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A B S T R A C T   

The stability of saturated solid solutions of molecular hydrogen in silica glass was examined in the temperature 
range 85 ÷ 175 K by Raman spectroscopy. The kinetics of hydrogen desorption was studied in-situ by tracking 
time-dependent changes in the intensities of hydrogen rotational modes at an elevated temperature. The heating 
results in an exponential decrease in the hydrogen content with a temperature dependent time constant. The data 
at different temperatures are well described by the Arrhenius formula showing the activation character of 
desorption with the activation energy EA = (0.16 ± 0.01) eV and time constant A = (0.027 ± 0.003) sec.   

1. Introduction 

The uptake of hydrogen has been observed in metals and alloys, 
carbon nanostructures, clathrates of various gases, and ice hydrates 
[1–4]. Generally, a search for new hydrogen storage solids is relevant 
due to their ability to contain more hydrogen per unit volume, which is a 
good alternative to storing liquid hydrogen [5–6]. The amount of 
absorbed hydrogen, the availability of absorbing and releasing way, and 
the prevalence of the employed material are the key parameters for the 
applications. In view of this, a variety of silicate glasses may have the 
potential to be used as hydrogen storage materials. The first experiments 
in 1976 discovered certain solubility of hydrogen in silica glass at a 
temperature of 90 ◦C and gas pressure between 6.6 and 84.9 MPa [7]. 
The Raman probes of hydrogenated silica glass identified the H-H 
stretching vibration mode of hydrogen molecule growing in intensity 
with an increase in the dissolved hydrogen content to the maximum of 
~0.06 H2/SiO2 at 84.9 MPa. The saturated solutions of hydrogen in 
silica glass were synthesized later at rather high hydrogen pressures and 
a temperature of 250 ◦C, the molecular ratio X = H2/SiO2 increasing 
from X = 0.16 at 0.6 GPa to X = 0.53 at 7.5 GPa [8]. Subsequently, the 
solid solutions of hydrogen were synthesized under similar conditions in 
some other complex silicates containing magnesium or iron cations, and 
the efficiency of molecular hydrogen absorption, the changes in the 
matrix structure and phonon spectra, as well as possible chemical re-
actions upon hydrogenation were studied in [9–12]. 

After synthesis, the samples of hydrogenated silica glass must be 
stored in a liquid nitrogen vessel to prevent hydrogen losses. Thus, the 

hydrides are unstable under ambient conditions and exhibit extensive 
hydrogen desorption even at rather low temperatures. The amount of 
dissolved hydrogen in hydrogenated materials is determined usually by 
hot desorption, while the appearance of hydrogen in a molecular form 
can be verified by Raman spectroscopy using the H-H stretching vibra-
tion mode as a fingerprint [8,9]. The hot desorption method provides 
accurate information on the total content of dissolved hydrogen, the 
approximate temperature ranges of hydride stability and hydrogen 
emission; however, it is not well suitable for studying the kinetics of 
hydrogen desorption. Alternatively, the current content of hydrogen can 
be estimated from the intensity of its phonon modes in the Raman 
spectra of hydrides relative to those of silica glass. In this way, it is 
possible to trace the changes in the hydrogen content in-situ during the 
annealing of hydrogenated silica glass samples under various tempera-
ture conditions. 

The Raman study of the hydrogenated silica glass shows distinct 
changes in the intensities of H-H stretching vibration and rotational 
modes of hydrogen with a change in its concentration. The difference 
appears when the hydrogen content increases under higher synthesis 
pressure or decreases under the annealing of hydrogenated samples at 
high temperature [13]. Another type of changes in the Raman spectra of 
hydrides takes place with isotopic substitution of hydrogen by deute-
rium which results in softening of the stretching vibration and rotational 
modes [13]. Thus the loss of hydrogen in hydrogenated silica glass leads 
to a decrease in the intensity of rotational modes with respect to the total 
intensity of the silica glass phonon modes. These changes in the Raman 
spectra can be used for tracking the time-dependent changes in the 
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hydrogen content under annealing. Quantitative data obtained at 
various annealing temperatures may be very useful for the study of 
hydrogen desorption kinetics. 

In the present work, we have studied the time evolution of the 
Raman spectra of various hydrogenated silica glass samples with initial 
hydrogen content between X = 0.58 and X = 0.7 in the temperature 
range 143 ÷ 190 K. The heating leads to an exponential decrease in the 
intensity of the rotational hydrogen modes, while the time constant of 
the exponential decay decreases wen the annealing temperature in-
creases. Hydrogen desorption grows so fast with temperature that the 
exponential decay time constant τ decreases from 215 min at 143 K to 
5.9 min at 190 K. The dependence of the time constant τ on the 
annealing temperature T is well described by the Arrhenius formula 
τ(T) = A*exp(EA/kBT) showing an activating nature of desorption with 
the activation energy EA = (0.16 ± 0.01) eV and A = (0.027 ± 0.003) 
sec. Based on the numerical data obtained, we estimated the stability of 
saturated solid solutions of hydrogen in silica glass; hydrogen content 
falls in half within ~17 years at a liquid nitrogen temperature and 
within 10 s under ambient conditions. 

2. Experimental 

The samples of OH-Vitreosil silica glass purchased from Sigma-
–Aldrich with 99.9 wt% purity contained <0.01 wt% metals and <0.06 
wt% OH− impurities. The initial samples were annealed before hydro-
genation for 4 h at 800 ◦C to eliminate residual hydroxyls and water. The 
hydrogenation was carried out in a Toroid-type high-pressure apparatus 
[14] using AlH3 [15] or NH3BH3 [16] as an internal hydrogen source. 
The high-pressure cell was made of Teflon; a Pd foil separated the 
hydrogen source from the silica glass. To evolve hydrogen, AlH3 or 
NH3BH3 was decomposed at P = 1.5 GPa by heating to T = 250 ◦C. The 
pressure was then increased, and the silica glass sample was exposed to 
an H2 atmosphere at P = 7.5 GPa and T = 250 ◦C for 24 h. Then, it was 
quenched in liquid nitrogen to prevent hydrogen losses in the course of 
the subsequent pressure release and the following long-term storage. 
The molar ratio X  = H2/f.u. of the samples was determined with an 
accuracy of δX = 0.03 by hot extraction into a pre-evacuated volume 
[17]. The Raman spectra were recorded in backscattering geometry at 
near liquid nitrogen temperature and spectral range of 150–4400 cm− 1 

using a micro-Raman setup comprised of an Acton SpectraPro-2500i 
spectrograph and a CCD Pixis2K detector system. The 532 nm-line of a 
single-mode YAG CW diode-pumped laser was focused on the sample by 
an Olympus BX51 50× objective in a ~2-μm-diameter spot with a 
spectral resolution of ~3 cm− 1. The laser line was suppressed by an edge 
filter with the optical density OD = 6 and bandwidth of ~100 cm− 1, 
while the beam intensity in front of the sample was ~6 mW. The Raman 
measurements at various temperatures were performed using a home-
made nitrogen cryostat, which permitted cold loading of the samples 
from liquid nitrogen into the cryostat without intermediate warming. 
The cryostat equipped with a temperature controller and resistive heater 
on the heat exchanger provided temperature control in the temperature 
range of 83–250 K with an accuracy of ±0.4 K [18]. 

3. Results and discussion 

The Raman spectrum of SiO2-0.6H2 hydrogenated silica glass is 
shown in Fig. 1 in the energy range 150 ÷ 4400 cm− 1 at T ≈ 85 К (solid 
line). The dashed line in the figure depicts the spectrum of silica glass 
measured under similar conditions before hydrogenation; it coincides in 
detail with the early reported phonon spectrum of pristine silica glass 
[19]. The spectrum of the hydrogenated sample differs greatly from that 
of initial silica glass due to a number of new appeared bands. The most 
intense new band appears at ~4190 cm− 1 in the high-energy region of 
the spectrum. In addition, a rather intense band at ~328 cm− 1 and a 
weaker band at ~549 cm− 1 appear in the low-frequency region; they 
overlap with the phonon spectrum of silica glass. The band at ~4190 

cm− 1 corresponds to the H-H stretching vibration mode of molecular 
hydrogen, while the bands at ~328 cm− 1 and ~549 cm− 1 correspond to 
the rotational modes of the diatomic molecule [13]. The positions of the 
silica glass phonon bands in the hydride and intensity distribution be-
tween them change somewhat compared to those of pristine silica glass. 
The phonon peaks of hydrogenated silica glass are slightly shifted to 
lower energies with respect to those of pristine silica glass. The softening 
of the modes is rather large for acoustic phonons and smaller for optical 
phonons; it is related most likely to the expansion of the silica glass 
matrix under hydrogenation. The changes in the intensity may be 
associated with the local van der Waals interaction between SiO2 and H2 
molecules located in the pores of silica glass that modifies the phonon 
spectrum. 

The intensity of new Raman bands grows with an increase in the 
hydrogen content at higher synthesis pressure but decreases upon 
hydrogen desorption under annealing of hydrides at elevated tempera-
ture. Annealing at room temperature is very fast and the hydrogen bands 
quickly disappear, while the phonon spectrum of the silica glass matrix 
is restored to that of pristine silica glass. The phonon bands of hydrogen 
in the hydrogenated silica glass are strongly broadened. The bandwidths 
of the stretching vibration and rotational modes are ~45 cm− 1 and ~35 
cm− 1, respectively, whereas their bandwidths in the Raman spectrum of 
gaseous hydrogen are ~3 cm− 1. The Raman frequencies for dissolved 
hydrogen differ from those of hydrogen gas: the rotational modes are 
shifted by ~20 cm− 1 downward, and the stretching vibration mode is 
shifted by ~30 cm− 1 upward. The intensity ratio of two rotational 
modes indicates the predominance of para-hydrogen in the silica glass 
hydride. Such a distribution of intensity between them is due to the 
storing of the hydrogenated samples in liquid nitrogen; at this temper-
ature, para-hydrogen predominates because of ortho-para conversion 
[13,20,21]. The total content of the dissolved hydrogen in hydrides was 
determined by hot extraction in an evacuated vessel with a calibrated 
volume of 50 cm3 under heating from 190 to 500 ◦C at a rate of ~15 ◦C 
/min. The hydrogen desorption curve from the SiO2-0.6H2 sample is 
shown in the inset in Fig. 1. Typically, the rate of desorption is very small 
at temperatures up to − 100 ◦C, but it increases significantly at higher 
temperatures reaching the maximum near 0 ◦C. The determination of 
hydrogen content by hot desorption is basically used for all hydrides; 
however, the study of hydrogen desorption kinetics requires a different 
approach. We have chosen Raman spectroscopy to monitor the intensity 
of phonon bands of molecular hydrogen as a more suitable and fairly 

Fig. 1. Raman spectra of hydrogenated SiO2-0.6H2 silica glass (solid line) and 
pristine SiO2 silica glass (dotted line) measured in the energy region of 150 – 
4380 cm− 1 at ambient pressure and T≈85 К. S0(0) and S0(1) – hydrogen 
rotational modes, Q1(0) – hydrogen stretching vibration mode, G – phonon 
modes of silica glass. Inset – desorption curve of hydrogen hot extraction for 
SiO2-0.6H2. 
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accurate method for the study of hydrogen desorption in hydrogenated 
silica glass. 

Fig. 2 depicts the Raman spectra of hydrogenated SiO2-0.58H2 silica 
glass measured in the frequency range 230 ÷ 920 cm− 1 after 3, 10, 26 
and 60 min of annealing at T = 183 K. The relative intensity of the 
hydrogen rotational modes in the spectra gradually decreases with an 
increase in the annealing time. The effect can be characterized quanti-
tatively by the ratio of the total intensity of the hydrogen rotational 
modes to the total intensity of the phonon modes of silica glass, which 
does not change upon annealing and serves as a scale. The open circles in 
Fig. 2 show the experimental dependence of hydrogen content on the 
annealing time obtained in this way in the course of 85 min of annealing. 
All data are normalized to the initial value of hydrogen content X = 0.58 
determined independently by hot extraction. The experimental depen-
dence is well approximated by the exponential decay function IH/IG =

0.25*exp(− t/10.7) + 0.33 shown in Fig. 2 with a dashed line. The time 
constant of the exponential decay is ~10.7 min, while the hydrogen 
desorption saturates at a long annealing time showing residual content 
of X≈0.33. In backscattering geometry, the Raman spectra are recorded 
from the surface of the sample due to the sharp focusing of the laser 
beam. Therefore, the observed decrease in the intensity of the hydrogen 
bands refers to desorption from the surface of the hydride. At the same 
time, slow diffusion of hydrogen from the depth leads to its partial 
replenishment. At a certain stage of annealing, the amount of hydrogen 
released from the sample surface is replaced by the equal amount of 
hydrogen incoming from the bulk due to diffusion. This steady-state can 
be achieved at a relatively small diffusion rate, which results in the 
appearance of residual hydrogen content as measured by Raman 
spectroscopy. 

Fig. 3 illustrates the experimental data on hydrogen desorption at 
five different temperatures in the range 143 ÷ 190 K. Different symbols 
show the experimental dependence of the relative hydrogen content Ct/ 
C0 on the annealing time t at different temperatures. At each tempera-
ture, a new fresh sample was used for the serial measurements of Raman 
spectra with a fixed time interval between them. The total exposure time 
for each measurement was longer than the interval between them. 
Experimental data on hydrogen content (open symbols) show a gradual 
decrease with annealing time that can be fitted with the exponential 
decay function (dashed lines). The time constant of the exponential 
decay decreases from 215 min at 143 К to 5.9 min at 190 К. With a 
further increase in the annealing temperature, hydrogen desorption 
becomes so fast that reliable measurements of the Raman spectra 
become impossible. An increase in the annealing temperature results 
also in a decrease in the residual hydrogen content Ct/C0 in the annealed 

samples from 0.98 at 143 К to 0.51 at 190 К. In our opinion, this follows 
from the competition between hydrogen desorption from the surface of 
the sample and more intense diffusion of hydrogen from the bulk of the 
sample at a higher temperature. After completing the Raman measure-
ments at a certain temperature, some hydride samples were studied by 
hot extraction to independently determine the residual hydrogen con-
tent. The open circles in the inset in Fig. 3 compare the “ultimate” Ct/C0 
values obtained in this way (the X-coordinate) with those derived from 
the Raman spectra and used as the Y-coordinates. Rather scattered 
experimental data are located near the linear X = Y dependence (broken 
line). The observed correlation confirms a decrease in the real content of 
dissolved hydrogen under annealing and suggests the homogeneous 
distribution of H2 molecules over the bulk and surface of the annealed 
samples. 

The hydrogen desorption in silica glass hydrides demonstrates the 
activation type of behavior that is justified by the dependence of the 
exponential decay time constant τ on temperature T shown in Fig. 4. 
Irrespectively of the starting hydrogen content (X = 0.58, X = 0.6, X =
0.62, or X = 0.7), all experimental points can be well represented by the 

Fig. 2. Raman spectra of hydrogenated SiO2-0.58H2 silica glass taken at 3, 10, 
26 and 60 min of annealing at 183 К. Open circles – experimental dependence 
of relative hydrogen content on the annealing time; dotted line – fitting by the 
exponential decay function. 

Fig. 3. Time dependence of the relative hydrogen content Ct/C0 under 
annealing at 143, 153, 173, 178 and 190 K (open symbols); dashed line – fitting 
of the experimental data by the exponential decay function. Inset: residual 
hydrogen content upon long-time annealing of the hydrogenated silica glass 
samples versus the ultimate hydrogen content determined by hot extraction 
after the annealing. 

Fig. 4. Arrhenius plot τ(T) = A*exp(EA/kBT) of the dependence of the expo-
nential decay time constant τ on the annealing temperature 1/kBT (open sym-
bols) and its linear approximation (dotted line). Different symbols relate to the 
hydrogenated silica glass samples with initially different hydrogen content. EA 
is the activation energy, A is the time constant, and kB is the Boltz-
mann constant. 
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Arrhenius plot 

τ(T) = A × exp(EA/kBT) (1)  

where the activation energy EA is (0.16 ± 0.01) eV and time constant A 
is (2.7 ± 0.3) × 10− 2 sec. 

It is interesting to compare the obtained magnitude of the activation 
energy of hydrogen desorption with that of hydrogen diffusion through 
the silica glass. As shown earlier, the diffusion of hydrogen through the 
walls of a silica glass ampoule increases with temperature, showing also 
the activation-type behavior [22–24]. The activation energy of 
hydrogen diffusion obtained in these experiments varies from 0.37 eV to 
0.43 eV in early publications [22,23] to 0.54 eV in the later work [24]. 
Some difference between these data may be related, in part, with 
possibly different compositions of the silica glass of the ampoules used. 
Nevertheless, the activation energy of hydrogen diffusion is at least two 
times higher than that of hydrogen desorption. Thus, in the temperature 
range under study, hydrogen diffusion from the bulk of the sample is 
relatively slower than hydrogen desorption from the sample surface. The 
difference between them results in depletion of the surface of the hy-
drogenated silica glass under annealing, which can be monitored by 
Raman spectroscopy. Using Eq. (1), the thermal stability of the hydro-
genated silica glass can be characterized as follows: hydrogen content on 
the surface of the hydrogenated silica glass decreases by a thousand 
times in 170 years at liquid nitrogen temperature and in 1.5 min at room 
temperature. These estimates do not take into account possible changes 
in the activation energy of hydrogen desorption at a low hydrogen 
concentration. 

In conclusion, hydrogen is dissolved in silica glass in the form of H2 
molecules. In the Raman spectra of the hydrogenated silica glass, the 
frequencies and relative intensities of the phonon bands of the silica 
glass matrix slightly change together with the appearance of new peaks 
of the rotational and stretching vibration modes of molecular hydrogen. 
The frequencies and bandwidths of the hydrogen phonon modes vary 
with the concentration of dissolved H2 molecules in the silica glass. They 
differ from those of gaseous hydrogen because of considerable broad-
ening and a multidirectional shift. Annealing of the hydrogenated silica 
glass samples at temperatures from 143 to 190 K results in the partial 
desorption of hydrogen and a concomitant exponential decrease in the 
intensity of the hydrogen rotational modes in the Raman spectra. The 
dependence of the exponential decay time constant τ on temperature T is 
well described by the Arrhenius formula τ(T) = A*exp(EA/kBT) with the 
activation energy EA = (0.16 ± 0.01) eV and time constant A = (2.7 ±
0.3) × 10− 2 sec. The obtained numerical data assume that hydrogen 
content in silica glass hydride falls in half within ~17 years at liquid 
nitrogen temperature and within 10 s under ambient conditions. Finally, 
rather low activation energy of hydrogen desorption indicates a weak 
van der Waals-type interaction between the dissolved hydrogen mole-
cules and silica glass matrix. 
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