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S-doped titanium dioxide thin films were found to undergo hydrophilic conversion under visible light irradia-

tion. The water contact angle for the S-doped TiO2 thin film reached to 15�under visible light irradiation. The

photocatalyzed decomposition of acetaldehyde �ALD� in gas phase on TiO2 thin films was investigated in a

batch-type photocatalytic reactor. The photocatalytic activities of TiO2 thin films for decomposition of ALD

were investigated by analyzing amount of ALD consumed and CO2 generated under visible light irradiation at

wavelengths longer than 420 nm. �Received November 11, 2006; Accepted March 22, 2007�
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1. Introduction

TiO2 coating materials has attracted much attention as a

high active photocatalyst in recent years because of its poten-

tial for degradation of pollutant.1� TiO2 thin films reveals a

photoinduced highly hydrophilic conversion on its surface.2�,3�

In addition, irradiation with UV light causes conventional

photocatalytic oxidation reactions on the film surface.4�–9�

These reactions result in useful properties such as self-clean-

ing, antifogging, and antibacterial functions.10�

The surface properties of TiO2 show superhydrophilicity

under ultraviolet �UV� light irradiation2�,3�,11�–14� with a water

contact angle reaching 0�. This phenomenon has previously

been applied to various products, including self-cleaning tiles

and anti-fogging mirrors.15� However, these applications are

limited to outdoor use because the photoinduced superhydro-

philic conversion and photocatalytic degradation of odors

requires UV light irradiation of approximately the same inten-

sity as that of natural sunlight.

Application of TiO2 photocatalysis is a promising tech-

niques for decomposing organic contaminations at low con-

centrations in the air.1�,16�,17� There have been few studies on

degradation and decomposition of organic compounds on a

TiO2 thin film under visible light. Therefore, the photocatalyt-

ic decomposition of gas phase acetaldehyde �ALD, used as a

model substance� on a TiO2 thin film was investigated with the

aim of determining the dependence of incident light wave-

length.

N-doped TiO2 powders and thin films have been reported to

show photocatalytic activity and photoinduced hydrophilic

properties under visible �VIS� light irradiation.18�–20� Sakatani

et al. reported photocatalytic decomposition of acetaldehyde

on doped TiO2 photocatalyst powder under VIS light irradia-

tion, which is presumed to be N-doped TiO2.
18� Asahi et al.

reported results of theoretical calculation of the band struc-

ture of nitrogen-substituted TiO2 and its VIS light-induced

photocatalysis when using powders and thin films.19�

However, Asahi et al. only evaluated the photoinduced hydro-

philic property of an N-doped TiO2 thin film under interior

lighting. Irie et al. reported that the surfaces of N-substituted

TiO2 films with various degrees of nitrogen substitution

became hydrophilic under VIS light irradiation.20�

It has recently been revealed that S-doped TiO2 powder

photocatalysts show the activity for oxidation of organic com-

pounds under visible light irradiation.21�–24� However, photo-

induced hydrophilicity and photocatalytic activity of S-doped

TiO2 thin films have not been reported. We confirmed that the

surface of an S-doped TiO2 films underwent hydrophilic con-

version under VIS light irradiation and that an S-doped TiO2

thin film has photocatalytic activity for degradation of acetal-

dehyde to evolve CO2 under photoirradiation at a wavelength

longer than 350 nm.

2. Experimental

2.1 Materials and instruments

Titanium dioxide �TiO2� powder �ST–01� having an

anatase phase was obtained from Ishihara Sangyo. The rela-

tive surface area of ST–01 was 310.5 m2�g. A dispersing

reagent �POIZ 532A� was obtained from Kao Chemical Cor-

poration. Acetaldehyde �ALD� was purchased from Wako

Pure Chemical Ltd. S-doped TiO2 powders as starting materi-

als were synthesized by previously reported methods.21�–24�

The crystal structures of TiO2 powders were determined

from X-ray diffraction �XRD� patterns measured by using

an X-ray diffractometer �Philips, X'Pert–MRD� with a Cu

target Ka-ray �l�0.154 nm�. The relative surface areas of

the powders were determined by N2 adsorption�desorption

isotherm analysis �BET method�. The measurements were

performed using a Micromeritics FlowSorb II 2300. The

absorption and diffuse reflection spectra were measured using

a Shimadzu UV–2500PC spectrophotometer. X-ray photo-

electron spectra �XPS� of the TiO2 powders were measured

using a JEOL JPS90SX photoelectron spectrometer with an

Al Ka source �1486.6 eV�. The shift of binding energy due to

relative surface charging was corrected using the C 1s level at

285 eV as an internal standard. The XPS peaks were assumed

to have Gaussian line shapes and were resolved into compo-

nents by a non-linear least-squares procedure after proper

subtraction of the baseline. The surface roughness factors of

the TiO2 thin films were determined by an atomic force micro-

scope �AFM, Digital Instruments NanoScope III�.

2.2 Preparation of TiO2 coating solution

TiO2 powder sample �1.5 g� such as S-doped TiO2 or pure

TiO2 was mixed with 0.15 g of dispersing reagent �POIZ�

and 15 g of water. The mixture was put into a zirconia pot �45

cm3 in inner volume� with zirconia beads �15 g� of 0.6 mm

in diameter. A high-energy planetary mill �Pulverisette-7,

Fritsch, Germany� operated at a rotation speed of 700 rpm

rotation speed for 10 h was used for grinding the mixture at
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Fig. 1. XRD peaks of S-doped TiO2 and pure TiO2 thin films.
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room temperature. A highly dispersed solution was obtained

after this treatment.

2.3 Preparation of TiO2 thin films

TiO2 thin films with thicknesses of 200 to 400 nm were pre-

pared on one side of silica-coated soda lime glass �5.0 cm�7.5

cm� by a spin-coating process �Nanotech, SC308� using a

freshly prepared coating solution as described above. The spin

rate was controlled to produce a 100-nm-thick film for each

spin-coating process. Prior to deposition, the substrates were

ultrasonically cleaned with ethanol for 3 min, rinsed with dis-

tilled water, and dried with air spray. The coating procedures

were repeated two to five times. After each procedure, the

coated sample was dried at 60�C for 40 min. Finally, the

sample was irradiated by black light for 2 h to remove the

dispersing reagent �POIZ�. The XPS spectra of TiO2 thin film

prepared with or without using POIZ were observed in order

to confirm the removal of POIZ after black light irradiation.

C�Ti values for the thin film without using POIZ and the thin

film with using POIZ were 0.85 and 0.86, respectively. These

results suggested that POIZ was perfectly removed after black

light irradiation. Surface morphologies and crystal structures

of S-doped TiO2 thin films were observed by scanning electron

microscopy �SEM�, atomic force microscopy �AFM� and

X-ray diffractometer �XRD�.

2.4 Evaluation of hydrophilicity on S-doped TiO2 thin film

under photoirradiation

The photoinduced hydrophilicity was evaluated by analysis

of the change in water contact angles under photoirradiation

at various wavelengths. Several water droplets of 1.5 mL in

volume were spread on the samples and water contact angles

were measured at 3 points of the thin film surface. The thin

film was photoirradiated using a 500 W Xe lamp �USHIO Co.

Ltd., OPTICAL MODULEX SX–UI500XQ� that emits both

UV light and visible light over a wide wavelength range. To

limit the irradiation wavelength, the light beam was passed

through a UV–35, L–42, Y–44, Y–50 or Y–54 filter �Kenko

Co.� to cut off wavelengths shorter than 350, 420, 440, 500 or

540 nm, respectively. Fine stainless meshes were used as neu-

tral density filters to adjust the irradiation intensity. Prior to

light irradiation, all of the S-doped TiO2 thin films showed

water contact angles of around 30�, which were taken as the

initial water contact angles. Hydrophobicity of the surface of

TiO2 thin film was recovered by heat-treatment under aerated

condition for 4 h.

2.5 Photocatalytic decomposition of ALD on S-doped

TiO2 thin films under photoirradiation

Photocatalytic decomposition of ALD was carried out in a

125-ml tedler bag. A TiO2-coated glass substrate of 2.5 cm�

2.5 cm in size, obtained by cutting the original 5.0 cm�7.5 cm

substrate, was utilized as the photocatalyst and placed in the

tedler bag.

The procedure used for photocatalytic decomposition of

ALD is as follows. First, 500 ppm of gas-phase ALD-contain-

ing synthetic air was prepared by injecting an appropriate

amount of ALD liquid into a tedlar bag containing 125 ml

of synthetic air at room temperature. The tedler bag was kept

at room temperature until the ALD liquid had completely

evaporated. An S-doped TiO2-coated soda lime glass �2.5

cm�2.5 cm� was placed in a new tedler bag. The air in the

tedler bag was completely removed by using vacuum pump.

ALD-containing synthetic air �500 ppm, 125 ml� was intro-

duced into the tedler bag in which the S-doped TiO2-coated

soda lime grass had been placed. The tedler bag was photo-

irradiated using a 500 W Xe lamp �USHIO Co. Ltd.,

OPTICAL MODULEX SX–UI500XQ� that emits both UV

and visible light over a wide wavelength range. To limit the

irradiation wavelength, the light beam was passed through a

UV–35 or L–42 filter �Kenko Co.� to cut off wavelengths

shorter than 350 or 420 nm, respectively. Fine stainless meshes

were used as neutral density filters to adjust the irradiation

intensity. The amount of acetaldehyde decomposed by photo-

catalytic reactions was determined using a gas chromatograph

�SHIMADZU GC–8A, FID detector� equipped with a PEG–

20M 20	 Celite 545 60�80 packed glass column using C–R8A

CHROMATOPAC for data processing. In addition, the

amount of CO2 evolved by photocatalytic reactions was

determined using a gas chromatograph �SHIMADZU GC–

9A, FID detector� instrumented with a TCP 20	 Uniport R

60�80 packed column and an MT–221 METHANIZER and

using Smart Chrom �KYA Technologies Co.� data process-

ing.

3. Results and discussion

3.1 Physical properties of S-doped TiO2 thin film

X-ray diffraction patterns �XRD� of the obtained S-doped

TiO2 thin films were assigned to mainly anatase structure as

shown in Fig. 1. These results suggested that the crystal struc-

ture of S-doped TiO2 powders that were originally anatase

phase is stable even after high-energy planetary mill treatment.

Figure 2 shows the optical spectrum of S-doped TiO2 and

pure-anatase TiO2 �ST-01� powder used for preparing thin

films.21�–24� Noticeable shifts of the absorbance to the visible-

light region were observed for the S-doped TiO2 powder.

Figures 3 and 4 show surface morphologies observed by

scanning electron microscopy �SEM� and atomic force micro-

scopy �AFM�, respectively. All AFM images of the samples

were obtained in a tapping mode at a driving frequency of

about 300 kHz and a scan rate of 1.0 Hz. Grain sizes and sur-

face roughness factors �Ra� of S-doped TiO2 were identical,

20–30 nm and 11.2 nm �s�0.799 nm�, respectively. The pure

TiO2 thin film had grain sizes of 10–20 nm and Ra of 16.2 nm

�s�1.498 nm�.

Densities of thin films calculated from weight, areas and

thickness of pure TiO2 and S-doped TiO2 thin films were 2.8

g�cm3 and 3.6 g�cm3, respectively �Density of TiO2 having

anatase phase is 3.9 g�cm3�.

In order to identify the oxidation states of S atoms and

determine the atom	 of S atoms incorporated into the bulk of

S-doped TiO2, S 1s Ti 1s, and O 1s core levels were measured

by X-ray photoemission spectroscopy �XPS�. A peak at 168

eV assigned to S4� was observed. In addition, this peak

remained after Ar etching for 20 min. These results suggested

that S4� atoms were incorporated into the bulk of TiO2. From

the results of XPS spectra, the amount of S atoms in S-doped
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Fig. 2. Diffuse reflectance spectra of S-doped TiO2 and pure TiO2.

Both TiO2 photocatalysts have an anatase phase.

Fig. 3. SEM images of S-doped TiO2 and pure TiO2 thin films. �a�–

�f� Relationship between coating times and thickness of thin films

�surface morphologies and cross sections of thin films�. �g� Pure

TiO2 thin film �surface�, �h� pure TiO2 �cross section�, �i� S-doped

TiO2 �surface�, �j� S-doped TiO2 �cross section�.

Fig. 4. AFM images of S-doped TiO2 and pure TiO2 thin films.

�a� S-doped TiO2 thin film, �b� pure TiO2 thin film.
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TiO2 was determined to 1.0 atom	.

3.2 Photoinduced hydrophilicity of S-doped TiO2 thin film

Changes in water contact angles on S-doped TiO2 and pure

TiO2 thin films were observed under photoirradiation at

wavelengths longer than 350 nm as shown in Fig. 5. Incident

light intensities under photoirradiation at wavelengths longer

than 350, 470, and 540 nm were adjusted to 1.5 mW cm�2

using stainless mesh filters. Under photoirradiation at wave-

lengths longer than 350 nm, water contact angles on both

S-doped and pure TiO2 thin films decreased rapidly and

became lower than 5�. The rate of changes in water contact

angle of an S-doped TiO2 thin film is slightly slower than that

of a pure TiO2 thin film. The final water contact angle on an

S-doped TiO2 thin film is the same as that on a pure TiO2 thin

film. Under visible light irradiation at wavelengths longer than

470 nm, water contact angles on the pure TiO2 thin film did

not change. On the other hand, the critical water contact

angles of an S-doped TiO2 thin film decreased to 15�under

visible light irradiation at wavelengths longer than 470 nm for

1 h. In addition, a decrease in the water contact angle of an

S-doped TiO2 thin film was observed visible light irradiation at

wavelengths longer than 540 nm for 3 h. Water contact angle

of an S-doped TiO2 thin film reached to 15�.

Under UV light irradiation, surface properties of pure TiO2

and S-doped TiO2 thin films became super hydrophilic nature

�water contact angle
5�as shown in Fig. 5�a��. These results

suggested that surface roughness and densities of the thin

films were thought to be independent of photoinduced hydro-

philic properties of the surface of TiO2 thin films. Because

water contact angles of pure TiO2 and S-doped TiO2 thin films

reached to 1�, structural changes in the surface crystal lattice

caused the photoinduced hydrophilic conversion of TiO2

under UV irradiation.

On the other hand, under visible light irradiation, water

contact angle reached to 15�as shown in Figs. 5�b� and �c�.

The value is bigger than that in the case of TiO2 thin film

under UV irradiation. These results suggested that organic

contaminants on the surface of TiO2 thin films were thought

to be only removed under visible irradiation.

3.3 Photocatalytic activity of S-doped TiO2 thin films for

decomposition of ALD

Since a photocatalytic reaction takes place on an irradiated

TiO2 surface, adsorption of the reactant on the TiO2 surface is

generally considered to be necessary for accomplishing the

reaction. Therefore, it is important to know the adsorption

behavior of the reactant on the TiO2 surface. Before photoir-

radiation, the reaction vessel containing TiO2 thin films and

ALD was kept in a dark condition at room temperature until

the absorption equilibrium of ALD in gas phase was reached.
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Fig. 5. Changes in water contact angles of S-doped TiO2 and pure

TiO2 thin films under photoirradiation with a wide range of

wavelengths. �a� Under photoirradiation at wavelengths longer than

350 nm, �b� Under photoirradiation at wavelengths longer than 470

nm, �c� Under photoirradiation at wavelengths longer than 540 nm.

Fig. 6. Changes in concentration gas-phase ALD and CO2 as a

function of irradiation time during the decomposition of ALD under

photoirradiation at wavelengths longer than 420 nm. Light intensity,

2.0 mW�cm2; ��� ALD, ��� CO2. �a� Pure TiO2 thin film,

�b� S-doped TiO2 thin film.
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Figure 6 presents a typical experimental data set showing

the change in concentrations of ALD and CO2 in the reactor as

a function of illumination time. The decrease in ALD concen-

tration and increase in CO2 concentration with photoirradia-

tion time showed that TiO2 thin films had activities for degra-

dation of ALD. After prolonged photoirradiation, ALD was

completely converted to CO2. During the photoirradiation, no

other decomposition products �or intermediates� were detect-

ed in the gas phase within the experimental sensitivity in the

present work. However, the possibility of generation of rather

stable intermediates such as acetic acid is indicated by the dis-

crepancy between rate constants for degradation of ALD and

CO2 evolution.

The rate constant for degradation of ALD using an S-doped

TiO2 thin film is smaller than that using a pure TiO2 thin film

under photoirradiation at wavelengths longer than 420 nm as

shown in Fig. 6. The activity of a pure TiO2 thin film for CO2

evolution as a result of degradation of ALD is also higher than

that of an S-doped TiO2 thin film. However, no activity of a

pure TiO2 thin film for degradation of ALD was observed

under visible light irradiation at wavelengths longer than 420

nm. The S-doped TiO2 thin film showed a fairly high photo-

catalytic activity for degradation of ALD at wavelengths

longer than 420 nm. Furthermore, the S-doped TiO2 thin film

retained a rather high photocatalytic activity for evolution of

CO2 generated from decomposition of ALD under visible light

irradiation.

During decomposition of ALD, oxidized intermediates such

as acetic acid obtained from oxidation of ALD, which are

more stable than ALD, were thought to have accumulated on

the surfaces of TiO2 nanoparticles. This condition retards

decomposition of ALD because stable reaction intermediates

occupy the active sites on the surfaces of TiO2 nanoparticles.

The discrepancy between the time profiles of degradation of

ALD and CO2 evolution is due to the generation of stable

reaction intermediates that are hardly oxidized compounds

compared to ALD.25�

4. Conclusion

Uniformly dispersed S-doped TiO2 and pure TiO2 aqueous

coating solutions were prepared by mixing powdered S-doped

TiO2 or pure TiO2 powders having an anatase phase with a

dispersing reagent �POIZ�. Thin films of S-doped TiO2 and

pure TiO2 were obtained from the aqueous coating solutions

by using a spin coater. Under visible light irradiation, decrease

in water contact angle on S-doped TiO2 was observed.

However, the pure TiO2 thin film did no show photoinduced

hydrophilicity under the same condition.

Photocatalytic degradation of ALD on an S-doped TiO2

thin film showed activity similar to that on a pure TiO2 thin

film under photoirradiation at wavelengths longer than 350

nm. Under visible light irradiation, only the S-doped TiO2 thin
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film showed photocatalytic activity for degradation of ALD in

gas phase.
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