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A B S T R A C T

Oxygen vacancy modulation of metal oxide photocatalysts has triggered an explosion of interest for the un-
precedented and superior photoactivities. Herein, the influence of oxygen vacancies on the activity of {010}-
faceted TiO2 for photodegradating SMX was evaluated. Experimental studies indicated that the formation of
oxygen vacancies was highly dependent with the thermal treatment atmosphere. Vacuum treatment was fa-
vorable for the generation of surface hydroxyl groups, which contributed to the interfacial extraction of holes. In
contrast, air calcinations benefited the formation of surface defects. The enhanced charge separation resulted in
the remarkably improved photoactivity for SMX degradation.

1. Introduction

Sulfamethoxazole (SMX), known as a common broad-spectrum an-
tibiotic, couldn't be efficiently removed during conventional water
treatment process [1,2]. Nowadays, photocatalytic degradation of or-
ganic contaminants has attracted increasing attentions due to the green
and environmentally friendly procedures. In this regard, it is of great
importance to explore highly active photocatalysts for eliminating
sulfamethoxazole pollutants in water.

TiO2 is undoubtedly one of the most widely studied photocatalysts
due to its excellent structural stability and economic attraction.
However, its large-scale application is seriously limited by the moderate
activity. Tremendous efforts have been made to improve the photo-
catalytic performance through inhibiting the recombination of photo-
generated charge carriers, while oxygen vacancy modulation has trig-
gered an explosion of research interest [3]. Recently, the contribution
of defect-induced lattice distortion on the photoactivity of oxygen-de-
ficient semiconductors has been revealed [4]. Our study further vali-
dated the significant impact of spatial distribution and rearrangement
of oxygen vacancies on the behavior of charge carriers [5,6]. However,
controversy persists regarding the real role of oxygen vacancies, as
inappropriate defects can also act as recombination center that might
deteriorate the photoactivity [7]. To exert the great potential of TiO2

photocatalyst for photocatalytic removal of SMX, a fundamental as-
sessment of oxygen vacancy modulation is urgently needed.

The aim of this study is to investigate the effect of oxygen vacancies
on the photocatalytic performance of TiO2 during the degradation of
SMX. TiO2 nanocrystals with dominant {010} facets were selected as a
model catalyst, as we found that the integration of facet engineering
and oxygen vacancy modulation could result in unprecedented photo-
catalytic performance [8]. In order to prepare {010}-TiO2 with dif-
ferent oxygen vacancies, thermal treatment was conducted in vacuum
condition and air atmosphere environment. The photocatalytic perfor-
mance of TiO2 samples was assessed according to degradation of anti-
biotic SMX in water under simulated solar irradiation. Combined with
reactive radical detection and scavenging experiments, the mechanism
of oxygen vacancy enhanced photodegradation of SMX was proposed.

2. Experimental

2.1. Preparation

Anatase TiO2 with predominantly exposed {010} facets is synthe-
sized by a traditional hydrothermal method with the procedure similar
with the reference [9] (Text S1).

Vacuum-treatment and air-calcination methods were used to mod-
ulate the concentration of oxygen vacancies in TiO2, respectively. In a
typical procedure, the above as-prepared TiO2 materials were heat-
treated at 200 °C in vacuum condition for different time. The corre-
sponding samples were denoted as 010-Vxh, where x means the
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treatment time. In comparison, TiO2 materials were also calcined at
450 °C in air environment for different time, and the corresponding
samples were denoted as 010-Axh.

2.2. Characterization

The structure and morphology of the prepared photocatalysts were
studied by X-ray diffraction (XRD) (AXS, Brucker, Germany), field
emission scanning electron microscope (FESEM, SU-8020, Hitachi,
Japan), transmission electron microscope (TEM) and high-resolution
transmission electron microscope (HRTEM, JEM-2100F, JEOL, Japan).
The chemical environment of component elements were analyzed by X-
ray photoelectron spectroscopy (XPS) (Thermo Fisher Scientific,
America). Electron Paramagnetic Resonance (EPR) measurements were
carried out on a Bruker A300–10/12/S EPR spectrometry (Germany).

2.3. Photodegradation experiments

The photocatalytic reaction was carried out in a self-designed quartz
reactor (45×40×75mm) under simulated sunlight irradiation with a
500W xenon lamp (CELeS500) as light source. In a typical reaction,
20 mg TiO2 powders were dispersed in 100mL of Milli-Q water by ul-
trasonic, then 2mL of SMX (100mg·L−1) solution was added into the
suspension (Text S2). At each time interval, 2 mL of suspension sample
was taken out from the reactor for SMX concentration measurement.
SMX was analyzed by Ultra Performance Liquid Chromatography-
Tandem Mass Spectrometry (UPLC-MS/MS, Quattro Premier XE, Waters
Co, USA) (Text S2).

3. Results and discussion

3.1. Morphology and structural characterizations

Based on the XRD results (Fig. S1), both the pristine and heat-
treated samples can be indexed to anatase TiO2 (JCPDS 21–1272). The
heat treatment time exhibited ignorable influence on the phase struc-
ture of photocatalysts. The characteristic diffraction peaks around
25.3°, 37.8° and 48° corresponds to the (101), (004) and (200) reflec-
tion planes, respectively. SEM observation indicates that pristine TiO2

possessed a hybrid nanorod/nanoparticle structure (Fig. S2). The
average diameter and length of nanorod were determined to be 80 nm
and 500 nm, respectively (Fig. S3a). In the HRTEM image (Fig. S3b), the
lattice fringes of 0.35 nm and 0.48 nm can be indexed to (101) plane
and (002) plane of anatase TiO2. The corresponding FFT pattern (inset
of Fig. S3b) confirmed that the exposed facets of TiO2 nanorods were
mainly (010) facets. The following heat-treatment procedures showed
no obvious influence on the morphology of products, as all samples
maintained the nanorod/nanoparticle architecture. A slight difference
between 010-Vxh and 010-Axh was that more nanorods were observed
in 010-Axh, due to the continuous crystal growth under high tem-
perature (Fig. S4, S5).

The electronic structure of different TiO2 photocatalysts was studied
by EPR spectroscopy, a sensitive technique that can provide useful in-
formation about trapped electrons and surface defects [10–12]. In
Fig. 1, a weak paramagnetic signal centered at g value of 1.998 is de-
tected in pristine {010}-faceted TiO2, indicating the existence of a small
amount of oxygen vacancy defects [7,16]. In general, both vacuum
treatment and air calcination resulted in the increased peak intensity. A
directly proportional relationship between defect concentration and
treatment time was revealed. Further observation indicated that board
peaks located at g= 1.96 were easily seen in vacuum treated samples
(Fig. 1), which could be assigned to Ti3+ existed in the bulk of TiO2

[3,13]. Differently, this peak only emerged after 10 h' air calcination
(Fig. S6). Therefore, treatment method could exhibit significant influ-
ence on the existing status of oxygen vacancies, which was also re-
flected in the darker color of 010-A than 010-V (Fig. S7). Considering

the detrimental role of bulk Ti3+ in charge separation, air calcination
facilitated formation of surface Ti3+ defects should be more favorable
for the enhanced photoactivity of {010}-faceted TiO2.

XPS was used to evaluate the change of chemical bonding and
element binding energy. In the Ti 2p spectrum of {010}-faceted TiO2

(Fig. 2), the two core level peaks at 458.7 and 464.5 eV were corre-
sponded to Ti 2p3/2 and Ti 2p1/2, respectively. In contrast, a distinct
shift of these peaks to lower binding energies was observed for both
vacuum treated and air calcined samples, indicating the formation of
oxygen-induced Ti3+ centers on the surface [14]. Note that the shift
value of 010-A (0.2 eV) was much larger than 010-V (0.1 eV), we can
induce that oxygen vacancies in air calcined sample benefited the for-
mation of surface Ti3+ [15]. Based on the previous results, the O 1 s
peaks located at 529.8 eV, 530.9 eV, 531.6 eV and 532.8 eV can be as-
cribed to TieO bond, surface hydroxyl oxygen, defect oxygen and
surface adsorbed oxygen, respectively. With the increase of vacuum
treatment time, defect oxygen and adsorbed oxygen gradually de-
creased (Fig. S8). The shift of TieO peak toward higher binding energy
indicted that the formation of oxygen vacancies indeed influenced the
bond interaction states. The appearance of abundant hydroxyl oxygen

Fig. 1. EPR spectra of the as-prepared TiO2 samples treated thermally in va-
cuum for different time respectively.

Fig. 2. High-resolution XPS spectra of Ti 2p for 010, 010-A (1 h) and 010-V
(10h) TiO2 samples.
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evidenced the oxygen vacancy-induced surface hydroxyl groups in va-
cuum treated samples (Fig. S8a). Differently, one hour's calcination in
air led to the significantly increased defect oxygen and adsorbed
oxygen. With the increase of treatment time, those peaks corresponding
to surface oxygen vacancies decreased (Fig. S8b), i.e. more defect
formed in the bulk region, which agreed well with the EPR results.

3.2. Photocatalytic degradation of SMX

Having revealed the atmosphere-dependent formation of oxygen
vacancies, photodegradation of SMX was carried out to evaluate the
photoactivity of different catalysts. In Fig. 3, the direct photolysis of
SMX under simulated solar irradiation could be neglected. The photo-
activity of 010-V TiO2 increased with the increase of treatment time,
and the highest SMX removal efficiency was achieved over 010-V10h
(Fig. 3a). Differently, for air calcined samples, excessive treatment led
to the deteriorated photoactivity (Fig. 3b). 010-A1h exhibited the best
performance among all types of TiO2 photocatalysts. All these results
indicated that defect modulation could contribute to the degradation of
SMX over TiO2, while the photoactivity was highly dependent with the
status of oxygen vacancies.

The mineralization of SMX was assessed by detecting the released
sulfate and nitrate ions in the reaction solutions. After 100min' illu-
mination, the concentration of sulfate and nitrate ions reached
0.43mg/L and 0.18mg/L, respectively (Fig. S9), corresponding to
56.6% and 12.2% of sulfate and nitrate ions in the SMX molecules. Note
that these conversion rates were still lower than the theoretical max-
imum values (Text S3), the formation of intermediates during photo-
degradation could be deduced.

3.3. Photocatalytic mechanism study

To gain fundamental insights into the photodegradation me-
chanism, active species trapping experiments were carried out by using
butanol, KI, and benzoquione as •OH, h+, and •O2

– scavenges, respec-
tively. In Fig. 4, •OH and •O2

– scavenging didn't influence the de-
gradation rate of SMX, while h+ scavenging did. It indicated that
photo-induced holes were the major reactive species for pollutant re-
moval.

Based on the above results, the photodegradation mechanism of
SMX over {010}-faceted TiO2 was proposed. Firstly, heat treatment
provided an effective strategy to introduce oxygen vacancies into TiO2.
The existence status of those defects was facilely controlled by changing
the treatment atmosphere. Oxygen vacancies in vacuum-treated TiO2

induced the formation of surface hydroxyl groups, which played a

significant role in the surface extraction of photo-induced holes
[16,17]. Under irradiation, those separated holes could either directly
oxidize SMX into nontoxic compounds or oxidize water into hydroxyl
radicals (Fig. 5a). However, appropriate air calcination seemed to be
favorable for the formation of surface defects. With the largest amount
of surface oxygen vacancies as reactive sites, 010-A1h showed the
highest charge separation efficiency for contaminant degradation. In
comparison, bulk defects formed during the continuous treatment acted
as charge recombination centers, which resulted in the deteriorated
activity. This deduction was well confirmed by the decreased EPR
signal of DMPO-•OH in 010-A4h and 010-A10h (Fig. 5b).

4. Conclusion

Defective TiO2 nanocatalysts with dominant {010} facets were
prepared by a thermal treatment strategy. We found that the formation
of oxygen vacancies and corresponding Ti3+ could be facilely modu-
lated by changing the treatment atmosphere. Vacuum treatment was
favorable for the formation of bulk defects and surface hydroxyl groups,
which benefited the extraction of photo-generated holes for photo-
oxidation reactions. In comparison, air calcination facilitated the for-
mation of surface oxygen vacancies. The improved charge separation in
010-A1h resulted in the significantly increased photoactivity for SMX
photodegardation. Thus, our work provides new insight into the design
of high-efficiency faceted photocatalysts for environmental remediation
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Fig. 3. The variation of SMX concentration in photocatalytic reaction under simulated sunlight irradiation with TiO2 materials prepared under different conditions:
in vacuum (a) and in air (b) for different time respectively.
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through oxygen vacancy modulation.
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