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                                                     Abstract 

       

The increasing cost of fossil fuel energy production and its implication in environmental 

pollution and climate change created high demand for alternative and renewable sources of 

energy. This has led to great interest in research in the field of photovoltaic or solar cells  Due to 

the abundance of sunlight, the technology is sustainable, non-polluting and can be implemented 

at places where power demand is needed, for example in rural areas. Solar cell devices that have 

been commercialized are currently based on silicon technology, involving the use of 

monocrystalline, polycrystalline and amorphous silicon. Although they produce highly efficient 

solar cells, the cost of Si solar cells is too high. Second generation solar cell materials such as 

cadmium telluride and third generation materials such as perovskites and organic polymers have 

been receiving much attention recently. However, they lack the efficiency of Si solar cells. This 

research proposes the development of high energy conservation photovoltaic cells from novel 

low-cost organosilicon polymers. The aim was to develop novel highly branched organosilane 

polymers such as poly(3-hexythiophene),  polydi(thien-2-yl)dimethylsilane, poly(3-hexyl-

[2,2’] bithiophenyl-5-yl)-dimethyl-thiophen-2yl-silane) as electron donors along with zinc oxide 

nanorod as the electron acceptor which were able to bring the efficiency of the resultant 

photovoltaic cell close to that of current Si solar cell.  The zinc oxide nanorods were prepared by 

wet chemistry methodology involving the use of zinc acetate and sodium hydroxide and absolute 

ethanol and were annealed at different temperatures. Organosilane polymers were prepared 

through a reaction route that involved the use of ferric chloride as catalyst, where safety 

measures were used.  The structural characterisations of the materials were performed by proton 

nuclear magnetic resonance spectroscopy (HNMR), Fourier transform infrared spectroscopy 
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(FTIR) and energy dispersive x-ray spectroscopy (EDX) Morphological analysis were done by 

high-resolution scanning electron microscopy (HR-SEM), high-resolution tunneling electron 

microscopy (HR-TEM) and x-ray diffraction (XRD), while optical properties of the materials 

were studied by ultraviolet-visible (UV-vis), photoluminescence (PL) and electrochemistry.   

Based on the cyclic voltammetry and UV-Vis results, we were able to calculate the HOMO, 

LUMO and band gap energy (Eg) values of the donor and acceptor as well as their blend. The 

obtained optical band gap of polymers blended with zinc oxide nanorods was calculated, for 

P3HT, PDDS and P3HDS were all found to be 2.291 eV, 2.42 eV and 1.96 eV respectively. The 

electrochemical bandgaps for donor polymers obtained were lesser than the optical bandgaps and 

this could be due to the electrochemical reactions that are faster and might have an effect on the 

shifting of peaks to less potentials. 
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                                                        Chapter 1 

                                                      Introduction         

1.1 Background  

 

Energy is a need, such that it is one of the central global issues affecting world social, economic 

and environmental. The South African Department of energy reported that the primary energy 

supply in South Africa is dominated by coal, as shown in figure 1.1 [1]. The energy crisis in the 

country is expected soon because there is high demand of electricity while the coal is limited. 

Hence South Africa is in need of an alternative unlimited energy resource. Generally there are 

two types of energy resources which are renewable and non-renewable resources. The non-

renewable resources are mostly the energy that is formed or found in nature that can be used up 

such as fossil fuels, while the renewable comes from natural processes such as sunlight and they 

cannot be used up. Figure 1.1 shows that only 1% of energy comes from renewable sources used 

even though it is clean and also unlimited [1]. Solar energy is one of the renewable and 

promising alternative sources of energy; solar energy received by the earth per year is more than 

thousand times than the energy we are currently using.  
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Figure 1.1: The amount of energy source used in South Africa by 2014. "Redrawn from Ref [1]" 

 

Solar energy is the energy from the sun, where upon the absorption of photons by a semi 

conducting material; electrons are ejected and taken up by the electric field to produce charge 

where electricity can be, generated [2]. Solar energy can be converted into electricity through 

Photovoltaic (PV) devices or solar cells. However due to the cost of production of these devices 

not everyone can have access to them because they are expensive. These PV devices have 

attracted much attention; because there is a continuous availability of sunlight throughout the 

year and they contribute to the decrease of the use of fossil fuels. 

Silicon based solar cells, are the most used and commercial available solar cells found in the 

industries due to their advantages such as high power conversion efficiencies, excellent electron 

charge and environmental stability. These silicon devices are found to have high cost and thick 
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layer that prevents them from being flexible. This led to researchers probing organic solar cells 

as viable alternative option, which have both conducting and semiconducting properties. These 

devices are cheap, high absorption coefficient and flexible but the issue is that they have low 

efficiency compare to others. Hence the discovery of hybrid solar cells that combine organic and 

inorganic material, aimed to improve the available solar cells by combining their advantages in 

one solar cell. 

1.2 Problem Statement and Research Motivation 

 

The commercially available solar cells are silicon based solar materials such as monocrystalline, 

polycrystalline and amorphous silicon, which were discovered as good conducting materials for 

photovoltaic devices that produce highly efficient cells. The main problem with these inorganic 

materials based photovoltaic devices is high material cost, which brings about the cost of the 

solar cells to be too high as well. Since silicon needs to be pure  for the monocrystalline, the high 

cost of material purification and manufacturing wafer causes the solar cells to be more expensive 

such that only affording people have access to them while others are only relying in non-

renewable energy. Second generation solar cell materials such as cadmium telluride and third 

generation materials such as perovskites and organic polymers have been receiving much 

attention recently. These materials are light in weight, low cost and flexible, but the issue with 

them is the efficiency that is still lower than that of silicon solar cells.  

Hybrid solar cells are found to be the best option to overcome these challenges that are faced 

from both organic and inorganic solar cells. Hybrid solar cells have been the cheap alternatives 

for conventional silicon solar cells; they are semiconductors that contain both organic and 

inorganic materials. In the hybrid photovoltaic cell there is a conjugated organic material found, 
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that is able to absorb light as a provider there is also inorganic material found that works as 

acceptor and carry electrons in the structure. The desirable features found in both organic and 

inorganic material shall combine in making hybrid solar cells. The target of making hybrid solar 

cells is to use the desirable feature of organic photovoltaics (OPV) such as low cost production 

of a cell and others as well, from inorganic such as tuneable absorption spectra. Hybrid solar 

cells have the capacity to obtain high power conversion efficiencies (PCE) because so far the 

currently achieved efficiencies are quite low. 

 Hence this work seeks to develop thiopheno-organosilicon polymer as electron donor material 

along with zinc oxide nanorods as acceptor for hybrid solar cells. 

1.3 Aims and Objectives 

1.3.1 Aim 

 

The aim was to develop novel highly branched organosilane polymers such as poly(3-

hexythiophene), polydi(thien-2-yl)dimethylsilane, and poly(3-hexyl-[2,2’] bithiophenyl-5-yl)-

dimethyl-thiophen-2yl-silane) as electron donors (zinc oxide nanorod as acceptors) to improve 

both the efficiency and band gap quality of the photovoltaic cell close to that of current Si solar 

cells. 

 

 

 

 

http://etd.uwc.ac.za/



  

20   
   
 

1.3.2 Objectives 

 

The objectives of the study are: 

(i) To synthesise polymeric material and characterise the compounds using vibrational and 

electronic spectroscopy, photoluminescence, electron microscopy. 

(ii) To synthesise zinc oxide and characterise them using electronic and photoluminescence 

spectroscopy, electron microscopy. 

(iii) To study the electrochemical behavior of the polymers. 

(iv) To determine the bandgap of the polymer with ZnO as an acceptor in photovoltaic cells. 

1.4 Brief overview of Chapters  

 

This thesis is divided into six chapters  

 Chapter one: this chapter presents the background, problem statement, motivation and 

objectives of this research. 

 Chapter two: this chapter introduces solar cells general and covers a detailed review on 

semiconducting materials used in solar cells.  

 Chapter three: presents the research design, describes the various characterization 

techniques used and the general experimental procedure.  

 Chapter four to six: discusses the experimental results achieved in the research.  

 Chapter seven: gives conclusion, challenged and recommendation for future work. 
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                                                              Chapter 2 

                                                           Literature review 

2.1 Introduction 

 

In this Chapter we dwell more on the literature forming the results. The main focus of this review 

is on organosilicon and polymers that combine together to form a hybrid material. 

2.2 Organosilicon 

 

Organosilicon compound which are also known as organic silicon, are organic compound 

containing carbon bonded with silicon inside the molecule structure. Over 90% of the Earth's 

crust is composed of silicate minerals, making silicon the second most abundant element in the 

Earth's crust (about 28% by mass) after oxygen [3]. Silicon is most widely found on things like 

dusts, sands, and sometimes it can be found in some rocks as various forms of silicon dioxide 

(silica) which is can be known as silicates. Silicon is known as a comparably environmentally 

benign element, since organosilicon compounds are oxidized ultimately to biologically inactive 

silica gel. Various organosilicon reagents are now available owing to the growth of silicon 

industry [4]. These reagents have advantages compared to other transition metal used such as 

palladium. The organosilicon reagents can be used as nucleophilic partners in cross-coupling 

with pseudo halides and organic halide because of their good feature such as low molecular 

weight, high chemical stability and also they are lacking toxicity. Towards palladium-catalyzed 

cross coupling the silicon-based reagent were always considered to be insufficiently active, but 

the research done by Hiyama et al. showed that the nucleophilic promoter is able to activate 

organosilanes [4, 5].  
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2.2.1 Silanols 

 

Silanols are organisilicon compounds that are containing the Si-OH bond in the molecule and are 

mostly referred to as alcohols. However, the two compounds (silanol and alcohol) are containing 

close apparent similarities. The only difference between the two is their preparation, unlike 

alcohol silanols such as silanediols [R2Si(OH)2] and silanetriols [RSi(OH)3] it is easy to prepare 

them than their carbon analogues [6]. Silanol containing species are essential industrial 

intermediates, for example, in the silicone industry polycondensation of silanols leads to the 

formation of silicones, and the hydrolysis of alkoxysilanes leads to silanols as intermediates in 

sol-gel processes and in surface functionalisation using silane coupling agents. In addition, the 

silanols group is found low concentration in water as Si(OH)4 and it has a great significant value 

on the reactive site of the surface of silicate rock as well as minerals [6]. Silica is mostly studied 

in details in researches based to water. Number of silica technological applications are depending 

on its specific surface properties, for example the surface silanol groups can serve as hydrogen-

bonding sites for a variety of chemical species, their reactivity can make them convenient for 

chemical modifications which makes silica surfaces strategic for instance in biosensing 

applications [7, 8]. 

Marialore Sulpizi and his colleagues did the research based on the molecular behavior of the 

silica-water interface [9]. In their research, density functional theory based molecular dynamics 

(DFTMD) simulations was employed, where the solvent and surface treatment of the electronic 

structure was provided. During their research they have only managed to find two types of 

solanol groups at the quartz surface, out-of-plane forming a strong and short hydrogen bond at 

the interface of water molecules because of the strong acidic character found in silanol and in-
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plane weak hydrogen bond was found at the interfacial water molecules [9]. Silanols was not 

only studied by the above mentioned researchers but also others, where they were interested on 

the synthetic utilization of silanols [10]. The researchers’ interest was basically focused on the 

transformation carbon-silicon (C-Si) bond to carbon-carbon (C-C) bond which was reported as a 

weak bond compared to (C-Si). The reaction that was used during the study was a cross-coupling 

reaction that in silver (I) oxide as the reagent that is shown in the scheme below [10].  

 

R -- SiMe2OH    +    R'--I

Pd(0) cat

   Ag2O

THF, 60 C°
R--R'

~84 % 

Scheme 2.2.1: The reactions of aryl- and alkenylsilanols with organic halides using Ag2O 

Pd(PPh3)4 as catalysts.  

Silanols are mostly used in the synthesis of silicon based polymeric materials where they are 

employed as nucleophilic partners in transition-metal catalyzed reaction mentioned above. They 

are not only employed for such reaction but for organocatalysts for activating carbonyl 

compounds, intramolecular guiding groups for C−H bond activation reactions, inhibitors of 

enzymes, and isosteres of bioactive compounds [11].  

2.2.2 Silenes 

 

Silenes are organometallic molecules such as silaethylenes and silaethene, these molecules are 

consists of silicon and carbon (Si=C) double bond. The first evidence for the existence of silenes 

was established in 1967 when Gusel'Nikov and Flowers reported silene generation as an 

intermediate during the pyrolysis of dimethylsilacyclobutane [12]. Silenes are highly air and 
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moisture sensitive and this hampers the facile application of reactions involving these 

compounds in target directed synthesis.  

2.3 Conductive Polymers 

 

A polymer is a chemical compound where molecules are bonded together in long repeating 

chains, nowadays it is known as plastics especially in the industries [13]. Polymers can be man-

made or be naturally occurring or both, for example rubber is a natural polymeric material that is 

extremely useful and has been used for years. Polymers make up many of the materials in living 

organisms such as proteins, and nucleic acids. Depending on the desired use, polymers can be 

finely tuned to leverage the advantageous property. Conductive polymers are polymers with 

highly π conjugated polymeric chain; there are two general types of conducting polymers that 

exist.  Those are the polymers that are composite materials that use polymers to hold together 

conducting filler such as metal flakes or carbon black and polymers whose backbone intrinsically 

propagates charge, making the polymer itself conducting [14]. 

HN

Polyaniline

**

n

 

N
H

* *
n

Polypyrrole

S

* *

Polythiophene

n

 

Figure 2.1: Different types of conductive polymers. 

 

 In order for conducting polymers to be used in applications, they needs to have an excellent 

electronic and mechanical properties, greater solubility as well as high environmental stability, 
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for an example polyacetylene (PA), polyaniline (PANI), polypyrrrole (PPy), polythiophene 

(PTh) and polyfuran (PF) are the good examples of polymers as shown in figure 2.1 above [15]. 

Conductive polymers can be synthesized via chemical polymerization or electrochemical 

polymerization. These polymers can be used for various applications especially in 

microelectronics industry because of their properties. 

2.4 Polythiophene 

 

Polythiophene (PT) has been considered one of the most promising conjugated polymers due to 

its advantages compared to other polymers. Polythiophene and its derivatives have an advantage 

of high stability, ease of structural modification and controllable optical and electrochemical 

properties. When polythiophenes did not have the alkyl substitution they were very limited 

because of its insolubility in many common organic solvents, due to its extended conjugated 

structure [16]. The alkyl substituted polythiophenes are the most studied and important classes of 

conjugated polymers with a lot of applications such as electrochromic and transistors as well as 

conducting films. These polymers can be synthesized through electropolymerisation, metal-

catalyzed coupling reaction and chemical oxidative polymerization [17].   

The electropolymerisation of thiophene has advantages such as producing free-standing 

polythiophene films directly on the electrodes and the ease of controlling the thickness of the 

films. The factors affecting this synthetic route are indicated, including solvents, temperatures, 

concentration of the monomer and electrolytes [18]. The electro-deposition or 

eletropolymerisation of polythiophene was performed by cyclic voltammetry or galvanostatic 

methods in which thiophene (monomer) was deposited on a working electron such as platinum 

electrode as shown by figure 2.2. The research done by Li and Li, 2003 [18] was based on the 
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study of concentration as a factor affecting the electron polymerization of thiophene. They 

discovered that the onset potential of the oxidation process decreases with an increase in 

concentration, while the conductivity increases with increase in concentration. 

      

Figure 2.2: The electro-deposition of thiophene monomer through electrolytic cell. 

The metal catalyzed coupling reaction was discovered in the past few decades, where they 

managed to develop new and useful chemical transformations. There are different types of metal 

catalyzed coupled reactions studied, such as palladium, nickel, ruthenium, iron and so on. The 

metal catalyzed coupling reactions are found to have advantages such as their compatibility with 
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many types of functional groups and the ease in preparing various monomers into polymers even 

if it’s a complex polymer [19]. These reactions have some unresolved problems such as low 

reactivity of aryl chloride and some catalysts such as palladium for example are expensive. Many 

studies are done based on these reactions and some researchers are finding ways of replacing the 

expensive catalysts. 

The chemical oxidative polymerization of polythiophene is the removal of hydrogen atoms from 

thiophene (monomer) to give polythiophene (polymer) and it can be classified as 

polycondensation. Wadatkar and co-worker [20] reported the polymerization of thiophene via 

chemical oxidation in the present of ferric chloride (FeCl3), where hydrogen peroxide was used 

as a catalyst. The sample was analysed by Fourier transform infrared spectroscopy (FTIR) and 

the material was confirmed [20]. 

2.5 Zinc Oxide nanoparticle (ZnO) 

 

Nanotechnology is one of the most active analyses in the area of material science; it produces 

and improves better material properties such as strength, electrical and chemical properties. 

Researchers have realized that environmentally friendly materials are in demand. Hence they 

have decided to chemically synthesize metal oxide nanoparticles such as zinc oxide. ZnO 

nanoparticles are found on the earth crust while other metal oxides have been commercially 

synthesized [21]. The ZnO nanoparticle is used as semiconducting material for sensors, catalysts 

and photo electron. Its band gap is reported to be ~3.37 eV with an excitation energy of 60 eV at 

room temperature [22, 23] as well as high mechanical and thermal stability [21]. Zinc oxide is 

optical active, which make ZnO a very interesting material for various applications such that, due 

to its UV absorption it is now used as sunscreen [24]. 
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Zinc oxide has been studied or synthesized through various number of methods such as physical 

or chemical vapour deposition, pulse laser deposition, electro-spinning and sputtering etc.  Out of 

so many synthetic procedures wet chemistry is found to be the promising, ease handled, low cost 

and able the scaling up synthesis method [23]. Samanta and colleagues [24] reported the 

synthesis of hexagonal ZnO nanorods through wet chemical method that was reported to be the 

controllable experiment. During the preparation the zinc nitrate hexahydrate and sodium 

hydroxide were employed and the product was annealed at different temperature. Different 

characterization techniques such high-resolution tunneling electron microscopy (HR-TEM), x-

ray diffraction (XRD), while optical properties of the materials were studied by ultraviolet-

visible (UV-vis), and photoluminescence (PL) were used to confirm the hexagonal structure and 

emission [24]. 

2.6 Polythiophenes with Zinc Oxides 

 

Polythiophene and its derivatives have attracted lot of researchers but their conductivity is found 

to be very low due to the wide energy gap and the fact that the antibonding orbital lack electrons 

[25]. To improve these properties of polythiophene and reveal new performance the researchers 

decided to dope the polymers or make a composite with inorganic nanoparticles such as ZnO, 

SnO2 and TiO2, etc. These hybrid materials of polymers and inorganic-nanoparticle bulk 

heterojunctions can take advantage of the beneficial properties of both types of materials, such as 

solution processing of polymer semiconductors and high electron mobility of inorganic 

semiconductor [26]. In most hybrid solar cells the organic or polymer semiconductor serves as 

the electron donor and transports the photogenerated holes while the inorganic semiconductor 

accepts and transports electrons [27]. 

http://etd.uwc.ac.za/



  

29   
   
 

The application of conducting polymer/metal oxide nanocomposites are used in photovoltaic 

devices and have been studied for the last several years by characteristics of light absorption, 

charge separation, and charge transportation can be achieved. The fabrication of polymer or 

metal oxide nanocomposite is mostly accomplished through blending and penetration method. 

During the blending method, the conducting polymer and metal oxide nanoparticle are mixed in 

solution by different ratios; while the penetration method the film of metal oxide is prepared first 

then the conducting polymer is drop coated on top of it [27].  

The study of polythiophene with ZnO nanowire was done by Briseno et al., 2009; where they 

were both blended together and characterized by electron microscopy and absorption to 

determine the probe the morphology as well as the optoelectronic properties at the 

organic/inorganic interface. The ideal characteristics and reproducible results were measured and 

observed in the p-n heterojunction device that was made [28]. The problem discovered by 

researcher on the device was the thickness that might affect the movement of electrons. This 

study is focused on the production of novel thiopheno-organosilicon polymers blended with zinc 

oxide nanorods to produce composite materials that have improved band gap, diffusion length 

and charge mobility. 
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                                                    CHAPTER 3 

                                            Experimental methodology 

 

3.1 Introduction 

 

This chapter gives a detailed description of the materials used, research design, the 

characterization techniques that are used and method on which the main purpose or aim of the 

research was achieved. The chemical properties were studied by nuclear magnetic resonance 

(NMR) and Fourier-transform infra-red (FTIR), while morphological studies were carried out by 

transmission electron microscopy (TEM), scanning electron microscopy (SEM) and energy 

dispersive X-ray spectroscopy (EDS) as well as electrochemistry. 

3.2 Materials 

 

All the reagents were of analytical grade such as 3-hexylthiophene (Sigma-Aldrich), ferric 

chloride (Merck), anhydrous and deuterated chloroform (Sigma-Aldrich), anhydrous methanol 

(Sigma-aldrich), polytetrafluoroethylene (PTFE) membrane 1 µm (MilliporeSigma), acetone 

(Sigma-Aldrich), zinc nitrate hexahydrate (Merck) and sodium hydroxide (Sigma-Aldrich). 

Deionized water was prepared with Millipore filtration system (MilliporeSigma).  

3.3 Methodology  

3.3.1 Preparation of Poly(3-hexylthiophene)  

 

Synthesis of poly(3-hexylthiophene) (P3HT) was achieved by a route, using FeCl3 as catalyst. 

FeCl3 (2 g, 12.3 mmol) was added to dry CHCl3 (12 mL) and stirred for 15 min at room 

temperature. The monomer 3-hexylthiophene (3HT) (534 µL, 3 mmol) in dry CHCl3 (12 mL) 
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was then added drop-wise to the FeCl3 solution and the reaction mixture was stirred overnight 

under Ar at room temperature. The polymerization reaction was then terminated by pouring the 

reaction mixture into excess methanol MeOH (50 mL). The crude polymer precipitate was 

filtered using a PTFE membrane filter (1 μm, MilliporeSigma) and washed with ethanol (200 

mL), a distilled water: acetone mixture (1:1 v:v, 250 mL:250 mL) and finally with acetone (250 

mL). The dark brown solid product obtained was dried under vacuum for 72 h.  

3.3.2 Synthesis of Poly (di(thien-2-yl)dimethylsilane) 

 

Synthesis of poly(di(thien-2-yl)dimethylsilane) (PDDS) was achieved by a route, using FeCl3 as 

catalyst. FeCl3 (1.784 g, 12.3 mmol) was added to dry CHCl3 (12 mL) and stirred for 15 min at 

room temperature. The monomer di(thien-2-yl)dimethylsilane (DDS) (446 µL, 3 mmol) in dry 

CHCl3 (12 mL) was then added drop-wise to the FeCl3 solution and the reaction mixture was 

stirred overnight under Ar at room temperature. The polymerization reaction was then terminated 

by pouring the reaction mixture into excess MeOH (50 mL). The crude polymer precipitate was 

filtered using a PTFE membrane filter (1 μm, MilliporeSigma) and washed with ethanol (200 

mL), a distilled water: acetone mixture (1:1 v:v, 250 mL:250 mL) and finally with acetone (250 

mL). The dark brown solid product obtained was dried under vacuum for 72 h.  

3.3.3 Preparation of Poly{(3'-hexyl-[2,2']bithiophenyl-5-yl)-dimethyl-thiophen-2-yl-silane} 

 

Synthesis of poly{(3'-hexyl-[2,2']bithiophenyl-5-yl)-dimethyl-thiophen-2-yl-silane} (P3HDS) 

was achieved by a route, using FeCl3 as catalyst. FeCl3 (2.009 g, 12.3 mmol) was added to dry 

CHCl3 (12 mL) and stirred for 15 min at room temperature. The monomer 3-hexylthiophene and 

di(thien-2-yl)dimethylsilane (1:1) (237 µL : 223 µL, 3 mmol) in dry CHCl3 (12 mL) was then 

added drop-wise to the FeCl3 solution and the reaction mixture was stirred overnight under Ar at 
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room temperature. The polymerization reaction was then terminated by pouring the reaction 

mixture into excess MeOH (50 mL). The crude polymer precipitate was filtered using a PTFE 

membrane filter (1 μm, MilliporeSigma) and washed with ethanol (200 mL), a distilled water: 

acetone mixture (1:1 v:v, 250:250 mL: mL) and finally with acetone (250 mL). The dark brown 

solid product obtained was dried under vacuum for 5 d.  

 

3.3.4 Preparation of ZnO 

 

The fabrication of hexagonal ZnO nanorods was done via wet chemical method. In this method, 

14.87 g of zinc nitrate hexahydrate (Zn(NO3)2.6H2O) was dissolved in deionized water to 

prepare 100 mL of 0.5 M (Zn(NO3)2. 4 g of NaOH was dissolved in deionized water to prepare 

100 mL of 1 M NaOH. The NaOH solution was stirred vigorously at room temperature in a 

conical flask using a magnetic stirrer (Spinot). The 0.5 M (Zn(NO3)2 was added drop-wise to the 

NaOH solution for 30 min. The mechanical stirring was continued for 2 h. The pH of the 

solution was 11. A white precipitate was deposited at the bottom of the flask. The precipitate was 

then filtered and washed 2 to3 times with distilled water. Then the powdered sample was dried 

and annealed at different temperatures (25, 100, 200, 400, 600 and 800 °C) in a furnace for 

further characterizations. 
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3.4 Material characterization techniques and instrumentation  

 

Various techniques and instrumentations were employed to investigate the structures and 

electrochemical properties of the materials. 

3.4.1 Proton Nuclear Magnetic Resonance spectroscopy (
1
H NMR). 

 

The nuclear magnetic resonance (NMR) spectroscopy within the molecule of a substance it uses 

1
H NMR  for the application to hydrogen-1 nuclei, it is mostly used to determine the molecular 

structure of organic compound and you can be able to get your molecular weight as well, for 

example to determine a structure of protein. 
1
H NMR is used to study the physical and chemical 

properties that can be found within the molecules.  Proton nuclear magnetic resonance (
1
H 

NMR) spectra were recorded using a Bruker EMX 600 MHz NMR spectrometer. It was used to 

identify the structure of the polymer as well as the impurities present on the material. These 

polymers were identified or characterized by chemical shifts that are in the range of 0 to 14 ppm 

polar solvents are used for this, such as deuterated chloroform, water, DMSO and methanol. 

These solvents have different effects such that their intensities are found in different region 

during NMR analysis. 

3.4.2 Fourier Transform Infrared spectroscopy (FTIR)  

 

FTIR is a technique that can be used to measure infrared spectra for both solid and liquid 

materials. The technique was used to determine electronic properties such as vibrational and 

rotational of the materials in simple terms it was used to determine the chemical functional 

groups in the sample. The instrument used was Perkin Elmer spectrum 100 series attenuated total 

reflection (ATR) FTIR spectrometer which was used to determine the FTIR spectra. Infrared 
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spectroscopy reveals information about the vibrational states of a molecule. Intensity and 

spectral position of IR absorptions allow the identification of structural elements of molecules, 

typically functional groups. FTIR advantaged are its speed, sensitivity and the fact that it can be 

used in difficult and impossible areas. The signal provided by the FTIR technique, however, 

contains information about the complete spectrum of the probe. 

3.4.3 Surface morphology by HR-SEM and HR-TEM 

 

A high resolution scanning microscopy and high resolution transmitted microscopy were used to 

evaluate or to analyze a surface morphology and the internal structure of synthesized materials 

for the research. HR-SEM is known to be a versatile imaging technique that can be able to 

produce a 3-D structure of the surface of the material. HR-SEM has high magnification, large 

depth of focus and greater resolution. HR-SEM is an electron microscope that produces images 

of a sample by scanning it with a focused beam of electrons [1]. Inside the sample the beam of 

electrons will be able to interact with other electrons, where various signals will be produced 

such that they can be detected and those signals are also containing information about the 

material. Scanning electron microscopic (SEM) images were obtained using a ZEISS ULTRA 

scanning electron microscope with acceleration voltage of 5.0 kV, where the samples were 

supported by carbon grid and were coated using conductive material. In this case the samples 

were coated for 30 s using gold-palladium alloy as a conductive material. 

High resolution transmitted electron microscopy is a technique that can be able to produce an 

image of smaller materials even in nanoscale. It is mostly used to analyze the internal structure 

of the material, crystallinity of the structure and the inter-planar spacing between the atoms. The 

microscopic technique can produce an image by transmitting the electrons through an ultra-thin 
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specimen that can be able to interact with the sample while passing through [2]. The HR-TEM 

images of the material were obtained by Tecnai G
2
 F2O X-TWIN MAT 200 kV field emission, 

where the nickel copper grid was used to coat the material for better conductivity. 

3.4.4 Energy dispersive x-ray spectroscopy (EDS) 

 

Energy dispersive X-ray spectroscopy is detection system found in both HR-SEM and HR-TEM 

it is used to detect and display the elements contributing to the sample composition, it is good 

because it can also pick up the impurities present on your sample. This analytical technique can 

produce the image of the elements scanning or transmitting electron beam (10-20 kV) to the 

surface of the conducting sample. EDS has high resolution of electron microprobes where 

information can be obtained on chemical composition of materials.  

3.4.5 X-ray diffraction (XRD)  

 

X-ray diffraction is an analytical technique that can be used to study the crystal structure of the 

material by measuring an electronic counter with intensity of the diffracted beam. XRD is 

consists of three components the tube, sample holder and the detector. The x-rays are produced 

in the tube where the heating filament produces electrons to the targeted material by bombarding 

them on the material. XRD data was collected with a Bruker AXS DS Advance diffractometer, 

with 2θ values ranging from 20-90 °, with a step size of 0.028 ° operating at 45 kV and 40 mA at 

Ithemba Labs Cape Town. Monochromatic copper (Cu) Kα1 radiation with a wavelength of 

0.154 nm was used as the X-ray source. XRD in this research is employed to identify the phase 

purity and structure of crystalline materials and for most polymers it is always found to be 

amorphous and for zinc oxide nanorods where it also gives the size of the material. 
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3.4.6 Ultraviolet Visible Spectroscopy (UV-vis) 

 

Ultraviolet visible spectroscopy is an analytical technique that is used by scientist to measures 

the absorption and transmission of ultraviolet and visible light wavelength by matter. UV-Vis 

spectroscopy can be used to study the electronic transitions of materials with transition energy in 

the range of 10
2
-10

3
 kJ mol

-1 
that is found within the IR through UV region of the 

electromagnetic spectrum. UV-Vis absorption measurements were made with a Nicolet 

Evolution 100 UV-visible spectrometer (Thermo Electron, UK), using a quartz cuvette. This 

research UV-Vis was important and it was used to study the inter-band electronic transition and 

optical absorption polymers and zinc oxide materials for their behavior in hybrid solar cells. 

During the analysis the monochromatic radiation is passed through the sample, to the 

photomultiplier that detect and measure the absorption wavelength that can later be used to 

calculate optical band gap.  

3.4.7 Photoluminescence (PL) Spectroscopy 

 

Luminescence is the emission if light by substances that has absorbed light; hence it is important 

to do the UV-vis of the material to check for absorption before doing the luminescence. PL 

spectroscopy is a contactless and non-destructive method for electronic structure of materials 

(site). When the material is exposed to UV light, the light is absorbed due to the molecules inside 

the material. Photoluminescence is used to measure the emission and absorption of the material. 

During the analysis of this, three light detectors were used. These light detectors are s1 which is 

used for emission in the range of 850 – 1200 nm, s2 in the range of 250-850 nm and R1 is for 

excitation of electrons. This is important in the study for measuring the purity and crystalline 
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quality of semiconductors such as polymers. It can also be used to determine the band gap of the 

material used in solar cells. 

3.4.8 Thermogravimetric Analysis (TGA) 

 

Thermogravimetric analysis is analytical techniques that can be used to determine the thermal 

stability of the compounds. The technique monitors the mass of a given sample as function of 

temperature and the specimen is subjected to a relatively controlled temperature program in a 

controlled atmosphere. During the measurements the crucible that is used to put the sample is 

heated to remove the moisture present. The sample will then be weighed using microbalance, 

where it will be recorded. The sample inside the crucible will then be heated on a furnace and 

temperature will be recorded. This is for this study because the donor polymers will be exposed 

to high temperatures to check their stability at high temperatures. A good thermally stable donor 

material for application in solar cells is expected to undergo decomposition at temperature that is 

higher than 300 °C. 

3.4.9 Small-Angle X-ray Scattering (SAXS) 

 

SAXS experiments were performed with SAXSpace spectrometer from Anton Paar. It is an 

analytical technique that can be used to determine the average particle size and shape. SAXS 

method is accurate, non-destruction and doesn’t require a lengthy sample preparation procedure 

[3]. The SAXS instrument consists of basic components shown in figure 3.1 above, such as beam 

stop, x-ray source, sample holder, collimation system and detectors. The source illuminates the 

sample, and at a certain range of the angles the detector measures the energy transmitted by 

radiation from the sample. The zero angle position is defined by collimation system that makes 

the beam narrow. Whilst the beams stop prevent the detector from intensive incident beam [3]. 
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Figure 3.1: The components of a SAXS instrument [3]. 

 

The sample preparation of a powder was done using two sticky tapes while the liquid was 

measured inside a thin walled capillary. During the measurements the two sticky tape were used 

as blank for solid, while in liquid the solvents which is dichlorobenzene with chloroform were 

used as blank. The polymers and ZnO were analyzed and interpreted. 

3.4.10 Electrochemistry 

3.4.10.1 Cyclic Voltammetry (CV) and Square Wave Voltammetry (SWV) 

 

Cyclic voltammetry is an electrochemical characterization technique that can be used to study 

electrochemical reactions such oxidation and reduction. This technique gives details about 

electron transfer, reaction rate and thermodynamics. Square wave voltammetry is an 

electrochemical technique that is more sensitive and have a lower detection limit compare to 

cyclic voltammetry.  Both experiments were carried by the scanning of the initial and final 
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potential and the scan rate between these potential is usually what determines the rate of the 

reaction. CV and SWV during the experiments were carried out using a BAS 100 W integrated 

and automated electrochemical work station from bio analytical systems (BAS), Lafayette, USA. 

Where for a working electrode platinum was used for all the material while counter electrode 

was a platinum wire and reference was Ag/AgCl. These techniques were important in the 

research because we were able to find the HOMO and LUMO of the materials, which are both 

used for electrochemical band gap. The electronic bandgap is obtained through the analysis of 

data obtained by the CV measurements. CV and SWV are the most useful techniques for the 

characterization of organic materials and estimation of the energy band diagram [4]. These 

techniques are also used to determine the reversibility, reproducibility and stability of the films 

on the electrodes. The energy required to extract an electron from a molecule is represented by 

HOMO, which corresponds to oxidation process, and the amount of energy required to inject an 

electron into a molecule is represented by LUMO, which correspond to reduction process [5]. 
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                                                      CHAPTER 4 

                                              Results and discussion  

 

In this Chapter we discuss the results of P3HT, PDDS and P3HDS that are electron donor 

materials. 

4.1 MICROSCOPIC ANALYSIS 

4.1.1 High Resolution Scanning Electron Microscopy 

 

 

 

 

A 
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B 

C 

Figure 4.1.1 The SEM images for (a) P3HT, (b) PDDS and (c) P3HDS. 
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The surface morphology of the polymers was studied using the high resolution scanning 

microscopy, All the polymers represented in the data shown above are at a magnification of 100 

000X. The SEM image presented in figure 4.1.1 (A) present the surface morphology of poly-3-

hexybithiophene (P3HT) which is dense and round shape. It can be seen that the polydi(thien-2-

yl)dimethylsilane (PDDS) has formed different sheets/layer that are not in one shape, while in 

the poly(3-Hexyl-[2.2’] bithiophen-5-yl)-dimethyl-bithiophen-2-yl-silane (P3HDS) image, which 

is the mixture of two polymers is showing two different shapes. 
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4.1.2 High Resolution Transmission Electron Microscopy 

 

 

A 
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C 

Figure 4.1.2: TEM images of (A) P3HT, (B) PDDS and (C) P3HDS. 
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The internal structures of the polymers were studied by Transmission Electron Microscopy. The 

images are presented in figure 4.1.2 above, where image (A) shows the morphology of P3HT 

with some small fringes that may indicate some crystallinity and the interplanar distance dx was 

found to be 3.6 Ắ, while image (B) PDDS and (C) P3HDS are both showing that the structures 

are amorphous and agglomerating which is expected on polymers. 

4.1.3 Energy dispersive x-ray spectroscopy (EDS) 

 

 

A 
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B 

C 

Figure 4.13: The EDS spectra of (A) P3HT, (B) PDDS and (C) P3HDS that was obtained from 

HR-TEM.  
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The EDX spectra of the polymers were obtained from HR-TEM where cupper grid was used. In 

figure 4.1.3 (A) all the element expected from P3HT are shown in the EDS spectra such as C and 

S, there’s also Fe present which was used doing the synthesis as a catalyst. In figure 4.1.3 (B) 

and (C) the EDS spectra indicates that the polymers are composed of elements such as C, S and 

Si also there’s a present of Fe that is due to the catalyst and Cu due to cupper grid.  

4.2 X-ray Diffraction  

 

 

Figure 4.2: The X-ray diffraction of the three polymers. 

 

X-ray powder diffraction (XRD) is the analytical technique that is mostly used for identification 

of crystalline materials where it provides information on unit cell dimension. On figure 4.2 above 

the XRD of the polymers is presented, they are all amorphous and P3HT is broader than others. 
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4.3 Fourier Transform Infrared (FTIR) 

 

  

Figure 4.3.1: The FTIR spectra of P3HT in KBr. 
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The measured Fourier Transform Infrared (FTIR) spectrum of P3HT is shown in figure 4.3 

above. In the figure 4.3 the absorption peaks are shown, the peaks at 3415, 2930.5 and 2560.5 

cm
-1 

are all due to the CH2 stretching for symmetric and antisymmetric from the alkyl side 

chains. The CH2 absorption peaks in the spectrum are due to the long chain from the structure the 

results agreed with the results reported by Tamanai and colleagues [1]. The peak at 1727.18 and 

1323.1 cm
-1

 represent C=C and C-C asymmetric stretching respectively. The peak at 958.7 cm
-1

 

is due to CH3 and the one at 706.3 cm
-1

 that is from C-S (S- atom) on the thiophene ring.  
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The FTIR spectrum in the figure 4.3.2 above is representing the absorption peaks of P3HDS, and 

it is seen at 3708.0 cm
-1

 the peak is O-H which was due to water that was used to wash the 

material. The absorption peaks at 3054.5 and 2918.6 cm
-1

 is due to the CH2 of the aromatic ring 

and alkane chain respectively. It is shown that at 1450.2 and 1140.6 cm
-1

 there are absorption 

that are assigned to C=C and =CH that are from the ring. The absorption peaks at 1319.0 and 

781.5 cm
-1

 are due the silicon found on the polymer and are assigned as Si-CH3  and C-Si 

receptively reported by Andriot et al [2], and C-S peak that is due to sulphur in the thiophene 

ring is found at 716.7 cm
-1

.  

Figure 4.3.2: The FTIR absorption spectra of P3HDS in KBr 
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The FTIR spectrum in the figure 4.3.3 above was used to study the absorption peaks of the 

polymer. The peaks presented at 3708.8 cm
-1

 was assign to water or ethanol that was used due 

washing of the polymer. There are peaks shown by the spectrum at 3050.6 cm
-1

 and 1613.3 cm
-1

 

which are caused by CH2 and C=C found on the methane groups attached to Si and the aromatic 

ring. At 1315.2 cm
-1

 and 753.5 cm
-1

 the peaks are both due to the silicon present in the structure, 

Figure 4.3.3: The FTIR absorption of PDDS in KBr. 
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they are assigned as Si-CH3 and C-Si respectively. At 673.5 cm
-1

 the absorption peak is due to 

Sulphur that is due to the thiophene ring and the peak is assigned as C-S.  

4.4 Gel Permeation Chromatography (GPC) 
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The use of the gel permeation chromatograph (GPC) for this study was determine the molecular 

weight distribution (MWD) of poly(3-hexylthiophene). In the figure 4.4 above, the 

chromatogram is shown on the diagrams and the different types of average molecular weights are 

found on the table. The Chromatogram represent the number average molecular weight (Mn) to 

be 13162 Daltons, where it’s taken from equal numbers of molecules on each side of the 

polymer, at higher and lower molecular weight. The weight average molecular weight (Mw) and 

the Peak of the molecular weight (MP) are 46230 and 30870 Daltons respectively, the MP is 

used for calibration and the Mw comes from where there are equal number of masses. Size 

average molecular weight (Mz) and Mz+1 were found to be 123569 and 227669 Daltons 

respectively, this numbers can influence the viscosity of the polymer. To determine the polymer 

distribution, polydispersity was calculated which is the ratio of Mw to Mn, the value determined 

is 3.5124 this means that the polymer is broader due to different polymer chains found on the 

P3HT.  

4.5 Thermogravimetric analysis (TGA) 

 

The thermograms of weight loss percentage versus temperature for P3HT, PDDS and P3HDS 

were recorded at a heating rate of 10 °C min
-1

 in a nitrogen atmosphere. Results are shown in 

Figure 4.5. The weight loss observed on the graph of PDDS from 100- 190 °C may be due to the 

evaporation of any excess solvent and moisture that was still present in the powder as written 

Figure 4.4: The GPCfor P3HT   
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according to Baleg 2011[3], whilst the weight loss up to 310 °C could be attributed to the 

melting point of the PDDS, which ranges between 190-280 °C. However significant weight of 

the PDDS is observed from approximately 340-480 °C, this weight loss corresponds to the 

structural decomposition of the PDDS. While the weight loss of P3HT is observed from 

approximately 380-590 °C and that of P3HDS is approximately 300-470 °C.  

Around 600 °C for all Polymers, some material is still present as shown in the thermogram 

(Figure 4.5), suggesting that the remaining material has a relatively high melting point. It has 

been observed that between 600-900 °C the PDDS material left is greater than that of P3HDS 

that is greater than P3HT which may be due to the silicon. 

 

Figure 4.5: TGA thermogram of P3HT, PDDS and P3HDS showing weight decrease at different range. 
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4.6 Ultraviolet Visible Spectral Analysis (Uv-vis) 

 

 

Figure 4.6: The UV-vis spectra of P3HT, PDDS and P3HDS. 
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Ultra-violet spectroscopy was used to determine the transition that took place during absorption 

of P3HT, PDDS and P3HDS and the optical band gap. The absorption spectrum in figure 4.6 

shows an absorption peaks of P3HT solution at 510.45 nm while in the literature, the absorption 

peak was reported to be around 520 – 554 nm [4].  This blue shift that was observed might be 

due to the fact that the absorption was done in solution while in the literature it was done in a 

film. This transition bands can be attributed to the π→ π* transition due to the stacking of P3HT. 

The optical band gap of P3HT, estimated from the absorption band edge, amounts to ~ 1.90 eV 

[4] but the obtained band gap from the edge is 2.42 eV due to the blue shift. The absorption peak 

for PDDS solution was observed at around 487.87 nm which was less than that of P3HT and that 

might be due to the backbone of the molecular structure. The bandgap that was calculated from 

the absorption band edge was found to be 2.54 eV and the transition was π→ π* transition due to 

the stacking of thiophene rings. In the figure 4.6 we also observe the absorption peak of P3HDS 

which is the mixture of both P3HT and PDDS. In this band the red shift is observed, which was 

expected as the polymer was a modification of the two above. The transition band was π→ π* 

transition that was due to thiophene ring and the calculated band gap was 2.31 eV. 

 

 

 

 

 

 

 

http://etd.uwc.ac.za/



  

62   
   
 

4.7 Photoluminescence (PL) 

 

 

Figure 4.7:  The PL spectra of P3HT, PDDS, P3HDS polymers in solution. 

  

The figure 4.7 above shows the photoluminescence spectra of all three polymers under excitation 

wavelength of 350 nm, in the range of 350-750 nm. The photoluminescence of the compounds 

were studied in chloroform and 1.2-dichlorobenzene. As already illustrated in Chapter 3, 

photoluminescence or fluorescence is a transition that occurs when a compound in its excited 

state goes back to its ground state by releasing a photon. It was observed that the P3HT has a 

maximum peak of 546.63 nm, which might be due to the surface oxidation defects of the 

solution. The emission peak observed for PDDS was 542.46 nm and for P3HDS was 532.63 nm, 
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this small shift was reported that it may indicate a less distorted backbone conformation in 

solution for polymers [5]. On the spectrum of PDDS and P3HDS the vibronic peaks are observed 

around 713.175 nm and 697.76 nm respectively they might indicate that, the polymer is di-

substituted polymer hence no vibronic peak observed on P3HT. 

4.8 Small-Angle X-ray Scattering (SAXS) 

 

A 
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B 

C 
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Figure 4.8: The PDDF of (a) P3HT, (b) PD DS and (c) P3HDS indicating the particle size and 

shape. 

Every particle is known to have its own structure that can produce different characteristics [6], in 

the figure 4.8 above the PDDF of polymers is shown. Figure 4.8 (A) indicates the PDDF of 

P3HT where a spherical or globular shape was observed, same shape was observed and reported 

on SEM image above. P3HT was found to be inhomogeneous or having a core-shell that might 

be due to the Fe used during the synthesis and also the size of the particle was 65.4 nm and the 

core-shell was 117.36 nm. The particles found in the polymer are almost identical but there is 

small difference in the shape which makes them polydispersity. 

The PDDF shown by figure 4.8 (B), indicates the shape of PDDS that was found to be spherical 

or globular. This polymer was found to have a core-shell also where the particles were the same 

shape but different size and that was concluded to be polydispersity. The size of the particles was 

found to be 65.36 nm and the core-shell was 118.14 nm. Whilst figure 4.8 (C) the PDDF of 

P3HDS is shown and it indicates that the shape of the polymer is spherical or globular and it has 

a core-shell. The size of the particle is 55 nm and the core-shell is 90.5 nm and it is 

polymorphous due to the fact that particles are completely different. 
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4.9 Electrochemistry 

4.9.1 Cyclic Voltammetry (CV) for (poly(3-hexythiophene) 

 

 

A 
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Figure 4.9.1: The CV for P3HT Film in 0. 2 M of LiClO4 using platinum electrode. 

 

The cyclic voltammogram (CV) at figure 4.9.1 shows the characterization of the donor material, 

P3HT film, on platinum electrode in 0.1 M LiClO4 electrolyte which was carried out at different 

scan rates with an electrochemical potential window of -500 mV/s to 1500 mV/s. In Figure 4.9.1 

(A) above the bare and the P3HT at 100 mV are presented. By comparing the bare platinum 

electrode and P3HT film, two oxidation and two reduction peaks were observed and labelled A, 

B, C and D these results proves that during oxidation two species were generated then later were 

stabilized by anodic potential similar results were reported by Cervantes et al.[7]. During this it 

was notice that the current on the electrode increased when the material was on the surface of the 

B 
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electrode. The oxidation peaks observed are around +101.6 mV and 971.7 mV, and the reduction 

peaks are at -363.9 mV and 198.90 mV. The oxidation peak of P3HT was reported by Goncalves 

and the colleagues[8] to be at 900 mV which is almost the same as the one observed but a small 

shift that might be due to the supporting electrolyte or solvent used. The voltammogram in figure 

4.9.1 B shows the average formal potential E°’ of P3HT to be 576.71 mV and the average ratio 

of the anodic to cathodic peak current, Ipa/Ipc as 1.124, the results indicate that the reaction is 

reversible. However, the peak separation (ΔEp = Ep,A - Ep,C) values varied with scan rate and 

were all more than 65 mV expected for the electrochemistry of a surface-bound species 

undergoing fast reversible electron transfer reaction. 

E (ox) 

(mV) 

E (ox) 

Onset (mV) 

HOMO 

(eV) 

E (red) 

(mV) 

E (red) 

Onset (mV) 

LUMO 

(eV) 

Eg 

(eV) 

931.99 781.6 5.533 220.94 339.4 4.022 1.51 

Table 1: CV data, HOMO, LUMO and band gap of P3HT. 

In table 1 above the calculated HOMO and LUMO are presented, which were calculated using 

the formula ELUMO= [(Ered-E 1/2(ferrocene)) +4.8] eV or EHOMO= [(Eox- E1/2(ferrocene)) +4.8] eV. 

Ferrocene was used as external standard. Where HOMO was found to be 5.533 eV and LUMO 

was 4.022, the electrochemical band gap was also calculated using the formula of Eg= HOMO – 

LUMO and it was 1.51 eV. In the literature the electrochemical band was reported by Al-Ibrahim 

and colleagues was 1.67 eV [9] which was closer. 
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4.9.2 Cyclic Voltammetry (CV) for Poly Di(thien-2-yl)dimethylsilane 

 

 

A 

B 
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Figure 4.9.2: The CV for PDDS film in 0.1 M of LiClO4 using platinum electrode 

 

The cyclic voltammetry shown in figure 4.9.2 above is used as electrochemical characterization 

technique for polydi(thien-2-yl)dimethylsilane which is a donor material for hybrid solar cells. 

The voltammogram of the bare electrode with PDDS film is shown in figure 4.9.2 (a) above, 

where peaks labeled A, C, D and E are found to be cathodic while B and F are anodic, the results 

proves that during oxidation four species were generated but not all of them are stabilized by 

anodic potential . In figure 4.9.2 (b) it was shown that as the scan rate on the film increases the 

current also increases. The oxidation peaks observed are around -296.17 mV and 184.97mV 

labelled as F and B respectively, and the reduction peaks labelled A, C, D and E are at -296.17 

mV, 217.1 mV, 848.75 mV and -117.92 mV respectively. The voltammogram also shows that 

the average formal potential E°’ of PDDS to be 542.4 mV and the average ratio of the anodic to 

cathodic peak current, Ipa/Ipc as 0.682, the results indicate that the reaction is irreversible. 

However, the peak separation (ΔEp = Ep,A - Ep,C) values varied with scan rate and were all more 

than 65 mV expected for the electrochemistry of a surface-bound species undergoing fast 

irreversible electron transfer reaction. 

E (ox) 

(mV) 

E (ox) 

Onset 

HOMO 

(eV) 

E (red) 

(mV) 

E (red) 

Onset 

LUMO 

(eV) 

Eg 

(eV) 

1487.4 1078.82 6.29 -849.4 -717.45 4.493 1.8 

 

Table 2: CV data, HOMO, LUMO and Band gap of PDDS. 

In table 2 above the calculated HOMO and LUMO are presented, which were calculated using 

the formula ELUMO= [(Ered-E 1/2(ferrocene)) +4.8] eV or EHOMO= [(Eox- E1/2(ferrocene)) +4.8] eV. 
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Ferrocene was used as external standard. Where HOMO was found to be 6.29 eV and LUMO 

was 4.493 eV, the electrochemical band gap was also calculated using the formula of Eg= 

HOMO – LUMO and it was 1.8 eV.  

4.9.3 Cyclic Voltammetry (CV) for Poly(3-Hexyl-[2,2’] bithiophen-5-yl)-dimethyl-

thiophenyl-2-yl-silane 

 

A 
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The cyclic voltammetry of poly (3'-hexyl-[2,2']bithiophenyl-5-yl)-dimethyl-thiophen-2-yl-silane 

film in lithium perchlorate were measured and shown in figure 4.9.3 above. In the 

voltammogram shown by figure 4.9.3 (a), two reduction and oxidation peaks labelled A, B and C 

these observations proves that during oxidation two species were generated then later only one 

was stabilized by anodic potential. By plotting a bare electrode with P3HDS film it was shown 

that the current increased and the oxidation peak was around 151.09 mV while the reduction 

peaks were around -357.04 mV and 216.61 mV. Figure 4.9.3(b) represent the different scan rates 

of P3HDS voltammogram, where current increases with increase in the scan rate. The 

B 

  Figure 4.9.3: The CV for P3HDS Film in 0.1 M of LiClO4 using platinum electrode. 
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voltammogram also shows that the average formal potential E°’ of P3HDS to be 189.95 mV and 

the average ratio of the anodic to cathodic peak current, Ipa/Ipc as 0.96 which is close to one, the 

results indicate that the reaction is quasi-reversible. However, the peak separation (ΔEp = Ep,A - 

Ep,C) values varied with scan rate and were all less than 65 mV a slow electron  transfer is 

expected during this reaction. 

E (ox) 

(mV) 

E (ox) 

Onset (mV) 

HOMO 

(eV) 

E (red) 

(mV) 

E (red) 

Onset (mV) 

LUMO 

(eV) 

Eg 

(eV) 

153.5 1080.1 6.29 -349.7 232.3 4.62 1.7 

 

Table 3: CV data, HOMO, LUMO and Band gap of P3HDS. 

In table 3 above the calculated HOMO and LUMO are presented, which were calculated using 

the formula ELUMO = [(Ered-E1/2(ferrocene)) +4.8] eV or EHOMO= [(Eox - E1/2(ferrocene)) +4.8] eV. 

Ferrocene was used as external standard. Where HOMO was found to be 6.29 eV and LUMO 

was 4.62 eV, the electrochemical band gap was also calculated using the formula of Eg = HOMO 

– LUMO and it was 1.7 eV.  
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                                                    CHAPTER 5 

                                                RESULTS AND DISCUSSION  

 

In this chapter we discuss the results of zinc oxide nanorods that were annealed at different 

temperatures. 

5.1 MICROSCOPIC ANALYSIS 

5.1.1 High Resolution Scanning Electron Microscopy 

 

A B 

C D 
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The surface morphology of the zinc oxide nanorods was studied using the high resolution 

scanning microscopy, All the ZnO nanorods represented in the data shown above are at a 

magnification of 100 000X. The SEM micrographs shown by figure 5.1.1 present the surface 

morphology of ZnO nanorods where size and distribution were investigated. The figure reveals 

that when nanorods are annealed at different temperature they have different geometrical 

structure. It was noticed that as temperatures increases the rods and plates that are shown at room 

temperatures which is figure 5.1.1(A) are becoming round and broader. At first the SEM images 

of ZnO nanorods were showing agglomeration of particles but as temperatures changes the 

particles were becoming crystalline. This reveals as temperatures increases during the annealing 

the small crystallites combine together to form a large one, hence the material becomes more 

clear and broader with better crystallinity.  

 

 

 

 

 

 

Figure 5.1.1: The SEM images for ZnO nanorods at (A) 25 °C, (B) 100 °C, (C) 400 °C and (D) 

800 °C 
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5.1.2 High Resolution Transmission Electron Microscopy 

 

 

 

A B 

C D 
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The HR-TEM was used to obtain the internal structure, crystallinity observed from lattice 

fringes, and confirm the element composition. The TEM images of the zinc oxide nanorods 

annealed at room temperature and 400 °C are shown in figure 5.1.2 a,b. The rod-like shape is 

represented where it was revealed that the room temperature has less size than 400 °C, which 

also confirms the SEM results.  The lattice fringes are represented in figure 5.1.2 c,d, and give 

clear information on the crystallinity of the zinc oxide nanorods . The lattice fringes are able to 

reveal that both ZnO nanorods material are crystalline but at high temperature they are more 

crystalline compared to room temperature. The interplanar distance dx for ZnO powders was 

calculated, for the powder at room temperature it was found to be 3.08 Ắ while at 400 °C it was 

3.3 Ắ this confirms that as temperature increases the greater the crystallinity.  

 

 

 

 

 

 

 

Figure 5.1.2: The TEM image of the ZnO nanorods annealed at (a) 25 °C and (b) 400 °C and 

the lattice fringes (c) 25 °C and (d) 400 °C. 
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5.1.3 Energy dispersive x-ray spectroscopy (EDS) 

  

 

Figure 5.1.3: The EDS spectra of the ZnO nanorods 

 

The Energy Dispersive X-ray Spectra of the zinc oxide nanorods was obtained from HR-TEM, 

during the analysis the carbon cupper grid was used. In figure 5.1.3 it shows all the elements 

expected from ZnO are shown in the EDS spectra such as zinc and oxygen. Such that there were 

no contaminants or impurities were revealed except the cupper and carbon that were used as a 

grid. 
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 5.2 X-ray Diffraction  

 

X-ray powder diffraction (XRD) is the analytical technique that is mostly used for identification 

of crystalline materials where it provides information on unit cell dimension of zinc oxide 

nanorods. The diffraction peaks are well indexed to the hexagonal ZnO structure that 

corresponds with JCPDS no. 36–1451. No diffraction peaks corresponding determined that were 

due to impurities, this confirms the high purity of the synthesized products. The unit cells that 

were found on the hexagonal were (100), (002), (101), (102) and (110) which are the same as 

reported by Li and colleagues; Ramachandran and colleagues [10; 11].  The crystallite size was 

calculated using Scherer formula D = 
0.89 𝜆

𝛽 𝑐𝑜𝑠𝜃
 .The crystallite size was found to be 43 nm and 

highly pure. 

Figure 5.2: The XRD pattern of ZnO nanorods 
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5.3 Small-Angle X-ray Scattering (SAXS) 

 

The PDDF shown by figure 5.3 indicates the shape of zinc oxide nanorods that was found to be 

cylindrical and some are globular. This ZnO was found to have different particles, where the 

particles were found not to have the same shape and also different size and that was concluded to 

be polydispersity. The size of the particles was found to be roughly 12 nm and some particles 

were around 46 nm which is close to that of XRD, which was 43 nm. 

 

 

 

Figure 5.3: The PDDF of ZnO nanorods indicating the particle size and shape 
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5.4 Fourier Transform Infrared (FTIR) 

  

 

The figure 5.4 shows the FTIR spectrum of zinc oxide nanorods at room temperature, 400 °C 

and 800 °C. Bands were observed, there is a strong band at 460 cm
-1

 which was due to Zn-O 

stretching band that was reported by Samanta to be ~500 cm
-1

 [12]. The peak at 1634.9 cm
-1

 

observed was also due to O-H bending of water as well as vibration mode of OH that appeared at 

3382.4 cm
-1

. By comparing the spectrums we can observe the OH bands are disappearing as the 

temperatures increases of which that might be due to the removal of water from the material. 

Figure 5.4: The FTIR absorption of zinc oxide nanorods powder annealed at room temperature, 400 

°C and 800 °C in KBr. 
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There is also a strong band at 1367.0 cm
-1

 that appeared due to symmetric stretching of N=O that 

was due to the unreacted zinc nitrate. 

5.5 Ultraviolet Visible Spectral Analysis (Uv-vis) 

 

Ultra-violet spectroscopy was used to determine the transition that took place during absorption 

of zinc oxide nanorods and also able to calculate the optical band gap. Figure 5.5 shows the UV-

vis spectrum of zinc oxide nanorods at different temperatures. It was observed that the 

absorption maximum has shifted to higher wavelength as the temperatures increases, this red 

shift appeared were reported by Kumar and colleagues to be attributed to the agglomeration in 

the ZnO powders [13]. The optical bandgap of the zinc oxide nanorods was calculated at room 

Figure 5.5: The UV-vis spectrum of zinc oxide nanorods annealed at different temperature. 

http://etd.uwc.ac.za/



  

83   
   
 

temperature it was 3.0 eV, at 400 °C and 800 °C it was found to be 2.98 eV and 2.83 eV 

respectively. It was noticed that the band gap of ZnO nanorods at different temperatures 

decreases with an increase in the temperature and this is due to increase in particle size as 

observed by SEM and TEM [13]. The optical bandgap for ZnO nanorods at room temperature 

was reported by Singh and colleague to be 3.23 eV [14] but it was a film hence it is different 

from the solution reported in this study. 

 

5.6 Photoluminescence (PL) 

 

 

 

 

 

 

 

 

 

The figure 5.6 above shows the photoluminescence spectra of zinc oxide nanorods under 

excitation wavelength of 375 nm, in the range of 400-725 nm. During the preparation of 

Figure 5.6:  The PL spectra of zinc oxide nanorods at 25 °C and 800 °C in solution. 
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photoluminescence the compounds were dissolved using Chloroform and 1.2-Dichlorobenzene 

solvents. It was observed that the zinc oxide at room temperature it has a peak at 566.7 nm, while 

at 800 °C it was 523.5 nm. The blue shift that was observed was due to the removal or breaking 

of the O-H bond that was caused by water at room temperature. Also a shoulder was observed in 

at room temperature around 715 nm. As temperatures increases it was concluded that the 

intensity decreases this was also revealed on the spectrum on figure 5.6. 
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                                                        CHAPTER 6 

                                                RESULTS AND DISCUSSION  

 

In this Chapter we discuss the results of P3HT, PDDS and P3HDS blended with Zinc Oxide 

nanorods. 

6.1 Ultraviolet Visible Spectral Analysis (Uv-vis) 

 

Figure 6.1.1: The UV-Vis spectrum of P3HT/ZnO nanorods in different ratios. 

 

Ultra-violet spectroscopy was used to determine the transition that took place during absorption 

of P3HT/ ZnO nanorods blend and the optical band gap. The absorption spectrum in figure 6.1.1 

shows absorption peaks of P3HT/ZnO solution. It was revealed that as the concentration of 

P3HT increases, while the concentration of ZnO nanorods is constant there is a redshift. When 

http://etd.uwc.ac.za/



  

86   
   
 

the concentration of ZnO nanorods in the blend increases the blue shift is observed. The 

transition bands can be attributed to the π→ π* transition due to the stacking of P3HT.  

P3HT: ZnO 3:1 2:1 1:1 1:2 1:3 

Absorption band 

(nm) 

459 447 443 439 430 

Absorption band 

edge (nm) 

539.08 537.62 536.6 541.07 535.06 

Band gap (eV) 2.299 2.310 2.311 2.291 2.317 

 

Table 4: The UV-Vis table of absorption band and optical band gap. 

The optical bandgap that was calculated from the absorption band edge, in the chapters above for 

P3HT was discovered to be 2.42 eV and for ZnO it was 3.0 eV. In the table 4 above the band gap 

is calculated from different ratio of the blend P3HT/ZnO and they are all less than that of P3HT 

and ZnO before blending them 
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Ultra-violet spectroscopy was used to determine the transition that took place during absorption 

of PDDS/ ZnO nanorods blend and the optical band gap. The absorption spectrum in figure 6.1.2 

shows absorption peaks of PDDS/ZnO solution. It was revealed that when the concentration of 

PDDS increases, while the concentration of ZnO nanorods is kept constant the absorption band 

decreases which cause a blue shift. While when the ZnO concentration increases the absorption 

band also increases of which the red shift is observed during this analysis. 

 

 

 

Figure 6.1.2: The UV-Vis spectrum of P3HT/ZnO nanorods in different ratios. 
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PDDS: ZnO 1:1 1:2 1:3 2:1 3:1 

Absorption band 

(nm) 

363.4 366.5 367.9 297.9 293.3 

Absorption band 

edge (nm) 

418.3 441.2 445.7 511.3 403.1 

Optical band gap 2.964 2.810 2.782 3.08 2.42 

 

Table 5:The UV-vis table of absorption band and optical band gap 

The optical band gap was calculated from the absorption band edge and is shown on the Table 5 

above. The band gap of PDDS was calculated as 2.54 eV and the blend of PDDS and ZnO values 

were in between that of polymer and ZnO as shown in the table above.  

 

Figure 6.1.3: The UV-vis spectrum of P3HDS/ZnO nanorods in different ratios. 
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Ultra-violet spectroscopy was used to determine the transition that took place during absorption 

of P3HDS/ ZnO nanorods blend and the optical band gap. The absorption spectrum in figure 

6.1.3 shows absorption peaks of P3HDS/ZnO solution. It was revealed that when the 

concentration of P3HDS increases, while the concentration of ZnO nanorods is kept constant the 

absorption band decreases which cause a blue shift. While when the ZnO concentration increases 

the absorption band decreases of which the blue shift is observed as well during this analysis. 

P3HDS: ZnO 1:1 1:2 1:3 2:1 3:1 

Absorption band 

(nm) 

419.8 366.5 367.9 296.4 297.9 

Absorption band 

edge (nm) 

633.2 608.8 532.6 596.7 572.2 

Band gap (eV) 1.96 2.04 2.33 2.08 2.17 

 

Table 6:The UV-vis table of absorption band and optical band gap 

The optical band gap was calculated from the absorption band edge and is shown on the Table 6 

above. The band gap of P3HDS before blending was calculated as 2.31 eV and after the blend of 

P3HDS and ZnO values were all found to be less than before the blending. 
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6.2 Photoluminescence (PL) 

 

 
A 
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B 
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Figure 6.2:  The PL spectra of (A) P3HT, (B) PDDS, (C) P3HDS polymers blended with ZnO 

nanorods in different ratio in a solution. 

The figure 6.2 above shows the photoluminescence spectra of (A) P3HT, (B) PDDS, (C) P3HDS 

all blended with zinc oxide nanorods for 24 hour in room temperature. The photoluminescence 

of the compounds were dissolved using chloroform and 1.2-dichlorobenzene solvents. The 

P3HT: ZnO in figure 6.2 (a) was measured under excitation wavelength of 400 nm, in the range 

of 400-820 nm. It was observed that during these measurements, the concentration of ZnO 

nanorods had no influence but when the concentration of P3HT was increased while ZnO 

C 
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concentration is kept constant the red shift was observed. The blend of PDDS:ZnO nanorods 

shown by figure 6.2 (b) it was observed that the concentration of ZnO nanorods had no effect but 

the particle distribution was all over which might be due by polydispersity. The concentration of 

PDDS caused the increase in the intensity and small shift on the wavelength. In the figure 6.2 (c) 

above, it was observed that when the concentration of P3HDS was kept constant while the 

concentration of ZnO nanorods was increased, the decrease in the intensity and the redshift were 

observed.  When P3HDS concentration was increased while ZnO nanorods concentration was 

kept constant the redshift and an increase in the intensity were observed.  
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                                                        CHAPTER 7 

                                       CONCLUSION AND RECOMMENDATIONS 

 

7.1 Conclusion 

 

The goal of the project was to synthesis a novel highly branched Organosilane polymers such as 

poly(3-hexythiophene) (P3HT),  polydi(thien-2-yl)dimethylsilane (PDDS) and poly (3-

hexyl-[2,2’] bithiophenyl-5-yl)-dimethyl-thiophen-2yl-silane) (P3HDS) as electron donors  as 

well as zinc oxide nanorods as electron acceptors, that were able to bring the efficiency of the 

resultant photovoltaic cell close to that of Si solar cell as well as the band gap. The Novel 

thiopheno-organosilicon polymers P3HT, PDDS and P3HT were all found to be agglomerating 

and amorphous on the SEM images but the P3HT had some crystallinity with interpanar distance 

dx of 3.6 Ắ that was observed on HR-TEM and XRD.  The polymer were found to be electron 

active and they have a great thermal stability of which they were ready to be used as electron 

donors for hybrid solar cells.  

Zinc oxide nanorods were used as electron acceptor for hybrid solar cell to improve the band gap 

of the polymers.  It was noticed from FTIR that during the annealing as temperatures increases 

the water was being removed. The HR-SEM and the HR-TEM images revealed that the ZnO 

became more crystal as the temperatures increases with a change in geometrical structure. The 

interplanar distance for these ZnO was increasing with an increase in temperature. Both SAXs 

and XRD showed that the size of ZnO nanorods was roughly between 43-46 nm. The optical 

bandgap was also decreasing with an increase in temperature and the red shift was observed.  

http://etd.uwc.ac.za/



  

97   
   
 

The XRD, HR-SEM and HR-TEM confirmed that the polymers were amorphous. The P3HDS 

was synthesized by combining the monomer of P3HT and PDDS; this was done to improve the 

structure and the backbone of the polymer there by improving the band gap as well. During the 

TGA analysis it was noticed that the P3HT was more thermally stable than the other polymers 

and it was concluded that the polymers are strong enough to be exposed on the sun for long 

period of time. The size by number of the polymers was confirmed by SAXS and they were all 

less than 80 nm and they had a core-shell which was caused by the Fe which was used as a 

catalyst during the synthesis this meant that the polymers synthesized were all 

nanomaterials.P3HT was further characterized by GPC and it was discovered that it had different 

polymer chains that made it broader.  

The absorption band of the P3HDS was greater than that of the other polymers which means it 

was more optical active than them so the red shift was observed. The optical band gap for P3HT, 

PDDS and P3HDS were all calculated and found to be 2.41 eV, 2.54 eV and 2.31 eV 

respectively so this was concluded that the band gap for P3HDS was improved which was the 

main goal for synthesizing all of them.  The main advantage of P3HDS than other polymers 

synthesized in the study was the fact that it consisted of Si and the alkyl substituent and this was 

confirmed through optical and electrochemical studies. The observations which were confirmed 

by electrochemistry were the bandgap where it was observed that the bandgap of P3HDS was in 

between that of P3HT and PDDS.   As well as higher electronic conductivity supports faster 

charge transportation at high current rates, which means the polymers are good to be electron 

donors.  

The polymers were all blended with Zinc Oxide nanorods by stirring at room temperature for 

24hrs in different ratios. This was done to improve the band gap and efficiency of hybrid solar 
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cells. This was confirmed by optical studies where the band gap of P3HT was improved from 

2.41 eV to 2.291 eV with the ratio of 1:2 (P3HT:ZnO). For PDDS it was 2.54 eV to 2.42 eV 

while the band gap of P3HDS was 2.31 to 1.96 eV. The overall conclusion was that, the P3HDS 

had a better and improved band gap when blended with ZnO nanorods compared to other 

polymers of which it is the first time that the composite of organosilicon/ ZnO nanorods will be 

produced this means that the efficiency of solar cells can be improved using these material which 

was the main aim of the study. 

7 .2 Recommendations 

 

The study and characterizations of the polymers and zinc oxide nanorods should be prepared on 

glass substrate through drop coating, which would make things easy for applications. For future 

work on the study, is to study the electrochemical properties and electrochemical performance of 

both donor and acceptor along with their blend, should further be probed by cyclic voltammetry, 

square wave and electrochemical impedance (EIS) to determine the conductivity of all the 

materials. Investigation of the power conversion efficiency should be studied by fabrication the 

hybrid solar cells using the materials and also study other photovoltaics parameters as well as the 

performance of the solar cell.  

http://etd.uwc.ac.za/


	Title Page
	Abstract
	Acknowledgements
	Key Words
	Acronyms and Abbreviations
	Table of Contents
	Chapter 1: Introduction
	Chapter 2: Literature review
	Chapter 3: Experimental methodology
	Chapter 4: Results and discussion
	Chapter 5: Results and Discussion
	Chapter 7: Conclusion and Recommendations



