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Abstract

Postnitridation annealing has a remarkable effect on the surface property and photocatalytic performance of N-doped TiO2 for photocatalytic
oxidation of ethylene. The activity of N-doped TiO2 under visible light illumination (λ > 420 nm) can be enhanced fourfold by annealing the
sample at 400 ◦C. Characterization results show that the thermal annealing reduces surface oxygen vacancies, removes surface-adsorbed NH3,
and facilitates the adsorption of molecular oxygen on catalyst surface. Such a surface reconstruction contributes to the enhanced photocatalytic
activity of the N-doped TiO2. The postcalcination also improves the photocatalytic stability of the N-doped TiO2 by stabilizing nitrogen atoms in
the TiO2 lattice. A N-doped TiO2 sample without postcalcination suffers from a gradual deactivation, due mainly to the passivation of the catalyst
surface by oxidized nitrogen species (e.g., hyponitrite, nitrite ions, and nitrate ions) formed during the photocatalytic degradation of ethylene.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Semiconductor-mediated photocatalysis has been studied
widely because of its potential applications in solar energy con-
version [1,2] and environmental purification [3,4]. Much effort
has been devoted to the development of photocatalysts capa-
ble of using visible light, which accounts for about 43% of the
incoming solar energy [5–8]. One of the main approaches to
developing visible-light photocatalysts is to dope foreign atoms
into ultraviolet-active catalysts like TiO2, to extend their op-
tical absorption to visible light. Various TiO2-based materials
have been developed on the basis of this strategy. In earlier
researches, many metal ions, including transitional metal, rare
earth metal, and noble metal ions, have been used to modify the
optical and photocatalytic properties of TiO2. Some metal ions
(V5+, Cr3+, Fe3+, Mo5+, Ru3+, Rh3+) have been reported to
extend the photoactive region of TiO2 to visible light [5,9,10],
but there remains great concern about introducing recombina-

* Corresponding authors. Fax: +86 591 83738608.
E-mail addresses: xcwang@fzu.edu.cn (X. Wang), xzfu@fzu.edu.cn

(X. Fu).
0021-9517/$ – see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2008.01.025
tion centers of charge carriers in some cases. Recently, it was
reported that doping of such anion elements as nitrogen, carbon,
and sulfur into TiO2 leads to a shift in the onset of absorption of
TiO2 to visible light and thus increases its overall photocatalytic
efficiency [6,11,12]. Since these reports appeared, much atten-
tion has been given to investigating the nature of nitrogen atoms
doped in TiO2 and improving the activity of N-doped TiO2 un-
der visible light irradiation [13]. In various environmental and
synthetic applications of N-doped TiO2 catalysts, their photo-
stability or instability remains an important issue [14].

N-doped TiO2 catalysts are synthesized conventionally by
heating TiO2 with NH3 gas at high temperatures. An inherent
disadvantage to N-doped TiO2 thus prepared is the formation of
numerous defect states, including oxygen vacancies, due to the
use of rather reductive NH3 gas [15,16]. Photoexcited charge
carriers are susceptible to recombination at surface defect sites,
leading to low photocatalytic activity. The low photocatalytic
activity also can be due to coverage of the catalyst surface by
NH3 molecules.

In attempts to improve the photocatalytic performance of N-
doped TiO2 catalysts, various physicochemical methods have
been applied to modify N-doped TiO2 photocatalysts. For ex-
ample, Gao et al. [17] incorporated WO3 into TiO2−xNx by a
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wet impregnation method and found that the WO3/TiO2−xNx

exhibited higher photocatalytic activity than both TiO2 and N-
doped TiO2. Another study found that ZrO2-modified meso-
porous TiO2−xNx exhibited enhanced photocatalytic activity
for the decomposition of ethylene under visible light [18].
Morikawa et al. [19] used various metal ions, including Cu2+,
Pt6+, Ni2+, Zn2+ and La3+, to modify TiO2−xNx and found
that the photocatalytic activity of the TiO2−xNx was enhanced
by modification with Cu2+ and Pt6+. Li et al. [20] reported that
the photocatalytic activity of N-F-co-doped TiO2 was superior
to that of pure TiO2 under both ultraviolet and visible light ir-
radiations.

In this paper, we report an effective method to improve the
photocatalytic activity and stability of N-doped TiO2 catalysts
by a simple postnitridation annealing treatment, which has been
used widely to adjust the optical properties of III–V nitride
semiconductors, such as GaN [21,22]. We investigated the ef-
fects of postsintering on textural, optical, and surface proper-
ties, as well as photocatalytic activity of N-doped TiO2. We
also evaluated the photocatalytic stability of N-doped TiO2.
We chose visible-light-induced mineralization of ethylene to
CO2 as the model reaction to evaluate the photocatalytic per-
formance of N-doped TiO2.

2. Experimental

2.1. Catalyst preparation

An amorphous TiO2 xeogel was prepared by a sol–gel
method as described previously [23]. The as-prepared TiO2
xeogel was then heated under flowing NH3 gas (flow rate:
400 mL min−1) at 400 ◦C for 3 h, followed by naturally cool-
ing to room temperature under NH3. This yielded a pale-yellow
solid, which was then annealed at 200–600 ◦C for 2 h in static
air to produce final N-doped TiO2 samples. The N-doped TiO2
catalysts annealed at temperatures of 200, 300, 400, 500, and
600 ◦C were designated NT200, NT300, NT400, NT500, and
NT600, respectively. The sample prepared without postcalcina-
tion was designated NT and used as a reference.

2.2. Characterization

X-ray diffraction (XRD) measurements were performed on
a Bruker D8 Advance X-ray diffractometer with CuKα1 ra-
diation (λ = 1.5406 Å). A Varian Cary 500 Scan UV–visible
system equipped with a Labsphere diffuse reflectance acces-
sory was used to obtain the light absorption spectra of cata-
lysts. Nitrogen adsorption–desorption isotherms were collected
at 77 K using a Micromeritics ASAP 2010 instrument. Pho-
toluminescence (PL) spectra were obtained at 77 K on an
Edinburgh Analytical Instruments FL/FSTCSPC920. The elec-
tron spin resonance (ESR) spectra were obtained in air ambi-
ence at 100 K without illumination using a Bruker EMX-10/12
ESR spectrometer operated at the X-band 9.5 GHz. X-ray pho-
toelectron spectra (XPS) were recorded on a VG ESCALB
MK-II XPS System with a monochromatized MgKα X-ray
source (35 W). All binding energies were referenced to the C1s
peak at 284.6 eV of surface adventitious carbon. Temperature-
programmed desorption (TPD) experiments were conducted
using an AutoChem II 2920 TPD instrument. Samples were
evacuated at 100 ◦C for 3 h, followed by cooling to 40 ◦C under
flowing He gas (30 mL min−1) for 30 min. Subsequently, the
temperature of catalyst bed was increased gradually to 600 ◦C
at a rate of 5 ◦C min−1 using He as a carrier gas (flow rate:
10 mL min−1). The main desorbed species were detected by
quadruple mass analysis (QMA), scanning the m/e values of
12, 14, 16, 17, 18, 28, 30, 44, and 46. Here m/e = 17 in-
stead of m/e = 16 was chosen for determining ammonia, be-
cause of the possible appearance of oxygenated molecules,
which can participate in m/e = 16 fragmentation. Note that the
signal at m/e = 17 also includes water fragmentation partic-
ipation; however, it is possible to calculate the relative abun-
dance of m/e = 17 due solely to ammonia, because the relative
water fragmentation ratio of abundance m/e = 17/abundance
m/e = 18 is given by the constructor as 23.00%. Fourier trans-
formed infrared (FTIR) spectra were recorded using a Nicolet
Magna 670 FTIR spectrometer. The samples were mixed with
KBr at a concentration of ca. 10%.

2.3. Photocatalytic activity measurements

Photocatalytic reactions were carried out in a fixed-bed reac-
tor (35 × 28 × 1 mm) operated in a single-pass mode. A 500 W
Xe-arc lamp with a 420-nm cutoff filter was used as the visi-
ble light source. The weight of catalyst (50–70 mesh) was kept
at 1.1 g. Ethylene diluted in water-saturated zero air (79% ni-
trogen, 21% oxygen; total hydrocarbons <1 ppm) was used to
afford a reactant stream. The flow rate of reactant stream was
maintained at 20 mL min−1. The initial concentrations of eth-
ylene and carbon dioxide in the stream were 705 and 0 ppm,
respectively. The analysis of CO2 was performed with an online
gas chromatograph (HP6890) equipped with a thermal conduc-
tivity detector and a Porapak R column. The temperature of the
reactor under illumination was 30 ◦C, as measured by using a
J -type thermocouple. Ethylene was found to be stable in the
catalyst-loaded reactor without visible light illumination. No
degradation of ethylene was observed when it was illuminated
in the absence of catalyst.

3. Results

3.1. Effects of postsintering on textural and optical properties

Fig. 1 shows the XRD patterns of N-doped TiO2 samples an-
nealed at different temperatures. No remarkable change in the
patterns can be seen for the samples sintered below 400 ◦C. The
crystalline phase of these samples was anatase. A rutile phase
appeared when the N-doped TiO2 was annealed at temperatures
above 400 ◦C. The phase transformation from anatase to rutile
was completed at 600 ◦C. The crystal sizes of TiO2 in N-doped
TiO2 annealed at different temperatures are given in Table 1.
When N-doped TiO2 was annealed at 400 ◦C, the crystal size of
anatase increased slightly, from 6.8 to 9.0 nm. As the temper-
ature increased to 500 ◦C, the crystal size of anatase increased
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Fig. 1. XRD patterns of N-doped TiO2 catalysts annealed at different tempera-
tures.

noticeably, to 15.5 nm, due to the agglomeration of particles
during the high-temperature sintering. In addition, the crys-
tal size of rutile increased dramatically when the sample was
heated at temperatures above 400 ◦C. These results demonstrate
that postsintering below 400 ◦C had only a slight influence on
the phase structure and crystal size of the sample, but higher
annealing temperatures (>400 ◦C) induced crystal growth and
phase transformation from anatase to rutile, considered the less
active phase of TiO2 for photocatalytic degradation of organic
compounds [24,25].

Fig. 2 shows the pore size distributions of N-doped TiO2
sintered at different temperatures. The inset shows the typical
nitrogen isotherm of NT. The isotherm exhibits stepwise ad-
sorption and desorption, indicative of three-dimensional inter-
section of a solid porous structure [26]. The results of nitrogen
sorption, summarized in Table 1, show that postsintering treat-
ment reduced the specific surface area of N-doped TiO2. The
sample without postcalcination was a mesoporous material with
a high specific surface area of 172 m2 g−1, which decreased to
115 m2 g−1 after annealing at 400 ◦C. The sample sintered at
600 ◦C exhibited a decrease in surface area to 13 m2 g−1, along
with a decrease in total pore volume to 0.05 cm3 g−1, due to
Fig. 2. BJH pore-size distribution curves of N-doped TiO2 catalysts annealed
at different temperatures and the corresponding isotherm of NT as the inset.
The pore-size distribution was determined from the desorption branch of the
isotherms.

excessive growth of TiO2 crystals, as well as partial collapse of
the mesoporous framework.

Fig. 3 shows the light absorption properties of N-doped TiO2

samples annealed at different temperatures. All of the N-doped
TiO2 samples demonstrated significant absorption in the visible
light region between 400 and 550 nm, which is a typical absorp-
tion region for nitrogen-doped TiO2 materials. When postsin-
tering temperature was below 400 ◦C, no significant alteration
in the visible-light absorption of N-doped TiO2 samples oc-
curred. But for samples annealed at temperatures above 400 ◦C,
absorption in the visible light region decreased with increas-
ing temperatures. This decreased absorption indicates a loss of
nitrogen atoms in TiO2, because nitrogen atoms are easily re-
placed by oxygen atoms during thermal annealing at high tem-
peratures, as confirmed by the XPS results (Table 1). Note that
the absorption edge of the N-doped TiO2 samples demonstrated
a gradual red-shift with increasing temperature from 400 ◦C to
600 ◦C. This is attributed to the increased amount of rutile in
N-doped TiO2 sintered at temperatures above 400 ◦C (see Ta-
Table 1
Textural properties and surface chemical composition of N-doped TiO2 annealed at different temperatures

Sample Crystal phase Crystal sizea

(nm)
SBET

b

(m2 g−1)
V c

(cm3 g−1)
DBJH

d

(nm)
Surface N/Tie

(at%)

NT Anatase 6.8 172 0.22 5.1 1.65
NT200 Anatase 7.0 165 0.22 5.3 1.01
NT300 Anatase 7.3 166 0.25 6.0 0.88

NT400
Anatase (87%)
Rutile (13%)

Anatase (9.0)
Rutile (7.5)

115 0.20 7.0 0.83

NT500
Anatase (39%)
Rutile (61%)

Anatase (15.5)
Rutile (28.7)

64 0.16 9.8 0.82

NT600 Rutile 36.2 13 0.05 13.6 0.47

a Calculated by applying the Scherrer formula on the anatase (101) or rutile (110) diffraction peak.
b BET surface area calculated from the linear part of the BET plot (P/P0 = 0.1–0.2).
c Total pore volume, taken from the volume of N2 adsorbed at P/P0 = 0.991.
d Average pore diameter, estimated using the desorption branch of the isotherm and the Barrett–Joyner–Halenda (BJH) formula.
e Calculated from the results of XPS spectra for the N1s region.
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Fig. 3. UV–visible absorption spectra of the N-doped TiO2 catalysts annealed
at different temperatures.

Fig. 4. The amount of CO2 produced from the photocatalytic degradation of
ethylene on N-doped TiO2 annealed at different temperatures.

ble 1), because rutile has a lower band-gap energy than anatase
(3.0 eV vs. 3.2 eV).

3.2. Effects of postsintering on photocatalytic activity and
stability

Photocatalytic activity of N-doped TiO2 samples for decom-
posing ethylene under visible light (λ > 420 nm) was found
to be dependent on postcalcination temperature. Fig. 4 shows
visible-light-induced photocatalytic activity of N-doped TiO2

sintered at different temperatures. The activity increased rapidly
with increasing postcalcination temperature up to 400 ◦C. After
reaction for 6 h, NT400 showed the highest CO2 evolution of
373 ppm, about 4 times higher than that of NT (96 ppm). The
activity for NT500 and NT600 dropped abruptly, however. Note
that thermal annealing of N-doped TiO2 at temperatures above
400 ◦C caused the phase transformation from anatase to rutile
and loss of surface area of the sample; as a result, NT500 and
NT600 had lower photocatalytic activity than NT400. In the
Fig. 5. Cycling runs for the photooxidation of ethylene on NT400 (a) and
NT (b).

range of 200–400 ◦C, although postannealing induced a small
increase in crystal size and a slight decrease in surface area, the
sample still exhibited enhanced activity with increasing temper-
ature. This indicates that other factors (e.g., changes in surface
properties) might favorably influence the photocatalytic perfor-
mance of N-doped TiO2 with postannealing treatment.

We also evaluated the photocatalytic stability of NT and
NT400; the results are shown in Fig. 5. The amount of CO2

increased with irradiation time in the first run for NT400 (see
Fig. 5a). Although deactivation occurred in the initial stage of
the second run, the concentration of CO2 in the stream remained
at a relatively steady state of ca. 300 ppm during the last three
runs. The evolution rate of CO2 over 18 h of visible-light ir-
radiation in the last three runs reached 14.5 µmol h−1. For NT
(see Fig. 5b), the amount of CO2 increased gradually in the first
two runs. In the third run, it reached a maximum of 130 ppm
and then began to decrease. In the last two runs, it decreased
even further. The average evolution rate of CO2 in the last three
runs was calculated to be 5.7 µmol h−1 for NT. Clearly, both
the activity and stability of N-doped TiO2 photocatalyst were
enhanced by the postannealing treatment.
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Fig. 6. PL spectra of NT, NT400, Pt-NT and glycerin-NT. The samples were
excited at 325 nm under vacuum at 77 K.

3.3. Effects of postsintering on surface properties

The PL process is closely related to surface states and stoi-
chiometric chemistry, which generally would be altered by an
annealing process [27]. Fig. 6 shows the PL spectra of NT and
NT400. A broad visible PL band centered at 540 nm can be seen
for both NT and NT400. There may be multifold PL processes
contributing to the broad nature of the visible PL band. Ac-
cording to the literature [28,29], the visible PL band is related
to shallow traps associated with oxygen vacancies. It is known
that in anatase TiO2, the oxygen vacancy states are below the
lower end of the conduction band at 0–1 eV [29]. Oxygen va-
cancies can form both in the bulk and on the surface of TiO2.

To study the nature of the PL process in depth, we used
Pt and glycerin as scavengers for electrons and holes photo-
generated on N-doped TiO2, respectively. The results, shown
in Fig. 6, demonstrate that the visible PL band was obviously
quenched in the presence of Pt or glycerin. Because PL is sen-
sitive to the sample environment, this result suggests that the
visible PL was a surface phenomenon. Moreover, postsintering
at 400 ◦C for NT led to significant quenching of PL. The lower
intensity of the visible PL band suggests that the postsintering
resulted in a decrease in the recombination of electron–hole
pairs. Because the broad visible band is associated with elec-
trons trapped at surface defect sites, the quenching of PL of
NT400 indicates a decrease in the number of surface defects.
This is consistent with previous results indicating that postsin-
tered treatment can remove surface defects [21,22]. Zhang et
al. [30] also reported that the visible PL of TiO2 film is strongly
diminished after sintering, suggesting the removal of defects
associated with oxygen vacancies. Consequently, reduction of
oxygen vacancies is considered an important contributing fac-
tor to the enhanced photocatalytic activity of N-doped TiO2
catalysts. This is consistent with recent results of Miyauchi et
al. [31].

Fig. 7 gives the ESR spectra measured at 100 K without illu-
mination for NT and NT400. The signals at g = 2.005, 2.019,
and 2.063 can be assigned to O−

2 adsorbed on the catalyst
surface, as confirmed previously by Carter et al. [32,33]. The
Fig. 7. ESR spectra of NT and NT400 measured at 100 K without irradiation.

greater intensity of the O−
2 signals of NT400 compared with

those of NT suggests a greater amount of surface-adsorbed oxy-
gen on NT400 than on NT. The signals at g = 1.930 and 1.981
for N-doped TiO2 can be attributed to Ti3+ on the surfaces [32,
34,35]. Closer inspection of the ESR spectra reveals lower in-
tensity of the Ti3+ signals of NT400 compared with those of
NT, probably due to the presence of more molecular oxygen on
NT400 than on NT. Oxygen molecules adsorbed on the surface
of catalysts are known to be effective trapping sites for photo-
generated electrons [3,25] and act as a reactant for the oxidative
decomposition of organic compounds. Therefore, the presence
of a high amount of molecular oxygen on the catalyst surface
facilitates photocatalysis.

We analyzed the surface composition and electronic state of
N-doped TiO2 by XPS. Figs. 8a and 8b show the XPS spectra
of N1s of N-doped TiO2 samples before and after the photo-
catalytic reaction. All of the N-doped TiO2 samples exhibited
a broad peak that can be fitted by three peaks at 396.0, 399.6,
and 401.6 eV. The strongest peak at 399.6 eV can be assigned
to nitrogen atoms in the environment of O–Ti–N linkages [18,
36,37], as also supported by the low Ti2p3/2 binding energy of
N-doped TiO2 compared with pure TiO2. The peaks at 396.0
and 401.6 eV can be attributed to Ti–N bonds [6] and nitrogen
species bound to various surface oxygen sites (NO-like species)
[18,38,39], respectively. The XPS spectra of NT (Fig. 8a) shows
that the peak intensities at 399.6 and 396.0 eV decreased af-
ter the reaction, due mainly to removal of the nitrogen atoms
from TiO2 matrix. Note that the peak intensity at 401.6 eV
increased after the reaction; this implies partial conversion of
nitrogen atoms in TiO2 to oxidized nitrogen species during the
course of the reaction. Fig. 8b shows the XPS spectra of NT400
before and after the reaction. Like NT, the peak at 396.0 eV
also decreased in intensity after the reaction; however, there
was no significant change in the peak intensities at 401.6 and
399.6 eV, indicating that the lattice-nitrogen atoms in NT400
remained relatively stable under visible light irradiation. This
finding is supported by the XPS analysis. As shown in Fig. 8c,
the binding energy of Ti2p3/2 for the used NT sample increased
by 0.2 eV compared with the fresh sample. The shift may be
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Fig. 8. XPS spectra of N1s (a, b), and Ti2p3/2 (c) for NT and NT400 before and after reaction.
due to the replacement of nitrogen in O–Ti–N by oxygen with
higher electronegativity, which changes the electronic density
around the Ti atom. But no dramatic shift in binding energy of
Ti2p3/2 occurred for the used NT400, demonstrating the advan-
tage of postsintering in stabilizing nitrogen in TiO2.

Fig. 9 shows the TPD-MS spectra of NT and NT400 heated
under pure He flow. Obviously, NH3 (m/e = 17), NO (m/e =
30), and N2 (m/e = 28) desorbed from the N-doped TiO2 sam-
ples during TPD. The m/e = 30 and 28 are mostly associ-
ated with NO and N2 desorption. CO was excluded, because
no m/e = 12 was detected under the instrument’s resolution.
We also assume that no NO2 was desorbed from both NT and
NT400, because no m/e = 46 was found in the total mass spec-
trum. Fig. 9a shows the thermal desorption spectra of NH3.
The evolution of NH3 was evaluated based on the profile of
m/e = 17 (ammonia + water), from which the participation of
m/e = 18 (only water) was subtracted, as explained in Sec-
tion 2. As shown in Fig. 9a, clearly much less NH3 was des-
orbed from NT400 than from NT. This demonstrates that the
as-prepared N-doped TiO2 (NT) adsorbed a large amount of
NH3 and that postsintering treatment removed the NH3. This
finding is in agreement with FTIR analyses. Fig. 9b shows the
thermal desorption spectra of NO for NT and NT400. The broad
desorption band peaking at 370 ◦C can be seen only for NT.
Fig. 9c shows the thermal desorption spectra N2 for NT and
NT400. Two N2 desorption peaks at 170 and 525 ◦C can be seen
for NT; for NT400, however, these peaks shift toward higher
temperatures, 270 and 550 ◦C. These results confirm that nitro-
gen atoms doped in NT400 are more stable than those in NT.

Fig. 10a displays FTIR spectra of NT before and after the
reaction. All of the samples displayed strong bands at 3400
and 1620 cm−1, corresponding to surface hydroxyl groups and
adsorbed water molecules [40,41]. For the fresh NT, two addi-
tional bands at 1400 and 1385 cm−1 can be seen; the former is
attributed to adsorbed-NH3 molecules [42], whereas the later is
due to the formation of hyponitrite [17,43]. After the reaction,
the NH3 band decreased and the hyponitrite band increased.
In addition, two new weak bands at 1554 and 1350 cm−1 ap-
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Fig. 9. TPD-MS spectra of NH3 (a), NO (b) and N2 (c) for NT and NT400.

peared. The new bands can be ascribed to NO-like species
such as nitrite ions or nitrate ions [43,44]. These results indi-
cate that adsorbed-NH3 molecules were partially desorbed or
converted into NO-like species during the course of the reac-
tion. In Fig. 10b, for the fresh NT400, the band at 1400 cm−1,
corresponding to NH3, was dramatically decreased in intensity
compared with the fresh NT. This suggests that NH3 molecules
adsorbed on the surface hydroxyl groups of the sample were
mostly removed by the postsintering treatment at 400 ◦C. Note
that absorption band for NO-like species also was observed for
the used NT400, but this band was of much weaker intensity
than that of the used NT.

4. Discussion

Surface hydroxyl groups are known to play an important role
in photocatalysis; they react with photogenerated holes, produc-
ing active hydroxyl radicals [45]. In addition, surface hydroxyl
groups can act as surface sites for adsorbing organic molecules,
which also efficiently capture photogenerated holes [3]. The
trapping of holes stabilizes photogenerated electron–hole pairs,
improving photocatalytic efficiency. In the NT, NH3 readily ad-
Fig. 10. FTIR spectra of NT (a) and NT400 (b) before and after reaction.

sorbed on the catalyst surface during the nitridation process,
due to the numerous acidic hydroxyl groups on the NT sur-
face (see the results of the FTIR analysis). The presence of
these surface-adsorbed NH3 decreased the number of surface
sites accessible for reactants, resulting in low photocatalytic
activity. This is believed to be one of the main mechanisms
accounting for the low activity of NT. In contrast, in NT400,
most of the NH3 was removed during thermal annealing, as
confirmed by TPD-MS and FTIR spectra (Figs. 9a and 10).
Consequently, NT400 had a high density of surface hydroxyl
groups for adsorbing organic substrates as well as capturing
photogenerated holes, thereby stabilizing the charge carriers of
the sample. Thus, the activity of N-doped TiO2 was enhanced
by the postsintering treatment.

We conducted an additional experiment to confirm the detri-
mental effect of NH3. In this experiment, NT was washed with
pure water several times to remove adsorbed NH3, as confirmed
by IR spectra (not shown). The resultant sample was desig-
nated NT-cleaning. Fig. 11 displays the photocatalytic activity
of NT, NT-cleaning, and NT400. The production of CO2 from
NT was markedly improved after the cleaning treatment; how-
ever, NT-cleaning still had much lower photocatalytic activity
than NT400. This implies that the enhanced photocatalytic ac-
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Fig. 11. The amount of CO2 produced from the photocatalytic degradation of
ethylene on NT, NT-cleaning and NT400.

tivity is also related to other factors, such as the reduction of
surface defect sites.

Deactivation of a photocatalyst has been ascribed to the ac-
cumulation of less reactive species on the catalyst surface [46].
Our XPS and FTIR results demonstrate that the activity of
N-doped TiO2 decreased with an increase in the amount of
oxidized nitrogen species such as hyponitrite, nitrite ions, or
nitrate ion. The oxidized nitrogen species formed in the ethyl-
ene photooxidation can cover surface active sites of the catalyst,
as indeed was confirmed by the FTIR analysis. Moreover, the
oxidation of nitrogen species consumes photogenerated holes,
inhibiting the production of reactive hydroxyl radicals, lead-
ing to a gradual deactivation of N-doped TiO2. As shown in
Fig. 5a, the gradual increase in the activity for NT400 in the
first run can be attributed to the gradual removal of adsorbed-
NH3 during the course of the reaction. Simultaneously, some
adsorbed-NH3 was converted to oxidized nitrogen species, cov-
ering surface active sites of the sample. This caused a slight
deactivation in the initial stage of the second run. Because only
a small amount of NH3 was adsorbed on the catalyst surface, the
process was quick, with only a small amount of oxidized nitro-
gen species formed (see the FTIR spectra in Fig. 10b); thus, the
activity remained steady during the last three runs. But for NT, a
large amount of NH3 was adsorbed on its surface (see the FTIR
analysis in Fig. 10a), poisoning most of surface sites; thus, the
activity of NT was much lower than that of NT400. As the
reaction progressed, NH3 was gradually removed from the sur-
face, leading to enhanced activity for the first and second runs;
however, the NH3 molecules also were converted to the oxi-
dized nitrogen species, which act as poisoning species for the
reaction. The removal of NH3 and the production of oxidized
nitrogen species compete for the catalyst surface as the reaction
progressed; consequently, the activity increased slightly in the
third run and reached a steady state thereafter. With the gradual
oxidation of NH3, the amount of oxidized nitrogen species on
the surface of catalyst increased, resulting in deactivation in the
fourth and fifth runs.
The loss of nitrogen in the N-doped TiO2 was another factor
contributing to its deactivation during the photocatalytic degra-
dation of organic compounds. XPS analyses (Fig. 8) showed
that the amount of lattice-nitrogen in the N-doped TiO2 de-
creased after the reaction. The loss of nitrogen was due mainly
to the oxidation of lattice-nitrogen by photogenerated holes.
Note that lattice-nitrogen atoms are responsible for the catalytic
activity of TiO2 in visible light [17,18,47]. Because postsinter-
ing treatment at 400 ◦C was favorable for stabilizing nitrogen
atoms in the lattice of TiO2, NT400 was more stable than NT
for the photocatalytic oxidation of ethylene.

5. Conclusion

Our findings indicate that postirridation annealing is a sim-
ple method for improving both the activity and stability of
N-doped TiO2 catalyst for the photocatalytic oxidation of eth-
ylene under visible light. The optimum annealing temperature
was found to be 400 ◦C. The annealing effectively minimized
surface defects, facilitated the adsorption of oxygen mole-
cules, and removed adsorbed NH3 on the catalyst surface. This
sintering-induced surface reconstruction explains the enhanced
photocatalytic performance of N-doped TiO2. The deactivation
of N-doped TiO2 sample was prevented by annealing the sam-
ple at 400 ◦C, due to the stabilization of nitrogen in the TiO2
lattice. The enhanced photocatalytic activity and prevention of
catalyst deactivation will lead to more cost-effective operation
and improved organic matter mineralization efficiency for prac-
tical applications.
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