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Abstract

In order to utilize visible light in a photocatalytic reaction, yellow nitrogen-doped titania was prepared by sol—gel method
in mild condition, with the elemental nitrogen source from ammonium carbonate. The catalysts were characterized by XRD,
BET, and UV—vis diffuse reflectance spectrophotometry. The analytical results demonstrated that all catalysts were anatase,
and the crystallite size of nitrogen-doped titania increased with increasing N/Ti proportioning, and the doping of nitrogen
could enlarge the specific surface, extending the absorption shoulder into the visible-light region. Photocatalytic activity of
the nitrogen-doped titania catalysts was evaluated based on the photodegradation of methyl orange and 2-mercaptobenzothia-
zole in aqueous solution under visible light. The effect of preparation conditions such as N/Ti proportion and calcination tem-
perature on the visible-light activity was also discussed. The experiments demonstrated that the nitrogen-doped titania with
N/Ti proportioning of 20 mol% calcined at 400 °C exhibited the highest visible-light activity. It was concluded that the en-
hancement of methyl orange and 2-mercaptobenzothiazole photodegradation using the nitrogen-doped titania catalysts is
mainly involved in the enhancement of the separation of electron—hole pairs owing to the presence of Ti*", the improvement
of the organic substrate adsorption in catalysts suspension and optical response in visible-light region. To cite this article:
H.-L. Qin et al., C. R. Chimie 11 (2008).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Titania is well known as a cheap, stable, nontoxic,
and efficient photocatalyst without secondary pollution.
However, because of the relatively high intrinsic band
gap of anatase TiO, (3.2 eV), only 4% of the incoming
solar energy on the Earth’s surface can be utilized. On
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the other hand, the hole and electron excited by the
UV light can recombine easily, which will reduce the
efficiency of photons. How to reduce the band gap to
produce the visible-light photocatalysis and suppress
the recombination of hole-electron pairs has been one
of the most challenging topics [1]. Therefore, consider-
able efforts have been made to extend the photoactivity
of titania-based systems into the visible-light region,
using dopants. Regarding nitrogen-doped titania, Sato
[2] reported for the first time that a titania-based
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material from the mixtures of a commercial titanium
hydroxide and ammonium calcined at about 400 °C
showed higher photocatalytic activity in the visible-light
region. Recently, many researchers paid much attention
to nitrogen-doped titanias which have been produced
through different techniques, such as hydrolytic process
[4—7], mechanochemical technique [8—10], reactive
DC magnetron sputtering [11,12], high-temperature
treatment of titania under NH3 flow [3,13,14], sol—
gel method [15], solvothermal process [16] and calcina-
tion of a complex of Ti*" with a nitrogen-containing
ligand [17]. Generally, the elemental nitrogen was
mostly derived from ammonium [3,13,14,18] and urea
[19-21].

In this study, we incorporated nitrogen into titania by
sol—gel method in mild condition, using tetrabutyl
titanate as the titanium source and ammonium carbonate
as the nitrogen source. The titania catalysts were charac-
terized by XRD, BET, and UV—vis diffuse reflectance
spectrophotometry. The nitrogen-doped titania photoca-
talysts were found to be more active for methyl orange
(MO) and 2-mercaptobenzothiazole (MBT) degradation
under visible-light irradiation compared to undoped
ones. The effect of N/Ti proportioning and calcination
temperature on the visible-light activity was also
discussed.

2. Experimental methods
2.1. Synthesis

In a typical preparation procedure, 17 ml of tetra-n-
butyl titanium (Ti(O—Bu),) was dissolved in 40 ml of
absolute ethanol and then this Ti(O—Bu), solution
was added drop-wise under vigorous stirring into
55 ml of the mixture solution containing 40 ml of
absolute ethanol, 10 ml glacial acetic acid, and 5 ml
of double-distilled water. The resulting transparent
colloid was stirred for 0.5 h and aged for 2 days till
the formation of xerogel, then grounded into powders.
The powders were calcined at 400 °C for 3 h, then
grounded in agate mortar and screened by shaker to
obtain finally fine titania powders (signed as t400-0#).
Other undoped titania calcined at 450 °C and 500 °C
were signed as t450-0# and t500-0#, respectively.

A series of nitrogen-doped titania catalysts calcined
at 400 °C were generated with the following procedure:
different volumes of 1 mol/l ammonium carbonate (cor-
responding to different N/Ti proportioning of 4, 8, 12,
20, 24, 28, and 32 mol% signed as t400-1#, t400-2#,
t400-3#, t400-4#, t400-5#, t400-6#, and t400-7#,

respectively) were added into the resulting transparent
colloid under vigorous stirring and stirred for 1 h,
then aged for 2 days till the formation of xerogel. The
following procedure was carried out according to the
undoped titania. Other nitrogen-doped titania catalysts
calcined at 450 and 500 °C were signed as above.

2.2. Characterization

X-ray diffraction (XRD) patterns were recorded
using a Shimadzu XD-3A diffractometer with Cu Ko ra-
diation. An accelerating voltage of 30 kV and emission
current of 30 mA were applied. The absorption edges
of catalysts were determined from the onset of the dif-
fuse reflectance spectrum using a UV—vis spectropho-
tometer equipped with an integrated sphere (Hitachi,
UV-3010). The specific surface area of some samples
was measured by the Brunauer—Emmett—Teller
(BET) method, in which the N, adsorption at 77 K using
ASAP 2010 was applied. The pore size distribution of
the catalysts was determined by the Barrett—Joyner—
Halenda (BJH) method. The photooxidation products
of sulfate ion, nitrate ion, and ammonium ion were deter-
mined by ion chromatography with a conductivity detec-
tor (DIONEX, ICS-1000 for cationic ion, and ICS-90 for
anionic ion), in which a AS12A anionic column and
mobile phase containing 9 mM Na,CO5; were used for
determination of sulfate and nitrate ions, while a IonPac
CS12A cationic column and a mobile phase containing
11 mM H,SO, were used for the determination of the
ammonium ion.

2.3. Photoreactor system

The photocatalyst’s activity was evaluated using the
photocatalytic degradation of MO and MBT under
a200-W tungsten halide lamp (THL) as the visible-light
source. The THL was out of the reactor. The reactor was
surrounded by a borosilicate glass jacket with 2 mol/l
NaNO, aqueous solution [22] cycling inside. An
NaNO, aqueous solution was used to avoid the UV
light. For each experiment, 0.2 g photocatalyst was
added to 200 ml of 5 mg/l MO or MBT solution stirred
with a magnetic stirrer, and air was bubbled through the
reaction media during the experiments. Before irradia-
tion, suspensions were stirred for 3 h in the dark to en-
sure equilibrium of the solution with the photocatalyst.
The concentration of aqueous MO and MBT was deter-
mined with a Hitachi UV-3010 spectrometer by measur-
ing the absorbance at 464 and 316.5 nm, respectively.
For comparison, a photocatalytic reaction was also car-
ried out using commercial titania (Degussa P-25).
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The chemical structure of MO and MBT was listed as
follows:

S SH
MO MBT

3. Results and discussion
3.1. Crystal phase composition

Fig. 1 shows the XRD patterns of the samples. It can
be seen from Fig. 1 that all samples are in anatase phase.
Neither specific peaks of Ti—N nor of N—O were de-
tected. Average grain sizes calculated from the broaden-
ing of the (101) peak of anatase phase were 7.2, 13.4,
14.6 and 28.8 nm for t400-0#, t400-3#, t400-4# and
t400-7#, respectively. The doping of elemental nitrogen
resulted in the enlargement of the crystallite size, and
the crystallite size increased with increasing N/Ti
proportioning.

3.2. Surface area and pore size of photocatalysts

To investigate the effects of doping on the pore struc-
ture and adsorption property of samples, a set of nitro-
gen adsorption—desorption tests were carried out and
their isotherms are presented in Fig. 2. It could be
seen from Fig. 2 that the isotherms of undoped titania
and nitrogen-doped titania (t400-4# and t400-7#) all
showed a typical shape of Type IV (BDDT classifica-
tion) [23]. Undoped titania had a gentle hysteresis
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Fig. 1. XRD patterns of different titania catalysts calcined at 400 °C.
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Fig. 2. Nitrogen adsorption—desorption isotherms of nitrogen-doped
titania.

loop of Type H2 at relative pressure from 0.4 to 0.8,
while nitrogen-doped titania t400-4# showed precipi-
tous and narrow hysteresis loops at relative pressure
from 0.4 to 0.8. The BET surface areas of titania cata-
lysts calcined at 400 °C were 132.76, 98.60, 61.18 mz/g
for t400-44#, t400-7# and t400-04#, respectively. The data
of larger BET specific surface area and larger crystal
size indicated that nitrogen-doped titania had a more
porous structure than that of undoped ones. The above
results also indicated that all titania prepared by sol—
gel method had a mesoporous structure.

The pore size distribution determined by the BJH
method shown in Fig. 3 indicated that undoped titania
had mainly a ordered mesoporous structure and its
pore size was in the main range of 2.0—7.0 nm with
a maximum portion at about 4 nm. The pore size
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Fig. 3. Pore size distribution of catalyst calculated by the BJH
method.



98 H.-L. Qin et al. | C. R. Chimie 11 (2008) 95—100

distribution of t400-4# showed larger range of 2.0—
9.0 nm with a maximum portion at about 6 nm. The
results showed that the pore size of all samples was uni-
form in the range of 0—10 nm and that nitrogen-doped
titania had larger pore size than undoped ones. These
mesoporous structure was attributed to the pores formed
between catalyst particles [24,25]. The decomposition
of ammonium carbonate and release of ammonia and
carbon dioxide during the process of calcination resulted
in a more abundant formation of mesoporous structure
of nitrogen-doped titania than of the undoped one.

3.3. Diffuse reflectance spectrum of photocatalysts

The diffuse reflectance spectra of catalysts prepared
under different conditions are shown in Fig. 4. The same
absorption edges were observed for undoped titania and
the nitrogen-doped ones, but a noticeable shift of the ab-
sorption shoulder extending to the visible-light region
was observed for the nitrogen-doped titania catalyst.
Asahi et al. [3] and other investigators [8,10,16] re-
ported that the optical absorption edge shifted to visi-
ble-light region and proved that mixing of the N,p and
O,p states narrowed the band gap. However, our results
were different from theirs. The UV—vis spectra proved
that an isolated narrow N,p band was above the valence
band [13], so there was no shift in the optical absorption
edge between the nitrogen-doped and undoped titania.
In the visible-light region (A > 400 nm), the optical ab-
sorption intensity is different, depending on the calcina-
tion temperature. As shown in Fig. 4, the visible-light
absorbance decreased as the calcination temperature in-
creased. As reported in the literature [13], the nitrogen
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photocatalyst to respond to visible light. The nitrogen
is burnt out at elevated temperature, reducing the absor-
bance of visible light. In addition, the color of undoped
titania was white, whereas that of the nitrogen-doped ti-
tania was yellow. It implied that the optical absorption
intensity had something to do with the shade of color:
the darker the color, the higher the optical absorption
intensity.

3.4. Evaluation of photocatalytic activity

Fig. 5(a)—(c) shows photodegradation of MO in the
presence of titania calcined at 400, 450, and 500 °C un-
der irradiation of visible light, and Fig. 5(d) shows pho-
todegradation of MBT with titania calcined at 400 °C.
The MO and MBT degradation rate of blank test with-
out any photocatalysts was zero. It was obvious that the
visible-light activities of nitrogen-doped titania were
better than that of undoped one, and the titania catalysts
calcined at 400 °C showed better photocatalytic activ-
ity. The higher the calcination temperature was, the
worse the visible-light activity was. The t400-4# cata-
lyst demonstrated the highest visible-light activity.
From Fig. 5(a) and (d), it was clear that the visible-light
activity of nitrogen-doped titania was much higher than
that of commercial Degussa P-25.

To evaluate the conversion of organic sulfur and ni-
trogen in the MBT photocatalytic degradation under ir-
radiation of visible light, a test was carried out in the
suspension containing catalysts (t400-4#) and MBT
(50 mg/1) for 300 min. The experimental results are
shown in Fig. 6 that the concentrations of sulfate-S, am-
monium-N, and nitrate-N increased from 0 to 7.19,
1.37, and 0.72 mg/l, respectively. The conversion of
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Fig. 4. UV—vis absorption spectra of titania catalysts calcined at (a) 400 °C and (b) different temperatures.
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Fig. 5. Photocatalytic degradation of MO with TiO, calcined at (a) 400 °C, (b) 450 °C, (c) 500 °C, and (d) photocatalytic degradation of MBT

with TiO, calcined at 400 °C.
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Fig. 6. Formation of sulfate, ammonium and nitrate ions during

MBT photocatalytic degradation with catalysts (t400-4#).

organic sulfur and organic nitrogen was achieved by
37.6 and 17.2%, respectively.

It was found in this study that the crystal composi-
tion of the photocatalysts was anatase. Alternatively,
the modification of the surface state of the catalysts
might be another critical reason for promoting the effec-
tive separation of electron—hole pairs and photoactiv-
ity. In the nitrogen-doped titania catalysts, the oxygen
sites were partially replaced with nitrogen atoms, while
TiO, was simultaneously reduced [23]. These changes
caused an increase in oxygen vacancy and amount of
Ti**. The electrons and holes were generated in the
initial stage of visible-light illumination, and the defects
on the titania surface or in the bulk could suppress the
recombination of electron—hole pairs and hence extend
their lifetime [24]. As the concentration of dopant
increased, the more TiO, was reduced and the amount
of oxygen vacancies increased. When the concentration
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of dopant was excessively high, the space charge region
became very narrow and the penetration depth of light
into titania greatly exceeded the space charge layer;
therefore, the recombination of the photogenerated
electron—hole pairs became easier [25]. Here, excessive
oxygen vacancy and Ti>" acted as a recombination cen-
ter for holes and electrons [13], which explained why an
optimal content of Ti*" existed on the nitrogen-doped
titania. Therefore, the presence and optimal content of
Ti*" might be the critical factors leading to the im-
provement of the photoactivity.

On the other hand, larger specific surface area and
larger pore size induced by doping would enhance the
adsorption capacity of nitrogen-doped titania for or-
ganic substrates, which is of benefit to the photocata-
Iytic reaction. In addition, optical absorbance intensity
in visible-light region of catalysts was also an important
factor to influence the visible-light activity of catalysts.
Considering the correlation of the absorbance in visible-
light region to visible-light activity of nitrogen-doped
titania as shown in Figs. 4 and 5, it can be seen that
the stronger the optical absorbance intensity is, the
higher the photocatalytic activity is. Compared with un-
doped titania, nitrogen-doped titania has larger surface
area, larger pore size and stronger optical absorbance
intensity in visible-light region, which leads to a better
visible-light activity.

4. Conclusions

Yellow nitrogen-doped titania catalysts, with the el-
emental nitrogen source from ammonium carbonate,
were prepared using sol—gel method in mild conditions.
The crystallite size of anatase nitrogen-doped titania
was larger than the undoped one, and increased with in-
creasing N/Ti proportioning. The nitrogen incorporated
in the lattice of TiO, formed a narrow N,p band above
the valence band which exhibited higher visible-light
absorption and was responsible for the visible-light ac-
tivity. The amount of oxygen vacancy and Ti’>" on the
surface of catalysts, specific surface area and optical ad-
sorption intensity were all the factors that influence the
photoactivities. The nitrogen-doped titania with N/Ti
proportioning of 20 mol% calcined at 400 °C exhibited
the highest visible-light activity.
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