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Abstract 

Integration of liquid crystals with redox electrolytes in dye-

sensitised solar cells 

Muhammad Akmal Bin Kamarudin 

This thesis examines the electro-optic, electric and electrochemical properties of liquid crystal 

(LC) materials in self-assembly systems, that is, liquid crystal-polymer electrolyte composites 

(LC-PEs), LC binary mixtures, and their potential application in dye-sensitised solar cells 

(DSSCs). The birefringence of LCs causes light modulation, which can be controlled by an 

applied voltage and electric field. In particular, the LCs are used as one of the components 

for the electrolyte redox couple which is responsible for charge transfer mechanism in 

DSSCs.  

In this work, LC-PEs were developed by dissolving LCs in polymer electrolytes; using a 

homologous series of cyanobiphenyls in a range of concentrations, alkyl chain lengths and 

dielectric permittivities. We found that doping the polymer electrolyte with 15% 4'-cyano-4'-

pentylbiphenyl (5CB) improved ionic conductivity by up to 13 % compared to pure polymer 

electrolyte. Materials with positive dielectric permittivity and shorter alkyl chain length have 

been identified to be compatible with iodide/triiodide (𝐼−/𝐼3
−)-based polymer electrolytes. 

In DSSCs, 15% 5CB and 15% E7 LC-PEs exhibited the best efficiencies of 3.6 % and 4.0 %, 

respectively. 

In addition to LC-PEs, the self-assembly properties of smectic phase LCs were also utilised 

as templates for controlling the polymer structure in polymer electrolytes. A porous polymer 

network was prepared using various techniques including self-assembly, by applying an 

electric field and using a polyimide (PI) alignment layer. We found that the electrochemical 

and photovoltaic properties of these materials strongly correlated to the 

morphology/structure with the self-assembled structure, thus showing the best photovoltaic 

performance (5.9 %) even when compared with a reference solar cell (4.97 %).  

Finally, this thesis explores the interaction of LCs with graphene (Gr) in DSSC device 

architectures. Gr-based DSSCs were fabricated using different processing conditions, with 

the result being that Gr improved the performance of the DSSCs. The highest efficiency 
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obtained was 5.48 % compared to the 4.86 % of a reference DSSC. The incorporation of 

LC-PEs in Gr-based DSSCs improved the performance of DSSCs was observed in devices 

with low concentrations of LCs due to the Gr inducing planar alignment of LCs.  

These results suggest a new strategy to improve DSSC efficiency by incorporating LC 

materials in the polymer electrolyte component. Even though these LCs are highly insulating, 

their self-assembly and dielectric polarisability help enhance ionic conductivity and optical 

scattering when doped into polymer electrolytes. This work can be extended in a 

fundamental way to elucidate the ionic conduction mechanism of LC-based electrolyte 

systems. Furthermore, it would be interesting if the benefits of using LC-PEs and smectic-

templated polymer electrolytes (Sm-Pes) can be translated further in commercial 

electrochemical energy conversion systems. 
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Chapter 1 Introduction 

1.1 Background 

Liquid crystal (LC) materials exhibit physical properties that are between those of solids and 

liquids under certain conditions, that is, temperature variation and solvent concentration. In 

addition, different molecular compositions lead to the formation of different phases, such as 

nematic, smectic and columnar phases (Chandrasekhar 1992). These characteristics are due 

to intermolecular interactions and molecular geometry (cylinder or disc-like) that tends to 

self-assemble in a given direction and sometimes in positional order. The nematic phase is 

the simplest LC phase and shows thread-like defects when observed under a cross polarised 

microscope. The thread-like discontinuities form what is called a Schlieren texture, where 

two or four dark brushes meet. The molecules tend to assemble, with the long axes pointing 

toward a certain direction. Unlike the nematic phase, the smectic phase are typically more 

viscous due to the increased order that is closer to a solid, as smectic phases not only have 

orientational order but also a positional order: the molecules also tend to align in layers. 

Thermotropic (i.e. temperature dependent LCs) can be formed by rod-shaped (calamitic), or 

disc-shaped (discotic) molecules, and bulk phases typically exhibit dielectric and optical 

anisotropy because properties along and perpendicular to the molecular longitudinal axis are 

significantly different (Chandrasekhar 1992). Even for homologous LC materials, the 

mesophase morphology, phase transition temperature and physical properties are different 

due to strong dependence on the molecular structure. Small variations, such as changing the 

length of the alkyl chain, can have a significant effect on mesophase properties. LC materials 

are made up of a rigid core structure that gives an elongated shape, alkyl chains that introduce 

flexibility to the molecule and end groups that are often responsible for the anisotropic 

behaviour. Alkyl chain length often affects the melting point of the material and thus the 

nematic phase stability. Increasing the alkyl chain length of a molecular template that exhibits 

a nematic phase tends to encourage smectic phase formation (Singh and Dunmur 2002). 

Due to the presence of a polar group, LC molecules can be oriented by applying an electric 

or magnetic field (Blinov and Chigrinov 1994). The morphology of LCs can also be 

controlled using a thin surface treatment or alignment layer (Geary et al. 1987). A thin layer 

of polymer that is baked and then rubbed in one direction is employed, and the LC molecules 
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usually align in the grooves produced by the rubbing action. Self-assembly in the bulk LC 

phase is achieved naturally, either due to hydrogen bonding or π-π stacking of the molecules 

(Kato 2002; Pouzet et al. 2009). This characteristic allows researchers to manipulate this 

material and use it in a wide range of applications including displays, lasers and, solar cells 

(Coles and Morris 2010; Ding and Yang 2012; Uchida 2014; Zheng et al. 2011). 

The incorporation of LCs in polymeric materials produces liquid crystal/polymer composites 

(LCPCs) or polymer dispersed liquid crystals (PDLCs), as proposed by Fergason in 1973 

(Fergason 1973). PDLCs are prepared by dispersing LCs in the form of nano/microdroplets 

in a polymer medium. These droplets contain directionally oriented nematic or smectic LCs. 

The self-assembly of LCs within this polymer matrix allows tunability of their birefringence 

as a function of an applied electric field. The LC molecules still retain their unique electro-

optical properties. These properties are governed by the LC and polymer components. More 

specifically, the chemical structure of the LCs, and in turn the mesophase and anchoring 

characteristics of the polymer interface determine the properties and application of the 

PDLCs. Despite their unique properties, typical applications of PDLCs are limited to 

optoelectronic applications, such as switchable windows and displays; this is because only 

their birefringence is exploited for applications (Cupelli et al. 2009; Doane et al. 1988). An 

interesting direction PDLCs could take relates to the exploitation of their electrical properties 

for electronic devices, which have largely gone unexplored to date. In recent years, there 

have been attempts to integrate PDLCs in dye-sensitised solar cells (DSSCs), which has 

substantially improved the efficiency of DSSCs (Högberg et al. 2014; Karim et al. 2010).   

DSSCs were first demonstrated in 1991 by O'Regan and Gräetzel (O’Regan and Grätzel 

1991). These hybrid organic-inorganic solar cells have the advantage of being 

environmentally friendly whilst allowing easy and low-cost fabrication without sacrificing 

their relatively high efficiency compared to organic solar cells. One of the major components 

of DSSCs is the electrolyte, which is a redox mediator responsible for the regeneration of 

the dye and the electrolyte itself. The electrolytes in DSSC devices can be of three different 

types-liquid electrolytes, gel polymer electrolytes or solid-state electrolytes. Liquid electrolyte 

DSSCs give the highest efficiency of up to 13 % for a cobalt-based electrolyte (Mathew et al. 

2014). However, this type of electrolyte suffers from evaporation of the solvent, which 

reduces its long-term stability. To address this issue, researchers have proposed solid 

electrolytes that are more stable but that sacrifice efficiency of the device because they exhibit 
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low ionic conductivity. It has been found that by employing various additives and plasticisers, 

gel polymer electrolytes provide a compromise between solid and liquid electrolytes, and thus 

making it possible to extend the lifetime of the device without having to sacrifice efficiency 

(Bella et al. 2014; Jovanovski et al. 2005; Stathatos et al. 2004; Stergiopoulos et al. 2011). One 

example is the addition of LC materials to the electrolyte matrix (Ahn et al. 2012; Koh et al. 

2013). 

In organic electronics, controlling the morphology and structure of the organic compounds 

is essential to realise high-efficiency devices, such as organic field effect transistors and 

organic solar cells (Park et al. 2007). The idea in controlling the morphology is to improve 

the interfacial area between electron donors and acceptors for efficient exciton dissociations 

in the case of organic solar cells. Some of the methods employed to control the morphology 

and molecular packing include thermal and; solvent annealing and; the choice of solvents 

and additives (Chen et al. 2014; Liao et al. 2013; Shi et al. 2015; Yi et al. 2014). The use of an 

electric field, E, to control the morphology of organic thin films has been demonstrated by 

Ma et al., who applied E during solvent evaporation (Ma et al. 2012). Regarding LCs, their 

intrinsic ability to self-assemble provides a promising pathway for templating and enhancing 

the electronic charge transfer in polymer electrolytes containing LCs, which will be the main 

premise of this thesis.  

1.2 Outline 

In this thesis, the potential of LCs in an electrolyte redox couple is investigated. The 

development of liquid crystal-polymer composite electrolytes (LC-PEs) and LC-templated 

polymer electrolytes is explored using direct examples of applications in DSSCs. 

An introduction to LC materials is given in Chapter 2, including an explanation of the key 

differences between various LC phases. The properties that make LCs unique, such as 

birefringence, dielectric anisotropy, conductivity and charge transfer, are described in detail. 

These properties originate from the structure of the molecule itself, which has a long and 

short axis. Examples of existing and possible applications of LCs are given at the end of the 

section. The following section discusses typical DSSCs, the different components and, where 

applicable, the challenges associated with the materials/components.  
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Chapter 3 explains the development of new polymer electrolytes based on LC materials. It 

also discusses the fabrication methods and characterisation techniques used to evaluate the 

properties of polymer electrolytes and the final device structure.  

Since the first development of DSSCs in early 1990s, different groups have introduced 

various methods of fabricating them. In Chapter 4, the fabrication methods are described. 

This involves the study of different electrolyte materials, titanium dioxide (TiO2) compact 

layers, spacers/sealants and the effect of dye-immersion time. At the end of the chapter, a 

summary about the final working device is given.  

Chapter 5 focuses on the development of LC-PEs. In the first section, the effect of doping 

polymer electrolytes with nematic LCs is explored. The optimised concentration is then 

applied to LC materials having the same core but different alkyl chain lengths, as these 

materials have different LC phases and hence different properties. The effect of different 

dielectric anisotropies is also examined. Morphological and thermal characterisations of these 

materials are performed using polarising optical microscopy (POM) and differential scanning 

calorimetry (DSC). The addition of LC materials to polymer electrolytes affects the ionic 

conduction mechanism and thus the efficiency of the resulting DSSCs.  

The smectic phases are known to possess higher order parameters than nematic phases and 

the application of LC materials as synthetic templates has been explored in various studies. 

In Chapter 6, a method of developing a highly ordered polymer network through the 

templating of a smectic A LC is explored. Because LC materials react to external stimuli such 

as electric field and alignment layers, the effect on the morphology is also investigated. The 

differences between these three polymer structures are compared based on their 

morphology/structure, electrical properties and photovoltaic parameters.   

In LC materials, the choice of electrodes and alignment layers might affect the orientation of 

the molecules that can be exploited to give preferential orientation according to device 

applications. Gr electrodes have been shown to improve the performance of DSSCs. The 

interaction between Gr and LCs has been explored in numerous studies and LCs have shown 

some alignment effects on Gr.  In Chapter 7, we first study the effect of alignment of LC 

materials on graphene. Next, different Gr-based counter electrodes in DSSCs are compared. 

The integration of LC-PEs with Gr-based DSSCs are explored in the next section in this 

chapter.  
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Finally, in Chapter 8, the conclusions and future works are presented. Further work is 

proposed with the hope of improving the ionic conductivity and thus the performance of 

DSSCs. We also suggest new device applications using LC materials.  
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Chapter 2 Literature review and theory 

2.1 Foreword 

The concept of LCs is presented in this chapter, including descriptions of the main LC phases, 

such as the nematic LC (NLC) and smectic LC phases. The key difference between these 

phases is that, in addition to orientational ordering, such as in the NLC phase, the smectic A 

(SmA) phase also possesses positional ordering. For each of the phases, the optical and 

electro-optic responses such as birefringence and, dielectric and conductivity anisotropy, are 

explained. These properties arise from the inherent anisotropy of the LC molecules 

themselves. The formation and properties of PDLCs; which is the basis for Chapter 4, are 

also described. Some examples of the application of LC materials are also presented in this 

chapter. 

LC materials were first discovered in 1888 by Friedrich Reinitzer, who was working with 

cholesteryl benzoate at the time (Reinitzer 1888). He found that LC material exhibits two 

different melting points; the first from crystalline solid to cloudy liquid and the second from 

cloudy liquid to clear solution. With the help of Otto Lehmann, Reinitzer succeeded in 

observing the LC phase using a microscope under a polarised light with the aid of a hotstage. 

This discovery led to the birth of a new field that explores the physics and chemistry of LC 

materials.   

What makes LCs interesting is that they have unique properties possessing an additional 

phase on top of the well observed crystalline solid and liquid. This mesophase, is an 

intermediate phase between the solid and liquid phases. LCs have the ability to flow like a 

liquid while still maintaining some degree of crystalline order. They can be divided into two 

major groups- hermotropic and lyotropic.  

2.2 Liquid crystals 

2.2.1 Lyotropic liquid crystals 

Lyotropic LCs are materials that show mesophases depending on the concentration of 

solvent, which can be a water or organic solvent. These materials are classified as amphiphilic 

molecules made up of polar 'head' group (hydrophilic) and a non-polar 'tail' (hydrophobic) 
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group. In a polar solvent such as water, the hydrophobic tail group tends to assemble away 

from the water molecules, whereas the hydrophilic head group is in contact with water, 

forming micelles. An example of this can be found in soapy water. Figure 2.1 shows the 

formation of micelles in water. In a non-polar solvent such as hexane, the system behaves 

differently. Now the hydrophobic tail group is in contact with the solvent and the hydrophilic 

head group assembles toward the inside. Phospholipids are another example of lyotropic 

LCs, which is why lytropic LCs are usually found in living organisms. However, lyotropic 

LCs are not covered in this study. 

 

 

 

 

 

 

Figure 2.1 Schematic diagram of micelle formation in water. 

2.2.2 Thermotropic liquid crystals 

Thermotropic LCs are soft matter that show different mesophases depending on the 

temperature. These materials are stable in a given temperature range. Thermotropic LCs can 

be divided into three different groups depending on the structure of the molecules are 

calamitic (rod-like), discotic (disc-like) and sanidic (board-like). The structure is composed 

of a rigid core and, a flexible alkyl or alkoxy chain with or without a polar terminal group. 

Examples of the polar terminal group are CN, F, NCS and NO2. The cores of the molecules 

are usually made up of aromatic hydrocarbons, although there are also LCs based on alicyclic 

compounds. Finally, the alkyl or alkoxy flexible chain determines the melting point of the 

LC molecules and stabilises alignment in the LC phase.  

Calamitic LCs have different phases- nematic and smectic. The nematic phase exhibits long-

range orientational order but not positional order. The smectic phase is characterised by both 

positional and orientational order. The nematic phase can be achieved with a short flexible 
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chain, and the smectic phase can be achieved with a long chain. Figure 2.2 shows a schematic 

diagram of calamitic LCs as thermotropic materials.  

 

 

 

 

 

 

 

Figure 2.2 Schematic diagram of thermotropic LCs as a function of temperature. 

2.2.2.1 The nematic phase 

The nematic phase is the lowest ordered of the LC phases. It is named after the Greek word 

nema, meaning thread, due to the thread-like discontinuities when observed under a cross 

polarised microscope. The thread-like discontinuities form what is called the Schlieren 

texture with point defects and extinction. The presence of Schlieren texture where two or 

four dark brushes meet, is due to the discontinuity of the director orientation. The molecules 

tend to assemble with their long axes pointing toward a certain direction. The direction of 

these molecules is called the director, n, which is the average direction of all molecules. The 

orientational order of LCs can be calculated from the order parameter, S, given by the 

following equation (Equation 2.1): 

𝑆 =
1

2
〈3𝑐𝑜𝑠2𝜃 − 1〉         (2.1) 

where θ is the angle between the long axis of individual molecules and their direction. The 

bracketed part denotes the statistical average of all molecules. For a typical LC, the value of 

S is in the range of 0.4 < S < 0.6: S = 0 for the isotropic phase and S = 1 for a crystal of a 

perfectly ordered system. Figure 2.3 shows the nematic phase and a typical nematic texture 

seen under crossed polarisers. The regions with the dark brushes are where the incident light 
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is parallel or perpendicular to the director. The defects are situated at the centre of the 

brushes.  

The nematic phase is manifested in molecules possessing two or more rigid aromatic cores, 

a linking group and a terminal group. The aromatic core provides the elongated shape, the 

linking group introduces flexibility and controls the LC phase range and the terminal group 

often introduces anisotropy in its physical properties.  

 

 

 

  

 

 

 

 

 

 

Figure 2.3 a) Schematic diagram of a single LC molecule showing the director. b) Schematic 

representation of a nematic phase showing the average director. c) POM of E7 LC under 

crossed polarisers at 20X magnification at 58 ºC in a 20 µm ITO-ITO glass cell. The scale 

bar is 100 µm. 

 

 

 

 

a) b) 

c) 
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2.2.2.2 The smectic phase 

The smectic phase is also seen in thermotropic LCs. The word smectic derives from the 

Greek word meaning soap. Unlike the nematic phase, the smectic phase shows both 

orientational and positional order. The molecules tend to align themselves in layers, as shown 

in Figure 2.4a, making the smectic phase more ordered than the nematic phase. An 

interesting characteristic of smectic LCs is that they show polymorphism, meaning that 

several types of smectic phase exist, such as A, B, C, and F. In this thesis, only SmA is 

introduced.  

SmA is the simplest form of the smectic phase. In SmA, the director is aligned parallel to the 

normal axis. In other words, the director is perpendicular to the smectic layers. The SmA 

shows a typical focal conic fan texture when observed under crossed polarisers (Figure 2.4 

b). Incident light polarised parallel or orthogonal to the director will result in a dark image.   

 

 

 

 

 

 

 

 

 

Figure 2.4 a) Schematic representation of the SmA phase. b) POM image of 12CB SmA LC 

phase observed under crossed polarisers at 50 °C. c) Chemical structure of 12CB. The scale 

bar is 50 µm.  

 

a) b) 

c) 
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Typically, the SmA phase is obtained with molecules having non-polar aromatic cores with 

two alkyl side chains or even with one alkyl chain provided that the alkyl chain is long enough 

to give separation. This separation allows the SmA phase to form a lamellar structure, which 

is due to chemical compatibility. This segregation is driven by molecules showing amphiphilic 

behaviour, such as in the case of organosiloxane and hydrocarbon. Figure 2.4c shows the 

chemical structure of 4-n-dodecyl-4'-cyanobiphenyl (12CB) which shows a SmA phase. 

2.2.2.3 Discotic liquid crystals 

Discotic LCs (DLCs) are another class of thermotropic LCs. The name comes from the 

shape of the molecules that show a disc-like structure and that tend to stack on top of each 

other to form columns (Pal et al. 2013; Sergeyev, Pisula, and Geerts 2007). There are two 

main phases possible for DLCs, the columnar and nematic phases. In the columnar phase, 

the molecules stack on top of each other, forming 2D arrays. The stacking of DLCs into a 

columnar structure is due to steric packing and π-π interactions. Like nematic LCs, DLCs are 

the least ordered where the director is orthogonal to the plane of the molecule. Typical DLC 

structure consists of benzene or polyaromatic compounds such as triphenylene or 

phthalocyanine. Figure 2.5 shows a) a schematic diagram of the columnar discotic phase, b) 

the chemical structure of 2,3,6,7,10,11-hexakis(hexyloxy)triphenylene (HAT6) and c) a POM 

image of HAT6. 

 

 

 

 

 

 

 

 

 

a) b) 

b) 



- 12 - 
 
 

 

 

 

 

 

Figure 2.5 a) Schematic diagram of a columnar DLC where the molecules stack on top of 

each other. b) Chemical structure of HAT6. c) POM image of HAT6 in the LC phase that 

has been capillary-filled in a 20 µm ITO-ITO cell. The scale bar is 50 µm. 

2.2.3 Reactive mesogens 

Reactive mesogens, also known as LC monomers, are molecules that are very similar to 

calamitic LC molecules in general structure, but possess reactive end groups at one or both 

ends of the molecules. The reactive end groups can undergo a crosslinking reaction to form 

a polymer network whilst maintaining the mesophase structure. Some examples of 

polymerisable reactive groups are acrylate, methacrylate, diene and oxetane groups. Typical 

applications of reactive mesogens include 3D displays and autostereoscopic and anti-

reflection films for organic light emitting diodes (OLEDs) (Aldred et al. 2005; Oh and Escuti 

2007; Wu et al. 2008). The fact that reactive mesogens can be applied on any kind of surface, 

including rigid and flexible surfaces, makes it an interesting material. Figure 2.6 shows the 

chemical structure of some reactive mesogen materials. 

 

 

 

 

 

 

c) 

a) 
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Figure 2.6 Chemical structure of some reactive mesogens. a) RM 82 and b) RM 21. 

2.2.4 Polymer dispersed liquid crystals  

Another interesting application of LCs is in PDLCs. PDLCs were first introduced in the late 

1970s as a new class of material that showed promise in display applications (Bouteiller and 

Barny 1996). PDLCs combine polymer chemistry and LCs and they are formed by making 

an emulsion of LCs and polymer. The unique properties of PDLCs are due to the presence 

of small droplets of LCs in the polymer which can be controlled by an electrical or magnetic 

field. 

PDLCs are typically fabricated using an encapsulation or a phase separation method 

(Serbutoviez et al. 1996). In an encapsulation method, LCs are dispersed in water soluble 

polymers such as polyvinyl alcohol. The water is then evaporated at a fixed rate, resulting in 

the LCs being surrounded by a polymer host. The disadvantages of this method are that the 

droplets are not uniform in size and that they tend to interconnect to form bigger droplets. 

The phase separation method can be divided into three types: polymerisation-induced phase 

separation (PIPS), thermally-induced phase separation (TIPS) and solvent-induced phase 

separation (SIPS). In the PIPS method, the LCs are mixed together with monomer and 

throughout the polymerisation process the LC is encapsulated within the polymer. The 

polymerisation process is usually done in the presence of ultra violet light. Droplet size is the 

determined by two factors- the curing time and the ratio of the materials used. The TIPS 

method involves cooling a homogenous mixture of LCs and melted polymer at a fixed rate. 

The LC droplets will continue to grow until the temperature reaches the glass transition 

temperature of the polymer. Droplet size is mainly affected by the cooling rate; a fast cooling 

rate will result in small droplets. In the SIPS method, the LCs and the polymer are dissolved 

in a common solvent, which is evaporated at a fixed rate. Droplet size is greatly affected by 

the evaporation rate of the solvent. However, the evaporation rate is difficult to control and 

b) 
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therefore the same results are not reproducible. Figure 2.7 shows a schematic representation 

of the light scattering profile of PDLCs before and after applying E. 

 

 

 

 

 

 

Figure 2.7 Schematic diagram of PDLC device a) before applying E and b) after applying E. 

2.2.5 Properties of liquid crystals 

2.2.5.1 Dielectric anisotropies 

For non-polar molecules under an applied electric field, the internal charges are polarised. 

This involves induced polarisation comprised of two components- electronic and ionic 

polarisation. In polar molecules, such as in the case of LC materials, in addition to induced 

polarisation there is also orientational polarisation. This is due to the polarisation of dipoles 

by the electric field.  

The dielectric anisotropy, Δε, of the LCs is given by the following equation (Equation 2.2): 

𝛥𝜀 = 𝜀‖ − 𝜀⊥          (2.2) 

where ε‖ and ε⊥ are the dielectric constants measured parallel and perpendicular, respectively, 

to the long molecular axis of the LCs. Δε depends on molecular properties such as 

polarisability, the dipole angle and the macroscopic orientational order. These factors also 

determine the sign of Δε, which can either be positive or negative. In addition, the magnitude 

of Δε is highly dependent on the strength of the dipole, the frequency of the applied electric 

field and the temperature. As the LC material becomes isotropic, the Δε decreases because 

the system is becoming less ordered. Figure 2.8 shows the dielectric permittivity of nematic 

LC material as a function of temperature. 

a) b) 
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Figure 2.8 Dielectric permittivity as a function of the temperature of nematic W-1680 LC 

material (Zakerhamidi, Ara, and Maleki 2013). 

2.2.5.2 Birefringence 

 

 

 

 

 

 

Figure 2.9 Schematic diagram of an LC molecule showing the different refractive index 

according to the axis. 

LC materials exhibit different refractive indices along the long and short axes of the 

molecules due to the shape, composition and orientational order of the molecules. Light 

polarised perpendicular to the director of the molecule experiences a refractive index called 

the ordinary refractive index, 𝑛𝑜, whereas light polarised parallel to the director is called the 

extraordinary refractive index, 𝑛𝑒 . The birefringence of uniaxial material is given by 

∆𝑛 = 𝑛𝑒 − 𝑛𝑜 = 𝑛‖ − 𝑛⊥.  
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The refractive index of the LC material is given by the following equation (Equation 2.3): 

𝑛(𝜃) =
𝑛𝑒𝑛𝑜

√𝑛𝑒
2𝑠𝑖𝑛2𝜃+𝑛𝑜

2𝑐𝑜𝑠2𝜃

        (2.3) 

where θ is the angle between the x-axis and the molecule and the light is travelling in the y 

direction and is polarised in the x direction. A schematic diagram of the optical anisotropy 

of LC material (known as an optical indicatrix) is shown in Figure 2.9. The birefringence is 

also dependent on the wavelength of the incident light and temperature. This unique 

characteristic of LC materials allows the material to be observed under a polarising optical 

microscope because the incident light has been polarised.  

Using the refractive index, the optical retardance, Γ, of an LC in a cell with thickness, d and 

an illuminated light of wavelength, λ, can be calculated as follows (Equation 2.4): 

𝛤 =
2𝜋𝑑(𝑛(𝜃)−𝑛𝑜)

𝜆
         (2.4) 

The phase shift occurs because some of the illuminated light experiences a different 

refractive index (either ordinary or extraordinary), which results in different velocities 

through the material.  

2.2.5.3 Diamagnetic anisotropy 

In addition to electric fields, LC materials are also sensitive to magnetic fields that cause their 

realignment. Under an applied magnetic field, LC molecules tend to align parallel to the 

magnetic field to decrease distortion in the magnetic field. This magnetic effect is mainly 

caused by the benzene ring which has the lowest energy configuration parallel to the magnetic 

field, as shown in Figure 2.10.  

The susceptibility of a material to be aligned by the magnetic field is given by the following 

equation (Equation 2.5): 

𝐌 = 𝜒⊥𝐇 + (𝜒∥ − 𝜒⊥)(𝐇 ∙ 𝒏)𝒏        (2.5) 

where M is the induced magnetisation, H is the magnetic field strength and n is the director 

of the LC. In LC materials, the diamagnetic properties are different along the long and short 

axes of the molecules. There are two magnetic susceptibility components (parallel and 
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perpendicular to the director) that give rise to the diamagnetic anisotropy, defined as ∆𝜒 =

(𝜒∥ − 𝜒⊥). In most cases, nematic LCs show positive diamagnetic anisotropy and therefore 

will align parallel to the magnetic field.  

 

 

Figure 2.10 Schematic diagram showing the effect of H a) parallel to a 5CB molecule and b) 

perpendicular to a 5CB molecule. 

2.2.5.4 Conductivity anisotropy 

LC materials are usually known as insulating dielectrics. However, due to impurities in the 

material during synthesis, they show ionic conduction with conductivities in the range of 10-

8 - 10-12 Ω-1 cm-1 (Blinov 1983). Charge injection from the cell electrodes might cause ions to 

migrate from the substrates into the material and render it conductive. There are also 

semiconducting LC materials that show electronic conduction instead of ionic conduction 

(Woon et al. 2006). However, these are beyond the scope of this thesis.  

Conductive LC materials also show anisotropic behaviour. It has been shown that the 

conductivity parallel to the director, 𝜎‖, is larger than the conductivity perpendicular to the 

director, 𝜎⊥. This can be attributed to the ionic mobility which is greater along the director, 

µ‖, rather than perpendicular to it, µ⊥. This is particularly relevant for DLCs, where the 

stacking of the DLC molecules results in a charge transfer along the core due to the π orbital 

delocalisation. Charge hopping is only possible along the molecular columns (Boden, Bushby, 

and Clements 1994). 

2.2.5.5 Fluid viscosity 

Viscosity is defined as the internal friction of a fluid to deform under a shear stress present 

due to velocity gradients in the system. For LC material that is confined in a cell of a few 

microns thick, measuring the force required to move one substrate while the other is held 

anchored at a constant speed will give the shear bulk viscosity. The viscosity is defined by 

the ratio of the shear stress to the shear strain; shear stress is defined as the force Fx per unit 

across the sectional area, and shear strain is defined as the velocity vx divided by the thickness 

a) b) 
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of the cell. When the thickness becomes small enough, the effect of surface-induced ordering 

becomes increasingly important. The shear stress is dependent on the direction of the flow 

field and the configuration of the flow gradient both relative to the director field. This was 

shown by Miesowicz who found that LCs have three viscosity coefficients (Miesowicz 1946).  

 

 

 

 

Figure 2.11 Schematic diagram of the measurement to determine the shear viscosity of a 

nematic LC where a force of Fx with a constant velocity of vx is exerted on the top plate while 

the bottom plate is static. The director is a) homeotropic and parallel to the z-axis, b) planar 

and parallel to the x-axis, and c) planar and parallel to the y-axis. 

2.2.5.6 Alignment layers 

In LC cells, there are mainly two types of alignment that can be used to align the LC 

molecules either parallel or perpendicular to the substrates, which are better known as 

homogenoues (planar), homeotropic orientation respectively or angles in between (pretilt). 

This is achieved by depositing a layer of polymer (alignment layer) on the glass substrates; 

the consequent alignment of the LCs is a result of the surface anchoring of the LC molecules 

with the alignment layer. A different alignment layer will result in different contact angles. 

This is very important for an electro-optic device where using an alignment layer can 

eliminate the defects and disinclination lines. Although the alignment layer is only applied to 

the surface of the substrates, its effect can propagate throughout the bulk material. Figure 

2.12 shows the two different types of alignment layers. 

In the case of the homeotropic alignment layer, typically a layer of amphiphilic molecules 

such as lecithin is coated on the surface of the substrate where the polar end of the molecule 

will attach to the surface, leaving the long alkyl chain standing up (Hiltrop, Hasse, and 

Stegemeyer 1994). When the LC molecules are filled into the cell, they tend to align parallel 

to these alkyl chains. 

a) b) c) 
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For planar (homogenous) alignment in a cell, a polyimide (PI) is used (Wu et al. 1996). This 

type of alignment is induced by rubbing the PI in one direction to create microgrooves, and 

the LC molecules tend to lie along these microgrooves.  

 

 

 

 

 

 

Figure 2.12 Schematic diagram of the a) homeotropic and b) planar alignment of LC 

molecules. 

2.2.5.7 Elastic constants 

 

 

 

 

 

Figure 2.13 Schematic diagram of the various deformation modes in LC materials. a) bend, 

b) twist, c) splay and d) normal.  

LC molecules are most stable in nematic LCs without an applied electric field because the 

free energy is at a minimum. Applying an electric field to the LCs will distort the molecules 

and removing it will allow the molecules to relax back to their original state. Apart from 

electric fields, magnetic fields, shear stresses and boundary conditions can also contribute to 

the distortion of LCs, as noted previously. The relaxation of the molecules comes with an 

elastic restoring force and an energy cost relative to the director. There are three main 

a) b) 

a) 

c) 

b) 

d) 
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distortions that can happen in LCs-splay, twist and bend (Frank 1958). The free energy of 

the system can be expressed using the following equation (Equation 2.6): 

𝐹 =
1

2
[𝐾11(∇ • 𝒏)2 + 𝐾22(𝒏 • ∇ x 𝒏)2 + 𝐾33(𝒏 x ∇𝒏)2]    (2.6) 

where F is the free energy densit; K11, K22 and K33 are the splay, twist and bend elastic constants, 

respectively and n is the LC director, defined earlier in the chapter. This equation indicates 

that all deformations of the LC orientation can be described in terms of its splay, bend and 

twist deformations as illustrated, in Figure 2.12. 

The reorientation of the LCs from the homogenous aligned state to a deformed state under 

an applied field is known as the Fréedericksz transition, which is a first-order transition upon 

the application of voltage (Fréedericksz and Zolina 1933). As noted above, the alignment of 

LCs differs depending on the dielectric anisotropy and the alignment layer of the electrodes. 

In the case of positive dielectric anisotropy LCs, a voltage above its threshold voltage, Vth, 

must be applied to switch the molecules from planar alignment to homeotropic orientation. 

Vth is given by the following equation (Equation 2.7): 

𝑉𝑡ℎ = 𝜋√
𝐾11

𝜀0∆𝜀
         (2.7) 

where ε0 is the vacuum permittivity, and Δε is the dielectric anisotropy of the LC.  

2.2.3 Applications of liquid crystals 

2.2.3.1 Template for material syntheses  

Templating is an important technique to impart the shapes or structures to materials that are 

normally difficult to achieve. The templating technique allows synthesised materials to 

possess similar morphologies and properties as the template up to nano-size dimensions 

(Dutt, Siril, and Remita 2017; Karanikolos et al. 2005). Due to their highly ordered nature, 

LCs have been used as templates for the synthesis of organic and inorganic materials (Oliver 

and Ozin 1998; Parent et al. 2012). The first report on the use of LCs as templates was by 

Shirakawa et al., who succeeded in producing a film with highly aligned fibrils (Shirakawa et 

al. 1988). LCs were used as an ordered matrix solvent, assuming the alignment was under an 

applied magnetic field. This method has also been proven to increase the carrier mobility and 
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electrical conductivity of the template material (Kang et al. 2004; Watanabe, Suda, and Akagi 

2013). 

2.2.3.2 Organic light emitting diodes  

 

 

 

 

 

 

Figure 2.14 Energy level diagram of a bilayer OLED. WF is the work function of the 

electrodes, EF is the Fermi level energy, HTL is the hole transporting material and ETL is 

the electron transporting material also known as the emissive layer. 

The operating principle of the OLEDs is that the application of voltage causes the charge 

carriers (holes and electrons) to be injected into the organic semiconductor from the cathode 

and anode (Thejo Kalyani and Dhoble 2012). The holes in the HTL and the electrons in the 

ETL move in opposite directions until they recombine into excitons due to electrostatic 

forces. The recombination reaction occurs near the emissive layer, resulting in the emission 

of light in the frequency of the visible region. The wavelength of the light emission can be 

tuned by controlling the highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) energy gap of the emissive layer. Figure 2.14 shows a schematic 

energy level diagram of an OLED. The attractiveness of OLEDs lies in the fact that they are 

thinner, lighter and more flexible than their crystalline counterparts. Furthermore, OLEDs 

are brighter and consume less energy because they do not require backlighting. It has also 

been shown that LCs can exhibit electroluminescence (Contoret et al. 2001). This opens up 

the possibility of using LCs in OLED applications. The application of LCs in OLEDs 

requires the materials to be semiconducting. Therefore, there have been efforts to synthesise 

LC materials with semiconducting properties (Aldred et al. 2004; Zhang et al. 2007). To 
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control the HOMO and the LUMO, the chemical structure can be tuned by changing the 

mesogenic core, spacer, side chain and end group.  

2.2.3.3 Organic field effect transistors  

 

 

 

 

 

 

 

Figure 2.15 Schematic diagram of a a) p-type and b) n-type OFET. IP is the ionisation 

potential of the material. 

Organic field effect transistors (OFETs) are electronic devices that  control the flow of 

charge carriers using an electric field based on organic materials where the charges flow in-

plane between two electrodes (Horowitz 1998). Figure 2.15 shows the energy level diagram 

for a) a p-type and b) an n-type OFET. In a p-type OFET, which is the more common, a 

negative voltage is applied causing the holes to be accumulated near the semiconductor-

dielectric interface. This accumulation of holes forms a conduction route between the source 

and drain which allows the current to flow. When applying a positive bias, the holes are 

removed from the semiconductor-dielectric interface, which means the device is in the 'off' 

state. The threshold voltage is defined as the gate bias during which the transistor switches 

between the low current depletion region and the high current accumulation region. The 

requirement for OFETs is that the materials need to be highly ordered and possess excellent 

charge transport properties. With this in mind, the self-assembly characteristic and 

anisotropic behaviour make LCs promising candidates (Funahashi 2009). In addition, LCs 

have been shown to have high carrier mobilities. Discotic and smectic LCs alone have charge 

carrier mobility values of 0.4-0.1 cm2 V-1 s-1, which is considerably higher than that of 

amorphous materials (less than 10-3 cm2 V-1 s-1) (Bushby and Lozman 2002; Funahashi and 

Hanna 2000). 



- 23 - 
 
 

2.2.3.4 Liquid crystal lasers  

 

 

 

 

 

 

 

Figure 2.16 a) Schematic diagram of a polychromatic LC laser and b) transmission spectra of 

different colours within the same cell (Morris et al. 2008). 

Compared to the well-established solid-state lasers, LC lasers are still in their infancy. The 

first example of LC lasers was shown by Kopp et al. and Taheri et al. using band edge lasing 

in dye-doped nematic LCs (Kopp et al. 1998; Taheri et al. 2001). In both cases, the fabrication 

of LC lasers involved the mixing of chiral nematic LCs with a laser dye. When the mixture is 

optically excited by a pump source, the dye will fluoresce and emit light. The chirality gives 

rise to the photonic band edge that can be tuned to give different colours by controlling the 

degree of chirality. Figure 2.16 shows a schematic diagram of a polychromatic LC laser and 

the resulting transmission spectra. Some of the advantages of LC lasers are their potential 

ease of tuning the emitted wavelength and they reduce the need for bulky components 

because the LC molecules are small and can be applied to flexible substrates. LC lasers have 

been adapted using various LC structures and phases including polymeric LCcholesteric 

elastomers and blue phases (Finkelmann et al. 2001; Ohta et al. 2004; Yokoyama et al. 2006). 

 

 

 

 



- 24 - 
 
 

2.2.3.5 Solar cells  

 

 

 

 

 

 

 

Figure 2.17 Energy level diagram of a heterojunction organic solar cell. 

The first reported work on the use of LCs in a solar cell was thatby Chandra et al. based on 

a heterojunction device (Chandra, Srivastava, and Khare 1986). The authors found that the 

addition of nematic n-(p-methoxy-benzylidene)p-butylanaline to a chlorophyll electrode 

enhanced the photovoltage, photocurrent and photoconductivity values. The working 

mechanism of heterojunction solar cells involves the use of two different organic materials 

(e- donor and acceptor) with matching HOMO and LUMO. When the donor absorbs 

photons from the light, tightly bound electron-hole pairs are excited into the LUMO of the 

donor. The electron-hole pairs are subsequently separated by the internal electric field where 

the electrons are then moved into the e-  acceptor material via electron hopping between 

localised states. Finally, the charges are then extracted at the electrodes with the electrons 

collecting at the anode and the holes collecting at the cathode. In 1972, Kamei et al. showed 

the photovoltaic effect in a nematic LC, although the mechanism of this effect was not clear 

(Kamei, Katayama, and Ozawa 1972). However, the magnitude of this effect was not 

significant, showing an open-circuit voltage (VOC) of only 0.5 V; this investigation was not 

followed up. In 2009, Kim et al. showed that LCs can be used in DSSC applications with 

good efficiencies of up to 6.64 %, which was attributed to the ordering of the LCs and their 

high optical scattering (Kim et al. 2009). In addition to the light scattering effect, the 

passivation of the TiO2 surface by the cyano groups in LC materials has been cited for this 

improvement in photovoltaic parameters (Ahn et al. 2012; Koh et al. 2013). Since then, there 

have been similar reports investigating the effect of LCs in DSSCs (Högberg et al. 2014; 

Karim et al. 2010). Furthermore, due to the large LC phase range temperatures, solar cells 
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employing LCs can be operated at elevated temperatures while still maintaining high power 

conversion efficiency (Högberg et al. 2014). LCs have also been applied in bulk 

heterojunction organic solar cells. LC-based organic solar cells have been investigated in 

many studies that make full use of the self-assembly nature of LCs and their high mobility 

(Carrasco-Orozco et al. 2006; Sun et al. 2015).  

2.3 Solar cells 

2.3.1 Introduction 

Every year, the world’s population is increasing at a drastic rate, resulting in various problems 

such as a depleted food supply, health problems and, environmental problems. By 2050, it is 

expected the world population will reach between 8 and 10 billion (United Nations 2017). 

As the population increases, so do the energy demands. Currently, the world is using about 

13,000 megatonnes of oil equivalent (Mtoe) per year, the main sources of which are oil and 

charcoal. Naturally, the burning of oil and natural gasses will release carbon dioxide into the 

atmosphere, making them a significant source of air pollution. To make matters worse, the 

oil and natural gas supplies are limited, which leads people to look for alternative energy 

sources. Renewable energy sources, such as wind, waves and the sun, are all promising due 

to their abundance and environmental friendliness. However, renewable energy currently 

represents only 5% of the total global energy supply. In addition, the sun, which provides 

the earth with thousands of exajoules of energy per year in the form of sunlight, is scarcely 

used. One reason for this is the lack of efficient technology to harvest the sun’s vast amount 

of energy. Current technology that can make full use of this energy is solar cells that can 

convert sunlight directly into electricity. Solar cells can be divided into three categories-first 

generation, second generation and third generation. Figure 2.18 shows a graph of the world's 

energy consumption of the Organisation for Economic Co-operation and Development 

(OECD) countries and non-OECD countries, and Figure 2.19 shows the energy generated 

by various sources. 
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Figure 2.18 World's energy consumption according by OECD and non-OECD regions 

(Leahy et al. 2013). 

 

 

 

 

 

 

 

Figure 2.19 Energy generation according to different energy sources(Leahy et al. 2013). 

First-generation solar cells, which are made from silicon, are the most efficient type of solar 

cells commercially available. This type of solar cells shows the highest efficiency of 25.6 % 

(Green et al. 2014). They are usually made from nanocrystalline silicon, polycrystalline silicon, 

amorphous silicon and hybrid silicon. Unfortunately, they are rigid and require pure silicon 

for the fabrication. They are also expensive to produce.  
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Second-generation solar cells, also known as thin-film solar cells, are usually made from non-

silicon materials such as copper indium gallium selenide (CIGS) and cadmium telluride 

(CdTe). With average efficiencies of around 10-15%, second-generation solar cells are much 

lower than first-generation solar cells. However, due to their micrometre thickness, they are 

preferable to first-generation solar cells and provide some flexibility in terms of design. In 

addition, the production of this type of solar cell requires fewer materials and therefore costs 

less in terms of fabrication. However, the production process still involves high vacuums 

and temperatures. In addition, the scarcity and the toxic nature of the materials limits the 

mass production of this type of solar cell. 

The last type of solar cell is the third-generation solar cell, based on small molecules and 

polymers (Greenham 2013; Liu et al. 2013). Polymer solar cells are still in their infancy, 

having been first introduced in early 2000. The highest efficiency to date is 11.7% (Zhao et 

al. 2016). Unlike inorganic and silicon solar cells, organic solar cells (OSCs) generate 

electricity from the dissociation of electron-hole pairs at the junction of p-type and n-type 

materials. Therefore, it is of the greatest importance to find materials capable of releasing 

and accepting electrons effectively. Some of the advantages of OSCs are that they are flexible 

and light-weight and easy and cheap to produce. However, despite these advantages, OSCs 

are still inferior to silicon solar cells in term of long-term stability and power conversion 

efficiency (PCE). 

Another type of solar cell in this category is DSSCs, also known as hybrid organic-inorganic 

solar cells (Cahen, Hodes, and Gra 2000). These solar cells employ a sensitiser with the 

capability of exciting electrons upon light absorption attached to the surface of an oxide 

semiconductor. DSSCs have been widely researched since the 1990s. As of 2017, the highest 

efficiency ever reported for this kind of solar cell is 13 % developed by Mathem et al. (Mathew 

et al. 2014). These solar cells are very stable and easy to produce, which makes them very 

strong candidates to replace silicon solar cells. This thesis is concerned with this type of solar 

cell. 

2.3.2 Introduction to DSSCs 

Since the publication of the seminal paper by O’Regan and Grätzel in 1991, DSSCs have 

spurred a new field of research in renewable energy, as they open up the possibility of 

producing cheap and easy-to-manufacture solar cells (O’Regan and Grätzel 1991). Figure 
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2.20 shows the typical structure of a DSSC. A transparent conducting oxide (TCO) substrate 

is used as the photoelectrode. The photoelectrode is usually coated with a layer of 

mesoporous TiO2 or other semiconductors. The surface of the mesoporous layer is attached 

with a sensitising dye that can absorb a broad range of wavelengths. The pores of the TiO2 

semiconductor are usually filled with an iodide (𝐼−)/triiodide (𝐼3
−) redox couple or a hole-

transporting material responsible for charge transfer. Finally, a TCO substrate coated with 

platinum (Pt) to catalyse the redox couple regeneration is used.  

 

 

 

 

 

 

Figure 2.20 Schematic diagram of a typical DSSC (Hagfeldt et al. 2010). 

2.3.3 Working principle  

The operating mechanism of a DSSC is depicted in Figure 2.21. First, the sensitising dye 

attached to the surface of the mesoporous TiO2 absorbs sunlight. A photon from sunlight 

will excite an electron from the HOMO level to the lowest LUMO level of the dye. The 

excited dye then transfers the electron to the conduction band of the TiO2 semiconductor. 

After the injection, the electron then travels through the interconnected TiO2 network all the 

way to the TCO substrate. The electron is then transferred to the counter electrode. The 

excitation process will leave the dye in an oxidised state. To regenerate the dye, the dye must 

get an electron from the redox couple that will oxidise 𝐼− to 𝐼3
−. 𝐼3

− is then reduced back to 

𝐼− by accepting electrons from the counter electrode. Usually the counter electrode is coated 

with Pt to catalyse the regeneration of the redox couple. In an ideal system, this cycle of the 

reduction and oxidation process is continuous. 
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Figure 2.21 Schematic diagram showing the working principle of a working DSSC (Li and 

Diau 2013). 

2.3.4 Electrolytes 

Electrolytes are one of the major components of a DSSC (Hagfeldt et al. 2010; Wang et al. 

2012). They function as charge-transfer mediators to transfer the electrons from anodes to 

cathodes and thus regenerate the oxidised dye. For an electrolyte to be used in a DSSC, it 

must show excellent chemical, thermal, optical and electrochemical stability. It should not 

absorb in the visible light region as this will compete with the dye absorption spectra. In 

addition, the electrolyte should not degrade the dye. The difference between the quasi-Fermi 

level of the TiO2 and the redox potential of the electrolyte determines the maximum 

achievable Voc of the solar cell. Therefore, a solar cell with a more positive redox potential 

is preferable.  

i) Liquid electrolytes 

Electrolytes can be divided into liquid electrolytes, solid electrolytes and quasi-solid-state 

electrolytes. Liquid electrolytes are the most widely used electrolytes in DSSCs. They are 

made by dissolving an ionic salt in an organic solvent (Yu et al. 2011). The ionic salt functions 

as a redox couple for the charge transfer. Currently, the 𝐼−/𝐼3
− redox couple shows the best 

DSSC performance. Despite having a high ionic conductivity of approximately 10-2 S cm-1, 

liquid electrolytes pose problems during the DSSC fabrication process. Due to their liquid 

nature, the sealing of the device is problematic, and the solvent used in the liquid electrolyte 
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tends to evaporate at high temperatures or over time. There is also a possibility of the liquid 

electrolyte leaking out of the cell. 𝐼−/𝐼3
−-based liquid electrolytes have also been shown to 

degrade the dye. These drawbacks have limited the mass production of this type of solar 

device. To address these issues, several alternatives have been suggested such as replacing 

the volatile solvent with a non-volatile compound such as 3-methoxypropionitrile or 

valeronitrile. The use of ionic liquids such as imidazolium salt, has been proposed to 

completely remove the solvent in the system. However, due to the high viscosity, 

imidazolium salt has a lower ionic conductivity and ionic diffusion, which affects the solar 

device efficiency.  

ii) Solid-state electrolytes 

Liquid electrolytes are known to be unstable due to the tendency of the solvent to evaporate 

when exposed to air. This necessitates sealing the device completely, which means additional 

costs to find good sealing materials. In addition to evaporation and the sealing problem, the 

corrosive nature of the 𝐼−/𝐼3
− electrolyte is another aspect that researchers are trying to avoid. 

To address the issues of short lifetime and leakage, alternative materials are being widely 

researched. 

Solid-state-hole-transporting materials (HTMs) are promising candidates due to their better 

mechanical stability. In addition, the fabrication process is much simpler compared to liquid 

electrolytes. One of the earliest examples of a solid-state HTM is copper (1) iodide (CuI), 

which is a p-type inorganic semiconductors (Bandara and Yasomanee 2006; Yu et al. 2012). 

However, the main problem with solid HTMs/electrolytes, is the poor contact between the 

HTM/electrolyte and the mesoporous TiO2. This is also true in the case of CuI where the 

material is not stable due to poor interfacial contact between the CuI and TiO2. The 

formation of large CuI crystallites leads to poor pore filling and therefore low efficiency. By 

using triethylaminehydrothiocyanate as the crystal growth inhibitor, it is possible to increase 

efficiency up to 3.75 % (Kumara et al. 2002). Alternatively, solution and vapour deposition 

of CuI have been developed to improve the pore filling of CuI into the TiO2.  

In 1998, Gräetzel et al. reported the use of organic HTM, 2,2′,7,7′-tetrakis(N,N′-di-p-

methoxyphenylamine)-9,9′-spirobifluorene (spiro-OMeTAD) (Figure 2.22), which showed 

an efficiency of 0.74 % (Bach et al. 1998). Spiro-OMeTAD is a small molecule that can readily 

dissolve into an organic solvent. This allows the HTM to fill the voids in the mesoporous 
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layer. The use of spiro-OMeTAD has also been shown to increase the Voc, as the redox 

potential is more positive than the 𝐼−/𝐼3
− redox couple. Over the years, this material has been 

improved. Currently, the best performing device incorporating spiro-OMeTAD has an 

efficiency of 7.2 % (Burschka et al. 2011).  

  

 

 

 

 

 

Figure 2.22 Chemical structure of 2,2',7,7'-tetrakis(N,N'-di-p-methoxyphenylamine)-9,9'-

spirobifluorene (spiro-OMeTAD). 

The last type of solid-state electrolyte is the solid polymer electrolyte (Matsuhiro and Takaoka 

1996). Made by dissolving an alkaline salt in a high molecular weight polymer host. The 

requirements for a good polymer host are i) good solvent for the salt, ii) the ability to 

dissociate the salt and iii) the capability to reduce ion pair formation. The ionic motion results 

from the solvation-desolvation process along the polymer chains in the amorphous phase. 

The most commonly used polymer is poly (ethylene oxide) due to the presence of electron 

donor atoms that allow the cations to migrate through a Lewis acid-base interaction. The 

highest efficiency ever achieved by a polyethylene oxide (PEO) polymer electrolyte is 5.23 % 

(Akhtar et al. 2013). The advantages of solid polymer electrolytes are that they are easy to 

fabricate, cheap to produce, flexible and light. However, they are still limited by their low 

ionic conductivity due to poor electronic contact between the electrolyte and the TiO2. In 

addition, the fact that the polymer always exists in the crystalline phase contributes to the 

lower ionic conductivity. 
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iii) Gel polymer electrolytes (GPEs) 

Finally, there are the quasi-solid state electrolytes, also known as gel polymer electrolytes 

(GPEs) (Cao and Oskam 1995; Shibata et al. 2003). These electrolytes are somewhere 

between liquid electrolytes and solid electrolytes. They are made by dissolving a polymer that 

acts as a host in a solvent together with an inorganic salt. GPEs still maintain some degree 

of flowability and flexibility. The ionic conductivity of GPEs is typically between that of 

liquid electrolytes and solid electrolytes. They are also easy to process  while maintaining this 

high ionic conductivity, unlike solid electrolytes. In addition, GPEs have an excellent pore 

filling capability vis-à-vis the porous TiO2 layer. They also have superior thermal and long-

term stability. Commonly used polymers include polyethyleneglycol (Gong, Sumathy, and 

Liang 2012), polyacrylonitrile (Ileperuma et al. 2011) and poly(vinylidene fluoride-

hexafluoropropylene) (PVDF-HFP) (Noor et al. 2011).  

The mechanism of ionic conduction within a polymer electrolyte is attributable to the intra-

chain and inter-chain hopping whereby the segmental motions of the polymer chains allow 

the cations to move between one coordination site and another, either on one chain or 

between adjacent neighbouring chains. High ionic conductivity is believed to be facilitated 

by the inter-chain hopping. Figure 2.23a and Figure 2.23b show the motion of cation aided 

by polymer segmental motion. Ion clusters can also contribute to the ionic conduction 

through ion-ion interactions, as shown in Figure 2.23c and Figure 2.23d. However, this type 

of ionic conduction is limited by the concentration of ions within the polymer host.  
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Figure 2.23 Ionic conduction mechanism of a polymer electrolyte assisted by polymer chains 

only and ionic cluster: a) ion hopping intra-chain and b) inter-chain; c) ion pair dissociates; 

d) ion pair dissociates and pairs with another unpaired ion (Xue, He, and Xie 2015). 

High ionic conductivity can be achieved if the polymer host is ideally in the amorphous phase 

or in other words if the glass transition temperature is low enough so that at room 

temperature it is already in the amorphous state. High crystallinity in a polymer limits the 

performance of the polymer electrolyte (Stephan 2006). For example, in PEO and many 

PEO/salt mixtures, the crystallinity is around 70-85% at room temperature. 

iv) Additives and plasticisers  

For all electrolytes, especially GPEs, plasticisers are added to increase the ionic conductivity. 

Plasticisers have low molecular weight and high boiling points. The addition of plasticisers 

can increase the flowability of the polymer electrolyte. However, they can also lead to the 

loss of mechanical properties. The addition of plasticisers is intended to reduce the glass 

transition temperature and the crystallinity of the polymer to achieve a more amorphous state. 

Some examples of plasticisers typically used are ethylene carbonate and propylene carbonate 

(Subramania et al. 2013). DSSCs using this plasticiser have shown a conductivity of 1.1 x 10-

3 S cm-1, VOC of 0.69 V and JSC of 1.7 mA cm-2 (Ren et al. 2001). Another example is γ-

butyrolactone (GBL), which is said to help with the coordination and dissolution of ions in 

the polymer. The highest ionic conductivity achieved with this plasticiser is 1 x 10-4 S cm-1. 

The advantage of using GBL is that it not only increases the ionic conductivity but increasing 

the GBL content gives the polymer the characteristics of a liquid while still maintaining its 

mechanical properties.  

a) 

b) 

c) 

d) 
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Another method to improve the properties and characteristics of the electrolyte is by 

introducing additives. Additives such as nanoparticles of TiO2 (Katsaros et al. 2002), SiO2 

(Zhou et al. 2009) and ZnO have been shown to increase the ionic conductivity of the GPE. 

Due to their large surface area, the TiO2 nanoparticles are capable of preventing 

recrystallisation and thus reduce the crystallinity of the polymer. The addition of TiO2 also 

enhances the dissolution of the inorganic salt. Organic molecules can also be used as an 

additive. Tertbutylpyridine (TBP) is always added to electrolytes as it can improve the carrier 

lifetime. This is done by reducing the electron recombination with the 𝐼3
−. Boschloo et al. has 

published a paper detailing the effect of adding TBP to DSSCs (Boschloo, Häggman, and 

Hagfeldt 2006). 

Because solid polymer electrolytes have low ionic conductivity compared to liquid 

electrolytes, researchers have been trying to improve the ionic conductivity by, for example, 

mixing polymer electrolytes with other materials, changing the parameters and revising the 

fabrication method. Recently, researchers have performed experiments with LCs as one of 

the materials to improve the performance of DSSCs (Gi-Dong 2010). It is thought that the 

alignment of LCs helps improve the electrical properties of solar cells.  

2.3.5 Counter electrodes 

Counter electrodes are responsible for collecting and transferring electrons from the external 

load to the electrolyte redox couple. Typically, the surface of a counter electrode is coated 

with a thin layer of Pt that acts as a catalyst for the oxidation of 𝐼3
− to 𝐼−. To date, Pt is the 

best material for counter electrode due to its high electrocatalytic properties and because it 

is stable against the corrosive nature of the 𝐼−/𝐼3
− redox electrolyte. However, Pt is extremely 

expensive and the reserves are limited. Therefore, there is a need to replace Pt with cheaper 

and more abundant materials.  

One alternative material is carbon. It is known that carbon is one of the most abundant 

materials in the earth's crust. It has also been proven that carbon is non-toxic, corrosion 

resistant, provides low cost of fabrication and has excellent catalytic activity in relation to the 

electrolyte. Many types of carbon materials are available, such as carbon black, activated 

carbon, carbon nanotubes, Gr and fullerene. Of these, Gr has attracted significant interest 

in recent years. 
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Gr was first extracted from graphite by Geim and Novoselov in 2004, despite the theoretical 

framework being put forward as early as 1947 (Raimond et al. 2004; Wallace 1947). It is an 

allotrope material forming a 2D structure one atom thick. Recent research has shown that 

Gr has a high charge carrier mobility, excellent conductivity, high transmissivity, excellent 

thermal conductivity and is extremely strong due to its high Young's modulus. Some of these 

interesting properties make it possible for Gr to be applied in DSSCs either as the 

photoanode or the photocathode.  

2.4 Summary 

In this chapter, the theory of LC materials and the related physical properties that make LC 

materials unique were explained. The different classes of LC materials were presented, 

focusing on nematic and smectic LCs because these materials are used in this thesis. In 

addition, we gave a brief overview of DSSCs, including the working mechanism and the 

different components. The challenges of each type of materials were explained in this chapter.   
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Chapter 3 Materials and Experimental Methods 

3.1 Foreword 

In this chapter, the materials, experimental apparatus and procedures designed and 

assembled for use in the thesis are described. The experimental setup developed and used 

herein is a versatile tool for examining the electro-optic and material properties of the LCs 

and polymer electrolytes. We are particularly interested in examining the morphology, 

conductivity and photovoltaic properties of these materials in detail. The chapter starts with 

the preparation of different LC materials, either in their pure form or in mixtures and the 

relevant characterisations of LC materials including thermal, electro-optical, dielectric and 

electrical characterisations.   

3.2 Fabrication 

3.2.1 LC cell fabrication 

LC cells were prepared by sandwiching two indium-doped tin oxide (ITO) (Sigma Aldrich, 

8-12 Ω/sq) substrates with the thickness of the cell controlled using UV curable spacer glue. 

The ITO substrate was cut into the desired size using a tungsten carbide pen. The substrates 

were placed in a polytetrafluoroethylene holder and immersed in a 4 wt% of Decon 90 

cleaning solution in water. The holder was then placed in an ultra-sonic bath for 15 min to 

remove the contaminants from the surface of ITO substrates. The substrates were then 

sonicated in de-ionised water to remove residual detergent. Subsequently, the substrates were 

sonicated in isopropyl alcohol (IPA) (ACROS Organics, 99 %), acetone (ACROS Organics, 

99 %) and IPA, with 15 min of sonication in each step. After the last step, the substrates 

were dried off with a nitrogen gun.  

In this thesis, the effect of the alignment layer on the morphology of LCs is also explored. 

The alignment layer was prepared using a PI (AL-16301) solution diluted in cyclopentanone. 

The alignment layer solution was spin-coated on the pre-cleaned ITO substrate at a spin 

speed of 3000 rpm for 1 min, followed by baking at 220 ºC for 30 min to evaporate the 

solvent. After cooling down the substrate to room temperature, the substrate was then 

rubbed using a rubbing machine that was built in-house. The rubbing machine consists of a 

rotating drum covered with a nylon cloth.   
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An LC cell was fabricated by putting a few droplets of spacer beads dispersed in UV-curable 

glue (Norland NOA68) on one substrate. The top substrate was placed on top of the first 

substrate and pressed gently to get a homogenous thickness. The thickness of the LC cell 

can be controlled using different spacer beads ranging in size from 1 µm to 42 µm. Here, we 

used 20 µm spacer beads. The sandwiched substrates were then placed in a UV EPROM 

eraser to polymerise the glue. 

To confirm the thickness of the LC cell, an interference method was employed whereby the 

empty cell was placed under a white light. The resulting interference fringes were then 

detected by a spectrometer. According to Etalon theory, in the case of normal light incidence, 

the resulting constructive interference must satisfy the following equation (Equation 3.1): 

2𝑛𝑑 = 𝑚𝑖𝜆𝑖           (3.1) 

where n is the refractive index in the cell (n ≈ 1 in the case of air), d is the thickness of the 

cell, mi is the number of peak in the interference spectrum and λi is the wavelength at which 

the successive peaks occur. 

3.2.2 DSSC fabrication 

1. Working electrode 

In DSSCs, fluorine-doped tin oxide (FTO) (Sigma Aldrich, ~ 7 Ω/sq) substrates are often 

used rather than ITO substrates. This is because FTO substrates are more thermally stable 

than ITO substrates. Previous studies have shown that the resistivity of FTO does not 

change significantly upon annealing (Sima, Grigoriu, and Antohe 2010). However, in the case 

of ITO substrates, the resistivity increases exponentially with increasing annealing 

temperatures.   

Here, FTO substrates were cleaned using IPA, acetone and IPA with 15 min ultrasonication 

for each solvent. The substrates were then finally dried with a nitrogen gun. Next, the pre-

cleaned substrates were coated with a compact layer.  

The compact layer was primed by preparing two different solutions-solution A (350 μl 

titanium tetraisopropoxide in 2.5 ml ethanol) and solution B (35 μl 2 M HCl in 2.5 ml 

ethanol). The two solutions were then mixed together for 24 h using a shaker. The prepared 
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compact layer mixtures were then spin-coated on the pre-cleaned FTO glass substrates at 

2000 r.p.m for 60 s. The spin-coated substrates were annealed using the following protocol: 

100 ºC for 10 min (ramping rate: 7.5 ºC min-1) 

150 ºC for 10 min (ramping rate: 7.5 ºC min-1) 

325 ºC for 30 min (ramping rate: 7.5 ºC min-1) 

450 ºC for 30 min (ramping rate: 7.5 ºC min-1) 

The substrates were then coated with titania paste (Dyesol, 18NR-T Transparent Titania 

Paste) using the doctor blading method. A reinforcement ring was applied to the region 

coated with the compact layer. The TiO2 paste was applied on the substrate and carefully 

flattened using a glass slide. Once an even thin film of the TiO2 layer was achieved, the 

reinforcement ring was removed. The residual glue from the reinforcement ring and the TiO2 

was removed using a Q-tip dipped in IPA solvent. The resulting area of TiO2 film was 0.283 

cm2 with a thickness of approximately 8 ± 0.3 μm. The prepared substrates were cured using 

the following protocol: 

325 ºC for 5 min (ramping rate: 7.5 ºC min-1) 

375 ºC for 5 min (ramping rate: 7.5 ºC min-1) 

450 ºC for 30 min (ramping rate: 7.5 ºC min-1) 

The substrates were allowed to cool to 70 ºC naturally and were immersed in 0.3 mM N719 

dye in tert-butanol:acetonitrile (1:1 vol:vol) for 24 h. Next, the substrates were taken from 

the dye solution and washed with tert-butanol:acetonitrile (1:1 vol:vol) to remove the excess 

dye molecules that werer not attached to the TiO2. 

2. Counter electrode 

The counter electrodes were prepared by spin-coating Pt paste (Dyesol, PT1 Platinum Paste) 

onto pre-cleaned FTO substrates at 4000 r.p.m for 30 s to ensure homogenous spreading of 

the Pt paste. The coated substrates were then annealed using the following procedure:  
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325 ºC for 5 min (ramping rate: 7.5 ºC min-1) 

375 ºC for 5 min (ramping rate: 7.5 ºC min-1) 

450 ºC for 30 min (ramping rate: 7.5 ºC min-1) 

The substrates are allowed to cool to room temperature naturally. 

3. Graphene counter electrode 

Figure 3.1 shows the schematic diagram of the Gr transfer process. The Gr used in this work 

was provided by Mr. Philipp Braeuninger, a PhD student in Prof. Stephan Hofmann's group 

in the Department of Engineering at the University of Cambridge. The Gr was grown using 

the chemical vapour deposition (CVD) process. Gr on copper foil was cut into the desired 

size. One side of the foil was coated with polymer (4 wt. % polystyrene (Sigma Aldrich, Mw 

~35,000) in toluene (Sigma Aldrich, 99.8 %)) and left to dry for 10 min. Once dry, the foil 

was placed in a FeCl3 (Sigma Aldrich, 99.99 %) solution and allowed to etch for 2-4 h. During 

the etching process, the copper was etched from the Gr, leaving a transparent film. Once a 

transparent film was obtained, it was put in three water baths to remove excess copper or 

impurities, using glass slides. Care was taken during the transfer process from one water bath 

to another as the thin film is very fragile. During the last water bath, the Gr was transferred 

directly onto the counter electrode coated with Pt. Once transferred onto the counter 

electrode, the substrate was placed inside the oven at 80 ºC for 30 min to remove excess 

water.  The substrate was then placed under UV light for 30 min to degrade the polymer 

layer. Once the polymer was cured, the substrate was immersed in ethyl acetate (Sigma 

Aldrich, 99.8 %) solution to remove the polymer leaving a thin film of Gr on top.  
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Figure 3.1 Schematic diagram of wet transfer process of Gr on a substrate. 

4. Electrolyte 

The liquid electrolyte consists of 0.6 M DMPII (1,2-dimethyl-3-propylimidazolium iodide, 

Solaronix), 0.5 M LiI (lithium iodide, Sigma Aldrich, 99.9 %), 0.05 M I2 (iodine, Sigma Aldrich, 

99.999 %) and 0.5 M TBP (4-tert-butylpyridine, Sigma Aldrich, 96 %) in acetonitrile (Sigma 

Aldrich, 99.8 %). The solution was stirred until all components completely dissolved. This 

formulation has been shown to give high efficiency DSSCs as reported by Wei et al. (Wei et 

al. 2006). 
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3.2.3 LC-PEs preparation 

The polymer electrolyte was prepared by dissolving 10 wt% of PVDF-HFP (Sigma Aldrich, 

Mw ~ 400,000) in the liquid electrolyte at 90 °C, which was then stirred for 4 h. Different 

compositions (0 wt%, 5 wt%, 10 wt%, 15 wt% and 20 wt%) of 5CB (Merck) LCs were added 

to the polymer electrolyte and then stirred for another 3 h. The optimum concentration 

giving the highest solar cell efficiency was used to prepare other types of LC-PEs. The 

chemical structures of the LC materials used to prepare other LC-PEs are shown in Figure 

3.2. 

 

 

 

  

 

 

Figure 3.2 Chemical structures of the homologous cyanobiphenyl LCs used to prepare LC-

PEs. 

3.2.4 LC binary mixture preparation 

LC mixtures of SmA (8/2 organosiloxane) and NLC (E7) (Merck) were prepared using 

different ratios. The binary LC mixtures were mixed together by placing them in an oven 

and bringing them above their isotropic temperatures for 4 h. The resulting mixtures were 

used for further characterisations. The structures of the materials are shown in Figure 3.3. 
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Figure 3.3 Chemical structures of a) E7 and b) 8/2 organosiloxane. 

3.2.5 LC template preparation 

 

 

 

 

 

Figure 3.4 Schematic diagram of the preparation of an LC template. 

Figure 3.4 shows the steps in preparing the LC template. The optimised binary LC mixture 

that was prepared previously was mixed with a reactive mesogen (RM 257) (Merck) and a 

photoinitiator (IR 819) (Merck). The mixture was heated in an oven above the isotropic 

temperature for 4 h. After that, the mixture was filled into a cell with a thickness of 15 µm 

and cured using a UV light (1 mW cm-2) for 1 min. The cell was fabricated with Pt-coated 

FTO substrate on one side and polyvinyl alcohol (PVA)-coated glass substrate on the other 

side. The preparation of the Pt coated FTO substrates has been discussed previously. Figure 

3.5 shows the chemical structure of the reactive mesogen and the photoinitiator. 

 

a) 

b) 
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Figure 3.5 Chemical structures of a) the reactive mesogen (RM 257) and b) the photoinitiator 

(IR 819). 

3.3 Characterisations 

3.3.1 Polarising optical microscopy  

As explained previously, bulk LC phases are birefringent due to their chemical structures. In 

investigating the different LC phases, POM is an important characterisation technique. In 

this experiment, an Olympus polarising optical microscope (BX60) was used. The 

microscope has polarisers on either side of the samples and are crossed so that no light can 

pass through the system and a dark view is observed through the eyepieces. Therefore, only 

samples that are optically anisotropic will allow light to pass through and show different 

colours. These two polarisers were placed beneath and above the sample stage which can be 

rotated. A collimated light source was irradiated from the bottom of the microscope and 

could be controlled by the iris diaphragm. A hot stage (THMS 600, Linkam) attached to a 

temperature controller (TMS 94, Linkam) was mounted on top of a rotating sample stage to 

allow the sample to be rotated 360°. The samples were brought to isotropic phase and slowly 

cooled down to their LC phase with the heating or cooling temperature was controlled at 5 

˚C min-1. Figure 3.6 shows a schematic diagram of the Olympus BX-60 polarising microscope. 

 

 

a) 

b) 
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Figure 3.6 Schematic diagram of a POM. 

3.3.2 Differential scanning calorimetry  

Differential scanning calorimetry (DSC) is a thermal analytical method widely used in 

characterising materials. In LC research, DSC is an important tool to determine the transition 

temperature to complement POM. In DSC, a blank sample pan (reference) and a pan 

containing a sample are heated at the same rate, and the heat flow that keeps the temperature 

of both pans constant is measured. At the transition temperature, the sample will either 

absorb or release more energy compared to the reference while still maintaining the same 

temperature. Here, DSC measurements were performed using a Mettler Toledo DSC 823e. 

The measurements were done from 0˚C to 100˚C at a rate of 5˚C min-1. For the DSC 

measurement, a sample of weight 5-10 mg was placed in an aluminium sample. The transition 

temperatures of the LC mixtures were obtained from the DSC curve.  

3.3.3 Ultraviolet-visible spectroscopy 

Ultraviolet-visible (UV-vis) spectroscopy works by shining a light through a sample and 

measuring the absorption spectra. Different molecules with different bonding absorb light 

of different wavelengths. When light is absorbed by a molecule, an electron is excited from 

the ground state (bonding or non-bonding) to the first excited state (anti-bonding). Each 
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excitation requires a different amount of energy depending on how far the gap from the 

occupied state to the non-occupied state is. Each wavelength of light corresponds to a 

different energy value as can be seen from the Planck-Einstein equation (Equation 3.2) 

below: 

E =
ℎc

𝜆
            (3.2) 

where h is Planck’s constant, c is the speed of light and λ is the wavelength. We can determine 

the type of molecule from the equation.  

The absorption spectrum of the dye solution was measured in a 1 cm-wide cuvette from 350 

- 700 nm. The spectrum of the solvent used to dissolve the dye was taken as the background 

reading which was subtracted from the spectrum of the dye solution. 

3.3.4 Fourier transformed infra-red spectroscopy 

Fourier transformed infra-red (FTIR) is an important tool to identify the components and 

composition of a material. The IR light source is first passed to the interferometer when the 

light signal is changed to an interferogram signal. This interferogram signal will then enter 

the sample upon which some of the IR light will be absorbed or transmitted and only specific 

frequencies of energies are absorbed by the material. The transmitted signal from the sample 

is then captured by a detector, which is then digitised and sent to the computer for processing. 

Here, the signal undergoes a Fourier transformation. In this experiment, the characterisation 

was performed on a silicon substrate in transmission mode from 4000 to 1400 cm-1 using a 

Frontier FT-IR/FIR spectrometer obtained from PerkinElmer. A background scan using a 

silicon substrate was performed to determine the percent transmittance compared with that 

of the sample.  

3.3.5 Scanning electron microscopy  

In scanning electron microscopy (SEM), a sample is bombarded with electrons and the 

molecules on the surface of the sample interact with these electrons depending on the 

acceleration voltage of the SEM. The electrons, are produced by an electron gun that is 

focused by condenser lenses. In this study, the ex situ characterisation of the polymer was 

done on a silicon wafer (SEM, Zeiss SigmaVP, 2 kV). The black and white images obtained 

from the micrographs are due to the difference in the electron density of the samples. For 
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an insulating material, the charges tend to accumulate on the surface and impede the 

characterisation. To reduce charge build-up on top of the sample, a thin layer of gold (10 

nm<) was sputtered. This characterisation was performed with the help of Mr. Calum 

Williams, Mr. Girish Rughoobur and Mr. Edward Tan. 

3.3.5 Atomic force microscopy  

In Atomic force microscopy (AFM), a cantilever measures the force between the tip of the 

cantilever and the sample with a laser beam that tracks the vertical and lateral deflections of 

the cantilever. Here, tapping mode AFM (Model 5400 Scanning Probe Microscope, Agilent 

Technologies) was performed on the LC-templated samples to measure the topography and 

morphology. The characterisation was performed using samples prepared on Pt counter 

electrodes. This characterisation was performed with the help of Mr. Girish Rughoobur 

3.3.6 Dielectric permittivity  

Dielectric permittivity measurements were performed using a precision component analyser 

(Wayne-Kerr WK6440A) dielectric bridge automated using LabVIEW software. During the 

measurement, room temperature was maintained using a hot stage (THMS 600, Linkam) 

attached to a temperature controller (TMS 94, Linkam). The measurement was performed 

from 0 to 10 V at a voltage step of 0.1 V.  

To determine the dielectric permittivity, the capacitance of the charged parallel plates of the 

cell must be measured. The relationship between the capacitance and the dielectric constant 

is given by the following equation (Equation 3.3): 

𝐶 =
𝜀0𝜀𝐴

𝑑
          (3.3) 

where ε0 is the vacuum permittivity, ε is the relative permittivity of the dielectric material 

being measured, A is the overlap area between the top and bottom substrates and d is the 

thickness of the cell. The value of ε depends on the type of alignment (homeotropic or 

planar) imposed on the material. For a planar cell, the previous equation can be rewritten as 

Equation 3.4: 

𝐶⊥ =
𝜀0𝜀⊥𝐴

𝑑
          (3.4) 
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To account for the empty cell, the capacitance of the empty cell was also measured using the 

following equation (Equation 3.5): 

𝐶0 =
𝜀0𝐴

𝑑
          (3.5) 

From these two equations, the value of ε⊥ can now be calculated as Equation 3.6: 

𝛥𝜀 = 𝜀‖ − 𝜀⊥          (3.6) 

where ε‖ is the dielectric permittivity measured using a homeotropic LC cell. 

3.3.7 Current-voltage conductivity measurement 

Current-voltage (I-V) measurements were performed using an LCR bridge component 

analyser (Wayne Kerr) with a bias voltage ranging from 0 - 1 V at 1 KHz. A symmetric ITO-

ITO cell was used to measure the ionic conductivity of the sample where the thickness of 

the cell is controlled using a thermoplastic sealing film of 25 μm or 60 μm thickness. 

Temperature-dependent measurements were performed by placing each cell on a hot-stage 

and recording the ionic conductivity as a function of temperature. The temperature-

dependent conductivity behaviour of most common electrolytes follows the Arrhenius 

relation (Çavuş and Durgun 2016) whereby a straight line can be used to plot the natural log 

of the rate constant (conductivity) against inverse temperature (1/T). 

3.3.8 Linear sweep voltammetry  

Linear sweep voltammetry is the most basic potential sweep voltammetry. The ionic 

diffusion coefficient was measured in a symmetrical Pt-Pt cell of 25 µm or 60 µm using 

Metrohm Autolab PGSTAT302N from 0 V to 1.5 V at a rate of 10 mV s−1. At 0 V, there 

was no redox reaction. When positive bias was applied at the working electrode, current 

started to flow where 𝐼3
− diffused to the other electrode and reduced to 𝐼−. Increasing the 

applied voltage increased the current exponentially until it levelled off because the starting 

materials were being consumed. This is called the limiting current. In this measurement, 𝐼3
− 

was the limiting material because it is bigger than 𝐼−; therefore, the diffusion was slower than 

for 𝐼− (Zistler et al. 2006).  
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3.3.9 Light scattering 

The light scattering effect of the LC-electrolyte samples were also investigated using a red 

LED diode laser (650 nm) with an elliptical beam. The sample was placed 10 cm from the 

laser and a beam stop was used to remove the zero-order of the output light so that the 

scattered light could be observed more clearly. Figure 3.7 shows the experimental setup for 

the light scattering experiment. 

 

 

 

 

 

 

 

Figure 3.7 Schematic diagram of the light scattering setup. 

3.3.10 Photovoltaic parameters 

Each measurement was performed by irradiating the solar devices with a light source 

calibrated to be 100 mW cm-2 sunlight at AM 1.5G (1 sun) using a Xenon lamp. The 

calibration was performed using a silicon solar cell with a known output current at 1 sun. 

The intensity of the light source was set so that the current output on the silicon solar cell 

equal to that at 1 sun illumination. The output current was measured against the applied 

voltage using a Keithley 2400 SourceMeter connected to a LabVIEW program developed in-

house. Figure 3.8a shows a typical J-V curve for a solar cell under sunlight illumination. In 

the dark, a solar cell behaves like a diode, and as the light intensity is increased a current is 

generated. Figure 3.8b illustrates the equivalent circuit for a simple photovoltaic device. Rs is 

the series resistance that accounts for the internal resistance and the resistance produced at 

the contacts. Rs is made up of the charge-transfer resistance at the Pt counter electrode, the 

charge carrier transport resistance in the electrolyte and the sheet resistance of the TCO 
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substrates. Rsh is the shunt resistance that provides alternative pathways for current, 

effectively reducing the voltage. The Rsh is interpreted as the back-electron transfer, and an 

ideal solar cell will have a small Rs but a large Rsh. 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 a) Typical J-V curve of a solar cell under light soaking and b) equivalent circuit 

for a standard solar device. 

From the J-V measurement, data such as VOC, JSC and fill factor (FF), which are needed to 

calculate the efficiency (η), can be obtained. The JSC is the current density at which the voltage 

is zero and the impedance is low. The VOC value is when the device can no longer produce 

current. There is no current flowing between the two electrodes which is when the voltage 

is maximum to the external circuit. The fill factor is interpreted as the “squareness” of the J-

V curve. The equation to calculate FF is as follows (Equation 3.7): 

𝐹𝐹 =
𝐼𝑚𝑎𝑥𝑉𝑚𝑎𝑥

𝑉𝑂𝐶𝐽𝑆𝐶
          (3.7) 

From this data, the power conversion efficiency (η) can be calculated using the following 

equation (Equation 3.8): 

a) 

b) 
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𝜂 =
𝑉𝑂𝐶𝐽𝑆𝐶𝐹𝐹

𝑃𝑖𝑛
          (3.8) 

3.3.11 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is an important tool to investigate the 

underlying processes taking place in a photovoltaic device. Information such as the charge 

transport resistance, series resistance and shunt resistance can be obtained from this 

measurement. Here, the measurement was performed using a Metrohm Autolab 

PGSTAT302N in the frequency range of 10 mHz to 1 MHz with a 10 mV step under dark 

conditions. A bias voltage of -0.7 V was applied during the measurement to simulate the VOC 

of the solar device. A typical EIS graph consists of three semicircles, each representing 

different processes at the electrodes and interfacial kinetics taking place. Figure 3.9 shows a 

typical EIS curve. 

 

 

 

 

 

 

Figure 3.9 A typical EIS curve of a solar device measured at a specific point of the I-V 

curve(Halme et al. 2010). RS is the sheet resistance of the FTO substrate, RPt is the charge 

transfer resistance at the Pt electrode, RTiO2 is the charge transfer resistance at the 

TiO2/electrolyte interface and RD is the charge diffusion resistance within the electrolyte. 

The device was then supplied with a small amplitude, single frequency voltage, (∆𝑈 =

𝑈𝐴𝑒𝑖𝜔𝑡) and the phase shift, 𝛳 and the resulting current, (∆𝐼 = 𝐼𝐴𝑒𝑖(𝜔𝑡−𝛳)), was measured. 

The impedance, (𝑍 = |
∆𝑈

∆𝐼
| = |

𝑈𝐴

𝐼𝐴
| 𝑒𝑖𝛳 ), is a linear system in which the current response 

follows the shape of the potential but shifts in phase at the same frequency. Although a 

change in the voltage will usually result in a nonlinear response, here the voltage was fixed 

to be so small (~10 mV) that the change can be assumed to be linear.   
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Figure 3.10 Equivalent circuit for liquid junction DSSC (Wang et al. 2006). 

Under an applied bias, the electrons were injected from the TCO substrate to the conduction 

band of the TiO2 (RTCO and CTCO) and then moved to neighbouring TiO2 particles with a 

charge transfer resistance, Rt. Due to the back-recombination reaction, some of these 

electrons were intercepted by the electrolyte. This is characterised by RCT and Cµ. The large 

RTCO can be attributed to the inability of the FTO glass substrate to reduce the 𝐼3
−into 𝐼−. 

The Warburg impedance, Zd describes the 𝐼−diffusion within the electrolyte. The reduction 

of 𝐼3
−into 𝐼−is identified by RPt and CPt. All these parameters are described the paper by Wang 

et al. (Wang et al. 2006). Figure 3.10 shows the typical equivalent circuit to fit the impedance 

measurement for a liquid electrolyte DSSC. 

3.4 Summary 

In this chapter, the various apparatuses and procedures used in the experimental work were 

discussed. These methods were used to investigate the electro-optic, morphological, 

electrical, electrochemical and photovoltaic response of the materials.  
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Chapter 4 Device development 

4.1 Foreword 

DSSCs have attracted a lot of interest over the past few years due to their high conversion 

efficiency and easy and low-cost fabrication process. At present, extensive research is being 

carried out regarding the preparation of DSSCs. Available studies range from the 

development of a new oxide semiconductor for the photoanode to the development of new 

device architectures. The DSSC fabrication methods are wide ranging and include different 

mesoporous TiO2 thicknesses, the incorporation of light scattering materials and the use of 

various plasticisers/additives in the electrolyte. 

Here, we explored the fabrication of reproducible reference DSSCs. The chapter begins with 

the study of different electrolyte materials. As the focus of this research is to integrate LC 

materials in an electrolyte redox couple formulation, it is therefore of the utmost importance 

to establish the optimum electrolyte composition. Next, we determined the best 

method/material to be used as the spacer/sealant. After that, we determined the effect of 

different compact layer solutions to be used for the DSSCs. As dye immersion is also an 

important factor in DSSC fabrication, we explored the effect of the number of immersions. 

Finally, based on these experiments, we established the protocol for producing reproducible 

DSSCs.    

4.2 Effect of different electrolytes 

The effect of different electrolyte compositions has been investigated. Four different 

electrolytes were used in this study. The electrolytes were prepared by mixing 

tetrabutylammonium iodide (TBAI) (Sigma Aldrich, 98%), 4-dimethylaminopyridine 

(DMAP) (Sigma Aldrich, 99 %), I2 and LiI together in acetonitrile and placing them in a 

shaker for 24 h until a homogenous mixture was obtained. The concentration for each 

electrolyte is given in Table 4.1 below. 
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Table 4.1 Different components of three different electrolytes. 

Electrolyte 
TBAI 

(M) 

I2 

(M) 

DMAP 

(M) 

LiI 

(M) 

Electrolyte 1 0.6 0.06 0.5 0.1 

Electrolyte 2 0.6 0.06 0.5 - 

Electrolyte 3 0.6 0.06 - - 

These electrolytes used in DSSCs were prepared without fixed active areas and using 

adhesive tape as the sealant and spacers (90 µm). Figure 4.1 and Table 4.2 summarise the 

results. The best device was obtained using Electrolyte 1, showing an η of 1.01 %. This can 

be attributed to the high JSC (2.44 mA cm-2), VOC (0.83 V) and FF (50.1 %). Electrolyte 3 

showed the second-best result with JSC (1.98 mA cm-2), VOC (0.79 V) and FF (35.4 %) 

resulting in η of 0.54 %. The worst performing device was obtained with Electrolyte 2 

showing η = 0.31 % with JSC (0.88 mA cm-2), VOC (0.78 V) and FF (40.0 %). The addition of 

LiI in the electrolyte clearly improved the performance of the solar devices. This can be 

explained by the chemical reactions occurring in the electrolyte as follows: 

𝐼− + 𝐼2 → 𝐼3
−          (4.1) 

3𝐼− → 𝐼3
− + 2𝑒−         (4.2) 

This shows that it is important to add LiI in the electrolyte because the redox reaction of the 

electrolyte involves the reduction of 𝐼3
− into 𝐼−, which eventually releases electrons. This led 

to a high JSC in the case of Electrolyte 1 compared to Electrolyte 2. It was shown that Li+ can 

absorb onto a TiO2 surface and reduce the back-recombination reaction by providing 

electron screening. In addition, the absorption of the Li+ up-shifted the quasi-Fermi level of 

the TiO2 to a more negative value. This eventually led to an increase in VOC because VOC is 

determined from the difference between the Fermi level of the TiO2 and the redox potential 

of the electrolyte.  
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Figure 4.1 J-V curves of DSSCs using different liquid electrolytes measured under 1 sun 

illumination at 25 oC. 

Table 4.2 Results for DSSCs using different liquid electrolytes measured under 1 sun 

illumination at 25 oC. 

Parameters Electrolyte 1 Electrolyte 2 Electrolyte 3 

Cell 1 Cell 2 Cell 1 Cell 2 Cell 1 Cell 2 

Voc (V) 0.83 0.83 0.78 0.78 0.79 0.78 

Jsc (mA cm-2) 2.44 2.44 0.88 0.93 1.98 1.75 

FF (%) 50.1 49.9 40.0 39.0 35.4 38.6 

η (%) 1.03 1.00 0.31 0.28 0.54 0.53 

4.3 Effect of different spacers and sealants 

The leakage and evaporation of solvents are major setbacks for liquid-junction DSSCs. In 

this research, different spacer thicknesses and sealing techniques were investigated to find 

the method that works best for LC-based electrolytes. Figure 4.2 shows the J-V curves for 

DSSCs fabricated using different spacer thicknesses and sealing techniques. The result of 

each measurement is summarised in Table 4.3 First, spacer beads (38 - 42 µm) were dispersed 

in acetonitrile and spin-coated onto a Pt counter electrode at a speed of 2000 r.p.m. Both the 

photoelectrode and counter electrode were held together using binder clips on two sides. 

The solar cell was then filled with liquid electrolyte. This type of DSSC showed the best 

performance of VOC = 0.77 V, JSC = 11.51 mA cm-2 and η = 4.35 %. However, the cell was 

only stable for a few minutes before the solvent evaporated. Despite showing high efficiency, 

this type of device is not easy to replicate because the spacer beads leave scratches on the 

surface of the TiO2 and Pt electrode every time the cell is sheared, especially when fixing the 
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two electrodes with binder clips. Next, double-sided tape was used as the spacer (90 µm). 

This gave device a performance of VOC = 0.71 V, JSC = 4.50 mA cm-2 and η = 1.89 %. Due 

to the thicker cell, the probability of back-recombination reaction was increased because 

there was more electrolyte to intercept the electrons in the TiO2. This was manifested 

through lower VOC. In addition, the electron diffusion length was limited to a few microns. 

A thickness more than that of the electron diffusion length will result in an inefficient charge 

transport from the electrolyte into the metal oxide semiconductor. Finally, devices fabricated 

using UV curable glue with 20 µm showed the worst performance. It is thought that the 

solvent in the electrolyte reacted with the glue, leading to the low performance. In addition, 

due to the extra curing step required for this device, the UV light may have degraded the dye. 

It was observed that some of the glue seeped into the active area of the device and some of 

the electrolyte even seeped out of the device. 

 

 

 

 

 

 

Figure 4.2 J-V curves of DSSCs using different spacers/sealants. Using the following 

electrolyte: 0.6 M DMPII, 0.5 M LiI, 0.05 M I2 and 0.5 M TBP in acetonitrile.  

Table 4.3 Results for DSSCs using different spacers. 

Parameters Spacer beads 

(40 µm) 

Double-sided tape 

(90 µm) 

Spacer glue 

(20 µm) 

Cell 1 Cell 2 Cell 1 Cell 2 Cell 1 Cell 2 

VOC (V) 0.769 0.769 0.714 0.716 0.207 0.162 

JSC (mA cm-2) 11.51 11.49 4.98 5.25 1.22 0.594 

FF (%) 49.16 49.11 53.24 51.93 23.04 23.51 

η (%) 4.35 4.32 1.89 1.89 0.06 0.02 
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4.4 Effect of different compact layers 

The use of a TiO2 compact layer on photoanodes has been shown to reduce the series 

resistance and JSC of solar devices by blocking the electron recombination by the electrolyte 

(Sangiorgi et al. 2014; H. Yu et al. 2009). This is because the compact layer has a significantly 

denser TiO2 layer and the size of the particles is much smaller than in mesoporous TiO2. This 

effectively reduces the contact surface area between the FTO substrate, and the electrolyte. 

Moreover, the high density of this layer improves the adherence of the TiO2 compact layer 

and FTO substrate which facilitates the electron transfer process. This could not be obtained 

with the mesoporous TiO2 because the surface contact area was limited by the porous nature 

of the layer.  

Next, we investigated the effect of different compact layer formulations. The compact layer 

was prepared using two different solutions, solution A and solution B. The two solutions 

(50:50 vol%) were then mixed together for 24 h using a shaker. The different compositions 

of the compact layer solution are given in Table 4.4. The prepared compact layer mixtures 

were then spin-coated on clean FTO glass substrates at 2000 r.p.m for 60 s. The spin-coated 

substrates were annealed using the following protocol: 

100 ºC for 10 min (ramping rate: 7.5 ºC min-1) 

150 ºC for 10 min (ramping rate: 7.5 ºC min-1) 

325 ºC for 30 min (ramping rate: 7.5 ºC min-1) 

450 ºC for 30 min (ramping rate: 7.5 ºC min-1) 

The substrates were then allowed to cool to room temperature naturally.  

Table 4.4 Different compositions of compact layer mixtures. 

Compact layer Solution A Solution B 

Compact layer 1 

(HCl) 

2.5 ml EtOH + 35 µl 2 M HCl 

 

2.5 EtOH + 350 µl TTIP 

 

Compact layer 2 

(Excess HCl) 

2.5 ml EtOH + 2-3 ml 2 M HCl 

 

2.5 EtOH + 350 µl TTIP 

 

Compact layer 3 

(IPA) 

2.5 ml IPA + 35 µl 2 M HCl 

 

2.5 IPA + 350 µl TTIP 
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Compact layers 1 and 2 resulted in very uniform thin films after annealing. Both samples 

showed thicknesses of approximately 100 nm when measured using a Dektak profilometer. 

However, in the case of Compact layer 3, the surface of the substrate appeared to be powdery 

even after annealing. It is thought that the IPA induced agglomeration of the TiO2 particles 

in the solution because there was an excess of IPA. The film obtained appeared to be un-

even, and the thickness obtained was 200 nm, which is thicker compared to the other two 

samples. Compact layer 1 showed the best performance with VOC = 0.75 V, JSC = 8.50 mA 

cm-2 and η = 3.80 %. The next best performance was obtained with Compact layer 2, with 

VOC = 0.71 V, JSC = 10.04 mA cm-2 and η = 3.67 %. The higher JSC in the case of Compact 

layer 2 can be attributed to the better TiO2 film formation. It has been shown that the TiO2 

compact layer is formed at a low pH environment. The addition of excess HCl reduced the 

pH of the solution, which improved the hydrolysis of the TTIP. Consequently, a better 

quality of TiO2 was obtained. In the case of Compact layer 3, the low photovoltaic 

parameters (VOC = 0.77 V, JSC = 6.52 mA cm-2 and η = 3.40 %) obtained with this type of 

device were due to the poor quality of the TiO2 compact layer film. The higher VOC can be 

attributed to the better blocking effect of the back-recombination reaction due to the thicker 

TiO2 layer. However, due to the un-even film surface and the agglomeration of TiO2 particles 

on the surface of the substrate, the interfacial contact between the compact layer and the 

mesoporous layer suffered a mismatch, resulting in inefficient electron transport from the 

mesoporous layer to the compact layer. This is evident from the low JSC. 

 

 

 

 

 

 

Figure 4.3 J-V curves of DSSCs using different compact layers. 
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Table 4.5 Results for DSSCs using different compact layers. 

Parameters 
Compact layer 1 Compact layer 2 Compact layer 3 

Cell 1 Cell 2 Cell 1 Cell 2 Cell 1 Cell 2 

Voc (V) 0.75 0.74 0.71 0.70 0.77 0.77 

Jsc (mA cm-2) 8.50 8.51 10.04 9.95 6.52 6.58 

FF (%) 60.0 57.7 51.6 51.7 67.4 67.6 

η (%) 3.80 3.67 3.67 3.62 3.40 3.40 

4.6 Effect of dye immersion 

When the sensitising dye absorbs photons, electrons are excited from the dye into the 

conduction band of the TiO2. The rate of this excitation depends on several factors, such as 

the type of solvent, dye-loading time, concentration and choice of dye. It has been established 

in many works that the optimum dye-loading time for N719 dye is 24 h at a concentration 

of 0.3 mM in acetonitrile:t-BuOH (Dell’Orto et al. 2012). In this study, we investigated the 

effect of the dye concentration after the first immersion of TiO2 substrates. It is important 

to track how the concentration changes after the immersion of the photoanodes because the 

dye coverage depends on the concentration of the dye solution which significantly affects 

the efficiency of the solar device. Figure 4.4 shows the UV-Vis absorption of the N719 dye. 

As can be seen from the spectra, after the first immersion, the spectra showed less absorption, 

which corresponds to the reduced concentration of the solution. From this, the amount of 

N719 dye needed to be added to the solution after the first immersion can be calculated 

using the Beer-Lambert Law (Equation 4.1):  

𝐴 = 𝜀𝑙𝑐          (4.1) 

where A is the absorbance of the solution at a particular wavelength, ε is the molar 

attenuation coefficient, l is the length of the cuvette used in the measurement and c is the 

concentration of the solution. ε shows how strongly the material absorbs light at a given 

wavelength per molar concentration and since the material, in this case N719, is used 

throughout the measurement, ε will remain the same even after immersion of TiO2 substrates. 
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Figure 4.4 UV-Vis plot of N719 dye solution before (black line) and after immersion (red 

line). 

4.7 Optimised device structure 

Considering the studies discussed above, we established a protocol for fabricating DSSCs 

that is repeatable. This involves the use of an optimised compact layer (350 μl titanium 

tetraisopropoxide, 35 μl 2 M HCl in 5 ml anhydrous ethanol), liquid electrolyte (0.6 M DMPII, 

0.5 M LiI, 0.05 M I2 and 0.5 M TBP in acetonitrile), hot-melt sealing films (25 μm or 60 μm) 

and a mask with an area of 0.283 cm2 to prepare the TiO2. This resulted in devices having an 

average efficiency of 5.50 %. Figure 4.5 shows the J-V curve for the optimised DSSC 

structure and the inset shows the DSSC. 
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Figure 4.5 J-V curve of the optimised DSSC under light soaking measured at 25 ˚C under 1 

sun illumination. The inset shows the DSSC with a circle-shaped active area (0.28 cm2). 

4.7 Summary 

In summary, we established an optimised DSSC fabrication method that gives reproducible 

results with efficiencies in the range of 5.00 % to 5.50 % for a reference liquid electrolyte. 

Earlier in this chapter, we explored the effect of different electrolytes and found that the use 

of LiI salts was very important in producing high-efficiency devices. Li+ was found to reduce 

the recombination reaction by passivating the surface of the TiO2 and at the same time 

negatively shifting the conduction band of the oxide semiconductor, which led to increased 

VOC. The increase in JSC was due to the improved electron transport in the semiconductor 

after the Li+ ions adsorbed on the surface of the TiO2 and provided electron screening for 

the electrons in the TiO2. The use of spacer beads has shown that high-efficiency DSSCs can 

be achieved due to a more uniform thickness leading to more uniform charge transfer. 

Thicker cells increase the probability of recombination reaction between the electrolyte and 

the TiO2, which led to the lower efficiency. The use of a smoother compact layer was found 

to give the best efficiency because the interfacial contact between the mesoporous layer and 

the compact layer allowed for an excellent charge transport mechanism by reducing the 

recombination loss between the FTO substrates and redox electrolytes. The investigation of 

the number of immersion times showed that the concentration of the dye should be adjusted 

every time it is used to coat the TiO2. Finally, in the last section, we established a suitable 

protocol to fabricate DSSCs with reproducible results that will be used throughout this thesis.  
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Chapter 5 Crystal-polymer composite electrolytes 

5.1 Foreword 

This chapter explores the fabrication and characterisation of liquid crystal-polymer 

composites (LC-PEs) and their possible application in DSSCs. The principle benefits of these 

composite electrolytes are the light scattering effect, the electric field dependence and their 

ability to act as a thermal switch due to their temperature-dependent phase transition as a 

function of composition. These properties are of particular interest in the field of 

optoelectronics where an increase in the light scattering effect can help improve optical 

scattering. In particular, the increase of light scattering at elevated temperatures is useful for 

DSSCs because the efficiency of DSSCs degrades at elevated temperatures. Therefore, the 

improvement gained through light scattering may be a useful strategy to mitigate the decrease 

in efficiency at these temperatures. 

Here, we first study the morphology of the LC-PEs using POM and investigate the 

relationship in the phase transition temperature and material composition using DSC. This 

is followed by the investigation of electrical and electrochemical properties using a Wayne-

Kerr parametric analyser and the EIS technique. The effect of light scattering is also explored 

for the LC-PEs. Finally, we focus on the applicability of these LC-PEs in DSSCs and relate 

the photovoltaic properties to the morphology and the electrical properties. This chapter is 

divided into three sections. The first section explores the variation of LC content in the LC-

PE composition, the second section studies the effect of different LC alkyl chain lengths and 

the last section explores LC materials having different dielectric anisotropies.  

5.2 Different variations of LC content  

5.2.1 Polarising optical microscopy  

Figure 5.1 shows the POM images of the pure polymer electrolyte and LC-PEs. Only a dark 

image was seen for the pure polymer electrolyte, which is indicative of the amorphous and 

optically isotropic nature of the polymer electrolyte. Upon doping the polymer electrolyte 

with 5 % 5CB, the aggregation of DMPII ionic liquid was observed. The inset images were 

taken at 35 oC, which was above the transition temperature of 5CB. Even at this elevated 

temperature, there were no changes observed in the POM images. This means that the 5CB 
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dissolves in acetonitrile and that these aggregations were of DMPII ionic liquids and not the 

LCs. Despite the fact that the LCs were in the isotropic phase, the addition of LC materials 

increased the birefringence of the polymer system and allowed this aggregation to be 

observed. Because the chemical structure of the DMPII ionic liquid is similar to that of 5CB, 

the effect of optical anisotropy was strengthened when paired with 5CB molecules. This can 

be attributed to the attractive ion-dipole forces between the ions in the DMPII ionic liquid 

and the neutral 5CB molecules having dipoles (Fang et al. 2016; Soberats et al. 2015). The 

addition of a higher content of 5CB led to an even distribution of the aggregates throughout 

the polymer matrix. It can be seen that at higher 5CB concentrations, the presence of smaller 

DMPII clusters became more prominent. This can be attributed to the solvating effect of 

5CB in which the cyano group (which is a polar group) was able to orientate the ionic liquid 

molecules. The interaction between the dipole molecule and the ionic molecule is further 

proven in Chapter 7. 
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Figure 5.1 POM images of a) pure polymer electrolyte and LC-PEs with b) 5 %, c) 10 %, d) 

15 % and e) 20 % of 5CB. The inset pictures are images taken at 35 oC. The solid bars equal 

100 µm. 

 

 

 

Figure 5.2 Chemical structure of the DMPII ionic liquid. 

5.2.2 Differential scanning calorimetry 

Figure 5.3 shows a DSC thermogram of the pure polymer electrolyte and LC-PEs as a 

function of different LC concentrations. The curves showed a similar trend throughout all 

samples where no peaks that can be associated with the phase transition temperature of 5CB 

were observed. This reinforces the argument that the LCs were in the isotropic phase, as was 

observed using POM. The dip in the DSC curve in the region around 70 °C is attributed to 

the boiling point of the acetonitrile solvent.  
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Figure 5.3 DSC curves of pure polymer electrolyte and 5CB-doped polymer electrolytes. 

5.2.3 Current-voltage measurements  

Table 5.1 summarises the ionic diffusion constant and the ionic conductivity for the different 

LC-PEs. The ionic diffusion constant was obtained using the current density limited method 

and a steady-state voltammogram. The diffusion coefficient can be calculated using the 

following Equation 5.1: 

𝑱𝒍𝒊𝒎 =
𝟐𝒏𝑭𝑫𝑰𝟑

−𝒄𝑰𝟑
−

𝒍
         (5.1) 

where n is the electron number per molecule, F is the Faraday constant, 𝑫𝑰𝟑
−  is the diffusion 

coefficient of the limiting compound, and 𝒄𝑰𝟑
−is the concentration of the limiting compound 

(Zistler et al. 2006). As can be seen from Table 5.1, the ionic diffusion increases with the 

increase of LC components despite LCs being quite viscous. However, as seen from the 

POM images, the addition of LCs to the polymer systems resulted in them being isotropic: 

therefore, the effect of viscosity can be neglected. The increase in the ionic diffusion reached 

the maximum value with 15% 5CB, after which the diffusion decreased. The initial increase 

can be attributed to the improved dissolution of the ionic salts. LC molecules such as 5CB 

are polar, and as the cyano group has an electron pair they are attracted to the positive Li+. 

Figure 5.4 shows the linear sweep voltammogram of the different LC-PEs. 
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Figure 5.4 Steady-state voltammogram of different polymer electrolyte compositions. The 

scanning rate was 10 mV s-1. 

The current-voltage measurement was performed for the LC-PEs to measure the ionic 

conductivity. The conductivity of the LC-polymer electrolyte composite was obtained using 

the equation 𝜎 =
𝑙

𝑅𝑏𝐴
, where l is the thickness of the cell, Rb is the resistance and A is the 

overlap area of the cell. The ionic conductivity of the pure polymer electrolyte was 

significantly lower than that of the LC-PEs. The highest conductivity obtained was with 15% 

5CB showing 3.21 x 10-3 S m-1, which was more than 13 % of that of the pure polymer 

electrolyte. As evidenced from the POM studies, the addition of LCs resulted in the 

dispersion of the ionic liquid. At 5% LCs, the ionic liquid was characterised by the non-

uniform aggregates. These aggregates were too big to allow efficient ionic conduction and at 

the same time slowed down the ionic diffusion. Above 10%, these aggregates were broken 

down into smaller aggregates that led to improved ionic diffusion and conductivity. However, 

at 20% 5CB, the ionic conductivity decreased significantly because this composition contains 

a higher proportion of LC molecules that were intrinsically insulating, thus reducing the 

overall ionic conductivity.  

Table 5.1 Ionic diffusion and conductivity data for LC-PEs. 

5 CB 

(%) 

Ionic diffusion 

(m2 s-1) 

Ionic conductivity 

(S m-1) 

0 1.45 x 10-6 3.07 x 10-3 

5 1.50 x 10-6 3.17 x 10-3 

10 1.39 x 10-6 3.23 x 10-3 

15 1.50 x 10-6 3.48 x 10-3 

20 1.04 x 10-6 3.21 x 10-3 
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In an electrolyte system, the conductivity increases with increasing temperature. Therefore, 

temperature-dependent conductivity measurements were performed for all the samples. 

Figure 5.5 shows the conductivity curves as a function of temperature. It is known that for 

a liquid electrolyte, an increase in the temperature leads to a linear increase in the conductivity. 

It is a well-known phenomenon; when an ionic conduction mechanism involves 

intermolecular ion hopping, the ionic conductivity shows a linear increase with temperature 

which is predicted by the Arrhenius equation (Equation 5.2) below: 

𝜎 = 𝐴 exp (−𝐸𝑎/𝑘𝑇)         (5.2) 

where A is a constant, T is the temperature in Kelvin and Ea is the activation energy. 

However, the relationship is non-linear as would be expected based on the Arrhenius 

equation. The curvature of the curves suggests that the conductivity of the polymer system 

obeys the Vogel-Tammann-Fulcher (VTF) equation (Diederichsen, Buss, and McCloskey 

2017; Seki et al. 2005). According to the VTF equation, the ionic conduction mechanism in 

a polymer electrolyte is governed by the movement of the polymer chains. This can be 

explained by the use of the solvent and the polymer in the electrolyte where the ionic 

conduction is affected by the mobility and the free volume of the solvent/polymer (Gu et al. 

2000; Miyamoto and Shibayama 1973). In addition, the segmental motion of the polymer 

also governs the ionic conductivity of the polymer electrolyte (Dam et al. 2014). Therefore, 

the plot is best described by the VTF equation (Equation 5.3) below: 

𝜎(𝑇) = 𝐴𝑇−1/2exp [−𝐸𝑎(𝑇 − 𝑇0)]        (5.3) 

where σ (T) is the specific conductivity. A is a pre-exponential factor proportional to T1/2, Ea 

is the activation energy related to the critical free volume for ion transport and T0 is the 

reference temperature at which the ionic mobility vanishes, usually related to the glass 

transition temperature, Tg, of the polymer matrix (Ryu et al. 2005). As predicted by the above 

equation, the plot is non-linear and the ionic conduction is governed by the free volume of 

the polymer. 
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Figure 5.5 Plot of a) ionic conductivity and b) VTF as a function of temperature for LC-PEs. 

5.2.4 Light scattering effect 

To investigate the scattering effect of the LC-PEs, a red LED laser was incident onto a 60 

µm thick ITO-ITO cell capillary-filled with the pure polymer electrolyte and LC-PEs. A 

beam stop was used to remove the saturated light, thus preventing it from being projected 

into the far-field. Figure 5.6 shows the scattering output for the pure polymer electrolytes 

and LC-PEs. It can be clearly seen that the output is different for polymer electrolytes doped 

with LCs. It can be qualitatively inferred from this experiment that the presence of LCs 

scatters the laser light more than just the sample without LC-doping. This corroborated the 

initial hypothesis that the LC-PEs act as a scattering layer due to increased refractive index 

disorder, which further improves the efficiency of the solar devices using these LC-PEs. This 

effect has been discussed by Hwang et. al who show a higher efficiency with the use of a light 

scattering layer (Hwang et al. 2014). Instead of being allowed to pass through the device, the 

light was scattered within the electrolyte, which increased the probability of interacting with 

the dye molecules. This increase in the optical path length resulted in higher efficiency within 

the devices employing the LC-PEs.                       

 

 

 

                                                                                                                                                                                           

b) a) 
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Figure 5.6 Scattering image projected in the far-field with different polymer electrolytes 

characterised at 25 ˚C in 25 µm ITO-ITO cell: a) 0 % 5CB, b) 5 % 5CB, c) 10% 5CB, d) 15% 

5CB and e) 20% 5CB. 
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5.2.5 Photovoltaic properties 

 

 

 

 

 

 

Figure 5.7 a) Light and b) dark J-V curves of DSSCs fabricated using pure polymer electrolyte 

and LC-PEs measured at 25 oC. 

Figure 5.7 shows J-V curves of a DSSC fabricated using a pure polymer electrolyte and LC-

PEs. For the pure gel polymer electrolyte, a JSC of 8.71 mA cm-2, a VOC of 0.70 V and an 

efficiency of 2.83 % was observed. The addition of LCs gave a maximum JSC of 9.84 mA cm-

2
 and VOC of 0.70 V which led to the highest power conversion efficiency, η, of 3.63 % with 

15% 5CB. It was found that in all cases of 5CB addition, an increase in the JSC and therefore 

an improvement was observed in η. The negligible difference in the VOC can be attributed to 

the fabrication quality of the devices and not the material properties. The higher efficiency 

of DSSCs employing LC-PEs is the main contribution of the higher ionic conductivity. 

Gardiner et al. showed that the ionic conductivity for a SmA LC within a LC cell was different 

when measured perpendicular or parallel to the LC cell (Gardiner and Coles 2006). It is 

expected that the electronic/ionic conduction to be more efficient due to the ability of the 

LC molecules to assemble into a long-range orientational order. However, it could not be 

concluded the LC orientation on the ionic conductivity led to a more ordered ionic 

conduction since in this case the LC was in the isotropic phase. It can be hypothesised that 

the increase in the current came from the fact that there is additional Lewis acid-base 

interaction within the electrolyte through the addition of LC molecules. 

The dark J-V curves provide qualitative information about the back-recombination reaction 

between the electrons in the TiO2 and the electrolyte. It can be seen from Figure 5.7b that 

the onset of the dark current for a polymer electrolyte was several mV lower than the LC-

PEs. This means that the recombination reaction is larger in the case of a pure polymer 

a) b) 
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electrolyte than for LC-PEs. This is to be expected since in the case of LC-PEs, the addition 

of LCs reduces the ratio of the polymer electrolyte. It has also been reported that LC 

molecules can adsorb onto the TiO2 surface through the lone pair in the cyano group, thus 

reducing the probability of the electron in the semiconductor from being intercepted by the 

redox electrolyte(Koh et al. 2013). Table 5.2 summarises the photovoltaic performance of 

the devices. 

Table 5.2 Photovoltaic performance of the DSSCs fabricated with different 5CB 

compositions measured at 25 oC under 1 sun illumination. 

5CB 

(%) 

JSC 

(mA cm-2) 

VOC 

(V) 

FF 

(%) 

η 

(%) 

0 8.71 0.70 47.15 2.83 

5 7.40 0.69 48.49 2.33 

10 8.09 0.69 51.05 2.80 

15 9.84 0.70 52.96 3.63 

20 8.92 0.69 45.30 2.45 

Usually, a light scattering layer is used in fabricating a DSSC to improve the efficiency by 

increasing the light absorption (Yang et al. 2011; Zhang et al. 2012). This light scattering layer 

is usually prepared from TiO2 with different particle sizes. In this work, the employed LC-

PEs are believed to have additional light scattering effects due to the birefringent LC 

materials that cause Mie scattering which is a well-known characteristic of PDLCs (Mie 1908). 

Due to their birefringence, the LCs bend and scatter the light pathway within the polymer. 

This allows the light to have an increased travelling distance. The photon therefore has an 

improved chance of exciting the dye and thus increases the electron excitation rate. The light 

scattering effect of the LC-PEs is supported by the POM result and light scattering 

experiments.   

5.2.6 Impedance spectroscopy 

EIS measurements were performed to investigate the charge transport mechanism in the 

devices (Que et al. 2016; Yang et al. 2016; Zhang et al. 2015). There are two different ways 

to represent impedance spectra: Nyquist and Bode plot. In the Nyquist plot, the impedance 

is plotted against a complex plane. In this case, the change of individual charge transfer as a 

function of frequency is not obvious. In addition, the small impedances are swamped by the 

large impedances. Whereas, in the case of Bode plot, the impedance and phase are plotted 

as a function of frequency. Figure 5.8 shows the a) Nyquist plot and b) Bode plot of the 
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devices measured under dark conditions at an applied bias of -0.7 V. The series resistance is 

a major parasitic resistance that significantly affects the performance of a solar cell. The series 

resistance originated from the different charge transfer process at the Pt electrode, the charge 

carrier transport in the electrolyte and the sheet resistance of the FTO substrate. Usually, the 

EIS data will show three semicircles; each are attributed to different processes and are fitted 

using the following equivalent circuit (Figure 5.8c) (Ahmed et al. 2011; Xu et al. 2016). 

However, in some cases, two of the three semicircles might combine to form only one 

semicircle as has been obtained in this work. This is due to the high resistance within the 

device. Rs is the Ohmic series resistance which comes from the sheet resistance of the 

substrates, resistivity of the electrolyte and the electrical contact between the substrate and 

the crocodile clip.  

In this study, the Rs for all the devices are similar as they use the same FTO substrates and 

electrical wiring of the cell. RPt, which is related to the charge transport resistance at the Pt 

surface, was observed to increase with the increase of LC concentration. This is to be 

expected because higher LC contents means more LC molecules that can gather near the 

surface of the Pt electrode and reduce the surface area for catalytic reaction of the redox 

electrolyte. RCT relates to the TiO2/electrolyte interfacial charge transfer resistance in the cell. 

A positive trend was seen in the RCT, where increasing the LC concentration increased the 

RCT; this can be attributed to the passivating effect of the cyano group on the surface of TiO2.  
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Figure 5.8 a) Nyquist plot and b) Bode plot of the DSSCs employing LC-PEs measured at 

25 ˚C in dark conditions. c) The equivalent circuit of the DSSC to determine the resistances. 

The electron lifetime can be calculated from the Bode plot using the following equation 

(Equation 5.4): 

𝜏𝑒 =
1

2𝜋𝑓𝑚𝑎𝑥
          (5.4) 

The addition of LCs clearly increased the electron life-time, as shown in Table 5.2, with the 

pure polymer electrolyte showing the shortest τe of 1.4 ms. This shows that τe in the case of 

LC-PEs was prolonged. This points to the fact that the back reaction between the TiO2 and 

the electrolyte was suppressed by the presence of the LCs in the polymer electrolyte, which 

is thought to have adsorbed on the surface of the TiO2. This reduced the parasitic 

recombination loss by the electrolyte.  

Table 5.3 Summary of charge resistance at interfaces and electron lifetime of DSSCs 

employing different LC-PEs measured at 25 oC in dark conditions. 

5CB 

(%) 

Rs 

(Ω) 

RPt 

(Ω) 

RCT 

(Ω) 

τe 

(ms) 

0 14.6 8.7 33.1 1.4 

5 17.8 9.5 44.4 2.7 

10 16.0 7.3 48.1 2.8 

15 15.5 17.4 58.5 17.5 

20 17.1 18.2 60.6 2.6 

 

 

c) 
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5.3 LCs with different alkyl chain lengths 

5.3.1 Polarising optical microscopy 
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Figure 5.9 Optical micrographs of pure LC materials: a) 5CB, b) 6CB, c) 7CB d) 9CB and e) 

10CB at 25 °C under crossed polarisers. The insets show the images near the isotropic 

temperature. The optical micrographs for the corresponding LC-PEs for 15 wt% f) 5CB, g) 

6CB, h) 7CB i) 9CB and j) 10CB. Scale bar is 200 µm (inset is 100 µm). 

Figure 5.9(a-e) shows the optical textures of the pure LC materials, and the corresponding 

textures in LC-PE composites are shown in Figure 5.9(f-j). The characterisations were 

performed in capillary filled 25 µm ITO-ITO cells. In an ITO-ITO cell without alignment 

layers, pure 5CB (Figure 5.9a), 6CB (Figure 5.9b) and 7CB (Figure 5.9c) showed the same 

texture, which was homeotropic. Upon heating near to their isotropic temperatures, the 

f) g) 

h) i) 

j) 
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change in the morphology can be seen where the Schlieren texture, which is typical for 

nematic LCs, can be observed in the inset pictures. 9CB is known for its multiple 

intermediate phases, namely the nematic and SmA phases. 9CB and 10CB show a focal conic 

texture (SmA phase) in their LC phases, shown in Figures 5.9d and 5.9e, respectively. The 

inset pictures show the materials in the nematic phase. However, due to the narrow 

temperature range of the nematic phase in 10CB, only the SmA phase was observed. 

The LC-PE composites of 5CB showed bright clusters thought to be the DMPII ionic liquid 

dispersed throughout the polymer system. DMPII has a similar chemical structure to 5CB, 

as shown in Figure 5.2. The addition of 5CB strengthens the optical anisotropy behaviour of 

DMPII and allows it to be observed under the POM. The polymer electrolyte is characterised 

using POM by dark regions, which is indicative of the amorphous and optically isotropic 

nature of the polymer. In the case of 6CB (Figure 5.9g) and 7CB (Figure 5.9h), the bright 

clusters can no longer be seen. The difference in the alkyl chain of DMPII and 6CB 

suppressed the optical anisotropy of the system where the DMPII molecules are thought to 

have induced disorder in the LC system on a bulk level. The addition of LCs with longer 

alkyl chain lengths effectively increased the solubility of DMPII in acetonitrile. There are also 

reports on the use of LC materials as solvents which explains why the solute, in this case 

DMPII molecules, tends to align according to the solvent molecules due to the dispersion 

force interactions (Dunmur and Toriyama 1995; Yim and Gilson 1971). The addition of 

longer alkyl chain LCs in the case of 9CB and 10CB changed the morphology of the polymer 

electrolytes as the LC-PEs now contained droplets within the polymer matrix. However, 

these droplets were optically isotropic (Figures 5.9i and j). Although no LC phase can be 

seen here, it is indicative that the polymer electrolyte contains LC material. The formation of 

droplets can be related to the LC phase of the pure material. Both 9CB and 10CB showed a 

SmA phase. However, only the LC-PE with 10CB showed uniform droplet structures due 

to the more ordered nature of 10CB as can be seen from the broad temperature range of the 

SmA phase.  
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5.3.2 Differential scanning calorimetry 

 

 

 

 

 

 

Figure 5.10 DSC curves of LC-PEs with LC content of 15 wt% at a scanning rate of 5 ˚C 

min-1. 

To quantify the phase transition temperatures of the LCs, DSC measurements were 

performed for the LC-PE composites. Figure 5.10 shows the measured DSC curves. Based 

on the DSC curves, it is noted that the transition temperatures of the pure LCs could not be 

observed in the composite electrolytes. This showed that the LC materials were completely 

dissolved in the polymer electrolyte and were in the isotropic phase. For the 5CB, 6CB and 

7CB samples, the onset of the dip started to appear at around 60 °C. However, in the case 

of 9CB and 10CB, the appearance of the dip occured above 75 °C, which is close to the 

boiling point of acetonitrile (80 °C). It can be speculated that the longer alkyl chains acted as 

a trap and slowed down the rate of evaporation of the solvent. Table 5.4 shows the summary 

of the transition temperatures of pure LC materials. Table 5.3 shows that the cyanobiphenyl 

LCs showed an odd-even effect in the transition temperature, something that has been 

reported elsewhere (Karat and Madhusudana 1976). According to the odd-even effect, LCs 

with an even number of alkyl chains show higher transition temperatures than LCs with an 

odd number of alkyl chains. It has been proposed that this effect is due to alternating 

polarisabilities of the molecule backbone and the tendency of the molecule to form a gauche 

conformation. However, it could not be concluded that the odd-even effect was replicated 

in the LC-PEs because the LCs were in the isotropic phase. 
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Table 5.3 Transition temperatures of the different alkyl-cyanobiphenyl LCs as provided by 

BDH Chemicals. 

Name 
K → N or 

K → SmA 

(°C) 

SmA → N 

 

(°C) 

N → I or 

SmA → I 

(°C) 

5CB 24 - 35.3 

6CB 14.5 - 29 

7CB 30 - 42.8 

9CB 42 48 49.5 

10CB 44 (SmA) - 50.5 

5.3.3 Current-voltage measurement 

The effect of the LC alkyl chain length on ionic conductivity and ionic diffusion is studied 

in the following section. The ionic conductivity measurement was performed using a Wayne-

Kerr component analyser. The ionic conductivity of the LC-PE composites was calculated 

using a simple linear resistor model, 𝜎 =
𝑙

𝑅𝐴
, where l is the thickness of the cell, R is the 

measured resistance of the material and A is the active area of the cell. Figure 5.11a shows 

the ionic conductivity graph, and Figure 5.11b summarises the ionic conductivity as a 

function of different alkyl chains. Table 5.4 summarises the ionic conductivity and the 

corresponding ionic diffusion constants. As the alkyl chain length was increased from 5CB 

to 10CB, a decrease in the ionic conductivity was observed. This was to be expected because 

the longer the alkyl chain, the more insulating is the material. It is hypothesised that the long 

alkyl chains might become intertwined with adjacent chains, and instead of providing a 

pathway for ionic conduction, these intertwined chains trap and hinder the movement of the 

free ions. This effectively reduces the mobility of ions in polymer electrolyte systems and 

leads to low ionic conductivity. In addition to this, shorter alkyl chain lengths mean lower 

viscosity of the LC material. It has been shown that higher viscosity materials show lower 

ionic conductivity. This is also applicable in this case, where increasing the alkyl chain length 

of the LCs decreased the ionic conductivity of the LC-PEs. This has been explained by 

Leonas et al., who found that ionic liquid with shorter alkyl chains show higher conductivity 

due to the lower viscosities and thus facilitate ion mobility ( Leones et al. 2014; Leones et al. 

2015). 
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Figure 5.11 Plot of a) ionic conductivity across different LC materials measured at 25 ˚C at 

1 kHz in an ITO-ITO cell (25 µm) and b) ionic conductivity as a function of temperature. 

Figure 5.11a shows the measured ionic conductivity as a function of temperature. The plot 

is non-linear which means it obeys the VTF equation. This is to be expected because they 

are polymer systems, and polymeric materials have been shown to facilitate ionic conductivity.  

 

 

 

 

 

 

Figure 5.12 Linear sweep voltammetry of LC-PEs measured at 25 ˚C in a symmetric Pt-

coated FTO-FTO cell (60 µm). 

The general trend that can be seen from the linear sweep voltammogram (Figure 5.12) is that 

increasing the length of the alkyl chain decreases the ionic diffusion. This can be related to 

the morphology of the LC-PEs where higher alkyl chain length LCs resulted in the formation 

of micron-sized droplets. It is thought that the aggregation of the LCs forming these droplets 

hindered the movement of the ions and at the same time trapped the ions within the 

aggregation. Unlike the phase transition temperature, there was no direct co-relationship 

between the alkyl chain length and ionic conductivity/diffusion. 

a) b) 
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Table 5.4 Summary of the ionic conductivity for different LC-PEs with LC content of 15 

wt%. The measurement was performed at 25 °C in a 60 µm ITO-ITO cell. 

Sample 
Ionic diffusion 

(m2 s-1) 
Ionic conductivity 

(mS m-1) 

5CB 1.50 x 10-6 3.48 

6CB 1.53 x 10-6 3.36 

7CB 1.36 x 10-6 3.34 

9CB 1.44 x 10-6 3.15 

10CB 1.37 x 10-6 3.06 

5.3.4 Photovoltaic properties 

Subsequently, the LC-PE composites were used to fabricate DSSCs. The J-V curves and a 

summary of the solar cells’ parameters are shown in Figure 5.13 and Table 5.6, respectively. 

It can be seen that there is a clear trend in that the use of LCs with longer alkyl chains leads 

to a decrease in the power conversion efficiencies with the increase in the chain length. The 

highest efficiency was recorded with the 5CB LC-PE composite where VOC = 0.70 V, JSC = 

9.84 mA cm-2 and FF = 53.0 %, corresponding to η of 3.63 %. The lowest efficiency was 

obtained with the 10CB sample with VOC = 0.65 V, JSC = 6.38 mA cm-2 and FF = 50.7 %, 

corresponding to η of 2.06 %. 

 

 

 

 

 

Figure 5.13 a) Dark and b) light J-V curves of DSSCs using polymer electrolytes with 

different alkyl chain lengths measured at 25 oC under 1 sun illumination. 

It can be seen from the table that the JSC decreased with the increase in the chain length 

which corresponds well with the ionic conductivity data. As noted in the previous section, a 

longer alkyl chain resulted in the molecules being more insulating. This long alkyl chain is 

thought to trap the mobile ions in the system. The addition of the cyanobiphenyl groups to 

a) b) 
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DSSCs has been shown to increase the VOC. However, in this case, the VOC dropped from 

0.70 V to 0.65 V when the alkyl chain length was increased. It is interesting to note that VOC 

remains constant with the increase in alkyl chain length, indicating the limited effect of the 

alkyl chain length on the VOC. In addition, the increase in the alkyl chain length led to the 

increase in the viscosity of the LC samples.  

As the alkyl chain length was increased, the longer LC molecules tended to retain their 

original LC phases within the polymer electrolytes as has been shown in the transition 

temperature of the LC materials within the polymer electrolyte composites also increased. 

An increase in the structural order, such as in the case of the SmA LC-PE composites, 

increased the glass transition temperature (Tg), which is not ideal for a polymer electrolyte 

system. A low Tg is important to achieve high ionic conductivity at room temperature. Above 

Tg, the polymer has lower crystallinity and a higher fraction of the polymeric regions are in 

an amorphous state, thus allowing for greater ionic movement within the electrolyte system. 

Table 5.5 Photovoltaic performance of DSSCs based on LC-PEs measured under 1 sun 

illumination at 25 oC. 

Device 
JSC 

(mA cm-2) 

VOC 

(V) 

FF 

(%) 

η 

(%) 

5CB 9.84 0.70 53.0 3.63 

6CB 8.06 0.66 53.7 2.84 

7CB 7.75 0.64 53.9 2.61 

9CB 6.68 0.66 58.4 2.57 

10CB 6.38 0.65 50.7 2.06 

The dark J-V characteristics of the LC-PE composite solar cells are shown in Figure 5.13b. 

Under dark conditions, electron injection from the dye molecule is prohibited and the current 

diffusion is limited to the electrons travelling from the TiO2 conduction band into the 

electrolyte (Penny et al. 2004). As can be seen from the figure, the onset of the dark current 

increases with the decrease in alkyl chain length. This shows that the electron recombination 

reaction is better suppressed with shorter alkyl chain lengths. It is expected that the shorter 

alkyl chain length molecules fill the spaces on the surface of the TiO2 between the dye 

molecules and thus lower the possibility of the electrons in the TiO2 being intercepted by the 

electrolyte. The longer alkyl chain molecules become entangled with the alkyl chain of the 

sensitiser and will not be able to passivate the surface of the oxide semiconductor. The higher 

VOC in the case of 5CB can be attributed to the 5CB molecules being adsorbed on the surface 
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of the TiO2; this up-shifted the conduction band edge of TiO2. The adsorption of the cyano 

group in the LC materials onto the TiO2 surface due to the presence of an electron pair has 

been reported by Koh et al. (Koh et al. 2013). Figure 5.14 shows an illustration of a proposed 

adsorption mechanism for LC materials.  

 

 

 

 

 

 

 

Figure 5.14 Schematic diagram of LC adsorption onto TiO2 in a) 5CB and b) 10CB. 

5.3.5 Electrochemical impedance spectroscopy  

 

 

 

 

 

 

Figure 5.15 Impedance spectra of the DSSCs employing the LC-PEs. a) Nyquist plot and b) 

Bode plot measured in dark conditions at -0.70 V; applied voltage measured at 25 oC.  

As can be seen from the Nyquist plot (Figure 5.15a), the starting point for the semicircles 

were almost equal for all the samples. This was to be expected as the same FTO substrate 

and electrical wiring was used for all devices. RPt is higher in the case of shorter alkyl chain 

b) 

a) b) 

a) 
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length LCs because these LCs tend to dissolve completely in the polymer electrolyte and are 

distributed near the surface of the Pt electrode, which could potentially reduce the catalytic 

reaction of the electrolyte. However, longer alkyl chain LCs tend to form droplets that are 

less likely to be evenly dispersed throughout the polymer electrolyte. RCT was observed to be 

smaller in the case of shorter alkyl chain LCs, which points to the passivation of the TiO2 

surface by the cyano group. This agrees with the observation of the dark current that showed 

the recombination reaction is less in the case of lower alkyl chain LCs. 

It was also observed that the RPt and RCT for longer alkyl chain LCs were lower than those 

of 5CB. This can be related back to the POM study where for shorter alkyl chain LCs, the 

molecules dissolved completely in the polymer electrolyte and hence were homogenously 

distributed within the polymer system. These molecules are also thought to be distributed 

near the surface of the Pt counter electrode. This effectively decreased the probability of 𝐼3
− 

to be reduced into 𝐼− and thus the increased charge transfer resistance. However, longer 

alkyl chain LCs tended to form agglomerates from the intertwining of adjacent alkyl chains, 

as evidenced by the POM images. 

From the Bode plot, τe of each device can be calculated using Equation 5.2. An increase in 

the alkyl chain length caused the peak of the medium frequency to shift to the right, which 

means that the electron transport process becomes slower. The result for the electron 

lifetime is as summarised in Table 5.7. The high electron lifetime (17.5 ms) in the case of the 

5CB sample can be attributed to the reduced surface charge recombination in the device. 

5CB was able to suppress the recombination reaction without sacrificing the electron 

injection process and in doing so improved the electron collection efficiency, which resulted 

in higher photocurrents. The fact that the longer alkyl chain could not penetrate deeply into 

the mesoporous TiO2 means that there is a higher probability of the electrons in the TiO2 

being intercepted by the electrolyte. In addition, due to the slow ionic diffusion of the 𝐼3
−, 

instead of diffusing towards the Pt electrode and being reduced to 𝐼−, the 𝐼3
− molecules spent 

more time near the surface of the TiO2, contributing to higher electron recombination rates. 
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Table 5.6 Summary of the charge resistances and electron lifetime for different LC-PEs 

measured at 25 ˚C in dark conditions. 

Sample Rs 

(Ω) 

RPt 

(Ω) 
RCT 

(Ω) 
τe 

(ms) 

5CB 14.66 20.95 77.11 17.5 

6CB 16.53 17.31 62.27 13.2 

7CB 16.37 21.42 69.05 15.9 

9CB 15.48 16.66 59.06 11.6 

10CB 14.01 16.85 61.57 12.4 

5.4 Effect of dielectric permittivity 

5.4.1 Dielectric permittivities 

Dielectric permittivity measurements of the different samples were also performed to study 

the effect of varying the dielectric permittivity of the LC mixture on the photovoltaic 

properties. Dielectric permittivity can be obtained by subtracting the dielectric anisotropy 

value of the perpendicular components of the dielectric material from the parallel 

components of the dielectric material. A negative dielectric LC material can be synthesised 

by introducing a polar group in the lateral position of the LC molecule instead of at the end 

(Reiffenrath et al. 1989). A high dielectric permittivity usually means that a small magnitude 

of E is able to orientate the LC molecules.  

Figure 5.13 shows the relative dielectric permittivity as a function of applied voltage for 

different LC materials. For pure E7, a high dielectric anisotropy of approximately 11.4 was 

determined from the data. This value is comparable to that obtained from other research 

(Costa, Altafim, and Mammana 2001). The dielectric anisotropy value (-2.24) of MLC6160 

was determined using a switching curve for the case of a homeotropic cell (Figure 5.13b). As 

can be seen from the curves of the planar and homeotropic cells, the binary MLC6610-E7 

(10:90 vol:vol) mixture showed a flat line, which means that the dielectric anisotropy was 

close to zero.  
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Figure 5.16 Dielectric permittivity of the different samples in a) a planar cell and b) a 

homeotropic cell measured at 25 °C at 1 kHz. 

Figure 5.17 shows a schematic diagram of LC materials with different dielectric permittivities. 

For an LC material with a positive dielectric permittivity, the molecules tend to align parallel 

to the direction of E (Figure 5.17a). Due to the presence of the polar group in the lateral 

position, the induced polarisation aligns the director perpendicular to E (Figure 5.17b). 

However, in the binary LC mixture, there was no change in the dielectric permittivity in both 

planar and homeotropic cell (Figure 5.17c). The molecules are expected to orientate in a way 

such that the direction will be the average of all molecules. It might be that the LC mixture 

require more than 10 V to switch the direction of the molecules. It has been shown that in 

the case of a mixture, the orientation of the molecules will be the average orientation of all 

the components in the system.    

 

 

 

 

 

 

 

 

b) 

a) 

a) b) 
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Figure 5.17 Schematic representation of a) positive dielectric permittivity LC, b) negative 

dielectric permittivity LC and c) nearly-zero dielectric permittivity LC under E. 

5.4.2 Polarising optical microscopy  

The morphology of the LC-PEs was observed using POM. Figure 5.18a shows an optical 

micrograph of the polymer electrolyte with E7. Only dark regions can be seen in this picture, 

which is indicative of the amorphous nature of the polymer. Even at a higher temperature 

(35.0 oC), no changes were observed (assuming the changes would occur at the isotropic 

temperature of the LC). One reason for this is the solvency of E7 LC in acetonitrile, which 

reduces the effect of the long-range order of the LC molecules. Instead of behaving like a 

LC, the molecules behave like an isotropic liquid. Figure 5.18b) shows the POM image of 

the MLC6610-E7 LC mixture. Similar to the E7-only LC-PE, only dark image could be 

observed. This is to be expected since the E7 component makes the large portion of the 

mixture and thus E7 will have a major effect on the LC-PE. However, in the case of 

MLC6610-only polymer electrolyte, formation of microdroplets dispersed throughout the 

polymer, as can be seen in Figure 5.18c). This shows that acetonitrile is an orthogonal solvent 

for MLC6610. These micro-droplets are uniform in size (5 - 10 µm) and show a radial 

configuration where the director of the LCs is along the perimeter of the droplets and a point 

defect is in the middle of the droplets. When the temperature was increased (32.5 oC), these 

droplets started to disappear. Only those of larger sizes remained up to 40.0 oC (inset of 

Figure 5.18c).  

 

 

c) 
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Figure 5.18 POM micrographs of capillary filled LC-PEs in a 9 µm ITO cell configuration 

recorded under crossed polarisers observed at 25 oC. Texture of polymer electrolyte with a) 

E7, b) MLC6610-E7 binary mixture and c) ML6610. The inset images are at 40 oC. The scale 

bar is 50 µm. 

5.4.3 Current-voltage measurement 

I-V measurements were performed to measure the ionic conductivity, particularly, to probe 

the effect of different dielectric permittivities on the ionic conductivities of the LC-PEs. 

Figure 5.19 shows a) a conductivity plot and b) an Arrhenius plot for the different polymer 

electrolytes.   

 

 

 

 

 

a) b) 

c) 
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Figure 5.19 a) Ionic conductivity as a function of temperature measured at 25 oC at 1 kHz 

and b) Arrhenius plot of the ionic conductivity in a 25 µm ITO-ITO cell. 

The highest ionic conductivity was achieved with a polymer electrolyte employing E7 (3.55 

x 10-3 S m-1), followed by MLC6610-E7 (3.11 x 10-3 S m-1). The lowest ionic conductivity 

obtained with a polymer employing MLC6610 (1.57 x 10-3 S m-1). Figure 4a shows the ionic 

conductivity of the polymer electrolytes as a function of temperature. The increase in the 

ionic conductivity with increased temperature is a well-observed phenomenon for polymer 

electrolytes. However, the obtained Arrhenius plot shows a different characteristic whereby 

the plot is not linear with respect to the temperature but shows a curve. This can be explained 

using the VTF equation (Equation 5.4) where the curvature of the plot is due to the 

segmental motion of the polymer which improves the inter- and intra- hopping of the ions 

instead of just intermolecular ion hopping in the case of liquid electrolyte. The higher ionic 

conductivity of the E7 sample can be explained by the dissolving nature of the molecules, 

which improved the flow of the ionic components and reduced the glass transition 

temperature of the polymer matrix. Similar to the case of n-alkyl cyanobiphenyl LCs, the 

presence of cyano groups in the E7 liquid crystal mixture contributed to a more efficient 

ionic dissociation through Lewis acid-base interaction. The lower ionic conductivity of the 

MLC6610-E7 mixture and the pure MLC6610 can be attributed to the non-dissolving nature 

of LCs in acetonitrile which hindered the movement of free ions within the polymer system. 

It has been reported that higher dielectric permittivity leads to higher ionic conductivity 

(Schröder, Haberler, and Steinhauser 2008; Shim and Kim 2008). As discussed earlier, a 

higher dielectric permittivity material allows the orientation of charge particles to be easily 

polarised. This in turn helps to localise the ions and leads to higher ionic conductivity. 

a) b) 
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However, with the addition of MLC6610, the ionic conductivity showed a lower value. This 

can be related to the way the molecules aligned themselves within the system. Because the 

LC formed droplets within the polymer the mobile ions were hindered by the LC molecules 

instead of allowing the ions to move from one electrode to the other. The voltage applied is 

not high enough to displace the ions. In addition, the presence of the LCs in isotropic phase 

in the polymer is expected to help reduce the viscosity of the polymer electrolyte, thus 

allowing greater ionic mobility. It is also postulated that the switching effect of the LC 

molecules due to internal E also aids the dissociation of the ionic salts and therefore helps 

to increase ionic conductivity. A similar observation was made by Osman et. al. (Osman, 

Ibrahim, and Arof 2001).  

5.4.4 Photovoltaic properties 

Subsequently, DSSCs were fabricated using the three different polymer electrolytes, and were 

tested under AM 1.5 conditions. The J-V curves and a summary of the efficiencies of the 

DSSCs prepared with the different LCs are shown in Figure 5.20a and Table 2, respectively. 

The highest efficiency was obtained with the DSSC employing E7 (4.00 %), followed by the 

DSSC employing MLC6610-E7 (3.71 %) and the DSSC employing MLC6610 (3.08 %). 

Although the JSC was comparable for all three cases, a marked difference can be seen in the 

VOC and FF. The VOC is related to the difference between the quasi-Fermi level of TiO2 and 

the redox potential of the polymer electrolyte. As explained in the POM studies, E7 LC 

dissolves in acetonitrile, whereas MLC6610-due to the orthogonal nature of the solvent- 

remains as microdroplets throughout the polymer. The presence of the cyano-group in the 

LC molecules allows them to adsorb onto a TiO2 surface through the lone pair (Koh et al. 

2013). It is hypothesised that, the conduction band of the semiconductor is up-shifted in the 

case of E7, increasing the difference between the Fermi level and the redox potential and 

thus increasing the VOC. Another reason for this high VOC in the case of E7 is the lower 

energy needed to separate the positively and negatively-charged particles due to the high 

dielectric permittivity provided by the LC material (Chen et al. 2014). The high solar 

conversion efficiency of E7 and MLC6610 also contributes to the high ionic conductivity as 

shown previously. It can also be hypothesised that the MLC6610, due to its tendency to form 

droplets, decreases the catalytic sites of the 𝐼−/𝐼3
− redox couple on the Pt electrode which 

leads to lower efficiency. 
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Table 5.7 Photovoltaic performance of DSSCs based on the three different polymer 

electrolytes measured at 25 oC under 1 sun illumination. 

Device 
JSC 

(mA cm-2) 

VOC 

(V) 

FF 

(%) 

η 

(%) 

E7 8.99 0.73 61.27 4.00 

MLC6610-E7 8.77 0.68 62.10 3.71 

MLC6610 9.00 0.67 51.21 3.08 

Figure 5.20b shows the dark J-V characteristics of the different types of solar devices. The 

onset of the dark current gives information on the electron recombination reaction at the 

TiO2 surface. The onset for MLC6610 is several mV lower than that of MLC6610-E7, and 

E7 shows that the recombination reaction is larger in MLC6610. This suggests that the 

addition of E7 reduces the number of electrons in the TiO2 being intercepted by the polymer 

electrolyte. This corroborates the previous hypothesis that the E7 molecules adsorb onto the 

TiO2 surface.  

  

 

 

 

 

 

Figure 5.20 J-V curves of the photovoltaic devices fabricated with LC-PEs under a) dark 

conditions and b) 1 sun illumination at 25 ˚C. 

5.4.5 Electrochemical impedance spectroscopy 

Figure 5.21 shows the a) Nyquist plot and b) the Bode plot of the devices measured under 

dark conditions at an applied bias of -0.70 V. Three semicircles can be seen in the Nyquist 

plot for a typical liquid electrolyte DSSC. However, in this experiment the semicircles overlap 

each other, pointing toward the high charge transfer resistance in the device. The interception 

of the plot on the x-axis at high frequencies can be attributed to the sheet resistance of the 

counter electrode, Rs. It can be seen that Rs is similar across all devices because the FTO 

a) b) 
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substrates have similar sheet resistance. E7 showed the lowest RPt, followed by MLC6610 

and MLC6610-E7. In the case of E7, the LC molecules are evenly dispersed throughout the 

polymer electrolyte, the Pt surface are free to transfer electron from the FTO substrate to 

reduce 𝐼3
− . In the case of MLC6610-only LC-PE, the LC formed microdroplets, it is 

hypothesised that the droplets also covered the Pt surface which means that the catalytic 

reaction surface is reduced and thus higher resistance was observed. Regarding the 

MLC6610-E7 mixture, because there are MLC6610 molecules within the polymer electrolyte 

system, the insolvency nature of the molecules also affected the polymer electrolyte as we 

have seen in the case of MLC6610-only LC-PE.  This is evident from the higher RPt when 

compared with E7-only LC-PE. 

Table 5.8 Summary of EIS parameters for DSSCs incorporating LCs with different dielectric 

anisotropies measured at 25 oC in dark condition. 

Device 
Rs 

(Ω) 

RPt 

(Ω) 

RCT 

(Ω) 

τe 

(ms) 

E7 18.5 11.4 42.6 11.9 

MLC6610 17.3 19.1 43.1 6.9 

MLC6610-E7 17.9 23.0 62.5 14.9 

The electron lifetime can be calculated from the Bode plot using Equation 5.2. The electron 

lifetime is related to the back reaction between the injected electron from the dye and the 

recombination reaction with the electrolyte instead of being transported into the system. E7 

and the MLC6610-E7 mixture showed higher τe compared to MLC6610. As a result of the 

formation of LC droplets within the polymer system, MLC6610 molecules were not 

adsorbed on the TiO2 and thus a higher recombination loss was expected. For the MLC6610-

E7 mixture, however, some of the E7 molecules were still available to passivate the oxide 

semiconductor surface.  
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Figure 5.21 Nyquist plot and b) Bode plot of the photovoltaic devices fabricated with LC-

PEs measured at 25 oC in dark conditions. 

5.5 Summary 

In this chapter, different types of LC-PEs were prepared and characterised. In the first 

section, we showed that conductivity can be increased by changing the doping concentration 

of 5CB in the polymer electrolyte. These LC-PEs showed better performance than for a pure 

polymer electrolyte with increased JSC. This is thought to be because the LC improved the 

dissociation contributed by the cyano group. In addition, due to the birefringence of the LCs, 

they scattered light passing through the sample, allowing the light to spend more time within 

the device instead of being passed through the cell. This has been corroborated by the light 

scattering experiment. From the impedance spectroscopy, we can also conclude that the 

charge recombination was suppressed in the LC-PEs by reducing the contact between the 

TiO2 and the 𝐼−/𝐼3
− redox couple.  

LC-PEs with varying LC alkyl chain lengths were also prepared and characterised. Using 

POM and DSC studies, it was found that the LCs in the LC-PEs exist in an isotropic phase 

at room temperature, which means that the LCs dissolved readily in acetonitrile. Interestingly, 

in the case of 9CB and 10CB, which exhibits the SmA phase, isotropic droplets in the 

polymer electrolyte were observed. This strongly suggests that the morphology is strongly 

affected by the chemical structure of the LCs. Electrical and electrochemical 

characterisations were also performed for the LC-PEs where the ionic conductivity was 

inversely proportional to the alkyl chain length. This is because longer alkyl chains are 

intertwined between neighbouring chains and trap mobile ions. Longer alkyl chains have also 

a) b) 
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been observed to increase the total viscosity of the polymer system and have been established 

to reduce ionic conductivity with increasing viscosity. When these LC-PEs are incorporated 

into DSSCs, it has generally been observed that increasing the alkyl chain length reduces the 

photovoltaic parameters. The highest obtained efficiency was obtained with 5CB where η = 

3.36 % and showed a decreasing trend with longer alkyl chains. The lowest performing device 

was obtained with the 10CB sample with η = 2.06 %. The decrease in the performance, 

particularly the JSC and VOC, can be explained by the decrease in the measured ionic 

conductivity of the LC-PEs with increasing LC alkyl chain length and the dynamics of the 

LC molecules in the polymer electrolyte system inside DSSCs. The results of the EIS 

measurements corroborate our hypothesis that in the case of longer alkyl chain LCs, the 

resulting geometry is unfavourable for adsorption onto TiO2 and at the same time hinders 

the movement of ionic species within the polymer electrolyte. This is evidenced by the 

measured low electron lifetime for longer alkyl chain systems. Another issue to note is that 

the charge transfer resistances are not the only governing parameters for DSSCs. The 

efficiency of DSSCs also depend on, for example, the ionic conductivity of the electrolyte, 

light scattering within the device and the absorption spectrum of the dye. 

Finally, LC-PEs were fabricated with LCs having different dielectric anisotropies ranging 

from positive, zero and negative value. The highest power conversion efficiency was realised 

with E7 where an efficiency of 4.00 % was achieved. This is followed by the device employing 

the binary MLC6610-E7 mixture with 3.71 % efficiency. The lowest efficiency of 3.08 % was 

obtained with MLC6610. The solvency nature of E7 in acetonitrile is thought to be the 

reason for the high efficiency value. E7 helped to improve ionic conduction provided 

switching of the molecules by the E due to their high Δε. The switching of the molecules 

from one orientation to another can also lead to the dissociation of the ionic salts which can 

increase the ionic conductivity. The tendency of the MLC6610 forming LC droplets led to 

lower ionic conductivity as this hinder the movement of the charged particles.  
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Chapter 6 Liquid crystalline templates  

6.1 Foreword 

In Chapter 4, the addition of positive ∆𝜀 LC material with short alkyl chains was found to 

be beneficial for the performance of the DSSCs. The addition of LC into the polymer 

electrolyte was found to increase the ionic conductivity and thus the efficiency of the solar 

devices. This was also due to the improved light scattering effect and the passivation of the 

TiO2 surface. The use of material having large ∆𝜀 allowed it to be switched, thus improving 

the ion solvation in the polymer electrolyte. LC materials with shorter alkyl chains have also 

been demonstrated to improve the ionic conductivity of the LC-PEs rather than hindering 

the ionic movement due to the intertwining of the alkyl chains. However, DSC and POM 

studies showed that the LCs were in the isotropic phase.  

As noted previously, one of the interesting aspects of LC materials is their ability to self-

assemble. This is achieved through internal weak interactions within the molecules to create 

complex structures. The typical methods to control these weak interactions are the use of a 

variety of different molecular compounds able to form phase-segregated structures. The self-

assembly of LCs is achieved naturally, either due to hydrogen bonding or π-π stacking of the 

molecules (Kato 2002; Pouzet et al. 2009). These add functionality to the original material. 

In addition to self-assembly, LC materials also respond to the application of external electric 

or magnetic fields due to the presence of a polar group (Blinov and Chigrinov 1994). A polar 

group causes the polarisation of molecules, which allows alignment of the molecules in 

response to the applied field. In addition, the morphology of LCs can also be controlled 

using a thin alignment layer (Berreman 1973). A thin layer of polymer that has been rubbed 

in one direction is employed where the LC molecules align in the grooves produced by the 

rubbing action. By taking full advantage of this effect, it is possible to control the structure 

of LCs to suit particular applications. These characteristics allows researchers to manipulate 

the LC mesophase for use in a wide range of applications including displays, lasers and solar 

cells (Coles and Morris 2010; Fergason 1973; Zheng et al. 2011). 

In organic electronics, controlling the morphology and structure of organic compounds is 

essential in realising high-efficiency devices such as organic field effect transistors and 

organic solar cells (Park et al. 2007). The idea in controlling the morphology is to improve 
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the interfacial area between the electron donor and acceptor for efficient exciton 

dissociations, as in the case of organic solar cells. Some of the methods employed to control 

the morphology and molecular packing include thermal and solvent annealing and choice of 

the solvents and additives (Chen et al. 2014; Liao et al. 2013; Shi et al. 2015; Yi et al. 2014). 

Cho et al. showed the transition of the morphology of the polyelectrolyte from nano-porous 

to micro-porous after applying E (Cho et al. 2013). 

Smectic LCs are interesting materials that have higher-order parameters compared to nematic 

LCs. In an application such as a template, this means that the smectic LCs can exert greater 

influence over the morphology of the materials to be synthesised. The synthesised materials 

are expected to replicate the structure of the smectic LCs, which are in range of a few 

nanometres. In this study, we began by preparing different mixtures of NLCs and SmAs to 

find the optimum ratio to obtain a highly ordered polygonal structure. The addition of a 

reactive mesogen and a photoinitiator to the optimised mixture did not alter the structure. 

In fact, upon UV polymerisation and subsequently upon removing the LC components, it 

was found that the polymerised reactive mesogen conformed to the structure of the initial 

LC mixture. The morphology of these LC-templated materials was related to their electrical 

and electrochemical properties. Potential application of these templated materials through 

the fabrication and characterisation of DSSCs. As an extension of the idea of self-assembled 

LC-templated material, we used applied E and a PI alignment layer to control the structure 

of the LC mixture and compared it with the self-assembled template. This work will allow a 

better understanding of the interaction between LCs and external conditions.  

6.2 Highly ordered polymer template using an optimised 

NLC:SmA binary mixture 

6.2.1 Preparation of optimised NLC:SmA binary mixture 

Binary mixtures of 8/2 organosiloxane and E7 were prepared with varying weight percent 

(wt.%). Figure 6.1a shows the DSC curves of binary LC mixtures of a nematic (N) E7 and 

an 8/2 organosiloxane LC. The transition temperature for pure E7 from N to isotropic (I) 

is 58.3 °C. The 8/2 organosiloxane showed a SmA phase within the temperature range of 

43.6 °C to 62.9 °C and is crystalline (Cr) at room temperature in its native form. The addition 

of 20 wt.% of 8/2 to E7 increased the SmA to an I transition temperature up to 64.3 °C, 

which is the highest obtained transition temperature for pure materials and binary mixtures. 
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A further increase in the E7 composition, however, resulted in a comparatively lower 

transition temperature. The lowest transition temperature was displayed by the 8/2:E7 20:80 

mixture at 50.6 °C. From the DSC study, it is evident that the mixtures were homogenous. 

If this was not the case (in other words, the mixtures were phase separated), it would be 

expected that the transition temperature of the pure materials could be seen instead of just 

one transition. To obtain a clear picture of the different LC phases of the LC mixtures, a 

phase diagram was plotted (Figure 6.1b). The measurement of the transition temperature was 

limited by the DSC equipment, and measurement below 0 °C could not be obtained. The 

addition of 8/2 organosiloxane to E7 changed the mesophase drastically where only the 

smectic phase could be achieved. The mesophase is thought to be dependent on the larger 

size of the LC component and in this case, the phase of the binary mixture was induced by 

the 8/2 organosiloxane where the size of the molecule was several times larger than E7. The 

effect of the LC length on the mesophase of a binary LC mixture has been studied previously 

(Kapernaum et al. 2012). Not only was the transition temperature the highest for 8/2:E7 

20:80 mixture, but it also had a wider SmA temperature range compared to the pure 8/2 

organosiloxane and other binary mixtures.  

 

 

 

  

 

 

Figure 6.1 a) DSC curves under heating at 5 oC min-1 and b) phase diagram of pure LC 

materials and binary LC mixtures at different 8/2:E7 ratios. 

Figure 6.2 shows the morphology of the LC materials either in pure form or in mixtures in 

their LC phase. The SmA phase is characterised by a fan-shaped structure made up of focal 

conics (Figure 6.2a). This is formed from the lamellae structure where the smectic layers are 

parallel to the substrate's plane. However, E7 showed a Schlieren texture which is typical for 

NLCs (Figure 6.2f). A polygonal structure could be seen in the 8/2:E7 20:80 mixture (Figure 

a) b) 
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6.2e). This is a result of the disinclination of the lamellae perpendicular to the plane of the 

glass substrates, which induced the focal ellipses lying in the plane. The tip of the focal 

section affixed to the opposite substrates. This type of texture can only be seen in the 8/2:E7 

20:80 mixture. Beyond the 20 wt.% concentration of 8/2 organosiloxane, all the mixtures 

showed the typical SmA texture (Figures 6.2d-f). It was found that the optimum ratio of 8/2 

organosiloxane to E7 was 20:80, as this mixture gave a micro-structure that was aligned out-

of plane instead of lying on the plane of the substrate and thus a higher degree of order. This 

result is supported by the DSC thermogram where 8/2:E7 20:80 showed the highest 

transition  temperature among the other mixtures. Therefore, this mixture was chosen as the 

template for the electrolyte to be used in DSSC fabrication. Figure 6.2g shows the 

corresponding schematic diagram of the polygonal structure of the 8/2:E7 20:80 mixture. 
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Figure 6.2 POM micrographs of the LC mixture at different 8/2:E7 ratios under crossed 

polarisers observed at 25 oC. All pictures were taken at the LC phase after cooling down 

from isotropic phase (80 oC) at a rate of 5 oC min-1. a) 100:0, b) 80:20, c) 60:40, d) 40:60, e) 

20: 80 and f) 0:100. g) Schematic diagram of the polygonal structure formed by the binary 

LC mixture (side view). The scale bar is 50 µm. 

6.2.2 Preparation of LC template 

To form stabilised micro-structures, a polymerisation step is required. This was achieved 

through the addition of LC monomer RM 257 to the original binary mixtures. No change in 

the texture of the mixture was observed after the addition of RM 257 and IR 819, showing 

the stability of the polygonal structure. The morphology of the mixture before 

polymerisation (Figure 6.3a) and after polymerisation (Figure 6.3b) changed slightly in that 

the polygonal structures were not as homogenous in size as before, indicating that the 

addition of RM 257 and IR819 disrupted the order of the polygonal structure. The reactive 

mesogen was successfully templated using the binary mixture, as seen from Figure 6.3a and 

Figure 6.3b, instead of showing the spherulite structure of RM 257 (Figure 6.3e). The LC 

component was then removed using acetone to leave polymerised micro-channels (Figure 

6.3c). After removal of the LC constituents, the textures showed hollow inter-connected 

channels (Figure 6.3d). This shows that the reactive mesogen was templated using the binary 

f) e) 

g) 
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LC mixture. It is postulated that the 𝐼−-based liquid electrolyte ions travelled through these 

micro-channels. Filling the cell with the liquid electrolyte (Figure 6.3d) preserved the same 

structure, which means that the template is stable with regards to acetonitrile. This smectic-

templated polymer electrolyte (Sm-PE) gives out a yellow colour that derives from the iodine 

in the electrolyte.  

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3 POM micrographs of the SmA:E7 mixture with RM 257 and IR 819 under crossed 

polarisers at 25 oC. The cell is filled in the isotropic state and is allowed to cool down naturally 

before characterisation. a) Before polymerisation, b) after polymerisation, c) after the 

a) b) 

c) d) 

e) 
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removal of LCs, d) after infiltration with liquid electrolyte and e) pure RM 257. The scale bar 

is 50 µm. 

6.2.3 Fourier-transform infrared spectroscopy 

FTIR spectroscopy was performed for different materials to study the interaction between 

different molecules and the changes after UV polymerisation. The absorption corresponding 

to the nitrile group was approximately 2200 cm-1, which was present in E7, 8/2 

organosiloxane and the binary LC mixtures. Figure 6 shows the FTIR curves for the different 

pure materials and mixtures. It can be clearly seen that this peak has disappeared after the 

removal of the LC components, showing that acetone removed the LCs and left only 

polymerised RM 257. The peak at 1700 cm-1 originates shows the C=O stretching coming 

from RM 257. This peak still existed even after immersing the sample in acetone which 

proves that acetone only removed the LCs. Figure 6.4 shows the FTIR spectra for the LC 

material, the mixture before/after UV polymerisation and after immersion in acetone. 

 

 

 

 

 

Figure 6.4 FTIR spectra of the different components of the pure E7, 8/2 organosiloxane, 

RM 257, the binary mixtures before and after UV curing and after the removal of the LC 

components characterised at 25 oC. 

6.2.4 Morphology and structure characterisation 

SEM micrographs allow for a more precise view of the polymerised mixture after removal 

of the LC components (Figure 6.5a). As can be seen from the micrograph, the formation of 

micro-sized pores could be observed throughout the sample. These hollow structures are 

postulated to be provide ordered pathways for mobile ions to move and at the same time 

have the ability to trap liquid electrolyte, thus extending the lifetime of the polymer electrolyte 

by suppressing evaporation of the solvent. The width of the polymer fibres was estimated to 
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be around 50 nm. The polymer had a thread-like structure where two or more polymer fibres 

intertwined. It was also found that the surface roughness was considerably high. This was to 

be expected as the UV polymerisation of the sample was done on a cell. The process of 

removing the top and bottom substrate might have led to the uneven surface, despite the use 

of PVA as the sacrificial layer. Another characteristic to note is the formation of a bigger 

thread-like structure formed by different single fibres. These intertwined thread-like 

structures formed boundaries resulting in the configuration of the micron-sized pores, as 

seen on the POM image. An AFM study was also performed on the same sample. The AFM 

micrograph (Figure 6.5b) corresponds well with the SEM image on which the formation of 

helical structures could be seen. The width of the polymer is also estimated to be 

approximately 50 nm which is in good agreement with the SEM image. In addition, it can be 

seen that the surface of the template is not smooth, but in fact displays surface variations of 

approximately 1 µm.  

  

Figure 6.5 a) SEM image of LC-templated polymer with a thin layer of chromium/gold 

sputtered onto the sample to reduce the charge build-up during characterisation. b) AFM 

image of the LC-templated polymer prepared on a silicon substrate. 

6.2.5 Current-voltage measurements 

The ionic diffusion constant of the mobile ions in the template electrolyte was measured 

using a standard current density-limited method using a steady-state voltammogram. The 

diffusion coefficient can be calculated using Equation 5.1. From the measurement, it was 

calculated that the 𝑫𝑰𝟑
−  of liquid electrolyte is 2.59 x 10-6 cm2 s-1, and the Sm-PE showed 𝑫𝑰𝟑

−  

of 4.53 x 10-6 cm2 s-1. The increased 𝑫𝑰𝟑
− in the case of Sm-PE can be related to the improved 

motion of the ions in the highly ordered micro-structure that provided a more efficient 

pathway for the movement of the mobile ions instead of moving randomly. The presence of 

a) b) 
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a polymer network can also be thought of as barrier for the mobile ions to recombine with 

each other to form a tightly bound compound that effectively reduce the ion diffusion. Figure 

6.6 shows the steady-state voltammetry measurement for different electrolytes. 

 

Figure 6.6 Steady-state voltammetry curve of the reference electrolyte and Sm-PE measured 

at 25 oC in a symmetrical ITO-ITO cell (25 µm). 

Current-voltage measurements were performed to measure the ionic conductivity in a 25 µm 

ITO-ITO cell. The measurements were performed at room temperature. The ionic 

conductivity of the templated Sm-PE was higher than that of the reference electrolyte by 

almost 2-fold, showing 1.47 x 10-3 S m-1. It has been shown that the ionic conduction 

mechanism in polyethylene oxide is via the coordination process of lithium ions induced by 

the segmental motion of the polymer backbone. The ions, either individually or in clusters, 

move along the same chain or a different chain via a hopping mechanism due to the 

formation and breaking of the Li-O bonds present in the polymer (Xue, He, and Xie 2015). 

This clearly strengthens the assumption that the channels help to increase the ionic 

conduction through a more ordered ionic hopping process as the polymer itself is an 

insulator rather than through electronic conduction. A similar observation was made by 

Majewski et al., who measured higher ionic conductivity in the case of an LC polymer 

electrolyte structure prepared perpendicular to the two electrodes (Majewski et al. 2010). 

Since the ion transport mechanism in the polymer electrolyte involves the percolation of the 

mobile ions between boundary zones, a mesoporous insulating network will force the 

particles to touch or come close to each other so their space-charge zones overlap (Maekawa 
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et al. 2004). This enhances the space-charge effect and thus the ionic conductivity. Table 6.1 

summarises the ionic conductivity and ionic diffusion for different electrolytes. 

Table 6.9 Ionic conductivity data for the reference liquid electrolyte and the electrolyte 

prepared using reactive mesogen measured at 25 oC at 1 kHz in a 25 µm ITO-ITO cell. 

Sample 
Ionic diffusion 

(cm2 s-1) 

Ionic conductivity 

(S m-1) 

Liquid electrolyte 2.59 x 10-6 7.70 x 10-4 

Sm-PE 4.53 x 10-6 1.47 x 10-3 

The function of the reactive mesogen here is to act as the polymer matrix that will help to 

contain and aid the conduction of the liquid electrolyte. RM 257 is a known insulator and 

has an extremely low conductivity compared to the liquid electrolyte. The application of RM 

257 has long been limited to display technology. In this case, RM 257 was used to prepare 

the polymer matrix, and the binary LC mixture acted as the template for the polymerisation 

process. The polymer itself was not involved in the electrochemical reaction of the liquid 

electrolyte. It is reasonable to assume that the ionic conduction occurring in the Sm-PE was 

the same as any other polymer electrolyte in which the segmental motion of the polymer 

backbones together with inter- and intra-chain ionic hopping. The redox reaction in this case 

remained the same as that of a standard electrolyte used. 

1

2
𝐼3

− + 𝑒(𝑃𝑡) →
3

2
𝐼−         (6.1) 

𝐼3
− + 2𝑒(𝑃𝑡) → 3𝐼−         (6.2) 

6.2.6 Light scattering  

Light propagation in a solar cell is an important factor that can affect the efficiency of solar 

devices, and increasing the effective propagation length of light in a solar cell serves to 

increase device efficiency by enhancing the optical absorption by the active medium 

(Franklin and Wang 2002). A light scattering experiment was performed on the two samples 

to investigate how light scattering varies with and without the Sm template. Figure 6.7 shows 

the light scattering profile of cells containing liquid electrolyte and Sm-PE electrolyte. As 

seen from the pictures, the light profile for the cell before filling with liquid electrolyte (Figure 

6.7a) and after filling with liquid electrolyte (Figure 6.7b) is similar, implying that there was 

no significant increase in light scattering upon filling the optically isotropic liquid electrolyte. 
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However, a significant increase in scattering could be seen for the un-filled cell employing 

the smectic-templated polymer due to the incorporation of a birefringent porous medium 

inside the beam path (Figure 6.7c). On filling a liquid electrolyte into the templated polymer, 

the beam spread and scattering was reduced (Figure 6.7d). This is due to better refractive 

index matching between the liquid electrolyte and the polymer template. A previous study 

explored refractive index matching to control the amount of light scattering by changing the 

surrounding media through the incorporation of additives (Franklin and Wang 2002). 

Increasing the light scattering within the solar cell effectively increased the probability of the 

light exciting the dye molecules and hence increased the JSC. 

 

 

Figure 6.7 Light scattering profile of a) an empty cell, b) a cell filled with liquid electrolyte, c) 

an empty cell containing smectic-templated polymer and d) a cell containing Sm-PE 

characterised at 25 oC. The ITO-ITO cells were fabricated using 25 µm spacer film. 

a) b) 

c) d) 
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6.2.7 Photovoltaic properties 

Subsequently, DSSCs were fabricated using the stabilised micro-channel electrolyte and were 

tested under AM 1.5 conditions. The J-V curves and a summary of the efficiencies of the 

solar cells are shown in Figure 6.8 and Table 6.2, respectively. For comparison, we compared 

the Sm-PE with a standard liquid electrolyte in the DSSCs. The liquid electrolyte showed a 

VOC = 0.688 V, a JSC = 12.00 mA cm-2 and an FF = 0.67, corresponding to an efficiency, η, 

of 5.51 %. The device polymerised on the counter electrode side exhibited a VOC = 0.705 V, 

a JSC = 13.25 mA cm-2 and an FF = 0.63, corresponding to η of 5.94 %.  

An improvement in JSC of 11 % was achieved for the Sm-PE, which can be attributed to 

more ordered ionic conduction pathways that enhance the ionic transport within the polymer. 

This is evident from the ionic conductivity data where the Sm-PE showed higher ionic 

conductivity. This might seem counterintuitive, as the polymer covered the surface of the Pt 

and thus reduced the area of catalytic reaction of Pt and 𝐼3
− yet still gave a high photocurrent. 

In the case of the polymer electrolyte, the JSC was lowered due to the movement of mobile 

ions hindered by the polymer network, but this was not the case in the polymer template 

electrolyte (Komiya et al. 2004). This proves that ionic conduction is aided by these 

nanopores in the case of the LC-templated electrolyte. The DSSC fabricated with Sm-PE 

also showed an increase in the VOC. The reduction in the FF is attributed to the increase in 

the series resistance within the device. 

Table 6.210 Photovoltaic performance of DSSCs based on the reference liquid electrolyte 

and the smectic-templated polymer electrolyte measured at 25 oC under 1 sun illumination. 

Device 
JSC 

(mA cm-2) 

VOC 

(V) 

FF 

(%) 

η 

(%) 

Reference 12.00 0.69 67 5.51 

Sm-PE 13.25 0.71 63 5.94 

Figure 6.8a shows the dark J-V characteristics of the two different types of solar devices. 

The dark current gives information on the kinetics of the reaction of the electrons from 

mesoporous TiO2 with 𝐼3
− in the electrolyte. The liquid electrolyte showed an onset of dark 

current, which is a few mV lower than that of Sm-PE. This shows that the liquid electrolyte 

had a larger recombination than Sm-PE. The curve also showed an increase in the 

photocurrent with the increase in the voltage, suggesting the suppression of the 

recombination reaction with the use of the Sm-PE. 
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Figure 6.8 J-V curves of DSSC with reference liquid electrolyte and Sm-PE electrolyte a) in 

the dark conditions and b) under 1 sun illumination at 25 oC. 

6.2.8 Electrochemical impedance spectroscopy  

From the Nyquist plot, Rs, which is the contribution of the sheet resistance of the FTO 

substrate and the electrical wiring of the cell, is similar between the two devices which is to 

be expected. RPt is the charge transfer at the surface of the Pt electrode with the electrolyte. 

This is because the template, which is an insulator, was polymerised directly onto the Pt 

electrode and thus increased the charge resistance. The charge recombination resistance at 

the TiO2/dye/electrolyte interface is given by the RCT, which can be determined from the 

diameter of the second semicircle. The RCT is lower in the case of the reference DSSC 

compared to Sm-PE, which means that the electrons are more likely to be intercepted by the 

electrolyte. However, in the case of Sm-PE, due to the trapping effect of the electrolyte by 

the template, the electrons in the TiO2 are less likely to recombine with the electrolyte. This 

agrees with the observation from the dark J-V curve. 

Table 6.311 Summary of EIS parameters for liquid electrolyte and Sm-PE DSSCs measured 

in dark conditions at 25 oC. 

Device Rs  

(Ω) 

RPt  

(Ω) 

RCT  

(Ω) 

τe  

(ms) 

Reference 18.29 2.38 42.74 11.43 

Sm-PE 15.32 12.79 63.63 14.33 

The electron lifetime can be calculated from the Bode plot using Equation 5.2. The electron 

lifetime is related to the back reaction between the injected electron from the dye and the 

a) b) 
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recombination reaction with the electrolyte instead of being transported into the system. In 

this experiment, the Sm-PE showed an improved electron lifetime compared to the reference 

liquid electrolyte DSSC, which suggests that the back reaction was impeded by the insulating 

polymer template. The channels can be thought as a barrier that prevents the injected 

electron in the TiO2 from being intercepted by the mobile ions in the redox electrolyte.  

 

 

 

 

 

Figure 6.9 a) Nyquist and b) Bode plot of DSSCs measured in dark conditions at -0.7 V 

applied bias measured at 25 oC. 

6.3 Control of LC template alignment 

6.3.3 Preparation of LC template through the application of E 

Figure 6.10 shows the POM and SEM of the E aligned sample. The binary LC mixture 

showed a marked difference after applying an electric field which shows that the LC materials 

were switched. The realignment of the directors of the LC molecules changed the optical 

transmission which is characterised by the opaque texture. The molecules are thought to be 

aligned parallel to the E and thus allow light to pass through. However, this is not the case 

here. Applying E induced an overall planar alignment of the LC molecules, which is clearly 

evident from the POM images. After applying E, the morphology changed drastically to 

show a dark image, which means that the molecules realigned into a planar orientation with 

respect to the plane of the substrate (Figure 6.10a). This can be attributed to the more stable 

SmA LC 8/2 organosiloxane which could not be switched by the applied E; only the more 

fluid-like nematic 5CB molecules were aligned by the applied E. Once the sample was 

switched, the structure remained in that state indefinitely after the removal of the field. The 

sample was subsequently polymerised under UV light. The resulting texture was the same as 

before the polymerisation (Figure 6.10b). Immersing the polymerised sample in acetone 

a) b) 
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removed the LC components, resulting in the formation of nanopores (Figure 6.10c). Figure 

6.10d shows the SEM image of the LC template after the removal of the LC content. Figure 

6.10e corresponds to the AFM image of the sample. The side view schematic diagram of the 

template upon applying E is shown in Figure 6.10f. It is thought that the focal conic 

structures formed layers with the reactive mesogens situated in between these layers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10 POM images of reactive mesogen mixtures after applying E, a) before 

polymerisation, b) after polymerisation and c) after removal of LC components with acetone. 

a) b) 

c) d) 

e) f) 
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d) SEM image and e) AFM image of the template. f) Schematic diagram of the mixture after 

applying E. The scale bar is 50 µm using X60 magnification. 

6.3.4 Preparation of LC template using PI alignment layer 

Next, an alignment layer was used on one side of the cell. The alignment layer was prepared 

by spin-coating a PI layer and was rubbed using a rubbing machine. This process led to the 

formation of micro-grooves where the LCs aligned according to the direction of the grooves. 

After filling with the binary mixture, a different morphology could be observed where the 

polygonal structures arranged themselves in the direction of the PI alignment layers instead 

of randomly, as in the case of the self-assembled sample (Figure 6.11a). The size of these 

polygonal structures was also found to be similar. This can be explained by the micro-grooves 

prepared by the rubbing machine that are thought to have the same width. Even after UV 

polymerisation of the sample, no visual change was observed (Figure 6.13b). After the 

removal of the LC components, the morphology of the sample changed significantly where 

the polygonal structures could no longer be observed (Figure 6.11c). However, the alignment 

of the polymer materials could still be observed. Unlike the self-assembled sample, their 

pores are extremely small, which means that the polymer is closely packed and dense. A 

similar morphology was observed using SEM where the polymers are lying parallel to the 

substrate and are aligned in one direction (Figure 6.11d). The inset picture shows the fibrous 

aggregates. Figure 6.11e) shows the schematic diagram of the morphology. Figure 6.11e) 

shows the AFM image of the template after the removal of the LC components. Figure 6.11f) 

shows the top view schematic diagram of the mixture when aligned using the PI alignment 

layer. In this case, it is hypothesised that the polygonal structures of SmA LCs arranged 

themselves in the rubbing direction, with the reactive mesogens aligned in between the 

polygonal structures and parallel to the rubbing direction. 

 

 

 

 

  

a) b) 
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Figure 6.11 POM images of reactive mesogen mixtures with a PI alignment layer a) before 

polymerisation, b) after polymerisation and c) after the removal of LC components with 

acetone. d) SEM image and e) AFM image of the template. f) Schematic diagram of the 

mixture with a PI alignment layer. The scale bar is 50 m using X60 magnification. The black 

arrow shows the rubbing direction. 

6.3.5 Current-voltage measurement 

The effect of the different structure on ionic conductivity was determined using current-

voltage measurement. The measurement was performed at room temperature. The resistivity 

of the electrolyte was taken as the inverse value of the slope in the linear region of the curve. 

From the I-V measurement, it was found that the ionic conductivity is higher in the case of 

the E aligned sample (1.78 x 10-3 S m-1) compared to the PI aligned sample (1.49 x 10-3 S m-

1). The highly ordered sample induced better ionic conduction within the nano-pores by 

having more conduction channels. The ionic diffusion of the sample was also investigated 

using steady state voltammetry. The ionic diffusion experiments also corroborated the ionic 

conductivity data where the E aligned sample (3.54 x 10-7 cm2 s-1) has higher ionic diffusion 

compared to the PI aligned sample (3.23 x 10-7 cm2 s-1). A similar result was also observed by 

e) f) 

c) d) 



- 110 - 
 
 

Golodnitsky et al., who showed that an improvement in ionic conductivity was obtained 

when a magnetic field was applied to polyethylene oxide polymer electrolyte (Golodnitsky et 

al. 2004). The result is also strengthened by the ionic diffusion data. Table 6.13 summarises 

the ionic diffusion and conductivity for the two different electrolytes. 

 

 

 

 

 

 

Figure 6.12 Linear sweep voltammetry curve of the E aligned sample and the PI aligned 

sample measured at 25 oC in a symmetric 25 µm Pt-coated FTO-FTO cell. 

Figure 6.12 shows the linear sweep voltammetry for the E aligned and PI aligned samples. 

The ionic diffusion of the samples was calculated to be 3.54 x 10-7 cm2 s-1 for the E aligned 

sample and 3.23 x 10-7 cm2 s-1 for the PI aligned sample. The ionic diffusion for the E aligned 

sample is slightly higher than the PI aligned sample. Since the E aligned sample is more 

porous, the ionic transport is better than for the PI aligned sample.  

Table 6.412 Ionic diffusion and conductivity data of the E aligned sample and the PI aligned 

sample measured at 25 oC at 1 kHz. 

Sample 
Ionic diffusion 

(cm2 s-1) 

Ionic conductivity 
(S m-1) 

E aligned 3.54 x 10-7 1.78 x 10-3 

PI aligned  3.23 x 10-7 1.49 x 10-3 
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6.3.6 Photovoltaic properties 

 

 

 

  

 

 

Figure 6.13 a) Light and b) dark J-V of the best performing solar devices for the E aligned 

sample and the PI aligned sample measured at 25 oC. 

Subsequently, DSSCs were fabricated as an example of an application for these electrolytes. 

The J-V curves of the two different devices are shown in Figure 6.15 and the measured 

photovoltaic parameters of the two devices are summarised in Table 6.5. The E aligned 

sample showed a JSC = 16.93 mA cm-2, VOC = 0.68 V and FF of 43.73 %, corresponding to 

an efficiency of 5.02 %. The performance obtained with the cell prepared using a PI 

alignment layer was JSC = 16.03 mA cm-2, VOC = 0.65 V and a fill factor of 43.73 %, 

corresponding to an efficiency of 4.57 %.  

Table 6.5 Photovoltaic properties of DSSC devices prepared using the E aligned and the PI 

aligned samples. The value is the average of four different samples and the value for the best 

performing is given in the parentheses. 

Sample JSC 

(mA cm-2) 

VOC 

(V) 

FF 

(%) 

η 

(%) 

E aligned 13.61 (16.93) 0.69 (0.68) 47.10 (43.73) 4.35 (5.02) 

PI aligned 13.29 (16.03) 0.68 (0.65) 48.41 (43.73) 4.23 (4.57) 

As can be seen from Table 6.5, apart from the JSC, all other parameters are almost similar 

across the two devices. This is to be expected because the materials used to fabricate the 

sample are the same, and only the morphology is different. The JSC is highly dependent on 

the ionic conductivity of the sample. It has been shown that the ionic conductivity for the E 

a) b) 
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aligned sample is higher than that for the PI aligned sample due to the polymer structure of 

the sample.  

6.3.7 Electrochemical impedance spectroscopy  

Figure 6.16 shows the Nyquist and Bode plot of the devices measured under dark conditions 

at an applied bias of -0.7 V. The Rs for both devices is almost similar. This is as expected 

because they were fabricated with the same material. However, the RPt and Rct for both 

DSSCs show a significant difference. In the case of the PI aligned device, since the width 

between neighbouring polymer fibres is very small, the charge transfer from the electrode to 

the electrolyte is limited, resulting in the higher RPt. This also explains why the JSC is lower in 

the case of the PI aligned sample, as the catalytic surface area is small compared to that of 

the E aligned sample. For the same reason, the high RCT means that the charge transfer from 

the electrolyte to the conduction band of TiO2 is highly suppressed in the case of the PI 

aligned sample. As the E aligned sample is more porous compared to the PI aligned device, 

the ionic transport is expected to be more efficient, resulting in the lower RPt and RCT. Table 

6.6 summarises the charge resistances and the electron lifetime.  

Table 6.6 Summary of EIS parameters for the E aligned and PI aligned polymer electrolyte 

DSSCs. 

Device 
Rs 

(Ω) 

RPt 

(Ω) 

RCT 

(Ω) 

τe 

(ms) 

E aligned 16.19 45.00 86.78 21.9 

PI aligned 13.82 64.47 113.09 18.3 

The electron lifetime, τe, can be calculated from the Bode plot using equation 6.2. The 

electron lifetime shows the lifetime of the electron in the TiO2 semiconductor before 

recombining with the 𝐼3
− in the electrolyte. In an ideal DSSC, a longer 𝜏𝑒 is favourable. It is 

calculated that the 𝜏𝑒 for the E aligned device (21.9 ms) is longer than that of the PI aligned 

device (18.3 ms). This shows that the suppression of the back-recombination reaction is 

better in the case of the E aligned device. This result agrees well with the result observed in 

the dark J-V.  
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Figure 6.14 a) Nyquist plot and b) Bode plot used to determine the charge transfer 

characteristics and electron lifetime in the two devices measured in dark conditions at 25 oC. 

6.4 Conclusion 

In conclusion, binary mixtures of varying SmA and N compositions were prepared and 

characterised, and the mixture showing the most ordered textures under crossed polarisers 

was identified. It was shown that the structure of the phases depends strongly on the SmA 

component because the molecule is larger compared to E7. The function of this binary LC 

mixture is to provide a template for the reactive mesogen LCs that will be added later. The 

RM was then added to the optimised binary LC mixture and UV-polymerised to form a 

highly ordered, self-assembled reactive mesogen polymer network. As a potential application 

of the LC polymer templates, we prepared DSSC devices. DSSCs fabricated using these 

nanostructures show promising properties such as an increase in the VOC, JSC and η. The 

increase in the photovoltaic parameters is thought to be due to the formation of channels 

that aided the ionic conduction and the increase in the electron lifetime, which was supported 

by the EIS measurement. Further to this, the light scattering by the Sm-PE also played a role 

in increasing the efficiency as it increases the probability of the dye being excited by the 

incoming light.  

New methods of preparing a highly ordered polymer electrolyte have been proposed either 

by manipulating the self-assembly nature of LCs or by applying an electric field. However, 

despite the more ordered structure in the case of the PI aligned sample, the E aligned sample 

showed higher ionic conductivity and therefore better solar cell performance. The efficiency 

of the E aligned DSSC is 5.02 % versus 4.57 % for the PI aligned device. This can be 

attributed to the morphology of the polymer network where the porosity is higher in the case 

a) b) 
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of the E aligned sample. In the PI aligned sample, the distances between polymer fibres are 

very close and thus reduce the porosity.  

Further improvement could be attained by using different reactive mesogen that can respond 

well to the ionic liquid component used in this study. Further development of these 

templated electrolytes has the potential of enhancing the PCE even more. The self-assembly 

of micro-channels to contain the electrolyte to form a polymer electrolyte can be exploited 

in several energy storage/conversion applications. These results demonstrate a new pathway 

on the possibility of incorporating LCs to provide an ordered template in DSSC research, 

thus widening the possible application of these self-assembled nanostructures photovoltaic 

research. This could include applications in Li-ion batteries, fuel cells, capacitors and solar 

cells.  
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Chapter 7 Graphene counter electrodes 

7.1 Foreword 

In Chapter 6, we discussed the importance of controlling the morphology or structure of 

materials, especially in electronic device applications where these properties are greatly 

affected by structure.  Although presenting a very attractive alternative, the control of 

morphology through the use of E or alignment layers is problematic and undesirable if high 

voltage is required. Gr, which is an sp2 bonded carbon atom forming a hexagonal pattern, 

has been shown to act as a template for the synthesis of organic and inorganic materials 

(Boston et al. 2015; Wang et al. 2010). Gr supports the self-assembly of materials into novel 

nanostructures, which is directed by its two-dimensional morphology. Regarding LCs, there 

are several studies showing the use of Gr as the electrode in LC devices (Kim et al. 2011; 

Shehzad et al. 2015). The LCs are reported to align on the Gr due to strong epitaxial 

anchoring on the surface of the Gr. Gr fulfils all the requirements to be used as electrodes, 

such as high optical transmittance, excellent electronic transport, high flexibility and 

outstanding mechanical strength.  

In this chapter, we first investigate the interaction of an NLC on a Gr surface under crossed 

polarisers. This will provide a qualitative evaluation of the possible alignment of the LC 

materials on a graphene Gr. Next, we compare the performance of different counter 

electrode configurations in DSSCs. LC-PEs investigated in Chapter 4 are then used in the 

Gr-based DSSCs, and the effect of the Gr on LC-PEs is examined using an optical 

microscope. An EIS study gives information on the charge transport properties occurring in 

these devices. 

7.2 Interaction of LCs with graphene 

Figure 7.1a shows a POM of a thin layer of BL006 spin-coated on a CVD-Gr layer where 

the different domains of Gr can be seen with the BL006. Rotating the sample from 0º to 90º 

changes the colours of the domains where the bright domains turned dark and vice versa. 

This showed that the LC materials were strongly aligned parallel to the Gr layer due to π-π 

stacking interactions exerted by the Gr domains. Alternatively, LC material in an ITO-ITO 

cell showed partial planar alignment in the case of a clean substrate. However, the presence 
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of impurities, such as oil, induce a partial planar and homeotropic alignment and only show 

a dark state under crossed polarisers, as seen in Figure 7.1b. Figure 7.1 shows POM images 

of spin-coated BL006 on a) a Gr substrate and b) an ITO substrate.  

 

 

 

 

 

Figure 7.1 POM images of BL006 spin-coated onto a) a Gr electrode and b) ITO observed 

at 25 oC. 

7.3 Graphene counter electrode DSSCs 

7.3.1 Comparison of different Gr-based electrodes 

Gr was transferred onto an FTO substrate using the wet transfer process, as explained in 

Chapter 3. The process of transferring clean and wrinkle-free Gr onto a Pt layer proved 

difficult, unlike the transfer process on FTO and ITO substrates. Cracks and holes were 

observed on Gr transferred on the Pt-coated substrate. These are reportedly due to the 

roughness of the surface of the substrate imparted by the Pt nanoparticles and also depend 

on the wettability of the substrates (Du et al. 2015; Hong et al. 2016). To overcome the issue 

of wrinkled Gr, a post-annealing process is recommended to obtain a clean Gr (Bao et al. 

2009; Xie et al. 2015).  Therefore, different architectures of Gr based counter electrodes-

FTO+Gr, FTO+Pt+Gr without annealing (450 °C), FTO+Gr annealed, FTO+Pt+Gr 

annealed and FTO+Gr+Pt were prepared. All substrates were prepared using the wet 

transfer process. To determine the quality of Gr on these counter electrodes, Raman 

spectroscopy was performed. Figure 7.2 shows the Raman spectra. A typical Raman spectra 

is shown in Figure 7.2a where three major peaks-the 2D peak, the G peak and the D peak-

can be observed. The 2D and G peaks are characteristic of Gr and these peaks give the 

information as to how many layers of Gr are deposited and if the Gr is doped/strained. The 

D peak tells if there are defects in the Gr. No D peak was observed for the Gr transferred 

a) b) 
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onto an FTO substrate; this was to be expected as no post-processing step was performed 

on this sample. However, upon annealing the FTO+Gr substrate, a small D peak started to 

appear. Yet, the 2D and G peaks were still observed, which means that the Gr had some 

defects. A similar spectrum was also observed for the FTO+Pt+Gr substrate where a small 

D peak was observed. However, for the FTO+Gr+Pt substrate, the signature peaks for Gr 

could no longer be observed, although the Gr layer on the substrate was still visible. This 

might be because the Raman laser could not penetrate the Pt layer on top of the Gr. 

 

 

 

 

 

 

 

 

 

 

Figure 7.2 Raman spectroscopy of Gr on different electrodes and annealing conditions. a) 

Gr on copper foil, b) Gr transferred onto an FTO substrate, c) Gr transferred onto FTO 

substrate after annealing and d) Gr transferred onto a Pt-coated FTO substrate after 

annealing. The Raman spectra was provided by Mr. Philipp Braeuninger from Prof. Stephan 

Hoffman's group. 

 

 

a) b) 
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7.3.2 Photovoltaic properties 

 

 

 

 

  

 

 

 

 

 

 

Figure 7.3 J-V curves for different photocathode configurations under a) dark and b) light 

condition measured at 25 oC under 1 sun illumination. c) Schematic diagram of Gr-based 

DSSC. 

Table 7.1 Summary of photovoltaic parameters for different photoanode configurations. 

Device 
JSC 

(mA cm-2) 

VOC 

(V) 

FF 

(%) 

η 

(%) 

FTO 1.14 0.39 8.2 0.04 

FTO-Gr 3.57 0.66 7.6 0.17 

FTO-Gr (annealed) 10.30 0.71 32.5 2.43 

FTO-Pt 10.45 0.72 65.1 4.86 

FTO-Pt-Gr (un-annealed) 11.52 0.71 66.7 5.48 

FTO-Pt-Gr (annealed) 10.55 0.69 67.6 4.95 

FTO-Gr-Pt 10.14 0.72 68.1 4.98 

The DSSC fabricated with the FTO-only photocathode showed the lowest efficiency of 

0.04 %. This is due to the lack of a catalytic layer for the redox process of the I-/I3
- redox 

a) b) 
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couple. The Pt-layer is important to reduce the oxidised I3
- into I-. Without this process, a 

charge cannot be generated; therefore, a low JSC was observed. Next, a layer of Gr was 

transferred onto the FTO, and a photovoltaic device was fabricated. This resulted in the two-

fold increase in the JSC and VOC. This means that the Gr can act as a catalyst for the I-/I3
- 

redox couple. This is as expected because Gr is made of carbon atoms. Carbon counter 

electrodes have been studied as alternatives to the more expensive Pt counter electrodes. 

However, the efficiency of this device was still very low. A study by Zhang et al. showed the 

effects of different temperatures in the annealing process of Gr counter electrodes on the 

performance of DSSC devices (Zhang et al. 2011). Therefore, an annealing treatment was 

performed on the Gr counter electrode, resulting in a significant improvement in 

performance. This can be attributed to a better surface connection between the Gr layer and 

the FTO substrate. It is also thought that the polymer sacrificial layer during the Gr transfer 

process might have been removed due to the annealing treatment, leading to better surface 

adhesion. This is evident from the high JSC obtained for this device architecture.  

Next, hybrid Pt-Gr counter electrodes were studied. First, a device with an FTO-Pt-Gr 

(without post annealing) counter electrode was fabricated. This device showed high 

photovoltaic parameters of JSC = 11.52 mA cm-2, VOC = 0.71 V and η = 5.48 %. This 

originates from the higher electrocatalytic properties when using the Gr layer together with 

the Pt layer. With the addition of the Gr layer, the surface area for the catalytic reaction was 

also improved. Next, the effect of thermal treatment on the same counter electrode structure 

was investiagted. It was observed that the JSC was reduced but the VOC was improved. The 

reduction in the JSC might be due to the degradation of the Gr layer at high temperatures, 

while the enhanced VOC might be due to the positive shift of the redox potential of the I-/I3
- 

redox couple. Finally, an FTO-Gr-Pt counter electrode was used to fabricate a DSSC device. 

This type of device showed the lowest JSC (10.14 mA cm-2) amongst the devices tested. The 

degradation of the Gr layer is thought to be the cause of the low JSC. This degradation affects 

the surface interaction between the FTO, Gr and Pt interfaces by impeding the charge 

transfer from the counter electrode to the electrolyte. In the Raman study above, it can be 

seen that annealing led to the formation of multilayered Gr from the 2D and G peaks where 

the G peak was higher than the 2D peak. However, the efficiency is still higher than that of 

the reference DSSC. In comparison, the reference electrolyte showed JSC = 11.45 mA cm-2, 

VOC = 0.72 V and η = 4.86 %. 
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It was established that FTO-Pt-Gr architecture gave the best photovoltaic performance. 

Using this architecture, the interaction between LC-PE composites and Gr was investigated 

by studying DSSC devices. These electrolytes were capillary-filled into Gr-based DSSCs.   

7.3 Interaction of LC-PEs with the graphene electrode 

7.3.1 Polarising optical microscopy  

A POM study was performed to elucidate the effect of the Gr interaction with the LC-PE 

composites. Figure 7.4 shows POM images of different LC-PEs filled in ITO-Gr cells under 

crossed polarisers. POM was performed from the Gr side. The birefringence observed in 

Figure 7.4 is generally lower than that observed in ITO-ITO cells (Figure 5.1). It is thought 

that the Gr electrode induces planar alignment of the LC materials; therefore, it can be 

observed under the microscope. As the LC content increases, it is expected that the 

birefringence increases at the same time since the composition of the LC increases. However, 

unlike in ITO-ITO cells, this was not the case. This can be attributed to the higher overall 

alignment effect in the LC materials. It can also be observed that the aggregations of the 

ionic liquids became more prominent with the increase in LC content. This also proves that 

there was indeed interaction between the ionic liquid and the LC molecules. Without the 

attractive interaction between the DMPII and 5CB, no birefringent images could be observed 

under crossed polarised POM since the DMPII molecule is not expected to show 

birefringence. 
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Figure 7.4 POM images of LC-PEs in a 25 µm Gr-ITO cell observed from the Gr side under 

crossed polarisers at 25 oC. a) 0% 5CB, b) 5% 5CB, c) 10% 5CB, d) 15% 5CB and e) 20% 

5CB. 

7.4.2 Photovoltaic properties 

Next, a pure polymer electrolyte and LC-PEs with different LC concentrations were used to 

fabricate Gr-based DSSCs. Figure 7.5 shows the dark and light J-V of the solar devices. 

Unlike with Pt-only electrodes, with a Gr counter electrode, the DSSC highest efficiency was 

obtained with the pure polymer electrolyte, showing JSC = 14.31 mA cm-2, VOC = 0.68 V and 

η = 4.80 %. This value was several orders of magnitude higher than the DSSC prepared with 

only Pt. Increasing the content of the LCs in the polymer electrolyte also increased the 

efficiency. Interestingly, however, the improvement in the efficiency was seen to get smaller 

with higher concentrations of LCs. This can be related to how the LC molecules arrange 

themselves near the surface of the Gr layer. As explained previously, due to the π-π stacking 

interaction of Gr and the benzene rings of the LC molecules, the molecules tend to align 

themselves parallel to the Gr substrate. However, it is believed that this effect is strongest 

near the surface of the Gr and does not replicate to the whole cell. 

c) d) 

e) 
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Figure 7.5 J-V curves of Gr-based DSSCs using a pure polymer electrolyte and LC-PEs a) 

in dark conditions and b) under 1 sun illumination measured at 25 oC. 

Table 7.2 Photovoltaic performance of the Gr-based DSSCs fabricated with different LC-

PEs. 

5CB 

(%) 

JSC 

(mA cm-2) 

VOC 

(V) 

FF 

(%) 

Η 

(%) 

0 14.31 0.68 51.16 4.80 

5 7.75 0.68 59.36 3.13 

10 9.15 0.67 58.52 3.60 

15 7.00 0.69 57.94 2.79 

20 8.28 0.67 57.98 2.30 

Figure 7.5a shows the dark current-voltage characteristics of the four devices. The dark 

current gives information on the kinetics of the reaction of the electrons from mesoporous 

TiO2 with 𝐼3
− in the electrolyte. It is seen that the onset voltage for the higher LC contents, 

in particular 15 % and 20%, was lower than that of the other devices. As the amount of LCs 

was greater in these two devices, the effect of induced alignment by the Gr was higher. 

Instead of passivating the TiO2 surface through the adsorption of cyano groups on the TiO2 

surface, the molecules were pulled towards the Gr surface where they tended to align parallel 

to the substrate.  

 

 

a) b) 
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7.4.3 Electrochemical impedance spectroscopy  

 

 

 

 

 

 

Figure 7.6 a) Nyquist plot and b) Bode plot of the photovoltaic devices for different LC-PEs 

fabricated using a Gr-based counter electrode measured at 25 oC under the dark conditions.  

The Nyquist plot (Figure 7.6a) and the Bode plot (Figure 7.6b) obtained from the EIS 

measurement can give insight into the charge transport parameters within the solar device. 

As can be seen from the Nyquist plot, the onsets were similar across all devices, which is as 

expected because the same Gr counter electrode was used. The small difference between the 

Rs can be attributed to fabrication errors which can be neglected. RPt is seen to increase with 

the increase of LCs which means that the charge transfer was hampered in this case.  

The electron lifetime can be calculated from the Bode plot using Equation 5.2 As with the 

efficiency, the lifetime was also affected by ion transport within the polymer electrolyte. The 

lifetime gives information on how long an electron stays in the TiO2 before being intercepted 

by the electrolyte. The longer the lifetime, the better the efficiency will be, although there are 

other parameters that govern the efficiency of the device. In this measurement, it was found 

that the 10% sample had the highest τn of 9.7 ms. Increasing the LC content decreased the 

τe, which supports the previous argument that the effect of the back-recombination reaction 

was greater with a higher LC content.  

 

 

a) b) 
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Table 7.2 Electron lifetime at different 5CB composition for Gr-based DSSCs measured at 

25 oC under dark conditions. 

5CB 

(%) 

Rs 

(Ω) 

RPt 

(Ω) 

Rct 

(Ω) 

τe 

(ms) 

0 12.9 33.0 75.9 9.6 

5 16.3 41.2 79.0 3.0 

10 15.7 55.3 75.4 9.7 

15 16.1 41.3 113.0 3.5 

20 14.8 18.2 93.2 3.9 

7.5 Summary 

We have shown that Gr exerted an alignment effect on LC materials. The strong interaction 

between LCs and Gr induced planar alignment, despite the mismatch of structure between 

the two. In addition, the use of Gr as the counter electrode improved the performance of 

the DSSCs. This is due to the catalytic properties of Gr that improve the redox reaction of 

the electrolyte. Regardless of the presence of defects in Gr after the transfer onto FTO 

substrates, higher efficiency was observed with the FTO-Pt-Gr DSSC. The integration of 

LC-PEs in Gr-based DSSCs also improved the overall performance of the devices. It was 

observed that the increase in the efficiency got smaller with the increase in LCs. Higher LC 

content means that the LC components have a more dominant role in the polymer electrolyte 

system. Therefore, the interaction between the LC molecules and Gr becomes more 

prominent. 
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Chapter 8 Conclusion and Future Work 

8.1 Conclusion 

This thesis primarily explores the application of self-assembled LC materials and new 

fabrication methods for electrolyte development in relation to DSSCs and utilising LCs. LCs 

have been well studied and LC-related industries revolving around displays and imaging are 

worth more than $100 billion. The flat panel display industry alone contributed $129 billion 

to the economy in 2015. Despite being widely researched, the application of LCs is 

traditionally limited to display applications. In more recent years, there has been intense 

research of non-display applications of LCs, such as in electronic and photonic devices. The 

intrinsic ability of LCs to self-assemble has allowed the exploitation of their electronic, 

magnetic and optical properties for a potentially wide range of applications. This thesis has 

focused on the application of LCs in DSSCs, namely their role in the electrolyte redox couple 

component of DSSCs. The key findings are summarised as follows:  

• The polymer electrolyte was doped with LCs (LC-PEs) for DSSCs. A higher electrical 

conductivity and photovoltaic response was observed. The LC-PEs also demonstrated a 

higher scattering effect, resulting in higher DSSC performance.  

• The variation in alkyl chain length of a homologous series of cyanobiphenyl (nCB) LCs, 

the ionic conductivity and the ionic diffusion showed an inverse relationship with the 

alkyl chain length. Similar trends were also observed for the DSSC devices where η 

reduced from 3.63 % for 5CB to 2.06 % for 10CB. 

• Dielectric permittivity also affects the performance of the DSSCs. A positive Δε LC 

material yielded better ionic conductivity and better overall DSSC efficiency. The 

improved ionic conductivity is attributed to the switching effect of LC molecules.  

• Templating of the polymer electrolyte in a DSSC was achieved using a self-assembled 

LC template. A highly ordered reactive mesogen polymer network was prepared using 

E7:8/2 organosiloxane (80:20 vol:vol) mixture as the template. This highly porous 

polymer electrolyte showed higher ionic conductivity, ionic diffusion and overall 

photovoltaic properties compared to a reference DSSC. This is due to a more ordered 

ionic conduction and better ion dissolutions by the oxygen unit in the polymerised 

reactive mesogen. 
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• The morphology of the smectic-templated polymer network can be controlled using 

applied the E and the PI alignment layer on the substrate. The electrical and photovoltaic 

response of the E aligned sample was higher than the PI aligned sample, which can be 

attributed to the porosity of the templates. The PI aligned sample was observed to 

provide better alignment compared to the E aligned sample. In addition, the E aligned 

sample was less porous. 

• Self-assembly of nematic (BL006) LCs was compared for a Gr-coated substrate and an 

ITO substrate. Use of the polycrystalline Gr substrate resulted in multi-domain LCs, 

whilst use of the ITO substrate resulted in a more ordered homeotropic alignment. 

• The process of annealing the Gr-based electrodes resulted in the Gr having defects. 

Interestingly, despite these defects, it was found that the incorporation of Gr as the 

counter electrode in DSSCs improved the overall performance (post annealing). 

• Increasing the LC content has a negative effect on the performance of Gr-based 

photovoltaic devices. This is assumed to be an effect of Gr which aligns the LC molecules 

parallel to the substrate and thus reduces the surface area for catalytic reaction of the 

redox electrolyte and impedes the ionic conduction mechanism.   

8.2 Future work 

8.2.1 Doping of liquid electrolytes with alkoxy cyanobiphenyl LCs 

Here we have shown that improving the ionic conductivity and thus the efficiency of DSSCs 

can be achieved by doping with LC materials. The doping of liquid electrolytes with alkyl 

cyanobiphenyl LCs has been demonstrated by Koh et al. (Koh et al. 2013). It was shown that 

the cyano group attached to the surface of the TiO2 semiconductor and thus passivated the 

surface from a liquid electrolyte. This improved the VOC and the electron lifetime. In addition, 

it is a well-known fact that the presence of the oxygen unit acts as a reaction site for capturing 

the Li+ ions, thus enhancing anion conduction. This can potentially be applied to LC 

molecules having oxygen groups. Interestingly, in our preliminary experiment with alkoxy 

cyanobiphenyl LCs in acetonitrile, gel formation was observed.  

8.2.2 LC-templating with DLCs 

In this thesis, we have shown that it is possible to prepare a highly ordered polymer network 

through the templating of reactive mesogens with an optimised NLC:SmA binary mixture. 
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The reactive mesogens conform to the polygonal structure of the binary mixture upon UV 

irradiation and the removal of the binary mixture, leaving a porous structure that is efficient 

at ionic conduction. Using the same idea, introducing DLCs as the template will allow the 

fabrication of planar alignment, which is excellent for in-plane conduction, or homeotropic 

alignment, which is good for out-of-plane conduction. As mentioned in Chapter 2, DLCs 

tend to self-assemble into a columnar structure due to the steric interactions and the π-π 

interactions between the cores.  

8.2.3 DLC template with graphene electrode 

In chapter 6, we discussed the possibility of preparing a highly ordered polymer structure 

using SmA LCs as the template, and in Chapter 7 the interaction between LC molecules and 

Gr was explored. Taking these two things into account, we proposed using a DLC template 

with a Gr electrode. As mentioned previously, the interaction between DLCs and Gr has not 

been studied extensively. Only a few works have been published on the interaction of DLCs 

and Gr (Shivanandareddy et al. 2014). As Gr layers have been shown to induce the alignment 

of nematic LC materials, it is expected that an even greater effect will be observed with DLCs 

because DLCs possess large aromatic cores, similar to the structure of Gr. The alignment of 

DLCs by a Gr layer will most likely result in a columnar structure with homeotropic 

alignment. Assuming the reactive mesogens are placed in between the columnar structures 

of DLCs, similar to the case of polygonal SmA structures, it is possible to control the size of 

the polymer network by changing the length of the alkyl chain of DLCs.  

8.2.4 Thermoelectric devices 

The working mechanism of a thermoelectric device is based on the thermal gradient to 

generate electricity. The efficiency of thermoelectric material is determined using the 

following equation: 

𝑍𝑇 =
𝑆2𝜎𝑇

𝜅
 

where ZT is the figure of merit, S is the Seebeck coefficient, σ is the conductivity, T is the 

temperature in Kelvin and 𝜅 is the thermal conductivity. To get a high ZT, a high S and high 

σ are required while keeping 𝜅 as low as possible. However, high σ comes with a trade-off 

high 𝜅. The application of LCs in thermoelectrics research has been proposed in several 
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studies (Balagurusamy et al. 1999; Trashkeev and Kudryavtsev 2012). LC materials have been 

known to possess low 𝜅. In this thesis, we have shown that the use of LCs in electrolytes, 

both in the case of LC-PEs and Sm-PEs, improves the ionic conductivity. The thermal 

conductivity of LCs has been shown to be extremely low (0.15~0.35 W/mK for 9CB) 

compared to other materials, such as metal (310 W/mK for gold). The thermal conductivity 

also shows a decreasing trend with an increase in the temperature as the LC materials become 

isotropic (Mercuri et al. 1998). Therefore, it is interesting to see the application of LC-based 

electrolytes as thermoelectric materials.  

8.2.5 Batteries 

Since the use of electronic devices has become widespread, batteries have become 

indispensable components. Batteries have three main components-an anode, a cathode and 

an electrolyte. Electrolyte materials must have excellent ionic conductivity, be inert to the 

electrodes and be thermally stable. Recently, the use of LCs as electrolyte components has 

been discussed by Sakuda et al. through the of reactive mesogen (Sakuda et al. 2015). 

Furthermore, there are numerous studies on the use of Gr in the electrodes in battery systems 

(Wang et al. 2009; Yoo et al. 2008). The highly porous nature of the Sm-PEs allows for higher 

electrolyte uptake, which can provide higher ionic conductivity and prevent electrolyte 

leakage. By integrating LC-based electrolytes and Gr electrodes, it is thought that battery 

efficiency can be further improved.  
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