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bstract

Nitrogen doped TiO2 nanocrystals with anatase and rutile mixed phases were prepared by incomplete oxidation of titanium nitride at different
emperatures. The as-prepared samples were characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), high resolution
ransmission electron microscopy (HRTEM), core level X-ray photoelectron spectroscopy (CL XPS), valence band X-ray photoelectron spec-
roscopy (VB XPS), UV–vis diffuse reflectance spectra (UV–vis DRS), and visible light excited photoluminescence (PL). The photocatalytic
ctivity was evaluated for photocatalytic degradation of toluene in gas phase under visible light irradiation. The visible light absorption and pho-
oactivities of these nitrogen doped TiO2 nanocrystals can be clearly attributed to the change of the additional electronic (N−) states above the

alence band of TiO2 modified by N dopant as revealed by the VB XPS and visible light induced PL. A band gap structure model was established to
xplain the electron transfer process over nitrogen doped TiO2 nanocrystals under visible light irradiation, which was consistent with the previous
heoretical and experimental results. This model can also be applied to understand visible light induced photocatalysis over other nonmetal doped
iO2.
2007 Elsevier B.V. All rights reserved.
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. Introduction

TiO2 nanomaterial is one of the most promising photocat-
lysts due to its high efficiency, good stability, nontoxicity,
nd availability, which makes it attractive for the degradation
f environmental organic pollutants [1,2]. However, TiO2 only
ecomes active under irradiation with ultraviolet (UV) light.
hus, many efforts have been devoted recently to improve the
ptical response of TiO2 in the visible region. Doping TiO2 with
ifferent elements such as nitrogen [3,4], carbon [5,6], and sulfur
7,8] has displayed promising results in visible light (>400 nm)
nduced photocatalysis.

Nitrogen doping of TiO2 can be achieved by one of the fol-
owing techniques: (1) sputtering followed by annealing under
controlled atmosphere [3], (2) annealing pure TiO2 powders
nder dopant-generating atmospheres (such as NH3) [9], (3)
olution-based strategies such as precipitation [10,11], sol–gel
12], and solvothermal treatment [13], and (4) direct oxidation
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f the dopant-containing titanium precursors (such as TiN) at
roper temperatures [14]. Except for method (4), other methods
sually involve complex reactions, resulting in various nitrogen
pecies in the final photocatalysts, which makes it difficult to
larify the effect of nitrogen doping on the band gap structure
xperimentally.

It is well known that titanium nitride (TiN) can be oxidized
o TiO2 by high temperature annealing in air or oxygen atmo-
phere [14,15]. TiN is a metallic conductor with a partially filled
and and a chemical bond of simultaneously metallic, covalent,
nd ionic characters. And thus the simple process of incom-
lete oxidation of this material provides an attractive technique
o prepare the nitrogen doped TiO2, which is convenient for
nvestigating the effect of nitrogen doping. Oxidation of TiN
o prepare nitrogen doped TiO2 has been reported [14], and
ittle is known about its electronic structure and visible light
roperties. Besides, there is little direct experimental evidence
n the electronic origin for the visible-light absorption proper-

ies and photoactivities of nitrogen doped TiO2 by oxidation of
iN.

Here, nitrogen doped TiO2 nanocrystals are prepared by
ncomplete oxidizing TiN at different temperatures in air. These

mailto:weirong@mail.hz.zj.cn
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atalysts show high visible light photocatalytic activities for
egradation of toluene in gas phase. Different techniques are
mployed to investigate the chemical and structure features of
he prepared catalysts, especially the valence band spectroscopy
VB XPS) and visible light induced photoluminescence (PL),
hich reveal the electronic origin of the visible light absorp-

ion properties and photoactivities of the nitrogen doped TiO2
anocrystals. A band gap structure model is then established to
xplain the visible light induced electron transfer process over
he prepared nitrogen doped TiO2 nanocrystals.

. Experimental

.1. Preparation of photocatalysts

The titanium nitride (TiN) was obtained from Hefei Kaier
ano Company (China) and used as obtained. The commer-

ially available TiO2 (Degussa P25) was obtained from Degussa
hemical (Germany). The nitrogen doped titanium dioxide

TiO2) nanocrystals were prepared by heating TiN at 450, 550
nd 650 ◦C for 2 h in air, respectively. About 3.0 g TiN powder
as loaded in a ceramic crucible, and then placed in the mid-
le of muffle furnace, which was open to the atmosphere. The
emperature was slowly ramped up and cooled down at a rate of
◦C/min during the heating and cooling processes. After cool-

ng to room temperature, the samples were taken out for further
nvestigations. The as-prepared samples were labeled as N450,
550, and N650, respectively.

.2. Characterization

The crystal phases of the sample were analyzed by X-ray
iffraction with Cu K� radiation (XRD: model D/max RA,
igaku Co., Japan). The accelerating voltage and the applied
urrent were 40 kV and 150 mA, respectively. X-ray photo-
lectron spectroscopy with Al K� X-rays (hν = 1486.6 eV)
adiation operated at 150 W (XPS: Thermo ESCALAB 250,
SA) was used to investigate the surface properties and to
robe the total density of the state (DOS) distribution in the
alence band of the samples. The shift of the binding energy
ue to relative surface charging was corrected using the C1s
evel at 284.8 eV as an internal standard. The morphology,
tructure and grain size of the samples were examined by
ransmission electron microscopy (TEM: JEM-2010, Japan).
he UV–vis absorbance spectra were obtained for the dry-
ressed disk samples using a Scan UV–vis spectrophotometer
UV–vis DRS: TU-1901, China) equipped with an integrat-
ng sphere assembly, using BaSO4 as reflectance sample.
he spectra were recorded at room temperature in air ranged

rom 230 to 800 nm. The PL spectra were measured at room
emperature with a fluorospectrophotometer (PL: Fluorolog-3-
au, France) using a Xe lamp as excitation source. Nitrogen
dsorption–desorption isotherms were obtained on a nitrogen

dsorption apparatus (ASAP 2020, USA). All the samples
ere degassed at 200 ◦C prior to BET measurements. The
runauer–Emmett–Teller (BET) specific surface area (SBET)
as determined by a multipoint BET method using the adsorp-
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ion data in the relative pressure (P/P0) range from 0.05 to
.30.

.3. Photocatalytic activity tests

Photocaytalytic degradation of toluene is chosen as the probe
eaction to characterize the activity of the prepared samples, as
oluene is a typical indoor pollutant [16,17]. The photocatalytic
ctivity experiments of the as-prepared catalysts for the oxi-
ation of toluene in air were performed at room temperature
sing a 1.8 L photocatalytic reactor. The catalyst was prepared
y coating 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 to
oom 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 pho-
ocatalysis, a glass optical filter was inserted to cut off the short
avelength components (λ < 425 nm). The initial temperature
as 25 ± 1 ◦C by cooling air. The initial relative humidity was

ontrolled by a CaCl2 dryer connected to the photoreactor.
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-
rst-order reaction and its kinetics may be expressed as follows:

n(C0/C) = kt [18], where k is the apparent reaction rate con-
tant, C0 and C are the initial concentration and the reaction
oncentration of toluene, respectively.

. Results and discussion

.1. Phase structure and BET

TiN has a NaCl-like cubic structure and crystallize in the
ock-salt structure, with N atoms occupying interstitial positions
n a close-packed arrangement of Ti atoms [19]. This struc-
ure gives rise to strong metal to metal and metal to non-metal
nteractions.

Calcination temperatures have great influence on the phase
tructures and surface areas of photocatalysts [20,21]. Fig. 1
hows the X-ray diffraction (XRD) patterns of commercial TiN
owders and the resultant nitrogen doped TiO2 nanocrystals
fter heating at 450, 550, and 650 ◦C for 2 h in air, respec-
ively. The TiN cubic structure was converted into the nitrogen
oped TiO2 nanocrstals with anatase and rutile mixed phases

fter heating.

The average crystalline sizes of anatase and rutile in the sam-
les were calculated by applying the Debye–Scherrer equation
22]. The phase contents of the samples can be estimated from
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Fig. 1. X-ray diffraction patterns of N450, N550 and N650 samples and TiN.

he respective XRD peak intensities using the following equation
22]:

A =
(

1 + 1

K

IR

IA

)−1

(1)

here fA is the fraction of anatase phase in the powder, and
A and IR are the X-ray intensities of the anatase (1 0 1) and
utile (1 1 0) diffraction peaks, respectively. The contents of the
natase phases in the samples were shown in Table 1.

It can be seen from Table 1 that the crystal size of both
natase and rutile increased with increasing calcination temper-
tures. The anatase molar ratio and specific surface area (SBET)
ecreased with the increasing calcination temperatures.

The structure of N-doped TiO2 powders was further
nvestigated by TEM and HRTEM images as shown in
ig. 2. It can be seen from Fig. 2a and b that well-
ispersed nanometer sized nitrogen doped TiO2 nanocrystals
xisted as a mix of two different sizes, 27 ± 2 and 35 ± 2 nm,
espectively. The smaller one can be ascribed to anatase crys-
al and the bigger one to rutile, which was consistent to the
alculated result from XRD. High-resolution transmission elec-
ron microscopy (HRTEM) images (Fig. 2c and d) showed that
itrogen doped nanocrystals had cubic shapes and were highly
rystallized with well-resolved lattice structure. The observed
pacing between the lattice planes of the sample was obtained

s 0.350 and 0.322 nm for (1 0 1) plane of the anatase and (1 1 0)
lane of the rutile crystal, respectively. The crystal lattice was
ery clear, indicating no obvious defects. However, O vacancies
OV) as one kind of defect might exist in the samples due to the
harge imbalance caused by anionic nitrogen (N−) [23].

3

F

able 1
hysicochemical properties of the as-prepared samples and their photoactivities

ample Anatase (nm) Rutile (nm) fA (%) SBET (m2/g)

450 24.5 27.0 67.8 62.8
550 27.9 34.9 47.3 48.2
650 31.6 43.7 18.8 30.0
Materials 157 (2008) 57–63 59

.2. XPS analysis

X-ray photoelectron spectroscopy (XPS) is usually used to
etermine the chemical composition of the materials, electronic
tructure as well as surface properties. To investigate the chem-
cal states and the concentration of nitrogen atoms incorporated
nto the TiO2 photocatalyst, the core level X-ray photoelectron
pectroscopy (CL XPS) of N1s binding energy was measured.

Fig. 3 shows the CL XPS spectra for the N1s region of
-doped TiO2 nanocrystals under different calcination temper-

tures. In general, the peak of N1s from the CL XPS spectra
ostly lies in the range of 396–404 eV, and there are different

pectral features with different preparation methods and condi-
ions [3,4,9,10–15,24,25]. It can be seen that N1s peak at 397 eV
15] of TiN did not appear, and a broad peak from 398 to 403 eV
ppeared, which centered at around 400 eV. The atomic nitro-
en content of sample N450, N550 and N650 was calculated
o be 0.8, 0.6, 0.5%, respectively, indicating that the content of
itrogen maintained decreased when the calcination tempera-
ure increased. In the heating process, N was replaced by O and
emoved to form N2. Therefore, in the incomplete oxidation
rocess, partial Ti N bonds were retained, and new N Ti O
tructure formed. This was further confirmed by the bonding
nergy of N1s of the as-prepared samples, which was proved to
e N Ti O structure [24,25], a typical feature of substitutional
state.
It has been reported that nitrogen doping could enhance the

isible light absorption and modify the band gap structure of
iO2. In order to investigate the nature of the band structure, we
btained the valence band (VB) XPS, which can directly probe
he total density of the state (DOS) distribution in the valence
and [26], using a photon energy of 1486.6 eV.

Direct evidence on the modification of the TiO2 valence band
aused by the nitrogen dopant is obtained from the VB XPS. It
an be seen from Fig. 4 that additional electronic states below
.05 eV were observed above the valence band edge as compared
o pure TiO2. These states can be attributed to the N2p orbitals in
itrogen doped TiO2. This evidence directly supported the the-
retical DFT predictions and experimental results [3,27,28] that
he nitrogen dopant provided additional electronic states above
he valence band edge of pure TiO2 and the substitutional N
tates lie above the valence band. These additional states were
irectly responsible for the visible-light absorption and photoac-
ivities of the nitrogen doped TiO2 nanocrystals [3,27,28].
.3. UV–vis DRS and PL

Each nitrogen-doped sample exhibited a pale yellow color.
ig. 5 shows the diffuse reflection spectra of the samples

Abs at 450 nm k × 103 (min−1) k/SBET × 104 (min−1/m2 g)

0.074 10.5 1.67
0.045 5.3 1.10
0.021 0.7 0.23
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Fig. 2. TEM and HRTEM images of sample N550.

Fig. 3. Core level XPS spectra of N1s region of the N450, N550 and N650
samples. Fig. 4. Valence band XPS spectra of N450, N550, N650 samples and P25.
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band (VB), as the intrinsic band gap of TiO2 corresponds to
387 nm for anatase or 410 nm for rutile, i.e., the process A can-
not occur (Fig. 7). After nitrogen doping, the electron (e−) can
be excited from the N− impurity level to the conduction band
ig. 5. UV–vis diffuse reflectance spectra of N450, N550 and N650 samples.

alcined at different temperatures. A significant increase in
he absorption at wavelengths shorter than 400 nm can be
ssigned to the intrinsic band gap absorption of TiO2. The
bsorption spectra of the N-doped TiO2 nanocrystals showed
bsorption in the visible light region due to the formation of
ew electronic state above valence band caused by nitrogen
oping [3,27,28], as evidenced by VB XPS. As the calcina-
ion temperature increased, the absorption of the as-prepared
amples decreased in the visible region (at 450 nm). This
an be attributed to the reduction in the nitrogen content
f the doped samples due to higher calcination tempera-
ures.

PL emission spectra have been widely used to investigate
he efficiency of charge carrier trapping, migration, and trans-
er in order to understand the fate of electron–hole pairs in
emiconductor particles since PL emission results from the
ecombination of free carriers [29,30]. Many studies have
eported PL emissions of TiO2 based photocatalyst when the
avelength of excitation source located at UV region [29,30].
o the best of our knowledge, there is no report on exciting
itrogen doped TiO2 with visible light.

Fig. 6 shows the room-temperature PL spectra of TiO2
anocrystals doped with different amounts of N using the exci-
ation light of 425 nm. The energy of the used excitation light
s enough to promote electronic transitions from the additional
lectronic states N− to the conduction band of N-doped TiO2
ccording to the above UV–vis spectra. All the samples can
xhibit an obvious PL signal with a similar curve shape at the
avelength range from 400 to 550 nm. The PL intensity of

he samples decreased with increasing calcination temperatures.
he different quenching of the PL intensities was attributed

o different content of nitrogen doped into TiO2. This will be
iscussed in the following section.
.4. Band gap structure

It was generally accepted that nitrogen doping can form a new
lectronic states (N− state) just above the valence band, mak-

F
n

ig. 6. Photoluminescence spectra of N450, N550 and N650 samples (excitation
ource: 425 nm).

ng TiO2 absorb visible light [28], which was further confirmed
xperimentally by VB XPS (Fig. 4) and visible light induced
L (Fig. 6). It was proved by DFT calculations that N-doping
avored the formation of O vacancy (sub-band level OV), which
as experimentally found to be about 0.8 eV below the bottom
f the conduction band [28,31]. The O vacancies of nanosized
emiconductor easily capture or bind photoinduced electrons
32], which have been proved by the electronic spin resonance
ethod [33]. Hence, the larger the OV content is, the stronger

he PL intensity possibly is.
In order to understand the electron transfer process over the

repared nitrogen doped TiO2 nanocrystals under visible light
llumination, a schematic model of band gap structure was estab-
ished, as illustrated in Fig. 7. The energy of the visible light
425 nm) is not sufficient to excite electrons from the valence
ig. 7. Schematic diagram of electron transfer process over N-doped TiO2

anocrystals under visible light irradiation.



6 rdous

(
t
F
b
g

O

O

T
a
b
o
c
d
p
r
t

[
o
o

3

p
d

w
a
v
c
r
•
c

6

F
l

p
0
m
e
P
h
r
t
r
w
e
i
t
p

4

f
T
a
i
V
a
g
w
a
T
t
p
f
r
(

2 Z. Wu et al. / Journal of Haza

CB), as the process B illustrates. Next, the exited electrons are
rapped or bound to the level of sub-band (OV) (process C).
inally, the photoinduced electrons in the OV state can recom-
ine with the holes (h+) in the N impurity level (process D) to
ive rise to PL signals (Eqs. (2) and (3)).

V + eCB
− → OV

− (2)

V
− + h+ → OV + PL (3)

he different quenching of the PL intensities of the samples was
ttributed to different content of nitrogen. As the OV was caused
y nitrogen doping, it was reasonable to accept that the amount
f OV sites was dependent on the content of N−. When the cal-
ination temperature increased, the doping content of nitrogen
ecreased, thus the content of OV formed decreased and less
hoto-induced electrons can be trapped by the OV. This will
esult in the decrease of PL intensity with increasing tempera-
ures (Fig. 6).

As the mechanism of nonmetal doping is somewhat similar
27,34], this model may be helpful to understand the mechanism
f visible light photocatalysis over other nonmetal (such as boron
r carbon) doped TiO2 photocatalyst.

.5. Visible light photocatalytic activity

To compare the photocatalytic activity of the as-prepared
hotocatalysts prepared under different conditions, photodegra-
ation of toluene in gas phase as a test reaction was performed.

The results of the photocatalytic activities are shown in Fig. 8,
here C0 and C are the initial concentration after the equilibrium

nd the reaction concentration of toluene, respectively. Under
isible light irradiation, holes in the N−state and electrons in
onduction band were generated. The holes and electrons will
eact with OH− and molecule O2 on the catalyst surface to form

OH and O2

− [1], respectively, by which toluene was minerlized
ompletely.

When the calcination temperature increased from 450 to
50 ◦C, the photocatalytic reaction over the as-prepared sam-

ig. 8. Toluene degradation of N450, N550 and N650 samples under visible
ight irradiation (425 nm < λ <700 nm).

(
i
b
n

A

T
(
P
D

R

Materials 157 (2008) 57–63

les becomes slower (the value of k/SBET varied from 1.67 to
.23 × 10−4 min−1/m2 g), as shown in Table 1. It is interesting to
ention that the activity order of the samples doped with differ-

nt amounts of N are in good agreement with their corresponding
L intensity order, in other words, the stronger the PL signal, the
igher the photocatalytic activity. It was different from reported
esults that lower PL intensity of photocatalysts corresponded
o the higher photocatalytic activity due to the higher separation
ate of photo-induced electrons and holes [35–37]. These results
ere mainly attributed to the effect of O vacancies on the differ-

nt quenching of the PL as previously mentioned. The increase
n the O vacancies amount was favorable for the increase in
he PL intensity and advantageous to facilitate the separation of
hotoinduced charge carriers so as to enhance the activity.

. Conclusions

Nitrogen doped TiO2 nanocrystals can be developed directly
rom a single inorganic precursor by incomplete oxidation of
iN at different temperatures. The visible light photocatalytic
ctivities of the prepared catalysts for degradation of toluene
n gas phase were dependent on the doped nitrogen content.
alence band XPS and visible light exited PL clearly revealed the
dditional electronic states in the band gap caused by the nitro-
en dopant, compared to pure TiO2. The additional N− states
ere responsible for the electronic origin for the visible-light

bsorption and photocatalytic properties of the nitrogen-doped
iO2. The visible light induced electron transfer process over

he nitrogen-doped TiO2 can be described by the established
hysical model of band gap structure. This process involved the
ollowing steps: (1) generation of electrons from the N− impu-
ity level to the conduction band under visible light irradiation,
2) trapping of exited electrons by the level of sub-band (OV),
3) recombination of the photoinduced electrons with the holes
n the N impurity level to give rise to PL signal. This model can
e used to understand visible light induced process and other
onmetal doped TiO2.
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