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Sol–gel derived SiO2–TiO2 coatings on indium tin oxide �ITO�-coated glass substrates were treated with hot

water at 90�C under electric field aiming at the control of morphology and crystalline phase of the titania

precipitates. The shape of the precipitates on 75SiO2�25TiO2 �mol�� coating at the negative electrode changed

from granular to ramiform by applying an electric field to the substrates during the treatment, whereas such

changes in the shape of titania nanocrystals with the electric field were not observed at the positive electrode. The

granular and ramiform precipitates were identified as anatase �TiO2� and hydrated titania �n�TiO2��mH2O�,

respectively. The ramiform shape of the titania precipitates became significant with increasing the applied vol-

tage, while the coatings gradually dark-colored due to the reduction of Ti4� to Ti3�.
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1. Introduction

�Weathering,�i.e. the chemical reaction with water, of

sol–gel derived coatings under the controlled conditions with

external stimuli is a promising way to design the surface mor-

phology and crystalline phase of advanced coatings. In the

weathering process of oxide materials, dissolution of specific

components, ion exchange and diffusion of molecular water

into the materials occur, resulting in the formation of textures

and nanocrystals on the surface or in the bulk of residual

materials.1�,2� However, it takes extraordinarily long period to

obtain such materials during the natural weathering at an am-

bient temperature and under atmospheric pressure. Sol–gel

derived inorganic gel 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 much

shorter time. We have shown that anatase nanocrystals were

formed on sol–gel derived SiO2–TiO2 coatings by water vapor

and hot water treatments.3�–5� Anatase formation proceeds

through hydrolysis of Si–O–Ti bonds, dissolution of SiO2

component, migration of hydrolyzed titania species, and

nucleation and growth of TiO2.
6� Very recently we have found

that the shape of the precipitates elongated to be nanosheets of

hydrated titania by applying a vibration to the substrate dur-

ing hot water treatment.7�,8� The hydrolysis, dissolution and

recrystallization should be influenced by the vector field such

as electric fields as well as vibrations since the hydrolyzed spe-

cies show the intrinsic surface charge in the solution. Here we

report a new finding that titania nanosheets are formed on the

SiO2–TiO2 gel coatings by hot water treatment under a DC

electric field.

2. Experimental

75SiO2�25TiO2 �mol�	 coating was formed on indium tin

oxide �ITO	-coated glass substrates. The preparation proce-

dure was the same as reported in previous papers.7�,8� Silicon

tetraethoxide and titanium tetra-n-butoxide were used as the

starting materials. Ethanol and hydrochloric acid were for

solvent and catalyst, respectively. The substrates with the

SiO2–TiO2 coating were dried at 90
C for 1 h in air. A couple

of substrates with the SiO2–TiO2 coating were immersed into

hot water at 90
C and then a DC voltage of 0 to 10 V was ap-

plied between the substrates which were facing at a distance of

1 cm.

The changes in the texture of the coatings during the electric

field hot water treatment were examined using a field-emission

type scanning electron microscope �FE–SEM, Model S–4500,

Hitachi	. The microstructure of the precipitates formed on the

coating was identified by using a field-emission type trans-

mission electron microscope �FE–TEM, Model HF–2000,

Hitachi	. Ultraviolet-visible �UV-Vis	 transmission spectra of

the substrates with the coating were obtained using a UV-Vis

spectrophotometer �V–560, JASCO	.

3. Results and discussion

The shape of the precipitates at the negative electrode

changed from granular to ramiform by applying an electric

field to the substrate during the treatment, whereas such

changes in the shape of titania nanocrystals with the electric
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Fig. 1. FE–SEM images of the surface of 75SiO2225TiO2 coatings treated with hot water at 903C for 5 h under several DC electric fields. �a�,

�b�, �c� and �d� were for the coatings treated under 0, 3, 5 and 10 V cm�1, respectively.
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field were not observed at the positive electrode. FE–SEM im-

ages of the surface of the 75SiO2�25TiO2 coatings at the nega-

tive electrodes treated with hot water at 90
C for 5 h under

various electric fields are shown in Figs. 1. �a	, �b	, �c	 and

�d	 are for the coatings treated under 0, 3, 5 and 10 V cm�1,

respectively. The whole surface of the coating is covered with

granular precipitates of 30–50 nm in diameter after the hot

water treatment without an electric field �Fig. 1�a		. The

granular precipitates were identified as anatase �TiO2	.
6� On

the other hand, granular precipitates grow to be ramiform and

the precipitate concentration tends to decrease by applying an

electric field of 3 V cm�1 �Fig. 1�b		. When the electric field

is 5 or 10 V cm�1, the ramiform precipitates become dominant

�Figs. 1�c	 and �d		.

TEM images of the precipitates formed on the coating at

the negative electrode during the hot water treatment at

90
C for 5 h under 10 V cm�1 are shown in Fig. 2. The sheet-

like crystallites are observed as indicated by the arrows in

Fig. 2�a	. Figure 2�b	 shows an enlarged view of a portion

in Fig. 2�a	, where two or three sheets are identified with

the spacing of �0.6 nm. These sheet-like crystallites are

probably hydrated titania �n�TiO2	�mH2O	 having layered

structure.8�–10� Therefore, an electric field during hot water

treatment should allow hydrolyzed titania species to preferen-

tially form hydrated titania on the SiO2–TiO2 gel coatings at

the negative electrode. This phenomenon is analogous to that

observed on the coating by the hot water treatment under

vibrations of the substrate.7�,8� In the case of the vibration hot

water treatment, the formation of nanosheet-like hydrated

titania was probably achieved by the lowering of the concen-

tration of hydrolyzed titania species at the surface of the

coating due to rapid water flow driven by the vibration. The

detailed mechanisms for the formation of sheet-like crystal-

lites under the electric filed are still not clear, but the

electrostatic repulsion between the hydrolyzed, negatively

charged titania species11�,12� and the negative electrode may

lower the concentration of titania species at the surface of the

coating and permit the preferential formation of titania

nanosheets. Another important factor to be discussed is the

effect of the higher pH of the hot water at the vicinity of the

electrode; i.e. OH� is generated from water near the negative

electrode.

The ramiform shape of the titania precipitates became sig-

nificant with increasing the applied voltage, whereas the coat-

ings gradually dark-colored. Optical transmission spectra of

the coatings on ITO-coated glass substrates as a negative elec-

trode after hot water treatment at 90
C for 5 h under various

electric fields are compared in Fig. 3. The maxima of trans-

mission spectra of the coatings applied with 3 and 5 V cm�1

are as high as 90�, which is comparable to that of as-prepared

coating. This indicates that the coatings treated under an elec-

tric field lower than 5 V cm�1 are transparent independent of

the formation of hydrated titania nanosheets. On the other

hand, the transmittance of the coating applied with 10 V cm�1

is lower than 30� in the visible range. The colored coating ob-

tained with 10 V cm�1 became transparent after a heat treat-

ment at 400
C in air. Therefore, the reduction from Ti4� to

Ti3� in the coating causes the coloration of the coating. Dras-

tic decreases in transmittance at around 350 nm are due to in-

trinsic absorption bands of the SiO2–TiO2 coatings.

The demonstration of the control of surface morphorogy

and crystalline phase of titania nanocrystal-precipitated coat-

ings by the electric field hot water treatment for sol–gel der-

ived coatings is of great importance for the design of advanced

nanocoatings because the physical and chemical properties are

dramatically modified. Photocatalytic activity, hydrophilicity

and antifogging property of the titania nanosheet–precipitated

coatings in the present study will be reported elsewhere in de-
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Fig. 2. High-resolution TEM images of the precipitates formed on the coating at the negative electrode during hot water treatment at 903C for

5 h under 10 V cm�1. �a� Plan-view of the coating, showing sheet-like crystallites as indicated by the arrows. �b� Enlarged view of the portion

with the white rectangle in �a�.

Fig. 3. Optical transmission spectra of the 75SiO2225TiO2 coatings

on ITO-coated glass substrates as negative electrodes after hot water

treatment at 903C for 5 h under various electric fields.
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4. Conclusions

Electric field affected the nanostructure of titania crystal-

lites formed on SiO2–TiO2 gel coatings during hot water treat-

ment. The shape of the precipitates on the SiO2–TiO2 coating

at the negative electrode has changed from granular to

ramiform by applying an electric field to the substrate during

the treatment. The granular and ramiform precipitates are

identified from TEM observation as anatase �TiO2	 and

hydrated titania �n�TiO2	�mH2O	, respectively. On the other

hand, such changes in the shape of titania nanocrystals with

an electric field were not observed at the positive electrode.

The ramiform shape of the titania precipitates became sig-

nificant with increasing the applied voltage, while the coatings

slightly dark-colored due to the reduction of Ti4� to Ti3� in

the coating. This work demonstrates that the crystalline phase

and the morphology of nanocrystals formed on the coatings

can be controlled by treating sol–gel derived multicomponent

gels with hot water under external vector fields like an elec-

trostatic force.
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