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Abstract S–N co-doped anatase nanosized TiO2 photo-

catalyst was successfully prepared by simple sol–gel

method. The samples were characterized by XRD, XPS,

UV–Vis. From the results of UV–Vis, a red shift of the

absorption edge was brought out owing to the S and N

codoping. XPS and UV–Vis studies revealed that N and S

were in situ codoped in the lattice of TiO2 and the absor-

bance in visible light region decreased with the calcination

temperature increased. The photocatalytic activity was

evaluated by the photocatalytic oxidation of penicillin

solution under visible light irradiation. The results show

that visible-light induced photocatalytic activities of the as-

prepared TiO2 powders were improved by S–N copoing.

The high activity of S–N co-doped TiO2 can be related to

the results of the synergetic effects of strong absorption in

the UV–Vis region, red shift in adsorption edge.

Keywords S and N codoping � Titanium dioxide �
Visible light photocatalytic activity � Photocatalyst

1 Introduction

Photocatalytic destruction of organic pollutants in the

presence of TiO2 appears as a viable decontamination

process of widespread application. This is mainly due to its

favorable properties like non-toxicity, chemical inertness,

stability over a wide pH range under irradiation conditions

[1–4] and its relatively favorable disposition of band edges.

However, the anatase TiO2 can be activated under UV light

of wavelength under 387 nm irradiation due to its lager

band-gap of 3.2 eV. Therefore, the optical response of TiO2

shifting into the visible-light region will enhance its pho-

tocatalytic activity since solar spectrum usually containing

about 4% UV light. Many techniques have been examined

to achieve this purpose, such as, dye sensitized [5, 6],

transition metals doping [7, 8], noble metal deposition [9,

10].However, these techniques suffer from thermal insta-

bility and an increasing number of carrier recombination

centers. Moreover, the dye sensitized TiO2 will suffer

oxidative attack from reactive oxygen species(ROS) which

may destroy photocatalyst and hinder the capacity of

absorb visible light. Recently, C, N, S, F, B anion-doped

TiO2 photocatalysts that show a relatively high level of

activity under visible-light irradiation have been reported

[1, 11–15]. The theory of how non-metal element doping

increase the photocatalytic activity of TiO2 in visible light

has still been controversial. Some researchers hold that the

doping element(X) has formed Ti–X bond [12, 16]. How-

ever, Burda et al. [17] observed N 1 s core level at 401.3

eV from the detailed XPS investigations of nano N–TiO2

and suggested that there is N–Ti–O bond formation due to

nitrogen doping and no oxidized nitrogen is present.

Despite of all the controversy, non-metal element doping is

a novel method to prepare TiO2 photocatalyst with

improved visible light photocatalytic activity. In order to

improve the photocatalytic activity, co-doped titania with

double non-metal elements has attracted more attention.

N–S co-doped TiO2 powders were synthesized for

decompositions of both acetaldehyde and trichloroethelene
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[18]. Yu et al. [19] had developed N–S co-doped TiO2 by

hydrolysis of Ti(SO4)2 in a NH3 H2O solution. They

exhibited that the photocatalytic activity of the as-prepared

TiO2 powders calcined at a temperature range of 400–700

C are obviously higher than that of P25. However, the most

methods are high-temperature processes [20], using

expensive preparation instruments [12].

Sol–gel method is very simple and does not require any

special equipment. TiO2 prepared by this method have

well-crystalline phase and small crystalline size, which

benefit to thermal stability and photocatalytic activity. In

this work, a single anatase phase of S–N co-doped TiO2

photocatalyst had been prepared by a sol–gel method using

Ti(OC4H9)4 as Ti source, thiourea as nitrogen and sulfur

source. This work may provide new insights into the

preparation of highly visible-light photoactive TiO2 pow-

ders. The photocatalytic activity was evaluated by

degradation of penicillin solution since penicillin was the

main pollutant of antibiotic wastewater.

2 Experimental

2.1 Preparation

All chemicals used in this study were reagent-grade without

further purification. The pure TiO2 powders (called TiO2-0)

were synthesized by hydrolysis of Ti(OC4H9)4 in a distilled

water. The details are as follows: A mixture of 5 mL distilled

H2O and 10 mL ethanol (AR) was added drop wise at room

temperature to a mixture of 5 mL Ti(OC4H9)4(AR) and 15

mL ethanol. After stirring for 2 hours, a light-yellow trans-

parent solution was formed. After it had gelatinized for 24 h

at room temperature, a TiO2 gel with white color was formed.

The gel was heated at a rate of 2 C/min and calcined at 450 C

for 2 h in a program control oven to get the powdered sam-

ples. To prepare co-doped TiO2 samples, the as-prepared

mixture of distilled water and ethanol was mixed with thio-

urea and was added to the mixer of Ti(OC4H9)4 and ethanol.

The obtained gel was heated at a rate of 2 C/min and calcined

at certain temperature for 2 h in a program control oven to get

the powdered samples. The heat temperature is 450, 550, 650

C, and the obtained powders were labeled as TiO2-1, TiO2-2,

TiO2-3. The color of the calcined powder sample changes

and is from pale yellow to white with increasing the tem-

perature. The reference samples used are P25, the Degussa

P25 TiO2.

2.2 Characterization

The X-ray diffraction (XRD) patterns obtained on a X-ray

diffractometer (Type XRD-6000X Shimadzu,Japan) using

Cu Ka irradiation at a scan rate of 5 2hs-1 were used to

determine the identity of any phase present and their

crystalline size. The accelerating voltage and the applied

current were 40 kV and 15 mA, respectively. The average

crystallite sizes of TiO2 were determined according to the

Scherrer equation. X-ray photoelectron spectroscopy (XPS)

measurements were done with a VG ESCALAB 250 X

with an Mg Ka source. The shift of binging energy due to

relative surface charging was corrected using the C1 s level

at 284.8 eV as an internal standard. UV–Vis absorbance

spectra of TiO2 powders were obtained for the dry-pressed

disk samples using a UV–Vis spectrophototmeter (UV

2550, Shimadzu, Japan). BaSO4 was used as a reflectance

standard in a UV–Vis absorbance experiment.

2.3 Measurement of Photocatalytic Activity

The photocatalytic activity of the as-prepared TiO2 pow-

ders was evaluated by measuring the decomposition of

penicillin aqueous solution with initial COD of 300. The

UV photocatalytic reaction was carried out in a glass

immersion photochemical reactor charged with 200 mL

penicillin aqueous solution; the used amount of catalyst

was 0.1 g. The vis-light photocatalytic experiments were

carried out in the same reactor using a 40 W fluorescent

lamp (main wavelength at 465 nm) as visible-light source.

Prior to photocatalytic experiment, the catalysts were set-

tled in suspension for 30 min in the dark for the adsorption

equilibrium. The COD of penicillin solution were quanti-

fied by a COD meter (HACH,US). Three replicates were

performed for each of samples.

The photocatalytic activity of the catalysts can be

quantitatively evaluated by comparing the degradation rate

(g%). Degradation rate (g%) was calculated according to

the following equation:

g ¼ COD0 � CODt

COD0

� 100% ð1Þ

Where COD0 and CODt represent the initial equilibrium

COD and reaction COD of penicillin aqueous solution,

respectively.

3 Results and Discussion

3.1 Phase Structure

Figure 1 gives the XRD patterns of S–N co-doped TiO2

powers calcined at different temperature. All the samples

showed a anatase phase. The Scherrer crystallite sizes were

determined using the formula t = 0.9k/bcosh where k is the

wavelength characteristic of the Cu Ka radiation, b is the

full width at half maximum and h is the angle at which the

100 intensity perk appears. The lattic parameters(a and c)
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were determined using the formula 1/d2 = h2/a2 + k2/b2 +

l2/c2, where h,k,l are the miller indices and d is the inter-

planar distance. The Scherrer crystallite sizes, lattice

parameter are as given in Table 1.

From Table 1 it can be obtained that the particle size

increased with the calcination temperature increased. The

increased particle size favorers the recombination of carriers

since photoinduced electrons and holes cannot easily reach

the surface within their lifetimes limiting the formation of

surface ROS [21]. The unit cell parameters of TiO2-3

remained almost unchanged, indicating that S,N is not

weaved into the crystal structure of the sample. However, the

unit cell parameters of TiO2-1 are affected greatly, which

means that S and N co-doped into the lattice of TiO2.

3.2 XPS Analysis

Figure 2 shows the XPS survey spectra of the un-doped

sample A and S–N co-doped sample B powders. It can be

seen that the un-doped sample A only contains Ti, O and C

elements, with sharp photoelectron peaks appearing at

binding energies of 458 (Ti 2p), 531 (O 1 s) and 285 eV (C

1 s). The atomic ratio of Ti to O of the sample A is about 2,

in good agreement with the nominal atomic composition of

TiO2. The carbon peak is attributed to the residual carbon

from the sample and adventitious hydrocarbon from XPS

instrument itself. On the contrary, the co-doped sample B

not only contains Ti, O and C, but also a small amount of N

and S atoms(binding energies at 401 and 169 eV, respec-

tively), which probably come from the precursor CS(NH2)2

during the calcinations.

Figure 3 shows the corresponding high-resolution XPS

spectra of N 1 s region taken from the sample TiO2-1. It

can be seen that the curve of N 1 s region of the sample

Fig. 1 XRD patterns of as prepared TiO2 powders

Table 1 Characteristics of samples

Sample Crystallite size(nm) Unit cell parameter

a(Å) c(Å) v(nm3)

aTiO2 3.783 9.497 0.1359

TiO2-1 10.7 3.789 9.517 0.1366

TiO2-2 13.8 3.787 9.507 0.1363

TiO2-3 21.3 3.785 9.504 0.1361

a JCPDS no.86-1157

Fig. 2 XPS survey spectra of the un-doped sample TiO2-0 and S–N

co-doped sample TiO2-1

Fig. 3 High-resolution XPS spectra for the N 1s region of the sample

TiO2-1
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TiO2-1 can be deconvoluted into three peaks. A small one

is attributed to the Ti–N(binging energy at 397.4 eV) [22,

23], which is probably formed by a nucleophilic substitu-

tion reaction between CS(NH2)2 and TiO2 during

calcinations. The other two peaks at about 400.0 and 401.1

eV are probably assigned to some NH3 and NH4
+ adsorbed

on the surface of TiO2 respectively [11, 19]. The state of

doped nitrogen in the TiO2 lattice and the mechanism of

band gap reduction has still been in arguing. Asahi et al.

[12] stated the N 1 s core lever at binding energy between

396 and 397 eV which is explained in the oxidation of TiN.

Additional N 1 s peaks on nitrogen doped TiO2 were

observed at 400 and 402 eV are attributed to chemisorbed

N2 or adsorbed organic impurities [12, 16].However, Satish

[24] et al. observed a N 1 s core level at 398.2 from the

XPS investigations of nitrogen doped TiO2 and suggested

that there in N–Ti–O bond formation due to nitrogen

doping and no oxidized nitrogen is present. Diwald [25]

observed an N 1 s peak at binding energy of 399.6 eV

which is effective in reducing the photon energy for pho-

tochemistry. It is to be noted that the preparation procedure

adopted was different in the above cases and this could lead

to the different observations in XPS.

Figure 4 shows the high-resolution XPS spectrum of the

S 2p region of TiO2-1. It could be observed that S 2p peak

of TiO2-1 contains two peaks at binding energy of 169.0

and 164.8 eV. The peak at 169 eV can be deconvoluted two

peaks at 168.5 and 169.6 eV respectively. Both peaks can

be attributed to the S(+VI). The S(+VI) may be assigned

to SO4
2- ions adsorbed on the surface of TiO2 powders. The

peak at 164.8 eV corresponds to the Ti–S bond due to the

fact that S atom replace O atom in TiO2 lattice [26]. It can

be reasonable to deduce that if the S2- ions replace the O2-

ions in the lattice of TiO2, a lattice distort may be created

due to a large ionic radius difference between S2-(1.7Å)

and O2-(1.22Å) [27]. XRD results further confirm the

above deduction. The cell parameters a and c (calculated

according to XRD result) of the S–N co-doped sample

TiO2-1 were 3.789 and 9.517 Å, respectively, which were

slightly bigger than those of pure anatase TiO2(JPCDS

Card 86-1157, a = 3.783 Å, c = 9.474 Å, space group:I41/

amd). According to the above XPS results, no Ti–S, Ti–N

peak was observed in the un-doped sample TiO2-0, further

implying that S,N elements were in situ doped into TiO2

powders during calcinations.

3.3 UV–Vis Diffuse Reflectance Spectra

Figure 5 shows the UV–Vis absorption spectra of the P25

and S–N co-doped TiO2 powders. A significant increase in

the adsorption at wavelengths shorter than 400 nm can be

assigned to the intrinsic band-gap adsorption of TiO2. The

absorption spectra of the S–N co-doped TiO2 samples show

a stronger absorption in the visible light region and a red

shift in the adsorption edge.

The red shift is ascribed to the fact that S–N co-doping

can narrow the band-gap of the TiO2 Further observation

shows that the absorbance decreases with increasing cal-

cination temperature. At 650 C, the absorbance of S–N

co-doped TiO2 in the UV region is similar to that of P25

and the absorbance in the visible region is higher than that

of P25. At 450 C, the absorbance of S–N co-doped TiO2 is

obviously higher than that of P25 in the whole UV–Vis

light region and a red shift in the adsorption edge. This may

be attributed the fact that calcination can induce S and N

elements doped into the lattice of TiO2, resulting in the

narrowing of the band gap. However, it can be seen that the

light absorption of S–N co-doped TiO2 in the visible region

Fig. 4 High-resolution XPS spectrum of the S 2p region of the

sample TiO2-1

Fig. 5 UV–Vis absorption spectra of P25 and S–N co-doped TiO2

powders
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decrease very significantly as the calcination temperature

increase. It could due to that high calcination temperature

could enlarge the particle size which lead non-metal ele-

ment atom hard into the TiO2 lattice. It can be seen from

Table 1 that the cell parameter of TiO2-3 remained

unchanged comparing to TiO2-1, meanwhile, the particle

size of TiO2-3 is bigger than TiO2-1. Previous reference

[28] have report that it will be more easy for doping N

element into TiO2 when the particle size of TiO2 is less

than 10 nm It has also been observed in an earlier report

[29] that an increase in the calcination temperature

decreased the amount of heteroatom doping in TiO2.

The absorption edge shifts to longer wavelengths for the

S–N co-doped TiO2 powders with decreasing calcinations

temperature. This clearly indicates a decrease in the band-

gap energy of TiO2. The band gap of the samples can be

determined by the equation [30].

Eg ¼ 1239:8=k ð2Þ

Where Eg is the band-gap(eV) and k(nm) is the

wavelength of the absorption edges in the spectrum.

Thus, the indirect band-gap energy estimated from the

absorption edges are about 2.16, 2.53 and 2.94 eV for the

S–N co-doped TiO2 samples TiO2-1, TiO2-2, TiO2-3,

respectively. The indirect band-gap energy of P25 is 3.0

eV. Therefore, it is no doubt the indirect band-gap energy

of the as-prepared powders is much lower than that of

anatase TiO2 due to S–N codoping.

3.4 Photocatalytic Activity

The photocatalytic activity of the prepared TiO2 powders

was quantificationally evaluated by photocatalytic degra-

dation of penicillin solution. The photocatalytic behavior

of P25 was also measured as a reference to that of the as-

prepared TiO2 powders. However, the COD of penicillin

solution does not change using various as-prepared TiO2

powders under dark condition. Illumination in the absence

of TiO2 powders does not result in the photocatalytic

reaction. Therefore, the presence of both illumination and

TiO2 powders is necessary for the efficient degradation.

Figure 6 shows the degradation rate (g) of photocatalytic

oxidation of penicillin solution under visible light of TiO2-

0 to TiO2-3, and P25. It can be seen that the degradation

rate of TiO2-0 sample(pure TiO2) has a very low visible

light induced photocatalytic activity. This is due to the fact

that the un-doped TiO2 powders have the biggest indirect

band-gap energy of about 3.2 eV. When a small amount of

S and N atoms is doped into TiO2 powders, the visible light

induced photocatalytic activity of the prepared samples

increases. At calcination temperature at 450 C, the photo-

catalytic activity of the co-doped sample TiO2-1 powders

reaches a maximum value, and its activity exceeds that of

P25 by a factor of three times. With further increasing

the calcination temperature, the photocatalytic activity

decreases. One possible explanation for this photocatalytic

activity decay is that the substituted non-metal atoms in the

doped TiO2 lattice have been completely substituted by

oxygen atoms with calcinations temperature rising.

Therefore, we concluded that 450 C is the transition tem-

perature, at which the doped TiO2 photocatalyst could have

suitable band gap by S–N codoping, resulting in the highest

visible light activity.

Usually, the doping non-metal elements in TiO2 play an

important role in its visible-light photocatalytic activity. It

can be seen from Fig. 5 that the S–N codoping results in an

intense increase in absorption in the near UV and visible-

light region and a red shift in the absorption edge of the S–

N co-doped TiO2 samples. This implies that the S–N co-

doped TiO2 can be activated by visible light and generated

more photo-induced electrons and holes to participate the

reaction. Hence, the band-gap narrowing of TiO2 by S–N

codoping results in enhanced photocatalytic activity of

prepared TiO2 powders. Hashimoto and co-workers [31,

32] provided an alternative explanation that a localized N

2p state formed above the valence band was the origin for

the visible light activity of the nitrogen-doped TiO2. Yu

et al. [26] found that sulfur doping can indeed create intra-

band gap state close to the conduction band edge, and thus

induces visible-light absorption at the sub-band gap energy.

The decrease in the photocatalytic activity of the S–N

codoped TiO2 powders calcined at above 550 C is due to

the following factors. The sintering and growth of TiO2

crystallites will result decrease of surface area of the TiO2

powders. Also with the increasing of particles size the

recombination of charge will be improved which will affect

the photocatalytic activity. Meanwhile, the growth of

crystallites will cause loss of non-metal atoms in situ of

TiO2.

Fig. 6 Photocatalytic activity of as-prepared TiO2 powders samples

and P25 under visible light
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4 Conclusion

Highly photoactive S–N co-doped TiO2 photocatalysts can

be successfully prepared by a simple sol–gel method. This

method can efficiently dope sulfur and nitrogen elements

into the lattice of TiO2. The S–N co-doped TiO2 powders

exhibit a stronger adsorption in the near UV and visible—

light region and a red shift in the band-gap transition. The

photocatalytic activities of as prepared S–N co-doped TiO2

in visible-light region are about three times higher than that

of Degussa P25. The highly photoactivities of the as-pre-

pared TiO2 is ascribed to a synergetic consequence of

several beneficial effects such as the improvement in

UV–Vis vacancies, red shift in adsorption edge. However,

the photocatalytic activities decrease with the calcination

temperature increases which can be attributed to the result

that high calcination temperature lead larger particle size.

Meanwhile, large particle size can cause loss of non-metal

atoms in situ of TiO2 lattice.
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