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ABSTRACT 
 
 

LYOTROPIC LIQUID CRYSTAL TEMPLATED SYNTHESIS OF 
SINGLE-CRYSTALLINE GOLD MICROPLATES AND TRANSPARENT 

CONDUCTIVE REDUCED GRAPHENE OXIDE THIN FILMS 
 

Surfactants organ ze to form var ous mesophases of lyotrop c l qu d crystal (LLC) 

n the presence of water. In the l terature, some ac ds, salts, and on c l qu ds have also 

been used to form ordered LLC mesophases. In th s thes s, two dimensional (2D) s ngle-

crystall ne gold (Au) nano- and m croplates and reduced graphene ox de (RGO) th n f lms 

have been synthes zed us ng LLC mesophases. Stable LLC mesophases have been formed 

us ng 10-lauryl ether (C12EO10), an ol go-type surfactant, and sulfur c ac d (H2SO4), a 

strong ac d. Au plates w th var ous an sotrop c structures, such as tr angular, truncated 

tr angular, hexagonal, and gear-l ke, have been synthes zed by a photochem cal method 

n the presence of LLC mesophase. Most mportantly, Au plates up to 39 μm n w dth 

have been obta ned n the conf ned space of the LLC med um. The th ckness of the 

obta ned Au plates var es from 50 nm to 150 nm. The s ze and/or morphology of Au 

products synthes zed n LLC med um depends on the power of the l ght source, the 

rrad at on t me, the amount of Au precursor added, the add t on of d fferent capp ng 

agents, and var ous norgan c salts. Add t onally, sp n-coated RGO th n f lms have been 

synthes zed us ng the LLC mesophase for use as a transparent and conductive electrode 

n var ous electrochem cal dev ces. The LLC mesophase has mproved the sheet 

res stance values of RGO th n f lms. RGO th n f lms w th a sheet res stance of 31 kΩ/sq 

and an opt cal transm ttance of 92% at 550 nm have been ach eved at the h gh thermal 

anneal ng temperature under an nert atmosphere. 
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ÖZET 
 

TEK KRİSTALLİ ALTIN MİKROPLAKALARIN VE ŞEFFAF İLETKEN 
İNDİRGENMİŞ GRAFEN OKSİT İNCE FİLMLERİN LİYOTROPİK 

SIVI KRİSTAL ŞABLONLU SENTEZİ 
 
 

Yüzey akt f maddeler, su varlığında l yotrop k sıvı kr stal n (LSK) çeş tl  

mezofazlarını oluşturmak üzere organ ze olurlar. L teratürde, bazı as tler, tuzlar ve yon k 

sıvılar da düzenl  LSK mezofazları oluşturmak ç n kullanılmıştır. Bu tezde, LSK 

mezofazları kullanılarak iki boyutlu (2D) tek kr stall  altın (Au) nano- ve m kroplakalar 

ve nd rgenm ş grafen oks t (RGO) nce f lmler sentezlend . Kararlı LSK mezofazları, 

oligo tipi bir yüzey aktif madde olan 10-lauril eter (C12EO10) ve güçlü bir asit olan sülfürik 

asit (H2SO4) kullanılarak oluşturuldu. Üçgen, kes k üçgen, altıgen ve d şl  benzer  g b  

çeş tl  an zotrop k yapılara sah p Au plakaları, LSK mezofazının varlığında fotok myasal 

b r yöntemle sentezlenm şt r. En öneml s , gen şl ğ  39 μm'ye kadar olan Au plakaları, 

LSK ortamının sınırlı alanında elde ed ld . Elde ed len Au plakalarının kalınlığı 50 nm le 

150 nm arasında değ şmekted r. LSK ortamında sentezlenen Au ürünler n n boyutu 

ve/veya morfoloj s , ışık kaynağının gücüne, ışınlama süres ne, eklenen Au öncülünün 

m ktarına, farklı kaplama ajanlarının ve çeş tl  norgan k tuzların eklenmes ne bağlıdır. 

Ayrıca, sp n kaplamalı RGO nce f lmler, çeş tl  elektrok myasal c hazlarda şeffaf ve 

letken b r elektrot olarak kullanılmak üzere LSK mezofazı kullanılarak sentezlend . LSK 

mezofazı, RGO nce f lmler n tabaka d renç değerler n  y leşt rm şt r. 31 kΩ/sq tabaka 

d renc ne ve 550 nm'de %92 opt k geç rgenl ğe sah p RGO nce f lmler , nert b r atmosfer 

altında yüksek ısıl tavlama sıcaklığında elde ed lm şt r. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1. L qu d 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 

1.1.1 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.  
 

 

 

 

  

 
 
 
 
F gure 1.1. A schemat c representat on show ng the phase trans t on from sol d to l qu d 

and the d fference n or entat onal and pos t onal order n crystal, l qu d 
crystal, and l qu d 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.2 In 
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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.3 He investigated the phase transitions of cholesteryl benzoate 

with the heating stage polarizing microscope. 
There are two ma n types of LCs: thermotrop c and lyotrop c. Thermotrop c LCs 

are s ngle-component systems and temperature changes affect the phase trans t on of 

these LCs. Calam t c (rod-l ke) and d scot c (d sc-l ke) organ c molecules can form 

thermotrop c 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 d ssolut on of amph ph l c compounds n a su table 

solvent leads to the format on 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.4 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 (RSO3
- M+), 

sulfate (ROSO3
- M+), or phosphate (ROPO3

- M+), the surfactant is called anionic; If the 

charge is positive such as quaternary ammon um hal des (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)2CH2CH2SO3
-. However, nonionic surfactants have no 

charge on the hydrophilic head group such as polyoxyethylene (R–OCH2CH2O–) or R–

polyol groups. Examples of these surfactants are given in F gure 1.2.  

 



        3 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
F gure 1.2. Molecular structures of an on c, cat on c, non on c, and zw tter on c   

surfactants from top to bottom, respect vely. 
 
 

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) 

is a zwitterionic type surfactant. In th s study, decaethylene glycol monododecyl ether 

(C12EO10, 10-lauryl ether) has been ma nly used as an ol go(ethylene ox de)-type 

non on c surfactant. It conta ns a hydrophob c alkane CnH2n+1 ta l and a hydroph l c 

ol go(ethylene ox de) (–CH2CH2O–)n head group.  

The hydrophob c reg on of surfactants tends to avo d contact w th water (solvent) 

due to the hydrophob c effect. Ow ng to the hydrophob c effect, surfactant monomers 

tend to aggregate n solut on spontaneously and hence m celles are formed. On the other 

hand, the hydroph l c un ts of the m celles form hydrogen bonds w th water molecules. 

In an aqueous solut on, hydrophob c cha ns (usually alkyl cha ns) form the core of the 

m celle and hydroph l c un ts form a shell n contact w th the water. For example, n the 

decaethylene glycol monododecyl ether molecule, the ethoxy groups form hydrogen 

bonds w th water molecules and the hydrophob c alkyl ta ls do not nteract w th water 

molecules. In m celle format on, the dr v ng force s the hydrophob c effect act ng on the 

hydrocarbon cha ns and the repuls ve force must come ma nly from the head groups of 

the surfactant molecules.5–7 

M celles have d fferent shapes, such as spher cal, cyl ndr cal, or b layer, but 

thermodynam cally spher cal shapes are preferred.8 Tanford ntroduced the standard free 

energy change related to aggregat on to calculate m celle s ze and expla n other m celle 
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propert es.5,6 Us ng Tanford’s free energy express on, the theory of molecular pack ng 

parameters was developed by Israelachv l  et al.8 They expla ned that the m celle s ze and 

shape depend on the pack ng of the molecules. The molecular pack ng parameter s 

def ned as v / lc ao, where ao s the opt mal head group area, lc s the cr t cal length of the 

hydrophob c ta l, and v s the volume of the hydrophob c port on of the molecule. Three 

factors that def ne the molecular pack ng parameter n a spher cal m celle are shown n 

F gure 1.3.  

 

 

 

 

 

 

 

 
 
 
 
 
F gure 1.3. Schemat c representat on of the three molecular pack ng parameters (v, lc, and 

ao) for surfactant molecules. (Source: Israelachv l , 2011)9 

 

 

At cr t cal m celle concentrat on (CMC), surfactant monomers aggregate to form 

spher cal m celles. Below the CMC, the surfactant molecules ex st as monomers n 

solut on and a monolayer of surfactant molecules forms at the a r-water nterface, n other 

words, m cell zat on cannot be observed. The CMC value s commonly determ ned by 

measur ng the surface tens on of a solut on conta n ng d fferent surfactant concentrat ons 

(see F gure 1.4). However, surface tens on measurement s t me-consum ng compared to 

spectroscop c methods and g ves rel able results at h gher CMCs.10 CMC n a g ven 

med um depends on the nature of the surfactant (s ze and structure of the hydrophob c 

group and the head group of the hydroph l c cha n), the nature of counter ons, the add t on 

of electrolytes, temperature, etc.11 
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F gure 1.4. Surface tens on of surfactant solut on as a funct on of surfactant concentrat on 

on a logar thm c scale. (Source: Hamberger and Landfester, 2011)12  
 
 
1.1.2 Lyotropic Liquid Crystalline Mesophases 
 

Further ncrease of surfactant molecules n the med um above the CMC results n 

the format on of d fferent lyotrop c l qu d crystal (LLC) phases, such as s mple cub c (I1), 

2D hexagonal (H1), lamellar (Lα), and b cont nuous cub c (V1) phases (see F gure 1.5). 

There are some essent al chem cal character zat on methods to dent fy these LLC phases 

such as polar zed opt cal m croscopy (POM), X-ray d ffract on (XRD), d fferent al 

scann ng calor metry (DSC), transm ss on electron m croscopy (TEM), and nuclear 

magnet c resonance (NMR) spectroscopy.13,14 

The lamellar (Lα) LLC phase conta ns b layers separated by aqueous doma ns. 

Wh le the polar head groups of surfactant molecules are n contact w th the aqueous 

med um, the hydrophob c ta ls face the center of the layer. The subscr pt α denotes the 

fused cha ns n th s mesophase.15 Th s mesophase, desp te ts h gh surfactant content, s 

less v scous than the hexagonal LLC phase because the b layers can eas ly sl de over each 

other. It has character st c scatter ng Bragg peaks n the rat o 1: 2: 3, etc., obta ned from 

the Small Angle X-Ray Scatter ng (SAXS).15,16 Lamellar LLC phases show d st nct 

opt cal textures under the POM nvest gat ons and the texture s streaky or mosa c-l ke.15–

17 

The hexagonal LLC phase (H1) cons sts of elongated (rod-shaped) or nf n te 

cyl ndr cal m celles organ zed n a two d mens onal (2D) hexagonal latt ce. There are two 

d st nct types of the hexagonal phase depend ng on the solvent polar ty: the normal 
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hexagonal phase (H1), known as the "m ddle phase", and the reversed hexagonal phase 

(H2). Hexagonal mesophases are dent f ed by the r character st c fan-l ke texture under 

the POM.15,17,18 The small angle X-ray spectrum shows Bragg peaks n the rat o 1: √3: 

√4, etc.15,19 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
F gure 1.5. Schemat c llustrat on of (a) s mple cub c (I1), (b) hexagonal (H1), (c) lamellar 

(Lα), and (d) b cont nuous cub c (V1) mesophases. (Source: Hamley, 2007)20 

 

 

Unl ke lamellar and hexagonal LLC phases, cub c LLC phases are opt cally 

sotrop c and do not show any texture under the POM measurements. Normal m cellar 

cub c (I1) and reversed m cellar cub c (I2) phases have globular m celles formed n a cub c 

arrangement. These mesophases are less v scous than others due to the r globular 

structure. Spher cal m celles are mostly arranged n body-centered cub c structure (bcc, 

Im3m) and others nclude face-centered cub c (fcc, Fm3m) or clathrate (type 1, Pm3n and 

type 2, Fd3m) pack ngs.15 Furthermore, b cont nuous cub c LLC phases (V1 or V2 

accord ng to normal or reverse structure) are more v scous than the other phases.  

For a g ven concentrat on, the LC phase behav or of amph ph l c molecules 

depends on the structure of surfactant, temperature, on c strength of the med um, and the 

add t on of solutes.11 As the surfactant concentrat on ncreases n a b nary amph ph le –

solvent system, a phase trans t on from L1 (m cellar solut on) to H1 to Lα s expected; 

between these phases, ntermed ate I1 (L1 and H1) and V1 (H1 and Lα) phases can be 

observed.20 Reverse structures such as V2, H2, and I2 can be seen n the system as the 

surfactant concentrat on ncreases further (low solvent content).20 
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As ment oned before, the cr t cal pack ng parameter (CPP), def ned as v / lc ao, s 

a useful equat on for understand ng the morphology of aggregates n a surfactant–water 

system. When the CPP is about 1, the lamellar LLC phase is formed. Normal micelles are 

formed when <1 and reverse micelles are formed when >1.21 Table 1.1 shows some 

structures formed accord ng to the value of the pack ng parameter. 

 
Table 1.1. Expected self-assembled aggregates n relat on to cr t cal pack ng parameters 

(CPP). (Source: Myers, 2006)11 
 

 

 

 

 

 

 

 

1.1.3. CnEOm + H2O Binary Systems 
  

Poly(ethylene ox de) monoalkyl ether (CnEOm) type molecules are non on c 

surfactants. The r molecular structures cons st of a hydrophob c ta l and an ethylene ox de 

(EO) hydroph l c head group. It should be noted here that n represents the length of the 

carbons and m represents the length of the EO un ts n the surfactant molecule. The 

advantage of us ng such non on c surfactants n research s that they are commerc ally 

ava lable w th d fferent hydrophob c cha ns and hydroph l c head group un ts. In add t on 

to the non on c surfactant and water b nary systems22–24, the phase behav or of non on c 

surfactants has been stud ed w th d fferent solvents, such as organ c solvents25, on c 

l qu ds26, supercr t cal CO2
27, salts28,29, and ac ds18,30. 
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F gure 1.6. Phase d agram of C12EOm – H2O w th the var at on of EO head group length 
at 25 °C. (Source: Huang et al., 1998)23 

 

T ddy et al. stud ed the phase d agrams of var ous CnEOm non on c type 

surfactants n water w th an opt cal m croscope.22 They reported that cub c and hexagonal 

LLC phases are observed n surfactant molecules for long EO cha ns (m>8) and at low 

temperatures. On the other hand, lamellar and reverse LLC phases tend to form n 

surfactant molecules w th short EO cha ns (m<5) and at h gher temperatures. The phase 

d agram of the C12EO9 – H2O was nvest gated at 25 °C.23 As seen n F gure 1.6, the phase 

trans t on of I1 → H1 → V1 s observed w th ncreas ng surfactant concentrat on. If the EO 

cha n length (m) decreases, the cross-sect onal area of the surfactant decreases and so 

does the curvature of the surfactant layer.23 The same behav or s also observed n long 

hydroph l c cha n poly(oxyethylene) oleyl ether (POlE) systems (m s greater than 7).24 

Furthermore, the same sequences of phase trans t on are observed as the temperature 

ncreases because decreased dehydrat on n the head groups leads to a decrease n the 

cross-sect onal area of the surfactant.31 

The presence of salt affects the phase behav or of the CnEOm – H2O b nary system. 

Hofme ster32 an on and cat on ser es can be arranged as n F gure 1.7. The ons on the left 

are called kosmotropes, mean ng they strengthen the hydrogen bond n water. On the 

other hand, the ons on the r ght s de are called chaotropes, wh ch means break ng the 
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structure of water. The cat ons on the left are weakly hydrated and called as chaotropes, 

wh le the d valent cat ons on the r ght called as kosmotropes.33  
 

 

 

 
 

F gure 1.7. Hofme ster ser es (HS).  
(Source: Kang et al., 2020)33 

 

 
Inoue and coworkers nvest gated the effect of Cl−, I−, and ClO−4 an ons on the 

aqueous phase of C12EO7. They found that the f eld of the lamellar phase shr nks 

accord ng to the NaCl > none > NaI > NaClO4. On the other hand, the f eld of the 

hexagonal phase expands accord ng to the NaCl < none < NaI ≈ NaClO4. As shown n the 

Hofme ster ser es, ClO−4 has a stronger chaotrop c effect than I−, so the EO cha n 

hydrat on s further enhanced w th NaClO4. The opt mal head group area (ao) ncreases 

w th the hydrat on of the EO cha n. Th s leads to the format on of the hexagonal phase 

and s unfavorable for the lamellar phase.34 

Zheng and coworkers nvest gated the effect of cat ons on the aqueous phase of 

C12EO7. The ncrease of the lamellar phase reg on was observed n the order of CsCl < 

NaCl < L Cl. Th s s due to the dehydrat on of the EO cha n as a result of the strong 

hydrat on ab l ty of L + ons. The areas of the hexagonal phase and b cont nuous cub c 

phase decrease n the order of L Cl > CsCl ≥ NaCl nstead of CsCl > NaCl > L Cl. Other 

than the EO cha n dehydrat on, some other factor(s) also determ ne the salt effect on the 

aqueous phase behav or of the C12EO7 m xture.35 

Other ngred ents can be used pr mar ly as a solvent nstead of water to form the 

LLC mesophases w th the surfactant. Unl ke the water-surfactant system, certa n salts or 

ac ds form LLC mesophases w th non on c surfactants and these mesophases are stable 

under atmospher c cond t ons. In LLC mesophase format on, trans t on metal salt 

complexes such as [Co(H2O)6](NO3)2, [N (H2O)6](NO3)2, [Zn(H2O)6](NO3)2, and 

[Cd(H2O)4](NO3)2 can act as a secondary component and form stable mesophases w th 

the non on c ol go(ethylene ox de)-type surfactants (C12EO10) n the presence or absence 

of a small amount of water.29 Coord nated water molecules n trans t on metal complexes 

and EO cha ns of non on c surfactant form hydrogen bonds, wh ch play a s gn f cant role 
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n LLC mesophase format on. The phase d agram of the [Zn(H2O)6](NO3)2 – C12EO10 

was also nvest gated.28 In th s LLC system, salt mater als are n the molten state n 

hydroph l c reg ons and they act as a solvent to form LLC mesophases. L ke the phase 

d agram of a part cular water – surfactant system, the phase d agram of th s system has 

V1, H1, I, and L1 phases w th ncreas ng solvent of the med um.28 The salt content n the 

med um can be ncreased by add ng a charged surfactant such as CTAB or SDS.36 

Furthermore, non-trans t on metal salts such as L NO3, L Cl, and L ClO4 can form LLC 

mesophases w th C12EO10 n small amounts of water.37 These alkal  metal – salt LLC 

mesophases can serve as gel electrolytes for electrochem cal appl cat ons due to the r h gh 

on c conduct v ty.37 Apart from salts, sulfur c ac d (H2SO4)18 or phosphor c ac d 

(H3PO4)30 can be used as a solvent for the self-assembly of non on c surfactant (C12EO10) 

nto LLC mesophases. These proton-conduct ng mesophases are s gn f cant for porous 

nanomater al synthes s or renewable energy dev ces. LLC mesophases of H2SO4 – 

C12EO10 w ll be descr bed n the next sect on due to the scope of th s thes s. 

 

1.1.4. H2SO4 – C12EO10 Lyotropic Liquid Crystalline Mesophases 
 

In 2015, Olutaş and coworkers publ shed a paper on a novel ac d c LLC 

mesophase cons st ng of a strong ac d (sulfur c ac d, SA) as a solvent for the self-

assembly of non on c surfactant (10-lauryl ether, C12EO10) nto d fferent LLC mesophases 

n a small amount of water.18 They used these ac d c mesophases as a med um to 

synthes ze photolum nescent carbon quantum dots and mesostructured s l ca f lms and 

monol ths.18 These SA/C12EO10 LLC mesophases were also stud ed n the 

electrochem cal act v ty of lead ac d batter es (LABs).38 
If the SA/C12EO10 mole rat o ncreases, V1, H1, and I1 mesophases are obta ned. 

The homogenous m xture s prepared under amb ent cond t ons w th d fferent mole rat os 

of SA/C12EO10 and excess solvents such as water or alcohol. Excess water or alcohol n 

the compos t on s then equ l brated w th the atmosphere to form stable LLC mesophases. 

Secondly, gels can be formed by m x ng these components (SA and C12EO10) n an 

appropr ate mole rat o and expos ng them to the atmosphere to absorb the requ red water. 

Add t onally, t can be prepared by add ng water to the compos t on (2.3-4.3 H2O/SA).18 
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F gure 1.8. POM mages of the fan-l ke texture of the SA/C12EO10 hexagonal mesophase 
(a) and small angle XRD d ffract on of the LLC mesophases (b). (Source: 
Uzundal et al., 2017)38 

 
 

The ac d c LLC system s stable n the range of 1-11 SA/C12EO10 mole rat o. If 

the SA/C12EO10 mole rat o s between 2 and 3, the LLC mesophase s a 2D hexagonal. A 

m cellar cub c structure s formed unt l the SA/C12EO10 mole rat o s 11. Moreover, the 

lowest SA/C12EO10 mole rat o of 1 corresponds to a b cont nuous cub c phase.18  

The 2D hexagonal LLC mesophase shows a focal con cal fan texture, as seen n 

F gure 1.8a. The h ghest conduct v ty of th s sulfur c ac d – non on c system was 

measured as 19 mS/cm at the stable 11 SA/C12EO10 mole rat o.18 The SA/C12EO10 

mesophase w th a mole rat o of 2.5 d ffracts at small angles at around 2˚, 2θ. However, 

the XRD peak sh fts to sl ghtly lower angles w th ncreas ng ac d c component n the LLC 

system (see F gure 1.8b).38 

 

1.2. Synthesis of Nanomaterials Using Lyotropic Liquid Crystals 
 

Kresge and co-workers descr bed the l qu d crystal templat ng mechan sm n 

1992.39,40 They d scovered the synthes s of ordered mesoporous s l ca mater als w th on c 

surfactants as template molecules. W th the r f nd ngs, a breakthrough was made n the 

synthes s of mesoporous mater al us ng the soft template method. In the l qu d crystal 

templat ng method, d luted surfactant solut ons are used and an actual LLC phase s not 

ncluded n the synthes s. In 1995, Attard et al. reported the true l qu d crystal templat ng 

(TLCT) method (see F gure 1.9).41 To produce mesoporous s l ca w th a pore d ameter of 

about 3 nm, they used LLC phase compos t ons of non on c surfactants as a template and 

tetramethyl orthos l cate (TMOS) as a s l ca precursor n m ldly ac d c cond t ons. In the 

TLCT method, the hydrolys s and condensat on of the s l ca precursor occur at su table 



        12 
 

temperature parameters and then the organ c matter s removed by calc nat on, leav ng 

ordered mesoporous structures. S nce hydrolys s and condensat on processes are faster n 

trans t on metal ox des than n s l ca mater als, the rates of these processes are essent al 

n controll ng the format on of non-s l ceous mesoporous structures.42  

 

 

 

 

 
 

F gure 1.9. Schemat c llustrat on of the TLCT method. 
(Source: Bruckner et al., 2021)43 

 

 

Non-s l ceous mesoporous and/or mesostructured mater als such as metals44 and 

alloys45,46 are synthes zed us ng LLC mesophases. Attard et al. demonstrated, for the f rst 

t me, the format on of nanostructured mesoporous plat num from the non on c LLC 

mesophase.44 Th s process was performed by reduc ng the plat num source d ssolved n 

the hydroph l c areas of the hexagonal LLC phase. Later, Attard et al. produced metall c 

mesoporous plat num f lms by electrodepos t on method from the aqueous hexagonal 

phase of LLC for use n electrochem cal and sensor appl cat ons.47 Var ous 

electrodepos ted f lms produced from the LLC templat ng techn que have also been 

reported, such as rhod um48, n ckel ox de49, selen um50, and polymer51, as electrode 

mater als. In th s method, the surfactant s generally removed by wash ng the f lms w th 

water after depos t on, result ng n a hexagonal arrangement of un form pores. 

0-D, 1-D, and 2-D nanostructures have been synthes zed us ng LLCs. These 

nanostructures are prom s ng for electron cs, opt cs, and sensor appl cat ons.52–55 

D fferent LLC mesophases can control the s ze and shape of norgan c mater als.56 Metal 

nanopart cles such as Ag57,58, Pd59, and B 60 and sem conduct ng nanopart cles such as 

PbS60, ZnO61, ZnS62, and CuS63 were synthes zed us ng d fferent LLC phases. 

Nanow res64,65, nanorods66, and nanotubes67 were synthes zed n the med um of LLCs. 

More mportantly, 2-D structures of s ngle-crystall ne Au nano- and m croplates68,69 and 

Pt nanosheets70,71 were obta ned from LLCs. 
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1.3. 2D Single-Crystalline Gold (Au) Nano- and Microplates  
 

The synthes s of 2D s ngle-crystall ne gold (Au) nano- and m croplates has 

rece ved great attent on due to ts appl cat ons n electron cs, catalys s, opt cs, plasmon cs, 

and b omed c ne.54,55,72–75 S ngle-crystall ne Au plates of d fferent shapes, such as 

tr angular, hexagonal, and truncated tr angular, can be formed by reduc ng Au+3 to 

Au0 us ng var ous approaches (see F gure 1.10). In general, plate-l ke Au mater als have 

been prepared w th spher cal nanopart cles as a by-product at the end of the react on. 

2D s ngle-crystall ne Au nano- and m croplate synthes s can be ach eved by 

templates, surfactants, or polymers that act as capp ng agents, stab l zers, or reduc ng 

agents to control the morphology (shape) and s ze (edge length and th ckness) of the 

plates. In the react on mechan sm, preferent al adsorpt on of capp ng agents or surfactants 

takes place on the spec f c {111} facets of gold nucle , result ng n crystal growth along 

the other d rect on to form d st nct Au nanostructures. 

 

 

 

 

 

 

 

 
 
 
 
 

F gure 1.10. Suggested growth mechan sm for Au nanoplates. (a) {111} basal plane and 
<110> s de facet correspond ng to the crystallograph c facets, (b) the 
format on of d fferent plate-l ke shapes along the <110> d rect ons, (c) 
shapes of part cles to be formed, and (d) representat ve TEM mages of the 
result ng nanoplates. (Source: Kaur and Chudasama, 2014)76 

 

Au plates w th a s ze of several m crons have been obta ned us ng d fferent 

methods. A m crowave-polyol method was appl ed to prepare 30–90 nm d ameter Au 

nanoplates.77 Hexagonal-shaped and m crometer-s zed Au nanoplates were synthes zed 

by reduct on of chloroaur c ac d (HAuCl4) solut on w th ortho-phenylened am ne.78 A 
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polyam ne method was ntroduced for the h ghly eff c ent synthes s of several 10 μm-

s zed Au nanoplates.79 In s tu generat on of polygonal Au nanoplates n th n poly(v nyl 

alcohol) (PVA) f lm by thermal treatment was reported.80 The preferent al or entat on of 

Au plates was establ shed w th PVA f lm, a reduc ng agent, and a stab l zer. 80 An sotrop c 

Au nanostructures w th var ous shapes were synthes zed by reduct on of HAuCl4 n the 

aqueous med um of poly(v nyl pyrrol done)  (PVP), wh ch acts as a reduc ng agent due 

to the hydroxyl (– OH) term nal groups n ts structure.81 In th s method, the react on 

m xture was heated to 100°C w thout any other reduc ng agents. D fferent Au 

nanostructures, such as nanotadpols, nanok ts, and m croplates, were obta ned by vary ng 

the concentrat on of the aqueous HAuCl4 solut on n the react on med um.81 Us ng PVP, 

star-shaped Au nanoplates were also prepared by reduct on of HAuCl4 w th L-ascorb c 

ac d at RT.82 In fact, the morphology of the Au nanoplates depends on both the amount of 

PVP and the reduc ng agent and pH of the solut on.82 S ze- and shape-controlled Au 

nanoplates w th h gh y eld and pur ty were synthes zed us ng reduced amounts of sod um 

c trate as a reduc ng agent n the presence of PVP.83 Here, the s ze and shape of the Au 

nanoplates were controlled n a narrow s ze d str but on by chang ng the amount of 

reduc ng agent and surfactant.83 

Another synthes s procedure for Au nanoplates was performed n just 5−40 m n 

us ng the thermal reduct on method n the presence of cetyltr methylammon um brom de 

(CTAB), a cat on c surfactant.84 There are other stud es n the l terature to prepare Au 

nanoplates based on the use of CTAB as a surfactant w th reduc ng agents.75,85 In the 

l qu d-thermal method, var ous Au nanopart cle morpholog es were controlled by a polyol 

method us ng preheated ethylene glycol, wh ch acts as both a solvent and a reduc ng 

agent, n the presence of PVP.86 Another polymer poly(d allyld methylammon um 

chlor de) (PDDA) was also used to prepare large-scale Au nanoplates w th a s ze of 

several m crometers by thermal method.87 Au nanoplates w th var ous shapes were 

obta ned us ng on c l qu d (C16m mBr) that act as a shape control template through the 

reduct on of HAuCl4 w th formaldehyde gas at the a r-water nterface.88  Moreover, 2D 

s ngle-crystall ne Au nanoplate synthes s can be performed us ng env ronmentally 

fr endly reduc ng and capp ng agents such as serum album n prote n89, tann c ac d (TA)90, 

Shewanella algae cell extract91, yeast extract92, amylo d f br ls93, etc. 

In the seed-med ated growth method, Au nanoplates w th tunable th ckness and 

edge length n nanometer s ze can be ach eved.94,95 Other methods such as 

electrochem cal, photocatalyt c, photochem cal reduct on, and photoreduct on have also 
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been appl ed to synthes ze Au nanoplates.96–100 Top-down techn ques such as l thograph c 

methods can rarely be used w th a comb nat on of bottom-up techn ques to obta n s ngle-

crystall ne Au nanoplates.101  

In 2004, Wang and coworkers reported a new method nvolv ng the preparat on 

of 2D s ngle-crystall ne Au nano- and m croplates n an LLC med um w th the add t on 

of small amounts of the capp ng agent.68 Tr angular or hexagonal Au nano- and 

m croplates w th edge lengths longer than 10 μm were ach eved by reduct on of HAuCl4 

n the hexagonal LLC phase of the block copolymers (P123, EO20PO70EO20).68 In another 

of the r work, the effect of capp ng agents was nvest gated to obta n controllable 

morphology and s ze of Au nano- and m croplates n LLC med um.69  Var at on n product 

morphology tends to occur n the presence of tetrabutylammon um brom de (TBAB) 

rather than cetyltr methylammon um brom de (CTAB) due to the shorter, less 

hydrophob c alkyl cha ns n ts structure.69  

There are two poss ble steps for the growth of Au crystals, see F gure 1.11.69,102 

The f rst step s nucleat on, where the EO un t of the non on c surfactant reduces the AuIII 

ons to Au atoms and/or clusters n the hydroph l c LLC doma n. These formed Au atoms 

and/or clusters are nascent crystal nucle  n the react on. The second step s the an sotrop c 

growth of these Au nucle  nto Au nano- and m croplates n the LLC doma n.69,102 

 

 

 

 

 

 

 
 
 

 

F gure 1.11. Growth mechan sm of Au nano- and m croplates. 
(Source: Wang et al., 2005)69 

 

The growth of Au plates s ach eved by select ve adsorpt on of the head group of 

the CTAB molecule on the (111) facet of the Au seed. Then, Au atoms are depos ted n 

another d rect on of the Au surface. If the opt mum concentrat on of the capp ng agent s 

exceeded, var ous morpholog es, such as nanoplates, aggregates, or monod sperse 
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nanopart cles, are formed.69 Moreover, a reduct on n product s ze s obta ned at the end 

of the react on. The same effect has also been observed n the case of decreas ng HAuCl4 

concentrat on.69 

There are also stud es based on the preparat on of s ngle-crystall ne planar Au 

nanogears103 and concave Au nanoplates104 from the hexagonal LLC med um. Bes des 

the hexagonal LLC phase, Au nanoplate synthes s was carr ed out n the lamellar LLC 

phase. Large-scale Au nanoplate synthes s was prepared from a non on c lamellar LLC 

cons st ng of C12EO4 (tetraethylene glycol monododecyl ether) and HAuCl4 solut on.102 

Accord ng to the r results, the Au nanoplate s ze decreased from 1 μm to several hundred 

nanometers w th the ncrease of repeat ng PVP un ts. Therefore, add ng a capp ng agent 

to the react on can cause an ncrease n the reduct on rate dur ng plate format on.102 Ion c 

l qu ds were used as add t ves to synthes ze large-scale Au nanoplates and nanobelts w th 

s zes longer than 20 μm from the hexagonal or lamellar LLC phases of P123.105 

Furthermore, Au nanoplates were formed n LLCs cons st ng of the zw tter on c 

surfactant C14DMAO (tetradecyld methylam neox de) – H2O b nary system us ng CTAB 

and on c l qu d add t ves.106 

S ngle-crystall ne Au plates w th var ous morpholog es can be synthes zed by 

photochem cal reduct on approaches w th or w thout the LLC phase. D ng and colleagues 

synthes zed m crometer-s zed and th ckness-tuned Au nanosheets through photochem cal 

reduct on from the lamellar LLC system.107 It was noted that d ffuse sunl ght (natural 

sunl ght) s the opt mum cond t on for the growth of Au nanosheets rather than d rect 

sunl ght and UV l ght.107 A starch-med ated photochem cal reduct on method was 

proposed for the t p-enhanced Raman scatter ng appl cat on.98 Here, the react on solut on 

was exposed to sunl ght for 5 days to obta n m crometer-s zed Au nanoplates. In another 

study, w th a strategy of sunl ght rrad at on, Varshney and coworkers synthes zed 

concave Au nanoplates n the presence of PDDA act ng as a capp ng agent.108 After the 

react on solut on was exposed to sunl ght for 6 hours, concave Au nanoplates w th an 

edge length of about 15 μm and a center th ckness of about 10 nm were obta ned.108 UV 

rrad at on method was used to produce novel porous structures of s ngle-crystal Au 

nanonetworks and nanoplates.109 Th s rrad at on process was carr ed out n aqueous 

HAuCl4 and c tr c ac d solut on for 48 m nutes w thout any surfactant. The c tr c ac d 

concentrat on s an mportant factor n controll ng the structures of porous Au 

nanonetworks and nanoplates.109 UV rrad at on t me also has a s gn f cant effect on the 
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morphology of the f nal product.110 A glow lamp (tungsten f lament ncandescent lamp, 

200 W) was appl ed to synthes ze m crometer-s zed Au nanosheets w th an average w dth 

of nearly 8 μm from HAuCl4 and block copolymer m xtures.97 

The effects of norgan c spec es such as NaCl, NaI, and NaBr on the an sotrop c 

crystal growth of Au plate structures were nvest gated. NaCl promotes Au nanoplate 

growth perpend cular to the <111> d rect on, wh ch s essent al for flat an sotrop c 

structure format on.111 W th the add t on of chlor de ons, ox dat ve etch ng and 

d ssolut on of less stable crystal nucle  (tw nned seeds) takes place and more s ngle-

crystal seeds are converted nto large part cles compared to tw nned crystals. When other 

chlor de salts such as L Cl and KCl were nvest gated, the results were almost dent cal 

to NaCl. However, the add t on of NaBr and NaI causes the format on of rregular shapes 

of Au nanopart cles.111  

 

1.4. Reduced Graphene Oxide Thin Films 
 

Graphene s a prom s ng mater al for energy storage112, optoelectron c113, and 

b omed c ne appl cat ons114 because of ts d st nct ve electron c, mechan cal, and thermal 

propert es. Graphene s a two-d mens onal (2D) mater al and cons sts of sp2 hybr d zed 

carbon (C) atoms organ zed n a honeycomb structure. In 2004, Novoselov and coworkers 

d scovered graphene by cont nually peel ng graph te w th a scotch tape (mechan cal 

exfol at on method).115  

Var ous approaches are used to obta n graphene: top-down methods such as 

exfol at on and chem cal ox dat on-reduct on; and bottom-up methods such as ep tax al 

growth and chem cal vapor depos t on (CVD).116 Top-down approaches allow the 

synthes s of chem cally der ved graphene from the graph te raw mater al to be low-cost 

and h ghly eff c ent (see F gure 1.12). However, structural defects occur on the reduced 

graphene ox de (RGO) sheets dur ng the chem cal ox dat on-reduct on and these defects 

affect the eff c ency of the mater al n appl cat ons.117 
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F gure 1.12. Synthes s of chem cally der ved graphene.  
(Source: Ba  et al., 2011)118 

 
 

Graphene ox de (GO) has a hydroph l c 2D structure conta n ng sp2 and sp3 

hybr d zed carbon atoms w th oxygen-conta n ng funct onal groups such as hydroxyl, 

epox de, carbonyl, and carboxyl groups. Cons der ng the commonly accepted Lerf- 

Kl nowsk  structural model, carboxyl c ac d groups are found at the edges of GO platelets, 

wh le basal planes are composed of epoxy and hydroxyl groups.119 The ox dat on of 

graph te was ntroduced by Brod e n 1859.120 Graph te was ox d zed w th potass um 

chlorate (KClO3) and fum ng n tr c ac d (HNO3) n the Brod e method. Staudenma er 

mproved th s ox dat on method by add ng a m xture of fum ng HNO3 and sulfur c ac d 

(H2SO4) and then add ng small port ons of KClO3 throughout the react on.121 However, 

these methods requ re the ox dat on step to be completed for up to a week and dangerous 

gases are released dur ng the react on. Hummers and Offeman then demonstrated an 

alternat ve ox dat on method us ng potass um permanganate (KMnO4) and sod um n trate 

(NaNO3) as ox d z ng agents n the presence of concentrated H2SO4 (Hummers 

method).122  

Stud es based on the mproved Hummers method show ng GO synthes s w thout 

NaNO3 have also been carr ed out.123–128 In the Hummers method, the react on can take 

several hours to complete thanks to the strong ox dant KMnO4. However, tox c gas(es) 
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NO2 and N2O4 are st ll formed due to the use of NaNO3. In 2010, Tour and coworkers 

demonstrated an mproved method for the synthes s of GO.126 Compared to other 

methods, the Tour method does not em t tox c gases dur ng the react on. A concentrated 

m xture of H2SO4/H3PO4 s added to the graph te flakes n a rat o of 9:1. An ncreased 

amount of KMnO4 s then added slowly to the react on nstead of NaNO3. F nally, GO 

synthes s s ach eved w th a more ox d zed form of hydroph l c carbon compared to the 

Hummers method. Moreover, Tour's method allows GO to have a more organ zed 

framework structure than Hummers' method because the result ng GO cons sts of a more 

ntact basal plane.126 

Several mod f cat ons have been ach eved to the Tour’s method to ncrease GO 

y eld, reduce react on t me and temperature, and prevent explos on r sk. For example, 

Ranjan et al. proposed an nexpens ve, non-explos ve process for synthes z ng GO.129 In 

add t on to chang ng react on temperature and t me, they performed a pre-cool ng 

protocol (PCP) for the react on m xtures nd v dually to avo d the r sk of explos on dur ng 

synthes s. Compared to Tour's method, expens ve f ltrat on membranes are not requ red 

because GO synthes s s ach eved w thout metall c res due.129 Benza t et al. reported a 

pretreatment step us ng p ranha solut on to mprove GO synthes s.130 The GO synthes s 

was ach eved w th a h gh degree of ox dat on, larger plates, and fewer defects n ts 

structure.130 Panwar et al. tr ed a new route by us ng a m xture of H2SO4–HNO3–H3PO4 

as an ntercalat ng agent.131 As a result, relat vely h gher eff c ency GO synthes s was 

ach eved n a short t me.131  

Tour and D m ev proposed the format on mechan sm of GO n three d fferent 

ndependent stages. In the f rst step, graph te raw mater al s turned nto a sulfur c ac d-

graph te ntercalat on product (H2SO4-GIC). In the second step, the H2SO4-GIC 

compound becomes pr st ne graph te ox de (PGO) w th the add t on of the ox d z ng agent 

(KMnO4). Here, the ox d z ng agent d ffuses nto the graph te layers (rate-determ n ng 

step). In the last step, exfol at on of PGO nto s ngle layer graphene ox de (GO) takes 

place after add ng water. Th s process s ach eved by overcom ng the electrostat c 

attract on n the ntercalat on compound.132  

Kang et al. proposed two ox dat on stages n the GO format on mechan sm. The 

convent onal ox dat on step nvolves the ox dat on of graph te by the d manganese 

heptox de (Mn2O7) and permanganyl cat on (MnO3
+), formed n the react on of KMnO4 

and concentrated H2SO4. The second ox dat on occurs n the ac d c solut on by MnO4
– 

after add ng water and before add ng the hydrogen perox de (H2O2). The second step was 
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found to affect the chem cal propert es of GO, such as s ze, defects on sheets, and 

funct onal groups n ts structure.133 

Graphene ox de (GO) can be converted to reduced graphene ox de (RGO) by 

remov ng oxygen funct onal groups. S nce GO has oxygen funct onal groups, t s an 

nsulator, but RGO s an electr cally conduct ve mater al. The reduct on of GO s 

accompl shed by d fferent methods, such as chem cal, thermal, and electrochem cal 

reduct on processes. Hydraz ne monohydrate (N2H4·H2O) has mostly been used as a 

powerful reduc ng agent for RGO product on, but t s a hazardous chem cal. L-Ascorb c 

ac d, known as v tam n C, s an env ronmentally fr endly reduc ng agent that has proven 

to be an outstand ng alternat ve to hydraz ne n RGO synthes s.134 Other reduc ng agents 

are used for the reduct on process of GO such as sod um borohydr de (NaBH4), alum num 

and z nc catalysts, plant extracts, polysacchar des, natural prote ns, m croorgan sms, etc. 
134,135 Thermal reduct on approaches have been carr ed out by h gh-temperature 

anneal ng, m crowave rrad at on, and photoreduct on methods.136 Effect ve thermal 

heat ng enables RGO to ach eve the h gh degree of graph t zat on and low oxygen 

concentrat on requ red for energy storage dev ces.137 RGO has also been prepared by the 

electrochem cal reduct on method n two d fferent approaches: coat ng-reduc ng and 

electrochem cal depos t on.138 

 

 

 

 

F gure 1.13. Schemat c llustrat on of RGO th n f lm preparat on by sp n-coat ng.      
(Source: Tas et al., 2019)139 

 

Electr cally conduct ve RGO mater als have been used as electrodes n var ous 

appl cat ons, such as optoelectron c dev ces, sensor appl cat ons, th n-f lm trans stors, 

f eld em tters, photovolta cs, supercapac tors, batter es, etc.140,141 RGO th n f lms have 

been depos ted nto the r g d substrate us ng d fferent techn ques, such as drop-cast ng142, 
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sp n-coat ng139,143, spray pyrolys s144, d p-coat ng145, or vacuum f ltrat on146. The sp n-

coat ng usually prov des h ghly cont nuous un form f lm depos t on w thout GO 

aggregat on (see F gure 1.13).  D fferent reduc ng agents have also been used to remove 

the oxygen funct onal groups n GO dur ng RGO f lm product on.147 However, after 

chem cal reduct on, the th n f lms are washed w th alcohol and d st lled water to remove 

the reduc ng agent res dues.139 The collo dal suspens on of GO has been depos ted on 

hydroph l c surfaces such as glass, s l con, quartz, or poly-(ethylene terephthalate) (PET) 

substrates.139,148–150 Before sp n-coat ng, these substrates are treated w th p ranha solut on 

or (am nopropyl)tr ethoxys lane (APTES) to make the surface hydroph l c and ncrease 

the adsorpt on of the GO layers on the surface. Becerr l et al. reported the effect of GO 

concentrat on on GO f lm th ckness.148 GO suspens ons w th low concentrat on (<2 mg 

mL-1) resulted n a f lm th ckness of about 3 nm, and concentrat ons n the range of 4–8 

mg mL-1 resulted n a th ckness between 6 and 15 nm. GO solut ons w th h gh 

concentrat ons between 12 and 15 mg mL-1 were found to be nearly 20 nm.148 Chang et 

al. demonstrated that GO concentrat on and sp n coat ng t mes affect the propert es of 

conduct ve and transparent graphene f lms.151 As the concentrat on and sp n coat ng t me 

ncrease, the transm ttance value of th n f lms decreases.151 In the thermal anneal ng step, 

GO f lms are exposed to h gher temperatures under an nert atmosphere such as N2, Ar, 

or vacuum to mprove the reduct on of GO. Wang et al. presented the product on of 

graphene f lms w th a sheet res stance of 1.8 ± 0.08 kΩ/sq and a transparency of over 

70% at 1000−3000 nm by d p-coat ng method.145 Accord ng to the results obta ned, 

thermal anneal ng temperature and f lm th ckness affect the electr cal conduct v ty of the 

f lms.145 Becerr l et al. used the sp n-coat ng method to produce th n f lms and 

demonstrated the format on of h ghly reduced GO th n f lms at 1100°C for 3 h n a 

vacuum.148 They obta ned th n f lms w th sheet res stances n the range of 102 − 103 

Ω/square and 80% transm ttance at 550 nm. Sa and Mahanand a performed thermal 

anneal ng of sp n-coated RGO f lm at 400°C for 3 h under an nert atmosphere (Ar), 

result ng n a sheet res stance of 1.63 kΩ/sq w th an opt cal transm ttance of 92.63%.143 

Tas et al. performed a progress ve thermal anneal ng process (at 70°C, 120°C, and 300°C) 

for sp n-coated GO th n f lms w thout an nert atmosphere after chem cal reduct on.139 

Accord ng to the results, RGO th n f lms w th 13.2 kΩ/sq surface res st v ty and 45% 

transm ttance were obta ned. 
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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 chem cals used dur ng the synthes s were obta ned commerc ally and used 

w thout pur f cat on. Hydrogen tetrachloroaurate(III) tr hydrate (HAuCl4.3H2O, ≥99.9% 

pur ty), decaethylene glycol monododecyl ether (10-lauryl ether, C12EO10), sulfur c ac d 

or SA (H2SO4, 95–97%), hexadecyltr methylammon um brom de (CTAB, ≥99% pur ty), 

polyv nylpyrrol done (PVP, Mw = 40000), l th um brom de (L Br, ≥99% pur ty), sod um 

brom de (NaBr, ≥99% pur ty), potass um od de (KI, 99-100.5% pur ty), and hydrogen 

perox de (H2O2, 35%) were purchased from S gma Aldr ch. Potass um chlor de (KCl, 

≥99.5% pur ty) was obta ned from Merck. Sod um chlor de (NaCl, 99-100.5% pur ty) 

was obta ned from R edel-de Haen. Isopropyl alcohol (IPA, 99.5% pur ty) was purchased 

from Tekk m. All glassware was washed w th p ranha solut on (H2SO4: H2O2 n 3:1 rat o 

by volume) and r nsed w th alcohol, followed by M ll -Q water before use. M ll -Q water 

(18.2 MΩ cm res st v ty at 25°C) was used n all of the exper ments. The HAuCl4.3H2O 

stock solut on was used w th n one week and stored at 5°C. All solut ons used were 

freshly prepared. 

The lyotrop c l qu d crystall ne (LLC) mesophase of SA/C12EO10 was used to 

synthes ze the gold (Au) nano- and m croplates. The hexagonal mesophase of 

SA/C12EO10 w th a 2.5 mole rat o was used throughout the synthes s. 62.6 mg of non on c 

surfactant (10-lauryl ether, C12EO10) was we ghed n a glass v al and d ssolved n 100 μL 

of IPA. The solut on was homogen zed us ng a vortex m xer and a small magnet c st rrer. 

For the synthes s of Au plates, d fferent aqueous concentrat ons of HAuCl4 (5, 10, 20, 40, 

50, and 55 μL, 0.97 M) were added to th s homogeneous m xture w th st rr ng at 300 rpm. 

The color of the solut on changed from colorless to yellow mmed ately. To prevent 

surfactant carbon zat on, 13.9 μL of H2SO4 was added to the react on med um at the last 
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step. The react on was st rred at 22°C for 5-10 m n. 15 μL of the solut on was then drop-

cast onto an alcohol-treated glass substrate (1 × 1 cm2). The gel-l ke sample on the glass 

substrate was exposed to wh te l ght rrad at on for d fferent durat ons. A wh te l ght LED 

(MCWHL7-6500 K, 930 mW (M n), 1300 mA; Thorlabs) was used as the l ght source. 

The d stance between the sample and the l ght source was 11 nches. Table 2.1 shows the 

d fferent powers of wh te l ght (MCWHL7; Thorlabs) correspond ng to spec f c 

wavelengths at 11 nches. The gel-l ke sample cons st ng of 20 μL of 0.97 M HAuCl4 

aqueous solut on was also exposed to ultrav olet (UV) l ght us ng a 365 nm UV LED 

(M365L2-C1; Thorlabs) at amb ent cond t ons. The products were washed tw ce w th IPA 

to remove excess surfactant molecules. Au nanomater als were kept n alcohol at 22°C 

for further character zat on. 

To nvest gate the effect of capp ng agents on Au plate format on, 20 μL of var ous 

CTAB and PVP concentrat ons (1 × 10-1, 1 × 10-2, 1 × 10-3, 1 × 10-4, and 1 × 10-5 M) were 

added separately to the react on med um. 20 μL of 1 × 10-3 M NaBr, KCl, L Br, KI, and 

NaCl were also added separately to the react on med um to nvest gate the on effect on 

the format on of the Au plate. Each sample was then exposed to wh te l ght for 24 h. 

 
Table 2.1. Low, m ddle, and h gh power data of wh te l ght (MCWHL7; Thorlabs) 

correspond ng to spec f c wavelengths at a d stance of 11 nches. 
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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 chem cals used dur ng the synthes s were obta ned commerc ally and used 

w thout pur f cat on. Graphite powder with a flake size of about 20 μm, sulfuric acid 

(H2SO4, 95–97%), and L-ascorbic acid (C6H8O6) were purchased from Sigma Aldrich. 

Hydrochloric acid (HCl, 37%) was purchased from Carlo Erba. Hydrogen peroxide 

(H2O2, 35%) and ethanol (C2H5OH, 99.5% pur ty) were obtained from Tekkim. M ll -Q 

water (18.2 MΩ cm res st v ty at 25°C) was used n all of the exper ments. All glassware 

was washed w th p ranha solut on (H2SO4: H2O2 n 3:1 rat o by volume) and then r nsed 

w th alcohol and M ll -Q water before use. All solut ons used were freshly prepared 

before synthes s. 

Graphene ox de (GO) synthes s was a mod f ed vers on of the works of Marcona 

et al.126 and Ranjan et al.129 A 9:1 rat o of H2SO4/H3PO4 (18:2 mL) was prepared 

separately. Each ac d solut on was cooled down to 5°C for 25 m n to avo d a sudden r se 

n temperature dur ng the react on. These ac d solut ons were then transferred to the 

graph te powders (0.15 g, 1 we ght equ valent) under st rr ng 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 KMnO4. 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% H2O2 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 HCl (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 w th 10-lauryl ether (C12EO10), 

a non on c surfactant, and sulfur c ac d (H2SO4, SA), a strong ac d. 2.4 SA/C12EO10 mole 

rat o was used to prepare the stable hexagonal mesophase of LLC under amb ent 

cond t ons. 627 mg of C12EO10 was m xed w th 134 μL of H2SO4 (as solvent) n a closed 

glass v al and then homogen zed us ng a vortex, followed by a magnet c st rrer. Th s gel-

l ke compos t on exh b ts character st c fan texture under a polar zed opt cal m croscope 

(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 μL of 0.68 M L-ascorbic acid was 

then added to this solution for the chemical reduction process. For f lm fabr cat on, the 

surface of the glass (2.5 × 1.6 cm2) and quartz substrates were treated w th p ranha 

solut on before sp n-coat ng to make the surface hydroph l c. 100 μL of homogen zed 

solut on was sp n-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 
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were held at this temperature for 30 min under an inert atmosphere (Ar and H2 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 polar z ng opt cal m croscope (POM) was used to character ze LLC 

mesophases. POM mages were obta ned w th 10X and 20X opt cal lenses us ng a Me j  

Techno ML9400 ser es Polar z ng M croscope and a Le ca DM1750 M Reflected L ght 

Polar zed Metallurg cal M croscope. To determ ne the phase behav or of gel samples, the 

samples were coated on m croscope sl des by drop-cast or sp n-coat ng processes and 

character zed by POM after evaporat on of the excess solvent. 

 

2.2.2. Scanning Electron Microscopy 
 

A scann ng electron m croscope (SEM) was used to nvest gate the morphology 

of the products. SEM mages were obta ned us ng an FEI Quanta 250 FEG (H llsboro, 

OR, USA) w th an accelerat on voltage of 15 kV. For the preparat on of SEM samples, 

the products were d spersed n alcohol ( sopropyl alcohol or ethanol) and a few drops of 

the sample were depos ted on a freshly cleaned s l con wafer, followed by a r-dr ed at RT. 

The graph te powder was analyzed by plac ng the mater al d rectly on a carbon adhes ve 

tape. The same samples were also used for elemental analys s by energy-d spers ve X-ray 

spectroscopy (EDX) under the same m croscope. 

 

2.2.3. Scanning Transmission Electron Microscopy 
 

Scann ng transm ss on electron m croscope (STEM) mages were recorded us ng 

an FEI Quanta 250 FEG (H llsboro, OR, USA) at an accelerat ng voltage of 25 kV. For 

STEM analys s, nanomater als were d spersed n alcohol and dropped onto 300-mesh 

carbon-coated copper gr ds (Agar Sc ent f c Ltd). 
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2.2.4. X-Ray Diffraction 
 

X-ray d ffract on (XRD) analys s was performed for phase dent f cat on of 

synthes zed mater als and LLC samples. XRD patterns were collected us ng a Ph l ps 

X'Pert Pro D ffractometer equ pped w th a Cu-Kɑ (λ=1.54056 Å) source and operat ng at 

45 kV and 40 mA. Au plate samples for XRD analys s were prepared by spread ng the 

mater als on sample holders and dr ed at amb ent temperature. The measurements were 

recorded over a 2θ range from 10° to 80° w th a scan rate of 0.04°/sec at 0.02 data 

ntervals. The LLC solut on was spread over a substrate and excess solvent was 

evaporated under amb ent cond t ons to form a gel phase. XRD analys s for LLC gel 

samples was performed between 1.5° and 5° 2θ range at a scan rate of 0.08°/sec. The 

measurement of graph te, GO, and RGO powders was performed n the 2θ range from 3° 

to 80° w th a scan rate of 0.02°/sec at 0.02 data ntervals. 

 

2.2.5. Atomic Force Microscopy 

 
An atom c force m croscope (AFM) was used to nvest gate the th ckness of Au 

plates and RGO th n f lms. The analys s was performed us ng a Mult mode Nanoscope 8 

scann ng probe m croscope (Bruker, USA) n ScanAsyst and contact modes. AFM mages 

were obta ned us ng tr angular s l con n tr de cant lever t ps w th a force constant of 0.4 

N m-1, a resonance v brat on frequency of 70 kHz, and a t p rad us <10 nm. Au samples 

were d spersed n alcohol and a few drops of th s solut on were spread on freshly cleaned 

s l con wafers, then evaporated at RT. The th ckness of the RGO th n f lm was obta ned 

by scratch ng the f lm w thout damag ng the substrate.  

 

2.2.6. Ultraviolet-Visible Spectroscopy 
 

Ultrav olet-V s ble (UV-V s) analys s was performed to obta n the absorpt on and 

transm ss on spectra of the mater als. The absorpt on spectrum of 0.05 mg/mL GO 

aqueous solut on was obta ned us ng a Sh madzu UV-2550 UV-V s Spectrophotometer n 

the wavelength range of 200-800 nm. The opt cal transparency of RGO th n f lms was 

measured us ng a f ber-coupled spectrometer (USB4000, Ocean Opt cs) equ pped w th a 
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deuter um-tungsten halogen l ght source (DH2000-BAL, Ocean Opt cs) n the UV to NIR 

reg on (200-1100 nm). 

 

2.2.7. Fourier Transform Infrared Spectroscopy  
  

Four er transform nfrared spectroscopy (FT-IR) was used to nvest gate the 

funct onal groups of the synthes zed mater als. FT-IR analys s was carr ed out us ng 

Perk nElmer Spectrum UATR Two FT-IR Spectrometer w th attenuated total reflectance 

(ATR) mode. GO and RGO powders were placed onto the surface of the ATR d amond 

and analyzed n the range of 4000-400 cm-1. 
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CHAPTER 3 

 

RESULTS AND DISCUSSION 

 
3.1. Synthesis and Characterization of Gold Nano- and Microplates 

Using Lyotropic Liquid Crystal 

 
The synthes s of 2D s ngle crystall ne gold (Au) nano- and m croplates has been 

obta ned from the ac d c LLC mesophase cons st ng of sulfur c ac d (H2SO4, SA) and 

ol go-type non on c surfactant, 10-lauryl ether (C12EO10). F rstly, a 2.5 mole rat o of the 

SA/C12EO10 hexagonal LLC mesophase was prepared and m xed w th a 20 μL of 0.97 M 

HAuCl4 aqueous solut on (gold precursor). Here, the mole rat o of HAuCl4/C12EO10 s 

1.94 × 10-1. POM mages of the character st c focal con c fan textures of 2D hexagonal 

mesophases were observed before and after the add t on of HAuCl4 to the SA/C12EO10 

system at amb ent cond t ons (see F gure 3.1). However, the SA/C12EO10/HAuCl4 system 

forms a stable hexagonal LLC mesophase unt l the mole rat o of HAuCl4/C12EO10 s 5.34 

× 10-1. Moreover, a stable SA/C12EO10/HAuCl4 system cannot be obta ned under 

atmospher c cond t ons when the Au precursor s m xed w th a 1.25 mole rat o 

(hexagonal) or 5 mole rat o (m celle cub c) of the SA/C12EO10 LLC mesophases. 

 

F gure 3.1. POM textures of (a) the 2.5 mole rat o of SA/C12EO10 and (b) the 
SA/C12EO10/HAuCl4 hexagonal LLC mesophases. 

 
 

A few drops of homogeneous SA/C12EO10/HAuCl4 solut on were dropped onto a 

glass substrate and exposed to wh te l ght for 13.5 h. The effects of three d fferent wh te 
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l ght powers as low, m ddle, and h gh on Au plate format on were nvest gated. At a 

wavelength of 400 nm and at a d stance of 11 nches, the value of low, m ddle, and h gh 

powers nd cates 5.05, 11.5, and 95 mW, respect vely. The products formed on the glass 

substrate by l ght rrad at on were washed w th sopropyl alcohol and sealed n a glass 

v al or glass test tube (see F gure 3.2). Over t me, a br ght golden gl tter ng product 

prec p tated at the bottom of the glass test tube and the supernatant became colorless. In 

med um power rrad at on synthes s, t was observed that more Au mater al prec p tated 

than the others. In h gh power rrad at on synthes s, the dark color of the product 

prec p tated at the bottom of the glass tube nd cat ng nanopart cle format on nstead of 

plate. 

 

 

 

 

 

 

 
 
 
 
 

F gure 3.2. Au products formed (a) after low, m ddle, and h gh power wh te l ght 
rrad at ons (from left to r ght) and (b) w th h gh eff c ency as a result of 

m ddle power rrad at on. 

 

As can be seen from the SEM mages n F gure 3.3(a-c), Au plates w th tr angular, 

truncated tr angular, hexagonal, and gear-l ke d sc and hexagonal plate structures were 

obta ned by low and m ddle power l ght rrad at on. The products obta ned by low power 

rrad at on have a large amount of truncated cosahedral Au nanostructures as well as 

d fferent an sotrop c Au plate shapes (see F gure 3.3(a,b)). On the other hand, Au plate 

structures are dom nant n the products obta ned by m ddle power rrad at on (see F gure 

3.2c). The morphology formed at the end of the react on n h gh power l ght s ma nly 

spher cal Au nanopart cles (see F gure 3.3d). As shown n F gure 3.4(a-d), the add t on of 

Au precursor (HAuCl4.3H2O) to the SA/C12EO10 LLC mesophase, followed by l ght 

rrad at on leads to the format on of Au plates w th tr angular, truncated tr angular, 

hexagonal, and gear-l ke morphology. 
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F gure 3.3. SEM mages of Au mater als result ng from 13.5 h rrad at on of 
SA/C12EO10/HAuCl4 LLC mesophase w th (a) and (b) low power at low and 
h gh magn f cat ons, respect vely, (c) m ddle power, and (d) h gh power 
wh te l ght. 

 
 

In Au plate synthes s of both low and m ddle power rrad at on, truncated 

tr angular, hexagonal, and gear-l ke shapes were obta ned more than sharp-edged 

tr angular shapes. Low power l ght rrad at on products have large amounts of truncated 

cosahedrons nstead of plates and some of these nanostructures are fused to form non-

un form aggregates. These truncated cosahedrons grow on an sotrop c plates and d stort 

the r structures. On the other hand, Au plates are super or to cosahedrons n the react on 

products obta ned by m ddle power l ght rrad at on. In th s synthes s, the amount of 

mater al prec p tated n the glass test tube s greater than n the low power rrad at on 

synthes s. 
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F gure 3.4. D fferent Au plate geometr es formed n SA/C12EO10/HAuCl4 mesophase by 

wh te l ght rrad at on: (a) tr angular, (b) truncated tr angular, (c) hexagonal, 
and (d) gear-l ke. 

 

 

 

 
 
 
 
 
 
 
 

F gure 3.5. H stograms of the s ze d str but ons for Au products obta ned by (a) low, (b) 
m ddle, and (c) h gh power wh te l ght rrad at ons. 
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The s ze d str but on of the obta ned Au mater als are shown w th the h stograms 

n F gure 3.5. The s ze ranges of Au plates are about 1–22 μm n w dth by low power 

rrad at on synthes s (see F gure 3.5a). Compared to low power rrad at on, med um 

power rrad at on synthes s y elds larger s zed Au plates up to about 39 μm n w dth (see 

F gure 3.5b). The average s zes of Au plates obta ned from the low and m ddle power 

rrad at on synthes s are 4.65 ± 0.63 μm and 12.5 ± 0.81 μm, respect vely. Un form 

spher cal Au nanopart cles w th a d ameter of 142 ± 2.73 nm predom nate n the 

morphology formed as a result of the react on n the h gh power l ght rrad at on (see 

F gure 3.5c).  

 

F gure 3.6. POM mages of the SA/C12EO10/HAuCl4 LLC mesophase after (a) low, (b) 
m ddle, and (c) h gh power wh te l ght rrad at ons. 

 

The POM mages after the Au mater al synthes s on the glass substrate are shown 

n F gure 3.6. After Au mater al synthes s, the LLC gel form was st ll present on the glass 

substrate and the hexagonal phase was stable under atmospher c cond t ons. In add t on 

to the SEM mage, the POM mage of Au products synthes zed by h gh power rrad at on 

d ffers from other mages due to the Au nanopart cle format on. It s understood from the 

POM mages that large amounts of Au plates are formed n the m ddle power rrad at on. 

The m ddle power rrad at on synthes s of Au mater als has been nvest gated for further 

character zat on due to h gh-eff c ency plate product on. 
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F gure 3.7. SEM mages of the Au plates at (a) low and (b) h gh magn f cat ons. (c,d) 
EDX spectra of Au plates. 

 
 

EDX spectra of Au plates were obta ned from both low and h gh magn f cat on 

SEM mages (see F gure 3.7). The strong Au peak appears n both EDX spectra s nce the 

pure s ngle-crystall ne Au plates are composed of elemental Au. Because the Au plates 

obta ned n the synthes s were very th n, a weak substrate (s l con, S ) peak was detected 

n the EDX analys s. The other weak peak represents carbon (C) wh ch appears n the 

spectra due to surfactant res dues. 

LLC mesophases result n a low-angle XRD pattern due to the large spac ng 

between layers of atoms n the crystal latt ce. The samples prepared from the mole rat o 

of 2.5 SA/C12EO10 g ve a d ffract on pattern at around 2°, 2θ, as shown n F gure 3.8. 

However, the add t on of aqueous HAuCl4 solut on to th s LLC mesophase ncreases the 

d-spac ng values and results n a d ffract on pattern sh fted to a smaller angle than 2°, 2θ 

(see F gure 3.8). Consequently, the SA/C12EO10 LLC mesophase w th a certa n amount 

of HAuCl4 shows a 2D hexagonal phase (H1) at amb ent cond t ons.  
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F gure 3.8. XRD pattern of SA/C12EO10 and SA/C12EO10/HAuCl4 LLC mesophases. 

 

The s ngle crystall n ty of the Au plates was demonstrated by XRD measurements. 

As shown n F gure 3.9, the XRD pattern has four d ffract on peaks represent ng the 

character st c d ffract on of elemental Au0 metal. It has a much stronger character st c 

d ffract on peak found at 2θ = 38.2˚ and represents the {111} facets of face-centered cub c 

(fcc) Au. Th s means that the Au plates are ma nly or ented along the (111) plane. The 

other three d ffract on peaks at 2θ = 44.5˚, 64.7˚, and 77.6˚ are ass gned to the {200}, 

{220}, and {311} latt ce planes, respect vely (JCPDS #04-0784). 

 

 

 

 

 

 

 

 
 

 
 
 
 

F gure 3.9. XRD pattern of Au plates synthes zed by m ddle power l ght rrad at on. 
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AFM mages and surface he ght prof les of Au plates w th d fferent morpholog es 

are shown n F gure 3.10. The synthes zed Au nano- and m croplates are almost flat and 

broad rather than bumpy. The surface of some plate structures s surrounded by Au 

nanopart cles or aggregates, wh ch cause bumps n the r he ght prof les (see F gure 

3.10b). Some deformat ons may occur on the surface of the Au plates dur ng the transfer 

of mater als from the solut on to the s l con substrate. To avo d these deformat ons, the 

samples were washed n alcohol for several days nstead of centr fugat on dur ng 

pur f cat on. Some Au plates may also have concave centers rather than flat he ght prof les 

(see F gure 3.10d). The he ght prof les demonstrate that the Au m croplate th ckness 

var es n a w de range between 50 and 150 nm. 

 
 
 
 
 
 
 
 
 
 
 

 

 

 
 
 
 

F gure 3.10. (a-e) AFM mages and he ght prof les of the pur f ed m crometer-s zed Au 
plates.  

 
(F gure cont. on next page) 
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F gure 3.10 (cont.). 

 

As shown n F gure 3.11, there are two steps n the Au plate format on mechan sm: 

nucleat on and growth. F rstly, Au+3 ons are reduced to Au0 atoms by the EO cha ns of 

the non on c surfactant n the LLC conf n ng space. Secondly, these gold nucle  grow 

an sotrop cally to form Au nano- and m croplates of d fferent shapes such as tr angular, 

truncated tr angular, hexagon, or gear-l ke. Due to the lowest surface energy of the {111} 

facets of the Au nucle , preferent al adsorpt on of surfactant molecules occurs along the 

(111) plane, as conf rmed by XRD analys s.  



        38 
 

F gure 3.11. Schemat c representat on of Au plate format on. 
 
 

T me-dependent exper ments have been performed n order to understand the 

mechan sm of Au plate format on n an LLC env ronment by a photochem cal approach. 

F gure 3.12 shows STEM mages of Au samples exposed to wh te l ght for d fferent 

durat ons. After the homogeneous solut on was formed and w thout exposure to wh te 

l ght, monod sperse coral-shaped nanopart cles were observed n the sample (see F gure 

3.12a). These nanopart cles cons st of d storted nanorods and spher cal aggregates. When 

the sample was exposed to l ght for about 5 m n, bes des monod sperse coral-shaped 

nanopart cles, spher cal nanopart cles, nanorods, and nanopr sms were seen (see F gure 

3.12b). After 30 m n of l ght rrad at on, Au nanopart cles w th h ghly eff c ent an sotrop c 

shapes formed and hexagon-shaped nanopart cles began to appear (see F gure 3.12c). 

Spher cal nanopart cles, an sotrop c structures, and m crometer-s zed plates were formed 

when the rrad at on t me was 2 h (see F gure 3.12d). As shown n F gure 3.12e, the 

growth n plate structures was ach eved when the rrad at on t me was further ncreased. 
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F gure 3.12. STEM mages of Au mater als obta ned from the wh te l ght rrad at on after 
(a) 0 m n, (b) 5 m n, (c) 30 m n, (d) 2 h, and (e) 13.5 h. 

 
 

LLC-med ated Au plate synthes s takes a long t me w thout wh te l ght catalys s. 

SEM mages of Au samples kept n l ght-free and laboratory cond t ons are shown n 

F gure 3.13. A small amount of plate format on was observed even f the samples were 

kept n a dark env ronment or laboratory cond t ons for approx mately one week (see 

F gure 3.13(a,b)). As shown n F gure 3.13(c,d), h ghly eff c ent Au plate format on was 

detected n the sample left n laboratory cond t ons for about two weeks. The sample 

conta ns ma nly tr angular, truncated tr angular, and hexagonal shapes w th a few 

truncated cosahedral nanostructures. The average s ze of s ngle-crystall ne Au 

m croplates s about 19.8 ± 0.63 μm. Gear-l ke Au plates are not commonly observed 

among the f nal products. If the sample s left n amb ent laboratory cond t ons for a 

longer t me, the edges of the large hexagonal structures may be truncated and turned nto 
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the d sc-l ke gear shapes. Au plates formed under laboratory cond t ons have sharper and 

smoother edges than Au plates formed under wh te l ght rrad at on. In add t on, fewer 

nanopart cles are formed on these an sotrop c structures. As can be understood from the 

SEM mages, the structures grow more regularly w thout us ng wh te l ght dur ng the 

react on. However, the reduct on rate of Au+3 s extremely slow and t takes several weeks 

to form h ghly eff c ent Au plates n the absence of wh te l ght. 

 

F gure 3.13. SEM mages of Au plates formed n (a) l ght-free and (b) laboratory 
cond t ons after nearly one week. (c) and (d) Low and h gh magn f cat on 
SEM mages of Au plates formed under laboratory cond t ons after nearly 
two weeks. 

 
 

In order to determ ne the effect of rrad at on t me on Au plate s ze, the sample 

was exposed to wh te l ght for certa n per ods. The product y eld n the sample exposed 

to the wh te l ght for 6 h s relat vely low when compared to the others. As can be seen 

from the SEM mages n F gure 3.14a, some plates are n roll form as they are ultrath n. 

After 6 h of react on, gear-l ke hexagonal plates are usually obta ned nstead of d sc-

shaped plates. Bes des, the average s ze of the Au plates s 6.0 ± 0.73 μm n w dth. It has 

been determ ned that as the react on t me ncreases, m crometer-s zed tr angles lose the r 

sharp edges and turn nto truncated tr angles. In general, the s ze of tr angles w th sharp 

edges usually var es between 1.5 and 8.6 μm. Also, large plate s zes up to 39 μm are 



        41 
 

obta ned from gear-l ke plates. As can be seen from the SEM mages n F gure 3.14(b-d), 

the product morphology obta ned n the samples exposed to wh te l ght for 13.5 h, 24 h, 

and 6 d s almost the same. F gure 3.15 shows the h stograms for the s ze d str but on of 

Au plates synthes zed at d fferent react on t mes. After 13.5 h of react on, more un form-

s zed products are obta ned w th an average w dth of 12.5 ± 0.81 μm. When the react on 

t me s ncreased to 6 d, the average Au plate s ze decreases to 10.2 ± 0.64 μm. Although 

almost the same average plate s ze s obta ned after 24 h and 6 d of react on t me, the s ze 

of the plates becomes more un form after 24 h of react on. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

F gure 3.14. SEM mages of Au samples exposed to the wh te l ght after (a) 6 h, (b) 13.5 
h, (c) 24 h, and (d) 6 d. 



        42 
 

        

 

 

 

 

 

 

 

 

  
 
 
 
 
 
 
F gure 3.15. H stograms for the s ze d str but on of Au plates synthes zed after (a) 6 h, (b) 

13.5 h, (c) 24 h, and (d) 6 d. 
 
 

The effect of aqueous HAuCl4 concentrat on on product morphology was 

nvest gated n SA/C12EO10 LLC med um. F gure 16 shows SEM mages of Au products 

formed after add ng d fferent concentrat ons of HAuCl4 solut on to the LLC med um. The 

plates are embedded w th spher cal nanopart cles and truncated cosahedron structures at 

relat vely low HAuCl4 concentrat ons (see F gure 3.16(a,b)). At low HAuCl4 

concentrat ons, the Au plates generally tend to fold and roll due to the r ultra-th n nature. 

At med um HAuCl4 concentrat on, plate format on predom nates n products rather than 

truncated cosahedrons (see F gure 3.16c). The average Au plate s ze for the 1.94 × 10-1 

mole rat o of HAuCl4/C12EO10 s 10.0 ± 1.05 μm (see F gure 3.15c). Further ncrease of 

HAuCl4 concentrat on causes deformat ons on the plates due to the aggregat on of 

cosahedrons (see F gure 3.16(d-f)). At relat vely h gh HAuCl4 concentrat ons, the Au 

cosahedron and plate structures compete w th each other throughout the growth process. 

 

 

 



        43 
 

 

 

 

 

 

 

 

          

 

 

F gure 3.16. SEM mages of Au products synthes zed w th d fferent mole rat os of 
HAuCl4/C12EO10. (a) 4.86 × 10-2, (b) 9.71 × 10-2, (c) 1.94 × 10-1, (d) 3.89 × 
10-1, (e) 4.86 × 10-1, and (f) 5.34 × 10-1. 

 
The th cknesses of Au plates synthes zed w th d fferent HAuCl4 concentrat ons 

were nvest gated us ng AFM. Accord ng to the AFM he ght prof les of the plates n 

F gure 3.17, ncreas ng HAuCl4 concentrat on causes an ncrease n plate th ckness. 

However, the plates do not have a un form th ckness for each HAuCl4/C12EO10 

compos t on. The format on of Au nanostructures and/or deformat ons on the plates may 

have caused fluctuat ons n the th ckness measurement. For a mole rat o of 4.86 × 10-2 

HAuCl4/C12EO10, the th ckness of the Au plates s usually measured as 31 and 45 nm (see 

F gure 3.17a). When the HAuCl4/C12EO10 mole rat o ncreases to 9.71 × 10-2, the 

th ckness of the plates var es between 51 and 60 nm (see F gure 3.17b). The plate 

th ckness reaches 258 nm when the mole rat o of HAuCl4/C12EO10 s 1.94 × 10-1 (see 
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F gure 3.17c). As the HAuCl4 concentrat on ncreases further (3.89 × 10-1 mole rat o of 

HAuCl4/C12EO10), the plate th ckness reaches 420 nm (see F gure 3.17d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
F gure 3.17. AFM mages and he ght prof les of the pur f ed Au plates obta ned w th 

d fferent HAuCl4/C12EO10 mole rat os. (a) 4.86 × 10-2, (b) 9.71 × 10-2, (c) 
1.94 × 10-1, and (d) 3.89 × 10-1. 

(F gure cont. on next page) 
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F gure 3.17 (cont.). 

(F gure cont. on next page) 

 



        46 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

F gure 3.17 (cont.). 

 

          The capp ng agents CTAB and PVP were used to nvest gate the r effects on the 

morphology and s ze of Au plates. D fferent concentrat ons of capp ng agents were added 

to the 1.94 × 10-1 mole rat o of HAuCl4/C12EO10 med um. The sample was then exposed 

to wh te l ght for 24 h. SEM mages of Au products prepared by us ng d fferent molar 

rat os of capp ng agents to HAuCl4 are g ven n F gure 3.18. At h gher CTAB/HAuCl4 or 

PVP/HAuCl4 molar rat os, the plate structures grew on top of each other and th ckened 

(see F gure 3.18(a,b,f,g)). Deformat ons and holes are formed on the products at h gher 

concentrat ons of capp ng agents (up to 1 × 10-2 M). In add t on to plates, Au 

nanostructures are formed n var ous shapes, such as rods, decahedrons, and truncated 

cosahedrons. At lower molar rat os, the products exh b t plate-l ke and truncated 

cosahedron morphology (see F gure 3.18(c-e,h-j)). When the capp ng agents CTAB and 
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PVP are added separately to the react on med um, the h ghest average plate s zes are 16.5 

± 1.58 μm and 17.4 ± 0.64 μm, respect vely (obta ned at a 1 x 10-4 molar rat o of the 

capp ng agent to HAuCl4). As a result, when PVP or CTAB s used as an add t ve n the 

react on med um, the average s ze of the plates ncreases, wh ch s gn f es the growth of 

the plates.  

 

 

             

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

F gure 3.18. (a-e) SEM mages of Au products obta ned w th d fferent CTAB/HAuCl4 
molar rat os. (a) 1× 10-1, (b) 1× 10-2, (c) 1× 10-3, (d) 1× 10-4, and (e) 1× 10-

5. (f-j) SEM mages of Au plates obta ned w th d fferent PVP/HAuCl4 molar 
rat os. (f) 1× 10-1, (g) 1× 10-2, (h) 1× 10-3, ( ) 1× 10-4, and (j) 1× 10-5. 

 
(F gure cont. on next page) 
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F gure 3.18 (cont.). 

 

The effect of norgan c salts on Au plate format on was nvest gated by add ng 

NaBr, KCl, NaCl, L Br, and KI separately to the react on med um. Here, the molar rat o 

of salt/HAuCl4 s 1 × 10-3. Accord ng to the SEM results shown n F gure 3.19, truncated 

cosahedron structures and an sotrop c plate shapes are formed n the products. The 

add t on of norgan c salts, espec ally NaBr and KCl, to the react on med um promotes 

the growth of truncated cosahedron structures. 

The gel-l ke sample was exposed to UV l ght nstead of wh te l ght. The SEM 

mage n F gure 3.20 shows the format on of ret culated Au products cons st ng of 

spher cal and rod nanostructures by UV l ght photoreduct on. Consequently, UV l ght 

rrad at on (400 nm) favors the format on of spher cal and rod nanostructures rather than 

2D s ngle-crystall ne plates.  
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F gure 3.19. SEM mages of Au products obta ned w th a 1 × 10-3 molar rat o of d fferent 
norgan c salts to HAuCl4. (a) NaBr, (b) KCl, (c) NaCl, (d) L Br, and (e) KI. 
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F gure 3.20. SEM mages of Au products obta ned by UV l ght rrad at on. 
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3.2. Synthesis and Characterization of Reduced Graphene Oxide Thin 

Films Using Lyotropic Liquid Crystal 

 
Graphene ox de (GO) was synthes zed w th 86% y eld, as shown n F gure 3.21. 

In th s GO synthes s, expens ve membranes are not needed dur ng pur f cat on, unl ke 

Tour's method.129 Cool ng the ac d solut ons (H2SO4/H3PO4) at 5 °C before synthes s 

prevented the sudden ncrease n temperature dur ng the exotherm c react on.129 Part cle 

aggregat on on the th n f lm surface adversely affects the qual ty of the f lm. To prevent 

these part cle aggregat ons on the surface of the f lms, attent on was pa d to 

homogeneously m x ng the precursors added dur ng the GO synthes s. The graph te-ac d 

m xture was further homogen zed n an ultrason c bath and the part cle s ze of KMnO4 

was reduced by gr nd ng the sol d n a mortar. At the end of the synthes s, a br ght yellow 

solut on was obta ned as ev dence of GO format on.  

 

F gure 3.21. React on steps for GO synthes s. 
 
 

F gure 3.22a shows the UV-V s absorpt on spectrum of synthes zed GO. A strong 

absorpt on peak s observed at about 228 nm, nd cat ng the π–π* trans t on of the C=C 

bonds. The absorpt on shoulder s also found at nearly 306 nm, nd cat ng the n–π* 
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trans t on of C=O bonds. The XRD patterns of pr st ne graph te and GO powders are 

shown n F gure 3.22b. S nce pr st ne graph te s h ghly crystall ne, t has a strong and 

sharp XRD peak at 2θ=26.5˚. W th the ox dat on of graph te, th s strong peak d sappears 

and a character st c d ffract on peak s observed at 2θ=9.3˚, denot ng the format on of GO 

w th hydroph l c funct onal groups. 

 

F gure 3.22. (a) UV-V s spectrum of a 0.05 mg/ml GO aqueous solut on. The nset 
photograph represents a 0.05 mg/ml GO solut on n a v al. (b) XRD pattern 
of pr st ne graph te and GO powders. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
F gure 3.23. SEM mages of graph te powder at (a) low and (b) h gh magn f cat ons and 

sp n-coated GO sample w th a 1.0 mg/mL concentrat on at (c) low and (d) 
h gh magn f cat ons. 



        53 
 

The surface morphology of the graph te powder and the synthes zed GO were 

obta ned us ng SEM, as shown n F gure 3.23. Graph te flake has a layered structure 

formed by numerous th n sheets (see F gure 3.23(a,b)). On the other hand, GO has a 

morphology formed by the overlapp ng of numerous plate-l ke structures (see F gure 

3.23(c,d)). Also, some th n and sheet-l ke structures are present n a folded form. 

 After the synthes s of GO was ach eved, ts aqueous solut on was m xed w th the 

LLC mesophase to produce the RGO th n f lms. The hexagonal mesophase of 

SA/C12EO10 was prepared at a 2.4 mole rat o. GO aqueous solut on was prepared at f ve 

d fferent concentrat ons, 2.5, 5, 10, 15, and 20 mg/mL. Each d fferent concentrat on of 

GO was added to the LLC mesophase and allowed to st r overn ght to obta n 

homogeneous clear solut ons. Homogeneous LLC-GO solut ons were then drop-casted 

onto the glass substrate and excess solvent was evaporated under atmospher c cond t ons. 

As seen from the POM mages n F gure 3.24, the fan-l ke texture of the 2D hexagonal 

phase d sappears as the GO concentrat on ncreases n the LLC mesophase. XRD analys s 

was also performed to dent fy the low-angle XRD pattern of these gel samples (see 

F gure 3.25). The 2.4 mole rat o of the fresh SA/C12E10 gel sample d ffracts at a small 

angle of about 2˚, 2θ. However, the ntens ty of the XRD peak decreases w th the add t on 

of GO aqueous solut on to the LLC mesophase. As ev dent from the POM mages, the 

hexagonal phase of the gel samples s almost lost because the long-range order of the LC 

s d storted. 
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F gure 3.24. (a) POM textures of the SA/C12EO10 LLC mesophase. POM textures of the 
LLC mesophase conta n ng GO solut on w th a concentrat on 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 obta ned w th a 10x opt cal lens.) 

 
 
 
 
 

 

 

 

 

 

 

 
 
 
 

F gure 3.25. XRD pattern of (a) SA/C12EO10 and (b) SA/C12EO10/GO LLC mesophases. 
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F gure 3.26. Photograph of RGO th n f lms obta ned w th the SA/C12EO10 LLC 

mesophase (top row) or w thout the LLC mesophase (bottom row). GO 
concentrat on ncreases from left to r ght. These th n f lms were obta ned 
at 300 °C under atmospher c cond t ons. 

 

The sp n-coat ng method was appl ed at 2000 rpm for 1 m n to produce th n f lms. 

Chem cal reduct on of L-ascorb c ac d was then carr ed out at 80°C for 1 h. At the end of 

the reduct on, the compos t on conta n ng 2.5 mg/mL GO aqueous solut on had a 

hexagonal fan-l ke texture under the POM. These f lms were subjected to thermal 

reduct on at 300°C under an nert atmosphere (Ar) after be ng washed n ethanol 

overn ght. Th s procedure was also appl ed to th n f lms produced w thout the LLC 

mesophase. Photograph of sp n-coated RGO th n f lms on glass substrates are g ven n 

F gure 3.26. The GO solut on s not un formly d str buted over the surface when the LLC 

mesophase s not used to produce the th n f lms.  

 

Table 3.1. Sheet res stance and transm ttance (at 550 nm) of RGO th n f lms prepared 
w thout the LLC mesophase. 

 

 

 

 

 

 

 

 



        56 
 

Table 3.2. Sheet resistance and transmittance (at 550 nm) of RGO thin films prepared 
with the LLC mesophase. 

 

 

 

 

 

 

 

RGO th n f lms w th h ghly smooth surfaces obta ned us ng the LLC mesophase 

are su table for use as electrodes n electrochem cal dev ces. Table 3.1 and Table 3.2 show 

the sheet res stance and transm ttance values (at 550 nm) of RGO th n f lms. Opt cal 

transm ttance spectra of sp n-coated RGO f lms on glass substrates were recorded n the 

wavelength range from 300 to 1000 nm (see F gure 3.27). Generally, the sheet res stance 

of RGO th n f lms decreases when the GO solut on s comb ned w th the LLC mesophase.  

 

 

F gure 3.27. Opt cal transm ttance spectra of sp n-coated RGO f lms on glass substrate 
prepared (a) w thout and (b) w th the LLC mesophase. 

 
 

The sheet res stance reaches as low as 20 kΩ/sq at a transm ttance of 52% (at 550 

nm) w th the compos t on conta n ng LLC and 15 mg/mL GO concentrat on. For the same 

compos t on, the sheet res stance of the RGO th n f lms obta ned w thout the LLC 

mesophase s almost four t mes th s value (72 kΩ/sq). By further ncreas ng the GO 

concentrat on, the same sheet res stance (25 kΩ/sq) s ach eved n both cond t ons. The 

opt cal transparency of RGO th n f lms decreases n the presence of the LLC mesophase. 
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Surfactant molecules n the LLC compos t on undergo carbon zat on at h gh thermal 

anneal ng temperatures, thus reduc ng the transparency of the th n f lms. The relat onsh p 

between the sheet res stance and opt cal transparency of RGO th n f lms conta n ng LLC 

and d fferent GO concentrat ons s g ven n F gure 3.28. RGO th n f lms of d fferent 

compos t ons have a transm ttance between 30% and 91% at 550 nm and a sheet 

res st v ty between 2 mΩ/sq and 20 kΩ/sq. 

 

 

 

 

 

 

 
F gure 3.28. Sheet res stance as a funct on of transm ttance for RGO th n f lms composed 

of LLC mesophase and GO solut on. 

 
 The RGO th n f lm w th a sheet res stance of 20 kΩ/sq and an opt cal 

transm ttance of 52% was further character zed to prove the reduct on of GO to RGO. 

RGO powder was obta ned by scrap ng mater al from th n f lms for character zat on. 

RGO format on was conf rmed by the XRD peak detected at 25˚, as shown n F gure 

3.29a. It has a broad and low- ntens ty XRD peak compared to graph te and GO, 

nd cat ng that the crystal structure s d srupted due to the h gh anneal ng temperature. 

The ATR-FTIR spectra n F gure 3.29b show that the hydroph l c funct onal groups of 

GO are el m nated as a result of the thermal anneal ng process. O-H (3338 cm-1), C=O 

(1733 cm-1), C=C (1627 cm-1), and C-O (1038 cm-1) stretch ng v brat ons character ze 

GO n the ATR-FTIR spectrum.126,129 
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F gure 3.29. (a) XRD pattern of RGO powders. (b) ATR-FTIR spectra of GO (red) and 
RGO (black) powders. The nset shows the character zed RGO (marked A) 
and GO (marked B) powders. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
F gure 3.30. SEM mages of RGO prepared from (a,b) SA/C12EO10/GO and (c,d) GO 

compos t ons. 
 
 

The surface morphology of the synthes zed RGO for both cond t ons (w th or 

w thout LLC) was nvest gated through SEM, as shown n F gure 3.30. Wr nkle-l ke 

structures n SEM mages nd cate the format on of RGO sheets. SEM mages of sp n-

coated RGO th n f lms on glass substrates are also g ven n F gure 3.31 and F gure 3.32. 

Crack format on s observed on the surface of RGO th n f lms that do not conta n LLC 
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mesophase (see F gure 3.32). In both cond t ons, there are aggregated RGO sheets on the 

surface of the f lms. As the GO concentrat on ncreases, the f lms are more un formly 

coated w th the precursor, but the aggregat ons on the surface ncreases. As shown n 

F gure 3.33, these aggregates on the surface of the f lms cons st of the wr nkled structures 

of the RGO sheets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

F gure 3.31. SEM mages of the surfaces of sp n-coated RGO th n f lms. RGO th n f lms 
conta n ng LLC mesophase w th d fferent GO concentrat ons. (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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F gure 3.32. SEM mages of the surfaces of sp n-coated RGO th n f lms. RGO th n f lms 
obta ned w thout the LLC mesophase and conta n ng d fferent 
concentrat ons of GO solut ons. (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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F gure 3.33. SEM mages of the surfaces of sp n-coated RGO th n f lms at low 
magn f cat ons. 

 
 

 

 

 
 
 
 
 
 
 
 
 

 

 

 
 
 
F gure 3.34. (a) Opt cal m croscope mage of sp n-coated RGO th n f lm. (b,c) AFM 

mages of RGO th n f lm at h gh and low magn f cat ons. (d) AFM he ght 
prof le of RGO th n f lm. 
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The th ckness of the RGO th n f lm was nvest gated w th the ScanAsyst mode of 

AFM (see F gure 3.34). As seen from the opt cal m croscope mage n F gure 3.34a, the 

f lm was scratched w thout damag ng the substrate to determ ne the th ckness of the th n 

f lm. The sp n-coated RGO th n f lm has a th ckness of approx mately 28 nm, as seen 

from the AFM mages and he ght prof les n F gure 3.34(b-d). 

 

Table 3.3. Sheet res stance and transm ttance values (at 550 nm) of RGO th n f lms 
obta ned from a 15 mg/mL GO aqueous solut on at d fferent rpms. 

 
 

 

 

 

 

 

 

 

 

 

 
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. 
 

 

 

 

 

 

 

 

The sheet res stance and opt cal transm ttance of RGO th n f lms produced w th a 

h gh concentrat on of GO aqueous solut on (15 mg/mL) at var ous rpms are shown n 

Table 3.3 and Table 3.4. N ne d fferent rpm parameters, 1000, 1500, 2000, 2500, 3000, 

3500, 4000, 4500, and 5000, were appl ed for 1 m n w th the sp n-coat ng method. Opt cal 

( ) 
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transm ttance spectra of sp n-coated RGO f lms on glass substrates were plotted n the 

wavelength range from 400 nm to 800 nm (see F gure 3.35). RGO f lms produced w th 

1000 rpm could not form a homogeneous surface due to excess ve aggregat on on the 

f lm surface. The sheet res stance of RGO th n f lms obta ned w thout the LLC mesophase 

dev ates more at d fferent rpms because a homogeneous f lm surface cannot be obta ned 

w th th s compos t on. As the rpm ncreases, the mater al on the substrate becomes 

th nner, and therefore the sheet res stance should ncrease. 

 

F gure 3.35. Opt cal transm ttance spectra of sp n-coated RGO th n f lms on glass 
substrate obta ned from a solut on conta n ng (a) 15 mg/mL GO and (b) 15 
mg/mL GO and LLC at d fferent rpms. 

 

 

 

 

 

 
 
 
 

 

 

 
 
 

F gure 3.36. Photograph of thermally reduced sp n-coated RGO (left) and CVD-based 
mult layer graphene (r ght). 
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Sp n-coated RGO f lms were subjected to h gher thermal anneal ng temperatures 

for 30 m n under an nert atmosphere w th Ar and H2 to mprove sheet res stance (see 

F gure 3.36). The anneal ng temperature was f rst appl ed to sp n-coated th n f lms on 

quartz substrates at 850°C. Sheet res stance values for RGO th n f lms obta ned w th and 

w thout LLC mesophase were recorded as 23 kΩ/sq and 7 kΩ/sq, respect vely. When the 

anneal ng t me was extended to 1 h, there was not much change n the sheet res stance 

values. Moreover, the sheet res stance of the RGO th n f lms was further mproved by 

ncreas ng the anneal ng temperature to 1000°C. Then, the sheet res stance of the RGO 

th n f lm conta n ng the LLC mesophase decreased to 17 kΩ/sq. On the other hand, the 

RGO th n f lm obta ned w thout the LLC mesophase reached 5 kΩ/sq. 

 

 

 

 

 

 

 

F gure 3.37. Photograph of sp n-coated RGO th n f lms composed of a 2.5 mg/mL GO 
aqueous solut on w th (left) and w thout (r ght) the LLC mesophase. These 
th n f lms were obta ned at 1000°C for 30 m n under Ar and H2. 

 
 
 
 

F gure 3.38. Opt cal transm ttance spectra of sp n-coated RGO th n f lms on quartz 
substrate obta ned from a solut on conta n ng (a) 2.5 mg/mL GO and (b) 2.5 
mg/mL GO and LLC at d fferent rpms. 
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The sheet res stance of the RGO f lm produced w th a low concentrat on of GO 

aqueous solut on (2.5 mg/ml) was further mproved for use as a transparent conduct ve 

electrode. Thermal anneal ng of the RGO th n f lm was carr ed out at 1000°C for 30 m n 

under an nert atmosphere (Ar and H2) (see F gure 3.37). Opt cal transm ttance spectra of 

sp n-coated RGO f lms on quartz substrates were plotted, as shown n F gure 3.38. When 

the thermal anneal ng temperature was ncreased to 1000°C, the RGO th n f lms obta ned 

w thout the LLC mesophase became conduct ve (see Table 3.5). Furthermore, the sheet 

res stance values decreased to kΩ’s n th n f lms conta n ng LLC mesophase (see Table 

3.6). As a result, RGO th n f lms w th a sheet res stance of 31 kΩ/sq and a transm ttance 

of 92% were prepared to be used as transparent and conduct ve 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. 

 

 

 

 

 

 

 

 

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. 
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CHAPTER 4  

 

CONCLUSION 

 
In th s thes s, an LLC system cons st ng of 10-lauryl ether (C12EO10) and sulfur c 

ac d (H2SO4, SA) was used to synthes ze 2D s ngle-crystall ne gold (Au) nano- and 

m croplates and reduced graphene ox de (RGO) th n f lms. As the SA/C12EO10 mole rat o 

ncreases n th s system, a mesophase trans t on from b cont nuous cub c (V1) to 2D-

hexagonal (H1) and m cellar cub c (I1) s observed. The 2D hexagonal (H1) mesophase of 

the SA/C12EO10 system was character zed us ng POM and XRD. 

 For the f rst t me, 2D s ngle-crystall ne Au plates have been synthes zed us ng a 

photochem cal approach n an LLC med um that s stable under atmospher c cond t ons. 

The stab l ty of the LLC mesophase n atmospher c cond t ons fac l tates the d rect 

character zat on of m crometer-s zed Au plates under the opt cal m croscope. The LLC 

med um prov des an ordered conf n ng space for the growth of m crometer-s zed Au plate 

structures. The product conta ns a small amount of sotrop c truncated cosahedron 

structures and var ous an sotrop c shapes, such as tr angular, truncated tr angular, 

hexagonal, and gear-l ke. Irrad at on of SA/C12EO10/HAuCl4 LLC mesophase was 

ach eved w th d fferent wh te l ght powers. The morphology and s ze of the Au products 

change accord ng to the powers of the wh te l ght. M ddle power l ght rrad at on allows 

the synthes s of h ghly eff c ent plate-l ke structures w th an average s ze of 12.5 ± 0.81 

μm. The th ckness of the Au plates ranges from 50 nm to 150 nm. Un form spher cal Au 

nanopart cles w th a d ameter of 142 ± 2.73 nm are synthes zed by h gh power rrad at on 

of wh te l ght. Plates w th an average s ze of 4.65 ± 0.63 μm and truncated cosahedron 

structures are the ma n products n the low power l ght rrad at on synthes s. At relat vely 

low HAuCl4 concentrat ons, the plates are embedded w th spher cal nanopart cles. At 

relat vely h gh concentrat ons of HAuCl4, the hexagonal phase of LLC d sappears and 

plates are formed w th h ghly eff c ent truncated cosahedron structures. As the HAuCl4 

concentrat on ncreases, the th ckness of some Au plates n the products also ncreases, 

reach ng about 420 nm. Add ng PVP or CTAB to the react on med um ncreases the 

average s ze of the Au plates from 10 μm to nearly 17 μm. Furthermore, the add t on of 

norgan c salts can promote the format on of sotrop c Au structures. 
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Accord ng to the react on mechan sm stud ed, sotrop c and an sotrop c Au 

nanopart cles grow nto m crometer-s zed Au plates as the react on t me ncreases. In the 

absence of wh te l ght rrad at on, plate format on takes more than a week to occur w th 

suff c ent eff c ency. However, w thout us ng wh te l ght, Au plates have smoother and 

sharper edges. Also, the r average s ze becomes 19.8 ± 0.63 μm. 

Transparent conduct ve RGO th n f lms have been prepared for the f rst t me us ng 

the SA/C12EO10 LLC mesophase. GO was synthes zed n 86% y eld and character zed by 

XRD, UV-V s spectroscopy, SEM, and ATR-FTIR spectroscopy. RGO th n f lms were 

prepared by a sp n-coat ng method on a glass and/or quartz substrate at var ous sp nn ng 

speeds. L-ascorb c ac d, a weak and green reduc ng agent, was used for the chem cal 

reduct on of th n f lms. Thermal anneal ng was f rst performed at 300°C under an nert 

Argon (Ar) atmosphere and n a vacuum. RGO th n f lms w th mproved sheet res stance 

are ach eved when the GO concentrat on s ncreased to 15 mg/mL. However, the opt cal 

transm ttance of sp n-coated RGO th n f lms decreases w th ncreas ng GO concentrat on. 

The sheet res stance of the RGO th n f lms has been further mproved w th the LLC 

mesophase. When the LLC system s used, the sheet res stance of the RGO th n f lm 

decreases from 72 kΩ/sq to 20 kΩ/sq. Moreover, the sheet res stance s reduced to 17 

kΩ/sq at a h gher anneal ng temperature (1000°C) under an nert atmosphere w th Ar and 

H2. More mportantly, RGO th n f lms hav ng low GO concentrat on have been mproved 

to produce transparent conduct ve electrodes. Consequently, RGO th n f lms have been 

obta ned w th a sheet res stance of 31 kΩ/sq and an opt cal transm ttance of 92% (at 550 

nm) at 1000°C n an Ar + H2 atmosphere.  
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