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Abstract: The influence of surface oxygen vacancies on the photo-generated charge carrier separation and 
photocatalytic activity in nanocrystalline TiO2 has been investigated in this work. The X-ray photoelectron 
spectra reveal that more surface oxygen vacancies are produced in the air-annealing sample compared to the 
oxygen-annealing sample. It is found that more oxygen vacancies produce more recombination centers, 
which causes weaker intensity of the surface photovoltaic spectroscopy signal in the air-annealing sample due 
to lower separation rate of photo-generated charge carriers. Simultaneously, more oxygen vacancies also 
yield more photocatalytic reactive centers and improve the photocatalytic activity for the air-annealing sam-
ple. 
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1. Introduction 

Nanocrystalline TiO2 has been extensively investi-

gated and proven to be one of the most promising 

photocatalysts widely used in wastewater treatment and 

hydrogen generation [1]. However, low sunlight absorp-

tion efficiency and high recombination rate of 

photo-generated charge carriers prevent the widely ap-

plications of TiO2 in the environmental realm. To en-

hance response to visible-light and reduce recombination 

of photo-generated electrons and holes, a great deal of 

effort has been devoted by doping with various metal 

cations, nonmetal anions or codoping with two different 

elements [2-9]. Among these works, N doped TiO2 was 

frequently reported and was found to exhibit greatly en-

hanced visible-light response and photocatalytic activity 

[5-9]. Ihara et al. stated that the oxygen vacancies in-

duced by N doping played an important role in the visi-

ble-light activity and photocatalytic property [9]. How-

ever, it is difficult to confirm the effects of oxygen va-

cancies on the optical absorption and photocatalytic ac-

tivity in the N doped TiO2 because other factors such as 

N impurity level can also cause the variations of these 

properties [6]. Therefore, some experimental works to 

investigate the direct relation between photocatalytic 

performance and oxygen vacancies in TiO2 catalyst are 

important and interesting. Practically there are a number 

of investigations on the oxygen vacancies in TiO2 [9-14]. 

For example, Nakamura et al. [11] demonstrated that the 

appearance of the visible light activity in the 

plasma-treated TiO2 photocatalyst was ascribed to the 

newly formed oxygen vacancy state between the valence 

and the conduction bands in the TiO2 band structure. The 

theoretical and experimental results by Justicia et al. [10] 

also suggested that the gap-narrowing induced by the 

presence of oxygen vacancies was responsible for the 

enhanced optical activity in the visible range. 

 In our previous work [14], the different surface oxy-

gen defect states had been reported to result in the dif-

ferent spectroscopic properties in nanocrystalline TiO2 

thermally treated under different atmospheres. In this 

work, the further measurements, involving the charac-

terizations of X-ray photoelectron spectroscopy (XPS), 

surface photovoltaic spectroscopy (SPS) and photocata-

lytic activity, have been systemically carried out . It is 

found that the surface oxygen vacancies in nanocrystal-

line TiO2 play an important role in the processes of 

photocatalytic degradation by comparing the differences 

of photocatalytic performance between the samples an-

nealing under air and oxygen atmosphere. 

2. Experimental 

The anatase nanocrystalline TiO2 was synthesized by a 

simple sol-gel method. The mixture solution of 10 mL of 
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titanium(Ⅳ) n-butoxide (Ti(OBu)4) and 40 of mL anhy-

drous ethanol was added dropwise into another mixture 

solution consisting of 10 mL of deionized water, 10 mL 

of ethanol and 2 mL of 70% nitric acide at room tem-

perature under roughly stirring. The light yellowish 

transparent sol was obtained after continuously stirring 

for 3 hours. After standing at room temperature for 6 

hours, the sol was dried at 70 ˚C for 36 hours. The TiO2 

gel was formed, which was put into a tube furnace and 

calcined at 500 ˚C for 6 hours under air and flowing 

oxygen, respectively. The furnace was cooled to room 

temperature, then the anatase nanocrystalline TiO2 was 

yielded. XPS measurements were recorded on an Axis 

Ultra system with monochromatic Al Kα X rays 

(1486.6ev) operated at 45 W and 15 kV with a back-

ground pressure of approximately 5.0×10-9 Torr. A sur-

vey spot size and 40 eV pass energy were used for the 

analysis. Emitted photoelectrons perpendicular to the 

sample surface were collected. The binding energy of all 

investigated elements were referenced by the C 1s peak 

at 284.8 eV of the surface adventitious carbon, respec-

tively. The SPS measurements were carried out with a 

home-built apparatus which consisted of a 500 W xenon 

lamp (CHF XQ500W, China), a double-grating mono-

chromator (Zolix SP500), a lock-in amplifier (SR830-DSP), 

and a light chopper (SR540). Photocatalytic experiments 

were carried out in an inner-irradiation-type reactor. A 

cylindric reaction cell was used to contain the reaction 

solution and a 500 W long-arc xenon lamp surrounded 

with a water cooling system was fixed in the center of 

the reaction cell. 0.2 g of photocatalyst was suspended in 

200 mL of a methylene blue (MB) solution (10 mg/L) 

under stirring magnetically. The mixture was kept in the 

dark for 30 minutes to establish an adsorption-desorption 

equilibrium before the light radiation. The amount of MB 

in the solution was determined on the basis of its charac-

teristic optical absorption at 665 nm using a 723 spec-

trophotometer. 

3. Results and discussion 

  The structural characterizations about X-ray diffrac-

tion and Raman spectra of the samples were described in 

our previous published work [14]. Typical XPS spectra 

of Ti 2p core level for the samples of air-annealing and 

oxygen-annealing are, respectively, exhibited in Fig. 1. 

Two XPS peaks of the Ti 2p3/2 and Ti 2p1/2 can be found 

in the figure. The inset of Fig. 1 presents the enlarged 

curve of Ti 2p3/2 peak. It can be seen that the Ti 2p3/2 

peak of the sample annealing under air slightly shift to-

wards lower binding energy as compared to that of the 

oxygen-annealing sample. By fitting the peaks, it is ob-

tained that Ti 2p3/2 peak are located at 456.77 eV and 

456.82 eV for the samples annealing under air and oxy-

gen atmosphere, respectively. Similar results have been 

reported by several other groups [12, 15-17], where the 

peak position shift to lower binding energy is attributed 

to the formation of oxygen vacancies in TiO2 [17]. As 

our previous work discussed [14], the thermal treatment 

at high temperature will cause the surface lattice oxygen 

diffusion into external environment [18], resulting in the 

formation of more amount of dangling bonds or oxygen 

vacancies on the surface of TiO2. Offering the heat 

treatment with oxygen atmosphere can hold back the 

escape of surface oxygen due to higher surrounding 

oxygen pressure. Thus, more surface oxygen vacancies 

exist on the nanoparticles surface of the air-annealing 

sample than that of the sample annealing under oxygen 

atmosphere, which conduce the XPS peak position shift 

towards lower binding energy as compared to the oxy-

gen-annealing sample. Herein, the difference of surface 

oxygen vacancies concentration in two samples is further 

confirmed by the XPS results of the samples. 
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Fig. 1. XPS spectra of Ti 2p core level for the samples an-
nealing under air (solid line) and oxygen atmosphere (dash 
line). The inset presents the enlarged curve of Ti 2p3/2 peak. 

 
Fig. 2 shows the SPS responses of the TiO2 samples. It 

is found that two samples exhibit obvious surface 
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photovoltaic response with wavelength range from 320 

nm to 420 nm. It must be noted that greatly enhanced 

signal intensity is observed in the SPS of the sample an-

nealing under oxygen atmosphere compared to the sam-

ple annealing under air. It is well known that SPS meas-

urement can provide information about surface charge 

distribution and band gap in semiconductors. Generally, 

the higher the surface photovoltaic signal, the higher the 

separation rate of photo-induced charge carriers [19]. As 

is discussed above, more surface oxygen vacancies exist 

on the surface of nanoparticles of the air-annealing sam-

ple than that of the oxygen-annealing sample. These 

oxygen vacancies can act as charge carrier recombination 

centers and promote the recombination process of 

photo-induced electrons and holes [20], resulting in the 

lower separation rate of photo-induced charge carriers in 

the sample annealing under air. Consequently, greatly en-

hanced signal intensity in the SPS of the oxygen-annealing 

sample can be attributed to less oxygen vacancies on the 

surface of the sample than that of the sample annealing 

under air, which is consistent with the results of photo-

luminescence (PL) spectra of the samples in our previous 

work [14]. As the literature reported, the intensity of the 

PL band was enormously weakened in the sample an-

nealing in oxygen compared to the sample annealing in 

air because of more oxygen defects concentration in the 

latter. The PL emission is the result of the recombination 

of excited electrons and holes, the lower PL intensity of 

the sample indicates a lower recombination rate [8, 21]. 

On the other hand, as shown in Fig. 2, the SPS peak of 

the sample annealing under oxygen atmosphere is cen-

tered at a longer wavelength than that of the sample an-

nealing under air, which agrees with the red-shift in the 

absorption spectra of the samples [14]. As our previous 

stated, the red-shift in the absorption spectra can be in-

terpreted by Burstein-Moss effect. Based on Burstein- 

Moss effect, the increase of oxygen deficiency will 

broaden the optical band gap and lead the blue shift of 

absorption spectra for oxide semiconductors. It is well 

known that the mechanism of photo response in SPS is 

same as that in absorption spectrum. Accordingly, com-

pared to the air-annealing sample, the red-shift in the 

SPS results can also attributed to the optical band gap 

narrowing due to the decrease of oxygen vacancies in the 

oxygen-annealing sample. 

  The photocatalytic activity of the samples annealing 
under air and oxygen atmosphere are, respectively, 
evaluated by monitoring the degradation of MB. The 
curves of C/C0 vs irradiation time (C and C0 are the re-
manent and original concentration of MB, respectively) 
are shown in Fig. 3. It is found that the sample annealing 
under air presents better photocatalytic degradation rate 
of MB than the oxygen-annealing sample, which is con-
tradict with the absorption spectra and SPS results of the 
samples because both the red-shift in the absorption 
spectra and increasing signal intensity in the SPS for the 
oxygen-annealing sample are in favor of the photocata-
lytic activity of TiO2. According to above discussion, 
more surface oxygen vacancies exist on the surface of 
nanoparticles of the air-annealing sample than that of the 
oxygen-annealing sample. It has been stated that the sur-
face oxygen-deficient site in the sample can interact 
strongly with exoteric oxygen molecules to form O2

- [22]. 
O2

- is an efficient electron scavenger [23] which can trap 
a photo-induced electron and then form two O-. The 
formation of O- is considered to be very important for 
photocatalytic oxidation processes [24]. Herein, more 
surface oxygen vacancies give rise to the formation of 
more photocatalytic reactive centers of O-, resulting in 
the improvement of photocatalytic activity in the sample 
annealing under air. Therefore, it is indicated that the 
photocatalytic reactive center induced by oxygen va-
cancy plays an important role in the photocatalytic activ-
ity of TiO2 catalyst. 
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Fig. 2. SPS responses of the nanocrystalline TiO2 an-
nealing under (a) air and (b) oxygen atmosphere. 

 

4. Conclusions 

  In conclusion, more oxygen vacancies exist on the 

surface of the nanocrystalline TiO2 sample annealing 
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under air compared to the oxygen-annealing sample, 

which induces the Ti 2p3/2 peak shift towards lower 

binding energy in the XPS spectra of the samples. More 

recombination centers is produced due to the presence of 

more oxygen vacancies, which causes the lower separa-

tion rate of photoinduced charge carriers in the 

air-annealing sample, resulting in the decrease of the SPS 

signal intensity. However, the oxygen-annealing sample 

does not present better photocatalytic activity although it 

exhibits better optical obsorption performance and higher 

separation rate of photoinduced charge carriers compared 

to the sample annealing under oxygen atmosphere. It can 

be understood by the formation of more photocatalytic 

reactive centers induced by oxygen vacancies in the 

air-annealing sample. It is suggested that the photocata-

lytic reactive center induced by oxygen vacancy play an 

important role in the photocatalytic activity of TiO2 

catalyst. 
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Fig. 3. Photocatalytic degradation ratio of MB in the pres-
ence of (a) air-annealing and (b) oxygen-annealing 
nanocrystalline TiO2. 
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