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The  photocatalysis  behavior  of TiO2 nanosheet  array  films  was  studied,  in  which  the  ratio  of  bulk/surface
defects  were  adjusted  by annealing  at different  temperature.  Combining  positron  annihilation  spec-
troscopy,  EPR and  XPS,  we  concluded  that  the  bulk  defects  belonged  to Ti3+ related  vacancy  defects.  The
results show  that  the  separation  efficiency  of photogenerated  electrons  and  holes  could  be  significantly
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improved  by  optimizing  the bulk/surface  defects  ratio  of  TiO2 nanosheet  films,  and  in turn  enhancing  the
photocatalysis  behaviors.

© 2017  Elsevier  B.V.  All  rights  reserved.
hotocatalysis behaviors

. Introduction

As one of the most important semiconductor materials, TiO2
anomaterials have electronic band gaps larger than 3.0 eV and
igh absorption in the UV region, so their applications in photocat-
lytic are very distinguished [1]. The TiO2 photocatalytic reaction
rinciple can be represented as: Electrons will be activated from
he valence band to the conduction band and produce electron-hole
airs when photons with the energy equal to or greater than the
and gap of TiO2 have been absorbed. Then, these electron-holes
igrate to the surface and react with the chemicals adsorbed on

he surface to decompose these chemicals. Universality, owing to

he relation between the physical properties and the photocatalytic
rocess is complicated, so photocatalytic efficiency is determined
y many factors [2]: the light absorption coefficient, the electron-
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hole recombination rate, and the electron-hole induced reduction
or oxidation rates on the surface. The larger surface area with
a constant surface density of adsorbents, the faster surface pho-
tocatalytic reaction rates should be. Therefore, a larger specific
surface area infers a higher photocatalytic activity. However, the
surface is a defective site, so the larger the surface area also leads
to the faster recombination of electron-hole. Moreover, the exis-
tence of bulk defects can play as charge carrier traps and result the
recombination of electron-hole. Based on the above statements, the
synergistic function of defects in surface and bulk to photocatalytic
efficiency should be studied in details.

Kong et al. [3] showed that the separation efficiency of pho-
togenerated electrons and holes could meaningfully be enhanced
in TiO2 powders when the relative concentration ratio between
bulk defects and surface defects was decreased, which can obvi-
ously improve the photocatalytic efficiency. Some works have also
studied the effect of the defects on the reactivity, electronic proper-
ties, electrostatic drift, ferromagnetism and adsorption–desorption
with H2O and O2 of TiO2 [4–15], however, the type of defects

involved in these synergistic surface and bulk functions still need
to be identified. In addition, the cooperation effect of surface and
bulk defects in TiO2 nanosheet arrays films [16–19], have not been
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eported too. These arrays can lead to improved photocatalysis effi-
iency or may  be used as electron transfer layer in high efficient
erovskite solar cells [16,20].

In this work, an anatase TiO2 nanosheet array film is synthesized
irectly on a fluorine-doped tin oxide substrate via hydrothermal
ethod. TiO2 nanosheet films with different bulk/surface defect

atios were acquired by annealed at different temperature. Com-
ining positron annihilation spectroscopy, EPR and XPS, we firstly
onclude that the bulk defects are belonging to Ti3+ related vacancy
efects. The redundant of adsorb oxygen which can see as the sur-
ace defects, were negative for the separation and migration of
lectron-hole and therefore reduced the photocatalytic activity.
he results show that the separation efficiency of photogenerated
lectrons and holes could be significantly improved by controlling
ulk/surface defects ratio of TiO2 nanosheet, and in turn affected
he photocatalysis behaviors.

. Experimental

.1. Sample preparation

The TiO2 nanosheet array films exposed with the {116} facets
ere prepared following the hydrothermal method reported in our
revious work [16]. The obtained films were annealed at different
emperatures (300, 400 and 500 ◦C) for 2 h at normal atmosphere.
hen the samples were cooled down to the room temperature nat-
rally. The samples with annealing temperatures of 300 ◦C, 400 ◦C,
00 ◦C and the un-annealed sample are named as TiO2-300, TiO2-
00, TiO2-500 and TiOF2, respectively.

.2. Characterization
The morphology was analyzed by scanning electron microscopy
SEM, JSM-6700F). The purity and crystallinity were investigated
sing the X-Ray diffraction (XRD) with Cu-K� radiation (Rigaku-
TR III). The X-ray photoelectron spectra (XPS) were obtained

Fig. 1. XRD patterns and SEM images of the samples of (a) TiOF2
ience 410 (2017) 513–518

on Microtech, Twin Anode XR3E2 Spectrometer by using Al Ka
radiation of 1486.6 eV as the X-ray source. Electron paramag-
netic resonance measurements at X-band were carried out on a
JES-FA200 spectrometer and the spectra were gained using elec-
tron paramagnetic resonance (JES-FA200) with xenon lamp as the
excitation source. Photoluminescence emission spectra were char-
acterized by fluorescence spectrophotometer (F-4600).

Photocurrent measurement was characterized in a three-
electrode electrochemical cell with the electrochemical worksta-
tion (CHI660E, Shanghai Chenhua Device Company, China) and
with the steady-state Xe900 450 W xenon lamp as the excitation
source, TiO2 as a work electrode, a Pt wire as a counter electrode
and an Ag/AgCl (saturated KCl) as the reference electrode dipped
in a solution of 0.5 M H2SO4 (scan rate: 50 mV/s).

2.3. Positron lifetime spectroscopy measurement

The slow positron annihilation spectroscopy used the mono-
energetic slow positron beam generated from Na radioactive source
with the energy ranging from 0.5 to 20 keV as lattice probe. Doppler
broadening of annihilation radiation was estimated using an HPGe
detector with a 0.2% energy resolution.

3. Results and discussion

3.1. Structure and morphology

Fig. 1 shows the X-ray diffraction (XRD) of TiO2 on the fluorine
doped tin oxide (FTO) substrate with different annealing temper-
ature. Peaks indicated as circles are from FTO substrate. Since we
have used the same methods with the previous work [16] and they
had a same peak from XRD, it can concluded that the indicated

diffraction peaks patterns in unannealed TiO2 can be attributed to
hexagonal TiOF2, the indicated diffraction peaks in annealed TiO2
can be attributed to the anatase TiO2 exposed with the {116} facets.
The intensities of the characteristic peaks increased obviously with

, (b) TiO2-300, (c) TiO2-400, and (d) TiO2-500, respectively.
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ig. 2. The S-parameter as a function of positron implantation energy (a), the de
lectron paramagnetic resonance spectra under light (d) for TiO2 annealed at 300 ◦C

he increase of the annealing temperature, which indicated that the
ample of TiO2-500 has the highest degree of crystallinity.

The SEM images of TiOF2 and TiO2 annealed at 300, 400 and
00 ◦C are shown in Fig. 1. It shows that they have similar nanosheet
rray structures after annealed at different temperature, which due
o the precursor plays a hard template role for the growth of the
anosheet [16]. Moreover, the nanosheets cross into each other,
hich will prevent the nanosheet array from aggregating or col-

apsing. And those TiO2 nanosheet array were collected with {116}
acets parallel to the surface based on the previous results [13].

.2. Defect analysis

As a unique nondestructive probe, positron annihilation tech-
ique has been used to detect the vacancy-type defects in the
amples. Positrons have a high tendency to be captured by vacancy
efects, which leads to a narrowing of the 511 keV annihilation peak
ontrast with bulk annihilation. The line-shape parameters S and

 can be used to measure the Doppler broadening of the annihila-
ion peak. The S/W is defined as a fraction of counts in the central
rea and in the wing area of the annihilation peak, respectively
21]. Therefore, positrons trapped in vacancy defects will result in
n increase in S and a decrease in W,  and each type of defect will
xhibit its own S and W parameter. Thus, if only one type of defects
s innovated, S will depends linearly on W [22].

S-parameter as a function of incident positron energy is shown
n Fig. 2a. Based on VEPFIT analyses, the plots can be divided
nto three layers. In layer I, positron between the energy ranged
f 0.25–2 keV annihilates at the surface of nanosheets. In layer
I, energy range between 2 and 7.5 keV is looked upon the inner
eature of nanosheets. The increases of S parameters in layer II

emonstrates the emersion of cation related vacancies defects after
nnealing. In layer III, the positrons with the incident energy above
.5 keV annihilated mainly in the substrate and the plots over-

apped. Moreover, the S parameters in layer II shows apparent
nce of W and S parameters (b), electron paramagnetic resonance spectra (c) and
◦C, 500 ◦C respectively.

increase with annealing from 300 ◦C to 400 ◦C and then decrease
to minimum value after further annealing at 500 ◦C. These results
indicates that TiO2 nanosheets with different defects concentration
have been gotten by annealed at different temperatures.

In order to check the type of defect species in layer II, we  also
give out the S–W analysis for all the annealed samples as shown
in Fig. 2b. The surface points with the positron energy below 2 keV
were removed from all the S–W data. The straight lines of S–W
data are observed in the annealed samples which indicate that
only one type of defects exist in these samples. And the type of
defects in layer II of these samples is considered mainly to be Ti
related vacancies inside the nanosheets, as the cation vacancies
as dominant positron trapping defects generally exist in materials.
However, the positron lifetime spectra only apply to bulk samples,
the defect type of TiO2 nanosheets film could not identified by the
positron measurement.

EPR and XPS technique were employed to analyze the defect
types. From Fig. 2c, there are obvious signals at g = 1.99 for the
samples annealed at different temperature. The signals at g = 1.99
can be attributed to Ti3+ [23,24]. Therefore the defect probed from
slow positron annihilation spectroscopy may be considered to Ti3+

related vacancy which is consisted with the prediction. Ti3+ related
vacancy defects mainly exists in the bulk lattice of the TiO2 sam-
ples, then it can be considered as bulk defects, and the bulk defects
increased with the annealing temperature first and then decreased
when the annealing temperature increased to 500 ◦C. In the anneal-
ing process, a large number of oxygen vacancies generated and
released electrons. These electrons are captured by Ti4+ and turn
Ti4+ into Ti3+, which has lower binding energy. With the change of
annealing temperature, the EPR data of TiO2-400 indicates that the
sample annealed at 400 ◦C has the largest amount of Ti3+ related

vacancy defects. The tendency is consistent to the result from
the S–W analysis in layer II. Fig. 2d shows the EPR spectra mea-
sured under illumination, and it can be seen that the g values
has no obvious change, although the peak intensity of TiO2-500
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Fig. 3. XPS spectra of the samples (Ti 2p and O 1s): (a, d) 

mproved obviously, which means that TiO2-500 has generated
ore unpaired electrons under illumination than other films. When

hotons with energy equal to or larger than the band gap are
bsorbed by TiO2, electrons are excited from the valence band to the
onduction band, creating electron-hole pairs. Electron-hole pairs
end to recombination within the semiconductor inside or surface,
eleasing heat, light, or other forms of energy. TiO2-400 has the
ost Ti3+ related vacancy that will hinder the migration of elec-

ronic and lead to the recombination of electron-hole pairs, so it
as less unpaired electrons.

Fig. 3 displays the XPS spectra of Ti 2p, and O 1s for the TiO2
anosheets films. The Gaussian functions are used in the curve res-
lution of the individual Ti 2p and O1s peaks. The Ti 2p1/2 and Ti
p3/2 spin-orbital splitting photoelectrons for all samples locate
t the binding energies 464 and 458 eV [25,26], and the peak of
i3+, Ti4+ are all gotten respectively, which proves the exist of Ti3+

hat observed from EPR. Generally, O 1s spectra can be decom-
osed into two peaks: the first peak located at about 530 eV is
ssigned to lattice oxygen (Ti–O), while the shoulder peak at about
32 eV is assigned to adsorbed oxygen (Ti–OH) that can be seen
s surface defects [27,28]. From Fig. 3, the surface defects added
ith the annealing temperature first and then decreased when the

nnealing temperature increased to 500 ◦C. The area of the peak
i3+ related vacancy of samples is signed as Sbulk, while the area
f adsorbed oxygen is signed as Ssurface. Increasing the tempera-
ure from 300 ◦C, 400 ◦C to 500 ◦C leads to a change of Sbulk/Ssurface
rom 1.09, 0.66–1.20, respectively, indicating that the relative con-
entration ratio of bulk defects to surface defects can be tuned by
ontrolling the annealing temperature and the ratio of bulk defects
o surface defects reduced with the raised temperature and then
ncreased. Furthermore, calcination of TiO2 at 400 ◦C has the small-
st values of Sbulk/Ssurface, through very high concentration of bulk
efects and surface defects in TiO2-400.

.3. Photocurrent measurements
To investigate the relation between the defects and photogen-
rated electron-hole of TiO2-300, TiO2-400 and TiO2-500 films, the
hotocurrent measurements were performed under Xe lamp irra-
iation with bias potential of 0 and 0.5 V as shown in Fig. 4(a, b).
00, (b, e) TiO2-400, and (c, f) TiO2-500 films respectively.

It is known that the photocurrent depend on the electron-hole
separation efficiency, thus the higher the electron-hole separation
efficiency is accompanied by higher photocurrent and photocat-
alytic activity [3]. The photocurrent value at bias 0.5 V changed
with the values of Sbulk/Ssurface was shown in Fig. 4c. It can be
seen from Fig. 4c, the electron-hole separation efficiency increases
with the increasing of Sbulk/Ssurface in the TiO2 nanosheet films. The
maximum photocurrent with bias potential of 0.5 V for TiO2-500 is
4.1, 7.1 times higher than those of TiO2-300 and TiO2-400, respec-
tively. TiO2-400 has the lowest photocurrent, which indicates the
most serious recombination. Considered the lowest Sbulk/Ssurface
value TiO2-400 has, photogenerated charge carriers may  be rapidly
trapped on the surface defects and recombined. Thus, TiO2-500
with the highest Sbulk/Ssurface could significantly decrease the
recombination of photogenerated electron-hole on surface, and
display the highest photocurrent. All the above results show that
changing the relative concentration ratio of bulk defects to surface
defects could modify the electron-hole separation efficiency of the
TiO2 nanosheets films. Compared with Fig. 4(a) and (b), it can see
that the photocurrent increase synchronically with the increase of
the potential. The higher the bias, the higher photocurrent is.

In order to understand the photocatalysis process deeply, the
photodegradation effects are shown in Fig. 4d. As shown in Fig. 4d,
all of the TiO2 samples exhibit a much higher photodegrada-
tion rate than TiOF2. The photodegradation rate of TiO2-500 is
1.1 and 1.2 times higher than those of TiO2-300 and TiO2-400,
respectively. Therefore, the higher Sbulk/Ssurface, the higher pho-
todegradation rate is. In other words, the existence of surface
adsorbed oxygen, have a negative effect on the photodegradation
rate. TiO2-500 and TiO2-300, which are with the higher Sbulk/Ssurface
than TiO2-400, demonstrates the higher photodegradation rate,
meaning that increasing Sbulk/Ssurface can improve the photocat-
alytic activity obviously. Based on the photocurrent performance,
the improvement of photocatalytic efficiency is ascribed to the
great enhancement of electron-hole separation efficiency, which
is realized by increasing Sbulk/Ssurface of the TiO2 nanosheet films.

PL spectra were also used to study the recombination and sepa-

ration of electron-hole in the films. Fig. 5 shows that the PL intensity
increases and then decreases when the temperature increased,
TiO2-400 has the strongest PL intensity, which evidence that most
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Fig. 4. (a, b) Photocurrent versus time (I–t) curves at a bias potential of 0 V and 0.5 V versu
and  (d) time courses for photocatalytic degradation of RhB.
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ig. 5. PL spectra excitation at 300 nm of TiO2-300, TiO2-400 and TiO2-500
anosheet films.

f electrons and holes priority used for recombination lumines-
ence in TiO2-400. Base on above analysis, TiO2-400 have the
owest Sbulk/Ssurface, which leads to electrons and holes recombi-
ation more than separation. This demonstrated again that the
urface adsorbed oxygen suppressed the separation and migra-
ion of electron-hole, therefore reduce the photocatalytic activity
f TiO2-400.

. Conclusion

In summary, defects in TiO2 nanosheet films play impor-
ant roles in photocatalysis. Changing their concentration ratio

f bulk/surface defects in TiO2 nanosheet films improves the
lectron-hole separation efficiency significantly, thus enhances the
hotocatalytic efficiency significantly. By combining positron anni-
ilation spectroscopy, EPR and XPS, we firstly concluded that the
s Ag/AgCl, (c) Sbulk/Ssurface and photocurrent value at 0.5 V at different temperature

bulk defects are belonging to Ti3+ related vacancy defects. The
results show that the redundant surface adsorbed oxygen, could
subdue the separation and migration of electron-hole and reduce
the photocatalysis efficiency.
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