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Abstract

Both substitutional and interstitial nitrogen-doped titanium dioxides (N-TiO2) were prepared. Their surface states were clarified by

XPS spectra of N 1s, O 1s and Ti 2p. The results of photocatalysis show that both substitutional and interstitial N impurities greatly

enhance the photoactivity of TiO2 in visible light. Moreover, the visible light activity of interstitial N-doped TiO2 is higher than that of

substitutional N-doped TiO2. The microwave synthesis presented in this paper is a promising and practical method to produce interstitial

nitrogen-doped photocatalysts with high visible light activity.

r 2007 Elsevier Inc. All rights reserved.
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1. Introduction

A number of developments on visible light sensitive TiO2

have been made about how to efficiently utilize the solar
energy or rays from artificial sources in photocatalytic
reactions [1–7]. Asahi et al. demonstrated TiO2�xNx films
prepared by sputtering TiO2 target in a mixture of N2/Ar
gas showed higher photocatalytic reactivity under visible
light irradiation compared to conventional TiO2 thin films
[8]. From then on, doping with nitrogen has been
considered one of most effective approaches to improve
photocatalytic activity of TiO2 in visible region [9–15].
Recently, many groups reported visible light photocatalysis
of N-doped TiO2 prepared by different methods [16–26],
such as ion implantation [16], sputtering [17,18], chemical
vapor deposition [19–22], sol–gel [12,23], and decomposi-
tion of N-containing metal organic precursors [24].

Hitherto, studies about the effect of preparation
methods on the chemical nature and photoactivity of
N-doped TiO2 under visible light irradiation are relatively
few. The photocatalysis mechanism of TiO2 in visible light
e front matter r 2007 Elsevier Inc. All rights reserved.
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is very confused. Most of reports agreed on that N 1s peak
at 396–398 eV is characteristic peak of Ti–N–Ti linkages,
indicating nitrogen atom is doped into the TiO2 lattice
[27–30] and responsible for enhanced activity. However, N
1s peak around 396 eV was not always observed. Different
N 1s peaks at 400–404 eV have also been reported and
correlated with the photoactivity in visible light [28,31]. In
this paper, we prepared two types of N-TiO2, and used
them to decompose methyl orange dye and phenol under
visible light radiation. We clarified the effect of preparation
methods on the formation mechanism of N-TiO2, and the
effect of types of nitrogen-doping in TiO2 on photocata-
lytic activity in visible light.

2. Experimental

In a typical experiment, 0.8 g of P25 (Degussa) TiO2

powder and 1.2 g of urea were mixed with 40ml ethylene
glycol. To disperse them homogeneously, the mixture was
exposed to high-intensity ultrasound irradiation for 15min.
The suspension was transferred to a telfon cup that then
was placed into a multi-mode microwave oven (MAS-II,
Shanghai Sineo Microwave Chemistry Technology Co.
Ltd.) operated at 1000W and 2450MHz for 10–30min.
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Fig. 1. XRD patterns of different TiO2 samples.

Table 1

Analysis of crystal phases and BET specific surface area for different

samples

Sample Anatase crystal

size (nm)

Anatase

fraction (%)

Rutile

fraction (%)

BET (m2/g)

P25 26.2 87.7 12.3 50.5

N-TiO2-NH3 25.2 87.3 12.7 46.1

N-TiO2-M 22.5 84.1 15.9 46.9

F. Peng et al. / Journal of Solid State Chemistry 181 (2008) 130–136 131
The temperature was set above 135 1C, higher than the
decomposition temperature of urea. After the suspension
was cooled down to room temperature, the precipitate was
centrifuged, washed by deionized water and absolute
ethanol for several times, and dried at 100 1C in air for
10 h. As-synthesized yellowish powder of nitrogen-doped
titanium dioxide was denoted as N-TiO2-M. This sample
was further treated at 300 1C in air for 2 h, which was
labeled as N-TiO2-M-300. For comparison, 0.5 g of
P25–TiO2 powder was annealed under NH3 flow at
600 1C for 3 h as a reference sample [8,21], which was
denoted as N-TiO2-NH3.

The crystal structure of samples was characterized by
powder XRD on a X-ray diffractometer (D/max-IIIA, Japan)
using Cu Ka radiation and operating at 30kV/30mA in the
angle range of 5–701. The chemical nature of N in TiO2 was
studied using XPS by a Krato Axis Ultra DLD spectrometer
with Al Ka X-ray (hn=1486.6 ev) at 15kV and 150W. The
binding energy was referenced to C 1s line at 284.9 eV for
calibration. Infrared spectroscopy (Bruker 550) was used to
identify the surface organic groups in different TiO2 and study
their influence on the nitridation process. The UV–vis light
absorption spectra were obtained from a Hitachi UV-3010
spectrophotometer equipped with an integrating sphere
assembly, using the diffuse reflection method and BaSO4 as
a reference to measure all the samples.

The photocatalytic reaction was conducted in a 200ml
cylindrical glass vessel fixed in a XPA-II photochemical
reactor (Nanjing Xujiang Machine-electronic Plant). The
reactor consists of several components, such as light source
system, filter system, magnetic stirrer and quartz cool trap
that can lower the reaction temperature and prevent the
evaporation of water. One thousand watt Xe lamp was
used as simulated solar light source, due to similar spectral
features to solar light. The filter system comprises a house-
made filter mounted on the lamp to eliminate infrared
irradiation and a UV filter made from 1M sodium nitrate
solution that can absorb the light with wavelength less than
400 nm [32]. The variation of solutions used as the filter
could effective changes wavelength of irradiation light
on catalysts. Methyl orange dye (MO) was used as reactant
with the concentration of 20mg/l. In order to avoid
the influence of dye-sensitized mechanism on photocata-
lysis results, phenol was also used as a model to study
the degradation of organic pollutants in visible light.
Photocatalyst powder of 40mg was dispersed in 200ml
solutions with the concentration of phenol at 100mg/l. The
solution was sonicated for 15min to obtain an optimally
dispersed system and then put in a black box for 60min
to reach complete adsorption/desorption equilibrium.
Further details of photocatalytic reaction and analysis
method could be found in Ref. [33]. The concentrations
of remaining MO or phenol were surveillanced by
measuring its absorbance (A) at 465 or 269.5 nm, respec-
tively, with a Hitachi UV-3010 spectrophotometer. The
degradation ratio (X) of reactant can be calculated by X

(%) ¼ 100(A0–A)/A0.
3. Results and discussion

The XRD patterns of different TiO2 samples are shown
in Fig. 1. The presence of mixed phases of anatase and
rutile is observed for all samples. However, no N-derived
peak is detected for N-TiO2. Thus, N doping does not
cause the change in crystallite structure of TiO2, which is
consistent with Refs. [27,34]. The anatase crystal sizes of
samples were calculated using the Scherrer equation. The
calculation results of different samples are given in Table 1.
It can be seen from Table 1 that there is no obvious change
in phase component for N-TiO2-M and N-TiO2-NH3 after
the microwave reaction and calcination. BET specific
surface areas of N-TiO2-M and N-TiO2-NH3 are decreased
slightly compared with P25–TiO2 powder. From the above
analyses, it is revealed that the microstructures of the TiO2

could be preserved after different treatments.
The XPS spectra of P25 and nitrogen-doped TiO2

samples are shown in Fig. 2. The surfaces of the TiO2

samples are composed of Ti, O and carbon contaminant.
There are obvious nitrogen signals in the N-doped samples,
although peak intensities are not so strong. Fig. 2(b) clearly
shows the binding energies of N 1s at 396.5 and 399.9 eV
for N-TiO2-NH3 and N-TiO2-M, respectively. Asahi et al.
[8] assigned the atomic b-N (396 eV) peak to substitutional
N, which may be related to the active sites in photo-
catalysis. Most researchers also agree on N 1s peak at
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Fig. 2. Survey (a) and N 1s (b) XPS spectra of TiO2, N-TiO2-M and

N-TiO2-NH3.
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396–397.5 eV responsible for nitrogen atoms substitution-
ally doped into the TiO2 lattice as characteristic peak of
Ti–N–Ti linkages [27–30]. Therefore, N 1s peak at 396.5 eV
can be attributed to Ti–N–Ti linkages in N-TiO2 (N 1s

peak at 397.5 eV for TiN [27,30]), resulting from the
nitrogen substitution of oxygen in the TiO2 lattice.
Although the N 1s peak at around 400 eV has been
reported, no consensus has been achieved about its nature
[8,21–24,27]. It has been reported that N 1s peak at around
400 eV can be assigned to molecularly chemisorbed g-N
[35]. Some researches suggested that N 1s peak at
399–400 eV is due to NH3 adsorbed on the surface [8,31].
In the absent of NH3 adsorbed on the surface, however, the
N 1s peak at around 400 eV has also been observed.
Because the N 1s BE is higher with the more positive
formal charge (e.g., 408 eV in NaNO3) compared with zero
or a negative formal charge (398.8 eV in NH3) [10,28],
many researches pointed out the presence of oxidized
nitrogen such as Ti–O–N and/or Ti–N–O linkages
should appear above 400 eV [27–30]. Di Valentin et al.
[36] have reported that a significant advance toward
the clarification of the above issues by means of
electron paramagnetic resonance spectroscopy measure-
ments and DFT calculations. They presented there were
two types of N species in N-TiO2; their spin-Hamiltonian
parameters were consistent with calculations for both
substitutional and interstitial N impurities. Although not
proven experimentally, it was inferred from theory [37]. We
attributed N 1s peak at 400 eV to a characteristic peak of
interstitial N, namely hosted in an interstitial position and
directly bound to lattice oxygen, for N-TiO2-M prepared
by microwave method. The interstitial N is in a positive
oxidation state ranged from that of typical hyponitrite
species (N2O2)

2� to nitrite (NO2
�) and nitrate species

(NO3
�).

Above results indicate that preparation methods and
conditions largely affected nitrogen doping. N impurities
(substitution for oxygen) are substitutionally doped into
the TiO2 lattice by annealing TiO2 at high temperature
under NH3 flow, ion implantation and sputtering. How-
ever, nitrogen atom as an interstitial N impurity is bound
to one or more lattice oxygen atoms by liquid-phase
preparation at the lower temperatures [28,38] or microwave
method. It also gives an explanation why the N peak at
around 396 eV is not always observed for N-doped TiO2

[31,38]. From the XPS spectra, we estimated that a
nitrogen content of 3.7% (molar ratio) was incorpo-
rated into the TiO2 prepared by the microwave method
(N-TiO2-M). In comparison, a lower nitrogen content of
2.2% (molar ratio) was detected in N-TiO2-NH3. The
interstitial nitrogen seems to be more receptive for
nitrogen-doped, whereas, the substitutional nitrogen doped
into the TiO2 lattice is not accessible because the bond of
N–Ti is more difficult to form.
The Ti 2p XPS spectra for TiO2–P25 and nitrogen-doped

TiO2 samples are shown in Fig.3(a). For TiO2–P25, Ti 2p3/2
and 2p1/2 core level peaks appear at 458.9 and 464.7 eV,
respectively, which are contributed by O–Ti–O in TiO2

[10,28,29]. Compared with TiO2–P25, the Ti 2p peaks for
nitrogen-doped TiO2 shift to the lower binding energies.
These shifts of Ti 2p3/2 and 2p1/2 core level signal by
0.5–2 eV suggest the successful incorporation of nitrogen
into the TiO2 lattice [10,28]. In our research, we also found
preparation methods and experimental conditions signifi-
cantly affected the shift of the Ti 2p core levels. For
N-TiO2-NH3, Ti 2p3/2 and 2p1/2 core level peaks appear
at 457.9 and 463.5 eV, respectively, which are attributed to
Ti 2p peaks of N–Ti–N or O–Ti–N in N-TiO2 [28–30]. The
BE of the Ti 2p3/2 peak shifts to the lowest energies by 1.0
and 1.2 eV compared with TiO2–P25, when Ti4+ is reduced
to Ti3+. But for N-TiO2-M, Ti 2p3/2 and 2p1/2 core level
peaks appear at 458.2 and 464.0 eV, respectively, which
only decrease by 0.7 eV compared with TiO2–P25. This
suggests that the TiO2 lattice is considerably modified by
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Fig. 3. XPS spectra of TiO2 and N-TiO2: (a) Ti 2p, (b) O 1s and (c) O 1s

for N-TiO2-M.

4000 3500 3000 2500 2000 1500 1000 500

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

1
4
0
1

5
0
0

1
1
1
9

1
0
9
1

1
3
5
9

1
6
3
0

2
8
5
8

2
9
2
5

3
4
2
2

N-TiO2-M

TiO2-P25

T
ra

n
s
m

it
ta

n
c
e
 /
%

Wavenumbers /cm-1

N-TiO2-M-300

Fig. 4. FTIR spectra of P25, N-TiO2-M and N-TiO2-M-300.

F. Peng et al. / Journal of Solid State Chemistry 181 (2008) 130–136 133
interstitial-N for N-TiO2-M in our experiment, which is not
consistent with substitutional-N for N-TiO2-NH3.

In Fig. 3(b), the P25 sample shows an O 1s peak at
530.3 eV, which shifts to around 529.5 eV in N-TiO2-M and
N-TiO2-NH3. It is found that O 1s peak of nitrogen-doped
TiO2 shifts toward the lower binding energy, which is
consistent with that of most reported [10,28,29]. An
additional signal at higher binding energy (531.5 eV) was
detected in N-TiO2-M, as shown in Fig. 3(c). In view of O
1s peak of �NO and �NO2 on P25 at 533.5 eV [39], we
suggest that the appearance of this peak at 531.5 eV is
attributed to the formation of hyponitrite ((N2O2)

2�), due
to the N interstitially doping into the TiO2 lattice. It is
further supported by N 1s XPS and FTIR analysis.
In the FTIR spectra in Fig. 4, two peaks at 3422 and

1630 cm�1 are assigned to the adsorbed water and hydroxyl
on the surface of TiO2. In the low frequency region of the
spectra, fluctuant bands develop around 500 cm�1 are
attributed to the anatase phase of TiO2. Peaks at 2925,
2858 and 1359 cm�1 come from C–H (uCH2,CH3 and
dCH2,CH3) of organic compound remained on N-TiO2-M.
After heat treatment at 300 1C, these peaks disappear in
N-TiO2-M-300. Compared with P25–TiO2, new peaks
around 1110 cm�1 appear in N-TiO2-M. They are attrib-
uted to the formation of hyponitrite ((N2O2)

2�) [30,40], as
demonstrated by XPS analysis. We did not find any peak
assigned to N–H of NH3 or urea adsorbed on the surface in
the FTIR spectrum of N-TiO2-M, suggesting that the
hyponitrite is the characteristic structure of interstitial N
for N-TiO2-M prepared by microwave method.
The diffuse reflectance spectra of TiO2–P25, N-TiO2-M

and N-TiO2-NH3 are shown in Fig. 5. Only a strong
absorption that could be assigned to the band–band
transition is observed in the ultraviolet region for pure
P25–TiO2. Compared with pure TiO2, both N-TiO2-M and
N-TiO2-NH3 present a significant absorption in the visible
region between 400 and 600 nm, which is the typical
absorption feature of nitrogen-doped TiO2. The light
absorption of the N-TiO2 in the visible light region is of
great importance to its practical application since it can be
activated even by solar light.
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The photocatalytic activities of the catalysts were
evaluated using the photodegradation of MO and phenol
as model pollutant under visible light irradiation, as shown
in Fig. 6. Low photocatalytic activity was observed for
P25–TiO2 under visible light due to their wide band gap.
N-TiO2-M and N-TiO2-NH3 have higher photocatalytic
activities under visible light (l4400 nm), indicating that
visible light can generate photon-induced electrons and
holes in N-doped TiO2. However, the N-TiO2-M prepared
by microwave method has a significantly higher photo-
catalytic activity for MO and phenol degradation under
visible light than N-TiO2-NH3. Fig. 7 shows the reusability
of N-TiO2-M (M1–M3) and N-TiO2-NH3 (N1–N3) for
phenol photocatalytic decomposition under visible light
irradiation. No obvious loss of activity was observed for
three runs. Thus, the N-TiO2 can be used as a recyclable
photocatalyst.

Asahi et al. thought that the oxygen sites were
substituted by nitrogen atoms and these nitrogen sites
were responsible for the visible light sensitivity, which is
due to the narrowing of the band gap by mixing the N 2p

and O 2p states [8]. But Hashimoto et al. suggested that the
isolated N 2p narrow band above the O 2p valence band
was responsible for the visible light response in the
nitrogen-doped TiO2 [21]. Di Valentin et al. provided
theoretical evidence that [36,41] in the case of substitu-
tional N-doped anatase TiO2, the visible light response
arises from occupied N 2p localized states slightly above
the valence band edge; whereas in the case of interstitial
N-doped anatase TiO2, the visible light response arises
from occupied p* character N–O localized states slightly
above the valence band edge. The highest localized state for
the interstitial species is 0.73 eV above the top of the
valence band, while this value is 0.14 eV for the substitu-
tional species [41]. We present an electronic band
schematics of photocatalytic reaction in visible light for
substitutional and interstitial N-doped anatase TiO2, as
shown in Fig. 8. Compared with pure TiO2 (UV region,
E43.2 eV), visible light (Eo3.0 eV) can excite electrons
from these occupied high energy states to the conduction
band (CB). Some researches [11,31] presented that the
interstitial N impurities might behave as stronger hole
trapping sites, reducing the direct oxidation ability of
sample in the photocatalytic process. However, we find
interstitial N impurities can enhance the photoactivity of
TiO2 in visible light; moreover, the visible light activity is
higher than that of substitutional N-doped TiO2. Accord-
ing to Fig. 8, interstitial nitrogen states lie higher in the
gap, thus excitation from the occupied high energy states to
the CB is more favored than that of substitutional N-doped
TiO2. Therefore, we think that the microwave synthesis
presented in this paper is a promising and practical method
for producing interstitial nitrogen-doped photocatalyst
with higher visible light activity.
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4. Conclusions

In conclusion, we prepared substitutional and interstitial
N-doped TiO2, which were used to decompose MO dye
and phenol under visible radiation. The surface states of
substitutional and interstitial N-doped TiO2 were investi-
gated based on XPS spectra of N 1s, O 1s and Ti 2p. The
results indicate that the hyponitrite is the characteristic
structure of interstitial N. Both substitutional and inter-
stitial N impurities can enhance the photoactivity of TiO2

in visible light. Moreover, the visible light activity of
interstitial N-doped TiO2 is higher than that of substitu-
tional N-doped TiO2. This study has also presented a
promising and practical method for the production of
interstitial nitrogen-doped photocatalyst.
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