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a b s t r a c t

In this study, C–N–S-tridoped titanium dioxide (TiO2) nanocrystals were synthesized by using a facile
hydrothermal method in the presence of a biomolecule l-cysteine. This biomolecule could not only serve
as the common source for the carbon, sulfur and nitrogen tridoping, but also could control the final
crystal phases and morphology. The resulting materials were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron spec-
troscopy (XPS), nitrogen adsorption and UV–vis diffuse reflectance spectroscopy. XPS analysis revealed
that S was incorporated into the lattice of TiO2 through substituting oxygen atoms, N might coexist in
the forms of N–Ti–O and Ti–O–N in tridoped TiO2 and most C could form a mixed layer of carbonate
species deposited on the surface of TiO2 nanoparticles. The photocatalytic activities of the samples were
tested on the removal of NO at typical indoor air level in a flow system under simulated solar light irradi-
ation. The tridoped TiO2 samples showed much higher removal efficiency than commercial P25 and the

undoped counterpart photocatalyst. The enhanced visible light photocatalytic activity of C–N–S-tridoped
TiO2 nanocrystals was explained on the basis of characterizations. The possible formation process of the
monodispersed C–N–S-tridoped anatase TiO nanocrystals was also proposed. This study provides a new
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method to prepare visible

. Introduction

Titanium dioxide (TiO2) is the most widely used photocata-
yst for solar energy conversion, air purification, and wastewater
reatment [1]. However, anatase TiO2 can only absorb UV light
ith wavelengths less than 388 nm, which is about 4% of the

olar spectrum. This means most of solar energy in form of visi-
le light cannot be utilized. Therefore, many attempts have been
ade to extend the absorption of TiO2 to visible light region. For

nstance, doping with transition metals, such as Cr, Co, V, W and
e, extends the spectral response of TiO2 into the visible region and
hus enhances its photocatalytic activity [2–5]. However, transition
etal ion-doped TiO2 suffers from some serious drawbacks, such as
hermal instability and low quantum efficiency of the photoinduced
harge carriers (electron–hole pairs) [6]. Recently, researchers turn
o explore nonmetal-doped TiO2 including carbon, nitrogen, phos-
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t active TiO2 photocatalyst.
© 2009 Elsevier B.V. All rights reserved.

phorus, sulfur, iodine and fluorine doped photocatalysts [7–12].
More recently, the simultaneous doping of two or three kinds of
nonmetal atoms into TiO2 has attracted considerable interest, since
it could result in a higher photocatalytic activity and special char-
acteristics compared with single element doping into TiO2. For
example, Li et al. found that N–F-codoped TiO2 nanomaterials had
a higher visible light photocatalytic activity than TiO2 doped only
with nitrogen or fluorine [13,14]. Cong et al. prepared C–N-codoped
TiO2 nanoparticles with visible light photocatalytic activity [15,16].
Sun et al. synthesized C–S-codoped TiO2 by the hydrolysis of tetra-
butyl titanate in a mixed aqueous solution containing thiourea and
urea [17]. Zhou et al. reported C–N–S-tridoped titanium dioxide
powders with enhanced daylight-induced photocatalytic activity.
Their C–N–S-tridoped titanium dioxide photocatalyst was prepared
by calcining the mixture of TiO2 xerogel and thiourea at 500 ◦C for

3 h [18]. The doped ions depend, to some extent, on ion sources.
Thus, the selection of ion sources is curial for the preparation of
nonmetal-ion-doped photocatalysts with high activity. Thiourea
and urea have often been used as nonmetal ion sources because
they can supply sulfur, nitrogen, and carbon. For instance, thiourea

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zhanglz@mail.ccnu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.03.071


78 Y. Wang et al. / Journal of Hazardou

w
a
u

o
t
o
r
a
s
t
s
e
a
m
s
i
s
w
o
p
t
w
t
T
u

h
n
c
l
F
m
–
c
t
n
w
W
t
i

2

2

g
c
w
a
a

Fig. 1. Chemical structure of l-cysteine.

as used as sulfur [19] and nitrogen sources [20,21]. Urea was used
s a nitrogen source [21,22]. While both thiourea and urea were
sed together as carbon sources [10].

A biomolecule is a molecule that naturally occurs in living
rganisms, including lipid, vitamin, amino acid, nucleotide, pep-
ide, DNA, RNA, and so on [23]. Biomolecule consists primarily
f carbon and hydrogen, along with nitrogen, oxygen, phospho-
us and sulfur. Other elements sometimes are incorporated but
re much less common. Recently, biomolecule-controlled/assisted
ynthesis methods have become a new and promising focus in
he preparation of various nanomaterials due to their attracting
tructure and self-assembling role of biomolecules [24–26]. Inter-
stingly, Komarneni and co-workers found that glutathione (GSH),
large polypeptide molecule, could be used as both the assembling
olecule and the sulfur source to synthesize the highly ordered

nowflake structure of bismuth sulfide nanorods under microwave
rradiation [27]. Another biomolecule cysteine was often used as the
ulfur source to prepare metal sulfides. For instance, Qian and co-
orkers synthesized antimony sulfide nanowires in the presence

f cysteine [28]. Cysteine and glutathione were also used to pre-
are biostabilized CdS nanoparticles [29]. Zhang et al. synthesized
he porous spongelike Ni3S2 nanostructures on Ni foil substrate
ith high electrochemical activity [30] and Bi2S3 flowerlike pat-

erns with well-aligned nanorods in the presence of cysteine [31].
ong and coworkers synthesized the ZnS nanostructured spheres
sing l-cysteine as the sulfur source [32].

In this study, we report a novel biomolecule-controlled
ydrothermal method for the synthesis of C–N–S-tridoped TiO2
anocrystals. We chose a small peptide molecule l-cysteine as a
ommon source of C, N, and S and interestingly find the addition of
-crysteine could control the final crystal phases and morphology.
ig. 1 is the chemical structure of l-cysteine [33]. In the cysteine
olecule, there are three functional groups –NH2, –COOH, and

SH, which all have a strong tendency to coordinate with inorganic
ations [31]. Unlike the traditional nonmetal dopants like urea or
hiourea, the amino group reacts with the carboxyl group of the
eighboring cysteine molecule to form a dipeptide or polypeptide,
hich may play an important role in the growth of microstructures.
e carefully characterized the resulting tridoped TiO2 samples and

ested their photocatalytic activities on the removal of the common
ndoor pollutant NO under simulated solar light irradiation.

. Experimental section

.1. Synthesis of C–N–S-tridoped TiO2 nanocrystals

All of the chemicals were of commercially available analytical

rade and used without further purification. In the typical pro-
edure, 0.005 mol of TiCl4 (98%) was slowly added into distilled
ater under magnetic stirring in an ice bath. During the addition,
large quantity of yellowish gas, presumably HCl, was released as
consequence of the hydrolysis of TiCl4 in water. After stirring for
s Materials 169 (2009) 77–87

several minutes, a transparent colorless solution was formed. Then,
different amounts of l-cysteine were added to the solution under
magnetic stirring. After the l-cysteine was dissolved completely,
the resulting solution was placed in 20 mL Teflon-lined stainless-
steel autoclaves. The autoclaves were maintained at 180 ◦C for
24 h and then air cooled to room temperature. The products were
collected by centrifugation, thoroughly washed with ethanol and
deionized water and dried in an oven at 50 ◦C. To control the phase
of the samples and to compare the activity of the photocatalyst, we
investigated the final morphologies of the samples as a function of
molar ratios of l-cysteine to TiCl4. During synthesis, we chose five
different molar ratios of l-cysteine to TiCl4, namely 0, 0.50, 1.00,
1.25 and 2.00, which were denoted as LT0, LT0.50, LT1.00, LT1.25 and
LT2.00, respectively.

2.2. Characterization

X-ray powder diffraction (XRD) patterns were obtained using
a Philips MPD 18801 diffractometer using Cu-K� radiation. X-ray
photoelectron spectroscopy (XPS) measurements were performed
on a PHI Quantum 2000 XPS System with a monochromatic Al
K� source and a charge neutralizer. All the binding energies were
calibrated to the C1s peak at 284.8 eV of the surface adventi-
tious carbon. Scanning electron microscopy (SEM) measurements
were performed used a JSM-5600 SEM. Transmission electron
microscopy (TEM) study was carried out on a Philips CM-120 elec-
tron microscopy instrument. The samples for TEM were prepared
by dispersing the final powders in ethanol; the dispersion was then
dropped on carbon–copper grids. High-resolution transmission
electron microscopy (HRTEM) analysis was performed on a JEOL
JSM-2010 microscope operating at 200 kV. The nitrogen adsorption
and desorption isotherms at 77 K were measured using Micro-
metrics ASAP2010 system after samples were vacuum-degassed at
180 ◦C overnight. A Varian Cary 100 Scan UV–vis system equipped
with a labsphere diffuse reflectance accessory was used to obtain
the reflectance spectra of the catalysts over a range of 200–600 nm.
Labsphere USRS-99-010 was employed as a reflectance standard.

2.3. Photocatalytic activity test

The photocatalytic activity experiments on the resulting sam-
ples for the oxidation of NO in air were performed at ambient
temperature in a continuous flow reactor. The volume of the rect-
angular reactor which was made of stainless-steel and covered
with Saint-Glass was 27.3 L (13 cm × 70 cm × 30 cm). Three sam-
ple dishes containing the photocatalysts powders were placed on
a single path in the reactor. A 300 W commercial tungsten halo-
gen lamp (General Electric) was used as the simulated solar light
source. The lamp was vertically placed outside the reactor above the
three sample dishes. Four mini fans were fixed around the lamp to
avoid the temperature rise of the flow system. Furthermore, ade-
quate distance was also kept from the lamp to the reactor for the
same purpose to avoid temperature rise.

For activity test, an aqueous suspension of the photocatalyst
sample was coated onto three dishes with a diameter of 5.0 cm.
The weight of the photocatalyst used for each experiment was kept
at 0.3 g. The dishes containing the photocatalyst were pretreated
at 70 ◦C for several hours until a complete removal of water in the
suspension and then cooled to room temperature before use.

The NO gas was photodegraded at ambient temperature. The
NO gas was acquired from compressed gas cylinder at a concentra-

tion of 48 ppm NO (N2 balance, BOC gas) with traceable National
Institute of Stands and Technology (NIST) standard. The initial con-
centration of NO was diluted to about 400 ppb by the air stream
supplied by a zero air generator (Thermo Environmental Inc. Model
111). The desired humidity level of the NO flow was controlled at
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Table 1
Summary of physicochemical properties of the samples.

Sample Contents of
anatase (%)

Crystalline size of
anatase (nm)

SBET (m2/g) Average pore size
of (nm)

Pore volume (cm3/g) Band gap (eV) Degradation of NO after
25 min (%)

LT0 41.1 12.7 58 12.1 0.17 2.95 0.1
L
L
L
L
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N

W
i
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T0.50 50.5 13.0 65 12.4
T1.00 92.6 11.8 97 12.1
T1.25 99.7 10.5 102 10.4
T2.00 100 9.3 99 10.1

0% (2100 ppmv) by passing the zero air streams through a humid-
fication chamber. The gas streams were pre-mixed completely by

gas blender and the flow rate was controlled at 4 L min−1 by a
ass flow controller. After the adsorption–desorption equilibrium

mong water vapor, gases and photocatalysts was achieved, the
amp was turned on. The concentration of NO was continuously

easured by a chemiluminescence NO analyzer (Thermo Environ-
ental Instruments Inc. Model 42c), which monitors NO, NO2, and
Ox (NOx represents NO + NO2) with a sampling rate of 0.7 L min−1.
he conversion rate (%) of NO was defined according to the follow-
ng equation:
Oremoval(%) = {([NO]inlet − [NO]outlet)/[NO]inlet} × 100%

here [NO]inlet represents the concentration of NO in the feed-
ng stream and [NO]outlet is the concentration of NO in the outlet

ig. 2. XRD patterns of (a) pure TiO2 and tridoped TiO2 prepared by different molar
atio of l-cysteine to TiCl4, and (b) the (1 0 1) plane of the samples.
0.20 2.88 12
0.29 2.84 17
0.26 2.79 25
0.25 2.71 13

stream. The reaction of NO with air was neglectable when perform-
ing a control experiment with or without light in the absence of
photocatalyst.

3. Results and discussion

3.1. XRD patterns

Fig. 2a shows the XRD patterns of the as-prepared samples syn-
thesized by the l-cysteine-assisted hydrothermal method at 180 ◦C.
It is found that LT0 contains both anatase (JCPDS file No. 21-1272)
and rutile (JCPDS file No. 21-1276) with rutile phase in the major-
ity according to their peak intensities. The anatase contents of the
samples can be estimated from the respective XRD peak intensities
according to the literature [34]. The contents of the anatase phases
in the samples were summarized in Table 1. The anatase contents
of the LT0, LT0.50, LT1.00, LT1.25 and LT2.00 samples were found to be
41.1, 50.5, 92.6, 99.7, and 100 in percentage, respectively. It can be
seen that with the increase of l-cysteine amount, the anatase con-
tent increased while the rutile content decreased. After the molar
ratio of l-cysteine and Ti reached 1.25, only anatase was found in
the resulting samples. This suggests that the addition of l-cysteine
favors the formation of anatase and inhibits the formation of rutile.
The XRD patterns of the (1 0 1) plane of the samples were shown in
Fig. 2b. Compared to pure TiO2 (LT0), the peaks of the (1 0 1) plane of
anatase of the doped TiO2 shift slightly to higher values of 2�. This
shift suggests that the oxygen or Ti atoms in the lattice of anatase
in doped samples may be substituted by other atoms. By applying
the Scherrer formula on the anatase (1 0 1) diffraction peaks, the
average crystallite sizes of the LT0, LT0.50, LT1.00, LT1.25 and LT2.00
samples was found to be 13.0, 12.7, 11.8, 10.5 and 9.3 nm, respec-
tively. Therefore, the addition of l-cysteine could slightly decrease
average crystallite sizes of the samples.

3.2. XPS spectra

XPS was used to investigate chemical composition and the states
of the elements in the as-prepared samples. The elemental compo-
sitions of all the resulting samples were summarized in Table 2.
Undoped TiO2 (LT0) only contains C, O, and Ti elements, and the
atomic composition of C, O, and Ti elements is 14.9, 57.9, and 27.2
at %, respectively. For the sample LT1.25, C, O, Ti, N and S elements
were detected (Fig. 3a). The atomic compositions of C, O, Ti, N, and S
elements in sample LT1.25 are 34.3, 47.5, 14.5, 2.1 and 1.6 at %, respec-
tively. The C1s XPS spectra of sample LT1.25 are shown in Fig. 3b.
It can be fitted to three peaks at binding energies of 284.8, 286.6
and 288.4 eV. The first peak can be assigned to adventitious carbon
adsorbed on the surface of the sample [35]. The other two peaks
suggest the existence of C O and C O bonds of carbonate species
[36]. The peak around 281 eV resulting from Ti–C bond was not
observed [37]. Therefore, we conclude that the surface of doped

TiO2 sample is covered with carbonate species. This layer of car-
bonate species may inhibit the crystal growth as revealed by XRD
results, and extend the absorption of TiO2 to visible light [16].

Up to now, the assignment of the XPS peak of N1s has still
been under debate. In many cases, the peak at about 396 eV is
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Table 2
Summary of elemental composition of the samples.

Sample Atomic composition (at %)

Ti O C N S

LT0 27.2 57.9 14.9 – –
LT0.50 18.3 45.2 33.3 2.1 1.1
LT1.00 16.9 46.1 33.7 1.9 1.4
LT1.25 14.5 47.5 34.3 2.1 1.6
LT2.00 10.2 51.2 32.8 1.8 4.0

Fig. 3. Survey XPS (a), high-resolution spectra of C1s (b), N1s (c) and S2p (d) of the sample LT1.25 and high-resolution spectra of Ti2p (e) and O1s (f) of the samples LT0 and
LT1.25.
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Fig. 4. SEM images of (a) LT0, (b)

ttributed to substitutional nitrogen doping [12]. In recent liter-
ture, the feature was found to be completely absent, while peaks
t higher binding energies (399–404 eV) were detected [20,39]. In
ther cases, both features have been observed [13,14,12]. Fig. 3c
hows the XPS spectra for the N1s region of the sample LT1.25 and
ts fitting curves. It can be seen that there is a broad peak from
97 eV to 404 eV. After fitting, two peaks are obtained at 399.3 eV
peak 1) and 401.1 eV (peak 2), respectively. According to the liter-
tures [12,38,39], the peak 1 can be attributed to the anionic N− in
he form of O–Ti–N. And the other peak 2 can be attributed to the

resence of oxidized nitrogen such as Ti–O–N. Therefore, it can be
oncluded that two forms of N–Ti–O and Ti–O–N coexist in doped
iO2.

Fig. 3d shows the high-resolution XPS spectrum of the S2p region
f the sample LT1.25. The sulfur atoms are in the state of S2−, with a
(c) LT1.00, (d) LT1.25, and (e) LT2.00.

peak at about 163.3 eV, which corresponds to the anionic S2− in Ti–S
bond formed when some of the oxygen atoms in the TiO2 lattice are
replaced by sulfur atoms, [40] and no peaks are found around 169,
168 and 166 eV, which corresponds to the S6+, S4+ and S2+ species,
respectively. Umebayashi et al. [41] used theoretical calculations to
depict the band gap narrowing when oxygen was replaced by sul-
fur in anatase TiO2. They found that the sulfur dopant was in the
anionic form when TiS2 was used as the starting material. Simi-
larly, in our case most of the sulfur in l-cysteine was decomposed
and the residual sulfur would naturally remain as S2− dopant to

replace some of the oxygen atoms in the TiO2 lattice during the
hydrothermal process.

The XPS spectrum of Ti2p3/2 in the sample LT1.25 can be fitted as
one peak at 458.2 eV which shows a red shift of 0.3 eV compared
to the binding energy of Ti4+ in pure TiO2 (Fig. 3e). Lower binding
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Fig. 5. TEM (a) and HRTEM (b, c) images of LT0; and TEM (d) and HRTEM (e) images of LT1.25.
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The microstructures of the resulting samples were studied
by nitrogen adsorption. Fig. 6 presents the nitrogen adsorption–
desorption isotherms of the sample LT1.25. It can be seen that the
adsorption–desorption isotherms belong to type IV with an H3 type
Fig. 6. Nitrogen adsorption–desorption isothermof the sample LT1.25.

nergy of Ti2p in doped TiO2 suggests different electronic interac-
ions of Ti with anions, which causes partial electron transformation
nd an increase of the electron density on Ti [38,42]. This further
ustifies that sulfur and nitrogen incorporate into the lattice and
ubstitutes for oxygen [42].

Fig. 3f shows the high-resolution XPS spectrum of the O1s region
f the samples LT1.25 and LT0. For the undoped TiO2 (LT0), the O1s
eak comprises of a dominant peak at about 529.5 eV and a shoul-
er peak at about 531.5 eV. The lower energy peak is due to Ti–O
onding in TiO2 and the higher energy peak is may be due to the

O, C O O, and O H bonds on the surface [43]. The O1s peak
f the doped TiO2 (LT1.25) also consists of two peaks. The peak at
29.2 eV corresponds to the anionic O2− in Ti–O bond in TiO2. As
or another peak at 531.2, Saha et al. [44] and Gyorgy et al. [45]
ttributed it to the presence of Ti O N bonds in N-doped TiO2.
herefore, considering the presence of Ti O N bond according to
he analysis of high-resolution XPS spectrum of the N1s region of
he sample LT1.25, we attributed the peak at 531.2 not only to C O,

O O and O H bonds but also to Ti O N bonds. The binding
nergy values of the O in the LT1.25 shifted negatively by 0.3 com-
ared to those in the undoped TiO2 (LT0), further confirming that N
nd S atoms substitute the O in the lattice of TiO2. After the substi-
ution, partial electrons would transfer from the N and S to the Ti
nd further to the O atom because of the higher electronegativity
f oxygen than that of nitrogen and sulfur. This makes the N and
electron-deficient and the O electron-enriched, respectively. This

ubstitution was confirmed by the peaks of the (1 0 1) surface of C,
, S-doped TiO2 shift slightly to higher values of 2� compared to
ndoped TiO2 in XRD results.

.3. SEM images

The SEM images of both doped and undoped samples are shown
n Fig. 4. The undoped TiO2 (LT0) consisted of both nanorods and
anoparticles. The nanorods are 25–200 in length and 10–50 nm in
iameter, while the nanoparticles are of uniform size of about 13 nm
Fig. 4a). With the addition of l-cysteine, the nanorods in the result-
ng doped samples became less and less and nanoparticles became

ore and more (Fig. 4b and c). When the molar ratio of l-cysteine
o Ti was up to 1.25, the resulting samples were only composed

f monodispersed nanoparticles as shown in Fig. 4d and e. After
ombining the XRD results and the SEM observations, we speculate
hat the nanorods and the nanopartilcles may be rutile and anatase,
espectively. The appropriate addition of l-cysteine could produce
onodispersed nanocrystals of C–N–S-tridoped TiO2.
Materials 169 (2009) 77–87 83

3.4. TEM images

The size, morphology and crystallinity of the products were fur-
ther analyzed by TEM measurements. Fig. 5a shows the nanorods
in LT0 have widths of 10–50 nm and lengths of 25–200 nm and the
sizes of nanoparticles are about 13 nm. The single-crystal nature
of the nanorods in LT0 was revealed by HRTEM (Fig. 5b). The lat-
tice spacing is about 0.32 nm between adjacent lattice planes of
the nanorods, corresponding to the distance between (1 1 0) crys-
tal planes of the rutile phase. Fig. 5c reveals that nanoparticles in LT0
are also single crystalline. For the nanoparticles, the lattice spacing
of about 0.35 nm matches well with the distance between the (1 0 1)
crystal planes of anatase TiO2. Fig. 5d shows a representative TEM
image of tridoped TiO2 LT1.25, which only contains nanoparticles of
about 10 nm. The HRTEM image of the tridoped TiO2 nanoparticles
(Fig. 5e) displays the lattice spacing of the (1 0 1) plane of anatase
(0.35 nm). Therefore, HRTEM analysis confirms our speculation that
the nanorods and the nanopartilcles in the undoped and doped TiO2
are rutile and anatase, respectively.

3.5. Nitrogen adsorption
Fig. 7. Plots of the (˛hv)1/2 versus the energy of absorbed light (a) and UV–vis diffuse
reflectance spectra of the samples (b).



84 Y. Wang et al. / Journal of Hazardou

F
t

h
i
a
i
a
f
a
B
w
r
p
p

3

i
o
g

ig. 8. Photocatalytic activities of the samples on the oxidation of NO. Residence
ime 3.72 min, humidity levels 2200 ppmv, 400 ppb NO.

ysteresis loop [46], which indicated the existence of mesopores
n the resulting materials. The other samples LT0, LT0.50, LT1.00,
nd LT2.00 have the similar type nitrogen adsorption-desorption
sotherms with that of LT1.25. Table 1 summarizes the surface
reas (SBET), pore volumes (Vp), and pore diameters (dp) of dif-
erent samples calculated by the BJH method based on the N2
dsorption–desorption isotherms. From Table 1 we can see that the
ET surface area and pore volume of the tridoped TiO2 increased
ith the increase of l-cysteine amount. However, when the molar

atio of l-cysteine and Ti was up to 1.00, the BET surface areas and
ore volumes of the tridoped TiO2 did not change much. The average
ore sizes of the samples decreased with the addition of l-cysteine.

.6. Diffuse reflectance UV–vis spectroscopy
Fig. 7 displays UV–vis diffuse reflectance spectra of the result-
ng samples. As TiO2 is an indirect transition semiconductor, plots
f the (˛hv)1/2 versus the energy of absorbed light afford the band
aps of the samples (as shown in Fig. 7a) The band gaps opti-

Fig. 9. NO2 concentration of samples in outlet gas versus r
s Materials 169 (2009) 77–87

cally obtained in such a way were approximately 2.95, 2.88, 2.84,
2.79 and 2.71 eV for the sample LT0, LT0.50, LT1.00, LT1.25 and LT2.00,
respectively. It is apparent that the diffuse reflectance spectra of
all the samples tridoped with carbon, nitrogen, and sulfur possess
a red shift and their absorbance increase in the visible range from
400 nm to 600 nm. With the increasing of doping concentration,
the visible light absorbance increases (Fig. 7b).

3.7. Photocatalytic NO removal

The indoor air quality (IAQ) has attracted more and more atten-
tions in recent years. Nitrogen oxide is one of the most common
gaseous pollutants found in the indoor environment with the con-
centration in the range of 70–500 parts-per-billion (ppb) levels.
Photocatalysis technique provides a very promising solution for the
removal of indoor air pollutants at low concentration. Fig. 8 shows
the NO concentration changes versus irradiation time in the pres-
ence of the samples LT0, LT0.50, LT1.00, LT1.25, LT2.00, and P25 under
simulated solar light irradiation. Degussa P25 is a commercially
available titania with mean particle size about 20–30 nm, Which
contains 70 wt% anatase and 30 wt% rutile. P25 is widely studied
and well known to have good photocatalytic activity [47]. Prior
to the simulated solar light irradiation, the adsorption/desorption
equilibrium between the gas and photocatalysts was reached.
When the lamp was turned on, the photocatalytic reaction of NO on
the photocatalysts was initiated. It was found that both the photol-
ysis of NO in the absence of photocatalysts and its photooxidation
in the presence of P25 were negligible under simulated solar light
irradiation. After 30 min of degradation under simulated solar light
irradiation, 0.1, 12, 17, 25 and 13% of NO were photocatalytically
oxidized on the samples of LT0, LT0.50, LT1.00, LT1.25 and LT2.00 respec-
tively. Obviously, the photocatalytic activity of C–N–S-tridoped TiO2
was much superior to that of P25 and undoped TiO2 on the degra-
dation of NO. With increasing doping amount, the photocatalytic

activity of tridoped TiO2 first increased and then decreased. The
sample LT1.25 possessed the highest activity to remove NO under
simulated solar light irradiation. For the sample LT1.25, the NO
concentration at outlet gradually decreased to the lowest value
after being irradiated for 27 min, and then kept almost unchanged,

eaction time under simulated solar light irradiation.
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could attribute to the transformation of rutile to anatase in TiO2,
ig. 10. Photocatalytic activities of the samples on the oxidation of NOx . Residence
ime 3.72 min, humidity levels 2200 ppmv, 400 ppb NO.

ndicating high stability and long-term activity of C–N–S-tridoped
iO2 photocatalyst.

During the photoreaction, NO2 was continuously formed and

ventually transferred into HNO3 in this photocatalytic oxidation
nvironment. The NO2 concentration of the samples in outlet gas
as maintained 5–10 ppb which is at a very low level (Fig. 9). The

onversion of NOx for the catalysts of LT0, LT0.50, LT1.00, LT1.25 and

Scheme 1. Illustration of the possible formation mechanism of rutile an

Scheme 2. Illustration of the possible formation mechanism of C–N–S-tr
Materials 169 (2009) 77–87 85

LT2.00 after 30 min simulated solar light irradiation was found to be
0.1, 10, 16, 24 and 11%, respectively (Fig. 10), similar to that of NO
(Fig. 8).

It is known that photocatalytic process mainly takes place on the
surface of catalysts and involves comprehensive competing reac-
tions. Therefore, surface properties of TiO2, such as surface acidity,
defects, and hydroxyl groups can greatly affect its photocatalytic
activity [48]. In our experiment, the oxidation reaction of NO was
believed to be initiated by •OH radicals. In the presence of O2, the
OH radicals are formed as follows [49].

TiO2 + h� ↔ h+
VB + e−

CB (1)

e−
CB + O2 → O2

− (2)

O2
− + 2H+ + e−

CB → H2O2 (3)

H2O2 + O2
− → •OH + OH− + O2 (4)

h+ + H2O → •OH + H+ (5)

According to the above reactions, several reasons may account
for the higher photoactivities of the C–N–S-tridoped TiO2 under
simulated solar light irradiation compared to P25 and the undoped
TiO2. One possible reason may be that the addition of l-cysteine
and it is reported that anatase have the higher photocatalytic
activities than rutile [50,51]. However, a recent study revealed the
anatase/rutile mixed phase showed synergistic effect in enhanc-
ing the photocatalytic activity [52]. Hence, the difference of the

d anatase TiO2 under acid condition in the absence of l-cysteine.

idoped monodispersed anatase TiO2 in the presence of l-cysteine.
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6 Y. Wang et al. / Journal of Haz

natase content should not be the main factor for the photocat-
lytic activity enhancement. The second possible reason may be the
igh surface area of the tridoped TiO2, which was favorable for the
dsorption of NO molecules. It has been reported that electron–hole
ecombination on the particle surface would be enhanced with
ncreasing surface area [53]. The BET surface areas of all samples
re shown in Table 1. Considering the surface area values of LT1.00,
T1.25 and LT2.00 were very close, but the activity of the LT1.25 sample
as significantly higher than those of LT1.00 and LT2.00, we believe

he photocatalytic activity enhancement by tridoping could not be
ttributed to that the larger surface area. Therefore, the visible light
bsorption and band gap narrowing should be the most important
actors for the photocatalytic activity enhancement. It is generally
ccepted that carbon, nitrogen and sulfur doping can form a new
tates lie just above the valence band, which all could decrease the
and gap of TiO2 and absorb the visible light [11,39,40]. In this study,
–N–S tridoping could obviously extend the absorbance response
ange of TiO2 into the visible region. This could strongly increase
he number of photo-generated electrons and holes to participate
n the photocatalytic reaction under simulated solar light irradi-
tion with visible light in the majority. From Table 1, the activity
hanges of the C–N–S-tridoped TiO2 are basically in accord with
hose of the band gaps of the samples. Therefore, we conclude that
he photocatalytic activity enhancement is attributed to the visible
ight absorption and band gap narrowing resulted from tridoping
nd the C–N–S-tridoped TiO2 is a promising visible light photo-
atalyst. The sample LT1.25 possesses the maximum photocatalytic
ctivity, suggesting that there is an optimum value for the dop-
ng. This phenomenon is reasonable, because too much dopant (like
T2.00) would decrease the distance between trapping sites in a pho-
ocatalyst particle, which will increase the recombination rate to
ecrease the photocatalytic activity [54].

.8. Possible formation processes of C–N–S-tridoped TiO2
anocrystals

It is known that the presence of H+ or H3O+ catalyzes the dehy-
ration of surface OH groups of neighboring octahedrons that share
nly one common vertex, thus linking them by sharing one edge
Scheme 1). When the two octahedrons sharing one edge is attacked
y another TiO6 octahedra complex, this H+ or H3O+ catalyzing
ehydration process occurs again, and there are two connecting
ossibilities among the TiO6 octahedrons: one is the formation of

inear chains of octahedrons by continuously sharing the opposite
dge, which leads to the formation of rutile titania; the other is the
ormation of spinal or zigzag chains of octahedrons, which favors
he formation of anatase or brookite [55,56]. Under acid conditions
he hydroxide groups in neighboring octahedrons sharing one edge
re protonated, the electrostatic repulsion between the neighboring
ctahedrons is prone to further share the opposite edge between
eighboring octahedrons. Having thus aligned octahedrons by shar-

ng the opposite edge between neighboring octahedrons, and with
he adjacent linear chains of TiO6 octahedrons sharing a pair of
pposite edges further dehydrated and linked by shared vertexes
o form a 3D structure, the formation of rutile will be favorable [55].
n our synthesis, the hydrolysis of TiCl4 produced large amount of

+ and led to high acidity of the solution. This high acidity would
roduce large amount of rutile TiO2 nanorods in the undoped sam-
le LT0. If l-cysteine is present in the solution, all the three of groups
NH2, –COOH, and –SH in l-cysteine are able to coordinate with the
i atoms (Scheme 2) to bond the molecule of l-cysteine to the pro-

onated neighboring octahedrons sharing one edge. When another
iO6 octahedra complex attack the two octahedrons sharing one
dge with the l-cysteine molecule bonding, only a spinal chain of
ctahedrons could form because of steric hindrance given by the
-cysteine molecules tightly linked to terminal Ti ions, and which

[

[

[

s Materials 169 (2009) 77–87

would inhibit the formation of rutile TiO2. Moreover, it is possi-
ble that the amino group reacts with the carboxyl group of the
neighboring cysteine molecule to form a dipeptide or polypeptide
that can serve as the bigger hindrance to the formation of rutile.
Therefore, the addition of l-cysteine could inhibit the formation of
rutile TiO2 nanorods and favor the generation of monodispersed
anatase nanocrystals tridoped with C, N, and S under hydrothermal
treatment.

4. Conclusions

In summary, C–N–S-tridoped TiO2 nanocrystals were prepared
by a facile biomolecule-controlled hydrothermal method in the
presence of l-cysteine. The biomolecule l-cysteine could not only
serve as the common source of carbon, nitrogen and sulfur, but
also control the final crystal phases and morphology. The resulting
C–N–S-tridoped TiO2 nanocrystals possessed much higher pho-
tocatalytic activity than the commercial P25 and the undoped
counterpart photocatalyst on the removal of the common indoor
pollutant NO under simulated solar light irradiation. The enhanced
photocatalytic activity of tridoped TiO2 nanocrystals was mainly
attributed to the visible light absorbance and band gap narrowing
of TiO2 resulted from C–N–S-tridoping. This study provides a new
way to prepare TiO2 photocatalysts effectively working under solar
light.
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