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Vibrations were found to affect the nanostructure of titania crystallites formed on SiO2-TiO2 gel coatings
during hot water treatment. Granular anatase nanocrystals of 30-50 nm in size were formed on the
coatings during hot water treatment without vibration, whereas the shape of the precipitates elongated to
be sheetlike by applying a vibration to the substrate during hot water treatment. The sheetlike crystals
mainly consisted of nanosheets with a spacing of about 0.6 nm, and were identified as a hydrated titania,
m(TiO2)‚nH2O, with the lepidocrocite-like layered structure. Titania nanosheets were characterized by a
large surface-to-volume ratio, allowing the high photocatalytic reactivity comparable to that of anatase
crystals. In addition, the coatings were highly transparent even after the formation of the nanosheets and
thermally stable at around 500°C. The hydrated titania nanosheet-precipitated coatings maintained an
excellent wettability for water and antifogging properties even after being kept in dark for 2000 h due to
their unique physicochemical properties. Processing temperatures for the coatings preparation are lower
than 100°C under atmospheric pressure, so that the coatings have a great potential for applications to
various substrates including organic polymers with poor heat resistance.

Introduction

Nanocrystal-dispersed materials such as bioactive glass-
ceramics, ferromagnetic alloys, and photofunctional inorganic-
organic composites have created an important field in science
and technology because of their exceptional chemical and
physical properties.1-4 The characteristics of nanocrystal-
dispersed materials basically depend on the properties of the
dispersed crystallites in nanometer size and the residual phase
which makes up the materials. On the other hand, in the
weathering process of minerals, dissolution of specific
components, ion exchange, and diffusion of molecular water
into the materials occur, resulting in the formation of
nanocrystals on the surface or in the bulk of residual
materials.5 Thus, the weathering can be regarded as a natural
and eco-friendly way to obtain nanocrystal-dispersed materi-
als. However, it takes an extraordinarily long period, i.e.,

geological time, to obtain such materials during natural
weathering at an ambient temperature and under atmospheric
pressure, mainly due to the low solubility of the components
and low diffusion rate of water molecules.

Inorganic gel materials prepared by the so-called “sol-
gel method” using metal alkoxides as starting materials are
generally porous and have a large specific surface area, so
that the gel materials can easily react with water vapor and/
or water liquid in a much shorter time.6-8 In the case of
multicomponent inorganic gel materials, hetero-bondings
such as M-O-M′ (M and M′, metals; O, oxygen), which
are often not stable from a thermodynamic point of view,
are readily hydrolyzed, and specific components dissolve and
recrystallize in water. For instance, we have shown that
anatase nanocrystals were formed on sol-gel derived SiO2-
TiO2 coatings with water vapor or hot water treatments.7,9,10

Anatase formation proceeds through hydrolysis of Si-O-
Ti bonds, dissolution of SiO2 component, migration of
hydrolyzed titania species, and nucleation and growth of
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TiO2. The hydrolysis, dissolution, and recrystallization are
influenced not only by the physicochemical conditions such
as temperature, pressure, and pH of the solution but also by
external dynamic conditions such as the vibration of the
materials and the flow of the solution. Thus, these reactions
of the gel materials with water under external dynamic
conditions should influence the nucleation, growth, and
characteristics of the nanocrystals. With respect to titania-
based nanomaterials, much attention is being devoted to their
practical applications such as photocatalysts to decompose
environmental pollutants11 and photoinduced superhydro-
philicity12-14 as attested by the increasing number of research
reports in this field.15 In addition, the control of their
nanostructures based on the orientation and growth of titania
nanocrystals offers an exciting opportunity for developing a
new class of materials with unique physical and chemical
properties.16-19

Here we report the formation and detailed characterization
of unusual titania nanosheet-precipitated coatings on sub-
strates from sol-gel derived SiO2-TiO2 films through hot
water treatment under vibration. Nanosheets are characterized
by a large surface-to-volume ratio, allowing high reactivity
at the nanosized level. The titania nanosheets in this study
mainly consist of several hydrated titania layers with a
spacing of about 0.6 nm. The coatings of hydrated titania
show high photocatalytic activities, lasting excellent hydro-
philicity, and antifogging properties due to their unique
physicochemical properties. The preparation of the titania
nanosheet-precipitated coatings has been achieved by a new
finding that vibrations during hot water treatment affect
significantly the nanostructure of the formed titania.

Experimental Section

Preparation of Coatings. SiO2-TiO2 sols containing 25 mol
% TiO2 were prepared from the corresponding metal alkoxides.
Silicon tetraethoxide (Wako Pure Chemical Industry) in ethanol
was hydrolyzed with water containing 3.6 mass % HCl at room
temperature for 30 min; the mole ratios of ethanol and water to
silicon tetraethoxide were 5 and 4, respectively. The hydrolyzed
solution was then mixed with titanium tetra-n-butoxide (Wako Pure
Chemical Industry) diluted with ethanol and stirred for 30 min.
The mole ratio of ethanol to titanium tetra-n-butoxide was 20. The

SiO2-TiO2 coatings were fabricated on nonalkali glass plates
(NA35, NH Techno Glass), silica glass plates (Sumikin Ceramics
& Quartz), and silicon wafers (Mitsubishi Sumitomo Silicon) by a
dipping-withdrawing method at a rate of about 3.0 mm s-1. The
coating process was carried out in an ambient atmosphere at room
temperature. The substrates with coatings were dried at 90°C for
60 min in air using an oven and then immersed into 300 mL of hot
water at 90°C under vibration of 0 to 25 Hz with amplitude of 2.5
mm. A handmade apparatus consisting of a clip shaft, a transducer,
a variable resistor, and a direct-current power source was used for
applying a given vibration to the substrate.

The changes in the texture of the coatings during hot water
treatment were examined using a field-emission type scanning
electron microscope (FE-SEM, model S-4500, Hitachi). The
structures of the coatings and precipitates were identified by using
a field-emission type transmission electron microscope (FE-TEM,
model HF-2000, Hitachi), equipped with an energy-dispersive X-ray
spectrometer (EDS, Sigma, Kevex). Electron-transparent specimens
for the TEM examination were prepared by using an Ar ion-milling.
The thermal stability and phase transition of coatings were also
examined on SEM and TEM. Average roughness and profile of
the coatings were evaluated using an atomic force microscope
(AFM, Nanopics, Seko Instruments). The thickness of the coatings
was evaluated using a surface profilometer (TDA-22, Kosaka
Laboratory).

Characterization of Coatings. Fourier-transformed infrared
(FTIR) absorption spectra of the coatings on silicon substrates were
measured in transmission mode using an FT-IR spectrophotometer
(FT-IR1650, Perkin-Elmer). Chemical analyses for the composition
of the coatings were carried out with X-ray photoelectron spec-
troscopy (ESCA-K1, Shimadzu). Ultra violet-visible (UV-Vis)
transmission spectra of silica glass or nonalkali glass substrates of
which one side was coated with a film were obtained using a UV-
Vis spectrophotometer (V-560, JASCO). The pencil hardness and
adhesion strength of the coatings to the substrates were examined
according to JIS-K-5400.

Photocatalytic bleaching of methylene blue (MB) (Wako Pure
Chemical Industry) with coatings after hot water treatment with
and without vibration was examined. The nonalkaline glass
substrates with coatings were immersed into a Pyrex spectropho-
tometer cell containing 1× 10-5 mol dm-3 MB aqueous solution
(2.0 g), and then the cell was sealed with a silicone rubber stopper.
The area of the coatings on the substrates was fixed to be 1.0 cm2.
The substrates were irradiated with UV light from the uncoated
side using a super high-pressure Hg lamp (USH-250BY, Ushio
Denki) for several periods of time. The light wavelength shorter
than 350 nm was cut off using a color glass filter (UV-33, Asahi
Techno Glass) to prevent the direct degradation of MB during the
UV irradiation. The intensity of the UV light irradiated was ca. 67
mW cm-2. The changes in concentrations of MB in the aqueous
solution were examined from absorption spectra measured on a UV
spectrophotometer (V-560, JASCO). Changes in contact angle for
water of the coatings with UV light irradiation were measured using
a contact angle meter (CA-C, Kyowa Surface Science).

Results and Discussion

Formation of Titania Nanosheet-Precipitated Coatings.
Nonalkali glass substrates coated with 75SiO2‚25TiO2 (in
mol %) film were treated with hot water at 90°C under
various vibration frequencies with an amplitude of 2.5 mm.
Granular precipitates of 30-50 nm in diameter, which were
identified as anatase, were formed on the coatings after the
hot water treatment without vibration. The shape of the
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precipitates became elongated by applying vibration to the
substrate during hot water treatment. Longitudinal vibration
was preferable to transverse vibration for formation of the
sheetlike precipitates. When the substrates with SiO2-TiO2

coatings were treated with hot water under longitudinal
vibration of ca. 6 Hz, the shape of the precipitates clearly
became nanosheetlike. However, the amounts of the nanosheet
precipitates decreased under longitudinal vibration of ca.10
Hz and almost no precipitates were formed over ca. 12.5
Hz. SEM images of the formation of granular anatase without
vibration and nansheet precipitates with vibration at ca. 6
Hz during the hot water treatment are shown in Figure 1.
The amount of both precipitates increased with hot water
treatment, whereas the shapes and growth rates of the
precipitates are clearly different. Under the vibration, nanosheet
precipitates are preferentially formed at a lower growth rate
on the coating during hot water treatment. Such a unique
phenomenon in the formation of titania precipitates with hot
water treatment in the SiO2-TiO2 system was not observed
for the sol-gel derived pure TiO2 coatings under the same
conditions.

Changes in average roughness of the SiO2-TiO2 coatings
during the hot water treatment without vibration and with
vibration at ca. 6 Hz evaluated using AFM are shown in
Figure 2. Under both conditions the surface roughness of

the coatings increases with treatment time. The value of
average roughness of the coating without vibration tends to
level off to be about 7 nm over 2 h, whereas that of the
coating under the vibration appears to be saturated about 15
nm over 5 h. These surface roughness changes of the coatings

Figure 1. SEM images of the formation of granular precipitates, which were identified as anatase, without vibrations, and sheetlike precipitates with
vibration at 6 Hz on SiO2-TiO2 coatings during hot water treatment at 90°C.

Figure 2. Changes in average roughness of the SiO2-TiO2 coatings during
the hot water treatment without vibrations and with vibrations at ca. 6 Hz
evaluated using AFM.
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are corresponding to the changes in surface morphology due
to the formation of precipitates shown in Figure 1.

Cross-sectional SEM and TEM images of granular pre-
cipitates and nanosheet precipitates on the coatings are
compared in Figures 3 and 4, respectively. Granular pre-
cipitates were obtained without vibration during hot water
treatment for 1 h. Nanosheet precipitates were obtained under
longitudinal vibration of ca. 6 Hz during hot water treatment
for 5 h. Granular precipitates of 30-50-nm diameter (Figure
3a) and the characteristic lattice fringes of the granular
precipitates (Figure 4a) are observed. The granular precipi-
tates were composed of the nanocrystals with lattice fringes
of 0.35-nm spacing, which corresponded to the d-value of
(101) in anatase as reported in previous papers.9,10 On the
other hand, nanosheet precipitates of about 100 nm (Figure
3b) and the characteristic lattice fringes of the nanosheet with
layered structure (Figure 4b) are seen. According to the SEM
and TEM images, the nanosheets seem to be oriented at
angles with the substrate. Fourier analysis of the TEM image
suggested that the nanosheet precipitates consisted of layers
with a spacing of about 0.6 nm; the spacing of 0.6 nm was
not found in any pure TiO2 crystalline phases reported
previously, such as anatase, rutile, and brookite. The under-
layers of anatase nanocrystals and titania nanosheets were
amorphous.

EDS of the nanosheet precipitates and the underlayer was
acquired from the cross-sectional TEM specimen in Figure
4b by using a nanosized electron probe. Silicon, titanium,
and oxygen are detected from the underlayer, whereas silicon
is hardly detected in the nanosheets taking into account the
contamination from the surrounding area. Therefore, the
nanosheets precipitated mainly consist of titanium and
oxygen.

For the precise identification of the titania nanosheets,
plan-view TEM specimens were prepared to obtain high-
resolution images (HRTEM) and significant electron dif-
fractions by ion-milling the substrate from the backside. The
HRTEM images of the titania nanosheets are shown in Figure
5a and b. The titania nanosheets were found to basically
consist of layers with a spacing of 0.6-0.63 nm (Figure 5a)
and include layers with a spacing of around 0.8 nm (Figure
5b). An electron diffraction pattern from the plan-view TEM
specimen of the nanosheet-precipitated coatings is shown at
the bottom of Figure 6. A pattern from anatase nanocrystal-
precipitated coatings obtained without vibration and Debye-
Scherrer rings calculated for anatase are shown at the top-
right in Figure 6 for comparison. The observed diffraction
pattern from the anatase nanocrystals obtained without
vibration agrees well with the calculated one. On the other
hand, the pattern from the nanosheets, which is characterized
with three distinctive Deby-Scherrer rings corresponding to

Figure 3. SEM images of (a) granular precipitates and (b) sheetlike precipitates on the coatings. Granular precipitates were obtained without vibration
during hot water treatment at 90°C for 1 h. Sheetlike precipitates were obtained under longitudinal vibrations of ca. 6 Hz during hot water treatment at 90
°C for 5 h.

Figure 4. Cross-sectional TEM images of (a) granular precipitates and (b) sheetlike precipitates on the coatings. Preparation conditions of granular precipitates
and sheetlike precipitates are the same as in Figure 3.
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0.19, 0.15, and 0.12 nm, is thoroughly different from that of
anatase, indicating that a different crystalline phase is formed.
Recently Sasaki et al. reported a hydrated titania nanosheet
with a lepidocrocite-like layered structure.20,21 We have
calculated the diffraction pattern from randomly oriented
monolayers with this lepidocrocite-like structure using the
Debye equation.22 The result is shown at the top left in Figure
6. The three Debye-Scherrer rings in the observed pattern
from the nanosheets are well reproduced. From this result,
we conclude that the nanosheet found in the present study

basically consists of the hydrated titania likem(TiO2)‚nH2O
with the lepidocrocite-like layered structure. It is still not
clear whether these layers are orderly stacked or turbostratic
in the nanosheet.

It has been reported that hydrated titania with a spacing
between 0.6 and 0.9 nm can be prepared by ion exchange
between protons and alkali ions in alkali titanate such as
Na2Ti3O7, K2Ti4O9, or Cs2Ti5O11, which were obtained by a
flux method at high temperatures around 1000°C using
titanium dioxide and the corresponding alkali carbonate.23-27

With respect to hydrated titania nanosheets, Sasaki et al.
reported the synthesis of the nanosheets through exfoliation
and delamination of hydrated titania flakes obtained with
the ion exchange.25 However, hydrated titania nanosheet-
precipitated coatings in the present study have a unique
surface topography. We emphasize that this type of unique
coatings with the nanosheet-precipitates could not be ob-
tained through conventional sol-gel processes on the basis
of the heat treatment of gel coatings from the sols.

Formation Mechanism of Titania Nanosheets.In the
preceding papers,9,10 we have proposed that anatase nano-
crystals were formed on SiO2-TiO2 coatings with hot water
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Figure 5. High-resolution TEM images of the titania nanosheets. The
nanosheets consist of layers with a spacing of 0.6-0.63 nm (a) and include
layers with a spacing of around 0.8 nm (b).

Figure 6. Electron diffraction pattern from the titania nanosheets obtained
with longitudinal vibrations of ca. 6 Hz (bottom). Diffraction pattern from
the antase nanocrystals obtained without vibrations (right). The calculated
pattern, Debye-Scherrer rings, for anatase is also shown for comparison
(top right). The calculated pattern for the randomly oriented monolayers of
hydrated titania with the lepidocrocite-like structure (top left).

Figure 7. Variations in the absorption bands at 950 cm-1 due to Si-O-
Ti bonds (a) and at around 1100 cm-1 assigned to Si-O bonds (b) during
hot water treatment for SiO2-TiO2 coatings without vibration (open squares)
and under vibration at 6 Hz (closed circles).
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treatment as follows: (i) hydrolysis of Si-O-Ti bonds and
dissolution of the SiO2 component; (ii) migration of hydro-
lyzed titania species from inside to surface of the coating;
and (iii) nucleation and growth of anatase nanocrystals at
the surface of the residual coating. The effects of the vibration
on the structural changes in the SiO2-TiO2 coatings during
hot water treatment were investigated from IR absorption
spectra. The intensities of the absorption bands at 950 cm-1

due to Si-O-Ti bonds28 and at around 1100 cm-1 assigned
to Si-O bonds29 were decreased, whereas the positions of
the bands were hardly changed. Variations in the intensity
of these bands due to Si-O-Ti and Si-O bonds are shown
in Figure 7a and b, respectively. Open squares and closed
circles represent the coatings without vibration and with a
vibration at ca. 6Hz, respectively. It can be seen that the
vibration during hot water treatment accelerates neither
hydrolysis of Si-O-Ti bonds nor dissolution of SiO2
component. The normalized intensities of the bands due to
Si-O-Ti and Si-O bonds decrease to be about 0.7 in 120
min during the hot water treatment, which is independent of
the vibrations. Therefore, the formation of anatase nanopar-
ticles and titania nanosheets is dominated not by the
hydrolysis of Si-O-Ti bonds or dissolution of SiO2
component but by nucleation and growth of hydrolyzed
titania species at the surface of the coating. Rapid water flow
driven by vibrations probably increases the collision rate
between gel coating and water molecules, and lowers the
surface concentration of hydrolyzed titania species. This
facilitates the formation of nanocrystals including proton,
hydroxyl, and oxonium ion in the structure, which should
prevent the formation of anatase or the transformation from
hydrated titanate to anatase, and to allow growth of hydrated
titanate to form nanosheets. On the other hand, it was found
that granular anatase precipitates were formed on the SiO2-
TiO2 coatings containing different amounts of TiO2, i.e. 9,
16.5, and 33 mol %, during hot water treatment without
vibration. Thus the increase in interaction between hydro-
lyzed titania species and water due to the vibration is
considered to have a greater influence on the formation of
titania nanosheets than the chemical composition of the
coatings. These phenomena demonstrate that the crystalline
phase and the morphology of nanocrystal-dispersed materials
can be controlled by treating sol-gel derived multicompo-
nent gels with hot water under external dynamic conditions
such as vibrations.

The atomic percent of titanium and oxygen, and the atomic
ratio of titanium to oxygen of anatase nanocrystals and titania
nanosheets precipitated on the SiO2-TiO2 coatings after hot
water treatment, have been investigated using X-ray photo-
electron spectroscopy (XPS). Those of pure TiO2 (anatase)
coating obtained from titanium tetra-n-butoxide with heat
treatment at 500°C have been also examined for comparison.
These results are summarized in Table 1.

XPS revealed that the titanium to oxygen atomic ratio of
nanosheets obtained with vibrations was larger than those

of anatase nanocrystals obtained without vibration and of
pure TiO2 (anatase) obtained at 500°C. In addition, the
binding energies of Ti2p and O1s bands in the hot water
treated anatase nanocrystals, titania nanosheets, and thermally
treated pure TiO2 (anatase) are shown in Table 2. The binging
energies of Ti2p bands are almost the same (458.2-458.3
eV) which is reported for pure TiO2,30 whereas the binding
energy of O1s band (530.1 eV) for nanosheets is larger than
those of thermally treated TiO2 (anatase) and anatase nano-
crystals. The O1s band with a larger binding energy is
associated with hydroxyl groups.30 These results in XPS
measurements supporting the fact that the nanosheet was
identified as hydrated titani-likem(TiO2)‚nH2O with the
lepidocrocite-like layered structure which is originated from
a significant interaction between hydrolyzed titania species
and water molecules.

Characterization of Coating Properties.Optical trans-
mittance of anatase- and hydrated titania nanosheet-preciti-
tated coatings on silica glass substrates was as high as about
90% in the visible range including Fresnel’s reflectance,
indicating that the anatase nanocrystals and hydrated titania
nanosheets cause no light scattering. Absorption edge was
estimated to be about 360 nm for both coatings. Interference
wavy patterns were very small, so that the refractive index
of the coatings almost matched with that of the silica glass
substrate due to large porosity at the surface of the coating
and the presence of a silica-rich underlayer.

Pencil hardness of the SiO2-TiO2 coating was less than
2B before hot water treatment and increased during the
treatment owing to the formation of nanocrystals and the
densification of the coating. Anatase nanocrystal-precipitated
coatings obtained with a hot water treatment at 90°C for 1
h showed pencil hardness of HB-H, whereas that of
hydrated titania nanosheet-precipitated coatings obtained with
a hot water treatment at 90°C for 5 h under vibrations was
B-HB. Lower pencil hardness of the latter can be ascribed
to the higher roughness due to hydrated titania nanosheets
on the coating.

(28) (a) Mukherjee, S. P.J. Non-Cryst. Solids1980, 42, 477. (b) Ricchiardi,
G.; Damin, A.; Bordiga, S.; Lamberti, C.; Spano, G.; Rivetti, F.;
Zecchina,J. Am. Ceram. Soc. 2001, 123, 11409.

(29) Morikawa, H.; Osuka, T.; Marumo, F.; Yasumori, A.; Yamane, M.J.
Non-Cryst. Solids1986, 82, 97. (30) Yu, J.; Zhao, X.Mater. Res. Bull. 2001, 36, 97.

Table 1. Atomic Percent of Ti and O, and Atomic Ratio of O/Ti in
TiO2(anatase) Coating Obtained by Heat Treatment at 500°C,

Anatase Nanocrystal- and Titania Nanosheet-Precipitated
SiO2-TiO2 Coatings after Hot Water Treatment

Ti (at. %) O (at. %) O/Ti

TiO2(anatase) 28.2 71.8 2.54
anatase nanocrystal-precipitated

SiO2-TiO2 coating
25.3 74.7 2.96

titania nanosheet-precipitated
SiO2-TiO2 coating

23.4 76.7 3.28

Table 2. Binding Energy of Ti2p and O1s Peaks in TiO2(anatase)
Coating Obtained by Heat Treatment at 500°C, Anatase

Nanocrystal- and Titania Nanosheet-Precipitated SiO2-TiO2

Coatings after Hot Water Treatment

binding energy (eV)

Ti2p O1s

TiO2(anatase) 458.3 529.5
anatase nanocrystal-precipitated

SiO2-TiO2 coating
458.3 529.7

titania nanosheet-precipitated
SiO2-TiO2 coating

458.2 530.1
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Photocatalytic activities of the coatings were evaluated
from changes in the concentration of MB as a photocatalytic
reactant in aqueous solutions during UV light irradiation
(Figure 9). Open squares are for anatase nanocrystal-
precipitated coatings obtained by the hot water treatment at
90 °C for 1 h without vibration, and closed circles are for
hydrated titania nanosheet-precipited coatings obtained by
the hot water treatment at 90°C for 5 h under ca. 6 Hz
vibration. Closed triangles are for pure TiO2 anatase coating
prepared by heat treatment at 500°C for comparison. The
concentration of MB for all the coatings is almost constant
before UV irradiation, indicating that the adsorption effect
of MB to the coatings is very small. On UV irradiation the
concentration monotonically decreases with time due to
photocatalytic bleaching. The bleaching rates, i.e., photo-
catalytic activities, of anatase nanocrystal-precipitated and
hydrated titania nanosheet-precipited coatings are higher than
that of the pure anatase coating. These results should be
caused by the fact that there are larger effective surface areas
for photocatalytic reaction in the anatase nanocrystal- and

hydrated tiatania nanosheet-precipitated coatings than in the
pure anatase coating. This is presumed from the changes of
morphology (shown in Figure 1) and the increases in surface
roughness (shown in Figure 2) of the coatings. It is
noteworthy that nanosheets of hydrated titania show a high
photochatalytic activity comparable to that of anatase nano-
crystals. When the anatase nanocrystal- and hydrated tiatania
nanosheet-precipitated coatings are applied to the organic
polymer substrates, the residual silica-rich underlayer of the
coatings is expected to act as a protective layer for the
substrates against the photocatalytic degradation. Therefore,
this process is practically important to produce composition-
gradient, multilayer, photocatalytic coatings at low temper-
atures.

Hydrophilicity of the coatings was examined from contact
angles for water. Figure 9 shows changes in contact angle
for water of the SiO2-TiO2 coatings during hot watertreat-
ment. Open squares and closed circles represent the treatment
conditions for anatase formation without vibration and for
hydrated titania formation with a vibration at ca. 6 Hz,
respectively. Before hot water treatment, contact angle for
water of the coating was 60°. The contact angle decreases
with treatment time under both conditions. This is caused
by chemical and geometrical effects;16 that is, the increase
in surface energy due to the elimination of residual organic
groups and the formation of very small roughness shown in
Figures 1 and 2. When the coating is treated with hot water
without vibration, the contact angle for water of the coating
decreases to be minimized around 1-2 h and then slightly
increases during the treatment. In comparison with the
changes in surface roughness shown in Figure 2, the contact
angle tends to level off over 2 h of thetreatment. Thus the
slight increase in contact angle implies the chemical property
of the surface has changed. SiO2 is well-known to show
lower contact angel for water, i.e., higher surface energy,
than TiO2, so that the SiO2-rich underlayer may become
covered with anatase nanocrystals. On the other hand, as the
coating is treated with hot water under vibration, the contact
angle gradually decreases and becomes less than 5° over 5
h of treatment time, which corresponds to a monotone
increase in surface roughness shown in Figure 2. The surface

Figure 8. Changes in the concentration of MB as a photocatalytic reactant
in aqueous solutions in the optical cells containing the glass substrates with
coatings during UV light irradiation. Open squares are for anatase
nanocrystals-precipitated coating and closed circles are for hydrated titania
nanosheet-precipited coating. Closed triangles are for pure anatase coating
prepared from alkoxide-derived gel film by heat treatment at 500°C for
comparison.

Figure 9. Changes in contact angles for water of SiO2-TiO2 coatings
during hot water treatment. Open squares and closed circles represent the
treatment conditions for anatase formation without vibration and for hydrated
titania formation with vibrations at ca. 6 Hz, respectively.

Figure 10. Changes in contact angle for water of the coatings during storage
in the dark under ambient atmosphere. Open squares, closed circles, and
closed triangles have the same meanings as in Figure 8.
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of the underlayer is considered to be not yet wholly covered
with titania nanosheets even after the treatment for 5 h. It
can be seen that an excellent wettability, i.e. contact angles
for water less than 5°, is achieved at around treatment time
of 1-2 h without vibration and over 5 h under vibration.

Changes in contact angles for water of the coatings during
storage in the dark under ambient atmosphere are shown in
Figure 10. Open squares, closed circles, and closed triangles
have the same meanings as in Figure 8. In the beginning of

the storage, contact angles for water of the anatase nano-
crystal- and hydrated titania nanosheet-precipitated coatings
are less than 5°, while that of the pure anatase coating is
about 40°. The contact angles of all the coatings increase
with storage time because of the adsorption of organic
substances in the atmosphere on the coatings as well as the
structural changes of surface OH groups.14 The hydrated
titania nanosheet-precipitated coatings retain good hydro-
philicity even after storage in the dark for 2000 h owing to
the large roughness, unique morphology, and large surface
energies of the hydrated titania and the silica-rich under-
layer.14 All the coatings were confirmed to show contact
angles around 5° with UV irradiation after storage in the
dark for 2000 h owing to the photocatalytic decomposition
of organic adsorbates and photoinduced surface structural
changes.

A photograph to demonstrate the antifogging properties
of the coatings is provided in Figure 11. Three kinds of glass
substrates with coatings, which were kept in the dark for
2000 h as described in Figure 10, were placed over hot water
at 80°C in a beaker. Samples a, b, and c correspond to pure
anatase, anatase nanocrystal, and hydrated titania nanosheet
coatings, respectively. Among the three kinds of coatings, c
is seen to show the best antifogging property, indicating the
hydrated titania nanosheet-precipitated coatings are versatile
for applications in the field of optics as well as for
photocatalysts.

Changes in the morphology as well as the crystalline
phases of hydrated titania nanosheets with heat treatment
are fundamentally important. Thus, the titania nanosheets
heat-treated at various elevated temperatures were character-
ized using SEM, TEM, and electron diffraction. Sheetlike
shape was retained even after a heat treatment at 600°C,
whereas the shape was partially changed to granular after a
heat treatment at 700°C. After a heat treatment at 1000°C,
sheetlike precipitates completely disappeared and only
granular precipitates were observed. Lattice fringes of 0.6-
0.8 nm on HRTEM and a ring pattern corresponding to 0.15

Figure 11. Photograph illustrating antifogging properties of the coatings
holding over hot water at 80°C in a beaker. (a), (b). and (c) are glass
substrates with pure anatase coating, anatase nanocrystal-precipitated
coating, and hydrated titania nanosheet-precipitated coating, respectively.
This photograph was taken after the substrates with coatings were kept in
a dark place and at ambient atmosphere for 2000 h.

Figure 12. Plan-view TEM images of the coating heat-treated at 700°C for 1 h. Bottom right is a granular nanocrystal with a spacing of 0.35 nm corresponding
to (101) of anatase, and top right is a needlelike or platelike nanocrystal with a spacing of 0.32 nm corresponding to (110) of rutile.
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nm spacing on electron diffraction were observed for the
coating heat-treated at 500°C, whereas both hydrated titania
and anatase were observed for the coating heat-treated at
600 °C. Therefore, the hydrated titania nanosheet on the
coating is thermally stable at around 500°C. On the other
hand, formation of platelike rutile and granular anatase were
observed for the coating heat-treated at 700°C. Typical plan-
view TEM images of the coating heat-treated at 700°C for
1 h are shown in Figure 12. The granular nanocrystals with
a spacing of 0.35 nm corresponding to (101) of anatase are
observed (bottom-right), whereas the needlelike or platelike
nanocrystals have a spacing of 0.32 nm correspond to (110)
of rutile (top right). This result suggests that hydrated titania
nanosheets were transformed to rutile during the heat
treatment. It is reported that hydrated titania is transformed
to anatase at around 700°C and to rutile at temperatures
higher than 1000°C.26 Therefore, isolated nanosheet structure
on the coating may permit the phase transition from anatase
to rutile at lower temperatures.

Photocatalytic activities of the coatings heat-treated at
various temperatures are notable. The amounts of MB
photocatalytically decomposed by the coatings are compared
in Figure 13. Heat treatment time was 1 h and the UV-
irradiation time was 2 h for all the coatings. The amount of
decomposed MB decreases with an increase in temperature
up to 400°C and then slightly increases at 600°C, which
should reflect the competition between a decrease in specific

surface area and a formation of highly active anatase. It can
be seen that the rutile-precipitated coatings heated at 1000
°C still show relatively high photocatalytic activities.

A practically important point is that the hydrated titania
nanosheet-precipitated coatings can be formed at tempera-
tures lower than 100°C under atmospheric pressure.
Consequently, this process has a great potential for applica-
tions to various substrates including organic polymers with
poor heat resistance. Our work demonstrates that the crystal-
line phase and the morphology of nanocrystals-dispersed
materials can be controlled in a relatively short time by
treating sol-gel derived multicomponent gels with hot water
under external dynamic conditions such as vibrations.

Conclusions

Unique coatings of titania nanosheet-precipitated coatings
with high photocatalytic activity, excellent wettability for
water, and antifogging properties have been prepared by
treating sol-gel derived SiO2-TiO2 films with hot water at
90 °C under vibrations. Longitudinal vibrations with fre-
quencies at around 6 Hz enhanced the formation of titania
nanosheets during the treatment. The titania nanosheets
mainly consisted of layers with a spacing of about 0.6 nm
and were identified as hydrated titania with a lepidocrocite-
type structure. The morphology of the titania nanosheet-
precipitated coatings may be achieved by lowering the
concentration of hydrolyzed titania species at the surface due
to rapid water flow driven by the vibration. The hydrated
titania nanosheet-precipitated coating maintained a very low
contact angle for water and an antifogging property even
after being kept in the dark for long time. The hydrated titania
nanosheets were thermally stable up to 500°C, and trans-
formed to anatase at 600°C and rutile at temperatures higher
than 700°C. This new approach developed here provides a
promising route to dramatically modify the physicochemical
properties and surface reactivity of nanocrystals-dispersed
coatings.
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Figure 13. Amounts of MB photocatalytically decomposed by the titania-
precipitated coatings during UV irradiation for 2 h. The coatings were
obtained with hot water treatment under vibration at 6 Hz and then heated
at various temperatures for 1 h.
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