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Abstract A transparent rutile thin film 100 nm thick was
fabricated on a quartz glass substrate; it was responsive to
visible light and had a higher sensitivity to UV light than
an anatase thin film formed by sol-gel method under
identical conditions. The crystal structure was determined
by observations using X-ray diffraction, Raman spectra,
and a transmission electron microscope. The oxygen/tita-
nium ratio of the rutile thin films was 1.78 according to the
XPS peaks. The photoreactivity and photoinduced hydro-
philicity of the rutile thin films was examined by measuring
the pseudo first-order rate for the decoloration of methy-
lene blue in an aqueous solution and the water contact
angle, respectively. The high photoreactivity and photo-
sensitivity of the O-deficient rutile thin film, whose optical
band edge and refractive index were 3.10 eV and 2.2,
respectively, were due to electron traps and assisted by
O-defects within the rutile particles.
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Introduction

Titania (TiO,) has received considerable attention as a
naturally abundant photosensitive material; rutile and
anatase, both titania polymorphs, are industrially available.
Rutile is the most stable crystal form of titania [1-4] So
far, anatase has been found to be more photosensitive than
rutile. Since Nishimoto et al. showed that anatase is more
sensitive to UV light than rutile in a photoreaction, rutile
was believed to be inferior to anatase in terms of photo-
reactivity [5, 6]. Anatase is important for photocatalysis
in pollutant degradation and in the development of photo-
functional materials, such as films with hydrophilic
surfaces, under UV light irradiation. The poor photoreac-
tivity and photosensitivity of rutile are generally believed
to be due to its crystal structure [6, 7], so rutile is primarily
known as a useful pigment for white paint due to its
chemical stability. Rutile more photosensitive than anatase
has not yet been discovered; however, in 1972 Fujishima
and Honda observed that water molecules photodecom-
posed on rutile being irradiated by UV light when a certain
electric potential was applied to a Pt counter electrode [8].

Anatase, which responds only to UV light, has recently
become the focus of research studies attempting to get it to
respond to visible light in order to utilize solar and interior
light efficiently. Layer-structured anatase thin films, when
fabricated by heat treating molecular precursor films under
an argon gas flow, were found to respond to visible light
with enhanced UV sensitivity by the authors of this study
in a previous article [9]. Recently, further details were
provided revealing that the uniquely enhanced UV sensi-
tivity of these anatase thin films was caused by oxygen
deficiencies embedded within the anatase [10].

Because the band edge of a rutile single crystal is
3.0 eV, rutile has the potential to respond to visible light

@ Springer



862

J Mater Sci (2009) 44:861-868

[11]. Based upon this knowledge and building upon the
results from the previous experiments on anatase respon-
siveness to visible light, this article details an attempt
toward the direct fabrication of O-deficient rutile thin films
with high photoreactivity by using a molecular precursor
method. The first visible light-responsive thin film created
from O-deficient rutile is discussed here; it works without
applying any electric potential because of its unprece-
dented high photosensitivity under UV light irradiation.
The findings of this study should facilitate widespread
practical use of rutile in light-related applications.

Experimental
Materials

Ethylenediamine-N,N,N',N'-tetraacetic =~ acid  (EDTA),
methylene blue (MB), and titanium tetraisopropoxide
(Ti(O[Pr)4) were purchased from Kanto Chemical Co., Inc.
Dibutylamine and 30% H,O, were purchased from Wako
Pure Chemical Industries, Ltd., and from Santoku Chemical
Industries Co. Ltd., respectively. Methanol and 60% HNO;
were purchased from Taisei Chemical Co. Ltd. Ethanol was
purchased from Ueno Chemical Industries, Ltd. These sol-
vents were dried in 4A molecular sieves before use. Other
materials were used without further purification. Quartz
glass was purchased from Akishima Glass. The glass sub-
strates  with dimensions of 20 x 20 x 1.1 mm’® were
washed in 2-propanol for 15 min with sonicated stirring and
then dried in a drying oven at 70 °C.

Preparation of the precursor solution Sysp involving
the Ti** complex of EDTA

The precursor solution containing Ti*" complex of EDTA
was obtained by a method modified from the one previ-
ously reported by the authors [9, 10, 12]. Dibutylamine,
3.58 g (27.7 mmol) and EDTA, 3.56 g (12.2 mmol) were
added to a mixture of 10 g each of ethanol and methanol,
respectively. The solution was refluxed for 2 h with stirring
and then cooled to room temperature. After adding 3.47 g
(12.2 mmol) of Ti(OPr),, the solution was refluxed for
4.5 h. After cooling the reacted solution to room temper-
ature, 1.56 g (13.8 mmol) of 30% H,O, was carefully
added. The solution was then refluxed for 0.5 h. The con-

centration of titanium was 0.4 mmol g~ .

Preparation of the sol-gel solution Sgg
A conventional sol-gel solution was prepared by reacting

4.31 g (15.2 mmol) of Ti(OPr), with 1.10 g (10.5 mmol)
of 60% nitric acid and 0.84 g (46.7 mmol) of water in 25 g
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of ethanol [13, 14]. The concentration of titanium was

0.5 mmol g~ .

Coating, heat-treating procedures, and film thickness

The thin films were formed by heat-treating the precursor
films (15 x 15 mm?) spin-coated onto a quartz glass sub-
strate; the solutions Syp and Ssg were applied with an
argon gas flow. A spin-coating method to form the titania
precursor films were formed with a spin-coating method
employed with a double step each time: first at 500 rpm for
5 s, then at 2,000 rpm for 30 s. Transparent precursor films
formed by spin-coating the solutions and pre-heating in a
drying oven at 70 °C for 10 min were heat-treated at
700 °C for 30 min in a furnace made from a quartz tube (¢
40 mm) with an argon gas flow rate of 0.1 L min~'. When
Syp was used, a transparent rutile thin film R formed;
when Sgg was used, a transparent anatase thin film A
formed. The film thickness, measured using the stylus
profilometer DEKTAK3, was 100 nm in both cases.

In order to prepare the samples for transmission electron
microscope observation, ultra-thin films with film thick-
nesses of 10 nm were prepared using 1/10-diluted solutions
of Syp and S and under the same conditions except for
the solution concentration and the substrate. NaCl single
crystals were employed for the substrate instead. The ultra-
thin films were fabricated and then recovered by dissolving
the NaCl substrate with water.

Structure and chemical identity of thin films

The X-ray diffraction (XRD) pattern of each film was
measured with an X-ray diffractometer (MXP-18 AHF22,
Bruker AXS), with Cu—Ko rays generated at 45 kV and
300 mA. Parallel beam optics with an incident angle of
3.0° was employed. Cell parameters were refined by the
least square method.

The structure and lattice image of each film were
observed with a transmission electron microscope (TEM
HS8100, Hitachi) at an accelerating voltage of 200 kV and
the ultra-thin films applied on a Cu grid.

A Phi Quantum 2000 Scanning ESCA Microprobe
(Shimadzu) with a focused monochromatic Al-Ko X-ray
(1486.6 eV) source was employed in order to evaluate the
element states and quantities—Ti, O, N, and C—in the
films. 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 for each measurement. The depth profile was
obtained with the same instrument. The stepwise etching
was performed by bombarding the Ar™ ion with 2 kV and
18 pA cm 2 for 3 min before measuring each layer. The
XPS peaks for all the 15 layers were measured in order to
obtain the depth profile.
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Surface morphology and mechanical strength

The surface appearance of the thin films coated with gold
was observed with a field-emission scanning electron
microscope (FE-SEM S-4200, Hitachi) at an accelerating
voltage of 5 kV.

The adhering strength of the films to the quartz substrate
was examined with a scratch tester (HEIDON-22, Shinto
Scientific) using a load of 0.50 kg and a scanning rate of
10.5 N min~".

Optical properties of thin films

The transmittance and absorption spectra of the thin films
were measured in the 200-800 nm range with a double-
beam mode; the quartz glass substrate was used as the
reference for each measurement. The measurements were
performed with a U-2800 spectrophotometer (Hitachi). The
optical band edge E, of the thin films was determined by
using the following Tauc expression:

A(E—E,)"?

= SE 1)

where E is the photon energy (=hv); A is the constant; and
o is the absorption coefficient at the wavelength [15].

A MARY-102 (Five Lab) scanning ellipsometer was
employed to measure the refractive index of the thin films
with a He—Ne laser beam of 632.8 nm and an incidence
angle of 70.8°. The refractive index was measured three
times at eight different points on the thin films and aver-
aged to determine the value.

Photoreactivity measurements

The photoreactivity of each film was examined using the
decoloration rate of methylene blue (MB) in 10 mL of
aqueous solution (0.0l mmol L™'). A black light
(FL10BL-B, National), was used for UV light irradiation.
The distance of the black light source from the sample
surfaces was adjusted in order to maintain a UV light
intensity of 1.2 mW cm™? at 365 nm; the intensity was
measured with an ultraviolet meter (UVR-400, Tuchi). The
visible light intensity on the samples was 0.8 mW cm >
with the fluorescent light (True light, Duro Test) after
removing wavelengths shorter than 400 nm by using a cut-
off filter; the intensity was measured with an illuminometer
(LX-105, Custom). The removal of UV light was con-
firmed by checking the UV light intensity for a value of
0.0 mW cm ™2 at 365 nm with the UV meter.

The MB concentration was determined by measuring the
absorption spectra of the aqueous solution with the U-2800
spectrophotometer. For the decoloration test, 3 mL of the
solution was transferred into a quartz cell of dimensions

1 x 1 x 4.5 cm® at 20-min intervals. After spectral mea-
surement, the solution was immediately returned to the
vessel and mixed with the aliquot. The mixed solution
continued to be used until the test for each film was
completed. The temperature of the test solution was
maintained at 20 £ 1 °C throughout the measurement.

The pseudo first-order rate for the decoloration reaction
of the MB aqueous solutions was obtained three times for
each film; the averaged value was assigned to the rate v. In
order to examine the effects of both the adsorption and the
self-decoloration for MB, the same measurement was
performed on the same samples without irradiation as a
reference. The v value for each film was calculated as
follows. The MB concentration C(¢) after irradiation for ¢
min was determined as

Abs(1)
" Abs(0)

C(t) = [umol L] (2)
where Abs(0) and Abs(f) represent the absorption value at
664 nm for the solution immediately before irradiation and
after irradiation for ¢ min, respectively. An approximate
line for the function of C(¢) versus ¢ was obtained in the
range 0 < ¢ < 80 min by the least square method. The rate
v for each film was estimated as the averaged gradient of
the lines:

Vv = —|Z3V"| x 103

where v, indicates each of the individual gradients (n = 1,
2, 3) obtained independently.

[nmol L™' min™], (3)

Photo-induced hydrophilicity measurements

The contact angle for a 1.0-puL. water droplet on the thin
films was measured with a contact angle meter (FACE,
Kyowa Kaimenkagaku). The measurement was performed
after irradiation of the samples with visible or UV light in
atmospheric air at 26 °C and 40% humidity. The same light
sources employed in the decoloration test for the MB
solution mentioned above were used. In this experiment,
the position of the black light source was adjusted in order
to maintain a UV intensity of 4.5 mW cm ™2 at 365 nm on
the samples. The contact angle for the water droplet before
the light irradiation on R (68°) was almost the same as for
A (70°) under the same atmospheric conditions.

Results
Crystal structure and chemical identity of the thin films

Figure 1 shows the XRD patterns for R and A. In R, the
peaks were found at 260 = 27.5, 36.2, 39.3,41.4,44.3, 54.5,
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Fig. 1 XRD patterns for R (rutile) and A (anatase) fabricated by heat
treating the corresponding precursor film at 700 °C in an Ar gas flow

56.7, 64.2, and 69.2°, corresponding to the (110), (101),
(200), (111), (210), (211), (220), (310), and (301) phases of
rutile [16]. In A, the peaks were observed at 20 = 25.6,
38.1, 48.4, 54.2, 55.5, 62.9, 69.1, 70.7, and 75.3°, corre-
sponding to the (101), (004), (200), (105), (211), (204),
(116), (220), and (215) phases of anatase [17]. The precise
cell parameters for the tetragonal lattices were a =
0.459(1) nm and ¢ = 0.296(1) nm for R, and a = 0.377(1)
nm and / = 0.953(4) nm for A. These values correlated
well with the corresponding lattices for the rutile and
anatase crystals. Thus, the crystal structures of R and A
were demonstrated to be the single phases of rutile and
anatase, respectively.

The Raman spectra of R and A thin films are shown in
Fig. 2. The absorption bands at 139, 441, and 609 cm™'
correspond to rutile in the spectrum for R. The absorption

Raman intensity/a. u.

" L 3 1 : " i " " 1
800 600 400 200
Raman shift, Av/em™

Fig. 2 Raman spectra for R and A thin films fabricated by heat
treating the corresponding precursor film at 700 °C in an Ar gas flow
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bands at 146, 400, 521, and 641 cm™! correspond to ana-
tase in the spectrum for A [18].

The transmission electron microscope (TEM) images
and electron diffraction patterns for the ultra-thin films
corresponding to R and A are presented in Fig. 3, along
with the phase assignment and dimension. The diffraction
patterns indicated a typical tetragonal structure for rutile
and anatase with the corresponding cell parameters. These
results were consistent with those determined by the XRD
patterns for R and A.

The XPS peaks corresponding to O 1s and Ti 2ps,, were
found at 529.8 eV and 458.8 eV, respectively, for each
film; these values are typical for titania [19]. The averaged
O/Ti peak area ratio was 1.78 for R and 1.93 for A. The
homogeneity in the vertical direction of the thin films was
confirmed by the depth profiles of the XPS peaks, which
were measured with an Ar™ ion etching mode.

Surface morphology and mechanical strength
of the thin films

The surface appearance of the thin films is shown in Fig. 4.
The adhering strength of R and A to the quartz substrate
was 1.75 and 0.69 GPa, respectively.

Optical properties of the thin films

The transmittance spectra of the thin films are presented in
Fig. 5. The optical band edge for R, determined from the
corresponding absorption spectrum by assuming a direct-
transition semiconductor, was 3.10 eV; it was considerably
smaller than for A (3.63 eV).

The refractive indices of R and A were 2.2 and 2.5,
respectively.

Photoreactivity of thin films

The photoreactivity of the thin films was evaluated by the
decoloration rate of the MB solution, which served as a
model for organic pollutants in water [20, 21]. The results
measured under visible and UV light irradiation are sum-
marized in Table 1 along with those measured under dark
conditions (reference values); they indicate the effects of
adsorption on the samples and vessels and self-decoloration
of MB under each condition [9, 10]. The v values, where v
is the pseudo first-order rate, were found to be larger than
when under dark conditions, indicating the degree of
photoreaction induced by the light irradiation on the films.
Rapid decoloration of the MB solution due to the redox
reaction caused by R was clearly observed when irradiating
the films with only visible light. Moreover, the photore-
activity of R was also extremely high under UV light
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Fig. 3 Structure and lattice
image of the ultra-thin films
corresponding to R and A,
observed with a transmission
electron microscope. The TEM
images (above) and the
corresponding diffraction
patterns (below) of the films are
described, respectively. The
crystal structure was analyzed
using Fourier-transformed
patterns

R

(101) (110)

(220)

\

v

.
Vi

Fig. 4 Surface appearance of R
and A observed by using a field
emission scanning electron
microscope

irradiation and higher than the photoreactivity of A, which
is without precedent.

Photoinduced hydrophilicity of thin films

The photosensitivity of R and A was also examined by
measuring the effects of visible and UV light irradiation on
the water contact angle for the surfaces of the thin films
[22-24]. The results are shown in Fig. 6. The rutile

d3;5=2.00A

> <+

(210) Gy

l 004) |

(200)

thin-film R exhibited visible light-induced hydrophilicity
with a fluorescent light even though high-energy light with
wavelengths shorter than 400 nm was eliminated. In con-
trast, visible light alone did not effectively reduce the
contact angle on A under the same conditions. Further-
more, a rapid decrease in the water contact angle for R was
observed with weak UV light irradiation. The super-
hydrophilic property of R appeared after only 1 h. When
fluorescent light with a UV component was employed, the
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Fig. 5 Transmittance spectra of R and A for the 100-nm-thick film
on a quartz substrate. The solid and broken lines indicate the R and A
thin films, respectively

Table 1 The pseudo first-order kinetic rate v for the decoloration
reaction in an aqueous solution containing 0.01 mol L™" of methy-
lene blue under both visible and UV light irradiation and under dark
conditions

Notation v [nmol L™! min~!]?*

Under visible Under UV light Under dark

light conditions
R 133 (2) 26.7 (2) 42 (1)
A 3.8 (1) 19.3 (1) 3.8 (1)

? Estimated standard deviations are presented in parentheses

contact angle on R reduced more rapidly and the values
reached 38° and 10° after irradiation for 1 and 24 h,
respectively.

Discussion
Selective formation of rutile and anatase

Both the rutile and anatase thin films were easily formed
selectively at 700 °C despite employing the different
coating solutions. Each structure was characterized using
XRD, Raman spectra, and TEM observations. The selec-
tivity was due to the fact that the O-vacant sites in the
oxide thin films formed at different levels due to the
difference in the amount of oxygen between the two pre-
cursors; in this study, the oxygen source required to
structure titania was available only in the precursor films
when these thin films were fabricated. Therefore, crystal-
lization into rutile, which has many O-vacant sites, and the
accompanying rapid elimination of organic residues from
the R precursor film occurred because of the heat
treatment.

@ Springer

In contrast, the amount of oxygen available to the Ti*"
ions in the titanoxane polymers, though significant, was
insufficient to develop stoichiometric TiO, from A. The
oxygen defects in an anatase lattice generally lower the
temperature of the phase transformation from anatase to
rutile [25]. Thus, selective formation occurred according to
differing levels in O-deficiency.

Optical property, surface morphology, and mechanical
strength of the thin films

The band edge of R was comparable to that for a single
crystal of rutile (3.0 eV) [1]. On the other hand, the band
edge of A was higher than that for a single crystal of
anatase, but comparable to anatase thin films with internal
stresses caused by a lattice mismatch with the substrate
[26]. The well-developed grain boundary in R was
observed using the FE-SEM and is shown in Fig. 4. When
compared to the size of the anatase grains in A, the grain
sizes of the rutile crystals in R were undoubtedly larger.
The internal stresses in R were relaxed by grain growth,
thus reducing the band edge differences between a thin film
and a single crystal.

In addition, the refractive index of R was lower than for
A, although in general the index for rutile is higher than
anatase [26, 27]. Permittivity is described by the following
equation
vE=L 4)

€0

where E is the electric field intensity, p the charge density,
and ¢y the vacuum permittivity. The fact that the refractive
index of R was smaller than for A suggested that the
permittivity of R showed an extraordinary decrease due to
the low charge density from a high O-deficiency compared
to A. Therefore, the optical properties of R were found to
be strongly related to its large O-deficiency.

Furthermore, the adhering strength of R to the quartz
substrate was more than twice the strength of A. The
titanium ions of R linked covalently to the O atoms
belonging to the quartz molecules to form a robust inter-
face between the quartz glass substrate and R. The strong
adherence to the substrate was assumed to occur because of
the many O-defects of R compared to A.

Inner part electron trap (IPET) effect

From the abovementioned results, the rutile thin film R
with many O-defects was shown to have high photoreac-
tivity and photoinduced hydrophilicity under both visible
and UV light irradiation. Linsebigler et al. proposed that O-
vacancies on a titania surface suppress the recombination
of photoinduced electron—hole pairs with electron traps and
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Fig. 6 Comparison of the
contact angles for a 1.0-uL
water droplet on R and A.
Before measurement, the thin R
films were exposed either to
only visible light (samples on
the left), obtained by removing
the UV component from the
light emitted by a fluorescent
lamp, or to UV irradiation
(samples on the right), obtained
with a black light

13(1)°

under visible-light irradiation

under UV-light irradiation

B e
— — NI

5(1)°

P = Np—

65(1)°

thus extend their lifetime [28]. This might lead to the high
photoreactivity of O-vacant titania. Previously, several
researchers examined the formation of O-vacant sites on a
rutile thin-film surface by physical injection of or chemical
reduction with hydrogen [29, 30]. However, photoinduced
properties for rutile with an O-vacant surface were not
observed in those studies, though the modification of its
electric properties was shown. This suggests that the pho-
toinduced properties of titania are not effectively assisted
by the O-vacant sites on its surface alone. As shown by the
XPS examination, many O-defects for R were spread
throughout much of the rutile thin films formed in this
study. Thus, the electron traps caused by O-deficiencies
embedded deeply in R can be concluded to provide an
essential contribution to its effective photoreactivity and
photoinduced hydrophilicity under both visible and UV
light.

Conclusion

This study presents an alternative method for enabling
titania to respond to visible light without using the doping
impurities usually employed for visualizing anatase, where
the original photoreactivity under UV light irradiation is
suppressed by generated impurity levels. This article
showed that a certain level of O-deficiency embedded
deeply within rutile crystals in the thin film can actualize
the intrinsic and potential properties of rutile to respond to

11(3)°

visible light. This article proposed an inner part electron
trap (IPET) effect by using an O-deficient rutile thin film.
In addition, the results led to the recommendation to
differentiate rutile and anatase, which are frequently
expressed simply as titania, in future study to avoid any
confusion while discussing on their respective photoreac-
tivity and photosensitivity. The results from this study
should lead to developing applications of rutile thin films to
solar energy conversion and the degradation of organics in
polluted water and air under solar and interior light, along
with the utilization of an anti-foggy surface derived from
its hydrophilicity induced by both visible and UV light.
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