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Abstract

Thin films of titanium dioxide (TiQ) were deposited on variety of substrates by a simple sol—gel dip coating technique. The substrates
were coated with titanium peroxide precursor solution of controlled viscosity at a constant pulling rate of 1,raindried and further
heated at 400C to obtain uniform films with good adhesion to the substrate. The change in viscosity of the peroxide solution with time
and the variation of film thickness with viscosity of the gel were studied to optimize the deposition parameters. Films of titanium oxide as
well as the dried powder of bulk gel were characterized by different techniques like X-ray diffraction (XRD), UV-Vis, scanning electron
microscopy (SEM), M adsorption and thermogravimetric differential thermal analysis (TG-DTA) techniques. The titanium oxide films
deposited by this technique were 20—100 nm thick with a particle size of 4-10 nm and showed anatase structure. The titanium oxide film:
were found to be very active for photocatalytic decomposition of salicylic acid and methylene blue.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction another as their film$8—13]. When the suspension T}O
is used for photodegradation of organic compounds, the
Growing social concern about the impact of different suspended Ti@must be separated after each reaction. This
chemicals on the environment has focussed attention onproblem could be avoided by using the pi@ms on dif-
finding ways for more effective pollution abatement meth- ferent subtrates. TiPthin films are prepared by coating
ods. Following this, one of the more promising techniques the substrate with a Ti©sol by different techniques such
is to use a photocatalytic route to oxidize such chemicals. as chemical vapor depositiqi4], chemical spray pyrol-
Research on photocatalytic reactions mediated by semi-ysis [15], electrodeposition(16,17], and sol-gel method
conducting oxides received considerable boost after the[18]. Each method has its own advantages and disad-
work of Fujishima and Hond§l]. Since then, much work  vantages.
on the TiQ-mediated heterogeneous photocatalysis has The films obtained by these techniques are porous in na-
been reported. So far no other substance superior tg TiO ture. The fine particles that make up the film have several
has been found as a photocatalyst. Ji® superior than advantages such as large specific surface area, short diffu-
other substances because of its high photocatalytic activitysion distance, and quantum size effect as the particles are
and chemical stability in aqueous solution under UV light <10nm in diameter.
irradiation. In the present work, we have developed a very simple, ef-
Recently, large number of studies appeared based onficient and cost-effective method for deposition of thin films
the photocatalytic activity of Ti@for oxidation of organic ~ of anatase TiQon various substrates by using the titanium
chemicals, obviously the most potential environment- peroxide (titanium peroxo complex) as Ti-precursor. The ad-
friendly process[2—4]. In general, two methods of ap- vantages of the sol-gel method are: it is very simple and
plication of TiQ, in photocatalysis have emerged, one as easy for operation, films are easily anchored on the substrate
highly dispersed fine particles on porous support mate- and it can be used for the deposition of substrates which has

rials and suspended fluids in liquid mediufs-7] and complex surface or large surface area. The method is also

suitable for deposition on other substrates like stainless steel
"+ Corresponding author. plates, alumina plates, silica/glass rashig rings, silica/glass
E-mail addressdongare@cata.ncl.res.in (M.K. Dongare). helix and glass wool.
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2. Experimental

Titanium
. . Butoxide
2.1. Preparation of TiQ@ precursor sol
In the preparation of Ti-precursor sol, titanium(lV) tetra-
butoxide (4.8g, Aldrich chemicals) was hydrolyzed with Hydrolysis
deionized water (100ml), the resulting titanium hydrox- —
ide precipitate was separated by decantation and washed Titanium
. . . Hydroxide
thoroughly with water until the alcohol generated during
hydrolysis of titanium alkoxide was completely removed.
The precipitate was dissolved in 75 ml of aqueous hydrogen 30%
peroxide (30% Qualigen-make) to get a transparent orange H0;
sol of titanium peroxo complex. The sol was diluted with
water to obtain the solution of different concentrations, after
dilution the color of the sol changes from orange to yellow.
The detailed process is shown in the flow chait( 1). ( Yellow Ti-
peroxo sol
2.2. Preparation of thin films of Ti©
12-13h
For the deposition of film, the substrates were first de-
greased, cleaned thoroughly and dried before deposition. . .
Then the substrate was dipped in the viscous Ti-precursor Viscous Ti- | DIP Coatmlg
sol of known viscosity and pulled out with a uniform pulling Peroxo TiO, Thin Film
rate of 1 mms?, and then dried at room temperature. Fol- complex gel
lowing this method, films were deposited with precursor sol
of different viscosities to study the relation between the vis-
cosity of precursor sol and film thickness. A very thin film Aging
of TiO, formed on the substrate was first dried in air at room
temperature followed by drying at 10Q for 2 h in an elec-
tric oven. The films formed were further heated at 400 v
for 1h in an electric furnace in air. By using this method Drying
the films on the substrates like glass plates, stainless steel ’
plates and quartz plates were deposited, but for the deposi-
tion on the substrates like glass helix and silica rashig rings,
the substrates were dipped into the viscous sol and the sol 4
was allowed to dry for 6-8 days. A thin film of titanium Titanium Calcination |  CrystallineTiO,
peroxo complex was formed on the substrate and after heat peroxide solid

treatment they were used for photocatalytic reaction. Even
though we have prepared films on other substrates like stain-
less steel, aluminum and ceramic plates, the films deposited
on glass substrates were studied in detail for structural and

Fig. 1. Schematic diagram for preparation of Zithin film photocatalyst.

photocatalytic behavior for sake of convenience. sample after irradiation was separated and analyzed with
UV-Vis spectrophotometer Hitachi 3210. The differential

2.3. Photocatalytic decomposition of salicylic acid absorbance at 296 and 662.5 nm for salicylic acid and methy-

and methylene blue on TiGilms lene blue (absorption peaks of salicylic acid and methylene

blue, respectively) were measured, respectively. The change

The photocatalytic activity of the catalyst was tested us- in the concentration of the salicylic acid and methylene blue
ing a Rayonet photochemical reactor (Rayonet, Type R-5, of the irradiated sample as a function of time was compared
photochemical reactor manufactured by the SO New Eng- With a sample kept in darkness.
land Ultraviolet). The glass helix coated with Ti@m was
used as the catalyst. Hundred milliliters of the salicylic acid 2.4. Characterization
(10~°M) and methylene blue solution @x 10-> M) were
separately taken in a Pyrex glass tube of 3cm diameter. To The crystallinity of the TiQ films as well as the dried bulk
this 100 cnd of glass helix coated with a thin film of tita-  TiO, powder was determined by X-ray diffraction (XRD)
nium dioxide were added and the tube was irradiated with using Rigaku diffractometer with Cudradiation. The ac-
a 150W (Xe arc) UV lamp for different time intervals. The celerating voltage and the applied current were 35kV and
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20 mA, respectively. The surface morphology of the FiO 120 T T
films were observed using scanning electron microscopy
(SEM, Philips XL-20) with an accelerating voltage of 20 kV. 100k ]

The thickness of the films were measured by using the Talley
Step Profilometer. Spectroscopic analysis of the;Tibnhs

were performed using UV-Vis spectrophotometer (Hitachi,
U-3210) with wavelength range of 200-900 nm. The ther-
mal property of the solid titanium peroxide was studied
by TG/DTA (Mettler-Toledo, TGA/SDTA 851). The solid
was heated at various temperatures and these samples were
characterized by XRD (Rigaku, D-Max Ill VC Japan), and
surface area (NOVA 1200, Quntachrome).
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3.1. Variation of viscosity of the sol with time ) - ) . L
Fig. 3. Variation of film thickness with viscosity of sol.

The change in the viscosity of the precursor sol with time . . .
was studied at room temperature by using the Brookfield 40(_)0 cps were having dl_fferent co_lors at d|fferent_ spots
viscometer having RV type of spindles. The Ti-precursor sol which indicates that the film deposited was very thin and

prepared was diluted with water to different concentrations "onuniform. The films deposited above 12,000cps were
of Ti and the change in viscosity of the precursor sol with thick and nonuniform, but when dried at 100 the coated

time was studied. It was observed that the change in vis- titania get; Qeta}ched or it could be pgeled off from the sub-
cosity of the sol was concentration-dependent (as shown insStrate. This |r_1dlcates th_at the adhesion of the film is very
Fig. 2. The viscosity initially was very low, i.e. 4-5 cps, poar for the _f||ms deposne_d abq\_/e 12,000 cps compared to
and attains highest value within 12—36 h depending upon thethose deposited at lower viscosities.
concentration of the titanium ion in the sol. L )

3.3. Characterization of films

3.2. Variation of film thickness with viscosity _ i ) i .
The thickness of the Ti(IV) oxide films on glass, silica

The viscosity plays a vital role in the deposition process. and_stainless steel plates was measured by the Talley Step
The thickness of the films deposited at various viscosities profilometer. For these measurements, the half surface of the

was measured by the Talley Step Profilometer. It was ob- Plate was coated on one side and the height of the step, i.e.
served that the film thickness increases with increase inthe difference in height between the uncoated surface and
the viscosity of the precursor sol (as shownFiig. 3) up the coated surface, was measured. The films of maximum

to certain limit, i.e. in between 4000 and 12,000 cps. The thickness up to 100 nm can be deposited by this method.

films deposited using Ti-precursor sol of viscosity less than ~ T1he UV-Vis spectra of the films deposited on soda lime
glass at different viscosities were recordédg( 4). From

8000 T , : the spectra, it is observed that the films are transparent in
visible region and shows characteristic absorption in UV re-
a gion at a wavelength of around 305 nm . The width of the
6000k ) absorption band increases with the increase in film thick-
ness. The particle size of TiQvas calculated from UV ab-
g8 sorption spectra of the films deposited on silica substrate by
2 20001 i a reported methoflL9]. There is a shift in U\( absqrptipn .
§ . edge towards the lower wavelength (blue shift) which indi-
2 cates that particles which make up the film are very fine in
c size of about a few nanometers. The following equation was
20001 T used to calculate the particle size:
AE h? 1.8¢?
o5 25 L 20 BG 8R3  AmeoeRp

Time (hrs) where AEgg is the difference in band gap enerdy,the

Fig. 2. Variation in viscosity with time of titanium peroxide sol having Plank’s CO_HStanIRp the particle rf_idiusl’b the r_e‘_jL_Jced mass
titanium ion concentration: (a) 0.01, (b) 0.005 and (c) 0.001 M. of the particle e the charge andp is the permittivity of free
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Fig. 4. UV-Vis spectra of thin films of titanium peroxide film on glass plates prepared at a uniform pulling rate of Inloy slip coating in the
sol-gel aged at: (a) 8, (b) 12, (c) 18 and (d) 24 h.

space. The particle size of Tian the thin film catalyst, The SEM image reveals that the films deposited at dif-
calculated by this equation, was in the range of 4—10 nm ferent visocities and the product obtained by drying the gel
depending on the concentration of Ti in the precursor sol as showed a continuous film structurig. 6) and it is very
well as aging time. difficult to find out the particle size and morphology of the
sample from this image.
3.4. Crystal structure and morphology
3.5. Thermal behavior
The films deposited as well as the dried gel powder were
heat treated at different temperatures and the XRD patterns The TG/DTA curve for the sample is shown kig. 7.
were recordedHKig. 5. The XRD patterns of as-prepared The TG curve shows two stages of weight loss with en-
samples does not show any peak and indicates that the TiO dothermic peak minima at 130 and 285, respectively.
films as well as the dried gel were amorphous in nature. These two stages of weight loss are attributed to the loss
The crystalline phase of all heat treated samples (from 200 of absorbed water in the titanium peroxide gel and the con-
to 600°C ) was predominantly anatase, whereas the sampleversion of peroxide to oxide, respectively. There is no fur-
treated at 600C shows some weak peaks characteristic of ther weight loss but a broad exothermic peak can be seen
rutile phase. This shows that the anatase phase is stable upn the range 600-100@ with a maximum at 900C. It
to 500°C and after that the rutile phase starts to grow. may be due to the slow conversion of anatase form of
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Fig. 5. XRD patterns of titanium peroxide gel heated at: (a) 100, (b) 200, (c) 300, (d) 400, (e) 500 and°(®. 600

TiO, to rutile form. The beginning of such a transforma- Fig. 8 the UV spectra of the blank salicylic acid in water
tion at around 600C is also indicated in the XRD pattern  (10->M) and reaction product of salicylic acid irradiated by
of the sample. The surface area of titanium peroxide sampleUV radiation for 1 and 2 h are presented. The salicylic acid
heated at 400C in vacuum for 4 h was 1074y~ which shows characteristic absorption bands at 296 nm and the in-
is higher than the usually reported value for such oxide tensity of this band goes on decreasing as the time of photo-

samples. catalysis increases. This shows that the thin films deposited
on glass helix catalyzes the decomposition of salicylic acid
3.6. Photocatalytic activity on exposure to UV radiation. IRig. 9, the UV spectra of

starting and product solutions of methylene blue after irra-
The activity of the thin film catalyst was determined by diation for 2 and 4h are presented. The figure shows the
photo-oxidation of salicylic acid, and methylene blue. In disappearance of the band at 662.5 nm indicating that most
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Fig. 6. SEM photograph of Ti©film glass dried in air at 100C.
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Fig. 7. TG/DTA curves of titanium peroxide gel dried at @
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Fig. 8. UV-Vis spectra of reaction product of salicylic acid solution photocatalyzed by a thin film of diQlass helix after UV irradiation of sample
for: (@) 0, (b) 1 and (c) 2h.
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Fig. 9. UV-Vis spectra of reaction product of methylene blue solution photocatalyzed by a thin film gfoni@lass helix after UV irradiation of
sample for: (a) 0, (b) 2 and (c) 4h.

of the methylene blue has been photo-oxidized within 4 h References
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