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ABSTRACT

LYOTROPIC LIQUID CRYSTAL TEMPLATED SYNTHESIS OF
SINGLE-CRYSTALLINE GOLD MICROPLATES AND TRANSPARENT
CONDUCTIVE REDUCED GRAPHENE OXIDE THIN FILMS

Surfactants organize to form various mesophases of lyotropic liquid crystal (LLC)
in the presence of water. In the literature, some acids, salts, and ionic liquids have also
been used to form ordered LLC mesophases. In this thesis, two dimensional (2D) single-
crystalline gold (Au) nano- and microplates and reduced graphene oxide (RGO) thin films
have been synthesized using LLC mesophases. Stable LLC mesophases have been formed
using 10-lauryl ether (C12EO10), an oligo-type surfactant, and sulfuric acid (H2SOs), a
strong acid. Au plates with various anisotropic structures, such as triangular, truncated
triangular, hexagonal, and gear-like, have been synthesized by a photochemical method
in the presence of LLC mesophase. Most importantly, Au plates up to 39 pm in width
have been obtained in the confined space of the LLC medium. The thickness of the
obtained Au plates varies from 50 nm to 150 nm. The size and/or morphology of Au
products synthesized in LLC medium depends on the power of the light source, the
irradiation time, the amount of Au precursor added, the addition of different capping
agents, and various inorganic salts. Additionally, spin-coated RGO thin films have been
synthesized using the LLC mesophase for use as a transparent and conductive electrode
in various electrochemical devices. The LLC mesophase has improved the sheet
resistance values of RGO thin films. RGO thin films with a sheet resistance of 31 kQ/sq
and an optical transmittance of 92% at 550 nm have been achieved at the high thermal

annealing temperature under an inert atmosphere.
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OZET

TEK KRISTALLI ALTIN MIKROPLAKALARIN VE SEFFAF ILETKEN
INDIRGENMIS GRAFEN OKSIT INCE FILMLERIN LIYOTROPIK
SIVI KRISTAL SABLONLU SENTEZI

Yiizey aktif maddeler, su varliginda liyotropik sivi kristalin (LSK) cesitli
mezofazlarini olusturmak {izere organize olurlar. Literatiirde, bazi asitler, tuzlar ve iyonik
sivilar da diizenli LSK mezofazlar1 olusturmak i¢in kullanilmistir. Bu tezde, LSK
mezofazlar1 kullanilarak iki boyutlu (2D) tek kristalli altin (Au) nano- ve mikroplakalar
ve indirgenmis grafen oksit (RGO) ince filmler sentezlendi. Kararli LSK mezofazlari,
oligo tipi bir ylizey aktif madde olan 10-lauril eter (C12EO10) ve giiglii bir asit olan siilfiirik
asit (H2S04) kullanilarak olusturuldu. Uggen, kesik {icgen, altigen ve disli benzeri gibi
cesitli anizotropik yapilara sahip Au plakalari, LSK mezofazinin varliginda fotokimyasal
bir yontemle sentezlenmistir. En 6nemlisi, genisligi 39 pm'ye kadar olan Au plakalari,
LSK ortaminin sinirlt alaninda elde edildi. Elde edilen Au plakalarinin kalinligi 50 nm ile
150 nm arasinda degismektedir. LSK ortaminda sentezlenen Au iiriinlerinin boyutu
ve/veya morfolojisi, 151k kaynagimin giiciine, 1g1inlama siiresine, eklenen Au dnciiliiniin
miktarma, farkli kaplama ajanlarinin ve ¢esitli inorganik tuzlarin eklenmesine baglidir.
Ayrica, spin kaplamali RGO ince filmler, ¢esitli elektrokimyasal cihazlarda seffaf ve
iletken bir elektrot olarak kullanilmak {izere LSK mezofazi kullanilarak sentezlendi. LSK
mezofazi, RGO ince filmlerin tabaka diren¢ degerlerini iyilestirmistir. 31 k€Q/sq tabaka
direncine ve 550 nm'de %92 optik gecirgenlige sahip RGO ince filmleri, inert bir atmosfer

altinda yiiksek 1s1l tavlama sicakliginda elde edilmistir.
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CHAPTER 1
INTRODUCTION

1.1. Liquid Crystals

Liquid crystals (LCs) are mesophases between liquid and solid, known as the
fourth state of matter, and consist of organic substances. The crystalline solid phase
consists of a highly ordered crystal lattice and molecules cannot move freely in this highly
ordered structure. Therefore, molecules in a crystalline solid phase exhibit both positional
and orientational order (anisotropic). However, liquids do not have positional or
orientational order (isotropic) because the intermolecular forces in liquids are weaker than
in solids and the molecules move randomly in this highly disordered structure. The
molecules of LCs have mobility like molecules in liquids, but they have orientational
order and sometimes positional order, though not as much as solids, as shown in Figure
1.1.! Because of this orientational order of molecules in the LC phase, these materials are
optically birefringent, meaning that they have two different indices of refraction.
Therefore, different LC phases give different textures under the polarizing optical

microscope.

=N = DV

Crystal (solid) Liquid crystal Liquid

N N LY

Figure 1.1. A schematic representation showing the phase transition from solid to liquid
and the difference in orientational and positional order in crystal, liquid
crystal, and liquid phases of matter.

Liquid crystal materials have been studied for over a century, but in 1888, the first

documented example of an LC was reported by Austrian botanist Friedrich Reinitzer.? In



fact, he noticed that cholesteryl benzoate has two different melting points. When Reinitzer
melted the white solid, he observed that a turbid liquid was formed at 145°C and a clear,
transparent liquid was formed at 179°C. In 1889, Otto Lehmann also made a significant
contribution to this work.> He investigated the phase transitions of cholesteryl benzoate
with the heating stage polarizing microscope.

There are two main types of LCs: thermotropic and lyotropic. Thermotropic LCs
are single-component systems and temperature changes affect the phase transition of
these LCs. Calamitic (rod-like) and discotic (disc-like) organic molecules can form
thermotropic mesophases.

Unlike thermotropics, in lyotropic liquid crystals (LLCs), phase behavior is
affected by both temperature and solute concentration. At least two components are
required to form the LLC phase: the amphiphilic molecule (surfactant) and the solvent
(usually water). Amphiphilic molecules consist of a hydrophilic polar head and a
hydrophobic non-polar tail. The dissolution of amphiphilic compounds in a suitable

solvent leads to the formation of LLC phases.

1.1.1. Surfactants and Formation of Micelle

Surfactants are surface-active agents and they reduce the surface tension of the
dissolved medium by adsorbing at surfaces and interfaces. Adding low concentrations
(usually less than 1%) of a surfactant to water significantly lowers the surface tension of
the solvent.* Surfactants can be classified as cationic, anionic, nonionic, and zwitterionic
according to the type of charge(s) on their hydrophilic parts. If the charge on the head of
an ionic surfactant is negative such as carboxyl (RCOO™ M"), sulfonate (RSOs™ M"),
sulfate (ROSO3™ M"), or phosphate (ROPO3™ M"), the surfactant is called anionic; If the
charge is positive such as quaternary ammonium halides (R4N" X), it is said to be
cationic. Zwitterionic or amphoteric surfactants consist of both positive and negative
hydrophilic parts attached to the same molecule, for example, glycine (NH2CH2COOH)
or alkylsulfobetaines RN"(CH3),CH>CH>SO3". However, nonionic surfactants have no
charge on the hydrophilic head group such as polyoxyethylene (R—-OCH>CH>O-) or R—

polyol groups. Examples of these surfactants are given in Figure 1.2.
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Figure 1.2. Molecular structures of anionic, cationic, nonionic, and zwitterionic
surfactants from top to bottom, respectively.

The most common surfactant is sodium dodecyl sulfate (SDS), an anionic
surfactant. Cetyltrimethylammonium bromide (CTAB) is a cationic, decaethylene glycol
monododecyl ether (10-lauryl ether) is a nonionic, and cocamidopropyl betaine (CAPB)
1s a zwitterionic type surfactant. In this study, decaethylene glycol monododecyl ether
(C12EO10, 10-lauryl ether) has been mainly used as an oligo(ethylene oxide)-type
nonionic surfactant. It contains a hydrophobic alkane CnHan+1 tail and a hydrophilic
oligo(ethylene oxide) (—-CH2CH20-), head group.

The hydrophobic region of surfactants tends to avoid contact with water (solvent)
due to the hydrophobic effect. Owing to the hydrophobic effect, surfactant monomers
tend to aggregate in solution spontaneously and hence micelles are formed. On the other
hand, the hydrophilic units of the micelles form hydrogen bonds with water molecules.
In an aqueous solution, hydrophobic chains (usually alkyl chains) form the core of the
micelle and hydrophilic units form a shell in contact with the water. For example, in the
decaethylene glycol monododecyl ether molecule, the ethoxy groups form hydrogen
bonds with water molecules and the hydrophobic alkyl tails do not interact with water
molecules. In micelle formation, the driving force is the hydrophobic effect acting on the
hydrocarbon chains and the repulsive force must come mainly from the head groups of
the surfactant molecules.>”’

Micelles have different shapes, such as spherical, cylindrical, or bilayer, but
thermodynamically spherical shapes are preferred.® Tanford introduced the standard free

energy change related to aggregation to calculate micelle size and explain other micelle



properties.>® Using Tanford’s free energy expression, the theory of molecular packing
parameters was developed by Israelachvili et al.® They explained that the micelle size and
shape depend on the packing of the molecules. The molecular packing parameter is
defined as v /I ao, where a, is the optimal head group area, /. is the critical length of the
hydrophobic tail, and v is the volume of the hydrophobic portion of the molecule. Three
factors that define the molecular packing parameter in a spherical micelle are shown in

Figure 1.3.

Interfacial -
(hydrophobic) Headgn::l:?ui:ig.;irophllnc)
attracti -
10N ™~y 2 ‘m/
Interchain S, X

Packing parameter

epulsion #
repulsion N or factor = v/ay€:

Headgroup
area, a,

Figure 1.3. Schematic representation of the three molecular packing parameters (v, /., and
a,) for surfactant molecules. (Source: Israelachvili, 2011)°

At critical micelle concentration (CMC), surfactant monomers aggregate to form
spherical micelles. Below the CMC, the surfactant molecules exist as monomers in
solution and a monolayer of surfactant molecules forms at the air-water interface, in other
words, micellization cannot be observed. The CMC value is commonly determined by
measuring the surface tension of a solution containing different surfactant concentrations
(see Figure 1.4). However, surface tension measurement is time-consuming compared to
spectroscopic methods and gives reliable results at higher CMCs.!® CMC in a given
medium depends on the nature of the surfactant (size and structure of the hydrophobic
group and the head group of the hydrophilic chain), the nature of counterions, the addition

of electrolytes, temperature, etc.!!
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Figure 1.4. Surface tension of surfactant solution as a function of surfactant concentration
on a logarithmic scale. (Source: Hamberger and Landfester, 2011)!?

1.1.2 Lyotropic Liquid Crystalline Mesophases

Further increase of surfactant molecules in the medium above the CMC results in
the formation of different lyotropic liquid crystal (LLC) phases, such as simple cubic (I1),
2D hexagonal (H1), lamellar (L), and bicontinuous cubic (V1) phases (see Figure 1.5).
There are some essential chemical characterization methods to identify these LLC phases
such as polarized optical microscopy (POM), X-ray diffraction (XRD), differential
scanning calorimetry (DSC), transmission electron microscopy (TEM), and nuclear
magnetic resonance (NMR) spectroscopy.'*!*

The lamellar (L,) LLC phase contains bilayers separated by aqueous domains.
While the polar head groups of surfactant molecules are in contact with the aqueous
medium, the hydrophobic tails face the center of the layer. The subscript a denotes the
fused chains in this mesophase.!> This mesophase, despite its high surfactant content, is
less viscous than the hexagonal LLC phase because the bilayers can easily slide over each
other. It has characteristic scattering Bragg peaks in the ratio 1: 2: 3, etc., obtained from
the Small Angle X-Ray Scattering (SAXS).!>!¢ Lamellar LLC phases show distinct
optical textures under the POM investigations and the texture is streaky or mosaic-like.!>
17

The hexagonal LLC phase (Hi) consists of elongated (rod-shaped) or infinite
cylindrical micelles organized in a two dimensional (2D) hexagonal lattice. There are two

distinct types of the hexagonal phase depending on the solvent polarity: the normal



hexagonal phase (Hi), known as the "middle phase", and the reversed hexagonal phase
(Hz2). Hexagonal mesophases are identified by their characteristic fan-like texture under
the POM.'>!7!® The small angle X-ray spectrum shows Bragg peaks in the ratio 1: \3:
V4, etc.!519

(b)

(d)

Figure 1.5. Schematic illustration of (a) simple cubic (I1), (b) hexagonal (H1), (c) lamellar
(Ly), and (d) bicontinuous cubic (V1) mesophases. (Source: Hamley, 2007)*°

Unlike lamellar and hexagonal LLC phases, cubic LLC phases are optically
isotropic and do not show any texture under the POM measurements. Normal micellar
cubic (I) and reversed micellar cubic (I2) phases have globular micelles formed in a cubic
arrangement. These mesophases are less viscous than others due to their globular
structure. Spherical micelles are mostly arranged in body-centered cubic structure (bcc,
Im3m) and others include face-centered cubic (fcc, Fm3m) or clathrate (type 1, Pm3n and
type 2, Fd3m) packings.!> Furthermore, bicontinuous cubic LLC phases (Vi or Va
according to normal or reverse structure) are more viscous than the other phases.

For a given concentration, the LC phase behavior of amphiphilic molecules
depends on the structure of surfactant, temperature, ionic strength of the medium, and the
addition of solutes.!! As the surfactant concentration increases in a binary amphiphile —
solvent system, a phase transition from L; (micellar solution) to Hi to Ly is expected;
between these phases, intermediate I (L1 and Hi) and Vi (H; and L) phases can be
observed.?’ Reverse structures such as V2, Ha, and 1> can be seen in the system as the

surfactant concentration increases further (low solvent content).?



As mentioned before, the critical packing parameter (CPP), defined as v /I ao, is
a useful equation for understanding the morphology of aggregates in a surfactant—water
system. When the CPP is about 1, the lamellar LLC phase is formed. Normal micelles are

1.21

formed when <1 and reverse micelles are formed when > Table 1.1 shows some

structures formed according to the value of the packing parameter.

Table 1.1. Expected self-assembled aggregates in relation to critical packing parameters
(CPP). (Source: Myers, 2006)!!

Critical
Packing
Parameter  General Surfactant Type Expected Aggregate Structure
<0.33 Simple surfactants with single chains Spherical or ellipsoidal micelles
and relatively large head groups
0.33-0.5  Simple surfactants with relatively small Relatively large cylindrical or
head groups, or ionic surfactants in the rod-shaped micelles
presence of large amounts of electrolyte
0.5-1.0 Double-chain surfactants with large Vesicles and flexible bilayer
head groups and flexible chains structures
1.0 Double-chain surfactants with small Planar extended bilayer structures
head groups or rigid, immobile chains
=1.0 Double-chain surfactants with small Reversed or inverted micelles

head groups, very large, bulky
hydrophobic groups

1.1.3. CLkEOn + H20 Binary Systems

Poly(ethylene oxide) monoalkyl ether (C,EOm) type molecules are nonionic
surfactants. Their molecular structures consist of a hydrophobic tail and an ethylene oxide
(EO) hydrophilic head group. It should be noted here that n represents the length of the
carbons and m represents the length of the EO units in the surfactant molecule. The
advantage of using such nonionic surfactants in research is that they are commercially

available with different hydrophobic chains and hydrophilic head group units. In addition

22-24

to the nonionic surfactant and water binary systems= ", the phase behavior of nonionic

surfactants has been studied with different solvents, such as organic solvents®, ionic

28,29 18,30

liquids?®, supercritical CO,%’, salts*®*, and acids
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Figure 1.6. Phase diagram of C12EOm — H20 with the variation of EO head group length
at 25 °C. (Source: Huang et al., 1998)*

Tiddy et al. studied the phase diagrams of various C,EOm nonionic type
surfactants in water with an optical microscope.?? They reported that cubic and hexagonal
LLC phases are observed in surfactant molecules for long EO chains (m>8) and at low
temperatures. On the other hand, lamellar and reverse LLC phases tend to form in
surfactant molecules with short EO chains (m<5) and at higher temperatures. The phase
diagram of the C12EO9 — H2O was investigated at 25 °C.%* As seen in Figure 1.6, the phase
transition of I; — H; — V1 is observed with increasing surfactant concentration. If the EO
chain length (m) decreases, the cross-sectional area of the surfactant decreases and so
does the curvature of the surfactant layer.”® The same behavior is also observed in long
hydrophilic chain poly(oxyethylene) oleyl ether (POIE) systems (m is greater than 7).%*
Furthermore, the same sequences of phase transition are observed as the temperature
increases because decreased dehydration in the head groups leads to a decrease in the
cross-sectional area of the surfactant.!

The presence of salt affects the phase behavior of the C,EOn— H2O binary system.
Hofimeister’? anion and cation series can be arranged as in Figure 1.7. The ions on the left
are called kosmotropes, meaning they strengthen the hydrogen bond in water. On the

other hand, the ions on the right side are called chaotropes, which means breaking the



structure of water. The cations on the left are weakly hydrated and called as chaotropes,

while the divalent cations on the right called as kosmotropes.>?

CO;* > S04 > 8,0;* > H,PO, > F > CI' > Br > NO; > T > Cl0, > SCN-

N(CH3)y >NH, >Cs">Rb™ >K~>Na >Li" > Ca’" >Mg*" >Zn"" >Ba™

Figure 1.7. Hofmeister series (HS).
(Source: Kang et al., 2020)>

Inoue and coworkers investigated the effect of CI, I", and CIO™* anions on the
aqueous phase of C2EO7. They found that the field of the lamellar phase shrinks
according to the NaCl > none > Nal > NaClO4. On the other hand, the field of the
hexagonal phase expands according to the NaCl < none < Nal = NaClO4. As shown in the
Hofmeister series, CIO™* has a stronger chaotropic effect than I, so the EO chain
hydration is further enhanced with NaClO4. The optimal head group area (ao) increases
with the hydration of the EO chain. This leads to the formation of the hexagonal phase
and is unfavorable for the lamellar phase.>*

Zheng and coworkers investigated the effect of cations on the aqueous phase of
C12EO7. The increase of the lamellar phase region was observed in the order of CsCl <
NaCl < LiCl This is due to the dehydration of the EO chain as a result of the strong
hydration ability of Li* ions. The areas of the hexagonal phase and bicontinuous cubic
phase decrease in the order of LiCl > CsCl > NaCl instead of CsCl > NaCl > LiCl. Other
than the EO chain dehydration, some other factor(s) also determine the salt effect on the
aqueous phase behavior of the C12EO7 mixture.>

Other ingredients can be used primarily as a solvent instead of water to form the
LLC mesophases with the surfactant. Unlike the water-surfactant system, certain salts or
acids form LLC mesophases with nonionic surfactants and these mesophases are stable
under atmospheric conditions. In LLC mesophase formation, transition metal salt
complexes such as [Co(H20)6](NO3)2, [Ni(H20)6](NO3)2, [Zn(H20)6](NO3)2, and
[Cd(H20)4](NO3)2 can act as a secondary component and form stable mesophases with
the nonionic oligo(ethylene oxide)-type surfactants (C12EO1o) in the presence or absence
of a small amount of water.?” Coordinated water molecules in transition metal complexes

and EO chains of nonionic surfactant form hydrogen bonds, which play a significant role



in LLC mesophase formation. The phase diagram of the [Zn(H20)6](NO3)2 — C12EO10
was also investigated.?® In this LLC system, salt materials are in the molten state in
hydrophilic regions and they act as a solvent to form LLC mesophases. Like the phase
diagram of a particular water — surfactant system, the phase diagram of this system has
Vi, Hi, 1, and L phases with increasing solvent of the medium.?® The salt content in the
medium can be increased by adding a charged surfactant such as CTAB or SDS.*
Furthermore, non-transition metal salts such as LiNOs, LiCl, and LiClO4 can form LLC
mesophases with C12EO1¢ in small amounts of water.’” These alkali metal — salt LLC
mesophases can serve as gel electrolytes for electrochemical applications due to their high
ionic conductivity.’” Apart from salts, sulfuric acid (H2SO4)!® or phosphoric acid
(H3P04)*® can be used as a solvent for the self-assembly of nonionic surfactant (C12EO1)
into LLC mesophases. These proton-conducting mesophases are significant for porous
nanomaterial synthesis or renewable energy devices. LLC mesophases of H>SO4 —

C12EO10 will be described in the next section due to the scope of this thesis.

1.1.4. H2SO4 — C12EO10 Lyotropic Liquid Crystalline Mesophases

In 2015, Olutas and coworkers published a paper on a novel acidic LLC
mesophase consisting of a strong acid (sulfuric acid, SA) as a solvent for the self-
assembly of nonionic surfactant (10-lauryl ether, C12EO10) into different LLC mesophases
in a small amount of water.!® They used these acidic mesophases as a medium to
synthesize photoluminescent carbon quantum dots and mesostructured silica films and
monoliths.!® These SA/C12EO19 LLC mesophases were also studied in the
electrochemical activity of lead acid batteries (LABs).*

If the SA/C12EO19 mole ratio increases, Vi, Hi, and I} mesophases are obtained.
The homogenous mixture is prepared under ambient conditions with different mole ratios
of SA/C12EO19 and excess solvents such as water or alcohol. Excess water or alcohol in
the composition is then equilibrated with the atmosphere to form stable LLC mesophases.
Secondly, gels can be formed by mixing these components (SA and Ci2EO10) in an
appropriate mole ratio and exposing them to the atmosphere to absorb the required water.

Additionally, it can be prepared by adding water to the composition (2.3-4.3 H,O/SA).!8
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Figure 1.8. POM images of the fan-like texture of the SA/C12EO10 hexagonal mesophase
(a) and small angle XRD diffraction of the LLC mesophases (b). (Source:
Uzundal et al., 2017)*®

The acidic LLC system is stable in the range of 1-11 SA/C12EO10 mole ratio. If
the SA/C12EO10 mole ratio is between 2 and 3, the LLC mesophase is a 2D hexagonal. A
micellar cubic structure is formed until the SA/C12EO10 mole ratio is 11. Moreover, the
lowest SA/C12EO1o mole ratio of 1 corresponds to a bicontinuous cubic phase.'®

The 2D hexagonal LLC mesophase shows a focal conical fan texture, as seen in
Figure 1.8a. The highest conductivity of this sulfuric acid — nonionic system was
measured as 19 mS/cm at the stable 11 SA/C12EO10 mole ratio.'® The SA/C12EO1o
mesophase with a mole ratio of 2.5 diffracts at small angles at around 2°, 26. However,
the XRD peak shifts to slightly lower angles with increasing acidic component in the LLC
system (see Figure 1.8b).3

1.2. Synthesis of Nanomaterials Using Lyotropic Liquid Crystals

Kresge and co-workers described the liquid crystal templating mechanism in
1992.340 They discovered the synthesis of ordered mesoporous silica materials with ionic
surfactants as template molecules. With their findings, a breakthrough was made in the
synthesis of mesoporous material using the soft template method. In the liquid crystal
templating method, diluted surfactant solutions are used and an actual LLC phase is not
included in the synthesis. In 1995, Attard et al. reported the true liquid crystal templating
(TLCT) method (see Figure 1.9).*! To produce mesoporous silica with a pore diameter of
about 3 nm, they used LLC phase compositions of nonionic surfactants as a template and
tetramethyl orthosilicate (TMOS) as a silica precursor in mildly acidic conditions. In the

TLCT method, the hydrolysis and condensation of the silica precursor occur at suitable
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temperature parameters and then the organic matter is removed by calcination, leaving
ordered mesoporous structures. Since hydrolysis and condensation processes are faster in

transition metal oxides than in silica materials, the rates of these processes are essential

42

in controlling the formation of non-siliceous mesoporous structures.

surfactant ~—
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Figure 1.9. Schematic illustration of the TLCT method.
(Source: Bruckner et al., 2021)*

Non-siliceous mesoporous and/or mesostructured materials such as metals** and

45,46

alloys™" are synthesized using LLC mesophases. Attard et al. demonstrated, for the first

time, the formation of nanostructured mesoporous platinum from the nonionic LLC
mesophase.* This process was performed by reducing the platinum source dissolved in
the hydrophilic areas of the hexagonal LLC phase. Later, Attard et al. produced metallic
mesoporous platinum films by electrodeposition method from the aqueous hexagonal
phase of LLC for use in electrochemical and sensor applications.*’ Various

electrodeposited films produced from the LLC templating technique have also been

50

reported, such as rhodium*, nickel oxide®, selenium®, and polymer®!, as electrode

materials. In this method, the surfactant is generally removed by washing the films with
water after deposition, resulting in a hexagonal arrangement of uniform pores.

0-D, 1-D, and 2-D nanostructures have been synthesized using LLCs. These

nanostructures are promising for electronics, optics, and sensor applications.’>>?

Different LLC mesophases can control the size and shape of inorganic materials.>® Metal
nanoparticles such as Ag>%, Pd*’, and Bi®® and semiconducting nanoparticles such as

PbS®, ZnO®, ZnS%, and CuS® were synthesized using different LLC phases.

64,65

Nanowires®*®, nanorods®, and nanotubes®” were synthesized in the medium of LLCs.

68,69

More importantly, 2-D structures of single-crystalline Au nano- and microplates®™” and

70,71

Pt nanosheets were obtained from LLCs.
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1.3. 2D Single-Crystalline Gold (Au) Nano- and Microplates

The synthesis of 2D single-crystalline gold (Au) nano- and microplates has
received great attention due to its applications in electronics, catalysis, optics, plasmonics,
and biomedicine.’*>>7>7 Single-crystalline Au plates of different shapes, such as
triangular, hexagonal, and truncated triangular, can be formed by reducing Au™ to
Au® using various approaches (see Figure 1.10). In general, plate-like Au materials have
been prepared with spherical nanoparticles as a by-product at the end of the reaction.

2D single-crystalline Au nano- and microplate synthesis can be achieved by
templates, surfactants, or polymers that act as capping agents, stabilizers, or reducing
agents to control the morphology (shape) and size (edge length and thickness) of the
plates. In the reaction mechanism, preferential adsorption of capping agents or surfactants
takes place on the specific {111} facets of gold nuclei, resulting in crystal growth along

the other direction to form distinct Au nanostructures.
K "

(b) (c) (d)

Figure 1.10. Suggested growth mechanism for Au nanoplates. (a) {111} basal plane and
<110> side facet corresponding to the crystallographic facets, (b) the
formation of different plate-like shapes along the <110> directions, (c)
shapes of particles to be formed, and (d) representative TEM images of the
resulting nanoplates. (Source: Kaur and Chudasama, 2014)7°

Au plates with a size of several microns have been obtained using different
methods. A microwave-polyol method was applied to prepare 30-90 nm diameter Au
nanoplates.”’ Hexagonal-shaped and micrometer-sized Au nanoplates were synthesized

by reduction of chloroauric acid (HAuCls) solution with ortho-phenylenediamine.”® A
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polyamine method was introduced for the highly efficient synthesis of several 10 pm-
sized Au nanoplates.” In situ generation of polygonal Au nanoplates in thin poly(vinyl
alcohol) (PVA) film by thermal treatment was reported.®” The preferential orientation of
Au plates was established with PVA film, a reducing agent, and a stabilizer. ¥ Anisotropic
Au nanostructures with various shapes were synthesized by reduction of HAuCly in the
aqueous medium of poly(vinyl pyrrolidone) (PVP), which acts as a reducing agent due
to the hydroxyl (— OH) terminal groups in its structure.’! In this method, the reaction
mixture was heated to 100°C without any other reducing agents. Different Au
nanostructures, such as nanotadpols, nanokits, and microplates, were obtained by varying
the concentration of the aqueous HAuCl4 solution in the reaction medium.®! Using PVP,
star-shaped Au nanoplates were also prepared by reduction of HAuCls with L-ascorbic
acid at RT.*? In fact, the morphology of the Au nanoplates depends on both the amount of
PVP and the reducing agent and pH of the solution.® Size- and shape-controlled Au
nanoplates with high yield and purity were synthesized using reduced amounts of sodium
citrate as a reducing agent in the presence of PVP.*#> Here, the size and shape of the Au
nanoplates were controlled in a narrow size distribution by changing the amount of
reducing agent and surfactant.®

Another synthesis procedure for Au nanoplates was performed in just 5—40 min
using the thermal reduction method in the presence of cetyltrimethylammonium bromide
(CTAB), a cationic surfactant.3* There are other studies in the literature to prepare Au
nanoplates based on the use of CTAB as a surfactant with reducing agents.”>*> In the
liquid-thermal method, various Au nanoparticle morphologies were controlled by a polyol
method using preheated ethylene glycol, which acts as both a solvent and a reducing
agent, in the presence of PVP.’® Another polymer poly(diallyldimethylammonium
chloride) (PDDA) was also used to prepare large-scale Au nanoplates with a size of
several micrometers by thermal method.?” Au nanoplates with various shapes were
obtained using ionic liquid (CismimBr) that act as a shape control template through the
reduction of HAuCls with formaldehyde gas at the air-water interface.®® Moreover, 2D
single-crystalline Au nanoplate synthesis can be performed using environmentally
friendly reducing and capping agents such as serum albumin protein®, tannic acid (TA)*,
Shewanella algae cell extract’!, yeast extract®?, amyloid fibrils*, etc.

In the seed-mediated growth method, Au nanoplates with tunable thickness and

d 94,95

edge length in nanometer size can be achieve Other methods such as

electrochemical, photocatalytic, photochemical reduction, and photoreduction have also
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been applied to synthesize Au nanoplates.”®'%° Top-down techniques such as lithographic
methods can rarely be used with a combination of bottom-up techniques to obtain single-
crystalline Au nanoplates.'%!

In 2004, Wang and coworkers reported a new method involving the preparation
of 2D single-crystalline Au nano- and microplates in an LLC medium with the addition
of small amounts of the capping agent.®® Triangular or hexagonal Au nano- and
microplates with edge lengths longer than 10 pm were achieved by reduction of HAuCl4
in the hexagonal LLC phase of the block copolymers (P123, EO20PO70EO20).%® In another
of their work, the effect of capping agents was investigated to obtain controllable
morphology and size of Au nano- and microplates in LLC medium.®’ Variation in product
morphology tends to occur in the presence of tetrabutylammonium bromide (TBAB)
rather than cetyltrimethylammonium bromide (CTAB) due to the shorter, less
hydrophobic alkyl chains in its structure.®’

There are two possible steps for the growth of Au crystals, see Figure 1.11.9+1%

The first step is nucleation, where the EO unit of the nonionic surfactant reduces the Au™

ions to Au atoms and/or clusters in the hydrophilic LLC domain. These formed Au atoms
and/or clusters are nascent crystal nuclei in the reaction. The second step is the anisotropic

growth of these Au nuclei into Au nano- and microplates in the LLC domain.®!%?

ead groups
of CTAB
PEO domain

PPO domain

Au nuclei Au nanoplates  Au microplates

Figure 1.11. Growth mechanism of Au nano- and microplates.
(Source: Wang et al., 2005)%°

The growth of Au plates is achieved by selective adsorption of the head group of
the CTAB molecule on the (111) facet of the Au seed. Then, Au atoms are deposited in
another direction of the Au surface. If the optimum concentration of the capping agent is

exceeded, various morphologies, such as nanoplates, aggregates, or monodisperse

15



nanoparticles, are formed.*® Moreover, a reduction in product size is obtained at the end
of the reaction. The same effect has also been observed in the case of decreasing HAuCls
concentration.®

There are also studies based on the preparation of single-crystalline planar Au
nanogears'®® and concave Au nanoplates'® from the hexagonal LLC medium. Besides
the hexagonal LLC phase, Au nanoplate synthesis was carried out in the lamellar LLC
phase. Large-scale Au nanoplate synthesis was prepared from a nonionic lamellar LLC
consisting of C12EOQs (tetraethylene glycol monododecyl ether) and HAuCls solution.'*
According to their results, the Au nanoplate size decreased from 1 um to several hundred
nanometers with the increase of repeating PVP units. Therefore, adding a capping agent
to the reaction can cause an increase in the reduction rate during plate formation.'*? Ionic
liquids were used as additives to synthesize large-scale Au nanoplates and nanobelts with

sizes longer than 20 um from the hexagonal or lamellar LLC phases of P123.1%°

Furthermore, Au nanoplates were formed in LLCs consisting of the zwitterionic
surfactant C14DMAO (tetradecyldimethylamineoxide) — H>O binary system using CTAB

and ionic liquid additives.'%

Single-crystalline Au plates with various morphologies can be synthesized by
photochemical reduction approaches with or without the LLC phase. Ding and colleagues
synthesized micrometer-sized and thickness-tuned Au nanosheets through photochemical
reduction from the lamellar LLC system.!®” It was noted that diffuse sunlight (natural
sunlight) is the optimum condition for the growth of Au nanosheets rather than direct
sunlight and UV light.'”” A starch-mediated photochemical reduction method was
proposed for the tip-enhanced Raman scattering application.’® Here, the reaction solution
was exposed to sunlight for 5 days to obtain micrometer-sized Au nanoplates. In another
study, with a strategy of sunlight irradiation, Varshney and coworkers synthesized
concave Au nanoplates in the presence of PDDA acting as a capping agent.'”® After the
reaction solution was exposed to sunlight for 6 hours, concave Au nanoplates with an
edge length of about 15 pm and a center thickness of about 10 nm were obtained.!”® UV
irradiation method was used to produce novel porous structures of single-crystal Au
nanonetworks and nanoplates.!® This irradiation process was carried out in aqueous
HAuCls and citric acid solution for 48 minutes without any surfactant. The citric acid
concentration is an important factor in controlling the structures of porous Au

nanonetworks and nanoplates.'” UV irradiation time also has a significant effect on the
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morphology of the final product.!'® A glow lamp (tungsten filament incandescent lamp,
200 W) was applied to synthesize micrometer-sized Au nanosheets with an average width
of nearly 8 um from HAuCls and block copolymer mixtures.”’

The effects of inorganic species such as NaCl, Nal, and NaBr on the anisotropic
crystal growth of Au plate structures were investigated. NaCl promotes Au nanoplate
growth perpendicular to the <111> direction, which is essential for flat anisotropic
structure formation.!!'! With the addition of chloride ions, oxidative etching and
dissolution of less stable crystal nuclei (twinned seeds) takes place and more single-
crystal seeds are converted into large particles compared to twinned crystals. When other
chloride salts such as LiCl and KCI were investigated, the results were almost identical

to NaCl. However, the addition of NaBr and Nal causes the formation of irregular shapes

of Au nanoparticles.'!!

1.4. Reduced Graphene Oxide Thin Films

Graphene is a promising material for energy storage''?, optoelectronic!!®, and
biomedicine applications''* because of its distinctive electronic, mechanical, and thermal
properties. Graphene is a two-dimensional (2D) material and consists of sp? hybridized
carbon (C) atoms organized in a honeycomb structure. In 2004, Novoselov and coworkers
discovered graphene by continually peeling graphite with a scotch tape (mechanical
exfoliation method).!!>

Various approaches are used to obtain graphene: top-down methods such as
exfoliation and chemical oxidation-reduction; and bottom-up methods such as epitaxial
growth and chemical vapor deposition (CVD).!'® Top-down approaches allow the
synthesis of chemically derived graphene from the graphite raw material to be low-cost
and highly efficient (see Figure 1.12). However, structural defects occur on the reduced
graphene oxide (RGO) sheets during the chemical oxidation-reduction and these defects

affect the efficiency of the material in applications.'!”
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Figure 1.12. Synthesis of chemically derived graphene.
(Source: Bai et al., 2011)!'®

Graphene oxide (GO) has a hydrophilic 2D structure containing sp® and sp’
hybridized carbon atoms with oxygen-containing functional groups such as hydroxyl,
epoxide, carbonyl, and carboxyl groups. Considering the commonly accepted Lerf-
Klinowski structural model, carboxylic acid groups are found at the edges of GO platelets,
while basal planes are composed of epoxy and hydroxyl groups.''” The oxidation of

graphite was introduced by Brodie in 1859.!%

Graphite was oxidized with potassium
chlorate (KClOs3) and fuming nitric acid (HNOs3) in the Brodie method. Staudenmaier
improved this oxidation method by adding a mixture of fuming HNOs and sulfuric acid
(H2S04) and then adding small portions of KCIlOs3 throughout the reaction.'?! However,
these methods require the oxidation step to be completed for up to a week and dangerous
gases are released during the reaction. Hummers and Offeman then demonstrated an
alternative oxidation method using potassium permanganate (KMnQOs) and sodium nitrate
(NaNQO3) as oxidizing agents in the presence of concentrated H>SOs (Hummers
method).!?

Studies based on the improved Hummers method showing GO synthesis without

NaNO; have also been carried out.'>*'?® In the Hummers method, the reaction can take

several hours to complete thanks to the strong oxidant KMnO4. However, toxic gas(es)
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NO; and N>Oyq are still formed due to the use of NaNOs. In 2010, Tour and coworkers
demonstrated an improved method for the synthesis of GO.!?¢ Compared to other
methods, the Tour method does not emit toxic gases during the reaction. A concentrated
mixture of H2SO4/H3POy4 is added to the graphite flakes in a ratio of 9:1. An increased
amount of KMnOy is then added slowly to the reaction instead of NaNOs. Finally, GO
synthesis is achieved with a more oxidized form of hydrophilic carbon compared to the
Hummers method. Moreover, Tour's method allows GO to have a more organized
framework structure than Hummers' method because the resulting GO consists of a more
intact basal plane.'?¢

Several modifications have been achieved to the Tour’s method to increase GO
yield, reduce reaction time and temperature, and prevent explosion risk. For example,
Ranjan et al. proposed an inexpensive, non-explosive process for synthesizing GO.'*° In
addition to changing reaction temperature and time, they performed a pre-cooling
protocol (PCP) for the reaction mixtures individually to avoid the risk of explosion during
synthesis. Compared to Tour's method, expensive filtration membranes are not required
because GO synthesis is achieved without metallic residue.'”® Benzait et al. reported a
pretreatment step using piranha solution to improve GO synthesis.!*® The GO synthesis
was achieved with a high degree of oxidation, larger plates, and fewer defects in its
structure.!*? Panwar et al. tried a new route by using a mixture of H>SO4s~HNO3~H3POs4
as an intercalating agent.!3! As a result, relatively higher efficiency GO synthesis was
achieved in a short time."3!

Tour and Dimiev proposed the formation mechanism of GO in three different
independent stages. In the first step, graphite raw material is turned into a sulfuric acid-
graphite intercalation product (H2SOs-GIC). In the second step, the H>SO4-GIC
compound becomes pristine graphite oxide (PGO) with the addition of the oxidizing agent
(KMnOs). Here, the oxidizing agent diffuses into the graphite layers (rate-determining
step). In the last step, exfoliation of PGO into single layer graphene oxide (GO) takes
place after adding water. This process is achieved by overcoming the electrostatic
attraction in the intercalation compound.'?

Kang et al. proposed two oxidation stages in the GO formation mechanism. The
conventional oxidation step involves the oxidation of graphite by the dimanganese
heptoxide (Mn207) and permanganyl cation (MnQO3"), formed in the reaction of KMnO4
and concentrated H>SOs. The second oxidation occurs in the acidic solution by MnO4~

after adding water and before adding the hydrogen peroxide (H20O>). The second step was
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found to affect the chemical properties of GO, such as size, defects on sheets, and
functional groups in its structure.!?

Graphene oxide (GO) can be converted to reduced graphene oxide (RGO) by
removing oxygen functional groups. Since GO has oxygen functional groups, it is an
insulator, but RGO is an electrically conductive material. The reduction of GO is
accomplished by different methods, such as chemical, thermal, and electrochemical
reduction processes. Hydrazine monohydrate (N2H4-H20) has mostly been used as a
powerful reducing agent for RGO production, but it is a hazardous chemical. L-Ascorbic
acid, known as vitamin C, is an environmentally friendly reducing agent that has proven
to be an outstanding alternative to hydrazine in RGO synthesis.'** Other reducing agents
are used for the reduction process of GO such as sodium borohydride (NaBH4), aluminum
and zinc catalysts, plant extracts, polysaccharides, natural proteins, microorganisms, etc.
134135 Thermal reduction approaches have been carried out by high-temperature
annealing, microwave irradiation, and photoreduction methods."*® Effective thermal
heating enables RGO to achieve the high degree of graphitization and low oxygen
concentration required for energy storage devices.'*” RGO has also been prepared by the
electrochemical reduction method in two different approaches: coating-reducing and

electrochemical deposition.'*®

GO Conc. 2000 rpm
18 mg'ml 6l s

A %

= — A
Drying
()

(b)

Glass Substrate Graphene Oxide Graphene Oxide Coated
Coating Gilass Substrate

Figure 1.13. Schematic illustration of RGO thin film preparation by spin-coating.
(Source: Tas et al., 2019)!%?

Electrically conductive RGO materials have been used as electrodes in various
applications, such as optoelectronic devices, sensor applications, thin-film transistors,
field emitters, photovoltaics, supercapacitors, batteries, etc.!*®!*! RGO thin films have

been deposited into the rigid substrate using different techniques, such as drop-casting!*,
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139193 “spray pyrolysis'*, dip-coating!®, or vacuum filtration'¢, The spin-

spin-coating
coating usually provides highly continuous uniform film deposition without GO
aggregation (see Figure 1.13). Different reducing agents have also been used to remove
the oxygen functional groups in GO during RGO film production.'*” However, after
chemical reduction, the thin films are washed with alcohol and distilled water to remove
the reducing agent residues.'® The colloidal suspension of GO has been deposited on
hydrophilic surfaces such as glass, silicon, quartz, or poly-(ethylene terephthalate) (PET)
substrates.!¥-148-150 Before spin-coating, these substrates are treated with piranha solution
or (aminopropyl)triethoxysilane (APTES) to make the surface hydrophilic and increase
the adsorption of the GO layers on the surface. Becerril et al. reported the effect of GO
concentration on GO film thickness.!* GO suspensions with low concentration (<2 mg
mL") resulted in a film thickness of about 3 nm, and concentrations in the range of 48
mg mL" resulted in a thickness between 6 and 15 nm. GO solutions with high
concentrations between 12 and 15 mg mL™! were found to be nearly 20 nm.'*® Chang et
al. demonstrated that GO concentration and spin coating times affect the properties of
conductive and transparent graphene films.!>! As the concentration and spin coating time
increase, the transmittance value of thin films decreases.!>! In the thermal annealing step,
GO films are exposed to higher temperatures under an inert atmosphere such as No, Ar,
or vacuum to improve the reduction of GO. Wang et al. presented the production of
graphene films with a sheet resistance of 1.8 = 0.08 kQ/sq and a transparency of over
70% at 1000-3000 nm by dip-coating method.'* According to the results obtained,
thermal annealing temperature and film thickness affect the electrical conductivity of the
films.'* Becerril et al. used the spin-coating method to produce thin films and
demonstrated the formation of highly reduced GO thin films at 1100°C for 3 h in a
vacuum.'*® They obtained thin films with sheet resistances in the range of 10° — 10°
Q/square and 80% transmittance at 550 nm. Sa and Mahanandia performed thermal
annealing of spin-coated RGO film at 400°C for 3 h under an inert atmosphere (Ar),
resulting in a sheet resistance of 1.63 kQ/sq with an optical transmittance of 92.63%. '+
Tas et al. performed a progressive thermal annealing process (at 70°C, 120°C, and 300°C)
for spin-coated GO thin films without an inert atmosphere after chemical reduction.'?’
According to the results, RGO thin films with 13.2 kQ/sq surface resistivity and 45%

transmittance were obtained.
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CHAPTER 2

EXPERIMENTAL

2.1. Experimental Methodology

2.1.1. Synthesis and Characterization of Gold Nano- and Microplates
Using Lyotropic Liquid Crystal

All chemicals used during the synthesis were obtained commercially and used
without purification. Hydrogen tetrachloroaurate(Ill) trihydrate (HAuCls3H20, >99.9%
purity), decaethylene glycol monododecyl ether (10-lauryl ether, C12EO10), sulfuric acid
or SA (H2S04, 95-97%), hexadecyltrimethylammonium bromide (CTAB, >99% purity),
polyvinylpyrrolidone (PVP, Mw = 40000), lithium bromide (LiBr, >99% purity), sodium
bromide (NaBr, >99% purity), potassium iodide (KI, 99-100.5% purity), and hydrogen
peroxide (H202, 35%) were purchased from Sigma Aldrich. Potassium chloride (KCI,
>99.5% purity) was obtained from Merck. Sodium chloride (NaCl, 99-100.5% purity)
was obtained from Riedel-de Haen. Isopropyl alcohol (IPA, 99.5% purity) was purchased
from Tekkim. All glassware was washed with piranha solution (H2SO4: H2O: in 3:1 ratio
by volume) and rinsed with alcohol, followed by Milli-Q water before use. Milli-Q water
(18.2 MQ cm resistivity at 25°C) was used in all of the experiments. The HAuCls3H,0O
stock solution was used within one week and stored at 5°C. All solutions used were
freshly prepared.

The lyotropic liquid crystalline (LLC) mesophase of SA/C12EO19 was used to
synthesize the gold (Au) nano- and microplates. The hexagonal mesophase of
SA/C12EO1o with a 2.5 mole ratio was used throughout the synthesis. 62.6 mg of nonionic
surfactant (10-lauryl ether, C12EO19) was weighed in a glass vial and dissolved in 100 L.
of IPA. The solution was homogenized using a vortex mixer and a small magnetic stirrer.
For the synthesis of Au plates, different aqueous concentrations of HAuCls (5, 10, 20, 40,
50, and 55 pL, 0.97 M) were added to this homogeneous mixture with stirring at 300 rpm.
The color of the solution changed from colorless to yellow immediately. To prevent

surfactant carbonization, 13.9 uL of H2SO4 was added to the reaction medium at the last
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step. The reaction was stirred at 22°C for 5-10 min. 15 pL of the solution was then drop-
cast onto an alcohol-treated glass substrate (1 x 1 cm?). The gel-like sample on the glass
substrate was exposed to white light irradiation for different durations. A white light LED
(MCWHL7-6500 K, 930 mW (Min), 1300 mA; Thorlabs) was used as the light source.
The distance between the sample and the light source was 11 inches. Table 2.1 shows the
different powers of white light (MCWHL7; Thorlabs) corresponding to specific
wavelengths at 11 inches. The gel-like sample consisting of 20 pL of 0.97 M HAuCly
aqueous solution was also exposed to ultraviolet (UV) light using a 365 nm UV LED
(M365L2-C1; Thorlabs) at ambient conditions. The products were washed twice with IPA
to remove excess surfactant molecules. Au nanomaterials were kept in alcohol at 22°C
for further characterization.

To investigate the effect of capping agents on Au plate formation, 20 pL of various
CTAB and PVP concentrations (1 x 1071, 1 x 102, 1 x 107, 1 x 10*, and 1 x 10 M) were
added separately to the reaction medium. 20 pL of 1 x 10 M NaBr, KCl, LiBr, KI, and
NaCl were also added separately to the reaction medium to investigate the ion effect on

the formation of the Au plate. Each sample was then exposed to white light for 24 h.

Table 2.1. Low, middle, and high power data of white light (MCWHL7; Thorlabs)
corresponding to specific wavelengths at a distance of 11 inches.

Wavelength Low power Middle power | High power
(nm) (mW) (mW) (mW)
400 5.05 11.5 95
500 1.75 4.10 33
600 1.08 2.50 20
700 0.80 1.80 15
800 0.60 1.38 11.4
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2.1.2. Synthesis and Characterization of Reduced Graphene Oxide Thin
Films Using Lyotropic Liquid Crystal

2.1.2.1. Synthesis of Graphene Oxide

All chemicals used during the synthesis were obtained commercially and used
without purification. Graphite powder with a flake size of about 20 pum, sulfuric acid
(H2SO4, 95-97%), and L-ascorbic acid (C¢HgOs) were purchased from Sigma Aldrich.
Hydrochloric acid (HCI, 37%) was purchased from Carlo Erba. Hydrogen peroxide
(H202, 35%) and ethanol (C2HsOH, 99.5% purity) were obtained from Tekkim. Milli-Q
water (18.2 MQ cm resistivity at 25°C) was used in all of the experiments. All glassware
was washed with piranha solution (H>2SO4: H2O: in 3:1 ratio by volume) and then rinsed
with alcohol and Milli-Q water before use. All solutions used were freshly prepared
before synthesis.

Graphene oxide (GO) synthesis was a modified version of the works of Marcona
et al.'?% and Ranjan et al.'® A 9:1 ratio of H,SO4/H3PO4 (18:2 mL) was prepared
separately. Each acid solution was cooled down to 5°C for 25 min to avoid a sudden rise
in temperature during the reaction. These acid solutions were then transferred to the
graphite powders (0.15 g, 1 weight equivalent) under stirring at room temperature (RT).
The acid-graphite mixture was sonicated in ice water for 10 min to allow the acids to
penetrate the graphite layers better and to reduce the size of the graphite flakes. Before
adding KMnO4 (0.90 g, 6 weight equivalents) to the reaction medium, it was ground in a
mortar for several min to reduce particle size. Small portions of KMnO4 were added to
the constantly stirred reaction at RT. The reaction solution turned green with the addition
of KMnOys. The reaction mixture was then heated at 50°C for 24 h with continuous stirring
at 300 rpm. After 24 h, a brown paste-like solution was obtained. The reaction solution
was cooled to RT and deionized (DI) water ice (20 mL) was added. To decompose the
insoluble metal salts, 35% H>O> was added by stirring until the foaming stopped in the
solution. The color of the solution then changed from brown to golden yellow. For
purification of GO, the resulting solution was first washed by centrifugation at 9000 rpm
for 10 min and the supernatant was discarded. The remaining precipitate was washed
sequentially with 1M of HCI (x2) and DI water (x3) by centrifugation until the pH was
5-7. The final gel form was dried at RT to obtain powder GO.
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2.1.2.2. Preparation of Hexagonal Phase of Lyotropic Liquid Crystal

The hexagonal mesophase of LLC was prepared with 10-lauryl ether (C12EOno),
a nonionic surfactant, and sulfuric acid (H2SOa4, SA), a strong acid. 2.4 SA/C12EO19 mole
ratio was used to prepare the stable hexagonal mesophase of LLC under ambient
conditions. 627 mg of C12EO10 was mixed with 134 pL of H2SOy4 (as solvent) in a closed
glass vial and then homogenized using a vortex, followed by a magnetic stirrer. This gel-
like composition exhibits characteristic fan texture under a polarized optical microscope

(POM).

2.1.2.3. Preparation of Reduced Graphene Oxide Thin Films Using a
Lyotropic Liquid Crystal Template

An aqueous dispersion of GO at different concentrations (2.5 mg/mL, 5 mg/mL,
10 mg/mL, 15 mg/mL, and 20 mg/mL) was prepared by dissolving GO powder in 2 mL
of DI water. Each composition in a sealed glass vial was subjected to an ultrasonic bath
with ice water for homogenization. The reason for using ice water during homogenization
is to prevent the reduction of GO before film fabrication. In the next step, the GO solution
was added to the LLC gel and mixed overnight (at 350 rpm) until thoroughly
homogenized under ambient conditions. Then, 240 pL of 0.68 M L-ascorbic acid was
then added to this solution for the chemical reduction process. For film fabrication, the
surface of the glass (2.5 x 1.6 cm?) and quartz substrates were treated with piranha
solution before spin-coating to make the surface hydrophilic. 100 pL of homogenized
solution was spin-coated onto these glass or quartz substrates. Spin parameters were set
at 1000, 1500, 2000, 2500, 3000, and 3500 rpm for 1 min. each. After the spin coating
process, it was waited for about 15 min for the solution to gel on the substrates. The thin
films were transparent, colorless, and gel-like. These thin films were kept in a furnace at
80°C for 1 h to chemically reduce GO in the presence of LLC. The thin films were then
kept in ethanol for 16 h to remove surfactant and acid residues. As a final step, thermal
annealing of the films was carried out under an inert atmosphere (in vacuum and Argon)
by increasing the temperature from ambient temperature to 300°C within 1 h and keeping
these films at this temperature for 2 h. In another thermal annealing parameter, the

temperature was rapidly increased from ambient temperature to 1000°C and the films

25



were held at this temperature for 30 min under an inert atmosphere (Ar and H» flow).
Finally, black-colored reduced GO (RGO) thin films were obtained. These steps were
also applied to RGO thin film fabrication without using the LLC mesophase.

2.2. Instrumentation

2.2.1. Polarized Optical Microscopy

A polarizing optical microscope (POM) was used to characterize LLC
mesophases. POM images were obtained with 10X and 20X optical lenses using a Meiji
Techno ML9400 series Polarizing Microscope and a Leica DM1750 M Reflected Light
Polarized Metallurgical Microscope. To determine the phase behavior of gel samples, the
samples were coated on microscope slides by drop-cast or spin-coating processes and

characterized by POM after evaporation of the excess solvent.

2.2.2. Scanning Electron Microscopy

A scanning electron microscope (SEM) was used to investigate the morphology
of the products. SEM images were obtained using an FEI Quanta 250 FEG (Hillsboro,
OR, USA) with an acceleration voltage of 15 kV. For the preparation of SEM samples,
the products were dispersed in alcohol (isopropyl alcohol or ethanol) and a few drops of
the sample were deposited on a freshly cleaned silicon wafer, followed by air-dried at RT.
The graphite powder was analyzed by placing the material directly on a carbon adhesive
tape. The same samples were also used for elemental analysis by energy-dispersive X-ray

spectroscopy (EDX) under the same microscope.

2.2.3. Scanning Transmission Electron Microscopy

Scanning transmission electron microscope (STEM) images were recorded using
an FEI Quanta 250 FEG (Hillsboro, OR, USA) at an accelerating voltage of 25 kV. For
STEM analysis, nanomaterials were dispersed in alcohol and dropped onto 300-mesh

carbon-coated copper grids (Agar Scientific Ltd).
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2.2.4. X-Ray Diffraction

X-ray diffraction (XRD) analysis was performed for phase identification of
synthesized materials and LLC samples. XRD patterns were collected using a Philips
X'Pert Pro Diffractometer equipped with a Cu-Ka (A=1.54056 A) source and operating at
45 kV and 40 mA. Au plate samples for XRD analysis were prepared by spreading the
materials on sample holders and dried at ambient temperature. The measurements were
recorded over a 20 range from 10° to 80° with a scan rate of 0.04°/sec at 0.02 data
intervals. The LLC solution was spread over a substrate and excess solvent was
evaporated under ambient conditions to form a gel phase. XRD analysis for LLC gel
samples was performed between 1.5° and 5° 20 range at a scan rate of 0.08°/sec. The
measurement of graphite, GO, and RGO powders was performed in the 20 range from 3°

to 80° with a scan rate of 0.02°/sec at 0.02 data intervals.

2.2.5. Atomic Force Microscopy

An atomic force microscope (AFM) was used to investigate the thickness of Au
plates and RGO thin films. The analysis was performed using a Multimode Nanoscope 8
scanning probe microscope (Bruker, USA) in ScanAsyst and contact modes. AFM images
were obtained using triangular silicon nitride cantilever tips with a force constant of 0.4
N m’!, a resonance vibration frequency of 70 kHz, and a tip radius <10 nm. Au samples
were dispersed in alcohol and a few drops of this solution were spread on freshly cleaned
silicon wafers, then evaporated at RT. The thickness of the RGO thin film was obtained
by scratching the film without damaging the substrate.

2.2.6. Ultraviolet-Visible Spectroscopy

Ultraviolet-Visible (UV-Vis) analysis was performed to obtain the absorption and
transmission spectra of the materials. The absorption spectrum of 0.05 mg/mL GO
aqueous solution was obtained using a Shimadzu UV-2550 UV-Vis Spectrophotometer in
the wavelength range of 200-800 nm. The optical transparency of RGO thin films was
measured using a fiber-coupled spectrometer (USB4000, Ocean Optics) equipped with a
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deuterium-tungsten halogen light source (DH2000-BAL, Ocean Optics) in the UV to NIR
region (200-1100 nm).

2.2.7. Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FT-IR) was used to investigate the
functional groups of the synthesized materials. FT-IR analysis was carried out using
PerkinElmer Spectrum UATR Two FT-IR Spectrometer with attenuated total reflectance
(ATR) mode. GO and RGO powders were placed onto the surface of the ATR diamond
and analyzed in the range of 4000-400 cm™.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Gold Nano- and Microplates
Using Lyotropic Liquid Crystal

The synthesis of 2D single crystalline gold (Au) nano- and microplates has been
obtained from the acidic LLC mesophase consisting of sulfuric acid (H2SO4, SA) and
oligo-type nonionic surfactant, 10-lauryl ether (C12EO1o). Firstly, a 2.5 mole ratio of the
SA/C12EO10 hexagonal LLC mesophase was prepared and mixed with a 20 pL of 0.97 M
HAuCl4 aqueous solution (gold precursor). Here, the mole ratio of HAuCls/C12EOqo is
1.94 x 10°'. POM images of the characteristic focal conic fan textures of 2D hexagonal
mesophases were observed before and after the addition of HAuCls to the SA/C12EO10
system at ambient conditions (see Figure 3.1). However, the SA/C12EO10/HAuCls system
forms a stable hexagonal LLC mesophase until the mole ratio of HAuCls/C12EO1o is 5.34
x 10", Moreover, a stable SA/C12EO10/HAuCls system cannot be obtained under
atmospheric conditions when the Au precursor is mixed with a 1.25 mole ratio

(hexagonal) or 5 mole ratio (micelle cubic) of the SA/C12EO;9 LLC mesophases.

Figure 3.1. POM textures of (a) the 2.5 mole ratio of SA/Ci12EO10 and (b) the
SA/C12EO10/HAuCl4 hexagonal LLC mesophases.

A few drops of homogeneous SA/C12EO1o/HAuCl4 solution were dropped onto a
glass substrate and exposed to white light for 13.5 h. The effects of three different white
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light powers as low, middle, and high on Au plate formation were investigated. At a
wavelength of 400 nm and at a distance of 11 inches, the value of low, middle, and high
powers indicates 5.05, 11.5, and 95 mW, respectively. The products formed on the glass
substrate by light irradiation were washed with isopropyl alcohol and sealed in a glass
vial or glass test tube (see Figure 3.2). Over time, a bright golden glittering product
precipitated at the bottom of the glass test tube and the supernatant became colorless. In
medium power irradiation synthesis, it was observed that more Au material precipitated
than the others. In high power irradiation synthesis, the dark color of the product
precipitated at the bottom of the glass tube indicating nanoparticle formation instead of

plate.

Figure 3.2. Au products formed (a) after low, middle, and high power white light
irradiations (from left to right) and (b) with high efficiency as a result of
middle power irradiation.

As can be seen from the SEM images in Figure 3.3(a-c), Au plates with triangular,
truncated triangular, hexagonal, and gear-like disc and hexagonal plate structures were
obtained by low and middle power light irradiation. The products obtained by low power
irradiation have a large amount of truncated icosahedral Au nanostructures as well as
different anisotropic Au plate shapes (see Figure 3.3(a,b)). On the other hand, Au plate
structures are dominant in the products obtained by middle power irradiation (see Figure
3.2¢). The morphology formed at the end of the reaction in high power light is mainly
spherical Au nanoparticles (see Figure 3.3d). As shown in Figure 3.4(a-d), the addition of
Au precursor (HAuCls3H20) to the SA/C12EO190 LLC mesophase, followed by light
irradiation leads to the formation of Au plates with triangular, truncated triangular,

hexagonal, and gear-like morphology.
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Figure 3.3. SEM images of Au materials resulting from 13.5 h irradiation of
SA/C12EO10/HAuCls LLC mesophase with (a) and (b) low power at low and
high magnifications, respectively, (¢) middle power, and (d) high power
white light.

In Au plate synthesis of both low and middle power irradiation, truncated
triangular, hexagonal, and gear-like shapes were obtained more than sharp-edged
triangular shapes. Low power light irradiation products have large amounts of truncated
icosahedrons instead of plates and some of these nanostructures are fused to form non-
uniform aggregates. These truncated icosahedrons grow on anisotropic plates and distort
their structures. On the other hand, Au plates are superior to icosahedrons in the reaction
products obtained by middle power light irradiation. In this synthesis, the amount of
material precipitated in the glass test tube is greater than in the low power irradiation

synthesis.
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Figure 3.4. Different Au plate geometries formed in SA/C12EO10/HAuCls mesophase by
white light irradiation: (a) triangular, (b) truncated triangular, (¢) hexagonal,

(a)

Figure 3.5. Histograms of the size distributions for Au products obtained by (a) low, (b)
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The size distribution of the obtained Au materials are shown with the histograms
in Figure 3.5. The size ranges of Au plates are about 1-22 um in width by low power
irradiation synthesis (see Figure 3.5a). Compared to low power irradiation, medium
power irradiation synthesis yields larger sized Au plates up to about 39 um in width (see
Figure 3.5b). The average sizes of Au plates obtained from the low and middle power
irradiation synthesis are 4.65 £ 0.63 um and 12.5 £ 0.81 um, respectively. Uniform
spherical Au nanoparticles with a diameter of 142 £+ 2.73 nm predominate in the
morphology formed as a result of the reaction in the high power light irradiation (see

Figure 3.5c¢).

Figure 3.6. POM images of the SA/C12,EO10/HAuCl4 LLC mesophase after (a) low, (b)
middle, and (c) high power white light irradiations.

The POM images after the Au material synthesis on the glass substrate are shown
in Figure 3.6. After Au material synthesis, the LLC gel form was still present on the glass
substrate and the hexagonal phase was stable under atmospheric conditions. In addition
to the SEM image, the POM image of Au products synthesized by high power irradiation
differs from other images due to the Au nanoparticle formation. It is understood from the
POM images that large amounts of Au plates are formed in the middle power irradiation.
The middle power irradiation synthesis of Au materials has been investigated for further

characterization due to high-efficiency plate production.
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Figure 3.7. SEM images of the Au plates at (a) low and (b) high magnifications. (c,d)
EDX spectra of Au plates.

EDX spectra of Au plates were obtained from both low and high magnification
SEM images (see Figure 3.7). The strong Au peak appears in both EDX spectra since the
pure single-crystalline Au plates are composed of elemental Au. Because the Au plates
obtained in the synthesis were very thin, a weak substrate (silicon, Si) peak was detected
in the EDX analysis. The other weak peak represents carbon (C) which appears in the
spectra due to surfactant residues.

LLC mesophases result in a low-angle XRD pattern due to the large spacing
between layers of atoms in the crystal lattice. The samples prepared from the mole ratio
of 2.5 SA/C12EO¢ give a diffraction pattern at around 2°, 260, as shown in Figure 3.8.
However, the addition of aqueous HAuCly solution to this LLC mesophase increases the
d-spacing values and results in a diffraction pattern shifted to a smaller angle than 2°, 26
(see Figure 3.8). Consequently, the SA/C12EO19 LLC mesophase with a certain amount
of HAuCls shows a 2D hexagonal phase (H1) at ambient conditions.
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Figure 3.8. XRD pattern of SA/C12EO10 and SA/C12EO1¢/HAuCls LLC mesophases.

The single crystallinity of the Au plates was demonstrated by XRD measurements.
As shown in Figure 3.9, the XRD pattern has four diffraction peaks representing the
characteristic diffraction of elemental Au® metal. It has a much stronger characteristic
diffraction peak found at 26 = 38.2° and represents the {111} facets of face-centered cubic
(fcc) Au. This means that the Au plates are mainly oriented along the (111) plane. The
other three diffraction peaks at 20 = 44.5°, 64.7°, and 77.6" are assigned to the {200},
{220}, and {311} lattice planes, respectively (JCPDS #04-0784).
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Figure 3.9. XRD pattern of Au plates synthesized by middle power light irradiation.
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AFM images and surface height profiles of Au plates with different morphologies
are shown in Figure 3.10. The synthesized Au nano- and microplates are almost flat and
broad rather than bumpy. The surface of some plate structures is surrounded by Au
nanoparticles or aggregates, which cause bumps in their height profiles (see Figure
3.10b). Some deformations may occur on the surface of the Au plates during the transfer
of materials from the solution to the silicon substrate. To avoid these deformations, the
samples were washed in alcohol for several days instead of centrifugation during
purification. Some Au plates may also have concave centers rather than flat height profiles
(see Figure 3.10d). The height profiles demonstrate that the Au microplate thickness

varies in a wide range between 50 and 150 nm.
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Figure 3.10. (a-e) AFM images and height profiles of the purified micrometer-sized Au
plates.

(Figure cont. on next page)
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Figure 3.10 (cont.).

As shown in Figure 3.11, there are two steps in the Au plate formation mechanism:
nucleation and growth. Firstly, Au** ions are reduced to Au® atoms by the EO chains of
the nonionic surfactant in the LLC confining space. Secondly, these gold nuclei grow
anisotropically to form Au nano- and microplates of different shapes such as triangular,
truncated triangular, hexagon, or gear-like. Due to the lowest surface energy of the {111}
facets of the Au nuclei, preferential adsorption of surfactant molecules occurs along the

(111) plane, as confirmed by XRD analysis.
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Figure 3.11. Schematic representation of Au plate formation.

Time-dependent experiments have been performed in order to understand the
mechanism of Au plate formation in an LLC environment by a photochemical approach.
Figure 3.12 shows STEM images of Au samples exposed to white light for different
durations. After the homogeneous solution was formed and without exposure to white
light, monodisperse coral-shaped nanoparticles were observed in the sample (see Figure
3.12a). These nanoparticles consist of distorted nanorods and spherical aggregates. When
the sample was exposed to light for about 5 min, besides monodisperse coral-shaped
nanoparticles, spherical nanoparticles, nanorods, and nanoprisms were seen (see Figure
3.12b). After 30 min of light irradiation, Au nanoparticles with highly efficient anisotropic
shapes formed and hexagon-shaped nanoparticles began to appear (see Figure 3.12c).
Spherical nanoparticles, anisotropic structures, and micrometer-sized plates were formed
when the irradiation time was 2 h (see Figure 3.12d). As shown in Figure 3.12e, the

growth in plate structures was achieved when the irradiation time was further increased.
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Figure 3.12. STEM images of Au materials obtained from the white light irradiation after
(a) 0 min, (b) 5 min, (c) 30 min, (d) 2 h, and (e) 13.5 h.

LLC-mediated Au plate synthesis takes a long time without white light catalysis.
SEM images of Au samples kept in light-free and laboratory conditions are shown in
Figure 3.13. A small amount of plate formation was observed even if the samples were
kept in a dark environment or laboratory conditions for approximately one week (see
Figure 3.13(a,b)). As shown in Figure 3.13(c,d), highly efficient Au plate formation was
detected in the sample left in laboratory conditions for about two weeks. The sample
contains mainly triangular, truncated triangular, and hexagonal shapes with a few
truncated icosahedral nanostructures. The average size of single-crystalline Au
microplates is about 19.8 + 0.63 pum. Gear-like Au plates are not commonly observed
among the final products. If the sample is left in ambient laboratory conditions for a

longer time, the edges of the large hexagonal structures may be truncated and turned into

39



the disc-like gear shapes. Au plates formed under laboratory conditions have sharper and
smoother edges than Au plates formed under white light irradiation. In addition, fewer
nanoparticles are formed on these anisotropic structures. As can be understood from the
SEM images, the structures grow more regularly without using white light during the
reaction. However, the reduction rate of Au™ is extremely slow and it takes several weeks

to form highly efficient Au plates in the absence of white light.

Figure 3.13. SEM images of Au plates formed in (a) light-free and (b) laboratory
conditions after nearly one week. (c¢) and (d) Low and high magnification
SEM images of Au plates formed under laboratory conditions after nearly
two weeks.

In order to determine the effect of irradiation time on Au plate size, the sample
was exposed to white light for certain periods. The product yield in the sample exposed
to the white light for 6 h is relatively low when compared to the others. As can be seen
from the SEM images in Figure 3.14a, some plates are in roll form as they are ultrathin.
After 6 h of reaction, gear-like hexagonal plates are usually obtained instead of disc-
shaped plates. Besides, the average size of the Au plates is 6.0 = 0.73 um in width. It has
been determined that as the reaction time increases, micrometer-sized triangles lose their
sharp edges and turn into truncated triangles. In general, the size of triangles with sharp

edges usually varies between 1.5 and 8.6 pum. Also, large plate sizes up to 39 um are
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obtained from gear-like plates. As can be seen from the SEM images in Figure 3.14(b-d),
the product morphology obtained in the samples exposed to white light for 13.5 h, 24 h,
and 6 d is almost the same. Figure 3.15 shows the histograms for the size distribution of
Au plates synthesized at different reaction times. After 13.5 h of reaction, more uniform-
sized products are obtained with an average width of 12.5 = 0.81 pm. When the reaction
time is increased to 6 d, the average Au plate size decreases to 10.2 + 0.64 um. Although
almost the same average plate size is obtained after 24 h and 6 d of reaction time, the size

of the plates becomes more uniform after 24 h of reaction.

Figure 3.14. SEM images of Au samples exposed to the white light after (a) 6 h, (b) 13.5
h, (¢c) 24 h, and (d) 6 d.
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Figure 3.15. Histograms for the size distribution of Au plates synthesized after (a) 6 h, (b)
13.5h, (c) 24 h, and (d) 6 d.

The effect of aqueous HAuCls concentration on product morphology was
investigated in SA/C12EO10 LLC medium. Figure 16 shows SEM images of Au products
formed after adding different concentrations of HAuCls solution to the LLC medium. The
plates are embedded with spherical nanoparticles and truncated icosahedron structures at
relatively low HAuCls concentrations (see Figure 3.16(a,b)). At low HAuCly
concentrations, the Au plates generally tend to fold and roll due to their ultra-thin nature.
At medium HAuCl4 concentration, plate formation predominates in products rather than
truncated icosahedrons (see Figure 3.16c¢). The average Au plate size for the 1.94 x 10!
mole ratio of HAuCl4/C12EO19 is 10.0 £ 1.05 um (see Figure 3.15¢). Further increase of
HAuCls concentration causes deformations on the plates due to the aggregation of
icosahedrons (see Figure 3.16(d-f)). At relatively high HAuCl4 concentrations, the Au

icosahedron and plate structures compete with each other throughout the growth process.
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Figure 3.16. SEM images of Au products synthesized with different mole ratios of
HAuCl4/C12EOo. (a) 4.86 x 102, (b) 9.71 x 10, (c) 1.94 x 107, (d) 3.89 x
107, (e) 4.86 x 107!, and () 5.34 x 107",

The thicknesses of Au plates synthesized with different HAuCls concentrations
were investigated using AFM. According to the AFM height profiles of the plates in
Figure 3.17, increasing HAuCls concentration causes an increase in plate thickness.
However, the plates do not have a uniform thickness for each HAuCls/C12EO10
composition. The formation of Au nanostructures and/or deformations on the plates may
have caused fluctuations in the thickness measurement. For a mole ratio of 4.86 x 107
HAuCls/C12EO10, the thickness of the Au plates is usually measured as 31 and 45 nm (see
Figure 3.17a). When the HAuCls/C12EO19 mole ratio increases to 9.71 x 1072, the
thickness of the plates varies between 51 and 60 nm (see Figure 3.17b). The plate
thickness reaches 258 nm when the mole ratio of HAuCl4/C12EO10 is 1.94 x 107! (see
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Figure 3.17¢c). As the HAuCls concentration increases further (3.89 x 107! mole ratio of

HAuCl4/C12EO10), the plate thickness reaches 420 nm (see Figure 3.17d).
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Figure 3.17. AFM images and height profiles of the purified Au plates obtained with
different HAuCls/C12EO19 mole ratios. (a) 4.86 x 1072, (b) 9.71 x 102, (c)

1.94 x 10", and (d) 3.89 x 10",

(Figure cont. on next page)
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Figure 3.17 (cont.).

The capping agents CTAB and PVP were used to investigate their effects on the
morphology and size of Au plates. Different concentrations of capping agents were added
to the 1.94 x 10" mole ratio of HAuCls/C12EO19 medium. The sample was then exposed
to white light for 24 h. SEM images of Au products prepared by using different molar
ratios of capping agents to HAuCls are given in Figure 3.18. At higher CTAB/HAuCly or
PVP/HAuCls molar ratios, the plate structures grew on top of each other and thickened
(see Figure 3.18(a,b,f,g)). Deformations and holes are formed on the products at higher
concentrations of capping agents (up to 1 x 102 M). In addition to plates, Au
nanostructures are formed in various shapes, such as rods, decahedrons, and truncated
icosahedrons. At lower molar ratios, the products exhibit plate-like and truncated

icosahedron morphology (see Figure 3.18(c-¢,h-j)). When the capping agents CTAB and
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PVP are added separately to the reaction medium, the highest average plate sizes are 16.5
+ 1.58 um and 17.4 £ 0.64 pm, respectively (obtained at a 1 x 10 molar ratio of the
capping agent to HAuCly). As a result, when PVP or CTAB is used as an additive in the
reaction medium, the average size of the plates increases, which signifies the growth of

the plates.

Figure 3.18. (a-e) SEM images of Au products obtained with different CTAB/HAuCly
molar ratios. (a) 1x 10}, (b) 1x 1072, (c) 1x 107, (d) 1x 10, and (e) 1x 10
3. (f-j) SEM images of Au plates obtained with different PVP/HAuCls molar
ratios. (f) 1 107}, (g) 1x 1072, (h) 1x 1073, (i) 1x 10, and (j) 1x 107>,

(Figure cont. on next page)
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Figure 3.18 (cont.).

The effect of inorganic salts on Au plate formation was investigated by adding
NaBr, KCI, NaCl, LiBr, and KI separately to the reaction medium. Here, the molar ratio
of salt/HAuCls is 1 x 1073, According to the SEM results shown in Figure 3.19, truncated
icosahedron structures and anisotropic plate shapes are formed in the products. The
addition of inorganic salts, especially NaBr and KCI, to the reaction medium promotes
the growth of truncated icosahedron structures.

The gel-like sample was exposed to UV light instead of white light. The SEM
image in Figure 3.20 shows the formation of reticulated Au products consisting of
spherical and rod nanostructures by UV light photoreduction. Consequently, UV light
irradiation (400 nm) favors the formation of spherical and rod nanostructures rather than

2D single-crystalline plates.
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Figure 3.19. SEM images of Au products obtained with a 1 x 10~ molar ratio of different
inorganic salts to HAuCly. (a) NaBr, (b) KCI, (c) NaCl, (d) LiBr, and (e) KI.
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Figure 3.20. SEM images of Au products obtained by UV light irradiation.
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3.2. Synthesis and Characterization of Reduced Graphene Oxide Thin
Films Using Lyotropic Liquid Crystal

Graphene oxide (GO) was synthesized with 86% yield, as shown in Figure 3.21.
In this GO synthesis, expensive membranes are not needed during purification, unlike
Tour's method.'?® Cooling the acid solutions (H2SO4+/H3PO4) at 5 °C before synthesis
prevented the sudden increase in temperature during the exothermic reaction.!'?’ Particle
aggregation on the thin film surface adversely affects the quality of the film. To prevent
these particle aggregations on the surface of the films, attention was paid to
homogeneously mixing the precursors added during the GO synthesis. The graphite-acid
mixture was further homogenized in an ultrasonic bath and the particle size of KMnO4
was reduced by grinding the solid in a mortar. At the end of the synthesis, a bright yellow

solution was obtained as evidence of GO formation.

(a) (b)

2 i £
Addition of Graphite + KMnO, + H,SO,/H;PO, After 24 hours of reaction, a brown-colored

solution was obtained

(c) (d)
Adding ice water followed by H,0; to the The resulting powder form of GO
reaction solution

Figure 3.21. Reaction steps for GO synthesis.

Figure 3.22a shows the UV-Vis absorption spectrum of synthesized GO. A strong
absorption peak is observed at about 228 nm, indicating the n—n* transition of the C=C

bonds. The absorption shoulder is also found at nearly 306 nm, indicating the n—m*
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transition of C=0 bonds. The XRD patterns of pristine graphite and GO powders are
shown in Figure 3.22b. Since pristine graphite is highly crystalline, it has a strong and
sharp XRD peak at 26=26.5". With the oxidation of graphite, this strong peak disappears
and a characteristic diffraction peak is observed at 26=9.3°, denoting the formation of GO

with hydrophilic functional groups.
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Figure 3.22. (a) UV-Vis spectrum of a 0.05 mg/ml GO aqueous solution. The inset
photograph represents a 0.05 mg/ml GO solution in a vial. (b) XRD pattern
of pristine graphite and GO powders.

Figure 3.23. SEM images of graphite powder at (a) low and (b) high magnifications and
spin-coated GO sample with a 1.0 mg/mL concentration at (c¢) low and (d)
high magnifications.
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The surface morphology of the graphite powder and the synthesized GO were
obtained using SEM, as shown in Figure 3.23. Graphite flake has a layered structure
formed by numerous thin sheets (see Figure 3.23(a,b)). On the other hand, GO has a
morphology formed by the overlapping of numerous plate-like structures (see Figure
3.23(c,d)). Also, some thin and sheet-like structures are present in a folded form.

After the synthesis of GO was achieved, its aqueous solution was mixed with the
LLC mesophase to produce the RGO thin films. The hexagonal mesophase of
SA/C12EO10 was prepared at a 2.4 mole ratio. GO aqueous solution was prepared at five
different concentrations, 2.5, 5, 10, 15, and 20 mg/mL. Each different concentration of
GO was added to the LLC mesophase and allowed to stir overnight to obtain
homogeneous clear solutions. Homogeneous LLC-GO solutions were then drop-casted
onto the glass substrate and excess solvent was evaporated under atmospheric conditions.
As seen from the POM images in Figure 3.24, the fan-like texture of the 2D hexagonal
phase disappears as the GO concentration increases in the LLC mesophase. XRD analysis
was also performed to identify the low-angle XRD pattern of these gel samples (see
Figure 3.25). The 2.4 mole ratio of the fresh SA/Ci2E10 gel sample diffracts at a small
angle of about 2°, 20. However, the intensity of the XRD peak decreases with the addition
of GO aqueous solution to the LLC mesophase. As evident from the POM images, the
hexagonal phase of the gel samples is almost lost because the long-range order of the LC

1s distorted.
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Figure 3.24. (a) POM textures of the SA/C12EO19 LLC mesophase. POM textures of the
LLC mesophase containing GO solution with a concentration of (b) 2.5
mg/mL, (c) 5 mg/mL, (d) 10 mg/mL, (e) 15 mg/mL, and (f) 20 mg/mL.
(These POM textures were obtained with a 10x optical lens.)

(k)
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Figure 3.25. XRD pattern of (a) SA/C12EO1¢ and (b) SA/C12EO10/GO LLC mesophases.
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Figure 3.26. Photograph of RGO thin films obtained with the SA/C12EO10 LLC
mesophase (top row) or without the LLC mesophase (bottom row). GO
concentration increases from left to right. These thin films were obtained
at 300 °C under atmospheric conditions.

The spin-coating method was applied at 2000 rpm for 1 min to produce thin films.
Chemical reduction of L-ascorbic acid was then carried out at 80°C for 1 h. At the end of
the reduction, the composition containing 2.5 mg/mL GO aqueous solution had a
hexagonal fan-like texture under the POM. These films were subjected to thermal
reduction at 300°C under an inert atmosphere (Ar) after being washed in ethanol
overnight. This procedure was also applied to thin films produced without the LLC
mesophase. Photograph of spin-coated RGO thin films on glass substrates are given in
Figure 3.26. The GO solution is not uniformly distributed over the surface when the LLC

mesophase is not used to produce the thin films.

Table 3.1. Sheet resistance and transmittance (at 550 nm) of RGO thin films prepared
without the LLC mesophase.

GO (mg/mL) | Sheet Resistance (/sq) | Transmittance (%)
2.5 - 94
5 26 mQ 89
10 0.34 mQ 65
15 72 kQ 55
20 25kQ 42
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Table 3.2. Sheet resistance and transmittance (at 550 nm) of RGO thin films prepared

with the LLC mesophase.
LLC + (mg/mL) GO | Sheet Resistance (/sq) | Transmittance (%)
2.5 2 mQ 91
5 0.26 mQ 81
10 50 kQ 63
15 ~20 kQ 52
20 25 kQ 30

RGO thin films with highly smooth surfaces obtained using the LLC mesophase
are suitable for use as electrodes in electrochemical devices. Table 3.1 and Table 3.2 show
the sheet resistance and transmittance values (at 550 nm) of RGO thin films. Optical
transmittance spectra of spin-coated RGO films on glass substrates were recorded in the
wavelength range from 300 to 1000 nm (see Figure 3.27). Generally, the sheet resistance
of RGO thin films decreases when the GO solution is combined with the LLC mesophase.
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(a) ——5mg/ml GO 250 4
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Figure 3.27. Optical transmittance spectra of spin-coated RGO films on glass substrate
prepared (a) without and (b) with the LLC mesophase.

The sheet resistance reaches as low as 20 k€)/sq at a transmittance of 52% (at 550
nm) with the composition containing LLC and 15 mg/mL GO concentration. For the same
composition, the sheet resistance of the RGO thin films obtained without the LLC
mesophase is almost four times this value (72 k€/sq). By further increasing the GO
concentration, the same sheet resistance (25 k€/sq) is achieved in both conditions. The

optical transparency of RGO thin films decreases in the presence of the LLC mesophase.
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Surfactant molecules in the LLC composition undergo carbonization at high thermal
annealing temperatures, thus reducing the transparency of the thin films. The relationship
between the sheet resistance and optical transparency of RGO thin films containing LLC
and different GO concentrations is given in Figure 3.28. RGO thin films of different
compositions have a transmittance between 30% and 91% at 550 nm and a sheet

resistivity between 2 m€/sq and 20 k€Q/sq.
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Figure 3.28. Sheet resistance as a function of transmittance for RGO thin films composed
of LLC mesophase and GO solution.

The RGO thin film with a sheet resistance of 20 k€/sq and an optical
transmittance of 52% was further characterized to prove the reduction of GO to RGO.
RGO powder was obtained by scraping material from thin films for characterization.
RGO formation was confirmed by the XRD peak detected at 25°, as shown in Figure
3.29a. It has a broad and low-intensity XRD peak compared to graphite and GO,
indicating that the crystal structure is disrupted due to the high annealing temperature.
The ATR-FTIR spectra in Figure 3.29b show that the hydrophilic functional groups of
GO are eliminated as a result of the thermal annealing process. O-H (3338 cm™), C=0
(1733 em™), C=C (1627 cm™), and C-O (1038 cm™) stretching vibrations characterize
GO in the ATR-FTIR spectrum. 2612
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Figure 3.29. (a) XRD pattern of RGO powders. (b) ATR-FTIR spectra of GO (red) and

RGO (black) powders. The inset shows the characterized RGO (marked A)
and GO (marked B) powders.

Figure 3.30. SEM images of RGO prepared from (a,b) SA/C12EO1¢/GO and (c,d) GO
compositions.

The surface morphology of the synthesized RGO for both conditions (with or
without LLC) was investigated through SEM, as shown in Figure 3.30. Wrinkle-like
structures in SEM images indicate the formation of RGO sheets. SEM images of spin-
coated RGO thin films on glass substrates are also given in Figure 3.31 and Figure 3.32.

Crack formation is observed on the surface of RGO thin films that do not contain LLC
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mesophase (see Figure 3.32). In both conditions, there are aggregated RGO sheets on the
surface of the films. As the GO concentration increases, the films are more uniformly
coated with the precursor, but the aggregations on the surface increases. As shown in
Figure 3.33, these aggregates on the surface of the films consist of the wrinkled structures

of the RGO sheets.

Figure 3.31. SEM images of the surfaces of spin-coated RGO thin films. RGO thin films
containing LLC mesophase with different GO concentrations. (a) 2.5
mg/mL, (b) 5 mg/mL, (c) 10 mg/mL, (d) 15 mg/mL, and (e) 20 mg/mL.
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Figure 3.32. SEM images of the surfaces of spin-coated RGO thin films. RGO thin films
obtained without the LLC mesophase and containing different

concentrations of GO solutions. (a) 2.5 mg/mL, (b) 5 mg/mL, (c) 10 mg/mL,
(d) 15 mg/mL, and (e) 20 mg/mL.
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Figure 3.33. SEM images of the surfaces of spin-coated RGO thin films at low
magnifications.
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Figure 3.34. (a) Optical microscope image of spin-coated RGO thin film. (b,c) AFM

images of RGO thin film at high and low magnifications. (d) AFM height
profile of RGO thin film.
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The thickness of the RGO thin film was investigated with the ScanAsyst mode of
AFM (see Figure 3.34). As seen from the optical microscope image in Figure 3.34a, the
film was scratched without damaging the substrate to determine the thickness of the thin
film. The spin-coated RGO thin film has a thickness of approximately 28 nm, as seen
from the AFM images and height profiles in Figure 3.34(b-d).

Table 3.3. Sheet resistance and transmittance values (at 550 nm) of RGO thin films
obtained from a 15 mg/mL GO aqueous solution at different rpms.

Rpm Sheet Resistance (/sq) | Transmittance (%)
1000 55kQ 48
1500 0.17 mQ 57
2000 0.23 mQ 56
2500 0.34 mQ 59
3000 0.35 mQ 56
3500 0.30 mQ 57
4000 0.15mQ 56
4500 0.25mQ 56
5000 0.35mQ 58

Table 3.4. Sheet resistance and transmittance values (at 550 nm) of RGO thin films
obtained from a solution containing 15 mg/mL GO and LLC at different rpms.

Rpm Sheet Resistance (/sq) | Transmittance (%)
1000 13 kQ 29
1500 22kQ 42
2000 20kQ 50
2500 25kQ 48
3000 26 kQ 50
3500 26 kQ 50
4000 27.5kQ 48
4500 29 kQ 49
5000 27.5kQ 50

The sheet resistance and optical transmittance of RGO thin films produced with a
high concentration of GO aqueous solution (15 mg/mL) at various rpms are shown in
Table 3.3 and Table 3.4. Nine different rpm parameters, 1000, 1500, 2000, 2500, 3000,
3500, 4000, 4500, and 5000, were applied for 1 min with the spin-coating method. Optical
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transmittance spectra of spin-coated RGO films on glass substrates were plotted in the
wavelength range from 400 nm to 800 nm (see Figure 3.35). RGO films produced with
1000 rpm could not form a homogeneous surface due to excessive aggregation on the
film surface. The sheet resistance of RGO thin films obtained without the LLC mesophase
deviates more at different rpms because a homogeneous film surface cannot be obtained
with this composition. As the rpm increases, the material on the substrate becomes

thinner, and therefore the sheet resistance should increase.
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Figure 3.35. Optical transmittance spectra of spin-coated RGO thin films on glass
substrate obtained from a solution containing (a) 15 mg/mL GO and (b) 15
mg/mL GO and LLC at different rpms.

Figure 3.36. Photograph of thermally reduced spin-coated RGO (left) and CVD-based
multilayer graphene (right).
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Spin-coated RGO films were subjected to higher thermal annealing temperatures
for 30 min under an inert atmosphere with Ar and H» to improve sheet resistance (see
Figure 3.36). The annealing temperature was first applied to spin-coated thin films on
quartz substrates at 850°C. Sheet resistance values for RGO thin films obtained with and
without LLC mesophase were recorded as 23 k€/sq and 7 k€)/sq, respectively. When the
annealing time was extended to 1 h, there was not much change in the sheet resistance
values. Moreover, the sheet resistance of the RGO thin films was further improved by
increasing the annealing temperature to 1000°C. Then, the sheet resistance of the RGO
thin film containing the LLC mesophase decreased to 17 k€)/sq. On the other hand, the
RGO thin film obtained without the LLC mesophase reached 5 k€)/sq.

S

Figure 3.37. Photograph of spin-coated RGO thin films composed of a 2.5 mg/mL GO
aqueous solution with (left) and without (right) the LLC mesophase. These
thin films were obtained at 1000°C for 30 min under Ar and Ho.
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Figure 3.38. Optical transmittance spectra of spin-coated RGO thin films on quartz
substrate obtained from a solution containing (a) 2.5 mg/mL GO and (b) 2.5
mg/mL GO and LLC at different rpms.
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The sheet resistance of the RGO film produced with a low concentration of GO
aqueous solution (2.5 mg/ml) was further improved for use as a transparent conductive
electrode. Thermal annealing of the RGO thin film was carried out at 1000°C for 30 min
under an inert atmosphere (Ar and H») (see Figure 3.37). Optical transmittance spectra of
spin-coated RGO films on quartz substrates were plotted, as shown in Figure 3.38. When
the thermal annealing temperature was increased to 1000°C, the RGO thin films obtained
without the LLC mesophase became conductive (see Table 3.5). Furthermore, the sheet
resistance values decreased to kQ’s in thin films containing LLC mesophase (see Table
3.6). As a result, RGO thin films with a sheet resistance of 31 k€)/sq and a transmittance

of 92% were prepared to be used as transparent and conductive electrodes.

Table 3.5. Sheet resistance and transmittance values (at 550 nm) of RGO thin films
obtained from a 2.5 mg/mL GO aqueous solution at different rpms.

Rpm Sheet Resistance (/sq) | Transmittance (%)
1000 55kQ 84
1500 54 kQ 90
2000 67 mQ 90
2500 2.1 mQ 91
3000 0.23 mQ 91

Table 3.6. Sheet resistance and transmittance values (at 550 nm) of RGO thin films
obtained from a solution containing 2.5 mg/mL GO and LLC at different

rpms.
Rpm Sheet Resistance (/sq) | Transmittance (%)
1000 30 kQ 82
1500 32kQ 90
2000 31kQ 92
2500 40 kQ 88
3000 0.23 mQ 93
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CHAPTER 4

CONCLUSION

In this thesis, an LLC system consisting of 10-lauryl ether (C12EO1¢) and sulfuric
acid (H2SOs4, SA) was used to synthesize 2D single-crystalline gold (Au) nano- and
microplates and reduced graphene oxide (RGO) thin films. As the SA/C12EO10 mole ratio
increases in this system, a mesophase transition from bicontinuous cubic (V1) to 2D-
hexagonal (Hi) and micellar cubic (I1) is observed. The 2D hexagonal (H1) mesophase of
the SA/C12EO1o system was characterized using POM and XRD.

For the first time, 2D single-crystalline Au plates have been synthesized using a
photochemical approach in an LLC medium that is stable under atmospheric conditions.
The stability of the LLC mesophase in atmospheric conditions facilitates the direct
characterization of micrometer-sized Au plates under the optical microscope. The LLC
medium provides an ordered confining space for the growth of micrometer-sized Au plate
structures. The product contains a small amount of isotropic truncated icosahedron
structures and various anisotropic shapes, such as triangular, truncated triangular,
hexagonal, and gear-like. Irradiation of SA/C12EO10/HAuCl4 LLC mesophase was
achieved with different white light powers. The morphology and size of the Au products
change according to the powers of the white light. Middle power light irradiation allows
the synthesis of highly efficient plate-like structures with an average size of 12.5 + 0.81
um. The thickness of the Au plates ranges from 50 nm to 150 nm. Uniform spherical Au
nanoparticles with a diameter of 142 + 2.73 nm are synthesized by high power irradiation
of white light. Plates with an average size of 4.65 + 0.63 um and truncated icosahedron
structures are the main products in the low power light irradiation synthesis. At relatively
low HAuCls concentrations, the plates are embedded with spherical nanoparticles. At
relatively high concentrations of HAuCls, the hexagonal phase of LLC disappears and
plates are formed with highly efficient truncated icosahedron structures. As the HAuCl4
concentration increases, the thickness of some Au plates in the products also increases,
reaching about 420 nm. Adding PVP or CTAB to the reaction medium increases the
average size of the Au plates from 10 pum to nearly 17 um. Furthermore, the addition of

inorganic salts can promote the formation of isotropic Au structures.
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According to the reaction mechanism studied, isotropic and anisotropic Au
nanoparticles grow into micrometer-sized Au plates as the reaction time increases. In the
absence of white light irradiation, plate formation takes more than a week to occur with
sufficient efficiency. However, without using white light, Au plates have smoother and
sharper edges. Also, their average size becomes 19.8 = 0.63 um.

Transparent conductive RGO thin films have been prepared for the first time using
the SA/C12EO190 LLC mesophase. GO was synthesized in 86% yield and characterized by
XRD, UV-Vis spectroscopy, SEM, and ATR-FTIR spectroscopy. RGO thin films were
prepared by a spin-coating method on a glass and/or quartz substrate at various spinning
speeds. L-ascorbic acid, a weak and green reducing agent, was used for the chemical
reduction of thin films. Thermal annealing was first performed at 300°C under an inert
Argon (Ar) atmosphere and in a vacuum. RGO thin films with improved sheet resistance
are achieved when the GO concentration is increased to 15 mg/mL. However, the optical
transmittance of spin-coated RGO thin films decreases with increasing GO concentration.
The sheet resistance of the RGO thin films has been further improved with the LLC
mesophase. When the LLC system is used, the sheet resistance of the RGO thin film
decreases from 72 k€)/sq to 20 k€)/sq. Moreover, the sheet resistance is reduced to 17
kQ/sq at a higher annealing temperature (1000°C) under an inert atmosphere with Ar and
Ha. More importantly, RGO thin films having low GO concentration have been improved
to produce transparent conductive electrodes. Consequently, RGO thin films have been
obtained with a sheet resistance of 31 k€/sq and an optical transmittance of 92% (at 550

nm) at 1000°C in an Ar + H; atmosphere.
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