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Contaminants of emerging concern have received considerable attention due to their potential
adverse effects on aquatic systems, flora, fauna, and human health. Azo dyes represent a significant
category of toxic organic contaminants. Heterogeneous photocatalysis offers an effective green
alternative for the degradation of organic pollutants, particularly in wastewater treatment. This research
aimed to synthesize and characterize nanostructured zinc oxide films to develop a UV-light activated
photocatalyst capable of degrading organic compounds. The films were synthesized via the sol-gel
method, and deposited on borosilicate glass substrates by spray coating and spray pyrolysis techniques.
The samples underwent heat treatment at varying times and temperatures. The photocatalytic efficiency
was evaluated by the methyl orange dye discoloration under UVA radiation. Wurtzite structure was
observed in all conditions. Differences in surface morphology, band gap energies, and photocatalytic
performance were also noted. Both methods enabled the production of UVA-photoactived films.
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1. Introduction

The presence of emerging contaminants of concern has
alerted the global population to the existing risks to human
health. Azo dyes are organic compounds which can lead
to chain contamination in fish and their predators through
ingestion or direct contact, and consequently promote intestinal
diseases, such as colorectal cancer, producing toxic amino
acids'?. It is estimated that approximately 700,000 tons
of dyes are produced annually, covering around 100,000
commercially available types. Azo dyes account for 50%
to 70% of global dye production. The textile industry is
the second-largest water polluter in the world, generating
between 80 and 180 tons of wastewater for every ton of
fabric processed. Approximately 10% to 25% of these dyes
are discharged into the environment, posing a significant
environmental risk. The presence of azo groups gives the
molecules high chemical stability, making them recalcitrant
to biodegradation and difficult to remove**.

Traditional methods for treating industrial effluents
are effective to a certain extent. Nevertheless, advanced
oxidation processes (AOPs) offer satisfactory performance
in removing residual organic contaminants, which are
often toxic and carcinogenic without generating secondary
products. Fenton, electrochemical processes, sonolysis,
ozone, and photocatalysis are examples of efficient AOPs™”.
In heterogeneous photocatalysis, the semiconductor catalyst is
exposed to energy equal to or greater than its bandgap value,
enabling charge movement from the valence band (VB) to
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the conduction band (CB). This charge movement generates
free radicals that interact with the organic compounds present
in the aqueous medium?®!°.,

The structure of the semiconductor has a significant
influence on the properties of the photocatalyst. In the case
of ZnO, only the wurtzite structure exhibits photoactivity,
as it is the only thermodynamically stable form!"-'2, Some
ZnO characteristics are attractive for photocatalytic
applications, such as its physical and chemical stability,
high oxidative capacity, bandgap value within the UV range
of the electromagnetic spectrum, and low toxicity'"'>. The
wurtzite structure exhibits preferential growth along well-
defined crystallographic planes, such as the basal plane
(100), the parallel plane (002), and the low-symmetry plane
(101), resulting in a Zn-rich face that adsorbs OH™ ions and
promotes a higher rate of hydroxyl radical ("OH) generation'*.

The ZnO photocatalytic mechanism involves a sequence
of fundamental steps, as shown in Equations 1-9. First,
light energy is absorbed to generate electron-hole pairs (e/
h*), allowing the hydroxyl radicals (*OH) and superoxide
anions (*O,") formation'*". The generated radical participate
in redox reactions, and react with the organic pollutants,
resulting in H,0 and CO,'*"". The recombination rate of e”/
h* pairs occurs on the nanosecond scale'.

The formation of *OH radicals likely occur through the
oxidation of water and hydroxide ions, with this oxidation
being promoted by the reaction with h*. The presence of
O, is reduced by reacting with e, generating *O,", which
then reacts with holes to form *OOH and, through further
reduction, produces *OH radicals'>'¢.

ZnO+hv—h™ +e (1)


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-1423-871X

2 Cotinho et al.

nt+ Hy0— "OH +H* 2
K +OH™ — OH 3)
h* + Pollutant —( Pollutant )" 4)
e +0y— 0y %)
‘0," +HY - "0O0H 6)
2 "00H™Y >0y +H,0, 7
HyOy + "0y” — "OH +OH™ +0, ®)

Pollutant + ( ‘OH,h", "OOH | 0y~ )—)Degradation Products 9)

The microstructural, surface morphology, electrical,
optical, and corrosion resistance properties of the films
are closely tied to the synthesis techniques employed.
Chemical synthesis methods include gas-phase, liquid-phase
and electrochemical techniques, besides green synthesis
methods'®%. Among these, the sol-gel method stands out for
its simplicity and process control, enabling the formation of
ZnO colloids and films at relatively low temperatures. In
this method, precursors in a liquid phase undergo hydrolysis,
polymerization, and condensation reactions to form a solid
network?-2%, Wojtasik et al.” obtained ZnO films by sol-gel
method with 79.5% of photocatalytic efficiency under UV
irradiation. The high porosity and water contact angle favors
the photocatalytic performance of the films. Daher et al.*
evaluated the photocatalytic behavior of ZnO films
synthetized by sol-gel method and observed similar results.
The films exhibited a photoactivity of 92% under UVA light
irradiation. Film deposition methods such as spin coating,
dip coating and spray pyrolysis are commonly applied®!-33.
Spray pyrolysis, closely related to spray coating, stands out
due to its adaptability for diverse applications. Deposition
techniques such as CVD, CBD, ALD, and magnetron sputtering
can promote the production of high-quality films; however,
they are complex and require expensive and hard-to-access
equipment. Compared to other deposition techniques, the
spray pyrolysis is a low-cost technique and does not require
specific equipments. In addition to offering an excellent
combination of properties for ZnO films in photocatalytic
applications, while also allowing surface modifications to
optimize the performance*. Unlike room-temperature spray
coating, spray pyrolysis involves substrate heating, which
significantly influences film properties by promoting better
crystallinity and distinct morphologies. The spray coating
technique is often used to deposit materials in the form of
particles onto surfaces with hardness lower than that of the
deposited material and is performed at room temperature®.
However, a few studies have evaluated these techniques to
compare the mechanisms involved in this application. Here,
ZnO films were synthesized by sol-gel method, and deposited
on borosilicate glass substrates by two different application
methods for comparing their effect on the photocatalytic
activity: spray coating and spray pyrolysis methods.
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2. Experimental Procedure

ZnO films were synthesized using the sol-gel technique,
with zinc acetate (C,H,O, - Casa Americana) serving as
the zinc precursor and monoethanolamine (C,H,NO - Casa
Americana) acting as the chelating agent in the solution.
These compounds were mixed in a 1:1 ratio and dissolved
in ethanol. The solution was maintained at 70 °C for
60 min under constant stirring, and then was sprayed onto
borosilicate glass substrates (25%76x1 mm) previously
washed in a 5% H,SO, aqueous solution, rinsed in deionized
water, and dried in nitrogen (N,). Supported films represent
a practical issue in the process compared to particles, since
filtration is not necessary to separate the photocatalyst from
the solution. Two deposition routes were employed: spray
coating at room temperature and spray pyrolysis. Deposition
was performed using an airbrush positioned at a 45° angle
relative to the pre-treated substrate. In the spray coating
technique, films were applied at room temperature. The
sol-gel was sprayed in multiple layers onto the substrate,
with the samples being dried in a stove at 100°C for 20
minutes after every five layers. The total number of layers
was adjusted to 10, 15 and 20 applications, followed by heat
treatment at 450 °C and 500 °C for 30, 45 and 60 minutes
in a muffle furnace. In the spray pyrolysis technique films
were deposited on borosilicate glass substrates preheated
on a hot plate at 250 °C, 300 °C and 350 °C. Each sample
received ten layers. After spray pyrolysis deposition the
films underwent a heat treatment at 500 °C for 45 minutes
in a muffle furnace. The photocatalytic experiments were
conducted in a reactor previously developed by our research
group®®¥’. Figure 1 provides a schematic representation of
the photocatalytic system. This reactor consists of a glass
vessel with a capacity of 40 mL for an aqueous solution
of the model pollutant, methyl orange dye, along with the
photocatalyst (ZnO) and a UVA radiation source. The dye
solution temperature was maintained between 19-20°C in a
closed system with constant agitation provided by synthetic
air bubbling.

The samples were kept in the dark for 60 min to allow
the adsorption-desorption equilibrium between the dye
solutions and the photocatalyst®®. Every 30 minutes, 3 mL
of the dye solution were collected to measure absorbance
and then it returned to the solution. The measurements
were made using a UV-Vis spectrophotometer with 10 mm
optical pathlength glass cuvettes. Two 15 W lamps with a
wavelength of A=352 nm (3.52 eV) were used as the radiation

Bubbling system
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Figure 1. Schematic representation of the photocatalytic system.
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source. The photocatalyst was positioned 25 cm from the
light source. The decolorization of methyl orange dye was
determined using C/C, curves as a function of exposure time
to radiation, where C represents the dye concentration at any
given moment and C, is the initial concentration. To check
if the dye could be removed by exposure to UVA radiation,
a photolysis test was performed under the same conditions
mentioned. The photocatalytic efficiency of the films was
evaluated by both the percentage of dye degradation and the
apparent rate constant (k ), assuming a pseudo-first-order
reaction. The constant (kap) was estimated using Equation
10, where t represents the time®.

In (C—C?j = kapt (10)
A set of analytical techniques was applied for the
morphological, optical and structural analyses of the ZnO
films to assess the influence of these characteristics on the
photocatalytic activity of the films. Thermogravimetric
Analysis (TGA - Shimadzu TGA-51) with heating rate
of 5°.min’!, X-ray Diffraction analyses (XRD - Rigaku
Multiflex) in the 6-20 configuration with a CuKa radiation
(A=1.54148 A). The phases formed were identified with the
JCPDS (Joint Committee on Powder Diffraction Standards)
database, Scanning Electron Microscopy with Field Emission
Gun (SEM-FEG — JSM6701F). The band gap energies (Eg)
of the films were estimated by the Tauc method, using a
Shimadzu UV-Vis spectrophotometer equipment (UV-1650PC
model, 300 nm <A < 1100 nm). The wettability of catalysts
surface was evaluated by contact angle measurements (SEO
Phoenix-i). The films were maintained in the dark for 120
hours before the tests. The sessile drop method was used by
dropping 5 pL of deionized water on the catalyst surface.

3. Results and Discussion

3.1. Thermogravimetric analysis

The thermal degradation behavior of the ZnO sol-gel was
analyzed using thermogravimetric analysis (TGA). The TGA
curve (Figure 2) revealed a 50% of mass loss between 25 °C and
60 °C*, attributed to ethanol evaporation. Around 200 °C,a 15%
mass loss was observed, corresponding to monoethanolamine
evaporation*'#?, At 300 °C, the degradation of zinc acetate began,
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Figure 2. Thermogravimetric analysis (TGA) curves of ZnO sol-gel.

leading to the formation of zinc hydroxide. Finally, at 400 °C,
the conversion of zinc hydroxide to zinc oxide was complete,
as evidenced by no further significant mass loss above this
temperature*. Based on these results, heat treatment temperatures
of 450 °C and 500 °C were selected for further experiments.

3.2. Films obtained by spray coating

3.2.1. Photocatalytic tests

The degradation curves of methyl orange dye in the
presence of films deposited by spray coating and heat treated
at temperatures of 450 °C and 500 °C are presented below.
The films were deposited with 10, 15 and 20 sol-gel spray
applications and then heat treated for 30, 45 and 60 minutes
to evaluate the influence of both the thickness and the heat
treatment time on the photocatalytic efficiency of the films
after 300 minutes of exposure to UVA radiation. Figures 3a-c
show the dye degradation curves of the films with 10, 15 and
20 sol-gel spray applications heat treated at 450°C for 30,
45 and 60 minutes. The degradation curves are grouped
according to the number of sol-gel spray applications.

Among the films obtained with 10 applications, the
one that achieved the best dye decolorization was the film
treated for 45 minutes showing a degradation of 37.4%.
Among the films obtained with 15 spray applications, the
best photocatalytic performance was observed in the film
heat treated for 45 minutes with a dye degradation of 33.8%.
Finally, the film with the best photocatalytic performance
among those obtained with 20 spray applications was the one
treated heat for 45 minutes showing a degradation of 36.6%.

Figures 3d-fshow the dye decolorization curves of the ZnO
films with 10, 15 and 20 spray applications, and heat treated at
500 °C for 30, 45, and 60 minutes. Among the films obtained
with 10 spray applications, the one that performed the best in dye
degradation was the film treated for 45 minutes showing 48.6%
of dye decolorization. Among the films obtained with 15 sol-gel
spray applications, the one that showed the best photocatalytic
performance was that one treated for 60 minutes with 43.9%
dye decolorization. Finally, among the films obtained with
20 spray applications, the films treated for 45 and 60 minutes
showed similar photocatalysis results of 47.0% and 47.1%,
respectively. Lv et al.* and Haritha et al.** founded similar
results. It can be observed that the films heat treated at 500 °C
for 30 minutes showed a slight decrease in the percentage of
degradation for the film with 15 applications, followed by a
small increase in the dye degradation value for the film with
20 applications. The films treated for 45 minutes demonstrated
a similar behavior to those treated for 30 minutes, with a
decrease in dye degradation as the film thickness increased to
15 applications, followed by an increase in degradation value
for the film with 20 applications. The films heat treated for 60
minutes showed an increase in degradation value with increasing
film thickness, presenting a more uniform behavior compared
to the films treated for 30 and 45 minutes.

3.2.2. Morphological, optical and structural
characterization of ZnO films

Figure 4 presents the XRD spectra of ZnO films deposited
by spray coating and heat treated at 450 °C and 500 °C for
45 minutes, with 10 spray applications, corresponding to
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Figure 3. C/C, photocatalytic behavior curves of ZnO films heat-treated at 450 °C for 30 min, 45 min and 60 min with: (a) 10 spray
applications, (b) 15 spray applications, and (c) 20 spray applications; and heat-treated at 500 °C for 30 min, 45 min, and 60 min with:
(d) 10 spray applications, (e) 15 spray applications, and (f) 20 spray applications. The films were synthetized by sol-gel method and
deposited on borosilicate glass substrates by the spray coating technique. The photocatalytic activity was evaluated on the methyl orange

dye decolorization under UVA irradiation.

the best photocatalytic behavior in the preliminary tests.
The identified peaks are characteristic of the wurtzite
phase (JCPDS 36-1451). The film heat treated at 450 °C
exhibited an average crystallite size of 35.9 nm and a full
width at half maximum of 1.53°, which is consistent with
the literature*+*, The film heat treated at 500 °C exhibited
an average crystallite size of 56.5 nm and a full width at half
maximum of 0.42°. The average crystallite size increases,
along with a narrowing of the peaks, as the heat treatment
temperature rises. This behavior has also been reported in
the literature, where higher heating temperatures of the films
promote greater crystallinity, making the film more suitable
for photocatalytic applications®’.

Figures 5a,b show the SEM-FEG surface images of
ZnO film deposited at room temperature and heat treated
at 450 °C for 45 minutes. Profile of deionized water droplet
(5 uL) on the surface of the films is also shown in the inset
of Figure 5a. It is possible to observe uniform morphology,
pores and some cracks that spread across the surface. The
cross-sectional surface is showed in Figure 5c and coarse
structures can be observed. Similar results can be found in
the literature* 444849,

Figures 5d-f show the SEM-FEG images of ZnO film
spray deposited at room temperature and heat treated at
500 °C for 45 minutes. The surface is composed of spherical
well-defined grains, pores and some cracks that spread across
the surface. This surface tends to bend and create ridges and
valleys denominated wrinkled structure?’ that can be seen in
details in the cross-sectional view. This type of formation
occurs when the film is submitted to stress as mechanical
compression®® or thermal expansion or compression®!. This
structure was also observed in the film treated at 450 °C
as it was described, but after the treatment at 500 °C this
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Figure 4. XRD spectra of ZnO films obtained by spray coating and
heat treated at 450 °C and 500 °C.

structure is well defined. The wettability tests show that both
films presented hydrophilic character and this condition is
favorable for photocatalitic applications.

Figure 6 shows the absorbance spectra (Figure 6a) and
the estimate band gap energy (Eg) obtained by the Tauc
method of the films heat-treated for 45 minutes at 450 °C
and 500 °C (Figure 6b) obtained with 10 applications. The
curves show a well-defined absorption edge around 380 nm.
The film treated at 450 °C showed higher absorbance, and
this indicate that the higher the absorbance value, the higher
the fraction of light energy absorbed by the material.

The estimated values of the band gap energy are 3.07 eV
and 2.94 eV for the films heat-treated at 450 °C and 500 °C,
respectively. This decreased in band gap energy can be
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Figure 5. SEM-FEG images of ZnO films obtained by spray coating technique at room temperature and heat treated for 45 minutes; at:

450 °C (a,b) surface at different magnifications and the profile of deionized water droplet (5 puL) in the inset, (c) cross-section; at 500 °C
(d,e) surface at different magnifications and the profile of deionized water droplet (5 uL) in the inset, (f) cross-section.
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Figure 6. Optical properties of films deposited by spray coating and heat treated for 45 minutes at 450 °C and 500 °C. a) absorbance

spectra; b) band gap energies estimated values.

attributed to the improvement in crystallinity, morphology,
and grain size provided by the increase in heat treatment
temperature®. Thus, despite the lower fraction of light energy
in the UV region absorbed by the film treated at 500 °C,
the decrease in band gap energy may be responsible by the
increase of approximately 10% in photocatalytic activity.

3.3. Films obtained by spray pyrolysis

3.3.1. Photocatalytic tests

Figure 7a shows the degradation curves of methyl orange
dye in the presence of films deposited on pre-heated substrates at
temperatures of 250, 300 and 350 °C, with 10 applications and
post heat treated at 500 °C for 45 minutes, as this temperature
showed previously the highest dye degradation value. It can
be observed that the ZnO film that presented the best methyl

orange dye degradation result is the film deposited on the
substrate heated at 300 °C with 65.0% efficiency.
Additionally, to observe the influence of thickness on the
photocatalytic behavior of the hot-deposited films, a deposition
temperature of 300 °C was chosen, varying the number of
applications on the substrate (Figure 7b). The films were
deposited with 5, 10 and 15 applications. The results show
that the photocatalytic efficiency arises and then decreases as
the film thickness increases. This fact suggests that there is
an optimal thickness for the best photocatalytic behavior™3.

3.3.2. Morphological, optical and structural
characterization of films obtained by spray
pyrolysis

Figure 8 shows the XRD spectra of the ZnO films

deposited with 10 spray applications at 250°, 300° and
350 °C, and heat-treated at 500 °C for 45 minutes. The
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Figure 7. (a) C/C photocatalytic behavior curves of ZnO films deposited on substrates heated at 250°, 300° and 350 °C and post heat-
treated for 45 min at 500 °C with 10 spray applications; and (b) films deposited on substrates heated at 300 °C and post heat-treated at
500 °C for 45 min with 5, 10, and 15 spray applications. The photocatalytic activity was evaluated on the methyl orange dye degradation

under UVA irradiation.

peaks correspond to the wurtzite ZnO phase. The peaks are
observed at 20 angles of 32.2°, 34.9°, 36.8°, 48.0°, 57.1°,
63.3°, 66.4°, 68.0°, and 69.1°. These peaks correspond to
the crystallographic planes (100), (002), (101), (102), (110),
(103), (200), (112), and (201) (JCPDS 36-1451). The films
deposited at temperatures of 250 °C, 300 °C, and 350 °C
exhibited average crystallite sizes of 51.8 nm, 51.5 nm, and
52.9 nm respectively. The full width at half maximum of the
peaks also showed similar values, being 0.65°, 0.47°, and
0.79° respectively. This behavior is similar to the observed
in other studies, where films deposited at lower temperatures
show similar average crystallite sizes, with an increase
occurring only for temperatures above 300 °C*,

Figures 9a,d,g present the surface of the films deposited on
substrates heated to 250 °C, 300 °C and 350 °C respectively.
Higher magnifications are presented in Figures 9b,e,h. It can
be observed that all films exhibited the formation of coarse
structures similar to those observed in the films deposited
at room temperature. Similar structures have been noted
in the literature’®3. The formation of these structures can
be mostly attributed to stresses from heat treatment, as the
interference caused by volatilization is significantly lower?*2,
The wettability of the films (inset Figures 8a,d,g) indicated
that all of them present hydrophilic character.

The cross-sectional of the films shown in Figures 9c¢,fi
revealed that the thickness are 1981, 2118, and 2009 nm for
the films deposited on substrates heated to 250 °C, 300 °C
and 350 °C, respectively. Films with a spinodal-like pattern of
ridges and valleys were identified in Figure 9c and in minor
evidence in Figures 9f,i. It can be observed that denser and
homogeneous films are formed as the temperature of the
substrates arises during the deposition.

It can be seen in the absorbance spectra presented in
Figure 10a a well-defined absorption edge around 380 nm
for all the films. The band gap energies (Eg) estimated by the
Tauc method are 3.08, 3.07 and 3.05 for the films deposited
on substrates heated to 250°, 300° and 350 °C, respectively
(Figure 10b). It is observed that the variation in band gap
energy values is small, which suggests that the factors that
mostly influence the photocatalytic performance are the
morphological and structural characteristics of the films.
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Figure 8. XRD spectra of ZnO films obtained by spray pyrolysis at different
temperatures and heat treated at 500 °C for 45 min.

Figure 11a presents the photocatalysis curves and reaction
kinetics for the best results of films obtained by spray coating
and spray pyrolysis techniques. The film obtained by spray
pyrolysis exhibited better performance in the decolorization
of methyl orange dye, approximately 65%. The film obtained
by cold spray exhibited a dye decolorization result of
48.6% for the same tests conditions. This indicates a 16.4%
performance difference.

Compared to other photocatalysts, the performance
of the films was satisfactory. Shah et al.>® observed a
72% removal of methyl orange using the FALE@AuNPs
photocatalyst, irradiated under sunlight and obtained through
green synthesis. Mohanavel et al.*’ reported a 58% removal
of methyl orange with ZnO films, irradiated under 100 W
sunlight, obtained by nebulized spray pyrolysis. From the
In(C,/C) graph it was possible to estimate the apparent rate
constant (k_ ) to evaluate the rate of the dye degradation.
Figure 11b presents the pseudo-first-order kinetic curves
of'the films with the best photocatalytic performance in the
decolorization of methyl orange dye under UVA radiation.
It is possible to observe an increase in the estimated value
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Substrate

Figure 9. SEM-FEG images of ZnO films obtained by spray pyrolysis at different temperatures. The films were heat treated at 500 °C for
45 minutes. Surface in different magnifications and cross-sections (a,b,c) 250 °C, (d,e,f) 300 °C, and (g,h,i) 350 °C; in the inset the profile
of deionized water droplet (5 pL) is presented.
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Figure 10. Optical properties of films deposited on substrates heated at 250°, 300° and 350 °C, and post heat treated at 500 °C for 45
minutes. a) absorbance spectra; b) band gap energies.

of (kap) from 2.29 x 102 min™! for the film obtained by spray  deposition technique resulted in an optimization of about
t0 3.35 x 10 min™! for the film obtained by spray pyrolysis, ~ 17% in the degradation of methyl orange dye.

indicating an increase in the degradation rate of methyl The effectiveness of the catalyst at low concentrations can
orange dye under UVA irradiation. Similar result was found  be expressed by the calculation of the number of active sites,
in the literature®. Thereby, the use of the spray pyrolysis  turnover number (TON) and turnover frequency (TOF) for the
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Figure 11. (a) Comparison between the photocatalytic behavior of ZnO films obtained by the spray coating and the spray pyrolysis techniques. The
photocatalytic activity was evaluated on the methyl orange dye degradation under UVA irradiation; (b) pseudo-first-order kinetic curves of the films.

systems under UV light irradiation. The calculated number of
active sites is 3.012 x.10* moles (considering 0% porosity).
The Turnover Number (TON) and Turnover Frequency (TOF)
of films are respectively 9.859 x 10 and 3.286 x 10-° min™! for
the spray coated film. For the spray pyrolyzed film the TON
and TOF are 1.319 x 103 and 4.396 x 10° min™! respectively.
These findings are in accordance with the literature®'.

ZnO films demonstrated to be a promising option for
photocatalysts in the removal of stable organic contaminants
such as methyl orange dye. Changes in the synthesis parameters,
use of dopants or heterojunction formation can improve the
photocatalytic properties of ZnO.

4. Conclusions

Nanostructured ZnO films were successfully synthesized
in two different ways: cold spray coating and spray pyrolysis
techniques. The study demonstrated that spray pyrolysis
produced films with superior photocatalytic performance
due to their enhanced crystallinity and uniform surface
morphology. The optimal conditions for spray pyrolysis were
a substrate temperature of 300 °C and 10 spray applications,
which resulted in a methyl orange dye degradation efficiency
of 65%. Although cold spray coating is less effective, it offers
advantages in simplicity and cost. These findings provide
valuable insights into the optimization of ZnO film synthesis
for photocatalytic applications, paving the way for more
efficient water treatment technologies.
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