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Abstract

This study reports on the synthesis of N-doped aradpheres (N-CSs) by a simple synthetic
procedure. A horizontal CVD type reactor was usedsynthesize N-CSs from pyridine.
Depending on the dilution of the pyridine with tehe, a nitrogen content of 0.13-5 mol % was
obtained. The use of a vertical CVD reactor gav€$& with a N-content of 0.19-3 mol % when
an ammonium solution and acetylene were used asarga. The diameters of carbon spheres
were found to be in the range of 40 nm to 1000 anbbth CVD reactors. The diameter can be
controlled by varying the flow rate, temperatuiieje, concentration and the reactor type. The
samples were characterized by TEM, HRTEM, elemeartalysis, Raman spectroscopy, TGA,
PXRD and ESR.

We have demonstrated that unsubstituted thiopheme be polymerized by FEecatalyzed
oxidative polymerization. The average particle siaes about 50 nm, within a narrow particle-
size distribution.The undoped carbon spheres (CSs) were reacted thuphene to give
polymer/carbon composites containing polythiophemel carbon nanospheres via chemical
oxidative polymerization reactiofRolythiophene molecules were either chemically leondr
physically adsorbed to the surface of carbon sphéree microstructure and properties of the
two types of composites were compared. The theravigetric analysislata confirmed that the
presence of CSs in the polymer\carbon compositessigonsible for the higher thermal stability
of the composite material in comparison with pnistpolythiophene. The FTIR analysis showed
that @valent functionalized nanocomposites exhibit alilgensity of a C-S bond at 695 ¢m

which is not observed in the noncovalent functicea nanocomposites

Keywords: nanotechnology; chemical vapour depositioitrogen doping; electromagnetic spin
resonance; polymerization; polythiophenes; functimed carbon spheres; noncovalent

functionalization; covalent functionalization, coosgites;
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CSs
N-CSs
PT
PT/CSs
CVvD
XRD
CNTs
SWCNTs
MWCNTSs
f-CSs
TEM
HRTEM
XPS
TGA
BET
PXRD
FTIR
ESR

T

t

carbon spheres/undoped carbon spheres
nitrogen-doped carbon spheres
polythiophenes

polythiophenes/carbon spheres

chemical vapour deposition

X-ray diffraction

carbon nanotubes

single-walled carbon nanotubes
multi-walled carbon nanotubes
functionalized carbon spheres
transmission electron microscopy

high resolution transmission electon micaysc
X-ray photoelectron spectroscopy
thermogravimetric analysis

Brunauer, Emmett and Teller

powder X-ray diffractometry

Fourie transformation infrared
electromagnetic spin resonance
temperature

time
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Chapter 1

Introduction

This chapter commences with the brief history ef slanotechnology and puts more emphasis on
the carbon nanotechnology. It then follows with thetivation of the study. The chapter finishes
by describing the aim and objectives of the stualy the layout of the dissertation.

1.1 Brief history of the Nanotechnology

Nanotechnology is also referred to as the fourtHustrial revolution. The concept of
nanotechnology was first introduced by Nobel lated@ichard Feynman in 195®Dwing to the
intriguing size-dependent properties of nanophaatenals, the development of nanoscale and
nanotechnology has opened up novel fundamentabpplied frontiers in material science and
engineering.

With the revolutionary discoveries ofg§; and carbon nanotubes, carbon nanotechnology has
become the building block of the entire field ofnngechnology. Carbon is the sixth most
abundant element in the univerda.addition, carbon is a very special element bseat plays a
dominant role in the chemistry of life. Carbon whscovered in prehistory and was known to
the ancients, who manufactured it by burning organiaterial making charcoal. There are
several allotropes of carbon of which the best kmaxe graphite, diamond, and amorphous
carbon® The physical properties of carbon vary widely witle allotropic form, for example,
diamond is highly transparent, while graphite isague and black. Diamond is among the
hardest materials known, while graphite is softugoto form a streak on paper. Diamond has a
very low electrical conductivity, while graphite & very good conductor. Under normal
conditions, diamond has the highest thermal comdtictof all known materials. All the
allotropic forms are solids under normal conditidng graphite is the most thermodynamically

stable®
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1.2 Motivation

The largest challenge for our global society iditd ways to replace the slowly, but inevitably
vanishing fossil fuel supply, and at the same teweiding negative effects from the current
energy system on climate, environment and healticess to cheap, safe and renewable energy
sources is of key importance for sustainable dgwveént throughout the world.

Nanoscience and Nanotechnology (the science andpuaiation of chemical and biological
structures with dimensions in the range from 1-b@@ometers.) can contribute to a positive
development in this direction in several ways, ifmtance by influencing the energy efficiency
of industrial production and of household energg,usnd by offering schemes to clean up

harmful emissions resulting from various energyays.

Carbon based-materials such carbon spheres, cagmmtubes, fullerenes with very interesting
properties (electrical, mechanical) can be modifig doping them with electron rich nitrogen
or electron deficient boron atoms and be useddturé electronic devices in nanoscience and
nanotechnology. The arrangement of the atoms irostauctures determines their electronic
structures such that their character can be iringlasemiconducting or metallicOn the other
hand, electrical conducting polymers such as paptiene have received a considerable
attention from researchers because of their unieetronic, magnetic and optical properfies.
The carbon/polymer nanocomposites are envisagedvé&wcome the energy crisis we are
experiencing. We believe that a composite of canmaerial embedded in a polymer can be
produce, and will give outstanding performanceraslactron emitter material. Also by tailoring
the correct choice of polymer and the chemicalttneat of the carbon spheres open up the
possibility of large area carbon spheres basedrefecs, including transparent electronics on
plastic. However, it must be emphasized that ohky materials are produced in this work,

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

The project was undertaken to elucidate and opéimaiznethod for the synthesis of N- doped
carbon spheres on a laboratory scale. The objscti/the research project are as follows:
0] To synthesis N-doped and undoped carbon spherexy Usrious nitrogen sources to

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

(i) The characterization of the doped and undoped oaspberes carbon by TEM, XRD,
ESR, elemental analysis, Raman spectroscopy and T6& doping of the nitrogen
heteroatoms into carbon nanospheres is anticigatetbdify electronic properties of

carbon spheres.

(i)  Investigate electrical and thermal properties ahplexes formed by incorporating
carbon nanostructures into polythiophene. Polythémes are conjugated polymers

with excellent thermal stability.

1.4The Layout of the dissertation

This chapter serves as a prelude and summarizdmtkground of the nanotechnology, carbon
and the incentive to embark on this study. It oai the research carried out in this dissertation
and future prospects of the work. Chapter 2 dedls tweory and highlights the research that has
already been done in carbon nanotechnology andsat focuses on the polymerization of
thiophenes. In chapter 3, a brief description oa kh incorporation in carbon material, the
differences and similarities of carbon spheres peced by vertical and horizontal chemical
vapour deposition. In chapter 3, the results of keoping effect on carbon spheres are
discussed. Chapter 4 focuses on the oxidative paigation of thiophene, the thermal stability,
morphology and functional groups present in theythadphenes. In chapter 5 discusses the
organic functionalization of carbon sphere/polygiiene composites. Chapter 6 contains the
concluding remarks on the overall study with suggas on future studies. Lastly, lists of

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

Current solar power technology has little chancedmpete with fossil fuels or large electric
grids? Today’s solar cells are simply not efficient enbuand are currently too expensive to
manufacture for large-scale electricity generatioHdowever, potential advances in
nanotechnology may open the door to the producaifarheaper and more efficient solar céfls.
Conventional solar cells are called photovoltaidlsceThese cells are made out of a
semiconducting material, usually silicon. When {lidfits the cells, they absorb energy. This
absorbed energy knocks out electrons in the siliabowing them to flow. By adding different
impurities to the silicon such as phosphorus oobpan electric field can be established. This
electric field acts as a diode, because it onlpvadl electrons to flow in one directioh.
Consequently, the end result is a current of edesir better known to us as electricity.
Conventional solar cells have two main drawbacktaey can only achieve efficiencies around
ten percent or less and ii) they are expensivednufacture? The first drawback, inefficiency,

is almost unavoidable with silicon cells. This ischuse the incoming photons, or light, must
have the right energy, called the band gap engéodynock out an electron. If the photon has less
energy than the band gap energy then it will passugh the device. If it has more energy than
the band gap, then that extra energy will be waatecleat.

Figure 1.1: Schematic diagram of a photovoltaic solar cell.
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Nanotechnology might be able to increase the efiicy of solar cells, but the most promising
application of nanotechnology is the reduction bé& tmanufacturing cost. Scientists have
discovered a way to make cheap plastic solar tidiscould be painted on almost any surfdce.
These new plastic solar cells utilize tiny nanorddpersed in a polymer. The nanorods behave
as wires because when they absorb light of a spee#velength they generate electrons. These
electrons flow through the nanorods until they hean aluminum electrode where they are
combined with a positive centre. This type of ¢eltheaper to manufacture than conventional

ones for two main reasons.

First, these plastic cells are not made from siljashich can be very expensive. Second,
manufacturing of these cells does not require esipenequipment such as clean rooms or
vacuum chambers like conventional silicon basedrsmélls. Another potential feature of these
solar cells is that the nanorods can be ‘tunedilisorb various wavelengths of light. This could
significantly increase the efficiency of the sotatl because more of the incident light could be

utilized *

Figure 1.2 Schematic diagram of a nano solar cell.

Since the manufacturing cost of conventional sallfs is one of the biggest drawbacks,
nanotechnology could have some impressive effattsun daily lives. Although solar cells are
only capable of supplying low power devices witlffistent energy, its implications on society
would still be tremendous. It would help preserwe énvironment, provide electricity for rural

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

Literature Review

The field of nanoscience and nanotechnology isngrdisciplinary area in the global research
arena and activities in this area has been ingrgasithe past 20 years. While an understanding
of the range and nature of functionalities that banaccessed through nanostructuring is just
beginning to unfold, the ways in which materialsl gsroducts are created is already cfear.
Nanomaterials are of enormous fundamental intelegt)y from the point of discovering new

physical phenomena as well as for their exploitaitonovel devices.

The search for synthetic strategies for generatiagostructured carbon or carbon-hybrid
materials is an important topic in carbon chemijsinptivated by the natural abundance and
therefore the cost effectiveness of carbon precsirand the promising applications of the
resulting material§.Also, new nanomaterials obtained from doping carbaih nitrogen or
boron atoms are potential candidates for futurectedaic devices in nanoscience and
nanotechnolog§.The arrangement of the atoms in nanostructuresmdigtes their electronic
structures such that their character can be inaglasemiconducting or metallic. Carbon
structures can also be modified by sulfur atomg. (hiophene) and composites containing
polythiophenes have received considerable atterftmm researchers because of their unique

electronic, magnetic and optical properfles.

In this project, novel carbon nanostructures anehooamposites were synthesized and
characterized with respect to their chemical areinttal properties. The materials synthesized
are envisaged to have potential applications iarscélls and energy storage. The emphasis in
this study was however not on the applications. $haly in this dissertation comprises a
number of aspects: the synthesis of carbon sph#resN-doping of carbon spheres and the
incorporation of the spheres in polythiophenesplaze 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 foarious structures such as diamond, fullerenes
(Cso and its family) and carbon nanotubes (CNT3he variety of the structures produced by
carbon is a consequence of its stable bonds arfisingsg (graphene) and 3gdiamond) orbital
hybridization in carbofi.Depending on the growth conditions, thé sprbon atoms can form
pentagonal and heptagonal carbon rings that, irbamation with the less strained and therefore
more thermodynamically favorable hexagonal carbioigst can produce a large variety of
geometrical configurations. These can range fromondo micron-sized spheres (solid or
hollow, amorphous or with onion-like layers) to C&NThaving single or multi-walled
configurations. Carbonaceous structures have led to major develojsniieat have impacted on
the field of nanoscience and nanotechnology. FigRre below shows different carbon

nanostructures that have been determified .

Endohedral

Single-Walled Nanotube Multi-Walled Nanotube Fullerenic Black

Figure 2.1 Shapes of carbon nanomaterials.
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An important feature of the range of carbon namnmstires synthesized is that their properties,
such as high tensile strength and physical stglahé quite remarkable, making them a potential
high-strength lightweight material and reinforcem@m composites. Further, their chemical
reactions with free radicals and other atoms opgna chemistry that can be associated with
these carbon nanostructures. The observation tinaiseand molecules can be placed inside their
"cages" e.g. (endohedral fullerenes) has led talibeovery of interesting and novel chemistry.
The new carbon structures have shown remarkabkrsopducting and optical properties.
Among the various forms of carbon known, sphericatbons are a novel material that is
increasingly becoming important in research. Thag be fabricated by the methods that are

normally used to synthesize carbon nanotdbes.
2.2 Spherical carbon materials

Since the discovery of buckminsterfullerenes, sphércarbon structures have received

increased attention from the scientific communityclassification of these spherical carbon

structures has been proposed by Inagaki, accordirifpeir nanometric texture: that is the

materials are classified by the concentric, radiafandom arrangement of the carbon layers.

Serp has also classified carbon into three categadcording to their siZé:

(1) the G, family and the well graphitized onion like struets that typically have diameters
ranging between 2 and 20 nm;

(i) the carbon beads with diameters of one to sevarabns, and

(i)  the carbon nanosized spheres that present lesBitigag structures and have diameters
between 50 nm andim.

The onion-like graphite structures (type (i) aboae¢ a new allotropic nanophase of carbon
materials, which can be potentially be used aslesialgctron device§ magnetic refrigerators,
nanodioded? nanotransistors, nanoball bearings and insulatmidants'®> The onionlike carbon
material was first found by lijird at the surface of graphite electrodes. Furtheréstewas
devoted to the carbon onions in 1992, Ud8rtiscovered a reproducible technique to obtain

their formation that consists of irradiating carksoot with an intense electron beam. It is well
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known that the methods for carbon onion synthesiste generally divided into two groups.
One is based on temperature or irradiation indietsformation of other forms of carbon such
as carbon sobtor ultra dispersed diamohtnto concentric spherical cages. The other includes
continuous segregation of carbon excess insidernatierials, which have low carbon solubility.
Due to its flexible nature of carbon structuresisiderable efforts have been made to fabricate
diverse carbon morphologies. Esuatial.?’ prepared carbon microbeads from a water-in-oil
emulsion using amphiphilic carbonaceous material area, followed by heat-treatment at
various temperatures. They found that particlessbetween 2 and 15 pm were spherical and the

surfaces of the microbeads were very smooth anthic@u no cracks.

Sharon and Pradh@fstudied the synthesis of nanobeads by thermal icaérapor deposition
process. They reported that nanobeads were formhddgh temperatures (1100 °C) in the
presence of nickel and iron catalysts. Solid carbeads (2—-3 um) have been prepared from a
mixture of polyethylene and 10% wt. polyvinylchidei under 30 MPa pressure at 650°2@.
method to obtain hollow carbon beads (caq.f9 consists of the chemical vapour deposition of
carbon from benzene on silica beads and furtheptlition of silica with HZ> Finally, Wanget

al.?* have recently reported the production of microlsg@a 2um) from a synthetic naphthalene
isotropic pitch by simple heating of the reactaitd20 °C under nitrogen. Potential applications
of activated-carbon beads or spheres could be aslsorbent, as catalyst support or as anode in
secondary lithium ion batterié3Carbon nanosphere production has been repeitechixed
valent oxide decomposition of natural gas at 1100ahd the decomposition of pentane over
Fe(CO) at temperatures in excess of 900%%¢ Thermal pyrolysis of methane, benzene,
styrene,etc. has been successfully employed to generate naeesplat temperatures greater
than 1000 °C.The spherical morphology has been reported iritdture to possess a lower
crystalline character than filaments, due to imgetrtbns and reactive dangling bonds present on

the surface of the spher®s.

Soot was the original source of many of these canmaterials, such as soccer-ball-shaped
carbon molecules called fullerenes, as well asarammanotubes, both of which are of great

interest in the field of nanotechnolofySoot plays a role in boilers and furnaces that oel
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flame radiation to transfer heat to the walls toagate steam, but the same mechanism makes
these particles harmful for internal-combustion ieag, where such heat losses decrease

efficiency and require that high-temperature matsioe used.

Figure 2.2 shows how soot forms within fires anddmees smok&’ Combustion requires fuel,
which is most often made from long, complex chahgarbon and hydrogen atoms. When a
flame is lit, the heat breaks apart these hydraneshn a process called pyrolysithe smaller
typically carbon containing fragments that resuk aften radicals, highly inclined toward

chemical reactions, in particular oxidation:

Oxygen combines with the carbon and hydrogen r&licaproduce carbon dioxide and water,
releasing heat in the process. However, some ofatlieals react with one another, rather than
with oxygen, forming rings of carbon called polyligcaromatic hydrocarbons. These newly
formed compounds continue to grow into carbon-lkattices and then into full-fledged patrticles,
which agglomerate into long chains that resembiagd of beads. As these soot masses travel
upward inside a flame, they react with oxygen mualieg, which can break off pieces and cause
the particles to incandesce more brightly, creatimgflame’s bright yellow glow. Whether or
not the soot will be fully burned in this way (coleely transformed into carbon dioxide and
water) before leaving the flame depends on the typére being studied. If not completely

burned, the residual soot is released as smoke.
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fuel-pyrolysis zone
soot-inception zone

soot-growth zone

T [ soot-oxidation zone

flame
sheet

fusl C Hy* D

++TT++/

Figure 2.2: Pyrolysis of hydrocarbons.

Another family of colloidal carbons similar to sobtt with a much higher surface area to
volume ratio is carbon black. Carbon black is a material produced by the incetepl

combustion of heavy petroleum products such asteoaethylene cracked tar, or small amount
from vegetable oil. It was a form of amorphous ocarlthat has a high surface area to volume

ratio, and as such it is one of the first nanonialeto find commercial use. Its surface area to
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volume ratio is low compared to activated carboarb@n black is used as a pigment and

reinforcement in rubber and plastic produits.
2.3Formation of carbon spheres

Carbon atoms when linked together can form thrpedyof graphitic rings i.e. hexagons with
zero curvature, pentagons with positive curvatune lzeptagons with negative curvature (Figure
2.3)3! Paring of the pentagonal and heptagonal carbas ririth the hexagonal carbon rings can
further result in formation of many structures witfferent geometric configuratiorié. A
perfectly closed shell structure likesglCcan be formed if 12 pentagonal carbon rings are
introduced in the hexagonal network (Euler’s theOrea pure hexagonal network alone cannot
form a closed sheff

(R~ = Gh==

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

pentagonal (positive curvature) and (c) heptag@medative curvature).

A carbon sphere is believed to be nucleated froperstagonal carbon ring which grows to a
quasi-icosahedra spiral shell carbon particle (figR.4)*® Carbon atoms have only four
neighbours; therefore the carbon atom located ekettyes cannot be shared by three graphitic
flakes simultaneously. This results in formatioraajap at the edges of the carbon rittdshas
been shown that the surface of the sphere is cordpoisunclosed graphitic flakésUsually a
sphere with a diameter of less than 40 nm showpiral ggrowth. A large graphitic carbon
sphere, with the exception of its central core Whias a spiral shape, is made up of graphitic

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

(a) Nucleation of a pentagon (b) formation of aapshell 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 oforasipheres are described below.

Arc Discharge

In this method, carbon is vaporized from a graphii@ generating a plasma of carbon which
condenses on a second rod of opposite charge imeangas environment. A current is passed
between two graphite rods, forming a hot, brigkteic arc which vaporizes one of the graphitic

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

35
cathode, where condensation occurshis method large mainly produces nanotubes, bat ca
also produce some spherical carbon matétial.

Laser Ablation

Laser ablation is the process of removing matdraah a solid (or occasionally liquid) surface
by irradiating it with a laser beam. At low lasknd, the material is heated by the absorbed laser
energy and evaporates or sublimes. At high lases, the material is typically converted to a
plasma®’ In March 1995 Gucet al.*® reported the use of a laser to ablate a blockuré p
graphite, and later graphite mixed with catalytietai®® In the process a graphite target is
vapourized at high temperatures using a high pdager, forming 'soot’ which is collected using

a water cooled collector.

Chemical Vapour Deposition

The chemical vapour deposition (CVD) method camuged to prepare carbon spheres ranging
from 60 nm - 1um by direct pyrolyis of a diverse range of smaltlfocarbons with two to eight

carbon atoms in their chains without using a catalyrhe carbon sphere growth is controlled by
the reaction time, feed rate and reaction temperatilChemical vapour deposition reactors can

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

the reactor differentiate between these two typeseoreactors!

Polymerization reactions

Carbonaceous spheres or mesocarbon micro-beads BYIClh be prepared from pitch or
polymeric materials in large quantities using vasianethods, such as the direct polymerization
from pitch?? an emulsion methot, and a suspension methticdowever, the carbon particles
from mesophase pitch are of relatively large sizermally 10—-40 um, and have a wide
distribution in size. This method of preparatiom garoduce hollow carbon particles with a
narrow size distribution, ranging in a diametemir@ to 5 pm. Submicrometer-size spherical
polymer particles of uniform size are readily pmegh by emulsifier-free  emulsion
polymerization. In addition, it is well known thatolyacrylonitrile produces carbonaceous

material*®
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2.5N- and B-doping of carbon nanostructures

Since the discovery of carbon nanomaterials, tiha been an interest in doping of tuffes.
Doping of carbon entails the substitution of a carlatom with another element such as boron
and/or nitrogen. Doping of heteroatoms into graghike carbon structures is believed to modify
the electronic nature and, thereby the electricatlactivity properties of the graphite structfite.
For example N-doping may lead to the formation k&ceon-excessi-type semiconducting
nanostructures, due to the presence of the lons pakelectrons on nitrogen, conjugating with
the delocalized pi system of the standard graphet. Electron deficiency in graphite can also
be achieved by incorporating boron, which acts masaeceptor. B-doping may lead to an

electron-deficienp-type semiconducting nanostuctdfe.

There have been several reports of N-doping intar €*° N-doping into CNTs has mostly

been conducted using chemical vapor depositiomdu@NT growth. Manastet al.*’
N-doped multi-walled CNTs (MWCNTSs) by thermal CV»ing acetylene over Fe and Co

catalysts. The composition of the C-N in the tubased between N and G3N depending on
|'48

reported

the catalyst. Yangt al.”™® successfully prepared a double coaxial structtiid-doped MWCNTSs
by using the template technique with porous anaiomina oxide as a template. They
mentioned that the resulting MWCNTs had not onlgioaible-stack coaxial structure but also

dual physicochemical properties.

Liu et al.*® also demonstrated that N-doped vertically alighiCNTs could be synthesized by
pyrolysis of pyridine with ferrocene as the cataliysan NH atmosphere or a mixture of NH
and Ar. It is well known that the doping of CNTstlwivarious elements such as nitrogen (N),
potassium, and boron is a significant and effeatinethod to tailor both chemical and electronic
properties of CNTs. In particular, N-doping in CNAas been studied intensely because it can
induce a transformation of the (C) atomic netwoflcarbon®*>*Also, the N-doping process is
on effective way to generate carbon nanostructulasget al.>* reported on the effects of N-
doping on the structure and crystallinity of bamisbaped MWCNTs by means of X-ray

photoelectron spectroscopy (XPS). In their previaask, they found that the N concentration
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was obtained in the range from 0.4 to 2.4% by @diimig the NHy/C;H, flow ratio during CNT
growth. They also observed that the bamboo-shap&tCMTs showed a shorter compartment

distance at higher N concentratiotss.

Recently, Kimet al.>* reported the synthesis of N-doped double-walled €DWCNTS) using
catalytic CVD. They investigated the electroniaistures of N-doped DWCNTs by employing
synchrotron XPS. Panchaka#dgal .>® also reported that the diameters of the N-dopedODiis
appeared to depend on the N source and the reactahtions. Nevertheless more study on the

structural change of N-doped CNTs is still necessar

Eccleset al.*® studied the influence of B- and N- doping levetstiee quality and morphology of
CVD diamonds. They grew diamond films by hot filaxheand microwave plasma assisted CVD
using precursor gas mixture of 1% methane in hyemogith additional nitrogen and boron
dopants. N incorporation in the diamond networkuces structural changes that lead to an

increase in the dgraction of the material and therefore enhancestmductivity.
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Part 2: Polymerization of thiophene

2.6 Thiophene

Thiophene was discovered by Viktor Meyer in 1883aasontaminant in benzeneln the
fractional distillation of coal tar and petroleunmt, was found in relatively large amounts.
Thiophenes are stable to alkali and other nucldigphgents, and are relatively resistant to
disruption by acids® Thiophene is a colourless liquid at room tempegatwith a mildly
reminiscent smell of benzene. It is considered atamnwith the degree of aromaticity less than
that of benzene. The participation of the lonetedecpair on sulfur in the delocalized pi electron

system is significant?

Thiophenes are produced in many reactions involvaudfur sources and hydrocarbons,
especially unsaturated hydrocarbons. For exampbgtions of acetylene and elemental sulfur,
were first attempted by Viktor Meyer. They are atsassically prepared by the reaction of 1,4-
diketones with sulfiding reagents such 3S;PSpecialized thiophenes can be synthesized via the
Gewald reaction, which involves the condensatioriwad esters in the presence of elemental

sulfur®®

Thiophenes are used as synthetic intermediates)gtaidvantage of the susceptibility of the
carbon atoms adjacent to S towards electrophictiens. They are a recurring building block
in organic chemistry with applications in pharmaaals. The benzene ring of a biological

active compound can be replaced by a thiopheneuiitloss of activity>®
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2.7 Polythiophene

Polythiophenes (PTs) result from the polymerizatioh thiophene. The polymer is formed by
linking thiophene through its 2,5 positio¥fsThe study of polythiophenes has intensified over
the last three decades. The maturation of the Béldonducting polymers, including PTs, was
confirmed by the award of the 2000 Nobel Prize iheRistry to Alan Heeger, Alan
MacDiarmid, and Hideki Shirakawa for the discoveand development of conductive

polymers®

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

delocalization of electrons along the polymer baclkb The term “synthetic metals” is thus used
to describe these conducting non-metallic polyrfi2@onductivity is not the only interesting

property resulting from the electron delocalizatidie optical properties of these materials
respond to environmental stimuli, with dramatic azol shifts in response to changes in
temperature, solvent, binding to other molecules applied potentials. Colour and conductivity
changes are induced by the twisting of the polybeakbone leading to the disruption of the

conjugation.

Polythiophenes are some of the most studied comduconjugated polymers. This is as a result
of their excellent environmental and thermal stgbilThey are also commercially available and

highly soluble in organic solvens.
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2.7.1 Synthesis of polythiophenes

Polythiophenes can be synthesized electrochemjdatlgpplying a potential across a solution of
the monomer to be polymerized, or chemically, usiriglants or cross-coupling catalysts.

Electrochemical synthesis

The electrochemical polymerization of thiophenacaetonitrile was reported for the first time by
Tourillon in early 1980s. Polythiophene is convelig prepared in the conducting state by
electrochemical oxidation of bithiopheffeA potential is applied across a solution contajnin
thiophene and an electrolyte, producing a condecgwelythiophene film on the cathode. As
shown in Figure 2.5, the oxidation of a monomerdpees a radical cation which can then
couple with a second radical cation to form a diacatdimer or with another monomer to produce
a radical cation diméf The method is convenient, since the polymer dassneed to be

isolated and purified, but the disadvantage is @ahasslinked structure is produced.

The quality of the polythiophene film produced fieated by a number of factors. These include
the electrode material, current density, tempeeatswlvent, monomer concentration, presence of
water, and electrolyt¥. The potential required to oxidize the monomer deseupon the
electron density in the thiophene ring pi-systemwer oxidation potentials are due to electron—
donating groups, and electron-withdrawing groupsrdase the oxidation potential. Steric

hindrance resulting from branching at the alph&aarof thiophene inhibits the polymerization.
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Figure 2.5: Schematic diagram of initial steps in the eleadtgmerization of thiophene.

Chemical synthesis

Chemical synthesis is the preferred method for pineparation of electrical conducting
polythiophenes and other electrical conducting palss with defined structures. Chemical
synthesis offers two advantages compared with ldetrechemical synthesis of polythiophenes:
a greater selection of monomers, and, if the prap¢alyst is used, the ability to synthesize
perfectly regioregular substituted polythiophen&egioregular PT can be synthesized by
catalytic cross-coupling reactions of bromothioprsenwhile polymers with varying degrees or
regioregularity can simply be synthesized by oxi@gapolymerization using a Fe{tatalyst,
Figure 2.6°
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Figure 2.6: Ferric chloride oxidative polymerization of thioptee
2.7.2 Mechanism of conductivity

In conductive polymers, such as polythiophene,telas are delocalized along the conjugated
backbone through overlap of pi-orbitals, resultingn extended pi-system with a filled valence
band® The removal of electrons (p-doping) and additibelectrons (n-doping) to the pi-system
leads to the formation of a charged unit calledpmlbron. A bipolaron is responsible for the

macroscopically observed conductivity of the polyme

Depending on the level of doping, the polymer carcbnducting if the levels are high (20-40%)
and semiconducting if level is low (1%). Oxidatiohthe conducting polymer, via p-doping; can
be achieved electrochemically or chemically. Redu¢t via n-doping is done
electrochemically® Different reagents have been used to dope polytigiogs. These include
iodine and bromine for high conductivities and migaacids such as propionic acids and
sulfonic acids for low conductiviti€d. It has also been found that the latter show higher
environmental stabilities when compared to the fnOxidative 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 wutheir extended pi-system. The conjugation
relies on the aromatic rings, which, in turn regsithe thiophene rings to be coplanar. The
number of coplanar rings determines the conjugdeogth; the longer the conjugation length,
the lower the separation between adjacent energgisle and the longer the absorption
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wavelength. The twist in the backbone reduces thgugation length and the separation
between energy levels increases, this will resuét shorter absorption wavelength.

To determine the maximum effective conjugation tengone requires the synthesis of a
regioregular polythiophenes of defined length. Himsorption band in the visible region in
increasingly red shifted as the conjugation lengtbreases, and the maximum effective
conjugation length is calculated as the saturagioimt of the red-shiff? Reaction conditions,
including solvents, temperatures, and dissolved,i@an cause the conjugated back bone to
twist, reducing the conjugation length and causimeggabsorption band to shift.

2.7.4 Uses of polythiophenes

Polythiophenes and some of its derivatives arelud® and infusible. These features limit
considerably their application potential in indystand technology® To overcome the
disadvantages, several strategies for the moddicaif polythiophenes have been developed.
These include the appropriate modification of thenomer structure prior to polymerization,

and the preparation of copolymers, metal compqsites polymer composités.

A number of applications have been proposed fodaoting polythiophenes, but none has been
commercialized. Applications include field-effectartsistors? solar cells, photochemical
resistors, batteries, chemical sensors, diodesianiihear optic device¥.

In general there are two categories of applicatianstatic and dynamié

1. Static applications: they rely upon the intrinsic conductivity of theatarials, combined
with their ease of processing and material proogssommon to polymeric materials.
2. Dynamic applications: they utilize changes in the conductive and optmalperties,

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

The use of polythiophenes as sensors respondiran tanalyte has also been the subject of
intense research. The functionalization of polyphienes with synthetic receptors helps detect

metal ions and chiral molecules in biosensor apfitos’®
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Part 3: Carbon/polythiophene composites

2.8 Nanocomposites

Nanocomposites can be defined as multiphase miaterieere one or more of the phases have a
least one dimension of order 100 nm or less. Masbnomposites that have been developed and
that have demonstrated technological importanoss baen composed of two phases can that be
microscopically classified into three principal ég(Figure 2.7}
» Nanolayered composites: composed of alternatingréagf nanoscale dimensions
» Nanofilamentary composites: composed of a matrth wmbedded and generally aligned
nanoscale diameter filaments

» Nanoparticulate composites: composed of a matrik @einbedded nanoscale particles

Figure 2.7: Schematic representation of nanocomposite matenaholayered (A),

nanofilamentary (nanowires) composites () aanoparticulates (C).

As with the conventional composites, the propertiEsanocomposites can display synergistic
improvements over those of the component phasesidodlly. However by reducing the
physical dimensions of the phases down to the natemrength scale, unusual and often
enhanced properties can be realized. An importaatostructural feature of nanocomposites is
their large interphase surface area to volume .ra@oge surface areas can result in novel and
often enhanced properties that can be exploitdtht#ogically®°

In terms of their engineering applications, nanoposites can be classifi€cither as

* Functional materials based on their electrical, magnetic, and/or optiedlavior

» Structural materials based on the mechanical properties.
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Many researchers have tried to incorporate carbatemals in polymer matrices to tailor
electrical properties suitable for different apations such as electronic devices, semiconductor
components, and circuit boards, because diffeqgplications normally require specific levels of
conductivity®® For instance, a low level of conductivity is enbup give protection against
electrostatic discharge, whereas a high lewdl0{ ohm/cm) is required to protect against

electromagnetic interferences and emission offertieig radiation.

The effective use of carbon materials in compagiglications depends on the ability to disperse
the material uniformly throughout the matrix withoeducing their aspect ratitbTo overcome
the difficulty of dispersion, mechanical/physicaktimods such as ultrasonication, high shear

mixing, melt blending and surfactant addition hbeen used.

In 2001, Dupireet al.®? patented a method for the production of reinforpetymer, in which
both a polymer chain and carbon nanotubes werentedeand dispersed by stretching the
nanotube-polymer mixture in a molten state usinggih shear mixer. However the resulting

nanocomposite exhibited limited transparency in vfsble range. Harmomt al.®®

produced
conductive and transparent CNT-polymer compostiesugh a combination of sonicatioim-

situ polymerization, dissolution and film casting. Reitg, polymer nanocomposites appeared as
the subject of mechanical actuation studies. Oasatial.>* developed a technique for making
actuating composite materials with polarizable mese (polyimide) and CNTs usinm-situ
polymerization under sonication and stirring. Kosg al.2® demonstrated chemical sensor
applications based on individual SWNTs. They fouhdt the electrical resistance of a semi-
conducting SWNT changed dramatically upon exposuigas molecules such as N&nd NH.
Sensors based on carbon nanotubes have been guebmcause of the fast response and the
higher sensitivity they exhibit at room temperasuver existing electrical sensor materials

including carbon black-polymer composites operaéihbigh temperatures.

Carbon black is a common polymer additive usedré&mforcement and enhancing physical
properties, such as conductivity and den$itproperties of CB particles and composites based

on this material have been intensively studiedinlast 30 year¥. There are a lot of reports and
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publications about its electrical properties maimycomposites based on polymer-CB in which
the electrical charges are carried through “netwbdf conductive particles (CB) dispersed into
the polymeric matriX® Choosing the appropriate polymeric matrix, theskymperic composites

can have potential application as gas sen&orS .

San Juan-Farfaet al.”! analyzed the electrical properties of spume pyptgsie-carbon black
(PSU-CB) composites prepared by a sonication mixedahnique using 3-20 %wt of carbon
black (CB) as the conductive material. The ressittswed that the carbon black modified the
electrical properties of polystyrene, improving #ectrical resistivity from 1 to 1 S/cm for

pure polystyrene and for composites containing 24f @arbon black, respectively.

Martinez Salazaet al.®? studied the morphology and structure of conducpedyethylene-
carbon black composites by elongational-flow inttmolding. The study of some physical
properties of vinylpyridine carbon-black compositeas conducted by Soliman and Say&d.
They prepared samples of a 2-vinylpyridine oligoraed polymer by a chemical method. The
polymer and the oligomer were hot-pressed withedgit weight percentage of CB. It was found
that the activation energy for different samplesrdased with increasing CB percentage, as did

the optical band gap.
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2.9Fabrication of carbon nanocomposites

Nanocomposites have been fabricated to improve rrahtproperties such as electrical
conductivity, mechanical strength, radiation detetgtoptical properties, thermal stability, etc.
Among these, improving the electrical and mechdrsti@ngth properties of composites has
been reported to a great extent. In nanocompositésomogenous dispersion of carbon
nanostructures is requirédHowever, pristine carbon nanostructures are bundiedto van der
Waals interactions and are insoluble in organiocvestls or water, making their processing
difficult. Research shows that simple polymer-nanasure blends result in a composite with a
poor dispersion of nanostructures, which comprosige expected performance. Therefore
more work has to be done to develop methods of mammodification and functionalization

techniques to make carbon nanostructures more gsabke.

The carbon nanostructure surface modification nmagikcovalent or noncovalent interactiohis.

In covalent functionalization, the nanostructurefaze requires highly reactive species such as
azomethine ylides or fluorine. In noncovalent fumaélizaion, the functional molecules interact
with the nanostructure surfacda van der Waals forces, including hydrophic aneh
interactions. The surface functionalization of carbmay commence from the nanostructure
surface defects, which are in the form of carbaxglid groups due to the oxidative conditions
used in purifying the nanostructures. These aedifianostructures can be functionalized with

molecules bearing amino or hydroxylic grodps.

The conditions that are used to functionalize carbpheres are similar, but not identical, to
those used for carbon nanotubes. The differencelimaythe surface chemistry of the material.

Different ways to functionalize carbon nanostruetare discussed below:
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Covalent functionalization

Covalent functionalization occurs through reactiaristhe p-conjugated skeleton of carbon
nanostructures. The procedure has been widelytigaésd and the methodoloyhas produced
an array of modified nanostructures (e.g. carbarondes) bearing small molecules, polymers
and inorganic species. Several covalent functiaatn strategies exist to induce
functionalization. These include defect site ci@atand functionalization from the defects,
creating carboxylic acids on the endcaps of caraotubes and subsequent derivatization from

acids, and also covalent sidewall functionalizaffon

The sidewall functionalization of carbon nanostuwes depends strongly on tube/sphere
diameters. For example, single wall carbon naregulvith a smaller diameter have more
reactive sidewalls than those with larger diametlrss also important to note that covalent
functionalization causes changes to propertieshef nanostructures. These changes can be
dramatic and permanent and are not always corttiellaAs a result, the desired multi-
functionality of carbon nanostructures may be campsed. Moreover, covalent

functionalization is not amenable to scale-up fghhvolume and high rate productidh.

Noncovalent functionalization

This approach focuses on the non-covalent bonditagactions of molecules, and by doing so it
examines the weaker and reversible non-covaleataations between molecules. These forces
include hydrogen bonding, metal coordination, hptha@bic forces, van der Waals forcasn

interactions and electrostatic effects. These tgbesudies constitute the field of supramolecular

chemistry?’

The study of non-covalent interactions is cructabhderstand many biological processes from
cell structure to vision, that rely on these forfmsstructure and function. Biological systems are
often an inspiration for supramolecular researcmpdrtant concepts that have been

demonstrated by supramolecular chemistry includeleocutar self-assembly, molecular
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recognition, host-guest chemistry and dynamic eaviachemistry. The emerging science of
nanotechnology has also had a strong influencéesubject of non-covalent functionalisation,
with building blocks such as fullerenes, nanopbeticand dendrimers involved in synthetic

systems.

Factors that control non-covalent functionalizatidnclude thermodynamics and the
environmenf® Unlike in covalent bond-forming chemistry the ratebond formation is not
increased at higher temperatures. However, low ¢eatpres can be problematic, due to
molecule distortion into thermodynamically disfadr conformations. The molecular
environment is also of prime importance for theraien and stability of the non-covalent
system. The choice of the solvent is crucial, beeamany solvents have electrostatic, strong
hydrogen bonding, and charge transfer capabiliied, 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 carbortenals since it differs only by one additional
valence electron from a carbon atom. Thus, a welgtieasy incorporation into the carbon
honeycomb lattice should be achievable. The nitmog®m, substituted in a graphite-like way
was calculated to differ only by 0.01 A from theuitprium position of a carbon atom. Although
the properties of carbon nanomaterials are notBhmyt of exceptional, there are nonetheless
many areas in nano- and molecular-electronics ceptlectromechanics or chemistry where
pristine materials are not the most appropriatdos8utional doping is expected to provide
solutions for such limitationslt has been established that the incorporation imbgen in
nanotubes results in enhanced conductivity, pgland basicity, while also modifying surface

hydrophilicity 2

Nitrogen doped nanomaterials have been found toleBe stable, and oxidize at lower
temperatures than their pure carbon counterpahis. i$ explained by localized defects due to
the presence of nitrogen atoms, which generate QNdisare energetically less stable than a
pure carbon latticg.

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

group has reported on the doping of the spherémhyn?

In this work, we provide information on the syntisesf undoped and N-doped carbon spheres
using vertical and horizontal CVD methods. We exadithe morphology, and possible atomic

configurations for nitrogen in the nanospheredatand discuss their electronic properties.
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3.1 Experimental

3.1.1 Technical assembly of vertical and horizontalVD reactors

A simplified form of the vertical chemical vapouepbsition (v-CVD) apparatus is shown
diagrammatically in Figure 3.1. This apparatus wadeasigned and fabricated in the
nanotechnology laboratory of the school of chemaeal metallurgical engineering, university of
the Witwatersrand by lyuke (2003)It consists of a vertical silica plug flow reactft],
immersed in a furnace [2] with a sensitive temperatregulator. A system of rotameters,
pressure controllers and valves control the flovgages into the reactor. The upper end of the
reactor is connected to a condenser [3], whichddadwo delivery cyclones [4,5], where the
carbon materials produced is collected. The vapoi®] is placed on a heater with a sensitive

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

reactor.
_ Exhaust
o\
Cyclones
[1
[2] Furnace
800-1000%C
@ [7] Swirled mixer
CH, —— (6] |
NHs = Vvaporizer
Ar =

Figure 3.1: Schematic representation of a vertical chemicpbua deposition reactor.
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Carbon spheres were also synthesized in a horizaaator (Figure 3.2) that has been placed
horizontally in a furnace, allowing production d¢fetcarbon material. The horizontal reactor is
made up of a furnace, temperature gauge, quartz water cooled injector in which a syringe is
injected into gas bubbler. The furnace is electrally controlled such that the heating rate,

reaction temperature and gas flow rates are magdahccurately as desired.

Quartz tube

Furnace

Syringe ¢
ﬂ’I 3\
!

\p
\VAP 4
Water c@

injector

SR 18

Thermocouple

Temperature
gauge

Gas bubbler

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

The soot was characterized using transmissionreteaticroscopy (TEM) (JEOL 100S Electron
Microscope) and thermogravimetric analysis (TGAgrdéh Elmer Pyris 1 TGA Analyzer),
Brunauer, Emmett and Tell¢éBET) surface area analysis (Micromeritics TriSanface Area
and Porosity Analyzer) and Powder X-ray diffractdmmgPXRD) (Bruker AXS D8 Advance
PXRD). No catalyst was required in the synthesithefCNSs, hence no purification was done.
Elemental analysis was done by the institutiorsfmt, climate and water in Pretoria.

All of the ESR measurements were carried out anreeamperature using a Bruker ESP300E X-
band (microwave) spectrometer operating in theukegy range 9.4 — 9.8 GHz. The samples
were placed in standard NMR tubes, and the starmarthuous 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 ©vmethod

3.2.1 Synthesis of carbon spheres without nitrogen

Nitrogen gas was initially passed through the sysie order to flush out contaminants in the
reactor. The furnace was set to a desired temper§t@00 °C) and acetylene together with an
inert gas (Ar) gas was fed through the reactor. fldhwe rates of argon and acetylene were kept
constant at 100 mL/min and 487 mL/min respectiv@lycarbon material that evolved from the
upper end of the reactor was cooled in a condeasdr collected in two cyclones. It took

approximately 5 minutes to produce 1.30 g material.

3.2.1 Synthesis of carbon spheres doped with nitreg

A vertical quartz tube was loaded into the furnddee temperature of the furnace was operated
at 1000 °C, and acetylene together with an inest(éa) was fed through the reactor. The flow
rate of argon was kept constant at 100 ml/min; h@wnethe acetylene flow rate was varied
between 370-594 mL/min. Nitrogen addition was aeobie by bubbling acetylene:argon gas
mixture through a concentrated solution contairangmonium ions. The ammonium solution
was diluted with water to study the MNHilution effect on formation and morphology of the

spheres.

Other nitrogen sources such as pyridine and amngasavere also used in the synthesis of N-
CSs. NH gas at 100 mL/min was fed together with acetylet®7 (mL/min) into the reactor

through the swirled mixer at 1000 °C. Due to poardpiction of the carbon materials, and the
low content of nitrogen in the product, no furttetudies were conducted using pyridine and

ammonia

In the case of pyridine, the acetylene:argon metwas bubbled through pure pyridine at 125
°C. As with NH; 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 9¢-CThese sources included ammonium
hydroxide solution, pyridine, and ammonia gas. M@s done to establish the best N-source to
use to make high yields of quality N-CSs and totidrihe nitrogen content. As shown in Table
3.1, ammonium hydroxide gave the highest N contemippared to the results using pyridine
and ammonia gas. The dilution of the ammonium hyideo solution with water played a role in
the substitution of C atoms with N atoms. The dlotresulted in decrease in N content of the
products. It could be seen that, the carbon splenede doped by nitrogen since the elemental
analysis detected very low levels of nitrogen (29d) from the spheres prepared using acetylene

and no N source.

Table 3.1Elemental composition of CSs and N-CSs at T= 1900t = 5 min

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%NH,OH 92.26 3.08 0.75
12.5%NH,OH 92.47 2.70 0.30
5% NH,OH 93.18 2.58 0.20

Due to the high nitrogen content obtained with amimm hydroxide solution, later synthesis
studies to make N-doped carbon spheres were caalustng both acetylene as a carbon source
and ammonium hydroxide solution as a nitrogen sauRyridine and ammonia gas gave low
yields of carbon spheres with low content of nigmgThe effect on the dilution of ammonium
solution had negative impact on the yield and giro content of the carbon spheres, they

seemed to drop.
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3.3.2 The effect of acetylene flow rate on the ygbf carbon spheres

Acetylene flow rates were varied to study the dftacthe synthesis of carbon spheres. To study
the effect of acetylene flow rate on the productiate, size and structural morphology of the
carbon spheres, the acetylene flow rate was véiroed 370 — 594 mL/min, at 1000 °C. Table

3.2 shows the effect of acetylene flow rate onyileéd of spheres obtained.

Table 3.2Effect of acetylene flow rate on the yield of N-C8sl= 100CPC, t=5min

 CHflow-rate  Yield (g)

(mL/min)
370 0.50
433 0.55
487 0.75
540 0.80
594 0.95

The increase in acetylene flow rate gave an ingioahat this process allows for the large scale
production of these materials, a maximum producti@®5 g was obtained at 594 mL/min

(Figure 3.3). However, the effect of gas flow ratiesplayed a larger impact on the size of the
carbon spheres. As the flow rate increased, treedizthe spheres became smaller. The uniform
diameter of 100 nm was produced at 487 mL/min. ike distributions of the carbon spheres

products are shown in Figure 3.4.

0.8 1
0.6 4

0.4 4

Yield (@

0.2 4

T T T T 1
350 400 450 500 550 600

CsH> Flow rate (mL/min)

Figure 3.3 Effect of the GH, flow rate on the yield of N-CSs at 1000 °C
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3.3.3 Morphology investigation

The comparative morphology study of undoped andedagarbon spheres is shown in Figure
3.5. N-CSs and CSs were produced at 1000 °C atréevof 487 mL/min. The undoped carbon
spheres materials were spongy and very light, ekl Tnage (Figure 3.5a) and HRTEM image
(Figure 3.5b) showed only spheres of an averageater of 100nm. The TEM image of the N-

CSs in Figure 3.5c revealed that spheres have foemed with an average diameter of 100 nm.
The HRTEM image in Figure 3.5d showed a poorly gitap structure with short carbon layers.

It can be observed that some of the spheres a&edlitogether (accreted). No distinct difference
is observed in the morphology of carbon spheres.oiMer core shell was observed with the

carbon spheres produced by the vertical CVD.

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

TGA experiments (Figure 3.6(a) and (b)) provideoindation on the thermal stability of the
carbon. Thermal data will be affected by the preseof defect sites because defect sites in
graphite planes such as dangling bonds, edges armheies decrease the oxidative stability.
Basal planes are the most stable towards oxidatimhother reactiorfsFor the undoped CSs
(Figure 3.6(a)), TGA data indicated a 23% mass lastsveen 100 °C and 350 °C. It was
observed that 450 °C was the maximum oxidation eatpre of the undoped spheres. For the
N-CSs (Figure 3.6(b)), TGA data indicated a 15%srlass between 100 °C and 400 °C. Most
of the carbon reacted with oxygen at ca. 510 °G Jteepness of the slope on both graphs is a
likely indicator of large numbers of dangling borvdlsich enable oxygen to readily permeate the

spheres facilitating rapid oxidative degradation.

Upon heating the spheres to 300 °C in 1 h undesrargoth undoped and N-doped spheres
exhibit enhanced oxidative stability, and no masss lis now observed at lower temperatures.
The BET results in Table 3.3 show that the surfaEa had also increased after heating the
spheres The results suggest that the spheres have spesoigs as polycyclic aromatic
hydrocarbons (PAHSs) that are physically attacheth&r surface. The higher % mass loss at
lower oxidation temperature for undoped CSs caattridbuted to the larger number of hydrogen

and carbon radicals which react to form CB,O and PAHSs.

Table 3.3: BET analysis of carbon spheres

CS type Surface specific| Pore specific volume
area (nf/g) (cm®/g)
Undoped Before | 10.019 0.015
After | 14.89 0.031
Doped Before| 11.01 0.011
After | 13.67 0.029
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Figure 3.6(a): TGA profile of undoped carbon spheres prepared at 1000 air
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Figure 3.6(b) TGA profile of N-doped carbon nanospheres prepat&d00 C in air
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The morphology of the post heated spheres is shoviaigure3.7. The TEM image shows no
deformed carbon spheres, and accretion persister Aéating the morphology of the carbon
microspheres is almost undestroyed, remaining ifepesphericity This can be attributed to the
surface chemical activity caused by nitrogen atdawlitating chemical functionalization.
HRTEM shows no alignment in the graphitic sheahefspheres.

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

Nanometre-sized materials are of considerable wurrderest because of their special size-
dependent physical properties. Debye-Scherreradiifvn patterns are often used to characterize
samples, as well as to probe the structure of retiofe. Unfortunately, the well known
Scherrer formula’ is unreliable at estimating péetisize, because the assumption of an
underlying crystal structure (translational symmgeis often invalid.

Figure 3.8 shows the PXRD pattern of undoped andopkd carbon spheres. Each profile
exhibits a peak ata. 25°,i.e. (002) graphite planéThe broadness of the peak is indicative of
only a short range structural order. An ill-defingelak at 43.8° can be assigned to the (100)

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

The Raman spectra of the CSs and N-CSs producedmaderatures of 1000°C show the

presence of two broad peaks at about 1348 @nd 1591 cnt corresponding to the D- and G-
bands of graphite respectively (Figure 3.9). Usutle ratio b/l is interpreted as a measure of
the degree of order of the matefia¥alues of b/l at ~ 0.75 and ~ 0.9 were observed for the
CSs and N-CSs respectively. The increase of this iradicates that the degree of graphitization
of the samples is low with possible presence adrdisred carbon. These results help explain and
justify the morphology of the N-doped carbon spkere

3500
N-doped CSs

3000 -

2500 -

Intensity (a.u)
N
o
o
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1

1500 - Undoped CSs

1000

500 T T T T T T T T T T T T T 1
1100 1200 1300 1400 1500 1600 1700 1800

Raman shiftcm ™

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 sphezes pvesented for analysis, EMR

derivative spectra are shown in Fig. 3.10

Both samples exhibit an ESR response centergd=&t. The relatively broad line spectrum

obtained for undoped spheres is similar to thatiobtl in many other carbon nanomaterials
studied previously, and may possibly be ascribezbtwluction electrons.

' e e S e s B e e S
— Undoped nanospheres
Doped nanospheres

e

E SR signal (arbitrary units)

3350 3400 3450 3500 3530 3600
Magnetic Field (G)

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

comparable spectrometer settings, and using aasiguiantity of sample

N-CSs have a strong paramagnetic peak superimmrsadroad background. The origin of the
broad background signal is not known, but as has Ipeinted out in the previous paragraph, a
similar feature appears in the CSs, and so appedns intrinsic to the nanospheres. The strong
central paramagnetic signal is ascribed to sulbistital nitrogen, and we may conclude that the
nitrogen has indeed been incorporated into theocarbatrix. 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 horizont@vD method

3.4.1 Synthesis of carbon spheres with/without nitgen

The furnace (Figure 3.2) was set to a temperatut®@0 °C. A carrier gas mixture of 5%:Ar

at a flow rate of 100 mL/min which was controlleg the flow meter and the bubbler was
injected into the reactor. A volume of 20 ml ofuehe at a flow rate of 0.8 mL/min was injected
through the water cooled injector into the readBmping was achieved by injecting pyridine (20
mL) at 0.8 mL/min into the reactor. The volume/vak ratio of pyridine:toluene (P:T) was
varied (Table 3.4) with all the other parametenstke constant values. Most of the synthesized

hydrocarbon product formed in the middle of thecteatube.

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

P:T Ratio Flow rate Temperature

(mL/min) (°C)

100:0 0.8 1000
90:10 0.8 1000
10:90 0.8 1000
0:100 0.8 1000

N. Kunjuzwa Page 52



3.5 Results and discussions

3.5.1 Elemental analysis

The incorporation of nitrogen within carbon sphemess confirmed by elemental analysis
measurements. The sample produced from P/T prasucsataining 100/0 ratio contained 5 at
% nitrogen, the nitrogen content decrease to 0t ¥3 @hen P/T ratio was 0/100 (Table 3.5). The
increase of the nitrogen source (pyridine) incrddbe yield of the sample.

Table 3.5Elemental 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 carbmadyxrts of the as-synthesized material in
the presence and absence of nitrogen. The samplteesized in the absence of nitrogen source
were found to be carbon spheres with a broad deteldition range (200-700 nm). The high
resolution transmission microscopy (HRTEM) imagetlod carbon sphere is shown in Figure
3.11(b). The image shows consecutive light and daricentric contrast areas on an individual
sphere, revealing the core/ shell geometry of #imban sphere. An electron diffraction pattern

taken from a selected area of the shell, displengswhich indicate that the shell is crystalline i

nature.

Figure 3.11: TEM (a) and HRTEM (b) images of undoped CSs
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However, the diameter of the carbon spheres olgtainehe presence of nitrogen in Figure
3.12(a) was in the range of 500-1000 HARTEM analysis of the material in Figure 3.12b
shows that the carbon spheres are made up of disat@drrays 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 ofutdoped and N-doped carbon spheres
respectively. The graphs provide information wiglgard to the defects when experiments were
done in air. The undoped carbon spheres (Figurga}.d@xhibits a two stage decomposition, at
temperatures 590 °C and 680 °C in air. About 5 %3Mass is observed in an inert environment.
No reaction of carbon with oxygen is observed atelooxidation temperatures. The thermal

stability of N-CSs in Figure 3.13b shows that thatenials were stable below 500 °C, and the
weight loss began at 580 %hen heated in air. A three stage decompositiorabserved even

at higher temperatures.
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Figure 3.13(b): TGA profile of N-doped carbon spheres in an oxidlig{air) atmosphere.
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3.5.4 Raman spectral analysis

The Raman spectroscopy analysis was carried aovéstigate the defect degree in the graphite
sheets of CSs and N-CSs. In the high frequencymnegine G peak at 1580 &éhnand the D peak

at 1350 crit are clearly detected, corresponding to a C-Cditieg (Eg) mode for graphite and
the defect degree in the graphite sheets. [FHe ratios were 0.63 for undoped CSs and about
0.84 for N-doped samples. The valuelgfic at 1000°C (~ 0.8) indicates that the degree of
graphitization of the samples at this temperatgrdow with possible presence of disorder
carbon. Some research groups reported that thepo@iion of N atoms into the graphite sheets
also introduces the defects in the hexagonal &fttdUsing Raman spectroscopy Lien al.*?
noticed a significant down shift of the graphiteakberom 1589 t01580 crhupon nitrogen
doping. At the same time they observed a significgarease of the ratio of the intensities of the
defect and graphitic peakisflc).
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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 asalyfiese samples represented an attempt to
dope the samples with variable amounts of nitrage@ng mixtures of toluene and pyridine as the
nitrogen source. ESR derivative curves for N-CSs siown in Fig. 3.15. The nominal
concentrations from the concentration of pyridiRéT]) in the mixture are 10/90, 90/10 and

100/0

z A |
= e 101750
= L e 010110
< . —100/0

T ]
@ | ~
2 C ]
= 1
E L .
<

3460 3465 34T0 3475 3480 3485 3490

Magnetic Field (G)
Figure 3.15: ESR derivative curves for 100/0, 90/10, and 104®s.

The curve for ratio 10/90 may be expected to havsigaificant proportion of the broad

background inherent to the nanospheres, which vssigssed previously. The absorption line
for 90/10 is significantly narrower than the lingr f1.00/0 pyridine, and is not as asymmetric.
Possible reasons for this may include larger spin-siteraction in 100/0 pyridine due to the
larger concentration of paramagnetic ions, andcaedse in the microwave skin-depth for 100/0

pyridine related to an increase in the carrier entr@tion in this sample.
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In an attempt to quantify the paramagnetic ion eot@tion in each of these three samples,
measurements were conducted on carefully weighemuars of samples. The area under each
of the numerically integrated curves of each ofdb&ined derivative curves was determined, as
a first approximation of the paramagnetic ion conicgion. The results of these experiments are
shown in Figure 3.16, where the normalized arean@dss) is plotted as a function of the nominal

concentration obtained from the concentration aiddye in the toluene-pyridine mixture.
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Figure 3.16: Plot of the numerical integral (normalized to thess) as a function of the

nominal nitrogen concentration inferred from then@entration of pyridine in the

nitrogen source. .

The results shown should be treated with some @auéis the estimated error in the measured
mass is relatively large. In addition, no attetmgs been made to separate the background signal
and the paramagnetic signal for 100/0 pyridine.rbwpd measurements may allow for a more
accurate determination of the nitrogen concentnaticHowever, it is clear that the samples have
different concentrations of substitutional nitrogeks expected, the sample produced using

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

vertical reactor.
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Chapter 4

Oxidative polymerization of thiophene

Poythiophenes have rapidly become the subject n$iderable interest due to their excellent
environmental and thermal stability. Since, thstfieport on the electrochemical synthesis of
polythiophene in 1981, polythiophene and its deives have been widely studiédwo main
routes have been used for the preparation of popfiene polymers; the chemical and
electrochemical synthesisThe chemical synthesis approach was used in thi& due to the
advantages it offers compared with electrochensgathesis of polythiophenes. In particular a
greater selection of monomers that can be usedhéaical approach is the synthesis choice.

Although thiophene can be polymerized by exposoreidizing agents such as Fethe
generated polymer products are insoluble and ibkeisiThese features limit considerably its
application potential in industry and technoldgy.

The potential applications of PT include use irasaklls, nonlinear optical devices, sensors, and
electrode$® Most applications of polythiophene conducting poéys have not been
commercialized because of their solubility limitets. To overcome these disadvantages, several
strategies for the modification of polythiophenevdndbeen developed. Preferentially, applied
methods include the appropriate modification of thenomer (thiophene) structure prior to

polymerization, and the preparation of copolymars] polymer composités.

In this work, we report the synthesis of polythiepke using a chemical method. The polymer
was characterized and modified to improve both ¢banand 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, anhydrouscfehloride (FeG Aldrich), chloroform
(CHCls, Aldrich), methanol (CBOH, Aldrich), hydrochloric acid (HCI, Aldrich), andcetone
(CH3COCH3AIdrich), were used as received.

4.1.2 Synthesis of Polythiophene

FeCk (2 g) in 100 mL CHGl was added to a 500 mL, double-necked, round-boftask
equipped with a magnetic stirrer. The thiophene onuer (1 mL) together with 50 mL of a
CHCI; solution was placed in a burette and the soluéidded gradually to the FeCdolution
with stirring. The reaction mixture was stirred 4 h at room temperature. The resultant
polythiophene powder was precipitated with methafilbered through a Buchner funnel, and
then carefully washed in methanol, hydrochlorida@.1 M), distilled water, and acetone. The

obtained reddish powder was dried under a vacuuwoat temperature for 24 h.
4.2 Characterization

The polythiophene chemical composition was deteedhithy elemental analysis and FTIR
spectroscopy. Sample morphology was studiedtragsmission electron microscopy (TEM)
using a Joel 100 s electron microscope at 80lkivared spectra were recorded in the range 400-
4000 cmt using KBr pellets (Bruker Tensor 27 spectrometeffhe termal stability of
polythiophene was investigated by heating the saspp to 900C under nitrogen and air at 10
mL/min using a&erkin Elmer Pyris TGA 1.
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4.3 Results and discussions
4.3.1 Morphology
The samples were prepared by dissolving the pagtienes in 5 ml of methanol and stirring for

10 minutes. The sample was then transferred to riZls goated with a carbon film (using a

pipette) for transmission electron microscopy asialy

200nm

100nm

Figure 4.1: TEM images of polythiophene at different magnificat

In Figure 4.1 the transmission electron microscopgges show an amorphous structure of
polythiophene with a rough surface. At lower maigaifion, the polymer exhibits globular
structures with particle size about 50 nm and séibrds. As is known, the morphology and
electrical properties are the most important prisgperof the conductive polymers. For good
conductivity, a smooth surface is needed. The dixelgolymerization method employed in this
work was anticipated to produce polymers with vagydegrees of regioregularity, and thus an

amorphous structure.
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4.3.2 Elemental analysis

Usually, Fed is used as the oxidant in polythiophene synthesiseaction which can be
performed in room temperature. Table 4.1 presdmgsetemental analysis data of chemically
prepared PTs. Due to structural disorder in theytpmphene chains and crosslinking, one
positive charge is created per three thiophenesyiwlich has to be compensated for by bonding
of the anion from the oxidant. The expected elealeantalysis of polythiophene was calculated
assuming a polymer compositions JKGS)® xA™], where A represents a dopant anion. When
FeCk is used in chemical synthesis, @hions bond to the polythiophene, atd 0.33 is used
for the calculation. As shown in Table 4.1 the aolted elemental composition for the

polythiophene sample assuming x = 0.33 is closkabpredicted

Table 4.1Elemental data for polythiophene

Sample Carbon % Sulfur %
Polythiophene 52.28 34.50
Polythiopheng 51.13 34.13

literature value

Ays.eg'ul G oket al.” reported an elemental composition (wt %) of 53.6d &6.99 for carbon
and sulfur, respectively. The differences betweapeamental and calculated elemental

compositions in the PT sample were very small
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4.3.3Thermal stability

Thermal stability testing was examined using thegravimetric analysis (TGA). The derivative
curve in Figure 4.2b shows a comparison of the russes of polythiophene upon heating in air
and in a nitrogen atmosphere. Below 100 °C, thesrfass may be attributed to a small amount
of water in the samples. At 252 °C, a mass lossaokasrved in both curves which is due to loss
of the polyaromatic hydrocarbons. The next mass (oa. 80 %) of the polymer recorded in air
is observed at 425 °C. The decomposition of theympet in nitrogen assumed a two-step
decomposition at 325 °@€a 20 %) and at 507 °C (ca. 70 %).
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£ 74
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© R N Temperature °C
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Figure 4.2: Thermogravimetric data for polythiophene undetaaid nitrogen atmosphere
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4.3.4 Infrared spectroscopy

The infrared spectrum of the polythiophene is shawhigure 4.3. IR spectroscopy was used to
determine the functional groups present in the thadphene polymer. The spectrum of
polythiophene shows that there are low-intensitgksen the range of 2900-3070 ¢hthat can

be attributed to the aromatic C-H stretching vilores. The peaks at 788 cthand 1100 cm*

are usually ascribed to the C-H in-plane and C-Haobplane deformation modes. The C-S
bending mode has been identified to occur at 691'@nd indicates the presence of thiophene

moieties.
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Figure 4.3Infrared spectra of polythiophene
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Chapter 5

Organic functionalization of polythiophene/carbon gheres

Functionalization and solubilization are importaaspects of the chemistry of carbon
nanomaterials, these chemical manipulations begsgraial for many of the applications of
CNTs!Carbon nanotubes have been functionalized by bmthlent and non-covalent mearfs.
'® The covalent functionalization method typicallydtves acid treatment of the CNTs followed
by reaction with thionyl chloride followed by reamt with a long chain amines. Such amidation
gives rise to single walled carbon nanotubes (SW®kible in non-polar solvents*®*°Other
methods such as fluorination have also been usedhf functionalization of SWNTs!’
Covalent functionalization, however, has the limaia in that it drastically affects the electronic
structure of the material hence affects their priogge Non-covalent functionalization of CNTs

has been carried out by employing surfactants, atissand other reagerits->*®

The reaction carried in this study to functionalicarbon spheres is a well known Prato
reaction™® The Prato reaction in fullerene chemistry deseritte functionalization of fullerenes
and nanotubes with azomethine ylides in a 1,3-dipoyclo-addiction. The amino acid sarcosine
reacts with a paraformaldehyde when heated toxéfluoluene to an ylide which reacts with a
double bond in 6,6 ring position in a fullereneanl,3-dipolar cyclo-addition to yield a N-

methylpyrrolidine derivative or pyrrolidinofullerenn ~ 80% vyield.

This method is also used in the functionalizatibsingle wall nanotubes. When the amino acid
is modified with a glycine chain resulting nanotslsre soluble in common solvents such as
chloroform and acetone. Another characteristicheftreated 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, thiopheRearboxyaldehyde, thiophene monomer
(99%), the oxidant, anhydrous ferric chloride (Fe@ldrich), chloroform (CHC4, Aldrich),
methanol (CHOH, Aldrich), hydrochloric acid (HCI, Aldrich), atene (CHCOCH; Aldrich),
and undoped carbon spheres were prepared by eal€@WD reactor mentioned in Chapter 3.

5.1.2 Synthesis of Polythiophene/Carbon Spheres nanocongite

a) Covalent functionalization

The 0.1g carbon spheres were suspended in 50 mL, DdgEther with 0.94 mL thiophene-2-
carboxaldehyde and 0.74 mL N-methyl glycine. Thietwgeneous reaction mixture was heated
at 130 °C for 5 days. The functionalized-carbonesph (f-CSs) were collected, analyzed and

used to synthesize polymer composites.

The routine synthesis of the polythiophene/f-carbpheres composite was as follows: 100 mL
of a CHC} solution containing f-carbon spheres (0.2 g) wéded to a double-necked, round-
bottom flask equipped with a magnetic stirrer. Thixture was sonicated for 30 min at room
temperature to disperse the carbon sphereszF2@G) in 100 mL of a CHGIsolution was added
to the solution, which was further sonicated for rBih at room temperature. The thiophene
monomer (1 mL) with 50 mL of a CHEgbolution was placed in the small portion line loé t
double necked flask and added gradually to theesuspn solution with constant stirring. The
reaction mixture was stirred for an additional 24uirder the same conditions. The resultant
polythiophene/carbon spheres composite powder wespitated in methanol, filtered with a
Buchner funnel, and then carefully washed with meth, hydrochloric acid (0.1 M), distilled
water and acetone. The obtained black powder wesd dinder a vacuum dryer at room

temperature for 24 h.
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b) Noncovalent functionalization

The routine synthesis of the polythiophene/carhmreses composite was as follows: 100 mL of
a CHC} solution containing carbon spheres (0.2 g) wassado a 500-mL, double-necked,
round-bottom flask equipped with a magnetic stiriidre mixture was sonicated for 30 min at
room temperature to disperse the carbon spher€4; g2g) in 100 mL of a CHGlsolution was
added to the solution, which was further sonicated 30 min at room temperature. The
thiophene monomer (1 mL) with 50 mL of a CHGblution was placed in the small portion line
of the double necked flask and added graduallj¢ostispension solution with constant stirring.
The reaction mixture was stirred for an additio®lh under the same conditions. The resultant
polythiophene/carbon spheres powder was preciditatemethanol, filtered with a Buchner
funnel, and then carefully washed with methanotrbghloric acid (0.1 M), distilled water, and

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

4.2 Characterization

The composites chemical composition was determibgd FTIR spectroscopy. Sample
morphology was studied Hyansmission electron microscopy (TEM) using d 166 s electron
microscope at 80 kVInfrared spectra were recorded in the range 40@-486" using KBr
pellets(Bruker Tensor 27 spectrometefhe hiermogravimetric profiles were investigated using
a Perkin Elmer Pyris TGA 1. Raman spectral analysss wone study the disruption effect of
functionalization in the graphitic structure of lsan spheres
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5.3 Results and Discussions

5.3.1 Morphology

Figure 5.1 shows the TEM images of the polymerfmarfpheres compositéhe shape of these
composites is irregular, close to spherical, algfoaggregation is found in the image, we still
can clearly observe single particle in the imagesomparison with noncovalent functionalized
nanocomposites, the covalent functionalized nanposites are thick (150 nm in diameter), and
their external surfaces were not smooth. The arsalgs noncovalent samples under TEM
(Figure 5.1c) showed no coupling between the potyanel spheres. It was observed that largely
polythiophene and spheres were clustered amongstiees. The spheres were in a range of
100-120 nm in diameter.

As mentioned earlier, the 0.1 g carbon spheres waspended in 50 mL DMF, together with
0.94 mL thiophene-2-carboxaldehyde and 0.74 mL NKhgigglycine. In the experiment, the
heterogeneous reaction mixture was heated af@36r 5 days so that there are more oxidized
sites available on carbon spheres for attachmetit polythiophene. The samples showed
interaction between polymer and functionalized sgéie Spheres were mostly covered with

polythiophene molecules. This has been clearly showFig. 5.1 (a) — (d). This significant

increase in interaction is due to the presenceastrpossible covalent coupling

Figure 5.1: TEM images covalent functionalized carbon spheagsifigle carbon sphere

(b) accreted carbon spheres
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Figure 5.1c: TEM image of covalent functionalized CS/polythioppecomposite

Figure 5.1d: TEM of noncovalent functionalized CS/polythiophexmenposite
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5.3.2 Thermal stability

Polymer materials in pure state are electrical latsuws?® However, carbon nanomaterials are
considered to be an ideal inclusion for polymer posites due to their exceptional electrical and
mechanical behavior. In order to transfer the ertgs of nanomaterials to the composite
improved compatibility must be achieved.

Thermal stability of the polythiophenes was examimgth thermogravimetric analysis (TGA).
Figure 5.2a shows a comparison of the mass lo$sewalent functionalization and noncovalent
functionalization upon heating in a nitrogen atnfese. The noncovalent are comparatively
more stable in the range of 0-48C (Figure 5.2b). A speedy decomposition in covalent
functionalization is due to the functional groupsaehed 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 functionalizechnaomposites
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Figure 5.2(b): Thermal stability of noncovalent functionalized naomposite
5.3.3 Raman spectroscopy

Raman spectroscopy is a very powerful techniqud tsget information about the physical and

electronic structure of the samples. Thereforeitld be envisioned that the technique will be

equally efficient for characterizing functionalizedrbon spheres.

Raman spectroscopy analysis was carried out tosiigage the defect degree in the graphite
sheets of noncovalent and covalent functionaliz&sbnomposites. Figure 5.3a and b show the

high frequency region, the G peak at 1590 krand the D peak at 1340 ehare clearly
detected, corresponding to a C-C stretching)(Bode for graphite and the defect degree in the
graphite sheets. Thg/ls ratios were 0.79 for noncovalent and about 1.5ctalent samples.
The value oflp/lg at ~ 1.5 indicates that the degree of graphitinatibthe sample is low with
possible presence of disorder carbon. These rem@ts agreement with the TEM and the TGA
results.
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5.3.4 Infrared spectral analysis

The infrared spectrum of the polythiophene is shawifrigure 5.4. The IR spectroscopy was
used to determine the functional groups presettiernpolymer nanocomposites. In Figure 5.4b,
covalent functionalized nanocomposites exhibit ghhintensity at 695 cihy which is not
observed in the noncovalent functionalized nanoasites (Figure 5.4a). The range 600-1500
cm " is the region of polythiophene. The peak at 11®0°ds usually ascribed to the C-H out-

of-plane deformation modes.
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Figure 5.4(a): Infrared spectra of noncovalent functionalized rcamoposites
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Figure 5.4(b): Infrared spectra of covalent functionalized polyfRe€Ss composites
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Chapter 6

Conclusion and Recommendations

This study gives the first reported synthesis ofC8ls by a simply synthetic procedure.
Depending on the pyridine:toluene ratio, a nitrogentent of 0.13-5 mol % was obtained from
horizontal type reactor. The use of a vertical C\ctor gave N-CSs with a nitrogen content of
0.19-3 mol %. A comparative study on undoped ammked carbon spheres was also conducted;
this was done to elucidate the role of nitrogethm material. Spheres of diameters in the range
40-1000 nm were obtained, influenced by varyingflihe rate, temperature, time, concentration

and the reactor type.

Using the Raman spectroscopy, a significant inereaisthe ratio from 0.75 to 0.9 of the
intensities of the defect and graphitic pedkd §) was observed when nitrogen was incorporated
into the graphitic sheet of carbon spheres. The ESRIts showed a strong central paramagnetic
signal for N-CSs which is ascribed to substitutlom&rogen. The results obtained from ESR

analysis confirnthat the nitrogen has indeed been incorporatedia@arbon matrix.

Improved measurements, such as ESR measurememfsiastion of temperature would also be
of great interest. They may allow for a more acmurdetermination of the nitrogen
concentrationsIt would be of considerable interest to perform datdine pulsed Nuclear
Magnetic Resonance (NMR) experiments as a funcidamperature on all of these samples, as
this would allow for quantification of the nuclegpin-lattice interactions with mobile charge

carriers, paramagnetic impurities and lattice \ibres.

However, it is worth emphasizing that carbon naatamals represent nowadays one of the most
active research fields. It is not surprising thahigh amount of research is carried out in
improving and controlling these properties throagfferent methods. Although some work has
been done on different ways of endohedral dopird)iatercalation, the case of substitutional

doping has still some difficulties to overcome.
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Secondly, carbon spheres were reacted with thiaphemive polymer/carbon nanocomposites
containing polythiophene and carbon spheres. Tihidyss the first direct comparison between
covalent and noncovalent nanospheres functionalizatA notable drawback for covalent
functionalization is the disruption of the surfaaethe carbon spheres, which can lead to the
reduction of electrical conductivity. For applicais requiring electrical conductivity damaging
the carbon sphere’s ability to transport electroasds be avoided. It is clear that noncovalent
functionalization of carbosphers can be achieved without disrupting the primarycsure of
the spherethemselves.

The thermogravimetric analystgata confirms that the presence of CSs in thenpet\carbon
composites is responsible for the higher thermabikty of the composite material in
comparison with pristine polythiophen&@he nanocomposites produced in this study have
functional groups which ascribe to the presenceatythiophene. The C-S bending mode has

been identified to occur at 691 ¢hand indicates the presence of thiophene moieties.

Future work will be devoted to improve polythiopkeand carbon materials/polythiophene
nanocomposites morphology by optimizing the chehsgathesis conditions. Further work is
needed to understand the influence of nanospherdgipolymer matrix. Surfactants that will
interact strongly enough with nanopheres, can lakeédn noncovalent functionalization. This

method is widely accepted to preserve the elettpicperties of nanomaterials.

Many studies have been carried out to understaadstinface chemistry of nanomaterials and
their contribution to the property enhancementha tcomposite. Despite all of this work, no
studies have been done to directly compare thectetieé one agent that is covalently and
noncovalently combined with nanospheres. This waljuires a molecule that can act as a
surfactant and can also be covalently attachedemanomaterials surface in a relatively simple

way.
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Finally, the changes in nanomaterials microstrigchfter functionalization may have a dramatic
influence on the electrical conductivity of the qmusites, and due to time constraints these
studies could not be done. It is therefore recondedrto carry out the electrical conductivity

studies.
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