of hydrogen. However, according to a lot of the experimental
data, the collapsing of 80 % of the silicate glass microspheres arose at
pressures 0.1-0.3 of the estimated one [32]. These results were
explained by the presence of defects and roughness of the shell. There-
fore, the nanospheres studied in this paper should collapse at P~0.3-1
GPa. However, according to our experimental SEM data, the nano-
spheres had no noticeable deformation after the pressure loading up to
1.5 GPa and discharging. The absence of such destructions and

deformations in the nanospheres at much higher pressure can be
explained by an increase in Young’s modulus of silica glass by several
times with a decrease in the dimensions of the shell from tens and
hundreds of um to tens of nm [33]. Alternatively, the absence of suitable
amounts of defects and roughness on the shell of the silica glass nano-
spheres can also affect its stability.

The further processes of hydrogenation are schematically shown in
Fig. 7. Due to the high value of H, diffusion coefficient D = 16 x 10*
m?/sec in the silica glass at T = 413 K [34], the hydrogen that appears in
the high-pressure cell at 1.5 GPa should rapidly penetrate through the
25 nm thick shell of the nanosphere and fill the cavity, resulting in the
equalization of the internal and external pressure acting on the shell. In
this case, even at a maximum external pressure of 7.5 GPa outside the
nanosphere, the value of internal hydrogen pressure is close to or
identical to the external one. At this pressure and temperature of 413 K,
the molar volume of hydrogen is V = 7.923 cm®/mole [35], therefore its
density is p = 0.25 g/cm®. Assuming that the volume of the nanosphere
cavity did not change after the sample was saturated with hydrogen and
taking into account the amount of hydrogen dissolved in the shell, the
total hydrogen content at P = 7.5 GPa and T = 413 K can be estimated as
X =5.14, where X is the Hy/SiO3 molar ratio. Accordingly, the values of
density p = 0.016 g/cm® and pressure P = 52 atm of hydrogen in the
nanosphere cavity estimated in this work are probably residual values
obtained when the external pressure was reduced from 7.5 GPa to
normal pressure and the reverse diffusion of hydrogen through the shell
occurred at liquid nitrogen temperature.

Also, it can be assumed that if the chemical composition and/or the
thickness of the shell change, it is possible to slow down the reverse
diffusion of hydrogen and, thus, increase the residual hydrogen density
inside the cavity and the total hydrogen content in the nanosphere.
Taking into account the above data on the Li;0O*6Si02-0.39H; solution,
this effect can be achieved by adding lithium cations to the shell [36].

According to Chahine’s rule, an increase in the specific surface area
leads to a proportional increase in the maximum content of molecular
hydrogen in a substance [37]. For example, a metal-organic framework
with a specific surface area of 6245 m?/g can contain up to 12 wt%
molecular hydrogen [38], whereas carbon nanomaterials with a specific
surface area of 3250 m?/g dissolve up to 7 wt% Hy [39]. A similar in-
crease in the hydrogen content from X = 0.7 to X = 0.8 was also
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Fig. 7. Schematic representation of the hydrogenation of silica nanospheres. The black and purple arrows indicate quasi-hydrostatic and hydrogen pressure,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

observed for SiO, after the transition of bulk silica glass with a minimum
specific surface area [15] into OM1600 opals consisting of complex
particles with a diameter of 1600 nm and a specific surface area of 630
m?/g [16]. This suggests that about X~0.1 mol Hy can be attributed to
the gas phase or to Hy molecules adsorbed on the surface of silica par-
ticles of OM1600 opals. The hydrogen content X = 0.28 achieved in our
experiments in the cavities of the hollow silica nanospheres significantly
exceeds the above value despite the relatively low specific surface area
of 20 m?/g. We believe that this fact indicates the importance of not only
the specific surface area of a substance, the crystal structure, or the type
of interatomic bonds but also its micro- and nanostructure, including the
topology of the micro- and nano-voids available for hydrogen imple-
mentation, for the maximum hydrogen solubility in this hypothetic
substance. If the micro-void has an “open” topology close to the cylin-
der, the hydrogen molecule in it can be held only by weak van der Waals
forces near the void surface [40]. To escape from the spherical cavity,
hydrogen should additionally overcome the shell with a diffusion acti-
vation barrier, which can be much higher than the surface one [15,34].

Various research groups have studied the possibility of using glass
microspheres for hydrogen storage since 1981 [7,12,41-45]. The high-
est hydrogen content of 3.31 wt% was achieved at P =10 atm and T =
473 K in the case of 50 ym glass microspheres doped with 2 wt% cobalt
[46]. However, only the spheres with diameters greater than 5 pm were
studied in the mentioned works. A considerable portion of these hollow
spheres collapsed at pressures exceeding several thousand atmospheres
due to the shell defects [31,47]. This limited the amount of hydrogen in
the cavities inside the spheres and did not allow achieving significant
hydrogen solubility in the shell material.

Thus, the use of the nanospheres with a diameter of 289 nm and a
shell thickness of 25 nm in this study made it possible significantly to
increase the hydrogenation pressure due to the greater strength of the
silica spheres compared to spheres of a larger diameter. The hydroge-
nation at a higher pressure increased the hydrogen density in the cav-
ities to a value close to the critical value required to form a uniform layer
of condensed hydrogen on the inner surface of the spheres. As was said
in the Introduction, this condition, as well as the amorphous state of the
shell material and the small variation in the size of the spheres, are of

decisive importance for creating a center-symmetric shock wave and
triggering a thermonuclear reaction.

It should also be noted that the hydrogenation at P = 7.5 GPa satu-
rated the shell of the nanospheres with molecular hydrogen to X = 0.66.
This hydrogen can be considered part of the fuel, since it is weakly
bound to the shell and can quickly leave it at the rapid laser heating,
thereby increasing the amount of hydrogen tending to the center of the
cavity. Potentially, a higher hydrogen content can be achieved in silicate
nanospheres at normal external pressure if the reverse hydrogen diffu-
sion is minimized when the external pressure was reduced to the normal
one.

4. Conclusions

In this work, opal matrix pellets consisting of hollow silica nano-
spheres with an outer diameter of 289 nm and a shell thickness of 25 nm
were hydrogenated at high hydrogen pressure P = 7.5 GPa and tem-
perature T = 413 K. The solubility X = 0.94 is the highest hydrogen
content ever achieved in silicates, and a pressure of 7.5 GPa is the
highest hydrogen pressure that was used for hydrogenation of hollow
spheres for the first time. After keeping the sample in liquid nitrogen at
normal pressure for three days, the hydrogen concentration decreased to
X = 0.8 and then stopped changing. Despite a high value of hydrogen
pressure, subsequent scanning electron microscopy showed that the
hydrogenation did not change the shape of the nanospheres. Raman
spectroscopy demonstrated that at T = 80 K and normal pressure,
hydrogen molecules formed a gas in the cavities inside the spherical SiO;
shells and a solid solution in those shells. The density of the Hy gas inside
the cavities estimated from the measured Raman spectra was about
0.016 g/cm®, which is 52 times greater than its density at the same
temperature and normal pressure.

Finally, the data of this work showed that the storage of molecular
hydrogen in the hollow spheres with a submicron diameter and a shell
thickness of tens of nm was more efficient than that in the substances
containing “open” pores with a larger specific area or the hollow spheres
with larger dimensions. The high density of the hydrogen gas of 0.016 g/

cm® achieved in the sphere cavity can be useful for producing



V.S. Efimchenko et al.

perspective fuel targets in laser-initiated thermonuclear reactions.
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