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Abstract: For decades, partially oxidized hydrides were commonly considered as undesirably con-
taminated phases and were avoided by scientists. Nevertheless, more recently, it was realized that in
some hydrides and oxides, partial substitution of dissimilar H™ and O?~ anions allows one to obtain
unique optical and electrical properties that might have appealing applications in commercial prod-
ucts. It was determined that specific properties of so called oxyhydride materials strongly depend
on the used synthesis methods; therefore, there is a great interest in exploring various variants of
oxyhydride formation. In the current study, TiHxOy, films were deposited by a reactive magnetron
sputtering process in Ar-O,-H; gas mixtures. Color, transparency and crystal phase composition of
the films coherently reacted to the Ar:O,:Hj; gas ratio. Namely, the rise in partial hydrogen pressure
promoted the formation of anatase phase TiO, structure and darkening of the films. Interestingly,
this had only minimal impact on the band gap values, but had a relatively strong negative effect on
the photocatalytic activity of the films. The unaccustomed results stressed the difference between the
partially reduced TiO, with a significant amount of oxygen vacancies and synthesized TiHyxOy films
where some O%~ ions are implicitly substituted by H™ ions.

Keywords: titanium oxyhydride; titanium oxide; reactive magnetron sputtering; optical properties;
photocatalysis

1. Introduction

Oxides, hydrides and hydroxides are common material classes that have been known
and used for ages. Oxyhydrides, on the other hand, make up a less known class of multi-
anion materials where the oxide and hydride anions are sharing the same sites within
the crystal lattice [1]. The first report on oxyhydride synthesis (namely LaH1,2,01_x and
LaH1,y01_x (y < 2x) oxyhydrides) was published 40 years ago [2] and dealt with relatively
high skepticism. At that time, researchers assumed that under normal conditions, the
coexistence of dissimilarly charged hard O?>~ anions and soft, polarizable, H™ anions at
the same sites of a crystalline solid was thermodynamically unlikely [3,4]. Direct experi-
mental confirmation of hydrogen entering into the oxide structure was and still remains a
challenging task, because most of the traditionally used material analysis methods such as
X-ray diffraction, energy dispersive spectroscopy, X-ray photoelectron spectroscopy and
others can not observe hydrogen directly. Nevertheless, credible crystal structure study
by combining neutron and X-ray diffraction techniques [5] unambiguously confirmed the
unusual type of oxygen and hydrogen anion site sharing and the existence of oxyhydrides
was eventually accepted by the whole scientific community. Many of these materials were
obtained by partially oxidizing hydrides and, based on their crystal structure, could be
described as oxygen-containing hydrides [6]. However, hydrogen-containing oxides were
reported as well [4]. More recently, some authors suggested adopting the usage of the
-HO ending for the oxyhydrides [7], thus discriminating them from the hydroxides (i.e.,
materials with -OH groups).
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Following the first reports of LaHO synthesis by ]J.F. Brice et al. [2,5], some more
oxyhydrides were synthesized and identified as well [8-10]. However, in general, the
reports of oxyhydride studies remained scarce, and for years these materials had no
practical applications. Approximately one decade ago, researchers started to realize that
unique properties of hydrogen can lead to the advanced functionality of oxyhydride
materials, and the situation started to change drastically [3]. The ionic radius of hydrogen
anion (139.9 pm) is relatively similar to the ionic radius of oxygen anion (145.2 pm) [11];
however, at the same time, H™ ion has two times smaller charge and is distinctly easier to
polarize than the O~ ion [4]. Accordingly, it was assumed that if O>~ were replaced by
H™ (or vice versa), this would not induce large disturbances to the crystal lattice, but could
create uncommon electron energy level structures and could lead to interesting magnetic
and optical properties [3,4,12]. This, in turn, potentially might have appealing applications
in commercial products.

Recently, it was reported that in some of the oxyhydrides, H~ and O?" ions might
have the possibility of interacting via valence charge states of the metal center [1]. In
partially oxidized yttrium hydride and several other rare-earth (Gd, Dy, and Er) hy-
drides, reversible switching of optical transmittance under intense irradiation was ob-
served [13]. This feature of yttrium oxyhydride is currently being tested for application in
smart window devices [14].

Titanium is also recognized for its potential to form corresponding oxyhydride phases [15].
However, up to now, most of the efforts to alter the TiO; structure by hydrogen (both in
powder and film form) have been focused on the reduction of TiO; and the formation of
oxygen vacancies that are beneficial for photocatalytic applications. Meanwhile, direct
synthesis of ternary titanium oxyhydrides from the constituting elements (namely, tita-
nium oxygen and hydrogen) have not yet been reported, and the practical value of such
oxyhydrides has not yet been determined. Accordingly, in the current study, we focused on
the controllable one-step synthesis of titanium oxyhydride films by a reactive magnetron
sputtering technique. Structural, optical and photocatalytic properties of the as-deposited
films were thoroughly analyzed and compared with the corresponding properties of black
TiO; films and powders, which were prepared by ex situ reduction of TiO, (by interaction
with hydrogen and other compounds).

2. Materials and Methods

TiHO samples were deposited using a custom modified Kurt ]. Lesker PVD-75 phys-
ical vapor deposition system equipped with cryo pump and one unbalanced Torrus
3 magnetron. The magnetron had a titanium target (76 mm diameter, 6 mm thickness,
99.99% purity) and was powered by a 300 W DC power source. Ar, O, and H; gases (all
99.999% purity) were supplied by three mass flow controllers that were operated by a
Nova Fabrica FloTron X multi-channel process control system. Three different Ar-O,-Hj
gas mixtures were used to deposit titanium oxyhydride films with varying hydrogen con-
centrations. The hydrogen concentration was increased, going from sample B1 to sample
B3 (more details are provided in Table 1). In addition, an Ar-O, gas mixture was used to
deposit conventional titanium dioxide films (samples A). For the deposition of later sam-
ples, the same experimental set-up was used. The only modifications to the process were
the annulment of hydrogen gas supply and introduction of a pulsed direct-current (p-DC)
power source. In the Ar-O, gas mixture, the p-DC power source allowed us to prevent
titanium target charging /poisoning and improved reactive magnetron sputtering process
stability (in the Ar-O,-Hj gas mixture, the Ti target was continuously reduced by hydrogen;
therefore, for TIHO deposition, the p-DC power source was not needed). Deposition time
for all group B samples was the same—1 h, but their deposition rate varied significantly
depending on the working gas mixture composition. Accordingly, the ultimate thickness of
group B samples reached approximately 700 nm for B1, 900 nm for B2 and 1500 nm for B3.
Group A samples were deposited for 2 h, and their thickness was approximately 1500 nm.



Appl. Sci. 2022,12,10811

30f9

Table 1. Main parameters of reactive magnetron sputtering deposition process.

Samples Ar Flux O, Flux H; Flux Ar:02:H.2 Total Pressure Power Source
Flux Ratio
A 4.5 sccm 1.2 sccm - 3.78:1:- 6 x 1073 mbar 300 W p-DC
B1 2.7 sccm 6.4 sccm 15.1 sccm 0.42:1:2.36 6 x 1073 mbar 300 W DC
B2 2.8 sccm 4.2 sccm 20.1 sccm 0.67:1:4.78 6 x 103 mbar 300 W DC
B3 2.8 sccm 3.6 sccm 22.5 sccm 0.78:1:6.25 6 x 1073 mbar 300 W DC

Crystal structures of the deposited films were determined by X-ray diffraction (XRD,
Bruker D8). Elemental composition and chemical states of the TiHO films were analyzed by
X-ray photoelectron spectroscopy (XPS, PHI 5000 Versaprobe). To minimize the extent of
additional sample surface oxidation and contamination by adventitious hydrocarbons, XPS
analysis was carried out straight after the samples were transferred from the deposition
chamber to the XPS instrument. Optical transmission and reflectance of the films were
acquired by UV-VIS spectrophotometer. To estimate band gap energies of the samples,
corresponding Tauc plots were drawn. Since it was not easy to split the Kubelka—Munk
spectrum into spectra of individual components (in this case, films and their substrates), a
simplified band gap estimation method described in [16] was applied. By this method, at
first, the traditional linear part of the plot was extrapolated to the x-axis, and an additional
linear fit was applied for the slope below the fundamental absorption. Then, a band
gap value was determined at the intersection of the corresponding two linear fittings.
Photocatalytic activity of TiO, and TiHO samples was estimated using methylene blue
(MB) bleaching test (adopted version of ISO 10678:2010 standard [17]). For these tests, the
MB solution volume was 15 mL, and initial concentration 15 mg/L. Photocatalysis was
initiated with collimated 365 nm LED light source (Thorlabs M365LP1-C1).

3. Results

Reactive magnetron sputtering under Ar-O, atmosphere produced a colorless trans-
parent film (sample A) consisting of anatase and rutile TiO, phases (Figure 1). When the
gas mixture was supplemented with hydrogen, the crystallinity of the samples started
to weaken, and they started to gain a noticeable tint. At the largest hydrogen concentra-
tion (sample B3), the effect was especially strong: the sample nearly lost the rutile phase
and obtained a dark blue-grey shade. Traditionally, the appearance of blueish shade in
titanium oxide samples is associated with Ti** reduction to Ti** and observation of Ti,O3
phase [18,19]. However, during close inspection of TIHO XRD patterns (Figure 1), we did
not detect any features that could be attributed to Ti;O3 or any other titanium suboxides.
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Figure 1. Visual appearance (insert) and XRD patterns of TiO; (A) and TiHO (B1-B3) samples.
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These results are interesting from several perspectives. First, earlier reports demon-
strated that Ti-O-H interaction during TiH, powder oxidation experiments nearly exclu-
sively results in direct or indirect (i.e., through the intermediate phases of titanium sub-
oxides) formation of the rutile TiO, [10,15,20]. Naturally, the processes of TiH, oxidation
and titanium sputtering in a reactive Ar-O,-H, atmosphere have fundamental differences
and can not be compared directly. Still, the observed decline in the crystallinity of the
thermodynamically most stable rutile TiO, phase is not a trivial outcome and supports the
indications by other groups [21,22], who suggested that products of Ti-O-H interaction can
be method-specific.

Second, in defected TiO, samples (including some “black TiO,” samples produced
using hydrogen [23]) the dark color is commonly attributed to the presence of oxygen
vacancies and Ti** species [24-26]. For example, a similar trend of TiO, darkening and rutile
phase depreciation from the initial anatase-rutile mixture was observed when standard
white TiO, powders were reduced by NaBH, [27]. In that study, XPS analysis of reduced
TiO, powders confirmed that color and structural changes of the initial TiO, powders can
be attributed to the propagation of oxygen vacancies (indicated by the decrease in bulk
O:Ti ratio) and partial reduction of Ti** to Ti>* state (indicated by the appearance of the
additional Ti 2p3,, peak component at approximately 457.1 eV).

In order to resolve the discrepancy between the supposed (by the color) and observed
crystal structure of TIHO samples, we also used the XPS technique and determined the
chemical state of titanium. If it were present, Ti(III) oxide (i.e., Ti%*) should have an O 1s
peak component at approximately 532.5 eV and Ti 2p peak components at 457.3 eV and
462.5 eV [28,29]. Moreover, looking at the color changes of the TIHO samples, one might
expect that peak components related to Ti(III) oxide should become stronger proceeding
from sample B1 to sample B3. Notwithstanding the initial assumptions and significantly
different appearance of TiHO samples, all photoelectron spectra of titanium, oxygen and
valence-band electrons were nearly identical (Figure 2). More specifically, Ti 2p photoelec-
tron spectra for all TiIHO samples had two almost fully symmetrical peaks at approximately
458.7 eV and 464.4 eV. These peaks fit well with the standard Ti 2p;,, and Ti 2p; /, peak
positions of Ti(IV) oxide [28]. Similarly, all acquired O 1s spectra had a strong peak at
530.0 eV with a small shoulder at 531.0-531.5 eV. The main O 1s peak corresponded well
with the oxygen from Ti(IV) oxide [28], whereas the higher energy shoulder was attributed
to C-O [30] and O-H groups [31] presumably coming from the adventitious surface con-
tamination and moisture.
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Figure 2. XPS spectra of the as-deposited TIHO films: Bl—red, B2—blue, B3—green.

Based solely on the XRD and XPS data, it might be assumed that the only form of
titanium in TiHO samples is Ti** and it makes up only Ti(IV) oxide. But the evident tint of
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B2 and B3 samples suggest that this should not be the case. It is likely that other forms of
titanium also exist, but they were not detected due to the limitations of the XRD and XPS
methods. As mentioned above, the blue tint in Ti-O system traditionally is associated with
the presence of Ti3* [18,19]. Considering the limits of the XRD and XPS methods, it can be
concluded that other forms of titanium (presumably Ti>* next to the oxygen vacancies, or
amorphous Ti,O3 regions at grain boundaries) should be present in the bulk of the film.

In defected TiO, and mixed TiO,-Ti,O3 materials, Ti®* cations introduce new electron
levels just bellow the conduction band of TiO, and result in the strong absorbance (mostly
witnessed as a fall in light transmittance) above 500-600 nm [19,21,32]. At the same
time, these materials demonstrate an increase in reflectance starting from 400-600 nm (the
position of the lower end of reflectance increase depends on the oxygen content [21]). In
order to test if as-deposited TiHO films have these optical characteristics of Ti** oxides,
optical transmittance and reflectance measurements were performed (Figure 3). Typically
for standard TiO, films, above 400 nm, sample A had a stable transmittance level of
nearly 80% and reflectance of approximately 20%. Films deposited with low and medium
hydrogen concentrations (samples Bl and B2) had slightly lower optical transmittance, but
it remained relatively stable over the whole tested range. Sample B3, on the other hand,
had a considerably lower transmittance, which peaked out at 500 nm and reached just over
30%. Such transmittance spectra are typical for Ti(Ill) oxide [22], but there was no rise in
reflectance spectra, and this feature distinguished the B3 samples from other reported blue
tinted defected TiO, and/or Ti O3 films [4,21].
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Figure 3. Optical transmittance (red) and reflection (blue) of TiHO films.

Another interesting characteristic of the current TiHO films is that higher hydrogen
content resulted in slightly higher optical band gap values (samples Bl and B3 had band
gap values of 3.25 and 3.26 eV, respectively, Figure 4) than that of standard TiO, (sample
A had a band gap of 3.22 eV). Meanwhile, the reported band gap values of reduced or
defected TiO, materials had a tendency to be lower [4]. Additionally, as a common trend,
reduced or defected TiO, oxides have higher photocatalytic activity [27]. However, in the
current study, photocatalytic MB bleaching efficiency using tinted TiHO films (samples B2
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and B3) was weaker in comparison to that with samples A and B1, which were deposited
using lower hydrogen fractions in the gas mixture (Figure 5).
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4. Discussion

Summing up the observed results, it can be concluded that reactive magnetron sputter-
ing of titanium in Ar-O,-H, gas mixtures with high hydrogen content allows the deposition
of films whose visual appearance is similar to the titanium oxide with a significant amount
of titanium in Ti** state. However, neither of the applied methods provided unambiguous
evidence for the existence of Ti(IIl) oxide or oxygen vacancies. This suggests that during
film deposition, hydrogen not only reduces TiO, and stimulates the formation of oxygen
vacancies, but also presumably creates bonds with titanium and occupies oxygen sites in
crystal structures of Ti(IV) oxides. Earlier studies with various oxyhydrides [4] demon-
strated that when hydrogen occupies oxygen sites, it can stabilize the crystal structure
of the corresponding oxide and extend its stability to lower oxygen contents [4,21]. We
assume that in currently investigated TIHO samples, hydrogen also stabilized the Ti(IV)
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crystal structure and averted the nucleation growth of crystalline Ti;O3 or other titanium
suboxide phases.

The absence of Ti** component in XPS spectra also might be related to the fact that in
TiHO samples, instead of oxygen vacancies, there are highly polarizable H™ anions. These
anions can hinder the Ti®* signal in two ways. First, although hydrogen has a lower charge
than oxygen, it is still higher than the efficient charge of oxygen vacancy. Second, there
is high thermodynamic potential for the hydrogen anions to combine and form neutral
hydrogen molecules. Indeed, recently, researchers demonstrated that full oxidation of some
oxyhydrides is even easier to achieve than oxidation of corresponding suboxides [4]. This
means that in oxyhydride materials, the chemical bonds of hydrogen with the cations is not
strong, and hydrogen might be relatively easily replaced by oxygen from the atmosphere.
Accordingly, there is a probability that during TiHO sample transfer from the deposition
chamber to XPS, hydrogen from the top layers of the TiIHO samples was rapidly replaced
by oxygen from the atmosphere, and after this oxidation, only Ti** peaks were acquired.
Similar reasoning also can be used to explain the unexpectedly low photocatalytic activity
of TiHO films. First, due to the relatively high reactivity of hydrogen in oxyhydrides, by
placing TiHO samples into aqueous solutions, we might initiate additional TiIHO sample
oxidation by hydrolysis. This potentially may eliminate the beneficial Ti** cations from the
sample and reduce the induction of electron-hole pairs. On the other hand, if hydrogen
is not removed from the oxygen sites, its high polarizability might serve for the higher
recombination rates of photoinduced charges.

5. Conclusions

The nature of oxyhydrides and technical challenges in direct observation of hydrogen
anions make the identification and characterization of TiIHO films complicated. Neverthe-
less, discrepancies between the structural and optical properties of the deposited films and
previously reported TipO3 and other titanium suboxide materials (including reduced black
TiO,) allow us to assume that reactive magnetron sputtering of titanium in an Ar-O,-H, gas
mixture forms TiHO films with the crystal structure of TiO,. When some O?~ anions are
replaced by H™ anions and hydrogen sits at oxygen sites, small and easily polarizable H™
ions stabilize the oxide crystal structure and halt the nucleation and /or growth of the TipO3
crystal phase. XPS analysis revealed that despite the different tints of TIHO films at the
surface, all of them were composed almost solely of Ti(IV) oxide. The main reason for such
composition may be related to the potentially high reactivity of hydrogen anions, which
easily react with atmospheric oxygen. In order to test the provided assumptions, additional
Raman spectroscopy and glow discharge optical emission spectroscopy measurements are
planned to be taken in the future.
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