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ABSTRACT

LIQUID CRYSTAL TEMPLATED SYNTHESIS OF METAL
OXIDES AND THEIR CHARACTERIZATION

Liquid crystals are phases that exhibit properties between solids and liquids and
have an important place in materials science and technology. These materials exhibit
properties of both liquids and crystals due to their molecular arrangement and the freedom
of movement of their molecules. In particular, thermotropic and lyotropic liquid crystals
offer structures that can transition to different phases depending on temperature and
solvent concentration. These transition processes increase the flexibility and functionality
of liquid crystals, enabling their use in many areas from display technologies to biological
applications. The mesophases of liquid crystals, such as nematic, smectic, and cholesteric
phases, are categorized based on their molecular arrangement. In the nematic phase,
molecules show a general orientation, while in the smectic phase, a layered order
emerges. In the cholesteric phase, molecules form a spiral structure that gives rise to
unique optical properties. These mesophases play a key role, especially in optoelectronic
applications, sensors and biomimetic materials. Surfactants organize in the presence of
water to form various lyotropic liquid crystal (LLC) mesophases. In this thesis,
Molybdenum trioxide films were produced using Liquid Crystal mesophases and these
films were characterized using different characterization techniques. In addition, Zinc
oxide thin films were produced in the same way using liquid crystal templates and
characterized using different characterization techniques. Furthermore, the effect of the
positively charged CTAB surfactant on zinc oxide films was investigated. The band gap
was calculated using a Tauc plot based on data from the absorbance graphs of zinc oxide
films with varying thicknesses, which were measured using a profilometer. Additionally,
ZIF-8, a metal-organic framework, was synthesized as a film using a 691 mM 2-HmIm

solution and zinc oxide thin films.
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OZET

SIVI KRISTAL KALIPLAMALI METAL OKSIT SENTEZI VE
KARAKTERIZASYONU

Siv1 kristaller, katilar ve sivilar arasinda 6zellikler gosteren fazlar olup malzeme
bilimi ve teknolojisinde dnemli bir yere sahiptir. Bu malzemeler, molekiillerinin dizilimi
ve hareket serbestligi sayesinde hem sivilarin hem de kristallerin 6zelliklerini birlestirir.
Ozellikle termotropik ve liyotropik siv1 kristaller, sicaklik ve ¢dziicii konsantrasyonuna
bagli olarak farkli fazlara gegis yapabilen yapilar sunar. Bu gecis siiregleri, sivi kristallerin
esnekligini ve islevselligini artirarak, goriintiilleme teknolojilerinden biyolojik
uygulamalara kadar birgok alanda kullanilmalarini saglar. Sivi kristallerin sergiledigi
mezofazlar (6rnegin nematik, smektik ve kolesterik fazlar) molekiiler dizilimine gore
siniflandirilir. Nematik fazda molekiiller genel bir yonelim gosterirken, smektik fazda
katmanli bir diizen ortaya ¢ikar. Kolesterik fazda molekiiller spiral bir yap1 olusturarak
optik Ozellikler gosterir. Bu mezofazlar, ozellikle optoelektronik uygulamalarda,
sensorlerde ve biyomimetik malzemelerde 6nemli rol oynar. Yiizey aktif maddeler, suyun
varliginda cesitli liyotropik sivi kristal (LLC) mezofazlar1 olusturmak iizere organize
olurlar. Bu tezde, Sivi Kristal mezofazlar1 kullanilarak Molibden trioksit filmleri
sentezlendi ve bu filmler farkli karakterizasyon teknikleri kullanilarak karakterize edildi.
Ayrica, Sivi Kristal sablonlu Cinko oksit ince filmler ayni sekilde sentezlendi ve farkli
karakterizasyon teknikleri kullanilarak karakterize edildi. Ayrica, Cinko Oksit filmler i¢in
pozitif yiikli CTAB yiizey aktif maddesinin filmler iizerindeki etkisi arastirildi. Farkli
kalinliklardaki ¢inko oksit filmlerin absorbans grafiklerinden elde edilen veriler ve
profilometre ile 6l¢iilen kalinliklar kullanilarak Tauc Plot ile bant aralig1 hesaplamasi
yapildi. Ayrica, Metal Organik Cergevelerden biri olan ZIF-8, Cinko oksit ince filmler

tizerinde 691 mM 2-Hmlm ¢6zeltisi kullanilarak sentezlendi ve karakterize edildi.
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CHAPTER 1

INTRODUCTION

1.1. Liquid Crystals

These days, LC displays (LCDs) are widely known. But LCDs and liquid crystals

(LC) are not quite the same. After the first three states, liquid crystals are generally

regarded as the fourth state of matter. Because they possess both the orderliness of a

crystalline solid and the controllable mobility of a liquid, LCs are regarded as the

intermediate phase of matter.!
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Figure 1.1. Liquid crystal. (Source: Yu, 2015)!

Crystal structures are difficult to control due to their lack of fluidity, while the

fluidity of liquids can be controlled. As shown in Figure 1.1. Liquid crystal, liquid crystals

are a fluid phase and have high viscosity, so their controllability is higher than the crystal

structure.?



The discovery of Liquid Crystals began in the late 19th century with Austrian
botanist and chemist Friedrich Reinitzer Figure 1.2(b). While studying cholesterol from
carrots, Reinitzer noticed that cholesteryl benzoate had two melting points associated with
'birefringence' and colour changes. Cholesteryl benzoate, despite its optical properties
being similar to those of crystals, still flowed like a liquid. In 1888, Reinitzer wrote a
letter to German physicist Otto Lehmann Figure 1.2(a) stating that the substance he had
studied appeared cloudy and liquid-like at 145.5 °C, and became completely clear at 178.5
oC 3

(b)

Figure 1.2. Liquid crystal pioneers. (a) Friedrich Richard Reinitzer (1857-1927) and (b)
Otto Lehmann (1855-1922). (Source: DiLisi, 2019)*

Liquid crystals are usually divided into two groups thermotropic and lyotropic
phases. Thermotropic liquid crystals are sensitive to temperature changes and undergo a
transition to the liquid crystal phase with each increase in temperature. Lyotropic liquid
crystals, on the other hand, undergo phase transitions influenced by both temperature and
the concentration of molecules, with water being the common solvent in this type.*
Although these two types of liquid crystals have almost similar physical and chemical

properties, the chemical structures of their molecules are quite different.



Thermotropic liquid crystals® change to liquid crystal form depending on the
temperature. As a result, raising and lowering the temperature of a substance is an
approach that supports the formation of thermotropic liquid crystals. In contrast, the
formation of lyotropic liquid crystals depends on surfactant concentration and
temperature.® In other words, lyotropic liquid crystals will form in both lyophilic

(solvent-attracting) and lyophobic (solvent-repelling) environments.’

Liquid crystals
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Figure 1.3. Types of Liquid Crystals. (Source: Rahman et al, 2020)'°

It is also visualized as a schema in Figure 1.3. In general, liquid crystals are
classified into two types: phases that vary with temperature and phases that vary with
concentration. The optical properties of thermotropic and lyotropic liquid crystals vary
during phase transitions due to their regular molecular structures. Thermotropic liquid
crystals undergo transitions into different optical phases as a result of temperature
changes. In these phases, they exhibit properties such as changing the polarization of
light. Lyotropic liquid crystals form regular structures that change with solvent
concentration and temperature; their optical properties are generally associated with
micellization and the development of liquid-crystal order. Both types of liquid crystals
exhibit different color and textural properties when observed under polarized light, which

are used to identify their phase states.!! Liquid crystals have a wide range of applications,



especially in optics and electronics.!? The ability of LCs to change light polarization with
the help of electric fields, their structures resistant to different environmental conditions
and their ability to change light/color properties are interesting for various application
areas. For this reason, Liquid Crystals are often preferred for use in display technologies

and sensor applications.'?

1.2. Lyotropic Liquid Crystalline Mesophases

The lyotropic liquid crystal mesophases are systems in which amphiphilic
molecules form ordered structures capable of undergoing phases in response to changes
in concentration.!*!® These kinds of liquid crystals form by dissolving amphiphilic
molecules in a solvent (usually water)!” and display characteristics of both liquids and
solids, forming ordered formations at specific concentrations. Amphiphilic substances are
those that contain both hydrophilic and hydrophobic ends. Micelle-like structures will
arise as a result of these molecules' self-organization into mesophases upon entering the
solvent. These liquid crystal mesophases can transition from one phase to another

depending on environmental factors such as concentration and temperature. '*
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Figure 1.4. Shematic representation of the phase diagram of an amphiphilic surfactant in
an isotropic solvent. (Source: Dierking I. and Al-Zangana S., 2017)"

The formation of micelles results in regular structures that change depending on
physical parameters such as temperature and concentration. The phase diagram above
Figure 1.4 shows how amphiphilic molecules (one end is hydrophilic, the other end is oil-
loving) are arranged at certain temperatures and concentrations. At low concentrations,
the molecules are dispersed in solution as free amphiphiles, while when the critical
micelle concentration (CMC) is exceeded, spherical structures called micelles are formed.
The formation of these structures is associated with the amphiphiles transitioning to a
more energetically stable state.

With increasing concentration and appropriate temperature levels micelles
transform into more complex structures. In this process, regular liquid crystal phases such
as hexagonal, lamellar and reversed phases are observed, respectively. The hexagonal
phase consists of regular arrangements of cylindrical structures, while the lamellar phase
consists of double-layer structures. At higher concentrations, liquid crystal phases have
dense arrangements. This entire process depends on the molecular structure of the
amphiphilic molecules and the environmental conditions, and reflects the dynamic and
versatile properties of liquid crystals.

Micelles are spherical, self-assembled structures in which the polar head groups

of amphiphiles form a hydrophilic shell that encloses their apolar tail groups.?’ For



instance, as the concentration of amphiphiles rises, a system that is in a micellar phase at
low concentrations can change into lamellar, hexagonal, or cubic phases. The cubic phase
has a highly intricate three-dimensional structure, the hexagonal phase is made up of
cylindrical formations, and the lamellar phase has an organized structure where molecules
form parallel sheets. The arrangement of the molecules in the solvent varies across
phases.

To summarize briefly, below the critical micelle concentration (cmc), amphiphilic
molecules diffuse freely in the solvent, while above this value they can form spherical,
disk or rod-like structures. As the concentration increases further, these micelles
aggregate to form ordered structures such as hexagonal, cubic or lamellar phases. These
phase diagrams are quite complex because they are sensitive to temperature and

concentration.?!

1.3. Metal Oxides

Metal oxides are inorganic compounds that form when metals react with oxygen.
Generally, these substances are highly stable. Depending on the kind of metal and how it
bonds with oxygen, metal oxides have different structures. lonic bond-formed metal
oxides typically consist of alkali and alkaline earth metal oxides and possess
characteristics like electrical conductivity and elevated melting temperatures. However,
the oxides of transition metals and certain semimetals are known to contain metals with
covalent connections.

Today, metal oxides play a critical role in various areas from industry to
electronics. For example, the electrochemical properties of molybdenum oxide (MoO3)*?
allow it to be used as an anode material in batteries and supercapacitors, while MoO3 is
also used as a transparent conductive layer in thin-film semiconductors.?> While zinc
oxide (ZnO) is more suitable for use in gas sensor materials** in thin film form due to its
tunable structure and wide optical band gap, metal oxides such as titanium dioxide (TiO:)
are commonly used in paints and sunscreens. In addition, metal oxides such as iron oxide
(FeO) are widely used in the production of pigments®> and magnets. They also play an
important role as electrode materials in energy storage systems,?¢ especially batteries and
fuel cells.?” Since PEC (photoelectrochemical)?® water splitting is increasing, titanium

oxides and iron oxides are also of great importance in light-driven photocatalysis studies.



The chemical reactivity and thermal stability of these compounds make them
indispensable in environmental protection, catalyst development and high-tech devices.
In literature studies, metal oxides are synthesized using various methods. For

)** method has been used for the

example, an aerosol-chemical vapor deposition (ACVD
controlled deposition of nanostructured metal oxide films. In this method, different
characteristic times and parameters that enable the deposition of the film were evaluated
to understand their effect on the morphology of the film. Another method of metal oxide
synthesis, the sol-gel method,*° is based on the principle that the system which starts as a
sol (solution) gradually transforms into a gel-like network (gel) structure containing both
liquid and solid phases. Generally, sol formation occurs through the hydrolysis and

condensation of metal alkoxide precursors.

5555

substrate substrate substrate substrate
e
(a) Deposition (b) Spin-up (c) Spin-off (d) Evaporation

Figure 1.5. The four basic stages of spin coating. (Source: Maumen et al, 2021)!

Finally, the Spin Coater is based on the principle of spreading a metal oxide
solution onto a substrate by rotation to provide a homogeneous coating. The process
consists of four main steps as seen in Figure 1.5: Deposition (a): The substrate is covered
with a drop of metal oxide solution. A metal precursor (such as metal nitrates or
organometallic compounds) and a solvent are typically included in this solution. Spin-up
(b): High-speed rotation of the substrate is initiated. At this stage, the surplus solution in
the middle of the substrate flows outward. The uniform distribution of the solution
throughout the surface is ensured by centrifugal force. Spin-off (c): By using faster
rotation speeds, extra solution is eliminated from the surface. This procedure guarantees

the creation of a thin, consistent film layer. The coating thickness can be altered by



varying the spin speed and viscosity of the solution. Evaporation (d): The gel film layer
is left behind after the solvent evaporates during the coating process. Usually, a heat
treatment (such as drying or pyrolysis) is applied to ensure that the metal forms. The Spin
Coater method is preferred in thin film technologies because it provides precise and
reproducible coatings. In metal oxide synthesies, this method is quite common to produce
nanostructured and homogeneous films. This process ensures that the material is

distributed evenly and uniformly across the entire substrate surface.

1.4. Synthesis of Metal Oxides Using Lyotropic Liquid Crystals

Metal oxides are widely used inorganic compounds formed by the combination
of metal elements with oxygen. To improve various electro-optic and other important
properties of Liquid Crystals, many studies have been conducted on the incorporation of
appropriate additives into the host Liquid Crystal material.*> Porous crystalline metal
oxide semiconductor films** have lead to numerous applications such as optoelectronic
devices, solar cells, chemical sensors, and photocatalysis.

From the past to the present, soft templates containing surfactants that encourage
pore development have been used to create metals, metal oxides, and polymers. The final
solid material's morphology adopts the structure of soft systems with nanoscale motion
dynamics as a result of the reaction of inorganic precursors in a non-homogeneous
surfactant. Compared to the hard templating approach, it requires fewer synthetic
procedures, 1s less expensive, and allows for control over pore size and mesostructure by

regulating the dynamic structure of the chosen soft system.*°
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Figure 1.6. A scheme on the use of soft templating methods in the synthesis of
mesoporous materials. (Source: Serra A., and Valles E.,2018)7°

The liquid crystal templating method's steps are shown in Figure 1.6, which also
illustrates the fundamental procedure for creating mesoporous (porous) materials.
Surfactants create spherical structures known as micelles in the first step by self-
assembling in a solvent. These micelles arise because of the hydrophilic (it attracts water)
and hydrophobic (it repels water) properties of the surfactant. Surfactants are templates

that form regular structures.



In the second step, inorganic precursors are added to these micelles formed by
the surfactants. Inorganic substances accumulate in an orderly manner around the
micelles and are called aggregation. In a process known as aggregation, inorganic
materials and surfactants come together to form organized structures. The liquid crystals
make up the fundamental structure of mesoporous materials and have an ordered
structure. The inorganic precursors then condense around the surfactant template to form
a "soft template". This template is essential to the development of mesoporous materials'
porous structure. Surfactants are typically eliminated or separated at the end of the
process, leaving just the inorganic mesoporous substance. The result is a mesoporous
material with a high surface area, a well-defined and controlled pore structure, and
properties suitable for various applications. The synthesis of mesoporous materials,
which are crucial for numerous applications like energy storage devices, drug delivery
systems, sensors, and catalysts, is frequently accomplished using this technique. An
efficient way to regulate the pore arrangement and size of these materials is using liquid
crystal phases and surfactant-based procedures.

The relatively rich liquid crystal phase of lyotropic liquid crystals is a complex
system composed of surfactants and solvents. Because of the ordered phases that the
surfactant forms, these structures serve as a soft template that enables the directed and
controlled production of mesoporous nanomaterials. The advantages of lyotropic liquid
crystals, such as their strong versatility, ease of control and adaptability, make them more
efficient, economical and practical compared to traditional hard template methods.’” In
addition, this method attracts attention with its potential to support environmentally
friendly processes. One particularly effective method for creating various nanopore
geometries and facilitating the creation of materials with a high pore density is the use of
lyotropic liquid crystal templates. These templates' capacity to offer exact control at the
nanoscale has led to creative solutions in the fields of materials science and
nanotechnology. Thanks to the design of their pore architectures, the resulting materials
have found a wide range of applications and have garnered attention, particularly in fields
like energy storage systems, catalysts, and sensors. Thus, they make significant
contributions to research in this field by inspiring the development of new approaches in

nanomaterial production.®
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1.5. Molybdenum Trioxide (MoQ3)

When molybdenum and oxygen react, a metal oxide called molybdenum oxide is
formed, which is typically white or pale yellow in color. Although this molecule can exist
in a variety of oxidation states, the most typically employed form is molybdenum trioxide
(Mo00:s). When exposed to UV light, its hue changes from white-yellow to greenish blue
due to its different features, which include electrochromic®® and photochromic behavior.*’
This material is classified as an n-type semiconductor because of its electron transport
characteristics. It can become more electrically conductive*! as oxygen vacancies form
on its surface. The typical interaction of molybdenum metal and oxygen yields
molybdenum oxide, which can be obtained through thermal oxidation at high
temperatures.

Alternatively, other synthesis techniques, such as sol-gel,** hydrothermal
processes,* thermal evaporation,* or chemical vapor deposition,*’ can also be employed
to produce MoOs with varying properties and morphologies. The most stable and
commonly encountered form of MoO: is the a-MoOs phase, which is characterized by an
orthorhombic crystal structure. This phase is widely studied due to its robust thermal and

structural stability.

Figure 1.7. Two different crystal structures of molybdenum trioxide (a) a-MoO3
(orthorhombic) and (b) B-MoO3 (monoclinic).”’
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The Figure 1.7 above shows two different phases of molybdenum trioxide (MoOs)
crystals, a-MoOs and B-MoQ:s. Figure (a) represents the orthorhombic crystal structure of
0-MoQOs. This phase consists of distorted octahedral units formed by Mo atoms and
oxygen atoms, and these octahedra are organized into a chain. The structure is arranged
in layers connected to each other in different planes, which causes a-MoOs to exhibit
sheet-like properties. Figure (b) represents the monoclinic crystal structure of f-MoO:s.
This phase has a more tightly packed structure and shows that the octahedral MoOs units
are arranged more densely in a different order. This structure exhibits less anisotropic
properties compared to the o phase. Both structures have different physical and chemical
properties and are used in catalysis, gas sensors and energy storage applications. In
addition to a-MoOs, less stable forms such as the B-MoOs phase, characterized by a
monoclinic crystal structure, and amorphous molybdenum oxide also exist. These

different phases arise from variations in synthesis conditions and exhibit distinct

1’46 1,47

thermal,™ optical,”” and electronic properties due to their unique crystal arrangements.
In summary, Molybdenum trioxide (MoO3), especially with its a- and B-phases,
has attracted attention as an important material for energy storage*® and electronic
applications. a-MoO3 generally starts to nucleate at approximately 300 °C. On the other
hand, the evaluation of p-MoO3 as a cathode material in thin-film lithium-ion batteries*
emphasizes the importance of long-term annealing to increase the crystallinity>® and
improve the performance of thin-film electrodes.’! Interestingly, B-MoO3 crystals
transition to a similar lithiated electrochemical state as a-MoO3 during cycling. Both
phases can be crystallized at relatively low temperatures, allowing MoO3 to be

investigated as a versatile material in various technological applications.

1.6. Zinc Oxide (ZnO)

In recent years, Zinc oxide (ZnO) has become one of the most extensively studied
semiconductor metal oxides for various applications, thanks to its diverse characteristics,
including non-toxicity, simple synthesis, adjustable wide direct band gap (~3.4 eV),*
high exciton binding energy (~60 meV), and excellent transparency in the visible
spectrum.>® Zinc Oxide exists in two different crystal structures: hexagonal wurtzite and
cubic zinc blende. The wurtzite structure is the more stable form under normal conditions

and allows for effective growth of ZnO when conditions are optimum.>*
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The optical, electrical, and surface characteristics of zinc oxide (ZnO) films are
largely determined by their crystal structure, which also influences how ZnO behaves in
different applications. The tetrahedral coordination of both zinc and oxygen atoms is a
characteristic of the wurtzite crystal structure that ZnO typically takes on. The zinc and
oxygen atoms are organized in a distinct, regular manner >’ in this specific configuration,
which produces a crystal lattice with hexagonal symmetry. In addition to being the most
prevalent form of ZnO in nature, the wurtzite structure is the most stable configuration
under normal circumstances, providing it with special qualities that are useful in a range

of technological applications.

c-axis
[0001]

a[0110]

Figure 1.8. Wurtzite crystal structure of ZnO with a hexagonal unit cell and distinct crystal
faces.”

The Figure 1.8 shows a special structure called wurtzite in a zinc oxide (ZnO)
crystal. The left image details the atomic-scale arrangement of Zn and O atoms. In this
case, the red spheres represent oxygen (O) atoms, while the blue spheres represent zinc
(Zn) atoms. Each zinc atom is connected to four oxygen atoms, and each oxygen atom is
bonded to four zinc atoms, forming a tetrahedral structure. This configuration contributes
to ZnO's piezoelectric and optical characteristics by forming a stiff three-dimensional
lattice structure. The wurtzite structure's general geometric model is shown in the image
on the right. A hexagonal prism-shaped crystal lattice is shown in this model. An essential
part of ZnQO's piezoelectric properties is the vertically oriented c-axis ([0001]), which

shows the structure's polar direction. The hexagonal symmetry is defined by the
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horizontal plane's a and b axes. This hexagonal arrangement makes ZnO preferred in
many fields such as sensors, nanotechnology and optoelectronic devices. This regular
atomic arrangement in the wurtzite crystal structure forms a foundation that enhences the
strength and electrical properties of ZnO.

In short, Zinc oxide (ZnO) thin films are of great importance for many
technological applications and can be produced by different synthesis methods. The sol-
gel method’® attracts attention with its low cost, easy applicability and ability to deposit
homogeneous films on large areas. This method generally involves preparing solutions of
metal nitrates and applying these solutions to the coating surface at a certain
temperature.®’ Subsequently, organic components are removed by thermal treatment and
the formation of the crystal structure of ZnO is ensured. The sol-gel method™® is especially

suitable for use in thin film optoelectronic devices.*

1.7. Zeolitic Imidazolate Framework (ZIF-8)

Metal-organic frameworks (MOF) are porous materials formed by the
combination of metal ions or metal clusters and organic binders.®® Figure 1.9 shows the
crystal structure of the ZIF-8 structure. ZIF-8 is formed by the coordination of zinc (Zn)
metal atoms with imidazolate (CsHsN:") ligands. In the image, the blue tetrahedra
represent the four-coordination geometry of zinc atoms with imidazolate groups, while
the orange and brown atoms represent carbon (C) and nitrogen (N) atoms, respectively.
This structure forms a regular three-dimensional porous framework similar to zeolites.
The most important properties of ZIF-8 include its high thermal and chemical stability,
hydrophobic nature and very high porosity.

Because of their high surface area, chemical characteristics, and tunable pore
size, these materials can be employed in a variety of applications, including drug delivery,
membrane technologies,> energy and gas storage,®? separation, catalysis,** and
batteries.®! ZIF-8, a member of the MOF family, is composed of zinc ions coordinated

with an organic 2-methylimidazole ligand.
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Figure 1.9. Zeolitic Imidazolate Framework (ZIF-8).”

ZIF-8 films can be tailored to desired properties through various synthesis
methods, highlighting their flexibility and adaptability. The first synthesis methods, the
Dip Coating method,®® creates a homogeneous film layer on the surface by dipping the
substrate into the ZIF-8 precursor solution and slowly removing it, and this method is
especially suitable for producing thin films. Chemical vapor deposition (CVD) is used in
the production of sensitive and porous films by evaporating metal and organic
components and depositing them on a surface.®® Drop casting is another method used to
synthesize ZIF-8 films. In this method, the metal ions of ZIF-8 and the organic ligand
solution (usually 2-methylimidazole) are combined and the resulting precursor solution
is directly dropped onto a substrate surface.®’

The solution spreads over the substrate and the ZIF-8 layer gradually begins to
form as the solvent evaporates. The thickness and uniformity of the resulting film can be
controlled by the amount, concentration and evaporation rate of the dropped solution.
Spin Coating allows the precursor solution to be poured onto a surface and spread
homogeneously by spinning, and is generally preferred in membrane applications. ¢ In
addition, the electrochemical deposition method offers the advantage of controlling the
film thickness and order by depositing metal ions on an electrode. These methods offer
the opportunity to optimize film properties for applications such as gas separation,®

catalysis or water treatment.
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CHAPTER 2

MATERIALS & METHODS

2.1. Experimental Methodology

2.1.1. Synthesis of Molybdenum Oxide Films

Ammoniumheptamolybdate tetrahydrate (NH4)sM07024.4H20) (abbreviated as
AHM), decaethylene glycol monododeacyl ether (10-lauryl ether, Ci2E10), and Sulfuric
acid (SA or H2SO4, 95-97%) were used in the production of molybdenum oxide films.
All glass substrates and silicon wafers were cleaned with piranha solution (H2SO4/H202,
3:1 by volume) followed by sequential washing with alcohol and Milli-Q water prior to
use. Milli-Q water (18.2 MQ-cm resistivity at 25 °C) was used throughout the synthesis.

First, an SA/LC solution with a molar ratio of 2.5 was prepared. A clear liquid
crystal solution was obtained by dissolving 627 mg of oligo (10-lauryl ether, C12E1¢) in 3
mL of ultrapure water in a glass bottle while stirring at 300 rpm, followed by the addition
of 138 uL of sulfuric acid. Then, a clear AHM solution was prepared by dissolving 1.85
g of ammonium heptamolybdate tetrahydrate in 3 mL of ultrapure water to achieve a
concentration of 0.5 M, in a separate Falcon tube. It was determined that 400 pL of the
0.5 M AHM solution is the optimal volume to be added to the 2.5 SA/LC solution. The
reason for taking 400 microliters of the prepared AHM solution is that it was added in a
controlled manner so that the liquid crystal phase would not be disrupted by including
every 100 microliters into the system and the phase was disrupted after 400 microliters.

Since the obtained yellow transparent solution darkened and lost its transparency
in approximately 10 minutes, the coating time was kept short and the coating of silicon
wafer and glass surfaces was carried out by spin coating method at 1000 rpm for 1 minute.
In order to obtain a thin film after spin coating, the coated films were calcined at different
temperature parameters (450°C for 1 hour, 350°C for 2 hours and 250°C for 3 hours) to
remove liquid crystal and carbon from the coated films and thus a film supporting metal

oxide synthesis was formed.
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2.1.2. Synthesis of Zinc Oxide and ZIF-8 Thin Films

The chemicals used in the synthesis of zinc oxide thin films were, zinc nitrate
hexahydrate (N2OsZn.6H>0), decaethylene glycol monododeacyl ether (10-lauryl ether,
Ci2E10) and hexadecyltrimethylammonium bromide (CTAB > 99% purity). All glassware
was cleaned with piranha solution and Milli-Q (18.2 MQ-cm resistivity at 25 °C) water
was used throughout the synthesis.

The Zinc Salt/C12EO10 molar ratio used in the synthesis of liquid crystal-
templated zinc oxide thin films was 2. In the synthesis, 4 mL of ethanol and 1 mL of
ultrapure water were mixed in a glass bottle, then 0.500 g of nonionic surfactant (10-
lauryl ether, Ci2E10) was added to the bottle and mixed homogeneously using a magnetic
stirrer at 200 rpm. 0.442 g of zinc salt, corresponding to a 2 molar ratio, was added to the
prepared surfactant solutions. The entire solution was stirred in the same manner with a
magnetic stirrer at 200 rpm, resulting in a transparent, clear solution. Furthermore, CTAB,
a positively charged surfactant, was added to the system to assess its effect on film quality.
For Zn/LLC solutions with a mole ratio of 2, 0.145 g of CTAB was added to the system,
achieving a molar ratio of 0.5 CTAB/C12EO1¢. The obtained LLC solutions with and
without CTAB were poured dropwise onto the glass substrate for XRD analysis and
coated by spin coating method at 500 rpm for 2 minutes. For SEM analysis, the LLC
solution was poured onto the glass substrate and coated by spin coating method at 2000
rpm for 2 min. Calcination was performed in an oxygenated environment at 250°C for 5
hours, 350°C for 3 hours, and 450°C for 1 hour to remove the liquid crystal and synthesize
zinc oxide.

ZnO thin films obtained through the liquid crystal templated approach were
treated with a 691 mM 2-methylimidazole solution to form ZIF-8 films. The oven
parameters for the production of ZIF-8 films were 30°C for three hours, 30°C for six
hours, 60°C for three hours, and 60°C for six hours. Following heat treatment, the films
were removed from the solution container and rinsed with water. The resulting ZIF-8 film

was then allowed to dry at ambient temperature.
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2.2. Characterization Techniques

2.2.1. Polarized Optical Microscopy (POM)

Polarized waves cannot pass through the second filter, which is positioned
perpendicular to the first filter. The light is split into two distinct components by the
presence of birefringent samples in the light path, which causes the components to refract
in different directions. This procedure produces an observable texture as the light whose
polarization is altered by the sample goes through the second filter. POM exhibits
birefringence, which is one of the key characteristics that distinguish liquid crystals. The
different colors and patterns observed with POM result from changes in the polarization
of light caused by the structure of liquid crystals. A black image is produced when a
sample without birefringence is used, as light cannot pass through the analyzer. Molecular
regularity causes the polarization state of light to shift when the liquid crystal sample is
placed in the light path, altering the light's polarization state.”” In POM, this shift is
manifested as various hues and designs. The liquid crystal's phase state, molecular

orientation, and thickness all affect the colors and patterns.

2.2.2. UV-VIS Spectroscopy

UV-VIS spectroscopy is a type of analysis that measures the amount of light
absorbed by a substance. Through the use of visible and ultraviolet light spectra, this
method offers details about the composition of the material. First, specific wavelengths
of light are directed at the sample to begin this analysis. The sample's structure determines
its ability to partially absorb or transmit certain wavelengths of light. This procedure
measures the amount of light that the sample absorbs, allowing for the examination of its
constituent parts. The process of UV-Vis analysis involves sending light from a light
source to the sample and using a detector to measure the light's passage through the
sample. The wavelengths of light that the substance absorbs are noted by the detector. An
absorption spectrum is subsequently produced by converting the collected data into a
signal. Numerous details regarding the sample's concentration and composition are

revealed by this spectrum.
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2.2.3. Fluorescence Spectroscopy (FS5)

Fluorescence is a form of photoluminescence in which a substance absorbs light
and subsequently releases the energy as light. The energy received during the excitation
of a fluorescent material raises the energy level of the substance's electrons. When the
electrons return to the closest excited electronic level without losing energy, no light is
released. As the excited electrons try to return to their ground energy level, they release
their excess energy as photons. This kind of light emission is thought to be the fluorescent
material's characteristic light. A monochromator or filter is used to select the wavelength
of light that the light source produces, which is then directed towards the sample in a
fluorescence measurement. The fluorescent light of a particular wavelength is isolated
and measured using a second monochromator or filter because the photons released from
the sample are dispersed in all directions. The detector is positioned perpendicular to the
light source in order to stop the excitation light from being transmitted. This setup ensures
that only the fluorescent light emitted by the sample is detected and analyzed. This
procedure provides a reliable measurement to understand the sample's chemical and

structural characteristics.

2.2.4. Scanning Electron Microscopy (SEM)

A material imaging method called scanning electron microscopy is used to assess
a sample's surface thickness, appearance, and roughness. High-energy electrons are
applied to the sample's surface during this analysis, and the surface is scanned to examine
the material's appearance. The interaction of electrons with the sample's atoms yields
comprehensive information about the sample's surface. The SEM instrument can be used
for elemental analysis by examining the X-rays emitted from the sample. Because of this
property, the SEM can photograph the surface's structure and shape while also analyzing
its chemical composition. This technology's capacity to produce high-resolution images

is crucial for materials science.

2.2.5. Energy-dispersive X-ray spectroscopy (EDS)

Energy-dispersive X-ray spectroscopy (EDS or EDX) is an analytical technique

used to identify the elemental composition of a material. The two analysis techniques are
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often used together. A high-energy electron is applied to the surface of the sample, causing
the electrons to interact with the atoms of the material and excite them. The migration of
an electron from the inner orbit creates a vacancy that is filled by a higher-energy electron.
During this transition, the energy difference between them is released as an X-ray. Each
element emits X-rays at a specific energy level. The detector in the EDS instrument
measures the energy of these X-rays to produce a spectrum. Each peak in the spectrum
represents an element present in the sample. The height of the peaks indicates the relative
abundance of the elements. The higher peaks, correspond to higher concentrations of the

respective elements in the sample.

2.2.6. X-Ray Diffraction (XRD)

X-Ray Diffraction (XRD) is a technique that can be used to study the structural
properties of materials. In this technique, the sample is exposed to high-energy X-rays.
The sample's ordered structure causes the atoms to diffract the incoming X-rays at
specific angles. Bragg's Law is applied to analyze these diffraction patterns, which result
from X-ray interferences caused by the regular arrangement of atoms. By looking at the
angles at which these diffractions take place, Bragg's Law gives information about the
distances between atoms and the characteristics of the crystal structure.

This technique enables the understanding of the sample's crystal structure, phase
composition, size, and occasionally properties such as stress or deformation. The
diffraction data captured by the detectors is analyzed using a computer, which generates
a graphical pattern. This pattern serves as a "fingerprint" of the sample's structural
properties, providing a detailed analysis of the material. X-ray diffraction (XRD) is an

important technique for determining crystal structures in the field of materials research.

2.2.7. Raman Spectroscopy

Raman spectroscopy is a useful analytical technique for understanding the
molecular and chemical properties of a material. This technique is based on the principle
that laser light interacts with a material and scatters when directed at it. Raman
spectroscopy is particularly recommended for studying low-frequency motions such as
molecular vibrations and rotations. These properties provide valuable information about

the structure and chemical bonding of the material. Most of the photons in laser light are
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reflected back without losing energy when they strike a material because of elastic
scattering.

This phenomenon is called Rayleigh scattering, and it has no effect on the basic
analytical aspect of Raman spectroscopy. In contrast, only few photons interact with the
molecules of the substance to alter their energy. Throughout this process, the energy of
the photons varies along with the vibrational and rotational energy levels of the
molecules. These energy shifts, often referred to as Raman scattering, form the basis of
Raman spectroscopy. Since the energy shifts brought about by Raman scattering are
specific to certain vibrational modes of molecules, this technique is highly useful for
characterizing a substance's molecular structure and chemical bonding. Changes in the
frequency of the Raman scattering light released by the material excited by the laser light
are recorded by the detectors in Raman spectroscopy. The resulting spectrum can be
considered a "chemical fingerprint" of the substance, revealing details about its molecular
structure and chemical bonds.

Raman spectroscopy is used in many different contexts, such as materials
research, biology, chemistry, and even the evaluation of artistic creations. It enables the
analysis of gases, solids, liquids, and both organic and inorganic compounds.
Additionally, the non-destructive nature of Raman spectroscopy makes it a particularly
valuable tool. Sensitive information can be obtained, particularly at the microscopic level,
and direct material study is made possible. Because of these characteristics, Raman

spectroscopy is a versatile and powerful tool for the analysis of materials.

2.2.8. AFM-Based Profilometer

The AFM-based profilometer is a tool used to analyze material properties and
examine fine surface details. To determine the surface's structure, this device moves an
arm with a sharp tip, typically at the atomic scale, over the surface. The probe is
positioned in close proximity to the surface in order to assess variations in height and
surface roughness. When the apparatus is functioning, the probe moves up or down due
to physical interactions between the surface's atoms as it approaches the surface. A laser
beam directed at the probe precisely measures this movement. With the aid of a
photodetector, the probe's movements alter the laser beam's direction, which is detected.
A three-dimensional map of the surface is produced by these signals. As a result, all

surface details are obtained in high resolution.
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Surface roughness and height variations can be examined at the nanoscale using
an AFM-based profilometer. This instrument may operate on both conductive and
insulating materials and is not dependent on light, in contrast to optical profilometers.
These characteristics make AFM-based profilometers a crucial analytical tool in fields

such as microelectronics, nanotechnology, and materials research.
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CHAPTER 3

RESULTS & DISCUSSION

3.1. Synthesis and Characterization of Molybdenum Oxide Films Using
Lyotropic Liquid Crystal

First, a 2.5 mole ratio SA/C12EO19 Lyotropic Liquid Crystal solution was
prepared. For this, 627 mg oligo (non-ionic surfactant) was added to 3 mL of ultrapure
water in a glass vial and stirred with a magnetic stirrer at approximately 300 rpm until
the oligo dissolved in water, and then 138 microliters of sulfuric acid added to the
prepared solution to prepare a clear liquid crystal solution. Then, in a separate 25 mL
falcon tube, 1.85 g of precursor chemical was used to prepare a clear solution in ultrapure
water to prepare 3 mL of 0.5 M AHM solution. As a result of gradual trials, 400
microliters of 3 mL of 0.5 M AHM solution taken and added to the 2.5 mole ratio
SA/C12EO10 Lyotropic Liquid Crystal solution prepared in a glass vial.

Figure 3.1 Photograph of the change of LC/AHM solution over time: (a) first minutes
and (b) after 10 minutes.

The prepared AHM/LLC solution transformed from Figure 3.1 (a) to (b) in
approximately 10 minutes. Therefore, the substrates to be coated were coated with a spin
coater and burned within the first 10 minutes of the solution preparation. The prepared
fresh solution was coated on the SiO substrate surface previously cleaned with piranha

solution using a spin coating device at 1000 rpm and calcined at different temperatures.
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As the next step, SEM images were taken from these fired substrates. As seen in Figure
3.2 in addition to the general film image from the farthest point (300 micrometers), the
image of the nanoparticles from the closest point (1 micrometer) is seen for the films

calcined at (a) 250°C for 3 hours, (b) 350°C for 2 hours and (c) 450°C for 1 hour.

Figure 3.2. SEM images of MoOs films at different temperatures (a) Farthest and closest
250°C 3 hours (b) 350°C 2 hours (c¢) 450°C 1 hour.

When looking at SEM images, it is seen that crystallinity is low at low
temperatures such as 250°C and a structure close to amorphous. As the temperature
increases, crystallinity increases. When compared with SEM images in the literature,’" it
is seen that crystallinity increases at high temperatures.

The EDS spectra of the MoOs3 film burned at 350°C are shown in Figure 3.3. It
was obtained from the SEM image covering the entire surface of the film. It is known
that each element has its own energy level. When EDS analysis is performed for MoO3

films, each peak in the obtained spectrum indicates the presence of Mo and O elements.
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Element Weight % Atomic %
OK 52.74 87
.~ MoL 47.26 13

Figure 3.3. EDS image of MoO3 film.

Diffraction angles observed in low-angle X-ray diffraction analysis of liquid
crystals often provide important information for understanding the structural properties
of liquid crystals. LLC mesophases exhibit a characteristic low-angle XRD pattern due
to large gaps between atomic layers in the crystal lattice structure. These gaps make it
difficult to maintain regular atomic arrangements and cause X-rays to diffract at certain
angles. As a result, these structures exhibit low-intensity diffraction lines over a broader
spectrum than conventional crystalline materials. Samples prepared from a 2.5
SA/C1,EO1o mole ratio’” give a diffraction pattern at approximately 2.3°, 20, as shown in

Figure 3.4.
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Figure 3.4. XRD pattern of SA/C12EO10 and SA/C12EO10/AHM LLC mesophases.
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Depending on the thickness of the films and the measurement conditions, the
intensity of the peaks may change when XRD analysis is carried out following the
calcination of MoO3 films at various temperatures (250°C, 350°C, and 450°C). Peaks
with a thermodynamically stable orthorhombic a-MoO3 crystal phase are visible in the

XRD analysis result of the film that was calcined at 450 °C.
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Figure 3.5. XRD pattern at different temperatures.

The XRD values of the films calcined at 350°C are seen at ~13.1°, ~23.7°, ~26°,
~27.6° and ~39.1°. According to the determined peaks, it can be said that the
crystallization is not complete and a structure that is a mixture of partially crystallized
and amorphous structures is formed. 250°C is generally not sufficient for the formation
of the crystal phase and in this case, crystallinity is almost never formed and an
amorphous structure emerges. In the literature, MoOs film syntheses are generally
synthesized at high temperatures. As seen in Figure 3.5, since amorphous materials do
not contain a regular crystal structure, no distinct peak is observed in XRD. In Figure 3.6,
photographs of the transparent images of the films on the glass substrate were taken

depending on the temperature. It can be said that as the temperature increases, the film
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quality also increases, and the reason why the color of the film calcined at 250 degrees,
which is the lowest temperature among them, is different is because the temperature is

not sufficient and there is carbon left in the film.

Figure 3.6. Photographs of films calcined at different temperatures on a glass slide. The
temperatures are (a) 250°C, (b) 350°C, and (c) 450°C, respectively.

The peaks observed in the Raman spectrum are crucial for identifying the
material's crystal structure and various crystal phases. In Figure 3.7, the Raman spectra
of a-MoOQO3 at various temperatures are displayed. Examination of the Raman peaks of
the films calcined at 350°C and 450°C revealed distinct and sharp peaks at 994 cm™!, 820
cm™, 666 cm™, 333 cm™, 282 cm™, and 158 cm™, while the films calcined at 250°C

showed no peaks. The 520 cm™! peak originates from the silicon substrate.
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Figure 3.7. Raman Peaks of orthorhombic a-MoO3 films prepared at different
temperatures.

3.2. Synthesis and Characterization of Zinc Oxide Thin Films Using
Lyotropic Liquid Crystal

Zinc Salt/C12EO19 LLC phases with mole ratios of 2 were used in the synthesis
of liquid crystal molded zinc oxide thin films. In the synthesis, 4 mL of ethanol and 1 mL
of ultrapure water were mixed in a glass vial. Then 0.500 g nonionic surfactant (10-lauryl
ether, C12E10) was transferred to the vial and mixed homogeneously using a magnetic

stirrer at 200 rpm.

28



Figure 3.8. Photographs of the solutions with CTAB (2C) and without CTAB (2), both at
a mole ratio of 2.

An amount of 0.442 g of zinc salt was added to the prepared LLC solutions with
a 2:1 mole ratio. The solution was stirred with a magnetic stirrer at 200 rpm, resulting in
transparent, clean solutions, as shown in the photograph in Figure 3.8. To investigate its
effect on the film quality, a positively charged surfactant, CTAB
(Cetyltrimethylammonium Bromide), was added to the system. For Zn/LLC solutions
with a mole ratio of 2, 0.145 g of CTAB was added to the system at a CTAB/C12EO1o

mole ratio of 0.5.
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Figure 3.9. (a) Low angle XRD pattern (b) POM image of Zn/LC.
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The obtained LLC solutions with and without CTAB were poured dropwise onto
a glass substrate for XRD analysis and then spin-coated at 500 rpm for 2 minutes. For
SEM analysis, the LLC solution was applied to the glass substrate and spin-coated at
2000 rpm for 2 minutes. Calcination was performed at 250°C for 5 hours, 350°C for 3
hours, and 450°C for 1 hour in an oxygenated environment to remove the liquid crystal
and synthesize zinc oxide. In Figure 3.9(a), both the samples with and without CTAB
diffract at small angles, and the images of two samples with mole ratios of 2 for these
two liquid crystal solutions taken with polarized optical microscope are shown in Figure

3.9(b).
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Figure 3.10. The XRD graphs of ZnO films calcined at different temperatures: (a)
without CTAB, and (b) with CTAB.

The peaks observed in the XRD pattern of ZnO correspond to the characteristic
planes of the wurtzite crystal structure. There are three main characteristic peaks for Zinc
Oxide. These peaks are observed at approximately 31.7°, 34.4° and 36.2°. In Figure 3.10,
the XRD spectra of ZnO thin films, both with and without CTAB, calcined at different
temperatures are presented. The films calcined at low temperatures did not exhibit any
peaks, indicating that the crystallinity of the structure is low. As the temperature increases,
the crystallinity improves, leading to more prominent peaks. The ZnO thin film without
CTAB (see Figure 3.10a) exhibits a polycrystalline structure, as the intensities of the three
peaks between 30° and 40° are similar. In contrast, the ZnO thin film with CTAB (see

Figure 3.10b) displays a prominent peak at 34.4°, which is significantly more intense than
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the other peaks, indicating that the ZnO crystals are oriented perpendicular to the c-axis.
In the presence of CTAB, ZnO thin films are said to be more homogeneous and have
higher crystallinity.

Figure 3.11 shows SEM images of ZnO films with and without CTAB at different
temperatures. It is observed that the films with CTAB at 250 °C, 350 °C, and 450 °C
exhibit a more homogeneous structure compared to the films without CTAB at the same
temperatures (250 °C, 350 °C, and 450 °C). CTAB, a cationic surfactant, prevents

particles from aggregating, thereby promoting homogeneous film growth. As a result, it

is evident that CTAB has a positive effect on the structure, particle size, and shape of the
thin film.

Figure 3.11. SEM images ZnO thin films at different temperatures (a) 250°C (b) 350°C
(¢) 450°C with CTAB and (d) 250°C (e) 350°C (f) 450°C without CTAB.

When examining the SEM images of ZnO thin films, it is observed that at lower
temperatures, aggregates are formed. However, as the temperature increases, these
aggregates become more homogeneous, and the crystallinity of the films improves.
Additionally, it is observed that CTAB enhances the quality of the ZnO films. When
examining the SEM images of the films with CTAB (see Figure 3.11a, Figure 3.11b, and
Figure 3.11¢), a decrease in grain size and a more homogeneous distribution are observed.
In contrast, the SEM images of the films without CTAB (see Figure 3.11d, Figure 3.11e,

and Figure 3.11f) reveal an increase in grain size, with the grains gathering together and
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forming aggregates. As a result of the full-area EDS analysis for ZnO (see Figure 3.12),
the atomic percentages of the Zn and O peaks in the spectrum (Zn: 34.57% and O:
34.27%) are very close to the 1:1 ratio, indicating that the material is pure ZnO with a
wurtzite structure. Upon examining the spectrum, it is observed that elements such as Na,
Mg, and Si are also present, which can be attributed to the glass substrate. A slight excess
of Zn suggests the presence of oxygen vacancies in the ZnO. Peaks corresponding to
elements other than zinc and oxygen originate from the glass substrate. Since the Zn and
O percentages are influenced by the signals from the substrate, elemental mapping

analysis was conducted specifically on the surface area containing ZnO.

Element Weight % Atomic %
OK 3427 55.86
3457 13.79
597 6.77
1.34 143
2385 22.14

Figure 3.12. Full-area EDS analysis of the glass substrate.

EDS is highly sensitive to light elements, which may lead to an overestimation of
the percentage of light elements, such as oxygen, in the analysis. This suggests that
surface effects play a role. Additionally, since the glass substrate is oxygen-containing, it

may have contributed to the increased oxygen percentage in the sample during EDS

mapping.
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Figure 3.13. EDS mapping for ZnO thin film.

EDS is highly sensitive to light elements, which may lead to an overestimation of
the percentage of light elements, such as oxygen, in the analysis. This suggests that
surface effects play a role. Additionally, since the glass substrate is oxygen-containing, it

may have contributed to an increased oxygen percentage in the sample during EDS

mapping (see Figure 3.13).
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Figure 3.14. Emission mapping for ZnO Thin Film.

In the analysis of the ZnO thin film in Figure 3.14 using the FSS5 device, it was
determined that the film emitted at approximately 400 nm when excited at 325 nm.
Excitation near the band gap of ZnO (~3.3 eV) causes electrons to transition into the
conduction band; however, the emission at 400 nm may be attributed to intermediate
energy levels created by defects, such as oxygen vacancies or excess zinc on the surface.
Since this film, whose emission was measured with the FS5 device, is thicker than the
other two films coated at 1000 rpm and 2000 rpm (500 rpm), zinc inhomogeneity may
cause localized regions with higher zinc density.

The data obtained from the profilometer usually provides a profile of the height
of the film surface. The measured height is calculated as the difference between the film

and the substrate. It should be noted that the optical and electrical properties of the thin
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films such as optical band gap and electrical conductivity strongly depends on the

thickness of the thin film.
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Figure 3.15. Profilometer images showing the thickness of Zinc Oxide thin films at
different spin-coating speeds: (a) 500 rpm, (b) 1000 rpm, and (c) 2000 rpm.

Therefore, to calculate the band gap, the film's thickness must be known. In this
study, the ZnO films with varying thicknesses had the following measurements: 99 nm
for the film coated at 500 rpm, 84 nm for the film coated at 1000 rpm, and 55 nm for the
film coated at 2000 rpm (see Figure 3.15).

Figure 3.16 shows the photoluminescence (PL) spectra of ZnO films produced at
different spin-coating speeds (500, 1000, and 2000 rpm), highlighting how their emission
properties change with film thickness. The film coated at 500 rpm has the thickest layer
due to the lower coating speed. However, the graph indicates that the emission intensity
of the film obtained at 500 rpm is significantly lower compared to the films coated at

higher speeds
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Figure 3.16. Photoluminescence (PL) spectra of ZnO films produced at different spin-
coating speeds (500, 1000, and 2000 rpm): (a) without CTAB, (b) with CTAB.

Notably, the emission intensity increases as the film thickness decreases (at 1000
rpm and 2000 rpm). The highest emission intensity is observed in the thin film fabricated
at 2000 rpm. Light emission is more efficient in thin films, as there is less re-absorption
of light within the film. Additionally, thin films offer a more uniform surface and a more
ordered crystal structure, both of which enhance optical performance and increase PL
intensity.

Consequently, the emission intensity of ZnO is inversely correlated with its film
thickness. While thin films produce stronger PL signals, thicker films exhibit reduced
emission intensity. These findings suggest that careful control of film thickness is crucial
when using ZnO films in optoelectronic applications. Moreover, CTAB doping promotes
more efficient PL emission in thin films by facilitating surface modification and particle

ordering.
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Figure 3.17. Absorbance spectra of ZnO films fabricated at different spin-coating speeds
(500, 1000, and 2000 rpm): (a) without CTAB, (b) with CTAB.

In Figure 3.17(a), when CTAB is not used, the absorption is typically lower. This
shows that CTAB improves the morphology of the zinc oxide film. The highest
absorption is observed in the film fabricated at 500 rpm spin-coating, though it is
significantly lower than that of the sample with CTAB. In the films fabricated at 1000
and 2000 rpm spin-coating, absorption decreases with increasing spin-coating speed,
reflecting a reduction in light absorption capacity as the film becomes thinner. In Figure
3.17(b), the presence of CTAB significantly increased the absorption of the zinc oxide
films. Especially in the films fabricated at 500 rpm spin coating, the results show that
thicker films have a higher light absorption capacity. Absorption decreases as the film
thickness decreases, due to the lower light absorption capacity of thinner films. This is
due to the low light absorption capacity of thin films. The absorbance peak in the
spectrum occurs around 360 nm, which aligns with the expected UV absorption region
for zinc oxide.

Tauc Plot is a widely used method to determine the optical band gap (Eg) of a
material and is usually based on absorbance (4) data. The optical band gap is calculated
based on the Tauc equation: (ohv) n=B (hv—Eg).”® In this case, #v represents the photon
energy (eV), a the absorbance coefficient, B a constant specific to the material, and Eg
the optical band gap. The type of transition determines n: for direct transitions, n=2, while

for indirect transitions, n=1/2.74
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Plotting of the values of (ahv)n against hv is done after a is determined from
the absorbance data. In the resulting graph, the curve typically exhibits a linear region,
which corresponds to the band gap. By extending this line to the point where it intersects

the /v axis, the optical band gap (Eg) is obtained.
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Figure 3.18. Eg determination of ZnO films different thicknesses; (a) 500 rpm, (b) 1000
rpm, (c) 2000 rpm.

The band gaps of the Zinc Oxide films, depending on their thickness, were
calculated as 3.24 eV, 3.26 eV, and 3.29 eV, from the thickest film to the thinnest film. As
shown in Figure 3.18. As a result of the calculations based on absorbance using the Tauc

Plot method, it was observed that the band gaps increased as the film thickness decreased,

i.e., from 500 rpm to 2000 rpm.
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3.3. Synthesis of Liquid Crystal Templated ZIF-8 Films

In the synthesis of ZIF-8 (Zeolitic Imidazolate Framework-8) film, ZnO thin
films, which had previously been coated using the spin coating method, were further
coated with a 691 mM 2-methylimidazole solution. The oven was set to 30°C for three
hours, 30°C for six hours, 60°C for three hours, and 60°C for six hours. After the heat
treatment, the films were removed from the solution-containing vial and cleaned with
water. The oven was set to 30°C for three hours, 30°C for six hours, 60°C for three hours,
and 60°C for six hours. The films were removed from the solution-containing vial and
cleaned with water following the heat treatment. At room temperature, the resulting ZIF-
8 film was allowed to dry. On the ZnO thin film-coated glass surface, the ZIF-8 film (see
Figure 3.19b) formed as a result of keeping the ZnO films (see Figure 3.19a) in a beaker

with a 2-methylimidazole solution at specific temperatures, as shown in Figure 3.19.

(a) (b)

Figure 3.19. ZnO Thin Film(a) ZIF-8 Film(b)
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ZIF-8 is a type of metal-organic framework (MOF) material with a highly regular
crystal structure, which has been extensively studied in the literature. Compared with the
literature, the peaks of the ZnO films synthesized by heating with a 2-methylimidazole
solution at 30°C for 6 hours are generally located at low 20 angles in the range of 5-20°
(7.3°, 10.4°, 12.7°, 14.8°, 16.5°, 18.0°, and 24.5°). These peaks are consistent with the
literature and confirm that the synthesized material has a ZIF-8 crystal structure. Shifts
in the peak positions (see Figure 3.20) may indicate potential crystal defects, changes in

size, or structural alterations (see Figure 3.20).
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Figure 3.20. XRD graphs of ZIF-8 film structures synthesized by applying different
temperature/time parameters.
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Temperature and time dependent SEM images show that ZIF-8 crystals gradually
appeared at the same time as the dissolution of ZnO. In Figure 3.21, the transformation
times from ZnO film to ZIF-8 film are shown as follows: (a) 30°C for 3 hours, (b) 30°C
for 6 hours, (c) 60°C for 3 hours, and (d) 60°C for 6 hours. As the temperature increased
from 30°C to 60°C, the inter crystalline spaces were gradually filled and as a result of the
continued nucleation, the ZIF-8 film was formed. Although there is no obvious cubic ZIF-
8 formation at the low temperature of 30°C, the initial stages of crystallization are
observed. As the temperature and time increase, the formation of ZIF-8 cubic structures

also increases, leading to a gradual enhancement in crystallization.

&

Figure 3.21. SEM images of ZIF-8 film structures formed from Zinc Oxide thin films by
applying different temperature/time parameters: (a) 30°C 3 hours, (b) 30°C 6
hours, (¢) 60°C 3 hours and (d) 60°C 6 hours.
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CHAPTER 4

CONCLUSION

In conclusion, this thesis demonstrates that lyotropic liquid crystals (LLCs) can
be used as templates in the synthesis of metal oxides, owing to their regular molecular
structures and distinct phase behaviors. The importance of temperature, solvents, and
additives was emphasized in the synthesis of liquid crystals. By adding metal precursor
salts to the liquid crystal solution, the metal salts that accumulate around the liquid
crystals are converted into metal oxides through heat treatment, with different
temperature parameters (250°C, 350°C, and 450°C) being tested. As the temperature
increased during the heat treatment, the liquid crystal template was gradually removed
from the environment. In the synthesis of Molybdenum Trioxide film, a 0.5 M AHM
solution was added to the 2.5 mole ratio SA/LLC solution system, and the coating was
applied using a spin coater. Using various material characterization techniques, such as
EDS, SEM, XRD, and Raman spectroscopy, the films calcined at different temperatures
exhibited the orthorhombic a-MoO3 phase, demonstrating thermal stability at 350°C and
450°C. No diffraction peaks were observed in the films heated at 250°C. This can be
attributed to the material still exhibiting amorphous properties at lower temperatures. In
fact, liquid crystal-templated a-MoOs films have a wide range of applications, including
electrochromic devices and energy storage systems.

Subsequently, Zinc Oxide thin films were synthesized using liquid crystal
molding. An acid-free system was used for the synthesis of Zinc Oxide films. In addition
to the nonionic surfactant (10-lauryl ether) used in the liquid crystal solution, cationic
CTAB was also incorporated into the system. In the high-angle XRD spectrum, it was
observed that CTAB enhanced the crystallinity of the films. In addition, the SEM images
revealed that the films in the CTAB system were more homogeneous, with minimal
aggregation. When examining the low-angle XRD spectrum of the Liquid Crystal system
with and without CTAB in the 1 to 5 degree angle range, it is observed that the liquid
crystal mesophase is formed. Concurrently, it is also observed that the mesophase forms

a fun-texture under the polarized optical microscope
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When examining the high-angle XRD spectra with and without CTAB, it is
observed that the crystallinity of the films with CTAB increases when annealed at high
temperatures. However, at low temperatures, the films remain amorphous, as indicated
by the absence of diffraction peaks.

Since the Oxygen and Zinc percentages are similar in the EDS analysis, pure ZnO
film was synthesized. Other peaks observed in the spectrum originate from the glass
substrate. When EDS mapping is performed, it is observed that the entire film surface is
covered with zinc and oxygen elements. When the ZnO film was excited at 325 nm,
emission was observed in the range of approximately 380 nm to 410 nm. It should be
noted that since ZnO is a semiconductor with a wide band gap, when excited at 325 nm,
the excited electrons quickly recombine with holes in the valence band, emitting energy
close to the band gap. This energy corresponds to photons with a wavelength of
approximately 400 nm. After investigating the effect of CTAB and different temperatures
on ZnO thin films, the thickness of the films was measured at various stages. It was found
that the thickest film (at 500 rpm) had a thickness of 99 nm, the medium thickness film
(at 1000 rpm) was 84 nm, and the thinnest film (at 2000 rpm) was 55 nm, in films coated
using the spin coating method with different parameters. As a result, the emission
intensity of ZnO was found to be inversely proportional to the film thickness. Thin films
exhibit a more regular crystal structure and surface homogeneity, which enhances their
optical performance. The opposite is true for thicker films. CTAB doping enhances PL
emission efficiency in thin films by promoting surface modification and improving
particle arrangement.

In the absorbance spectra of ZnO films, the absorption is generally lower when
CTAB is not used. The highest absorption is seen at 500 rpm, but it is significantly lower
when compared to the sample with CTAB. It is seen that the light absorption capacity
decreases as the film becomes thinner. The presence of CTAB caused a significant
decrease in the absorption of zinc oxide films. This difference in light absorption capacity
is especially noticeable in the thick films fabricated using spin-coating at 500 rpm. The
absorption decreases as the film becomes thinner. This is due to the low light absorption
capacity of thin films. The peak of the spectrum is around 360 nm, which coincides with
the expected UV absorption region for zinc oxide. The band gaps of the films with known
thicknesses were calculated using the Tauc Plot and absorbance data. It was found that

the band gap was 3.24 eV for the thickest film (fabricated using spin-coating at 500 rpm),
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3.26 eV for the medium thickness film (fabricated using spin-coating at 1000 rpm), and
3.29 eV for the thinnest film (fabricated using spin-coating at 2000 rpm).

Finally, solution-based ZIF-8 films were obtained from ZnO thin films. The
previously synthesized ZnO films were heated in a 691 mM 2-methylimidazole solution
at different temperatures and durations to form ZIF-8 films as a result of the reaction
between zinc on the ZnO surface and the organic binder. The ZIF-8 films obtained were

characterized using XRD measurements.
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