EVALUATION OF TITANIA-BASED THIN FILMS FABRICATED VIA THE
AQUEOUS SPRAY METHOD FOR APPLICATIONS AS ANTI-SOILING COATINGS

ON SOLAR CELL COVER GLASS

A THESIS SUBMITTED IN PARTIAL FULFILMENT OF THE

REQUIREMENTS FOR THE DEGREE OF

MASTER OF SCIENCE IN RENEWABLE ENERGY

OF

THE UNIVERSITY OF NAMIBIA

BY

KLAUDIA NDAWAPEKA MWATILE

218201499

APRIL 2025

SUPERVISOR: DR. PHILIPUS N. HISHIMONE, UNIVERSITY OF NAMIBIA



Abstract

The growing demand for sustainable energy has made solar energy essential in the world
energy transition. To maximize power output, solar PV systems must operate effectively.
However, factors like soiling on the solar cell cover can reduce efficiency and overall
power output. Traditional cleaning methods are typically expensive and labor-intensive,
therefore emphasizing the need for simpler, cost-effective solutions like anti-soiling
coatings. This study investigates the structural, optical, and photocatalytic properties of
aluminum (Al), zinc (Zn), and copper (Cu) doped titanium dioxide (TiO2) thin films
prepared via an aqueous spray method. Aqueous precursor solutions were formulated by
mixing Ti* complexes with AI**, Zn?*, or Cu** complexes, with molar percentages varying
from 0% to 10%. The results from UV-vis spectroscopy indicated that doping significantly
enhanced the optical properties of TiO: thin films, with Al, Zn, and Cu-doped films
showing higher transmittance than undoped TiO-. X-ray diffraction (XRD) confirmed that
all samples retained the anatase phase of TiO. without secondary phases of the dopants.
Photocatalytic degradation tests revealed that 6% Cu-doped TiO: exhibited the highest
degradation rate of 28% for methyl orange (MO), while 8% Al-doped and 2% Zn-doped
films showed optimal activity at their respective levels. These findings suggest that doping
TiO- thin films at appropriate doping concentrations can enhance their optical properties
and photocatalytic efficiency, making them promising candidates for anti-soiling

applications on solar cell covers.
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CHAPTER 1 : Introduction

1.1 Background
The use of solar energy has grown to become the basis of the approach to sustainable and
renewable power sources [1]. With this regard, solar photovoltaic (PV) systems require
effective and efficient operation to achieve maximum power output [2]. This can be
achieved by preserving the optical and structural integrity of the solar cell cover glass
which protects the underlying photovoltaic layers [2]. Employing scratch-resistant
coatings, anti-soiling coatings and routine maintenance including cleaning of the cover
glass to ensure optimal light transmission and protection against environmental factors are
some of the ways used in the attempt to keep solar photovoltaic systems working
efficiently [3]. However, there are associated costs including the need for high-quality
materials and the regular cleaning and maintenance of solar panels [3]. While some
improvements have been made, the application of anti-soiling coatings has also been
hindered by several research concerns, including the optimization of fabrication methods,
composition for enhanced anti-soiling performance and uncertainties regarding long-term

durability [4].



1.2 Statement of the problem
The need for regular cleaning and maintenance of solar cell cover glass is often labour-
intensive and costly. Additionally, current fabrication methods for thin films as anti-soiling
coatings are expensive and complicated. Therefore, there is a need for continued, research
on simpler and cheaper fabrication methods of these coatings.

1.3 Objectives of the study
The purpose of the study was to evaluate the use TiO>-based thin films fabricated via the
aqueous spray-coating method as anti-soiling coatings for solar cell cover glass.
The specific objectives of this study were to:
a) fabricate TiO2-based thin films via the aqueous spray method
b) characterize the fabricated thin films
c¢) evaluate thin films' suitability for anti-soiling coatings

1.4 Significance of the study
The utilization of TiO2-based thin films in this research not only exhibits their eco-friendly
nature but also highlights their cost-effectiveness. The successful development of TiO2-
based anti-soiling coatings for solar cell cover glass could significantly improve the
operational efficiency and lifespan of solar panels, making them more reliable and cost-
effective.

1.5 Limitations of the study
Thin films fabrication and characterization needed to be done within a short period time
from each other. However, equipment such as X-ray diffractometer (XRD) were not

available at UNAM therefore samples had to be sent to other institutions. These extended



periods between the fabrication and acquiring of characterization results did not give us
ample time to optimize the fabricated thin films or do necessary modifications.

1.6 Delimitations of the study
The study primarily focused on TiO»-based thin films produced through the aqueous spray
method, without investigating alternative materials or fabrication techniques. Moreover,
the research was limited to laboratory-based experiments and characterization procedures
and the primary application considered for the TiO»-based thin films was their use as anti-

soiling coatings on solar cell cover glass, excluding other potential applications.



CHAPTER 2 : Literature Review

2.1 Soiling effect on solar cell performance
Solar energy is one the sources of renewable energy that has been broadly studied because
of its ability to produce power effectively without imposing negative environmental
effects [5, 6]. Solar photovoltaic (PV) systems are believed to have a lifespan of about 25
years. However, several factors such as soiling can hinder the efficient operation of the
solar cells and overall reduce the power output of the PV systems [7, 8]. Soiling refers to
the accumulation of dust and dirt particles on the cover glass of solar cells and is
considered one of the significant challenges that reduce the performance and the efficiency
of PV systems [9, 10]. This is attributed to the fact that soiling on solar cell cover glass
reduces the amount of sunlight that can penetrate the solar cell and therefore less amount
of sunlight is transmitted and less energy is converted to power leading to optical losses
[11]. Factors that result in soiling include various sources such as wind, humidity and dew
amongst many other factors [8]. Figure 2.1 displays the accumulation of soiling on the
solar cell cover glass. In a study by Rahoma et al. a decrease in power output after just
one month of dust exposure on solar cells was observed with optical losses reaching
33.5%, escalating to 65.8% after six months without cleaning [12]. In a separate study by
Sayigh et al. reduction in transmission up to 65% was observed on dust-covered glass

panels after 38 days, with varying effects based on tilt angles [13].



Figure 2.1. Illustration of soiling on solar cell cover glass

Soiling can also lead to partial shading, which may result in the formation of hot spots
which cause certain cells to resist the current generated by the other cells, ultimately
decreasing energy efficiency and reducing the lifespan of the module [10]. Additionally,
it has been reported that the losses that result from soiling do not only affect the power
output, but they also results in economic losses whereby a vast amount of money is put
into the maintenance and cleaning of the PV modules [14]. It has been noted that fine dust
particles are the most likely to reduce the amount of light transmitted by PV modules
compared to coarse particles. This is because coarse particles are easily swept away by
wind whilst fine particles are not easily swept away and remain settled on the solar cell
cover glass [15]. To maintain cleanliness and reduce soiling, various soiling mitigation
techniques have been developed. These techniques include but are not limited to manual,
natural and mechanical cleaning methods [16]. Manual cleaning methods makes use of
soft brushes that have a direct and continuous water supply that splashes along with
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cleaning [17]. Coarse cloths or sponges are also used with the help of manual labor to
remove dirt and dust that has adhered onto the surface PV modules as shown in Figure

2.2[9, 17-19].

Figure 2.2 Manual cleaning of solar cells at the University of Namibia

Although manual cleaning has been one of the first methods used in the cleaning of PV
modules, it has found some shortcomings. These shortcomings encompass the need for
regular cleaning, high cost involved in the use of water to clean and manual labor which
requires skilled personal in addition to repeated rubbing and direct contact of the brushes
with the surface of the PV module which can cause damage to the PV modules and reduce
the lifespan and efficiency of the PV modules overtime [9, 17]. On the other hand, natural
methods of cleaning removes dust with the aid of natural sources such as heavy rainfall,

wind and gravity [20]. Although rainfall was found to effectively remove dust from the



surface of PV modules, it also leads to the reduction in the generation of energy as heavy
rain can lead to non-uniform cleaning while light rainfall can lead to mud puddles on the
surface of the PV modules [21]. Additionally, rainfall is scarce and irregular in arid and
semi-arid areas and therefore it becomes unreliable [22]. Wind has been found to remove
coarse dust particles that are 1um in diameter as strong winds with moderate speed do not
cause dust. However, fine dust particles cannot be removed by wind as extreme wind
velocities are needed for the removal of fine dust particles [9, 17].

Like rainfall, wind becomes unreliable as winds are influenced by seasonal variations and
changing weather patterns [21]. Gravity is another natural form of cleaning PV modules
as inclined positions of the PV modules as increased tilt angles from 0° to 90° makes it
easier for dust particles to be removed with the aid of gravity however these angles
minimize the amount of light transmission received by the modules [23]. Mechanical
cleaning methods makes use of automated robotic systems that are equipped with signal
receivers, position sensors and dust concentration sensors to clean and brush PV modules
by wiping, brushing and blowing off dust [9, 24]. This method of cleaning requires less
manual labor as the robotic cleaners are independent. However, the use of these systems
involve high operational costs, complex mechanical maintenance and the effectiveness of
these systems against soiling has not been well established [9, 17]. Additionally, high
energy is required to operate these systems as they need power to work which is not cost
effective [25].

Anti-soiling coatings which are categorized as self-cleaning coatings, have been
integrated into PV module structures as another technique that is used to minimize the

accumulation of dust on solar cell cover glasses [26]. These anti-soiling coatings have



hydrophilic and/ or hydrophobic properties where they exhibit wettability behavior
resulting in their self-cleaning abilities [26]. Hydrophobic anti-soiling coatings are those
that naturally repel water by forming spherical droplets upon contact with water and roll
down the surface washing away dirt off the surface. Hydrophilic anti-soling coatings on
the other hand naturally attract water forming a droplet that spreads over the area of the

surface and sweeps dirt away [18].
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Figure 2.3 Classification of Surface wettability based on Contact Angle. [27]

The hydrophobic and hydrophilic nature of anti-soiling coatings is determined by their
wettability properties which are measured by the water contact angle (WCA) as shown in
figure 2.3. The WCA refers to the angle a liquid form when it comes into contact with a
solid surface and this angle is influenced by the adhesion or cohesion properties of both
the liquid and the solid [18]. WCA that are below 90° are considered hydrophilic while
those that are above are considered to be hydrophobic [28].

Hydrophilic coatings can form WCA of less than 90° because they contain weak cohesive
forces and strong adhesive forces therefore liquid molecules are attracted to the solid
surfaces which results in the wettability of the surface [18]. In addition, when the WCA is

very low such that it reaches 0° it is called super-hydrophilic. On the other hand,



hydrophobic coatings form WCA of more than 90° as the they have strong cohesive forces
and weak adhesive forces therefore liquids tend to attract each other more than they attract
surfaces, and this results in repulsions and when the WCA reaches about 180° the coating

is called super-hydrophobic [18].

2.2 Titanium dioxide (TiO2) and its properties

Titanium dioxide (TiO2) which is alternatively referred to as titania owing to its naturally
occurring oxide of titanium, is a metal oxide semi-conductor that has been widely studied
owing to its chemical stability, non-toxicity, affordability and excellent photocatalytic
activity [29, 30]. As a result of its properties, TiO> has been employed as a coating in
several applications ranging from photovoltaics, photocatalysis, sensors, photo-
electronics and electrochemical applications [31].

TiO; extensively exits in three crystalline phases namely anatase, rutile and brookite [29]
Of the three phases, the anatase and rutile crystalline phases are the most commonly
studied phases compared to the brookite phase as they both have practical significance in
the structure of TiO:. For instance, the rutile phase is more thermodynamically stable
while the anatase phase exhibits high photocatalytic activity and brookite is the least stable
therefore the least studied [32] Both the anatase and rutile phases have a tetragonal shape
but they do not belong to the same structural phase while the brookite phase has an
orthorhombic shape [33].

Previous studies have indicated that coupling the rutile and anatase phases shifts electrons
from the rutile phase to the anatase phase which practically produces great electron-hole

pair separation which further increases the photocatalytic activity of the anatase compared



to when only the anatase phase is present [34]. Furthermore, at very high temperatures
ranging from about 450-1200°C, the anatase phase can convert to the rutile phase due to
its low density [35]. Additionally, the anatase phase also poses a low dielectric constant
and high electron mobility which makes it useful in solar cell applications [36].

At wavelengths smaller than 386 nm, anatase absorbs light within the UV range and for
this reason it has been useful in the production of paints and paper in contrast to rutile
which is more resistant to UV light compared therefore it is mostly used for paints [30].
Given that TiO: has applications in electronic devices and solar cells, its optical properties
play a very significant role in these applications and these optical properties include its
chemical stability, high transparency in the UV region and optical band gap [37]. The
optical properties of TiO2 nanoparticles in particular can be influenced by the particle size
whereby reducing the size of TiO: nanoparticles below 200nm changes its optical
properties from opaque to transparent which makes it accessible in the UV region [38].
Additionally, the anatase crystalline phase of TiO2 demonstrates good catalytic efficiency
and electron mobility which is an advantageous characteristic of TiO> for applications in
photovoltaic and photocatalytic [39, 40]. The enhanced photoactivity associated with the
anatase phase has been attributed to its decreased oxygen adsorption capacity, elevated
degrees of hydroxylation, and a marginally elevated Fermi level [39]. Conversely, the
rutile phase is distinguished by its elevated refractive index and significant optical
absorptivity, which makes it useful in optical communication devices such as modulators,
switches, and isolators [40]. The band gap of TiO> differs with its phase whereby the
anatase phase has a band gap of 3.2 eV and the rutile phase has a band gap of about 3.0

eV. Therefore, in this context, the anatase phase is perceived as the active photocatalytic

10



entity, a distinction that can be linked to the chemical characteristics of TiO> and the
formation of electron-hole pairs that stem from its capacity to absorb UV light, which
aligns with its band gap [41]

The particle and crystal size of TiO» influences its electronic properties[38]. In
optoelectronic devices, it has been reported that the anatase phase is more favourable for
the production of these devices attributed to the fact that the anatase phase has a smaller
electron mass than all the other phases which elevates the mobility of its charge carriers
[42]. The electronic properties of TiO> can also be altered by introducing dopants of either
metals or non-metals to narrow its band gap making it even more responsive to UV light

[43].

2.3 Applications of TiO2

Since TiO; is known for its remarkable properties, it has been used in a wide range of
applications including nanobiotechnology and nanomedicine, energy devices, energy
storage and production, environmental protection as well as industrial production [44].

In nanobiotechnology, TiO; has gained attention due to its hydrolysis, oxidative properties
as well as antimicrobial properties which also make it non-toxic [45, 46]. A study
investigated the photocatalytic impact of TiO2 nanoparticles on biofilm production by
Listeria monocytogenes, finding that UV-activated TiO> led to a significant reduction in
biofilm mass when deposited on stainless steel and glass surfaces [47]. In a separate study,
the addition of potassium iodide (KI) as an inorganic salt enhanced the photocatalytic
activity of TiO; against fungi and various bacteria, yielding an increase in antimicrobial

efficacy, dependent on UV light intensity and TiO» concentration [48]. Additionally,
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another study showed that coating orthopaedic implants with TiO> nanoparticles reduced
bacterial colonization, with nearly all tested bacteria being eliminated after 50 minutes of
UV exposure. The decay kinetics of photokilling observed in their study indicated a two-
step process, differing from earlier reports of pseudo-first-order reactions [49].

In energy devices, the progress of nanoscience and nanotechnology has uncovered new
chemical and physical characteristics of TiO> nanoparticles, paving the way for the
development of nano-sized solar cells utilizing TiO> [50]. Recent studies have
concentrated on synthesizing TiO2 nanoparticles in various configurations to optimize
their surface areas, which enhances the interfacial reactions between the nanoparticles and

the surrounding media in photovoltaic systems [51]. Modifications to the surface have

been shown to affect energy offsets, charge transport, separation, and recombination

processes involving TiO; nanoparticles [52]. Among the various forms of TiO:

nanoparticles, nano-whiskers have been recognized as particularly advantageous for solar
cell and windscreen production due to their exceptional charge transport properties [53].

A significant drawback of TiO2 nanoparticles in semiconductor-based sensing devices is
their sensitivity to humidity, which can render sensor responses unreliable in environments
with fluctuating humidity levels [54]. This sensitivity is primarily due to the presence of
hydroxyl groups on the surfaces of the nanoparticles [55]. In lithium-ion batteries, TiO2
has emerged as a promising alternative to traditional carbon-based anodes as it offers
several advantages, including lower cost, enhanced safety, and reduced toxicity and
demonstrates excellent structural stability and a high discharge voltage plateau [56-58].

Additionally, nanostructured TiO serves as a low-voltage insertion host for lithium,

12



enabling fast insertion/extraction capabilities that make it suitable for high-power
applications [59, 60].

In energy production, the production of chemical fuels through the conversion of solar
energy is regarded as a crucial strategy for tackling the current global energy crisis [61].
Since the landmark discovery of water splitting on a TiO; electrode in 1972 ,
photocatalysis has attracted considerable attention as a viable method for generating clean,
eco-friendly, and cost-effective hydrogen (Hz) using solar energy [62—64]. TiO> has
emerged as a leading oxide semiconductor photocatalyst for water splitting due to its
resistance to chemical and photo-corrosion over time [65-67]. However, pure TiO>
exhibits relatively low photocatalytic efficiency, making the performance of H, production
highly dependent on the type and amount of cocatalysts used [68]. This is largely because
TiO; primarily operates under UV light to bridge the anatase phase band gap (3.2 eV)
[69]. Consequently, effective band gap engineering is essential to enhance TiOz's
performance as a semiconductor photocatalyst for improved H> production via water
splitting and initial efforts involved using cations such as Ag?*, AI**, Mn?", Cr**, Fe*", and
V>* as dopants to introduce new states within the TiO> band gap [70]. However, Asahi et
al. pointed out various challenges associated with this method, including increased
recombination centers, the necessity for low-cost ion implantation, and thermal instability
[43]. They suggested nitrogen doping as a more effective strategy for band gap
engineering compared to cationic or anionic doping. Nonetheless, subsequent research
questioned nitrogen doping's efficacy as the optimal approach noting that the
photocatalytic activity of nitrogen-doped TiO: for H> production was relatively low [71,

72]. To further boost H> production from water splitting using TiO» nanoparticles,

13



researchers incorporated platinum (Pt) as a cocatalyst and noted an enhancement in H»
evolution when sacrificial reagents were present. However, the scarcity and high cost of
Pt present significant obstacles to scaling this technique. Park et al. successfully created
carbon-doped TiO> nanotubes that demonstrated effective H, evolution [73].

In another study, Chen et al. explored an alternative method to enhance solar absorption
for water splitting by employing black TiO» nanocrystals with disordered surface layers
achieved through hydrogenation. The TiO2 nanocrystals were synthesized using a titanium
tetraisopropoxide (TTIP) precursor combined with ethanol, deionized water, the organic
template Pluronic F127, and hydrochloric acid (HCl). The resulting nanocrystals were
calcined at 500°C for six hours to eliminate Pluronic F127 and improve the crystallization
of TiO». To induce disorder in the nanophase of TiO», a porous network of nanocrystals
measuring less than 10 nm was hydrogenated. This process shifted the absorption range
from UV into the near-infrared (NIR) region and resulted in a noticeable color change.
The researchers found that these disorder-engineered nanocrystals exhibited substantial
photocatalytic activities, including the photo-oxidation of organic compounds in water
and Hz production using a sacrificial donor under solar illumination [74].

In environmental protection, the use of TiO2 nanoparticles in wastewater treatment has
been recognized as an effective method for breaking down organic pollutants through
photocatalysis [75]. Nasikhudin et al. evaluated the effectiveness of TiO2 nanoparticles
for the photodegradation of methylene blue under different pH conditions. The findings
showed that the TiO2 nanoparticles of the anatase phase achieved a remarkable 97%
degradation of methylene blue within three hours when exposed to UV light while in the

absence of UV light only 15% of the dye had degraded and this was attributed to the
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adsorption of the dye by TiO» rather than the photocatalytic action [76]. Behnajady et al.
investigated the effects of varying precursors and synthesis conditions on the
photocatalytic activity of TiO> nanoparticles for the removal of organic pollutants [77].
They specifically varied factors such as solvent percentage, reflux time, temperature,
drying method, calcination temperature, and water content. The photodegradation of
methyl orange (MO), a model textile industry contaminant, was monitored under UV light.
Their study demonstrated that the photo-induced degradation of MO by TiO:
nanoparticles was influenced by the type of solvent, precursor, and other synthesis
conditions. In comparison to commercial TiO> P25, the TiO> nanoparticles synthesized
using TTIP as the precursor, methanol as the reflux solvent for three hours at 80°C,
followed by thermal drying and calcination at 450°C, showed similar photocatalytic
activity [77]. Furthermore, nano-TiO2 can be anchored onto carbon-based materials such
as carbon nanotubes (CNTs), graphene, and carbon nanofibers to create nanohybrids that
demonstrate enhanced photocatalytic performance for wastewater treatment [78, 79].
Carbon-based materials are particularly well-suited for supporting TiO> due to their
chemical resistance, mechanical strength, thermal, electrical, and optical properties [80,
81].

In industrial applications, TiO> has attracted attention due to the high refractive indices of
the rutile (2.70) and anatase (2.55) crystalline phases of TiO2 which have the ability to
scatter light prominently and for this reason it has been used as white pigment in plastic,
paper, coatings and ink [82]. In coating applications, TiO: is used as a film or paint on
different surfaces such as buildings, wood and metals to cover the surface depending on

their specific uses [83]. In plastic applications, TiO: is added in order to make the plastic
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less transparent and in the paper industry, TiO: is used as the white pigment in paper as it
makes paper brighter and opaquer and and papers with TiO; are usually white, shiny, thin,
and smooth. Since paper doesn't need to resist light as much as paint, both types of TiO>

anatase and rutile are commonly used [82, 84].

2.4 TiO: as an anti-soiling coating
In addition to its numerous applications, TiO> has also been used as an anti-soiling/self-
cleaning coating due to its effectiveness in enhancing surface cleanliness [26]. The self-
cleaning properties of TiOz stem from two mechanisms namely photocatalysis and
hydrophilicity/hydrophobicity [85, 86]. Photocatalysis is a process that requires both light
and a catalyst, with TiO: playing a crucial role in initiating chemical reactions through this
mechanism [87]. The photocatalytic process begins when UV light with photon energy
equal to or greater than the band gap of TiO- is absorbed, causing an electron to jump from
the valence band to the conduction band, which leaves a positively charged hole in the
valence band [88]. These charge carriers then engage in redox reactions with molecules
adsorbed on the TiO: surface where the hole acts as a strong oxidizing agent, while the
electron acts as a reducing agent. The hole reacts with water (H20) or hydroxyl ions (OH-
) to produce hydroxyl radicals (OHe¢), which are powerful and non-selective oxidants
capable of degrading pollutants into H-O and CO: [89]. Simultaneously, the electron in
the conduction band reduces adsorbed oxygen (O:) to superoxide radicals (O:¢), which
can further react to generate additional OHe radicals which interact with organic pollutants
and harmful microorganisms leading to their breakdown [90]. If the electron-hole pairs

recombine before they can react, energy is released as heat, which reduces the efficiency
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of TiO2 photocatalysis [91]. This recombination process competes with the redox reactions
of electron donors and acceptors and can occur in either the semiconductor bulk or at its
surface, releasing heat and diminishing photocatalytic performance [92]. Figure 2.3
shows a diagram depicting the self-cleaning process, highlighting how organic

contaminants are degraded when exposed to sunlight [85].
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Figure 2.4 Schematic representation of the self-cleaning mechanism by degradation of
organic contaminants.
A study by Komaraiah et al. demonstrated the photocatalytic degradation of methyl blue
(MB) aqueous solution in the presence of visible light illumination for 4 hours with TiO-
thin films as the catalyst. The TiO> was deposited onto glass substrate via the sol-gel
spinning method and these thin films demonstrated 92% MB degradation efficiency [93].
Another study by Hassen et al investigated the photodegradation of MO by TiO> . The
results showed the decolorization of MO in 300 minutes in the presence of UV light which
indicates that TiO; is highly effective in breaking down the MO in the presence of UV

light [94].
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TiO; is primarily hydrophilic, and its hydrophilicity arise mainly from two mechanism
[95]. Firstly, under illumination, hydroxylation occurs on the surface of TiO; creating
hydroxyl anions as well as oxygen vacancies. During photocatalysis, the hydroxyl ions
bond onto the oxygen vacancies creating the hydrophilic nature of TiO2 [96]. Additionally,
the holes generated during photocatalytic degradation migrate to the surface of TiO> where
they get trapped into the oxygen vacancies as well and form hydroxyl anions in the
presence of water, further inducing the hydrophilic nature of TiO> [52, 97].

The second mechanism pertains to the breakdown of contaminants on the surface of TiO>
in addition to photodegradation where UV illumination can trigger the desorption of
loosely bound water molecules from the TiO: surface in which the Ti-O-Ti bonds are
easily broken by water molecules to form two new Ti-OH bonds which further transforms
the surface into a hydrophilic state [97, 98]. A study by Lukong et al. investigated the
deposition and characterization of TiO2 thin films for self-cleaning applications in
photovoltaics. The thin films fabricated via spin coating on glass substrate demonstrated
hydrophilic properties with a WCA of 37.30° and the self-cleaning test done by the
photocatalytic degradation of MB showed that TiO> thin films were able to degrade 90%
of the dye after 120 minutes of exposure to UV light proving that TiO> thin films are
effective in self-cleaning applications [99]. In a separate study by Lopes et al. assessment
of the anti-soiling performance of TiO> coatings on concentrated solar power (CSP)
mirrors was done which revealed that the coating did not have any effect on the reflectivity

of the CSP mirror and exhibited great endurance [100].
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2.5 Effect of doping on TiO2

The application of TiO; is limited to its UV light absorption due to its wide band gap
[101]. For this reason, researchers have attempted to shift the sensitivity of TiO2 by doping
it with various elements [102]. Doping refers to the introduction of impurities into the
TiO, lattice in order to modify and improve its properties [103]. These modifications
include improving the optical properties of TiO> which increases its sensitivity in the
visible region and further expands its applications [104]. Surface modification by doping
also reduces the recombination of electron and holes generated in the presence of light by
increasing the charge separation in return increasing the photocatalytic efficiency of TiO>
[105].

TiO> has been previously doped with various metals including Aluminium (Al), Zinc (Zn)
and Copper (Cu) to improve its properties. Al for instance is known to improve the
electrical properties of TiO2 by increasing the density of states (DOS) near the fermi
energy level that results in higher density of charge carriers [106]. Furthermore, Al
increases light transmittance of TiO2 by reducing the surface trap state of TiO2 which traps
electron and limit their movement [107]. Zn has been introduced as an effective dopant
into TiO> due to its ability to improve the electrical as well as the optical transparency of
TiO; and overall increase the photocatalytic efficiency of TiO: by preventing the
recombination of photogenerated electron and holes [108, 109]. The incorporation of Cu
into TiO2 can increase the interaction of photogenerated electrons and holes with
compounds on the surface of TiO, due to Cu being able to reduce electron-hole
recombination [110]. The decrease in the recombination rate of electron-hole pairs can be

attributed the reduction in the band gap of TiO2 by Cu [111, 112]. Additionally, Cu is also
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able to modify the energy adsorption of TiO, which improves its optical properties[111].
In a study reported by Pava et al, Cu-doped TiO> thin films fabricated via the sol-gel
method were able to increase the degradation efficiency of undoped TiO: thin films from
2.6% to 25.1% by the degradation of MO after 6 hrs [113]. In another study by Bensouici
et al, Cu-doped TiO- thin films deposited via the sol-gel method demonstrated a decrease
in optical band gap energy with increasing Cu concentration indicating the ability for Cu
to enhance the visible light absorption and photocatalytic efficiency of TiO> [114]. In a
separate study Zn-doped TiO; thin films prepared by sol-gel showed a decrease in band
gap energy of TiO2 from 3.10 eV to 3.83 eV and the study on also revealed that films with
2 wt% and 4 wt% Zn, annealed at 300 °C and 400 °C, exhibit hydrophilic properties, with
water contact angles ranging from 22° to 54° suggesting that the incorporation of Zn and
controlled annealing significantly enhance the hydrophilicity and photocatalytic
efficiency of Zn-doped TiO: thin films, making them promising candidates for self-
cleaning applications [115]. Although TiO2 has been doped with other metals such as
nitrogen (N), Nickel (Ni) and Tin (Sn) etc. Al, Zn and Cu pose as sustainable dopant

materials due to their non-toxicity, availability and cost effectiveness [108, 112].

2.6 Established methods for the fabrication of thin films
One of the critical aspects of utilizing thin films is their fabrication with precise control
over their properties [116]. The method of fabrication has great impact on the outcome of
the uniformity, thickness and composition of the thin films [117]. The fabrication methods

can be divided into two, namely physical and chemical deposition techniques.
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Physical deposition includes magnetron sputtering and pulsed laser deposition (PLD)
techniques which involve vaporizing as solid material in a vacuum environment which is
further deposited onto a substrate to create the thin film [117, 118]. Thin films created
through these techniques are often highly durable, of high quality and resistant to
corrosion. However, their drawbacks include costly and complex high ultra-high vacuum
systems that are needed for the deposition process, and they also have slow deposition
rates as well as low deposition rates [118—120].

Chemical deposition techniques include but are not limited to, chemical vapor deposition
(CVD), atomic layer deposition (ALD), sol-gel, spin coating and spray coating [120].
CVD involves chemical reactions whereby compounds of a gaseous phase diluted with an
inert carrier gas decompose on the surface of a heated substrate to form a solid film [117,
118, 120]. CVD produces high-quality films with good uniformity and high deposition
rates. However, it requires very high temperatures as well as expensive and complicated
equipment for production and their by-products are hazardous [119-121]. In ALD two or
more gaseous precursors react on the surface of the substrate in a sequential manner to
produce the thin film [120]. Thin films fabricated through these methods are often of good
quality, have excellent adhesion and do not require high temperatures for production.
However, they have low deposition rates and suitable chemical precursors are rare [119,
120].

Sol-gel is one of the most common and broadly used techniques in the fabrication of thin
films [122]. It involves hydrolysis and partial condensation of metal precursors to form a
liquid colloid suspension called sol which further undergoes condensation to form a gel

hence the name sol-gel [120]. Although sol-gel uses simple and cost-effective equipment,

21



uses low temperatures and has high adhesion strength, it makes use of harmful; organic
compounds, involves high cost of raw materials and chemical precursors are not stable
against hydrolysis and side reactions [119, 120]. In the spin-coating technique, the
precursor solution is deposited into the center of the substrate and the substrate is spined
at high speed to form uniform thin films [118]. These methods produce thin films with
high uniformity, use simple and cost-effective instrumentation however it cannot produce
thin films on a large scale and wastes the precursor solution during spinning [120]. The
spray coating method involves the deposition of an aqueous precursor solution onto a
preheated substrate through a spray nozzle using compressed air as a carrier gas to form
thin films [118, 119].This method has grown as an emerging fabrication method over other
methods due to its low production cost, high growth rate, high quality adherent films with
uniform thickness, flexibility of substrate choice and its ability to produce thin films on a

large scale [118, 120, 123].

2.7 TiO2-based thin films fabricated by the aqueous spray method.
Due to its instrumentation and low costs, the aqueous-spray method has been used to
fabricate TiO> thin films. In a study conducted by Kadhingula, the fabrication of TiO; and
TiO2/Ag composite thin films fabricated via the aqueous spray method was investigated.
The study focused on preparing precursor solutions involving Ti*" and Ag** complexes to
prepare thin films, also emphasizing the spray method as a cost-effective approach to
produce TiO; thin films for its applications in nanotechnology. The resultant thin films
yielded more than 80% transmittance validating the method’s potential for functional

material production [124]. In a different study by Mutenda, the fabrication of TiO thin
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films using the spray coating methods was investigated where precursor solution
containing AI** and Ti** complexes were spray-coated onto pre-heated glass substrates
yielding Al-doped TiO; with improved transmittance [125]. Another investigation led by
Giolando focused on developing a transparent self-cleaning coating for solar energy
applications, consisting of titanium dioxide nanocrystals embedded in fluorine-doped tin
dioxide fabricated via the aqueous spray method. The resultant coated glass demonstrated
high transmittance in the visible region and exhibited increased abrasion resistance and
stability under certain temperatures and these results suggested that the self-cleaning

coatings can enhance the performance of solar energy devices [126].
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CHAPTER 3

Materials and Methods

3.1 Chemicals
The chemicals used in this study were oxalic acid (H2C>O4), ammonium oxalate
(NH4)2C204, 97% titanium (v) butoxide (Ti(OBu)4), 1-propanol, 100% hydrogen peroxide
(H2037), aluminum nitrate nonahydrate (Al(NO3)3.9H,0), zinc acetate (Zn(CH3COO)y) ,
25% ammonium hydroxide (NH4OH), copper acetate (Cu(CH3COO); and methyl orange
(MO). All chemicals were used without further modification and all solutions were
prepared using distilled water and the ethical clearance certificate was obtained from the

university of Namibia ethics committee o the 20™ of September 2024.

3.2 Preparation of ammonium titanyl oxalate monohydrate (NHa4)2[Ti
(C204)20]-H20 (Ti*" complex)
Ammonium titanyl oxalate monohydrate (NHa4)[Ti(C204)20]-H2O was not readily
available. Therefore, it was prepared from scratch in order to obtain a Ti*' complex that
was used to prepare Ti*" precursor solutions. (NHa)2[Ti (C204)0]-H20 was prepared
according to previous methods done by our research group.
In a beaker, (NH4)>C204(1.8863 g) was dissolved in distilled H>O (50.0000 g) by heating
at 80°C while stirring with a magnetic stirring bar (hot plate setting 698 RPM). After it
had completely dissolved, H2C204 (1.9162 g) was added to it while stirring and heating
continued until H>C>0O4 had also completely dissolved. Ti(OBu)4 (5.1546 g) was then
gradually added to the mixture and the solution was left to stir while heating at 80°C for

1 hour. After 1 hour the solution was expected to be clear. However, it was turbid (cloudy)

24



therefore a small amount of oxalic acid was added and the solution turned clear [127].
After the solution had turned clear it was removed from the hot plate and immediately 1-
propanol twice as much as the solution was added while stirring with a stirring rod until a
white powder formed which was suspected to be the (NHa)[Ti (C204)20]-H20 (Ti**
complex) product. It was then filtered with a Buchner funnel and washed severely before
it was left to dry in a desiccator for about 1 hour.

3.3 Preparation of undoped Ti*' precursor solution
The Ti*" complex previously obtained in 3.2 was used to prepare an undoped Ti*'
precursor solution. This was achieved by mixing the Ti*" complex (0.5978 g) with 100%
hydrogen peroxide (H202) (0.0691 g) and distilled water (40.0000 g). The concentration
of the solution was kept at 0.05 mmol/g. This solution was the stirred for 1 hour at room
temperature.

3.4 Preparation of AI’*, Zn?* and Cu?* precursor solutions

The precursor solution containing AI** complexes was prepared by dissolving 0.1110 g of
AI(NO3)3-9H,0 in 10.0000 g of distilled water. Similarly, the Zn>" precursor solution was
formulated by combining 0.1166 g of Zn(CH3COO). with 0.5066 g of NH4OH and
10.0000 g of distilled water. For the Cu** precursor solution, 0.0935 g of Cu(CH3COO),
was mixed with 0.2106 g of NH4OH and 10.0000 g of distilled water.
All solutions were stirred for one hour at room temperature, maintaining a concentration
of 0.05 mmol/g throughout.

3.5 Preparation of Al, Zn and Cu-doped Ti*" precursor solutions
The precursor solution containing only Ti* complexes was regarded as the 0% doped Ti**

solution. Ti*" doped precursor solutions were prepared by taking 9.8 g of the Ti*" precursor
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solution and combining it with 0.2 g of the AI’" precursor solution resulting in the total
mass of 10 g. This was done in order to achieve 2% Al-doped Ti*' precursor solution. This
process was repeated for 4%, 6%, 8%, and 10% Al-doped solutions by adjusting the
amounts of Ti*" and AI** precursor solutions accordingly where for instance, to make a 4%
Al-doped solution, 9.6 g of Ti*" and 0.4 g of AI** was used to make a total mass of 10g.
The same method was also applied to prepare Zn-doped Ti*" precursor solutions.
However, with Cu, the initial plan was to prepare Cu-doped Ti*" solutions with five
different doping concentrations of 2%, 4%,6%, 8%, and 10% but during the preparation
process, it was observed that the 8% and 10% Cu-doped solutions were not clear and
exhibited cloudiness, making them unsuitable for spray as the cloudiness could
compromise the quality and uniformity of the resulting thin films. As a result, the study
proceeded with only the three clear solutions (2%, 4%, and 6%) of Cu-doped Ti*".
3.6 Fabrication of TiO2-based thin films

Before fabrication of the thin films, quartz glass substrates were prepared by
ultrasonicating them in soapy water for 30 minutes. They were subsequently scrubbed
with a sponge, rinsed with distilled water, and ultrasonicated again in distilled water for
another 30 minutes. After rinsing with distilled water, the substrate was placed in isopropyl
alcohol (IPA) and ultrasonicated for 30 minutes. It was then rinsed with IPA,
ultrasonicated in IPA for an additional 30 minutes, and finally stored in IPA.

The undoped, Al, Zn and Cu-doped precursor solutions were used as the coating solutions

and spray-coated onto the pre-heated quartz glass substrates of 20 x 20 mm?

, using
identical experimental set up from previous work done by our research group as shown in

Figure 3.1 [125].
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Figure 3.1 Illustration of spray-coating set-up

The quartz glasses were placed on a stainless-steel plate of a hotplate and the temperature
of the hot plate was controlled and monitored at 180°C using a thermocouple thermometer.
6 g of each coating solution was spray-coated onto the pre-heated quartz glass using an
airbrush (HP-SAR; ANEST IWATA Co., Kanagawa, Japan) with compressed air of 0.2
MPa as a carrier gas, spraying for 5s at 20s intervals and at a spraying rate of 0.49 g/min.
The distance between the tip of the airbrush and substrate was kept at 300 mm.
3.7 Heat-treatment

For annealing, the as-sprayed thin films were placed into crucibles heat-treated at 500°C
for 30 minutes in a separation muffle furnace and thereafter left to cool at room

temperature.
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3.8 Characterisation
Fourier Transform Infrared Spectroscopy (FT-IR) which was carried out to identify and
confirm the bonds in the synthesized (NH4)2[Ti (C204)2.0]-H2O. The fabricated thin films
were characterized using various techniques. The crystal structure of all the thin films
were determined utilizing X-ray diffraction (XRD) using a SmartLab X-ray diffractometer
(Rigaku, Tokyo, Japan). Parallel beam optics at an incident angle of 0.3° was used in the
20 range of 10—80°. The optical transmission spectra of the thin films were measured using
the UV-Vis (PerkinElmer UV/VIS spectrometer) analysis in the spectral range of 200-

1100nm to assess their interaction with light in the visible region.

3.9 Photocatalytic Activity of the TiO2 thin films
The photocatalytic activities of the prepared thin films were investigated by degradation
of MO dye. The thin films were immersed in 4 mL methyl orange solution contained in a
cell. The initial concentration of the methyl orange was kept at 8 mg/L. A xenon lamp with
visible light was used as the light source and the distance between the light source and the
cell was 25.5 cm. Before the lamp was turned on the dispersion was placed in the dark for
30 minutes to reach ad/desorption equilibrium. After the ad/desorption equilibrium, the
lamp was then turned on for 4 hours of irradiation. UV-vis spectrophotometer was used to
assess the absorbance of the dye after irradiation. The beer lambert’s law in equation 1
was used to obtain the concentration of the dye after irradiation.
A=¢-Cl
Where A is the absorbance, ¢ is the molar absorptivity, C is the concentration and | is the

path.
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After the concentration was determined, the degradation efficiency of the thin films was
determined using the following equation

Degradation efficiency = (Co-C/Co)*100
Where Co was the initial concentration of MO before irradiation, and C was the

concentration of the MO after irradiation
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CHAPTER 4

Results and Discussion

4.1 Prepared precursor solutions and resultant thin films

Figure 4.1 Precursor solutions contain (a) Ti*" (b) AI** (c) Zn*" and (d) Cu®*" ions
The precursor solution containing Ti*" had an orange color (Figure 4.1) which is an
indication of the presence of Ti*' ions [124]. The AI’*" and the Zn?>* precursor solutions
were clear solution while the Cu?* solution was blue. Figure 4.2 shows the Al, Zn and Cu-
doped precursor solutions used to fabricate the thin films and Figure 4.3 shows the

fabricated thin films.

Figure 4.2 (a) Al-doped Ti*" precursor solutions, (b) Zn-doped Ti*" precursor solutions
and (¢) Cu-doped Ti*" precursor solutions
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4.2 Characterisation of the synthesized (NH4)2[Ti(C204)20]-H20
The FT-IR spectrums of oxalic acid and ammonium oxalate were used as baselines for
identifying the functional groups in the Ti** complex as shown in Figure 4.4. Oxalic acid
showed characteristic O-H stretching band around 3495 cm™ as well as C=O stretching
band around 1686 cm™. In the ammonium oxalate, N-H stretching band were observed
around 3196 cm™! as well as C=0 and C-O stretching bands between 1130 cm™ and 1630
cm’!. In the Ti*" similar O-H peaks were observed, but with slight shifts, indicating
coordination with Ti** ions. Additionally, the appearance of Ti—O bond peaks around 650
cm™' confirmed the complex formation, with the overlapping and shifted peaks from

oxalic acid and ammonium oxalate.
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Figure 4.4 FTIR spectra of ammonium oxalate, oxalic acid and ammonium titanyl

oxalate monohydrate

4.2 Crystal Structures
The structural properties of the prepared thin films were obtained using XRD. Figure 4.5
demonstrates the diffractogram of the undoped and Al-doped TiO> with the observed
diffraction peaks at 20 of 25.30° assignable to characteristic peaks of anatase TiO2 (101).
No additional peaks attributable to Al species were observed which could suggest the
successful incorporation of Al into the TiO; lattice without disturbing its structure [128].
Additionally, it has been observed that the intensity and sharpness of the peaks increases
with increasing doping percentage from 2% to 10% Al-doping. This can be attributed to
the high physical stressing on the lattice with increasing Al incorporation into the TiO»

structure and could imply the enhancement of the crystal growth [128, 129].
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Figure 4.5 XRD diffractogram of undoped and Al-doped TiO; thin films

Similarly, the structural properties of the Zn- and Cu-doped TiO: thin films were also
investigated using XRD shown in Figures 4.6 and Figure 4.7 respectively. As with Al
doping, the Zn and Cu-doped samples exhibited diffraction peaks corresponding to the
anatase phase of TiO2, with no additional peaks detected which may be attributable to Zn
or Cu species, indicating their successful incorporation into the TiO: lattice without
significant structural disruption. However, for the Cu-doped TiO- films, the intensity of
the anatase peaks was notably higher compared to those of the Al- and Zn-doped samples.
This suggests that Cu doping exerted greater stress on the lattice, promoting enhanced
crystal growth and leading to sharper and more intense anatase peaks than those observed

with Al or Zn doping.

33



Intensity (a.u.)
f
=

20 (Cu-Ka) / degree

80

T10, (Anatase)

ZnO

Figure 4.6 XRD diffractogram for undoped and Zn-doped TiO2 thin films
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4.3. Optical properties
The transmittance spectra of the undoped and Al, Zn and Cu-doped thin films were studied
to evaluate the effects of doping on the optical properties of TiO» and the transmittance
was notably higher in the visible region and near infra-red region (NIR) while lower at
wavelengths below 400 nm. Figure 4.8 shows the transmittance spectra of undoped and
Al-doped TiO; thin films. The transmittance is higher in the visible region and lower at

wavelength below 400 nm. The transmittance of the undoped TiO» thin film is about 78%.
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Figure 4.8 UV-vis transmittance spectra of Al-doped TiO> thin films at different doping
concentrations.

The highest transmittance achieved by the Al-doped thin films was 92% for 4% doped
thin films, followed by 6% with 89% while both 2% and 10% both increased the
transmittance with 83%. Anjum et al. noted that inconsistency of the increase in
transmittance with Al-doping percentage can be attributed to the fact that transmittance is
influenced by various factors including surface morphology such as smoothness and
roughness of the thin films, deposition technique, thickness as well as material with the
lower achieved transmittance such as those achieved by the 2% and the 10% being
attributed to highly agglomeration of grains and undecomposed materials [ 108].
Interestingly, the 8% Al-doped thin films had the lowest transmittance of 77% which is
lower than the undoped TiO> meaning that Al has decreased the transmittance of TiOx>.

This observed trend aligns with findings documented in the existing literature and is
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attributed to increased photon scattering caused by crystal defects, as well as free carrier
absorption from excess doping materials [130]. Despite the fluctuations, the overall the
effect of Al-doping on the optical transmittance of TiO, improves with specific doping
levels and the variation in transmittance with different doping concentrations suggests that
Al is a promising dopant for improving the transmittance of TiO> with variable doping
concentrations.

The optical transmittance of undoped and Zn-doped TiO: thin films, as illustrated in
Figure 4.8, demonstrates an improvement in transmittance with the introduction of Zn
doping. Notably, the 2% Zn-doped thin film exhibits a significant increase in
transmittance, reaching 89%, compared to the 78% transmittance of the undoped films.
This increase in light transmission highlights the beneficial impact of low-level Zn doping.
Although a slight reduction in transmittance is observed at 4% Zn doping, with 88%, and
continues to decline marginally at higher concentrations of 6%, 8%, and 10% doping
levels resulting in 86%, 87%, and 87%, respectively however these values remain higher

than the undoped counterpart, underscoring the overall enhancement.
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According to Anjum et al. the decrease in transmittance with increasing doping
concentrations of Zn can be attributed to significant grain agglomeration and the presence
of undecomposed material [108]. These results suggest that Zn doping can enhance the

optical properties of TiO2, but careful optimization of the doping level is required to
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The transmittance spectra of Cu-doped TiO: thin films, as shown in Figure 4.10 reveal a
trend with doping concentration. The 2% Cu-doped TiO: thin films exhibited the highest

transmittance, reaching 92%, followed by the 4% and 6% Cu-doped films, which

displayed transmittance values of 85% and 83%, respectively.
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Figure 4.10 UV-vis transmittance spectra of Cu-TiO> thin films at different doping
concentrations
This decrease in transmittance with increasing Cu concentration suggests that lower levels
of Cu doping effectively enhance the optical properties of TiO.. The significant
transmittance at lower doping concentrations points to an optimal balance between Cu
incorporation and light transmission, where minimal doping improves the film’s
transparency, while excessive doping may introduce defects or scattering centers,

reducing transmittance.
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4.4 Photocatalytic activity

The photocatalytic activities of the undoped and doped TiO- thin films was analysed by
the degradation of MO under visible light. After irradiation, a noticeable reduction in the
initial volume of MO used in the experiment was observed. According to Kriel et al. the
reduction in the volume changes can be attributed to evaporation that occurs during the
process. To maintain consistency in experimental conditions and ensure accuracy in the
results, Kriel has recommended reinstating the amount of solute (water) lost during
irradiation to compensate for the evaporated volume.

Figure 4.11 shows the absorbance spectra of the MO before irradiation as well as MO
after 4 hours of irradiation in the presence of undoped and Al-doped TiO: thin films. The
absorbance of the MO before irradiation was found to be 0.4844 and all absorbance values
of each MO solution was measured at 468 nm. The results indicate that the absorbance of
the MO changes with different doping levels. The absorbance of MO irradiated in the
presence of undoped TiO: thin films decreased from 0.4844 (before irradiation) to 0.4152,
indicating that the undoped TiO: effectively facilitated the reduction of MO absorbance in

solution [131].
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Figure 4.11 MO orange absorbance spectra before and after photocatalysis in the
presence of undoped and Al-doped TiO>
Interestingly, 2% and 4% Al-doped TiO- showed an increase in absorbance to 0.4978 and
0.4955 respectively suggesting an apparent increase in the final concentration of the MO
after irradiation. This has been previously attributed to the formation of intermediate
species during the degradation process. According to Beydaghdari et al, a high initial
concentration of the dye can lower photodegradation efficiency by saturating the active
sites on the photocatalyst surface, reducing photonic efficiency. As MO undergoes partial
degradation, these intermediate species accumulate and can bind to the surface, occupying
active sites. Additionally, these intermediates may exhibit absorbance in a similar
wavelength range as MO, thereby appearing as an increase in MO concentration [132].
This effect results in a misleadingly high absorbance reading, as the spectrophotometer
detects both MO and intermediate species, making it seem as though the concentration of
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the dye has increased rather than decreased. Consequently, the apparent increase in
absorbance with 2% and 4% Al-doping could indicate that photocatalytic efficiency was
limited by site saturation and the accumulation of intermediates, which masked the actual
degradation progress of MO. Doping at 6% slightly reduced absorbance to 0.4670,
showing minor improvement. 8% Al-doped TiO: achieved the lowest absorbance of
0.4136, comparable to undoped TiO, indicating an increase in the photocatalytic effect
on MO. Finally, 10% Al-doped TiO: exhibited an absorbance of 0.4337, which had some
degradation, but reduced efficiency compared to the 8% Al-doped. Overall, these findings
suggest that undoped or moderately doped TiO: (particularly around 8%) may offer better
photocatalytic performance, with lower and higher doping levels having limited or adverse
effects. The decrease in absorbance by the 6% and the 10% Al-doped TiO: thin films can
be attributed to electron-hole recombination that occurs before the dye degrades as photo

generated electrons and holes have a short lifetime [133].
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Figure 4.12 MO orange absorbance spectra before and after photocatalysis in the

presence of undoped and Zn-doped TiO>

The absorbance spectra of MO in the presence of Zn-doped TiO: thin films (Figure 4.12)
shows the lowest absorbance of 0.3623 obtained by 2% Zn-doped followed by 8% with
0.3994. Although 10%, 4% and 6% showed a decrease in the absorbance compared to of
the MO before irradiation, the undoped TiO> was able to degrade the dye more. The
decrease in in absorbance is due to the fact that Zn does not provide shallow trap for
photogenerated electron sand holes in order to avoid recombination before degradation
[105].

Figure 4.13 shows the absorbance spectra of MO in the presence of Cu-doped TiO; thin
films. These thin films showed a trend in absorbance with 2% Cu-doped having the highest

absorbance but not the higher than the undoped TiO; thin films. The initial MO absorbance
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of 0.4844, the value drops to 0.3448 with 6% Cu-doped TiO-, indicating effective dye

degradation under irradiation.
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Figure 4.13 MO orange absorbance spectra before and after photocatalysis in the

presence of undoped and Cu-doped TiO>

This reduction in absorbance can be attributed to doping, which enhances charge
separation and minimizes electron-hole recombination by modifying the electronic
structure of TiO:, shifting its absorption edge into the visible range. Consequently, higher
doping levels improve photocatalytic efficiency by enabling more effective use of light
energy for degradation [114].

The degradation effeciency of the undoped and doped TiO; thin films on the MO was
calculated and plotted as a function of the doping concentration. Figure 4.14 shows the
degradation efficiency of Al-doped TiO> thin films on the MO where 8% demonstrated
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the highest effeciency of about 14.62%, slightly increasing the degration of the undoped
TiO2 which had a degration effeciency of 14.275% while the 2% and 4% had no eefct on

the degration effeciency and the 10% and 6% decreased the degration.
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Figure 4.14 Degradation efficiency of undoped and Al-doped TiO; thin films on MO

The degradation efficiency of the Zn-doped TiO: (Figure 4.15) had an increase in the
degradation efficiency increasing the degradation up to 25.215 by 2% and 17.55 by 8%
Zn-doped TiO; thin films while 4%, 6% and 10% decreased the degradation of the

undoped TiO,
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Figure 4.15 Degradation efficiency of undoped and Zn-doped TiO; thin films on MO

Cu-doped TiO2 demonstrated the highest degradation efficiency of 28.82 by 6% Cu-doped
thin films followed by 4% with 16.78% and 2% with 14.66% (Figure 4.16). The increase
in degradation with increase in doping percentage of Cu is in accordance with literature
where it has been noted that increasing Cu doping in TiO: creates more active sites on the
catalyst surface, enhancing the formation of reactive species like electron-hole pairs and

hydroxyl radicals which in return boosts the degradation efficiency since more radicals

25.21%
, 17.55%
14.27% 11.52% 11.75%
6.01%
0% H = B
MO Before 0 2 4 6 8 10

irradiation

Zn concentration (%)

are available to break down contaminants [112].
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Figure 4.16 Degradation efficiency of undoped and Cu-doped TiO: thin films on MO
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CHAPTER 5

Conclusion
This study evaluated and characterized TiO2-based thin films, including Al, Zn and Cu
doping, fabricated through the aqueous spray method, aiming to enhance their
performance as anti-soiling coatings on solar cell cover glass. Results demonstrated that
the doped TiO: films exhibited high optical transmittance, which is critical for maximizing
solar cell efficiency, with anatase-phase TiO: confirmed by XRD patterns and no
additional peaks for dopants. Additionally, the UV-vis and degradation studies indicated
that doping influenced the optical absorption properties, with Al, Zn and Cu dopants
showing varied effects based on concentration. The photocatalytic degradation of MO
demonstrated that TiO: thin films, particularly at optimized doping levels, have the
potential to reduce soiling effects by actively breaking down contaminants in the presence
of irradiation. This work supports the application of TiO:-based coatings as promising
solutions to maintain solar panel efficiency, confirming that the aqueous spray method

offers a reproducible and effective means for thin-film fabrication.
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CHAPTER 6

Recommendations
Based on the findings, further research is recommended particularly focusing on
optimizing doping concentrations, as incremental adjustments in doping levels may
further improve transmittance and photocatalytic Additionally, conducting long-term
stability tests under real-world environmental conditions, such as UV exposure and
temperature fluctuations, would help assess the durability and practical applicability of
the coatings. Moreover, investigating alternative doping elements or co-doping strategies
may also enhance TiO-’s properties, as different ionic radii and electronic configurations
could improve charge separation and absorption. Finally, applying the coatings in outdoor
field tests on solar panels would provide valuable data on anti-soiling effectiveness and

potential impacts on energy output.
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