
Functional nano-textured titania-coatings with self-cleaning
and antireflective properties for photovoltaic surfaces

Maria Grazia Salvaggio a, Rosalba Passalacqua a,⇑, Salvatore Abate a, Siglinda Perathoner a,
Gabriele Centi b, Maurizio Lanza c, Alessandro Stassi d

aDipartimento di Scienze chimiche, biologiche, farmaceutiche ed ambientali, University of Messina and INSTM/CASPE, V.le F. Stagno d’Alcontres

31, 98166 Messina, Italy
bDipartimento di Scienze matematiche e informatiche, scienze fisiche e scienze della terra, University of Messina and INSTM/CASPE, V.le F.

Stagno d’Alcontres 31, 98166 Messina, Italy
cConsiglio Nazionale delle Ricerche IPCF, V.le F. Stagno d’Alcontres 37, 98158 Messina, Italy
dConsiglio Nazionale delle Ricerche ITAE, Via S. Lucia sopra Contesse 5, 98126 Messina, Italy
Abstract

Photoactive TiO2-only transparent coatings having self-cleaning and antireflection (AR) properties were prepared by forming first a 
nanosol through controlled hydrolysis of tetraisopropyl orthotitanate (TIPT), followed by deposition of this nanosol on glass substrates 
by dip-coating with a final calcination step to form the surface nano-textured thin film. The samples were characterized in terms of nano-
structure and -texture by X-ray diffraction, UV–vis spectroscopy, scanning electron microscopy and atomic force microscopy, while AR 
properties were investigated by transmittance measurements. Self-cleaning properties were analyzed by measuring the changes of water 
contact angle, and by photocatalytic degradation of a dye. The aim was to analyze how to prepare these materials and the relation of the 
properties of titania with the surface nano-texture, particularly in relation to obtain the properties required to their use as functional 
coatings for PV cells. Films with good optical characteristics and high transmittance (<1% loss in transmittance) can be obtained at 
low speed of dip-coating (6 mm/s) and high nitric acid concentration (0.5 M). Under optimized conditions, calcination at low temper-
ature (400 �C) may already be sufficient to produce coatings with good functional properties, making the procedure compatible with the 
use of some flexible substrates. A preliminary mechanism of formation of the surface nano-texturing is also proposed.
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1. Introduction

The use of photovoltaic (PV) devices to transform
wide spreading to move to a decentralized and more sustai
posing new problems, because the decentralized use, often 
a quick
 directly the solar energy into electrical energy is fast 
nable production of energy. However, this development is 
on the roof of building in cities, creates the issues of (i) 
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fouling of the PV devices and (ii) the need to decrease
reflective properties to improve light adsorption and espe-
cially reduce the visual impact of light reflection.

The top layer of silicon solar cells, the PV cell with wider
commercial use, is a cover glass having different functions
(Deubener et al., 2009): (i) reduce the high reflection coef-
ficient of silicon to improve cell efficiency, (ii) act as a radi-
ation barrier and optical-coupling element, and (iii) protect
against debris and aggressive agents present in air. Surface
fouling, particularly in cities and when limited periodic
cleaning is possible, still remains an issue and an improve-
ment of antireflection (AR) properties is also generally
necessary.

AR properties could be improved by (i) creating appro-
priate surface profiles (texturing) or (ii) depositing an AR
coating, while fouling issues can be minimized by exploit-
ing the photo-catalytic and self-cleaning properties of a
cover film (Dobrzański et al., 2012; Goetzberger and
Hoffmann, 2005; Dobrzański et al., 2008a,b,c). TiO2-
based thin films are often used as cover layer for PV cells,
due to titania properties of (i) high photo-reactivity
(Schiavello, 1988; Pelizzetti and Sepone, 1989; Fujishima
et al., 1999) and -stability, (ii) super-hydrophilic behavior
during irradiation, (iii) good mechanical, chemical and
thermal resistance, (iv) low toxicity and cost as well
(Gronet and Truman, US Patent 0,017,567 Jan 25, 2007;
Gensler et al. US Patent 8,367,579 B2 Feb 5, 2013;
Fujishima et al. US Patent 6,387,844 B1 May 14, 2002).
The photocatalytic properties of TiO2 and the hydrophilic
effect caused by UV irradiation are well known aspects of
the surface chemistry and reactivity of titania (Yates,
2009; Long et al., 2010; Taga, 2009; Zhao et al., 2008;
Fujishima and Zhang, 2006). These two aspects are related.
Yates (2009) suggested that photoinduced hydrophilicity in
titania is due to the photo-oxidation of a non-wetting
monolayer of adsorbed hydrocarbon molecules. This
monolayer of adsorbed hydrocarbon molecules is initially
present over the entire surface, being in equilibrium with
the gas phase hydrocarbon. When photooxidation is initi-
ated, the adsorbed hydrocarbon will slowly decrease in
the region external to the droplet edge, permitting the
water droplet to wet the external surface. The hydrocarbon
layer under the droplet is not photooxidized because the
water bulk shields this surface from extensive exposure to
O2. Therefore, the contact angle decreases, with a change
from hydrophobic-like to hydrophilic-like characteristics
of TiO2 film during UV exposure.

However, much less investigated is how to obtain multi-
functional photoactive self-cleaning and AR films, which
should combine various additional properties to photore-
activity and photoinduced hydrophilicity: high optical
properties of transmittance, AR properties, good mechan-
ical resistance to scratches, and good adherence to glass
substrate. In addition, the method of preparation has to
be low cost and easily scalable for industrial production.

The specific functional characteristics of TiO2 are closely
related to its crystal structure and morphology, which
depend on many factors: manufacturing method, process
conditions and final heat treatment. (Centi and
Perathoner, 2009a, 2012) However, the relation of these
parameters with the nano-texture of the surface is typical
not analyzed (Centi and Perathoner, 2009b; Ampelli
et al., 2008), although it is known that an efficient self-
cleaning requires a specific surface roughness to minimize
the contact angle of water drops (lotus effect) and allow
the efficient removal of the deposited dust particles during
raining. These characteristics should be combined to an
efficient photocatalytic activity, related to semiconductor
properties of titania, in order to reduce (by photo-
oxidation) the accumulation of grease, hydrocarbons and
other contaminants on the surface. These contaminants
will not only cause a lowering of the transmittance, but also
reduce the effectiveness of dust removal, with thus a syner-
getic effect.

AR properties are depending on the surface nano-
texture aspects as well (Passalacqua et al., 2014; Blanco
et al., 2015), because light scattering depends on surface
roughness (Harada et al., 2013) and nano-texture (Attia
et al., 2002). Optical properties of the films, including
transparency, are indirectly dependent on the surface
roughness. The latter is related to the way the thin film is
prepared (nucleation rate, film thickness, etc.) (Harada
et al., 2013). These parameters influence also the optical
properties of the coating (Blanco et al., 2015). The proper-
ties and behavior of titania thin films to be used with opti-
mal performances in photovoltaic glass surfaces may thus
depend in a complex way from the preparation, which in
turn influences various properties (including surface
nano-texture) and related functional properties (self-
cleaning and AR behavior, transparency, etc.). However,
there are no specific studies concerning the relation of the
above properties with the surface nano-texture of titania,
particularly in relation to obtaining the multifunctional
properties required to their use as functional coatings for
PV cells.

Many recent papers have been published on the self-
cleaning and/or AR properties of titania-based thin films
coatings, for example prepared by thermal evaporation
and cathodic arc plasma deposition (Bedikyan et al.,
2013), spray pyrolysis deposition of WO3–TiO2 nanoparti-
cle (Noh and Myong, 2014), self-assembly of a block-
copolymer in combination with silica-based sol–gel
chemistry and preformed TiO2 nanocrystals (Guldin
et al., 2013), chemical vapor deposition of SiO2–TiO2 thin
films (Klobukowski et al., 2013), deposition of a poly-
imide–titania hybrid film prepared using nano-crystalline
titania (Yen et al., 2013), RF magnetron sputtering of
titania (Abdullah et al., 2013), anodization of a Ti layer
deposited by sputtering technique (Manea et al., 2013),
dip-coating in silica-titania colloid solutions (Zhang
et al., 2013), layer-by-layer assembly of silica-titania
core–shell nanoparticles and silica nanoparticles as build-
ing blocks (Li et al., 2013), dip-coating in sol solutions to
prepare multilayer SiO2, TiO2 and SiO2–TiO2 hybrid thin



film (Ye et al., 2013), cluster beam deposition method
(Mao et al., 2012) and soft lithography modification of
sol–gel glasses (Zhang et al., 2012).

In general, TiO2 films have been often prepared by phys-
ical deposition methods as pulsed laser deposition
(Yamamoto et al., 2001), reactive evaporation (Mergel
et al., 2000; Zeman and Takabayashi, 2002) and chemical
vapor decomposition (Nakamura et al., 2001; Watanabe
et al., 2002; Kaliwoh et al., 2002). In these procedures,
although applicable on industrial scale, there is a low effi-
ciency of material (Ti-source) utilization, with a consequent
impact on costs and sustainability of the preparation pro-
cess. Solution chemistry methods, such as dip-coating
and related techniques (spin-coating, Doctor Blade coat-
ing, etc.) have advantages from this perspective (Brinker
et al., 1992). As reviewed very recently by Carretero-
Genevrier and coworkers (2014), good functional proper-
ties (AR, self-cleaning, optical, etc.) in metal oxide thin
films, prepared by deposition of sol–gel derived solutions,
could be obtained only in hybrid multilayer films. Accord-
ingly, various recent papers on TiO2-based thin film coat-
ings focused on these aspects, for example the
preparation of multilayer films formed by first a mesostruc-
tured SiO2 film followed by a mesoporous TiO2 film (Yao
and He, 2014) or similarly SiO2–TiO2 bilayer films (Miao
et al., 2013; San Vicente et al., 2012; Chen et al., 2011;
Prado et al., 2010), triple layer materials formed by SiO2,
TiO2 and SiO2–TiO2 hybrid thin films (Ye et al., 2013),
bilayer films formed by a first Me-functionalized nanopor-
ous SiO2 film on which a ultrathin crystalline TiO2 nano-
perforated layer is deposited (Faustini et al., 2010;
Innocenzi and Malfatti, 2013). These are typically indi-
cated as low-cost methodologies and advantageous over
the other type of methodologies cited before. However, in
practical applications, e.g. under the presence of cycles of
heating/cooling during day and night as well variable
degree of humidity, the different expansion characteristics
of the layers may induce cracks and film rupture. It is thus
preferable to look at the possibility to realize films by sol–
gel derived methods composed only of titania. Mu et al.
(2012) and Jaguiro et al. (2010) showed that an assembly
of TiO2 nanorods on glass substrate allows obtaining nota-
ble AR and self-cleaning properties. However, it is interest-
ing to analyze whether similar properties could be obtained
by controlling the preparation parameters in a simple
method (easily scale-up) such as the dip-coating procedure
with nanosol solutions. Avoiding the need of coating with
different materials simplifies the process and reduces the
costs, besides to avoid the drawbacks indicated above.

Dip-coating of cover glass with nanosol solutions is one
of the preferable methods for creating a thin surface coat-
ing by a chemical method. The advantages are the (i) good
homogeneity, (ii) easy composition control, (iii) low pro-
cessing temperature, (iv) large area coating possibility, (v)
scalability and low equipment cost. However, the surface
nano-texture characteristics of the films prepared by this
method have been limitedly investigated, particularly in
relation to the preparation of coating films for cover glasses
in PV devices (Manea et al., 2013; Chen et al., 2013; Singh
et al., 2012; Shimizu et al., 2012; Fleury et al., 2012; Lai
et al., 2012; Seo et al., 2010; Kim et al., 2010).

Aim of this work is to investigate the role of the prepa-
ration parameters in obtaining, by dip-coating of nanosol
solutions, TiO2-only thin films having the specific surface
nano-texture and the other characteristics to make them
suitable for their use as transparent functional surface coat-
ings for PV cells. The surface morphology, optical proper-
ties and roughness of TiO2 thin films are analyzed by using
different methods: scanning electron microscopy, atomic
force microscopy and UV/Vis spectroscopy, as well as mea-
surements of water droplet contact angle and photocat-
alytic properties. Specific aspects investigated in the
preparation are the calcination temperatures, the number
of multiple steps during the dip-coating process, the rate
of extraction of the glass during the dip-coating process
and the nitric acid (used as catalyst) concentration during
the preparation of the nanosol. These are the main critical
parameters to control from an industrial preparation
perspective.

2. Experimental

2.1. Nanosol preparation and thin film deposition

TiO2 thin films were prepared by the nanosol/dip-
coating method. The starting nanosol was prepared
through controlled hydrolysis of tetraisopropyl orthoti-
tanate (TIPT, Ti(C3H7O)4 97% from Aldrich) mixed with
acetylacetone (AcAc), nitric acid (0.1 or 0.5 M) and abso-
lute ethanol as solvent. The molar ratio of the nanosol
composition was: TIPT:AcAc:EtOH:HNO3 = 1:1:40:1

Nitric acid was used as catalyst, while the water associ-
ated to nitric acid solution itself acts as hydrolysis agent for
the precursor. Acetylacetone was used as chelating organic
ligand. This ligand occupies some of the coordination sites
of the alkoxide, thereby lowering the extent and rate of
hydrolysis, while at the same time helping in forming a
stable nanosol (Dunuwila et al., 1994). The pH value of
the nanosol solution is a key factor for controlling the final
morphology and thickness of the film (Ghamsari and
Bahramian, 2008).

The nanosol is prepared in glove box (under N2 atmo-
sphere) at r.t. by dropwise addition of absolute ethanol
and nitric acid to a solution of TIPT, acetylacetone and
ethanol under vigorous stirring. The obtained solution is
transparent, yellowish colored and ready for dip-coating
procedure in glove box.

Microscope glass slides (75 � 25 � 1 mm) were used for
film deposition. Firstly, the glass substrates were carefully
ultrasonic cleaned in a mix of acetone/ethanol (1:1) and
then in hydrochloric acid 37%. Finally, they were rinsed
with distilled water and kept in oven at 110 �C overnight.
A home-made dip-coating apparatus was used for the film
deposition. The glass substrates were immersed into the



nanosol solution and then withdrawn at different con-
trolled speeds of 6, 10, 24 and 60 mm/s, respectively.

Several films at different acid catalyst concentrations
and dip-coating speeds were prepared. Two types of proce-
dures were used: single or multiple (5 times) dip-coatings.
In both cases, after each dip-coating procedure, the sample
was dried in N2 atmosphere for 2 h at r.t., kept in a vacuum
oven at 200 �C for 1 h and finally calcined at 400, 450 or
500 �C for 1 h. In all cases, transparent TiO2 thin films were
obtained.

The following code will be used to indicate the samples
hereinafter: TXNYCZRK, where TX indicates the tempera-
ture of calcination (T400 indicates a calcination temperature
of 400 �C, for example), NY the nitric acid concentration
(N0.1 indicates a 0.1 M HNO3 concentration used to pre-
pare the nanosol, for example), CZ the number of times
the multiple coating procedure was repeated, as defined
before (C5 indicates that the dip-coating step was repeated
5 times, for example) and RK indicates the rate used for
extracting the sample from the nanosol solution during
dip-coating process (R6 indicates a rate of 6 mm/s, for
example).

2.2. Characterization

Glancing incidence X-ray diffraction patterns (G-XRD)
of the films were recorded to identify the phase composi-
tion and crystallite size. A X-ray diffractometer Philips
X-pert 3710 has been used with monochromatic Cu Ka
radiation at 40 kV and 30 mA. A 2h scan rate of 0.02�/s
was used. Spectra were collected at 0.5� incident angle.
The samples were studied in the range 20� < 2h < 80�.
The crystallite size of TiO2 thin films (Smilgies, 2009) has
been estimated from XRD line broadening using the Scher-
rer equation:

L ¼ k � k=b � cos h ð1Þ
were L is the mean size of the ordered (crystalline) domains
of TiO2 grains present in the thin film, k is a dimensionless
shape factor (=0.90), k is the wavelength of X-ray (Cu
Ka = 1.5406 Å), b is the line broadening at half of the max-
imum intensity after subtracting the instrumental line
broadening and h is the Bragg angle.

Surface morphology and cross-section of the TiO2 films
were examined with Jeol-JSM 5600LV scanning electron
microscope (SEM) operating at 20 kV on specimens upon
which a thin layer of gold has been previously deposited.
For SEM examination of the cross-section, the films depos-
ited on glass were incorporated in a Polifast Phenolic hot
mounting resin with carbon filler.

Surface roughness and morphology of the TiO2 films
were evaluated by atomic force microscope (AFM) (Assing
Corporation, ‘‘Perception” model), operating in contact
mode using a pyramidal silicon tip with a nominal radius
of 2 nm. The necessary image correction, i.e. tilting in the
x- and y-direction, and root mean square roughness (RMS)
calculation were carried out using the AFM Gwyddion
software. RMS is a function that takes the square of the
measures. The RMS roughness of a surface is similar to
the roughness average, with the only difference being the
mean squared absolute values of surface roughness profile.
The roughness average is the arithmetic mean of the abso-
lute values of the height of the surface profile Z(x), with
respect to the position (x) of the sample over the evaluation
length ‘‘L” (De Oliveira et al., 2012):

RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

L

Z L

0

jZ2ðxÞjdx
s

ð2Þ

Transmittance spectra were recorded in the 200–
1500 nm range using a Jasco V-570 UV/VIS/NIR spec-
trophotometer equipped with an integrating sphere mod.
ISN-470 to determine the optical properties (T%), the
refractive index (n) and the film thickness (d). The film
thickness (d) was estimated from Eq. (3) (Sreemany and
Sen, 2004, 2007):

d ¼ 1

n
ð2mþ 1Þ k

4

� �
ð3Þ

were m (=0, 1, 2, 3, . . .) is the order of Tmin abs and n = the
refractive index. The refractive index (n) of the film corre-
sponding to the wavelength (k) at absolute minimum trans-
mittance (Tmin abs) position may be determined by Eq. (4)
(Sreemany and Sen, 2004, 2007), while n0 (1, air) and n2
(1.515, glass substrate) values are known.

n ¼ ffiffiffiffiffiffiffiffiffi
n0n2

p 1þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Tmin

pffiffiffiffiffiffiffiffiffi
Tmin

p
� �

ð4Þ

The photo-catalytic activity of TiO2 films were tested
under light irradiation simulating the solar spectrum
(AM 1.5G, 100 mW/cm2) on films soiled with methyl
orange (MO), a model compound for the contamination
by organic pollutants. After depositing (in the dark) a
10�5 M aqueous solution of MO on the TiO2 film surface
and air-drying, the film was irradiated with simulated visi-
ble light and transmittance spectra, at regulated time inter-
vals, were recorded and compared with data obtained from
a bare glass surface contaminated in the same way. The
amount of residual MO on the surface of titania film was
determined from calibration curves of increase of transmit-
tance (with respect to bare glass) as a function of the
amount of MO deposited on it.

The surface wettability was evaluated by measuring the
contact angle of water droplets deposited on the film sur-
face under ambient conditions and the acquired data were
elaborated with a Matlab software.

3. Results

3.1. Crystalline structure and morphology

The titania coating layer has a smooth, transparent,
compact and crack-free appearance, together with a good
adherence on the glass substrate. G-XRD characterization



Table 1
Influence of preparation parameters on grain size (nm, ±2) and roughness
(RMS, nm ±0.1) of the TiO2 thin film. RMS was the average value of
several measurements by AFM on 5 � 5 lm area.

Sample TXN0.1C5R6 TXN0.5C5R6

TX (�C) Grain size RMS Grain size RMS

400 28 0.9 14 1.3
450 29 1.3 18 1.8
500 31 1.5 20 1.9
was used to analyze phase composition and crystallite size
of the coating titania films. The G-XRD patterns for
TXN0.5C5R6 films are shown in Fig. 1, where x ranges from
400 to 500 �C. The XRD pattern for the glass substrate is
also shown for comparison, evidencing that the very broad
background reflection in the 20–40� 2h range is related to
(amorphous) glass substrate itself. Similar XRD patterns
were obtained for TXN0.1C5R6 samples.

G-XRD results indicate that the TiO2 thin film calcined
at 300 �C is still amorphous (not shown here), while at
400 �C a crystalline phase starts to appear, with a slight
intensification and sharpening of reflections increasing the
temperature from 400 to 500 �C. Reflections are observed
at 2h values of 25.28�, 37.80�, 48.05�, 53.89� and 55.06�
corresponding to the presence of only the anatase phase
of TiO2, (101, 004, 200, 105 and 211 lattice planes, respec-
tively). Similar observations have also been reported in the
literatures (Mosaddeq-ur-Rahman et al., 1996; Nishide
et al., 2000; Kim et al., 2002).

The results of grain size determination (based on
G-XRD data) as a function of preparation parameters
are shown in Table 1.

At a fixed calcination temperature, the size of crystallites
decreases when the nitric acid concentration for the nano-
sol preparation increases, as also found by other authors
for different applications (Jin et al., 2010). Instead, a minor
effect of the temperature of calcination could be noted,
although the effect of calcination temperature is more mar-
ket in the sample prepared with the higher concentration of
nitric acid.

Table 1 reports also the surface roughness (RMS) deter-
mined by atomic force microscopy (AFM) measurements
in these samples (average values of several scans on
5 � 5 lm area). Although intuitively may be expected that
smaller crystallite size leads to lower RMS values, as was
observed from other authors although for larger grains
(Klobukowski et al., 2013), we observed the opposite effect
(Table 1). It may be noted, however, that RMS values are
Fig. 1. G-XRD patterns for TXN0.5C5R6 films, where X ranges from 400
to 500 �C. The XRD pattern of the glass substrate is also shown for
comparison.
generally low, below 2 nm. Note that RMS is the mean
square of surface roughness profile, e.g. the arithmetic
mean of the absolute values of the height of the surface
profile, with respect to the position of the sample over
the evaluation length, as indicated in the experimental part.
RMS is thus a statistical value, but being dependent on the
area analyzed, it is necessary to average the value of several
scans to have reliable data.

The samples show a specific type of surface roughness,
an example of which is shown in Fig. 2 reporting the 3D
surface profiles of the TiO2 films obtained by AFM work-
ing in contact mode. Fig. 2 shows, on the top, the image
(after correction for background) of the nano-roughness
in the film, at relatively large area (4 � 4 lm), to analyze
the average situation for the sample, while the images
below report zooms, at different magnification, to visualize
the details of the nano-roughness. It should be commented
that the visual appearance of the film by microscopy is of a
smooth surface, crack- and porous-free. However, AFM
images show the presence of a specific type of surface
nano-texture. The largest part is characterized by the pres-
ence of smooth nanocones with typical height in the
2–5 nm range and size around 50–100 nm. Few higher
nanocones, with height up to 15–20 nm, are also present.
The surface well resembles that which is present on lotus
leaves and responsible for superhydrophobicity behavior
(Latthe et al., 2014).

Other authors (Yu et al., 2002), also studying TiO2 thin
films prepared by dip-coating by AFM, found different
results for samples having average RMS values (1.53 nm)
close to those in our samples. They observed the presence
of mono-dispersed spherical particles of about 70–80 nm
in diameter, although suggested to be formed by aggregates
of many small TiO2 crystallites. The result is a granular
microstructure and a flat texture, quite different from that
observed in our case.

Although there is an influence of the underlying glass
substrate characterized by an own roughness
(RMS = 1.30 nm), data in Table 1 show that the surface
of titania coating film can vary from lower to higher values
of glass substrate roughness. This indicates that the specific
influence of glass substrate on the surface roughness of tita-
nia overlayer can be considered low on the average.

The morphology and thickness of the TiO2 films were
examined by SEM. Fig. 3a shows that an image of the
top part of the film, showing that the surface of the film



Fig. 2. 3D AFM images of a T500N0.1C5R6 TiO2 film, at different zoom magnifications, with the corresponding RMS values.
is smooth, uniform and dense, without the presence of
detectable grains or cracks. When the film is mechanically
fractured (Fig. 3b), it is possible to evidence the morphol-
ogy of the underlying film, which has a different structure
from the surface, being composed of an agglomerate of
particles with average size of 100–150 nm. The thickness
of the surface layer is about 10 nm.

The TiO2 film appears as a dense and compact thin
sheet, with thickness of about 400 nm for the C5 samples.
The cross-sectional view (Fig. 3c) shows that the film pos-
sesses granular structure. The film thickness was propor-
tional to the number of the dip-coating procedure
repetitions (C1 ? C5). There is no evidence of separation
in layers in this titania film which could mark the steps
of the sequential coating procedure. Fig. 3c shows also
the good contact with glass substrates, without evidences
of delamination of the film. This is confirmed by images
(not shown here) at lower magnification. It is possible to
observe the absence of voids and cracks in the titania film
(confirmed by the analysis of various sections of the film).
The presence of surface nano-roughness detected by AFM
is confirmed. The good mechanical properties of the film
suggested by SEM images (Fig. 3) are confirmed from pre-
liminary scratch tests indicating their mechanical stability
and durability. Nanoscratch tests combined with the obser-
vation by microscope of the scratch tracks confirm the
good adhesion of the titania film, particularly in the sam-
ples calcined above 400 �C. The preliminary results are well
comparable with those determined for titania thin films
prepared by radio frequency magnetron sputtering on glass
substrates (Hasan et al., 2010). The critical loads of TiO2

films is above about 5 N (Newton), with an increase pass-
ing from the as deposited to the calcined samples, indicat-
ing an improved adhesion of TiO2 films on glass substrates.
Chung et al. (2009) suggested that the enhanced film adhe-
sion by calcination derives from interdiffusion of atoms in
the film/substrate interface and densification of the films.

The film thickness determined by SEM measurements
(Fig. 3c) is in good agreement with the film thickness deter-
mined by the Swanepoel method using the transmittance
data (see later).

3.2. Optical properties

Optical transmittance spectra have been recorded in the
wavelength range 200–1500 nm. Due to the characteristics
of the dip-coating procedure, the titania film is present on
both sides of the glass substrate. Thus, the effective trans-
mittance and transparency of the single film will be better.
In practical applications, a single surface will be coated.

The optical spectra (Fig. 4) are characterized from a
region of high absorbance (minimal transmittance) below



Fig. 3. (a) SEM image of the top view of a T500N0.1C5R6 titania film,
showing the presence of a smooth, compact and crack-free surface. (b)
Details of the nano-grains with average size of 100–150 nm present below
the smooth surface and which may be evidenced by mechanically
fracturing the film. (c) Cross-section of T500N0.5C5R24 titania film.
about 350 nm, where light transmission is cut from the
strong absorption of the glass substrate itself (below
350 nm the band gap for titania is also present) and a
region above about 600 nm, where d–d transitions of tita-
nium ion are present1.

Some weak interference fringes, in the wavelength range
350–1500 nm, deriving from the interference between the
air/thin film and thin film/substrate interfaces, are also pre-
sent. They depend on the film thickness and characteristics.
Fig. 4b shows the region between 400 and 1200 nm ampli-
fied to better highlight these interference fringes, which are
responsible in some cases of a slight color of the film, rang-
ing from light violet to green or yellow (see web version of
Fig. 5).

Fig. 4c reports the spectra in the 300–400 nm region of
the samples increasing from one to five times the dip-
coating procedure (C1 ? C5). The sample with one coating
1 For interpretation of color in Fig. 4, the reader is referred to the web
version of this article.
produces a spectrum quite close to that of glass substrate,
except for the presence of some interference fringes indicat-
ing the presence of a very thin titania film. This is due to
the very low amount of titania in this sample, deriving from
the weak retention of the titania nanosol the first time the
dip-coating process is made. This initial layer, however,
acts as ‘‘seeding” element for the second dip-coating treat-
ment, where larger amount of titania remains anchored to
the surface, as indicated from the drastic increase in the
absorption between about 320 and 380 nm. The addition
of further layers increases further the absorption in this
region, due to the increase of film thickness. However,
the increase in absorption from 2nd to 3rd layer and fur-
ther layers is smaller with respect to that observed between
the first and second coating.

It may be also noted that up to three dip-coating proce-
dures, the maximum in this region is observed at about
330 nm, while shifts to about 340 nm for 5 dip-coating pro-
cedure. King et al. (2008), studying TiO2 films prepared by
atomic layer deposition, showed the presence of size-
dependent quantum confinement in titania films with
characteristics comparable to those of our films, although
different preparation. Poulopoulos et al. (2011) showed
that in copper oxide layer of about 230 lm, a decrease of
the thickness leads to a blue shift of the band-gap energy
due to quantum confinement effect, confirmed by theoreti-
cal calculations. Uchida et al. (2010) showed the presence
of weak quantum confinement effects in ordered meso-
porous TiO2 thin films supported on conductive glass.
We earlier discussed in detail the presence of modification
of the band gap in the 3.0–3.4 eV region in nanostructured
thin titania films due to 2D quantum confinement effect
(Perathoner et al., 2007). Chiodo et al. (2010) analyzed in
detail by full ab initio treatment the electronic and optical
properties of TiO2 demonstrating how a 2D (film) and 1D
(nanotube) nanostructure leads to a slight increase in the
band gap with respect to bulk TiO2 anatase. The nanos-
tructure influence on the band gap is related to quantum
confinement effect.

Therefore, there are various evidences in literature
showing that the band gap of TiO2 anatase may changes
in the 3.0–3.5 eV region, depending on 2D quantum effect
and nanostructure. G-XRD data (Fig. 1) showed the pres-
ence of only the anatase phase of TiO2 in these samples, but
SEM data show the presence of a very dense and compact
thin film on the surface (thickness of about 10 nm) with an
underlying structure formed by nanograins. Increasing the
number of coatings, the underlying structure becomes
dominant with respect to the first one. It is reasonable that
the observed slight band-gap shift (Fig. 4c) by increasing
the number of coatings may be thus attributed to 2D quan-
tum confinement related to the change in the specific
nanostructure of titania layer, although further studies
are necessary to further clarify this aspect.

With respect to the cleaned glass substrate (transmit-
tance at 550 nm of 97.3%), T500N0.5CZR6 samples (C1 and
C5) show transmittance of 96.6% and 96.4%, respectively.



Fig. 4. (a) Transmittance spectra of cleaned glass substrate and T500N0.5CZR6 samples, where Z = 1 or 5. (b) Amplified region with the higher
transmittance. (c) Transmittance spectra in the 300–400 nm region of cleaned glass substrate and T500N0.5CZR6 samples, where Z increases from 1 to 5.

Fig. 5. Photo of T500N0.5C5R6 sample, showing on the background alphabetic letters to evidence the transparency of the film.
This small decrease of transmittance can be further
improved using higher concentrations of nitric acid during
nanosol preparation, as discussed later. The increase of
the coating layers (C1 ? C5) increases the number of
fringes, consistently to the increase of film thickness. By
taking into consideration the absorbance of the glass sub-
strate itself and that the titania film is present on both sides
of the glass substrate, the transparency of these TiO2 films is
excellent, with less than about 1% loss of transmittance even
in the five times coated samples. This is related to the char-
acteristics of the films and the presence of small grains. The
transparency of the TiO2 films is shown also in Fig. 5
reporting the photo of T500N0.5C5R6 sample overlapped to
a background of alphabetic letters.



Fig. 6. Influence of dip-coating speed on optical spectra for T500N0.1C5RK

samples (K varies from 6 to 60 mm/s).

Table 2
Titania film thickness (d, nm ±5), refractive index (n) of the film
corresponding to the wavelength (k, nm ±1) at absolute minimum
transmittance (Tmin abs) for T500N0.1C5RK samples (K varies from 6 to
24 mm/s).

Speed (mm/s) k Tmin abs n d

6 969 0.8685 1.802 403
10 1102 0.8443 1.868 442
24 1284 0.8087 1.967 490

Table 3
Titania film thickness (d nm ±5), refractive index (n) of the film
corresponding to the wavelength (k nm ±1) at absolute minimum
transmittance (Tmin abs) for TXN0.5C5R10 samples (X varies from 400 to
500 �C).

T (�C) k Tmin abs n d

500 1060 0.8630 1.815 438
450 1077 0.8621 1.817 444
400 1145 0.8461 1.863 461
3.3. Influence of dip-coating speed

Fig. 6 reports the optical spectra of T500N0.1C5RK sam-
ples, where the rate used for extracting the sample from the
nanosol solution during dip-coating process (RK) varies
from 6 to 60 mm/s. There is a decrease of transmittance
(increase of absorbance) as the speed of extraction
increases during the dip-coating procedure. The same
behavior is observed for both 1-coated and 5-coated films
(C1 ? C5). Calculation of film thickness using transmit-
tance spectra (Table 2) evidences the increase of film thick-
ness (d) when dip-coating speed increases. The interference
fringes become also more intense and vary in frequency,
consistently with the change of film characteristics.

Table 2 also shows that the antireflection behavior
(AR), related to the refractive index n, is favored in case
of thinner films. The best optical properties and AR behav-
ior are obtained at the lowest dip-coating speed, e.g. for
thinner films in 5-coating samples (C5). A minimum thick-
ness, above about 200 nm, is necessary to obtain good
mechanical adherence of the titania coating on the glass
substrate. For this reason, multiple coating was typically
used here with respect to single coating. It may be also
observed that AR properties of these films are well compa-
rable with those of more complex hybrid multilayer coat-
ings (Ye et al., 2013; Faustini et al., 2010; Innocenzi and
Malfatti, 2013).
Moreover, Table 2 evidences that the refractive index n

increases with the dip-coating speed, as also observed by
other authors (Attia et al., 2002; Blanco et al., 2015). This
is caused by a decrease in film porosity (more dense
nanoparticles packing), and by a corresponding increase
in film thickness with dip-coating speed.
3.4. Influence of calcination temperature

There are no significant differences in the transmittance
spectra of TiO2 films, deposited at low dip-coating speed
and calcined at different temperatures in the 400–500 �C
range. As reported in Table 3, the transmittance increases
slightly with calcination temperature and reach a maxi-
mum at 500 �C. The same findings have been observed
for films deposited from the nanosol prepared with 0.1 M
concentration of nitric acid. Therefore, a calcination tem-
perature of 400 �C may be sufficient to obtain high optical
properties in the TiO2 thin films. This is important because
400 �C is the temperature limit for some flexible polymer-
based substrates, while lower calcination temperatures do
not allow obtaining a good crystallinity in the titania
(lowering photocatalytic properties).
3.5. Influence of HNO3 concentration during nanosol

preparation

The influence of HNO3 concentration during nanosol
preparation on the optical properties of T500NYC5R24 sam-
ples is reported in Fig. 7.

The transmittance of the samples increases when HNO3

concentration during nanosol preparation increases. The
interference fringes slightly change frequency and intensity
varying nitric acid concentration. The overlap of one of
these interferences fringes on the band gap causes the
apparent slight change of the latter. The interference
fringes are more intense for higher film thicknesses (elevated
speed of extraction during dip-coating procedure).

As shown in Table 1, the particle size of TiO2 crystallites
becomes smaller on increasing nitric acid concentration
during nanosol preparation. It is possible to have a better
densification during calcination leading to a thinner film,
with a consequent higher transmittance. However, at lower
calcination temperatures (450 �C and 400 �C), the influence
of nitric acid concentration on transmittance is minor,



Fig. 7. Influence of acid catalyst concentration on optical spectra of
T500NYC5R24 samples. (b) Amplified region with the higher transmittance.

Fig. 8. Photocatalytic conversion of adsorbed methyl orange (MO) in
T400N0.5C5R24 and T500N0.5C5R24 samples with respect to bare glass
substrate. Symbols are the experimental values and lines calculated from
regression using a first order rate of conversion. Irradiation with simulated
solar light (AM 1.5G), conversion of MO monitored by measuring
the decreasing of the maximum of MO absorption peak, at 468 nm, during
irradiation time.
reasonably due to the not well-organized crystalline
structure.

3.6. Photocatalytic activity

Self-cleaning properties of titania coatings also depend
on their ability to photocatalytically oxidize the organic
substances adsorbed on them, thus preventing the surface
fouling by organic species. It is known that titania is pho-
toactive in the oxidation of organic substances in water,
when the crystalline anatase phase is present (although
small amounts of a second phase such as rutile promotes
the activity) (Centi and Perathoner, 2009a, 2012;
Schneider et al., 2014; Wang et al., 2014). However, it is
necessary to verify whether the titania coating possesses
photocatalytic activity, in particular for samples calcined
at the lower temperature (400 �C). The rate of photocon-
version, differently from depollution procedures, is not a
specific issue for the application discussed in this work,
because under practical uses, the samples remain exposed
to sunlight for long time and the deposition of organic pol-
lutants from atmosphere is a relatively slow process. For
this reason, a simple model reaction (photocatalytic degra-
dation of an organic azo-dye, methyl orange – MO) was
investigated using simulated solar light (AM 1.5G,
100 mW/cm2), in order to have also a comparison with
literature data on similar materials (boron-doped TiO2)
(Zhang et al., 2012).

The adsorbed MO gives rise to a peak with a maximum
centred at 468 nm, which gradually decreased during irra-
diation process. The amount of residual MO on the surface
was determined from the decrease of the intensity of this
peak as a function of time, during exposure of the glass
substrate coated with the titania film to simulated solar
light in air. For reference, the bare glass substrate on which
MO was deposited was used to analyze stability of MO in
the absence of the titania film. The samples were dried in
dark after depositing of the aqueous solution of MO and
thus the experiment may give indication on the photocat-
alytic activity of the titania film under practical conditions.
For this reason, water was not used to clean up after or
during the exposure to sun light.

The results are reported in Fig. 8 which compares the
performances of T400N0.5C5R24 (calcined at 400 �C) with
those of T500N0.5C5R24 (calcined at 500 �C) and of the bare
glass substrate. The latter shows a negligible activity, indi-
cating that MO does not degrade under the chosen exper-
imental conditions. The symbols in Fig. 8 are the
experimental ones, while the lines are calculated from
regression analysis using a first order kinetic of degrada-
tion, which correctly fit the data in the experimental range
investigated.

The rate constants determined from the fitting are
reported in Table 4. The results show that the presence of
titania coating increases of about two order of magnitude
the rate of photocatalytic conversion of adsorbed organic
molecules with respect to the bare glass substrate. The calci-
nation at higher temperature leads to better activity, but
already at a low calcination temperature (400 �C) a reason-
able good activity (about 65% of that of the sample calcined
at 500 �C) is present. This is important, because in some
applications using flexible covering glasses, a temperature
of about 400 �C is the limit for the calcination treatment.
3.7. Contact angle

Contact angle of water drops on titania layers is an
important characteristic, because a higher contact angle



Table 4
First order rate constants of MO conversion determined in experiments
reported in Fig. 8. The rates constants were determined from global fitting
of the data, considering the initial concentration of MO constant in all the
samples and equal to 3.185 � 10�5 mol. The Rsqr of the fitting was 0.999
and standard error of estimate 1.555E�005.

Sample 1st order rate constant

T400NYC5R6 6,13e�3
T500NYC5R6 9,53e�3
Bare glass substrate 8,79e�5
(e.g. more spherical drops, better rolling properties) favors
the cleaning of the PV during raining from dust particles
and other deposits. It this know, as discussed in the intro-
duction, that the irradiation of titania with UV light
induces super-hydrophilicity in titania due to the removal
by photo-oxidation of adsorbed (non-wetting) hydrocar-
bons (Yates, 2009). However, a nano-textured surface
may reduce the relevance of this photoinduced hydrophilic-
ity still allowing a relatively high contact angle (which
favor rolling properties and self-cleaning) with respect to
an ideal flat titania surface, for which a complete wetting
is present leading to negligible rolling properties. On the
other hand, some hydrophilic character of the surface layer
may be desirable for a better interaction with the glass sub-
strate and reduce the formation of streaks. A good com-
promise is for contact angles in the 60–90� region (Yao
and He, 2014; Yates, 2009). As an indication, the contact
angles of water droplets on vertically-aligned TiO2 nan-
otube textured surfaces lie between 84� and 86�
(Boinovich et al., 2008).

The contact angle of TiO2 films obtained from nanosols
prepared using different acid concentrations is reported in
Table 5 together with the results of root mean square
roughness (RMS) determined by AFM measurements
and grain size average dimensions, obtained by G-XRD
analysis.

Increasing nitric acid concentration during nanosol
preparation leads to a decrease of grain size and an increase
in surface roughness, as commented before. This effect
leads to an increase of the contact angle of water droplets
on titania coating layer (eg. an increase of rolling proper-
ties), which is positive for self-cleaning characteristics.

In order to better understand this behavior, Fig. 9
reports the 2D profile of surface roughness for the two
samples reported in Table 5. The sample prepared from
the nanosol with the higher concentration of nitric acid
Table 5
T500NYC5R6 samples, where Y = 0.1 or 0.5 M: contact angle (�, ±3), root
mean square roughness (RMS nm ± 0.1) and grain size (nm, ±2) average
dimensions.

T500–NY–C5–R6 N0.1 N0.5

RMS 1.53 1.94
Contact angle 44 60
Grain size 31 20
(Fig. 9b) shows a different roughness profile with respect
to the other sample. There is in N0.5 sample a more regular
micro-structure with respect to N0.1. This micro-texture
favors the air trapping below the liquid and thus changes
an hydrophilic surface (like titania) into an hydrophobic
one (Li et al., 2007).
4. Discussion

Various factors in the preparation by a nanosol/dip-
coating procedure (dip-coating speed, acid concentration
during nanosol preparation, calcination temperature, mul-
tistep dip-coating) affect the functional behavior of titania
thin films. Films with good optical characteristics and high
transmittance can be obtained at low speed of dip-coating
(6 mm/s) and high nitric acid concentration (0.5 M). A cal-
cination temperature of even 400 �C, thus compatible with
some flexible substrates, allows having good crystallinity
and photocatalytic activity, together with good surface
nano-texture for self-cleaning properties. For higher dip-
coating speeds (>10 mm/s) it is necessary to make a calci-
nation at 500 �C to obtain high transmittance values.

The increase of nitric acid concentration enhances the
nucleation rate and thus smaller size crystalline grains are
present in the final film. The smaller crystallite size leads
to an increase in RMS (Table 1). The AFM surface plot
reveals that the film is rough at the nanoscale level.
Fig. 9 further confirms the presence of this nanoscale
Fig. 9. 2D profile of surface roughness for T500NYC5R6 samples, where
Y = 0.1 (a) or 0.5 (b) M.



roughness, evidencing how the increase in the nitric acid
concentration during nanosol preparation leads to smaller
grain size, higher RMS and higher contact angle of water
drops (Table 5), leading to better self-cleaning properties.

On increasing the nitric acid concentration, smaller
average grains are formed, but with a more irregular shape,
determining the higher surface nano-roughness. However,
as commented before regarding the paper by Yu et al.
(2002), different surface nano-morphologies could be
obtained by similar analogous dip-coating procedures.

In dip-coating, the substrate is withdrawn vertically
from the liquid at a defined speed (uo) and under a con-
trolled atmosphere (N2 atmosphere in our case). Fig. 10
shows schematically the process of dip-coating. The liquid
film, remaining adherent to the moving substrate due to
surface tension, evaporates at a not-constant speed along
the axial direction of the substrate (orthogonal with respect
to the liquid bath), because the evaporation rate near the
drying line results in a parabolic thickness profile. Many
factors determine the thickness of the deposited film such
as film thickness and position of the stream line dividing
the upward and downward fluid moving layers, liquid vis-
cosity, substrate speed, etc. as well as the sol characteristics
(Brinker et al., 1991). Therefore, many factors may influ-
ence the characteristics of the films obtained by dip-
coating. However, an important factor determining the
functional properties of the coating film is the surface
nano-roughness, as shown in this work. The fundamental
Fig. 10. Schematic cartoon o
studies on the mechanism of thin film formation by dip
coating procedure, and in general on the mechanism of film
formation in sol–gel based procedures, (Li et al., 2007;
Brinker et al., 1991; Brinker and Hurd, 1995; Hurd,
2006; Livage, 2004) do not explain how this surface rough-
ness is created in dip-coating (or related) methodologies
and how to control the surface nano-texturing properties.
For this reason, as commented in the introduction, the
nano-texturing of titania coating is usually made either
by introducing hybrid multilayer coatings (with silica or
polymers (Innocenzi and Malfatti, 2013; Soler-Illia et al.,
2011) or by physical texturing the surface (for example,
by rolling mask (Seitz et al., 2014) or nanoimprint (Lee
et al., 2013) litography). The results reported here show
that it is possible to nano-texturing the surface of a
titania-only thin film by controlling the dip-coating proce-
dure. Consequently, it is possible to control the functional
properties (AR and self-cleaning behavior) of the surface
and optimize the behavior as coating for PV cells.

The film during the dip-coating procedure is formed
when the entrained inorganic precursors (sol particles) are
concentrated on the surface of the glass substrate by gravi-
tational draining and evaporation, often accompanied by
condensation reactions involving hydroxyl ligands to pro-
duce M–O–M orM–OH–M bonds between the sol particles
(Brinker et al., 1991; Brinker and Hurd, 1995). The increas-
ing concentration forces the precursors into close proximity
causing aggregation and gelation, while repulsive particles
f the dip-coating process.



appear to assemble into liquid- and crystal-like structures
depending on withdrawal rate. Competition occurs between
solvent evaporation compacting the structure to form nano-
aggregates and condensation reactions, which stiffen the
structure, increasing its resistance to compaction (Brinker
et al., 1991; Brinker and Hurd, 1995; Hurd, 2006). Unlike
bulk gel formation, the drying stage overlaps the
aggregation-gelation stages, thus allowing only short time
(seconds) for condensation reactions to occur. Therefore,
capillary forces (due to the pressure created by the liquid–
vapor menisci as the nano-aggregate collapse into a film)
determine the final stage of thin film formation.

In these conditions, possibly induced also by the pres-
ence of nano-roughness on the substrate acting as seeding
element, it is reasonable to expect the formation of nano-
cones determined from this mechanism, when the result
of these forces is vertical with respect to the substrate
plane. For this reason, the nano-texturing of the surface
of titania film produced by dip-coating depends on the
parameters such as dip-coating speed rather than on grain
size, as experimentally observed in this work. It is neces-
sary, however, to use nanosols formed by rather small pre-
cursor particles to make effective this process, explaining
why using larger sol particles this effect was not observed
(Yu et al., 2002). For this reason, an important effect is also
related to the concentration of catalyst (nitric acid) used in
the preparation of the sol, because leads to smaller sol par-
ticles favouring above mechanism, and especially the for-
mation of a more regular surface nano-texturing (Fig. 9)
which enhances AR and self-cleaning properties, together
with high transparency of the film (Fig. 5).

Although this mechanism of surface nano-texturing in
titania thin films produced by dip-coating is preliminary
(it is out of the scope of this work the analysis of the mech-
anism), it may serve as initial working hypothesis to under-
stand this process and further optimize it. This work is
limited to the demonstration that it is possible to produce
useful AR and self-cleaning titania-only films for PV cells
using a controlled dip-coating procedure and suitable
nanosol characteristics. This technology is relevant to pro-
duce low-cost an easy-scalable commercial coatings for PV
cells having good AR, self-cleaning and optical properties.
As indicated in the introduction, chemical methods have a
better efficiency in material utilization with respect to phys-
ical methods such as those discussed in the introduction.
Between the chemical methods, attention has been largely
focused on hybrid surface coatings, but the use of TiO2-
only films has the advantage of a simpler method, that is
easy to scale-up and of potentially lower cost.

It may be finally remarked that for optimized conditions
of preparation, calcination at low temperature (400 �C)
compatible with some flexible polymeric substrates may
be sufficient to have good functional properties, opening
thus the possibility to use this method in the preparation
of AR and self-cleaning coatings for flexible PV cells. Due
to the architectural integration of these cells into buildings,
AR and self-cleaning properties of cells is an even more
important target, but several of the current methods utilized
in literature are not suited for this objective.

5. Conclusions

The preparation method described in this work allows
obtaining thin, surface nano-textured TiO2 films with high
optical properties of transmittance. The use of these films
as functional coatings (having self-cleaning and AR prop-
erties) for glasses used in PV cells requires also controlling
the surface nano-texture, in addition to optical properties.
Aim of this work was to show how various factors in the
preparation by a nanosol/dip-coating procedure (dip-
coating speed, acid concentration during nanosol prepara-
tion, calcination temperature, multistep dip-coating) affect
both optical and surface nano-texture properties.

Films with good optical characteristics and high trans-
mittance (<1% loss in transmittance) can be obtained at
low speed of dip-coating (6 mm/s) and high nitric acid con-
centration (0.5 M). Under optimized conditions, calcina-
tion at low temperature (400 �C) may be even sufficient
to produce coatings with good functional properties, mak-
ing the procedure compatible with some flexible substrates.
For high dip-coating speeds, on the contrary, calcination at
higher temperature (500 �C) is instead necessary to obtain
good transmittance values of the film.

In conclusion, the control of the preparation parameters
in the nanosol/dip-coating method allows preparing titania
coatings for the cover glass in PV cells having high trans-
parency and good AR properties, together with suitable
surface nano-texture and photocatalytic properties for
their use as self-cleaning materials. Preliminary tests also
indicate good adherence, stability and mechanical resis-
tance. The preparation procedure allows an efficient utiliza-
tion of raw materials and can be considered a suitable
method for industrial preparation of coating films for PV
cells, although further studies may be necessary. The
properties depend on the preparation of a specific nano-
texturing of the surface of titania-only thin film by control-
ling the various parameters during the dip-coating proce-
dure, as well as in the preparation of the nanosol. A
preliminary mechanism of formation of the surface nano-
texturing is also proposed.
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