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A B S T R A C T

Titanium dioxide (TiO2) is an important material in science and engineering because of its basic and synthetic
properties. Nevertheless, there is a dearth of reports in the open literature focusing on its ability to self-clean
under temperature changes. In this study, we used the spin coating technique to produce TiO2 thin films to
evaluate its self-cleaning ability after annealing at different temperatures. The TiO2 sol was obtained through an
endothermal sol-gel process, and the gel was coated on a glass substrate using a spin coater. The deposited films
were then annealed at 400 �C, 600 �C, and 800 �C for 1 h. The influence of annealing temperature variation on the
self-cleaning properties of the thin film was characterized using X-ray diffraction, scanning electron microscope;
Fourier transformed infrared spectrometric analysis and UV-vis spectrophotometer. A test to ascertain self-
cleaning was conducted using the degradation of methylene blue, and the different films were tested for dura-
bility. The durability test confirmed the connection between solid coating and substrate at all annealing tem-
peratures. Thin films annealed at 600 �C revealed the best self-cleaning properties. The morphological analysis
revealed snowflake shapes uniformly distributed over the substrate at 400 �C, and agglomeration improved as the
annealing temperature increased. Structural analysis showed an increase in crystallinity with an increase in
annealing temperature for both rutile and anatase phases. At three different temperatures, the chemical bond and
the absorption band pattern followed the same path, although the peak intensity declined with temperature rise.
Finally, the optical bandgap of the thin coated TiO2 declined from 3.39 eV to 3.20 eV as the binding temperature
increased from 400 to 800 �C.
1. Introduction

The unique properties of Titanium dioxide (TiO2) make it a point of
attraction for many applications. It is the most readily available material
for self-cleaning applications in window glass, self-cleaning membranes,
and photovoltaic panels [1, 2, 3]. The use of TiO2 is attractive because it
is cheap, non-poisonous, odourless, non-flammable, and highly porous
[4]. TiO2 is soluble in water with a boiling point of 2972 �C and a high
melting point of 1843 �C [5]. In addition, TiO2 is chemically stable in the
absence of light [6] and has a suitable bandgap for light absorption
(3.0eV–3.2eV), making it a suitable charge carrier for both holes and
electrons [7]. All these properties make TiO2 highly favourable for
self-cleaning applications, mainly because it becomes highly efficient in
photocatalyzing dirt in the presence of sunlight.

TiO2 exists in three phases; brookite, anatase, and rutile, of which
anatase and rutile are the typical active phases. The rutile phase is the
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most stable phase, with the highest refractive index of 2.609, and the
anatase is the phase with the best photocatalytic behavior [8]. The
brookite and anatase phases can easily be transformed into rutile struc-
tures by high-temperature annealing. Different ways of depositing TiO2
thin films that are commonly employed include electron-beam evapo-
ration [9], sol-gel spin coating method [10], Atomic layer deposition
[11], magnetron sputtering [12], and spray pyrolysis [13]. Of these
deposition procedures, the sol-gel spin-coated process is the most widely
used. This could be attributed to the low cost of the sol-gel synthesis,
which involves some chemical reactions to become a semisolid film. The
significant supremacy of TiO2 in self-cleaning procedures is its admirable
features, consistency over substantial areas, and multidimensional pro-
cessing capability.

Interests in the study of TiO2 thin films and their applications have
continued to rise in recent times. Several studies have been carried out to
examine the influence of temperature on the internal properties of TiO2.
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For example, the effects of temperature on the structure and optical
properties of thin TiO2 films have been studied in the past by Wong et al.
(2017) [14]. The authors observed that the annealing temperature affects
the structural and optical properties of the thin-film TiO2. The re-
searchers also reported that the crystal size and roughness of the surface
of TiO2 increase with incremental temperature change. The effects of
temperature on the structure, morphology, and optical properties of thin
TiO2 films have been studied by Lin et al. (2013) [15]. The researchers
concluded that an increase in annealing temperature changed TiO2 thin
films from amorphous to nanocrystalline anatase and that the bandgap
dropped when the annealing temperature was elevated. Ta�nski et al.
(2018) [16] studied the influence of calcination temperature on TiO2 thin
films' optical and structural properties and observed a decrease in
bandgap with an increase in calcination temperature. This drop in the
bandgap between the valence and conduction band is an exciting factor
in the self-cleaning property of TiO2 that warrants further studies. Due to
the photocatalytic activity generated by the absorption of sunlight, thin
TiO2 films placed on surfaces such as PV panels can be dispersed into dust
and pollutants.

Upon being exposed to light, electrons in TiO2 valence band become
immobilized, moving to the conductance level, thereby leaving a nega-
tive valency (-e) behind. This immobilization leads to an electron-hole in
the positive state (hþ) that splits water molecules and produces hydrogen
and its hydroxyls. By interacting with oxygen atoms, the electrons in the
negative state (-e) generate binary oxide cations, and the phenomenon
will continue if light exists. This is an indispensable aspect of TiO2 that
can be intensely utilized for self-cleaning and photocatalytic operations
by immobilizing the TiO2 on different suitable substrate surfaces. The
microstructures of TiO2 films are very critical to their final performance
[17]. The alignment of these microstructures need to be controlled to
obtain a TiO2 thin film with quality properties. In their work, Al-Shomara
and Alahmad (2019) [18] found that increasing annealing temperature
from 0 to 600 �C resulted in a shift in the crystal plane (101) to higher
values of 2 Theta degrees. The XRD peak intensities also increased as well
as the crystallite size of the particles.

The main objective of this study is to determine the effects of tem-
perature variations on the self-cleaning properties of TiO2 thin films, and
their self-cleaning behaviour. As far as we can determine, this has not
been sufficiently reported in the literature. In addition, most studies in
this field focused mainly on the effects of annealing temperature on the
structural, optical, and morphological properties of TiO2 thin films. In
reality, when these parameters are changed, the self-cleaning function of
the thin film is also influenced. Therefore, understanding how these
modifications affect the TiO2 thin films' self-cleaning ability is a huge
contribution to the existing body of knowledge in photocatalytic appli-
cations of TiO2. A novel heat-assisted sol-gel technique was used to
prepare the transparent viscous films and then spin-coated on glass
substrates. The morphological, structural, optical, and molecular
bonding were investigated, followed by a self-cleaning and durability
test. The bandgap of the different deposited films was determined, and
conclusions were drawn based on the results obtained.

2. Experimental details

2.1. Materials

All compounds were procured as analytical grades and employedwith
no additional modification. The thin-film coating was carried out using
glass plates purchased from Sigma Aldrich, South Africa. TiO2 precursors
and solvents are 97% Titanium isopropoxide (TTIP) and 99.9% ethanol,
all purchased from Sigma Aldrich. The hydrolysis agent is ionized water,
and the stabilizer is nitric acid supplied byMerck Chemicals also in South
Africa.
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2.2. Substrate preparation

Before being cleaned, the glass slides had to be trimmed to size (25
mm� 20 mm x 1mm), washed with detergent, then ethanol, acetone and
ionized water are added, and then dried for 15 min for 30 min in a 100 �C
oven. Adequate cleaning of the substrates improves material-to-substrate
adhesion and prevents contaminants from the formed coating.

2.3. TiO2 sol preparation

The TiO2 Sol was made by liquefying 97% TTIP in 99.90 % ethanol in
a 1:5 volume proportionwhile stirring [19]. After 30min of agitation, the
acid stock, made of nitric acid and water at a ratio of 1:50 ratio, was
poured drop-by-drop into the precursor mixture while stirring non-stop
at 500 rpm with a magnetic stirrer to create a translucent gel. To
ensure proper hydrolysis, the mixture was agitated for an additional 2 h
at 60 �C under air pressure. Eq. (1) depicts the chemical synthesis of the
TiO2 gel.

TiðOC4H9Þ4 þ2H2O→TiO2 þ 4C4H9OH (1)

2.4. The TiO2 thin films deposition

A spin coater (Chemat KW-4A technology) was employed to coat the
TiO2 thin films. The statically applied solution onto the glass substrate
was first spanned at 1000 rpm for 6 s, followed by a 3000-rpm speed for
30 s.

The lower speed assisted in spreading the solution evenly across the
substrate's surface, whereas the greater pace helps the solution become
thinner. The deposited films were then annealed at different tempera-
tures of 400, 600, and 800 �C. The annealing at 800 �C was done in a
patchy heat and cold manner for short periods until one hour to avoid the
glass substrate from melting.

2.5. Characterization of the coated film

A TESCAN VEGA3 OXFORD scanning electron microscope was used
to analyze morphologies. The elemental composition was validated using
an Aztec instrument (OXFORD) EDX Spectrometer, while the structural
characteristic was investigated using an XPERT-PRO (Philips) X-ray for
2θ angles ranging from 5 to 90� with CuKα X-ray of wavelength λ ¼
1.54056 Å. The optical characteristics of the deposited films were
investigated with a scan rate of 600 nm/min on a UV-2450 (SHIMADZU)
Spectrochometer in wavelengths ranging from 200 to 600nm. A Perkin
Elmer Spectrum 100 FT-IR spectrophotometer was used to examine the
thin films' chemical bonding and absorption bands in the spectrum range
of 300–4000 cm�1. Testing for the self-cleaning capability of the
deposited films was conducted with methylene blue staining and then
exposed to visible light irradiation for two hours. The adhesion cross-
hatch test was used to determine the durability of the product. The entire
experimental steps and critical steps followed in this study are shown in
Figure 1.

3. Results and discussion

3.1. Elemental composition

Figure 2 shows the elemental composition of the TiO2 deposited thin
films and annealed at 400 �C. The image obtained from EDX examination
reveals Titanium (Ti) and Oxygen (O2) present in a larger bulk fraction.
Some constituents of the glass substrates such as Sodium (Na), Calcium
(Ca), Carbon(C), and Silicon (Si) appear in the EDX analysis but with a
lower weight percentage. Lukong et al. (2022) [20] achieved a similar



60 0C 
HEATING

ACID

MIXTURE 2

WATER

1:50

PRECURSOR ETHANOL

1:5

30mins

Dropwise 

WHILE STIRRING 

MIXTURE 1

SOL-GEL

2HR
STIRRING

SPIN 
COATING ON
SUBSTRATE

2hr
ANNEALING

THIN FILMTTTTTTTTTTTTTTTTTHHHHHHHHHH

Figure 1. Experimental process and critical steps of the study. Adapted and modified from Lukong et al [20], with permission from Elsevier Under the license Creative
Commons CC-BY-NC-ND.

Figure 2. EDX image of coated TiO2 film after annealing at 400 �C. Adapted from Lukong et al [20], with permission from Elsevier Under the license Creative
Commons CC-BY-NC-ND.
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result. The EDX analysis revealed a molecular weight percentage of 41.8
% for Ti and 43.0 % for O, which compares well to theoretical values of
40.07 % for O and 59.93 % for Ti in the TiO2 mix, in the absence of any
impurity, confirming the strong presence of TiO2 in proper measures in
the thin films [21]. Thermal subjection often activates the diffusion of
silicon and Sodium from the TiO2 thin film in the glass substrate [22].

3.2. Morphological studies

The morphologies of the TiO2 thin films annealed at 400, 600, and
800 �C were studied using scanning electron microscope (SEM). The SEM
micrograph obtained for the three different coatings is displayed in
3

Figure 3. At the annealing temperature of 400 �C, the particles had
snowflake structures evenly distributed over the substrate. Snowflake
structures are almost six-sided and have gaps within their ranks. These
gaps help to expose more surface of the particle to sunlight, thus
enlarging the area of sunlight energy absorption on the surface of the
particle. The thin film annealed at 600 �C shows the particle agglomer-
ated at certain points over the substrate surface. Smaller particles in the
nanometer range are seen scattered in between the agglomerated ones.
At 800 �C of annealing temperature, the particle splatters on the glass
substrate, increasing the size of the agglomeration. The highest porosity
shows that the pore volume increases, and the surface area diminish as
the annealing temperature increases. The soft and robust agglomerates



Figure 3. SEM images of deposited TiO2 thin films annealed at (a) 400 �C, (b) 600 �C, and (c) 800 �C. (a) was adapted from Lukong et al [20], with permission from
Elsevier Under the license Creative Commons CC-BY-NC-ND.

V.T. Lukong et al. Heliyon 8 (2022) e09460
result from the weak capillary forces and strong molecular bonds pulling
the small particles together to create larger ones on the substrate surface.
Several authors had reported similar morphological displays when they
varied annealing temperatures, some with different particle shapes [23,
24]. The snowflake shapes of the particle are more significant at 800 �C,
bringing out a well-open surface that encourages the adsorption of an
esteemed spectrum of solar energy per unit area of the surface, which is a
desirable property for self-cleaning and photocatalytic activities.

3.3. Structural and phase analysis

Figure 4 shows the X-ray diffraction patterns of the deposited TiO2
thin film, which were bound at different temperatures of 400, 600, and
800 �C for 2 Theta degrees from 10 to 80. The result reveals tetragonal
anatase crystal structures with broad peaks for the film annealed at 400�

(matching ICDD card no. 01-070-6826). No rutile phases were present at
400 �C. The tetragonal anatase phase had peaked at 2 Theta degrees of
25.42, 38.14, 47.98, 54.34, 55.29, and 63.09, relatable to (h k l) crystal
levels of (101), (004), (200), (211), and (204) in that order. For TiO2 thin
films annealed at 600 �C, the tetragonal anatase phase shows improved
crystallinity with sharper and higher peak intensities. Few rutile phases
with low intensity are also present at 2 Theta degrees of 27.38, 36.08,
41.22, and 56.51 relatable to (h k l) crystal planes of (110), (101), (111),
and (220) respectively according to ICDD card no 04-003-0648. The
Figure 4. X-ray diffraction patterns of thin TiO2 films at 400, 600, and 800 �C
are coated.

4

appearance of the rutile phase at 600�C can be attributed to the longer
annealing time of one hour that could create enough heat energy to effect
phase transformation [25]. The XRD pattern for TiO2 coated film
heat-treated at 800�C shows the presence of both anatase and rutile
phases with higher peak intensities. The molar proportion of anatase
(101) to rutile (110) phase was evaluated from the most intense XRD
peaks of both phases by Myers and Spurr method [26] using Equations
[2] and [3].

MR ¼ 1
½1 þ 0:8 ðPA=PRÞ� (2)

MA ¼1�MR (3)

where MR and MA signify the molar proportions of the rutile and anatase
phases, respectively, PR and PA denote the rutile and anatase peak in-
tensities. The results recorded in Table 1 show that as the annealing
temperature is raised, the anatase concentration decreases, and the rutile
content increases. It also depicts the complementary relationship be-
tween the two phases.

This finding also supports the idea that heat treatment can control
rutile and anatase molar fraction, as well as phase transformation.

The average crystallite dimension for the various coated films was
evaluated using the Debye-Scherrer formula [27] shown in Equation [4].

D¼ kλ
β cos θ

(4)

With λ representing the X-ray wavelength of Cu-k radiation (nm), β is the
full width of a maximum of half (FWHM) obtained in the radians, θ
represents the Bragg diffraction angle and k is a forming constant (0.9).
At an annealing temperature of 400 �C, the anatase TiO2 film crystallite
size varied from 4.19 to 5.13 nm. The crystallite size for anatase TiO2
coated film annealed at 600 �C had the lowest possible value of 18.29 nm
and a maximum of 20.23 nm. The anatase phase at 800 �C had crystallite
sizes ranging from 22.78 to 24.69 nm, an average crystallite value of
23.95 nm, and the rutile phase crystals had sizes from 31.37 to 36.85 nm.
Table 1. Variation of mole fraction of anatase and rutile with annealing
temperature.

Annealing Temperature 400 �C 600 �C 800 �C

Molar Proportions

MA 1 0.7032 0.6738

MR 0 0.2968 0.3262



Figure 5. FTIR bands of TiO2 coated film annealed at 400�C, 600�C, and 800�C.
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The evaluated average crystallite sizes for the rutile and anatase phases of
the TiO2 thin films alongside its properties for the three different
annealing temperatures investigated in this study are outlined in Table 2.

From the information available in Table 2, it is observed that as the
annealing temperatures were raised from 400 �C to 800 �C, the crystallite
size for anatase and rutile phases also increased. The largest crystallite
size of 34.59 nm was evaluated for rutile tetragonal structure at 800 �C.
This finding is consistent with Haq et al.'s (2018) [28] result for varying
annealing temperatures up to 900 �C. Although the crystallinity
remained tetragonal for the different annealing temperatures and all the
phases, the sharp peaks at 600 �C and 800 �C show the particles are better
crystalline than at 400 �C. A better crystalline structure and particles with
snowflake shapes improve self-cleaning properties and photocatalytic
function of TiO2 thin films because suitable crystal anatomies mean fewer
crystal flaws and a peak surface to volume ratio, that minimizes the rate
of recombination of electron hole [29].

3.4. Molecular bonding and absorption bands analysis

The molecular bonding and absorption bands of the TiO2 thin films
obtained for various annealing temperatures were analyzed using FTIR
spectroscopy, and the results are shown in Figure 5. All patterns for the
three different temperatures followed the same trajectory, but the peak
intensities decreased as the temperature increased. Prominent peaks are
seen in the range of 2950.37 cm�1 to 2840.10 cm�1 and the field of
1732.49 cm�1 to 840.51cm�1. The heat treatment helped in burning out
most of the hydroxyl groups. This is shown by the weak decreasing peak
intensity of O–H stretching vibration at 3750.86 cm�1 due to the dis-
appearing hydroxyl groups [30]. The C–H stretching vibration is seen
from 2950.31 cm�1 to 2840.10 cm�1. The sharp peaks at 1448.95 cm�1

and 1372.21 cm�1 are attributed to O–H in-plane bending vibrations.
The absorption at 1166.43 cm�1 is relatable to the C–O stretching vi-
bration. The broad bending bands around 957.71 cm�1, 840.10 cm�1,

and 799.69cm�1 can be attributed to Ti–O, Ti–O–Ti, and O–Ti–O,
respectively [31]. The significant absorption peaks indicate the carbox-
ylic group's strong presence and stability in stretching and the hydroxyl
in bending vibrations. Different functional groups in TiO2 thin films at all
annealing temperatures will influence their molecular absorption per-
formance [32]. As the annealing temperature increases, there is a shift of
the pattern towards the stretching vibration bands and a decrease in peak
intensity that could be due to the elimination of impurities and better
crystallization of the TiO2 structure. Chacko and Aneesh (2018) [33]
have reported similar findings.

3.5. Optical properties analysis

The optical analysis of thin film coated with titanium dioxide heat-
treated at 400 �C, 600 �C, and 800 �C is shown in Figure 6. Figures 6
(a) and 6(b) show the absorption spectra and linearity of the Tauc plot of
ðαhvÞ2 versus incident photon (hν) respectively. The optical bandgap for
the direction allowed transition for the prepared TiO2 thin films was
plotted using data from UV-2450 (SHIMADZU) spectrophotometer and
Tauc's relation [34] shown in Eq. (5).

ðαhvÞn ¼K
�
hv� Eg

�
(5)
Table 2. The phase, crystal form and average crystallite size of TiO2 thin films at
different annealing temperature.

Annealed temperature (C) Phase Crystallinity Average crystalline size (nm)

400 Anatase Tetragonal 4.77

600 Anatase Tetragonal 19.49

Rutile Tetragonal 30.61

800 Anatase Tetragonal 23.95

Rutile Tetragonal 34.59

5

Eg indicates the optical bandgap of the created films, hν denotes the
incident energy of the photon, ‘α’ stands for the absorption coefficient
calculated with the help of Beer-Lambert's law, and K is a constant in-
dependent of energy. The value of the symbol n is determined by the type
of transition (For a direct allowable change, n ¼ 2). A plot of ðαhvÞ2
versus (hν) between 200 nm and 600 nm showed that the TiO2 coated
films absorbed highly in the visible light spectrum for all the thin films
annealed at different temperatures. As shown in Figure 5(a), the pro-
duced thin film absorbed UV radiation with wavelengths of 420 nm and
below. It is observed that as the annealing temperature increased, the
absorption shifted to higher wavelengths. This is necessary to accom-
modate the required absorption. At higher temperatures, increasing
crystal size, as XRD results show, means that small surfaces are exposed
to light absorption. With smaller crystallite sizes, such as at 400 �C, a
large specific surface area is exposed to light absorption. This is the
capability of anatase TiO2 allows more photons to be energized and
boosts the power conversion efficiency of the solar panel [35].

As shown in Figure 5, the bandgap was calculated by stretching the
tangent from the right part of the curve to the horizontal axis. The direct
bandgap analysis of the coated film showed that after increasing the
temperature of annealing from 400 C to 800 C, the rate dropped from
3.39 eV to 3.20 eV. This value is consistent with the phase change of
anatase to rutile as the temperature of the annealing was increased. The
lower band distance is suitable for self-cleaning applications, as this film
is functional quickly once it is exposed to visible light. This is because
less energy is needed to move from valence to the conducting band,
resulting in higher photocatalytic activity. In the work of Sarode et al.
(2012) [36] and Ranjitha et al. (2013) [37], similar results were
observed in the TiO2 bandgap when the annealing temperature varied
between 100 and 500 �C. Annealing aids in the removal of internal
stresses in coatings that may have been formed during the deposition
stage, thereby improving the film's crystal anatomy. The bandgap of the
coated film will be optimized because of this enhancement in the crystal
structure. The Envelope method was used to establish the thickness and
refractive index of the coated film [38]. The refractive index and
thickness of thin films formed on glass substrates are calculated with
equations [6] and [7]. The variable N in the refractive index formula
depends on the type of absorption and is determined using Equation [8]
for medium and weak absorption.

n¼
h
N þ �

N2 � S2�1=2i1=2 (6)

d¼ λ1λ2
2ðλ1n2� λ2n2Þ (7)



Figure 6. Analysis of the optical properties of the coated TiO2 thin films; (a)
Absorbance spectra of the films at the different annealing temperatures, (b)
bandgap analysis of the thin films annealed at 400�C, 600�C, and 800�C, (c)
Refractive index plot against the wavelength of TiO2 thin film annealed at
600 �C.

Figure 7. Methylene blue degradation efficiency of TiO2 thin films annealed at
varying temperatures.
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However, for medium and weak absorption,

N¼2S
�
TM � Tm
TMTm

�
þ �

S2 þ 1
� �

2 (8)
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Where n denotes the TiO2 thin film's refractive index, d is film width,
Tm represents the minima, and TM represents the maxima of trans-
mittances in the envelope plot at a given wavelength, S is the refractive
index of the substrate, which is 1.51 for glass, 1 and 2 are respectively
wavelengths and refractive indices for two nearby maxima or minima.
Figure 6 (c) shows the refractive index of the sample which has been
annealed at 600 �C plotted against its wavelength. The coated TiO2 thin
film was established to have a thickness of 63 nm. The refractive index
curve's higher values implies good optical application features, as this
indicates significant absorption capability [39].

3.6. Self-cleaning test

For the self-cleaning test, the efficiency of each prepared thin film to
degrade methylene blue dye under visible light was investigated. Meth-
ylene blue solution (100ppm) was applied as a contaminant onto the
surfaces of the coated thin films. Following that, the films were exposed
to visible light (72 W) for four hours in a closed chamber, while control
samples stained with methylene blue were kept in the dark for the same
length of time. The absorbance values of the specimens were recorded
before being stained withmethylene blue and after visible light exposure;
the absorbance measurements were recorded again to assess the self-
cleaning ability. The setup was so that the percentage of methylene
blue degradation of the thin films annealed at the different temperatures
will be compared with the control sample to determine which annealing
temperature had the optimal photocatalytic activity or the highest
methylene blue degradation efficiency. The maximum absorbance peak
record was taken for each thin film at the different annealed tempera-
tures, and its percentage degradation was calculated with reference to
the control sample to generate a methylene blue degradation curve ac-
cording to Equation [9].

%D¼Co� Ct
Co

� 100% (9)

Where %D is the degradation efficiency, C0 is the methylene blue con-
centration at the beginning, and Ct represents methylene blue concen-
tration after visible light exposure on the thin film at the annealed
temperature. The results shown in Figure 7 revealed that photocatalytic
activity improved as the annealing temperature was raised, with the
maximum efficiency obtained at an annealing temperature of 600 �C,
after which there was a drop-in photocatalytic activity as seen with the
thin film annealed at 800 �C. This could somewhat be attributed to the
formation of better crystalline anatase structures at 600 �C because the
specific surface area of the TiO2 thin increased, leading to the creation of
more reactive sites to absorb methylene blue [40]. When the annealing



Figure 8. Thin-film durability test analysis; (a) Setup of how to remove the adhesion tape from the thin film surface, (b) Surface of crosshatched TiO2 thin film before
application of adhesion tape, (c) Appearance of the TiO2 thin film after removal of adhesion tape. (a) and (b) were adapted from Lukong et al [20], with permission
from Elsevier Under the license Creative Commons CC-BY-NC-ND.
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temperature increased to 800 �C, the increase in rutile phase intensity
and crystallite size limited the surface area in contact with the catalyst,
thereby reducing the photocatalytic activity [41]. Optimal photocatalytic
actions are desired in self-cleaning applications. Several authors,
including Liang et al. (2018) [42], have reported similar results for
sol-gel synthesized and spin-coated TiO2 thin films under various
annealing temperature variations.

3.7. Durability test

A durability test was performed to understand the strength of the
bond between the substrate and the coating. Such a test indicates how the
thin film will withstand distortions due to harsh environmental condi-
tions such as dust and sand crashes, heavy rainfall with hailstones,
impact from heavy winds and falling objects, corrosive materials, and
other environmental hazards. The adhesion crosshatch method was used
to perform the test, and the data obtainedwere analyzed according to ISO
9211-4 grade.

On each specimen, six equidistant lines 2 mm aside were cut using a
nickel-gilded diamond glasscutter (Z169064-1EA) from Sigma-Aldrich.
Then, to produce a crosshatched pattern, another set of six equidistant
lines 2 mm from each other were slashed perpendicularly across the
other set of six. The crosshatch pattern was scrutinized for irregularities
before the adhesive tape from ISADEAL SA was gently applied evenly on
top of it and firmly rubbed on the coated film surface with a finger on the
non-sticky side. After that, the specimen was gripped solidly in one hand
while the sticky tape was slowly and steadily withdrawn from the spec-
imen surface at a 90-degree angle. Before the application of the tape, the
specimen was inspected for damage, bare blotches, strange particles,
7

cracks, and other abnormalities that might influence the results. The
sample was examined under transmitted light with unassisted eyes for
coating removal after the tape had been removed, in accordance with ISO
14997.

Figure 8 depicts the results of the various thin-film durability tests.
After cross-hatching the thin films, adhesion tape was applied firmly to
the hatched surface and removed quickly in the manner depicted in
Figure 8(a). Figures 8(b) and 8(c) are zoomed images of the appearance
of the coated TiO2 films before and after the application of the sticky
tape, respectively. In line with ISO 9211-4, the film is rated from 0 to 5
depending on the detachment of the coating after the application and
removal of the adhesion tape. The value zero implies that the cuts' edges
are completely smooth and none of the squares of the lattice is detached.
This indicates a strong bond between the coating and the substrate. A
mark of 5 indicates severe coating separation and flaking, as well as a
weak coating-to-substrate bond. By comparing Figure 8(c) to 8(b), it is
observed that after placing and withdrawing the sticky tape on all thin
films, a very small crack occurred on the TiO2 coatings. The edges of the
cuts and lattice squares showed a decrease of less than 5% for the thick
film coated with 400 and 600 �C. Although there were few drops at the
intersections of the hatched lines, there were some flakes at the in-
tersections of the hatched lines. The hatchings' faults at the borders of the
cuts and cross points can be traced to the diamond cutter's handling
during the hatchings' creation. The absence of a coating section of less
than 5% demonstrates that the coating of TiO2 thin films is difficult to
remove and therefore durable, as mandated by the ISO 9211-4 re-
quirements. These findings tally with Womack et al. (2019) [43] to test
anti-reflective coatings' durability on solar cell coverings. However, the
thin film was annealed at 800 �C although had a solid coating to the
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substrate bond; the high annealing temperature made the glass substrate
more brittle, implying that such thin films will not withstand substantial
impacts. Greater than 5% flaking of the coated films was also observed
within the lattice squares for thin film annealed at 800 �C, revealing that
the adhesion tape removed more material. This could be because as the
glass substrate became brittle, it melted within its ranks during the
annealing and led to invisible defects such as cracks within the coating,
making it quickly removed by the adhesion tape. A slight colour change
due to residual leftover was observed on all thin films after applying the
adhesion tape, as seen in Figure 8(c). Afzal et al. (2021) [44] noted that in
addition to its self-cleaning capabilities, TiO2 coatings harden solar cell
covers preventing them from scratches and other physical damage. In the
self-cleaning technology industry, constructing self-cleaning surfaces
using low-cost and simple approaches has proven to be a challenge [45].
As a result, this outcome provides a first step towards conquering this
obstacle.

4. Conclusions

In this study, thin-film TiO2 has been successfully deposited onto a
glass substrate via a liquid-gel and rotation coating process. The influence
of the temperature variation of the anode on the self-cleaning property of
the TiO2 film was studied for structural, morphological, optical, and
photocatalytic activities. The morphological analysis revealed a snow-
flake shape that is uniformly distributed over the substrate at 400 �C and
agglomerated as the annealing temperature increased. EDX analysis
showed that Titanium and Oxygen atoms were strongly present in the
thin films with higher percentage weights, while the FTIR analysis
confirmed a substantial presence of TiO2. Crystallite sizes of 4.77nm,
19.49 nm, and 23.95 nm were obtained in the anatase phase at 400, 600,
and 800 �C, respectively, showing that the size increases with incre-
mental annealing temperature.

In addition, the optical band decreased from 3.39 eV to 3.20 eV when
the annealing temperature was raised from 400 �C to 800 �C. Self-
cleaning tests confirmed that TiO2 thin films annealed at 600 �C have
the highest efficiency of methylene blue decomposition, while the
durability test revealed that the TiO2 thin film annealed at all the tem-
peratures had a solid substrate to coating bond. However, the 800 �C
annealing temperature made the glass substrate more brittle.

Finally, it can be inferred that raising the annealing temperature in-
creases the photocatalytic properties, and thus the self-cleaning capa-
bility of the thin film. Findings from this study will be immensely helpful
in designing future self-cleaning coatings for photovoltaic applications
with TiO2 as a major material.
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