RESEARCH ARTICLE

ADVANCED
ENERGY & SUSTAINABILITY
RESEARCH

www.advenergysustres.com

Structure and Electronic Properties of SrTiO3;-TiO, Eutectic

for Water Splitting Applications

Yefei Guo, Hafiz Muhammad Zeeshan, Mouhui Yan, Weimin Qin, Wanting Yang,

Shixun Cao, Yuriy Dedkov,* and Elena Voloshina*

Semiconductors with bandgaps and edges corresponding to the solar energy
spectrum are found to be suitable for the water splitting applications using
photoelectrochemical reactions. However, many present-day materials used in
these applications do not have high stability and/or high effectiveness over the
complete sunlight spectral range. The recently proposed eutectic compounds,
which combine two or more semiconducting materials, can overcome many
present difficulties and extend the light absorbance spectrum improving the
effectiveness of the water splitting cells. Herein, structural and electronic
properties studies of the SrTiO3-TiO, eutectic material, which is a representative
example of this family, are presented. It is found that structural properties of this
material, particularly the phase separation and formation of the sharp interface
between two phases, can be significantly improved up on the thermal annealing,
which is very important for their application in the water splitting reactors. The
findings present the deep understanding of the interface structure and electronic
properties of the SrTiOs-TiO, eutectic, which can help to improve the func-

reactions using sunlight. In photocatalytic
water splitting, the energy of solar radiation
is used directly to dissociate water mole-
cules into hydrogen and oxygen. In such
approach, an electron-hole pair is pro-
duced upon the illumination and then
the excited electrons are used to reduce
the acceptor (H"), whereas the holes are
used for the oxidation of the donor mole-
cule (OH™).

The mechanism of water splitting in the
presence of semiconductors was discussed
in many publications:"*" two half reactions—
reduction and oxidation processes—are
observed at the surface of semiconductor
requiring a minimum energy of 1.23eV
for water splitting. Therefore, materials
with a bandgap greater than this value

tionality of these class of materials in different applications.

1. Introduction

The present-day demands for the green energy production using
hydrogen gas, which is generated via the water splitting reaction,
require the search for more efficient, low-cost, and robust mate-
rials and systems which can be used in these processes.’™! One
of the promising approaches for production of hydrogen from
water is the utilization of semiconductors in photocatalytic

are needed for the effective water splitting
and hydrogen production. TiO, with the
bandgap of E;~3.0eV is the most com-
monly used photocatalyst since Fujishima
and Honda found that TiO, can be used as an anode in the
photoelectrochemical system for H, production in water splitting
reaction.®”) After this discovery many materials, like metal
oxides (e.g., ZnO, E, =~ 3.3eV; SrTiO;, E,~ 3.2eV; Fe,Os3,
E, ~2.1eV), nitrides (e.g, TasNs, E;~21eV; GaN,
E, ~3.4eV), and chalcogenides (e.g., GdSe, CdS, GeSe,
E, ~ 1.5 — 3.5eV), were tested for the efficient water splitting
applications®®? and it was also found that many factors, like
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solution pH, temperature, light intensity, materials’ bandgaps,
etc., can play a crucial role in the efficiency of photoelectrochem-
ical devices.

Different ways were proposed in order to modify the proper-
ties of photoanodes. The natural way here is the doping of semi-
conducting materials with ions of different elements in order to

www.advenergysustres.com

extend the light absorption spectrum, increase the electron—hole
pair creation efficiency, and change mobilities of the carriers. For
example, in the particular case of TiO,, the carbon quantum dots
at the surface lead to the enhancement of the electron transfer at
the interface with the respective reduction of impedance.*”! In
case of the sol-gel method used to synthesize Ce-doped TiO,
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Figure 1. a) Survey XPS spectra collected “before” and “after” annealing of SrTiO;-TiO, eutectic at 1000 °C. Inset shows the photographs of the SrTiO;—
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TiO, sample “before” and “after” thermal annealing (later photo was made for the sample mounted on the Mo sample-holder). High-resolution XPS

spectra of SrTiO3—TiO; collected during stepwise annealing: b) C 1s and Sr 3p, c) O Ts, d) Sr 3d, and e) Ti 2p. Annealing temperatures are marked for every

spectrum.
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nanocomposites, the formation of impurity-induced energy lev-
els, which extend the absorption spectrum, was found.™" Also, as
was theoretically demonstrated, iodine can be considered as the
best dopant due to its incorporation at Ti sites in the TiO, matrix,
whereas nitrogen is considered as the minimum efficient dopant
due to its p-type nature.'** The discovery of “black” TiO, with
a bandgap of only 1.5eV and increased photocatalytic activity
indicated the importance of the used synthesis methods on
the tuning of the doping level and morphology of this
material.[>1!

One of the promising ways to increase the efficiency of semi-
conducting materials in water splitting applications is the
recently proposed approach to use them in the so-called eutectic
composites (compounds) and to utilize the p-pulling method for
their synthesis (for recent overview, see ref. [3]). In such a way (p-
pulling method) produced, e.g., binary eutectic compounds con-
sist of two crystalline phases combining electronic, optical and
photoelectrochemical properties of both, thus increasing the
absorption spectrum for sunlight. One of the representative
examples of eutectic compounds is the SrTiO;-TiO, (STO-
TO) combination, which demonstrated the light absorption
over a wide spectral range and efficient charge-carriers
separation."” ! This semiconductor composite was used for
the fabrication of stable photoanode and yielded in the experi-
ments photocurrents up to 8.5 mA cm~2 at 1.5 V versus a normal
hydrogen electrode (NHE) after 30h of stability testing under
600 mW cm 2 of solar irradiation, demonstrating its very high
potential for the water splitting applications. In such composite
materials, a sharp and clear interface between two phases can
improve the electrical contact between them, which is important
for the charge-carriers separation.””! Additionally, the natural
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oxygen defects in eutectic compound (SrTiO;_,~TiO,_,) caused
by the synthesis process can also improve the photocatalytic effi-
ciency.*?2l However, the detailed studies of the crystallographic
structure and electronic properties of bulk eutectic compounds
and interfaces between phases, particularly for the SrTiOs-TiO,
eutectic compound, are not presented in the literature.

Here, we present first detailed spectroscopic and microscopic
studies of the electronic and crystallographic structure of the
semiconducting SrTiO;-TiO, eutectic compound. Using X-ray
photoelectron spectroscopy (XPS), scanning electron microscopy
(SEM), and high-resolution transmission electron microscopy
(HR-TEM) methods combined with energy-dispersive X-ray
(EDX) analysis, we trace the morphological and structural
changes in this compound upon thermal annealing in vacuum
conditions. Our spectroscopic studies clearly indicate the
increased number of oxygen defects upon annealing. At the
same time, the microscopic results demonstrate the improved
crystallographic order of bulk and interface between two
materials after thermal treatment. Using the HR-TEM data
for the SrTiO;-TiO, compound, we build a crystallographic
model for the interface between two phases, which surprisingly
indicate the parallel arrangement of two close-packed
planes, SrTiO;3(111) and TiO,(110). As found, the calculated
electronic properties of the obtained SrTiO;-TiO, structures
are a combination of the respective contributions of both
phases. Our results clearly point to the importance of the
postsynthesis thermal treatment of the semiconducting eutectic
compounds that can significantly improve the photocatalytic
properties of these systems. The current understanding of the
structural and electronic properties of these compounds will help
to improve them for further desired applications in different areas.
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Figure 2. Results of fit procedure for O 1s XPS spectra collected after respective thermal annealing steps: a) RT, b) 250 °C, ¢) 400 °C, d) 600 °C, e) 800 °C,
and f) 1000 °C, respectively. O, Op, Oc, and O,q4 correspond to oxygen atoms in the SrTiO3;-TiO, lattices, connected with oxygen vacancies, assigned to

C—0 bond in the SrTiO3-TiO, bulk, and OH-adsorbates.
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2. Results and Discussion

The as-grown and as-cut polished and freshly cleaned STO-TO
sample has a black color (see inset of Figure 1a), indicating the
large deficiency of oxygen in the sample as confirmed by our
experiments (see below). In the present work, these samples
were stepwise annealed in ultrahigh vacuum (UHV) conditions
and the results of XPS studies of STO-TO are summarized in
Figure 1. Survey spectra measured before thermal treatment
(“Defore”) and after final annealing at 1000 °C (“after”) are pre-
sented in Figure la, indicating the presence of all elements
and the total evolution of the spectral shape during treatment.
Before thermal annealing, the clear C Is signal can be identified
in the XPS spectra at E — Er < —284eV (Figure 1b, RT =
“before”). Three peaks at —286.2, —287.6, and —289.5 eV in this
spectrum can be assigned to C—O bonds in bulk of the sample as
well as to adsorbed CO and CO,, respectively. At the same time,
the “before” O Is XPS spectrum shows the clear presence of the
emission which can be associated with the respective surface
contaminations. Our accurate fit of this spectrum presented
in Figure 2a indicates the presence of two emission lines
which can be associated with C—O bonds in the bulk
(Oc, E — Eg = —532.9eV) and O—H bonds from adsorbed water
(0.4, E— Ep =~ —534.14eV). The XPS emissions in this case
(“before”) from Sr 3p, Sr 3d, Ti 2p levels show the respective

www.advenergysustres.com

Table 1. Atomic concentrations as extracted from SEM/EDX and TEM/
EDX data for the STO-to sample “before” and “after” thermal annealing.

- SEM/EDX TEM/EDX
“Before” “After” “Before” “After”

SITiO;

Sr 38.1 374 30.80 31.62

Ti 39.3 45.5 30.42 35.45

O 22.6 171 38.78 32.93

TiO,

Sr 5.5 4.4 0.15 0.20

Ti 60.5 66.7 46.01 46.05

(@) 34.0 289 53.84 53.75

spin—orbit split doublets without any additional satellites
(Figure 1b,d,e).

The initial thermal annealing of the STO-TO samples at
250 °C for 60 min leads to the fast desorption of surface contam-
inations as demonstrated by the absence of the respective signals
(CO, CO,, and OH) in the C 1s and O 1s XPS spectra measured
after annealing step. Further annealing of STO-TO to 400° C and
above causes the strong reduction of the respective C 1sand O 1s
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Figure 3. a,b) SEM images of SrTiO;-TiO, collected “before” and “after” annealing of eutectic sample at 1000 °C, respectively. c,d) SEM/EDX plots,
collected at the places marked in SEM images (insets) by the corresponding colored circles, “before” and “after” annealing of eutectic sample at 1000 °C,
respectively. Insets in both panels show SEM and corresponding elemental EDX maps.
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XPS emissions connected with the C—O bonds in the bulk
(E— Ep ~ —286.2eV and O¢ at E — Ex = —532.9¢eV) that can
be connected with the degassing steps of STO-TO bulk. After
the stepwise annealing procedure (annealing temperature of
1000 °C, “after”), the STO-TO sample was investigated using
SEM and TEM methods combined with EDX analysis (see
below).

The presented O 1s and Ti 2p XPS spectra of STO-TO
obtained during UHV annealing (Figure 1c,e and 2) indicate
the respective increase of the oxygen deficiency in these samples.
According to the already mentioned results of the fit routine for
the O 1s XPS spectrum measured “before” annealing (Figure 2a),
it consists of several emission lines which can be assigned
to oxygen atoms in bulk lattices of STO-TO (Op at
E— Er =~ —530.6eV), mnear oxygen vacancies (Op at
E — Ep = —531.75eV), to C—0O bonds in bulk of STO-TO (O¢
at E— Ep ~ —532.9eV), and to OH contamination layer (O,
E — Ep ~ —534.14eV). The Op fit component corresponds to
the dangling bonds of the TiOs_, octahedra associated with oxy-
gen vacancies, including O, O, , and 0, 127251 Thermal
annealing leads to the absence of the O,4 signal in the spectra
and to the strong reduction of the O¢ emission. At the same time,
such annealing to high temperature leads to the significant
increase of the number of oxygen vacancies in the STO-TO
sample. The relative increase of the number of vacancies can
be estimated from the ratio of the XPS fit components corre-
sponding to emission from lattice oxygen atoms and atoms asso-
ciated with oxygen vacancies, I(Oy)/I(Op). This value is changed
from 6.1 (“before”) to 1.9 (“after”) for the presented data
(Figure 2). The effect of increase of the number of oxygen vacan-
cies at the surface region of STO-TO and the respective partial
reduction from Ti*" to Ti** in both SrTiO; and TiO, parts[Z(’_Zg]
is also visible in the Ti 2p spectrum via appearance of the low
binding energy shoulder at E — Eg ~ —457.7 eV.

Figure 3 shows the results of combined SEM/EDX studies of
STO-TO (a,c) “before” and (b,d) “after” UHV annealing proce-
dure. The respective atomic concentrations of elements in the
studied samples are summarized in Table 1. The presented
SEM images are in agreement with previously published
results,'”*®! demonstrating the clear separation of two materials
which have tetragonal (TiO,) and cubic (SrTiO;) space groups,
respectively. The dark part in SEM images corresponds to
TiO, as confirmed by the SEM/EDX mapping (Figure 3c,d).
Our SEM/EDX data clearly indicate the strong deficiency of oxy-
gen in the prepared STO-TO samples, which explains the black
color of the synthesized samples, present and in the previous
studies!’”*® as well as the observation of “black” TiO,.l'>10l
From the presented data it is obvious that the overall structure
of the STO-TO samples remains the same upon the thermal
annealing up to 1000 °C—the same materials phase separation
is observed. At the same time, EDX analysis shows the reduction
of the oxygen concentration by ~5% for both components of
STO-TO compared to the sample “before” annealing. Taking
into account the different probing depth of XPS and SEM/
EDX, however, we can conclude on the oxygen desorption and
surface reduction of STO-TO upon thermal annealing in
UHV conditions.

The black color of the STO-TO sample is also confirmed by
the UV-vis measurements (Figure 4), which reveal the onset of
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optical absorption at ~ 1.75 eV. This value is much smaller of the
bandgaps for reference SrTiO; and TiO, samples, 3.17 and
2.92 eV, respectively. An abrupt change in absorbance spectra
observed for both samples, “before” and “after” thermally
annealed STO-TO, suggests that the optical gap of the black
STO-TO sample is substantially narrowed by intraband transi-
tions. The thermal annealing of the STO-TO sample leads to
the increase of the absorbance intensity at ~ 1.75eV, which
can Dbe assigned to the increase of the oxygen deficiency as
was found in the XPS and SEM/EDX experiments. The thermal
annealing of the STO-TO sample is accompanied by two com-
peting processes—structural ordering of the STO-TO lattice
(as found in HR-TEM measurements; see below) and increase
of the oxygen deficiency (according to XPS, SEM/EDX, and
HR-TEM/EDX results). The former process leads to the slight
increase of the bandgap, whereas the loss of oxygen leads to
the decrease of the gap. Therefore, a slight decrease of the bandg-
aps associated with SrTiO; and TiO, lattices can be a result of
these competitive processes, where the increase of the oxygen
deficiency prevails (as also confirmed by the increase of the

SrTiO3 (ref.)
—— TiO2 (ref.)
74 —— SrTiO3-TiO2 ("before”)
SrTiO3-TiO2 ("after”)

Absorbance (arb. units)

Energy (eV)

Figure 4. Spectral absorbance of the black SrTiO;-TiO, eutectic samples
measured “before” and “after” UHV annealing. The respective reference
spectra for the bulk SrTiO; and TiO, samples are presented. The
absorbance offset for the reference samples is caused by noncompensated
oxygen vacancies. Dotted lines are fits for the respective absorption edges
of SrTiO3 and TiO,.
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absorbance edge at lower energy). It is interesting to note that
there is no time-dependent color change for the studied samples
indicating their high crystallographic and electronic stability over
long time.

The characterization of bulk structure and composition of
STO-TO was performed using X-ray diffraction (XRD) and
TEM/EDX “before” and “after” UHV thermal annealing
(Figure 5). For the as-grown samples “before” annealing, the
XRD plots of STO-TO show diffraction peaks which can be
assigned to the (100) and (200) diffraction spots of the cubic
SrTiO; (Pm3m space group) and (002) diffraction spot of rutile
TiO, (P4,/mnm space group) structures, respectively!'®!
(Figure 5a). According to XRD, thermal annealing of STO-TO
does not lead to the structural changes of the sample confirming
the good stability of the prepared samples. At the same time,
there is a notable shift of diffraction peaks by ~0.6° toward
higher diffraction angles for both components, corresponding
to the slight reduction of the lattice constants of SrTiOs;
phase from a = 3.894A to a = 3.842A and TiO, phase from
¢ =2.948 A to ¢ = 2.923 A, which can be due to the small relaxa-
tion of the crystal lattices after annealing. Also, the full width at
half maximum (fwhm) values are reduced from 0.24° to 0.22° for
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— after annealing
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Intensity
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SrTi03—(200) and from 0.10° to 0.08° for TiO,—(001) diffraction
peaks, indicating the higher crystallographic order of STO-TO
“after” annealing.

The significant improvement of the crystallographic order of
STO-TO after thermal annealing is confirmed by high-resolution
TEM results (cf., Figure 5b,c). As can be seen, the STO-TO eutec-
tic compound before annealing is characterized by less ordered
structure compared to the one measured after thermal annealing.
It is reflected in the respective fast Fourier transformation (FFT)
images, where increased image background and circles are
found in “before” data (Figure 5b). At the same time, the inter-
face between two phases, SrTiO; and TiO,, is not very obvious
and extended over several nms, combining structures from two
components of the compound. For the “annealed” TEM data, the
clear and sharp interface between two phases is resolved with
close packed planes of both phases parallel to each other
—S1TiO;3(111) || TiO,(110), which allows to build its model
(see below). This observation demonstrates that UHV annealing
at 1000 °C reduces the internal stress of the lattices for both parts
and make the lattice planes more ordered, improving the crystal-
lization. As was discussed before, the high crystallinity of the two
phases in STO-TO and the sharp interface between two phases
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Figure 5. a) XRD plots of SrTiO;-TiO; collected “before” and “after” annealing of eutectic sample at 1000 °C, respectively. b,c) High-resolution TEM
images of the interfaces region between SrTiO; (left) and TiO, phases and collected “before” and “after” annealing of eutectic sample at 1000 °C,
respectively. d,e) TEM/EDX plots, collected at the places marked in TEM images (insets) by the corresponding colored rectangles, “before” and “after”
annealing of eutectic sample at 1000 °C, respectively. Insets in both panels show TEM and corresponding elemental EDX maps.
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can improve electrical contact between them and enhance the
charge carriers’ mobilities. Such effect is beneficial for the appli-
cation of these thermally treated STO-TO compounds in energy-
related applications such as photoelectric devices, solid oxide fuel
cells, etc.**% As can be also seen, the combined TEM/EDX data
(Figure 5d,e and Table 1) also confirm the high deficiency of oxy-
gen in the bulk of STO-TO compound. At the same time, the
thermal annealing of STO-TO leads to the increase of the oxygen
deficiency only for the SrTiO; part by ~ 6% leaving the oxygen
level almost the same for the TiO, phase. This indicates that the
observed changes in the Ti 2p XPS spectra (Figure 1e) are mainly
connected with the SrTiO; fragments on the surface of STO-TO.

To obtain detailed atomistic insight into the electronic prop-
erties of the SrTiO;-TiO, eutectic, we accomplished a density
functional theory (DFT) study using the PBE+ U approach.
We first discuss the structural and electronic properties of bulk
TiO, and SrTiOs. It is known that titanium dioxide crystallizes in
three major different structures, namely, rutile (tetragonal,
P4,/mnm), brookite (rhombohedral, Pbca), and anatase
(tetragonal, I4,/amd). Following the experimental observations,
in this work we focus on the rutile structure, in which unit cell is
shown in Figure 6a. The basic building block consists of
a titanium atom surrounded by six oxygen atoms in a distorted
octahedral configuration. Bulk SrTiO; crystallizes in a cubic

(a)

[001]

titanium

[010]

(c) itotal —Ti —O
pristine TiO,
Eg=23eV

Density of states (arb. units)

defective TiO,
E;=0.76 eV
DI klﬁ hAlw T 1
1 2 3 4
E-Eygm (eV)
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perovskite structure (Pm3m), in which unit cell is shown in
Figure Gb. In this structure, the Ti*" ions are also sixfold coor-
dinated by O~ ions, whereas each of the Sr*" ions is surrounded
by four TiOg octahedra. The optimized lattice parameters
(@Rl = 4.68A, Mk =3.03A, and alik, =3.97A) are in
reasonably good agreement with the respective experimental data
known for TiO, (a=458A, ¢=295A)" and SrTiO;
(@ = 3.905 A).BY

Following the similarity of structural motifs, the electronic
structure of the studied materials is also rather similar. Both
materials are semiconductors with a bandgap of E, =2.3eV
[hybrid functional (HSE06) gives E, = 3.1eV (see Figure S1,
Supporting Information)]. In both cases, the valence band mainly
consists of O 2p states, and Ti 3d states are major composition for
the conduction band. It is known that TiO, is easily reduced*®
and the observed black color of the studied eutectic is due to a
large number of oxygen vacancies, as confirmed by the earlier
presented EDX results. Following the experimental observations,
we have investigated two bulk systems under study after
removing 25% of oxygen atoms. These intrinsic defects result
in formation of multiple defect states and significant reduction
of a bandgap up to 0.76 and 1.51€V in the case of TiO, and
SrTiOs, respectively (Figure 6¢,d).

(b) [001]

strontium

[010]
(d) itotal —Sr —Ti —O
pristine SrTiO3
Eg=23eV

defective SrTiO3
Eg=1.51eV

Density of states (arb. units)

1 2
E-Evgm (€V)

Figure 6. a) Bulk structures of rutile and b) strontium titanate. The TiO,(110) and SrTiO;(111) planes are shaded in (a) and (b), respectively. Color code
used throughout this work: Sr—green spheres; Ti—blue spheres; O—red spheres. Density of states calculated for the pristine and defective c) bulk TiO,

and d) bulk SrTiO; (see text for details).

Adv. Energy Sustainability Res. 2023, 4, 2300136

2300136 (7 of 10)

© 2023 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

85UB01 SUOLLILIOD BAEB.1D) 3|01 jdde au) Aq PaURAOB 812 SOPILE YO ‘SN JO SINJ 10} AIRJGIT 8UIIUO AB]IM UO (SUO1IPUOO-PLE-SWLBYLICD" A8 |1 ARG 1[BU1|UO//SANY) SUONIPUOD PUE LB | 8U) 89S *[E202/TT/vz] U0 ARIqIauliuo AB|IM ‘Ulieg eysioAIuN 8P Ad 9ETO0EZ0Z S38/Z00T OT/I0p/LI0Y" A3 AIeid1pul|uo//Sdny Woij pepeojumod “TT ‘€202 ‘ZTv66692


http://www.advancedsciencenews.com
http://www.advenergysustres.com

ADVANCED
SCIENCE NEWS

DVANCE
ENERGY & SUSTAINABILITY
RESEARCH

www.advancedsciencenews.com

In the next we discuss the surface terminations, which,
judging by the experimental data presented above, form the
interface. The rutile (110) surface (shaded area in Figure 6a)
is the most stable crystal face. Along the [110]-direction TiO,
consists of a mixed Ti—O layer, sandwiched between two layers
of oxygen atoms (i.e., the -[O—(T-0)-O]- sequences, Figure 7a).
The new lattice parameters are: ajif = chl =3.03A,

bHS = a%l x /2 =6.62A. SITiO3(111) (shaded area in
Figure 6b) is a polar surface. SrTiOs along the [111]-direction
consists of alternating layers of SrO%~ and Ti **, which are each
stacked in a “ABCABC...” manner (Figure 7b). The resulting unit
cell has a hexagonal symmetry, but for convenience in this study
we consider a tetragonal one, which has the following parameters:
B4ttio, =3itio, X V2=5.61A, bijho, = adifo, x21/3/2=9.72A.

When modeling the interface, we considered two possibilities:
1) RO-structure, which has a (2 x 3)R0 lateral periodicity with
respect to the TiO,(110) unit cell marked in Figure 7a and (1 x
2) RO lateral periodicity with respect to the SrTiO3(110) unit cell
marked in Figure 7b(alit = 5.84 A and bifi' = 19.65 A); 2) R90-
structure, which has a (3 x 2) R0 lateral periodicity with respect
to the TiO,(110) unit cell marked in Figure 7a and (1 x 2)R90
lateral periodicity with respect to the SrTiO3(110) surface unit
cell marked in Figure 7b (a4l = 9.41A and bl = 12.23 A).
In each case, the 3D structure under consideration consists

(@)
o el o
XXX
i " L N\a” LN
\‘1"\"1".\'/
L N\a” L N\g” LN\,
y TIOR3

(b)

www.advenergysustres.com

of nine SrO%j~ sublayers and ten Ti *“* sublayers of of
SrTiOs3(111), seven —{O—(Ti—0)-O]- layers of TiO,(110), and
two additional O layers at the interfaces between the SrTiOs
and TiO, stacks. These STO-TO compositions, consisting of
448 atoms each, were fully relaxed and the resulting
structures (x, y, z-coordinates) can be found in the Supporting
Information  (Structure_RO.txt ~ and  Structure_R90.txt,
Supporting Information). The difference in energy between
them is only 43 meV atom ™.

For the both structures under study, the calculated density of
states (DOS) is similar to each other. Here, we present the DOS
calculated for the RO-structure (Figure 8a), which is lower in
energy, and the results for the R90-structure can be found in
Figure S2, Supporting Information. Figure 8b shows DOS
projected onto different layers as indicated in (a) subplot
of this figure. While the levels away from the interface
resemble the DOS of the respective bulk material, new states
in DOS arise due to the interface layer, which have mostly
TiO, character (cf., Figure 6¢,d). Still, the whole systems remain
semiconducting with an unchanged bandgap. This means that
the charge-carrier separation at the phase boundary will occur
as follows without any loss in efficiency. Furthermore, the
charge transfer between the phases yields arising dipole
moment at the interface, which expected to promote the water
splitting reaction.

WML N
ALINDL PN
UINNL PN

e eV s L aW, i
RO

Za. a . Ta%, Ve .
-\ Xal A X %

P

o/ i O & % i
R AN YA
2A\ )_/f(""f 7\ I_}'

Figure 7. Top and side views of the a) bulk TiO, along the [110]-direction and b) bulk SrTiO; along the [111]-direction. The black rectangles indicate the

unit cells considered in this work (see the text for details).
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Figure 8. a) Side view of the relaxed RO-structure. Shaded area indicates the interface layer. b) Density of states projected onto different layers of the
RO-structure as defined in (a). Energy is scaled with respect to the NHE level taken as zero. Shaded area indicates the bandgap. Blue and red arrows show
the charge-carrier separation mechanism at the interface (see text for details).

The charge-carrier separation mechanism is schematically
shown in Figure 8b: photoexcited electrons in the SrTiO; phase
overcome the energetic barrier of TiO, (blue arrow in Figure 8b)
and continue moving toward the cathode, while the holes gener-
ated in the TiO, phase overcome the energy barrier of SrTiOs
band (red arrow in Figure 8b) and move toward the anode sur-
face, where the process of water oxidation takes place. Hydrogen
ions, the product of water splitting, are released into the electro-
lyte solution and reduced to gaseous hydrogen by the photogen-
erated electrons on the counter electrode’s surface. Thus, the
studied STO-TO system promotes charge-carrier separation
and offers stability under conditions of extended photoelectro-
chemical water splitting.

3. Conclusion

In summary, using a combination of surface-sensitive (XPS,
EDX/SEM) and bulk-sensitive (XRD, EDX/HR-TEM) experimen-
tal methods we have studied the effects of thermal annealing on
the structural properties of SrTiO;-TiO, eutectic compound. It is
found that as-grown samples have a very diffuse interface
between two semiconducting phases which is transformed to
the sharp interface upon thermal annealing. The black color
of the SrTiO53-TiO, sample is defined by the large number of
the noncompensated oxygen vacancies as confirmed by different
experimental techniques. The crystallographic structure and elec-
tronic properties of this SrTiO3-TiO, interface are found using
HR-TEM and modeled using large-scale DFT calculations. It is
found that the electronic structure of the joint eutectic compound
is a sum of the respective contributions from both phases allow-
ing the effective electron-hole separation at the SrTiO;-TiO,
interface. Our experimental and theoretical studies shed the light
on the properties of this interesting class of materials and can be
used for further improvements of their efficiency in water
splitting reactions and in other application areas.
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4. Experimental Section

Experiment: Samples in the present study were obtained from the bulk
STO-TO eutectic rod (dia. =3 mm), which was synthesized using the
p-pulling method from the mixture of SrCO3 and TiO; (rutile and anatase
phases) powders with growth rate of 1 mm min~" according to the recipe
published earlier in ref. [18]. STO-TO eutectic rod was cut into several
slices with a thickness of ~0.5-1 mm and then made one-side polished
with a surface roughness below 100 nm. Before XPS analysis, the polished
samples were ultrasonically cleaned using ethanol at 50 °C for 15 min. For
XPS experiments, the STO-TO samples were mounted on Mo sample
holders and then were stepwise annealed under UHV conditions; every
annealing step is 60 min. Temperature of the sample was measured using
calibrated pyrometer. Laboratory-based XPS experiments were performed
in UHV station installed at Shanghai University and consisting of prepa-
ration and analysis chambers with a base pressure better than 1 x 1071°
mbar (SPECS Surface Nano Analysis GmbH). XPS spectra were measured
using a monochromatized Al Ko (hv = 1486.6 eV) X-ray source and SPECS
PHOIBOS 150 hemispherical analyzer combined with a 2D-CMOS
detector.

XRD patterns were collected at room temperature with a Desktop
Bruker D2 Phaser diffractometer using Cu Ko (1.54178 A) radiation.
SEM/EDX data were collected using ZEISS SIGMA 500 microscope.
HR-TEM measurements were performed using an FEI Talos F200x G2
instrument combined with EDX (super-X) and the FIB preparation was
performed using an FEI Scios 2 HiVac. UV-vis spectra were measured
at room temperature using Shimadzu UV-3600i Plus UV-vis—-NIR
spectrophotometer.

Theory: The DFT calculations based on plane-wave basis sets of 400 eV
cutoff energy were performed with the Vienna ab initio simulation package
(VASP).B2%3 The perdew—Burke—Ernzerhof (PBE) exchange—correlation
functional®? was employed. The electron—ion interaction was described
within the projector augmented wave (PAW) method®*! with Sr (4s, 4p,
5s), Ti (3d, 4s), and O (2s, 2p) states treated as valence states. The
Brillouin-zone integration was performed on I-centered symmetry
reduced Monkhorst-Pack meshes using a Gaussian smearing with
o = 0.05eV, except for the calculation of total energies and DOSs. For
those calculations, the tetrahedron method with Bléchl corrections®
was employed. 8 x 8 x 16 and 16 x 16 x 16 k-meshes were used for bulk
TiO, and SrTiOs, respectively, and they were proportionally modified when
studying the supercells. The DFT + U scheme®”! was adopted for the
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treatment of Ti 3d orbitals, with the parameter U.s = U — ] equal to 4 eV.
For comparison reasons, selected calculations were performed using the
HSEO6 functional.?? The structures were fully relaxed until forces became
smaller than 0.02eVA~".

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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