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a b s t r a c t

Multi-type nitrogen doped TiO2 nanoparticles were prepared by thermal decomposition of the mixture of
titanium hydroxide and urea at 400 ◦C for 2 h. The as-prepared photocatalysts were characterized by X-ray
diffraction (XRD), high-resolution transmission electron microscopy (HRTEM), X-ray photoelectron spec-
troscopy (XPS), UV–vis diffuse reflectance spectra (UV–vis DRS), and photoluminescence (PL). The results
showed that the as-prepared samples exhibited strong visible light absorption due to multi-type nitrogen
doped in the form of substitutional (N–Ti–O and Ti–O–N) and interstitial (�* character NO) states, which
and structure
isible light
hotocatalyst
oluene

were 0.14 and 0.73 eV above the top of the valence band, respectively. A physical model of band structure
was established to clarify the visible light photocatalytic process over the as-prepared samples. The photo-
catalytic activity was evaluated for the photodegradation of gaseous toluene under visible light irradiation.
The activity of the sample prepared from wet titanium hydroxide and urea (TiO2–Nw, apparent reaction
rate constant k = 0.045 min−1) was much higher than other samples including P25 (k = 0.0013 min−1). The
high activity can be attributed to the results of the synergetic effects of strong visible light absorption,

surfa

t
[

g
g
t
m
[
t
b
l
[

N
t
p
t

good crystallization, large

. Introduction

Many advances have been made in TiO2-based visible light pho-
ocatalyst in order to utilize the visible light from solar energy or
rtificial sources for photoinduced water splitting [1], degradation
f organic pollutants in water [2,3] and air [4,5] or disinfection
6]. Asahi et al. [1] reported N-doped TiO2 films for the first time
y sputtering TiO2 target in the mixture of N2/Ar gas. The as-
repared catalyst showed higher photocatalytic reactivity under
isible light irradiation compared to conventional TiO2 thin films.
ince then, many efforts have been made to modify TiO2 with non-
etals, such as B [2], C [3], N [4], F [5], and S [6], to effectively

xtend the photoresponse of TiO2 from the UV to the visible light
egion. Among these nonmetal dopants, doping TiO2 with nitro-
en has been considered one of the most effective approaches
o improve photocatalytic activity of TiO2 in visible region and
rovides effective routes for degradation of various environmen-

al pollutants. In general, the N-doped TiO2 has been successfully
repared either by reduction using gaseous NH3 [7], oxidation of
iN [8], treating of TiO2 and urea mixtures [9], sputtering of the
iO2 target in N2 atmosphere [1], or hydrolysis or hydrothermal

∗ Corresponding author. Tel.: +86 571 8795 3088; fax: +86 571 8795 3088.
E-mail address: zbwu@zju.edu.cn (Z. Wu).
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ce hydroxyl groups, and enhanced separation of photoinduced carriers.
© 2008 Elsevier B.V. All rights reserved.

reatment of a titanium containing precursor with NH3 solution
10,11].

The improvement of visible light photocatalytic activity of nitro-
en doped TiO2 was usually attributed to the decrease of the band
ap through hybridization of the N 2p states with O 2p states on
he top of the valence band [1] or the creation of a N-induced

idgap level just above the O 2p valence band maximum (VBM)
12]. However, recent electronic structure calculation indicated that
here was virtually no shift of the upper edge of the O 2p valence
and for the nitrogen doped TiO2 [13]. Instead, occupied N 2p

ocalized states appeared slightly above the valence band edge
13].

The current interesting topic of N-doped TiO2 is to clarify the
states in TiO2 which are usually investigated by X-ray pho-

oelectron spectroscopy (XPS). However, the assignment of N 1s
eaks is still in controversy in the literature [1,7–15]. In general,
he peak of N 1s in the XPS spectra mostly lies in the range of
96–404 eV [1,7–15]. Most of reports agreed on that N 1s peak
t 396–398 eV was characteristic peak of Ti–N linkages, indicat-
ng nitrogen atom is doped into the TiO2 lattice and responsible for
nhanced activity [7–10]. However, N 1s peak around 396 eV was

ot always observed. Nitrogen peak around 404 eV was observed
y Sakthivel and Kisch [14], while the signal at 396 eV was absent.
iwald et al. [13] investigated the rutile TiO2 crystal treated by
n exposure of NH3 gas at high temperature. The XPS analysis of

1s peak revealed 396.5 and 399.6 eV which were comparable

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zbwu@zju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2008.05.099
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Fig. 1. The preparation procedure of photocatalyst.

o those presented by Asahi et al. [1]. However, the latter peak
as suggested to be attributed to an N:H complex interstitially
ound in the TiO2 lattice. Chen and Burda [15] reported that the
1s feature appears at 401.3 eV and was interpreted to be due to

–Ti–O linkage which was responsible for the visible light sen-
itization. Cong et al. [11] prepared N-doped TiO2 nanocatalysts
y a microemulsion-hydrothermal method. They found two N 1s
eaks, one at 399.2 eV and another at 401.2 eV, which were present

n the chemical environment of O–Ti–N and Ti–O–N. These previ-
us works suggest that an interpretation of these N 1s states on
ffective visible light photocatalysis has not been clearly proposed
et.

Here, multi-type nitrogen doped TiO2 nanoparticles with high
isible light activity were prepared by thermal decomposition of
he mixture of titanium hydroxide and urea for the first time. And
he effect of different types of nitrogen on the band structure of
iO2 and photocatalytic activity under visible light irradiation were
nvestigated based on various characterization techniques and pre-
ious theoretical studies.

. Experimental

.1. Materials and reagents

Materials used in the experiment were titanium sulfate Ti(SO4)2
CP, Sinopharm Chemical Reagent Co., Ltd., China), sodium hydrox-
de NaOH (AR, Hanghou Reagent Factory, China), Urea CO(NH2)2
AR, Ningbo Reagent Factory, China), Ammonia solution NH3·H2O
AR, Hangzhou Changzheng Reagent Factory, China), ethanol
2H5OH (AR, Hangzhou Changzheng Reagent Factory, China), com-
ercial TiO2 (Degussa P25, Degussa Chemical, Germany). All

eagents were used without further purification. Water was dis-
illed and deionized before use.

.2. Photocatalyst preparation

Multi-type N-doped TiO2 nanoparticles were prepared by ther-
al decomposition method as illustrated in Fig. 1.

First, wet titanium hydroxide gel was obtained by hydrolysis

f 1.0 mol/L Ti(SO4)2with 1.0 mol/L NaOH. The obtained gel was
ashed with water until the concentration of the SO4

2− in the
insing water below 0.5 mg/L and then filtered. The obtained wet
itanium hydroxide and 10.0 g urea were added to the 30 mL aque-

w
t

q
c

aterials 162 (2009) 763–770

us ethanol solution. The mixture was kept in dark with stirring
or 1 day, sonicated and dried completely to obtain white powder.

ulti-type N-doped TiO2 nanoparticles were obtained by calcining
he above white mixtures at 400 ◦C in air for 2 h and was labeled as
iO2–Nw.

For comparison, the wet titanium hydroxide was dried at 80 ◦C
or 12 h, then, the same amount of titanium hydroxide and urea
as mixed by grinding and subsequently calcined at 400 ◦C in air

or 2 h. The sample obtained was labeled as TiO2–Nd.
N-doped TiO2 was also prepared by hydrolysis of aqueous

i(SO4)2 solution (20 wt.%) with 28% NH3 solution followed by cal-
ination [16], and labeled as TiO2–Nh.

.3. Characterization techniques

The crystal phases of the samples were analyzed by X-ray
iffraction with Cu K� radiation (XRD: model D/max RA, Rigaku Co.,

apan). The accelerating voltage and the applied current were 40 kV
nd 150 mA, respectively. XPS with Al K� X-rays (h� = 1486.6 eV)
adiation operated at 150 W (XPS: Thermo ESCALAB 250, USA)
as used to investigate the surface properties and to probe the

otal density of the state (DOS) distribution in the valence band of
he samples. The shift of the binding energy due to relative sur-
ace charging was corrected using the C 1s level at 284.8 eV as
n internal standard. The morphology, structure and grain size of
he samples were examined by transmission electron microscopy
TEM: JEM-2010, Japan). The UV–vis absorbance spectra were
btained for the dry-pressed disk samples using a Scan UV–vis
pectrophotometer (UV–vis DRS: TU-1901, China) equipped with
n integrating sphere assembly, using BaSO4 as reflectance sam-
le. The spectra were recorded at room temperature in air ranged
rom 230 to 800 nm. The photoluminescence (PL) spectra were

easured at room temperature with a fluorospectrophotome-
er (PL: Fluorolog-3-Tau, France) using a Xe lamp as excitation
ource.

.4. Evaluation of photocatalytic activity

Photocaytalytic degradation of toluene is chosen as the probe
eaction to evaluate the activity of the prepared samples, as
oluene is a typical indoor pollutant [17,18]. The photocatalytic
ctivity experiments of the as-prepared catalysts for the oxida-
ion of toluene in gas phase were performed at room temperature
sing a 1.8-L photocatalytic reactor. The catalyst was prepared by
oating an ethanol suspension of the as-prepared catalyst onto
dish with diameter of 12.5 cm. The weight of catalyst used for

ach test was kept at 0.20 g. The dish containing catalyst was
ried at 60 ◦C for 1 h to evaporate the ethanol and then cooled
o room temperature before being used. After the catalyst-coated
ish was placed in the reactor, a small amount of toluene was

njected into the reactor with a micro-syringe. The analysis of
oluene concentration in the reactor was conducted with a GC-
ID (FULI 9790, China). The toluene vapor was allowed to reach
dsorption equilibrium with the catalyst in the reactor prior to
rradiation. The initial concentration of toluene after adsorption
quilibrium was controlled at 150 mg/m3. A 150-W Xe lamp was
laced above the reactor as the light source. For visible light
hotocatalysis, a glass optical filter was inserted to cut off the
hort wavelength components (� < 425 nm). The initial temper-
ture was 25 ± 1 ◦C by cooling air. The initial relative humidity

as controlled by a CaCl2 dryer connected to the photoreac-

or.
The photocatalytic activity of the catalyst samples can be

uantitatively evaluated by comparing the apparent reaction rate
onstants. The photocatalytic oxidation of toluene is a pseudo-
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reveal that TiO2–Nw and TiO2–Nd samples consist of agglomerates
ig. 2. X-ray diffraction patterns of TiO2–Nd, TiO2–Nw, TiO2–Nh samples and P25.
rst-order reaction and its kinetics may be expressed as follows:
n(C0/C) = kt [19,20], where k is the apparent reaction rate constant,
0 and C are the initial concentration and the reaction concentration
f toluene, respectively.
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Fig. 3. TEM and HRTEM images of TiO2–Nw (a
aterials 162 (2009) 763–770 765

. Results and discussion

.1. Structure and morphology

The XRD patterns of the as-prepared N-doped TiO2 samples and
25 are shown in Fig. 2. It can be seen from Fig. 2 that the pat-
ern of as-prepared samples can be indexed to TiO2 in the anatase
hase only (JCPDS 21-1272). The strongest peak at 2� = 25.3◦ is rep-
esentative for (1 0 1) anatase phase reflections. From the full width
t half-maximum of the diffraction pattern, the crystal sizes can
e calculated by using Scherrer’s equation [21]. The as-calculated
rystal sizes of sample TiO2–Nw, TiO2–Nd and TiO2–Nh were 9.2,
.1 and 13.7 nm, respectively. The difference in crystal size may be
scribed to the different preparation conditions which affect the
rystal development. P25 is made of 20% rutile and 80% anatase,
hich usually exhibits high photocatalytic activity because of its
hase composition [19,20].

The structure of N-doped TiO2 powders are further investigated
y TEM and high-resolution transmission electron microscopy
HRTEM) image as shown in Fig. 3. The images (Figs. 3a and c)
f primary particles with average diameters of 8–10 nm, which are
n agreement with the crystallite sizes calculated from the XRD
atterns. The corresponding HRTEM image of sample TiO2–Nw
Fig. 3b) shows clear lattice fringes, which allows for identification

and b) and TiO2–Nd (c and d) samples.
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1s region of the TiO2–Nw (a) and TiO2–Nd (b).
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Table 1
Results of curve-fitting of high-resolution XPS spectra for the O 1s region and pho-
tocatalytic activities of TiO2–Nw and TiO2–Nw samples

Sample OL (Ti–O) OH (–OH) k × 102 (min−1)

TiO2–Nw Eb 529.9 531.5 4.5
ri (%) 74.7 25.3

TiO2–Nh Eb 530.2 531.7 1.5

N
k

X
T
h

s
e
s
a
the OH XPS is closely related to the hydroxyl groups (–OH) resulting
mainly from the chemisorbed water [19,29]. It can also be seen from
Table 1 that the content of surface hydroxyl groups (ri, %) is much
higher in the TiO2–Nw than that of TiO2–Nd sample. The increase
Fig. 4. High-resolution XPS spectra of N

f crystallographic spacing and indicates that the prepared
iO2–Nw nanoparticles are well crystalline. The lattice fringes
f 0.352 nm matches that of the (1 0 1) crystallographic plane of
natase TiO2 [22]. Some crystals with clear edges can also be seen
rom Fig. 3b. As to the sample TiO2–Nd (Fig. 3d), the lattice fringes
f (1 0 1) crystallographic plane is calculated to be 0.343 nm which
s smaller than the standard value of 0.352 nm. This result demon-
trated that the crystallinity of sample TiO2–Nw was better than
hat of TiO2–Nd, which was consistent with the above XRD result.
he difference in crystallinity of the two samples lied in differ-
nt preparation conditions. Homogeneous mixing of wet titanium
ydroxide and urea may promote the development of anatase TiO2
rystal.

.2. XPS analysis

The chemical state of the doped nitrogen in the TiO2 is inves-
igated by core level X-ray photoelectron spectroscopy (CL XPS)
nd shown in Fig. 4. Fig. 4a shows the high-resolution XPS spec-
ra of the N 1s region, taken on the surface of TiO2–Nw powders.
he N 1s region can be fitted into three peaks, located at 398.0,
00.1 and 402.2 eV, respectively. These peaks are the result of the
iffusion of the nitrogen atoms during the thermal treatment and

ndicate three different types of N states. Recently, theoretical stud-
es about N-doped TiO2 have been performed by Di Valentin et al.
23] to clarify the origin of visible light activity. It was found that
itrogen impurities in TiO2 band structure were expected to result

rom substitutional and interstitial nitrogen atoms and higher core
evel binding energy accounted for the interstitial configuration as
roved by DFT calculations [13]. According to the N 1s peaks, the
bserved peak at 398.0 eV is due to the presence of substitutional
itrogen in the N–Ti–O structure [24,25]. Based on the reports of
aha and Tompkins [26] and Gyorgy et al. [27], the binding energy of
ubstitutional N in oxidized nitrogen state such as Ti–N–O linkages
hould appear above 400 eV. The observed peak at higher value
f 402.2 eV accounts for the presence of interstitial N state as �*
haracter NO in the N-doped TiO2 sample [23]. From the above
bservations it can be concluded that the chemical states of the
itrogen doped into TiO2 may be various and coexist in the form

f substitutional N–Ti–O and Ti–O–N (Ns), as well as interstitial �*
haracter NO (Ni). These multi-type doping may promote the stabi-
ization which was interpreted as interspecies redox processes [28].
he multi-type nitrogen doping may induce the complex electronic
tates in the band gap, which will be discussed later.

F
s

ri (%) 80.0 20.0

ote: ri indicates the atomic ratio of each contribution to the total of all the two
inds of oxygen contributions.

The nitrogen content of TiO2–Nw sample is also estimated by CL
PS to be about 2.18%. Similar results can be obtained for the sample
iO2–Nd (Fig. 4b) from CL XPS except that the nitrogen content is
igher (4.20%) than that of TiO2–Nw.

Fig. 5 shows the CL XPS of O 1s region of TiO2–Nw and TiO2–Nw
amples. It can be seen from Fig. 5 and Table 1 that the binding
nergy of OL and OH are 529.9 (530.2) and 531.5 (531.7) eV for the
ample TiO2–Nw and TiO2–Nd, respectively. The OL XPS is mainly
ttributed to the contribution of Ti–O in TiO2 crystal lattice, and
ig. 5. High-resolution XPS spectra of the O 1s region of TiO2–Nw and TiO2–Nw
amples.
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make TiO2 absorb visible light [12,13,32]. Di Valentin et al.
Fig. 6. VB XPS spectra of TiO2–Nd and TiO2–Nw samples.

n content of surface hydroxyl groups was advantageous for trap-
ing more photogenerated holes and thus preventing electron–hole
ecombination [29]. This result indicated that wet titanium hydrox-
de precursor can increase the surface hydroxyl group density of the
esultant catalyst.

According to the CL XPS results, N states exist in both sub-
titutional and interstitial N states. The electronic structure of
-doped TiO2 is further investigated by valence band X-ray photo-
lectron spectroscopy (VB XPS). Fig. 6 presents the VB XPS spectra of
iO2–Nd and TiO2–Nw samples. In Fig. 6, the valence O 2p-derived
BM of TiO2–Nw and TiO2–Nd are determined to be 2.7 and 2.4 eV
elow Fermi level by conventional linear extrapolation method,
hich are smaller than the value (3.2 eV) of undoped TiO2 [30].
ombined with CL XPS results, it can be deduced that the substi-
utional and interstitial N states lie higher above the O 2p valence
and edge. This deduction is also confirmed by recent theoretical
tudies [23,31].
.3. Optical properties

Usually, N doping obviously affects light absorption character-
stics of TiO2. Fig. 7 shows the UV–vis diffuse reflectance spectra
UV–vis DRS) of the as-prepared samples and P25. The P25 powder

Fig. 7. UV–vis diffuse reflectance spectra of as-prepared samples and P25.
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hows an onset of absorption at 405 nm as commonly observed,
hile doping of N greatly enhances the absorption of TiO2–Nd and

iO2–Nw samples in the UV–vis spectrum and effectively extends
he absorption edge into the visible light region. N doping con-
ributed to the localized N 2p states in the band structure in the
orm of substitutional and interstitial N states, which are responsi-
le for visible light absorption [23,32]. These results are consistent
ith VB XPS spectra. It is interesting to note that the absorption in
V region of the sample TiO2–Nw is similar to that of pure TiO2.
ne possible explanation is that the sample TiO2–Nw contains two
inds of TiO2, doped and undoped TiO2 [4]. It is acceptable because
he content of nitrogen in the as-prepared sample is relatively low
ompared to lattice oxygen.

PL emission spectra have been widely used to investigate the
fficiency of charge carrier trapping, migration, and transfer in
rder to understand the fate of electron–hole pairs in semiconduc-
or particles since PL emission results from the recombination of
ree carriers [11,33–35].

Fig. 8 shows the PL spectra (300 nm excitation source) of
iO2–Nd and TiO2–Nw samples. It can be seen from Fig. 8 that there
re four peaks located at 387 (peak I), 437 (peak II), 470 (peak III) and
58 nm (peak IV). Peak I is ascribed to the emission of the intrin-
ic band gap transition, peak II is due to substitutional N states,
eak III originates from the charge transfer transition of an oxygen
acancy trapped electron, and peak IV comes from the interstitial
states [11,33]. Generally speaking, the lower PL intensity of the

oped sample indicates a lower recombination rate. The PL inten-
ity of TiO2–Nw is lower than that of TiO2–Nd, indicating that the
harge separation rate of TiO2–Nw is higher than that of TiO2–Nd.
igher concentration of nitrogen doped in TiO2 may become the

ecombination site [7], thus the PL intensity of sample TiO2–Nd
ith higher N content increased.

.4. Presumed band structure and visible light photocatalytic
ctivities

Nitrogen doping can form new states just above the valence
and for the substitutional or interstitial nitrogen, which could
23] provided theoretical evidence that for substitutional N-
oped anatase TiO2, the visible light response arises from
ccupied N 2p localized states slightly above the valence band
dge, whereas for interstitial N-doped anatase TiO2, the visible light

ig. 8. Photoluminescence spectra of TiO2–Nd and TiO2–Nw samples (excitation
ource: 300 nm).
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Fig. 9. Proposed band structure of multi-type nitro

esponse arises from occupied �* character N–O localized states
lightly above the valence band edge. The highest localized state
or the substitutional N state is 0.14 eV above the top of the valence
and and 0.73 eV for the interstitial N state. It can also be testi-
ed by the UV–vis DRS, PL and VB XPS (Figs. 6–8). DFT calculations
uggested that N-doping favored the formation of O vacancy (OV)
hich was experimentally found to be about 0.8 eV below the bot-

om of the conduction band [13,32,36]. On the basis of the above
nalysis, a schematic diagram of band gap structure is proposed, as
llustrated in Fig. 9. The energy of the visible light is not sufficient to
xcite electrons from the valence band, as the TiO2 anatase band gap
s 3.2 eV, i.e., the process A cannot occur. After nitrogen doping, the
lectron can be excited from the N impurity levels (Ns and Ni) to the
onduction band (process B and C), and then energetically favorably
rapped by O vacancies (process D). The photoinduced electrons in
he OV state and conduction band may recombine with the holes
n the N impurity levels (process E and F) to give rise to PL signals.
he substitutional nitrogen state (Ns) and interstitial nitrogen state
Ni) are directly responsible for the origin of visible light induced
hotocatalysis. As the mechanism of nonmetal doping is somewhat
imilar, this model may be helpful to understand the mechanism
f visible light photocatalysis over other nonmetal (such as B or C)
oped TiO2 photocatalyst.

The process of visible light photocatalytic oxidation of toluene
s described in Fig. 9. First, holes in the impurity level (including

s and Ni states) and electrons in conduction band were generated
Eqs. (1) and (2)) under visible light irradiation.

iO2 − Ns + vis → h+ + eCB
− (1)

iO2 − Ni + vis → h+ + eCB
− (2)

Then, the holes and electrons will react with OH− and molecule
2 on the catalyst surface to form •OH radicals and O2

•− superoxide

nion radicals [37], respectively (Eqs. (3)–(5)). The O2

•− radicals
hen interact with H2O adsorbed to produce more •OH radicals (Eq.
6)), which are known to be the most oxidizing species [37].

2O ⇔ OH(surf)
− + H+ (3)

c
p
o
o
i

oped TiO2 and visible light photocatalytic process.

H(surf)
− + h+ → •OH (4)

CB
− + O2 → O2(surf)

•− (5)

2(surf)
•− + H2O → •OH + OH− (6)

Finally, these •OH radicals react with gaseous toluene to miner-
lize it (Eq. (7)).

OH + C7H8 → CO2 + H2O (7)

As can be seen from the above equations that the surface
ydroxyl groups accept holes generated by visible light irradiation
o form hydroxyl radicals thus prevent electron–hole recombina-
ion [37]. Therefore, it is expected that a greater number of hydroxyl
roups yield a higher photocatalytic activity [22,29].

To evaluate the visible light photocatalytic activity of as-
repared samples, photodegradation of toluene in gas phase as
test reaction was performed. The results of the photocatalytic

ctivities are shown in Fig. 10. It can be seen from Fig. 10 that
iO2–Nw sample is superior to other samples. Generally speak-
ng, the activity of photocatalyst is strongly influenced by its light
bsorption [10,38]. Tseng et al. [39] found that the photocatalytic
ctivity of C-modified TiO2 samples under visible light was pro-
ortional to their visible light absorption. However, it can be seen
rom Figs. 7 and 10 that the visible light activity of the as-prepared
amples is not always proportional to its visible absorption. P25
hows almost no visible light activity as it cannot utilize visible
ight. The sample TiO2–Nh (k = 0.0041 min−1) exhibits the lowest
hotocatalytic activity under visible light irradiation due to its weak
isible light absorption and large crystal size. The photocatalyst
iO2–Nd (k = 0.015 min−1) having the strongest visible light absorp-
ion does not exhibit best visible light activity. The sample TiO2–Nw
k = 0.045 min−1) exhibits the best activity which can be proba-
ly ascribed to the following two factors. First, sample TiO2–Nw

ontains large surface hydroxyl groups, which is beneficial to
revent electron–hole recombination, as discussed previously. Sec-
nd, good crystallization of it reduces the recombination rate
f the photogenerated electron–hole pairs due to the decrease
n the number of the defects [40]. The enhanced separation
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ig. 10. Toluene photodegradation of as-prepared samples and P25 under visible
ight irradiation (425 nm < � < 700 nm).

f photoinduced carriers is also evidenced by the PL result
Fig. 8).

. Conclusions

1) Multi-type N-doped TiO2 was prepared by thermal decompo-
sition of titanium hydroxide and urea mixtures. The samples
showed strong visible light absorption due to the fact that the
N coexisted in multi-form of substitutional N–Ti–O and Ti–O–N,
as well as �* character interstitial NO and the subsequent for-
mation of localized nitrogen state and oxygen vacancies.

2) A physical model of band structure was constructed to elucidate
the role of different types of nitrogen in visible light photocatal-
ysis. Substitutional N state (Ns) and interstitial N state (Ni) are
0.14 and 0.73 eV above the top of the valence band respectively,
while the O vacancy (OV) is about 0.8 eV below the bottom of the
conduction band. These impurity levels were responsible for
the electronic origin for the visible light absorption and pho-
tocatalytic properties of the multi-type nitrogen doped TiO2.
This model can be applied to understand visible light induced
photocatalyst over other nonmetal doped TiO2.

3) The visible light induced photocatalytic activity of the as-
prepared TiO2–Nw sample was much higher than those of
TiO2–Nd and TiO2–Nh samples and Degussa P25. The high activ-
ity can be ascribed to strong absorption in the visible light
region, good crystallization, large surface hydroxyl group and
enhanced separation of photoinduced carriers.
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