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"If I have seen further it is by standing on the shoulders of Giants.”
(Isaac Newton)



Abstract

This work presents the development of a low-cost device for automated sol-gel
solution deposition, using spray coating technique for the synthesis of TiOy thin
films. The as-obtained films were submitted to different thermal treatment with the
purpose of investigating the respective impacts on photocatalytic efficiency. The
films were characterized through the use of X-Ray Diffraction (XRD), Scanning
electron microscope (SEM), Atomic Force Microscopy (AFM), Fourier-Transform
Infrared Spectroscopy (FTIR), and UV-Vis spectroscopy. Later, it was indeed con-
firmed that the anatase phase predominates in the temperature range considered
in this research. Better crystallization and larger crystallite size were obtained
with the increase of the temperature, leading to a larger surface roughness, con-
sequently exhibiting a good impact on photocatalytic activities and degradation
efficiency. Notably, the films calcined at 600 °C exhibited the highest efficiency,
achieving near-complete degradation of methylene blue within 4 hours under UV
light. This work emphasizes the effectiveness of the developed spray coating device
in fabricating high-quality TiO, films and demonstrates the importance of thermal
treatment temperature in improving photocatalytic degradation, contributing to

practical applications for sustainable water treatment.

Key-words: Sol-gel, Spray coating, TiO, films, Sustainable solutions.
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2 Introduction

In today’s world, there is a growing concern regarding environmental pol-
lution, energy scarcity, and fuel production [1]. Titanium dioxide (TiO3) emerges
as a highly promising material due to its non-toxicity, biological compatibility,
and cost-effectiveness [2]. Notably this semiconductor demonstrates remarkable

versatility, finding applications in the areas mentioned earlier [3, 4, 5].

This versatility is primarily attributed to TiOg thin films and their excep-
tional ability to photocatalysis [6, 7]. Through the absorption of ultraviolet solar
radiation, TiO, generates electron-hole pairs, which can be effectively harnessed
for electron transfer (redox) processes [8], whose charge carriers react with chemi-
cal species [9, 10]. Consequently, this process enables both pollution degradation
[11], bactericidal effect [12] and production of clean energy [13]. Photocatalysis is
a significant tool in the degradation of contaminants of emerging concern (CECs),
which have garnered attention due to their adverse effects on human health and
the environment [14, 15]. These pollutants encompass dyes [16], contraceptives

[17], antibiotics [18], and various pharmaceuticals.

In the context of synthesis, various techniques, such as atomic layer depo-
sition (ALD) [19], spray pyrolysis [20], and spray coating [21], have been utilized
for the fabrication of thin films, nanoparticles, nanocomposites, nanotubes, and
other nanostructures [22, 23, 24, 25]. Thin films in photocatalysis offer signifi-
cant advantages compared to powder usage. They enable precise control over the
morphology and structure of the catalytic surface, resulting in enhanced efficiency
and improved mass and energy transfer [26]. Additionally, they eliminate the need
for catalyst separation and recovery post-reaction, facilitating reusability without
material loss. Thin films prevent particle aggregation, can be applied to a variety of
substrates, and exhibit greater mechanical stability and resistance to degradation,

thereby reducing the risk of final product contamination [27, 28, 29].

The spray-coating method proves to be cost-effective and efficient, thus

emphasizing in this research the development of a device for the deposition of
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sol-gel solutions using the spray-coating technique, this made possible to investi-
gate the utilization of TiO, thin films, assessing the effects of different calcination
temperatures on morphology, composition, degradation efficiency (DE), and de-
gradation kinetics (k), using the methylene blue as a degradation target. We also
explored the stability and reusability of the films over 15 photocatalytic cycles.
These findings contribute to the development of more effective devices for pollu-

tant degradation in the environment.

2.1 Photocatalysis Mechanism

Photocatalysis is derived from the fact that photons with sufficient energy,
when incident on a semiconductor, can promote electrons from the valence band

to the conduction band, as illustrated in Fig. 1.

Conduction Band O,

/

hy

Band Gap

Valence Band

Figure 1 — Photon-semiconductor interaction responsible for the formation of
electron-hole pairs, the process responsible for the formation of degrad-
ing agents.

This behavior is responsible for the creation of electron-hole pairs, as rep-
resented in Equation 2.1.

T102 EV—) TIOQ + eCB_ + hVB+ (21)

With the creation of pairs, it is necessary for the material to satisfactorily promote

photocatalysis, that the redox potential of the photogenerated hole in the valence
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band (VB) (hi:5) be sufficiently positive to generate the formation of hydroxyl
radicals (OH-), as shown in Eq.2.2. This is a highly reactive chemical species that

will oxidize the organics [30].

hirg + H,O — HY + OH (2.2)

On the other hand, the photogenerated electron in the conduction band

(CB) (eqcp) must have a sufficiently negative potential for the formation of su-

peroxide radical anions (Oj ), as represented in Eq.2.3. The formation of these

superoxides is also important because their formation prevents the recombination
of electron-hole pairs [31].

ecp + 02 = Oy (2.3)

It is worth noting that the electron-hole pairs that recombine, as shown in Equation

2.4, do not contribute to the performance of photocatalysis.

ecp + hirg — heat (2.4)

Finally, the photocatalysis mechanism relies on the interaction between
photons and semiconductors, leading to the creation of electron-hole pairs. This
phenomenon, illustrated in Figure 1, initiates the pollutant degradation process.
The photogenerated holes in the valence band (hi;5) oxidize water molecules to
form hydroxyl radicals (OH-), while the photogenerated electrons in the conduc-
tion band (esp) react with oxygen to produce superoxide radical anions (O ).
These radicals play crucial roles in oxidizing organic pollutants and preventing
the recombination of electron-hole pairs, thereby enhancing the efficiency of pho-
tocatalysis. Minimizing the recombination of electron-hole pairs, as illustrated in
Equation 2.4, is imperative as this process diminishes the effectiveness of the pho-
tocatalytic reaction. Understanding these mechanisms is essential for defining and
optimizing photocatalytic materials for various environmental remediation appli-

cations.
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3 Experimental Metodology

3.1 Spray-Coating Solution

For the preparation of the solution under study, Xylene from the Lab-
Synth laboratory, Titanium (IV) butoxide (98% purity) and Triton X-100 from
the Sigma-Aldrich laboratory, along with distilled water, were used. The prepara-
tion process involved adding 0.026 moles of Xylene to 6.60 x 10~3 moles of Triton
X-100. This mixture was stirred using a magnetic stirrer at 1000 rpm for 30 min-
utes at room temperature (25°C). Subsequently, 1.47 x 1072 moles of titanium
(IV) butoxide and 0.3 ml of distilled water were added. The stirring process was
then continued for an additional 5 hours, ensuring complete homogeneity of the

coating fluid solution.

3.2 First Research

The glass substrates were subjected to a meticulous cleaning procedure
utilizing an ultrasonic apparatus. Initially, the glass substrates were immersed in
a solution composed of distilled water, along with alkaline agents, mildly abra-
sive components and ionic surfactants, for 1 hour. The objective was to eliminate
organic impurities. Subsequently, this solution was discarded, and the substrates
underwent an ultrasonic cleansing procedure using only distilled water, aiming
to remove any traces of the previous solution from their surfaces. Afterward, the
procedure was reiterated using acetone and isopropyl alcohol, with each solvent
undergoing a 1-hour ultrasonic immersion, to remove hydrocarbons and weakly
polar organics [32]. The process concluded with the substrates being dried using a

flow of dry compressed air.

With the completion of the preceding stages, the next step involved de-
positing the coating fluid onto the clean substrates. The device in question allows

parameter adjustments aimed at enhancing film quality and uniformity. It was ob-
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served that upon activating the compressor, it took approximately 0.5 seconds for
the spray to achieve uniformity. Consequently, this information had to be taken
into account when determining the values for the amplitude of movement and the
activation and deactivation timing of the compressor. This was attempted to re-
duce the thickness difference between the center and the edges of the film, aiming

for the film to exhibit the most uniform thickness possible.

Other factors, such as the base’s displacement speed and the solution flow
through the spray nozzle, were also fine-tuned to prevent the synthesis of exces-
sively thick films. The distance between the spray nozzle and the substrate for
these films was set at 10 cm. This distance can be adjusted according to future
deposition requirements. In this research, the synthesized films consist of a single

layer only, eliminating the need to define a time interval between depositions.

After the completion of the coating fluid deposition, the sample was al-
lowed to dry at room temperature (25°C) for 6 hours. Following this, the sample
underwent a 24-hour thermal treatment at a temperature of 60°C, with a temper-
ature gradient of 1°C per minute. This gradient was established to minimize and
even prevent the formation of cracks in the film. After that, it underwent another
thermal treatment carried out to eliminate volatile compounds, a process known
as calcination shown in Figure 3. Thermal Gravimetric Analysis (TGA) was used
to characterize the thermal behavior of TiOy from its main thermal degradation
temperatures from the respective mass losses. The equipment used was a Shimadzu
TGA-50. For the TGA analysis, a mass of approximately 5 mg per sample was
used, in the temperature range of 25-1000°C with a flow rate of 10°C/min, in a
nitrogen atmosphere with a flow of 30 mL/min, based on this analysis, a temper-
ature of 400°C was determined as the optimal choice for the sample’s calcination
process, as shown in Figure 4. The sample was maintained in this condition for
an additional 24 hours, employing the same gradient as before. The cooling pro-
cess was carried out with the oven remaining closed, avoiding sudden temperature

changes that might lead to cracking or compromise the film’s quality.

The sample characterizations were conducted using a Scanning Electron
Microscope (SEM) and Energy-dispersive X-ray Spectroscopy (EDS) utilizing the
Carls Zeiss EVO MA 15 model. X-ray Diffraction (XRD) was also employed, using
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the equipment from PANalytical model X’Pert PRO, which emits Cu-Ka radia-
tion. The XRD parameters included a scan range of 26 from 20° to 80°, a step
size of 0.02°, and a time per step of 2 seconds. Additionally, Ultraviolet—Visible
spectroscopy (UV-Vis) was performed, with measurements taken from 600 nm to
250 nm and a step interval of 0.5 nm. The solution used for deposition underwent
a thermal treatment at 400°C with a gradient of 1°C/min. Upon reaching the
desired temperature, the solution was held under these conditions for 12 hours,
resulting in an anatase TiOy powder. This anatase powder was diluted in distilled
water, and its absorbance was measured using a quartz cuvette. To ensure that
the measured absorbance was solely attributed to the TiOs powder, the reference
used for the measurement was a quartz cuvette filled with distilled water. Ad-
ditionally, the measurement of the thin film was conducted, this time employing
a measurement reference consisting of a substrate made from the same material
and the same batch, which underwent the same cleaning processes. This excluded
the possibility of any of these variables interfering with the measurement. This

analysis was carried out using the Kasvi model K37-UVVIS instrument.

Figure 2 — (a) Glass substrate where the sol-gel solution is deposited. (b) A spray
nozzle that disperses the coating fluid. (¢) The Stepper motor was con-
trolled by Arduino, where parameters such as speed, time between de-
positions, and amplitude of movement were controlled.
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Figure 3 — Drying process representation in which the substrate with the coating
fluid was subjected to obtain the TiO, thin film.

In the study of the photocatalytic efficiency of TiO, films, two solutions
were prepared. One consisted of methylene blue, using laboratory-grade Proquimios
powder with a molar mass of 373.90 g/mol, and the other contained methyl orange,
utilizing laboratory-grade Dindmica powder with a molar mass of 327.34 g/mol,

at concentrations of 1.34 x 107° and 1.28 x 10~° mol/L, respectively.

The initial solutions underwent a controlled dilution process to ensure re-
sult accuracy. Small quantities of distilled water were gradually added, aiming to

achieve different concentrations of the dyes.

The TiO, films used for the photocatalysis process were deposited using
the spray coating method over the entire inner area of the beakers. This approach
was employed to increase the contact area between the methylene blue solution

and TiO,, a strategy that optimized the efficiency of the photocatalysis process.

Before any contact between the TiOs films and the methylene blue and
methyl orange solutions, the optical characterization of the diluted solutions was
performed. A UV-Vis spectrophotometer (Kasvi model K-37) was used to obtain
absorbance curves for the solutions at various concentrations. These curves played

a pivotal role in this research, serving as reference curves for later comparisons
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with the photocatalysis results, as changes in absorbance were used as a basis for

quantitative analysis.

After the UV-Vis characterization, the TiO, films were placed in contact
with the initial methylene blue solution and kept in the dark for 1 hour, allowing
for the establishment of adsorption-desorption equilibrium, as reported in previous
studies [10, 33]. It’s worth noting that any changes in the solution’s concentration
during this period, due to the absence of light, are related to adsorption and not

photocatalysis.

Following the incubation period in the dark, a 15 W lamp emitting in
the UVB and UVC spectral range was activated, marking a transition in the ex-
periment where photocatalysis assumed a central role in modifying the solutions’
concentrations. Subsequently, aliquots were collected at regular intervals, enabling
the quantification of changes in solution concentration, the primary parameter

used to determine the photocatalytic efficiency of the TiOy films.

3.3 Second Research

For the preparation of the coating fluid, the following products were used:
Xylene from LabSynth, Titanium(IV) Butoxide with 98% purity, and Triton X-100
with 99.8% purity from Sigma-Aldrich, along with distilled water.

The procedure began with the addition of 0.026 mol of Xylene to 6.60x 1073
mol of Triton X-100, maintaining a precise proportion. This mixture was stirred for
30 minutes at 800 rpm at room temperature (25°C) using a magnetic stirrer. After
this initial stirring period, 1.47 x 1072 mol of Titanium(IV) Butoxide and 0.0167
mol of distilled water were added. The stirring was maintained for an additional

1 hour to ensure the homogeneity of the coating fluid.

A detailed cleaning procedure was applied to the borosilicate reactors used
in this research. In the first stage of cleaning, an aqueous solution composed of 5%
acetic acid, anionic surfactants, and coadjuvants was used in an ultrasonic bath for
1 hour. This initial procedure aimed to remove lipid residues and organic materials

adhered to the surfaces of the reactors.
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After this step, an ultrasonic bath containing exclusively distilled water

was used twice to remove any residues from the solution used in the first step.

Following the completion of this stage, the ultrasonic bath was used for
two additional cycles of 1 hour each, using acetone and isopropyl alcohol. This
step aimed to eliminate polar substances and oils that may have persisted in the

reactor.

With the reactors thoroughly cleaned, the process of film deposition begins.
This process was carried out using a 0.4 mm diameter spray nozzle powered by an
atmospheric air compressor with the airflow adjusted to 0.002 m?3/min, dispersing
the coating fluid throughout the reactor. Each reactor underwent a multilayer
application process. In each application, 0.001g of coating fluid was deposited, and
a 10-minute interval was observed between each layer, totaling 3 layers at the end
of the process. This approach was adopted to prevent drips, especially due to the
low viscosity of the coating fluid, thus ensuring the uniformity of the film in each

applied layer.

Subsequently, the pre-calcination stage of the reactors begins. This process
starts with a 2-hour pre-drying phase at room temperature (25°C), followed by
a thermal treatment at 60°C for 24 hours. After this stage, the reactors were
subjected to different calcination temperatures: 300, 400, 500, and 600 °C. All
reactors were exposed to a low temperature gradient of 10 °C/min, promoting

gradual evaporation of solvents, which helped to prevent cracks and fissures in the
film.

The calcination temperatures were selected based on Thermogravimetric
Analysis (TGA), as shown in Figure 4, which investigated the mass variation of
TiO, as a function of temperature. This analysis was performed using the Shi-
madzu TGA-50 equipment, in the range of 25 to 1000 °C, with a gradient of
10 °C/min, in a nitrogen atmosphere with an approximate flow of 30 mL/min,
as illustrated in Figure 4. The calcination process was limited to 600 °C due to
the softening point of the borosilicate substrate used for the construction of the

reactors.
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Figure 4 — Thermogravimetric analysis (TGA) of the coating fluid.

The samples were characterized using an Atomic Force Microscope (AFM)
ASYLUM RESEARCH Cypher ES. X-ray diffraction (XRD) characterization was
performed using the PANalytical X’Pert PRO model, emitting Cu-Ka radiation,
with a scan range of 260 from 20° to 80°, a step size of 0.02° and a time per step of
2 seconds. Additionally, the samples were submitted to a FTIR characterization
using a Perkin Elmer Spectrum 65 FTIR Spectrometer.

For the study of the photocatalytic efficiency of the reactors, a solution
was prepared using 0.005 g of methylene blue powder from Proquimios laboratory,
with a molar mass of 373.90 g/mol, diluted in 1 liter of distilled water, resulting
in a solution with a concentration of 1.34 x 10~° mol/L. This solution underwent

a meticulous dilution process by adding controlled amounts of distilled water,

resulting in different concentrations of methylene blue solutions.

These samples were subjected to absorbance measurements using the UV-
Vis spectrophotometer from Kasvi, model K-37. This resulted in the respective
absorbance curves for each concentration, as shown in Fig. 5 (a). With the acqui-
sition of these curves, a linear fit was performed (Pearson’s r=0.998), from which
the adjustment parameters were obtained, as depicted in Fig. 5 (b). These param-

eters enable the determination of the methylene blue solution concentration based

on its absorbance after undergoing photocatalysis.
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Figure 5 — (a) Reference curves obtained through controlled dilution of the initial
methylene blue solution. (b) Linear fit for concentration determination,
enabling the determination of these values from absorbance measure-

ments.

The solutions were exposed to a 15W lamp with an emission spectrum as

shown in Fig. 6. Aliquots were withdrawn at regular intervals, allowing quantifi-

cation of changes in sample concentrations over the exposure time.

Absorbance (arb. u.)

»

200

T T
250 300

T
350

T
400

T T T
450 500 550 600

Wavelenght (nm)

Figure 6 — The emission spectrum of the 15W lamp used for the photocatalysis

procedure.
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The reactor subjected to thermal treatment at 600 °C demonstrated the
best photocatalytic efficiency. To obtain information on the reuse and degradation
of this reactor, photocatalysis cycles were conducted. After a specific number of
cycles, the reactor was left unused for one month before resuming the photocatal-
ysis cycles. This procedure was adopted to investigate if the film self-degraded

during the inactive period.
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4 Results

4.1 First Research

The Scanning Electron Microscopy (SEM) technique was employed. In the
powder material, aggregates of particles can be observed in Figure 7 (a), whereas
in the film, it is no longer possible to observe these aggregates across their entire

extent due to the uniformity enforced by the deposition machine.

When analyzing the deposited thin film using Energy-Dispersive X-ray
Spectroscopy (EDS), it was possible to determine that the thin film exhibited a
concentration of titanium and oxygen, as depicted in 7 (b) and 7 (c), respectively,
thereby verifying and confirming the composition of the thin film. Furthermore,
it was possible to determine the relative abundance of these chemical elements
present in the film, where the concentration values of molar mass found were

58.80% for oxygen and 6.94% for titanium, as explicitly indicated in 7 (d).

It was also observed that at the edges of the substrate, there was the pres-
ence of cracks, likely caused by the greater accumulation of material at the sub-
strate’s ends. This accumulation is primarily associated with the effects of com-
pressed air that sprays the solution. The material accumulation on the substrate,
identified as the main factor in crack formation, was observed experimentally. In
the initial experiments of this research, films with an excess of material exhib-
ited a significant number of cracks, lacked mechanical strength, and displayed a
fragmented microscopic morphology. These issues were only resolved through ad-

justments to the spray nozzle, resulting in a much thinner film.
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(d)

Figure 7 — (a) TiO2 powder created through the identical calcination process as
the thin film, employing the coating liquid. (b) Titanium mapping was
conducted via Energy-dispersive X-ray spectroscopy. (¢) Oxygen map-
ping was conducted via Energy-dispersive X-ray spectroscopy. (d) Ti-
tanium/oxygen concentration ratio in the thin film.

Through the use of Scanning Electron Microscopy (SEM), it became pos-
sible to conduct an analysis of the film’s thickness based on the fragmentations
found at the edges of the substrate, as shown in Figure 8 (a). With the assistance
of the ImagelJ software, thickness mapping was performed along 65 points of the
film. These values were plotted and subsequently subjected to adjustment through
normal distribution, enabling the determination of the mean film thickness value

and its corresponding standard deviation of (741 4+ 42) nm.
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Fit Values: 741 + 42 nm
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Figure 8 — (a) Image showing the fragmentation of the thin film where the thick-
ness measurement was conducted. (b) Adjustment through a normal
distribution, from which the value of the average film thickness along
with its corresponding standard deviation was obtained.

The results of the analysis using Fourier Transform Infrared Spectroscopy
(FTIR) confirm the previously discussed findings from the other characterization
phases employed in this research effort. It is important to note that within the

1 and beyond, there is an observable absorption

spectral range around 1240 cm~
band in both cases. This presence is definitively attributed to the Ti——O——Ti
linkage [34, 35].

Upon careful examination of the curve (a), oscillations are discernible and

1 can be linked

are associated with the substrate. The valley around 1070 cm™
to tri-, tetra-, penta-borate, and diborate groups, indicating the presence of BOj3
and BO, structures. This is also connected to the antisymmetric stretching of
Si——O——Si bonds. Similarly, the peak at 830 em ™! corresponds to the sym-
O bond [36], as a result, all differences be-

tween the two curves are attributed to the presence of the substrate.

metric stretching of the O ——=Si
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Figure 9 — Fourier-transform infrared spectroscopy spectra of: (a) TiOs thin film
and (b) TiOy powder.

The analysis of compound absorbance through UV-Vis of a solution with
powder form and a thin film tends to yield distinct results, influenced by phe-
nomena such as surface effects, quantum confinement, reflections, and refractions,
as well as film-specific characteristics like thickness, opacity, and molecular ori-
entation, among others. As mentioned, numerous factors can contribute to the
alteration of these characteristics [14-16]. In the case examined in this research, as
depicted in Figure 10, the absorbance peak of the powder is shifted to shorter wave-
lengths compared to the absorbance peak of the thin film. This indicates that the
film absorbs at lower energies, a desirable trait for its application in photovoltaic

devices.
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Figure 10 — UV-Vis Absorption Spectra: A comparison of absorbance spectra be-
tween the thin film (a) and powder diluted in distilled water (b). The
changes in peak positions provide information about the optical prop-
erties.

In Figure 11, the X-ray Diffraction (XRD) results of the samples obtained
after the calcination process are presented. Figure 11 (a) shows the XRD pattern
of the particles obtained after the calcination at 400°C of the sol-gel solution by
reverse micelles. The XRD pattern in Figure 11 (a) reveals peaks corresponding to
the JCPDS 01-084-1285 standard, which is associated with the crystal structure of
anatase [37, 38], being a remarkable result, as the anatase crystalline structure ex-
hibits the highest photocatalytic activity [39, 40], demonstrating the effectiveness

of the solution preparation and calcination processes.

Figure 11 (b) presents the XRD result of the thin film prepared from the
same sol-gel solution and subjected to the same calcination process. In the XRD
pattern of Figure 11 (b), peaks related to TiO, in the anatase phase are also
observed. Some peaks are not visible, and an amorphous region is detected due
to the presence of the glass substrate. This outcome demonstrates that the use of
low-cost spray coating equipment is promising, as even in the form of a thin film,
the solution calcination resulted in a material with an anatase crystal structure.

This characteristic is beneficial for applications in photovoltaic devices [41, 42],



Chapter 4. Results 32

photocatalysis [43, 44] and others.
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Figure 11 — (a) TiOy Nanopowder (b) TiOy Thin film and (c) Pattern JCPDS 01-
084-1285 anatase TiOq. In (b) it is possible to observe the presence of
peaks corresponding to the anatase structural pattern, as well as an
amorphous region due to the presence of the glass substrate.

To verify the applicability of TiO, thin films produced by the deposition
machine, thin films were synthesized in beakers, where methyl blue (MB) and
methyl orange (MO) were chosen as model dyes for the study of the photocat-
alytic activity of these films. These dyes have characteristic peaks in the UV-Vis
spectrum, which were identified through UV-Vis spectroscopy.

The absorbance curves that were obtained, provide a quantitative way to
track the photodegradation of the samples, where higher absorbances represent
higher concentrations of dyes in the solution. As the exposure time to ultraviolet
light increases, there is a progressive decrease in the absorbance curves, as shown

in Figure 20, indicating dye degradation due to photocatalysis. Due to the high
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efficiency of degradation, the process can be visually and qualitatively affirmed, as
shown in Figure 13. The images clearly demonstrate changes in dye concentrations

in solutions, going from intense colors to considerably lighter tones.
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Figure 12 — Degradation process of methyl blue (a) and methyl orange (b) as a
function of ultraviolet light exposure time.

Figure 13 — Visual degradation process of methyl blue (a) and methyl orange (b).

One of the evaluated parameters was the degradation efficiency (DE), which
was determined by analyzing the characteristic peaks of the dyes, given that the
initial concentration (C;) of the sample is known, it is possible to obtain the concen-
tration of the aliquot removed at a given time (C) through comparisons of reference
curves. Therefore, DE can be easily calculated using the equation [33, 45]

C;,—-C

DE(%) = =2

100% (4.1)
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The efficiency values are presented in Figure 14 (a), where curve (I) rep-
resents the photocatalysis of the aqueous dye solutions and curve (II) repre-
sents a measurement made to determine the self-degradation behavior of MB,
where a value of less than 6% was found, which is negligible compared to the
amount degraded by photocatalysis. For MO, it was not necessary to study its
self-degradation behavior since this value is known and is close to 4% [46], which

is also negligible when compared to the values of photocatalysis for this dye.

The kinetics of dye degradation, as shown in Figure 14 (b), was represented
by a first-order reaction. The mathematical relationship that describes this kinetics

is expressed as

&
In <C> _ (4.2)
Given that k is the rate constant (min~') and t is the exposure time to
UV light. To validate the model in question, linear adjustments were made to the
experimentally obtained data for each of the dyes. The Pearson correlation coeffi-
cients (r) found in these adjustments were equal to or greater than 0.95, providing
values of kyp = 0.0050 min~! e kyo = 0.0047 min~"', which are consistent with

values previously found in the literature [33].
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Figure 14 — (a) Efficiency of photodegradation of MB and MO with ultraviolet
light irradiation on TiO films, where curve (I) represents photocatal-
ysis and (II) Autodegradation of MB. (b) Kinetic data for the degra-
dation of MB and MO.

An analysis of the contact angle between water and the TiO, film was con-
ducted with the aim of assessing surface wettability. The choice of water as the
testing agent was due to the fact that the dye solutions used in the photodegra-
dation process are aqueous. Angles close to 180° indicate entirely hydrophobic
surfaces, whereas angles near 0° indicate completely hydrophilic surfaces; thus,
the tendency for the liquid to spread across the surface increases as the contact

angle decreases [47].

As illustrated in Figure 15, it can be observed that the measured contact
angle was 20.6°. This value indicates excellent surface wettability, which highlights
a strong interaction with water, facilitating the adsorption and diffusion of reac-
tive species [48]. These characteristics play a fundamental role in the efficiency of

photocatalytic reactions
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Figure 15 — Contact angle measurement evaluating the surface wettability of the
TiO9 thin film in contact with water.

4.2 Second Research

Figure 16 presents the XRD results of TiOy samples prepared via reverse
micelle reaction [49, 50, 51] and subjected to different calcination temperatures
(300, 400, 500 and 600 °C), aiming to investigate the effects of calcination temper-
ature on the crystalline structure of TiOy and its correlation with photocatalytic
efficiency. The XRD results revealed that all samples predominantly exhibited the
anatase phase of TiO,, as visualized by the JCPDS 01-071-1166 pattern. However,
there was variation in the intensity and quantity of crystalline peaks as the cal-
cination temperature increased. The sample calcined at 300 °C showed only one
diffraction peak at an angular position of 25.25° indicating a relatively simple
crystalline structure and possibly an initial formation phase. As the calcination
temperature increased to 400 °C and 500 °C, the main peak at 25.25° was main-
tained, but higher intensity and additional peaks appeared, suggesting an increase

in the crystallization of the anatase phase.

The results from Table 1 reveal that the crystallite size considerably in-
creases with the rise in calcination temperature, ranging from 9.24 nm at 400 °C

to 16.34 nm at 600 °C. At higher temperatures, the crystallinity increases, re-
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sulting in narrower peaks (lower FWHM), this behavior indicates the growth of
nanoparticle size [52]. Additionally, lattice strain diminishes with increasing cal-
cination temperature, this pattern has been previously observed in the literature

[53], suggesting a more uniform growth of the crystallites at elevated temperatures.

Although all samples exhibited the anatase phase, the sample calcined at
600 °C demonstrated a more defined structure, related to higher photocatalytic
efficiency. However, factors beyond the crystalline structure, such as crystallite
size, surface roughness, porosity, and specific surface area, may also influence the
photocatalytic activity of TiO,. In summary, the XRD results indicate that the
calcination temperature plays a crucial role in determining the crystalline structure
of TiO,, which, in turn, can affect its photocatalytic properties. The correlation
between the XRD results and the data from the table reinforces the importance
of optimizing the calcination temperature to control the properties of TiO, and
maximize its photocatalytic efficiency. However, further investigations are needed
to fully understand the underlying mechanisms and optimize the photocatalytic

performance of TiO, for practical applications.

J l A A (a) 600°C

J \ A N (b) 500°C

w

(d) 300°C

Intensity (arb.u.)

‘ JCPDS 01-071-1166
1. | 1] )
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20 30 40 50 60 70 80
20 (degrees)

Figure 16 — Diffractogram for different calcination temperatures of TiOs thin films.
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Table 1 — Effects of Calcination Temperature on Thin Film Properties

Temperature (°C) Crystallite Size (nm) Lattice Strain (¢) FWHM

(®)

300 - - -

400 9.24 0.01792 4.00
500 13.28 0.01241 0.60
600 16.34 0.01010 0.40

Atomic Force Microscopy (AFM) is a useful technique for analyzing surface
morphology, enabling the determination of surface roughness, which, among others
parameters, is important for photocatalysis efficiency [54, 22]. Figures 17 and 18
show the TiO, films calcined at different temperatures. It is important to empha-
size that all samples were analyzed in an area of 10x10 micrometers. However, the
sample treated at 300 °C exhibited an atypical behavior compared to the other. An
irregular and inconsistent film was observed in this sample. This behavior can be
easily explained by considering the thermogravimetric analysis (TGA), as at 300
°C the film retained 87% of its total mass. It is evident that the non-uniformity of
this film can be attributed to the incomplete degradation of the surfactant (Triton
X-100). Thus, for the analysis of the roughness of this film, the area highlighted in
Figure 17 (a) was considered. This area was chosen because it appeared visually

more uniform.

The TiO, films calcined at 300, 400, 500, and 600°C exhibited root-mean-
square roughness (Rgyg) values of 1.53, 1.99, 2.30, and 11.25 nm, respectively.
These results are consistent with previous findings in the literature, which demon-
strate that increasing surface roughness creates defects that introduce additional

energy levels [55].

The energy levels created by the defects facilitate the transfer of electrons
from the valence band (Ey) to the defect levels (Er), and then to the conduction
band (E¢). This means that photons which previously did not have enough energy
to excite the electron from the valence band to the conduction band can now do
so, due to the existence of these new energy levels. This promotion of electrons
to the conduction band increases the rate of production of hydroxyl radicals and

superoxide, resulting in a higher degradation efficiency of the sample.
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Figure 17 — AFM micrograph (2D) of the TiO, thin films with different calcination
temperature, (a) 300 °C, (b) 400 °C, (c) 500 °C and (d) 600 °C.



Chapter 4. Results 40

‘ 0,00 m
0,00 pm
X

007y SR

() (d)

Figure 18 — AFM micrograph (3D) of the TiO, thin films with different calcination
temperature, (a) 300 °C, (b) 400 °C, (c) 500 °C and (d) 600 °C.

When combined the FTIR spectra of the materials used with the FTIR of
TiO, obtained after the calcination process, a clear decrease in the peaks located
at approximately 3000, 1456, 1100, and 826 cm™! is observed, as represented in
Figure 19 (a) and (b). These peaks are attributed to the asymmetric stretching of
C-H bonds, deformation of the CH3 group, strong C-O-C band, and disubstituted

benzene, respectively [56].

Starting at 400 °C, there is complete degradation of unwanted substances
in the final composition of the thin film. At temperatures above this range, the only
remaining evidence is that of Ti-O and O-H bonds, represented by the peaks at
1620 and 700 cm ™!, respectively [57]. Despite limitations of the equipment, which
cannot reach shorter wavelengths, it is still possible to observe the beginning of the
characteristic peak of the Ti-O bond. Notably, the O-H bond, although still weakly
observable in the 400 °C curve, disappears completely at higher temperatures.
Therefore, the calcination process is crucial for resulting in a film composed almost

exclusively of TiOs.
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Figure 19 — The spectra obtained by FTIR analysis (a) show the characteristic
absorption bands of the starting materials, while (b) highlights the
formation of TiO,, despite the spectral range limitation.

Observing Figure 20, it is possible to see that the degradation of methy-
lene blue became more intense with the increase in the calcination temperature
of the reactors. As the temperature of the thermal treatment increases, there is
an increase in the crystallite size accompanied by an increase in crystallinity. This
higher crystallinity presents fewer defects on the surface and less particle aggre-
gation, thus reducing the recombination of electron-hole pairs, which makes the

photocatalysis process more efficient [58].
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Figure 20 — Absorbance curves of the MB solution after the photocatalysis process

using reactors calcined at different temperatures: (a) 300 °C, (b) 400
°C, (c) 500 °C, and (d) 600 °C.

The reactors subjected to calcination at 300, 400, 500, and 600 °C were
exposed to a UV irradiation period of 6 hours. The reactor calcined at 600 °C
achieved nearly complete degradation of methylene blue (MB) in just 4 hours of

treatment, showing faster and more intense degradation compared to the other
values.

With these absorbance curves and the linear fit of the reference curves,
it was possible to quantitatively obtain the concentration of MB in the solution.
Obtaining the concentrations made it possible to evaluate two parameters, degra-
dation efficiency (DE), and degradation kinetics (k) for all reactors.
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Degradation efficiency is defined as the fraction of the contaminant that
was removed from the solution during the degradation process, higher DE val-
ues indicate greater efficacy in the degradation process. Mathematically, DE is

expressed as:

C; — Gy

o X 100% (4.3)

DE(%) =
Where:

« (C; is the initial concentration of dye in the solution (in mol/L or g/L).

o ()} is the concentration of contaminant in the solution at a given time ¢ during

the degradation process.
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Figure 21 — Degradation efficiency (DE) obtained for reactors at different temper-
atures.

The degradation kinetics is also an important parameter for understand-

ing how the degradation of the contaminant occurs throughout the degradation
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process. In this case, the degradation kinetics is represented by the first-order

mathematical model, given by:

In (g;) kit (4.4)

Where:

« k is the pseudo first-order rate constant expressed in min~!.

o tis the elapsed time since the beginning of the photocatalysis process.

When plotting Equation 4.4 as a function of time and performing a linear

fit, the slope of the line will be the value of k, as depicted in Figure 22.

8 v = 300°C
] 400°C
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Time (min)

Figure 22 — Pseudo first-order rate constant (k) obtained for reactors at different

temperatures.

With this value, it becomes possible to understand the rate at which degra-

dation is occurring; a higher value of k represents a faster degradation. The ob-
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tained values are represented in Table 2. In our research, we have determined
various rate constants (k) for the photocatalytic degradation of pollutants using

different calcination temperatures.

Table 2 — Values of the reaction kinetics for reactors calcined at different temper-

atures.

Temperature (°C) k (min~!) Person’s r
300 3.21 x 107 £0.46 x 10~* 0.95
400 2.67 x 10734+ 0.15 x 1073 0.99
500 3.84 x 1073 £0.22 x 1073 0.99
600 3.3x 1072 £0.56 x 1072 0.96

With the obtainment of both parameters, there is a comprehensive under-
standing of the overall efficiency of the degradation process accompanied by a
detailed analysis of the reaction kinetics. These pieces of information make clear

the superior performance of the reactor subjected to the 600 °C thermal treatment.

The degradation efficiency (DE) reached values close to 99.8%, demon-
strating a high efficacy in the degradation process. Additionally, the degradation
kinetics in this scenario were approximately 10 times higher than in the other

reactors, indicating a significantly faster degradation rate.

To assess the stability of the TiO, film during the photocatalytic process,
the sample was subjected to repeated experiments under identical conditions to
evaluate its long-term stability. This evaluation is critical for determining the prac-
tical applicability of our photocatalytic films in environmental remediation. A total
of ten cycles were performed, the first 5 cycles were consecutively tested, while the
next 5 cycles were conducted after a month’s interval. The purpose of this pause
was to check if the photocatalyst present any kind of self-degradation or efficiency

loss over prolonged inactivity.
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Figure 23 — Stability test of the photocatalyst over 10 degradation cycles.

The Figure 23 illustrates the stability test of the TiO, film, where the cat-
alyst presented a consistent performance across 10 consecutive degradation cycles.
The material showed small changes in values, maintaining the degradation effi-
ciency above 95% in every cycle, with an average degradation of 97.69% =+ 0.24%.
This result is satisfactory, considering the number of cycles and the one-month

gap between the first five and the final five successive cycles.

These findings really support the fact that the photocatalyst is not only
highly efficient but also resistant to factors that could compromise its long-term
functionality. The one-month gap between the cycles was crucial for evaluating
potential degradation due to exposure to environmental conditions while inactive.
The results indicated that the material structure and active sites remained intact
and fully functional. This suggests chemical and structural stability, confirming
the usability of this material for extended periods without considerably losing its

efficiency.

In practical terms, this means that the photocatalyst could be implemented
in real-world applications where intermittent use or storage between periods of op-

eration is common. It could maintain high degradation efficiency even after such
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interruptions, further underlining its long-term sustainability for various appli-
cations. Overall, the tested photocatalyst showed itself to be a singularly robust
material, able to provide consistent and reliable performance even under conditions

that would usually degrade or diminish the effectiveness of the material.



48

5 Conclusion

In the present work, the successful realization of TiOs thin films synthesized
with excellent adhesion was presented. The morphological analysis of these films
under different calcination temperatures showed the improvement in the crystalline
structure at higher calcination temperatures, which further improves photocat-
alytic activity showing a higher degradation efficiency and kinetics. Additionally,
thermal treatment with higher temperatures, helped to remove impurities from

the film, resulting in films consisting almost exclusively of TiOs.

Thin films has a major advantage over powders, because they eliminate
filtration processes after photocatalysis. The spray coating route applied here is a
useful method for large-area applications because of its ease and efficiency of de-
positing uniform thin films. The simplicity and efficiency of this method underlines

its promise in large-scale applications.

Other exciting features involve possibilities for adaptation to different sub-
strate sizes. The deposition system will be flexible enough to adapt to the specific
needs of various applications, from small-sized substrates up to larger surfaces. This
opens perspectives towards applications in environmental sectors, energy produc-

tion, coatings, and sensors.

Coupling this efficient pollutant degradation with reusability and relatively
easy synthesis, the TiOs-based thin films hold promise for a solution to eliminate
such pollutants and reduce environmental problems. According to the above ex-
perimental results, the calcination temperature is critical for maximizing photo-
catalytic performance, and future research could explore the long-term stability

and reusability of these films in various environmental conditions.
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