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A derivation of the sol-gel-dip-coating deposition technique is proposed, where the precursor
solution exhibits two separated liquid phases, reaching an equilibrium state in a heterogeneous solution.
Structural, optical and photocatalytic properties of TiO, films grown from the proposed two phases
method are shown and discussed, along with the properties of films deposited when the top phase
present distinct lengths, which are observed through SEM images and optical transmittance spectra.
The dominant crystalline phase is anatase for all the films prepared. Films are tested towards their
efficiency for photocatalysis, using methylene blue as dye degradation agent. It has been found that
films deposited through the two phase method are more efficient on the photocatalyitic degradation

of methylene blue.
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1. Introduction

Titanium dioxide (TiO,) is a semiconductor oxide that
has drawn attention due to its application in the creation of
several sorts of devices. It is worth mentioning its role as
photocatalyst for removal of air and water pollutants', but its
applications have been studied in a variety of fields and in a
multitude of sample forms. It may be used s gas-sensors>?
being doped with different elements*® in solar cells®’ in
prosthetics® besides the photocatalyst function itself'*!°.
To accomplish the goals of such a variety of applications,
the knowledge on the properties and characteristics of this
material are fundamental, and TiO, has a vast and well
established literature available. TiO, has a wide bandgap
between 3.0 and 3.8 eV depending on the crystal structure''2.
Anatase, crystal structure acquired most commonly through
heat treatments below 700 °C', has an in direct bandgap
of about 3.25 eV'. Rutile, the most thermodynamically
stable structure', has a direct bandgap of around 3.0eV'4.
Other structures such as brookite, TiO, -B, baddeleyite and
columbite are less focused on studies, either by a lack of
known interesting properties or difficulty in their respective
preparation'®!’,

The TiO, structure may be controlled as well as the
crystallite average size, either by the thermal annealing
temperature'® or through the precursor solution’s pH".
Among the possible applications of TiO,, the research to
apply its properties as a photocatalyst has been growing
side by side with the increasing worry about water pollution
and climate change®*?'. The photocatalytic property of
TiO, has been applied in a variety of ways to breakdown
either CO, molecules® and complex carbon molecules in

*e-mail: luis.scalvi@unesp.br

water??, to increase potable water yield, or to break water
molecules, producing hydrogen as a renewable energy
source?’, being most commonly used in its anatase phase.
Lowering the bandgap through doping?, increasing surface
area and reactivity through different deposition and growth
methods® are some ways that have shown to increase TiO,
photocatalytic efficiency.

Concerning the deposition of thin films, they have a
variety of applications, in different areas of scientific and
technological knowledge. Several methods for thin film
preparation have been designed and used to achieve this
diversity of applications, such as: epitaxial growth, resistive
evaporation, chemical vapor deposition (CVD), atomic layer
deposition (ALD), sol-gel methods (dip-coating, spin-coating
and doctor blading) and Langmuir-Blodgett, among others.

From these techniques, sol-gel presents simplicity in
the production of semiconductor oxide films at different
size scales that other methods lack. Among the methods
using sol-gel precursor solution, dip-coating is a well known
method due to its cost and efficiency®. This deposition
process may be separated into three stages: 1. immersion,
where a substrate is immersed into a precursor solution at
a constant rate, followed by a time interval in which the
substrate remains submerged, interacting with the precursor
solution; 2. deposition and drainage: when dragging the
substrate out the container holding the precursor solution,
at constant rate, part of the fluid that adheres to the substrate
surface overcomes the surface tension of the solution and
another part is drained back into the container, forming a
thin layer of gel on the substrate surface; 3. evaporation: the
solvent present in the deposited thin layer, adhered to the
substrate, immediately begins to evaporate when exposed to
air, leading to densification of the adhered material.
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The rate of evaporation depends on atmospheric properties
such as temperature, pressure and composition, and affects
the resulting film structure and composition®. With a higher
rate of evaporation, the densification, that starts with the
aggregation of particles in the sol-gel and eventual gelation
of those aggregates, happens faster, resulting in a more
fragile and porous structure'**'. Heating the solution and
consequently the film may result in further densification,
but with a rapid loss of solvent the mobility of particles and
interactions between the deposited solution and the substrate
reduce drastically, possibly reducing the bonding strength
between the aggregates and the substrate'®. As a counterpoint,
heating the substrate may have an opposite effect. Increasing
the energy available to particles may increase the average
length that the particles travel on the substrate surface,
eventually bonding with deeper sites, creating stronger
bonds. Santos et al.*?> found that substrates kept at higher
temperature leads to higher optical transmittance in the
near-infrared region, associated with a lower concentration
of free electrons.

The most complex aspect, then, in the deposition process
is the stability and composition of the precursor solution:
initial reagents must be soluble in water or react and form
products that are soluble in water. All molecules present in the
solution, ligands, additives and surfactants must decompose
during thermal annealing, and to maintain stability in the
solution and allow deposition by wetting, counter ions and
ligands must not deteriorate in order to control the wetting
properties. The interaction of fluids and solid components
makes the method interesting and complex from a theoretical
point of view, and establishing direct relationships between
the properties of precursor solutions and the properties of
the final product is not a straightforward task.

In this work, aiming to increase the number of available
parameters to better control and further develop the dip-coating
method, the precursor solutions are prepared to reach
equilibrium in the separation between two liquid phases.
The proposed deposition system is outlined in Figure 1 and
compared with the generally used method. Two-phase systems
for dip-coating deposition process appear in the literature
with Ceratti and coworkers* where the heterogeneous is
investigated as a more efficient way of obtaining films,
requiring a smaller volume of the precursor solution in the
dip-coating process. Ceratti’s method uses heavy liquids,
such as perfluorodecaline, gallium or mercury, to maintain
a thin liquid layer of the depositing precursor solution near
the top of the container, forming the first phase with which
the substrate interacts during deposition, allowing it to be
fully wetted by the solution, without having to completely
fill the container with the precursor solution. The method
proposed here works in a reversed way: a less dense phase,
without the presence of the material to be deposited (region A
in Figure 1) floats on top of the precursor solution containing
the material (region B in Figure 1) to be deposited. While the
sol-gel solution is divided between A and B, film samples can
be divided in 2 regions as well, denoted as I and II. While
region I interacts only with the top phase (A), region II of
film samples have interacted with both phases (A and B)
during deposition.
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Figure 1. Proposed method (top) and conventional dip coating process
(bottom). The label “A” refers to the floating (top) phase, whereas
“B” refers to the denser (bottom) phase. The proposed method
creates different regions in the sol-gel solution and deposited film.

Itis possible to establish similarities of the present proposal
with the Langmuir-Blodgett method®' and with the method
proposed by Ceratti** in the sense that, by changing the
disposition of the material dispersed in the aqueous medium,
it is possible to modify the interaction mechanisms between
the particles and the medium, creating new structures and
morphological properties in the deposited film. Besides,
it has been shown that it can be more efficient than the
conventional method, as proposed in the case of Ceratti’s
procedure. Similar methods to the proposed here are more
commonly found for film formation from polymers*.
As the methods are different, it is possible to compare the
goals of this paper with Ceratti et al.’s*. In this paper the
bi-phasic system is created to become a new parameter to
be studied and to see its effects on the deposited films, and
the “main” phase is the heavier, bottom one, different from
the referenced work, where the material to be deposited is
the higher one, which floats on top of a heavier, mostly inert
liquid. Their goal was to validate their method as a way to
reproduce films while being more efficient with solutions.

One of the goals of the presently proposed method, to
more easily investigate its effects on the produced films,
is to reduce and eliminate the concentration of TiO, in the
upper phase (A). The development of two-phase systems
for film deposition provides an opportunity to deal with
disadvantages of the sol-gel-dip-coating method such as
the stability of the medium, easily oxidized or dried, the
difficulty in preparation of solutions or their viability to be
used in larger scales. Thickness control can be accomplished
through the deposition rate, but the range of possible
thicknesses can be narrow depending on the sol-gel solution
used, with thinner films requiring a slower deposition rate.
Eventually thermal annealing or rapid evaporation of solvents
can crack film’s structures. The proposed method could
eventually complement the process with advantages, such
as: better control of thickness and homogeneity, isolation
of the precursor solution from air for facilitated storage,
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introduction of immiscible components, greater efficiency
and possible new doping methods.

In this paper we use the two-phase sol-gel dip coating
deposition to verify the optical and morphologic properties
of deposited films with distinct heights of the top layer
(A in Figure 1), and the efficiency of this process applied
to photocatalysis, using methylene blue as degradation dye.
Alongside the resulting effects achieved by the method
in photocatalysis is the reduction of material deposited,
thinner films without slowing down deposition rate, as well
as increasing surface area with less material. The change
in surface tension dynamics also allows for the change in
draining regime without change in deposition rate, which lead
to the formation of structures found mostly in samples under
the evaporation regime at high deposition rate (10 cm/min).
Lastly, the increase in photocatalytic efficiency when applying
the method is tied to the increase in surface area, which, with
a smaller volume of material deposited and thinner film is
an interesting achievement.

2. Experimental

2.1. Preparation of TiO, colloidal suspensions

The proposed method for preparing precursor solutions
was developed through derivation of the method used by
Hanaor et al.*” and Trino et al.’®. The amounts needed for
the preparation of 50 mL of the precursor solution is as
follows: 185.0 mL of deionized water, 56.7 mL of isopropanol
(CH,CHOHCH,), 2.6 mL of Nitric acid (HNO,), and 15 mL
of titanium isopropoxide (TTIP). In a beaker, deionized water
and isopropanol are mixed, and the content is magnetically
stirred while the acid is added slowly. Then, TTIP is added
slowly, dropwise and the mixture is stirred for 30 min. After
30 min, the beaker is covered with aluminum foil with small
holes to reduce the evaporation rate and start the peptization
process by heating the solution to 85 °C, until the volume
is reduced to 50 mL. To prepare the proposed two-phase
system, however, a slight modification in this procedure was
necessary, with the final volume reduction done at 120 °C
until the volume reaches 15 mL. To this final solution,
5 mL of deionized water are added and the whole solution
is stirred, capped and set aside to reach the equilibrium in
phase separation. Thereafter, the solution is manipulated to
control the dimension of the second phase using pipettes.
The higher final heating temperature, as well as the volume
reduction to 15 mL, mainly reduces the volume of isopropyl
alcohol present in the solution as a co-solvent inside the
semi-capped beaker (boiling point: 82.5 °C). With a lower
concentration of alcohol, the added volume of deionized water
does not mix with the solution, thus tending, after keeping
the system at rest for a while, to separate in the desired two
phases, for subsequent film deposition.

2.2. Thin film deposition

Soda-lime glass substrates are cleaned and dried, prior to
use, and left in a 9:1 solution of deionized water and neutral
detergent (Extran) for 24 h. Then, they are washed in deionized
water for about 5 min and quickly immersed in isopropanol,
being then, dried with a thermal blower. For film deposition,

the substrates are attached to a substrate holder (Syringe
Pump model MQBSG 1/302 connected to a controller model
MQCTL 2000 MP, both from Microchemistry) that controls
the dipping rate. The precursor solution is placed under the
substrate in a beaker, and the substrate is then dipped at
a fixed rate (10 cm/min) and removed at the same speed.
After aTiO,layer is deposited and the substrate completely
removed from the solution, it is left to drain and dry for
about 10 min, draining any volume of solvent in excess back
to the beaker. Intermediate heat treatments are carried out
between layer depositions, with the substrate being placed
on a ceramic base with metal supports and introduced into
an oven for 10 minutes, which is preheated and stabilized
at 150 °C. At the end of the heat treatment period, the film
is set aside for some time to cool down to room temperature
and installed again in the substrate holder for deposition of
anew layer. When the desired number of layers is reached,
the sample is taken again into the oven, however, the thermal
annealing process starts at room temperature and rises at
a constant rate of 3°C/min, up to a target temperature of
500 °C, which is stabilized and maintained for two hours.
Table 1 gives a list of prepared films and the characteristics
of the two phase solution.

The chosen annealing temperature was such that the
main structure formed was anatase, for its reported qualities
in photocatalysis. Although the temperature interval to form
anatase ranges from 300 to 700 °C'3, at 500 °C the available
energy is enough to nucleate some crystallites and achieve
some degree of crystallinity while not enough to start the
transition to rutile.

2.3. Characterization

X-ray diffraction profiles were obtained on a Rigaku
Miniflex 600 equipment, using incident Cu Ko radiation
(1.54056 A), power of 40 KV and 15 mA of current and
scanning rate of 10°/min. These data were used to identify the
main phase formed and evaluate the average crystallite size.

Optical characteristics of the films were obtained through
optical absorption from the ultraviolet to the near infrared
(250 — 1800 nm) in a Lambda 1050 UV/VIS/NIR Perkin
Elmer spectrophotometer. Through this characterization it
was possible to confirm reliably the phases found, as well as
to analyze the stages of the photocatalysis process.

Scanning electron microscopy (SEM) measurements were
performed using a Carl Zeiss scanning electron microscope,
model LS15.

Table 1. Thin films prepared with distinct number of layers and
height of the top phase

Thin-Film Number of Height of second
Samples deposited layers phase (cm)
110 1 Removed (N.A.)
21 0 2 Removed (N.A.)
410 4 Removed (N.A.)
11.0.3 1 0.3
21 0.3 2 0.3
4103 4 0.3
11 0.6 1 0.6
21 0.6 2 0.6
41 0.6 4 0.6
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For photocatalysis experiments, methylene blue (MB), a
dye with a well-known absorption spectrum and commonly
used for degradation efficiency studies?>? was used. In this
work, this dye is diluted in deionized water, to create an
aqueous solution of concentration of 2 x 10 g/L of methylene
blue, or around 6 x 10° mol/L.

The TiO, films to be studied are, then, submerged in
this solution, and are given 2 hours to adsorb particles in
its surface while in darkness. At the end of these 2 hours,
samples from the diluted dye are collected and an absorbance
profile around 670 nm is measured for each (the maximum
absorption of methylene blue is found at this wavelength).
After this first step, the submerged films are irradiated for
180 min with ultraviolet light from an Osram mercury lamp
(11W), with emission peak at 254 nm. More samples from
the diluted dye are collected at 90 min and 180 min.

To standardize and allow comparison among the studied
samples and with existing literature the degradation efficiency
(1) was calculated following Equation 1.

n=((4o— At)/ 4i)*100 (00

With d the percentage of dye degraded between the initial
absorbance measurement (40) and the absorbance acquired
in the respective step (A47). The resulting data is normalized
concerning the sample’s area.

3. Results and Discussion

Figure 2 shows SEM images acquired for the two phase
regions, and makes clear the existence of different regions in
the samples deposited with the proposed two phase system,
as outlined in Figure 1. The lightest area of the film (region
I) during deposition is exposed only to the top phase (A),
whereas the darkest area (II) comes into direct contact with
the denser phase (B) and passes through the top phase. The
lightest area (region I) displays sparse structures forming
across the substrate’s surface, having only interacted with
top phase (A), it contains only a small amount of material
deposited on its surface. Region II shows a higher volume of
material adhered as it interacted with both phases (A and B).

SEM images reveal differences in structures formed in
regions [ and II, as seen in Figure 2, the inset from region |
shows a sparse deposition with islands of material adhering
to the substrate distant from each other, while in region II the
rough surface is a consequence of two layers of deposited
material and its interaction with the bottom phase (B). Despite
the efforts so that the top phase (A) did not present a high
concentration of TiO, particles, the diffusion at the interface
and the turbulence created during the deposition process
ensures that a number of TiO, particles are released from
the bottom (B) to the top phase (A), where they may remain
suspended. More SEM images can be seen in Figure 3 for
different samples, as described in Table 1, corresponding to
images taken from region I of respective films and show the
presence of dispersed structures, probable result of suspended
particles in the top phase (A).

The lower concentration of TiO, particles in the top
phase (A) results in the region I described in the diagram of
Figure 2, with material deposited in the form of small islands
on the substrate surface. During deposition, more prominent
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(higher) particle structures on the substrate surface grow
separated, leaving to a larger surface area, which facilitates
solvent evaporation from that region. Thus, the available
solvent around this region is drained in the direction of
these islands by capillary forces, carrying material for the
formation and further growth of such structure®. It results in
the sparse points observable in Figures 3a to 3d for samples
11 0.3, 21 03, 11 0.6 and 21 0.6 respectively, being more
branched in Figures 3b and 3d, as expected with subsequent
deposited layers.

Figure 4 shows SEM images of region Il of samples
deposited with two layers and with varying heights for the
second phase. Images show that with increasing height of
the top phase (A), larger and recognizable structures become
sparse as both the density and the thickness are reduced. This
goes in accordance with the idea that the top phase helps
“wash away”” most of the adhered precursor solution back
into the beaker, leading to the homogenization of some parts
of the surface and growing others.

As the volume of solvent adhering to the substrate
during deposition is small, due to the low viscosity and high
surface tension, the drying and draining mechanisms follow
a “capillarity regime™°, which usually occurs for slower
depositions. In this regime, the evaporation of solvent alters
the position of the equilibrium point between the solution flux
to the substrate and back to the solution. This is explained
in accordance with Figure 5, where a flux diagram on the
surface is drawn. Figure 5 is adapted from the work of Brinker
and Hurd®, in order to represent the flux diagram for the
two phase solution method on the right side, whereas the
left side represents the conventional dip-coating method, as
proposed by Brinker and Hurd. Then, in the right side, the
stagnation point s *approaches the substrate and the surface of

Figure 2. Diagram showing the thin film samples, and the surface
SEM of the two distinct regions (Images of sample 21 0.3). Image
magnification: 4000x.
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the precursor solution, decreasing the flow ‘w’ of precursor
solution to the growing film. This narrowing of flow ‘w’
produces a change in the draining regime which results in
the islands deposited in region I of the films. This change in
flow also takes place when the top phase (A) interacts with
the precursor solution, pushing most of its volume down and
draining most of it back to the original recipient. It allows
only a small quantity of material to adhere to the substrate.

As the substrate crosses the top phase, in the pulling
step, much of the solution is removed from the substrate,
and it is drained back into the beaker, due to the increased
surface tension. Thus, the thickness of the deposited film
can be reduced and the volume of solvent adhering to the
film and the substrate maintains the regime responsible for
the growth of the film structures as the capillary regime
instead of the draining regime. The lower volume of adhered
solvent when exposed to the atmosphere starts to evaporate
easily, when compared to the higher adhered volume of
solution in the conventional dip-coating method, where the
time is increased to allow evaporation of the solvent. This
also indicates that a lower deposition rate is not the only
way to change the regime, and consequently to change the
morphology and structure of films?®.

With the deposition of more layers, other interactions may
take place on the film's surface, leading to the homogenization
of'the regions that present varying depth, caused by defects
such as fractures and cracks, which may avoid the increase
in film thickness with the subsequent deposited layers. Thus,
regions that carry more material during substrate removal
are those with higher capillary interaction, such as cracks,
wrinkles and fractures, formed by drying of previous layers,
or simply rougher regions of the substrate*!.

Transmittance spectra acquired from region II of the
samples are shown in Figure 6, for different samples.
The effect of homogenization process may relate a lower
transmittance to a higher number of layers, with films of only
one layer showing less transmittance due to the growth from
the capillarity regime and the diffusion of beams caused by
the larger surface area. It is also in good agreement with the
higher efficiency observed during photocatalysis process.
From the transmittance results shown in Figures 6b and 6c¢ it
is possible to conclude that samples with a higher number of
layers do not necessarily have a lower transmittance, which
would be expected for samples with similar properties,
deposited by the conventional dip-coating process. Images
of the samples are shown in the supporting information
file (Figure S1), as well as more data on transmittance and
reflectance (Figure S2).

Concerning Figure 6a it is also possible to conclude
that subsequent depositions did not adhere efficiently to
layers already deposited, resulting in similar transmittances
for samples with 1, 2 and 4 layers. The smaller amount of
deposited material and the deposition of material being
relegated to regions of higher capillary pressure, also prevents
the deposition of subsequent layers from growing regions
that have already been detached from the film**#2. Samples
with a higher number of layers showed a superior degree
of homogeneity when compared to samples deposited with
1 and 2 layers with different heights of the top phase.

X-ray diffraction measurements were performed on the
surface of area II of the samples and are shown in Figure 7,
regarding the predominant structures in the samples. In
general, the diffraction profile showed low crystallinity, and
the diffuse shape characteristic of nanoscopic crystallites
domain. However, it is still possible to identify the main
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peak of the anatase structure close to 25°, referring to the
plane (101) in most of the diffractograms. It is important
to mention a possible presence of brookite, which is more
noticeable on samples 41 _Oh and 41 03h, by the peak
seen near 31°, related to plane (121), but also as a slight
broadening of anatase peaks near 25° where faces (101) of
anatase and (120) and/or (111) of brookite are close enough
to contribute to the intensity of diffraction. Before assuming

that all samples have the same predominant structure, it is
necessary to take into account the parameters that can change
the final deposition product. The transmittance spectra curves
(Figures 6a, 6b and 6¢) are used to calculate bandgap values,
yielding values around 3.7 (+0.2) eV and when compared to
literature values for rutile (3.0 ¢V) and anatase (3.3 eV)'3,
it can lead us to confirm that the predominant phase in the
films is anatase, following the higher bandgap values. This
result is in good agreement with the X-ray data, in spite of
the existence of few peaks in the diffractograms. It must be
recalled that anatase is a better photocatalyst than rutile*-S.

Table 2 shows crystallite size evaluated by the Scherrer
equation?’ and lattice distortion, calculated through Equations
2 and 3 respectively.

KA

(ﬂcos(@))

where Sis the crystallite size, K is a shape constant, taken as 0.9, A
the equipment’s X-ray wavelength (Cu Ko =0.15405 nm) and
B the width at half maximum of a given peak.

@

Ad B

d (o)
where the distortion Ad/d given as a fraction of the width

at half maximum of the most intense peak over the tangent
at its diffraction angle*.

3)
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Photocatalysis measurements were performed on film
samples from the region II, which were cut from the whole
sample. Figures 8a, 8c and 8e show the absorbance spectra of
the aqueous solution interacting with one layered film samples
and 8b, 8d and 8f films with 2 layers films, in the three steps
of degradation of methylene blue: before (0 min), during
(90 min) and after (180 min) the photocatalysis process, with
values normalized to the original aliquot spectrum. A figure
showing the absorption curves of methylene blue obtained
after 180 min of photocalytic process for all the samples
is given in the supporting information file (Figure S3). As
expected, the shape follows the band absorbance of MB
spectra. In Figure 9a the percentage of degraded methylene
blue is plotted along the time axis which allows evaluating
and comparing the efficiency of the different samples. To help
the comparison between samples, Figure 9b shows a column

Table 2. XRD analysis of films prepared with 4 layers of TiO, with
varying height of second phase

Sample Crystallite size at Distortion
P plane (101) (nm) (Ad/d)
41 09 2.94 18.1
41 06 6.23 38.8
41 03 3.70 23.1
41 0 6.49 40.4
600 700 800
T ¥ T
0,00 | 4
" 1 i 1 n 1
—— Omin
0,99 =
—— 90min
8| 066 | 180min i
= c)
0,33 | |
0,00 | .
n 1 i 1 n 1 i
—— Omin
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—— 90min
o, 066 —— 180min |
= e)
0,33 | |
0,00 | o
1 i 1 i 1
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Wavelength (nm)
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chart of degradation efficiency after 180 min for different
films. It can be observed that film samples deposited via
the two-phase system show a higher efficiency process on
breaking methylene blue molecule. According to Figure 9,
samples deposited by the method described here were more
efficient in general, slightly dependent on the height of the
second phase, and samples with two layers were found to
be more efficient than samples with only one layer. This
higher efficiency is interpreted as a consequence of the large
surface area of the films, achieved by the method, related
to the resulting morphology from deposition (Figure 4)
and changes in the surface availability and energy of the
’1"1()2 ﬁlml,45.46¢494

Considering the smaller volume of material used for
deposition in the proposed method, and the more transparent
films as inferred from the transmittance data (Figure 6¢), the
absorption of photons and the creation of electron-hole pairs
should occur at a lower rate, as fewer photons are absorbed
by the samples The same may happen with the spectra of
samples deposited with a top phase of 0.3 cm (Figure 6b),
if considered that a large part of the transmittance spectrum
to have been scattered or reflected.

The light scattering coincides with the structures that
can be observed on the SEM images of sample surface in
Figure 3.These structures, through the ‘capillary regime’ favor
growing up the substrate, creating vertical configurations.
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The higher photocatalytic efficiency can be attributed, also,
to the growth of anatase, besides the low crystallinity>, since
a higher concentration of grain boundaries are related to
higher surface area, and then, higher rates of oxygen, water
and OH adsorption are expected®.

The larger area created in a deposited film with lesser
amount of material, is due to the concentration of deposited
material in relation to the solvent. As the latter is mostly
drained in the process by the pressure of the top phase, the
remaining adherent to the substrate inhibits the growth of
crystallites by evaporating quickly and not allowing the
ramification of structures to larger areas. Following this change
in morphology with increase in surface area, another possible
consequence of the method that can lead to an improvement
in photocatalysis efficiency, is the reorientation and exposure
of different species and faces to the medium in which the film
is immersed®'. Low adsorption of methylene blue molecules
was observed on the surface of the samples in general, prior
to photocatalysis, since the difference in concentration of
methylene blue between a control solution and solutions
exposed to films kept in darkness for 2 h being around only
2% of the initially prepared solution concentration.

Another feature of the proposed method was briefly
analyzed, and concerns the function of the top phase as

a “cover” for the first. Assuming that the second phase is
composed of a denser and more viscous phase, evaporation
and solvent loss would result in the formation of a gel, difficult
to deposit by the dip-coating process. Three samples of the
solutions were separated, one composed only of the first
phase, one composed of both, mixed, and one composed
of both already separated. It was observed, during storage,
that the phase separation of the second sample occurs, and
as time pass, the “capped” solution by the top phase took
longer to dry and turn into a gel. This is attributed to the
faster loss of volume of more volatile components, such as
water, alcohol and possible organic components (remnants
of TTIP reactions) influenced by the atmospheric oxygen,
when the sample is not capped.

4. Conclusions

The system proposed here may lead to improvements on
the conventional dip-coating process concerning applications
of TiO, thin films. The anatase main crystalline structure of
the analyzed samples leads to distinct morphologic structure
and optical transmittance spectra depending on the height
of the top liquid solution layer. It is clear that it influences
the efficiency on the degradation of methylene blue upon
photocatalysis analysis.

Although the interpretation of results may be rather
complex, it is possible to conclude in this work that new
features on the deposition process are worth investigation, in
order to adapt the method for new and for known applications,
increasing efficiency. The interface created by the precursor
solution in the two phase procedure deserves attention as
it may lead to further developments in doping, thickness
control, surface morphology and possibly more ways to
further engineer thin-film properties to suit a given application.

Moreover, applications of this method can still be studied
considering that it is the first time a deposition system like
this is proposed. Simultaneous deposition of multiple layers,
control of pH in gel formation, separation between precursor
solution and air to avoid oxidation, finer control of thickness
and draining regime, these are some aspects the proposed
method that could be deeply investigated for and applied
to. In this paper, the issues have been on changes of basic
characteristics and properties.
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Supplementary material

The following online material is available for this article:

Figure S1 - First row: samples are prepared with only 1 layer, and, from left to right: a) without a second phase; b) with a second phase
of 0.3cm; ¢) with a second phase of 0.6cm. Second row samples are prepared with 2 layers, and, from left to right: d)without a second
phase; e) with a second phase of 0.3cm; f) with a second phase of 0.6cm.

Figure S2 - Transmittance (a) and reflectance (b) spectra for a set of samples prepared with 0, 0.3 and 0.6cm of top phase.

Figure S3 - Absorption curves of methylene blue obtained after 180 min of irradation for different samples.



