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ab s t r ac t
In this paper, C–N–S-tridoped TiO2 was successfully prepared through a sol–gel routine using 
ammonium thiocyanate as dopant after annealing at 823 K and characterized by Brunauer–Emmett–
Teller method, X-ray diffraction, UV/Vis diffuse reflectance spectroscopy, scanning electron micro-
scope, X-ray photoelectron spectroscopy and surface photovoltage spectroscopy. Doping C, N and 
S into the lattice of TiO2 inhibits the growth of its crystal, changes the morphology and the surface 
hydroxyl content, widens the band gap and greatly enhances the photoinduced charge separation 
rate. The photocatalytic activities were evaluated by degradation of methyl orange and phenol aque-
ous solution. The results show that photocatalytic activity of the bare TiO2 can be boosted by C–N–S 
tridoping.
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1. Introduction

Semiconductor-based photocatalysis has aroused world-
wide research interest owing to its potential applications 
in the decomposition of hazardous environmental contam-
inants [1,2]. Among the photocatalysts developed, TiO2 is 
the most prospective photocatalyst due to its outstanding 
properties [3,4]. However, the photocatalytic activity of TiO2 
is far from efficient to meet the practical applications and lim-
ited by the high recombination of electron–hole, therefore, it 
is crucial to boost its photocatalytic efficiency. Tremendous 
efforts have been developed to promote the photocatalytic 
performance of TiO2, among these approaches, doping with 
nonmetal elements is an effective and simple strategy [4,5]. 

To achieve nonmetal elements doping, different dopants 
were applied. Among all the dopants, ammonium thiocya-
nate has attracted increasing attention. Ammonium thiocya-
nate can be dissolved in ethanol and water, thus it is feasible 

that C, N and S can be simultaneously doped into TiO2 by 
a sol–gel routine using ammonium thiocyanate as dopant. 
However, the effects of the photoinduced charge separation 
rate and band gap on the photocatalytic activity of TiO2 pre-
pared by the sol–gel method using ammonium thiocyanate 
as dopant have been seldom addressed. 

The objective of this paper is to investigate C–N–S tridop-
ing on the band gap and the photoinduced charge separa-
tion rate and the relation with the photocatalytic activity. The 
photocatalytic performance was evaluated by degradation 
of methyl orange (MO) aqueous solution and phenol. In this 
paper, some novel results were obtained and discussed.

2. Experimental section

All chemicals (analytical grade reagents) were supplied 
from Chengdu Kelong Chemical Reagent Factory and used as 
received. Doped TiO2 was prepared as the method described 
in reference [6] with some modification. Tetrabutyl orthoti-
tanate (17 mL) and diethanolamine (5 mL) were dissolved 
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in ethanol (67 mL), after vigorously stirring for 2 h at room 
temperature, forming A solution. Desired ammonium thio-
cyanate was dissolved in a mixed solution of water (3 mL) 
and ethanol (7 mL), resulting in B solution. The molar ratio 
of ammonium thiocyanate/Ti(OC4H9)4 is 2%, 4%, 6%, 8% and 
10%, respectively. The B solution was added dropwise to the 
A solution under stirring, resulting in a TiO2 sol. The dried 
gel was annealed at 823 K for 1 h in a muffle furnace to obtain 
C–N–S-tridoped TiO2. TiO2 was also prepared as the method 
mentioned above without the presence of ammonium thiocy-
anate. The corresponding samples were labeled as 0% (TiO2), 
2%, 4%, 6%, 8% and 10%, respectively. 

The specific surface area measurements were performed 
on a Quadrasorb automatic surface analyzer. X-ray dif-
fraction (XRD) patterns were recorded on a DX-2600 X-ray 
diffractometer using Cu Kα (λ = 0.15406 nm) radiation and 
equipped with a graphite monochromator. The X-ray tube 
was operated at 40 kV and 25 mA. The UV–Vis diffuse reflec-
tance spectroscopy (DRS) was recorded using a TU-1901 UV–
Vis spectrophotometer. Scanning electron microscope (SEM) 
images were taken with a JSM-7500F SEM, using an acceler-
ating voltage of 5 kV. X-ray photoelectron spectroscopy (XPS) 
measurements were performed on an XSAM 800 using Mg 
Kα at 12 kV and 12 mA. The X-ray photoelectron spectra were 
referenced to the C 1s peak (Binding energy (BE) = 284.80 eV) 
resulting from adventitious hydrocarbon (i.e., from the XPS 
instrument itself) present on the sample surface, and the 
measurement error is ±0.1 eV. The measurements of sur-
face photovoltage spectroscopy (SPS) were carried out on a 
home-built apparatus. 

Photocatalytic activity experiments of MO were carried 
out in an SGY-II photochemical reactor (Kaifeng HXSCI 
Science Instrument Factory, China) as described in reference 
[7]. The illumination source was a 500 W high-pressure mer-
cury lamp with a maximum emitting radiation of 365 nm. The 
concentration of MO aqueous solution was 10 mg/L, the dos-
age of photocatalyst was 1 g/L, the volume of MO was 50 mL, 
and the initial pH value of MO solution was 7.0 adjusted by 
HClO4 and sodium hydroxide solution. The concentration of 
MO was analyzed at 460 nm through a spectrophotometer 
using Lambert–Beer law. Photocatalytic activity experiments 
of phenol were carried out in a Phchem III photochemical 
reactor (Beijing NBET Technology Co., Ltd., China) followed 
the procedures as described in reference [8]. The illumination 
source was a 500 W Xe lamp (simulated solar light). The dos-
age of photocatalyst was 1 g/L, the concentration of phenol 
aqueous solution was 10 mg/L, the volume of phenol was 
50 mL and the initial pH value of phenol aqueous solution 
was 6.0. The concentration of phenol was measured by HPLC 
using an Agilent Technologies 1200 chromatograph equipped 
with UV–Vis detector operated at 270 nm and C18 column 
(5 μm, 4.6 mm × 150 mm). The HPLC analysis was carried out 
using water/methanol (60:40) as mobile phase with the flow 
rate of 0.8 mL/min. The chemical oxygen demand (COD) of 
MO and phenol solution was measured by a representative 
chemistry method (K2Cr2O7–Ag2SO4). The removal of COD 
(Y) was calculated according to the following formula:

Y r= ×
COD COD

COD
0

0

−
100%

where COD0 and CODr stand for the COD of MO/phenol 
solution before and after illumination, respectively. All 
reported data were the average values of three parallel 
determinations.

3. Results and discussion

3.1. Characterization of photocatalysts

The XRD patterns of the photocatalysts are shown in 
Fig. 1. For the bare TiO2, peaks of anatase and rutile are simul-
taneously observed. However, the peaks of rutile gradually 
decrease as the amount of C–N–S increases, for 6%, 8% and 
10% samples, all the strong peaks can be indexed as the pure 
anatase-type TiO2, which fits well with the reported data 
(JCPDS 71-1169). This observation substantially illustrates 
that C–N–S can effectively retard the anatase–rutile transition 
of TiO2, which is in good agreement with the results reported 
by Zhang et al. [9]. Moreover, the average crystallite size of 
(101) peak can be estimated using the Scherrer equation. The 
results show that the average crystallite size of 0%, 2%, 4%, 
6%, 8% and 10% samples are 3.2, 2.6, 2.0, 1.9, 1.8 and 1.5 nm, 
respectively. The results suggest that C–N–S doped inhibits 
the growth of crystal; the reason is that the crystal structure 
of titania was affected by the incorporation of the dopants. 
This result accords well with the result of Brunauer–Emmett–
Teller. The specific surface area of 0%, 2%, 4%, 6%, 8% and 
10% is 7.6, 9.3, 11.4, 11.3, 10.8 and 13.7 m2/g, respectively. 
High specific surface area of the photocatalyst can provide 
more surface active sites, thus the reactive species have more 
chance to react with the adsorbed organic pollutants, pro-
moting the photocatalytic activity. 

Due to the partial overlap of UV–Vis DRS of photocat-
alysts, thus only the DRS of TiO2, 2%, 6% and 8% samples 
are presented in Fig. 2. Compared with the bare TiO2, the 
DRS of 2%, 6% and 8% samples appear blueshift, which 
demonstrates that C–N–S codoping widens the band gap. 
The results here are different from the results reported by 
Wang et al. [10]. The difference may ascribe to the different 
dopant source and after treatment temperature, and more 
detailed mechanism needs to be further investigated in the 
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Fig. 1. XRD patterns of photocatalysts.
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near future. The band gap of 0%, 2% and 8% samples is pre-
sented in Fig. 2 (inset). The band gap is 2.98, 3.13 and 3.24 for 
0%, 2% and 8% samples, respectively, indicating that C–N–S 
codoping widens the band gap of TiO2, Compared with the 
bare TiO2, the doped TiO2 displays wide band gap, suggest-
ing that valence band/conduction band of doped TiO2 sample 
is more positive/negative than that of the reference TiO2, thus 
the photoinduced holes and electrons from the doped TiO2 
exhibit stronger oxidation/reduction ability than that of the 
bare TiO2,which is beneficial to photocatalytic performance.

The SEM images of TiO2, 2%, 6%, 8% and 10% samples 
are shown in Fig. 3. As shown in Fig. 3, 0% and 2% samples 
have irregular lump-like morphology. However, for the 6%, 
8% and 10% samples, they have encephalon-like shape, thus 
it is reasonable to conclude that doping appropriate amount 
of C–N–S into TiO2 can appreciably alter the morphology of 
TiO2. 

The XPS spectra of 8% sample are displayed in Fig. 4. 
Three constituents situated at 288.6, 285.9 and 284.6 eV were 
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Fig. 2. UV/Vis DRS of photocatalysts.
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Fig. 3. SEM of photocatalysts: (A) 0%; (B) 2%; (C) 6%; (D) 8% and (E) 10%.
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observed for C 1s XPS spectra. The peaks located at 288.6 and 
285.9 eV are assigned to C–O–Ti and C=O bonds, respectively 
[11,12]. The peak at 284.6 eV is adventitious carbon or resid-
ual carbon from the organic precursor. The peak of N 1s for 
the 8% sample can be fitted into two peaks, locating at 399.5 
and 401.5 eV, which corresponds to the N 1s1/2 and N 1s3/2 
[13], respectively. The peak at 399.5 eV is assigned to O–Ti–N, 
indicating that the substitution of some lattice oxygen sites by 
nitrogen [14,15]. The peak at 401.5 eV is assigned to intersti-
tial nitrogen atoms [16]. The peaks at 168.2 and 169.1 eV can 
be attributed to S6+ in the lattice replace for Ti4+ [9], suggesting 
that the S was doped into the lattice of TiO2. The results of 
XPS firmly confirm that C, N and S have been simultaneously 
doped into the lattice of TiO2 using ammonium thiocyanate 
as dopant. As can be seen from Fig. 5, two oxygen signals 
located at 529 and 531 eV were detected, which are assigned 
to Ti–O and Ti–OH, respectively. The O 1s XPS spectrum 
can be further fitted into two kinds of chemical states by 
the Origin software with Gaussian–Lorentzian rule and the 
corresponding XPS data were listed in Table 1, where ri (%) 
represents the ratio of the different kinds of oxygen contri-
butions. Obviously, the content of hydroxyl oxygen on the 

C–N–S doped TiO2 is higher than that on the bare TiO2, indi-
cating that C–N–S tridoping increase the surface hydroxyl 
groups. Usually, the increasement of surface hydroxyl con-
tent on the surface of TiO2 is beneficial to the improvement of 
photocatalytic performance. Fig. 6 shows the high-resolution 
XPS spectra of the Ti 2p3/2 region taken on the surface of 
TiO2 and C–N–S doped TiO2. Compared with the pure TiO2, 
Ti 2p binding energies of C–N–S doped TiO2 gradually shift 
to higher value as C, N and S content increasing. The shift of 
the Ti 2p value demonstrates that the electron density and 
chemical environments of Ti element have been changed by 
carbon, nitrogen and sulfur atoms [17].

The SPS of the bare TiO2 and C–N–S doped TiO2 samples 
is shown in Fig. 7. As shown in Fig. 7, the intensity of SPS 
increases gradually as the amount of ammonium thiocya-
nate increases; however, when the molar ratio of ammonium 
thiocyanate/Ti is 10%, the SPS response drops. It is plausi-
ble that excessive C, S and N doped result in more defects 
and become the recombination centers of photoinduced 
electron–hole pairs, resulting in a weaker SPS response. In 
general, strong SPS response corresponds to high separation 
rate of photoinduced charge pairs on the basis of the SPS 

Fig. 4. XPS spectra of 8% sample.
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principle [18,19]. The high charge separation rate is bene-
ficial to the photocatalytic activity. Moreover, in the visible 
light region, no SPS was detected for the 0%, 2%, 4% and 
6% samples. While for the 8% and 10% samples, weak SPS 
was observed, which may be due to the trapping states. The 
results of SPS fit well with the results of DRS and photocat-
alytic activity.

3.2. Photocatalytic activity

The photolysis of MO and phenol aqueous solution 
(10 mg/L) under irradiation without photocatalyst after 30 min 
is so small that can be totally ignored, and the adsorption of 
MO and phenol on different photocatalysts after 30 min in a 
dark is small than 5%. The photocatalytic activities of the bare 
TiO2 and doped TiO2 are shown in Fig. 8. As shown in Fig. 8, all 
C, N and S doped photocatalysts exhibit better photocatalytic 
activity than TiO2 and the 8% sample displays the best photo-
catalytic activity among the experimented compositions. The 
degradation efficiency of MO and phenol over 8% is higher 
(52.5% and 13.5%) than that of the reference TiO2. However, 
the catalytic activity of 10% sample is lower than that of 8%, 
excessive C, S and N result in more defects and become the 
recombination centers of photoinduced electron–hole pairs. 
Furthermore, as shown in Fig. 9, the removal of COD of MO 
and phenol increases as the ammonium thiocyanate content 

Fig. 5. High-resolution XPS spectra of the O 1s region on the surfaces of photocatalysts: (A) 0% and (B) 8%.

Table 1
Elemental surface compositions of as-synthesized photocatalysts 
by XPS

Photocatalyst O 1s (Ti–O) O 1s (O–H)
Eb (eV) ri (%) Eb (eV) ri (%)

0% 529.7 73.4 531.4 26.6
8% 529.7 69.9 531.6 30.1

Fig. 6. XPS spectra of Ti 2p on photocatalysts.

Fig. 7. SPS response of photocatalysts.
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increasing, and reaches the highest when the ammonium 
thiocyanate content (ammonium thiocyanate/Ti) is 8%. In 
addition, degradation MO is faster and deeper than phe-
nol, which may be due to the different light resource and 
stability of molecular structure. These results substantially 
demonstrate that photocatalytic activity of TiO2 can be greatly 
enhanced by C–N–S tridoping. In this paper, the improved 
photocatalytic activity of C–N–S tridoped TiO2 may attribute 
to the increased specific surface area of photocatalysts, strong 
redox ability of photon-generated electrons and holes, and 
high surface hydroxyl content and promoted separation rate 
of photoinduced charge carriers. 

4. Conclusions

C–N–S-tridoped TiO2 photocatalysts were successfully 
prepared by a facile sol–gel routine using ammonium thio-
cyanate as dopant. Doping of TiO2 by C, N and S inhibits 

the growth of the crystal and the anatase–rutile transition, 
widens the band gap, changes the shape of particle and the 
surface hydroxyl content, and enhances the photoinduced 
charge separation rate. When the molar ratio of ammonium 
thiocyanate/TiO2 is 8%, the sample exhibits the best photo-
catalytic activity towards degradation of MO and phenol. 
Doping C, N and S into TiO2 using ammonium thiocyanate 
as dopant is a simple and effective way to enhance the photo-
catalytic performance of TiO2.
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