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Abstract TiO2—methylcellulose (MC) nanocomposite

films processed by the sol-gel technique were studied for

phocatalytic applications. Precalcined TiO2 nanopowder

was mixed with a sol and heat treated. The sol suspension

was prepared by first adding titanium tetra isopropoxide

(Ti(OPr)4 or TTP) to a mixture of ethanol and HCl (molar

ratio TTP:HCl:EtOH:H2O = 1:1.1:10:10) and then adding

a 2 wt.% solution of methylcellulose (MC). The TiO2

nanopowder was dispersed in the sol and the mixture was

deposited on a microscope glass slide by spin coating.

Problems of film inhomogeneity and defects which caused

peeling and cracking during calcinations, because of film

shrinkage, were overcome by using MC as a dispersant.

Effect of MC on the structure evaluation, crystallization

behavior and mechanical integrity with thermal treatment

up to 500 �C are followed by SEM, XRD and scratch test.

XRD Scanning electron microscopy (SEM) showed that

the composite films with MC have much rougher surface

than films made without MC. Composite films heat treated

at approximately 500 �C have the greatest hardness values.

For the composite thick film, the minimum load which

caused the complete coating removal was 200 g/mm2, an

indication of a strong bond to the substrate. Photocatalytic

activities of the composite film were evaluated through the

degradation of a model pollutant, the textile dye, Light

Yellow X6G (C.I. Reactive Yellow 2) and were compared

with the activity of (i) a similar composite film without

MC, and (ii) a TiO2 nanopowder. The good mechanical

integrity make this composite film an interesting candidate

for practical catalytic applications.

Introduction

Most of the synthetic dyes used for paper, printing and

textiles are released into the environment [1–3]. For azo

dyes, the largest class of dye used for cotton, the most

widely used fabric [4, 5], up to 30% is unfixed to the fabric

and is discharged. These azo dyes are highly light-stable

and resistant to microbial attack and the electron with-

drawing nature of the N=N bond lowers their susceptibility

to aerobic oxidation [6]. Therefore, they are neither readily

degraded nor removed by conventional wastewater treat-

ment. Further, their hydrophilicity limits removal by

coagulation/flocculation, which, in any case, produces

large amounts of sludge with consequent disposal prob-

lems. However, since even low levels are clearly visible

and exert a significant environmental impact, it is neces-

sary to develop effective treatment methods.

Heterogeneous photocatalysis, one of the advanced oxi-

dation processes (AOPs) of particular interest for the deg-

radation of organic pollutants, uses large band gap

semiconductors, particularly TiO2 and UV light to cleave

the azo bond and decolorize the dye [7–17]. It has been

shown that TiO2, particularly anatase, slurries can cause

complete mineralization of organic pollutants. This is

important because aromatic amines derived from partial

oxidation of azo dyes may be toxic or carcinogenic [12].

However, because of high fixed and variable costs,

numerous attempts to improve the photocatalytic activity of
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TiO2 by modifying the surface or bulk properties, by e.g.,

doping, codeposition of metals, surface chelation, mixing of

two semiconductors, etc. have been reported [18–20]. It is

clear that recombination of the initially generated charge-

carrier is one of the most important factors that must be

minimized to achieve high photocatalytic activity [21–23].

Because the use of slurries necessitates separation of the

catalyst from the treated liquid, immobilization of the TiO2

has received much attention. Although sintering of colloi-

dal TiO2 paste is the simplest way to fabricate porous films,

the low mechanical integrity of such films makes them

unsuitable for large scale applications. Alternative routes to

nanostructured TiO2 films include electron-beam evapora-

tion, magnetron sputtering, anodization, chemical vapor

deposition and sol–gel methods. The sol–gel techniques

offer options of varying the film properties and controlling

product homogeneity, purity, microstructure whilst avoid-

ing excessive process costs and many reports describe the

fabrication of sol–gel TiO2 films by dip coating with pre-

cursors derived from titanium alkoxides. The major dis-

advantage is shrinkage of the resulting product (film or

monolith) during drying and heat treatment [23–27].

Mechanical integrity may be a particular problem with

thick films, but as thin (<200 nm) films may exhibit rela-

tively low photoefficiency the use of polymerized materials

to improve homogeneity, increase surface area and im-

prove adhesion/cracking after calcination has been ex-

plored. A processing method to produce sol–gel derived

composite-coatings of photocatalytic TiO2 without any

dispersant has also been reported [27–37].

This study, part of a programme to develop solid films

for photocatalytic and photoelectrocatalytic purposes [38–

40], describes the preparation of novel composite films

derived from TiO2 sol–gel and nanopowder using meth-

ylcellulose (MC), a non-ionic water-soluble long chain

polymer, as dispersant. We have used a high surface area

TiO2 in order to reduce the decrease in surface area asso-

ciated with densification and crystal growth of the filler

and/or matrix in the composite. By using MC as a disper-

sant we have solved some problems like inhomogeneity

and defects that may induce peeling and cracking after

calcination due to film-shrinkage on thermal treatment. Not

only is MC suitable for use in sol–gel processing but in

addition it is not likely to promote crystallization of titania

during any of the coating, formation, and densification

process steps [37, 41]. Indeed, non-ionic polymers are

reported to produce smaller grains, perhaps by retarding

crystallization of titania.

The films were deposited on glass substrates by spin-

coating and their photocatalytic activity for the decolor-

ization of a textile dyes—Light Yellow X6G (C.I. Reactive

Yellow 2)—was evaluated as a function of dye concen-

tration and solution pH and compared with a similar,

MC-free, composite film and with TiO2 nanopowder.

Experimental

Materials

Ethanol (Fluka, 99.8%) 35.5% hydrochloric acid (Merck)

and titanium tetra-isopropoxide (TTP) (Aldrich, 97%

Ti(OiPr)4) were used without further purification. The TiO2,

anatase nanopowder is stated by Aldrich to have a surface

area of 190–290 m2 g–1 and a particle size of ~15 nm.

Methylcellulose (low substitution) was obtained from

Harris Chemical. Light Yellow X6G dye has the chemical

structure shown in Fig. 1 (C.I. Reactive Yellow 2, RMM

872.5) and was obtained from Youhao (China). Solutions

were made up in doubly distilled deionized water.

Preparation of thin film

The reagents were used as received. Anhydrous ethyl

alcohol (EtOH) was used as the solvent because the water

content of the sol has a critical role in the hydrolysis and

polycondensation reactions. A titania solution containing

organic binder material MC was made using the following

procedure. First, 5 mL TTP was dissolved in a mixture of

10 mL ethanol and 1.8 mL HCl 35.5 wt.%, and the solu-

tion was agitated for homogenization. In a separated con-

tainer, methylcellulose solution (2 wt.% in water) was

prepared by dissolving 0.02874 g of MC in 1.4 mL double

distilled water. Then these two solutions (titanium pre-

cursor and MC solution) were added dropwise and stirred

overnight at room temperature. The mole ratio was

TTP:HCl:EtOH:H2O, 1:1.1:10:10. Spin-coating technique

was used to deposit the sol onto the substrate surface

(microscope glass slide). Drops of the mixture were

deposited on the surface of the glass slide with spinning.

After drying at room temperature in the air, the films were

heated for about 1 h at 500 �C to study optical transmit-
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Fig. 1 Chemical structure of

commercial diazo dye, light

Yellow X6G (C.I. Reactive

Yellow 2)
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tance spectra and detect absorption edges of the films

(Fig. 2). For comparison, the similar sol without MC was

prepared and deposited onto microscope glass slide.

Preparation of sol–gel composite film

The Aldrich TiO2 nanopowder was dispersed in the sol as a

filler at a level of 5% (w/w) and the additioned mixture was

deposited on a microscope glass slide (75 mm · 25 mm ·
1 mm; ultrasonically cleaned in ethanol) by spin coating for

30 s at 2,000 rpm. The films were dried and heated at

5�C min–1 in a muffle furnace to 500 �C and held at this

temperature for 60 min before cooling at about 5�C min–1

to room temperature. Prior to use in photocatalytic experi-

ments the films were stored in the dark.

Characterization techniques

The structure and crystallite size were determined by

powder X-ray diffraction (Bruker D8 Advanced X-ray

diffractometer: Cu Ka radiation; scan rate 0.03 2h s–1).

The mean crystallite sizes of TiO2 were calculated by

Scherrer’s equation using the full width at half maximum

(FWHM) of the X-ray diffraction peaks at 2h = 25.3�.

TGA measurements were made, using a Mettler TA5

instrument, on the powder obtained by pouring a mixture of

sol and TiO2 nanopowder into a Petri dish and then drying

at room temperature for ~10 days. About 0.01 mg samples

of the crushed powder were heated in an Al2O3 crucible at

5 oC min–1 from room temperature to 700 oC in flowing

air. Similar measurements were made on the MC.

The mechanical integrity of spun coatings of the same

controlled thickness was measured using a motorized

Clemen scratch tester equipped with a tungsten carbide

1 mm ball tool. Scratches were made under an applied load

which increased from 0 to 1,000 g over a 50 mm length.

The load at which the indenter started to scratch the sub-

strate surface was identified visually and considered as

indicative of the coating resistance to scratch failure.

The stability of TiO2 suspensions was investigated by

sedimentation in 50 mL, ~20 mm diameter, measuring

cylinders. The suspensions were poured into cylinders to

the exact height of 20 cm and the sedimentation distance

was measured with time.

The microstructure of the (gold sputtered) composite

films was observed by Scanning Electron Microscopy

(SEM) Philips XL30, operated at 20 kV.

Photoreactor and photocatalytic measurements

The photocatalytic degradation experiments were carried

out with10 mL solution in a reactor with total volume

40 mL and placed in a 25 �C water bath. A singly coated

slide (75 mm · 25 mm · 1 mm) was irradiated by two 8

W UVA (Philips, k = 365 nm) lamps placed 5 cm above

the solution. In a typical experiment, each dye solution

with initial concentration of 12 mg dm–3 was stirred con-

tinuously and 10 mL samples were taken at regular inter-

vals during irradiation and analyzed by UV–visible

spectroscopy (Varian Cary 500 Scan double beam spec-

trophotometer) to monitor the photocatalytic degradation

of dye at 270.0 nm. Control experiments were also carried

out using TiO2 nanopowder suspension 160 mg dm–3

slurry under the same conditions.

Results and discussion

Preparation of sol

Different compositions of TiO2 sol were prepared by altering

the molar ratio of TTP:H2O:HCl. The typical sol, reported

here, with TTP:H2O:EtOH:HCl molar ratio of 1:10:10:1.1,

was found to be most suitable for dissolving MC and

dispersing TiO2. Increasing the water content and dilution of

C2H5OH

HCl

Ti(OC3H7)4

Stirring

MC solution

Transparent sol

Stirring

Mixing with
TiO2

Spin-coating

Heat treatment

Drying at room    
temperature  

Fig. 2 Preparation of composite TiO2 film coating
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the sol system, may retard the gelation process. The process

was exothermic and the pH of the solution about 2–3.

Stability of suspensions of anatase nanopowders

in the sol

The sedimentation rates of TiO2 nanopowder dispersed in

the alkoxide derived sol were taken as an indication of their

degree of dispersion [42]. MC addition increased the sed-

imentation time of 5% (w/w) powder dispersions from 1 to

70 h. and of the 10% (w/w) powder from 0.5 to 10 h.

Although the increased viscosity of the MC additioned

fluid will lower sedimentation rates, the decreased sedi-

mentation rate is believed to be associated primarily with

the better dispersion of the nanopowders that results from

their steric stabilization by MC.

Thermogravimetric analysis

Thermogravimetric analyses (TGA) [of the gel powders of

the composite materials obtained from the mixed sol

solution with TiO2 nanopowder] showed weight losses at

(a) below 200 �C—considered to be due to loss of water

and the thermal decomposition of residual organic

solvents,

(b) from 200 to 280 �C attributed to the carbonization or

the combustion of organic compounds, e.g. MC in the

composite and

(c) from 280 to 450 �C probably due to dehydroxylation

of the TiO2 and combustion of the residual organic

additives.

XRD characterization of TiO2 photocatalyst

The XRD patterns of the gel-derived powders of sample A

(the sol without MC), heat treated for 1 h at different

temperatures in air, is shown in Fig. 3a. The as-prepared

gel have amorphous structure, showing a very broad peak

at about 2h = 25.2� (which is identified as the most

intensive peak (1 0 1) for the anatase TiO2). In general, the

hydrolysis products in the sol–gel processing do not show

crystallinity on XRD spectrum. By increasing the calci-

nations temperature, the (1 0 1) peak of anatase has become

sharper, which indicates the dependence of crystallinity to
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Fig. 3 X-ray diffraction

patterns of the samples listed in

Table 1 (heat treated at different

conditions). (a) Sample A: sol–

gel-derived TiO2 powder

without MC, as-prepared (A-1)

and heat treated for 1 h at: 125

(A-2), 300 (A-3), 500 �C (A-4).

(b) Sample B: sol–gel-derived

TiO2 powder with MC, as-

prepared (B-1) and heat treated

for 1 h at: 125 (B-2), 300 (B-3),

500 �C (B-4)
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the applied temperature which happens at temperature

lower than 300 �C. The corresponding crystallite size of

the anatase in the heated powder is presented in Table 1.

This is in accordance with the reported results of the cal-

cination of the sol–gel-derived TiO2, at different thermal

conditions [43]. As shown in Fig. 3a and Table 1, for

sample A, the crystallite size of anatase phase, used as a

measure of TiO2 crystallinity, increased markedly with

calcination temperature, up to 15.5 nm at 500 �C. It is

suggested that the growth process of nanocrystalline ana-

tase is due to the sintering of the single crystals within the

agglomerates, and finally the original agglomerate trans-

forms to a larger single crystal [44].

The same observations, as shown in Fig. 3b, were car-

ried out for the gels prepared from sample B (the sol with

MC). It can be observed that the crystal formation and the

polymorphs evolution in the sol with MC, upon heat

treatment, are approximately the same as the sol without

MC. As shown in Table 1 the crystal size of anatase TiO2

at 500 �C was decreased to 13.3 nm in sol with introducing

MC. In other words, for the sol system in this study, or-

ganic binder MC was found to be very suitable due to its

lack of particle aggregation. Therefore, MC was introduced

into the sol–gel precursors in addition to adjusting the

viscosity of the sol for increasing the strength of the unfired

materials, and preventing film crack formation. Another

advantage of using MC as binder is that it belongs to non-

ionic cellulose ether material and substantially free of

substance that can induce crystallization of titania.

Figure 4 illustrates XRD patterns of nanopowder TiO2,

as received and after calcination for 1 h at 500 �C. Nano-

powder TiO2 as-received powder contains ~100% anatase.

Heating of this powder, even up to 900 �C (not shown

here), did not result in the formation of rutile and the

maximum detected rutile content remains at about 3%,

perhaps due to fewer nucleation sites for rutile. Nano-

powder TiO2 anatase crystallites grow 20–30% compare to

its original size when heated to 500 �C.

Figure 5 shows XRD spectrum of clean glass, dried

TiO2 nanopowder, and composite/glass with one time of

spin-coating and dried at 100 �C. The diffractogram

(Fig. 5) of the dried TiO2 powder showed very clear and

intense anatase peaks compared with the XRD pattern for

TiO2 composite film heated to 100 �C (as expected the

clean glass show only a broad band at a d value of

3.50 nm).

Table 1 Physical characteristics of different TiO2 photocatalysts heat

treated for 1 h at different temperatures, the crystallite size and

adhesion strength

Material Code Heat treatment

condition (�C)

Crystallite

size (nm)

Scratch adhesion

(g/mm2)a

Sample Ab A-1 – 0.7 150

A-2 125 0.7 –

A-3 300 5.1 –

A-4 500 15.5 1,500

Sample Bc B-1 – 0.6 160

B-2 125 0.6 –

B-3 300 5.0 –

B-4 500 13.4 1,500

Nanopowder C-1 – 15 ~0

TiO2 C-2 500 16.3 ~0

Composite D-1 – 15.0 9

TiO2 filmd D-2 500 16.4 200

a Critical linearly increasing loads
b Thin film of TiO2 without MC
c Thin film of TiO2 with MC
d Prepared from 5 wt.% Aldrich nanopowder TiO2 in the sol
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Fig. 4 X-ray diffraction patterns of the nanopowder TiO2

(a) as-received and (b) heat treated for 1 h at 500 �C
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Fig. 5 XRD diffractograms of clean glass, dried TiO2 nanopowder,

and coated glass resulting from one spin-coating of the TiO2

composite, prepared with MC addition and dried at 100 �C
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The diffractograms of the composites prepared from

anatase nanopowder dispersed in the alkoxide sols after

heating to increasing temperatures are shown in Fig. 6.

These diffractograms were measured at higher sensitivity

than those in Fig. 5 as shown by the apparently more in-

tense peaks of the film heated at 100 �C. Again, all peaks

(2h = 25.28�, 37.02�, 37.80�, 38.82�, 48.05�, 53.9�, and

55.06�) correspond to known diffraction maxima of ana-

tase, and all intensities grew as the heating temperature was

increased from 100 to 500 oC.

These changes are consistent with reports by Mazzarino

et al. [45] and Keshmiri et al. [33] of the conversion of an

amorphous titania thin film into anatase by treatment at

500 �C. They also agree well with Harizanov and Hariza-

nova’s [46] observation that changes between 250 and

550 �C in the exotherms of TiO2 gel reflect the oxidation of

the organic residues and consequent crystallization of the

anatase form of TiO2.

As shown in Table 1, typical values of anatase crystal-

lite size of the synthesized TiO2 particles on glass were

16.5 ± 0.5 nm. It is noteworthy that the size of the crys-

tallites derived from the sol–gel is so similar to the size of

the anatase nanoparticles.

Surface morphology

Figure 7a and b shows the SEM images of the composite

film with thermal annealing at 500 �C for 60 min. In

Fig. 7a it can be found that crevice in nanoscale appeared

on the surface of coatings with introducing MC. Figure 7b

shows the SEM image of composite film without MC

which shows large cracks and some flaking off.

Figure 7c demonstrates the nanostructure of composite

film and shows particle size of TiO2 in SEM image cor-

respond with XRD results.

Scratch adhesion test

The results of four repeated scratch adhesion tests (Table 1)

showed that introduction of nanopowder TiO2 caused a

decrease in the adhesion and bonding strength between
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504030

Fig. 6 The effect of increasing temperature on the diffraction

patterns of TiO2 composite films, prepared with MC addition,

resulting from one spin-coating

Fig. 7 SEM images of the

composite TiO2 film after heat

treatment at 500 �C (a) with

MC (b) without MC and (c)

high magnification micrograph

of composite film with MC
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the thin film coating and the glass substrate. For the non-

porous rigid coatings, such as thin film TiO2 deposited on

the glass substrate, the failure of the coating is sudden and

accompanied by the breakage and separation of the coating

from the substrate. However, for the case of porous com-

posite films, the mechanical failure (i.e. peeling of the

coating) dose not happen upon a certain critical load (i.e. it

is not sudden). Therefore, the mechanical failure can not be

defined as a point at which the detachment occurs and so

the normal loads which caused the complete coating re-

moval, for TiO2 thin, nanopowder and composite films,

within the scratch track (observed by optical microscope)

are shown in Table 1. On the other hand the results indicate

that when the organic binder material MC, a stimulating

addition for structure control, is integrated in the inorganic

system, low shrinkage, and high crack-resistance of the

composite material are achieved because the bulky organic

components fill the pores between the inorganic oxide

chains and strengthen the gel network, probably by neck

growth, which is in accordance with XRD and SEM results.

Optical transmittance

Figure 8 shows the UV–vis transmittance (T %) spectra of

the TiO2 films on the microscope slides in the wavelength

range of 300–800 nm. In the visible region, and specifi-

cally at 565 nm, transmittance for the composite film with

MC was 9%, while that of TiO2 thin film prepared without

MC and with MC were 83% (without nanopowders TiO2),

and the microscope slide (glass substrate) was about 91%.

It is clear that the use of MC did not affect the transmit-

tance but transmittance of composite film with nanopowder

TiO2 show sharp decrease.

At about 380 nm the transmittance decreases quickly for

all films and approaches zero at around 330 nm. This fast

decrease in the transmittance is due to absorption of light

caused by the excitation and migration of electrons from

the valence band to the conduction band of TiO2. From

Fig. 6 it is observed that the well-defined absorption edge

changes slightly as the film thickness is increased (for

composite film).

Photocatalytic activity

Evaluation of the films as potential photocatalysts for water

pollutant purification was based on the discoloration of the

model azo dye, X6G. Preliminary experiments demon-

strated that in the absence of TiO2, X6G was not degraded

by 12 h UV irradiation and that dye-degradation was

insignificant in the dark. However a small contribution to

the decoloration is due to adsorption of the dye onto TiO2

glass supported film. As this adsorption is expected to

depend on the pH-dependent surface charge of the TiO2,

experiments were carried out at pH 5.1 the reported p.z.c.

of the nanosized TiO2 [47]. At this pH adsorption of the

dye onto the TiO2 composite/glass was negligible.

UV irradiation of all TiO2 materials—slurry or com-

posite film with or without MC—resulted in an effective

photocatalytic decomposition of the azo dye. To a first

approximation the three modes of degradation (i.e. slurry

TiO2 and two composite films) follow pseudo first-order

reaction kinetics, i.e. plots of ln(C0/C) versus time in the

optimized conditions were linear (Fig. 9). This is consis-

tent with, but does not prove, the generally held view that

photodegradation rates of chemical compounds on semi-

conductor surfaces follow the Langmuir-Hinshelwood

model [48, 49]. The pseudo first-order reaction rate con-

stants and half-life parameters are listed in Table 2.
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Fig. 9 The kinetic data for photocatalytic degradation of X6G in the
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To compare the photocatalytic degradation of composite

TiO2 films with nanopowder slurry, the dye solution was

also decolorized in the presence of a dispersion of

TiO2 nanopowder with the same weight as film

(0.0016 g = 160 mg dm–3) and the results are represented

in Fig. 9(m). The rate constant for the slurry is greater than

that of the two films, suggesting a considerably higher

efficiency as photocatalyst. This may be due to limitations

of reactant diffusion or it may be because only the external

surface of the film samples is exposed to the pollutant

solution, and therefore the effective area is much less than

the (190–290 m2/g) of the TiO2 nanopowder. The results in

Fig. 9(n without MC and d with MC) demonstrate that the

rate constant for the composite film with MC is no worse

and may be better than that of the film without MC. It is

possible that an increased activity of the MC additioned

film for photodegradation of X6G could result from greater

porosity (as is seen in Fig. 7).

Conclusion

A nanocomposite TiO2 film prepared from an anatase

nano-powder and sol–gel derived titania has been demon-

strated to have good film integrity, superior adhesion

(measured by a scratch adhesion test) to films prepared

from the nano-powder alone. The composite films showed

a good photocatalytic activity for azo-dye degradation. The

addition of methylcellulose led to more uniform films, with

improved scratch resistance, without impairing the photo-

catalytic activity.
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