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Abstract—The effect of magnesium cations on the thermal stability of Mg (SiO, (—0.34H, and Mg, sSiO, s—
0.35H, molecular hydrogen solid solutions was studied. The hydrogen-loss kinetics was determined from the
evolution of Raman spectra. The temperature dependence 1/7 of decay time constant T is well described by
the Arrhenius equation with activation energies of 59.5 = 2.9 and 19.2 + 1.4 kJ/mol at magnesium contents
of 0.6 and 0.5, respectively. The large difference between the activation energies indicates a strong influence
of the H2/Mg2+ ratio on the electrostatic interaction of hydrogen molecules with magnesium cations. The
highest value of activation energy E, = 59.5 + 2.9 kJ /mol obtained for the ratio H,/Mg?* = 0.56 made it pos-
sible to increase the desorption temperature of H, to 293—340 K, which is necessary for using the material for

solid-state hydrogen storage.
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INTRODUCTION

Magnesium is a promising material for use as a
container for hydrogen, since the MgH, compound
contains 7.65 wt % H,. However, due to the high
desorption temperature of 573 K [1] and the deteriora-
tion of the adsorption kinetics upon repeated hydroge-
nation, the MgH, compound has found no practical
application to date. To reduce the temperature and
increase the rate of hydrogen adsorption/desorption
from MgH,, in a number of studies, the material was
ground in ball mills and/or alloyed with various ele-
ments and compounds that reduce the binding energy
between hydrogen and matrix atoms [2—6]. However,
none of these methods led to a decrease in the dehy-
drogenation temperature of MgH, up to the optimal
interval of 263—373 K, since the hydrogen was still
bound to magnesium by a strong ionic—covalent
bond. The closest desorption temperature to this range
(373 K) was achieved in a composite of magnesium
hydride with single-wall carbon nanotubes [7].

Our previous experiments showed that the decom-
position of a solid solution of hydrogen in lithium sili-
cate glass at atmospheric pressure occurs in the tem-
perature range of 273—363 K [8]. Despite the high
value of activation energy of solution decomposition
E, =404 *+ 1.8 kJ/mol, obtained from the tempera-
ture dependence of the Raman spectra, hydrogen
retains its molecular form and does not form new
chemical bonds with the silicate lattice. It is assumed

that the high thermal stability of a molecular solution
of hydrogen in lithium—silicate glass is due to the
occurrence of a Kubas interaction [9] between lithium
cations and hydrogen molecules or to an interaction
similar in nature to, but greater in magnitude than the
van der Waals interaction. According to theoretical
calculations, similar interactions can also occur with
cations of other alkaline, alkaline earth and transition
elements [10—15]. Since the radius of Mg?* cations
(r=0.72 A) is close to the radius of lithium cations
(r=0.76 A), one can assume that they may be close to
their interaction energies with hydrogen molecules.
We have previously shown that, in Mg,SiO,,, amor-
phous magnesium silicates (y = 0.5—0.89), a fairly
large amount of hydrogen is dissolved in molecular form
[16]. According to thermal desorption data of Mg, SiO,,
XH,, more than 50% of hydrogen is released at tem-
peratures >273 K, which may indirectly indicate a
stronger interaction between H, and magnesium cat-
ions compared to van der Waals interaction.

The aim of this work is to study the thermal stability
of molecular hydrogen solutions with different mag-
nesium cation contents at normal pressure. For this
purpose, the kinetics of decomposition of solid solu-
tions of Mg, (SiO, (—0.34H, and Mg, ;SiO, s;—0.35H,
was studied, the activation energy was determined,
and the characteristic times of their decay at different
temperatures were identified using Raman spectros-

copy.
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EXPERIMENTAL

The initial samples of amorphous magnesium sili-
cates were synthesized by the sol—gel method accord-
ing to [17]. The original samples were studied by pow-
der X-ray diffraction at normal pressure and room
temperature on a Siemens D500 diffractometer (Sie-
mens, Germany) using CuK,-radiation isolated using
a monochromator. The obtained X-ray diffraction
spectra corresponded to the amorphous structure of
the original magnesium silicate samples and did not
contain crystalline lines. Elemental analysis of the
samples carried out by X-ray microanalysis on a Supra
50VP scanning electron microscope with an EDS-
Oxford Inca Energy 450 microanalysis system (Carl
Zeiss, Germany) determined their composition as
Mg, sSiO, s and Mg, (SiO,¢. Saturation of the initial
samples of amorphous magnesium silicates with
hydrogen was carried out in toroid-type chambers at a
pressure of 7.5 GPa and a temperature of 523 K, fol-
lowed by quenching to liquid-nitrogen temperature
and a reduction in pressure to atmospheric pressure.
The samples obtained in this way were stored in liquid
nitrogen until further use [18, 19].

The amount of dissolved hydrogen was determined
by thermal desorption in a pre-evacuated chamber
with a calibrated volume. According to the data
obtained, Mg, sSiO, s and Mg, (SiO, 4 contained 0.35
and 0.34 mol of hydrogen, respectively, after hydroge-
nation, which is consistent with previously obtained
data on the solubility and release of hydrogen in these
compounds [16].

The patterns of hydrogen desorption at different
temperatures were studied in situ on the change in the
Raman spectra of hydrogen-saturated amorphous
magnesium silicates in the isothermal annealing mode
at atmospheric pressure. Raman spectra were
recorded at a temperature of 80 K using a nitrogen
cryostat of our own design with loading of samples
without intermediate heating [20]. The cryostat was
equipped with a temperature controller and a resistive
heater, providing temperature stabilization in the
range from 80 to 390 K with an accuracy of +0.4 K.
Spectra were recorded in backscattering geometry
using a setup consisting of a SpectraPro-2500i spec-
trograph (Acton Research Corp., United States) and a
Pixis2K CCD matrix (Princeton Instruments, United
States). The 532-nm line of a continuous single-mode
diode-pumped laser was focused onto the sample with
an Olympus BX51 microscope (OLYMPUS Co.,
Japan) using a 50% objective. The spatial resolution
was ~1.5 um, and the spectral resolution was
3.2/4.1 cm~!in the spectral region of 685/532 nm. The
laser line in the scattered radiation was suppressed by
an edge filter with OD = 6 and a passband of ~60 cm™!,
with the beam intensity in front of the sample being
~5 mW.
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RESULTS AND DISCUSSION

Raman Spectra of Mg, 5i0,,—0.34H,
and Mg, sSi0, s—0.35H, Hydrogen Solutions

Figure 1 shows the Raman spectrum of the
Mg, (Si0O, (—0.34H, sample in the frequency range of

200—4250 cm~' obtained at liquid-nitrogen tempera-
ture and atmospheric pressure. The narrow peak at
4163 cm™! in the spectrum of the sample corresponds
to H—H-vibrational modes Q1(0) of hydrogen mole-
cules dissolved in amorphous Mg (SiO, 4. The lines at

328.5 and 590 cm™~! correspond to rotational modes
S(0) of hydrogen. In addition to the molecular hydro-
gen lines, the spectrum also contains characteristic
magnesium silicate lines at 800—1200 cm~' and lines
of vibrational O—H oscillations of water and hydroxyl
groups at 3200—3600 cm™~!, the presence of which is
due to the deposition of water ice on the surface of the
sample at a temperature of 80 K. A similar spectrum
with lines of molecular hydrogen is also observed for a
solution of Mg, sSiO, s—0.35H,.

A weak intensity of silicate lines in the Raman
spectrum in the region <800 cm~', which is associated
with noticeable depolymerization of the silicate lat-
tice, for Mg,SiO,,, amorphous magnesium silicates
with y > 0.33 [16]. Therefore, determination of the rel-
ative change in the intensity of rotational hydrogen
lines, which was previously used to study the kinetics
of decomposition of solid hydrogen solutions, is diffi-
cult due to the weakness of the silicate lines and the
impossibility of using them as a reference [21].
Another method for determining characteristic decay
times is to measure the time dependences of the inten-
sity or frequency of the vibrational line of molecular
hydrogen, which we proposed in [8, 22]. Note that
both the intensity and frequency of the vibrational line
of hydrogen in the Mg, SiO,¢—0.34H, solution
remained virtually unchanged during the experiment
(~1 h) at temperatures from 80 to 293 K, indicating a
relatively high stability of the samples under these con-
ditions. At the same time, as can be seen from Fig. 1,
when the sample is heated to 297 K, the width of the
vibrational H—H mode increases significantly due to
the contribution increasing with temperature of ortho-
hydrogen in its intensity (Fig. 1).

Kinetics of decomposition of Mg, ;Si0O, ,—0.34H,
and Mg, sS5i0, s—0.35H, Solutions

The kinetics of hydrogen desorption during iso-
thermal annealing of amorphous magnesium silicates
was determined not by the position of the vibrational
band of the H, molecule, but by the change in its over-
all intensity depending on the annealing time. Figure 2
shows the Raman spectra of the vibrational band and
the dependence of its intensity on the annealing time
at a temperature of 328 K (insert). An exponential
decrease in the amount of dissolved hydrogen is

No.5 2026



652

Mg, ¢SiO, —0.34H,

Intensity, arb. units

EFIMCHENKO et al.

) 4:!’.7“ '“\‘
\

I

_ d \
T=297K J \

, .
ww“'?w*’”r \‘”%ﬁ

200 400 600 800 1000 1200

Frequency, cm™

4100 4200 4250

1

4150

Fig. 1. Raman spectra of the solid solution of hydrogen Mg 4SiO, —0.34H, at normal pressure and 297 (top) and 80 K (middle)
and gaseous hydrogen at 30 atm and room temperature (bottom).

observed with annealing time, with the dependence
reaching a plateau 0.5 h after the start of annealing.
The plateau is associated with the peculiarities of
Raman spectra measurements in backscattering
geometry, when the signal is recorded from the near-
surface region of the samples. Saturation is due to the
fact that the diffusion of hydrogen from the depth of
the sample after some time compensates for its
desorption from the near-surface region [21].

The background signal associated with the emis-
sion of defects formed during the synthesis of samples
was presubtracted from the experimental spectra. The
intensity of the vibrational H—H band of the spectrum
was always normalized to the background lumines-
cence signal at a frequency of 4000 cm~!, which made
it possible to minimize the error due to possible devia-
tion from the initial focusing in the excitation spot.

The inset to Fig. 3 shows the characteristic inten-
sity dependences of the H—H vibration line from the
annealing time for samples Mg, SiO,—0.34H,
obtained at different temperatures in the range of
293—340 K. All data on hydrogen desorption in
Mg, (SiO, —0.34H, obtained at different tempera-
tures are well approximated by an exponential func-
tion Iy, = A X exp(—t/1) + B with time constant T and
coefficients A and B varying from T = 9770 = 2500 s,
B=052101,4=048*0.1at T=293 Ktot=240+
66s, B=0.25%0.08, 4=0.75 £ 0.06 at T= 340 K.
The obtained dependences indicate the activation
nature of hydrogen desorption in the Mg, SiO, —
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0.34H, sample. The same dependences were obtained
for the Mg, sSiO, s—0.35H, solution in the tempera-
ture range of 168—222 K. Figure 3 also shows the
dependence of the values of T on the reciprocal tem-
perature 1/KzT and their approximation by Arrhenius
dependence T(7) = A X exp(E,/KyT) for Mg, ,SiO, ¢—
0.34H, (circles) and Mg, sSiO, s—0.35H, (hexagons)
solutions.

The activation energy of decomposition of a solid
hydrogen solution Mg, (SiO,(—0.34H, (£, = 59.5 =
2.9 kJ/mol) is significantly greater than the activation
energy for the decomposition of hydrogen solution in
lithium silicate glass (£, = 40.4 = 1.8 kJ/mol) [8]. The
value of activation energy £, = 59.5 + 2.9 kJ/mol is the
maximum for all known solid solutions of molecular
hydrogen, which is the reason for the high thermal sta-
bility of the Mg, (SiO, (—0.34H, solution under nor-
mal conditions.

Despite the close magnesium content and almost
the same amount of dissolved hydrogen, the activation
energy of decomposition of the Mg, ;SiO, s—0.35H,
solution has a magnitude several times smaller E, =
19.2 £ 1.4 kJ/mol, which is close to activation energy
of hydrogen desorption from silica glass £, = 15.44 =
0.96 kJ/mol [21]. For this reason, under normal con-
ditions, the Mg, sSiO, s—0.35H, solution has a rather
low thermal stability, losing almost all of its dissolved
hydrogen within a few seconds.
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Fig. 2. Raman spectra of the solid solution of hydrogen Mg, SiO, (—0.34H, in the region of the H—H vibration band of the H,
molecule after 10, 26, and 48 min of annealing at 7= 328 K. Inset: (dots) dependence of the band intensity on the annealing time;

(dashed line) approximation with an exponential function.

Interaction of Hydrogen with Magnesium Cations
in Amorphous Silicates

Since the activation energy of decomposition of the
Mg, (SiO, (—0.34H, solution (£, =59.5 £ 2.9 kJ/mol)
is more than the van der Waals interaction energy (£ =
4.8—9.65 kJ/mol), it can be assumed that the interac-
tion of H, molecules with silicate atoms is stronger
than van der Waals. Such an interaction can be of
Kubas type, which has a characteristic energy value in
the range 9.65—77.19 kJ/mol [23]. A typical example
of the Kubas forces is the interaction between the H,
molecule and transition metal atoms, resulting from
the hybridization of the G-orbital of the H, molecule
and d-orbitals of the transition element atom [24, 25].
Kubas-type interactions lead to an elongation of the
H—H bond in the hydrogen molecule by ~20% and a
decrease in the frequency of the vibrational mode to
3400—3600 cm™! [25]. It should be noted that, in the
present work, no decrease in the frequency of the
vibrational H—H mode was observed for H, molecules
in amorphous magnesium silicate. On the contrary,
the frequency of this mode (4163 cm™!) is significantly
higher than the frequency (4155 cm™') of the vibra-
tional mode of free molecular hydrogen [21]. A sig-
nificantly greater increase in the frequency of the
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vibrational mode H, (up to 4191 cm™') was observed
for solutions of hydrogen in lithium—silicate glass [8].
These data indicate that the enhancement of the H,
interaction with cations of alkali and alkaline earth
elements can occur with the help of a different type of
bond between the hydrogen molecule and the cations,
which differs from a Kubas-type bond. Indeed,
according to first-principles calculations [14], a lith-
ium cation located on the surface of a BHNH layer
can hold up to four hydrogen molecules. The binding
energy of H, molecules with the atoms of the lithium-
modified BHNH layer is close in magnitude to the
energy characteristic of the Kubas interaction and is in
the preferred range 9.65—77.19 kJ/mol. However,
unlike systems with a Kubas-type interaction, in this
case the hydrogen molecule acquires a negative charge
due to the partial transfer of electron density to it from
the lithium cation, which leads to an increase in its
electrostatic interaction with the BNHN layer. A sim-
ilar type of enhancement of electrostatic interaction
with hydrogen molecules has been proposed for car-
bon materials such as enyne and silicographene doped
with cations of other alkali and alkaline earth elements
[26, 27]. These studies lack data on the possible
change in the H—H bond length of the hydrogen mol-
ecule due to charge transfer and increased electrostatic
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interaction with surrounding atoms. If we assume that
the H—H bond length can decrease when the H, mol-
ecule acquires additional electron density, then the
frequency of its vibrational mode must increase. It is
precisely this effect that is observed in the present
work, as well as in previously studied solid solutions of
hydrogen in lithium—silicate glass [8].

Despite the almost equal amount of dissolved
hydrogen and close content of magnesium cations, the
Mg, (SiO,,—0.34H, and Mg, ;SiO,s—0.35H, solu-
tions demonstrate different decay kinetics. One possi-
ble explanation for this may be different amounts of
magnesium cations per hydrogen molecule. Previ-
ously, using the example of metal—organic lattices
with magnesium cations, it was shown that, with an
increase in the H,/Mg?" ratio from 0.8 to 1.1, there is a
sudden drop in the isosteric heat of adsorption by more
than two times—from AH = —10.7 to ~—5 kJ/mol [28].
The reason for this is the decrease in the number of
magnesium cations free to “bind” guest molecules
with an increase in the hydrogen content. When a cer-
tain concentration of hydrogen is exceeded, only a
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portion of the H, molecules is associated with magne-
sium cations by high-energy interactions. It is possible
that a similar effect occurs when hydrogen is dissolved
in amorphous magnesium silicates. At the ratio
H,/Mg?* = 0.56 in the Mg, (SiO, (—0.34H, solution,
each hydrogen molecule is bound to an average of 1.76
magnesium cations by an interaction that has a higher
binding energy than the van der Waals interaction.

When the ratio increases to H,/Mg?* = 0.7 in the
Mg, sSiO, s—0.35H, solution, the number of magne-
sium cations associated with a hydrogen molecule
drops to 1.43, which leads to a decrease in the average
interaction energy between H, and silicate atoms.
A significant portion of the hydrogen in such a solu-
tion may not form any bond with magnesium cations
and has a bond energy with silicate close to the bond
energy of hydrogen in silica glass.

CONCLUSIONS

The dependence of decay time constant T on tem-
perature 1/Kz %X T for the Mg, (SiO, (—0.34H, solu-
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tion is well described by the Arrhenius equation with
activation energy £, = 59.5 = 2.9 kJ/mol. This is the
maximum known value of the activation barrier for the
release of molecular hydrogen from a solvent matrix
under normal conditions. The significantly higher
activation energy for hydrogen release from
Mg, (SiO,  compared to E, = 15.44 = 0.96 kJ/mol
hydrogen release from silica glass SiO, is associated
with the transfer of part of the electron density from
the magnesium cation to the hydrogen molecule and,
accordingly, with the emergence of electrostatic inter-
action between the H, molecule and magnesium cat-
ions. With a lower magnesium content in the
Mg, sSiO, s—0.35H, solution, activation energy of
decay E, = 19.2 = 1.4 kJ/mol is close to the activation
energy of the decomposition of a hydrogen solution in
pure silica glass, which indicates the predominance of
van der Waals interaction between magnesium cations
and H, in this solution. Thus, the data obtained in this
work show that magnesium cations at a ratio of
Mg?*/H, = 1.76 are able to effectively hold hydrogen
molecules. The electrostatic interaction that arises
between magnesium cations and hydrogen molecules
at this ratio leads to an increase in the activation
energy to £, = 59.5 + 2.9 kJ/mol and, thus, allows the
hydrogen desorption temperature to be brought closer
to the range of 293—340 K, which is more convenient
for using the material as a solid-state hydrogen con-
tainer.
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