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Abstract Thermal reaction of titanium tetraisoprop-

oxide and tetraethyl orthosilicate in 1,4-butanediol

afforded nanocrystalline silica-modified titanias having

large surface area and superior thermal stability. In this

study, the thus-obtained silica-modified titanias were

treated in an NH3 flow at high temperatures, and their

physical and photocatalytic properties were investi-

gated. Compared with NH3-treated TiO2 without silica

modification, the NH3-treated silica-modified titanias

showed a stronger absorption in the visible region

(400–500 nm) and had a larger peak at 396 eV in the N

1s XPS spectrum. These results indicate that a larger

amount of nitrogen was stably doped in the silica-

modified titania. The obtained products exhibited a

high photocatalytic activity for degradation of Rhoda-

mine B and decomposition of acetaldehyde under

visible light irradiation.

Introduction

The photocatalytic and photoelectrochemical applica-

tions of semiconductor materials have attracted great

attention. Among various photocatalyst materials,

titanium dioxide (TiO2) has been most widely used

and investigated [1, 2], because it has advantages in

inexpensiveness, chemical stability, and nontoxicity in

addition to its favorable optoelectronic property.

However, the band gap of anatase TiO2 is 3.2 eV;

therefore, the photocatalytic reaction proceeds only by

irradiation of ultraviolet (UV) light (wavelength

(k) < 388 nm), which means only about 3% of the

incoming solar energy on the earth’s surface can be

utilized.

In recent years, a number of attempts have been made

to expand the photosensitivity of TiO2-based photocat-

alysts into the visible light region. One approach is

introduction of allowed energy states in the band gap of

TiO2 by doping of transition metal cations such as Cr, V

or Fe [3–6]. However, the introduction of these cations

causes an increase in the population of recombination

centers, which usually results in a low photoefficiency.

Another approach is use of anionic species, such as C, N,

F and S [7–13]. Nitrogen-doped TiO2 materials were

reported by Sato for the first time in 1986 [7]. He found

that the calcination of Ti(OH)4 involving ammonium

compounds gave yellowish powders that exhibited

photocatalytic activities under visible light irradiation.

Recently, several groups also reported the visible light

sensitivity of N-doped TiO2 materials [8–10] Asahi et al.

[8] reported that nitrogen-doped TiO2 thin films showed

photocatalytic activities under visible light irradiation.

They reported that the visible light sensitivity of the

nitrogen-doped TiO2 was due to the narrowing of the

energy gap by mixing N 2p and O 2p states. Lindgren

et al. [9] prepared nanocrystalline porous nitrogen-

doped TiO2 films by the DC magnetron sputtering

method and examined their photoelectrochemical prop-

erties. It was reported that although all the nitrogen-

doped films showed visible light absorption in the
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wavelength range from 400 to 535 nm, there was an

optimum concentration of nitrogen where the response

was highest. Irie et al. compared quantum yields in the

photocatalytic decomposition of 2-propanol using

TiOxNy powders. They found that the highest quantum

yield was obtained for a sample with a very low

concentration of nitrogen, the N/Ti ratio of 0.005, and

that further increase in the nitrogen concentration

lowered the quantum yield due to the increase in the

recombination rate [10]. Although these reports showed

that nitrogen-doping is an effective method to induce a

visible light sensitivity to TiO2, they also suggested that

in the ternary Ti–O–N system, an improvement of the

photoefficiency under visible light irradiation is difficult.

We previously reported that the thermal reactions of

titanium tetraisopropoxide and tetraethyl orthosilicate in

1,4-butanediol (glycothermal reaction) afforded nano-

crystalline silica-modified titanias with the anatase struc-

ture having large surface areas and superior thermal

stabilities [14]. The obtained silica-modified titanias were

characterized by XPS and XANES, and it was found that

the Si atoms are inserted in the distorted octahedral

vacant sites of the anatase structure [15]. Such insertion of

the Si atoms causes unbalanced positive charges. We

observed that the concentration of the surface OH groups

decreased by the silica modification. These two results are

reasonably explained as follows: substitution of the

surface OH groups with surface oxide ions forms negative

charge which compensates for the positive charge caused

by the insertion of the Si in the vacant sites. From the

obtained results, we expect that substitution of O2– with

N3– in the silica-modified titanias would take place more

easily because such additional negative charge cancels the

extra positive charge caused by the Si incorporation. We

examined, accordingly, the nitrification of the silica-

modified titanias and found that the titanias co-doped

with Si and N showed a strong absorption in the visible

region (400–500 nm) and exhibited high photocatalytic

activities for degradation of RhB and decomposition of

acetaldehyde under visible light irradiation. Recently, we

published a preliminary report of our findings [16]. In the

present paper, we show the physical properties and the

photocatalytic activities of N and Si co-doped titania in

detail.

Experimental

Titania and silica-modified titania were prepared by

the glycothermal method and collected as a xerogel

form [17]: titanium tetraisopropoxide (25 g) and an

appropriate amount of tetraethyl orthosilicate (Si/Ti

atomic ratio of 0 or 0.1) were added to 100 mL of

1,4-butanediol and this mixture was placed in a 300 mL

autoclave equipped with two valves, one of which was

used as a gas inlet and the other was connected to a

Liebig condenser of stainless tubing. After the atmo-

sphere inside the autoclave was replaced with nitrogen,

the assembly was heated to 300 �C at a rate of 2.3 �C/

min and kept at that temperature for 2 h. After the

glycothermal reaction, the valve of the autoclave was

slightly opened in order to remove the organic vapor

from the autoclave by flash evaporation while keeping

the autoclave temperature at 300 �C. After cooling,

bulky solid products were directly obtained. The

product was calcined in a box furnace in air at

500 �C for 30 min to remove the surface organic

moieties. The thus-obtained products are designated

as XG(x), where x is the Si/Ti charged ratio. XG(x) was

placed in a quartz tube reactor, heated to a desired

temperature (450–700 �C) at a rate of about 10 �C/min

in a 100 mL/min flow of argon, and allowed to react in

an NH3 flow (100 mL/min) for 1 h, 3 h or 5 h at that

temperature. After the NH3 treatment, the sample was

annealed at 400 �C in air for 30 min using a box

furnace in order to eliminate the adsorbed NH3 on the

catalyst. JRC-TIO-4 (a reference catalyst supplied

from The Catalysis Society of Japan; equivalent to

Degussa P-25; rutile/anatase = 3/7; BET surface

area = 49 m2/g) was nitrified in the same way.

The UV–vis absorption spectra were recorded on a

Shimadzu MPS-2000 spectrophotometer. Powder

X-ray diffraction (XRD) patterns were recorded on a

Shimadzu XD-D1 diffractometer using CuKa radiation

and a carbon-monochromator. The specific surface

areas of the samples were determined by the BET

single-point method on the basis of the nitrogen uptake

measured at 77 K using a Micromeritics Flowsorb II

2300. X-ray photoelectron spectroscopy (XPS) mea-

surement was performed on an ULVAC-PHI Model

5500 spectrometer with 15 kV–400 W MgKa emission

as the X-ray source. The zeta potentials were measured

on an electrophoretic light scattering spectrophotom-

eter, Otsuka Electronics, ELS-800.

Photocatalytic activity was evaluated by degradation

of Rhodamine B (RhB) and decomposition of acetal-

dehyde. As for the RhB degradation, 20 mg of the

catalyst was dispersed in 100 mL of 1.0 · 10–5 mol/L

RhB solution and the obtained suspension was irradi-

ated with blue-light-emitting diodes (blue LED,

NSPB510S, Nichia). The blue LED has an emission

wavelength ranging from 420 to 520 nm and a peak

wavelength at 470 nm. The power of a blue LED

device used in this study was 72 mW, and 96 pieces of

the devices were used as a light source (4 panels

equipped with 24 devices). After a certain period of
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irradiation, a portion of the suspension was taken out

to measure the concentration of the remaining RhB by

using the UV–vis spectrometer.

The decomposition of acetaldehyde was carried out

in a closed glass reaction vessel (1.0 L). The catalyst

(0.2 g) dispersed on a 90 mm˘ glass filter was placed in

the vessel and 0.2 mmol acetaldehyde was injected in

it. The vessel was placed in the dark for 1 h and then

visible light was irradiated using a 300 W xenon lamp

(Optical Modulex SX-UI300XQ, Ushio Inc.) through a

UV cut-off filter (L-42, Asahi Technoglass Co. Ltd.)

and an infrared cut-off filter (Super Cold Filter, Ushio

Inc.). After a certain period of irradiation, the CO2

concentration was measured by a gas chromatograph,

Shimadzu GC-8A. The amount of CO2 formed was

calculated by subtracting the initial amount of CO2 in

the vessel.

Results and discussion

Physical properties of XG(x)’s after NH3 treatment

White powders of the mother TiO2, XG(0), turned into

gray, dark blue and black by the NH3 treatment at

600 �C, 650 �C and 700 �C, respectively, while the

colors of NH3-treated XG(0.1) were yellow, yellowish-

green and dark blue, respectively. Those colors indi-

cated the samples were nitrified by the NH3 treatment.

When the samples were taken out from the reactor after

the NH3 treatment and exposed to air, a slight decol-

orization was observed, which indicates that these NH3-

treated samples were partly oxidized in air at room

temperature. Figure 1 shows the UV–vis absorption

spectra of NH3-treated XG(0)’s. Whereas untreated

XG(0) exhibited an absorption only in the UV region

(<400 nm), the sample treated at 450 �C in an NH3 flow

showed absorption bands at the visible light region

(>400 nm). The absorbance at the visible light region

gradually became stronger as the NH3 treatment

temperature increased to 600 �C, and the absorbance

abruptly increased at 650 �C. Similar results were

reported by several authors [10, 18–20]. The spectra

of the NH3-treated samples had a shoulder absorption

band at 400–500 nm and a broad band at higher

wavelength (>500 nm). The former band is attributed

to the doped nitrogen into the anatase structure and the

latter corresponds to the formation of Ti3+ [21].

Figure 2 shows the absorption spectra of the silica-

modified titanias, XG(0.1)’s, heated in an NH3 flow. As

compared with the spectra of NH3-treated XG(0)

shown in Fig. 1, NH3-treated XG(0.1) have a stronger

absorption at 400–500 nm. This result clearly indicates

that larger amounts of nitrogen were doped in

XG(0.1)’s than in XG(0)’s. On the other hand, at
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Fig. 1 UV–vis spectra of XG(0)’s (a), without NH3 treatment;
treated in an NH3 flow at: (b), 450 �C; (c), 500 �C; (d), 550 �C;
(e), 600 �C; (f), 650 �C; (g), 700 �C; for 1 h
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Fig. 2 UV–vis spectra of XG(0.1)’s (a), without NH3 treatment;
treated in an NH3 flow at: (b), 450 �C; (c), 500 �C; (d), 550 �C;
(e), 600 �C; (f), 650 �C; (g), 700 �C; for 1 h

O

COOH

N+(C2H5)2 Cl-(C2H5)2N

Rhodamine B (RhB) 

123

J Mater Sci (2007) 42:4009–4017 4011



higher wavelength, the absorptions in XG(0.1)’s were

very weak compared with those of XG(0)’s, indicating

the reduction of Ti4+ to Ti3+ was significantly sup-

pressed by the silica modification.

The XRD patterns of the samples are shown in

Fig. 3. Both XG(0) and XG(0.1) were composed of

anatase nanocrystals and their crystallite sizes were

18 nm and 10 nm, respectively. After the NH3 treat-

ment at 600 �C for 1 h, the samples preserved the

anatase structure. For XG(0) treated at 650 �C, a small

diffraction peak appeared at 2h = 43� besides the

peaks due to anatase. The sample treated at 700 �C

exhibited three peaks at 37�, 43� and 63� and the

intensities of the peaks increased with prolonging

the treatment time. The diffraction pattern suggests

the formation of a rock salt structure, isomorphous to

TiN, but the peaks of the samples treated in NH3 at

700 �C were observed at higher diffraction angles than

those observed for a reference TiN specimen (Wako

chemicals). The lattice parameter was 0.418 nm for

both XG(0) and XG(0.1) treated in NH3 at 700 �C for

5 h and that of TiN (Wako) was 0.424 nm. Guillot et al.

[22] reported that thin films of TiNxOy deposited by

DC magnetron sputtering had the rock salt structure

and its lattice parameter was 0.422 nm, which is smaller

than that of pure TiN. Makino et al. [23] also reported

that the lattice constant of titanium oxynitride films

produced by the arc ion plating method decreased

when the content of oxygen in the compounds

increased. Therefore, the newly appeared peaks were

assigned to a TiNxOy phase, which is designated as

TiNxOy(rock-salt) hereafter. For XG(0.1), the diffrac-

tion peaks for TiNxOy(rock-salt) were not observed

after the NH3 treatment at 650 �C or lower tempera-

tures. Treatment at 700 �C gave the peaks but their

intensities were much lower than those of XG(0),

indicating that the silica-modification suppressed the

formation of TiNxOy(rock-salt).

Physical properties of NH3-treated and

annealed XG(x)’s

The BET surface areas, the crystallite sizes and the

colors of NH3-treated XG(x)’s after annealing are

summarized in Table 1. XG(0.1) had a smaller crys-

tallite size and a larger surface area than those of

XG(0). Even after the NH3 treatment and annealing,

the crystallite sizes and BET surface areas of XG(0.1)

did not change significantly, indicating that XG(0.1)

had a superior thermal stability as compared to XG(0).

The annealing treatment caused a decolorization; for

example, black color of XG(0) after the NH3 treatment

at 700 �C turned into pale brown, and dark blue of

XG(0.1) became orange. These results indicate that the

annealing at 400 �C resulted in not only the desorption

of the adsorbed NH3 from the surface but also the

denitrification from the bulk of the samples.

Figure 4 shows the UV–vis absorption spectra of

nitrified XG(0) with annealing treatment at 400 �C.

Compared with the spectra before annealing shown in

Fig. 1, the absorption in the visible light region
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TiN
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Fig. 3 XRD patterns of
(a) XG(0)’s and (b) XG(0.1)’s

Table 1 Physical properties of XG(x)’s treated in an NH3 flow
at various temperatures for 1 h and annealed in air at 400 �C for
30 min

Sample NH3 treatment
temperature
(�C)

BET
surface
area (m2/g)

Crystallite
size (nm)

Color

XG(0) 81 18 White
500 77 18 Pale gray
600 70 21 Gray
700 60 25 Pale brown

XG(0.1) 152 10 White
500 145 10 Pale yellow
600 149 10 Yellow
700 142 11 Orange
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decreased, indicating the decrease in the amounts of

both the doped nitrogen and the Ti3+. Especially, in the

case of XG(0) NH3-treated at higher temperatures

(650 and 700 �C), the absorption decreased signifi-

cantly. After the annealing in air at 400 �C, the XRD

patterns of the samples showed only peaks due to the

anatase structure. These results suggest that the

TiNxOy(rock-salt) phase is not stable under the oxida-

tive conditions at high temperatures. For XG(0), the

broad absorption at higher wavelength did not disap-

pear completely, indicating that a certain amount of

Ti3+ remained in the samples.

Figure 5 shows the UV–vis absorption spectra of

annealed XG(0.1). On the contrary to the results for

XG(0), the absorbance at the higher wavelength

region was apparently lower and the shoulder band

at 400–500 nm was much stronger. These results

indicate that the formation of Ti3+ was effectively

suppressed, while nitrogen was stably doped in the

silica-modified titania.

XPS studies of nitrified XG(x)’s

In Fig. 6, the N 1s XPS spectra of the samples are

depicted. The N 1s XPS spectrum of XG(0) (or

XG(0.1); data not shown) without the NH3 treatment

exhibited a peak at 400 eV binding energy (BE), which

is due to nitrogen-containing species adsorbed on the

surface [24]. After the NH3 treatment at 600 �C for 1 h,

another peak appeared at 396 eV BE, which is

assigned to nitrogen doped in TiO2 [25]. The binding

energy of this peak, 396 eV, is much lower than the N

1s BE of nitrogen containing species which are

observed at around 400 eV [26], and is close to that

of nitrides, 397 eV in TiN [27, 28]. Therefore, the peak

at 396 eV is assigned as a nitrogen with a negative

charge that substitute oxygen in the lattice position.

The intensity of the peak at 396 eV BE in NH3-treated

XG(0.1) was obviously larger than that of NH3-treated
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Fig. 4 UV–vis spectra of XG(0)’s (a), without NH3 treatment;
treated in an NH3 flow at: (b), 500 �C; (c), 550 �C; (d), 600 �C;
(e), 650 �C; (f), 700 �C; for 1 h and annealed in air at 400 �C for
30 min
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Fig. 5 UV–vis spectra of XG(0.1)’s (a), without NH3 treatment;
treated in an NH3 flow at: (b), 500 �C; (c), 550 �C; (d), 600 �C;
(e), 650 �C; (f), 700 �C; for 1 h and annealed in air at 400 �C for
30 min
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Fig. 6 N 1s XPS spectra of (a), XG(0.1); (c), XG(0); treated in
an NH3 flow at 600 �C for 1 h; (b), XG(0.1); (d), XG(0); after the
NH3 treatment followed by annealing at 400 �C for 30 min; and
(e), XG(0) without NH3 treatment
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XG(0). Although the intensity of the peak at 396 eV

BE decreased in both XG(0) and XG(0.1) after

annealing in air at 400 �C for 30 min, the peak at

396 eV BE was clearly observed in the spectrum of

XG(0.1). The N/Ti ratios calculated from the intensi-

ties of the Ti and N396 eV peaks are plotted as a

function of the NH3 treatment temperature (Fig. 7).

The N/Ti ratios increased with an increase in the

treatment temperature. The N/Ti ratios of NH3-treated

XG(0.1) were higher than those of NH3-treated XG(0)

at temperature up to 650 �C. However, at 700 �C the

N/Ti ratio of NH3-treated XG(0) abruptly increased

and became higher than that of NH3-treated XG(0.1).

This enhancement is due to the formation of TiNx

Oy(rock-salt), as was observed by XRD. After anneal-

ing at 400 �C, the N/Ti ratios decreased significantly in

both XG(0) and XG(0.1). Here, it should be empha-

sized that the N/Ti ratios of nitrified XG(0.1) were

several times higher than those of nitrified XG(0),

suggesting that nitrogen atoms were more stably doped

in silica-modified titanias than in titania, XG(0). In the

silica-modified titanias, silicon atoms are inserted in

the distorted octahedral vacant sites in the anatase

structure, which caused unbalanced positive charge in

the particles [15]. On the other hand, the substitution

of O2– with N3– gave excess negative charge. In the

case of nitrified silica-modified titanias, the positive

charge formed by the Si insertion is compensated by

the negative charge by the substitution of O2– with N3–.

This explains the more stable doping of nitrogen in the

silica-modified titanias than in titanias.

The Ti 2p XPS spectra of the samples are shown in

Fig. 8. The results for the deconvolution of the Ti 2p

peaks are summarized in Table 2. The Ti 2p1/2 and the

Ti 2p3/2 binding energies of XG(x)’s without the NH3

treatment were about 464.5 eV and 458.8 eV, respec-

tively. After the NH3 treatment at 600 or 650 �C, the Ti

2p XPS spectra did not change significantly. For

XG(x)’s with the NH3 treatment at 700 �C for 1 h,

however, different components were observed at

around 461.8 and 456.1 eV for Ti 2p1/2 and Ti 2p3/2,

respectively. These components are attributed to

titanium in TiNxOy(rock-salt) [29, 30]. The intensity

of the newly observed peak in XG(0.1) treated in NH3

at 700 �C for 1 h was obviously lower than that in

XG(0) treated at 700 �C for 1 h. This result indicates

that the formation of TiNxOy(rock-salt) was sup-

pressed by silica-modification, which agrees with the

results of XRD. There found some discrepancy

between XRD and XPS results: The XRD pattern of

NH3-treated XG(0) at 650 �C showed a small diffrac-

tion peak due to TiNxOy(rock-salt), while XPS result

did not show any indication of the presence of this

phase in the sample. Since the sample was treated in
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Fig. 7 N/Ti ratios of the nitrified samples determined by XPS
(M) and (m), for XG(0.1); (s) and (d), for XG(0). Open
symbols, after NH3 treatment; solid symbols, after NH3 treat-
ment followed by annealing at 400 �C in air for 30 min
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(a) XG(0) (b) XG(0.1) Fig. 8 Ti 2p XPS spectra of
(a) XG(0) and (b) XG(0.1)
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ambient atmosphere before the XRD and XPS mea-

surements, the surface of the sample seems to be

oxidized by air. After annealing in air at 400 �C for

30 min, the Ti 2p spectra were quite similar to those for

XG(x)’s without the NH3 treatment, which indicates

that the TiNxOy(rock-salt) phase was not included in

both XG(0) and XG(0.1). This result also suggests that

the proportions of Ti3+ in the samples were small

although the presence of Ti3+ in NH3-treated XG(x)’s

with the annealing was indicated by the UV–vis

spectra.

Photocatalytic activities of nitrified XG(x)’s

Figure 9 shows the result of photocatalytic degradation

of RhB using blue LED as a light source. In this

experiment, XG(0) and XG(0.1), both not nitrified,

exhibited certain activities; for example, about 30% of

RhB was decomposed after irradiation for 10 h. These

photocatalytic activities are due to a dye-sensitized

photocatalytic reaction, which has been observed in

various dye-TiO2 systems [31, 32]. On the other hand,

by using the nitrified samples, the decomposition rate

increased significantly. Nitrified XG(0.1) obviously

showed a higher photocatalytic activity than nitrified

XG(0) and JRC-TIO-4.

For NH3-treated XG(0.1) or XG(0) without anneal-

ing, the photocatalytic activities were much lower than

those of the annealed samples (see Fig. 1 in the

supplementary material). This is probably because of

the presence of adsorbed NH3 and of the increase in

the population of oxygen vacancies, which serve as

recombination centers and promote the recombination

of holes and electrons [33]. The annealing procedure

eliminated the adsorbed NH3 and oxygen vacancies,

thus increasing the high photocatalytic activity. How-

ever, higher annealing temperature decreases the

amount of nitrogen doped and thus reduces the visible

light responsibility. Therefore, in this paper, 400 �C

was chosen as the annealing temperature.

In order to examine the effect of surface property of

the catalysts, zeta potentials of the catalysts were

measured and the results are shown in Fig. 10. The

isoelectric point of XG(0) was 7.1, while that of

XG(0.1) was shifted to the lower pH side, 5.8. Since

the isoelectric point of pure SiO2 is ca 2.0, this shift is

Table 2 Binding energy of core electrons for nitrified XG(x)’s

Sample NH3 treatment Annealing Ti2pl/2(eV) Ti2p3/2(eV)

XG(0) – – 464.5 458.8
600 �C, 1 h – 464.5 458.8
650 �C, 1 h – 464.3 458.6
700 �C, 1 h – 464.4 (81)a 458.6 (82)a

461.8 (19) 456.1 (18)
600 �C, 1 h 400 �C, 30 min 464.5 458.8
650 �C, 1 h 400 �C, 30 min 464.3 458.6
700 �C, 1 h 400 �C, 30 min 464.4 458.7

XG(0.1) – – 464.7 458.9
600 �C, 1 h – 464.5 458.7
650 �C, 1 h – 464.3 458.6
700 �C, 1 h – 464.4 (90) 458.7 (90)

461.7 (10) 456.2 (10)
600 �C, 1 h 400 �C, 30 min 464.4 458.7
650 �C, 1 h 400 �C, 30 min 464.4 458.7
700 �C, 1 h 400 �C, 30 min 464.3 458.6

a The number in parentheses indicates the percentage of the band
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Fig. 9 Photocatalytic decomposition of RhB under visible light
irradiation (e), without catalyst; (s) and (d), XG(0); (M) and
(m), XG(0.1); (¤), JRC-TIO-4. Open symbols, without the NH3

treatment; solid symbols, after the NH3 treatment at 600 �C for
1 h and annealing at 400 �C in air for 30 min
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probably due to a small amount of SiO2 located on the

surface of the silica-modified titanias. Such a change in

zeta potential, however, did not affect the equilibrium

amount of the adsorbed RhB at pH 5 (see Fig. 2 in the

supplementary material). Since RhB is a cationic dye,

it is preferably adsorbed on the negatively charged

surface. In the experiments of RhB photocatalytic

decomposition, the pH of the RhB solution was from 4

to 5, and therefore, the surfaces of both XG(0) and

XG(0.1) were positively charged. After the NH3

treatment at 600 �C for 1 h and annealing at 400 �C

for 30 min, the isoelectric points for both XG(0) and

XG(0.1) did not change significantly. These results

indicate that the improved photocatalytic activities of

the nitrified samples were not because of the change in

the surface property. Therefore, we concluded that the

improved visible light sensitivity of the nitrified silica-

modified titania is due to the increase in the amount of

doped nitrogen.

Figure 11 shows the result of photocatalytic decom-

position of acetaldehyde on the samples. Under visible

light irradiation, evolution of CO2 was not detected for

XG(0). On the other hand, using nitrified XG(x)’s, the

amount of CO2 increased with the irradiation time,

indicating that photocatalytic decomposition of acetal-

dehyde proceeded under visible light irradiation.

Nitrified XG(0.1) obviously showed a higher photo-

catalytic activity than nitrified XG(0) and JRC-TIO-4.

As shown in Fig. 11, the CO2 concentration increased

proportionally, suggesting a pseudo-zero-order kinetics

with respect to the acetaldehyde concentration (partial

pressure). However, induction period was clearly

observed for nitrified XG(0) and JRC-TIO-4, indicat-

ing presence of intermediates [34–37]. The photocat-

alytic reaction in this paper was carried out using a

relatively weak visible light in the presence of a high

concentration of acetaldehyde (0.2 mmol of acetalde-

hyde in 1 L corresponds to 5,000 ppm) and therefore

the CO2 formation rate was not changed when the

amount of the acetaldehyde was changed (0.1–

0.4 mmol). These results indicate that the reaction

rate is not limited by the adsorbability of the reactant

on the surface of the catalyst but that the photocata-

lytic reaction is determined dominantly by the rate of

the generation of the photoexcited electron and

positive hole as well as the recombination rate of them.

Conclusions

By the NH3 treatment at a high temperature, both of

TiO2 and silica-modified titanias were nitrified. After

the NH3 treatment and the annealing in air, the

amount of nitrogen introduced to the silica-modified

titanias was higher than that of the pure titania. The

nitrified silica-modified titanias showed a strong

absorption in the visible region (400–500 nm) and

exhibited high photocatalytic activities for degradation

of RhB and decomposition of acetaldehyde under

visible light irradiation.
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