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truction of stable oxygen
vacancies on TiO2 for enhancement of visible light
photocatalytic activity†

Yu Zou,a Kaimeng Yang,a Qirong Chen,*b Haitao Wangc and Xiangfu Meng *a

The construction of defects on TiO2 surface has attracted great interest due to their prominent effect on

photocatalytic activity. However, most synthesis methods often lead to unstable oxygen vacancies which

limits their effect for improvement of visible light photoactivity. In this work, stable oxygen vacancies

were successfully introduced in commercial TiO2 (P25) via one-step molten salt (MS) method. Due to

the incomplete combination of trifluoroacetic acid (TFA) adsorbed on TiO2 in MS, the lattice oxygen

atoms of TiO2 were consumed resulting in the formation of oxygen vacancies both on the surface and in

the bulk of TiO2. The optical adsorption edge of oxygen defective TiO2 showed a substantial shift toward

to visible light region combining with a color variation from white to dark blue. Meanwhile, the

morphology and crystalline phase were also changed because of the presence of oxygen vacancies. As

a result, the blue TiO2 with rich oxygen vacancies exhibited a considerably enhanced photocatalytic

activity for decomposition of rhodamine B (RhB) and selective oxidation of benzyl alcohol under visible

light irradiation.
Introduction

TiO2 has always been one of the most investigated semi-
conductor materials for dealing with environmental and energy
issues.1,2 However, the photocatalytic efficiency of TiO2 is oen
limited because of its wide band gap and high recombination
rate of photogenerated charge carriers.3 Recently, self-doping by
Ti3+ and/or oxygen vacancies (Vo) has been proven to be an
effective strategy to extend the light absorption of TiO2 into the
visible-light region, even the near infrared area.4 Due to the
narrowed band gap and enhanced conductivity, defective TiO2

shows high visible light adsorption and suppressed photo-
generated carriers recombination.5 Various methods have been
adopted to introduce Ti3+ or oxygen vacancies defects in surface
or bulk of TiO2, such as high temperature and pressurized
hydrogenation,6,7 plasma treatment,8 and vacuum activation,9

etc. Unfortunately, the oxygen defective TiO2 obtained via these
approaches are not stable and easily reoxidize in air leading to
a decrease of oxygen vacancies concentration.10 Therefore, the
synthesis of stable defective TiO2 with high oxygen vacancies
concentration still remains a large challenge.
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In addition to defect engineering, controlling the exposed
facets of TiO2 nanocrystals is another efficient method to
improve the photogenerated charges separation because the
photogenerated electrons favourably transfer from (001) to
(101), while holes migrate from (101) to (001).11 It has been re-
ported that oxygen-decient anatase TiO2 sheets with dominant
(001) facets showed an enhanced hydrogen evolution rate in
photocatalytic water splitting reactions.12 Recent research
demonstrated that the Ti3+/Vo's sites and the co-exposed (101)
and (001) facets of the TiO2 nanocrystals could promote CO2

photoreduction activity.13 Even though the synthetic strategies
for preparing well-dened (001) facet dominant anatase TiO2

were developed, it is still challenging to one-step construct
oxygen deciency on special crystal facets.

In the present work, we have successfully developed a one-
step molten salt (MS) strategy for synthesis of stable Ti3+-self
doped blue TiO2 exposed with (001) facets from pristine white
TiO2 using triuoroacetic acid (TFA) as reducing and capping
agent simultaneously. Benetting from the low oxygen partial
pressure and oxygen isolation effect of MS, the incomplete
combustion of TFA at high temperature will consume the lattice
oxygen atoms of TiO2, leading to the formation of oxygen
vacancies both on the surface and in the bulk. Furthermore, the
releasing HF from decomposition of TFA favours the formation
of exposed (001) facets. As a result, stable oxygen defective blue
TiO2 exposed with (001) facets was obtained, which showed
narrowed band gap and enhanced photocatalytic activity in
photodegradation of rhodamine B (RhB) and selective oxidation
of benzyl alcohol (BA) under visible light irradiation. These
RSC Adv., 2018, 8, 36819–36825 | 36819
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ndings demonstrate a facile approach for synchronously
constructing oxygen defects and (001) facets in blue TiO2.

Experimental method
Materials and sample preparation

1 g of TiO2 (Degussa, P25) was mixed with different amount of
triuoroacetic acid (Sigma-Aldrich, China) under stirring at
room temperature. Aer drying in ambient, the modied P25
was nely ground with 5.8 g of LiCl–KCl (Sigma-Aldrich, China)
eutectic mixture (45/55 wt%) and then themixture was placed in
a crucible and annealed at 400 �C for 3 h. Aer cooling to room
temperature, the solid product was washed using water to
remove the eutectic salt and blue color product was obtained
aer drying at 60 �C overnight. The samples were labelled as
P25-MS, B-TiO2-0.1, B-TiO2-0.5, B-TiO2-1.0, and B-TiO2-2.0,
according to the usage of TFA for 0 mL, 0.1 mL, 0.5 mL, 1 mL,
and 2 mL, respectively.

Sample characterization

The UV-vis absorbance spectra were obtained for the dry-
pressed disk samples using a Scan UV-vis spectrophotometer
(Varian, Cary 500) equipped with an integrating sphere
assembly, using BaSO4 as the reectance sample. The spectra
were recorded at room temperature in air within the range 200–
800 nm. The electron paramagnetic resonance (EPR) spectra
were measured using JEOL JES-FA200 EPR spectrometer at 100
K. Fourier transform infrared (FTIR) spectra were recorded with
KBr disks containing the powder sample with the FTIR spec-
trometer (Nicolet Magna 550). Raman spectra were identied by
using a Thermo-scientic DXR spectrometer in the range of
100–1000 cm�1 at 532 nm. The instrument employed for XPS
studies was a Perkin-Elmer PHI 5000C ESCA system with Al Ka
radiation operated at 250W. The shi of the binding energy due
to relative surface charging was corrected using the C 1s level at
284.6 eV as an internal standard. The morphologies were
observed by transmission electron microscopy (FEI Tecnai G20,
200 kV). X-ray diffraction (XRD) patterns were recorded in the
range 20–60� (2q) using D/MAX-2550 diffractometer (Rigaku,
Japan) with Cu Ka radiation (l ¼ 1.5406 Å).

Photocatalytic experiments

The photocatalytic activity of each sample was evaluated in
terms of the degradation of rhodamine B and selective oxida-
tion of benzyl alcohol. 0.02 g B-TiO2 was added into a 100 mL
quartz photo-reactor containing 20 mL of RhB solution
(10 mg L�1). The mixture was stirred for 30 min in the dark in
order to reach the adsorption–desorption equilibrium. A 350 W
Xe lamp equipped with a UV cut-off lters (l $ 420 nm) was
used as a visible light source. The lamp was cooled with owing
water in a quartz cylindrical jacket around the lamp and
ambient temperature is maintained during the photocatalytic
reaction. At the given time intervals, the analytical samples were
taken from the mixture and immediately centrifuged, then
ltered through a 0.22 mm Millipore lter to remove the pho-
tocatalysts. The ltrates were analyzed by recording variations
36820 | RSC Adv., 2018, 8, 36819–36825
in the absorption in UV-vis spectra of RhB a Cary 100 ultraviolet
visible spectrometer. For benzyl alcohol oxidation, 20 mg of B-
TiO2 was suspended in 20 mL of toluene with 0.1 mmol of
benzyl alcohol. O2 was bubbled through the mixture at a rate of
10 mL min�1. The irradiation condition was identical to
degradation of RhB. Aer the photocatalytic reaction, the
products were analyzed using a gas chromatograph system
(TRACE 1310GC, Thermo Fisher) with a ame ionization
detector (FID).

Results and discussion

Molten salt synthesis of defective blue TiO2 (B-TiO2) was carried
out in LiCl–KCl eutectic mixture (45/55 wt%) at 400 �C for 2 h
using TFA modied commercial TiO2 (Degussa P25) as
precursor. Unexpectedly, aer cooling to room temperature,
blue color solid product was obtained, while it still kept white
color without addition of TFA or with small molten salt dosage
(Fig. S1†). The solid product was washed using water to remove
the eutectic salt and dark blue powder was obtained aer drying
at 60 �C overnight. The optical response of blue B-TiO2-2.0 and
P25 is shown in Fig. 1a. It is clearly seen that B-TiO2-2.0 displays
a substantial enhancement of optical absorption in visible light
region with a tail extending to NIR region, while commercial
P25 only responds to ultraviolet light due to its intrinsic wide
band gap. The strong visible light absorption is attributed to the
existence of oxygen vacancies or Ti3+ defects, which can induce
a continuous donor level of electronic states below the
conduction band.14 As seen in the inset of Fig. 1a, the color of
TiO2 turned from white to dark blue via molten salt treatment.
The band gaps of B-TiO2-2.0 and P25 obtained from Kubelka–
Munk transformation of the reectance spectrum are 2.85 eV
and 3.10 eV, respectively. The narrowed band gap for B-TiO2 is
due to the raised defects band of electronic states.15 In order to
further conrm the defect species in B-TiO2, electron para-
magnetic resonance (EPR) is used to detect the paramagnetic
species with unpaired electrons either in the surface or bulk
regions. As shown in Fig. 1b, pristine P25 exhibits weak EPR
signal because of the absence of paramagnetic species. In
contrast, a prominent signal at g ¼ 1.93–1.98 appears in B-TiO2,
demonstrating the presence of Ti3+ in the bulk.16 The shoulder
peak at g ¼ 2.001 conrms the surface oxygen vacancies.17 The
formation mechanism of oxygen vacancies or Ti3+ is explained
as followed: when TFA modied P25 was calcinated in MS, the
thermal decomposition of TFA was suppressed by the oxygen
isolation effect of LiCl–KCl eutectic mixture and the incomplete
combustion production of TFA, such as CO, consumed the
lattice oxygen in TiO2 quickly, leading to the formation of
amount of oxygen vacancies on the surface and in the bulk of
TiO2. The electrons located at the oxygen vacancies can be
transferred to the adjacent Ti4+ to generate the reduced Ti3+

centres, which narrows the band gap and causes strong visible
absorption in the long wavelength range. In fact, it was found
that the surface of LiCl–KCl eutectic mixture was quite dense
when cooling down to room temperature, suggesting that MS
prevented the oxygen permeating into the mixture to reoxidize
the oxygen defective. Further investigation demonstrated that
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) UV-visible diffuse reflectance spectra and (b) X-band EPR spectra of B-TiO2-2.0 and P25.
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the relative concentration of surface oxygen vacancies and bulk
Ti3+ can be precisely controlled by tuning the annealing
temperature and time. A longer annealing time and a higher
temperature will lead to increase of the bulk Ti3+ defect
concentration and decrease of surface oxygen vacancy concen-
tration (Fig. S2†).

The surface structure of blue B-TiO2-2.0 is further investi-
gated by Fourier transform infrared (FTIR) spectroscopy,
Raman spectra, and X-ray photoelectron spectroscopy (XPS). As
shown in Fig. 2a, the FTIR spectrum of B-TiO2-2.0 exhibits
stronger –OH stretching bands at 3430 cm�1 and 1643 cm�1

than that of P25, suggesting there are more oxygen vacancies on
Fig. 2 (a) FTIR spectra, (b) Raman spectra, (c) Ti 2p high-resolution XPS s

This journal is © The Royal Society of Chemistry 2018
the surface of B-TiO2-2.0. As reported in the literature,18 the
dissociative adsorption of water is more like to bond with
oxygen vacancies leading to the formation of more hydroxyl
groups. Raman spectra are oen used to preliminarily investi-
gate the exerted inuence of oxygen deciency on the geometric
structure since the Eg mode in Raman spectra is more sensitive
to oxygen defects than the Ti–O stretching mode.19 Fig. 2b
shows the Raman spectra of B-TiO2 and P25. It is clear to see
that the strongest Eg mode at 142.7 cm�1 is shied to
143.8 cm�1, accompanying with peak broadening. The blue-
shi and peak broadening effect has been observed in several
recent studies on hydrogenated TiO2,20 which is attributed to
pectra and (d) O 1s high-resolution XPS spectra of B-TiO2-2.0 and P25.

RSC Adv., 2018, 8, 36819–36825 | 36821
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the presence of lattice disorder resulting from phonon
connement or the decreasing of correlation length resulting
from localized defects like oxygen vacancy.

XPS was also employed to study the surface chemical states
of blue TiO2. Fig. 2c shows the Ti 2p core level spectra of B-TiO2-
2.0 and P25. The surface of P25 is dominated by two major
peaks at 458.9 and 464.6 eV for typical characteristics of Ti4+. In
contrast, two lower energy peaks at 458.6 and 464.1 eV for Ti3+

are observed in B-TiO2-2.0 aer Gauss tting of Ti 2p peaks.
This result demonstrates that Ti3+ is formed on the surface or
subsurface of blue TiO2 due to the charge compensation of
oxygen vacancy. O 1s XPS spectra of both of samples exhibit
a main peak at 529.7 eV, corresponding to the lattice oxygen (Ti–
O) in TiO2 (Fig. 2d). Intriguingly, a small peak at 533.1 eV
assigned to surface hydroxyl groups (Ti–OH) appear in B-TiO2-
2.0, which is consistent with FTIR results. Because the oxygen
vacancies on the surface are lled by reaction with H2O in the
air, oxygen vacancies induce dissociation of water molecules
and form two hydroxyl groups via H+ transfer to neighboring
lattice oxygen.

The morphology and phase of blue B-TiO2-2.0 are further
investigated by transmission electron microscopy (TEM) and X-
ray diffraction (XRD). Fig. 3a and b showed the typical images of
P25 treated in MS without and with TFA, respectively. Interest-
ingly, truncated bipyramidal TiO2 with exposed (001) facets are
observed clearly aer treatment with molten salt method. This
is probably attributed to the truncation effect of released HF
Fig. 3 TEM image of P25 annealed in MS without (a) and with (b) TFA, (c

36822 | RSC Adv., 2018, 8, 36819–36825
during TFA decomposition, which usually used as capping
agent for (001) facets. According to the literature,21 the presence
of the molecular form of HF but not F� is essential for forma-
tion of the exposed (001) facets of anatase TiO2. In fact, when
TFA was replaced by NaF, no (001) facets were observed in the
samples (Fig. S3†). It is worth mentioning that the coexistence
of (101) facet and (001) facet is benecial to spatial separation of
photogenerated charges due to that the photogenerated holes
and electrons prefer to be captured on the (001) and (101)
surfaces, respectively.22 High resolution F 1s XPS spectra give
the direct evidences of the presence of F in the B-TiO2-2.0
(Fig. 3c). The centroid of the F 1s peak at 685.0 eV is consistent
with uorine bound to the surface of TiO2 (i.e., terminal Ti–F
bond).23 Beside the main peak, a shoulder peak at 688.2 eV
appears in the B-TiO2-2.0, demonstrating the substitution of F
atoms for O atoms in TiO2 lattices.24,25 Recent research work has
reported that uoride anion is efficient for the stabilization of
reduced TiO2 because of its tendency to form a strong bond with
the surface Ti atoms.26 Moreover, uorine-occupied surface
oxygen vacancies can maintain the intrinsic nature of the
defects.27 In our work, the in situ generated HF during TFA
decomposition not only induces the formation of (001) facets,
but also stabilizes the surface oxygen vacancies by formation of
Ti–F–Ti bonds. The blue colors remain stable even aer calci-
nation at 300 �C for 2 h in air (Fig. S4†).

Beside the morphology variation, the crystalline phase
changes of TiO2 during MS process are also analyzed. Fig. 3d
) F 1s XPS spectra and (d) XRD patterns.

This journal is © The Royal Society of Chemistry 2018
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displays the XRD patterns of blue B-TiO2-2.0, P25-MS and P25. It
is clear to see that the (110) peak intensity of rutile phase
increases greatly, suggesting that the relative amount of rutile
phase in B-TiO2-2.0 is signicantly increased compared with
pristine P25 and P25-MS. It has been reported that oxygen
vacancies could induce the anatase to rutile phase trans-
formation at relative low temperature.28 Since the phase trans-
formation involves an overall contraction or shrinking of the
oxygen structure, the removal of oxygen ions might be expected
to accelerate the transformation, which could provide more
nucleation centres for rutile phase.29 Interestingly, a less
amount of TFA (0.1 mL) could induce higher rutile ratio
(Fig. S5†). Further increasing the TFA amount decreases the
relative amount of rutile phase because substitution of uoride
ions for an oxygen ion reduces the number of anion vacancies
and inhibits the transformation from anatase to rutile phase.30

These ndings give a new way to tune the exposed facets
percentage and phase composition of TiO2 by controlling the
amount of TFA.

Photocatalytic activity of B-TiO2 and P25 is evaluated by
photodegradation of RhB and photocatalytic oxidation of benzyl
alcohol under visible light irradiation (l $ 420 nm). Fig. 4a
shows the typical time depending concentration variation of
RhB under visible light irradiation. As expectedly, the pristine
P25 shows poor visible light photocatalytic activity due to its
wide band gap and weak visible light adsorption. By contrast, B-
TiO2 exhibits higher photocatalytic activity, which is nearly 10
Fig. 4 (a) Photodegradation of RhB over different samples under visibl
irradiation for 7 h. (c) Valence-band XPS spectra. (d) Schematic illustratio

This journal is © The Royal Society of Chemistry 2018
times higher than that of P25. Increasing the amount of TFA can
further improve the photocatalytic activity. When the amount of
TFA is 2 mL, the photocatalytic activity achieves a maximum
due to the saturated adsorption of TFA on TiO2 surface. More
amount of TFA has slight effect on the improvement of photo-
catalytic activity (Fig. S6†). It is worth noting that P25-MS shows
higher degradation rate than P25, suggesting that MS treatment
can improve the photocatalytic activity. Moreover, MS dosages
also inuence the photocatalytic activity and small amount of
molten salt led to a poor visible light photocatalytic activity
(Fig. S7†). Fig. 4b shows the photocatalytic conversion of benzyl
alcohol. It appears that the conversion rate of benzyl alcohol
increases with the amount of TFA, indicating that the photo-
oxidation activity is improved greatly. The conversion rate
maximum achieves to 58% and the selectivity for all samples is
above 99%. Importantly, B-TiO2 has high stability, which can
keep the photocatalytic activity even aer calcination at 300 �C
(Fig. S8†). Valence band (VB) XPS results shows that the valence
band maximum (VBM) of B-TiO2-2.0 is downward shied from
2.34 eV to 2.59 eV aer molten salt treatment, indicating that
the presence of oxygen vacancies and Ti3+ defect species can
substantially shi the VB maximum downwards due to the
band-blending effects in the band gap.31 Recent report
demonstrated that the reduced TiO2 exhibited worse UV pho-
tocatalytic activity than that of pristine TiO2 because the Ti3+

deep and shallow trap states below the conduction band
reduced the lifetime of photogenerated charge carriers.32
e light irradiation. (b) Photocatalytic oxidation of benzyl alcohol after
ns of the energy bands.

RSC Adv., 2018, 8, 36819–36825 | 36823
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However, in our present work, full spectrum light irradiation
photocatalytic experiment showed that B-TiO2-2.0 also exhibi-
ted higher UV photocatalytic activity (Fig. S9†). Combined with
the VB XPS and UV-vis diffuse reectance spectra (DRS) results,
the energy band diagram of the samples can be calculated as
shown in Fig. 4d. The downward VBM position is benecial for
the enhancement of oxidation capacity of photogenerated
holes.

Based on the above analysis, there are several reasons for
that the visible light photocatalytic activity is enhanced. Firstly,
the surface oxygen vacancies and bulk Ti3+ constructed via MS
method narrows the band gap and increases the visible light
adsorption. Secondly, the coexistence of (101) and (001) facets
improves the spatial separation of photogenerated charges.
Third, the substitution of F for oxygen in lattices is very favor-
able for the adsorption of O2 so as to promote the photo-
oxidation activity.
Conclusions

In summary, we have developed a facile molten salt approach to
synthesize reduced TiO2 exposed with (001) facets. The as-
prepared blue TiO2�x displays enhanced photocatalytic oxida-
tion activity under visible light irradiation due to the narrowed
band gap, which is caused by the existence of oxygen vacancies
and bulk Ti3+ defects. The relative concentration of oxygen
vacancies and bulk Ti3+ can be tuned by the amount of TFA. The
present study demonstrates a general and economic method for
narrowing the ban gap and improving the visible light photo-
catalytic activity, which is also suitable for other semiconductor
oxides (e.g. CeO2, WO3, Co3O4, etc.).
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