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Abstract This paper reports a new method to prepare
the N-doped and N-S-codoped anatase TiO, photocata-
lysts at 100 °C. The as-prepared photocatalysts were
characterized by means of XRD, Raman spectra, TEM,
BET, UV-Vis diffuse reflectance spectra (DRS) and XPS.
The results showed that the N-doping and N-S-codoping
extended the absorbance spectra of TiO, into visible re-
gion with different extent. The BET surface area of the
N-S-codoped TiO, photocatalysts was high up to
245 m?g™". The results of degradation of methyl orange
(MO) solution showed that the N-doped and N-S-codoped
TiO, photocatalysts exhibited higher photocatalytic
activity than that of Degussa P-25 and the as-prepared
pure TiO, under visible irradiation. This property can be
attributed to the results of synergetic effects of absorption
in the visible light region, red shift in adsorption edge,
good crystallization and large surface area of the as-pre-
pared N-doped or N-S-codoped TiO,.
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1 Introduction

In the past decades, TiO, has been the most widely used
and investigated photocatalyst because of its nontoxicity,
inexpensiveness, chemical stability and favorable opto-
electronic properties. However, it can only work under
ultraviolet (UV) light (wavelength A < 388 nm) duo to its
wide bandgap of 3.0-3.2 eV, which means only about 4%
of the incoming solar energy on the surface can be uti-
lized. Many attempts have been made to improve the
optical response of TiO, under visible light excitation.
In recent years, nonmetal doping of TiO, rekindled a
great interest in visible light catalysis since the report of
the work of Asahi et al in 2001 [1]. After that, both the
preparation methods and the theoretical calculations have
been performed and reported for nonmetal doping of TiO,
[2-13].

S or N-doped TiO, has been prepared by sputtering
[1, 8], chemical vapor deposition [9], sol-gel [4, 10-11],
ion implantation [12-13] and spray pyrolysis [14].
However, these experiments were performed at high
temperatures, which usually led to the grain growth and
lowering of the surface area and thus hampered the
enhancement of photocatalytic activity. Here we pro-
posed a novel approach to prepare N-doped and N-
S-codoped TiO, photocatalysts at 100 °C, using tetra-
chloride titanium as the titanium source and thiourea as
nitrogen and sulfur source. The obtained N-doped and
N-S-doped titania had high specific surface area, and
exhibited higher photocatalytic activity than that of P25
under visible irradiation.
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2 Experimental
2.1 Photocatalyst Preparation

TiCl4(Sinopharm Chemical Reagent Co., Ltd, China),
distilled water, diluted ammonia (1: 9), H,O, (30%) and
thiourea (Shanghai Shiyi Chemicals Reagent Co., Ltd.
China) were used for the synthesis of N-doped and N-S-
codoped TiO,. The starting material thiourea was used to
introduce nitrogen and sulfur. N-doped and N-S-codoped
TiO, photocatalysts were synthesized by sol-gel method.
The schematic procedure is illustrated in Fig. 1. In a typical
preparation, 18 mL of TiCl, was added dropwise into
1,500 mL distilled water in an ice-water bath with strong
magnetic stirring. After stirring for 30 min, the pH of this
acidic solution was adjusted to 7 by dropwise addition of
diluted ammonia solution. After stirring at this pH for 24 h,
the obtained precipitate was filtered and washed thoroughly
with distilled water until CI” was not detected.. Then, the
precepitate was ultrasonic dispersed in 1300 mL distilled
water. H,O, (135 mL) was added dropwise into this mix-
ture under stirring. The resulting yellow transparent solu-
tion was divided into six portions. A certain amount of
thiourea dissolved in 10 ml of absolute ethanol was added
to the above solutions. And then, the mixtures were heated
at 100 °C for 10 h in a temperature controlled oil bath
equipped with a magnetic stirrer, thermometer and reflux
condenser. Finally, the resulted precipitates were dried at
80 °C for 24 h and grinned in agate mortar to obtain the
powder samples. To prepare N-S-codoped titania with
different composition of N and S, the dosage of thiourea
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| Transparent aqueous solution |
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NH,OH
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| TiO; sol |
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| heated at 100°C |
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Fig. 1 Process diagram for sol-gel synthesis of N-doped and N-S-
codoped TiO, powder
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was changed. Pure TiO, was prepared by a similar proce-
dure without the addition of thiourea.

2.2 Photocatalyst Characterization

The crystalline structure was identified by X-ray diffraction
(XRD) (D/MAX-IIIA, Rigaku, Japan) measurements using
Cu Ko (4 = 0.15418 nm) radiation at 35 kV, 30 mA in the
20-80 °C 26 angle range. The average crystallite size was
determined according to the well-known Scherrer equation
using the FWHM data after correcting the instrumental
broadening [15]. The crystalline structure was also inves-
tigated by Raman spectroscopic measurements (InVia,
Renishaw, Britain), performing at room temperature in air
using the 514.5 nm line of argon gas laser as excitation.

Transmission electron microscopy (TEM) measure-
ments were carried out with a JEM-2010 (Japan) micro-
scope operating at 200 kV in the mode of bright field.

Brunauer-Emmett-Teller (BET) surface area (Sggt) of
the powders was analyzed by nitrogen adsorption in an
AUTOSORB-1 (Quantachrome Instruments, USA) nitro-
gen adsorption apparatus. All the samples were degassed at
100 °C prior to actual measurements. The Sggr was
determined by a multipoint BET method using the
adsorption data in the relative pressure (P/P,) range of
0.05-0.25.

UV-Vis diffuse reflectance spectra (DRS) of the phot-
ocatalysts were measured on a UV-2550 (Rigaku, Japan)
instrument equipped with integrating sphere accessory with
the wavelength ranging from 300 to 600 nm. BaSO, was
used as the standard for these measurements.

X-ray photoelectron spectroscopy (XPS) measurements
were performed on an ESCALAB MK II spectrometer (VG
Scientific Ltd. UK.) with non-monochromatic Al Ko X-ray
(1486.6 eV). The pressure in the chamber during the
experiments was about 10~’Pa. The analyzer was operated
at 50 eV pass energy for high resolution spectra and
100 eV for survey spectra. The binding energy of the Cls
line (284.6 eV) was taken for calibrating the obtained
spectra. Background subtraction and peak fitting was per-
formed using a public XPS peak fit program (XPSPEAK4.1
by R. Kwok). Recorded spectra were fitted using Gauss—
Lorentz curves and the Lorenz—Gauss ratio for each Ti, O,
S and N species was kept constant.

2.3 Evaluation of Photocatalytic Activity

Photocatalytic activity of the as-prepared samples and
Degussa P-25 was evaluated by the degradation of methyl
orange (MO), which was performed in a 100 mL beaker
reactor. For each condition, 160 mg of powders was added
into 40 mL of aqueous solution of MO (10 mg L™). The
catalysts were stirred for 15 min in the dark to get the
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equilibrium of MO adsorption-desorption followed by
switching on light. Photodegradation of MO was per-
formed at room temperature by using a high pressure Hg-
light (125 W) with the UV cut-off filter. The UV cut-off
filter was placed between the beaker and light source to
exclude ultraviolet radiation under 420 nm. The incident
intensity to the sample surface was 254 p W cm ~, The
photocatalytic experiment was repeated under the identical
reaction conditions to confirm the reproducibility. At the
given intervals, a few milliliter of the mixtures were drawn
from the beaker, and filtered by centrifugation. Its UV-Vis
spectra were recorded on a UV-Vis spectrophotometer
(UV-1601, Rigaku, Japan). The relative concentration of
MO was monitored by comparing its absorbance at 464 nm
with that of the original solution [16].

3 Results and Discussion

3.1 Characterization of N-doped and N-S-codoped
TiO,

The powder XRD patterns of the synthesized N-doped and
N-S-codoped TiO, samples are shown in Fig. 2. The dif-
fraction peaks at 26 = 25.14°, 37.75°, 47.95°, 54.13°,
62.72° corresponding to the anatase phase of titania (PDF:
21-1272) are observed in all the samples heated at 100 °C
for 10 h. Usually, the amorphous-anatase transformation
may complete in the temperature range from 250 to
400 °C, while anatase TiO, with a small amount of
brookite has been prepared even at 40 °C [17]. The peak
positions are nearly the same and no extra peaks except for
anatase TiO,are observed, suggesting that the structure of
TiO, is not changed. The intensity of (101) peak increases
initially with increasing molar ratio of thiourea/TiO, and
decreases when the ratio was higher than 20/100. This
observation suggests that the addition of thiourea might
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Fig. 2 X-ray diffraction patterns of N-doped and N-S-codoped TiO,
prepared from precursors with different molar ratio of thiourea/Ti: (a)
3/100; (b) 5/100; (¢) 20/100; (d) 40/100; (e) 100/100 and compared to
the JCPD file (bottom plot) of anatase TiO, (PDF: 21-1272)

enhance the formation and growth of TiO, anatase phase,
but the surplus thiourea might be unfavorable for the for-
mation of anatase. Compared to pure TiO,, the codoped
photocatalysts show a slight shift of the (101) peak, indi-
cating a lattice distortion of the doped photocatalysts [4].
The average crystallite sizes of the samples are calculated
using the Debye—Scherrer equation, and given in Table 1
together with other physical properties. The crystallite sizes
of samples are in the range of 5-8 nm, which is promising
since nanocrystalline anatase has being considered as the
more photoactive form of TiO,.

Raman spectra of the selected N-doped and N-S-cod-
oped TiO, photocatalysts are shown in Fig. 3. There is a
sharp Raman peak at about 150 cm™' and three weak peaks
at about 400, 516 and 640 cm™!, which can be attributed to
the Raman-active modes of anatase phase with the sym-
metries of E,, By, Aj, or By, and E,, respectively [18].

The structure of N-S-codoped TiO, was further studied
by TEM image and selective area electron diffraction
(SAED) (inset, Fig. 4). It can be seen that N-S-codoped
TiO, crystals have rodlike morphology. SAED analysis
further confirmed that TNS3 has anatase structure. The
results of Raman and SAED are in fully agreement with
that of XRD (Fig. 2).

Figure 5 shows the nitrogen adsorption/desorption
isotherms for the as-prepared samples. All the isotherms
are type IV, which is the characteristic of mesoporous
materials [19-20]. Their specific surface area (Sggr) are
shown in Table 1. All the samples show high surface area
in the range of 213-245 m? g~!, which is much higher than
those of most nonmetal-doped TiO, reported in the litera-
tures [3, 10, 21]. It can be concluded that the present wet
chemical process is a good route for preparation of porous
photocatalysts with high surface areas, which is favorable
in enhancing the photocatalytic activity of TiO,-based
photocatalysts.

Figure 6 displays the UV—Vis DRS of the as-prepared
samples with different molar ratios of thiourea to TiO,. The
pure TiO; only exhibit a absorption band in the UV region,
whereas the doping of nitrogen and sulfur extended the
absorbance from UV to visible region. The absorption edge
shifts from 387 to 510 nm with decreasing initial molar
ratio of thiourea/TiO, from 100/100 to 3/100. The
absorption intensity of the samples in the visible region
decreases with increasing initial thiourea content. As re-
ported, nonmetal-doped TiO, is generally yellow [10, 24, ].
Here, we observed that the yellow color of the as-prepared
photocatalysts became paler with increasing thiourea con-
tent in the starting materials (Table 1).

As shown in Fig. 7, both of the XPS survey scans of the
as-prepared TN2 and TNS3 show predominantly oxygen,
titanium, nitrogen and carbon. A signal of S 1s is also
detected for sample TNS3. Carbon could be originated
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Table 1 Characterization

results for N-doped and N-S- Sample Mola.r ratio ' Color of catalyst SBZET_ DScherrer ~ Decomposition of‘ met}.lyl.
codoped TiO,photocatalysts of thioure/TiO, gr)n g (nm) orange after 24 h irradiation (%)

TN1 3/100 Yellow 5 383

TN2 5/100 Yellow 241 5 95.5

TNS3 20/100 Light yellow 245 8 96.6

TNS4  40/100 Light yellow 213 5 89.3

TNS5 100/100 White yellow 5 55.5

TiO2 Yellow 353

P25 White 70.9
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Fig. 3 Raman spectra of N-doped (TN2) and N-S-codoped (TNS3)

. Fig. 5 N, adsorption-desorption isotherms of the as-prepared
TiO, photocatalysts
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Fig. 6 UV-Vis diffuse reflectance spectra of N-doped and N-S-
Fig. 4 A representative TEM image and selected area electron codoped TiO, prepared from precursors with different molar ratio of
diffraction (SAED) pattern of the as-prepared sample TNS3 thiourea to TiO,
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Fig. 7 Survey scans results of the XPS spectra of N-doped (TN2) and
N-S-codoped (TNS3) TiO, photocatalysts

from adventitious carbon due to exposure to ambient
pressure during the preparation.

High-resolution XPS spectra of Ti 2p, O 1s, N Is and S
2p lines were measured for the samples TN2 and TNS3
(Fig. 8). The results by curve fitting were shown in Ta-
ble 2. As indicated in Table 2, oxygen is deficient in a
stoichiometric ratio. The total N content in sample TN2 is
3.90 at.%, higher than that in sample TNS3 (at. 2.24%).
The amount of S in sample TNS3 is estimated to be
2.18 at.%.

XPS spectra of Ti 2p showed a doublet peaks at 458.2
(459.0) and 463.9 (464.7) eV for Ti 2p;3,, and Ti 2py, lines
(Fig. 8a), respectively, which are assigned to the Ti**
oxidation state according to the reported XPS data [22-23].
The O 1s core level spectra are asymmetric (Fig. 8b). By
curve fitting, the peak of O 1s at 530.0 (530.1) eV corre-
sponds to lattice oxygen of TiO,, and a shoulder peak at
higher binding energy of 531.7 (531.9) eV is assigned to
mixed contributions from surface hydroxides.

Many researchers reported that sulfur and nitrogen
doping induce visible light absorption and response
[24-30]. To investigate the states of sulfer and nitrogen, the
S Is and N 1s core levels were also measured by XPS. In
contrast to the studies using thiourea as S sources [4, 24],
both peaks attributed to N and S atoms were detected in our
samples when the molar ratio of thiourea/TiO, was higher
than 20/100, and only N atom was detected for sample TN2
(Fig. 8c,d). The latter was resulted from the loss of S
during heating at 100 °C. The oxidation state of the S-
dopant is dependent on the preparation methods, and it was
reported that anionic sulfur doping is difficult to carry out
because S* (1.7 1&) has a much larger ionic radius com-
pared to that of 0> (1.22 A) [6]. Ohno et al. also obtained
cationic S-doped TiO, [24-25]. As shown in Fig. 8c, the S
2p XPS spectrum centered at 167.8 eV is similar to S**
species that observed in Refs.[24, 26-27] The incorpora-
tion of S** species into TiO, was reported to locally distort
the lattice of TiO, powders [24]. Figure 8d displays N 1s

Fig. 8 High-resolution XPS (a)
spectra of Ti 2p (a), O 1s (b), S
2p (c¢), and N 1s (d) of the
as-prepared N-doped (TN2) and = z
. ‘7 17}
N-S-codoped TiO, (TNS3) g TNS3 5
g z
2 2
i =
) Q
~
. N2
e T I T T T T T T T T :
452 454 456 458 460 462 464 466 468 470 162 164 166 168 170 172 174 176
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Table 2 Binding energies and relative contents of the Ti 2p, O Is, S 1s and N 1s
Sample Ti (6] S N
Ti (2p3s) Ti 2p11) Bulk (O%) OH SO, Ti-N NO,
TN2 BE (eV) 459.0 464.7 530.0 531.7 396.7 400.4
Content (at.%) 27.76 54.73 13.61 0.27 3.63
TNS3 BE (eV) 458.2 463.9 530.1 531.9 167.8 400.3
Content (at.%) 26.63 52.80 16.15 2.18 2.24

spectra from the surfaces of TN2 and TNS3, respectively.
As for the sample TN2, a weak peak centered at 396.7 eV
is also detected, which is close to that reported by Nambu
et al. [13]. The binding energy around 396 eV were gen-
erally considered as the evidence for the presence of Ti-N
bonds [1, 9, 21, 28]. Although the amount of this kind of N
species is slight (0.27 at.%), it may contribute to the strong
absorption of visible light shown in Fig. 6 (TN2). The
assignment of N 1Is peaks ranging in the 398—403 eV is still
under debate. The N 1s XPS peaks at 398.2 eV [3], 400 eV
[28] and 401.5 eV [29] were assigned to the formation of
N-Ti-O linkages. However, the peaks at 400+0.2 eV [12],
401 eV [30] and 402 eV [31] were assigned to the chem-
isorbed molecular y-N state. Additionally, the N 1Is core
level at 400 eV [7] and 400.2 eV [32] for the N-doped
TiO, were attributed to NO-like species. The differences
discussed above may be due to the differences of prepa-
ration procedure. Considering the consistency with the
results of the DFT calculations [13], we attribute the N 1s
peak at 400.4 eV to the NO, species as shown in Fig. 8d.

3.2 Visible Light Catalytic Performance
The results of photocatalytic decomposition of MO by

different samples are shown in Fig. 9. It can be seen that
the N-doped and N-S-codoped TiO, samples show much

higher photocatalytic activities under visible light
1.0
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Fig. 9 Effect of ratio of thiourea to TiO, on methyl orange
decomposition under visible light irradiation
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(A2 2 420 nm) than pure TiO,. Among them, TNS3 shows
the highest photodegradation activity with a MO conver-
sion of 90.6% and 96.6% after 8 and 24 h under visible
light irradiation, respectively. In contrast, the pure TiO,
shows little visible-light-induced photocatalytic activity
and the decomposition rate of MO on the P25 TiO, is also
small. These results indicate that the doping of N or cod-
oping of N and S is an effective way to improve the visible-
light-induced photocatalytic activity of TiO,-based cata-
lysts for the decomposition of organic compounds.

The degradation of MO solution on the prepared pure
TiO, and commercial P25 TiO, could be on the basis of
photosensitization process of dyes under visible light irra-
diation [33]. The photocatalytic activity of TiO,-based
photocatalyst is due to the production of excited electrons
in the conduction band and positive holes in the valence
band by the absorption of UV or visible illumination.
Practically, the photoactivity of a photocatalyst is affected
by many factors such as surface area, crystallinity, surface
hydroxyl density, and oxygen vacancies [35]. At wave-
lengths / > 420 nm, the intensity of absorption spectra are
different for all the samples. In addition, the surface area
and crystalline size are different, resulting in the different
recombination rate of electron—hole pair. Overall, the high
visible-light-induced catalytic activity is attributed to the
synergetic effects of strong absorption in the visible light
region, red shift in adsorption edge, good crystallization
and large surface area of the N-doped or N-S-codoped
TiO,. It should be noted that there is not a definite corre-
lation between the light absorption properties and the
activity of the samples, that is, the stronger the absorption
of visible light does not mean the higher the decomposition
rate of MO, typically comparing the corresponding prop-
erties of sample TN1 with that of sample TNS3.

4 Conclusions

N-doped and N-S-codoped anatase TiO, photocatalysts
were prepared at low temperature for the first time. The
physical and photocatalytic properties of the photocatalysts
prepared with different molar ratio of thiourea to TiO, have
been compared. Compared with pure TiO,, UV-Vis DRS
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of the N-doped and N-S-codoped TiO, photocatalysts
showed a shift towards higher wavelengths with absorption
edges up to 510 nm. BET surface area was affected by the
amount of thiourea. The photocatalysts synthesized with
thiourea/TiO, ratio of 20/100 had the highest surface area
(245 m* g™!). The N-doped and N-S-codoped TiO, show
much higher photocatalytic activity under visible light
irradiation than that of pure TiO, and Degussa P25 phot-
ocatalysts. The process of doping nitrogen or nitrogen and
sulfur through wet process at low temperature is promising
for preparation of nonmetal-doped TiO, with high surface
area and high visible-light-induced catalytic activity.
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