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ENHANCED OPTICAL, STRUCTURAL AND ANTIBACTERIAL
PROPERTIES OF ZnO DOPED TiO2 COMPOSITES

ABSTRACT

In daily life, bacterial infections are common issues for human health. Thus, researchers
are searching for valuable materials to prevent antibacterial infections and environmental
pollutants. Thin film is a well-known application for photocatalytic and biological
activity. Hence, thin-film formation is an excellent way to overcome these problems due
to its nanosize thickness and enhanced monolayer or a multilayered structure. The most
common material for the production of a thin film is titanium oxide (TiO>). It has various
traits to enhance the activity of thin films, such as structural and optical properties.
However, single usage of pure TiO2 has some limitations over these problems. Therefore,
new techniques need to be implemented to overcome these limitations, and it is called
doping. Doping is a standard method for manipulating material properties to provide
enhanced functionality.

Thus, ZnO was selected as a dopant due to its good bandgap energy and high electron
activity. Therefore, this thesis mainly focused on the antibacterial, structural, and optical
activity differences of pure TiO2and ZnO doped TiO». Within several different thin film
deposition methods, the sol-gel method was used in this research due to its easy
progression at room temperature, low cost, and homogeneity traits. UV-vis
spectrophotometer (Labomed Spectro 22) was used for optical analysis in the spectral
range of 190-1100 nm wavelengths. Structural differences include homogeneity and
particle size were determined by an X-ray diffractometer (XRD, Philips PW-1800).
Antibacterial activity of pure and doped TiO- thin films was analyzed by the standard of
ISO 22196 protocol against gram-positive “Staphylococcus aureus” and gram-negative
“Escherichia coli”. As a result, XRD and UV-vis spectrophotometer measurements show
that our dopant ZnO efficiently enhances the bandgap energy of pure TiO», and the
correlation between dispersibility and homogeneity was achieved in the concentration
range of ZTA-B-R (5-10).



Keywords: Thin film, TiO2, ZnO, Doping, Sol-gel, XRD, UV-vis spectrophotometer,
Antibacterial.

ZnO KATKILI TiO2 KOMPOZITLERIN GELISTIRILMIS OPTIK, YAPISAL
VE ANTIBAKTERIYEL OZELLIiKLERI

OZET

Giinlik yasamda bakteriyel enfeksiyonlar insan sagligi i¢in yaygin bir sorundur. Bu
nedenle arastirmacilar, antibakteriyel enfeksiyonlar1 ve ¢evresel kirleticileri nlemek i¢in
degerli materyaller ariyorlar. Ince film, fotokatalitik ve biyolojik aktivite icin iyi bilinen
bir uygulamadir. Bu nedenle, ince film olusumu, nano boyutlu kalinlig1 ve gelistirilmis
tek katmanli veya ¢ok katmanli yapisi nedeniyle bu sorunlarin iistesinden gelmek igin
miikemmel bir yoldur. ince film {iretimi i¢in en yaygin malzeme titanyum oksittir (TiO5).
Yapisal ve optik 6zellikler gibi ince filmlerin etkinligini arttirmak icin ¢esitli 6zelliklere
sahiptir. Bununla birlikte, saf TiO2'nin tek kullanimi bu problemlerde bazi sinirlamalara
sahiptir. Bu nedenle, bu smirlamalarin iistesinden gelmek i¢in yeni tekniklerin
uygulanmasi gerekir ve buna doping denir. Doping, gelismis islevsellik saglamak icin
malzeme 6zelliklerini manipile etmek icin standart bir yontemdir.

Bu nedenle, iyi bant aralig1 enerjisi ve yiiksek elektron aktivitesi nedeniyle ZnO katki
maddesi olarak se¢ilmistir. BOylece, bu tez temel olarak saf TiO2 ve ZnO katkili TiO2'nin
antibakteriyel, yapisal ve optik aktivite farkliliklarina odaklanmistir. Diger farkli ince
film biriktirme yontemleri i¢inde, oda sicakliginda sirecin kolay ilerlemesi, diisiik
maliyeti ve homojenlik oOzellikleri nedeniyle bu arastirmada sol-jel yoOntemi
kullanilmistir. UV-vis spektrofotometre (Labomed Spectro 22), 190-1100 nm dalga boyu
spektral aralifinda optik analiz i¢in kullanilmistir. Homojenligi ve pargacik boyutunu
iceren yapisal farkliliklar, X-151m1 difraktometresi (XRD, Philips PW-1800) tarafindan
belirlenmigtir. ISO 22196 protokolii standardina gére gram pozitif “Staphylococcus
aureus” ve gram negatif “Escherichia coli”ye kars1 saf ve katkili TiO2 ince filmlerin
antibakteriyel aktivitesi analiz edilmistir. Sonu¢ olarak, XRD ve UV-vis
spektrofotometre dlgiimleri, katki maddesi ZnO'nun saf TiO2'nin bant aralig1 enerjisini
verimli bir sekilde arttirdigini ve ZTA-B-R (5-10) konsantrasyonu araliginda

dagilabilirlik ve homojenlik arasindaki korelasyonun saglandigin1 gostermistir.



Anahtar Sozcikler: Ince film, TiO,, ZnO, Katkilama, Sol-jel, XRD, UV-vis
spektrofotometre, Antibakteriyel.
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1. INTRODUCTION

Material science and bioengineering are important majors of human life. Thus, a
collaboration of these two different majors can be beneficial for biotechnological
advancement. This thesis mainly focused on discovering valuable materials which can be
used in biomedical applications or environmental remediation. Before starting the
research, materials need to be determined and selected according to their different usage
areas. In this research, primary materials need to be multifunctional. Therefore, the
primary material is chosen according to its multifunctional capability in both biology and
material science. Titanium oxide (TiO) is one of the best favorable materials for its
unique traits. Titanium oxide (TiO>) is also promising material due to its photocatalytic,
semi-conductive, high degradation, easy to process, and low-cost traits (Luttrell et al.,
2014). Titanium oxide (TiO2) is commonly used for thin-film and coating applications.
However, sometimes using single material can produce some problems because of
materials' limitations, and often, these limitations are overcome by using dopants. A
cross-section of these limitations needs to be handled correctly to get the desired result
(Firdaus et al., 2012).

Therefore, the addition dopants need to be selected to synergize with titanium oxide and
overcome its limitations. Every dopant has different bandgap energy, recombination rate,
electron mobility, surface structure, and other features. Thus, dopants generally enhance
the activity of primary material due to their beneficial effects on structural,
morphological, chemical, and physical traits (Khlyustova et al., 2020). Therefore,
dopants’ addition may manipulate the TiO> main features such as surface area,
recombination rate, bandgap energy level, optical and other traits (Khlyustova et al.,
2020). For example, recent research shows that zinc oxide ZnO (wurtzite); has good
electron activity at room temperature and has expansive bandgap energy compared to
TiO2 phases (Firdaus, Rizam, Rusop, & Hidayah, 2012). Therefore, ZnO-doped TiO- and

three pure TiO2 phases were used for the experimental process.

In this thesis, the sol-gel method primary method for the preparation of thin films. The

sol-gel method creates highly efficient and homogenous thin films with low cost and less
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time consumption. One of the main advantages of using the sol-gel method is to create
homogenous material at room temperature. Homogeneity and sustainability are too
essential for biomedical applications, and the sol-gel method can provide these traits by
controlling the reaction's stoichiometry without creating unwanted residue (Pant et al.,
2019). In characterization and determination of structural, optical and antibacterial traits
of TiO2 was achieved by several instruments such as UV-vis spectrophotometer, XRD
and I1SO 22196 protocol, respectively. UV-vis Spectrophotometer was provided
absorbance values of different doped and undoped materials (Skoog, West, Holler, &
Crouch, 2004). After this measurement, resonance ratio and normalize width calculation
done for the homogeneity testing. Homogeneity and sustainability necessary for TiO>
studies due to its applications areas include biomedical and environmental areas. Thus
homogeneity determination process is achieved by tracking the correlation between
resonance ratio and normalize width. These two measurements give thehomogenity and
dispersibilty trait of materials (Tan & Resasco, 2005) . Bandgap energy manipulation is
significant for the photocatalytic and antibacterial activity of TiO,. Energy band gap
correlation between doped and undoped composites was achieved by using the Tauc pilot.
It demonstrates the direct and indirect conductivity levels of different composites TiO>
Is an indirect semiconductor, and ZnO is a direct conductor, and the combination of these
two materials tends to go either indirect or direct (Firdaus et al., 2012). Determination of
these conductivity levels was found using the Tauc intensity- wavelength graphs. XRD
analysis shows the average particle size of doped and pure TiO2 materials. The addition
of new materials tends to create impurities, but using the sol-gel method prevents this
problem and provides a good result for the brookite phase and a minor advancement for
the anatase and rutile phase. However, the experimental result shows that our doping
process provides a promising result for further implementation and hints at which

concentration levels are critical for structural, optical, and antibacterial enhancement.
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2. LITERATURE REVIEW

2.1 General Information about TiO2

Titanium dioxide (TiO>) is the second transition metal, and it is a valuable material for
material science and biomedicine. William Gregor discovered TiO2 in 1791, and Heinrich
Klaproth isolates it. Titanium dioxide (TiO2) has a bright white color, and it has three
crystalline phases: anatase, brookite, and rutile (Zhang & Banfield, 2014). Titanium
dioxide (TiO) is an excellent semiconductor in terms of bandgap energy, such as anatase
3.20 eV, rutile 3.00 eV, and brookite 3.13 eV (Linsebigler, Lu, & Yates, 1995;
Thiyagarajan, Sivakumar, & Rajangam, 2016; Wang, He, Lai, & Fan, 2014). The anatase
and brookite phases naturally transform into the rutile phase under high temperatures,
and this trait makes the rutile phase the most stable phase (Zhang & Banfield, 2014). Its
morphology highly depends on its phase differences and chemical manipulation, such as
dopant addition. In addition, titanium dioxide (TiO2) has multifunctional traits such as
high recombination rate, biodegradability, and photocatalytic activity in higher
temperatures (I M Joni, 2018). TiO> is used in various areas such as dye-sensitized solar
cells, ion batteries, gas sensors, filters, light sensors, humidity sensors, hydrogen sensors,
tissue engineering, biomedical and biodegradable treatments, industrial dyes, textile, and

environmental remediation. (I M Joni, 2018).

2.2 TiO2 Phases and Usage Areas

Anatase, brookite and rutile are the three main phases of TiO, (Luttrell et al., 2014). All
these phases have distinct abilities and provide different advantages due to their different
structural and chemical activity. For example, anatase has a tetragonal structure, and
brookite has an orthorhombic structure (Zhang & Banfield, 2014). Moreover, the anatase
phase is the initial phase formed in many applications, and then it transforms brookite and
rutile in high temperatures, respectively.

Anatase has the largest bandgap than others phases and this trait making anatase more
photocatalytic than the others (Luttrell et al., 2014). However, rutile can be more stable
in higher temperatures, and it has the highest refractive index (Joni, 2018).
Transformation of anatase to the rutile phase is irreversible. Brookite is rarely seen

compared to anatase and rutile because its production is too hard for lab conditions.
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However, brookite has the most significant cell volume, and that feature makes the
brookite phase valuable for biomedical and environmental treatments (Zhang & Banfield,
2014) . Many studies show that mixed phases are more impactful than pure TiO2 because
of their limitations (Kumar et al., 2021). Literature reviews about TiO. phases and usage

areas are a good starting point for understanding the advantages of different phases over

different activities (Table 2.2.1).

Table 2.2.1. Industrial usage of TiO2 according to its phase.

TiO2 Phase Industrial Usage References

Rutile Antibacterial agent (Zainab, Olfat, & Faisal, 2019)

Rutile Dye-sensitized solar cell (Qureshi et al., 2021)

Rutile Industrial dye (Ojha & Thareja, 2020)

Rutile Supercapacitors (Suetal., 2021)

Rutile Textile remediation (Ambigadevi, Senthil Kumar, Vo, Hari
Haran, & Srinivasa Raghavan, 2021)

Rutile Tissue engineering (Kolathupalayam Shanmugam et al., 2020)

Rutile Degradation and loss of antibacterial (Arce-Sarria, Machuca-Martinez, Bustillo-

activity Lecompte, Herndndez-Ramirez, & Colina-

Rutile Sunscreen (Yuetal., 2018)

Anatase Antibacterial treatment (Medvids et al., 2021)

Anatase Oral multispecies Biofilm (Pantaroto et al., 2018)

Anatase Solar energy conversion (Rajendhiran et al., 2021)

Anatase Antibacterial activity of (Li etal., 2013)

Ag-doped TiO;

Anatase Humidity sensor (Farzaneh, Mohammadzadeh, Esrafili, &
Mermer, 2019)

Anatase Wastewater treatment (Ghouri, Elsaid, Abdala, Al-Meer, &
Barakat, 2018)

Anatase Acetone detection for diabetic patient (Sabri et al., 2018)

Brookite Photoluminescence enhancement (Lamouchi, Slama, Saadallah, & Bouaicha,
2021)

Brookite Photocatalytic and Photochemical (Mutuma, Shao, Kim, & Kim, 2015)

Brookite Environmental remediation (Freire et al., 2021)

Brookite Photocatalytic disinfection of bacteria (Kumar et al., 2021)

Brookite Shockwave resistance and energy storage  (Sivakumar et al., 2021)

Brookite Biodegradation and wastewater treatment  (Lin et al., 2021).
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The rutile TiO2 phase is essential for various applications in biomedicine, dye-sensitized
solar cells, industrial dye, supercapacitors, hydrogen sensors, textile, tissue engineering,
dye-sensitized solar cells, supercapacitors, tissue engineering, hydrogen sensor, and
sunscreen. Therefore, several experiments related to the rutile phases in literature were
determined to benefit our research. In general, positive charges in liquid carried by metal
oxide and negative charges are transported by a microorganism. This statement shows
that metal oxide and microorganisms attract each other in liquid. Therefore, metal oxides
are essential for treatment in antibacterial agents, and chemical attraction between these
two can kill the microorganisms.

Furthermore, TiO>'s unique traits, such as its small size and high surface area, make them
an excellent antibacterial agent (Zainab et al., 2019). In the dye-sensitized solar cell area,
TiO> usage has been increased. Thus, regulating photoanode with doped TiO- can be so
valuable due to its high surface area. As a result, doped TiO- based photoanode provides
power conversion efficiency (PGE) due to increased charge transferability and bandgap
energy level over other materials. This type of coordination can develop the solar cell
industry without using harmful materials (Qureshi et al., 2021).

On the other hand, a combination of materials can increase the activity of the material.
For example, graphene oxide (GO) is a promising remediation material because of its
large surface area (2630 m?/g). According to this trait, using graphene with TiO2 may
increase their photocatalytic activity. Furthermore, in reduced graphene oxide (GO) -
TiO2 showed good degradation traits compared to the single TiO2. This information
shows that doped TiO, can be more efficient than pure TiO2 due to bandgap energy and
recombination rate enhancement. This degradation enhancement was beneficial for
industrial dye production (Ojha & Thareja, 2020).

Besides all the good traits of TiO-, it has a relatively poor conductivity rate and low
capacitative capability creates some problems. However, changing TiO2 morphology can
eliminate these minor problems and boost its capacitative capability. Doping TiO2 with
Nitrogen dopants shows this enhanced capacitative activity. The addition of Nitrogen(N)
can overcome the limitation of TiO2 and boost their capacitative rate by increasing the
charge transportation of TiO2 (Su et al., 2021). The textile industry is crucial for the world

economy, producing textile dyes and pigments generally done by the chemical process.
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However, their absorptive and reflective ability over sunlight creates environmental
problems for some microorganisms.

Moreover, the end product of these materials is primarily carcinogenic and mutagenic.
TiO2 has a small spectrum range (400-700nm); hence, dopant addition is crucial for
environmental treatments. For example, doping TiO2 with non-metals can increase the
required wavelength range of TiO, for photocatalytic activity on visible light by changing
the bandgap energy level or recombination rate (Ambigadevi et al., 2021). Tissue
engineering studies have arisen recently. Tissue engineering is vital for medical
advancement because many people lose their tissues or organs due to medical or physical
conditions. In this manner, some materials vital for the stability and longevity of products.
In tissue engineering, biocompatibility and cytotoxicity are highly important. TiO2 is
known as good antibacterial material, and these traits make TiO2 impactful on tissue
engineering.

TiO> - based chitosan/sodium alginate nanocomposite was used in some experiments.
Their test against human bladder tumor (UC6) and osteosarcoma (MG-62) cell lines result
were promising. Their antibacterial traits were tested on Escherichia coli, and
staphylococcus aureus also provides a good result. Both studies show that the chemical
and physical attribution of TiO. based nanocomposite provides good biocompatibility,
which means TiO2 -based nanocomposite can be suitable for tissue engineering processes
(Kolathupalayam Shanmugam et al., 2020). Breakdown of antibiotics and other drug
waste is vital for environmental pollution. According to this problem, the breakdown of
some commercial drugs needs to be studied. For example, the breakdown of amoxicillin
is important for the drug industry. TiO. with tungsten oxide (WOs3) was studied and
provided good results on the degradation of drug waste due to the photocatalytic activity
of the TiO2 composite.

TiO2 with tungsten oxide (WO3) inhibits the amoxicillin end product and other impurities.
However, TiO> with tungsten oxide (WO3) underperformed over commercial TiO2, but it
still decreases the number of byproducts from the drug. This result shows the importance
of doped- TiO> material over drug activity and wastewater degradation.

Bioproducts such as sunscreens are also an essential topic for biomedical science due to
their effect on the human body. TiO, with natural sun blocker-lignosulfonate (LS) - can

enhance the photocatalytic activity of TiO». After the chemical alteration of two materials,
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self-doping of hydroxylated TiO> and lignosulfonate (LS) oxidation increases the UV
protection. This result shows that TiO> @LS composite can be used on sunscreen to
prevent the harmful effect of UV light (Yu et al., 2018).

The anatase TiO> phase is essential for various applications in the antibacterial treatment,
photocatalytic reactor, humidity sensor, wastewater treatment, a gas sensor for acetone
detection, dye-sensitized solar cell, lithium-ion anodes, H>S gas sensor. Several
experiments related to the anatase phases in literature were determined for the benefit of
our research. In recent studies show that using laser irradiation can enhance the activity
of TiO2 and its antibacterial activity. Besides UV activation, laser irradiation can provide
new paths for TiO. activity. Furthermore, the thickness of the TiO. films can be
manipulated with different laser irradiation, and this morphological advancement changes
TiOz activity.

However, increasing heat creates mixed phases due to TiO> morphology-shifting anatase
phase to rutile phase- and tends to affect homogeneity. Moreover, irradiation triggers
antibacterial growth inhibition due to the increased photocatalytic activity of TiO..
Therefore, laser irradiation can be appropriately applied for future studies to enhance the
antibacterial activity of TiO, (Medvids et al., 2021). In another biomedical usage of TiO:
is oral biofilm applications as a coating material. Different phases of TiO2 -control,
anatases, rutile, and anatase-rutile-were tested against three different species:
Streptococcus sanguinis, actinomyces naeslundii, and fusobacterium nucleatum. As a
result, a single anatase and anatase-rutile mixture can reduce bacterial activity and can be
used on oral biofilms (Pantaroto et al., 2018). Thus, the plant leaf extract is used in
medicine and other biomedical application. However, some studies suggest that the usage
of plant extract with TiOz also enhances the photocatalytic activity of the material. For
example, Plectranthus amboinicus leaf extract is used to synthesize TiO2 nanoparticles.
The extracted TiO2 nanoparticle treated with Indium tin oxide (ITO) and Rose Bengal
(RB) dye to create dye-sensitized solar cells (DSSCs). Besides average DSSCs
environmental pollution, TiO2-based DSSCs can be more beneficial for the environment
due to the power conversion and antibacterial activity of TiO,. These TiO, based
materials convert solar energy into electrical energy. Conversion of energies provides an
excellent approach for wastewater treatment and reducing the waste product of non- TiO>
DSSCs (Rajendhiran et al., 2021). Doping TiO2 with other metals can be beneficial for
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various applications. In this case, TiO2 was doped with a silver (Ag) for antibacterial
activity examination. Silver (Ag) is known as a good dopant material and is used in
various applications. However, doping TiO2 with a silver (Ag) and track their activity is
crucial for clinic applications and material science. In addition, some studies show that
Ag-doped TiO. can provide %2100 antibacterial inhibition against Escherichia coli.
Therefore, the synergetic reaction of Ag-doped TiO- is an excellent antibacterial material
for biomedical applications (Li et al., 2013). Humidity sensors are crucial for human life.
Producing humidity sensors relied on Cu-doped TiO2 based nanocomposites can be
enhanced the activity and balance of the sensor. Cu-doped nanocomposites show great
promise for humidity sensors because Copper (Cu) can reduce the band gap value of TiO2,
thus increase the water molecule detection. The addition of a dopant can change the
electrical traits of TiO2 and increase its sensitivity. Most of the time, dopants increase the
bandgap energy of TiO, but in some studies, reduction of band gap also beneficial for
some applications (Farzaneh et al., 2019).

The mixed nanocomposite has various beneficial traits over wastewater treatment due to
photocatalytic activity. One of them is hybrid nanostructured graphene-Pt/ TiO, studies.
This hybrid nanocomposite can a breakdown of methylene blue (MB) dye under sunlight.
Dopants on the high surface area enhance visible light interaction and increase the
separation and transportation of electron/ hole pairs. In addition, Pt/ TiO2 nanostructure
provides excellent stability for the breakdown and removal of methylene blue (MB).

As a result, hybrid nanocomposites can be helpful on various treatment and still needs to
examine with a different dopant concentration and fixation (Ghouri et al., 2018).

In human life, diabetes is a highly abundant disease. In some studies show that TiO2 can
be helpful to sense the gas presence. In biomedical treatment, TiO2 may be used to
detection of acetone. In one study, candle soot used as a dopant and enhance the activity
range of TiO> to create an acetone sensing detector. A combination of soot and TiO> can
highly photoactive and detect low UV intensities. These nanocomposites can be used as
a sensitive layer to sense acetone presence by tracking the UV intensities. As a result, this
sensitive layer can detect the acetone presence in humans and show their diabetes (Sabri
etal., 2018).
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The TiO2 brookite phase is rarely seen in lab conditions due to its production process
more complex than other phases, and most of the time, it is used with a combination of
other phases—several experiments related to the brookite phases in literature determined
for the health of our research. For the brookite phase, photoluminescence enhancement,
photocatalytic disinfection of bacteria, shockwave resistance and energy storage,
environmental remediation, biodegradation, and wastewater treatment was determined.
In the photoluminescence study, Nickel (Ni) and carbon (C) were used as doping
materials for photoluminescence enhancement. Photoluminescence (PL) of engineered
TiOz is a promising technology for optoelectronic device improvement.

In general, tuned doping materials improve photocatalytic efficiency, but suitable
materials need to be found with several experiments to achieve good results. Ni and
carbon are the best suitable material the enhanced photoluminescence enhancement.
Doping with Ni decreased the surface resonance. The formation of the brookite phase
enhances the crystallization of the layer at low temperatures. Transformation of TiO:
from crystalline brookite to an amorphous state using low temperatures can boost PL
activity (Lamouchi et al., 2021).

It is so important to distinguish the photocatalytic activity rate of different types of
crystalline phases. Mixing phases is a suitable determination method for photocatalytic
activity, such as anatase-brookite, anatase-brookite-rutile, and anatase-rutile.

For example, TiO2 phases have different band gaps, such as anatase 3.20 eV, rutile 3.00
eV, and brookite 3.13 eV, respectively (Linsebigler et al., 1995; Thiyagarajan et al., 2016;
Wang et al., 2014).

Due to their different bandgaps, their photocatalytic activity is different from each other.
Recent studies have shown that the brookite phase is also a suitable photocatalyst due to
its orthorhombic structure(less symmetrical) and high bandgap range like anatase.
Therefore, using a mixture of anatase-brookite may be increased the recombination rate
of pure anatase or rutile. Furthermore, using an anatase-brookite mixture and testing their
efficiency over pure anatase or rutile also suitable for chemical and physical stability and
homogeneity studies. Hence, changing environmental conditions such as pH and
temperature can trigger the conversion of ART (anatase-rutile) or BRT(brookite-rutile)
phases. Due to chemical and structural manipulation, traits of TiO2 such as photocatalytic,

biochemical, and antibacterial traits can be quickly shift desired way (Mutuma et al.,
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2015). In environmental remediation studies, wastewater treatment by using TiO>
brookite can provide a beneficial outcome. Many industrial companies and human
activities consumed the water. Misusage of water consumption worldwide rapidly
increases, and most of the company and scientist wants to discover the technique that can
lead people to treat wastewater securely. Wastewater treatment can be possible by the
usage of TiO.. Exposing TiO> onto the wastewater removes the impurities by
photocatalytic oxidation and photocatalysis. In the photocatalysis process, excited atoms
change their band and create an electron-hole pair. TiO> initiates the oxidizing reaction
on the compound surface due to its photocatalytic activation, and this process triggers the
removal of organic pollutants and impurities by oxidation. Due to solid oxidizing abilities,
low cost, and chemical stability, TiO2 films are used as water filters. The production
method is also essential to maintain TiO2 film's lifetime and cost management. Several
methods recognized as a suitable production method for TiO2, such as chemical and
physical deposition methods, are well-known production methods for TiO: films.
Moreover, in some conditions, the anatase-brookite mixture tends to provide more
photocatalytic activity than single anatase (Freire et al., 2021).

In general, water treatment is done by chlorine and chlorine-based chemicals, but these
materials too expensive and include dangerous components for human health such as
carcinoma and mutations. Furthermore, due to some limitations of TiO, usage of dopants
increase rapidly.

Thus, TiO2 is doped with several different materials to achieve a higher absorbance rate
in recent years, such as Cd, NiO, and graphene-porphyrin. For example, in photocatalytic
disinfection of bacteria studies, a porphyrin-doped TiO. - was used to examine the
biochemical blockage examination of TiO2. A porphyrin dopant was designed to increase
the absorption rate of TiO- in visible light without affecting human life. Pure anatase and
the brookite-rutile mixture were prepared for comparison. In addition, the photocatalytic
disinfection ability was tested on gram-negative bacteria Escherichia coli (E. coli) in
visible light. In general, gram-negative and gram-positive bacteria are common
microorganisms to test, but especially gram-negative bacteria too important for TiO-
experiments due to their cell wall. The cell wall of gram-negative bacteria contains a thin
peptidoglycan layer covered with impermeable double layers containing some lipids and

polysaccharides.
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Due to its polysaccharide part, the negative charges permit the entrance of positively
charged material. This interaction allows the materials to pass inside the cells and cause
cell death. Due to this trait, hybrid TiO2> materials may be used to treat wastewater as a
coating material. (Kumar et al., 2021). Phase stability of TiO2 is so crucial for a variety
of applications such as solar systems, thermal protecting systems, aerospace applications,
radiation absorption, medical application and solar energy conversion. Due to high
demand on this topic, scientists explore new information about which TiO crystalline
structure more stable than the others in shockwave pressure circumstances. Recent studies
suggest that brookite TiO2 is more stable under 300 shocks, and anatase TiO> tends to
transform into a rutile structure under that type of pressure. This information is vital in
dealing with high-pressure environments and other critical assessments such as solar
energy conversion and radiation absorption. Furthermore, due to its shock-absorbing trait,
the brookite phase can be helpful for the harmful environment such as high pressured
surfaces, energy conversion applications, biofilm coating (Sivakumar et al., 2021).

In the biodegradation studies, photocatalytic activity differences between pure phases and
a mixture of TiO2 phases are too significant. Fighting against bacteria is a crucial topic
for health science, and one of the vital antibiotics in this area is fluoroquinolone
(levofloxacin). Fluoroquinolone is used against a variety of harmful microorganisms such
as bacteria and pathogens.

However, levofloxacin is not fully degradable in the human body after initial exposure,
and the end product is spread into the environment. Due to this problem, levofloxacin
degradation is vital for environmental remediation. In addition, adding doping materials
on TiO2 may create side impurities to act as a charge carrier and reduce the overall
photocatalysis level of TiO. besides other advantages. Due to these problems, some
studies suggest using a pure form of TiO; and looking at their efficiency against
microorganisms.

In theory, a pure TiO2 not enough to maintain the total photocatalytic activity of
degradation. Therefore, a combination of the different TiO, phases was used for optimum
efficiency. However, the pure brookite TiO: effectively fights against the biodegradation

of levofloxacin and its wastewater treatment (Lin et al., 2021).
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2.3 Determination and Discrimination of Experimental Method

In the production of TiO», various methods can be helpful, but the most important thing
is time and money consumption. Recently, most of the technological advancement done
by the nano-thickness scale and these types of materials provide various abilities in the
biomedical, electrical, physical, chemical area. These new properties can be beneficial
for bioactivity. The introduction of thin films on bioactivity can be beneficial for various
applications. A single or multilayers create these films, and their thickness is changing
from nanometers to few micrometers. These thin films contain two parts: the substrate
and the layer part. These thin films provide various functions to execute against
microorganisms, such as material transformation on wastewater's harmful environment
or biodegradation. Due to these unique functionalities, the preparation of thin-film is too
crucial for the outcome. Two different deposition techniques are viable in thin-film
production, such as physical and chemical depositions (Table 2.3.1).

Table 2.3.1. Deposition methods

Chemical Deposition Techniques  Physical Deposition Techniques

1.Chemical Vapor Deposition (CVD)1.Sputtering techniques

Low pressure (LPCVD) Direct current sputtering (DC sputtering)
Plasma enhanced (PECVD) Radio frequency sputtering (RF sputtering)
Atomic layer deposition (ALD) 2. Evaporation Techniques

2. Plating Vacuum thermal

Electroplating technique Electron beam

Electroless deposition Arc evaporation

3.Chemical bath deposition Molecule Beam epitaxy

4.Sol-gel technique lon Plating

5.Spray pyrolysis technique Laser Beam

6.Hydrothermal synthesis 3.Ball milling

7.Spray coating

All these deposition methods have unique ways to produce TiO2 thin films, but
determination and discrimination of most valuable methods are done according to cost,
time-consuming, stability, and homogeneity. In between these two main deposition
methods, our experiment more suitable for the chemical deposition method. Therefore,
all standard deposition methods are listed and due to our limitation of budget and time
interval analysis, choosing the sol-gel method is more beneficial for the experimental
process (Table 2.3.2).
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Table 2.3.2. Chemical deposition methods for TiO2 thin film and their advantages as well as

limitations
Method Description Advantages Limitations Ref.
-Easy method - Toxic and
A chemical flammable
-Less -Needs higher  (Yemmireddy &

Chemical Vapor
Deposition
(CvD)

reaction between

the substrate and contamination reaction temperature  Hung, 2017)
volatile - Low deposition rate (Patil, Shaikh, &
-Flexible -More than one Ibram, 2015)
precursors :
material creates
-High density chaos

Sol-gel technique

Derived from -Rate of reaction can be -High temperature  (Varshney et al.,

precursor metal S0y corigiet 2016)

alkoxide using -H_cl)_rg\cl)vggggtlty -Problematic to attach (Yemmireddy &

hydrolysis and - a thick layer of Hung, 2017)
: -Reproducible ; °
condensation i nanoparticlesonthe  (Patil etal.,
: - Deposition of several
reaction substrate 2015)
precursors
soluz?r?:[)s;:rome -Easy and low cost (Varshney et al.,
r - Complex structures can -Oxidation of sulfides 2016) (Mardare,
s . tiny droplets and : :
pray pyrolysis be coated -Problem on lacomi, Cornei,
then decompose . S .
-Easy to fabricate determining growth  Girtan, & Luca,
by heated .
. multilayer temperature 2010)
environment
Production of
crystals from
eltper single -Simple
Hydrothermal  het orm or -Costly (Varshney et al.,
32 nthesis f € erogetljeous_ -Capable of growing large -Growth of crystal ~ 2016) (Patil et
y %Te(r)iascslool?t;n cannot traceable al., 2015)
o -High-quality crystals
with high gn-a y ey
temperature and
pressure.
Sprav coatin Evaporating the -Easy to process (Deék et al.,
pray 9 solvent while -Low-cost -No homogeneity ~ 2016) (Mérai et
spraying -Scalable al., 2018)
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2.4 Sol-Gel Method

The sol-gel method is a beneficial deposition technique to obtain a thin film for several
different usage areas such as biomedical, chemical and electrical (Varshney et al., 2016).
The sol-gel method was chosen for this experiment because of its unique traits such as
homogeneity, sustainability, effectiveness, and low cost (Pant, Park, & Park, 2019).
Homogeneity is crucial for this experiment because this experiment mainly focused
comparison of ZnO doped TiO2 thin films with pure TiO thin films. Furthermore, the
most significant advantages of using the sol-gel method are; it is carried out at room
temperature and enhance various functions at a low cost (Pant, Park, & Park, 2019).

In general, the sol-gel method is a method of gel production derived from precursor metal
alkoxides by using hydrolysis and condensation reactions (Jilani, Abdel-wahab, &
Hammad, 2017). The primary sol-gel method has four steps: sol production, hydrolysis,
condensation, drying (gel formation) (Aguilar, 2018) (Figure 2.4.1).

The starting materials generally chose from inorganic metal salt or metal alkoxides (Jilani
et al., 2017). The sol-gel method offers the transition of solution (sol) into a solid (gel)
phase. The “Sol” phase initially started with the dispersion of metal alkoxides or inorganic
salt. After producing the “sol” phase, a solvent in the solution begins to evaporate, the left
particles or ions begin to join and create a continuous network.

This continuous network creates a web structure, and this newly formed structure is called
“gel.” (Figure 2.4.1). However, acid and base addition can form a more dense or strict
network (Aguilar, 2018). Transition to van der Walls bond interaction to covalent bond
makes this process irreversible (C. Brinker, 1990). The main advantage of the sol-gel
method is dissolving the precursor material in liquid with controlled stoichiometry. The
rate of reaction can be easily controlled by temperature. This controlled stoichiometry
prevents contamination and provides a suitable environment for mixing multi-compounds
in the same solution. Shape, viscosity, porosity and texture can be controlled by changing

dynamics of the sol-gel method (Dulian et al., 2019).
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2.5 Doping Material

Doping is a commonly used method that provides various electrons and holes in
semiconductors. In general, doping is known to modify conductivity by adding new
materials into a semiconductor crystal. For example, doping of TiO, with various dopants
forms new energy levels, and that process increases TiO2 photocatalytic activity.
However, doping material divides into two types: N and P-type doping. N-type doping is
created between the material with a 4-valence electron semiconductor and a 5-valence
electron dopant material—P-type material created between the material with 4-valence
electron semiconductor and 3-valence electron dope material ((Khlyustova et al., 2020).
N-type dopant increases the number of available electrons because dopant has one more
valence electron than semiconductor (Table 2.5.1).

On the other hand, P-type dopant increases the number of holes because dopant has only
three valance electrons that are less than semiconductor, and both these processes increase
the conductivity of the semiconductor by changing bandgap energy differently. In
general, the bandgap represents the minimum energy level for one electron, the jump next
energy level where it can join in conduction (Khlyustova et al., 2020). Thus, a bandgap

is a distance between the valence band and the conduction band (Figure 2.5).

Conduction Bamd

meed dopant
Energy ﬁ Mcceptor lavel

Donator level
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N-semiconductor P-samiconductor

Figure 2.5. Representation of N-type and P-type of semiconductor
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Table 2.5.1. Doping Material features

N-type P-type
Bonds Extra Electron Less Electron
Dopant 5-valent electron 3-valent electron
Carriers Electrons Hole

Many researchers have been studied various dopants for TiO, thin film experiments.
Those dopants enhance the thin film photocatalytic and antibacterial activity in various
ways (Norton et al., 2004). ZnO was chosen for this experiment because it has good
electron mobility at room temperature and has an expansive bandgap energy of 3.37 eV
compared to TiO2 phases (Firdaus, Rizam, Rusop, & Hidayah, 2012). TiO2 and ZnO are
known as excellent semiconductors. However, their characteristics are different such as

TiO> is an indirect semiconductor meanwhile ZnO is a direct semiconductor.

However, TiO- thin films present two limitations during photocatalytic activities: low use
of solar spectrum and high recombination rate (Firdaus et al., 2012). ZnO is a good
candidate for compensating for these limitations due to its unique traits. Recently, many
researchers took advantage of nanocomposite materials due to their enhancing traits on
optical, electrical and structural properties (Table 2.5.3) (Firdaus et al., 2012).
Furthermore, dopants can increase the electron transfer efficiency of semiconductors.
Hence, using noble metal ions, such as Au, Ag, Pt and Pd as a dopant can enhance the
photocatalytic efficiency in various ways; catching electrons and reduce the
recombination rate, and empower the light absorption in the visible range (Bensouici et
al., 2015).

Overall, the addition of dopants can manipulate photocatalytic, chemical, and
antimicrobial activity. However, combining new materials as a dopant still needs to

improve because every different concentration of dopants can provide new outcomes.
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Table 2.5.2. Specific features and values of ZnO material

Features Value
Density 5.6006 g/cm?®
Melting Point 1975 °C
Energy gap 3.36 eV
Binding energy 60 meV

2.6 UV-vis Spectroscopic Method

Ultraviolet-visible (UV-vis) spectrophotometer is an absorbance determination material
used to understand materials' optical features in solution or solid phase. This device tracks
the excited atoms by looking at their wavelength and absorbance energies. UV-vis
spectrophotometer detects the absorbance of the film between the range of 200-1100 nm
spectrum (Skoog, West, Holler, & Crouch, 2004). The absorbance value is calculated by
Beer-Lambert law (Equation 2.6.1).

For the single wavelength, A is absorbance (unitless), € is known as an molar absorptivity
(molar, Mtcm™), b is the length of the path (cm), ¢ is solution concentration (M), lo is the
intensity of light at a specific wavelength, and I is the transmitted intensity (Skoog et al.,
2004). Moreover, UV-vis spectroscopy can provide quantitative and qualitative

information about of sample (Skoog et al., 2004).

A = logu (1/1) = gh, (2.6.1)
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Figure 2.6.1. (a) Representation of resonant and non-resonant band (b) Representation of Height and
Width at half height (FWHM)

In UV-vis spectrophotometric analysis® most crucial part is finding the area under the
curve because the area under the curves gives the resonance ratio. The resonance ratio is
an essential concept for homogeneity, and it has been calculated by dividing the resonant
band area into a non-resonant band area. In addition, another critical concept called
normalized width is calculated by the division of width of the resonant band into the
height of the resonant band-both resonance ratio and normalized width important for

optical analysis of materials (Tan & Resasco, 2005).

Resonance ratio = Area of resonant band/ area of the nonresonant band (2.6.2)

Normalized width= Width of resonance band/ height of the resonant band (2.6.3)
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2.7 XRD Analysis

XRD is a widely used analytic method for physical and chemical composition
identification. XRD instruments include three elements: a sample holder, an X-ray
detector, and an X-ray tube. Generally, cathode tubes create the X-ray and voltage applied
for accelerating the electrons than electrons bombarding the target material. Therefore,
the XRD helpful method for analyzing homogeneity, crystal property, and average
particle size. In general, XRD creates monochromatic X-rays, and these X-rays are
scattered at specific angles to create specific peaks according to a sample's crystalline
structure (Brady & Boardman, 1995).

Every material has a unique set of d-spacing which means converting diffraction peaks to
d-spacing reveals the type of the material. Due to these traits, the XRD pattern reveals the
atomic composition of the material. Moreover, XRD analysis provides the atomic
position of the crystalline structure. XRD analysis application on thin films provides
information about lattice formation between substrate and film, homogeneity of
materials, quality of the film, thickness, and toughness of the thin film (Jeans, 1998). The
XRD result shows the average crystal size using Scherrer’s equation (Equation 2.7). In
Equation 2.7, D represents the diameter of the TiO2 nanocrystals, K presents the shape
factor, and it has a constant value (0.89), A represents the radiation wavelength, B
represents the full width at half maximum (FWHM) of the diffraction line, and 6 (theta)
represents the Bragg angle (rad) (Valerio & Morelhéo, 2019).

D=_kK2 2.7)
Bcos O

2.8 Antibacterial Measurement

The antibacterial activity of TiO2 is crucial for biodegradation, wastewater remediation
and antibacterial disinfection. TiO> thin films used various applications related to
antibacterial activity, and most of them are mentioned (Section 2.2). The advantages of
TiO2 are photocatalytic activity, high degradation efficiency and non-toxicity
(Phuinthiang et al., 2021). Due to these traits, TiO> thin film can provide a suitable

solution for antibacterial disinfection studies.
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Antibacterial materials rapidly grow in recent years, and most technological
advancements need to provide antibacterial traits. Therefore, the 1ISO 22196 method was
used to determine the antibacterial activity of TiO. thin films. In addition, 1ISO 22196 is
a method that quantitatively evaluates the antibacterial activity (growth inhibition or
killing) of samples such as plastic, other non-porous, and surface products (ICS, 2011).
Therefore, 1ISO 22196 is an excellent method to determined bacteriostatic (growth
inhibition) and bactericidal (killing bacteria) features and this test highly critical for TiO>
usages for future technologies.

Different types of pure and doped TiOz thin film antibacterial efficiencies were
represented (Table 2.8).

Table 2.8. Antibacterial efficiency of different types of Pure TiO2 and doped TiO2

Thin Film type Bacteria type Light Source Highest References
Antibacterial
inhibition %
Sn* - Tio, film E. coli, S.aureus uv 99.9% (Sayilkan ctal,
2009)
TiO, film S.aureus, S.epidermidis, E.coli uv 47 % (Plesgg\ﬁ)et al.,
(Gospodonova,
0,
TiO2 /Ag/Cu E. coli uv 100% Ivanova, &
Vladkova, 2021)
E. coli
Mg- TiO; thin Pseudomonas uv 100% (Nithya et al., 2021)
film Bacillus sp
Staphylococcus
. 75% but
Cu'ti?ﬁiﬂ;—'oz Phytophthorapalmivorahas uv concentrations ~ (Natsir et al., 2021)
>3% kill %100
Ag- TiO, /PDMS M.luteus Visible
thin film s.maltophilia irradiation 100%  (Chobbaetal., 2021)

ZnO(wurtzite), (Najibi 11khechi,

i 0
7 -go_lz_.’oan?h. A flavusthan uv 100% Mozammel, & Yari
n -filrlnsz n Khosroushahi, 2021)
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3. METHODS AND MATERIALS

3.1 Experimental Process

3.1.1 Production of Brookite Phase
The nanostructured TiO2 sol was prepared using a mixture of titanium tetra isopropoxide

(Ti [OCH(CH3)2]4; (TTIP) Sigma-Aldrich), H20, nitric acid (HNO3), deionized water
(DI), and isopropanol. First, titanium tetra isopropoxide (TTIP) was dissolved in
isopropanol. Nitric acid was added dropwise in the solution under continuous stirring.
Deionized water was added for hydrolysis. As a solution of TTIP:isopropanol:DI:AcAc
a volume ratio of (0.4:4:0.1:0.2) was used. The solution was mixed using magnetic

stirring for three hours at a room temperature of 22 °C.

3.1.2 Production of Anatase Phase
Titanium tetra isopropoxide (Ti [OCH(CHz3)2]4; (TTIP) Sigma-Aldrich) was mixed with

acetic acid and ethanol with a molar ratio of 0.08:0.48:4, respectively. The mixture was

stirred for two hours at a room temperature of 22 °C.

3.1.3 Production of Rutile Phase
Tetrabutyl orthotitanate (Ti (OCH2CH2CH>CHa)4; TBOT) was dissolved in ethanol under

vigorous stirring for 30 minutes. Then, in another beaker, ethanol was mixed with
Hydrochloric acid (HCI) for 30 minutes. Afterward, the second solution in the other
beaker was slowly added dropwise to the first solution under vigorous stirring until
homogeneous. Then, preparation of the TiO films with various crystal phases, the
solutions prepared by the sol-gel process was spin-coated on the corning 2947 substrates.
Next, the films were heat-treated at 450 °C for one hour, for brookite and anatase crystal
phases, at 600 °C for the rutile crystal phase. After the heat treatment, one layer was
formed on the surface of the films. Then, the films were coated with a spin coater again,
paying attention to the TiO solution coated side on the upper surface, and heat treatment

and spin coating processes were continued until the films are 3-layered.
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3.1.4 Production of ZnO (wurtzite)
The solution was prepared by dissolving zinc acetate dehydrate (ZnAc) in isopropanol.

Dea (Diethanolamine), which is a surface-active material, is used to accelerate solving.
Water was added for hydrolysis reactions, as a precursor solution of
ZnAc:isopropanol:Dea: water, a volume ratio of 0.4:4:0.1:0.2 was used. The solution was

mixed using magnetic stirring for one hour at 60°C.

3.1.5 Production of ZnO/TiO2 material
The obtained solution in Section 3.1.4 was mixed with one of the leading TiO solutions

for brookite, rutile, or anatase phase at ZnO/TiO- volume ratios of 0, 0.01, 0.02, 0.05, 0.1,
denoted as ZTAO0-10, ZTB0-ZTB10, ZTR0O-ZTR10, respectively. The final solutions
were deposited on corning 2947 glass substrates by spin-coating deposition (1000 rpm/30
s), using a spin coater at room temperature (22°C). After coating, ZnO films were
immediately placed in a microprocessor-controlled (CWF 1100) furnace, heated at 450°C.
The films were taken out of the furnace and left at room temperature at the end of 1 hour.
Finally, the all coatings and heat treatment processes were repeated two times in order
to get 3-layered films.

3.1.6 Antibacterial measurements of thin films
Surfaces were needs to be smooth,1cm thick, and 5x5 cm? shapes. Six samples of a

corning glass covered with thin films were prepared for the experiment; three samples to
test bacteria and three to control groups. Each of these samples (TiO2, ZnO/TiOz) was
analyzed by ISO 22196.

In antibacterial analysis, gram-positive “Staphylococcus aureus” and gram-negative
“Escherichia coli” were used. The antibacterial activity of the films was evaluated by
colony forming unit (CFU) counting. After incubation, the colonies were counted. CFU
per ml was calculated for each sample at different time intervals (0-120 min) by using the

following formula:

CFU/mI = No. of colonies x Dilution factor / volume inoculated
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3.2 Characterizations

The absorbance spectra of composite films were measured using Labomed Spectro 22
UV-vis Spectrophotometer in the spectral range of 190-1100 nm wavelengths. The
calculations of under the curve area, the entire width of half maximum of the absorbance
data were performed by Origin 8.0 Software focusing the absorbance peak regions. The
optical band gap energies of the composite films were calculated from the Tauc Plot since
the thickness of the films was suitable for applying Beer-Lambert’s Law. For identifying
the films' crystal phases, an X-ray diffractometer (XRD, Philips PW-1800) with Cu-Ka
radiation (The wavelength of Cu-Ka is 0.15406 nm) was used. The antibacterial response
of the films was investigated using gram-positive “Staphylococcus aureus” (S. aureus)
and gram-negative “Escherichia coli” (E. coli) according to the standard of 1SO
22196. The initial dose of these bacteria’s concentration was 10°CFU/ml. Since TiO>
shows antibacterial properties under UV light exposure and its photocatalytic effect is
known, the antibacterial effect in the visible light region was investigated by doping with
Zn0.

4. RESULTS AND DISCUSSION

4.1 XRD Results

The particle diameter size of different thin films was calculated according to Equation
2.7. The most crucial thing in the calculation is the theta value. Generally, theta value is
found with two thetas and must need to convert single theta value to determine the
diameter of particles properly. Then, the calculation and comparison of the XRD values
were determined (Table 4.1 1).

Table 4.1.1. XRD values of different types of thin films and their diameter size

Parameters Calculations
Thin films K MA) Peak FWHM D(nm)
positions 20
TiO2 (anatase) 0.89 1.54 25.27 0.36 21.85
TiOz2 (brookite) 0.89 1.54 31.58 0.16 50.18
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TiO2 (rutile)

ZTAO(1% Peak)

ZTA0(2" Peak)

ZTAL(1% Peak)

ZTAL(2" Peak)
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1.54
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ZTR10(1% peak)  0.89 1.54 36.08 0.28 29.49

ZTR10(2" Peak) 0.89 1.54 25.76 5.58 1.44
ZTR10(3" Peak) 0.89 1.54 31.59 0.92 8.85
ZTR10(4th 0.89 154 34.40 0.62 13.08
Peak)

ZTR10(5" Peak) 0.89 154 36.19 0.64 12.73
ZnO(1* Peak) 0.89 1.54 31.75 0.15 52.87
ZnO((2" Peak)  0.89 1.54 34.55 0.16 50.56
ZnO(3™Peak)  0.89 154 36.44 0.16 51.11

In this study, decreased size diameter needs to be achieved after using ZnO as a dopant
material. The average particle size of ZnO was found at 51.51 nanometers. The average
size of pure TiO2 phases anatase at 21.86 nm, brookite was at 50.18 nm, and rutile was
at 36.9 nm. ZnO doped anatase TiO2 (ZTA) XRD data shows that a small concentration
of ZnO doped increases the diameter size of TiO2 then decreases the composite size
slowly after adding more ZnO concentration. In ZnO doped brookie TiO2(ZTB), XRD
data shows that adding every amount of ZnO into brookite decreases the diameter size
due to brookite orthomorphic structure. ZnO doped rutile TiO2 XRD data shows that the
addition of ZnO also decreases the average particle size of pure slowly. This slow increase
and decrease of particle size in ZTR(doped rutile) and ZTA(doped anatase) related to
their tetragonal structure. Symmetrical structure affects the bond formation and hindering.

Figure 4.1.2. (a) shows that the films have a rare brookite phase, an orthorhombic crystal
structure. A single crystallization peak (211) of the brookite phase at a 26 value of 31.5°
corresponds to ICDD Card No. 04-019-9878. In Figure 4.1.1.(c), the sharp diffraction
peaks at 25.2°, 37.7°, and 47.8° theta values are indexed to the (101), (004), and (200).
Planes of the anatase phase of TiO2 correspond to 21-1272 according to ICDD Card. In
Figure 4.1.1. (d), the peaks at the 20 values of 27.31°, 36.12°, and 41.25° are fitted well
with the (110), (101), and (111) planes of the rutile phase of TiO2 (ICDD Card No. 21-

1276), respectively. These (anatase and rutile) are tetragonal phases of TiOx.
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Figure 4.1.3. XRD response of (a) ZnO doped TiO; brookite films with various ZnO/TiO, doping ratios,
(b) ZnO film and parameter calculations, (c) ZnO doped TiO- anatase films with various ZnO/TiO, doping
ratios, (d) ZnO doped TiO; rutile films with various ZnO/TiO; doping ratios.

4.2 Optical Results

Absorption spectra of pure TiO> films and ZnO doped TiO- films were analyzed using
UV-vis spectrophotometers, as shown in Figure 4.2.1. High absorbance values are seen
between at 200-500 range. According to absorbance-wavelength graphs, the addition of
ZnO can enhance the absorbance rate of all three phases. The high absorbance value of
ZnO can decrease the absorbance range of Pure TiO2 phases because of dilution of pure
TiO2 absorbance ability reduce, and the addition of ZnO introduces its photon absorbance
rate. Recombination of rate increases, and absorption of doped nanocomposites
decreases. The addition of ZnO also affects the resonance ratio and homogeneity of the

material. Doped material may enhance the photocatalytic activity, but the optimum
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amount of dopant addition so important for homogeneity concerns. A comparison of
different volumes of ZnO doped anatase, brookite, and rutile was determined (Figure
4.2.1 to 4.2.4). In normal conditions, the homogeneity of material is determined by the
relation between resonance ratio and normalized width. When the resonance ratio
increase and normalize width decreases, that implies composites reach a more
homogenous structure. According to calculations, the addition of ZnO dopant decreases
the resonance ratio and increases the normalized width, which is vice versa of literature
information. However, our studies do not ultimately increase or decrease; it has some
ranges in which composites resonance ratio increases with ZnO. This result provides a
piece of good information such as critical point to cut down dopant addition to getting the
more homogenous structure. Further studies can arrange their dopant addition to these
ranges to get more homogenous material. ZTA5-10, ZTB5-10, and ZTR5-10
concentration ranges are critical for the homogeneity shift for excessive dopant addition
(Table 4.2.1).
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Table 4.2.1. Calculation of resonance ratio and normalized width of pure and ZnO doped TiO2

Thin films  Area of Area of Resonance  Width of Height of Normalized
resonant non- ratio resonant resonant width
band resonant band band

background

Pure TiO2 | 90.56 100.52 0.90 95.32 0.90 104.97

(anatase)

Pure TiO2> | 39.87 11.46 3.47 59.11 0.56 105.15

(brookite)

Pure TiO2> | 85.99 87.29 0.98 83.02 0.98 84.11

(rutile)

ZTAO 88.55 97.13 0.91 94.55 0.89 105.14

ZTAl 66.75 87.41 0.76 95.73 0.70 135.66

ZTA2 49.65 77.41 0.64 96.19 0.53 180.24

ZTA5 40.81 72.15 0.56 94.82 0.44 212.55

ZTA10 50.61 80.79 0.62 100.93 0.52 191.56

ZTB0 39.90 11.34 3.51 59.13 0.56 105.20

ZTB1 30.38 7.75 3.91 65.73 0.40 163.06

ZTB2 17.38 27.52 0.63 83.16 0.22 364.62

ZTB5 16.80 30.29 0.55 81.51 0.21 378.41

ZTB10 15.30 35.76 0.42 83.45 0.19 431.66

ZTRO 83.53 81.09 1.03 82.42 0.96 85.17

ZTR1 63.14 70.08 0.90 79.99 0.77 103.60

ZTR2 48.35 64.85 0.74 79.00 0.60 130.06

ZTR5 41.13 60.50 0.67 77.35 0.52 146.87

ZTR10 48.71 64.83 0.75 81.94 0.60 136.11
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4.3 Bandgap Energy

In band energy analysis, the Tauc pilot was used to measure materials' band-gap energies
(Equation 4.3.1). In general, Titanium dioxide (TiO) is an excellent semiconductor in
terms of bandgap energy, such as anatase 3.20 eV, rutile 3.00 eV, and brookite 3.13 eV
(Linsebigler, Lu, & Yates, 1995; Thiyagarajan, Sivakumar, & Rajangam, 2016; Wang,
He, Lai, & Fan, 2014). In this part, the photocatalytic ability of pure TiO2 and ZnO doped
TiO2 was determined. In a normal condition, ZnO addition needs to increase the bandgap
energy of pure TiO», but TiOz is an indirect semiconductor, and ZnQO is a direct conductor.
Thus every possible indirect and direct graphs need to be evaluated for optimum results
(Figure 4.3.1). These graphs find from the absorbance value of every single material. In
direct conduction, the r variable equal to 2 and the indirect conduction r variable equal to
Y. After creating their Tauc plots, ZnO doped anatase tend to direct conductor, ZnO
doped brookite tend to the indirect conductor, and ZnO doped rutile tend to act like a
direct conductor. Discrimination of indirect and direct conduction is done by using the
Tauc plot. ZnO normal bandgap energy around at 3.37 eV (Firdaus, Rizam, Rusop, &
Hidayah, 2012). The addition of ZnO dopant needs to increase the original bandgap
energy of pure TiO2 phases. Due to this reason, (a),(d),(e) in Figure 4.3.1 shows that the
addition of ZnO dopant increases the original band gap energy of TiOx.

(ahv) = B(hv-Eg )" (4.3.1)
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Figure 4.3.2. Tauc Plot of pure ZnO and ZnO doped Anatase, Brookite, and Rutile phases of TiO, with
various ZnO/TiO; ratios. The extrapolation of the curves shows the optical energy band gap of ZTA,

ZTR, and ZTB.
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Table 4.3.1. Bandgap energy values of different types of doped material derived from the Tauc plot.

Film type Direct(eV) Indirect(eV)
ZnO 3.21 3.17
ZTAO 3.0 2.69
ZTAl 3.1 2.72
ZTA2 3.14 2.57
ZTA5 3.17 2.63
ZTA10 3.18 2.69
ZTBO0 3.60 3.11
ZTB1 3.50 3.13
ZTB2 3.31 3.15
ZTB5 3.33 3.17
ZTB10 3.27 3.21
ZTRO 3.16 2.85
ZTR1 3.19 2.92
ZTR2 3.21 2.96
ZTR5 3.25 3.01
ZTR10 3.26 3.05

4.4 Antibacterial Activity

Figure 4.4.1 presents the antibacterial response of films with respect to the time for E.
coli and S.aureus. E. coli count reduced from 10°to 10* with 120 min of irradiation time
for pure brookite TiOz film. A dramatic decrease of the bacteria number for both bacteria
was observed for ZnO/TiO2 composite films compared with that of TiO> films under the
lighting with visible light. After 120 min. of light exposure, the bactericidal survival
decrease of ZTAO, ZTAL, ZTA2, ZTAS5, and ZTA10 films against E. coli were 10°, 3x10%,
102, 2x10%and 7x103, respectively. Meanwhile, exhibiting a similar trend, the bactericidal
survival decrease of ZTAO, ZTAL, ZTA2, ZTA5, and ZTA10 films against S. aureus were
10°, 5x10%, 2x10?% 6x10° and 10% respectively. For ZTB2-ZTB10 films, complete
inactivation of the E. coli was recorded at 120, 90, and 75 min of light exposure,
respectively. Since TiO2 shows antibacterial properties under UV light exposure and its
photocatalytic effect is known, the antibacterial effect in the visible light region was
investigated by doping with ZnO. These results show that the content of ZnO in the
ZnO/Ti0O2 composite films plays a significant role for enhancing the antibacterial activity
of the films in the absence of UV light.
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Figure 4.4.3. Antibacterial response of ZnO doped Anatase, Brookite, and Rutile phases of TiO, with
various ZnO/TiO; ratios under light exposure for E. Coli and S. Aureus.
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5. CONCLUSION

In conclusion, XRD results show that the particle size of TiO2 can be reduced in the
brookite phase rather than anatase and rutile due to brookite's large volume. However,
anatase and rutile also show remarkable diameter size drop when the concentration is
appropriately arranged. Due to their stability traits, anatase and rutile particle size
decrease slowly. UV data show that the resonance ratio is essential for cell homogeneity
and dispersibility. Due to this reason addition of dopant materials needs to be controlled
by stoichiometry for optimum homogeneity. Using the sol-gel method provides the minor
homogeneity range for ZnO doped TiO: in a concentration of doped ZTA5-10, ZTB5-10,
and ZTR5-10. After all these properties, band gap energy enhancement of ZnO was
showed by uising Tauc plot. Direct ZnO doped anatase TiO>, direct ZnO doped rutile and
indirect ZnO doped brookite conduction bands showed. Accoring to antibacterial activity
test results, the ZnO doping of composite films boost the inactivation of bacteria under
visible light. This thesis mainly focused on discovering how dopant material can enhance
the activity of pure material and how these enhanced traits can be used on optical and
antibacterial activity. Therefore, ZnO/TiO2 composite films can give an alternative

solution for antibacterial surface applications under visible light.
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