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Abstract 

Nano-structured TiO2 thin films were deposited onto soda lime glass by the pneumatic spray 
pyrolysis method from a peroxo-titanium complex solution. Samples were prepared spraying 
10 s  the complex solution followed by an interruption of 20 s in order to avoid inadequate 
substrate cooling, the substrate temperature was varied from 230 to 430 ºC in 50 °C steps. 
Amorphous as-deposited films crystallized to the anatase phase after an annealing process at 
500 oC for 3 h. The photocatalytic activity of the nanostructured TiO2 thin films was studied 
under UV irradiation with the degradation of methylene-blue. Amorphous as-deposited TiO2 
films prepared at low substrate temperatures (280 °C) showed the best photocatalytic 
activity, but  after the annealing process films exhibit a decrease in the photocatalytic activity 
due to both the increase in the grain size and the decrease in the surface area.   
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1. Introduction 
Titanium dioxide is a wide bang gap 
semiconductor with interesting chemical, 
electrical and optical properties [1, 2]. 
Nanoparticles and nanostructured TiO2 thin 
films have been extensively studied in 
photocatalysis [3-5], electrochromism [6], 
gas sensing [7], etc. Photocatalytic 
degradation of organic compounds has been 
proposed as viable alternative to 
decontaminate either waste water or drinking 
water [1]. Nanostructured TiO2 shows 
improved photocatalytic behaviour because 
of its greater specific surface area than 
conventional coarse-grained TiO2 [3-5]. 
However, there is a drawback with TiO2-
nanoparticles when used in photocatalytic 
processes because it is not easy to remove 
from the degraded solution by centrifugation 
and filtration processes. Many alternatives 
have been proposed to overcome this 
limitation; for example, nanoparticles of 
titanium dioxide photocatalyst anchored or 
embedded onto support materials with large 
surface areas have been tested. These 
nanoparticles have been immobilized onto 
supports such as glass surface [8], polymer 
latex particles [9], high-surface-area ceramic 
hollow spheres [10] and activated carbon 
[11]. A number of methods have been 
reported for the preparation of TiO2 thin 
films, including chemical vapor deposition 
[12], flame spraying [13], laser ablation [14], 
sol gel [15,16], sputtering [17-19], electron 
beam evaporation [20], hydrolysis by organo 
metallic route [21], reactive evaporation [22], 
spray pyrolysis (SP) [23-29], etc. Among 

these techniques, SP is one of the most 
simple and inexpensive technique for 
different applications and can be easily use to 
coat large-surface areas with homogeneous 
properties. The precursor solution to prepare 
TiO2 thin film by the SP technique mostly 
uses titanium(IV) organometallic compounds, 
such us Ti-tetra-ethoxide, Ti iso-propoxide, 
Ti isobutoxide, and Ti actylacetonate in non-
aqueous solvents; also, those compounds are 
expensive and release toxic products to 
environment after film deposition. Natarajan 
et al. [29] reported the TiO2 film deposition 
by the SP method using a peroxo-titanium 
complex diluted in water for Li ion battery 
applications that is cheap and don´t release 
toxic by products. Our main interest is to 
prepare titanium dioxide thin films with 
structural, optical and electronic 
characteristics suitable for photocatalytic 
applications, on the other hand, as a first step 
to produce supported oxide compounds, 
specially avoiding to release toxic products to 
the environment. 
 
In this paper, we report the synthesis of 
peroxo-titanium complex solution and the 
preparation of transparent photocatalytic TiO2 
thin films onto soda-lime glass by SP method 
using this solution. The influence of the 
deposition temperature and the annealing 
conditions on the structural properties of 
TiO2 films and the photocatalytic degradation 
of methylene blue under UV irradiation was 
systematically studied and discussed. 
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2.   Experimental 
2.1 Film deposition  
The TiO2 thin films were deposited using a 
conventional pneumatic spray pyrolysis 
system [30]. The spraying solution was 
prepared dissolving 0.450 g of titanium metal 
powder (100 mesh, 99%  from Aldrich) in 53 
ml 30% hydrogen peroxide and 2 ml of 
ammonia solution (J. T. Baker); the 
dissolution was completed in 3 h becoming a 
transparent yellow solution. This was under 
bubbling for 3 days and a 30 ml of hydrogen 
peroxide mixed with 255 ml of ethanol 
(Merck) were added to the solution, followed 
by 6 ml of HCl 36.8%; a 0.212 M 
concentration of HCl was obtained and kept 
constant in the solution during the synthesis 
of peroxo-titanium complex solution. 
The solution prepared as described above was 
sprayed onto a hot 25 × 25 × 1 mm3 soda-
lime glass substrate previous ultrasonically 
cleaned with soap, acetone and methyl 
alcohol. The temperature of the hot plate was 
controlled within ± 5 oC and the substrate 
temperature, Ts, was varied from 230 to 430 
ºC in 50 °C steps. The deposition was 
performed using compressed filtered and 
dehydrated air as carrier gas; kept at 12.4 
l/min and 170 kPa. The spraying process 
consists in: a spraying of 10 s followed by an 
interruption of 20 s in order to avoid 
inadequate substrate cooling during the 
preparation. The as-deposited films were 
annealed in air at 500 ºC for 3 h. The 
deposition time was carefully controlled in 
order to have films with a thickness around 
400 nm. 
 
When the aerosol droplets arrive close to the 
heated substrate a pyrolytic process is 
produced and a highly adherent film of TiO2 
develops according to the following reaction: 
 
( ) ( ) ( ) ( )gOHsTiOacOHTi Heat

224 2+⎯⎯→⎯ ..(1) 
 
2.2 Morphology and structure 
The thickness and roughness of the sprayed 
titanium dioxide thin films were measured 
using a Dektak IIA profilometer on the step 
formed during deposition with a standard 
scan length of 3000 μm. Spectral 
transmittance for TiO2 films were recorded in 
the 290 < λ < 1100 nm wavelength range 
using an Agilent 8453 spectrophotometer. 
 
The crystalline structures of as-deposited and 
annealed samples were characterized by X–
ray diffraction (XRD) using a Bruker AXS 
D8 Advance X-ray diffractometer with Cu 
K� radiation (1.54056 Å). The surface 
morphology of the films were studied by 

scanning electron microscopy (SEM) using a 
Jeol JSM 5200 CX instrument. The 
microstructure and grain size distribution of 
the films were carried out using a 
conventional TEM, Jeol 100 CX; the films 
were peeled off from the glass substrate 
scratching with a stainless steel knife, and the 
small flakes were floated in deionized water. 
They were mounted on 100 mesh carbon 
coated copper grids to be finally mounted in 
the TEM column. 
 
2.3 Photoactivity measurements. 
A methylene-blue (MB) dissolved in water 
was used in order to study the photocatalytic 
activity of both as-deposited and annealed 
TiO2 films. The home-made photoreactor is 
shown schematically in Fig. 1; was used for 
in door experiments a 150 W Hg lamp placed 
30 cm above the film. Photocatalytic 
efficiencies were evaluated irradiating during 
6 h a 25 ml of a 20 ppm methylene-blue 
solution flowing over a 4 cm2 of titanium 
dioxide thin film (see Fig. 1). The radiation 
intensity on the surface coating of TiO2 close 
to ~ 18 mW/cm2 was measured with a 
Spectra-Physics radiometer model 404. The 
solution was flowing on the TiO2 thin film 
(Fig. 1) in a stationary regime controlled 
using a peristaltic pump, 2 ml of the MB 
solution was collected each 2 h from the 
photoreactor vessel and measured the 
methylene-blue concentration by the optical 
absorption at 656 nm wavelength [31] using 
an Agilent 8453 spectrophotometer, the 
solution was returned immediately after this 
measurement. 6 % of methylene-blue 
solution was photodegradated just UV 
irradiating in the absence of TiO2 film; the 
photocatalytic activity measurements 
reported in this paper take into account this 
value for correction. The rate constants k and 
ks (pseudo-first order rate constant per unit of 
surface area) for MB decomposition reaction 
was determined from the linear relationship 
between the logarithm of relative 
concentration of MB with the irradiation time 
[8, 31]. 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic diagram of the photocatalytic 
reactor. 

Glass coated with 
photocatalytic-TiO2
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3.      Results and discussion 
3.1 Morphology and structure 
The thicknesses for all the samples of the as-
deposited TiO2 films were around 400 nm 
from profilometer measurements.  Also the 
roughness for both as-deposited and annealed 
TiO2 films as a function of the substrate 
temperature, Ts, are presented in Fig. 2.  
 
 
 
 

 
 
 
 

 
 
 
 
Figure 2. Surface roughness as a function of the 
eposition temperature, Ts, for as-deposited (■) and  
annealed at 500 °C for 3 h (○) TiO2 films. 
Symbols denote data and the curves were drawn 
for convenience. 
 
From the results it is found that the surface 
roughness is related to the deposition 
temperature; in fact, the root-mean-square 
(rms) roughness of the samples obtained with 
a substrate temperature between 230 and 380 
oC decreases as a function of Ts (rms 
roughness of 16 nm for Ts=230 oC and  6 nm 
for Ts=380 oC). The fact can be explained by 
considering that a given substrate temperature 
the deposition of films is carried out by a real 
chemical vapor deposition process through 
heterogeneous chemical reactions, then the 
film is growing by an atomistic process. At 
higher Ts the adsorbed radicals   have higher 
surface mobility resulting in a better 
accommodation and in a smoother surface of 
the deposited film.  On the other hand, when 
a sample was additionally annealed at 500 oC 
for 3h in air atmosphere is induced the phase 
transformation, which implies a significant 
increase on the density and the grain growth 
effects [32]. 
Figure 3a shows SEM images of the surface 
of as-deposited TiO2 thin films prepared 
varying Ts between 230 to 430 oC, on glass 
substrate, figure 3b shows SEM images for 
the surface of  the same samples of figure 3a 
annealed at 500 oC for 3 h in air atmosphere. 
Films with smoother surfaces are obtained at 
Ts=330 and Ts=380 °C, which is coherent 
with results showed in figure 2 and the 
respective discussion. Between the as-
deposited and annealed films there is a 

slightly difference. The as-deposited and 
annealed TiO2 films obtained with Ts=280 °C 
show some cracks with consequent high 
chemisorptions level (due to the increase the 
surface places with greater coordination 
number [33]). From the X-ray measurements 
it was observed (in figure 4a) that samples of 
as-deposited TiO2 thin films prepared varying 
Ts between 230 to 430 oC are amorphous. 
This result is in agreement whit the non-
crystalline structure obtained and reported for 
deposition temperatures below 400 oC [34], 
for Ts=430 oC also can be seen a small peak 
around 25o from 2Θ corresponding to anatase 
phase. The X-ray measurements from 
samples annealed at 500 oC for 3 h in air 
atmosphere corresponds to the polycrystalline 
microstructure of anatase phase (JCPDS card 
21-1272) as shown in figure 4b. In all these 
cases the peak with the highest intensity is 
associated with reflection from the (101) 
family planes. The main characteristic in 
those spectra is the low intensity of the 
diffraction peak and the mean grain size 
obtained by Scherrer´s equation from Ts=230 
to 380 oC and Ts=430 oC are around 5.0 nm 
and 5.25 nm, respectively. The initial small 
amount of anatase with a peak for (101) 
family plane change to the weak peak (211) 
reducing its crystalline property, this can 
interpreted as a loss of crystalline properties 
of the material in agreement with the phase 
change from anatase-TiO2-II that can be 
obtained only in laboratory [35]. (the TiO2-II 
structure has the same non-crystalline 
structure of α-PbO2). 
The TEM bright field micrographs and 
selected area electron diffraction (SAED) 
patterns for as-deposited and annealed TiO2 
films are shown in Fig. 5. The as-deposited 
films have basically a non-crystalline 
configuration; except some small amounts of 
brookite crystalline phase (JCPDS card 29-
1360) were identified in a non-crystalline 
background (Fig. 5a), also we can observe 
that the small amount of the crystalline 
structure increase as a function of the 
substrate temperature Ts. The grain size 
measured from TEM micrographs for the as-
deposited TiO2 thin films prepared varying Ts 
between 230 to 380 oC were around 7.5 nm, 
and for Ts=430 °C was around 15 nm. The 
annealed TiO2 films revealed polycrystalline 
anatase phase (JCPDS) card 21-1272) with an 
average grain size of 10 nm measured from 
thin films prepared varying Ts between 230 to 
380oC (Fig. 5b), for Ts=430 °C the grain size 
was close to 20 nm. From the SAED patterns 
and the grain size observed it observed that 
thermal treatment induced crystallization 
promoted the grain growth, which reduce the 
effective surface area. 
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Figure 3.  SEM micrographs for (a) as-deposited and (b) annealed at 500 °C for 3 h TiO2 films obtained 
at the shown deposition temperature, Ts. 
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Figure 4. XDR patterns for (a) as-deposited and 
(b) annealed at 500 °C for 3 h TiO2 films 
obtained the shown deposition temperature, Ts. 
The letter A denote the anatase phase peaks. 
 
3.2 Optical Characterization 
The optical transparency of the titanium 
dioxide thin films (Fig. 6) change depending 
the deposition temperature Ts, film thickness 
and structural configuration. In order to 
characterize the optical transparency we 
have used the luminous transmittance, Tlum, 
which is the ratio of the luminous flux 
transmitted by the film to the incident 
luminous flux, taking into account the 
spectral luminous efficiency of the eye in 
daylight [36]: 
 

∫
∫

Γ
Γ

=
)()(

)()()(
λλ

λλλ
d

dT
T

e

e
lum

.(2) 

 
Here, T(λ) is the optical transmittance and 
Γe is a weighting function for the response of 
the human eye. Fig. 6 displays Tlum of as-
deposited and annealed TiO2 films as a 
function of substrate temperature, Ts. The 
maximum Tlum for as deposited is at Ts = 350 
o C, whereas the annealed films shows a 
maximum Tlum at Ts = 380o C. 

 
The transparency of the as-deposited films 
(figure 6) increases with the deposition 
temperature. Transparent films were 
obtained at 330 and 380 °C, whereas highly 
diffuse films were obtained at 230, 280 and 
430 °C. The films with high diffusivities in 
air is attributed to the light scattering due to 
roughness of the films; an alternative 
explanation could be the phase changes near 
to 400 oC in the substrate temperature [33] 
during the annealing process [34]. For both 
as-deposited and annealed samples, the 
transparency behaviors are in agreement 
with the results obtained in the roughness 
analysis (Fig. 2). 
 
3.3  Photocatalytic characterization 
The relative concentration, C/Co, of 
methylene-blue in water as a function of the 
irradiation time for as-deposited and 
annealed TiO2 films are shown in Fig. 7. 
The initial methylene-blue concentration in 
aqueous solution, Co, was 20 ppm. The as-
deposited film prepared at 280 oC has the 
best degradation efficiency, 25 %, (Fig. 7a). 
The films annealed at 500 °C for 3 h show 
less variation respect to the as-deposited 
films in the photocatalytic activity, the 
annealed films obtained at higher Ts than 
280 °C improved their photo catalytic 
efficiency respect to that of the as-deposited 
films (Fig. 7b). Therefore for those films, 
the heat treatment improves the 
photocatalytic activity of the as-deposited 
TiO2 which can be ascribed mainly due to 
the transformation of TiO2 films to 
crystalline anatase phase [37]. Those films 
prepared at Ts=280 °C and Ts=230 °C 
presented a decrement of their 
photocatalytic activity, when they are heat 
treated which can be ascribed to a reduction 
of the active surface area as a consequence 
of the coalescence of the particles, promoted 
by the annealing. On the other hand, the 
cracks formed (see figure  3b) can be 
poisoned due to its high chemisorptions 
level [33], which decreases the 
photocatalytic activity because either the 
other reactant molecule cannot react with 
the MB or the MB molecules or the by 
products of the reaction are immobilized 
inside the porous [38]. 
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Figure 5 a). Typical TEM micrograph and its 
corresponding SAED pattern for (a) as-deposited  
TiO2 thin films obtained the shown deposition 
temperature, Ts 
 
 
 
 
 
 
 
 
 
 

Figure 5 b). Typical TEM micrograph and its 
corresponding SAED pattern for  annealed at 
500 °C for 3 h TiO2 films obtained the shown 
deposition temperature, Ts 
 
 
 
 
 

 
 
 

 
 
 
 
 
Figure 6. Luminous transmittance Tlum for as-
deposited (■) and annealed at 500 °C for 3 h (○) 
TiO2 deposited at different substrate 
temperatures. Symbols denote data and the 
curves were drawn for convenience. 
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Table 1. Pseudo-first order rate constants (k) and 
pseudo-first order rate constant (ks) per unit of 
surface area obtained from the least square fitting 
of the semi-logarithmic plots of concentration 
ratio (Co/C) as a function of irradiation time. 

 
The rate constant k and ks of photocatalytic 
decomposition reaction obtained from the 
linear relationship of logarithms of relative 
concentration of MB with the irradiation 
time are listed in Table 1. It can be seen that 
the ks value for as-deposited TiO2 film 
obtained with Ts=280 oC (115.00 h-1m-2 ) is 
the highest.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Relative concentration, Co/C, as a 
function of irradiation time for (a) as-deposited 
and (b) annealed at 500 °C for 3 h TiO2 films. Co 
is the initial concentration of methylene-blue of 
20 ppm. 
 
The annealing process increases the rate 
constant ks for TiO2 films obtained with Ts 
higher than 280 °C. After annealing ks 
increases 1.76 and 3.38 times for TiO2 films 
obtained with Ts =330 °C, and Ts=380°C - 
430 oC, respectively. However, it should be 

pointed out that evaluation of rate constant 
can serve as guidance for the different 
systems (geometric configuration, 
illumination intensity, contaminant 
concentration, catalyst quantity, films 
thickness, etc.). 

 
4. Conclusions 
The feasibility of depositing transparent 
nanocrystalline structure of the TiO2/glass 
thin films has been successfully prepared by 
pulsed spray pyrolysis technique from a 
peroxo-titanium complex dissolved in 
ethanol. This method is simple, quick, safe, 
cost-effective and reproducible. The as-
deposited samples did not show any XRD 
diffraction peaks; and crystallizes to anatase 
phase after annealing at 500 °C for 3 h. The 
SAED patterns from the as-deposited 
samples shows the presence of a few 
segregates of brookite phase with an 
average grain size ~ 7.5 nm and after the 
annealing process at 500oC for 3 h the 
structure becomes to a polycrystalline 
anatase phase with an average grain size of 
~10 nm. 
Photocatalytic activity of the 
nanostructured-TiO2 obtained by spray 
depends on morphology characteristics of 
the films. We found that TiO2 film obtained 
at 280 oC has the optimal photo catalytic 
processes for degrading methylene-blue in 
water. The low deposition temperature (280 
°C) gives the possibility to use flexible 
polymer as substrates. These results support 
the viability of the SP technique and may 
expand to decomposition of other pollutants 
in water and also in gaseous state, though 
still experimental examinations are desired. 
The as-deposited TiO2 thin films prepared 
at 280 oC could be use in a cost-efficient 
solar water treatment process. 
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