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Hydrogen-induced changes in the properties of transition-metal oxides have attracted much recent at-
tention due to numerous applications of these materials including catalysis, H, production, low-tempera-
ture H, sensing, solar cells, and air purification. However, basic properties of hydrogenated titanium
monoxides have not been investigated so far. In the present work, we report the results of the first studies of
the crystal structure, vibrational spectra, and mobility of H atoms in TiOg.72Ho.30 and TiOg.96Ho.14 using X-ray
diffraction (XRD), neutron powder diffraction, neutron vibrational spectroscopy, and nuclear magnetic re-

ﬁfﬁz:iséen absorbing materials sonance (NMR). The hydrogenated compound TiOg7,Hg 30 is found to retain the disordered cubic B1-type
C: crystal structure structure of the initial titanium monoxide, where H atoms exclusively occupy vacancies in the oxygen
D: neutron diffraction sublattice. It has been revealed that hydrogenation of the disordered cubic TiOg g6 leads to the formation of
D: inelastic neutron scattering the two-phase compound TiOgggHg 14, Where the disordered Bl-type phase coexists with the monoclinic
D: nuclear resonances phase of TisOs type with an ordered arrangement of vacancies. In both phases, H atoms are found to occupy

only vacancies in the oxygen sublattice. The low-temperature inelastic neutron scattering spectra of
TiOg.72Ho .30 and TiOp o6Ho14 in the energy transfer range of 40-180 meV exhibit a single peak due to optical
oxygen vibrations (centered on about 60 meV) and a broad structure at 90-170 meV due to optical H
vibrations. The unusual width of this structure can be attributed to the broken symmetry of hydrogen sites
in the titanium monoxides: because of the presence of vacancies in the titanium sublattice, the actual point
symmetry of these sites appears to be lower than octahedral. Proton NMR measurements have revealed that
both hydrogenated compounds are metallic; no signs of hydrogen diffusive motion in TiOg7,Hg 30 and
TiOg.06Ho.14 at the frequency scale of about 10° s have been found up to 370 K.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen is considered as a prospective environment-friendly
energy carrier for the future economy. Furthermore, hydrogen can be
absorbed by various crystalline solids, leading to strong modifica-
tions of their properties. Hydrogen-induced changes in the proper-
ties of transition-metal oxides have attracted considerable recent
attention due to numerous applications of these materials related to
catalysis, H, production, low-temperature H; sensing, solar cells, and
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air purification [1-5]. In the present work, we address the behavior
of hydrogen in cubic titanium monoxides TiO, having the B1 (NaCl-
type) structure and the homogeneity range from TiOggo to TiOq3s.
These oxides belong to the group of strongly nonstoichiometric
compounds MX, (where M is a transition metal and X is C, N or O)
[6-8]. The unusual structural feature of titanium monoxide is that it
has high concentrations of vacancies in both the metal (Ti) and non-
metal (O) sublattices. While in most of the related compounds, de-
viations from the stoichiometry occur either in a metal sublattice
[9-11] or in a non-metal one [12-16], structural vacancies in both
the metal and non-metal sublattices simultaneously exist only in
TiO, [17-19], VO, [20,21], and NbO; 4o [22] monoxides. In order to
describe the structure of titanium monoxide correctly, its
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composition should be written as Ti,0, = TiO, or Tim;-0,0,-, =
TiOy, where y = z/x, and = and o are the vacancies in the metal (Ti)
and non-metal (O) sublattices, respectively [23,24]. In disordered
phases, atoms and vacancies randomly occupy the sites of the cor-
responding sublattices.

A number of cubic MX,, compounds can absorb hydrogen from
the gas phase forming ternary hydrides MX,H;. Usually hydrogen
atoms occupy the vacant octahedral sites of the non-metal sublattice
[25-28]. It should be noted that the volume of these vacant pores
considerably exceeds that of the regular interstitial sites in metals.
This suggests that H atoms may be displaced from the centers of the
octahedral vacancies. In fact, off-center hydrogen sites have been
observed in NbCq71Hp2g [29]. It has also been found that such off-
center location of H atoms in NbCq7;Hg2g iS accompanied by en-
hanced hydrogen mobility [30,31]. To the best of our knowledge, the
only work addressing hydrogen absorption in cubic titanium mon-
oxides was published by Pavlov et al. [32]. However, basic features of
the behavior of hydrogen and its ability to compensate native defects
in titanium monoxides have not been investigated so far. In parti-
cular, there is no direct information on the positions and mobility of
H atoms in these compounds. The aims of the present work are to
study the positions and mobility of H atoms and the vibrational
spectra in hydrogenated cubic titanium monoxides by means of X-
ray diffraction (XRD), neutron diffraction, neutron vibrational spec-
troscopy, and nuclear magnetic resonance (NMR).

2. Experimental details

The samples of nonstoichiometric cubic titanium monoxide with
different oxygen content were synthesized by solid-state sintering of
mixed powders of metallic Ti and titanium dioxide TiO;. The
synthesis was performed in vacuum (at a pressure of 1.3 x 107 Pa) at
1770 K for 70 h, with an additional grinding of the samples after each
20 h. To obtain a disordered state of titanium monoxides after the
synthesis, the samples were further annealed in quartz ampoules
under vacuum at 1330 K for 3 h and quenched into water; the es-
timated quenching speed was about 200 K/s [33]. The details of the
synthesis of titanium monoxides were reported earlier [34].

The titanium and oxygen contents were determined by the in-
crease in mass after oxidation of the TiO, powders up to TiO,. The
oxidation was made in air following the heating of the powders up to
1200 K for 5-8 h, until the sample reached a constant mass. The
increase in mass was measured by thermogravimetric analysis using
the Q-1500D derivatograph. To determine vacancy concentrations in
the metal and non-metal sublattices of the titanium monoxide, we
have performed pycnometric measurements of the density d of the
quenched disordered samples. The measurements were made on
carefully grinded powders with the average particle size of 3-5 um
using pycnometers with the volume of 1 ¢cm? at the stabilized
temperature of 298 K; high-purity kerosene was used as a working
liquid. The fraction x of filled Ti sites in the metal sublattice of dis-
ordered titanium monoxide Ti O, was determined as [34] x = da®Cy/
Nm,Ag;, where a is the lattice constant, N = 4 is the number of che-
mical formula units of TiO, in the elementary cell, m, = 1.66 x 102* g
is the atomic mass unit, Ar; is the atomic weight of Ti, and Cy; is the mass
fraction of Ti in monoxide. The fraction z of filled O sites in the
non-metal sublattice was determined as z = xy. The accuracy of the site
fraction determination was +0.02.

Powdered samples of disordered cubic titanium monoxide were
charged with hydrogen at a pressure of about 1 bar using a Sieverts-
type vacuum system. After heating the monoxide in vacuum up to
973 K, H; gas was admitted into the system at this temperature. The
amount of absorbed hydrogen was determined from the pressure
change in the calibrated volume of the system after slowly cooling
down to room temperature. Two hydrogenated samples, TiOg.72Ho 30
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and TiOgosHo.14, Were chosen for detailed studies of the structure
and H dynamics.

XRD measurements were performed on the Shimadzu [35] XRD-
7000 diffractometer using Cu K, radiation in the scattering angle
(26) range from 10 to 157° with a step of 0.02°. Profile refinements of
the XRD patterns were made using the X'Pert Plus program package
[36]. All neutron scattering measurements were undertaken at the
NIST Center for Neutron Research (Gaithersburg, Maryland, USA).
Neutron diffraction measurements were performed on the high-re-
solution powder diffractometer BT1 [37] using the Cu (311) mono-
chromator, which provided an incident neutron wavelength A of
1.5402 A. Neutron diffraction patterns were recorded in the scat-
tering angle range 5° < 20 < 162° with a step of 0.05°. Profile re-
finements of the diffraction patterns were made by Rietveld analysis
using the GSAS code as implemented in EXPGUI [38,39]. Inelastic
neutron scattering (INS) measurements of the vibrational spectra at
4 K were performed on the filter-analyzer neutron spectrometer
(FANS) [40]. Typical ranges of the neutron energy loss he measured
on FANS were 40-180 meV, with an energy resolution of about 4-5%
of hw. Vertical error bars associated with all INS spectra in this paper
correspond to one standard deviation. After completing the neutron
scattering experiments on TiOg72Hp30 and TiOgogHo14, hydrogen
was removed from these samples by annealing in vacuum at 1073 K,
and the room-temperature neutron diffraction measurements and
INS measurements at 4 K were repeated on the dehydrogenated
samples.

Measurements of the proton NMR spectra and spin-lattice re-
laxation rates were performed on a pulse spectrometer with quad-
rature phase detection at the frequencies w/2m = 14, 23.8, and
90 MHz. The magnetic field was provided by a 2.1 T iron-core Bruker
magnet. A home-built multinuclear continuous-wave NMR
magnetometer working in the range 0.32-2.15 T was used for field
stabilization. For rf pulse generation, we used a home-built com-
puter-controlled pulse programmer, the PTS frequency synthesizer
(Programmed Test Sources, Inc.), and a 1 kW Kalmus wideband pulse
amplifier. Typical values of the /2 pulse length were 2-3 ps. A probe
head with the sample was placed into an Oxford Instruments
CF1200 continuous-flow cryostat using helium or nitrogen as a
cooling agent. The sample temperature, monitored by a chromel-
(Au-Fe) thermocouple, was stable to 0.1 K. Nuclear spin-lattice re-
laxation rates were measured using the saturation - recovery
method; typical errors in the measured relaxation rates were about
5%. NMR spectra were recorded by Fourier transforming the solid
echo signals.

3. Results and discussion
3.1. XRD and neutron diffraction

The room-temperature XRD patterns of the initial monoxides
TiOg.72 (actual composition Tiggsmp0500.6980.31) and TiOggs (actual
composition Tigpgomp11008500.15) are shown in Figs. 1a and 2a, re-
spectively. Both oxides are found to be single-phase compounds
having the disordered cubic B1-type structure (space group Fm3m)
with vacancies in titanium and oxygen sublattices and the lattice
constants ag; =4.1934 A (TiOg.72) and 4.1827 A (TiOg o). The accuracy
of the lattice constant determination was +0.0002 A.

The room-temperature XRD and neutron diffraction patterns of
the hydrogenated TiOg7,Ho30 are shown in Fig. 1a and b. This hy-
drogenated compound retains the disordered cubic B1-type struc-
ture, and its lattice parameter ag; (4.2076 A and 4.2057 A from XRD
and neutron diffraction, respectively) is higher than that of the
starting oxide TiOg7,. Thus, the absorption of hydrogen leads to a
considerable increase in the unit cell volume of a cubic titanium
monoxide.
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Fig. 1. (a) Experimental (X) and calculated (red line) XRD patterns for the starting
cubic monoxide TiOg7,; experimental (+) and calculated (black line) XRD patterns for
the hydrogenated TiOg_72Ho 30. Vertical bars indicate the calculated positions of Bragg
peaks for the disordered cubic B1-type phase of TiOg 7,Hg30. The line in the lower part
of the figure shows the difference between the observed and calculated XRD patterns
for TiOg.72Ho.30. (b) Experimental (circles), calculated (red line) and difference (black
line in the lower part of the figure) neutron powder diffraction profiles for
TiOg.75Hp 30. Vertical bars indicate the calculated positions of Bragg peaks.

It is interesting to note that, in contrast to the XRD pattern, the
Bragg peaks with even Miller indices (200), (220), (222), (400),
(420), (422), and (400) in the neutron diffraction pattern of
TiOp72Ho30 are extremely weak. This is related to the specific
combination of neutron scattering lengths for the nuclei forming the
hydrogenated titanium oxide. In fact, the coherent neutron scat-
tering lengths for Ti, O, and H are -3.348 x 107> m, 5.803 x 107> m,
and -3.742 x 10" m, respectively [41]. Since the sign of the coherent
scattering length for O is opposite to those for Ti and H, the corre-
sponding contributions to the structure factors for the Bragg peaks
with even Miller indices tend to compensate each other. For posi-
tions of H atoms in TiOg72Ho 30, We have considered two possibi-
lities: the centers of oxygen vacancies (4b (1/2, 1/2, 1/2) sites which
can be treated as the octahedral interstitials in the Ti sublattice) and
the tetrahedral interstitials in the Ti sublattice (8c (1/4, 1/4, 1/4)
sites); see Fig. 3.

The refinement of the neutron diffraction data for TiOg_7,Hg 30 has
shown that any attempts to put a fraction of H atoms in 8c sites
worsen the agreement between the model and the experimental
diffraction patterns. Thus, for the final refinement, the model with H
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Fig. 2. (a) Experimental (X) and calculated (red line) XRD patterns for the starting
cubic monoxide TiOg o6; experimental (+) and calculated (black line) XRD patterns for
the hydrogenated TiOgoeHo14. Long and short vertical bars indicate, respectively,
the calculated positions of Bragg peaks for the disordered cubic B1-type phase and the
ordered monoclinic TisOs type phase of the hydrogenated compound. The line in the
lower part of the figure shows the difference between the observed and calculated
XRD patterns for TiOggsHo14. (b) Experimental (circles), calculated (red line), and
difference (black line in the lower part of the figure) neutron powder diffraction
profiles for TiOp.osHo.14. Vertical bars indicate the calculated positions of Bragg peaks
for the cubic (top) and monoclinic (bottom) phases.

atoms occupying only 4b sites has been used. The results of this
refinement are shown in Table 1, and the corresponding fit of the
neutron diffraction pattern is presented in Fig. 1b. It should be noted
that the occupancies of Ti and O sublattices resulting from the re-
finement of the neutron diffraction data for TiOg 5,Hg 30 are close to
the corresponding values determined by other methods. The total
hydrogen content in this compound derived from the neutron dif-
fraction data is also consistent both with the vacancy concentration
in the oxygen sublattice and with H concentration obtained from the
absorption.

Hydrogenation of TiOggs leads to the formation of TiOggsHo 14,
where in addition to the main cubic B1-type phase, a second low-
symmetry phase appears. Analysis of the XRD pattern (Fig. 2a) has
shown that this minor phase is the monoclinic phase (space group
C2/m) of TisOs (Tism;Oso;) type with an ordered arrangement of
vacancies [24,42,43]. This ordered phase is known to exist at
T<1300K for titanium monoxides in the homogeneity range from
TiOpo to TiOy; [29,44,45|. Our starting nearly stoichiometric
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Fig. 3. Elementary cell of the disordered nonstoichiometric cubic titanium monoxide
(space group Fm3m). Blue circles: 4(a) sites randomly occupied by Ti atoms; open
circles: 4(b) sites randomly occupied by O atoms (octahedral interstitial sites of the Ti
sublattice); red crosses: 8(c) sites (centers of tetrahedral interstitial sites in the Ti or O
sublattices).

Table 1

Structural parameters resulting from room-temperature NPD profile refinements for
the cubic compound TiOg7,Ho30 with Bl-type structure (space group Fm3m, ag
=42057(2) A).

Atom Position Coordinates Occupancy Uiso (A?)
X y z

Ti 4a 0 0 0 0.95(7) 0.002(3)

0 4b 112 12 12 0708) 0.017(4)

H 4b 12 12 112 0.30(9) 0.10°

Rietveld agreement factors: 12 = 1113, R, = 0.0484, R,,p = 0.0609, R =;0.0490.

¢ The thermal factor of H is strongly correlated with its occupancy. Refining them
simultaneously would not lead to a convergency. Therefore, only the occupancy of H is
refined after its thermal factor was refined and then fixed.

monoxide TiOggs has been obtained by quenching (see Section 2)
which stabilizes the disordered B1-type phase. However, hydro-
genation at 973 K appears to facilitate the formation of an ordered
phase. The appearance of an ordered phase due to hydrogenation of
the nearly stoichiometric cubic titanium monoxide was observed
earlier [32]. Similar examples of hydrogen-assisted vacancy ordering
have been reported for cubic transition-metal carbides [26,29]. The
fractions of the cubic and monoclinic phases determined from the
analysis of the XRD pattern for TiOgoegHo14 are 86 + 2 wt% and
14 + 2 wt%, respectively. The neutron diffraction pattern for
TiOg.96Ho.14 is shown in Fig. 2b. As in the case of TiOg72Hq 30, for the
cubic B1-type phase of TiOg 9sHo 14, the Bragg peaks corresponding to
even Miller indices are extremely small. The results of the refinement
of the neutron diffraction data are shown in Table 2, and the corre-
sponding fit of the neutron diffraction pattern is presented in Fig. 2b.

It should be noted that the lattice parameter of the B1-type phase
of the hydrogenated compound appears to be very close to that of
the starting monoxide TiOggg. For both coexisting phases, H atoms
are found to occupy only the vacant sites of the oxygen sublattice

Table 2

Structural parameters resulting from room-temperature NPD profile refinements for
the two-phase compound TiOggsHo 14 containing the disordered cubic phase with B1-
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type structure and the ordered monoclinic phase of TisOs type.

Cubic (space group Fm3m) Tigg700.81Ho00 phase with B1-type structure: ag,

=41844 (1)A

Atom  Position  Coordinates Occupancy Ui, (A%)
X z

Ti 4a 0 0 0.870° 0.0110(7)

0 4b 112 12 12 0.810 0.0046(4)

H ab 12 1)2 12 0.09(5) 0.32°

Monoclinic (space group C2/m) Tis310530Ho5 phase with the structure of TisOs

type: a,, =9.355(1) A, b,, =4.1513(4) A, ¢,,, = 5.8765(6) A, f=107.70(1)°

X y z Occupancy  Ujs(A?)

Ti®  2a 0 0 0 0.31(5) 0.002(1)°
Ti2 2 0 0o 12 10 0.002(1)
Ti3¢ 4i 0.344 0 0.170 1.0 0.002(1)
Ti4¢ 4i 0.358 0 0.675 1.0 0.002(1)
01> 2 172 0o 12 0.30(5) 0.0079(8)
HI®  2d 12 0 12 05(1) 0.11°

02 2b 0 1 0 10 0.0079(8)

2

03¢ 4i 0.1700 0 0.342 1.0 0.0079(8)
044 4i 0.1712 0 0.834 1.0 0.0079(8)

Rietveld agreement factors: 12 =0.8767, R, =0.0470, Ry, =0.0579, Rr> =0.0868.

2 The thermal factor of H is strongly correlated with its occupancy. Therefore, only
the occupancy of H is refined after its thermal factor was refined and then fixed.

P Vacant sites in the titanium and oxygen sublattices for the ideally ordered TisOs
structure,

¢ The thermal factors Uy, of the same type atoms were constrained as the same.

9 The atomic position of Ti and O (4i sites) were not refined due to the inadequate
number of observations. They were fixed as the refined values in the dehydrogenated
sample (see Table S2 of the Supplementary Information).

¢ The occupancy and thermal factors of Ti and O in the B1 phase are strongly
correlated, thus they cannot be refined simultaneously. The atomic occupancies and
thermal factors of Ti and O in Table 2 were refined separately. Different trials of re-
finement, e. g., fixing the occupancies of Ti and O as the values obtained from XRD and
refining thermal factors only, have been done to obtain the best estimation of both the
site occupancies and the thermal factors. The R-factors of these refinements do not
show significant difference, and the compositions determined in all refinement trials
are within the standard error range. Table 2 shows the results of the refinement,
where Ti/O occupancies were refined first, followed by the refinement of the thermal
factors with the occupancies fixed as the just-refined values.

(which can be considered as octahedral interstitial sites of the tita-
nium sublattice).

The results of room-temperature neutron diffraction measurements
for the dehydrogenated samples are presented in the Supplementary
Information. The dehydrogenation of TiOg7,Hq 30 leads to the formation
of disordered cubic B1-type monoxide with nearly the same lattice
parameter as that for the starting compound TiOg 7. On the other hand,
the dehydrogenation of TiOgosHo14 retains the two-phase state of the
hydrogenated compound with the coexisting disordered cubic B1-type
and ordered monoclinic TisOs-type phases. This means that the for-
mation of the ordered monoclinic phase is irreversible.

3.2. Neutron vibrational spectroscopy

For metal - hydrogen systems, INS spectra in the energy transfer
range of 50-160 meV are usually dominated by the fundamental
modes of H optical vibrations. The simplest description of these vi-
brations is based on the model of a three-dimensional Einstein os-
cillator [46,47]. For the cubic point symmetry of H sites, this model
predicts a single peak in an INS spectrum in the 7o range of the
fundamental modes. For lower point symmetries of H sites, this peak
should be split into two or three peaks.

The experimental low-temperature INS spectra for TiOg72Ho 30
and TiOgggHo.14 are shown in Figs. 4 and 5. For both compounds, the
peak centered at about 60 meV is somewhat separated from the
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broader part of the spectrum at higher energy transfers. This low-
energy peak can be ascribed to optical vibrations of oxygen atoms.
Indeed, additional INS measurements on the dehydrogenated tita-
nium monoxide samples have shown that the shape and the position
of this peak remain nearly unchanged after removing hydrogen (see
Figs. S3 and S4 of the Supplementary Information). It is interesting to
note that a similar low-energy peak centered at about 78 meV and
attributed to optical vibrations of carbon atoms was also observed in
the related carbide system NbC;_,H, [29]. The shift of the low-energy
peak from 78 meV (for the carbide system) to 60 meV (for the oxide
system) is qualitatively consistent with the heavier oscillating mass
of O compared to that of C.

The high-energy part of INS spectra (between ~90meV and
170 meV) for TiOg72Ho 30 and TiOgosHo 14 Should be attributed to H

utron scattering spectrum for TiOp72Ho 30.

vibrations in the oxygen vacancies of titanium monoxides. In terms
of the Einstein model for local vibrations, for H atoms occupying the
centers of octahedral vacancies, one may expect a single nearly-
symmetric peak in the vibrational spectrum. However, the observed
high-energy part of the vibrational spectra is very broad and
asymmetric (Fig. 4 and 5). Indeed, the spectra look like super-
positions of two broad bands centered at about 115 meV and about
155 meV. For TiOggeHo14 containing the ordered monoclinic phase,
the high-energy band at about 155 meV appears to be the dominant
one; therefore, this band may be ascribed to the characteristic en-
vironment of H in the monoclinic phase. It should be noted that the
volume of the voids formed by oxygen vacancies is too large for H
atoms, so that a hydrogen atom can be easily displaced from the
geometrical center of the vacancy. Such displacements were
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previously observed for the related NbCy_,H, system [29]. Another
factor breaking the ideal point symmetry of H sites in TiO, is the
presence of vacancies in the titanium sublattice. This means that, for
a considerable number of H atoms, the nearest-neighbor environ-
ment is no longer octahedral. In contrast to the case of Ti monoxides,
cubic Nb carbides contain vacancies only in the carbon sublattice;
because of this feature, the vibrational spectrum of H in Ti mon-
oxides appears to be much broader than that in NbCy_,H, [29]. In this
respect, the vibrational neutron spectroscopy proves to be a sensi-
tive probe of the local structure.

3.3. Nuclear magnetic resonance

The temperature dependences of the proton spin-lattice relaxa-
tion rates R; measured at different resonance frequencies for
TiOg.72Ho.30 and TiOgosHo14 are shown in Figs. 6 and 7. As can be
seen from these figures, for both samples at T < 200K, the relaxation
rate increases nearly linearly with temperature, being frequency-
independent. Such a behavior is typical of the R; contribution due to
the interaction between nuclear spins and conduction electrons
(Korringa contribution) [48]. Therefore, we can conclude that both
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Fig. 7. Temperature dependence of the proton spin-lattice relaxation rates measured at 23.8 and 90 MHz for TiOg.06Ho.14.
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samples are metallic. For the Korringa contribution, the value of C.
=Ry/T is proportional to the square of the density of electron states
at the Fermi level [48]. The values of C. determined from our ex-
perimental data at T < 200K are 6.7x 102 s K and 5.3x 102 s7! K!
for TiOg72Ho30 and TiOggogHg 14, respectively. The observed deviation
from the linear temperature dependence of R; for TiOggsHp14 at
T > 250K (see Fig. 7) can be attributed to a rapid variation of the
density of electron states N(E) near the Fermi level Eg [49]. The absence
of any pronounced frequency dependence of the measured R; for both
hydrogenated samples up to 370K indicates that, in the studied
temperature range, hydrogen diffusion remains too slow to contribute
significantly to the proton relaxation rate.

More precisely, the H jump rate in both samples does not exceed
~10° s”" up to 370 K. This is supported by the behavior of the "TH NMR
line widths. The measured proton NMR line widths (full widths at
half-maximum) at 80K are 21 kHz for TiOg7;Hp30 and 10 kHz for
TiOp.osHo.14. Such values are typical of the ‘rigid-lattice’ proton line
widths in metal - hydrogen systems with low H concentrations;
they are dominated by static 'H - 'H dipole-dipole interactions. The
line widths are found to change only slightly over the entire tem-
perature range studied; this means that the dipole-dipole interac-
tions are not averaged by H jump motion. Thus, H atoms in titanium
monoxides appear to be immobile on the NMR frequency scale up to
370K. It should be noted that low diffusive mobility of hydrogen in
titanium monoxides is consistent with the exclusive occupancy of
the oxygen vacancies by H atoms, since the distance between the
centers of the nearest-neighbor oxygen vacancies is rather
large (~3 A).

4. Conclusions

In order to clarify basic features of the behavior of hydrogen in
titanium monoxides, we have hydrogenated two representative TiO,
compounds: the substoichiometric TiOg7, and the nearly stoichio-
metric TiOggs. Our XRD and neutron diffraction data have revealed
that hydrogen-induced changes in the crystal structure depend on the
concentration of structural vacancies in TiO,. While the hydrogenation
of TiOg 7 retains the disordered cubic B1-type structure of the starting
titanium monoxide, the hydrogenation of TiOggs leads to the forma-
tion of the ordered monoclinic phase of TisOs type (space group C2/m),
in addition to the disordered Bl-type phase. Although in titanium
monoxides, structural vacancies are present in both Ti and O sub-
lattices simultaneously, H atoms are found to occupy only vacancies in
the oxygen sublattice (octahedral interstitials in the Ti sublattice).

The low-temperature inelastic neutron scattering spectra of
TiOg72Ho30 and TiOgosHp14 in the energy transfer range of
40-180 meV exhibit a single peak due to optical oxygen vibrations
(centered at ~60 meV) and a broad structure at 90-170 meV related
to optical H vibrations. The unusual width of this structure can be
attributed to the broken symmetry of hydrogen sites in the titanium
monoxides: because of the presence of vacancies in the titanium
sublattice, the actual point symmetry of these sites appears to be
lower than octahedral.

Proton NMR measurements have not revealed any signs of hy-
drogen diffusive motion in TiOg7,Hp 30 and TiOggsHo14 at the fre-
quency scale of ~10° s! up to 370K. The low diffusive mobility of
hydrogen in titanium monoxides is consistent with the structure of
these compounds. The Korringa-like behavior of the proton spin-
lattice relaxation rates at low temperatures indicates that both the
studied hydrogenated monoxides are metallic.

The results obtained in this work contribute to understanding the
behavior of hydrogen in transition-metal oxides and hydrogen-in-
duced changes in the properties of these compounds. In order to
verify, whether these results are common for a broader range of
materials, it would be interesting to study the positions and mobility
of H atoms in other MX, compounds, especially in those having
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structural vacancies in both the metal and non-metal sublattices.
Such studies are planned for the near future.
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