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Abstract 

 

This study reports on the synthesis of N-doped carbon spheres (N-CSs) by a simple synthetic 

procedure. A horizontal CVD type reactor was used to synthesize N-CSs from pyridine. 

Depending on the dilution of the pyridine with toluene, a nitrogen content of 0.13-5 mol % was 

obtained. The use of a vertical CVD reactor gave N-CSs with a N-content of 0.19-3 mol % when 

an ammonium solution and acetylene were used as reactants. The diameters of carbon spheres 

were found to be in the range of 40 nm to 1000 nm for both CVD reactors. The diameter can be 

controlled by varying the flow rate, temperature, time, concentration and the reactor type. The 

samples were characterized by TEM, HRTEM, elemental analysis, Raman spectroscopy, TGA, 

PXRD and ESR.  

 

We have demonstrated that unsubstituted thiophene can be polymerized by Fe3+-catalyzed 

oxidative polymerization. The average particle size was about 50 nm, within a narrow particle-

size distribution. The undoped carbon spheres (CSs) were reacted with thiophene to give 

polymer/carbon composites containing polythiophene and carbon nanospheres via chemical 

oxidative polymerization reaction. Polythiophene molecules were either chemically bonded or 

physically adsorbed to the surface of carbon spheres. The microstructure and properties of the 

two types of composites were compared. The thermogravimetric analysis data confirmed that the 

presence of CSs in the polymer\carbon composites is responsible for the higher thermal stability 

of the composite material in comparison with pristine polythiophene. The FTIR analysis showed 

that covalent functionalized nanocomposites exhibit a high intensity of a C-S bond at 695 cm-1 , 

which is not observed in the noncovalent functionalized nanocomposites 

 

Keywords: nanotechnology; chemical vapour deposition; nitrogen doping; electromagnetic spin 

resonance; polymerization; polythiophenes; functionalized carbon spheres;  noncovalent 

functionalization; covalent functionalization, composites; 
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Abbreviations 

CSs    carbon spheres/undoped carbon spheres 

N-CSs    nitrogen-doped carbon spheres 

PT    polythiophenes 

PT/CSs  polythiophenes/carbon spheres 

CVD    chemical vapour deposition 

XRD    X-ray diffraction 

CNTs   carbon nanotubes 

SWCNTs  single-walled carbon nanotubes 

MWCNTs  multi-walled carbon nanotubes 

f-CSs   functionalized carbon spheres 

TEM   transmission electron microscopy 

HRTEM  high resolution transmission electon microscopy 

XPS   X-ray photoelectron spectroscopy 

TGA   thermogravimetric analysis 

BET   Brunauer, Emmett and Teller 

PXRD   powder X-ray diffractometry 

FTIR   Fourie transformation infrared 

ESR   electromagnetic spin resonance  

T   temperature 

t   time 
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Chapter 1 

Introduction  
 

This chapter commences with the brief history of the nanotechnology and puts more emphasis on 

the carbon nanotechnology. It then follows with the motivation of the study. The chapter finishes 

by describing the aim and objectives of the study and the layout of the dissertation. 

  

1.1 Brief history of the Nanotechnology 

 

Nanotechnology is also referred to as the fourth industrial revolution.1 The concept of 

nanotechnology was first introduced by Nobel laureate Richard Feynman in 1959.2 Owing to the 

intriguing size-dependent properties of nanophase materials, the development of nanoscale and 

nanotechnology has opened up novel fundamental and applied frontiers in material science and 

engineering.3 

 

With the revolutionary discoveries of C60, and carbon nanotubes, carbon nanotechnology has 

become the building block of the entire field of nanotechnology.4 Carbon is the sixth most 

abundant element in the universe.  In addition, carbon is a very special element because it plays a 

dominant role in the chemistry of life. Carbon was discovered in prehistory and was known to 

the ancients, who manufactured it by burning organic material making charcoal. There are 

several allotropes of carbon of which the best known are graphite, diamond, and amorphous 

carbon.5 The physical properties of carbon vary widely with the allotropic form, for example, 

diamond is highly transparent, while graphite is opaque and black. Diamond is among the 

hardest materials known, while graphite is soft enough to form a streak on paper. Diamond has a 

very low electrical conductivity, while graphite is a very good conductor. Under normal 

conditions, diamond has the highest thermal conductivity of all known materials. All the 

allotropic forms are solids under normal conditions but graphite is the most thermodynamically 

stable.6 
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1.2 Motivation 

 

The largest challenge for our global society is to find ways to replace the slowly, but inevitably 

vanishing fossil fuel supply, and at the same time avoiding negative effects from the current 

energy system on climate, environment and health. Access to cheap, safe and renewable energy 

sources is of key importance for sustainable development throughout the world.  

Nanoscience and Nanotechnology (the science and manipulation of chemical and biological 

structures with dimensions in the range from 1-100 nanometers.) can contribute to a positive 

development in this direction in several ways, for instance by influencing the energy efficiency 

of industrial production and of household energy use, and by offering schemes to clean up 

harmful emissions resulting from various energy systems. 

 

Carbon based-materials such carbon spheres, carbon nanotubes, fullerenes with very interesting 

properties (electrical, mechanical)  can be modified by doping them with electron rich nitrogen 

or electron deficient boron atoms and be used for future electronic devices in nanoscience and 

nanotechnology. The arrangement of the atoms in nanostructures determines their electronic 

structures such that their character can be insulating, semiconducting or metallic.7 On the other 

hand, electrical conducting polymers such as polythiophene have received a considerable 

attention from researchers because of their unique electronic, magnetic and optical properties.8 

The carbon/polymer nanocomposites are envisaged to overcome the energy crisis we are 

experiencing. We believe that a composite of carbon material embedded in a polymer can be 

produce, and will give outstanding performance as an electron emitter material. Also by tailoring 

the correct choice of polymer and the chemical treatment of the carbon spheres open up the 

possibility of large area carbon spheres based electronics, including transparent electronics on 

plastic. However, it must be emphasized that only the materials are produced in this work, 

applications of the materials are not part of this dissertation. 
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1.3 Aims and objectives 

 

The project was undertaken to elucidate and optimize a method for the synthesis of N- doped 

carbon spheres on a laboratory scale. The objectives of the research project are as follows: 

(i) To synthesis N-doped and undoped carbon spheres. Using various nitrogen sources to 

dope the carbon sphere: these include pyridine, ammonia gas, and ammonia solution. 

 

(ii)  The characterization of the doped and undoped carbon spheres carbon by TEM, XRD, 

ESR, elemental analysis, Raman spectroscopy and TGA. The doping of the nitrogen 

heteroatoms into carbon nanospheres is anticipated to modify electronic properties of 

carbon spheres. 

 

(iii)  Investigate electrical and thermal properties of complexes formed by incorporating 

carbon nanostructures into polythiophene. Polythiophenes are conjugated polymers 

with excellent thermal stability.  

 
1.4 The Layout of the dissertation 

 

This chapter serves as a prelude and summarizes the background of the nanotechnology, carbon 

and the incentive to embark on this study. It outlines the research carried out in this dissertation 

and future prospects of the work. Chapter 2 deals with theory and highlights the research that has 

already been done in carbon nanotechnology and it also focuses on the polymerization of 

thiophenes. In chapter 3, a brief description on the N incorporation in carbon material, the 

differences and similarities of carbon spheres produced by vertical and horizontal chemical 

vapour deposition. In chapter 3, the results of the N-doping effect on carbon spheres are 

discussed. Chapter 4 focuses on the oxidative polymerization of thiophene, the thermal stability, 

morphology and functional groups present in the polythiophenes. In chapter 5 discusses the 

organic functionalization of carbon sphere/polythiophene composites. Chapter 6 contains the 

concluding remarks on the overall study with suggestions on future studies. Lastly, lists of 

referenced materials and appendices are given.  
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1.5 Future prospects in solar cells and nanotechnology 

 

Current solar power technology has little chance to compete with fossil fuels or large electric 

grids.9 Today’s solar cells are simply not efficient enough and are currently too expensive to 

manufacture for large-scale electricity generation. However, potential advances in 

nanotechnology may open the door to the production of cheaper and more efficient solar cells.10 

Conventional solar cells are called photovoltaic cells. These cells are made out of a 

semiconducting material, usually silicon. When light hits the cells, they absorb energy. This 

absorbed energy knocks out electrons in the silicon, allowing them to flow. By adding different 

impurities to the silicon such as phosphorus or boron, an electric field can be established. This 

electric field acts as a diode, because it only allows electrons to flow in one direction.11 

Consequently, the end result is a current of electrons, better known to us as electricity. 

Conventional solar cells have two main drawbacks: i) they can only achieve efficiencies around 

ten percent or less and ii) they are expensive to manufacture.12 The first drawback, inefficiency, 

is almost unavoidable with silicon cells. This is because the incoming photons, or light, must 

have the right energy, called the band gap energy, to knock out an electron. If the photon has less 

energy than the band gap energy then it will pass through the device. If it has more energy than 

the band gap, then that extra energy will be wasted as heat.  

 

 

Figure 1.1: Schematic diagram of a photovoltaic solar cell. 
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Nanotechnology might be able to increase the efficiency of solar cells, but the most promising 

application of nanotechnology is the reduction of the manufacturing cost. Scientists have 

discovered a way to make cheap plastic solar cells that could be painted on almost any surface.13 

These new plastic solar cells utilize tiny nanorods dispersed in a polymer. The nanorods behave 

as wires because when they absorb light of a specific wavelength they generate electrons. These 

electrons flow through the nanorods until they reach an aluminum electrode where they are 

combined with a positive centre. This type of cell is cheaper to manufacture than conventional 

ones for two main reasons.  

First, these plastic cells are not made from silicon, which can be very expensive. Second, 

manufacturing of these cells does not require expensive equipment such as clean rooms or 

vacuum chambers like conventional silicon based solar cells. Another potential feature of these 

solar cells is that the nanorods can be ‘tuned’ to absorb various wavelengths of light. This could 

significantly increase the efficiency of the solar cell because more of the incident light could be 

utilized.14 

 

Figure 1.2 Schematic diagram of a nano solar cell. 

 

Since the manufacturing cost of conventional solar cells is one of the biggest drawbacks, 

nanotechnology could have some impressive effects on our daily lives. Although solar cells are 

only capable of supplying low power devices with sufficient energy, its implications on society 

would still be tremendous. It would help preserve the environment, provide electricity for rural 

areas, and have a wide array of commercial applications due to its wireless capabilities. 
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Chapter 2 

Literature Review 

 

The field of nanoscience and nanotechnology is an interdisciplinary area in the global research 

arena and activities in this area has been increasing in the past 20 years. While an understanding 

of the range and nature of functionalities that can be accessed through nanostructuring is just 

beginning to unfold, the ways in which materials and products are created is already clear.1 

Nanomaterials are of enormous fundamental interest, both from the point of discovering new 

physical phenomena as well as for their exploitation in novel devices. 

 

The search for synthetic strategies for generating nanostructured carbon or carbon-hybrid 

materials is an important topic in carbon chemistry, motivated by the natural abundance and 

therefore the cost effectiveness of carbon precursors and the promising applications of the 

resulting materials.2 Also, new nanomaterials obtained from doping carbon with nitrogen or 

boron atoms are potential candidates for future electronic devices in nanoscience and 

nanotechnology.3 The arrangement of the atoms in nanostructures determines their electronic 

structures such that their character can be insulating, semiconducting or metallic. Carbon 

structures can also be modified by sulfur atoms (e.g. thiophene) and composites containing 

polythiophenes have received considerable attention from researchers because of their unique 

electronic, magnetic and optical properties.4 

 

In this project, novel carbon nanostructures and nanocomposites were synthesized and 

characterized with respect to their chemical and thermal properties. The materials synthesized 

are envisaged to have potential applications in solar cells and energy storage. The emphasis in 

this study was however not on the applications. The study in this dissertation comprises a 

number of aspects: the synthesis of carbon spheres, the N-doping of carbon spheres and the 

incorporation of the spheres in polythiophenes. To place the study in perspective a brief review 

of these topics is given below. 
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Part 1: Carbon nanomaterials 

2.1 Shapes of carbon nanomaterials 

 

Carbon is a very versatile material that can form various structures such as diamond, fullerenes 

(C60 and its family) and carbon nanotubes (CNTs).5 The variety of the structures produced by 

carbon is a consequence of its stable bonds arising from sp2 (graphene) and sp3 (diamond) orbital 

hybridization in carbon.6 Depending on the growth conditions, the sp2 carbon atoms can form 

pentagonal and heptagonal carbon rings that, in combination with the less strained and therefore 

more thermodynamically favorable hexagonal carbon rings, can produce a large variety of 

geometrical configurations. These can range from nano- to micron-sized spheres (solid or 

hollow, amorphous or with onion-like layers) to CNTs having single or multi-walled 

configurations.7 Carbonaceous structures have led to major developments that have impacted on 

the field of nanoscience and nanotechnology. Figure 2.1 below shows different carbon 

nanostructures that have been determined .8 

 

Figure 2.1 Shapes of carbon nanomaterials.  
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An important feature of the range of carbon nanostructures synthesized is that their properties, 

such as high tensile strength and physical stability are quite remarkable, making them a potential 

high-strength lightweight material and reinforcement in composites. Further, their chemical 

reactions with free radicals and other atoms opens up a chemistry that can be associated with 

these carbon nanostructures. The observation that atoms and molecules can be placed inside their 

"cages" e.g. (endohedral fullerenes) has led to the discovery of interesting and novel chemistry. 

The new carbon structures have shown remarkable superconducting and optical properties.9 

Among the various forms of carbon known, spherical carbons are a novel material that is 

increasingly becoming important in research. They can be fabricated by the methods that are 

normally used to synthesize carbon nanotubes.10 

 

2.2 Spherical carbon materials 

 

Since the discovery of buckminsterfullerenes, spherical carbon structures have received 

increased attention from the scientific community. A classification of these spherical carbon 

structures has been proposed by Inagaki, according to their nanometric texture:11 that is the 

materials are classified by the concentric, radial or random arrangement of the carbon layers. 

Serp has also classified carbon into three categories according to their size:12 

(i) the Cn family and the well graphitized onion like structures that typically have diameters 

ranging between 2 and 20 nm; 

(ii)  the carbon beads with diameters of one to several microns, and 

(iii)  the carbon nanosized spheres that present less graphitized structures and have diameters 

between 50 nm and 1 µm.  

 

The onion-like graphite structures (type (i) above) are a new allotropic nanophase of carbon 

materials, which can be potentially be used as single-electron devices,13 magnetic refrigerators, 

nanodiodes,14 nanotransistors, nanoball bearings and insulator lubricants.15 The onionlike carbon 

material was first found by Iijima16 at the surface of graphite electrodes. Further interest was 

devoted to the carbon onions in 1992, Ugarte10 discovered a reproducible technique to obtain 

their formation that consists of irradiating carbon soot with an intense electron beam. It is well 
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known that the methods for carbon onion synthesis can be generally divided into two groups.17 

One is based on temperature or irradiation induced transformation of other forms of carbon such 

as carbon soot18 or ultra dispersed diamond19 into concentric spherical cages. The other includes 

continuous segregation of carbon excess inside bulk materials, which have low carbon solubility. 

Due to its flexible nature of carbon structures, considerable efforts have been made to fabricate 

diverse carbon morphologies. Esumi et al.20 prepared carbon microbeads from a water-in-oil 

emulsion using amphiphilic carbonaceous material and urea, followed by heat-treatment at 

various temperatures. They found that particle sizes between 2 and 15 µm were spherical and the 

surfaces of the microbeads were very smooth and contained no cracks. 

 

Sharon and Pradham21 studied the synthesis of nanobeads by thermal chemical vapor deposition 

process. They reported that nanobeads were formed at high temperatures (1100 °C) in the 

presence of nickel and iron catalysts. Solid carbon beads (2–3 µm) have been prepared from a 

mixture of polyethylene and 10% wt. polyvinylchloride under 30 MPa pressure at 650 °C.22 A 

method to obtain hollow carbon beads (ca 50 µm) consists of the chemical vapour deposition of 

carbon from benzene on silica beads and further dissolution of silica with HF.23 Finally, Wang et 

al.24 have recently reported the production of microbeads (ca 2 µm) from a synthetic naphthalene 

isotropic pitch by simple heating of the reactants at 420 °C under nitrogen. Potential applications 

of activated-carbon beads or spheres could be as an adsorbent, as catalyst support or as anode in 

secondary lithium ion batteries.25 Carbon nanosphere production has been reported via mixed 

valent oxide decomposition of natural gas at 1100 °C and the decomposition of pentane over 

Fe(CO)5 at temperatures in excess of 900 °C.26,27 Thermal pyrolysis of methane, benzene, 

styrene, etc. has been successfully employed to generate nanospheres at temperatures greater 

than 1000 °C.  The spherical morphology has been reported in the literature to possess a lower 

crystalline character than filaments, due to imperfections and reactive dangling bonds present on 

the surface of the spheres.28 

 

Soot was the original source of many of these carbon materials, such as soccer-ball-shaped 

carbon molecules called fullerenes, as well as carbon nanotubes, both of which are of great 

interest in the field of nanotechnology.29 Soot plays a role in boilers and furnaces that rely on 
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flame radiation to transfer heat to the walls to generate steam, but the same mechanism makes 

these particles harmful for internal-combustion engines, where such heat losses decrease 

efficiency and require that high-temperature materials be used.  

Figure 2.2 shows how soot forms within fires and becomes smoke.29 Combustion requires fuel, 

which is most often made from long, complex chains of carbon and hydrogen atoms. When a 

flame is lit, the heat breaks apart these hydrocarbons in a process called pyrolysis. The smaller 

typically carbon containing fragments that result are often radicals, highly inclined toward 

chemical reactions, in particular oxidation: 

 

Oxygen combines with the carbon and hydrogen radicals to produce carbon dioxide and water, 

releasing heat in the process. However, some of the radicals react with one another, rather than 

with oxygen, forming rings of carbon called polycyclic aromatic hydrocarbons. These newly 

formed compounds continue to grow into carbon-rich lattices and then into full-fledged particles, 

which agglomerate into long chains that resemble strings of beads. As these soot masses travel 

upward inside a flame, they react with oxygen molecules, which can break off pieces and cause 

the particles to incandesce more brightly, creating the flame’s bright yellow glow. Whether or 

not the soot will be fully burned in this way (completely transformed into carbon dioxide and 

water) before leaving the flame depends on the type of fire being studied. If not completely 

burned, the residual soot is released as smoke. 
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Figure 2.2: Pyrolysis of hydrocarbons.  

Another family of colloidal carbons similar to soot but with a much higher surface area to 

volume ratio is carbon black.30 Carbon black is a material produced by the incomplete 

combustion of heavy petroleum products such as coal tar, ethylene cracked tar, or small amount 

from vegetable oil. It was a form of amorphous carbon that has a high surface area to volume 

ratio, and as such it is one of the first nanomaterials to find commercial use. Its surface area to 
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volume ratio is low compared to activated carbon. Carbon black is used as a pigment and 

reinforcement in rubber and plastic products.31 

 

2.3 Formation of carbon spheres 

 

Carbon atoms when linked together can form three types of graphitic rings i.e. hexagons with 

zero curvature, pentagons with positive curvature and heptagons with negative curvature (Figure 

2.3).31 Paring of the pentagonal and heptagonal carbon rings with the hexagonal carbon rings can 

further result in formation of many structures with different geometric configurations.32 A 

perfectly closed shell structure like C60 can be formed if 12 pentagonal carbon rings are 

introduced in the hexagonal network (Euler’s theorem); a pure hexagonal network alone cannot 

form a closed shell.31  

 

Figure 2.3: Carbon ring structures in graphitic flakes. (a) Hexagonal (zero curvature) (b) 

pentagonal (positive curvature) and (c) heptagonal (negative curvature). 
 

A carbon sphere is believed to be nucleated from a pentagonal carbon ring which grows to a 

quasi-icosahedra spiral shell carbon particle (Figure 2.4).33 Carbon atoms have only four 

neighbours; therefore the carbon atom located at the edges cannot be shared by three graphitic 

flakes simultaneously. This results in formation of a gap at the edges of the carbon rings.31 It has 

been shown that the surface of the sphere is composed of unclosed graphitic flakes.34 Usually a 

sphere with a diameter of less than 40 nm shows a spiral growth. A large graphitic carbon 

sphere, with the exception of its central core which has a spiral shape, is made up of graphitic 

flakes containing pentagonal-heptagonal (P-H) pairs.31  
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Figure 2.4 Schematic diagrams representing growth of a carbon sphere.  

(a) Nucleation of a pentagon (b) formation of a spiral shell carbon particle (c) growth of a large 

size carbon sphere and (d) graphitic carbon sphere 
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2.4 Synthetic techniques 

 

The commonly used methods for the synthesis of carbon spheres are described below. 

 

Arc Discharge 

 

In this method, carbon is vaporized from a graphite rod, generating a plasma of carbon which 

condenses on a second rod of opposite charge in an inert gas environment. A current is passed 

between two graphite rods, forming a hot, bright electric arc which vaporizes one of the graphitic 

rods. One of the rods acts as the anode, where vaporization occurs, and the other acts as the 

cathode, where condensation occurs.
35 

This method large mainly produces nanotubes, but can 

also produce some spherical carbon material.36  

  

Laser Ablation 

 

Laser ablation is the process of removing material from a solid (or occasionally liquid) surface 

by irradiating it with a laser beam. At low laser flux, the material is heated by the absorbed laser 

energy and evaporates or sublimes. At high laser flux, the material is typically converted to a 

plasma.37 In March 1995 Guo et al.38 reported the use of a laser to ablate a block of pure 

graphite, and later graphite mixed with catalytic metal.39 In the process a graphite target is 

vapourized at high temperatures using a high power laser, forming 'soot' which is collected using 

a water cooled collector. 

 

Chemical Vapour Deposition 

 

 The chemical vapour deposition (CVD) method can be used to prepare carbon spheres ranging 

from 60 nm - 1 µm by direct pyrolyis of a diverse range of small hydrocarbons with two to eight 

carbon atoms in their chains without using a catalyst.  The carbon sphere growth is controlled by 

the reaction time, feed rate and reaction temperature.40 Chemical vapour deposition reactors can 

be either horizontal or vertical in design. The orientation assigned to the reactor refers to the 
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orientation of the flow within the reactor. The effects of buoyancy and inertial forces flow within 

the reactor differentiate between these two types of the reactors.41 

 

Polymerization reactions 

 

Carbonaceous spheres or mesocarbon micro-beads (MCMB) can be prepared from pitch or 

polymeric materials in large quantities using various methods, such as the direct polymerization 

from pitch,42 an emulsion method,43 and a suspension method.44 However, the carbon particles 

from mesophase pitch are of relatively large size, normally 10–40 µm, and have a wide 

distribution in size. This method of preparation can produce hollow carbon particles with a 

narrow size distribution, ranging in a diameter from 3 to 5 µm. Submicrometer-size spherical 

polymer particles of uniform size are readily prepared by emulsifier-free emulsion 

polymerization. In addition, it is well known that polyacrylonitrile produces carbonaceous 

material.45 
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2.5 N- and B-doping of carbon nanostructures 

 

Since the discovery of carbon nanomaterials, there has been an interest in doping of tubes.46 

Doping of carbon entails the substitution of a carbon atom with another element such as boron 

and/or nitrogen. Doping of heteroatoms into graphite-like carbon structures is believed to modify 

the electronic nature and, thereby the electrical conductivity properties of the graphite structure.47 

For example N-doping may lead to the formation of electron-excess n-type semiconducting 

nanostructures, due to the presence of the lone pairs of electrons on nitrogen, conjugating with 

the delocalized pi system of the standard graphite sheet. Electron deficiency in graphite can also 

be achieved by incorporating boron, which acts as an acceptor. B-doping may lead to an 

electron-deficient p-type semiconducting nanostucture.46 

 

There have been several reports of N-doping into CNTs.47-49 N-doping into CNTs has mostly 

been conducted using chemical vapor deposition during CNT growth. Manashi et al.47 reported 

N-doped multi-walled CNTs (MWCNTs) by thermal CVD using acetylene over Fe and Co 

catalysts. The composition of the C-N in the tubes varied between C10N and C33N depending on 

the catalyst. Yang et al.48 successfully prepared a double coaxial structure of N-doped MWCNTs 

by using the template technique with porous anodic alumina oxide as a template. They 

mentioned that the resulting MWCNTs had not only a double-stack coaxial structure but also 

dual physicochemical properties.  

 

Liu et al.49 also demonstrated that N-doped vertically aligned MWCNTs could be synthesized by 

pyrolysis of pyridine with ferrocene as the catalyst in an NH3 atmosphere or a mixture of NH3 

and Ar. It is well known that the doping of CNTs with various elements such as nitrogen (N), 

potassium, and boron is a significant and effective method to tailor both chemical and electronic 

properties of CNTs. In particular, N-doping in CNTs has been studied intensely because it can 

induce a transformation of the (C) atomic network of carbon.50,51 Also, the N-doping process is 

on effective way to generate carbon nanostructures. Jang et al.52 reported on the effects of N-

doping on the structure and crystallinity of bamboo-shaped MWCNTs by means of X-ray 

photoelectron spectroscopy (XPS). In their previous work, they found that the N concentration 
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was obtained in the range from 0.4 to 2.4% by controlling the NH3/C2H2 flow ratio during CNT 

growth. They also observed that the bamboo-shaped MWCNTs showed a shorter compartment 

distance at higher N concentrations. 53  

 

Recently, Kim et al.54 reported the synthesis of N-doped double-walled CNTs (DWCNTs) using 

catalytic CVD. They investigated the electronic structures of N-doped DWCNTs by employing 

synchrotron XPS. Panchakarla et al.55 also reported that the diameters of the N-doped DWCNTs 

appeared to depend on the N source and the reaction conditions. Nevertheless more study on the 

structural change of N-doped CNTs is still necessary. 

 

Eccles et al.56 studied the influence of B- and N- doping levels on the quality and morphology of 

CVD diamonds. They grew diamond films by hot filament and microwave plasma assisted CVD 

using precursor gas mixture of 1% methane in hydrogen with additional nitrogen and boron 

dopants. N incorporation in the diamond network induces structural changes that lead to an 

increase in the sp2 fraction of the material and therefore enhances the conductivity. 
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Part 2: Polymerization of thiophene 

2.6 Thiophene 

 

Thiophene was discovered by Viktor Meyer in 1883 as a contaminant in benzene.57 In the 

fractional distillation of coal tar and petroleum, it was found in relatively large amounts. 

Thiophenes are stable to alkali and other nucleophilic agents, and are relatively resistant to 

disruption by acids.58 Thiophene is a colourless liquid at room temperature with a mildly 

reminiscent smell of benzene. It is considered aromatic, with the degree of aromaticity less than 

that of benzene. The participation of the lone electron pair on sulfur in the delocalized pi electron 

system is significant. 59  

 

Thiophenes are produced in many reactions involving sulfur sources and hydrocarbons, 

especially unsaturated hydrocarbons. For example; reactions of acetylene and elemental sulfur, 

were first attempted by Viktor Meyer. They are also classically prepared by the reaction of 1,4-

diketones with sulfiding reagents such as P4S10.
 Specialized thiophenes can be synthesized via the 

Gewald reaction, which involves the condensation of two esters in the presence of elemental 

sulfur.60 

 

Thiophenes are used as synthetic intermediates, taking advantage of the susceptibility of the 

carbon atoms adjacent to S towards electrophilic reactions. They are a recurring building block 

in organic chemistry with applications in pharmaceuticals. The benzene ring of a biological 

active compound can be replaced by a thiophene without loss of activity. 59 
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2.7 Polythiophene 

 

Polythiophenes (PTs) result from the polymerizations of thiophene. The polymer is formed by 

linking thiophene through its 2,5 positions.61 The study of polythiophenes has intensified over 

the last three decades. The maturation of the field of conducting polymers, including PTs, was 

confirmed by the award of the 2000 Nobel Prize in Chemistry to Alan Heeger, Alan 

MacDiarmid, and Hideki Shirakawa for the discovery and development of conductive 

polymers.62 

 

The most notable property of these materials, electrical conductivity, results from the 

delocalization of electrons along the polymer backbone. The term “synthetic metals” is thus used 

to describe these conducting non-metallic polymers.63 Conductivity is not the only interesting 

property resulting from the electron delocalization. The optical properties of these materials 

respond to environmental stimuli, with dramatic colour shifts in response to changes in 

temperature, solvent, binding to other molecules and applied potentials. Colour and conductivity 

changes are induced by the twisting of the polymer backbone leading to the disruption of the 

conjugation. 

  

Polythiophenes are some of the most studied conducting conjugated polymers. This is as a result 

of their excellent environmental and thermal stability. They are also commercially available and 

highly soluble in organic solvents.64 
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2.7.1 Synthesis of polythiophenes 

 

Polythiophenes can be synthesized electrochemically, by applying a potential across a solution of 

the monomer to be polymerized, or chemically, using oxidants or cross-coupling catalysts. 

 

Electrochemical synthesis 

 

The electrochemical polymerization of thiophene in acetonitrile was reported for the first time by 

Tourillon in early 1980s. Polythiophene is conveniently prepared in the conducting state by 

electrochemical oxidation of bithiophene.65 A potential is applied across a solution containing 

thiophene and an electrolyte, producing a conductive polythiophene film on the cathode. As 

shown in Figure 2.5, the oxidation of a monomer produces a radical cation which can then 

couple with a second radical cation to form a dication dimer or with another monomer to produce 

a radical cation dimer.66 The method is convenient, since the polymer does not need to be 

isolated and purified, but the disadvantage is that a crosslinked structure is produced.  

 

The quality of the polythiophene film produced is affected by a number of factors. These include 

the electrode material, current density, temperature, solvent, monomer concentration, presence of 

water, and electrolyte.67 The potential required to oxidize the monomer depends upon the 

electron density in the thiophene ring pi-system. Lower oxidation potentials are due to electron–

donating groups, and electron-withdrawing groups increase the oxidation potential. Steric 

hindrance resulting from branching at the alpha carbon of thiophene inhibits the polymerization. 
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Figure 2.5: Schematic diagram of initial steps in the electropolymerization of thiophene.  

 

 

Chemical synthesis 

 

Chemical synthesis is the preferred method for the preparation of electrical conducting 

polythiophenes and other electrical conducting polymers with defined structures. Chemical 

synthesis offers two advantages compared with the electrochemical synthesis of polythiophenes: 

a greater selection of monomers, and, if the proper catalyst is used, the ability to synthesize 

perfectly regioregular substituted polythiophenes. Regioregular PT can be synthesized by 

catalytic cross-coupling reactions of bromothiophenes, while polymers with varying degrees or 

regioregularity can simply be synthesized by oxidative polymerization using a FeCl3 catalyst, 

Figure 2.6.68 
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Figure 2.6: Ferric chloride oxidative polymerization of thiophene. 

 

2.7.2 Mechanism of conductivity  

 

In conductive polymers, such as polythiophene, electrons are delocalized along the conjugated 

backbone through overlap of pi-orbitals, resulting in an extended pi-system with a filled valence 

band.66 The removal of electrons (p-doping) and addition of electrons (n-doping) to the pi-system 

leads to the formation of a charged unit called a bipolaron. A bipolaron is responsible for the 

macroscopically observed conductivity of the polymer. 

 

Depending on the level of doping, the polymer can be conducting if the levels are high (20-40%) 

and semiconducting if level is low (1%). Oxidation of the conducting polymer, via p-doping; can 

be achieved electrochemically or chemically. Reduction, via n-doping is done 

electrochemically.69 Different reagents have been used to dope polythiophenes. These include 

iodine and bromine for high conductivities and organic acids such as propionic acids and 

sulfonic acids for low conductivities.70 It has also been found that the latter show higher 

environmental stabilities when compared to the former. Oxidative polymerization with ferric 

chloride can result in doping by residual catalyst. 
 

2.7.3 Optical properties of polythiophene 
 

The optical properties of the polythiophene are due to their extended pi-system. The conjugation 

relies on the aromatic rings, which, in turn requires the thiophene rings to be coplanar. The 

number of coplanar rings determines the conjugation length; the longer the conjugation length, 

the lower the separation between adjacent energy levels, and the longer the absorption 
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wavelength. The twist in the backbone reduces the conjugation length and the separation 

between energy levels increases, this will result in a shorter absorption wavelength.71 

To determine the maximum effective conjugation length, one requires the synthesis of a 

regioregular polythiophenes of defined length. The absorption band in the visible region in 

increasingly red shifted as the conjugation length increases, and the maximum effective 

conjugation length is calculated as the saturation point of the red-shift.72 Reaction conditions, 

including solvents, temperatures, and dissolved ions, can cause the conjugated back bone to 

twist, reducing the conjugation length and causing the absorption band to shift. 

 

2.7.4 Uses of polythiophenes  

 

Polythiophenes and some of its derivatives are insoluble and infusible. These features limit 

considerably their application potential in industry and technology.73 To overcome the 

disadvantages, several strategies for the modification of polythiophenes have been developed. 

These include the appropriate modification of the monomer structure prior to polymerization, 

and the preparation of copolymers, metal composites, and polymer composites.74 

A number of applications have been proposed for conducting polythiophenes, but none has been 

commercialized. Applications include field-effect transistors,75 solar cells, photochemical 

resistors, batteries, chemical sensors, diodes and nonlinear optic devices.76 

In general there are two categories of application viz, static and dynamic77 

1. Static applications: they rely upon the intrinsic conductivity of the materials, combined 

with their ease of processing and material processing common to polymeric materials. 

2. Dynamic applications: they utilize changes in the conductive and optical properties, 

resulting either from application of electric potentials or from environmental stimuli.  

 

The use of polythiophenes as sensors responding to an analyte has also been the subject of 

intense research. The functionalization of polythiophenes with synthetic receptors helps detect 

metal ions and chiral molecules in biosensor applications.78 
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Part 3: Carbon/polythiophene composites 

2.8 Nanocomposites 

 

Nanocomposites can be defined as multiphase materials where one or more of the phases have a 

least one dimension of order 100 nm or less. Most nanocomposites that have been developed and 

that have demonstrated technological importance, have been composed of two phases can that be 

microscopically classified into three principal types (Figure 2.7) 79 

� Nanolayered composites: composed of alternating layers of nanoscale dimensions 

� Nanofilamentary composites: composed of a matrix with embedded and generally aligned 

nanoscale diameter filaments 

� Nanoparticulate composites: composed of a matrix with embedded nanoscale particles 

 

 Figure 2.7: Schematic representation of nanocomposite materials: nanolayered (A), 

       nanofilamentary (nanowires) composites (B) and nanoparticulates (C). 

 

As with the conventional composites, the properties of nanocomposites can display synergistic 

improvements over those of the component phases individually. However by reducing the 

physical dimensions of the phases down to the nanometer length scale, unusual and often 

enhanced properties can be realized. An important microstructural feature of nanocomposites is 

their large interphase surface area to volume ratio. Large surface areas can result in novel and 

often enhanced properties that can be exploited technologically.80 

In terms of their engineering applications, nanocomposites can be classified79 either as  

• Functional materials based on their electrical, magnetic, and/or optical behavior 

• Structural materials based on the mechanical properties. 
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Many researchers have tried to incorporate carbon materials in polymer matrices to tailor 

electrical properties suitable for different applications such as electronic devices, semiconductor 

components, and circuit boards, because different applications normally require specific levels of 

conductivity.80 For instance, a low level of conductivity is enough to give protection against 

electrostatic discharge, whereas a high level (≤104  ohm/cm) is required to protect against 

electromagnetic interferences and emission of interfering radiation. 

 

The effective use of carbon materials in composite applications depends on the ability to disperse 

the material uniformly throughout the matrix without reducing their aspect ratio.81 To overcome 

the difficulty of dispersion, mechanical/physical methods such as ultrasonication, high shear 

mixing, melt blending and surfactant addition have been used. 
 

In 2001, Dupire et al.82 patented a method for the production of reinforced polymer, in which 

both a polymer chain and carbon nanotubes were oriented and dispersed by stretching the 

nanotube-polymer mixture in a molten state using a high shear mixer. However the resulting 

nanocomposite exhibited limited transparency in the visible range. Harmon et al.83 produced 

conductive and transparent CNT-polymer composites through a combination of sonication, in-

situ polymerization, dissolution and film casting. Recently, polymer nanocomposites appeared as 

the subject of mechanical actuation studies. Ounaries et al.84 developed a technique for making 

actuating composite materials with polarizable moieties (polyimide) and CNTs using in-situ 

polymerization under sonication and stirring. Kong et al.85 demonstrated chemical sensor 

applications based on individual SWNTs. They found that the electrical resistance of a semi-

conducting SWNT changed dramatically upon exposure to gas molecules such as NO2 and NH3. 

Sensors based on carbon nanotubes have been preferred because of the fast response and the 

higher sensitivity they exhibit at room temperatures over existing electrical sensor materials 

including carbon black-polymer composites operating at high temperatures.  

 

Carbon black is a common polymer additive used for reinforcement and enhancing physical 

properties, such as conductivity and density.86 Properties of CB particles and composites based 

on this material have been intensively studied in the last 30 years.87 There are a lot of reports and 
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publications about its electrical properties mainly in composites based on polymer-CB in which 

the electrical charges are carried through “networks” of conductive particles (CB) dispersed into 

the polymeric matrix.88 Choosing the appropriate polymeric matrix, these polymeric composites 

can have potential application as gas sensors .89,90 

  

San Juan-Farfán et al.91  analyzed the electrical properties of spume polystyrene-carbon black 

(PSU-CB) composites prepared by a sonication mixing technique using 3-20 %wt of carbon 

black (CB) as the conductive material. The results showed that the carbon black modified the 

electrical properties of polystyrene, improving the electrical resistivity from 1014 to 106 S/cm for 

pure polystyrene and for composites containing 21 % of carbon black, respectively. 

 

Martinez Salazar et al.92 studied the morphology and structure of conductive polyethylene-

carbon black composites by elongational-flow injection molding. The study of some physical 

properties of vinylpyridine carbon-black composites was conducted by Soliman and Sayed.93 

They prepared samples of a 2-vinylpyridine oligomer and polymer by a chemical method. The 

polymer and the oligomer were hot-pressed with different weight percentage of CB. It was found 

that the activation energy for different samples decreased with increasing CB percentage, as did 

the optical band gap. 
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2.9 Fabrication of carbon nanocomposites 

 

Nanocomposites have been fabricated to improve material properties such as electrical 

conductivity, mechanical strength, radiation detection, optical properties, thermal stability, etc. 

Among these, improving the electrical and mechanical strength properties of composites has 

been reported to a great extent. In nanocomposites a homogenous dispersion of carbon 

nanostructures is required.94 However, pristine carbon nanostructures are bundled due to van der 

Waals interactions and are insoluble in organic solvents or water, making their processing 

difficult. Research shows that simple polymer-nanostructure blends result in a composite with a 

poor dispersion of nanostructures, which compromises the expected performance. Therefore 

more work has to be done to develop methods of chemical modification and functionalization 

techniques to make carbon nanostructures more processable. 

 

The carbon nanostructure surface modification may entail covalent or noncovalent interactions.95 

In covalent functionalization, the nanostructure surface requires highly reactive species such as 

azomethine ylides or fluorine. In noncovalent functionalizaion, the functional molecules interact 

with the nanostructure surface via van der Waals forces, including hydrophic and п-п 

interactions. The surface functionalization of carbon may commence from the nanostructure 

surface defects, which are in the form of carboxylic acid groups due to the oxidative conditions 

used in purifying the nanostructures. These acidified nanostructures can be functionalized with 

molecules bearing amino or hydroxylic groups.96  

 

The conditions that are used to functionalize carbon spheres are similar, but not identical, to 

those used for carbon nanotubes. The difference may lie in the surface chemistry of the material. 

Different ways to functionalize carbon nanostructure are discussed below:  
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Covalent functionalization 

 

Covalent functionalization occurs through reactions of the p-conjugated skeleton of carbon 

nanostructures. The procedure has been widely investigated and the methodology97 has produced 

an array of modified nanostructures (e.g. carbon nanotubes) bearing small molecules, polymers 

and inorganic species. Several covalent functionalization strategies exist to induce 

functionalization. These include defect site creation and functionalization from the defects, 

creating carboxylic acids on the endcaps of carbon nanotubes and subsequent derivatization from 

acids, and also covalent sidewall functionalization.96  

 

The sidewall functionalization of carbon nanostructures depends strongly on tube/sphere 

diameters.  For example, single wall carbon nanotubes with a smaller diameter have more 

reactive sidewalls than those with larger diameters. It is also important to note that covalent 

functionalization causes changes to properties of the nanostructures. These changes can be 

dramatic and permanent and are not always controllable. As a result, the desired multi-

functionality of carbon nanostructures may be compromised. Moreover, covalent 

functionalization is not amenable to scale-up for high volume and high rate production.96 

 

Noncovalent functionalization 

 

This approach focuses on the non-covalent bonding interactions of molecules, and by doing so it 

examines the weaker and reversible non-covalent interactions between molecules. These forces 

include hydrogen bonding, metal coordination, hydrophobic forces, van der Waals forces, п-п 

interactions and electrostatic effects. These types of studies constitute the field of supramolecular 

chemistry.97 

 

The study of non-covalent interactions is crucial to understand many biological processes from 

cell structure to vision, that rely on these forces for structure and function. Biological systems are 

often an inspiration for supramolecular research. Important concepts that have been 

demonstrated by supramolecular chemistry include molecular self-assembly, molecular 
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recognition, host-guest chemistry and dynamic covalent chemistry. The emerging science of 

nanotechnology has also had a strong influence on the subject of non-covalent functionalisation, 

with building blocks such as fullerenes, nanoparticles, and dendrimers involved in synthetic 

systems. 

 

Factors that control non-covalent functionalization include thermodynamics and the 

environment.98 Unlike in covalent bond-forming chemistry the rate of bond formation is not 

increased at higher temperatures. However, low temperatures can be problematic, due to 

molecule distortion into thermodynamically disfavored conformations. The molecular 

environment is also of prime importance for the operation and stability of the non-covalent 

system. The choice of the solvent is crucial, because many solvents have electrostatic, strong 

hydrogen bonding, and charge transfer capabilities, and are therefore able to become involved in 

complex equilibria with the system. 
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Chapter 3 

Nitrogen incorporation in carbon spheres 

 
Nitrogen is the natural choice for doping carbon materials since it differs only by one additional 

valence electron from a carbon atom. Thus, a relatively easy incorporation into the carbon 

honeycomb lattice should be achievable. The nitrogen atom, substituted in a graphite-like way 

was calculated to differ only by 0.01 Å from the equilibrium position of a carbon atom. Although 

the properties of carbon nanomaterials are nothing short of exceptional, there are nonetheless 

many areas in nano- and molecular-electronics, optics, electromechanics or chemistry where 

pristine materials are not the most appropriate. Substitutional doping is expected to provide 

solutions for such limitations.1 It has been established that the incorporation of nitrogen in 

nanotubes results in enhanced conductivity, polarity and basicity, while also modifying surface 

hydrophilicity.2 
 

Nitrogen doped nanomaterials have been found to be less stable, and oxidize at lower 

temperatures than their pure carbon counterparts. This is explained by localized defects due to 

the presence of nitrogen atoms, which generate CNTs that are energetically less stable than a 

pure carbon lattice.3 

Interestingly, it appears that there are no reports on the doping of the spheres by nitrogen. Our 

group has reported on the doping of the spheres by boron.4 

In this work, we provide information on the synthesis of undoped and N-doped carbon spheres 

using vertical and horizontal CVD methods. We examined the morphology, and possible atomic 

configurations for nitrogen in the nanosphere lattice and discuss their electronic properties. 
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3.1 Experimental 

3.1.1 Technical assembly of vertical and horizontal CVD reactors 

 

A simplified form of the vertical chemical vapour deposition (v-CVD) apparatus is shown 

diagrammatically in Figure 3.1. This apparatus was designed and fabricated in the 

nanotechnology laboratory of the school of chemical and metallurgical engineering, university of 

the Witwatersrand by Iyuke (2005).5 It consists of a vertical silica plug flow reactor [1], 

immersed in a furnace [2] with a sensitive temperature regulator. A system of rotameters, 

pressure controllers and valves control the flow of gases into the reactor. The upper end of the 

reactor is connected to a condenser [3], which leads to two delivery cyclones [4,5], where the 

carbon materials produced is collected. The vaporiser [6] is placed on a heater with a sensitive 

temperature regulator, which is connected to the swirled mixer [7] and this in turn leads into the 

reactor. 

 

 

 

 

 

 

 

 

 

Figure 3.1: Schematic representation of a vertical chemical vapour deposition reactor. 
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Carbon spheres were also synthesized in a horizontal reactor (Figure 3.2) that has been placed 

horizontally in a furnace, allowing production of the carbon material. The horizontal reactor is 

made up of a furnace, temperature gauge, quartz tube, water cooled injector in which a syringe is 

injected into gas bubbler. The furnace is electronically controlled such that the heating rate, 

reaction temperature and gas flow rates are maintained accurately as desired. 

 

Gas bubbler

Syringe

Water cooled
 injector

Quartz tube

Thermocouple
Temperature

 gauge

Furnace

 

Figure 3.2: Schematic representation of a horizontal chemical vapour deposition reactor 
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3.1.2 Characterization 

 

The soot was characterized using transmission electron microscopy (TEM) (JEOL 100S Electron 

Microscope) and thermogravimetric analysis (TGA) (Perkin Elmer Pyris 1 TGA Analyzer), 

Brunauer, Emmett and Teller (BET) surface area analysis (Micromeritics TriStar Surface Area 

and Porosity Analyzer) and Powder X-ray diffractometry (PXRD) (Bruker AXS D8 Advance 

PXRD). No catalyst was required in the synthesis of the CNSs, hence no purification was done.  

Elemental analysis was done by the institution for soil, climate and water in Pretoria.  

 

All of the ESR measurements were carried out at room temperature using a Bruker ESP300E X-

band (microwave) spectrometer operating in the frequency range 9.4 – 9.8 GHz.  The samples 

were placed in standard NMR tubes, and the standard continuous wave (CW) technique was used 

to obtain all of the derivative spectra. 
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3.2 Synthesis of carbon spheres using a vertical CVD method 

3.2.1 Synthesis of carbon spheres without nitrogen 

 

Nitrogen gas was initially passed through the system in order to flush out contaminants in the 

reactor. The furnace was set to a desired temperature (1000 °C) and acetylene together with an 

inert gas (Ar) gas was fed through the reactor. The flow rates of argon and acetylene were kept 

constant at 100 mL/min and 487 mL/min respectively. A carbon material that evolved from the 

upper end of the reactor was cooled in a condenser and collected in two cyclones. It took 

approximately 5 minutes to produce 1.30 g material.  

 

3.2.1 Synthesis of carbon spheres doped with nitrogen  

 

A vertical quartz tube was loaded into the furnace. The temperature of the furnace was operated 

at 1000 °C, and acetylene together with an inert gas (Ar) was fed through the reactor. The flow 

rate of argon was kept constant at 100 ml/min; however, the acetylene flow rate was varied 

between 370-594 mL/min. Nitrogen addition was achieved by bubbling acetylene:argon gas 

mixture through a concentrated solution containing ammonium ions. The ammonium solution 

was diluted with water to study the NH4 dilution effect on formation and morphology of the 

spheres. 

 

Other nitrogen sources such as pyridine and ammonia gas were also used in the synthesis of N-

CSs. NH3 gas at 100 mL/min was fed together with acetylene (487 mL/min) into the reactor 

through the swirled mixer at 1000 °C. Due to poor production of the carbon materials, and the 

low content of nitrogen in the product, no further studies were conducted using pyridine and 

ammonia 

In the case of pyridine, the acetylene:argon mixture was bubbled through pure pyridine at 125 

°C. As with NH3 gas, reaction conditions were not varied. 
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3.3 Results and discussions 

3.3.1 Elemental analysis 

 

Different nitrogen source were used to make the N-CSs. These sources included ammonium 

hydroxide solution, pyridine, and ammonia gas. This was done to establish the best N-source to 

use to make high yields of quality N-CSs and to control the nitrogen content. As shown in Table 

3.1, ammonium hydroxide gave the highest N content, compared to the results using pyridine 

and ammonia gas. The dilution of the ammonium hydroxide solution with water played a role in 

the substitution of C atoms with N atoms. The dilution resulted in decrease in N content of the 

products. It could be seen that, the carbon spheres can be doped by nitrogen since the elemental 

analysis detected very low levels of nitrogen (<0.02%) from the spheres prepared using acetylene 

and no N source.  

Table 3.1 Elemental composition of CSs and N-CSs at T= 1000 oC, t = 5 min 

 

 

 

 

 

 

 

Due to the high nitrogen content obtained with ammonium hydroxide solution, later synthesis 

studies to make N-doped carbon spheres were conducted using both acetylene as a carbon source 

and ammonium hydroxide solution as a nitrogen source. Pyridine and ammonia gas gave low 

yields of carbon spheres with low content of nitrogen. The effect on the dilution of ammonium 

solution had negative impact on the yield and nitrogen content of the carbon spheres, they 

seemed to drop. 

 

N source Carbon    
% 

Nitrogen 
% 

Yield g 

No nitrogen > 98.00 < 0.02 1.30 

NH3 gas 98.00 0.19 0.20 

Pyridine 98.42 0.15 0.20 

25%NH4OH 92.26 3.08 0.75 

12.5%NH4OH 92.47 2.70 0.30 

5% NH4OH 93.18 2.58 0.20 
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3.3.2 The effect of acetylene flow rate on the yield of carbon spheres 

 

Acetylene flow rates were varied to study the effect on the synthesis of carbon spheres.  To study 

the effect of acetylene flow rate on the production rate, size and structural morphology of the 

carbon spheres, the acetylene flow rate was varied from 370 – 594 mL/min, at 1000 °C. Table 

3.2 shows the effect of acetylene flow rate on the yield of spheres obtained. 

Table 3.2 Effect of acetylene flow rate on the yield of N-CSs at T= 1000 oC, t = 5 min 

 

 

 

 

 

 

The increase in acetylene flow rate gave an indication that this process allows for the large scale 

production of these materials, a maximum production, 0.95 g was obtained at 594 mL/min 

(Figure 3.3). However, the effect of gas flow rates displayed a larger impact on the size of the 

carbon spheres. As the flow rate increased, the size of the spheres became smaller. The uniform 

diameter of 100 nm was produced at 487 mL/min. The size distributions of the carbon spheres 

products are shown in Figure 3.4.  
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Figure 3.3: Effect of the C2H2 flow rate on the yield of N-CSs at 1000 °C 

C2H2 flow-rate 

(mL/min) 

Yield (g) 

370 0.50 

433 0.55 

487 0.75 

540 0.80 

594 0.95 
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Figure 3.4: Histograms and TEM images of N-CSs synthesized at 1000 °C and at C2H2 flow rate 

of a) 397 mL/min, b) 433 mL/min c) 487 mL/min, d) 540 mL/min and e) 594 mL/min 
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3.3.3 Morphology investigation 

 

The comparative morphology study of undoped and doped carbon spheres is shown in Figure 

3.5. N-CSs and CSs were produced at 1000 °C at flow rate of 487 mL/min. The undoped carbon 

spheres materials were spongy and very light, the TEM image (Figure 3.5a) and HRTEM image 

(Figure 3.5b) showed only spheres of an average diameter of 100nm. The TEM image of the N-

CSs in Figure 3.5c revealed that spheres have been formed with an average diameter of 100 nm. 

The HRTEM image in Figure 3.5d showed a poorly graphitic structure with short carbon layers. 

It can be observed that some of the spheres are linked together (accreted). No distinct difference 

is observed in the morphology of carbon spheres. No outer core shell was observed with the 

carbon spheres produced by the vertical CVD.  

 

 

 
Figure 3.5: TEM (a) and HRTEM (b) images of undoped CSs at 487 mL/min 

 

 

 

        

 

 

 

Figure 3.5: TEM (c) and HRTEM (d) images of N-doped CS at 487 mL/min 
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3.3.4 Thermal and BET analysis 

 

TGA experiments (Figure 3.6(a) and (b)) provide information on the thermal stability of the 

carbon. Thermal data will be affected by the presence of defect sites because defect sites in 

graphite planes such as dangling bonds, edges and vacancies decrease the oxidative stability. 

Basal planes are the most stable towards oxidation and other reactions.6 For the undoped CSs 

(Figure 3.6(a)), TGA data indicated a 23% mass loss between 100 °C and 350 °C. It was 

observed that 450 °C was the maximum oxidation temperature of the undoped spheres. For the 

N-CSs (Figure 3.6(b)), TGA data indicated a 15% mass loss between 100 °C and 400 °C. Most 

of the carbon reacted with oxygen at ca. 510 °C. The steepness of the slope on both graphs is a 

likely indicator of large numbers of dangling bonds which enable oxygen to readily permeate the 

spheres facilitating rapid oxidative degradation. 

  

Upon heating the spheres to 300 °C in 1 h under argon, both undoped and N-doped spheres 

exhibit enhanced oxidative stability, and no mass loss is now observed at lower temperatures.  

The BET results in Table 3.3 show that the surface area had also increased after heating the 

spheres. The results suggest that the spheres have species such as polycyclic aromatic 

hydrocarbons (PAHs) that are physically attached to their surface. The higher % mass loss at 

lower oxidation temperature for undoped CSs can be attributed to the larger number of hydrogen 

and carbon radicals which react to form CO2, H2O and PAHs. 

Table 3.3: BET analysis of carbon spheres 

CS type  Surface specific 
area (m2/g)  

Pore specific volume 
(cm3/g)  

Undoped  Before  

                   After  

10.019  

14.89  

0.015  

0.031  

Doped       Before  

                   After  

11.01  

13.67  

0.011  

0.029  
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Figure 3.6(a): TGA profile of undoped carbon spheres prepared at 1000 °C in air 
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Figure 3.6(b) TGA profile of N-doped carbon nanospheres prepared at1000 C in air 

 

 



N. Kunjuzwa   Page 48 

 

The morphology of the post heated spheres is shown in Figure 3.7. The TEM image shows no 

deformed carbon spheres, and accretion persists. After heating the morphology of the carbon 

microspheres is almost undestroyed, remaining in perfect sphericity This can be attributed to the 

surface chemical activity caused by nitrogen atoms facilitating chemical functionalization. 

HRTEM shows no alignment in the graphitic sheet of the spheres. 

 

   

Figure 3.7:  Morphological view of post heated spheres under TEM (a) and HRTEM (b). 
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3.3.5 Powder X-ray diffraction 

 

Nanometre-sized materials are of considerable current interest because of their special size-

dependent physical properties. Debye-Scherrer diffraction patterns are often used to characterize 

samples, as well as to probe the structure of nanoparticle. Unfortunately, the well known 

Scherrer formula' is unreliable at estimating particle size, because the assumption of an 

underlying crystal structure (translational symmetry) is often invalid. 

Figure 3.8 shows the PXRD pattern of undoped and N-doped carbon spheres. Each profile 

exhibits a peak at ca. 25°, i.e. (002) graphite plane.7 The broadness of the peak is indicative of 

only a short range structural order. An ill-defined peak at 43.8° can be assigned to the (100) 

graphite plane. These results find further support in HRTEM images.  
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Figure 3.8: PXRD pattern of undoped and N-doped carbon sphere prepared at 1000 °C. 
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3.3.6 Raman spectral analysis 

 

The Raman spectra of the CSs and N-CSs produced at temperatures of 1000°C show the 

presence of two broad peaks at about 1348 cm-1 and 1591 cm-1 corresponding to the D- and G-

bands of graphite respectively (Figure 3.9). Usually the ratio ID/IG is interpreted as a measure of 

the degree of order of the material.8 Values of ID/IG at ~ 0.75 and ~ 0.9 were observed for the 

CSs and N-CSs respectively. The increase of this ratio indicates that the degree of graphitization 

of the samples is low with possible presence of disordered carbon. These results help explain and 

justify the morphology of the N-doped carbon spheres. 
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Figure 3.9: Raman spectrum of N-doped carbon spheres. 
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3.3.7 Electromagnetic spin resonance 

 

Undoped carbon spheres and N-doped carbon spheres were presented for analysis, EMR 

derivative spectra are shown in Fig. 3.10  

Both samples exhibit an ESR response centered at2≈g . The relatively broad line spectrum 

obtained for undoped spheres is similar to that obtained in many other carbon nanomaterials 
studied previously, and may possibly be ascribed to conduction electrons.9 

 

 

Figure 3.10: ESR derivative curves for CSs and N-CSs.  The spectra were obtained using              

comparable spectrometer settings, and using a similar quantity of sample 

N-CSs have a strong paramagnetic peak superimposed on a broad background. The origin of the 

broad background signal is not known, but as has been pointed out in the previous paragraph, a 

similar feature appears in the CSs, and so appears to be intrinsic to the nanospheres.  The strong 

central paramagnetic signal is ascribed to substitutional nitrogen, and we may conclude that the 

nitrogen has indeed been incorporated into the carbon matrix. The increase in concentration of 

N- source results in a strong paramagnetic signal. 
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3.4 Synthesis of carbon spheres using a horizontal CVD method 

3.4.1 Synthesis of carbon spheres with/without nitrogen 

 

The furnace (Figure 3.2) was set to a temperature of 1000 °C. A carrier gas mixture of 5% H2:Ar 

at a flow rate of 100 mL/min which was controlled by the flow meter and the bubbler was 

injected into the reactor. A volume of 20 ml of toluene at a flow rate of 0.8 mL/min was injected 

through the water cooled injector into the reactor. Doping was achieved by injecting pyridine (20 

mL) at 0.8 mL/min into the reactor. The volume/volume ratio of pyridine:toluene (P:T) was 

varied (Table 3.4) with all the other parameters kept at constant values. Most of the synthesized 

hydrocarbon product formed in the middle of the reactor tube. 

 

Table 3.4: Variation of P:T (v/v) ratio at constant temperature and flow rate 

 

 

  

 

 

 

 

 

 

 

P:T Ratio Flow rate 

(mL/min) 

Temperature 

(°C) 

100:0 0.8 1000 

90:10 0.8 1000 

10:90 0.8 1000 

0:100 0.8 1000 
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3.5 Results and discussions 

3.5.1 Elemental analysis 

 

The incorporation of nitrogen within carbon spheres was confirmed by elemental analysis 

measurements. The sample produced from P/T precursors containing 100/0 ratio contained 5 at 

% nitrogen, the nitrogen content decrease to 0.13 at % when P/T ratio was 0/100 (Table 3.5). The 

increase of the nitrogen source (pyridine) increased the yield of the sample.  

 

Table 3.5 Elemental analysis of carbon spheres 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

P/T Ratio Carbon    
% 

Nitrogen 
% 

Yield g 

100:0 87 5 0.6 

90:10 91.97 3.52 0.55 

10:90 94.19 1.48 0.35 

0:100 98.94 0.13 0.40 
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3.5.2 Morphology investigation 

 

Figure 3.11(a) shows the TEM images of the carbon products of the as-synthesized material in 

the presence and absence of nitrogen. The samples synthesized in the absence of nitrogen source 

were found to be carbon spheres with a broad size distribution range (200-700 nm). The high 

resolution transmission microscopy (HRTEM) image of the carbon sphere is shown in Figure 

3.11(b). The image shows consecutive light and dark concentric contrast areas on an individual 

sphere, revealing the core/ shell geometry of the carbon sphere. An electron diffraction pattern 

taken from a selected area of the shell, displays rings which indicate that the shell is crystalline in 

nature.  

 

 
 
Figure 3.11: TEM (a) and HRTEM (b) images of undoped CSs      
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However, the diameter of the carbon spheres obtained in the presence of nitrogen in Figure 

3.12(a) was in the range of 500-1000 nm. HRTEM analysis of the material in Figure 3.12b 

shows that the carbon spheres are made up of disordered arrays of graphene sheets of carbon. No 

outer core shell was observed with N-CSs. 

 

                            

  

 

 

 

 

 

 
Figure 3.12: TEM (a) and HRTEM (b) of N-CSs      
 

3.5.3 Thermal stability of carbon spheres 

 
Figures 3.13a and 3.13b show the weight loss of the undoped and N-doped carbon spheres 

respectively. The graphs provide information with regard to the defects when experiments were 

done in air. The undoped carbon spheres (Figure 3.13a) exhibits a two stage decomposition, at 

temperatures 590 °C and 680 °C in air. About 5 % mass loss is observed in an inert environment. 

No reaction of carbon with oxygen is observed at lower oxidation temperatures. The thermal 

stability of N-CSs in Figure 3.13b shows that the materials were stable below 500 °C, and the 

weight loss began at 580 °C
 
when heated in air. A three stage decompositions in observed even 

at higher temperatures. 

. 
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Figure 3.13(a): TGA profile of undoped carbon spheres in an oxidizing (air) 

0 200 400 600 800 1000

0

20

40

60

80

100

0 200 400 600 800 1000
-8

-7

-6

-5

-4

-3

-2

-1

0

1

767

655

566

D
er

iv
at

iv
e 

W
ei

gh
t %

Temperature 0C

W
ei

gh
t %

Temperature 0C

 
Figure 3.13(b): TGA profile of N-doped carbon spheres in an oxidizing (air) atmosphere. 
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3.5.4 Raman spectral analysis 

 

The Raman spectroscopy analysis was carried out to investigate the defect degree in the graphite 

sheets of CSs and N-CSs. In the high frequency region, the G peak at 1580 cm-1 and the D peak 

at 1350 cm-1 are clearly detected, corresponding to a C-C stretching (E2g) mode for graphite and 

the defect degree in the graphite sheets. The ID/IG ratios were 0.63 for undoped CSs and about 

0.84 for N-doped samples. The value of ID/IG at 1000 oC (~ 0.8) indicates that the degree of 

graphitization of the samples at this temperature is low with possible presence of disorder 

carbon. Some research groups reported that the incorporation of N atoms into the graphite sheets 

also introduces the defects in the hexagonal lattice10,11Using Raman spectroscopy Lim et al.12 

noticed a significant down shift of the graphite peak from 1589 to1580 cm-1 upon nitrogen 

doping. At the same time they observed a significant increase of the ratio of the intensities of the 

defect and graphitic peaks (ID/IG). 
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Figure 3.14: Raman spectra of carbon spheres 
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3.5.5 Electromagnetic spin resonance 

 

Three samples were presented for ESR further analysis.  These samples represented an attempt to 

dope the samples with variable amounts of nitrogen using mixtures of toluene and pyridine as the 

nitrogen source. ESR derivative curves for N-CSs are shown in Fig. 3.15.  The nominal 

concentrations from the concentration of pyridine (P/T) in the mixture are 10/90, 90/10 and 

100/0  

 

 

Figure 3.15:  ESR derivative curves for 100/0, 90/10, and 10/90 ratios.    

 

The curve for ratio 10/90 may be expected to have a significant proportion of the broad 

background inherent to the nanospheres, which was discussed previously.  The absorption line 

for 90/10 is significantly narrower than the line for 100/0 pyridine, and is not as asymmetric.  

Possible reasons for this may include larger spin-spin interaction in 100/0 pyridine due to the 

larger concentration of paramagnetic ions, and a decrease in the microwave skin-depth for 100/0 

pyridine related to an increase in the carrier concentration in this sample. 
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In an attempt to quantify the paramagnetic ion concentration in each of these three samples, 

measurements were conducted on carefully weighed amounts of samples.  The area under each 

of the numerically integrated curves of each of the obtained derivative curves was determined, as 

a first approximation of the paramagnetic ion concentration.  The results of these experiments are 

shown in Figure 3.16, where the normalized area (to mass) is plotted as a function of the nominal 

concentration obtained from the concentration of pyridine in the toluene-pyridine mixture. 

 

 

Figure 3.16: Plot of the numerical integral (normalized to the mass) as a function of the   

nominal nitrogen concentration inferred from the concentration of pyridine in the 

nitrogen source.  . 

 

The results shown should be treated with some caution, as the estimated error in the measured 

mass is relatively large.  In addition, no attempt has been made to separate the background signal 

and the paramagnetic signal for 100/0 pyridine. Improved measurements may allow for a more 

accurate determination of the nitrogen concentrations.  However, it is clear that the samples have 

different concentrations of substitutional nitrogen. As expected, the sample produced using 

toluene (P/T = 0/100) alone is indistinguishable from the undoped sample produced using a 

vertical reactor.  
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Chapter  4 

Oxidative polymerization of thiophene 

 

Poythiophenes have rapidly become the subject of considerable interest due to their excellent 

environmental and thermal stability. Since, the first report on the electrochemical synthesis of 

polythiophene in 1981, polythiophene and its derivatives have been widely studied.1 Two main 

routes have been used for the preparation of polythiophene polymers; the chemical and 

electrochemical synthesis.2 The chemical synthesis approach was used in this work due to the 

advantages it offers compared with electrochemical synthesis of polythiophenes. In particular a 

greater selection of monomers that can be used if a chemical approach is the synthesis choice. 
 

Although thiophene can be polymerized by exposure to oxidizing agents such as Fe3+, the 

generated polymer products are insoluble and infusible. These features limit considerably its 

application potential in industry and technology.3  

The potential applications of PT include use in solar cells, nonlinear optical devices, sensors, and 

electrodes.4-5 Most applications of polythiophene conducting polymers have not been 

commercialized because of their solubility limitations. To overcome these disadvantages, several 

strategies for the modification of polythiophene have been developed. Preferentially, applied 

methods include the appropriate modification of the monomer (thiophene) structure prior to 

polymerization, and the preparation of copolymers, and polymer composites.6 

In this work, we report the synthesis of polythiophene using a chemical method. The polymer 

was characterized and modified to improve both chemical and electrical properties. The work on 

modifying the polymer is reported in chapter 5. 
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4.1 Experimental 

4.1.1 Materials 

 

Thiophene monomer (99%), the oxidant, anhydrous ferric chloride (FeCl3, Aldrich), chloroform 

(CHCl3, Aldrich), methanol (CH3OH, Aldrich), hydrochloric acid (HCl, Aldrich), and acetone 

(CH3COCH3, Aldrich), were used as received. 

 

4.1.2 Synthesis of Polythiophene 

 

FeCl3 (2 g) in 100 mL CHCl3 was added to a 500 mL, double-necked, round-bottom flask 

equipped with a magnetic stirrer. The thiophene monomer (1 mL) together with 50 mL of a 

CHCl3 solution was placed in a burette and the solution added gradually to the FeCl3 solution 

with stirring. The reaction mixture was stirred for 24 h at room temperature. The resultant 

polythiophene powder was precipitated with methanol, filtered through a Buchner funnel, and 

then carefully washed in methanol, hydrochloric acid (0.1 M), distilled water, and acetone. The 

obtained reddish powder was dried under a vacuum at room temperature for 24 h. 

 

4.2 Characterization 

 

The polythiophene chemical composition was determined by elemental analysis and FTIR 

spectroscopy. Sample morphology was studied by transmission electron microscopy (TEM) 

using a Joel 100 s electron microscope at 80 kV. Infrared spectra were recorded in the range 400-

4000 cm-1 using KBr pellets (Bruker Tensor 27 spectrometer). The thermal stability of 

polythiophene was investigated by heating the samples up to 900 °C under nitrogen and air at 10 

mL/min using a Perkin Elmer Pyris TGA 1.  

 

 

 



N. Kunjuzwa   Page 63 

 

4.3 Results and discussions 

4.3.1 Morphology 

 

The samples were prepared by dissolving the polythiophenes in 5 ml of methanol and stirring for 

10 minutes. The sample was then transferred to Cu grids coated with a carbon film (using a 

pipette) for transmission electron microscopy analysis.  

 

.  

Figure 4.1: TEM images of polythiophene at different magnifications 

In Figure 4.1 the transmission electron microscopy images show an amorphous structure of 

polythiophene with a rough surface. At lower magnification, the polymer exhibits globular 

structures with particle size about 50 nm and some fibrils. As is known, the morphology and 

electrical properties are the most important properties of the conductive polymers. For good 

conductivity, a smooth surface is needed. The oxidative polymerization method employed in this 

work was anticipated to produce polymers with varying degrees of regioregularity, and thus an 

amorphous structure.  
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4.3.2 Elemental analysis 

 

Usually, FeCl3 is used as the oxidant in polythiophene synthesis; a reaction which can be 

performed in room temperature. Table 4.1 presents the elemental analysis data of chemically 

prepared PTs. Due to structural disorder in the polythiophene chains and crosslinking, one 

positive charge is created per three thiophene rings, which has to be compensated for by bonding 

of the anion from the oxidant. The expected elemental analysis of polythiophene was calculated 

assuming a polymer compositions [(C4H2S)x+ xA−], where A represents a dopant anion. When 

FeCl3 is used in chemical synthesis, Cl− anions bond to the polythiophene, and x = 0.33 is used 

for the calculation. As shown in Table 4.1 the calculated elemental composition for the 

polythiophene sample assuming x = 0.33 is close to that predicted 

 

Table 4.1 Elemental data for polythiophene 
 
Sample     Carbon % Sulfur %  

Polythiophene  52.28  34.50   

Polythiophenea 51.13a  34.13a   

a literature value 

Ays¸eg¨ul G¨ok et al.7 reported an elemental composition (wt %) of 53.51 and 36.99 for carbon 

and sulfur, respectively. The differences between experimental and calculated elemental 

compositions in the PT sample were very small 
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4.3.3 Thermal stability 

 

Thermal stability testing was examined using thermogravimetric analysis (TGA). The derivative 

curve in Figure 4.2b shows a comparison of the mass losses of polythiophene upon heating in air 

and in a nitrogen atmosphere. Below 100 °C, the mass loss may be attributed to a small amount 

of water in the samples. At 252 °C, a mass loss was observed in both curves which is due to loss 

of the polyaromatic hydrocarbons. The next mass loss (ca. 80 %) of the polymer recorded in air 

is observed at 425 °C. The decomposition of the polymer in nitrogen assumed a two-step 

decomposition at 325 °C (ca 20 %) and at 507 °C (ca. 70 %). 
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Figure 4.2: Thermogravimetric data for polythiophene under air and nitrogen atmosphere 
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4.3.4 Infrared spectroscopy 

 

The infrared spectrum of the polythiophene is shown in Figure 4.3. IR spectroscopy was used to 

determine the functional groups present in the polythiophene polymer. The spectrum of 

polythiophene shows that there are low-intensity peaks in the range of 2900-3070 cm -1 that can 

be attributed to the aromatic C-H stretching vibrations. The peaks at 788 cm -1 and 1100 cm -1  

are usually ascribed to the C-H in-plane and C-H out-of-plane deformation modes. The C-S 

bending mode has been identified to occur at 691 cm -1 and indicates the presence of thiophene 

moieties. 
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Figure 4.3 Infrared spectra of polythiophene 
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Chapter 5 

Organic functionalization of polythiophene/carbon spheres 

 

Functionalization and solubilization are important aspects of the chemistry of carbon 

nanomaterials, these chemical manipulations being essential for many of the applications of 

CNTs.1 Carbon nanotubes have been functionalized by both covalent and non-covalent means.1,6–

16 The covalent functionalization method typically involves acid treatment of the CNTs followed 

by reaction with thionyl chloride followed by reaction with a long chain amines. Such amidation 

gives rise to single walled carbon nanotubes (SWNTs) soluble in non-polar solvents.1–4,8,10 Other 

methods such as fluorination have also been used for the functionalization of SWNTs.1,17 

Covalent functionalization, however, has the limitation in that it drastically affects the electronic 

structure of the material hence affects their properties. Non-covalent functionalization of CNTs 

has been carried out by employing surfactants, aromatics and other reagents.12,13,18 

The reaction carried in this study to functionalize carbon spheres is a well known Prato 

reaction.19 The Prato reaction in fullerene chemistry describes the functionalization of fullerenes 

and nanotubes with azomethine ylides in a 1,3-dipolar cyclo-addiction. The amino acid sarcosine 

reacts with a paraformaldehyde when heated to reflux in toluene to an ylide which reacts with a 

double bond in 6,6 ring position in a fullerene in a 1,3-dipolar cyclo-addition to yield a N-

methylpyrrolidine derivative or pyrrolidinofullerene in ~ 80% yield. 

This method is also used in the functionalization of single wall nanotubes. When the amino acid 

is modified with a glycine chain resulting nanotubes are soluble in common solvents such as 

chloroform and acetone. Another characteristic of the treated nanotubes is their larger aggregate 

dimensions compared to untreated nanotubes. 
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5.1 Experimental 

5.1.1. Materials 

Dimethyl-formaldehyde, N-methyl glycine, thiophene-2-carboxyaldehyde, thiophene monomer 

(99%), the oxidant, anhydrous ferric chloride (FeCl3, Aldrich), chloroform (CHCl3, Aldrich), 

methanol (CH3OH, Aldrich), hydrochloric acid (HCl, Aldrich), acetone (CH3COCH3, Aldrich), 

and undoped carbon spheres were prepared by a vertical CVD reactor mentioned in Chapter 3. 

 

5.1.2 Synthesis of Polythiophene/Carbon Spheres nanocomposite 

a) Covalent functionalization 

 

The 0.1g carbon spheres were suspended in 50 mL DMF, together with 0.94 mL thiophene-2-

carboxaldehyde and 0.74 mL N-methyl glycine. The heterogeneous reaction mixture was heated 

at 130 °C for 5 days. The functionalized-carbon spheres (f-CSs) were collected, analyzed and 

used to synthesize polymer composites. 

The routine synthesis of the polythiophene/f-carbon spheres composite was as follows: 100 mL 

of a CHCl3 solution containing f-carbon spheres (0.2 g) was added to a double-necked, round-

bottom flask equipped with a magnetic stirrer. The mixture was sonicated for 30 min at room 

temperature to disperse the carbon spheres. FeCl3 (2 g) in 100 mL of a CHCl3 solution was added 

to the solution, which was further sonicated for 30 min at room temperature. The thiophene 

monomer (1 mL) with 50 mL of a CHCl3 solution was placed in the small portion line of the 

double necked flask and added gradually to the suspension solution with constant stirring. The 

reaction mixture was stirred for an additional 24 h under the same conditions. The resultant 

polythiophene/carbon spheres composite powder was precipitated in methanol, filtered with a 

Buchner funnel, and then carefully washed with methanol, hydrochloric acid (0.1 M), distilled 

water and acetone. The obtained black powder was dried under a vacuum dryer at room 

temperature for 24 h. 
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b) Noncovalent functionalization 

 

The routine synthesis of the polythiophene/carbon spheres composite was as follows: 100 mL of 

a CHCl3 solution containing carbon spheres (0.2 g) was added to a 500-mL, double-necked, 

round-bottom flask equipped with a magnetic stirrer. The mixture was sonicated for 30 min at 

room temperature to disperse the carbon spheres. FeCl3 (2 g) in 100 mL of a CHCl3 solution was 

added to the solution, which was further sonicated for 30 min at room temperature. The 

thiophene monomer (1 mL) with 50 mL of a CHCl3 solution was placed in the small portion line 

of the double necked flask and added gradually to the suspension solution with constant stirring. 

The reaction mixture was stirred for an additional 24 h under the same conditions. The resultant 

polythiophene/carbon spheres powder was precipitated in methanol, filtered with a Buchner 

funnel, and then carefully washed with methanol, hydrochloric acid (0.1 M), distilled water, and 

acetone. The obtained black powder was dried under vacuum dryer at room temperature for 24 h. 

 

4.2 Characterization 

 

The composites chemical composition was determined by FTIR spectroscopy. Sample 

morphology was studied by transmission electron microscopy (TEM) using a Joel 100 s electron 

microscope at 80 kV. Infrared spectra were recorded in the range 400-4000 cm-1 using KBr 

pellets (Bruker Tensor 27 spectrometer). The thermogravimetric profiles were investigated using 

a Perkin Elmer Pyris TGA 1. Raman spectral analysis was done study the disruption effect of 

functionalization in the graphitic structure of carbon spheres   
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5.3 Results and Discussions 

5.3.1 Morphology 

 

Figure 5.1 shows the TEM images of the polymer/carbon spheres composites. The shape of these 

composites is irregular, close to spherical, although aggregation is found in the image, we still 

can clearly observe single particle in the images. In comparison with noncovalent functionalized 

nanocomposites, the covalent functionalized nanocomposites are thick (150 nm in diameter), and 

their external surfaces were not smooth. The analysis of noncovalent samples under TEM 

(Figure 5.1c) showed no coupling between the polymer and spheres. It was observed that largely 

polythiophene and spheres were clustered among themselves. The spheres were in a range of 

100-120 nm in diameter.   

As mentioned earlier, the 0.1 g carbon spheres were suspended in 50 mL DMF, together with 

0.94 mL thiophene-2-carboxaldehyde and 0.74 mL N-methyl glycine.  In the experiment, the 

heterogeneous reaction mixture was heated at 130 0C for 5 days so that there are more oxidized 

sites available on carbon spheres for attachment with polythiophene. The samples showed 

interaction between polymer and functionalized spheres. Spheres were mostly covered with 

polythiophene molecules. This has been clearly shown in Fig. 5.1 (a) – (d). This significant 

increase in interaction is due to the presence of more possible covalent coupling 

 

Figure 5.1: TEM images covalent functionalized carbon spheres (a) single carbon sphere  

       (b) accreted carbon spheres  
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Figure 5.1c: TEM image of covalent functionalized CS/polythiophene composite 

 

Figure 5.1d: TEM of noncovalent functionalized CS/polythiophene composite 
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5.3.2 Thermal stability 

 

Polymer materials in pure state are electrical insulators.20 However, carbon nanomaterials are 

considered to be an ideal inclusion for polymer composites due to their exceptional electrical and 

mechanical behavior.  In order to transfer the properties of nanomaterials to the composite 

improved compatibility must be achieved. 

Thermal stability of the polythiophenes was examined with thermogravimetric analysis (TGA). 

Figure 5.2a shows a comparison of the mass losses of covalent functionalization and noncovalent 

functionalization upon heating in a nitrogen atmosphere. The noncovalent are comparatively 

more stable in the range of 0–400 0C (Figure 5.2b). A speedy decomposition in covalent 

functionalization is due to the functional groups attached to the carbon spheres as it is indicated 

by the thermal stability of f-CSs in figure 5.2. 
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Figure 5.2(a): Thermal stability of the covalent functionalized nanocomposites 
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Figure 5.2(b): Thermal stability of noncovalent functionalized nanocomposite 

 

5.3.3 Raman spectroscopy 

 

Raman spectroscopy is a very powerful technique used to get information about the physical and 

electronic structure of the samples. Therefore it could be envisioned that the technique will be 

equally efficient for characterizing functionalized carbon spheres.  

Raman spectroscopy analysis was carried out to investigate the defect degree in the graphite 

sheets of noncovalent and covalent functionalized nanocomposites. Figure 5.3a and b show the 

high frequency region, the G peak at 1590 cm-1 and the D peak at 1340 cm-1 are clearly 

detected, corresponding to a C-C stretching (E2g) mode for graphite and the defect degree in the 

graphite sheets. The ID/IG ratios were 0.79 for noncovalent and about 1.5 for covalent samples. 

The value of ID/IG at ~ 1.5 indicates that the degree of graphitization of the sample is low with 

possible presence of disorder carbon. These results are in agreement with the TEM and the TGA 

results. 
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Figure 5.3(a): Raman spectrum of a covalent functionalized nanocomposite 
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Figure 5.3(b): Raman spectra of a noncovalent functionalized nanocomposite 
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5.3.4 Infrared spectral analysis 

 

The infrared spectrum of the polythiophene is shown in Figure 5.4. The IR spectroscopy was 

used to determine the functional groups present in the polymer nanocomposites. In Figure 5.4b, 

covalent functionalized nanocomposites exhibit a high intensity at 695 cm-1, which is not 

observed in the noncovalent functionalized nanocomposites (Figure 5.4a). The range 600-1500 

cm -1 is the region of polythiophene. The peak at 1100 cm -1 is usually ascribed to the C-H out-

of-plane deformation modes.  

  
Figure 5.4(a): Infrared spectra of noncovalent functionalized nanocomposites 
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Figure 5.4(b): Infrared spectra of covalent functionalized polymer/F-CSs composites 
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Chapter 6 

Conclusion and Recommendations 

 

This study gives the first reported synthesis of N-CSs by a simply synthetic procedure. 

Depending on the pyridine:toluene ratio, a nitrogen content of 0.13-5 mol % was obtained from 

horizontal type reactor. The use of a vertical CVD reactor gave N-CSs with a nitrogen content of 

0.19-3 mol %.  A comparative study on undoped and doped carbon spheres was also conducted; 

this was done to elucidate the role of nitrogen in the material. Spheres of diameters in the range 

40–1000 nm were obtained, influenced by varying the flow rate, temperature, time, concentration 

and the reactor type. 

Using the Raman spectroscopy, a significant increase of the ratio from 0.75 to 0.9 of the 

intensities of the defect and graphitic peaks (ID/IG) was observed when nitrogen was incorporated 

into the graphitic sheet of carbon spheres. The ESR results showed a strong central paramagnetic 

signal for N-CSs which is ascribed to substitutional nitrogen. The results obtained from ESR 

analysis confirm that the nitrogen has indeed been incorporated into the carbon matrix.  

Improved measurements, such as ESR measurements as a function of temperature would also be 

of great interest. They may allow for a more accurate determination of the nitrogen 

concentrations. It would be of considerable interest to perform broad-line pulsed Nuclear 

Magnetic Resonance (NMR) experiments as a function of temperature on all of these samples, as 

this would allow for quantification of the nuclear spin-lattice interactions with mobile charge 

carriers, paramagnetic impurities and lattice vibrations.   

 However, it is worth emphasizing that carbon nanomaterials represent nowadays one of the most 

active research fields. It is not surprising that a high amount of research is carried out in 

improving and controlling these properties through different methods.  Although some work has 

been done on different ways of endohedral doping and intercalation, the case of substitutional 

doping has still some difficulties to overcome.  
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Secondly, carbon spheres were reacted with thiophene to give polymer/carbon nanocomposites 

containing polythiophene and carbon spheres. This study is the first direct comparison between 

covalent and noncovalent nanospheres functionalization. A notable drawback for covalent 

functionalization is the disruption of the surface of the carbon spheres, which can lead to the 

reduction of electrical conductivity. For applications requiring electrical conductivity damaging 

the carbon sphere’s ability to transport electrons needs be avoided. It is clear that noncovalent 

functionalization of carbon spheres can be achieved without disrupting the primary structure of 

the spheres themselves. 

The thermogravimetric analysis data confirms that the presence of CSs in the polymer\carbon 

composites is responsible for the higher thermal stability of the composite material in 

comparison with pristine polythiophene. The nanocomposites produced in this study have 

functional groups which ascribe to the presence of polythiophene. The C-S bending mode has 

been identified to occur at 691 cm -1 and indicates the presence of thiophene moieties. 

 

Future work will be devoted to improve polythiophene and carbon materials/polythiophene 

nanocomposites morphology by optimizing the chemical synthesis conditions. Further work is 

needed to understand the influence of nanospheres in the polymer matrix. Surfactants that will 

interact strongly enough with nanopheres, can be added in noncovalent functionalization. This 

method is widely accepted to preserve the electrical properties of nanomaterials. 

 
Many studies have been carried out to understand the surface chemistry of nanomaterials and 

their contribution to the property enhancement of the composite. Despite all of this work, no 

studies have been done to directly compare the effect of one agent that is covalently and 

noncovalently combined with nanospheres. This will requires a molecule that can act as a 

surfactant and can also be covalently attached to the nanomaterials surface in a relatively simple 

way. 
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Finally, the changes in nanomaterials microstructure after functionalization may have a dramatic 

influence on the electrical conductivity of the composites, and due to time constraints these 

studies could not be done. It is therefore recommended to carry out the electrical conductivity 

studies.  
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