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ABSTRACT: This paper is aimed at studying the effect of Li cations
on the thermal stability of concentrated solid solutions of molecular
hydrogen in the Li2O·6SiO2-0.39H2 and Li2O·6SiO2-0.25H2 com-
pounds synthesized at pressures of 7.5 and 6.6 GPa and a temperature
of 280 °C. The decomposition of the solutions was examined by
Raman scattering under isothermal annealing at 21−70 °C and by hot
hydrogen desorption into a pre-evacuated volume at 0−97 °C. The
activation energies Ea = (0.419 ± 0.019) and (0.411 ± 0.06) eV/H2
of hydrogen desorption from the near-surface layer of the samples
with 0.39H2 and 0.25H2, respectively, determined by Raman
spectroscopy were higher than Ea = (0.16 ± 0.02) eV/H2 previously determined for hydrogenated pure silica glass. This suggests
the occurrence of a “Kubas” or similar interaction between the lithium cations and hydrogen molecules. The interaction leads to a
large decay time constant of τ = 3220 s at room temperature compared to τ = 3 s for the hydrogen solutions in pure silica glass. The
hot desorption showed that the diffusion activation energy was higher than 0.51 eV and also had a great impact on the stability of the
hydrogen solutions in bulk lithium silicate glass, which additionally increased the decay time constants several times.

■ INTRODUCTION
It is known that materials for hydrogen storage should have a
great hydrogen content of more than 6 wt % and consist of
abundant and inexpensive elements to be used in practice.1

However, it is equally important for this prospective material
to decompose at temperatures of −10 ÷ 100 °C and at
pressures close to normal ones. Most chemical and metal
hydrides decompose at temperatures close to or exceeding 100
°C. For example, the most prominent hydrides AlH3 and
MgH3 decompose at temperatures of 100 and 300 °C,
respectively.2,3 To decrease decomposition temperatures and
improve hydrogen adsorption/desorption rates, metal and
chemical hydrides are usually milled and/or doped with
elements that reduce the energy of bonds between hydrogen
and host atoms.4,5

Nevertheless, the hydrides that contain hydrogen in the
molecular form H2 have better absorption and desorption
kinetics even as compared with doped and milled chemical and
metal hydrides.6−8 This advantage is due to weak van der
Waals bonds with the energy of interaction between molecular
hydrogen and the atoms of host elements of E < 0.1 eV/
H2.

9−12 However, this low interaction energy leads to the
desorption temperature often being much less than 77 K or to
higher pressures necessary to keep the hydride. According to
many theoretical and some experimental data, the atoms of
transition elements in the low-valence state13−16 and alkaline
elements17−19 as well as defects20 incorporated in the lattice of
nanoporous organic polymers and carbon materials, metal−

organic, covalent organic, and porous aromatic frameworks can
increase the interaction energy of a hydrogen molecule with
the surrounding material by several times due to the Kubas or
similar interaction. For example, the “Kubas” forces lead to an
energy of interaction between the H2 molecules and host
atoms of about 0.1−0.8 eV/H2 and can increase the desorption
temperature to the desired values of T = 0−100 °C. However,
all previous studies were devoted to determining the enthalpy
of formation of the solid hydrogen solutions and the maximum
hydrogen capacity of the materials under study. The decay
time constants and hydrogen desorption activation energies,
which are the key parameters for the prediction of thermal
stability of molecular solutions under normal conditions, were
not determined.
Earlier, our study showed that hydrogen was dissolved in the

powder of amorphous silica in the molecular form and
hydrogen solubility increased to the molar ratio H2/SiO2 =
0.53 at P = 7.5 GPa and T = 250 °C.21 At normal pressure, this
solid solution started to decompose at T = −187 °C and
released all dissolved hydrogen at T = 25 °C. Recently studied
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solid solutions of molecular hydrogen in amorphous
magnesium silicates demonstrated a similar desorption
temperature.22 However, the temperature range of hydrogen
desorption increased with an increase in the concentration of
magnesium cations. For example, the Mg0.88SiO2.88 ÷ 0.26H2
solid solution lost about 0.09 mol of H2 in the temperature
range of −187 ÷ 25 °C, whereas other 0.17 mol of dissolved
hydrogen escaped from the sample at T = 25 ÷ 400 °C. We
concluded that this effect was due to the more close-packed
structure of Mg0.88SiO2.88 in comparison with the silica glass.
The magnesium cations, which penetrated the silicate
structure, created efficient “barriers” for hydrogen diffusion
and thus extended the temperature range of the desorption.
However, the desorption still started at T = −187 °C due to
the large surface area of the powder sample.
The hydrogenation of the bulk sample of silica glass allowed

us to increase H2 content to X = 0.7 at P = 7.5 GPa and T =
400 °C, obtain detailed Raman spectra of this solution, and
shift desorption temperature by ∼100 °C from −187 °C that
was observed earlier for powder samples.23,24 However, despite
a strong decrease in the sample surface area, the main part of
dissolved hydrogen (0.6 mol of H2) escaped from the silica
glass during heating to room temperature. Considering the
above data on the decomposition of solid solutions in the
magnesium silicates and the bulk silica glass, we supposed that
it would be possible to create a thermally stable at normal
pressure solid solution of molecular hydrogen in the bulk
silicate glass, which contained some amounts of cations.
Unfortunately, the synthesis of the bulk glass with
compositions up to Mg0.88SiO2.88 in the MgO-SiO2 system
requires temperatures that exceed the range of T = 1543−2020
°C.25 Such high temperatures do not allow for the use of most
furnaces for glass synthesis. Moreover, in the MgO-SiO2
system, the glass forming ability strongly depends on the
concentrations of magnesium cations and even requires a
containerless quenching technology for the samples with high
Mg concentrations.26 Thus, it is better to use oxides that
contain cations with dimensions similar to those in MgO but
have a lower liquidus temperature. It is also important that the
hydrogen dissolved in this silicate glass has the molecular form
and does not enter into chemical reactions with the silicate
network, as we observed recently for the Fe2SiO4−H2
system.27,28

Among all oxides of alkaline and alkaline-earth elements,
lithium oxide has three important features. First, the ionic
radius of a lithium cation in this oxide r = 7.6 Å is close to the
radius r = 7.2 Å for a magnesium cation. Second, the
temperature of the liquidus line in the Li2O-SiO2 system
decreases from 1770 °C for pure SiO2 to 1028 °C for the Li2O-
2SiO2 composition, which allows one to produce bulk silicate
glass at relatively lower temperatures.29 Third, according to the
Ellingham diagram, lithium oxide is one of the most stable
compounds in the reduced atmosphere, which allowed one to
expect the absence of chemical bonds between hydrogen and
the silicate network.30 Thus, lithium is the most convenient
dopant for studying the effect of alkaline or alkaline-earth
elements on such parameters of the decomposition kinetics of
molecular solutions as decay time constants and activation
energy.
In this Article, we report on the results of the hydrogenation

of lithium silicate glasses and the decomposition kinetics of the
hydrogenated samples. The initial glass samples with Li2O-
6SiO2 composition were loaded with hydrogen at P = 6.6 and

7.5 GPa and T = 280−300 °C. The hydrogenated samples
were quenched from these temperatures to the N2 boiling
temperature and were kept in a liquid nitrogen storage Dewar.
They were warmed above this temperature when the hydrogen
content and thermal stability were studied by hot extraction in
vacuum. The hydrogen state in the hydrogenated samples and
the kinetics of hydrogen desorption were studied by Raman
spectroscopy at ambient pressure in the temperature range of
−186−60 °C.

■ EXPERIMENTAL METHODS
The initial samples of lithium silicate glasses with Li2O·6SiO2
(LS6) compositions were synthesized at the Federal University
of Rio Grande do Sul, Brazil, using standard reagent grade
Li2CO3 (Aldrich Chem. Co. ≥99%) and ground quartz SiO2
(Aldrich Chemical Co. ≥99.9%). A glass batch was melted in a
Pt crucible at 1550 °C for 2 h in an electric furnace, and the
melt was poured on a steel plate at room temperature. The
hydrogenation of a few samples was carried out in a toroid-
type high-pressure apparatus31 with NH3BH3

32 as an internal
hydrogen source. The high-pressure cell was made of Teflon or
copper; a Pd foil separated the glass samples from the
hydrogen source. To release hydrogen, NH3BH3 was
decomposed at P = 1.5 GPa by heating to T = 250 °C.
After that, the pressure and temperature were changed to P =
6.7 GPa and T = 300 °C with a time exposure of 18 h or to P =
7.5 GPa and T = 280 °C with a time exposure of 45 min.
After exposure, the hydrogenated samples were cooled to

room temperature and then quenched to −196 °C to prevent
hydrogen losses during pressure release. The total molar ratio
X = H2/f.u. of the samples was determined with an accuracy of
3% by extraction into the pre-evacuated volume under
continuous heating from −196 to 600 °C.33 The desorption
kinetics of the hydrogenated samples into the pre-evacuated
volume was studied at fixed temperatures in the range of 0−97
°C by recording the time dependencies of pressure in the pre-
evacuated volume.
To determine the hydrogen state (a molecule or an atom)

and study the phonon spectrum, the hydrogenated samples
were placed in a liquid nitrogen vessel and then studied by
Raman spectroscopy at T = −186 °C. The Raman spectra were
recorded in backscattering geometry using a micro-Raman
setup composed of an Acton SpectraPro-2500i spectrograph
and a Pixis2K CCD. The 532 nm line of a single-mode yttrium
aluminum garnet (YAG) continuous wave (CW) diode-
pumped laser was focused on the sample by an Olympus
BX51 microscope using a 50× objective. The spatial resolution
was ∼1.5 μm, while the spectral resolution was 2.3 (4.1) cm−1

in the spectral region of 536 (685) nm. The laser line was
suppressed by an edge filter with OD = 6 and bandwidth of
∼100 cm−1, while the beam intensity before the sample was ∼5
mW. The Raman spectra were recorded at low temperature
using an in-house-constructed liquid nitrogen cryostat with
cold loading of samples without intermediate warming. The
cryostat was equipped with a temperature controller and a
resistive heater that provided temperature control in the range
between −170 and +70 °C with an accuracy of ±0.4 °C.34 The
regularities of hydrogen desorption at different temperatures
were also studied in situ from a time-dependent change in the
Raman spectra of hydrogenated lithium silicate glasses in the
isothermal regime at atmospheric pressure.
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■ RESULTS
The hydrogen content of the LS6 samples hydrogenated at P =
6.7 GPa and T = 300 °C was determined by hot extraction; it
corresponded to the molar ratios H2/f.u. = 0.22−0.26 (22−26
mol %). The samples synthesized at the higher pressure P 7.5
GPa and T 280 °C contained 0.39 mol of H2 per mole of
silicate (39 mol %). Figure 1 depicts the thermal desorption

curves of the sample containing 0.39 mol of H2 in comparison
with the earlier obtained desorption curve of the hydrogenated
pure silica glass.24 The hydrogenated lithium silicate glass
started evolving hydrogen at a temperature near −50 °C. The
hydrogen was released from this sample in a wide temperature
range of −50 ÷ 550 °C, but only 20−30% of the dissolved
hydrogen was released at temperatures below 25 °C. In
contrast, the SiO2−H2 samples of the hydrogenated pure
silicate glass released 70% of the dissolved hydrogen at
temperatures significantly below 0 °C.
The wide range of hydrogen desorption temperatures that

includes T = 100−500 °C usually means the possible existence
of hydrogen in the form of an anion. To study the state of
dissolved hydrogen, we measured the Raman spectra of the
hydrogenated LS6 samples containing 0.39 or 0.26 mol·H2/f.u.
at normal pressure and near liquid nitrogen temperature.
Figure 2 depicts the Raman spectra of the hydrogenated LS6
samples with 0.39 mol of hydrogen and pure silica glass at
normal pressure and near liquid nitrogen temperature as well
as that of gaseous hydrogen at room temperature and pressure
of ∼5 bar. The comparison of these spectra showed that
hydrogenation strongly affected the phonon spectrum of the
lithium silicate glass as was observed earlier for hydrogenated
pure silica glass.23 Both spectra contain wide bands at 4100−
4200 cm−1 that obviously should be attributed to the
stretching vibrational mode of a hydrogen molecule. The
shape of the low-frequency region 100−800 cm−1 is also
similar to that observed earlier for the hydrogenated pure silica
glass SiO2−H2 and contains wide bands of the lithium silicate
glass matrix and rather narrow bands of H2 rotational modes
near 319 (para-hydrogen) and 552 (ortho-hydrogen) cm−1.35

However, the spectrum of hydrogenated lithium silicate glass
LS6 is distinct from that of SiO2−H2. The stretching vibration
band of H2 in the spectrum of hydrogenated lithium silicate

glass LS6 is wider than that in the spectrum of SiO2−H2. The
deconvolution of this band (upper inset in Figure 2) showed
that it contained three Gaussian bands with different
bandwidths at frequencies of 4173, 4191, and 4206 cm−1.
The first and last bands were broader than the central band at
4191, which led to the total broadening of the H2 stretching
vibration band in LS6−0.39H2 as compared to that in SiO2−
H2. The frequencies of all components were higher than those
of gaseous hydrogen, which could denote a shorter H−H bond
length in the H2 molecule dissolved in LS6 and the pure silica
glass.
No stretching vibration bands of Si−H, Si−OH, or Li−OH

were observed in the corresponding frequency regions of the
measured Raman spectra. This suggests that, if other species
are present in the quenched samples, their concentration is
extremely low enough to be detected by the spectroscopic
technique used. Considering this, we suggest that hydrogen gas
released during hot extraction is due to the breaking of the van
der Waals interaction between the dissolved H2 molecule and
the lithium silicate network.
The release of hydrogen during hot extraction in the pre-

evacuated volume or under isothermal heating in the Raman
experiments has a thermal activation character. The temper-
ature region of hydrogen desorption of the hydrogenated
samples depends on the values of energy of the interaction
between a hydrogen molecule and the environment. The
energy of this interaction is related to the value of the
activation energy of hydrogen desorption in the hydrogenated
samples. The activation energy can be determined from the
measurements of the time dependences of the hydrogen
content in the compound under isothermal heating at different
temperatures. The time constant τ of the exponential decay
obtained from these curves depends on temperature according
to the Arrhenius formula:

= ·T A E k T( ) exp( / )A B (1)

Figure 1. Thermal desorption curve of the SiO2-0.6H2 (open black
circles)24 and Li2O·6SiO2-0.39H2 (filled blue circles) samples.

Figure 2. Raman spectra of the 0.6H2−SiO2 (open red circles)24 and
Li2O·6SiO2-0.39H2 (solid blue circles) samples at ambient pressure
and T ≈ 85 K. Solid line: the Raman spectrum of gaseous hydrogen at
room temperature and 0.5 MPa.35 Inset: decomposition of the
vibrational band in the Raman spectrum of the Li2O·6SiO2-0.39H2
sample into individual bands.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c02644
J. Phys. Chem. C 2023, 127, 13538−13546

13540

https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02644?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02644?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02644?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02644?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02644?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02644?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02644?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02644?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c02644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


where EA is the activation energy, A is the time constant, and
kB is the Boltzmann constant.
Recently we have studied the desorption kinetics of the

hydrogenated pure silica glass and SiO2 opal matrices by
Raman spectroscopy.24,36 The kinetics of hydrogen desorption
was studied in situ by tracking changes in the intensities of the
para-hydrogen rotational modes upon heating. The data
collected at different annealing temperatures gave activation
energy of desorption Ea = 0.16 ± 0.01 eV/H2 for both
compounds.
The use of this method to determine the activation energy of

the decomposition of a hydrogen solution in lithium silicate
glass is rather difficult. This is related to the range of
temperatures at which the emission of hydrogen begins (T =
0−100 °C), and the intensity of the rotational mode of para-
hydrogen significantly decreases because of the hydrogen
ortho-para conversion. In contrast to the previously used para-
hydrogen mode, the ortho-rotational mode strongly overlaps
with the lithium silicate glass modes; thus, the estimation of its
relative intensity has a significant error. In the previous work,36

we measured the intensity of the stretching vibrational mode of
a hydrogen molecule as a function of the annealing time. As in
the case of the para-rotational mode, the obtained dependence
decreased according to an exponential law, which also
indicated the relationship between the intensity of the
vibrational mode and the hydrogen content as well as the
activation character of the decomposition of this hydrogen
solution.
The lower inset in Figure 3 shows the vibrational modes of

hydrogen in the lithium silicate glass LS6 taken at T = 35 °C at
various exposure times. As can be seen from the figure, with an
increase in the annealing time, the intensity of the band
decreases and also shifts to lower frequencies. The obtained
intensity values and positions of the stretching vibration band

depending on the annealing time are marked with open and
filled circles in the main part of Figure 3.
The intensity values are well-fitted by the exponential decay

function IH2 = A·exp(−t/τ) + B. Note that the dependence of
the Raman shifts of the H2 vibrational mode is also well-
approximated by the same function with almost coincident
values of parameters A, B, and τ, which allows using the shift of
the band to determine the decay time constant independently.
The data obtained for the Li2O·6SiO2-0.39H2 samples
annealed at various temperatures in the range of 21−70 °C
and different exposure times show the exponential dependence
of hydrogen desorption on time with the time constant varying
from τ = 381 s at T = 70 °C to τ = 3482 s at T = 21 °C. The
exponential dependence of hydrogen content on the annealing
time and a decrease in the time constant of the exponential
decay with an increasing annealing temperature indicate the
activation character of hydrogen desorption in the Li2O·6SiO2-
0.39H2 sample. The upper inset in Figure 3 shows the obtained
values of τ in the Arrhenius coordinates and their
approximation by the Arrhenius dependence (1). The
activation energy values obtained from the intensities (red
circles) and positions (black circles) of the stretching vibration
peak almost coincide within the experimental error and are EA
= (0.395 ± 0.03) eV and EA = (0.419 ± 0.019) eV,
respectively. The pre-exponential constants A = (6.3 ±
0.5)·10−4 s and A = (2.5 ± 0.5)·10−4 s are also close to each
other.
By using the change in the Raman shift of the stretching

vibrational band of a hydrogen molecule with the annealing
time, we also studied the decomposition of solid solutions of
similar compositions Li2O·6SiO2-0.22/0.25H2. The obtained
dependencies of the Raman shift of the stretching vibrational
band on the annealing time due to a change in the hydrogen
content also had an exponential decay character. Figure 4

Figure 3. Relative shift (filled circles) and intensity (empty circles) of the vibration hydrogen mode in the Li2O·6SiO2-0.39H2 sample at 308 K as a
function of the annealing time. Dashed lines: approximation by the exponential decay functions. Bottom inset: Raman spectra of the hydrogenated
lithium silicate glass in the energy region of 3900−4260 cm−1 during annealing at 303 K after 4, 19, 41, and 61 min. Upper inset: Arrhenius plot of
the exponential decay time constants τ obtained from the relative band shift (black circles) and intensity (red circles) as functions of the reciprocal
annealing temperature 1/kBT and their linear approximations (dotted lines). EA is the activation energy, A is the time constant, and kB is the
Boltzmann constant.
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demonstrates the obtained time constants τ in the Arrhenius
coordinates for Li2O·6SiO2-0.22/0.25H2 compared to the time
constants for the Li2O·6SiO2-0.39H2 solution. The fitting of
the obtained τ values for the Li2O·6SiO2-0.22/0.25H2
solutions by the Arrhenius dependence gives the activation
energy EA = (0.411 ± 0.06) eV with the pre-exponential A =
3.3·10−4 s. These values of the activation energy and the pre-
exponential constant are very close to the values EA = (0.419 ±
0.019) eV and A = 2.5·10−4 obtained for the Li2O·6SiO2-
0.39H2 solution. Thus, the decomposition of solid solutions of
hydrogen in the LS6 glass has a thermal activation type of
behavior with almost the same Arrhenius dependence
parameters regardless of the initial content of dissolved
hydrogen.
Besides the Raman spectroscopy data, the hydrogen

desorption kinetics was also studied by tracking changes in
the pressure of hydrogen gas released in the pre-evacuated

vessel during the isothermal heating of the hydrogenated LS6
samples. The measured pressure was recalculated in terms of
the amount of released gas subtracted from the initial content
for every time point at a constant temperature. Figure 5
demonstrates some time dependencies of H2 relative content
C(t) � Xt/X0 obtained in the temperature range of 0−90 °C
for the LS6−0.39H2 sample, where X0 is the initial hydrogen
content and Xt is the hydrogen content at the current time t.
Each plotted curve can be adequately fitted by the sum of two
exponential decay functions C(t) = C1·exp(−t/τ1) + C2·
exp(−t/τ2) with an R2 of not less than 0.99. The parameters of
these functions for isothermal desorption procedures at several
temperatures are given in Table 1.
The C1 and C2 parameters are related to the parts of

hydrogen that participate in the corresponding decay process.
The main difference between these decay functions is the value
of the time constants τ1 and τ2, which differ by ∼20−60 times.
Thereby, both the weights and time constants of decay
functions C(t) indicate that the decomposition of H2 solutions
in the lithium silicate glass LS6 can be divided into two parallel
decay processes with “fast” and “slow” rates. Figure 6 shows all
of these τ constants for the LS6−0.25/0.22H2 and LS6−
0.39H2 samples plotted in the Arrhenius coordinates.
The approximation of these data by Arrhenius dependencies

allowed us to obtain four activation energies and pre-
exponential constants for the “slow-rate” and “fast-rate”
processes of the LS6−0.25/0.22H2 and LS6−0.39H2 sample
decay. The desorption reaction of the LS6−0.25/0.22H2
sample had the measured activation energy EA of (0.161 ±
0.043) eV/H2 molecule and the constant A = 33.11 s for the
“slow-rate” decay and (0.128 ± 0.024) eV/H2 molecule; A =
2.09 s for the “fast-rate” one. The activation energies of the
LS6−0.39H2 decay had close values of EA = (0.206 ± 0.03)
and (0.195 ± 0.015) eV/H2 molecule for the “slow-rate” and
fast-rate decays, respectively; while the pre-exponential
constants for this sample differed in magnitude by more than
25 times (A = 4.66 and 0.18 s, respectively).

Figure 4. Arrhenius plot τ(T) = A·exp(EA/kBT) of the dependence of
the exponential decay time constant τ on the annealing temperature
1/kBT (open symbols) and its linear approximation (dotted line).
Open diamonds and open circles relate to the decomposition of Li2O·
6SiO2-0.25H2 and Li2O·6SiO2-0.39H2, respectively.

Figure 5. Time dependence of the relative hydrogen content Ct/C0 of Li2O·6SiO2-0.39H2 under annealing at 273, 294, 326, 340, and 363 K (open
symbols) obtained by tracking changes in the pressure in the pre-evacuated system; dashed lines: fitting of the experimental data by the exponential
decay functions.
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■ DISCUSSION
Among all systems containing molecular hydrogen, the SiO2-
XH2 solid solutions have Raman spectra that are most similar
to those of LS6-XH2 under study. This fact can indicate the
similarity of both the network structure and the hydrogen

molecule states in these solid solutions. Thus, it would be wise
to compare the decompositions of the LS6-XH2 and SiO2-XH2
solid solutions. According to the data obtained by Raman
spectroscopy in this work, the decay of LS6−0.39H2 and LS6−
0.25/0.22H2 occurred with the activation energy EA = (0.419
± 0.019) eV and EA = (0.411 ± 0.06) eV, respectively. These
values much exceed the activation energy EA = (0.16 ± 0.02)
eV that was observed earlier for the decay of SiO2-0.7H2,

24 and
this means a considerably stronger interaction between the
hydrogen molecules and the lithium silicate network than van
der Waals forces. As the activation energies of the LS6-XH2
decay are in the range of energy values of 0.1−0.8 eV/H2
characteristic of the Kubas interaction, we assume that these
large values of activation energies can be due to the Kubas
forces arising from the interaction between the hydrogen
molecules and the lithium cations.
The data on the decay process of LS6-XH2 obtained by the

hot desorption method differ significantly from those obtained
by Raman spectroscopy. First, the values of the activation
energies obtained from these data are two to three times lower
than the activation energy of the decay process obtained by
Raman spectroscopy wherein the pre-exponential constants are
higher by several orders of magnitude. We assume that this
difference in the activation energies and pre-exponential
constants obtained by the two methods is due to the difference
in the research approaches used for the study of the decay
processes. Raman backscattering spectroscopy studies a change
in the hydrogen concentration that occurs within the laser
beam spot with a diameter of several micrometers on the
sample surface. In this case, the decay activation energy may be
associated mainly with hydrogen desorption from the sample
surface and can be attributed to the surface barrier that must
be overcome for a hydrogen molecule to escape from the
sample. When studying the desorption processes by the hot
extraction method, we determined a change in the hydrogen
concentration in the entire sample with characteristic
dimensions of several millimeters. To escape from a lithium-
silicate glass sample, hydrogen molecules must not only break
away from the surface by overcoming the barrier in the near-
surface layer but also pass through the entire volume of the
sample before that. In this case, hydrogen diffusion has a great

Table 1. Parameters of the Decay Functions Used to
Approximate the LS6-0.25H2 and LS6-0.39H2
Decomposition Data Obtained from the Pressure Increase
in the Pre-Evacuated System at Different Temperatures

LS6−0.39H2
T, K τ1, sec C1 τ2, sec C2

273 ± 1 797.8 0.14711 23669 0.84915
±47.3 ±0.00624 ±1303 ±0.0068

293 ± 0.567 412.7 0.4822 17920 0.52919
±24.1 ±0.0159 ±3195 ±0.01397

311 ± 0.356 240.7 0.47324 9523 0.55614
±11.5 ±0.01013 ±762 ±0.00897

326 ± 0.397 225.5 0.58357 9274 0.43491
±17.1 ±0.02049 ±1677 ±0.01717

333 ± 0.25 137.60 0.54428 7460 0.46107
±5.3 ±0.01145 ±552 ±0.00766

340 ± 0.35 132.2 0.72002 5377 0.3282
±7.5 ±0.02282 ±805 ±0.01329

360 ± 0.415 125.8 0.71028 4299 0.29035
±2.9 ±0.0095 ±208 ±0.00514

363 ± 1.16 89.1 0.75718 1920 0.24261
±2.1 ±0.0092 ±87 ±0.0062

LS6−0.25H2
305.4 ± 0.267 295.97 0.361 15705 0.647

±16.69 ±0.01 ±1352 ±0.008
323.46 ± 0.594 196.9 0.40769 12779 0.60583

±12.2 ±0.01162 ±1190 ±0.00908
335 ± 0.30 148.5 0.50091 7329 0.49968

±6.4 ±0.01194 ±592 ±0.00905
346 ± 0.109 153.5 0.44346 6014 0.55433

±5.5 ±0.00812 ±195 ±0.00554
370.33 ± 0.747 124.6 0.63302 6157 0.41468

±14.2 ±0.03595 ±1559 ±0.0267

Figure 6. Time constants τ for decomposition of the Li2O·6SiO2-0.39H2 (full and open circles, right panel) and Li2O·6SiO2-0.25H2 (full and open
squares, left panel) solutions annealed at different temperatures T in the pre-evacuated system. The dashed and solid lines are linear fits to the
experimental data for two parallel activation processes.
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impact on the desorption time. Then, the activation energy and
time constants of solution decomposition determined by the
hot desorption method are some effective quantities into which
the processes of hydrogen diffusion in the sample and its
subsequent escape from the surface are summed up. The
second peculiarity of the data obtained by hot desorption
method is that the decay of both LS6-0.39H2 and LS6-0.25/
0.22H2 is characterized by the existence of two parallel decay
processes with time constants differing by 20−60 times at
various temperatures. It is known that under cooling the
Li2O·6SiO2, melt should decompose into regions enriched and
depleted with lithium cations.37 In this case, glass obtained
from a melt of this composition should also contain such
regions. Obviously, both the processes of diffusion of hydrogen
in such regions and its escape from their surface must differ
from each other. According to the data on helium diffusion in
the lithium silicate glass,38 it can be assumed that the release of
hydrogen from regions containing less than 10 mol % lithium
oxide should be similar to the process of decomposition of
hydrogenated pure silica glass. Recall that the activation energy
of hydrogen desorption in the near-surface region of
hydrogenated pure silica glass is EA = 0.16 eV/H2 molecule,
and the activation energy of diffusion of the H2 molecule in
pure silica glass is ED = 0.52 eV/H2 molecule.

39 The “fast-rate”
process of LS6-0.39H2 and LS6-0.25/0.22H2 decomposition
detected by hot desorption may correspond to hydrogen
release from lithium-depleted regions. At the same time, the
release of hydrogen from lithium-enriched regions should
occur with higher activation energies of diffusion and decay. In
this regard, the value of the activation energy of decay from the
surface layer EA = (0.419 ± 0.019) eV determined by Raman
spectroscopy may refer to hydrogen release from lithium-
enriched regions. Note that the data in Raman experiments are
usually obtained 5−7 min after the sample was placed on the
microscope stage, i.e., after the end of the “fast-rate” decay
process. As regards, the activation energy of diffusion of the H2
molecule through lithium-enriched regions, we can only
assume that its value should be higher than 0.52 eV/H2
determined for pure silica glass.39 This assumption is
supported by the previously determined increase in the
activation energy of helium diffusion with an increase in the
lithium content.38

The value of the surface activation barrier EA = (0.419 ±
0.019) eV and the assumed value of the diffusion barrier ED >
0.52 eV/H2 are higher than the “total” decay activation energy
of EA = (0.206 ± 0.03) obtained by hot desorption. This
phenomenon may occur if the characteristic values of time
constants for diffusion processes significantly exceed the values
of time constants for surface processes. In this case, the time
constants determined by the hot desorption method should lie
between these two dependencies in the Arrhenius coordinates.
According to the data of ref 24, the characteristic time of the

decomposition of the hydrogenated pure silica glass is τ ≈ 13 s
at the decay activation energy EA = 0.16 eV/H2, the constant A
= 0.027 s, and the temperature T = 25 °C. The data obtained
by Raman spectroscopy in this work show that the time
constant of the decomposition of a hydrogen solution in the
lithium silicate glass at room temperature is τ = 3220 s. The
time constant increases by 3 orders of magnitude as compared
to silica glass due to an increase in the decay activation energy
by 2.6 times to EA = 0.42 eV/H2 molecule despite a decrease in
the constant A by 2 orders of magnitude. In addition,
according to the hot desorption data, the time constants of

hydrogen escape from the lithium silicate glass at room
temperature are 1 order of magnitude higher than this value.
This fact also points to the existence of an additional activation
barrier inside the bulk lithium silicate glass, which may be due
to the peculiarities of the hydrogen diffusion in it.

■ CONCLUSIONS
The hydrogen solutions in the bulk lithium silicate glass Li2O·
6SiO2 (LS6) were synthesized for the first time at pressures of
6.7−7.5 GPa and a temperature of 280 °C. The study of the
composition by thermal desorption with continuous heating
showed that 1 mol of the glass contained 0.25 and 0.39 mol of
hydrogen, most of which was released in the pre-evacuated
volume above room temperature. A similar study of hydrogen
desorption from silica glass showed that the same amount of
hydrogen was released from it at temperatures significantly
below room one.24 The Raman study carried out at liquid
nitrogen temperature and normal pressure demonstrated that,
in addition to the lines of the glass itself, the spectra of both
solutions in the lithium silicate glass also contained the lines at
frequencies of about 319, 552, and 4155−4219 cm−1 that
corresponded to the rotational and vibrational modes of
molecular hydrogen. At the same time, no lines were found
corresponding to strong bonds of hydrogen with the lattice,
such as Li−H, Si−H, or Si−OH. To understand the reason for
the thermal stability of this solution of molecular hydrogen
relative to a solution of hydrogen in pure silica glass, the
kinetics of its desorption was studied by Raman spectroscopy
and hot desorption in the pre-evacuated volume in the
temperature range of 0−97 °C. The study of the time-
dependent shift and a decrease in the intensity of the hydrogen
stretching vibration band under annealing at various temper-
atures showed that the activation energies of desorption from
the sample surface were EA = (0.419 ± 0.019) eV and EA =
(0.411 ± 0.06) eV for the LS6−0.39H2 and LS6−0.25/0.22 H2
solutions, respectively. Taking into account such a high value
of the activation energy of the decomposition of the solution,
which is not characteristic of the van der Waals interaction, we
assume that its high thermal stability is due to the emergence
of the “Kubas” interaction between hydrogen molecules and
the silicate network initiated by the lithium cations. This
interaction leads to an increase in the time constant τ of the
decomposition of a hydrogen solid solution in the lithium
silicate glass at room temperature by several thousand times to
τ = 3220 s as compared to the decomposition of a hydrogen
solution in pure silica glass (τ = 3 s). The results obtained by
hot desorption during isothermal annealing in a pre-evacuated
vessel showed that the activation energy of hydrogen diffusion
that might be higher than 0.51 eV also had a great impact on
the stability of a hydrogen solution in the bulk lithium silicate
glass, which additionally increased the decay time constant to τ
≈ 16 000 s at room temperature.
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