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Visible-light induced photocatalytic activity of TiO2−xAy

(A = N, S) prepared by precipitation route
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Abstract

Nitrogen doped or nitrogen/sulfur co-doped titania photocatalyst TiO2−xAy (A = N, S) which can be excited by visible light were prepared by
mixing aqueous TiCl3 solutions with various nitrogen sources such as hydroxylamine (NH2OH), hexamethylenetetramine (HMT, C6H12N4),
urea ((NH2)2CO) and thiourea ((NH2)2CS) followed by hydrothermal treatment at 190 ◦C. The titania powders prepared using hydroxylamine
consisted of rutile crystals with non-homogeneous size distribution. The nitrogen doped titania powders prepared using hexamethylenete-
tramine consisted of mainly mono-size spherical brookite crystals, whereas those using urea and thiourea consisted of belt-like rutile particles.
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he TiO2−xAy (A = N, S) powders showed excellent visible-light absorption and photocatalytic ability for the oxidative destruction of nitrogen
onoxide under irradiation of visible light. The effect of reaction solvents on the phase composition, specific surface area and photocatalytic

ctivity was also characterized.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Titania is the most effective photocatalyst and widely
pplied in purification of air and water, deodorization,
ntibacterial and self-cleaning coating and other environmen-
al applications. However, titania can only be encouraged by
V light because of its large band gap value of ca. 3 eV.

n order to utilize the solar energy efficiently, it is neces-
ary to develop a visible-light reactive photocatalyst. In 2001,
sahi et al. [1,2] reported that nitrogen doped titanium oxide
ith high visible-light photocatalytic activities could be pre-
ared by sputtering TiO2 in an N2 (40%)/Ar gas mixture
ollowed by annealing in N2 gas at 550 ◦C or by treating
natase TiO2 powder in the NH3 (67%)/Ar atmosphere at
00 ◦C. They also theoretically calculated the band structure
f some anion doped titania by the first-principles calcula-
ions and pointed out that nitrogen doping leads to narrowing
f band gap by mixing the N2p and O2p state and conse-

∗ Corresponding author. Tel.: +81 22 217 5598; fax: +81 22 217 5598.
E-mail address: shuyin@tagen.tohoku.ac.jp (S. Yin).

quently induces the visible-light responsive photocatalytic
activity. It was also forecasted that other kind of anions such
as C, S and F would result in the similar effect to nitrogen.
Since then, many researchers paid their much attention on
anion doped photocatalysts [3–8]. However, most methods
are high temperature processes, using expensive precursors
or preparation instruments. In our previous research, it was
found that nitrogen, fluorine or sulfur doped photocatalyst
with high visible-light induced photocatalytic activity could
be prepared by a low-temperature mechanochemical doping
process [9–12]. However, anion doped titania in only rutile
structure can be prepared by this process. In order to realize
the phase-compositional and morphological control of anion
doped photocatalysts, a novel solution process is described in
this paper, using various precipitation sources. The effects of
reaction conditions such as pH and type of solvents on phase
composition, particle size, microstructure, specific surface
area and photocatalytic activity were investigated in detail. In
addition, the photocatalytic activity for the oxidative destruc-
tion of nitrogen monoxide under irradiation of visible light
was investigated.
010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2005.08.001
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2. Experimental

Nitrogen doped or nitrogen/sulfur co-doped titania pho-
tocatalyst TiO2−xAy (A = N, S) were prepared by mixing
aqueous TiCl3 solutions with various nitrogen sources such as
hydroxylamine (NH2OH), hexamethylenetetramine (HMT,
C6H12N4), urea ((NH2)2CO)) and thiourea ((NH2)2CS))
(Kanto Chem. Co. Inc., Japan) followed by hydrothermal
treatment at 190 ◦C. After adding 2 g of nitrogen sources and
21.5 cm3 of 20 wt.% TiCl3 solution into 25 cm3 of distilled
water or alcohols, the mixed solution was placed into a SUS
314 stainless steel autoclave attached with a Teflon tube of
internal volume of 200 cm3. After that the chamber of auto-
clave was flushed by nitrogen gas three times. The autoclave
was heated and kept at 90 ◦C for 1 h, then heated at 190 ◦C for
2 h. The final pH value of the urea solution was controlled to
2, 7 and 9 by using 2, 6 and 10 g of urea. The powder product
was separated by centrifugation, washed with distilled water
and acetone three times, respectively, then vacuum dried at
80 ◦C overnight.

The phase composition of the products was determined
by X-ray diffraction analysis (XRD, Shimadzu XD-D1)
using graphite-monochromized Cu K� radiation. The spe-
cific surface areas were determined by the amount of nitrogen
adsorption at 77 K (BET, Quantachrome NOVA 1000-TS).
Microstructures were observed by a transmission electron
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Fig. 1. Wavelength distribution of the light irradiated from a 450 W high-
pressure mercury lamp (a) without filter, (b) light (a) filtered by Pyrex glass
jacket (UV–vis>290), (c) light (b) filtered by a 400 nm cut-off filter (Vis>400)
and (d) light (c) filtered by a 510 nm cut-off filter (Vis>510).

Fig. 2. XRD patterns of the titania powders prepared at 190 ◦C for 2 h using
(a) NH2OH, (b) C6H12N4, (c) (NH2)2CO and (d) (NH2)2CS as precipitation
reagents. (�) Anatase; (�) rutile; (�) brookite.
icrograph (TEM, JEOL JEM-2010). The absorption edges
nd band gap energies of the products were determined from
he onsets of diffuse reflectance spectra of the samples mea-
ured using an UV–vis spectrophotometer (Shimadzu UV-
000). The spectra of the light sources were measured by
multichannel spectrophotometer (JASCO, MD-100). The

ight intensity on the surface of photocatalyst was measured
y a light meter (LI-COR, LI-189, USA) with a quantum type
ensor. The binding energy of N1s and S2p was measured
sing Ar etching technique by an X-ray electron spectrometer
Pekin-Elmer PHI5600). The doping amount of nitrogen and
ulfur were determined by the integrated intensity ratio of the
eaks around 396 eV (Ti N bonding) or 162 eV (Ti S bond-
ng) to the total integrated intensity of the O1s, Ti2p, N1s and
2p peaks. The photocatalytic activity for nitrogen monoxide
estruction was determined by measuring the concentration
f NO gas at the outlet of the reactor (373 cm3 of inter-
al volume) during the photo-irradiation of a constant flow
200 cm3/min) of a mixture containing 1 ppm NO—50 vol.%
ir (balance N2) [13]. The photocatalytic sample was placed
n a hollow of 20 mm length × 16 mm width × 0.5 mm depth
n a glass holder plate and set in the bottom center of the reac-
or. A 450 W high-pressure mercury arc was used as the light
ource. The wavelength was controlled by selecting filters,
.e., Pyrex glass for λ > 290 nm, Kenko L41 Super Pro (W)
lter >400 nm and Fuji triacetyl cellulose filter >510 nm. The
oncentration of NO was determined using a NOx analyzer
Yanaco, ECL-88A). For comparison, a photocatalytic reac-
ion was also carried out using commercial titania (Degussa
25).
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3. Results and discussion

3.1. Characterization of TiO2−xAy (A = N, S) prepared
by using various precipitation sources

The photocatalytic activities of the prepared samples
were investigated under the irradiating lights with vari-
ous wavelengths. Fig. 1 shows the spectra of the light
source filtered by different filters. It is seen that the light

of the wavelength less than 290, 400 and 510 nm could
be filtered out using a Pyrex glass jacket, 400 nm cut-
off filter and 510 nm cut-off filter, respectively. The light
intensity of λ > 290 nm (UV–vis>290), λ > 400 nm (Vis>400)
and λ > 510 nm (Vis>510) on the surface of photocata-
lyst were identified as 352, 337 and 243 �mol m−2 s−1,
respectively.

It is known that urea, hexamethylenetetramine and
thiourea decompose at high temperatures [14–17]. The

F
r

ig. 3. TEM photographs of the titania powders prepared at 190 ◦C for 2 h using (a
eagents.
) NH2OH, (b) C6H12N4, (c) (NH2)2CO and (d) (NH2)2CS as precipitation
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Fig. 4. Diffuse reflectance spectra of the titania powders prepared at 190 ◦C
for 2 h using (a) NH2OH, (b) C6H12N4, (c) (NH2)2CO and (d) (NH2)2CS
as precipitation reagents.

decomposition products react with TiCl3 to form TiO2−xAy

(A = N, S):

TiCl3
90 ◦C−→

NH2OH; C6H12N4; (NH2)2CO; (NH2)2CS
TiO2−xAy · nH2O

190 ◦C−→
in autoclave

TiO2−xAy (A = N, S) (1)

Fig. 2 shows the XRD patterns of the titania pow-
ders prepared at 190 ◦C for 2 h using hydroxylamine, hex-
amethylenetetramine, urea and thiourea as precipitation
reagents. The final pH value was about 2. It was found that the
phase composition is strongly related to the kind of precipi-
tate reagents. A mixture of anatase and rutile was formed by
using hydroxylamine. A brookite phase consisted of a little
amount of anatase and rutile could be formed by hexam-
ethylenetetramine, while single phase of rutile was produced
by urea and thiourea.

Fig. 3 shows TEM photographs of the TiO2−xAy

(A = N, S) powders prepared at 190 ◦C for 2 h. It was
obvious that short rod-like particles were formed in
TiCl3–hexamethylenetetramine solution (Fig. 3(b)), while
rod-like structures were obtained in TiCl3–urea/thiourea
solution. On the other hand, the powders prepared in hydrox-
ylamine solution consisted of a mixture of rod-like and spher-
ical powders (Fig. 3(a)). Compared with the XRD pattern of
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doping in the molecular structure. It was reported that sul-
fur could be doped in titania molecular by mixing titanium
isopropoxide with thiourea in ethanol followed by evapo-
ration and calcination in air [18]. In our previous paper, it
was also confirmed that N Ti bonding could be formed by
a hydrothermal process in hexamethylenetetramine aqueous
solution system [19]. The difference on the spectra around
370–420 nm was caused by the different phase composi-
tion of TiO2−xAy. In the case of mixing TiCl3 solution with
hydroxylamine, the precipitation reaction occurred rapidly
to produce violet Ti(OH)3 precipitate at first, then the pre-
cipitate was oxidized to white Ti(OH)4 immediately at room
temperature before crystallization in autoclave. Because the
violet Ti3+ precipitate is unstable in the air atmosphere, the
powders prepared in TiCl3–hydroxylamine solution showed
white color and only one absorption edge, indicating no nitro-
gen doping existed in the lattice of titania (Fig. 4(a)). On
the other hand, the powders prepared in hexamethylenete-
tramine, urea or thiourea showed beige, weak violet and gray
color, respectively. In the case of mixing TiCl3 solution with
these three kinds of precipitants, no precipitate was obtained
at low temperature range because these precipitants are stable
in aqueous solution below 70 ◦C. As a result, the precipi-
tation process proceeded at higher temperature in nitrogen
gas flashed autoclave, together with the followed hydrother-
mal crystallization process. The final powders consisted of
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ig. 1, it might be estimated that the rod-like powders con-
isted of rutile phase, and the spherical particles related to the
natase phase.

Fig. 4 shows the diffuse reflectance spectra of the pre-
ared TiO2−xAy (A = N, S) powders. It is obvious that all
he TiO2−xAy powders prepared in hexamethylenetetramine,
rea and thiourea showed visible-light absorption in the range
f 400–550 nm and possessed two absorption edges around
10 and 530 nm, indicating the formation of N/S Ti bond-
ng in the TiO2−xAy (Fig. 4(b–d))). The first absorption edge
round 410 nm was related to the original structure of titania.
he second absorption edge should be related to the newly

ormed N1s or S2p orbits caused by the nitrogen and/or sulfur
ifferent small amount of low-valence compound TiO2−x in
he titania, which led to the decrease of reflectance between
00 and 700 nm. It was found that the violet color caused
y the TiO2−x was stable in air atmosphere at room tem-
erature. Similarly, it was also reported that the low-valence
ompound TiO2−x showed a wide and strong absorption in
he wavelength range more than 500 nm [20].

Fig. 5 shows the photocatalytic activity and the quan-
um efficiency of the powders under irradiation of light with
arious wavelength ranges. In the present study, the photo-
atalytic characterization system was similar to that of the
apanese Industrial Standard, which was established at the
eginning of 2004 [21], although some detail conditions were
ifferent. In this JIS standard, it is recommended that the
hotocatalytic activity of photocatalyst should be character-
zed by measuring the decrease in the concentration of NO
t the outlet of a continuous reactor. A 1 ppm of NO gas
ith a flow rate of 3.0 dm3/min is introduced to a reactor

area of photocatalyst: 100 mm × 50 mm) then irradiated by
lamp with light wavelength of 300–400 nm. It is accepted

hat electron/hole pairs are formed by the photo-excitation
f titania. In the presence of oxygen, the electrons in the
onduction band are immediately trapped by the molecu-
ar oxygen to form •O2

−, which can then generate active
OOH radicals [22,23]. It is known that the nitrogen monox-
de reacts with these reactive oxygen radicals, molecular
xygen and very small amount of water in air to produce
ainly HNO2 or HNO3, and 20% of nitrogen monoxide was

ecomposed to nitrogen and oxygen directly [24]. It is obvi-
us that the powders prepared in hexamethylenetetramine,
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Fig. 5. The photocatalytic activity and the quantum efficiency of the samples
prepared at 190 ◦C for 2 h using (a) NH2OH, (b) C6H12N4, (c) (NH2)2CO
and (d) (NH2)2CS as precipitation reagents. The data were treated against
various wavelength ranges.

urea or thiourea possessed higher visible light (Vis>510 and
Vis>400) and UV–vis light (UV–vis>290) responsive activ-
ity than that prepared in hydroxylamine (Fig. 5(A)). The
NO concentration at the outlet of the reactor decreased
under photo-irradiation and returned to its initial level of
1 ppm within 10 min when the light was turned off, indi-
cating that light energy is necessary for the oxidation of
nitrogen monoxide. As shown in Fig. 1, the light Vis>400
consisted the wavelength of 400–500 nm and >510 nm, and
the light UV–vis>290 consisted all the light wavelength of
290–400, 400–500 and >510 nm. In order to characterize the
quantum efficiency (QE), the data of Fig. 5(A) were treated
against different wavelength range (Fig. 5(B and C)). Based
on the light intensity result of Fig. 1, it could be calculated
that the light intensity of 290 nm < λ < 400 nm (UV400–290),
400 nm < λ < 510 nm (Vis510–400) and λ > 510 nm (Vis>510)
were 15, 94 and 243 �mol m−2 s−1, respectively. Take the
consideration of the deNOx ability and average absorp-
tion ratio in their light range (Fig. 4), the QE can be
calculated against wavelength according to the following
equation:

QEλ = FNO · αλ

Pλ · S · Aλ

× 100% (2)

where QEλ(%) is the quantum efficiency under irra-
diation of light with various wavelength range, i.e.,
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Table 1
Physical properties and photocatalytic ability for the destruction of nitrogen monox

Precipitation reagenta Main phase composition SBET (m

NH2OH Rutile + anatase 84.6
HMT Brookite 41.8
Urea Rutile 25.8
Thiourea Ruile 31.5

a Followed by hydrothermal treatment at 190 ◦C for 2 h.
90 nm < λ < 400 nm (UV400–290), 400 nm < λ < 510 nm
Vis510–400) and λ > 510 nm (Vis>510), respectively; F
�mol s−1) the flow quantity of NO molecules in the
eaction gas; αλ (%) the deNOx ability of the photocata-
yst; Pλ (�mol m−2 s−1) the light intensity on the surface
f the sample; S (m2) the surface area of the samples
20 mm × 16 mm); Aλ (%) is the average light absorption
atio of samples in various wavelength range (see Fig. 4).
t is obvious that the sample (c) prepared in urea possessed
igher QE400–290 (0.955%) than others in UV400–290 range;
hile the sample (b) prepared in hexamethylenetetramine

howed the highest QE>510 (0.504%) in Vis>510 range.
n all the cases, the QE400–290 irradiated with UV light
290 nm < λ < 400 nm) was higher than that of QE510–400 or
E>510 with visible-light irradiation.
Table 1 summarizes the physical properties such as phase

omposition, specific surface area and photocatalytic activity
f the prepared powders. The microstructure and specific sur-
ace area of titania powders greatly changed depending on the
recipitation reagent and reaction conditions. Nitrogen doped

ide under irradiation of different wavelength light
2 g−1) NO destruction ability (%)

>510 nm >400 nm >290 nm

4.0 10.0 35.0
12.6 33.7 52.6
12.0 31.0 59.0
15.8 32.6 55.8
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Fig. 6. N1s, O1s and S2p XPS spectra of the titania prepared using (a) NH2OH, (b) C6H12N4, (c) (NH2)2CO and (d) (NH2)2CS as precipitation reagents. The
measurement was carried out after Ar+ ion sputtering for 3 min.

Fig. 7. TEM photographs of the titania prepared by heat treatment of TiCl3–urea solution at 190 ◦C and (a) pH 2, (b) pH 7, (c) pH 9 for 2 h.
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brookite/rutile titania and nitrogen/sulfur co-doped rutile tita-
nia nanocrystals with excellent visible-light induced photo-
catalytic activity were successfully synthesized. In the case of
using hydroxylamine as a precipitation reagent, amorphous
titania precipitate was formed immediately in the solution
before hydrothermal treatment, the products after hydrother-
mal treatment in solution consisted of the mixture of large
and small particles with non-homogeneous size distribution.
On the other hand, in the case of using other three kinds
of nitrogen sources, the precipitation reaction and crystal-
lization were realized simultaneously during hydrothermal
treatment, resulting the mono-sized distribution of products.
In addition, the powders prepared in TiCl3–hydroxylamine
solution showed lower nitrogen content and lower pho-
tocatalytic activity under both visible and UV light
irradiation.

Fig. 6 shows the N1s, O1s and S2p spectra of the prepared
TiO2−xAy powders. It was found that the N1s peak around
400 eV but without the peak around 396 eV could be observed
for all as-prepared TiO2−xAy samples before Ar ion sputter-
ing treatment because the adsorbed large amount of ammonia
and other nitrogen compound on the surface (400 eV) hid
the existence of Ti N binding (396 eV). The peak intensity
around 400 eV decreased and that around 396 eV increased
step-by-step with increasing Ar+ ion sputtering treatment
time until 3 min. However, the peak intensity around 396 eV
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3.2. Thermal stability of TiO2−xNy

As mentioned above, TiO2−xAy powders could be suc-
cessfully prepared by using various precipitation reagents.
The TiO2−xNy powders prepared in TiCl3–urea solution pos-
sessed higher nitrogen doped content and excellent photo-
catalytic activity. In addition, because no dangerous gas such
as HCHO was produced, it was easy to be operated than
other solution system. So the TiCl3–urea solution system
was focused on the following research. It was found that the
powders prepared at pH 2 in TiCl3–urea aqueous solutions
consisted of single phase rutile, while those at pH 7 and 9 were
an anatase and rutile mixture. It seemed that phase transfor-
mation from anatase to rutile was promoted by decreasing pH,
indicating the existence of NH3 delayed the anatase to rutile
phase transformation. The TEM photographs of the prepared
powders are shown in Fig. 7. The powders obtained at pH 7
showed fine fibrous structure and high specific surface area
of 108 m2 g−1, which is two to four times higher than those

Fig. 8. XRD patterns of the titania powders prepared by (a) heat treatment
of TiCl3–urea solution at 190 ◦C and pH 7, followed by calcination in air at
(b) 200 ◦C, (c) 400 ◦C, (d) 600 ◦C and (e) 800 ◦C. (�) Anatase; (�) rutile.
ame to a steady intensity level for more than 3 min sputter-
ng treatment. The binding energy around 396 eV that related
o the existence of N Ti could be confirmed in the TiO2−xAy

amples prepared by using various nitrogen reagents, indicat-
ng that Ti N binding was actually formed in the lattice of the
itania crystal during the hydrothermal treatment. It is known
hat the peak around 400 eV is related to the N N [1,2]. It
as obvious that the intensity of the Ti N peak of the sample
repared in hydroxylamine (Fig. 6(a)) was weaker than those
repared by using hexamethylenetetramine (Fig. 6(b)), urea
Fig. 6(c)) and thiourea (Fig. 6(d)) as precipitant. It is know
hat binding energy around 162 eV is related to the existence
f S Ti, and that around 168 eV is related to the S O bonding
12]. The S Ti binding could be observed in the powders pre-
ared using (NH2)2CS as precipitant, indicating that N and S
ere co-doped in the lattice of titania (Fig. 6(d)). On the other
and, no obvious difference on the O1s peak could be found
or the different titania powders. According to the integrated
ntensity of the peaks around 396 eV, it was found that about
.29, 0.54, 2.24 and 0.49% N–0.08% S were really incorpo-
ated into the TiO2 lattices (peak at 396 eV) of the samples
a–d), respectively. Compared with the DRS spectra (Fig. 4),
t was found that some disagreement between XPS and DRS
pectra of the samples (a–d) existed. It is worthy of notice
hat not only nitrogen doping, but also phase composition
nd the existence of Ti3+ affect the absorption of the pow-
ers in visible-light range, i.e., affect the shapes of the DRS
pectra. Taking every factor into consideration, it is easy to
nderstand the difference between them, although the detail
s not clarified completely.
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Fig. 9. TEM photographs of the titania powders prepared by heat treatment of TiCl3–urea solution at 190 ◦C and pH 7, followed by calcination in air at (a)
200 ◦C, (b) 400 ◦C, (c) 600 ◦C and (d) 800 ◦C.

prepared at pH 2 (25.8 m2 g−1) and pH 9 (61.4 m2 g−1). The
thermal stability of phase composition of the powders with
high specific surface area was characterized. Fig. 8 shows the
XRD pattern of the powders calcined in air at various tem-
peratures. At 400 ◦C, the crystallinity increased a lot, above
800 ◦C, anatase transformed to rutile and the specific surface
area greatly decreased as 3.4 m2 g−1.

Fig. 9 shows TEM photographs of the titania powders
calcined in air at different temperatures. It could be seen that
the fine fibrous particles grew to large rod-like particles after
high temperature calcination.

Fig. 10 shows the diffuse reflectance spectra of titania
powders calcined in air at different temperatures. It was found
that the titania powders prepared at pH 7 (Fig. 10(a)) showed
deeper violet color and lower reflectance between 400 and
700 nm than those prepared at pH 2 (Fig. 4(c)), indicating
more TiO2−x existed in the prepared titania. After calcina-
tion in air at 200 and 400 ◦C, the color of titania changed to
gray and bright yellow, indicating the decrease of TiO2−x in
the crystalline lattice. As a result, the reflectance between 500
and 700 nm related to the TiO2−x increased, and the samples
showed two absorption edges around 400 and 520–540 nm.
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Fig. 10. Diffuse reflectance spectra of titania powders prepared by (a) heat
treatment of TiCl3–urea solution at 190 ◦C and pH 7 followed by calcination
in air at (b) 200 ◦C, (c) 400 ◦C, (d) 500 ◦C, (e) 600 ◦C and (f) 800 ◦C.

The two-step absorption was stable until 600 ◦C. After calci-
nation at 800 ◦C, only one absorption edge could be observed.

3.3. Characterization of TiO2−xNy prepared from
urea–alcohol solvents

Instead of aqueous solution, several kinds of alcohol such
as methanol, ethanol, 1-propanol and 1-butanol were added
in the solution. It was accepted that crystal growth in the solu-
tion greatly effected by the dielectric constant of the solution
[23,25–27]. In this study, the effect of solvents on the phase
composition, specific surface area and photocatalytic activity
was investigated. Table 2 summarizes the reaction conditions
including kind of solvent, final pH value of treatment and their
affect on the physical properties of the products. Although
five kinds of solvents were applied at different pH values,
anatase phase formed in only methanol solution at pH 9.

It was found that single phase anatase could be obtained
in the TiCl3–urea methanol solution at pH 9, while a mixture

Fig. 11. The effect of calcination temperature on (a) photocatalytic activity
(�, λ > 290; �, λ > 400 and ©, λ > 500 nm), (b) the rutile phase fraction
(solid marks), BET specific surface area (white marks) of TiO2−xNy powders
prepared by heat treatment in TiCl3–urea aqueous solution (solid line) at pH
7 and TiCl3–urea methanol solution (dotted line) at pH 9. The solid marks (�,
�, �) showed the photocatalytic activities of standard commercial powder
Degussa P25.

Table 2
Effect of treatment solvents on the physical properties of nitrogen doped titania

Treatment solvent Final pH Phase compositiona SBET (m2 g−1) Photocatalytic activity (%)

>510 nm >400 nm >290 nm

As received P25 – A > R 47.3 8 37 49

A 25.2 12.0 31.0 59.0
108.1 10.5 30.5 62.1

61.4 10.6 35.8 52.9

M 25.3 25.3 41.1 82.1
101.9 11.1 38.9 82.2

67.5 21.1 44.4 86.7

E 36.1 14.1 35.6 73.7
64.0 15.0 35.0 74.0
52.8 13.3 42.9 76.5

1 17.4 8.7 26.1 71.7
87.1 11.0 33.0 71.4
33.1 12.0 33.7 73.9

1 15.6 3.5 18.1 40.6
43.8 4.3 21.5 52.6
33.8 14.7 31.6 60.0
queous solution 1 R
7 R + A
9 R + A

ethanol aqueous solution 1 R + B
7 A + R
9 A

thanol aqueous solution 1 R
7 A > R
9 A > R

-Propanol aqueous solution 1 R
7 R > A
9 R > A

-Butanol aqueous solution 1 R
7 R
9 R

a A, Anatase; B, brookite; R, rutile.
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of rutile and brookite was formed at pH 2. Other solvents
resulted the formation of anatase and rutile mixture. Low pH
values prefer to produce rutile phase. The powders consisted
of single phase anatase or mixture of rutile and brookite pre-
pared in methanol solution showed excellent photocatalytic
activity under both visible and UV light irradiation.

Fig. 11 shows the calcination temperature dependence
on BET specific surface area, phase composition and pho-
tocatalytic activity of the TiO2−xNy powders prepared by
TiCl3–urea aqueous or methanol solutions. With increas-
ing calcination temperature, the anatase fraction decreased
and rutile fraction increased. The BET specific surface area
decreased also. Usually, the photocatalytic activity strongly
related with the specific surface area [23,25]. However,
although the specific surface area decreased in about half
after calcination at 400 ◦C, the photocatalytic activity did not
decrease. This might be due to the removal of the absorbed
by-products in the samples and the increase in crystallinity
by calcination. The most excellent photocatalytic activity
under visible light (>510 nm) was obtained from TiCl3–urea
methanol solution, continuously destructing nearly 21–25%
of nitrogen monoxide (see Table 2 also). The photocatalytic
activity was several times higher than that of commercial
standard titania powder P25.
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. Conclusions

Base on the above experimental results, the following con-
lusions might be drawn:

1) Anion doped or co-doped titania photocatalyst TiO2−xAy

(A = N, S) with various morphology and phase compo-
sition can be successfully prepared by mixing aqueous
TiCl3 solutions with various nitrogen sources at 190 ◦C.
The TiO2−xAy (A = N, S) powders showed excellent
visible-light absorption and photocatalytic ability for the
oxidative destruction of nitrogen monoxide under irradi-
ation of visible light.

2) The titania powders prepared using urea as precipitate
possessed excellent visible absorption, high nitrogen
doped amount and good photocatalytic activity.

3) Nearly 25 and 86% of nitrogen monoxide could be con-
tinuously destructed under visible light (Vis>500) and
UV–vis light irradiation (UV–vis>290). The TiO2−xNy

powders possessed excellent thermal stability on visible-
light responsive photocatalytic activity.

cknowledgements

This research was partially supported by the Ministry
f Education, Culture, Sports, Science and Technology, a
11] J. Wang, S. Yin, Q. Zhang, F. Saito, T. Sato, J. Mater. Chem. 13
(2003) 2348–2352.

12] Q. Zhang, J. Wang, S. YIN, T. Sato, F. Saito, J. Am. Ceram. Soc.
87 (2004) 1161–1163.

13] S. Yin, H. Hasegawa, D. Maeda, M. Ishitsuka, T. Sato, J. Photochem.
Photobiol. A 163 (2004) 1–8.

14] N. Blazevic, D. Kolbah, B. Belin, V. Sunjic, F. Kajfez, Synthesis-
Stuttgart 3 (1979) 161–176.

15] J.M. Dreyfors, S.B. Jones, Y. Sayed, Am. Ind. Hyg. Assoc. J. 50
(1989) 579–585.

16] W.H.R. Shaw, D.G. Walker, J. Am. Chem. Soc. 78 (1956)
5769–5772.

17] L. Stradella, M. Argentero, Thermochim. Acta 219 (1993) 315–323.
18] T. Ohno, T. Mitsui, M. Matusmura, Chem. Lett. 32 (2003) 364–365.
19] Y. Aita, M. Komatsu, S. Yin, T. Sato, J. Solid State Chem. 177

(2004) 3235–3238.
20] H. Noda, K. Oikawa, T. Ogata, K. Matsuki, H. Kamada, Chem. Soc.

Jpn. 1986 (8) (1986) 1084–1090.
21] Japanese Industrial Standard (JIS R 1701-1:2004(J)), Test method

for air purification performance of photocatalytic materials. Part 1.
Removal of Nitric Oxide, Japanese Standards Association, Estab-
lished on 2004-01-20.

22] H. Gerischer, A. Heller, J. Phys. Chem. 95 (1991) 5261–5267.
23] S. Yin, T. Sato, Ind. Eng. Chem. Res. 39 (2000) 4526–4530.
24] M. Anpo, Recent Development on Visible Light Response Type Pho-

tocatalyst, NTS, Tokyo, 2002, p. 9, ISBN 4-86043-009-03.
25] S. Yin, Y. Inoue, S. Uchida, Y. Fujishiro, T. Sato, J. Mater. Res. 13

(1998) 844–847.
26] S. Yin, S. Uchida, Y. Fujishiro, M. Aki, T. Sato, J. Mater. Chem. 9

(1999) 1191–1195.
27] S. Yin, J. Wu, M. Aki, T. Sato, Inter. J. Inorg. Mater. 2 (2000)

325–331.


	Visible-light induced photocatalytic activity of TiO2-xAy (A=N, S) prepared by precipitation route
	Introduction
	Experimental
	Results and discussion
	Characterization of TiO2-xAy (A=N, S) prepared by using various precipitation sources
	Thermal stability of TiO2-xNy
	Characterization of TiO2-xNy prepared from urea-alcohol solvents

	Conclusions
	Acknowledgements
	References


