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Abstract
Porous transparent films of TiO2 (anatase) were obtained by controlled hydroly-
sis of titanium tetraisopropoxide (sol-gel method) in the presence of a polyethyl-
ene glycol as a template agent with molar masses of 300, 600 and 1000 g/mol and 
α-terpineol as a high viscosity agent. The efficiency of the films in the photocatalytic 
degradation of Rhodamine 6G is correlated with their porosity and films’ thickness. 
Higher photoactivity of the obtained films compared with a non-porous TiO2 film 
was observed for TiO2(300) and TiO2(600) whereas the lower activity was noted 
for TiO2(1000). The size of anatase crystals is increased proportionally to the pre-
cursor’ gelation time and is accompanied by a decrease of the specific surface area 
and porosity of the film. The presence of polyethylene glycol slowed down TIPT’s 
hydrolysis rate. It is shown that the viscosity of the precursor is the key factor in the 
preparation of titania films with certain crystal size, thickness and high photocata-
lytic activity.
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Introduction

Nanosized titanium dioxide in the form of powders or films is widely used to create 
photocatalysts, superhydrophilic coatings, sensors, solar cells, electrochromic light-
ening windows, as well as mineralization of many environmental pollutants [1–3]. 
The use of TiO2 in the form of a film has a number of advantages over its powder 
form (convenience in removing from the solution, the ability to apply on the glass 
or ceramic surfaces etc), but the specific surface area of film is much smaller than 
that in the powder, which affects the efficiency of photocatalysis. To increase the 
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photocatalytic activity of the film, the titanium dioxide can be modified by metal 
ions and/or non-metals [4]. The synthesis of porous films with a developed surface 
is also an extremely promising method for their photocatalytic activity improvement 
[5–7]. In this case, the pore-formation substance is added to the precursor at the 
stage of the sol-gel transition using the template agent. Polyethylene glycol (PEG) is 
one of the best templates for the morphological alteration of titania-based films [8]. 
The use of viscous agents in precursors allows the films’ production of controlled 
thickness [9].

Despite the large number of publications, investigation of the effect of the molec-
ular weight of PEG on the photocatalytic activity of the TiO2 films is controversial. 
The authors [8] claimed that the activity of TiO2 films synthesized by the spray-
pyrolysis method in the presence of PEG was influenced by the ratio of TIPT: PEG 
rather than the molecular weight of the polymer. It is noted [10] that the activity of 
the photocatalyst is increased with the increase of molar mass of the pore forming 
agent. However, our preliminary data [11] and results [12] indicated a decrease in 
photoactivity when PEG molar mass was increased.

Controlled synthesis of mechanically stable TiO2 films of high optical quality and 
high photocatalytic activity is still actual. In this paper, the effects of the initial pre-
cursor composition, the molecular weight of PEG and the structuring processes in 
the sol on the stability of the precursor, the thickness and porosity of the films and 
their photocatalytic activity were investigated.

It is known that the variation of the photocatalytic activity of films obtained from 
viscous precursors is attributed to the initial conditions of synthesis, such as the ratio 
of components in the precursor [13], and the different length of the oligomer of the 
porous former [7, 14]. In this work, the films and powders of titanium dioxide were 
obtained using polyethylene glycol (PEG) pore forming agent with different molar 
masses of 300, 600 and 1000 and α-terpineol as a viscous agent. The films were 
deposited on glass substrates by dip-coating technique with the following calcina-
tion at 500 °C. For comparison, TiO2 powders from the same precursors were also 
synthesized: the corresponding gels were left for 1 month in air and then calcined at 
500 °C. The resulting nanosized porous TiO2 films and powders have a crystalline 
structure of anatase. It is shown that photocatalytic activity of the films of the same 
composition and conditions of synthesis obtained from viscous initial sols is related 
to the processes of structure formation in the precursor.

Experimental

Two initial solutions (A and B) as precursors for the preparation of porous TiO2 
films contained α-terpineol to significantly increase the viscosity of the solution 
[9], and PEG300, PEG600 or PEG1000 (Loba feinchemie) as pore formers and ace-
tic acid as an acid catalyst have been used. Solution A was prepared by mixing of 
titanium tetraisopropoxide 97% (TIPT) (Aldrich) in iso-propanol (IPA) (UkrReA-
Chem), α-terpineol (Aldrich) and the corresponding template agent (PEG). Solu-
tion B consisted of the following components: IPA, distilled water and acetic acid. 
After stirring, solution B was added dropwise to solution A. The concentration 
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of TiO2 in the precursor was 4% by weight. The components of solution A were 
taken in the following quantities: TIPT—0.34 mol, α-Terpineol—2.12 mol, isopro-
panol—4.57 mol, PEG300, PEG600 and PEG1000—0.19 mol. The components of 
solution B were iso-propanol—0.78 mol, CH3COOH—0.37 mol, H2O—1.11 mol. 
The films are marked as TiO2(300), TiO2(600) and TiO2(1000) indicating the type 
of the template agent used in the synthesis procedure, as namely PEG300, PEG600 
and PEG1000, respectively.

The precursors of the films were coated on the glass substrates by dip-coating 
procedure at a constant rate of 9  cm/min. The substrates were carefully washed 
with hydrochloric acid and distilled water beforehand and, then, dried in an oven at 
150 °C. Dip-coated TiO2 films were calcined at 500 °C for 1 h. In the case of multi-
layer films, the heat treatment was repeated for every layer.

The thickness and refractive index of thin films were measured by the method of 
polygonal ellipsometry on an LEF-3 M (λ = 632.8 nm) ellipsometer. The transmis-
sion spectra of the films were recorded on a Perkin Elmer Lambda 35 UV/VIS spec-
trophotometer. The porosity of the films is calculated using the equation:

where n is the refractive index of the porous film, nd is the refractive index of non-
porous film.

The viscosity of the initial solutions was measured on a cylindrical rotational vis-
cometer at a constant temperature. The viscosity measurement error is ± 1%.

The photocatalytic procedure was carried out in a quartz reactor containing a 
mixture of anatase nanocomposite and 20  ml of Rhodamine 6G aqueous solution 
(2.5 × 10−5 mol L−1). The open reactor enabled a continuos inflow of oxygen which 
supported the reaction; the solution was continuously mixed during the experiments. 
The reaction system was irradiated by an UV light lamp PRK-1000 (power 1000 W). 
The distance between the reactor and lamp was 50 cm. During the experiments, a 
certain amount of Rhodamine 6G solution was periodically taken out from the reac-
tor to obtain the absorption spectra (an UV-VIS spectrometer Lambda-35) and the 
concentration of the dye solution was calculated.

Results and discussion

The obtained optically transparent TiO2 films exhibit high adhesion to glass sub-
strate. As seen from Fig. 1a, the film thickness affects the optical properties of the 
films where the interference maxima and minima are observed in the transmission 
spectra. This feature can be used to determine the thickness of the films by spectral 
method. To compare the accuracy of the proposed method of thickness determina-
tion, the data obtained using ellipsometry are also used. The thickness of the coating 
depends on the number of applied layers. However, to obtain the films with high 
transparency and satisfied mechanical properties, not more than seven layers were 
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dip-coated with the calcination of every layer at 500°. Due to the multi-layered coat-
ings, the films of thickness in the range of 600–1100 nm can be obtained. Figure 1b 
shows that the film thickness depends on the presence of the template agent as well 
as on its molar mass.

The obtained films crystallized to anatase without traces of other crystalline 
phases. The crystal size of anatase in most samples is detected to be less than 25 nm, 
wherein, the TiO2(300) films contained a fraction of crystals of size up to 5 nm simi-
lar to that published in [1].

It was observed that the thickness of the films coated on the substrate from 
the same precursor after different aging periods is varied. Thus, the thickness of 
TiO2(600) films coated on the substrate immediately after the precursor preparation 
and aging for 140 min was changed from 126 to 222 nm, respectively (Table 1). The 
refractive index is also nonlinearly increased from 2.07 to 2.37 while the calculated 
porosity of the coating is reduced. The increase in the refractive index occurs with-
out changing of the crystalline structure of the films and, therefore, the change in the 
effective density of the film is suggested. The films density and specific masses (g/
cm2) are increased from 1.39 g/cm3 and 1.75 g/cm2 to 1.74 g/cm3 and 3.88 g/cm2, 
respectively (Table 1). Thus, the ripening period of sol and its content influenced 
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Fig. 1   a Transmission spectra of one-layered (1), three-layered (2) and five-layered (3) TiO2(600) films 
and b dependence of the thickness of TiO2 (1), TiO2(300) (2), TiO2(600) (3) and TiO2(1000) (4) films on 
the number of layers

Table 1   Physical characteristics 
(t is precursor ripening time; m 
is specific mass of the film; d is 
the film thickness; n is refraction 
index of the film; ρ is the film 
density; P is the film porosity) 
of TiO2(600) obtained from the 
same precursor

t, min m × 105, g/cm2 d, nm n ρ, g/cm3 P

7 1.75 126 2.07 1.39 0.395
72 2.25 157 2.10 1.43 0.373
104 2.60 172 2.15 1.52 0.331
120 3.07 187 2.22 1.64 0.277
138 3.88 222 2.37 1.74 0.151
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the structural parameters of the resulting films. The longer the maturing time of the 
sol, the greater the length of the oligomer and, consequently, the size of the titania 
crystals in the coating is increased. Such significant changes in properties can often 
exceed the changes made by the variety of used pore-formation agents and affect the 
effectiveness of films in photocatalytic reactions. It must be stressed that the freshly 
prepared sol (within 5 min after adding of all components) was used for every layer 
coating in the case of the films involved in the determination of the dependence of 
film thickness on the number of layers (Fig. 1b).

The similar changes in the physical properties have been also observed for TiO2, 
TiO2(300) and TiO2(1000) films due to the processes of structuring taking place in 
a viscous initial solution until a bulk polymer network is formed. It is accompanied 
by a change of the precursor’ viscosity with time (Fig.  2a), which is significantly 
dependent on the temperature as well (Fig. 2b).

The increase of the precursor viscosity leads to the formation of thicker film and 
increases the maturation time of the initial solution. The change in viscosity also 
affects the rate of hydrolysis, which may vary depending on a number of parameters: 
the water content, temperature, etc. (Fig.  2b). The change in the specific mass of 
films (mass of 1 cm2) over time is similar to the dependence of viscosity on time 
(Fig. 3).

It is known that TIPT reacts rapidly with water molecules in the precursor (reac-
tions 1, 2 and 3), whereas the process of hydrolysis of alkoxides can be much more 
complicated in the presence of stabilizers (acids) [15]. The introduction of acid to 
the initial TIPT solution allows controlling the rate of hydrolysis [15]:

The film morphology is determined by several main factors: surface tension of 
the film precursor, oligomer polycondensation, presence of PEG, and solvent. 

(1)Ti − OR + H2O →≡ Ti − OH + R(OH),

(2)Ti − OH + RO − Ti →≡ Ti − O − Ti ≡ +R(OH),

(3)Ti − OH + HO − Ti →≡ Ti − O − Ti ≡ +H2O.
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Fig. 2   Dynamics of the change in the viscosity of TiO2 (a, 1), TiO2(300) (a, 2) TiO2(1000) (a, 3) films at 
19 °C and TiO2(600) at 16 °C (b, 1) and 25 °C (b, 2)
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Hydrolysis is a gradual process, the C3H7O groups are hydrolyzed sequentially. This 
is followed by dehydratation and polycondensation processes. The molecule of PEG 
is exothermically adsorbed on an oligomer –Ti–O–Ti– forming a hydrogen bond 
[15].

The further process of structuring and polymerization consists in the forma-
tion of an oligomer/PEG composite, where PEG determines the size of the crys-
tals. PEG with smaller length of the oligomer forms a denser net in the precur-
sor, thereby limiting the growth of the oligomer –Ti–O–Ti– and vice versa. PEG 
with higher molar mass and length of the oligomer leads to the increase of TiO2 
crystals. As a result, the films obtained from freshly prepared precursors differ in 
refractive indexes. Thus, TiO2, TiO2(300), TiO2(600) and TiO2(1000) films have 
refractive indexes of 2.40, 2.15, 2.20, and 2.30, respectively. The highest value of 
the refractive index obtained for nonporous TiO2 film is explained by the lowest 
porosity. All films exhibited a secondary porosity due to polycrystallinity and the 
presence of voids between the crystals (Fig. 4).

Fig. 3   Dynamics of the specific 
mass changes of TiO2 (1), 
TiO2(300) (2) TiO2(1000) (3) 
films over time at 19 °C
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Fig. 4   SEM image of the 
TiO2(600) film
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The described above processes affect the photocatalytic activity of the obtained 
films. Photocatalytic oxidation of a dye rhodamine 6G has been studied. The reaction 
was carried out in the presence of TiO2 films under UV irradiation with a mercury 
lamp PRK-1000 on air under vigorous stirring. As seen from Fig. 5, the photocata-
lytic reaction rate (r) depends on the thickness of the film leading to the suggestion 
that total film volume is responsible for the efficient photocatalytic decomposition.

The photocatalytic activity is estimated as a relative change of R6G concentration 
per 1 g (∆C/C0 m) of the film after 20 min. of irradiation. The photocatalytic activity 
crucially depends on the time of the gelation of the precursor (Fig. 6).

The nonlinear change in the precursor viscosity is observed: the longer the matur-
ing time of the sol, the larger the size of the crystals is formed and, hence, the 
decrease in the specific surface area and porosity of the film occurs. This leads to 
a decrease in the photoactivity of the films (Fig. 6). However, a significant increase 
of the precursor viscosity provides an increase in film thickness. It can be concluded 

Fig. 5   Dependence of the 
reaction rate of Rhodamine 
6G photodecomposition after 
irradiation for 100 min on the 
number of TiO2(300) film layers 
(concentration of Rhodamine 
6G solution is 2.5 × 10−5 M)
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Fig. 6   Dependence of the activ-
ity of the unit mass of TiO2 (1), 
TiO2 (300) (2), TiO2(600) (3) 
and TiO2(1000) (4) films on the 
time of the precursor gelation
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that the processes of crystals growth and the thickness of the coating determine the 
activity of TiO2 films. The film obtained from the precursor after 10 min of gelation 
exhibited a maximal photocatalytic activity. The photocatalytic activity of the films 
is decreased as follows: TiO2(300) > TiO2(600) > TiO2 > TiO2(1000) (Fig. 6).

Conclusions

The photocatalytic activity of porous nanosized TiO2 films depends critically on the 
composition of the precursor and film formation conditions: the pore-forming and 
viscous agents as well as the dynamics of the structuring processes. Therefore, for 
each type of film, the optimal ratio of crystal size/thickness is found, which can be 
adjusted by controlling the rheological characteristics of the precursor. The highest 
photocatalytic activity is observed for TiO2(300) and TiO2(600) films obtained from 
the freshly prepared precursor. The effectiveness of photocatalytic degradation of 
R6G dye in the presence of TiO2(1000) films is achieved by increasing the thickness 
and mass of the films.
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