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ABSTRACT: A facile and general method has been
developed to fabricate oxygen vacancies on perovskite
SrTiO; (STO) nanocrystals through a controllable solid-state
reaction of NaBH, and SrTiO; nanocrystals. STO samples
with tunable color, oxygen vacancy concentration on nano-
crystal surface have been synthesized. TEM results reveal that
these STO samples have a crystalline core/amorphous shell
structure (SrTiO,;@SrTiO;_,). XPS and EPR results disclose
that the oxygen vacancy concentration increases with the
increase of reaction time and temperature. The concentration
of oxygen vacancies calculated from TGA data, could reach
5.07% (atom) in this study. UV—vis spectra and photocatalytic
results indicate that oxygen vacancies on STO surface play an
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important role in influencing the light absorption and photocatalytic performance. However, an excess amount of oxygen
vacancies leads to a decrease of photocatalytic performance. The optimal photocatalytic activity for H, production under UV—vis
irradiation is up to 2.2 mmol h™' g~', which is about 2.3 times than the original SrTiOs, corresponding to 3.28% (atom) of

oxygen vacancy concentration.
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B INTRODUCTION

Photocatalysis, as an efficient, green, and promising solution to
the current energy crisis and environmental deterioration, has
attracted considerable interest.' ™ Among various semiconduc-
tors, perovskite metal oxides such as SrTiO; are promising
photocatalysts because of their exceptional electronic and
optical properties, ?hotochemical stability, low cost, and high
catalytic efficiency.” However, the wide band gap of SrTiO;
(3.2 eV) makes it active only under UV light irradiation. Thus,
many works have been devoted to expand the spectral response
of SrTiO;, such as doping with metals,® and nonmetals,'%"!
and combining with another semiconductor.’? Furthermore,
the high electron—hole recombination rate of SrTiO; results in
low photocatalytic efficiency. Therefore, to date, it is still a
challenge to enhance the photocatalytic efficiency of SrTiOs;.
One of the most efficient way to improve the photocatalytic
performance is by reducing the electron—hole recombination.'?
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As well-known, oxygen defect plays an important role in the
processes of photocatalysis.'* Surface oxygen vacancies can act
as the photoinduced charge traps and the adsorption sites, in
which the charge can transfer to the adsorbed compounds, thus
prevent the recombination of photogenerated charge carriers,
resulting in the improvement of the photocatalytic perform-
ance; while the bulk oxygen vacancies only serve as charge
carrier traps where the photogenerated electron—hole recom-
bine, which leads to the decrease of photocatalytic perform-
ance.">'® Therefore, controlling the oxygen defects on the
surface of photocatalyst could be very important for the
improvement of its photocatalytic property. Recently, Mao and
co-workers reported a breakthrough method to generate a
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disorder layer in the TiO, surface by hydrogenation, which
caused substantial solar-driven photocatalytic performances.'”
Then, some similar results that surface oxygen defects promote
the photocatalytic activity have been successively reported by
Li, Huang, and Zhu, involving TiOz,18_23 WO3,24 Zn0,>>?° and
Fe,0,.> Very recently, Rappe et al. also demonstrated that a
perovskite solid solution [KNbO,],_,[BaNi,,,Nb,,,0;_s].
(KBNNO) with a certain oxygen vacancy has a narrow
band gap and has potential to be a solar energy conversion
material.*® In a word, perovskite metal oxides with oxygen
vacancies have seldom been investigated, especially the
relationship between oxygen vacancy concentration and
photocatalytic performance.

Herein, a facile and general method is introduced to fabricate
oxygen vacancies on SrTiO; nanocrystal surfaces through a
controllable solid-state reaction of NaBH, and crystalline
SrTiO;. A series of colored SrTiO; from white via gray, blue,
and, finally, to black have been synthesized. TEM results reveal
that these colored SrTiO; have a crystalline core/amorphous
shell structure (SrTiO;@SrTiO;_,). XPS, EPR, and TGA
results showed the oxygen vacancy concentration increases as
the color of the material darkened and reaches a maximum of
5.07% (atom). The photocatalytic H, production activity shows
an increase and then decrease trend with the increase of oxygen
vacancy concentration. Among these samples, the optimal
photocatalytic activity for H, production under UV—vis
irradiation is up to 2.2 mmol h™' g~!, which is about 2.3
times than the original SrTiO;, corresponding to the con-
centration of oxygen vacancy of 3.28% (atom).

B EXPERIMENTAL SECTION

Chemicals and Materials. Sr(OH),-8H,0 (99.5%), NaOH
(96%), ethanol (AR), and NaBH, (98%) were purchased from
Aladdin Reagent Company and used without any further purification.
P25 TiO, was purchased from Degussa AG, Germany.

Preparation of SrTiO; Nanoparticles. 10.0 g (125 mmol) of P2S
was added to 350 mL of 10 M NaOH solution, and then, the mixture
was transferred into 500 mL Teflon-lined autoclave at 180 °C for 48 h.
Then, a solid sample was isolated by filtering. The sample was washed
with 0.1 M HCI solution and distilled water until the pH value of
the rinsing solution reached about 6.5. As-prepared titanic hydroxide
(0.8 g) and 8.0 g (30 mmol) of Sr(OH),-8H,0 were dispersed in
40 mL distilled water. Subsequently, the mixture was transferred to
50 mL Teflon-lined autoclaves by hydrothermal treatment at 180 °C
for 12 h. The white powder was centrifuged, washed with diluted
acetic acid, deionized water for several times, and dried at 70 °C.

Preparation of Colored SrTiO;@SrTiO;_,. 4.5880 g (25 mmol)
of as-prepared SrTiO; powder and 0.9510 g (25 mmol) of NaBH,
were mixed in an agate mortar and ground for 30 min. Then, the
mixture was put in a porcelain boat, placed in a tubular furnace, heated
from room temperature to 300—375 °C under Ar atmosphere at a
heating rate of 10 °C min~!, and then held at the designed tem-
perature for about 30—60 min. After naturally cooling, the colored
STO sample was obtained by simply washing with deionized water and
ethanol for several times to remove the unreacted NaBH, and dried at
70 °C. A series of colored STO samples tuned from light gray to black
can be obtained by controlling the reaction time and temperature. The
resulting samples were denoted as STO-T t, where T and t are the
reaction temperature (T = 300, 325, 350, 375 °C) and time (¢ = 30,
60 min), respectively.

Characterization. X-ray diffraction (XRD) was performed on a
Bruker AXS D8 Focus X-ray diffractometer (XRD) with a Cu Ka
radiation (4 = 1.54056 A). The UV—vis spectra were measured on a
Shimadzu UV 2600 UV/vis spectrophotometer. Scanning electron
microscope (SEM) images were taken on a JEOL JSM 4800F.
Transmission electron microscope (TEM) images were obtained on
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an FEI Tecnai G2 operated at 200 kV. X-ray photoelectron spectra
(XPS) were collected by using an ESCALABMKII spectrometer with
an Al Ka (1486.6 eV) achromatic X-ray source. The EPR spectra
were recorded on a Bruker EMX-8 spectrometer operated at 9.44 GHz
300 K.

Thermogravimetric analysis (TGA) was recorded on an STA 449
F3 Jupiter (Netzsch Instruments, Selb, Germany) coupled to a Mass
Spectrometer (MS, Hiden Analytical, model HPR-20). Specimens
were placed in Pt crucibles, and TGA-MS data were recorded dur-
ing heating from ambient temperature to 800 °C under flowing air
(90 mL min™") mixed with argon (10 mL min™"). A heating rate of
10 °C min~" was used for all experiments, and background correction
was applied by subtracting data for a blank run (without specimen)
from each experiment. To generate differential-TGA plots, the TGA
data for pristine SrTiO; was subtracted from the TGA data of STO-T
t samples, thus accentuating the difference between the treated and
untreated SrTiO; materials. An arbitrary mass offset was applied in
plotting the data so that the data coincided at 200 °C to simply
interpretation of mass increases during oxidation above 200 °C.

Photocatalytic H, Generation. 50 mg of samples with 1.0 wt %
Pt loaded was dispersed in 120 mL 25% aqueous methanol solution in
a closed Perfect Light Company Labsolar-III (AG) gas circulation
system. Methanol was acted as a sacrificial reagent. The amount of H,
production was determined by using an online Schimazu GC-2014c
gas chromatography.

Photoelectrode Preparation. According to the procedure in refs
29 and 30, electrophoretic deposition was used to deposited the STO
samples on a FTO transparent conductive glass substrate, as
shown following: 40 mg of STO sample was dispersed in a 50 mL
of 0.2 mg/mL I,/acetone solution under ultrasonic treatment. A two-
electrode process was used to deposit the samples at the applied
potential of 20 V for 10 min. FTO glass substrates with the coated area
about 1 X 3 cm® was used for both electrodes. Then, the deposited
electrode was dried at 200 °C for 30 min to remove I, residues.

Photoelectrochemical Measurements. A conventional three-
electrode process was used to investigate the photoelectrochemical
properties of samples in a quartz cell. A FTO photoanode deposited
STO samples, Hg/Hg,Cl,, and Pt foil electrode acted as the working
electrode, reference electrode, and counter electrode, respectively.
A 1.0 M NaOH aqueous solution was used as the electrolyte. The
photoanode was illuminated by a Beijing Trusttech Co. Ltd., PLS-
SXE-S$500 300 W Xe lamp. The illuminated area was about 1 X 1 cm?.
The IPCE (incident photon-to-current conversion efficiency) was
calculated as the following equation:
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Figure 1. UV—vis diffuse reflectance spectra of pristine SrTiO; and
STO samples; the insets are photographs of pristine SrTiO; and STO
samples.
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B RESULTS AND DISCUSSION

Structure Features and Physical Properties. In the
method, NaBH, acts as an oxygen scavenger,m which
decomposed and in situ produced the active hydrogen at mild
reaction temperature. This active hydrogen is more reactive than
H, and other reductants in the previous reports."” ¢ Its strong

Figure 2. TEM images of pristine SrTiO; (a) and STO-32S5 60 (b);
(c—d) HRTEM images of pristine SrTiO; nanocrystals (c), STO-325
60 (d). The dash line in part d displays the boundary of crystalline and
disordered layer, the white arrows point to the disordered layer.

reducing capability is beneficial to remove the oxygen atoms
from the surface of SrTiO;, thus forming oxygen vacancies at a
relatively short time and low temperature, which is helpful to
maintain the original morphology of SrTiO; nanocrystals. By
tuning the reaction time and temperature, the oxygen vacancy
concentration can be tailored easily. Thus, a series of colored
SrTiO; with different photocatalytic activities were obtained. In
addition, the byproducts from NaBH, can be removed easily by
washing with water and ethanol. The XPS results indicate that
there is no B or Na remaining in the washed and dried samples
(Supporting Information Figure S1).

UV—vis diffuse reflectance spectra (Figure 1) show that
pristine SrTiO; and STO-T t exhibit the absorption onset at
390 nm, which agrees with the band gap edge absorption of
SrTiO; (3.2 eV). In contrast to pristine SrTiOs, an additional
absorption band beyond 400 nm extending to the infrared
region is observed for STO-T t samples. The absorption band
increases with the increase of reaction time and temperature,
which agrees with the color change of samples. As shown in
Figure 1, the color of SrTiO; turned from white to light gray
and finally into black. It is generally accepted that the variable
light absorption of SrTiOj is caused by the increasing oxygen
vacancy concentration on SrTiOj surface.”> With the increasing
of oxygen vacancies, some reduced Ti sites such as Ti** could
be formed, which is attributed to the light absorption beyond
400. In addition, these STO-T t samples show high stability and
almost negligible change at ambient conditions over a year
(Supporting Information Figure S2).

As shown in Figure 2, TEM images reveal that the particle
size and morphology of STO samples before and after NaBH,
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Figure 3. (a) Sr XPS spectra, (b) Ti XPS spectra, (c) XPS valence band spectra, and (d) EPR spectra of pristine SrTiO; and STO samples.
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treatment show no change. The average diameter of SrTiO;
nanocrystals is ~S0 nm. High-resolution TEM (HR TEM)
images provide detailed information on the structure of SrTiO;
nanocrystals. Before the reduction treatment, SrTiO; nano-
crystals exhibit highly crystalline nature and well-resolved lattice
feature throughout the whole particles (Figure 2c). When the
treatment temperature rises up to 325 °C for 60 min, a
disordered layer with ~1.2 nm thickness is clearly observed in
the HR TEM images (Figure 2d). However, the core of
nanocrystals is still highly crystalline. The lattice plane distances
of crystalline core are 0.27 nm, which is the same as the lattice
plane [1 1 0] of cubic SrTi0;.*>** The HR TEM results
confirm that all these STO samples have SrTiO;@ SrTiO;_,
core/shell structure feature.

XRD (X-ray diffraction) is used to characterize the change of
crystalline phase of STO samples. Supporting Information
Figure S3 shows the XRD patterns of pristine SrTiO; and
STO-T t. The XRD patterns of STO-T t are quite similar to that
of pristine cubic SrTiO; (JCPDS Card No. 035-0734).>* The
strong diffraction peaks indicate that STO-T t samples are
highly crystalline as pristine SrTiO;. However, a slightly
broadening main peak is observed with increasing reaction
time and temperature, which might be related to oxygen
vaca%cies, as a result of lattice strains and the reduced crystallite
size.

XPS (X-ray photoelectron spectroscopy) is a powerful
technology to investigate the chemical binding and valence
band position of samples. The high-resolution spectra of Sr 3d,
Ti 2p, O 1s XPS and valence band of pristine SrTiO; and STO-T
t samples are shown in Figure 3 and Supporting Information
Figure S4. After NaBH, treatment, it is found that with respect
to the spectra of pristine SrTiOj;, the peaks of Sr, Ti and O shift
to high binding energy gradually with the increasing reaction
time and temperature. STO-375 60 shows the largest shift that
is about 0.4 eV. This whole XPS shift is a characteristic shift of
Fermi level.*® The oxygen vacancy and reduced of SrTiO,
surface aggrandize the equilibrium electron density, and thus
push the Fermi level upward. The increased binding energies
were observed. The VB XPS of STO samples are shown in
Figure 3c. The pristine SrTiOj; displayed the VB band edge at
~1.84 eV below the Fermi level. Because optical absorption
spectra reveal that the band gap of SrTiO; is 3.20 eV, the con-
duction band minimum would be located at about —1.36 eV.
The valence band maximum energy shows negligible change for
the sample of STO-325 60. In the case of STO-375 60 sample,
a blue-shift with the band tail about —0.15 eV has been
observed, which may attribute to the phase change of reduced
StTiO,. >

The O 1s high resolution XPS spectra of STO-T t can be fitted
into three Gaussian peaks at 530.0 eV, 5319 and 5334 eV,
respectively. The O 1s peak at 533.4 eV is usually assigned to
the loosely bound oxygen on STO surface.”® The component at
530.0 eV is associated with the O~ ions in the crystal structure
of STO.*® And the middle peak at $31.9 eV, is attributed to O*~
in the oxygen defect of STO surface.***” According to the
previous report,”® the intensity of middle peak is related to the
concentration of oxygen vacancies on STO surface. As shown
in Supporting Information Figure S4, the peak at 531.9 eV in
STO samples turns stronger and stronger, indicating that the
oxygen vacancy concentration on STO surface increases as the
process of NaBH, treatment. Furthermore, EPR (electron para-
magnetic resonance) spectra of STO samples were measured.
As shown in Figure 3d, the pristine SrTiO; shows a sharp signal

at g-value of ~2.01, which could be assigned to the Fe impurity
of the synthesized STO.* The EPR signal observed in STO-T
t with ¢ = 1.97 can be assigned to paramagnetic oxygen
vacancies, as documented in previous reference (e.g, Ta,0s,
CeO,, ZnO, etc.).*® The signal intensity increases from STO
325 60 to STO 375 60, indicating that the oxygen vacancy
concentration in STO-T t samples increases with the reaction
process.

In order further to investigate the concentration change of
oxygen vacancy in STO samples, the TGA in flowing Air/Ar
mixture gas were measured. As shown in Figure 4, pristine
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Figure 4. (a) TGA curve of pristine SrTiO; and STO-T ¢ samples; (b)
The TGA differential spectra of STO-T t samples with pristine SrTiO;.

SrTiO; shows two weight loss stages in the temperature range
30—800 °C. As a result of mass spectra (Supporting
Information Figure S5 and Figure S6) that monitored the gas
coming out from samples during TGA measurement, water is
the main weight loss. So the first weight loss can be assigned to
the loss of physical adsorption water molecules on the STO
surface. The second can be attributed to the loss of chem-
isorption waters and the escape of oxygen atoms on the STO
surface under high temperature. In the cases of STO-T t
samples, TGA curves display a weight loss first in temperature
30-210 °C, and a weight gain in 210—500 °C and then weight
loss after 500 °C. As discussed above, the first weight loss can
be assigned to the loss of surface and oxygen vacancy physical
adsorption water molecules on the STO samples. After
releasing the physical adsorbed water, the oxygen vacancies
are ready to be refilled with oxygen in high temperature,
causing a weight gain of STO-T t samples. After the oxygen
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ACS Applied Materials & Interfaces

Research Article

vacancies are refilled, another weight loss similar as pristine
SrTiO; has been observed. TGA differential spectra of STO-T
t samples with pristine SrTiO; are shown in Figure 4b. After
210 °C, a positive D-value has been displayed, corresponding to
the weight gain in TGA curves of STO samples. Then, D-value
tends to a constant, which further indicate that the STO sam-
ples have similar weight loss as pristine SrTiO; after 500 °C.
The D-value directly related to the refilled oxygen amount,
which means the oxygen vacancy concentration. The D-value of
STO-300 60, STO-325 60, and STO-375 60 with pristine
SrTiO; are 0.5858%, 0.8584% and 1.3274%, respectively,
corresponding to the oxygen vacancy concentration in STO-
300 60, STO-325 60, and STO-375 60 are 2.24%, 3.28%, and
5.07% (atom), respectively.

Photocatalytic Activity and Photocurrent Response.
The H, production from water under UV—vis irradiations was
applied to evaluate the photocatalytic performance of STO
samples. 50 mg samples with 1.0 wt % Pt loaded was dispersed
in 120 mL 25% aqueous methanol solution. The UV—visible
light source was a 300 W Xe lamp. As shown in Figure Sa, the
steadily H, production is about 49 ymol h™" for 0.0S g pristine
SrTiO; (0.98 mmol h™' g™'). After it was treated by NaBH,, the
H, production rate of STO-T t was increased. For the gray STO-
325 60, the maximum H, production was up to 112 gmol h™" for
0.05 g STO-325 60 (2.2 mmol h™" g™') under UV—visible light
irradiations, which is 2.3 times than that of pristine SrTiO;. The
recycle experiments reveal that STO-325 60 shows negligible
reduction of photocatalytic performance for H, generation after
five recycles (Figure Sb), which indicated STO-325 60 has a

good stability. The STO-T t samples obtained at higher
reaction temperature or longer reaction time such as STO-350
60 and STO-375 60, the rates of H, production under UV—
visible light are reduced to 79 and 36 wmol h™' for 0.05 g
sample (1.58 and 0.72 mmol h™' g™'), respectively, which
might be related to the increase of oxygen defects in STO
samples. It is well-known that the oxygen defects can act as an
electron donors® and have a contribution to enhance the
donor density of semiconductor.”® With the increase of donor
density, the charge transport in SrTiO; (Figure Sc) could be
improved. The Fermi level of SrTiO; could also be shifted
toward the conduction band.** This shift of the Fermi level can
improve the charge separation at the STO/electrolyte interface.
Therefore, the reasons for the enhanced photocatalytic activity
in STO-325 60 could be mainly attributed to the enhancement
of charge separation. However, when the oxygen vacancy con-
centration is too high, the defect can serve as a charge recom-
bination center, and lower the free carrier mobility.*' That
results in a negative effect on the photocatalytic activities,*'
which could be the reason why the photocatalytic performances
in STO-350 60 and STO-375 60 are reduced. In summary, at
an optimum concentration, oxygen vacancy can improve the
separation of photoexcited charge carriers. While beyond the
optimum point, the photocatalytic performance would
decrease. In our cases, the optimum concentration of oxygen
vacancy is approximate 3.28% (atom) on the base of the TGA
results.

In order to verify the improvement in charge separation of
the photogenerated charge carriers for STO-325 60, the

120

100

80

60

40

20

H, generation (umol)

D
SrTiOs  STO-300 30 STO-300 60 STO-32560 STO-350 60 STO-375 60

(a)

—STO
0.04 4 ———STO0-325 60

0.03 1
0.02 - k

0.01 4

| (mA/cm?®)

T

0 50 100 150 200 250 300
time (s)

(©

o

generation (pmol)
w
8
'\

2004 /
S 1004 / ./
0 5 10 15 20 25
time (h)

3.5+ —u—STO I
—8—ST0-325
P ——e STO-325 60

3.01 \
—~ 2.54
o

~ 2.0 L

1.5
1.0
051"\

N
0.0 TS

320 340 360 380 400 420 440 460 480 500
Wavelength (nm)

(d)

H

%

IPCE

Figure 5. (a) Initial H, evolution rate of pristine SrTiO; and STO-T t samples; (b) Recycling measure of H, production through photocatalytic
water splitting with STO-325 60, SO mg photocatalyst with 1.0 wt % Pt loaded in 120 mL 25% aqueous methanol solution under UV—vis
irradiations; (c) photocurrent response of pristine SrTiO3 and STO-325 60; (d) IPCE of the pristine SrTiO; and STO-325 60 collected at a bias

voltage of —0.8 V versus Hg/Hg,Cl,.

dx.doi.org/10.1021/am5051907 | ACS Appl. Mater. Interfaces 2014, 6, 19184—19190



ACS Applied Materials & Interfaces

Research Article

transient photocurrent response experiments of pristine SrTiO;
and STO-325 60 were measured. As shown in Figure Sc, when
the light was successively shuttled on and off, a series of
photocurrent signals could be detected for SrTiO; and STO-
325 60. However, the photoelectric current density of STO-325
60, 0.015 mA cm™2, which was three times higher than that of
pristine SrTiO; 0.005 mA cm™ implying that the charge
separation in STO-325 60 has been enhanced remarkably by
reducing the recombination of photogenerated charge carriers.
In order to investigate the relationship between the light
absorption of SrTiO; and its photocatalytic activity, IPCE
(incident-photon-to-current conversion efficiency) measure-
ments were performed on SrTiO; and STO-325 60 photo-
anodes at —0.8 eV (Figure 5d). In comparison with pristine
SrTiO;, the STO-325 60 exhibits greatly enhanced photo-
catalytic performance over the UV region. While in the visible
light region, there is no observable improvement. It indicates
that the enhanced photocatalytic activity of the STO-325 60
contributes from the improvement of charge separation of
photogenerated charge carriers in the UV region.

B CONCLUSION

In summary, a facile and general method has been introduced
to fabricate oxygen vacancies on perovskite SrTiO; nanocrystals
through a controllable solid-state reaction of NaBH, and
crystalline SrTiO;. STO samples with different oxygen vacancy
concentrations on their surfaces, and photocatalytic activities
have been prepared. A series of characterization and photo-
catalytic results indicate that oxygen vacancies on STO surfaces
also play a key role in influencing the spectral absorption and
photocatalytic performance of this perovskite metal oxide as
simple oxides. More important, TGA measurement could be
employed to determine the oxygen vacancy concentration.
With the increase of oxygen defects on the STO surface, the
light absorption of STO samples in visible and infrared regions
has been enhanced remarkably, but this light adsorption plays a
negligible effect on the expanse spectral response of photo-
catalytic. An optimum concentration of oxygen vacancies can
improve the charge separation of photogenerated charge carriers,
and thus provide a maximum enhancement of photocatalytic
performance. However, an excess amount of oxygen vacancies
results in a decrease of photocatalytic performance.
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More XPS, UV—vis spectra, XRD, and TGA-MS. This material
is available free of charge via the Internet at http://pubs.acs.org.
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