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Abstract Oxygen deficient (O-deficient) anatase thin

films with high photoreactivity under UV-light irradiation

were fabricated by post-annealing partially nitrided anatase

thin films, prepared by heat-treatment of precursor films

involving a Ti complex of EDTA on an FTO glass sub-

strate at 500 �C for 30 min in an Ar gas flow, in air at

500 �C for 5–30 min. The anatase structure of the trans-

parent thin films was characterized by using XRD and

Raman spectra. The O/Ti peak area ratio determined by

using XPS of the anatase film having the highest photo-

reactivity, which was evaluated according to the

decoloration rate of methylene blue in an aqueous solution,

was 1.5. The photoreactivity of the film was 2.1 times

higher than that prepared by using the sol–gel method, with

an O/Ti ratio of 1.7. The thin film with the highest pho-

toreactivity indicated the smallest refractive index, 1.99.

Introduction

Anatase, one of the three crystal forms of titania, is an

attractive material as a photoreactive semiconductor that

can work under ultraviolet (UV) light irradiation. The

photoreactivity of anatase depends upon the chemical

reactivity of the electrons and holes photo-induced in the

anatase particles. Fujishima et al. reported that the elec-

trons and holes on the surface of anatase particles

recombine immediately unless redox reactions do not occur

with reactants such as O2 and H2O near the anatase surface

[1]. Porous and fine anatase particles with larger specific

surface areas are more effective to photoreactions, because

the number of opportunities for reactions between photo-

induced electrons and holes with reactants before their

recombination increases [2, 3].

The fabrication of visible-light-responsive films with

enhanced UV-sensitivity was achieved in our recent study

[4]. Layer-structured anatase films were prepared by using

a molecular precursor method, which employs coating

solutions including the alkylammonium salts of anionic Ti

complex of EDTA and OX ligands in an Ar gas flow,

where EDTA and OX represent ethylenediamine-

N,N,N0,N0-tetraacetic acid and oxalic acid, respectively.

During heat-treatment of the precursor films in the Ar gas

flow, transparent anatase thin films with enhanced UV-

sensitivity and even surfaces were fabricated, although the

UV-sensitivities of other visible-light-responsive thin films

modified by impregnating metal ions such as V5? and Cr3?

[5, 6], N [7], C [8–10], and S [11–13] ions were decreased.

It was important that the optical band edge of the layered

anatase thin films did not significantly shift to a longer

wavelength region and that they could function as a vis-

responsive thin film in the presence of colored materials

formed at the interfaces between the layers. These results

suggest that anatase thin films with extremely high pho-

toreactivity under UV-light irradiation can be prepared

without increasing their specific surface areas.

In order to clarify the factors for designing anatase thin

films with higher photoreactivity under UV-light
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irradiation, we focused on the relationship between the

photoreactivity and O-deficiency of anatase thin films

fabricated by heat-treatment of precursor films, which were

spin-coated on a glass substrate by applying a precursor

solution involving the Ti-EDTA complex, in the Ar gas

flow.

In this paper, we report the fabrication and character-

ization of O-deficient anatase thin films with higher

photoreactivity under UV-light irradiation; these films

were formed by post-annealing thin films formed in an Ar

gas flow. The crystal structures and crystallite sizes of the

films were characterized by means of XRD. Furthermore,

the Raman spectra of the thin films were employed to

determine the crystal structure. The chemical identities of

the thin films were examined by means of their XPS

spectra, and their surface morphologies were observed by

means of FE-SEM. Optical characterization of the trans-

parent thin films was carried out by using the absorption

spectra and refractive indices. The photoreactivities of the

thin films were evaluated on the basis of the pseudo-first-

order rate constant of the decoloration of methylene blue

dye in an aqueous solution. The formation mechanisms of

highly photoreactive anatase thin films and films prepared

by using a typical molecular precursor method and a sol–

gel procedure in which the heat-treatment of each precursor

film was performed in Ar gas flow and air, respectively,

were compared.

Experimental

Materials

EDTA, methylene blue (MB), and titanium tetraisoprop-

oxide (Ti(OiPr)4) were purchased from Kanto Chemical

Co., Inc. Dibutylamine and 30% H2O2 were purchased

from Wako Pure Chemical Industries, Ltd., and from

Santoku Chemical Industries Co., Ltd., respectively. Sixty

percentage HNO3 and methanol were purchased from

Taisei Chemical Co., Ltd. Ethanol was purchased from

Ueno Chemical Industries, Ltd. These solvents were dried

on molecular sieves 4 A before use. Other materials were

used without further purification. Soda lime glass with a

transparent FTO film was purchased from AGC fabritech

Co., Ltd. The glass substrate of size 20 9 20 9 1.1 mm3

for coating was washed in 2-propanol for 15 min by son-

icated stirring and then dried in a drying oven at 70 �C.

Preparation of the precursor solution SED involving

the Ti4? complex of EDTA

The precursor solution containing the Ti4? complex of

EDTA was obtained by using a method previously reported

[14] but slightly modified. To a mixture of 10 g of ethanol

and 10 g of methanol, 3.55 g (27.4 mmol) of dibutylamine

and 3.65 g (12.4 mmol) of EDTA were added. The solu-

tion was refluxed for 2 h by stirring, and then it was cooled

to room temperature. After adding 3.55 g (12.4 mmol) of

Ti(OiPr)4, the solution was refluxed for 4.5 h. After cooling

the reacted solution to room temperature, 1.56 g

(13.7 mmol) of 30% H2O2 was carefully added. Subse-

quently, the solution was refluxed for 0.5 h. The

concentration of titanium was 0.4 mmol g-1.

Preparation of the sol–gel solution SSG

A conventional sol–gel solution was prepared by reacting

4.27 g (15.0 mmol) of Ti(OiPr)4 with 1.09 g (10.3 mmol)

of 60% nitric acid and 0.82 g (45.4 mmol) of water in 25 g

of ethanol [15, 16]. Thus, the as-prepared solution was

obtained. The concentration of titanium was 0.5 mmol g-1.

Coating and heat-treatment procedures and film

thickness

Thin films were formed by heat-treatment of the precursor

films spin-coated on the FTO glass substrate by applying

the solutions SED and SSG in an Ar gas flow or in air.

The spin-coating method at ambient temperature was

used for preparing the precursor films with a double step

mode: first at 500 rpm—5 s and then at 2000 rpm—30 s in

all the cases. The precursor films were pre-heated in a

drying oven at 70 �C for 10 min and then heat-treated at

500 �C for 30 min in an Ar gas flow of 0.1 L min-1. A

tubular furnace made of quartz was employed. Thus, the

thin films ED and SG obtained by applying the precursor

solutions SED and SSG, respectively, were prepared before

annealing in air. Another film EDair was fabricated by

firing each precursor film in air at 500 �C for 30 min.

When the concentration of titanium was adjusted to

0.4 mmol g-1 for SED, the film thickness was 100 nm. The

sol–gel solution SSG of 0.5 mmol g-1 was stirred for

3 days at ambient temperature in order to fabricate the

anatase film of thickness 100 nm. The thickness of each

film was measured by using a stylus profilometer, DEK-

TAK-3 (Sloan).

Post-annealing treatment of the ED, EDair, and SG thin

films

The post-annealing treatments of the ED, EDair, and SG

thin films were carried out in air at 500 �C for 5, 10, 15, 20,

and 30 min. The number in the notation of the post-

annealed films indicates the annealing time (min); for

example, ED-PA5 indicates that the film ED was post-

annealed for 5 min.
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Structural characterization of the thin films

The crystal phases of the thin films were examined by

using an X-ray diffractometer, MXP-18AHF22 (Bruker

AXS), with Cu-Ka rays generated using 45 kV and

300 mA. The XRD patterns were measured in the range of

2h, from 10� to 80� in steps of 0.05� for 2 s. Parallel beam

optics with an incident angle of 0.3� was employed for

each measurement.

The crystallite size of the anatase crystal formed in each

film was measured by using the Scherrer and Hall methods,

according to Eq. 1 [17–19], where D, B, k, g, and h rep-

resent the crystallite size, broadening factor FWHM of the

diffraction peak of (101), wavelength of X-ray, random

strain, and Bragg angle, respectively. The K value, 0.9, was

used as the Scherrer constant. LaB6 powder (NIST, USA)

was employed to obtain the calibration curve.

B cos h
Kk

¼ 1

D
þ g

2 sin h
k

ð1Þ

The XRD measurement to determine the crystallite size

was performed in the range of 2h, from 10� to 70� in steps

of 0.01� for 10 s.

The Raman spectra of the ED-PA15, EDair-PA15, and

SG-PA15 thin films were measured by using a micro-

Raman spectrometer, NRS-2000 (JASCO), equipped with a

CCD camera and 488-nm incident laser of 1.5 mW. Each

spectrum in the wavelength range from 100 to 800 cm-1

obtained by exposing the laser beam for 30 s was accu-

mulated 30 times.

The surface appearances of the thin films were observed

by using a field-emission scanning electron microscope, FE-

SEM S-4200 Hitachi, at an accelerating voltage of 5 kV.

Chemical characterization of the thin films

The thin films were characterized by means of X-ray

photoelectron spectroscopy (XPS). A Phi Quantum 2000

Scanning ESCA Microprobe with a focused monochro-

matic Al-Ka X-ray (1486.6 eV) source was employed to

evaluate the states and amounts of the elements Ti, O, N, C,

and Sn in the thin films. The chemical shift data were

charge-referenced to the center of the C–C/C–H peak at

284.6 eV. The resolution was 0.2 eV in each measurement.

The depth profile in the Ar? etching mode was obtained

by using the same instrument after Ar? ion beam bombard-

ment (2 kV and 18 lA cm-2) for 3 min in order to remove

surface oxides. The measurements of 15 layers etched

stepwise for every 3 min by bombarding Ar? ions with the

same accelerating energy were performed over an area of

50 lm / of the thin films. In order to examine the O/Ti ratios

of the thin film surfaces, XPS spectra of Ti 2p and O 1s peaks

were recorded without bombarding Ar? ion beams.

Optical characterization of the thin films

The absorption spectra of each thin film were measured in

the range from 200 to 800 nm by using a double beam

absorption spectrometer, and air was used as a reference in

each measurement. The measurements were performed by

using a Hitachi U-2800 spectrophotometer.

The optical band edge of each thin film was calculated

from the difference spectrum, which was obtained by

subtracting the absorption value of the FTO substrate from

that of FTO substrate with the thin film at each wavelength.

The optical band edge Eg of the thin films was determined

by using the following Tauc expression: a ¼ AðE�EgÞ
E

1=2
;

where E denotes the photon energy (:hm); A, the constant;

and a, the absorption coefficient at wavelength [20].

A MARY-102 (Five Lab) scanning ellipsometer was

employed to measure the refractive index of each thin film by

using a He–Ne laser beam with a wavelength of 632.8 nm

and an incidence angle of 70.8�. The refractive index was

measured thrice at eight different spots on the thin films, and

each index was determined as the averaged value.

Photoreactivity measurements

The photoreactivity of each thin film of area 15 9 15 mm2

on the substrate was examined by the decoloration rate of

MB in a 10-mL aqueous solution (0.01 mmol L-1). A

black light, National FL10BL-B, was used for UV-light

irradiation. The distances of the black light sources from

the sample surfaces were adjusted to maintain the UV-light

intensity at 365 nm as 1.2 mW cm-2, the intensity was

measured by using an ultraviolet meter, UVR-400, Iuchi

Co., Ltd. The concentration of MB was determined by

measuring the absorption spectra of the aqueous solution in

the range from 600 to 700 nm by using a Hitachi U-2800

spectrophotometer. At intervals of 20 min during the

decoloration test, ca. 3 mL of the solution was transferred

into a quartz cell of dimensions 1 9 1 9 4.5 cm3. After

conducting the spectral measurements, the solution was

immediately returned to the vessel and mixed with the

aliquot. The mixed solution was further used until the test

for each film was completed. The temperature of the MB

aqueous solution was 20(±1) �C during the measurement.

From the absorption spectra at 664 nm of the solutions,

each concentration of MB was determined by using a

method reported previously [4, 21, 22].

The pseudo-first-order kinetic constant of the decolor-

ation of MB aqueous solutions was obtained thrice for each

film, and the averaged value was obtained in terms of the

rate constant k. In order to examine the effects of both

adsorption and self-decoloration of MB, the same mea-

surement was performed on the same samples without

irradiation as a reference.
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The k-value for each film was calculated as follows: the

concentration of MB after t minutes, C(t), was determined

by using formula (I), where Abs(0) and Abs(t) represent the

absorption values of the solution immediately before the

light irradiation and after t minutes during irradiation,

respectively.

CðtÞ ¼ 10� AbsðtÞ
Absð0Þ ðlmol L�1Þ ðIÞ

An approximate plot for the function of C(t) versus t was

obtained in the range from 0 B t B 80 min by using the

method of least squares. The rate constant k for each film

was estimated as the averaged gradient of the lines by using

formula (II), where kn indicates each gradient obtained

thrice (n = 1, 2, 3), independently.

k ¼ Rkn

3
� 103 ðnmol L�1 min�1Þ ðIIÞ

Results

Crystal structures and surface morphologies of the thin

films

The XRD patterns of the post-annealed thin films ED-PAn

(n = 5, 10, 15, 20, and 30 min), along with those of the

film ED are shown in Fig. 1. The peaks at 2h = 25.3� and

53.9� observed for all films are assignable to the (101) and

(105) phases of anatase [23]. The peak due to the (200)

phase of anatase can be observed at 2h = 48.2� in the

patterns of the post-annealed films ED-PAn (n C 15).

Weak peaks at 2h = 27.4� observed in the patterns for the

post-annealed films ED-PAn (n C 15) can be assigned to

that of the (110) phase of rutile [24]. The peaks at

2h = 34.0, 38.0, 51.9, 62.0, 66.0, and 78.8� in each pattern

can be assigned to those of SnO2 of the FTO substrate [25].

Furthermore, the peaks in the XRD patterns of the films

EDair and SG could be assigned to those of anatase and

SnO2 of the FTO substrate. Any additional peak assignable

to rutile does not appear in the XRD patterns of the anatase

films EDair and SG even after they are post-annealed under

the same conditions as those for the film ED.

The crystallite size of each film is presented in Table 1.

The thin films ED and ED-PAn have single-nano-size

crystallites. The crystallite sizes of the EDair and SG thin

films are not significantly affected by the post-annealing

treatments.

The Raman spectra of the ED-PA15, EDair-PA15, and

SG-PA15 thin films are shown in Fig. 2. The peaks at 144,

399, 519, and 639 cm-1 in each pattern are assignable to

those of anatase [26].

In Fig. 3, the surface appearances of (A) ED-PA15, (B)

EDair-PA15, and (C) SG-PA15 are presented. The surface

roughness of both (A) ED-PA15 and (B) EDair-PA15 is ca.

10 nm, which is equal to the resolution of the stylus pro-

filometer used. In comparison with the roughness (100 nm)

of the FTO glass substrate, each surface without any crack

or pinhole is rather smooth. The surface roughness due to

the undulated surface of SG-PA15 having many fine cracks

is ca. 25 nm.

Chemical characterization of the thin films by using

XPS

Figure 4 shows the XPS spectra of the thin film ED. The

binding energy of Ti 2p3/2 attributed to Ti–O and Ti–N has

20 40 60 80

ED-PA30

ED-PA20

ED-PA15

ED-PA10

ED-PA5
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- 2θ(Cu-Kα)/degree→
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Fig. 1 XRD patterns of ED and ED-PAn thin films, n = 5, 10, 15,

20, and 30. The peak assignment is indicated as follows: . Anatase,
5 Rutile, and e FTO

Table 1 The crystallite size of anatase in ED, EDair, SG, and post-

annealed thin films

Annealing time (min) ED EDair SG

0 – 10 13

5 – 10 13

10 5 11 13

15 4 10 13

20 7 11 13

30 7 12 13

The crystallite size of anatase was measured with a typical Scherrer–

Hall method by employing a peak assignable to only (101) of anatase,

because other peak intensities due to anatase were too low to measure

accurately. The crystallite size of anatase in ED and ED-PA5 could

not be obtained because the (101) peak of anatase was also too weak

to determine the crystallite size
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a typical value of 459.2 and 455.8 eV, respectively. The

binding energy of O 1s with which the O atom bonds to the

metal atom is 531.1 eV [27]. The binding energy of N 1s is

397.0 eV, and it exists only in the oxygen-substituted form

but not in the chemisorption form [28]. These binding

energies determined in the thin film ED are identical to

those determined in other films fabricated during this study.

The depth profiles measured by using XPS are shown in

Fig. 5. Significant amounts of C and N atoms are found,

particularly in the thin film (A) ED. These C and N atoms in

the thin film ED decrease due to post-annealing treatment,

as shown in (B) ED-PA15 and (C) ED-PA30. The amounts

of C and N atoms in the thin film (D) EDair are considerably

smaller than those in (A) ED. Further, the atoms of C and N

atoms found in (D) EDair are decreased by post-annealing

treatment, as shown in (E) EDair-PA15 and (F) EDair-PA30.

However, neither C nor N atoms are observed in the (G) SG,

(H) SG-PA15, and (I) SG-PA30 thin films.

Table 2 shows the averaged O/Ti ratios determined from

the XPS peak areas of O 1s and Ti 2p3/2 peaks of the ED,

EDair, SG and post-annealed thin films. The averaged

values are obtained from each depth profile in the Ar? ion

etching mode after removing the surface oxides. Extremely

small values of the ratio are obtained for the ED and EDair

thin films. The values of the SG thin film are not affected

by the post-annealing treatment.

200400600800

144

399519639

Raman shift, ∆ν/cm-1 

R
am

an
 in

te
ns

it
y/

a.
 u

.

ED-PA15

EDair-PA15

SG-PA15

Fig. 2 Raman spectra of ED-PA15, EDair-PA15, and SG-PA15 thin

films which were fabricated by post-annealing of ED, EDair, and SG

thin films at 500 �C for 15 min in air, respectively

Fig. 3 SEM images of a ED-

PA15, b EDair-PA15, and c SG-

PA15 thin films obtained by

post-annealing the thin films

ED, EDair, and SG, respectively,

at 500 �C for 15 min in air.

Every film thickness is 100 nm

Fig. 4 XPS spectra of a Ti 2p3/2,

b O 1s, c N 1s of the thin film ED,

which was measured after Ar?

ion beam bombardment (2 kV,

18 lA cm-2) for 3 min for

removal of oxides from the

surface. The thin solid lines
indicate the original data of XPS.

The thick solid curves are

theoretical Gaussian distribution

curves. The dashed curves show

theoretically fitted curves by

assuming Gaussian distribution

6906 J Mater Sci (2008) 43:6902–6911

123



Table 3 shows the O/Ti ratios for thin film surfaces. In

comparison with the averaged O/Ti ratios in deep portion

(Table 2), these values are considerably large. The O/Ti

ratios of the ED and EDair thin film surfaces are remarkably

smaller than those of the SG thin film. A gradual increase

in the values can be observed when the films are post-

annealed.

(b) ED-PA15 (c) ED-PA30(a) ED
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(h) SG-PA15 (i) SG-PA30(g) SG
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0
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60

Fig. 5 Depth profile of the

elements, Ti, O, N, C, and Sn in

the thin films a ED, b ED-PA15,

c ED-PA30, d EDair, e EDair-

PA15, f EDair-PA30, g SG, h
SG-PA15, and i SG-PA30. The

energy levels of the five atoms

are indicated in parentheses,

(Ti 2p),

(O 1s), -- -- (N 1s),

-- -- (C 1s), × (Sn

3d). Measurement of each 15

layer etched stepwise for every

3 min by bombarding Ar? ion

with 2 kV and 18 lA cm-2 was

performed at an area of 50 lm

/ of the thin films

Table 2 The averaged O/Ti ratios determined by the XPS peak areas

of O 1s and Ti 2p3/2 peaks of ED, EDair, SG, and post-annealed thin

films

Annealing time (min) ED EDair SG

0 1.37 1.49 1.65

5 1.57 1.61 1.66

10 1.53 1.58 1.66

15 1.49 1.60 1.67

20 1.50 1.60 1.67

30 1.49 1.58 1.68

The XPS peaks of thin films were measured after bombarding Ar? ion

beam with 2 kV and 18 lA cm-2 for 3 min, in order to remove

surface oxides. The peak area of O 1 s and Ti 2p was calculated by

FWHM and peak height at the positions 531.0 and 459.0 eV,

respectively, obtained from each depth profile in Ar? ion etching

mode

Table 3 The O/Ti ratios determined by the XPS peak areas of O 1s
and Ti 2p3/2 peaks observed from the surfaces of ED, EDair, SG, and

post-annealed thin films

Annealing time (min) ED EDair SG

0 1.60 1.67 1.92

5 1.61 1.68 1.93

10 1.62 1.68 1.95

15 1.64 1.82 1.96

20 1.72 1.90 1.96

30 1.78 1.96 1.96

The XPS peaks of the thin film surface were measured without

bombarding Ar? ion beam. The peak area of O 1s and Ti 2p was

calculated by FWHM and peak height at the positions 531.0 and

459.0 eV, respectively
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Optical characterization of the anatase thin films

The UV–vis absorption spectra of the ED and ED-PAn thin

films are shown in Fig. 6. It is shown that the absorbance of

the films ED and ED-PA5 is remarkably high in the vis-

light region, according to the brown color of the film.

The optical band edge shifts of the thin films are listed in

Table 4. The band edge shift of the thin film ED is sig-

nificantly affected by the post-annealing treatment. The

optical band edge shift of the thin film SG decreases

gradually according to the post-annealing duration,

although those of the thin films ED and EDair show a

tendency to increase. In comparison with the band edge

shift of 3.2 eV for the anatase single crystal, those for thin

films are considerably large [29, 30].

Table 5 shows the refractive indices of the thin films.

These values lie in the range reported previously for ana-

tase thin films [30, 31]. The refractive indices of the thin

films EDair and SG are gradually increased by post-

annealing treatment. On the other hand, the refractive index

of ED decreases once from 2.17 (ED) to 1.99 (ED-PA15)

with the post-annealing treatment, and then it increases

with further annealing.

Photoreactivity of the anatase thin films

The absorption spectral changes in the MB aqueous solu-

tion during decoloration by the film ED-PA15 under UV-

light irradiation are shown in Fig. 7, along with those

measured under dark conditions. The pseudo-first-order

kinetic constant k (nmol L-1 min-1) of decoloration of

0.01 mol L-1 MB aqueous solution by photoreaction with

each thin film under UV-light irradiation is summarized in

Table 6, along with that measured for the thin film ED

under dark conditions as the reference. The reference val-

ues ranging from 3.8 to 4.0 nmol L-1 min-1 correspond to

both adsorption and self-decoloration of MB, and they are

independent of the type of thin film.

The k values of the reaction reveal that every film is

effective in decolorizing the MB aqueous solution by

300 400 500 600 700 800
0

0.5

1

1.5

Wavelength/nm

A
bs

or
ba

nc
e

FTO ED

ED-PA5

ED-PA10

ED-PA15

ED-PA30

ED-PA20

Fig. 6 Absorption spectra of ED and ED-PAn thin films whose

thickness is 100 nm. The lines indicate each film as follows. ED and

ED-PAn; ––––, FTO substrate; - - - -

Table 4 The optical band edges of ED, EDair, SG and post-annealed

thin films

Annealing time (min) ED EDair SG

0 3.43(1) 3.68(1) 3.73(1)

5 3.72(1) 3.74(2) 3.73(1)

10 3.73(2) 3.74(2) 3.72(1)

15 3.74(2) 3.73(2) 3.69(2)

20 3.75(2) 3.73(2) 3.68(1)

30 3.75(1) 3.73(2) 3.66(2)

The edge energy was calculated from the absorption data in the range

from 311 to 295 nm of the thin films by employing Tauc expression.

Estimated standard deviations are presented in parentheses

Table 5 The refractive index of ED, EDair, SG, and post-annealed

thin films

Annealing time (min) ED EDair SG

0 2.17 2.06 2.06

5 2.07 2.08 2.10

10 2.04 2.08 2.11

15 1.99 2.10 2.11

20 2.00 2.11 2.15

30 2.11 2.13 2.16

The refractive index was measured at eight different spot, and three

measurements were performed at each spot
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Fig. 7 Spectral changes of MB aqueous solutions during the

photoreaction rate measurement by employing ED-PA15 thin film

under UV-light irradiation (solid lines), along with those under dark

(broken lines). The absorption value at 664 nm of the solutions was

recorded in order to determine the rate constant of the decoloration
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photoreaction. The thin film ED-PA15 prepared by post-

annealing the ED thin film, which has the lowest photo-

reactivity, at 500 �C for 15 min in air showed the highest k

value. In both cases of EDair and SG thin films, post-

annealing treatment for 10 min is mostly effective in

enhancing the photoreactivity. However, the effect of post-

annealing treatment on the photoreactivities of EDair and

SG thin films is unambiguously smaller than that on the

thin film ED. In addition, it is notable that the k values of

the EDair-PA30 and SG-PA30 thin films are smaller than

those obtained before treatment.

In Fig. 8, the photoreactivities of the thin films are

presented. Each value is calculated as the difference

between the rate constant k under UV-light irradiation and

the corresponding value measured for each thin film under

dark conditions. As a result, the maximum photoreactivity

of ED-PA15 prepared by using the molecular precursor

method is 2.1 times higher compared with that of SG-PA10

prepared by the conventional sol–gel procedure.

Discussion

It is generally accepted that the main factors responsible for

obtaining anatase with enhanced photoreactivity are (1)

high crystallinity, (2) large specific surface area, and (3)

low amount of impurity [32, 33]. With regard to these

factors, the maximum photoreactivity obtained for the

anatase thin film ED-PA15 with higher O-deficiency will

be discussed, and then the formation mechanism of the

O-deficient anatase by using the molecular precursor

method will be discussed.

Crystallinity of the anatase thin films

Crystallite size is an indicator of crystallinity. Among the

crystallite sizes of the three anatase thin films ED, EDair,

and SG, that of the thin film SG was the largest and that of

the film ED was the smallest (Table 1). These sizes of the

anatase crystallites in EDair and SG thin films were not

affected by post-annealing treatment in air. In contrast, the

sizes of the anatase crystallites in the ED thin film were

dependent on the annealing time. By means of XPS anal-

yses, it was revealed that the amounts of C and N atoms

derived from the EDTA complex in the ED thin film were

significantly larger than those in the other thin films. These

results suggest that the anatase crystallite in the ED thin

film grew effectively with the removal of C and N atoms by

annealing the film in air.

Anatase with high crystallinity is generally assumed to

have high photoreactivity. However, among the thin films

prepared in this study, the thin film ED-PA15, whose

crystallite size of anatase is the smallest, indicated the

highest photoreactivity in the decoloration of the MB

aqueous solution.

Surface morphologies of the anatase thin films

Even surfaces with 10-nm roughness could be observed

from the SEM images of the thin films formed by using the

molecular precursor method (Fig. 3). Although the specific

surface areas of the thin films are not measured quantita-

tively because of the difficulty involved in the procedure, it

can be concluded that the degrees of adsorption of the MB

molecule in the aqueous solution are almost equal among

the thin films, including those formed by using the sol–gel

Table 6 The pseudo-first-order kinetic constant k (nmol L-1 min-1)

of decoloration rate of 0.01 mol L-1 MB solution by the photoreac-

tion with each thin film under UV-light irradiation

Annealing time

(min)

k under UV-light

irradiation

k under dark

ED EDair SG ED EDair SG

0 6.4(1) 9.8(1) 9.1(1) 4.0(1) 4.1(1) 4.0(1)

5 9.1(1) 15.6(1) 10.4(1) 4.0(1) 4.0(1) 4.1(1)

10 12.9(1) 16.3(1) 11.7(1) 3.8(1) 3.9(1) 4.1(1)

15 19.8(3) 13.1(2) 10.5(1) 3.9(1) 3.9(1) 4.0(1)

20 15.0(1) 12.7(1) 11.0(1) 3.8(1) 3.9(1) 3.8(1)

30 12.0(2) 9.1(2) 8.8(1) 3.8(1) 3.8(1) 3.9(1)

The kinetic constant was measured by the decrease of absorption

value at 664 nm of each test solution. Those obtained from the data

measured under dark are also indicated. Calculated standard devia-

tions are presented in parentheses
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Fig. 8 Dependency of net photoreactivity of each thin film on the

post-annealing time. These values were obtained as the differences

between the pseudo-first-order kinetic constants (k) of decoloration of

MB aqueous solution under UV-light irradiation and those under dark

(Table 6). Each line indicates the thin film as follows: ED-PAn;

---- ----, EDair-PAn; --- ---, SG-PAn; --- ---
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method (Table 6). Therefore, the differences between the

photoreactivities of these thin films should be attributed to

other factors, except the specific surface area.

Purity and optical properties of the anatase thin films

The purity of the transparent thin films was evaluated on

the basis of the XPS spectra, and the optical properties

were examined on the basis of the absorption spectra and

refractive indices of the thin films.

From the XPS spectra (Fig. 5), it is observed that among

the thin films, SG and SG-PAn show higher purity.

Therefore, the highest photoreactivity of the ED-PA15 thin

film cannot be attributed to its purity. Doping appropriate

amounts of metal ions such as Fe3? and Mg2? into anatase

is frequently useful in preventing photo-induced electrons

and holes from recombination [34, 35]. However, it is

difficult to accept that C and N atoms in ED-PAn and

EDair-PAn contribute toward enhancing their photoreac-

tivities because the UV-light sensitivities of the anatase

thin films simply modified by these atoms decrease [7–10].

From this point of view, the purity is not directly related to

the highest photoreactivity of ED-PA15.

The strong and wide absorbance in the vis-light region

observed in the spectra of the ED and ED-PA5 thin films

(Fig. 6) can be attributed to the large amounts of C and N

atoms observed in the XPS spectra (Fig. 5), because the

absorbance disappears after post-annealing the ED thin

film for longer than 10 min.

In comparison with the band edge shift of 3.2 eV for

the anatase single crystal, the values of the thin films

prepared in this study are larger (Table 4) but comparable

with those previously reported for thin films [29, 30].

Because these larger values are mainly attributed to the

stress between the thin films and substrates, the stress in

the SG thin film can be effectively relaxed by post-

annealing. However, it was elucidated that the thin films

formed by using the molecular precursor method retain

such stresses even after the post-annealing treatment. The

ED thin film indicated extremely low values of stress. The

result suggests that larger amounts of C and N atoms in

the ED thin film produced impurity levels in the band gap,

and the gap was drastically affected by eliminating the

impurities with the post-annealing treatment for longer

than 5 min. A similar but smaller change in the band edge

shift in the EDair thin film occurred, because the amounts

of C and N atoms in the thin film were considerably

smaller than those in ED.

The refractive indices of the thin films (Table 5) lie in

the range of values reported for the anatase thin films [30,

31]. The refractive indices of the thin films EDair and SG

increased gradually according to the post-annealing dura-

tion. On the other hand, the refractive index of the ED thin

film decreased once with the post-annealing treatment for

15 min and then increased with further annealing. The

largest index, 2.17, of the ED thin film may be attributed to

the strong and wide absorbance by the impurities men-

tioned above. Furthermore, the smallest value, 1.99, of the

ED-PA15 thin film could be affected by the largest

O-deficiency in the anatase thin film after removal of the

impurities. It is suggested that the decrease in permittivity

of the thin film was due to the low charge density derived

from the O-deficiency, because the structure of anatase is

rigidly maintained. The increase in the refractive index by

further annealing the thin film may be due to the effects of

the addition of oxygen atoms into the lattice (Table 3) and

appearance of the rutile phase observed in the XRD spectra

(Fig. 1).

Thin film fabrication of O-deficient anatase by using the

molecular precursor method

The proposed scheme for O-deficient anatase lattice for-

mation, which can be deduced from the XPS results, is

presented in Scheme 1. This scheme indicates a skeleton

involving one Ti center in parentheses on the basis that four

titanium complexes should be provided to construct at least

one unit cell of anatase lattice.

The coordination skeleton of (TiO4N2) or (TiO5N2) can

be assumed in the EDTA complex as a precursor molecule,

from the structural study on a Ti complex [Ti(H2O)(ED-

TA)] � 1.5H2O reported by Fackler et al. [36]. In the

precursor films, two N and at least four O atoms are linked

to one Ti ion.

By heat-treating the precursor complex in the Ar gas

flow, neighboring complexes reacted with each other.

During the process, several O atoms linked to one Ti ion

could be covalently bonded by other Ti ions, and the

anatase lattice was gradually structured. By eliminating

large amounts of C, H, and N atoms with O atoms, oxide

ion sites of the anatase lattice were partially occupied by

relatively stable nitride ions derived from the coordinated

N atom originally belonging to the ligand. As a result, the

total negative charge of the N-substituted anatase in the ED

thin film was ca. 3.6, obtained from the summation of 2.8

from the oxide ions and 0.8 from the nitride ions, toward

one Ti ion. This charge oriented toward one Ti ion is larger

than that, ca. 3.3, due to the oxide ions in the SG thin film

(Table 2).

O2

Post-anneal

Heat-treatment

in Ar gas flow
4 (TiO4N2) 4 (TiO1.4N0.25) 4 (TiO1.5)

Precursor
complex

Partially nitrided
anatase

O-deficient
anatase

O2

Post-anneal

Heat-treatment

in Ar gas flow4 1.4 0.25) 1.5)

Precursor
complex

Partially nitrided
anatase

O-deficient
anatase

Scheme 1 Proposed scheme for O-deficient anatase lattice formation
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The substitutional N atoms could be removed from the

anatase lattice by post-annealing the ED thin film. Conse-

quently, the total negative charge of the ED-PA15 thin film

whose photoreactivity is highest decreased to ca. 3.0.

Annealing treatment for long durations replenished oxide

ions into anatase thin films from their surfaces (Table 3),

and the photoreactivity was decreased (Fig. 8). Thus, it was

elucidated that the O-deficiency is an important factor for

controlling the photoreactivity of anatase. It is also notable

that the O-deficient anatase lattice is considerably robust,

because the stoichiometric Ti2O3 did not appear at all.

Conclusion

The molecular precursor method is useful for the fabrica-

tion of an O-deficient anatase thin film having higher

photoreactivity. The chemical formula of the anatase with

the highest photoreactivity under UV-light irradiation can

be described as TiO1.5, whose O/Ti ratio is quantitatively

determined from the XPS spectra. The O-defect sites in

anatase of fine crystallites can be generated by post-

annealing anatase thin films involving Ti–N bonds derived

from the molecular precursor complex. It is notable that the

thin film indicates the lowest refractive index.

It was thus revealed that the O-deficiency in anatase thin

films is one of the major factors involved in photoreaction

by the semiconductor. This factor may be also important to

synthesize the anatase powders with high photoreactivity.

Therefore, we are now interested in the possibility of rutile

thin film fabrication with high photoreactivity by the same

principle.
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