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Abstract Surface reconstructed SrTiO; nanocrystals
were synthesized by a thermal treatment process in
presence of NaBH, and SrTiO; nanocrystals. The surface
reconstruction of SrTiOz nanocrystals is attributed to the
introduction of surface oxygen vacancies or Ti sites (such
as Ti** and Ti*") during the hydrogenation treatment
process. The light absorption and the charge transfer ability
of SrTiO; nanocrystals are simultaneously enhanced due to
surface oxygen vacancies or Ti sites (such as Ti*" and
Ti**), which are beneficial to photocatalytic water splitting.
Meanwhile, these defects also change the redox potential
of the photocatalysts. Since there existed a synergistic
effect between the three, the ratio of hydrogen to oxygen
production was also regulated.

Keywords SrTiOs, surface reconstruction, oxygen vacan-
cies, photocatalytic water splitting

1 Introduction

Photocatalysis, as an energy-efficient route to solve the
problem of a non-renewable energy shortage, has received
widespread attention [1-8]. Up to now, varieties of
semiconductor materials have been employed in
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photocatalytic H, production, such as TiO,, SrTiO3, CdS,
g-C3Ny, etc. [9-13], among which, perovskite structural
semiconductor SrTiO; has been considered as a promising
photocatalyst for water splitting due to its suitable
conduction band structure, and dramatic physical and
chemical properties [14]. However, the photocatalytic
efficiency of SrTiOs is limited by the quick recombination
of photogenerated carriers [15-17]. Thus, it is of great
significance to enhance the separation of photogenerated
charges of photocatalysts for improving the photocatalytic
activity. To this end, a variety of strategies have been made
to promote charge separation, such as forming heterojunc-
tions [18-21], loading cocatalyst [10,22,23], and control-
ling crystal facets [24-26], etc.

Recently, some studies have found that highly active
photocatalysts are obtained by regulating the surface
structure of photocatalysts by introducing oxygen vacan-
cies into the near-surface region [27-31]. For example,
Chen et al. [32] prepared TiO, with a disordered surface by
using the high-temperature hydrogenation method and
found that disordered surface-induced mid-gap electronic
state upshifted the edge of the valence band of TiO,, thus
preventing rapid charge recombination. Wang et al. [33]
reported that substoichiometric WO;_, was prepared by
hydrogen treatment and found that photostability and
photoactivity of WO; for water oxidation were simulta-
neously enhanced due to the introduction of oxygen
vacancies. The above studies demonstrate that the
introduction of oxygen vacancies to regulate the surface
atomic arrangement and electronic structure can enhance
the charge transfer ability of the interface between
photocatalyst and electrolyte, so as to improve the
photocatalytic performance. In addition, it has been proved
that the high concentration of Ti** sites is in favor of the
adsorption of water molecules, and oxygen vacancies with
Ti** facilitate the dissociation of water [34,35]. However,
few studies focus on the effect of oxygen vacancies on the
overall water splitting of the photocatalyst. Thus, it is of
great significance to study the influence of oxygen
vacancies on photocatalytic overall water splitting.
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In this work, SrTiO3 nanocrystals were synthesized by
using a molten salts method and the surface of SrTiO;
nanocrystals was reconstructed with a thermal treatment
process in presence of NaBH,. After surface reconstruc-
tion, a disordered layer of about 1.6 nm in thickness was
formed on the surface of the SrTiO3 nanocrystals due to the
introduction of oxygen vacancies, leading to an improved
photocatalytic performance of all SrTiO; samples (STO-
T), which was caused by the enhanced light absorption,
charge transferability, and the reduction ability. Besides,
the introduction of oxygen vacancies affects the ratio of H,
and O, of overall water splitting.

2 Experimental
2.1 Chemicals and reagents

The SrCO;, NaCl, KCl, and chloroplatinic acid (H,PtCly)
were purchased from Sinopharm Chemical Reagent Co.,
Ltd. The TiO, (P25) was offered by Nippon Aerosil. All
the reagents were analytical grade. The water was
deionized water with a resistivity of 18.2 MW -cm.

2.2 Preparation of SrTiO; nanocrystals

Typically, 1.476 g SrCO; and 0.79 g TiO, were mixed and
ground with 22 g of NaCl and KCIl mixed powder (with a
molar ratio of 50:50) in an agate mortar, and then
transferred to a crucible which was heated at a ramping
rate of 5°C/min to 850°C in a muffle furnace for 6 h. Then,
natural cooling to room temperature, the products were
washed with hot water several times. The products were
collected by centrifugation, following the drying at 80°C
overnight. Finally, the products were obtained.

2.3 Preparation of surface reconstructed SrTiO; nanocrys-
tals

Typically, 1.0 g SrTiO3 was mixed and ground with 0.25 g
NaBH,4 for 20 min in a mortar. Then, the mixture was
heated at a ramping rate of 5°C/min to 320°C-380°C for
60 min at N, atmosphere in a tubular furnace. Then, the
products were washed with hot water and ethanol several
times and dried at 80°C. The resulting products were
named STO-T, where T is the reaction temperature (7' =
320°C, 350°C, and 380°C).

2.4 Characterization

The crystal structures of the as-prepared samples were
determined using a powder X-ray diffractometer (XRD)
with Cu Ka radiation source (D8 Advance, Bruker). A
field-emission scanning electron microscopy (FE-SEM,
Hitachi S4800) and transmission electron microscopy
(TEM, Talos F200X, FEI) were used to investigate the

morphologies of the samples. Raman spectra were obtained
on a Senterra R200-L Raman microscope (Bruker Optics,
Germany). The valency of the constituent elements was
determined using X-ray photoelectron spectroscopy (XPS,
Axis-Ultra, Shimadzu). The UV-visible (UV-Vis) diffuse
reflectance spectra were measured on a Shimadzu UV-2450
spectrophotometer. The photoluminescence (PL) spectra
were determined using a PerkinElmer LS 55 spectro-
photometer at room temperature. The XPS was measured
by using an AXIS UltraDLD (Kratos Group, Shimadzu)
spectrometer at 300 W with Mg Ko X-rays source. The
thermogravimetric analysis (TGA) was measured by an
STA 449 F3 Jupiter (Netzsch Instruments, Germany). The
electron paramagnetic resonance (EPR) spectrum was
recorded by EMX-8 (Bruker BioSpin Corp., Germany).

2.5 Photocatalytic water splitting

The photocatalytic H, production tests and overall water
splitting reaction were carried out in a closed gas
circulation system with a Pyrex reaction cell. The samples
(0.1 g) were dispersed in 100 mL aqueous methanol (with a
volume percentage of 20 vol.%, as sacrificial reagents)
solution and distilled water without any sacrificial agent by
sonication and stirring in the Pyrex reaction cell,
respectively. After evacuated by the vacuum pump, the
reactor was irradiated with a 300 W Xe lamp with the
photocatalytic reaction temperature maintained at 20°C—
25°C by a water bath. The H, and O, production were
determined by an online Hua’ai GC9160 gas chromato-
graphy (MS-5A, TCD detector, Ar as carrier gas). For
photocatalytic hydrogen evolution and overall water
splitting reaction, Pt (with a volume percentage of 1.0
wt.%) as co-catalyst was in situ photo-deposited on the
samples with H,PtCls-6H,O as Pt precursor.

2.6 Photoelectrochemical measurements

A conventional three-electrode system was used to
examine the photoelectrochemical properties of the
samples on a PARSTAT 4000 electrochemical workstation.
An fluorine doped TinOxide (FTO) photoanode with STO
samples, Ag/AgCl, and platinum foil were used as the
working electrode (1.0 cmx 1.0 cm), the reference elec-
trode, and the counter electrode, respectively. Na,SO,
(0.1 mol/L) was used as the electrolyte solution. For
photocurrent measurements, a 500 W Xe lamp coupled
with an AM 1.5 filter was used as the light source, with the
light intensity set at 100 mW/cm?. The electrochemical
impedance spectroscopy (EIS) spectra were recorded
under a sinusoidal AC perturbation signal of 10 mV over
the frequency range from 100 kHz to 0.1 Hz. The Mott-
Schottky plots were obtained with a scan rate of 5 mV/s' at
the frequency of 1000 Hz. The linear sweep voltammetry
(LSV) was obtained in the range of —1.4-0.0 V with a
scanning rate of 10 mVs™
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3 Results and discussion

The crystal structures of the STO samples were characte-
rized by XRD. As shown in Fig. 1, all the STO samples
display several diffraction peaks located at 26 of 22.7°,
32.3°, 39.9°, 46.4°, 52.3°, 57.7°, 67.8°, and 77.1°,
corresponding to (100), (110), (111), (200), (210), (211),
(220), and (310) crystal planes of cubic SrTiO; (PDF 79-
0174) [26]. Besides, the XRD patterns of the STO-T
samples were similar to the original cubic phase SrTiOs,
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Fig. 1 XRD patterns of STO, STO-320, STO-350, and STO-380.
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indicating that no structural changes occurred and impurity
phases appeared in STO after NaBH, treatment, which was
in good agreement with the SEM results. However, it is
worth noting that the intensity of the (110) peak decreases,
resulting from the disordered surface of the (110) crystal
planes after NaBH, treatment, which can also be observed
in TEM.

The morphology of pristine SrTiO; and STO-350 was
investigated by using SEM. As demonstrated in Figs. 2(a)
and 2(b), pristine SrTiO; shows a nano cubic shape with
truncated edges. The particle size is about 200 nm. After
thermal hydrogenation, STO-350 still retained the original
morphology of pristine SrTiO; (cube shape with truncated
edges). TEM was used to further observe the morphologies
of the STO samples, as displayed in Figs. 2(c) and 2(d),
and Fig. S1 in Electronic Supplementary Material (ESM).
It can be seen that the particle size and morphology of STO
and STO-350 do not change after hydrogenation treatment.
Both STO and STO-350 exhibit cube shapes with average
sizes of approximately 200 nm, which is consistent with
SEM results. Moreover, before hydrogenation treatment,
the crystal lattice fringes of pristine SrTiO; nanocrystals
are clear and the crystal lattice plane spacing is 0.27 nm,
corresponding to the (110) crystal plane of cubic SrTiO;
(Fig. 2(c)) [27]. However, after hydrogenation treatment,
the lattice fringes of STO-350 become a little blurry and
a disordered layer with a thickness of 1.6 nm appears
(Fig. 2(d)), which indicates that the surface of STO-350 is

S$4800 5.0 kV X 10.5 mm 100 k SE(M.LA0)
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Fig. 2 SEM and HRTEM images.
(a) SEM image of pristine SrTiOs; (b) SEM image of STO-350; (¢) HRTEM image of pristine SrTiOs; (d) HRTEM image of STO-350.
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reconstructed. As presented in Fig. 3 and Fig. S2, a high-
angle annular dark-field scanning TEM (HAADF-STEM)
was employed to resolve the elemental composition
spatially. Sr, Ti, and O are observed from the mapping
images. Moreover, Sr, Ti, and O are colocalized in a square
with truncated corners, which is attributed to the cubic
shape with truncated edges observed in the HAADF
image.

The Raman spectra of pristine SrTiO3 and STO-350 is
illustrated in Fig. 4. It can be observed that both SrTiO;
and STO-350 show two broad bands in the regions of 250—
400 cm ! and 600-800 cm !, which are in accord with the
results in Ref. [36]. Meanwhile, both pristine SrTiO; and
STO-350 display several peaks at 190, 250-348, 539, 624—
719, and 795.5 cm™', corresponding to different modes of
TO, (O-Sr-0), TO;3 (O-Sr-0O), TO,4 (O-Sr-0), LO (Ti-O-
Ti), and LOy4 (Ti-O), respectively [37]. This demonstrated
that the hydrogenation treatment did not change the crystal
structure of pristine SrTiO;. However, due to the
disordered layer formed on the surface of STO-350, the
intensity of the Raman spectra of STO-350 is significantly

(©)

lower than that of pristine SrTiO; after hydrogenation
treatment.

To explore the effect of hydrogenation treatment on the
surface structure, the surface chemical states of STO and
STO-350 were investigated by using XPS. The Sr 3d, Ti
2p, and O 1s XPS spectra of STO and STO-350 are
depicted in Fig. 5. The Ti 2p spectrum of pristine STO can
be fitted into two peaks at 458.3 and 464.1, respectively,
corresponding to the Ti 2p3/2 and Ti 2p1/2 binding states.
Nevertheless, after the hydrogenation treatment, the peak
corresponding to Ti 2p1/2 bonding can be divided into
three peaks at 456.1, 456.8, and 458.5 eV, assigning to the
chemical states of Ti**, Ti**, and Ti*", respectively [38]. In
addition, compared to the spectra of STO, the peaks of Sr
3d, Ti 2p, and O 1Is of STO-350 moves 0.2 eV toward
higher binding energy. This may be caused by defects such
as oxygen vacancies and/or Ti*" (or/and Ti*") [27,29,39].
Moreover, the defects induced by the hydrogenation
treatment increase the equilibrium electron density,
which also pushes the Fermi level upward. Figure 5(c)
shows the O 1s XPS spectra of STO and STO-350. For the

(d)

Fig. 3 Elemental mapping of STO-350 sample by HAADF-STEM.
(a) HAADF image; (b) Sr; (c) Ti; (d) O.
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Fig. 4 Raman spectra of pristine SrTiO; and STO-350.

STO sample, it could be fitted to three peaks at 528.6 eV,
529.4 eV, and 531.7 eV, which correspond to the lattice
oxygen ion, oxygen vacancy, and adsorption oxygen in
STO, respectively [37]. After hydrogenation treatment, the
intensity of the oxygen vacancy peak in STO-350 becomes

stronger than that in pristine STO, indicating that the
surface oxygen vacancy concentration in STO-350
increases. Figure 5(d) is the electron paramagnetic
resonance (EPR) spectrum of STO and STO-T samples.
Pristine STO displays a lower EPR signal, but the STO-T
samples show stronger EPR signals at g = 2.002, which is
caused by the combination of oxygen vacancy with an
electron [40]. Meanwhile, the intensity of the EPR signal
increases along with the treatment temperature, represent-
ing the concentration of oxygen vacancy in the STO-T'
samples raises.

To investigate and determine the concentration of
oxygen vacancies introduced into STO-7, TGA was
performed in a flowing air/nitrogen mixture gas. The
increased mass of the samples is attributed to the refilling
of oxygen vacancy in the samples. As shown in Fig. 6, the
weight of all hydrogenated SrTiO; samples increases along
with the temperature. This weight gain is resulted from the
refilling of the oxygen vacancy, simultaneously depending
on the oxygen vacancy concentration introduced by
hydrogenation treatment. After air/nitrogen mixed gas
treatment, relative to pristine SrTiOs, the mass percentages
of STO-320, STO-350, and STO-380 are 101.35%,
102.26%, and 102.71%, respectively. Through these
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Fig. 5 (a) Sr 3d XPS spectra; (b) Ti 2p XPS spectra; (c) O 1s XPS spectra; (d) EPR spectra of pristine SrTiO; and STO-350.
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Fig. 6 TGA curve of STO-320, STO-350, and STO-380.

mass percentages, the calculated oxygen vacancy concen-
tration in the STO-T samples are 5.58%, 9.85%, and
11.7%, respectively. In addition, when the temperature is
higher than 800°C, the STO-320 shows a weight-loss stage
in the TGA curves, which can be attributed to the loss of
chemically absorbed water and the escape of oxygen atoms
from the surface of SrTiO; at a high temperature [24].

The UV-vis diffuse reflection spectra of STO, STO-320,
STO-350, and STO-380 are presented in Fig. 7. The light
absorption of STO-T samples is higher than that of pristine
SrTiO3. Compared to pristine SrTiO3, the STO-T samples
display a broad absorption band from 400 nm to the
infrared region, which is caused by oxygen vacancy and
Ti** on the SrTiO; surface. The light absorption enhances
along with the reaction temperature, which is consistent
with the color change of the STO-T samples (the inset in
Fig. 7). The color of the STO samples gradually changes
from white to dark gray. Besides, a relatively small
absorption packet appears at 450-550 nm, corresponding
to the absorption induced by Ti** [41].
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Fig. 7 UV-vis diffuse reflectance spectra of STO samples (The
insets are photographs of pristine SrTiO3 and STO-T samples).

The flat band potential and valence band of pristine
SrTiO; and STO-350 were obtained by Mott-Schottky
plots and XPS valence band spectra. As shown in Fig. 8(a),
the flat band potentials of pristine StTiO; and STO-350 are
—1.28 eV and —1.42 eV (vs. Ag/AgCl), respectively.
Generally, the flat-band potential is 0.1-0.2 eV higher than
the conduction band potential, so the flat band potential
values of pristine SrTiO; and STO-350 are modified to
—1.283 eVand —1.423 eV (vs. normal hydrogen electrode
(NHE)). The flat band potential of STO-350 is higher than
that of pristine SrTiO3, which is attributed to the oxygen
vacancy induced by hydrogenation treatment. Here oxygen
vacancies increase the donor density in SrTiO3, improving
the charge transfer ability of SrTiO;. In addition, the
increasing donor density makes the Fermi level move up.
The XPS valence band for pristine SrTiOz and STO-350
are shown in Fig. 8(b). It is observed that the valence bands
of pristine SrTiO5 and STO-350 are 1.98 eV and 1.83 eV
(vs. vacuum, 1.84 eV, and 1.69 eV, vs. NHE). Due to the
introduction of oxygen vacancy, the valence band of STO-
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Fig. 8 Flat band potentials of pristine SrTiO3 and STO-350.
(a) Mott-Schottky plot of pristine SrTiO; and STO-350; (b) XPS valence band spectra of pristine SrTiO; and STO-350.
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350 shifts toward lower energy.

The PL spectra was used to investigate the effect of
surface oxygen vacancy on the charge separation of STO-T
samples. Figure 9 shows PL spectra of STO, STO-320,
STO-350, and STO-380. It is observed that the PL
intensity of STO-T samples is related to the hydrogenation
treatment temperature. The higher treatment temperature
corresponds to the lower PL intensity of the STO-T
samples, which indicates that the charge separation ability
of photogenerated carriers increases with the processing
temperature raising. Besides, based on the results of TGA,
the higher treatment temperature corresponds to the higher
oxygen vacancy concentration. In other words, the increase
of oxygen vacancy concentration on the STO-T surface
could promote the separation of photogenerated charges in
STO-T samples. For the STO-380 sample, the PL intensity
increases to the highest, which is due to the fact that the
excessive oxygen vacancies allow electron-hole pairs to
recombine on the surface.

Intensity/(a.u.)

350 400 450 500 550 600 650
Wavelength/nm

Fig. 9 PL spectra of pristine SrTiO;, STO-320, STO-350, and
STO-380.
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To further verify the effect of surface oxygen vacancy on
the charge separation of STO-T samples, the transient
photocurrent response of SrTiO; and STO-350 was
performed. As shown in Fig. 10(a), STO-350 with oxygen
vacancies shows significantly enhanced photocurrent in
comparison with the pristine SrTiO3, which indicates that
surface oxygen vacancies effectively promote the photo-
induced charge separation of STO-T samples. The current
density of STO-350 is about two times higher than that of
pristine SrTiO;, which is consistent with the enhanced
photocatalytic activity. EIS is a powerful tool to study the
interface charge transfer process. As shown in Fig. 10(b),
the semicircular diameter of STO-350 was smaller than
that of STO, and the small semicircular diameter indicates
a smaller interface charge transfer resistance, which further
demonstrates that surface oxygen vacancy could efficiently
promote the charge transfer. It is well known that oxygen
vacancies can serve as electron donors and increase donor
density. With the increase of donor density, the charge
transport in SrTiO;3 can be improved. Besides, the Fermi
level of SrTiO; also moves up with the increasing donor
density. This change in the Fermi level also improves the
charge separation ability at the STO/electrolyte interface.

The photocatalytic overall water splitting experiment of
STO samples was performed in pure water under UV-
visible light irradiation, and Pt was photo-loaded in situ on
samples to boost H, and O, generation in advance. As
shown in Fig. 11, the H, evolution rate is increasing with
the increasing oxygen vacancies, but when overdose, it
will decrease. Moreover, the ratios of H, and O, evolution
rate are about 1.76, 1.82, 2.07, and 1.91, respectively,
which is caused by the introduction of oxygen vacancies
that changes the redox potential of the photocatalyst. To
further investigate the oxygen vacancies on the reduction
ability of the samples, the photocatalytic hydrogen
production tests with sacrificial reagents were also
conducted. Figure S3(a) shows the time-dependent photo-
catalytic hydrogen production of STO, STO-320, STO-
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Fig. 10 Photoelectric properties.
(a) Transient photocurrent response; (b) EIS plots of STO and STO-350 (Z;,,,: imaginary resistance, Z.: real resistance).
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Fig. 11  Specific H, and O, evolution activities of STO samples.

350, and STO-380. It is observed that all the STO-T
samples show a higher activity than pristine STO. The
average hydrogen production rate of pristine STO is 130.4
pmol/h. With the increasing treatment temperature, the
hydrogen production activity increases. The hydrogen
production rate of STO-350 reaches a maximum of 202.8
pmol/h, which is about 1.5 times that of pristine STO. The
increase of photocatalytic activity is attributed to oxygen
vacancies, which acts as electron donors to enhance the
donor density in semiconductor photocatalyst and simul-
taneously improve the charge transfer ability of photo-
catalyst. Besides, the increasing donor density makes the
Fermi level upper shifts, synchronously increasing the
degree of band bending and facilitating charge separation
at the photocatalyst/electrolyte interface. However, too
higher a temperature results in an excess amount of oxygen
vacancy concentration, which is bad for photocatalytic
reaction. The photocatalytic activity of STO-380 decrease,
and the rate of hydrogen production drops to 182.1 umol/h.
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This may result from the excessive oxygen vacancies
formed on the SrTiO; surface act as the charge
recombination centers and thus decreases the catalytic
activity. The stability test of STO-350 is carried out as
shown in Fig. S3(b). It is found that the STO-350 sample
still maintains a stable photocatalytic activity after three
recycles, which demonstrates that STO-350 has a good
stability.

Due to the effect of the over-potential of the water-
splitting reaction on the photocatalytic H, evolution rate,
the polarization curves of the photocatalysts for the
hydrogen evolution reaction were measured [42]. The
LSV curves of pristine SrTiO3 and STO-350 are shown in
Fig. 12(a). STO-350 possesses a higher cathodic current
density at the same potential than pristine SrTiO;. STO-
350 shows a slight anodic shift of ca. 0.1 V in the onset-
potential for the hydrogen evolution reaction, which
indicates that STO-350 has a lower over-potential,
revealing that the H, production ability is also prompted.
Moreover, cyclic voltammetry (CV) was employed to
explore the photoelectrochemical properties of the photo-
catalysts. As shown in Fig. S4, STO-350 has a higher
current density, further illustrating an enhanced rate of
electron transfer across the interface between the electrode
and electrolyte solution over pristine SrTiO3. Based on the
above results, the schematic energy diagram of pristine
SrTiO3 and STO-350 is shown in Fig. 12(b). Compared
with pristine SrTiO;, the conduction band and valence
band of STO-350 shift up, which is good for improving the
reducing ability of SrTiO;.

4 Conclusions

Surface reconstructed SrTiO; nanocrystals were synthe-
sized by a thermal treatment process in presence of NaBH,
and SrTiO; nanocrystals. A disordered layer was formed
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Fig. 12 LSV curves of pristine SrTiO3 and STO-350.
(a) At a scan rate of 10 mV/s for hydrogen evolution reaction (HER) in 0.1 mol/L aqueous NaSOy; (b) schematic energy diagram.
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on the surface of the SrTiO; nanocrystals due to the
introduction of oxygen vacancies. After surface recon-
struction, the light absorption was extended to the infrared
region, simultaneously, the charge transferability between
the semiconductor and electrolyte interfaces was
enhanced. Moreover, the redox potential also changed.
Since there existed a synergistic effect between the three,
the photocatalytic H, production activity of surface
reconstructed SrTiO; nanocrystals was improved and the
ratio of hydrogen to oxygen production was also regulated.
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