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SrTiO;-TiO, Eutectics
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and Yuriy Dedkov*

of photochemical (PC) or photoelectro-
chemical (PEC) water splitting, semicon-
ductor materials have been extensively
employed as photocatalysts or photo-
anodes to efficiently absorb sunlight and
facilitate the transfer of solar energy into
chemical states.'?] In recent decades,

The development of highly efficient semiconducting materials

is essential for achieving the high-yield and stable hydrogen and/or oxygen
evolution reactions (HER/OER) in photoelectrochemical (PEC) water splitting
reactions. The SrTiO;-TiO, eutectic compound has recently emerged as

a perspective material with extraordinary activities in the PEC field due to the

unique crystallographic and electronic properties caused by the large number
of oxygen vacancies in the bulk. In the present study, different experimental
techniques (XPS, SEM/EDX, TEM/EDX) are used to provide a detailed
investigation of the changes in the structural and electronic properties of the

considerable research efforts have been
dedicated to investigation of numerous
candidate materials, such as TiO,,>4
StTiO,,’1 ZnO,®7] C,;N, Bl transition

SrTiO;-TiO, eutectic upon annealing under various gaseous environments

(in vacuum, air, oxygen, argon). These results demonstrate that thermal
annealing in different environments significantly enhances the formation

of a sharp interface between the two crystalline phases and allows to

control the concentration of the oxygen vacancies within the eutectic material.

1. Introduction

Solar water splitting holds significant promise for harnessing and
storing abundant renewable sunlight energy on Earth. In the field
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metal di- and trichalcogenides(®13
and many others, in order to achieve
economically and energetically ef-
ficient PC or PEC water splitting.

Among these semiconductors, TiO,
and SrTiO; have emerged as repre-
sentative materials in PEC systems for
the hydrogen (H,) generation via water-
splitting reactions, owing to their remarkable efficiency, cost—
effectiveness, and robustness. The application of TiO, in this role
was reported for the first time in 1972,[115 followed by SrTiO, in
1980.[1617] Moreover, composite oxides, e.g., in the form of the so-
called eutectic materials, have gained significant attention as pho-
toanode and photocatalytic materials in PEC systems.[!¥] Such
eutectic composites, particularly, offer distinct advantages for so-
lar energy conversion, characterized by highly ordered structures
and well-defined interfaces between phases. In the later study,
the SrTiO,-TiO, (STO-TO) eutectic, a representative example of
such composites, was chosen as a focal point for drawing the per-
spectives of application of semiconducting eutectics in different
catalytic applications. By exploring and comprehending the prop-
erties and performance of eutectic composites, like STO-TO, the
aim is to develop more efficient and cost-effective materials for
solar water splitting.

However, the practical application of TiO,, SrTiO,, and their
composites are limited by their relatively wide band gaps (3.0 and
3.2 eV, respectively). To overcome this limitation and enhance the
light absorption properties of these materials, various approaches
have been explored, including element doping, dye sensitization,
and the formation of coupled semiconductor compounds.[*-22]
The deposition of noble metals has been found to serve as elec-
tron traps, effectively inhibiting the recombination rate of charge
carriers.[?*2*] Furthermore, the surface plasmon resonance (SPR)
effect exhibited by noble metals has been utilized to enhance the
light absorption and improve the photocatalytic activity.’] Non-
metal and transition metal doping have been employed to ex-
tend the light absorption range to the visible part of the spectrum
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and suppress electron-hole recombination, respectively.[2627] Ad-
ditionally, dye sensitization has proven to be effective in enhanc-
ing visible light absorption, while coupled semiconductor struc-
tures have been employed to facilitate charge carrier separation
and broaden the overall light absorption spectrum.[28:2]

In addition to the aforementioned strategies, the defects’ engi-
neering in semiconducting materials has been recognized as an
effective approach for enhancing the photoelectrochemical (PEC)
performance of the STO-TO eutectic and other oxides.[**33] The-
oretical calculations and experimental investigations have pro-
vided evidence that oxygen defects, specifically oxygen vacan-
cies (Oy), can function as shallow donors and active sites for
surface reactions.3*35] The presence of oxygen vacancies on
the surface of the STO-TO eutectic brings changes in its elec-
tronic structure and chemical properties, making the introduc-
tion of oxygen vacancies a crucial factor in modifying the phys-
ical and chemical characteristics of the eutectic composite. Vari-
ous methods have been employed to introduce oxygen vacancies
into STO-TO eutectics, including heating, hydrogenation,**! ion
implantation,’’”] and light irradiation.[*®) Among these methods,
annealing has emerged as a widely utilized approach for promot-
ing the formation of oxygen vacancies. For instance, Li et al.*]
successfully prepared oxygen-vacancy-contained TiO, (TiO,_,)
nanorod films by annealing TiO, samples under ultrahigh vac-
uum (UHV) conditions. Their study demonstrated that the in-
troduction of oxygen vacancies through this method is a sim-
ple and effective way of enhancing the surface-enhanced Raman
scattering (SERS) sensitivity in TiO,. Similarly, Bi et al.?% syn-
thesized colored TiO, through facile calcination under different
atmospheres (air, N,, or Ar) and revealed the influence of anneal-
ing atmospheres on the oxygen vacancy content and photocat-
alytic performance of TiO,. Additionally, Rao et al.**l reported the
emergence of robust ferromagnetism in undoped SrTiO; single
crystals following laser annealing treatment, which was found to
be primarily attributed to the presence of oxygen vacancies. As
evident from the presented examples, oxygen defects play a cru-
cial role in determining the physical and chemical properties of
oxides. However, the influence of different annealing conditions
on the electronic structure of the STO-TO eutectic composite has
not yet been thoroughly explored in the literature.

Here, we report the systematic spectroscopic and microscopic
studies of the electronic and crystallographic structure modifi-
cations of the semiconducting SrTiO,-TiO, eutectic compound
upon thermal annealing in different conditions. The elements’
chemical states, morphological, and structural changes in STO-
TO eutectic upon annealing were traced using X-ray photoelec-
tron spectroscopy (XPS), scanning electron microscopy (SEM),
and high-resolution transmission electron microscopy (HR-
TEM) methods combined with energy-dispersive X-ray (EDX)
analysis. Our XPS results demonstrate the increase of the num-
ber of oxygen vacancies upon stepwise annealing at the low and
high pressures of gases (air, pure Ar, and O,); however, different
atmospheres have different inhibiting effects on the final con-
tent of oxygen vacancies. Moreover, the microscopic studies show
the improved crystallographic order of the interface between two
phases after annealing in high-pressure atmospheres. Interest-
ingly, the SEM images indicate barely any changes in the surface
morphology after annealing in UHV atmospheres. On the con-
trary to this, the obvious changes in the surface morphology af-
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ter annealing at high pressure of gases can be observed due to
the evaporation of Sr. Our research provides the clear evidence of
the influence of different atmospheres on the electronic and crys-
tallographic structures of the STO-TO eutectic. The presented
findings contribute to the current understanding of the control-
lable modulation of oxygen vacancy concentrations, revealing the
promising potential of the STO-TO eutectic for use for desired
applications across various domains.

2. Results and Discussion
2.1. SEM/EDX Analysis

Figures 1 and 2 present the results of the SEM/EDX studies of
the STO-TO eutectic samples “before” and “after” annealing at
1000 °C in vacuum conditions (UHV, and using different par-
tial pressures of O, or Ar) and in atmospheric-pressure gas flows
(air, Ar, or O,), respectively. As we can see, the special surface
morphology of SrTiO; and TiO, with a clear phase separation
for the as-grown, as-cut, polished and freshly cleaned eutectic
sample is observed in Figure la. Also, the elements’ distribu-
tion map (insets of Figure 1d) indicates the darker TiO, phase
and brighter SrTiO, phase of the eutectic compound in the SEM
images, that is in line with the previously published data.l*!42]
Figure 1b,c shows the surface morphology of the STO-TO eutec-
tic after annealing in vacuum conditions at 1000 °C and partial
pressure of 1 x 10~ mbar for Ar and O,, respectively. It can be
seen that no obvious changes in the morphology are observed
after thermal treatment in low-pressure conditions of the STO-
TO samples. By observing the characteristic X-ray intensity data
of the oxygen element obtained after EDX scanning of different
regions (corresponding to the two phases of the eutectic com-
pound) (Figure 1), it is found that the actually measured peak
intensity of the oxygen element is significantly lower than that in
the case of the ideal stoichiometric ratio, which directly indicates
that the content of the oxygen element is relatively insufficient.
The elements’ EDX analysis demonstrate the large deficiency of
oxygen in both phases of the eutectic compound explaining the
black color of these samples, that is in agreement with previous
work.[*?] Further EDX analysis presented in Table 1 shows that
the oxygen concentration is decreased in both SrTiO; and TiO,
phases upon thermal annealing, indicating that the oxygen atoms
escaped from the lattice. Considering the two thermal treatments
using Ar and O, one can find that the oxygen concentration in
STO-TO eutectic after annealing in oxygen is slightly less com-
pared to the one annealed in Ar.

The SEM images of STO-TO eutectic samples after annealing
in the atmospheric-pressure flow of air or pure gases (Ar or O,)
show obvious changes in the surface morphologies (Figure 2a—c).
Particularly, the surface of the TiO, phase with special rectangu-
lar shapes becomes more rough compared to the SEM results
for the STO-TO sample before thermal treatment. The respective
EDX curves collected for different areas of the sample are shown
in Figure 2d-f. As can be seen from these results (Figure 2),
which are also compiled in Table 1, there is the same trend for
all samples after thermal treatment that almost all Sr for the
regions corresponding to the SrTiO; phase have almost disap-
peared. Additionally, according to the same results presented in
Table 1 for the thermal treatment in the atmospheric-pressure
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Figure 1. a—c) SEM images of SrTiO;-TiO, eutectic collected “before” and “after” annealing at 1000 °C in Ar (1 x 10~ mbar) and O, (1 x 10~® mbar),
respectively. d—f) The corresponding SEM/EDX data. Insets show the respective EDX maps.

Annealing in Ar flow

Annealing in O, flow

X-ray intensity

) e) Sr ) S
= =y
2 2 -
: : .
£ £
> >
o o
0 Ka Ti Ka Ti Ka
O Ko OKa
A SrLa Ti KB ﬂ SrLa Ti K8
T T T T T T T T T T T T
1 1 2 3 4 5 6 i 2 3 4 5 6
Energy (keV) Energy (keV) Energy (keV)

Figure 2. a—c) SEM images of SrTiO53-TiO, eutectic collected “after” annealing at 1000° C in the flow of air, Ar, and O,, respectively. Insets show photos
of obtained samples. d—f) The corresponding SEM/EDX data. Insets show the respective EDX maps.
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Table 1. Atomic concentrations (%) as extracted from SEM/EDX data for the STO-TO sample “before” and “after” thermal annealing in different condi-

tions.
Before Ar 0, Air flow Ar flow O, flow
[1x 107 mbar] [1x 107 mbar]

SITiO,

Sr 38.1 36.86 38.82 6.16 4.64 7.34
Ti 39.3 46.71 47.16 61.84 64.38 68.62
(@] 22.6 16.43 14.02 32.00 30.98 24.04
Tio,

Sr 5.5 3.1 1.43 3.32 221 7.41
Ti 60.5 70.49 74.66 61.24 66.71 69.30
(@] 34.0 26.41 23.91 35.44 31.08 23.29

flow of air or pure gases, we can draw the same conclusion that
the oxygen concentration in STO-TO after annealing in O, in
both SrTiO; and TiO, phases is slightly lower compared to treat-
ment in other gases.

2.2. TEM/EDX Analysis

Our previous X-ray diffraction and HR-TEM studies demon-
strate that the crystallographic order of the eutectic STO-TO com-
pounds is significantly improved after their thermal annealing in
UHYV conditions.[*?] In order to study the effect of the Sr disap-
pearance from the surface of the STO-TO eutectic observed in
SEM/EDX as well as the influence of the simultaneous “high-
pressure” and high-temperature treatments of these materials
we performed the combined high-resolution TEM/EDX studies.

X-ray intensity
X-ray intensity

5
Energy (keV)

Energy (keV)

These results are presented in Figure 3. As shown, the STO-
TO eutectic material before thermal treatment is characterized
by a less ordered structure compared to the state examined af-
ter annealing in the flow of pure gases. This can be clearly ob-
served from the HR-TEM image and the respective Fast Fourier
Transformation (FFT) patterns for this interface (Figure 3a). The
fuzzy background and the fewer spots in the diffraction ring ob-
served in the FFT image is a sign of the lower crystallographic
order. Notably, the interface between TiO, and StTiO; phases is
quite blurry and extended over several nms, combining struc-
tures from two components of the eutectic material. For the STO-
TO samples obtained after the high-temperature annealing in the
flow of gases, the clear and sharp interfaces between TiO, and
SrTiO, phases are observed (Figure 3b—d). This demonstrates the
improved crystallographic order of the SrTiO;-TiO, eutectic after
the thermal treatment. As it is known, the sharp interface and

X-ray intensity
X-ray intensity

Energy (keV) Energy (keV)

Figure 3. a—d) High-resolution TEM images of the interface region between TiO, (left) and SrTiO; (right) phases and collected “before” and “after”
annealing of eutectic samples in Ar, O,, and air flow. Insets show the respective FFT images. e-h) The corresponding SEM/EDX data. Insets show the

respective EDX maps.
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Table 2. Atomic concentrations (%) as extracted from TEM/EDX data for
the STO-TO sample “before” and “after” thermal annealing in different
conditions.

“Before” Ar flow 0, flow Air flow
SITiO,
Sr 30.80 32.83 3833 37.61
Ti 30.42 41.62 44.38 33.29
O 38.78 25.55 17.29 29.10
TiO,
Sr 0.15 0.46 0.37 0.78
Ti 46.01 57.88 59.92 53.07
O 53.84 41.66 39.71 46.15

the high crystallinity of the eutectic compound can enhance the
electrical contact between two phases, leading to higher charge
carriers’ mobilities that might lead to the higher performance in
the photoelectrochemical water splitting reactions.[*3]

The respective TEM/EDX data for the STO-TO samples col-
lected before and after thermal treatment in the flow of gases are
shown in Figure 3e-h and the corresponding extracted elements’
concentrations are summarized in Table 2. According to the ele-
mental distribution maps, we can find that Sr inside the eutectic
compound survived the high-temperature annealing in the flow
of different gases at 1000 °C. Comparison of the obtained atomic
concentrations for oxygen in the obtained TEM/EDX data and
in the previously presented SEM/EDX results, suggests that in-
dependent on the “low-pressure” or “high-pressure” annealing
conditions, oxygen will leave the STO-TO compound. Thus, we

Annealing in O» (1><10'8 mbar)

www.advmatinterfaces.de

can conclude that probably the much higher gas pressures are
required for the oxygen-vacancies compensation in the STO-TO
eutectic compounds.

2.3. XPS Analysis
2.3.1. Low-Pressure Treatment

In order to further elucidate the role of oxygen vacancies in the
electronic structure of the STO-TO materials, the systematic XPS
studies of these compounds were performed as a function of
the annealing temperature and for the “low-pressure” and “high-
pressure” treatments using different gases. These results are
summarized in Figures 4-6 and Figures S1-S8 (Supporting In-
formation) of, respectively. Here, the main text figures present
the results “before” (in the beginning of the thermal treatment)
and “after” the final thermal annealing step at 1000 °C, while Sup-
plementary Information presents all XPS data and the respective
treatment collected during the stepwise thermal annealing in dif-
ferent gaseous environments.

Figure 4 presents the XPS results for the STO-TO eutectic dur-
ing thermal treatment in O, at a partial pressure of 1 X 1078 and 1
X 107¢ mbar, respectively (see also, Figures S2 and S3, Supporting
Information of). The presented survey XPS spectra (Figures S2
and S3, Supporting Information) show the presence of all ele-
ments from the STO-TO samples during thermal annealing pro-
cedure. As can be seen from these spectra, after annealing step
at 600 °C, almost all the carbon contamination corresponding to
the C 1s XPS peak at E — E, = —286.1 eV is removed. Addition-
ally, the O 1s spectra undergo a big change after thermal treat-
ment, which is reflected in its intensity as well as in the shape

Annealing in O2 (1><10'6 mbar)
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Figure 4. Core-level O 1s and Ti 2p XPS spectra (and the respective results of the fit routine) collected “before” and “after” in situ annealing of STO-TO

eutectic samples at different partial pressures of O, (marked in the figure).
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Figure 5. Core-level O 1s and Ti 2p XPS spectra (and the respective results of the fit routine) collected “before” and “after” in situ annealing of STO-TO

eutectic samples at different partial pressures of Ar (marked in the figure).

of the peak. In Figure 4(a2),(c2), four emission lines at E — E, ~
—530.5eV, E— E. ~ —531.8¢eV, E— E. =~ —532.8 eV, and E — E;
~ —533.9 eV can be identified in the “before” XPS O 1s spectra
which, can be assigned to the oxygen atoms in the lattice (O,),
oxygen defects (Op), C-O bond (O() in the bulk sample, and the
adsorbed water (O,;), respectively.[*>* Due to the in situ ther-
mal treatment, the components associated with O-H bonds dis-
appear from the spectra (see “after” in Figure 4(a3,c3)). At the
same time, the intensities of XPS components associated with
Op and O demonstrate a significant growth and a strong reduc-
tion, respectively. For the Ti 2p spectra (Figure 4(b1-b3,d1-d3),
the strong increase of the intensity “after” thermal annealing is
due to the cleaning of the STO-TO sample’s surface. In addition,
a shoulder peak which can be assigned to the Ti® * state appeared
in the spectra, that could be due to the increase of the number
of oxygen defects “after” thermal annealing (see also Figures S2
and S3, Supporting Information).

The respective percentage ratio of the peak intensities O,/O;
for the stepwise annealing of STO-TO in O, at 1 x 107® and 1 X
107% mbar are summarized in Table 3. The observed trend sug-
gests that the O /O ratio slightly decreases after the start of an-
nealing steps (at 250 °C) in UHV and at “low-pressure” O, treat-
ment. This may be caused by the complete removal of the O-H
groups from the surface and the decrease of the spectral intensity
associated with the C-O bonds. Moreover, we can find that 600° C
is a key temperature for thermal annealing, and the slope of the
O, /O ratio is the highest in the whole annealing process. This
means that the oxygen vacancies will start to form at this temper-
ature very effectively. Then, with the increase of the annealing
temperature to 800° C, the oxygen vacancies will increase con-
tinually. However, when the temperature reaches 1000° C, the
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concentration of the oxygen defects demonstrates a slow growth
rate (see O,, 1 x 1078 mbar) or even decreases (see UHV and O,,
1 x 107° mbar).

The similar XPS results, but for the thermal annealing of
STO-TO samples in the presence of Ar at a partial pressure of
1 x 107® and 1 X 107° mbar are presented in Figure 5 (see
also, Figures S4 and S5, Supporting Information). The same fit-
ting components can be identified in the O 1s spectra associated
with oxygen atoms in the lattice (O,), oxygen defects (Op), C—
O bond (O) in the bulk sample, and the adsorbed water (O,;),
respectively. As before, the disappearance of the O,; peak in
Figure 5(a3,c3) for the O 1s spectra “after” annealing is due to the
effective desorption of the water and hydroxyl surface contam-
inations. In case of the Ti 2p spectra (Figure 5(b1-b3),(d1-d3))
the corresponding Ti** shoulder peak can be observed “after”
annealing, similar to the previously discussed result. Also, the
similar evolution of the percentage ratio O/O; is observed for
the STO-TO sample annealed in situ in the presence of Ar as can
be deduced from the results summarized in Table 3.

2.3.2. High-Pressure Treatment

Further XPS studies were performed for samples “before” and
“after” thermal annealing at 1000 °C in the atmospheric-pressure
flow of air, and pure O, and Ar gases. These results are compiled
in Figure 6 and Figures S6— S8 (Supporting Information), respec-
tively. It can be noticed that the intensity of XPS lines for the STO-
TO eutectic annealed in air and O, flow is significantly decreased
compared with that of Ar. This may be assigned to the higher re-
activity of STO-TO toward O, and air compared to that for Ar,
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Figure 6. Core-level O 1s and Ti 2p XPS spectra (and the respective results of the fit routine) collected “before” and “after” ex situ annealing of STO-TO

eutectic samples in flows of different gases (marked in the figure).
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Table 3. The percentage ratios of O/O, peak intensities extracted from fit of O 1s XPS spectra.

T UHV 0O, 0o, Ar Ar Air Ar 0o,
°q [1x 1078 mbar] [1x 107 mbar] [1x 1078 mbar] [1x 1076 mbar] flow flow flow
RT 16.28 21.8 17.21 19.08 20.11 22.32 19.38 16.78
250 14.29 17.05 15.48 18.14 15.08 / / /
400 25.28 22.43 2143 21 22.82 / / /
600 42.25 31.56 39.11 43.33 29.15 / / /
800 51.79 35.82 46.47 38.6 47.34 / / /
1000 50.26 446 38.14 47.92 40.13 33.55 34.79 33.56

thus making the eutectic samples’ surface less conductive. An-
other reason is that the atmospheric pressure of Ar in the reactor
might prevent the evaporation of the “light” elements, like oxy-
gen and Ti, at high temperature from the STO-TO sample, thus
forcing them to remain in the sample. The similar effect was, e.g.,
observed during the preparation of high quality graphene layers
on SiC under an atmospheric Ar environment, when Ar atoms
prevent the fast inhomogeneous sublimation of Si atoms.[*’]

Figure 6(al-a3,c1-c3,e1-e3) shows the raw and fitted O 1sXPS
spectra collected “before” thermal annealing in the flow of the
gases, where four are peaks located at E — E. ~ —530.3 eV, E —
Ep~—531.5eV, E— E; ~ —532.7¢eV,and E — E; & —533.7 eV can
be assigned to the oxygen atoms in the lattice (O,), oxygen de-
fect (Op), C-O bond (O) in the bulk sample, and the adsorbed
water (O,,), respectively. In Table 3, O, /O, represents the rela-
tive increase in the number of oxygen vacancies. As can be seen
from Table 3, the oxygen defects concentration in STO-TO eutec-
tic remains almost the same after annealing in air and O, and is
slightly lower compared to the STO-TO sample annealed in Ar
flow. When annealing in an Ar stream, due to the lack of oxygen
supply, the original oxygen inside the material may diffuse and
escape to a certain extent at high temperatures, resulting in a rel-
atively high concentration of oxygen defects. Comparison with
the above presented results for the thermal annealing in UHV
conditions using low partial pressures of gases shows that the
high temperature annealing leads to the decreasing of the oxy-
gen defects concentration in the STO-TO eutectic material. Low
pressure reduces the resistance of oxygen atoms diffusing from
the interior of the material to the external environment. In the
low-pressure environment, the oxygen atoms inside the material
are subject to less external pressure and are more likely to es-
cape from the material. Additionally, the observation of the weak
emission intensity of the Sr 3d XPS line in STO-TO samples after
high temperature annealing (see Figures S6d, S7d and S8d, Sup-
porting Information) is much in line with the above SEM/EDX
and TEM/EDX results, confirming the evaporation of Sr from the
surface of the studied samples.

Based on the above presented XPS, SEM/EDX, and TEM/EDX
analysis, the evolution of oxygen vacancies and surface morphol-
ogy in the SrTiO,-TiO, eutectic during annealing can be ratio-
nalized in terms of thermally activated oxygen diffusion and
atmosphere-dependent surface reactions. At elevated tempera-
tures, lattice oxygen atoms possess sufficient mobility to escape
from the crystal, producing oxygen vacancies that are accompa-
nied by partial reduction of Ti** to Ti**. The balance between
oxygen loss and replenishment depends strongly on the ambi-
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ent gas atmosphere: under Ar or low-pressure O,, the oxygen
chemical potential is low, promoting vacancy formation, whereas
under atmospheric-pressure O, or air, the increased reactivity
of the surface can lead to the formation of volatile oxides (e.g.,
SrO, or TiO,), which explains the observed Sr depletion and sur-
face roughening.

Furthermore, the TEM results indicate that high-temperature
annealing enhances the crystallinity and sharpness of the
SrTiO,/TiO, interface. This behavior can be attributed to ther-
mally induced atomic rearrangements and defect redistribution,
which minimizes interfacial energy and favor phase separation.
Such interface reconstruction, coupled with controlled oxygen va-
cancy concentration, is expected to improve charge transport and
separation across the heterointerface, which is beneficial for the
photocatalytic and photoelectrochemical applications of the STO-
TO eutectic.

3. Conclusion

In summary, the studies of the influence of the in situ and ex
situ thermal annealing, at different temperatures and in differ-
ent gas atmospheres and pressures, on the electronic properties
and structure of STO-TO eutectic materials were performed us-
ing different surface- and bulk-sensitive experimental methods.
It was found that the oxygen defect concentration increased after
annealing in all treatments. However, the different atmospheres
show different inhibited effects on the final oxygen vacancy con-
centration, and the oxygen demonstrates the strongest inhibited
effects during the low-pressure and high-pressure annealing pro-
cess. Meanwhile, the experimental results demonstrate the exis-
tence of different “key temperatures” for the different gas atmo-
spheres that the oxygen vacancy concentration increases below
this “key temperature” and then decreases over this “key tem-
perature,” phenomenon which was previously reported in the
literature.[“®#7] More interestingly, our studies demonstrated that
different annealing conditions correspond to different “key tem-
peratures” and this finding can provide the experimental basis
for the controllable tuning of oxygen vacancy concentration in
STO-TO eutectic materials.

4. Experimental Section

The bulk STO-TO eutectic rod with a diameter of 3 mm was synthesized
using the p-pulling method from the mixture of SrCO;3 and TiO, (rutile
and anatase phases) powders with a growth rate of 1mm min~' accord-
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ing to the recipe published earlier in refs. [41, 42]. This rod was cut into
several slices with a thickness of ~0.5 — 1 mm and then polished from
one side with a surface roughness below 100 nm. Before initial XPS anal-
ysis, the polished samples were ultrasonically cleaned using ethanol at 50
°C for 15 min. Thermal annealing of STO-TO samples was performed in
different conditions: i) “low-pressure” treatment with stepwise increased
annealing temperature from 250 to 1000 °C in UHV, O, and Ar (with a
partial pressure of 1 x 1078 and 1 x 10~® mbar) environments; ii) “high-
pressure” treatment at 1000 °C in Ar, O, and Ar flows using the quartz
furnace. Annealing time in all steps was always 60 min.

Laboratory-based XPS characterization was performed in the UHV sta-
tion installed at Shanghai University and consisting of preparation and
analysis chambers with a base pressure better than 1 x 10~'© mbar
(SPECS Surface Nano Analysis GmbH). XPS spectra were collected using
a monochromatized Al Ka (hv = 1486.6 eV) X-ray source (emission an-
gle ¢ = 30°) and SPECS PHOIBOS 150 hemispherical analyzer combined
with a 2D-CMOS detector. The X-ray source spot on the anode is 0.5 X
3.5mm? in size (corresponds to 0.2 X 3.5 mm? on the sample). XPS spec-
tra were measured with a pass energy of 50 eV for survey scans and 20 eV
for high-resolution scans. It should be noted that the charge neutralizer
was not used in the experiments reported herein. The calibration of the
binding-energy scale as well as the Fermi level position are confirmed by
examining the sputter—cleaned Ag samples. All data were analyzed using
XPST (X-ray Photoelectron Spectroscopy Tools) program package for Igor
Pro software. It includes various graphical interfaces and command-line
functions to facilitate the processing of XPS data. The fitting process se-
lects a Gaussian—Lorentzian mixed function (with a ratio of 70% Gaussian
and 30% Lorentzian) for fitting.

SEM/EDX data were collected using the ZEISS SIGMA 500 microscope.
HR-TEM measurements were performed using a FEI Talos F200x G2 in-
strument with EDX (super-X) and the FIB preparation was performed us-
ing an FEI Scios 2 HiVac. All EDX quantitative analyses were based on the
K, (for O and Ti) and L, (for Sr) X-ray characteristic lines.
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