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Abstract

In this study carbonaceous materials were prodused) the floating catalyst horizontal
CVD method by injection of a hydrocarbon solutiatoithe high temperature zone of the
reaction chamber. Various hydrocarbon reagents weexl. The reagents included
toluene, chlorobenzene (ClBz2), bromobenzene (BrBz),chloroform,
tertraethylorthosilicate (TEOS), and triethylchlsitane (TESCI). Catalytic and non-
catalytic reactions were investigated. Ferrocens used as a source of catalyst during
catalytic reactions. The reactions were carriedunater a flowing Ar/H (5 %) (v/v) gas
mixture at atmospheric pressure. Carbon materigighesized in this study were
characterized by Raman spectroscopy, TEM analySiEM analysis, Infra red

spectroscopy, TGA, EDS and XRD analyses.

Catalytic pyrolysis of toluene, CIBz, and BrBz riésd in production of multi-walled
carbon nanotubes (MWNTS). It was found that the@atage content of the haloarene in
the feed impacts on the morphology of carbonacematgrials produced during catalytic
pyrolysis. A change in morphology from spheres tmiature of spheres and tubes and
finally to tubes was observed. The influence of glas flow rate on the type of carbons
prepared from catalytic pyrolysis of CIBz has besuadied. At high gas flow rates

MWNTSs were the sole product but at low flow ratasbon spheres resulted.

Carbon spheres were also prepared from non-catabdictions. It was established that
non-catalytic pyrolysis of CIBz or chlorinated sjgsc and toluene enhance product
yields. It was established that the size distrinutdf spheres can be controlled by using

hydrogen as a carrier gas.

The impact of additives such as thiophene and amamamthe pyrolysis of toluene and
CIBz was investigated. They were found to inhibitmhation of the graphitic carbon from

toluene but not from CIBz.
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TEOS and TESCI were used as sources of silicon. LMWE&re prepared from a
TEOS/toluene feed. It was found that the prepamatib CNTs from a feed containing
low concentrations of TEOS enables control of tlaneter distribution and also results
in a remarkable improvement in CNT length as comgato CNTs prepared from
toluene. However, it was found that high concemrst of TEOS in toluene are
destructive. A drastic deterioration of lengths apeld was observed at high

concentrations of TEOS in toluene.

Non-catalytic decomposition of TEOS produced cdrelisstructures formed from co-
deposition of carbon and silica. Subsequent thertredtment of the carbon/silica

core/shell structures in air resulted in formatidmollow core silica structures.

Decomposition of TESCI in the absence of a catglysetduced high yields of carbon
spheres with a wide diameter distribution. EDS ysial revealed that the spheres
prepared from TESCI are composed of carbon, siliaad chlorine. This suggests
production of chlorinated silicon/carbon compositBsermal treatment in air, at 1000 °C
produced core/shell structures.
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Chapter 1

Introduction

Diamond and graphite are two of the well-known tatipes of carbon. With three-
coordinate sphybridization, carbon atoms form planar sheetgraphite. On the other
hand, the three dimensional network structure afndind is formed by carbon atoms
with four-coordinate spbonding. In 1985, Kroto et al. [1] discovered avnferm of
carbon, fullerenes, which are closed cage molecwiés three-coordinate $pcarbon
atoms tiling the spherical or nearly spherical scef In 1991, lijima [2] observed
nanotubules of graphite deposited on the negateatrede in an arc discharge apparatus
during the direct current arcing of graphite foe goreparation of fullerenes. These two
forms of carbon have played a significant role e temergence of the areas of
nanotechnology and nanoscience. Other carbon ralstenave been synthesized and
discussed over the decades [3-15]. These includsoraspheres (hollow, core/shell,
solid), horns, coils etc. As this thesis involvedyacarbon nanotubes (CNTs) and carbon
spheres these will be the only two shaped carbotermaks that will be discussed in
detail. Due to the importance of fullerenes in dexelopment of the branching in CNTs

some discussion of this molecule will also be given

1.1 Fullerene, Go

Cso is the most predominant representative of theefafie family. In G no two
pentagons share an edge hence it obeys the isplatéagon rule (IPR) which states that
a stable fullerene molecule must have no abuttérgggons [16,17]. The structure of,C
is a truncated icosahedron, which resembles a sdatecontaining twelve pentagons
and twenty hexagons. It follows from the Euler'slypedron formula that Euler
characteristic =V — E + F = 2, (where V- Vertices, E- Edges &adraces); hence there

are exactly 12 pentagons in a fullerene [18]. & haen indicated that fullerenes obtained

1]



by conventional arc discharge synthesis obey tb&atesd pentagon rule (IPR) [19].
However non-IPR fullerene isomers have been obdairterough appropriate
modifications of the arc-discharge methodology ymtisesize an already chemically
derivatized molecule in which the derivatizatioratslizes the pentagon—pentagon
junctions [20]. In particular, non-IPR cages areitgjucommon in endohedral
metallofullerenes, as encapsulated metal atom$kalg to stabilize the fused pentagon

fragments by charge-transfer [21].

More recently, a number of unconventional exohefluiérene derivatives, including
Cs0Cho[22, 23] GeClio,[24] CoeHa,[25] CssCis,[23] and non-IPR €Cis and GoCli2,[26]
have been obtained by means of an arc-dischargegsdn the presence of additives
such as CGJ and C}. loffe et al. reported on the synthesis of a ddiaed non-IPR
fullerene molecule from a pre-formed IPR fullerezage via reaction of PCy (IPR)
with SbCk producing a chlorinated productdCl,4 with a rearranged non-IPR carbon
cage [27]. They suggested that chlorination isnapte but efficient tool for structural
transformation of carbon cages and that chloring beathe most convenient addend to
effect such transformations, as its moderate bainergy provides a good balance
between thermal stability and capability of migngtover the fullerene cage.

Cso has been studied extensively for numerous kindsiraftionalization reactions. It is
known to undergo addition, cycloaddition and polyiregion reactions characteristic of
unsaturated systems. Hence it seems to behave likeran alkene than an aromatic
molecule. The reactivity of 4 can be explained by invoking hybridization of aarb

atoms on G which will be explained below.

Shestakov [28] presumed that dimerization @ @olecules occurs when one of the
molecules is excited to a triplet state. Shestakgperimentally established that the
activation energy of § dimerization is close to that of the singlet-teiplransition in .

An excited fullerene molecule is assumed to bedme and can easily add to

neighbouring molecules by formation of double boriddact it has been established that
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optically excited G molecules dimerize and polymerize at room tempeeatand
atmospheric pressure [29].

1.2 Carbon nanotubes

Carbon nanotubes (CNTs) are rolled up layers oplggae sheets forming a hollow
cylinder with ends that can be open or closed e gifullerene-like structure. CNTs can
be categorized according to the number of wallsdomn the material into single-walled
carbon nanotubes (SWNTs) and multi-walled carbamotibes (MWNTS). SWNTs are
made up of a single graphene sheet rolled up to fartube. The internal diameter of
SWNTs can be between 0.4 and 2.5 nm, while theigttes can range from a few
microns to several millimeters. MWNTs are madewed tor more concentric layers of
graphene sheets. The inner diameters of MWNTs eaanlything from 1 nm to a few

nanometers, while the outer diameters take vaho@s 2 nm up to 100 nm.

SWNTs can be metallic or semi-conducting, dependingtheir diameters and the
arrangement of the hexagonal rings along the tdmgth. Apart from interesting

electronic properties, CNTs exhibit excellent mesbal and thermal properties. These
interesting physicochemical properties make CNTsy va@tractive as reinforcement
fillers in nanocomposite materials [30], hydrogetorage [31,32], sensors [33,34]
scanning probe, microscopy tips [35,36], and md&escale components in macro and
nanoscale devices [37-39]. However it is diffictdtsynthesize CNTs with the surface
characteristics required for specific applicationfierefore surface modification and
interfacial engineering are essential in makingaaded CNTs with good bulk and
surface properties. Due to the seamless arrangeaienéxagonal rings without any
dangling bonds, capped CNTs are rather unreactiesvever, like Go fullerene, the

fullerene-like tips of CNTs are known to be moraateve than the cylindrical length of
the tube [40], hence certain reagents can readdgtrwith the tips. This however does
not impact significantly on the chemistry of thenotube as a whole due to the relatively

small portion of the tips in the entire structureorder to meet the specific requirements
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demanded by the particular applications (e.g. lbioygatibility for nanotube sensors or
interfacial strength for blending with polymerskheenical modification of CNTs is

essential.

1.3 Chemical modification of CNTs

Designing nanotube-based nanoscale materials amdederequires the controllable
modification of the physical and chemical properted CNTs. Chemical modification of

CNTs can be realized by a variety of approacheas) as intercalation of electron donors
like alkali metal or acceptors like halogens [4],48ubstitutional doping [43,44],

encapsulating atoms, molecules or clusters inube interior space [45-50] (figure 1.1),
coating of metal atoms on the tube surface [513, aifsorption [34,52—-54], noncovalent
functionalization by organic molecules or wrappimg polymers [55,56], and covalent

functionalization on nanotube sidewalls [57,58].

1
L]

Endn.hedrat Daﬁr‘ng Exohedral Doping In-plane Doping
FILLING INTERCALATION SUBSTITUTIONAL

Fig. 1.1.Molecular models representing schematically (apeedral doping; (b)
exohedral doping or intercalation, and (c) inpldoging (substitutional) in DWNT
bundles [114]




1.3.1 Endohedral/Encapsulation

The possibility of encapsulating atoms or molecuthsgde fullerenes was discovered by
Heath et al. [59,1]. Their first endohedral compbwmas La@Gp. The presence of a
noble gas dimer inside the;{cage was expected to modify the exohedral re&gtofi
the cage with respect to that of the freg €age. Reactivity changes in endohedral
fullerenes are attributed to stabilization of theIMO, increased fullerene strain and
compression of the encapsulated noble gas dimevielenoble gas dimer molecules
produce profound changes in reactivity when congbaie lighter gases [60]. The
proposed mechanism for endohedral compound formasioreversible breaking of a
carbon-carbon bond of the fullerene surface whipans a “window" large enough to
allow atom or dimer encapsulation [61]. A signifitaadvance in the insertion of atoms
or molecules into the g cage was recently achieved by Murata et al. [6G#} whemical
opening, insertion and chemical closing of the ciagehat is now known as fullerene
surgery. Recently, great interest in endohedrabhoétillerenes has emerged due to their
potential applications in medicine, biology, nambieology and most significantly

exohedral reactivity of these compounds [63].

Filling CNTs with metals is one field of researcthieh has been gaining a lot of
momentum lately due to the exciting properties tgyed upon filling. Attempts made to
form long nanometric filaments were based on tleetget-arc method, using composite
electrodes impregnated with the filling materiad][6A promising approach exploited the
capillary properties of the nanotubes [65]. Thecpdure to fill nanotubes may be
classified in two groups: a) the chemical methaglng wet chemistry [66]; and b) the
physical method, where capillarity forces induce filing of a molten material [65, 67,
68]. In the wet chemistry method, the nanotubesswefluxed in a nitric acid bath in
order to open their tips. When a metal salt wasukaneously used in the bath, it was
possible to obtain oxide or pure metal particlessbgsequent annealing [66]. Also, the
metal—salt solvent bath has been used on previagsged tubes. In the physical method
no solvent was used in the process and opened tubes directly immersed in the
molten material whereby the liquid was driven ithe tube by capillary forces [68—70].
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The enclosed material could be modified by subsstgqueatment (thermal treatment [67]
or electron irradiation) [68]. The main advantadetlee wet-chemical approach is its
flexibility and the level of experimental contrdlat allows a wide variety of materials to
be introduced into the nanotubes. Nevertheles®ffieetive quantity of enclosed matter
remained low and was in the form of isolated phaticThe physical method was found
to be more restrictive in the material choice, th#g amount of enclosed matter was
significantly larger and furthermore, it was in therm of continuous filaments

(nanowires) [71]. Size-dependent filling of CNTsvbhaalso been observed and it
indicated a lowering of cavity-salt interface witlecreasing diameters [71]. Incipient
wetness impregnation, which is the most common auktior catalyst preparation in

industry, has also been demonstrated to be a sifilishg method [72,73]. Based on

capillarity and surface tension, a simple strategg developed to selectively fill CNTs
with Fe, Co, and Ni species using a two-step mettmubkisting of impregnation and

selective washing [74].

1.3.2 Exohedral/Intercalation Doping

Weak van der Waals forces associated with tHe hsfbridization in graphite make
insertion of layers of guest species possible arsbidoing forming graphite intercalation
compounds. In this type of compound the graphijergremain largely intact. The guest
species may be atomic or molecular. When the lyyapbite) and the guest interact by
charge transfer the in-plane electrical condugtigénerally increases. When the guest
for covalent bonds with the graphite layers areorilles or oxides the conductivity
decreases as the conjugateti spstem collapses. Because of its electronegaivit3.5)
carbon acts as an amphoteric element, so in inéti@a reactions graphite can provide
or accept electrons. The analogy of chemical reastof graphite and CNTs also extends
to intercalation chemistry. The occupation of itubular gaps in SWNTs bundles has
been well investigated and documented by sevesalreh groups. However occupation
of the interlayer spaces inherent to regular staglof concentric graphene layers in
MWNTs seem to be have been less reported. Howeffect® of intercalation/de-
intercalation on the overall morphology of MWNTsvhabeen noted [75,76]. It was
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generally established that intercalation of MWN#@&sulted in heterogeneous swelling of
the tubes, where tubes were characterized by &ssion of non-intercalated bottlenecks
and intercalated swelling zones [75,76] and uposintircalation tubes regained their

original diameters.

In the case of MWNTSs the intercalation of the ddpean occur as in graphite, in
between the graphitic shells leading to an expansibthe interlayer distances. The
possibility of insertion into the central canaltbé open MWNTSs (the tube diameter can
vary from 10 to 100 nm) was also examined by souatleass [77]. In the case of SWNTSs,
the intercalated species can be either in betweemtividual tubes or inside the tubes.
By analogy with well-known graphite intercalatioongpounds and &, the electronic
properties of SWNTs can be engineered by dopingeeitwith electron donors or
acceptors. The reactivity of SWNTs with dopant éuator or donor), i.e. the shift of their
Fermi level, is expected to depend upon the eleitqoroperties of host SWNTSs.

Early doping experiments focused on common graghtercalants such as iodine and
alkali metals, partly with the hope of finding supenductivity as found in the carbon
fullerenes. Instead of superconductivity, thougtsearchers found irreversible electronic
behaviour, which seemed strongly dependent on sahiglory [78]. The onset of n-type
conduction, which might be attributed to alkali alahtercalation, was not reversible in
vacuum but immediately disappeared upon exposugerid&Gubsequently, it was found
that a vacuum treatment alone was sufficient toxghahe majority carrier type, even in

the absence of intentional dopants [52,79-81].

1.3.3 Substitutional/Inplane Doping

The idea of doping CNTs and fullerenes has beeactitte since it allows the electronic
properties to be controlled by the amount and tyfpgopant. For instance, the creation of
a vacancy by removing one carbon atom inggr@onomer generates a dangling bond
with an unpaired electron on each of the three @natsurrounding the site of the
vacancy. In the triplet ground state of thg @mer with two vacancies, one on each C
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molecule, it is found that two of the three danglbonds are healed in eacky @Golecule

by the formation of an extended C-C bond also kn@sna banana bond across the
vacancy site leaving just one dangling bond at eaatancy site. Therefore, one may
mimic the effect of a C vacancy in a¢Gnolecule by substituting the vacancy with a
groupl5 element in the Periodic Table such as an R atom since each of these carries
one lone electron in such a substitution. The &fe€N substitution in graphite sgcand
SWNTs have been extensively investigated receB&ydJ0]. These investigations reveal
that substituting one C atom by a N atom in thgstesns does not lead to a noticeable
disturbance of the graphene lattice. However thémy it that a N/C ratio larger than
20% is necessary to destroy the planarity of th@edayraphene sheet [89].

It was demonstrated that SWNTs can be doped witbrb@) [91,92], nitrogen (N) [93],

or phosphorous (P) [94,95] atoms. B is an electrmreptor to CNTs while N and P are
electron donors. The nature (local vs non-local)etd#ctron doping of N and P are
different. First principle calculations show thalhile the N atom lies on the plane of the
nanotube lattice, P is attached to the tube witbettsf-like bonds to the C neighboring

atoms, laying out of the plane of the nanotube98},

Maciel et al. [97] studied substitutionally dope@/S8Ts with B, N, and P atoms, using
resonance Raman spectroscopy. They showed thanthk amounts of dopants in the
samples are not able to shift the G band frequehlg. ¢ frequency shifts only when
the measurements are taken at high laser power® &od P doping, the red shift due to
laser heating is smaller when the amount of dopitogns increases, showing an increase
in thermal conductance for the bundled doped SWNTs result is not observed for N-

doped samples, suggesting differences in the dapdhged effects.

1.3.4 Coating with metal atoms

CNTs interactions with metal nanoparticles haveangaiconsiderable interest. The metal
coated CNTs can be used as sensing materialsystatain the synthesis of metallic
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nanowires as well as in nanoelectronic devices péragion of metals on a vertically
aligned SWNTs film and metal coating on CNTs [98\vé been studied extensively.
These techniques are expected to enhance the dnalities of CNTs. For example,
SWNTs may work as quantum wires; however one-tbirdhe SWNTs produced are
metallic in nature while the remainder is semi-agetthg. A semi-conducting SWNT
would not be suitable for use as a quantum wire taedmetallic SWNT would not be
suitable for use as a diode. In contrast, by cgadinlesired metal species on the SWNTSs,
control of their electrical properties can be atal. Deposition of metal atoms onto
CNTs depends upon the individual metal element gntags and degree of adhesion on
the nanotube. DFT studies [99] have indicated tihatstable site for metal atoms on the
CNT is the center of the hexagonal carbon ring. elmv the size of this site is too small
to accommodate large metal atoms like gold. Deposibf many types of metals
normally forms discrete particles on nanotubes thuaveak interaction between the
metals and carbon. However, continuous nanowirevibfially any metal can be
obtained by using metals which have strong inteaawith carbon such as titanium and

nickel and they can form a buffer layer on a CNT][5

1.4 Functionalization

Some of the impediments for the potential applarabf CNTs include weak interfacial
interaction and poor dispersion capability due tmrgy van der Waals attractions
between the tubes. To improve the properties ofGhNT's, low-cost and industrially
feasible approaches to their modification have beech pursued vigorously in recent
times [100-105]. These approaches can be simplgeativinto two categories, i.e., (i)
covalent [59,102-104] and (ii) noncovalent [103-[L@ctionalizations of both SWNTs
sidewalls (figure 1.5) and MWNTSs.

1.4.1 Covalent functionalization

Ceo reacts readily with nucleophiles and is a reacBvecomponent in cycloadditions
[106]. Most reactants add to junctions between swemembered rings of 4 (6,6

junctions), where the electron density is highesselttion into 5,6 bonds occurs as a
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rearrangement that follows a 6,6 junction attac@7[108].Stable derivatives of 4,
which retain the original properties of a pristinderene, have been made possible by
Prato reaction which entails a 1,3-dipolar cyclaadd of azomethine ylides togg[109]
(figure 1.2). In fact the Prato reaction also diggs the functionalization of nanotubes

with azomethine ylides in a 1,3-dipolar cycloadsht{110].

e

Fig.1.2. Preparation of azomethine ylide and 1®@ir cycloaddition to g3 [111]

Covalent functionalization of nanotubes has theamdable potential to provide a higher
degree of tenability of CNT properties comparednethods based on non-covalent
functionalization. Sidewall addition chemistry oNTs differs from that of the fullerenes
even though both are curved, conjugated carboremgst The chemical reactivity in
strained carbon systems arises from two factorpyegmidalization at the carbon atom
and b) -orbital misalignment between adjacent carbon at¢ii®] (figure 1.3). In
fullerenes pyramidalization is more intense angkfef pyramidalization strain results in
addition reactions to fullerenes being energetycdtlvorable. However, in SWNTs
pyramidalization is not as acute as in fullereddgerefore -orbital misalignment has the
greater influence on SWNTs reactivity [57]. Theorbital misalignment is associated
with bonds that are neither parallel nor perperidicto the tube axis, and thus the basis
of torsion strain in nanotubes. Relief of this istiafluences the extent to which addition

reactions occur with nanotubes. The degree -@irbital misalignment is inversely
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proportional to tube diameter [113] hence; smatiesi would be expected to be more
reactive than larger tubes. In addition to the ti@otors mentioned above nanotube
sidewall functionalization is also made possibleiriyinsic defects such as vacancies in
the graphitic lattice, Sphybridized defects and pentagon-heptagon paireyknas a
Stone-Wales defect (figure 1.4).

Pyramidalization Angle: 6 = (6, - 80)°

TRIGONAL TETRAHEDRAL
B = 90

=

0, = 100.47

&

=0 fp=19.47

(a) (b)
Fig. 1.3: (a) pyramidilization angep (b) -misalignment angles [57].
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Fig. 1.4:A) Typical defects in CNTs: (a) five- or seven-mendgerings in the carbon
framework, (b) sphybridized defects (R = OH), (c) carbon framewdamaged by
oxidative conditions, which leaves a hole linednw@OOH groups and (d) open end of
the SWNT terminated with COOH groups [11B); Stone—Wales (or 7-5-5-7) defect on

the sidewall of a nanotube [58]: (a) top view abygide view

Fluorination [102] of SWNTs has become a popularthoe for investigating the
covalent functionalization because the SWNTs sidlsvaae expected to be inert. The
fluorine atoms in the fluorinated SWNTs can be stilted by alkyl groups through
treatment with alkyl lithium or Grignard reagenfmother convenient method for the
covalent functionalization of SWNTs is to convenetSWNT sidewalls to nanotube-
bound carboxylic acids upon oxidation [58,101]. SV¢Nunctionalized with carboxylic
acid groups, can be modified further with a randeoanic entities by means of
amide/ester linkages or carboxylate-ammonium sadhici interactions. Such
functionalized SWNTs can usually be characterizgdnbiclear magnetic resonance
(NMR) and absorption spectroscopies in solutione Tovalent functionalization of
SWNTSs results in a change of carbon hybridizatimmf s to spg, leading to a possible
partial loss of conjugation with consequences flacteon-acceptor and/or electron-
transport properties. Carboxylic acid groups halse #deen generated on MWNTSs by
UV/O3 treatment [117]. The carboxylic groups generated®VNTs have been used to

covalently bind biomaterials such as sugar moidtld8], oligonucleotides [119], and
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peptide nucleic acids (PNA) [120] via carbo-diimideoupling of the amino
functionalized biomolecules or using heterobifuoicél coupling reagents. However
covalent functionalization has been shown to distiip -network of a CNT, leading to

possible losses in the mechanical and electricgigaties.

1.4.2 Non-covalent functionalization

Non-covalent chemistry involves the self assemlflynolecules or macromolecules to
thermodynamically stable structures. The structwaes held together by weak non-
covalent interactions. These weak non-covalentact®ns include hydrogen bonding,
van der Waals forces, hydrophobic/hydrophilic iatg#ions and - stacking (figure 1.5).
SWNT sidewalls have been functionalized non-couwdjehy, for example, aromatic
compounds, surfactants, and polymers, employing stacking or hydrophobic
interactions for the most part [103-105]. In theapproaches, non-covalent modifications
of CNTs can do much to preserve their desired ptigse while improving their
solubility quite remarkably. Aromatic molecules,cBuas pyrene, porphyrin, and their
derivatives, can and do interact with the sidewaflCNTs by means of- stacking
interactions, thus opening up the way for the nowatent functionalization of CNTs.

Fig.1.5:A) ( a) non-covalent exohedral functionalizationhasurfactants, (b) endohedral
functionalization with G, and (c) non-covalent exohedral functionalizationthw
polymers [116];B) Immobilization of proteins on CNTs by 1-pyrenednnic acid
succinimidylester irreversibly adsorbing onto théesvall of a SWNT via - stacking
[58].
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Recently, several strategies have been reportegdbais the non-covalent bonding of
organic molecules to CNTs. Xue et al. reported covalent method of exfoliation and
centrifugation cycles with poly (styrene-co-malei@nhydride) carrying pyrene
(HPSMAP) and MWNTSs, a water soluble complex of HFSMMWNTs was obtained
[121]. Non-covalent functionalization of MWNTSs by aniomolymer poly (sodium 4-
styrenesulfonate) in water by sonication [122] waso reported. In another study
MWNTs were functionalized with polyimide (PI) vianan situ polymerization irN,N-
diemethy-formamide. In this study Raman and UV-siectroscopies were used to
establish the - stacking interaction between benzene ring in Rl #me graphitic
sidewalls of the MWNTSs [123]. Li et al. preparedhreovalently functionalized MWNTs
by using 2-aminoethanol in the presence of sodiwdrdxide under water bath
sonication [124]. Yeh et al. [125] also reportech+omvalent interaction between gold

nanoparticles and MWNTS via an intermediatory ostiercaptoaniline.

1.5 Properties of CNTs

1.5.1 Friction properties

The performance of solid lubricants at the nana@sd¢avel largely depends upon the
particle size and their shape [126,12%e seamless structure of CNT helps to inhibit the
sticking of the nanoparticles to the rubbing metabther surfaces they come into contact
with. As a result of their morphology tubular pelds have the ability to slide and roll
during sliding contact, resulting in a low fricti@amnd wear. Their high thermal resistance
also prolongs their wear life. Surface modificatadrthe tubular or sphere-shaped carbon
nanoparticles through chemical treatment, e.gqrithation, is expected to significantly
affect their friction properties in lubricant apgtion [128]. Ultra low friction properties
of surface fluorinated CNTs were established oalkdn-disk tribometer by Vander Wal
et al. [129]. In their study friction coefficientsr fluorinated nanotubes were found to

reach values as low as 0.002-0.07.
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1.5.2 Adsorption properties

There has been a lot of interest in the developneéntydrogen storage in various
systems for the large-scale application of fuelsddl30], automobiles and for automotive
uses. CNTs are the promising candidates for hydrcagjerage due to a number of
favorable points like porous nature, high surfaceaahollowness, and light weight,
which facilitate the hydrogen adsorption in bothesuand inner portions [131lt was

observed that physisorption proved to be an effecand stable way for hydrogen

adsorption over chemisorption [132].

According to Gayathri et al. [133] some hydrogeniCNonfigurations are more
energetically favorable than otherBhey observed larger adsorption energies for the
configuration in which the hydrogen molecular aidsperpendicular to the hexagonal
carbon ring than for the one parallel to C—C bandefect free CNTs. It is claimed that
the value of adsorption binding energy has to bmuradt 0.2 to 0.3 eV for possible
technological applications such as fuel cells. Raadet al. [134] also reported that the
defect induced disorder in nanotubes might enhémeghysisorption binding energy of
H, molecules. Nitrogen adsorption studies performed@NTs and MWNTs revealed

that the former are microporous in nature whilel#t&er are macroporous [135].

1.5.3 Optical properties

Kataura et al. demonstrated that optical absorgmactroscopy is an appropriate tool to
study the electronic properties of SWNTs [136]. &al’absorption features observed in
the visible to near infrared region were assignedpecific optical transitions in the
semiconducting or metallic phase. The featuresllysteferred to as S1 (at ~ 0.68 eV)
and S2 (at ~1.2 eV) are originated from allowed tedac transitions between the first
and second pairs of van Hove singularities of tlemsdy of states (DOS) in a
semiconducting SWNT, whereas the MI feature araduBdeV is assigned to an allowed

electronic transition between the first pair ofggitarities in a metallic SWNT.
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All these three characteristic features on the igltiem spectrum can be easily affected
by chemical doping on the CNTSs. Petit et al. regbthe experimental evidence of tuning
the Fermi level of SWNTs by exposure to moleculedifferent redox potentials using
optical absorption spectroscopy [137]. They foumat the three characteristic features of
the absorption spectrum disappear after the SWNipkais exposed to a solution of
naphthalene/lithium, whereas exposure to other mAdp molecules like
fluorenone/lithium only remove the S1 peak. Forph#oping by iodine and bromine, the
three absorption bands are suppressed. Electrodioptical properties are affected by

covalent and non-covalent functionalization [138{14
1.5.4 Electrical properties

By folding the graphene sheet, three types of SW&drsbe constructed namely, achiral
armchair f,m) SWNTs 6 =m), achiral zigzagrn(,0) SWNTs, and chirah(m) SWNTs @
>mandm 0). The structure of a hanotube has a huge imgraits electrical properties.
For a given 1f,m) nanotube, ih =m, the nanotube is metallic;if mis a multiple of 3,
then the nanotube is semiconducting with a veryllsbaad gap. Thus all armchain €

m) nanotubes are metallic, and zigzag are semicaimgufd42]. However, this rule has
exceptions, because curvature can strongly infleiealectrical properties in small
diameter CNTs. Thus, (5,0) SWNT that should be senducting is in fact metallic
according to the calculations while zigzag andalh8WNTs with small diameters that
should be metallic have finite gap [143]. In theomyetallic SWNTs have excellent
electronic properties: they have a carrier mobibity-10,000 crh V™" s, which is better
than that of silicon [144], and they can carry &cteical current density of ~4 x 1@V
cn?, which is three orders of magnitude higher thagpical metal, such as copper or
aluminium [145]. MWNTs are expected to behave ldabon fibers, exhibiting 2D-
guantum transport features at low temperatures.

For a pristine MWNT physically connected to a metddctrode, only the outermost
carbon shell is truly connected in an electricatsge Inner shells are not ohmically
connected but may communicate via tunneling, coblamag, diffusive scattering, and a
range of other mechanisms. At low temperaturesl@andias, these mechanisms can be
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minimized and the measured conductance will beusiatly due to the properties of the
outermost shell. Under these conditions, MWNTs kehaery much like large-diameter
SWNTSs, with quasi-ballistic conduction, coulomb dkade charging effects, and even

Aharonov—-Bohm-like interferences from circumferahstates [146-148].

1.5.5 Thermal properties

Pop et al. [148] studied the thermal propertiesugpended metallic SWNTs over the
300-800 K temperature range. They found that teenthl conductance was ~ 2.4 nW/K,
and the thermal conductivity was ~ 3500 WA at room temperature for a SWNT of
length 2.6 m and diameter 1.7 nm. A subtle decrease in theomadluctivity steeper

than 1/T was observed at the upper end of the tetyre range, claimed to be attributed
to second-order three-phonon scattering betweenawoustic modes and one optical

mode.

The thermal conductivity and thermoelectric powkrcsingle MWNT were measured
using a microfabricated suspended device. The thleconductivity of more than 3000
Wm™K™ at room temperature was observed. The temperdapendence of the thermal
conductivity of nanotubes exhibited the umklapp o scattering at 320 K. The
measured thermoelectric power showed linear tenyoerdependence with a value of 80

mV/K at room temperature [149].

1.5.6 Mechanical properties

Mechanical properties of a solid depend on thengtfe of its interatomic bonds. The
strength of carbon bonds in CNTs renders themttbagest and most resilient materials.
The strength of a material is not as well definedttee Young’s modulus, because it
depends not only on the type of material, but asoits history, the atmosphere, the
pressure, and the temperature, and the measurstgnsylt is also intimately linked to

structural defects and imperfections that can leegmnt in the solid
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The Young’'s modulus is directly related to the be of the solid and therefore to the
chemical bonding of the constituent atoms. Lourid ®&agner [150], reported Young’s
modulus of 2.8-3.6 TPa, for SWNTs and 1.7-2.4 T&taMWNTs. Yu et al. [151]
measured the tensile strengths of individual MWNIRd found that the tensile strength
ranged from 11 to 63 GPa. Analysis of the stressrsicurves for individual MWNTSs
indicated that the Youngs modulofthe outermost layer varied from 270 to 950 GPa.

1.6 Applications of doped CNTs

The recently developed chemical methods for chdnficectionalization of CNTs have
opened up a broad range of novel application petsjgs. Below we will briefly review
some possible applications of doped CNTSs in divareas such as electronics, biology,
composites and catalysis. Balasubramanian and ecgmpammarized the potential

application of doped carbon nanotubes in tableoglaw [58].

18|



Table 1.1 Potential applications of chemically nfiedi carbon nanotubes [58]

Potential Application Function of the covalently bonded moiety

Nanostructured electronic

devices,e.g., nanodiodes Local modification of the electronic band structurg
(Bio-) chemical sensors Selective recognition of analyte molecules
Catalyst supports Anchoring of molecules or metal nanoparticles

Mechanically reinforced

composites Chemical coupling with a matrix

Chemically sensitive tips for

scanning probe microscopy Selective chemical interaction with surfaces
Field emission Reduction of the work function féeatrons at the
tube ends

Control of the passage of molecules or ions thrgugh

Nanofiltration steric effects or Coulombic interactions

Mechanical stabilization of nanotube films through

Artificial muscles covalent cross-linking

Biocompatibility;  recognition  of  biologica

Controlled drug release fingerprints

Enzyme inhibition or blocking of ionic channels|in

Pharmacology the cell membrane

Directed cell growth on surfaces| Specific interactions with cell surfaces
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1.6.1 Field-Effect Transistors

Fabrication of transistor devices requires exclklgivsemi-conducting nanotubes. The
present synthesis methods do not allow a reliataerol over the electrical properties of
the produced nanotubes. Separation of the two tgpeanotubes have been achieved by
chemical modification procedures such as altergatiurrent dielectrophoresis of
surfactant-stabilized SWNTs [152], which takes adage of the differing concentrations
of freely movable charge carriers in nanotubes:dllietnanotubes possess a high density
of such carriers, which gives them a large eleatrgolarizability. Hence, when a
suitable alternating electric field is applied, yhare attracted to the regions of highest
field strength, whereas the semiconducting tubes rapelled. Separation was also
achieved by selective destruction/functionalizatadnthe metallic nanotubes in a tube
ensemble. This was done by applying an increasiegreeal voltage across the tube
ensemble until the metallic tubes are burnt ofaa®nsequence of Joule heating arising
from the high current densities [153]. The procedis performed by simultaneous
application of a gate voltage to deplete the sesndacting nanotubes of charge carriers,

so that exclusively the metallic nanotubes remamdaictive.

1.6.2 Field Emission Sources

Charlieret al. [154] demonstrated experimentally and thizaky that B-doped MWNTSs
exhibit enhanced field emission (turn-on voltagesa 14 V/ m) when compared to
pure carbon MWNTSs (turn-on voltages at ca./3¥). This phenomenon is thought to be
due to the presence of B atoms at the nanotubevilish results in an increased density
of states close to the Fermi level. Theoreticahttignding and ab-initiccalculations
demonstrate that the work function of B-doped SWiE much lower (¥ eV) than that
observed in pure-carbon MWNTSs. Individual N-dopedVMTs have also shown
excellent field emission properties at 800 K; expental work functions of 5 eV and
emission currents of ca. 100 nA have been obtaabed0 V [155].
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1.6.3 Li-lon Batteries

Endo and coworkers [156] demonstrated that B-doped vgpmwn carbon fibers
(VGCFs) and carbon nanofibers are by far superaampared with any other carbon
source present in the graphitic anode inside Libatteries. This effect could be due to
the fact that the population of Li ions has a sgemaffinity in the B-doped sites, thus
resulting in higher storage efficiency. N-doped GNand nanofibers have also shown
efficient reversible Li storage (480 mAj); much higher when compared to commercial
carbon materials used for'Libatteries (330 mAfy) [157].

1.6.4 Gas Sensors

It has been demonstrated by various groups [34tb&] pure carbon SWNTs and
MWNTs can be used to detect toxic gases and offemies [34]. However, a necessary
prerequisite is that the molecules to be detectest imave a distinct electron donating or
accepting ability, which is fulfilled, for examplédy ammonia (NH) as a donor and
nitrogen dioxide (N@) as an acceptor. However, for the detection ofecdes that are
only weakly adsorbed (e.g., carbon monoxide anddgeh), the change in resistance is
often too small. Therefore sensitive hydrogen seneperating at room temperature can
be obtained via the deposition of palladium nantglaes by direct evaporation [158].

1.6.5 Heterogenous Catalysis

For a long time, active carbon has found widespeggulication as a support material in
heterogeneous catalysis. Compared to this fornaxifan, CNTs offer the advantage of a
more defined morphology and chemical compositionva as the possibility to attach
catalysts onto their surface through covalent boAdse applicability of SWNTs as
carriers for catalytically active molecular functa units has recently been demonstrated

through the covalent coupling of an organic vanadyhplex [159].
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1.6.6 Polymer Composites with Doped Nanotubes

In order to fabricate nanotube composites exhipitigh performance, the formation of
stable tube-surface/polymer interfaces is crucidle surfaces of highly crystalline
MWNTs tend to be similar to graphite, and chemicdihert”. Therefore, surface-
modification treatments are required to attaincedfit tube—matrix interactions [160].
Creation of nanotubes containing defects or hetenas in the hexagonal network such
as N or B, could circumvent this problem. It hasodbeen demonstrated that it is possible
to grow polystyrene (PS) on the surface of N-dop&d/NTs using atomic transfer
radical polymerization (ATRP) [161].

1.6.7 Efficient Metal Surfaces for Anchoring Molecles

Recently, it has been possible to create activegen-rich sites for the efficient covalent
anchoring of proteins [162], Au [163], Ag [164], Bed Pt clusters [165] to the surfaces
of N-doped MWNTSs. It has been demonstrated thatdibyged tubes are much more

efficient for anchoring molecules when compareguee carbon nanotubes.

1. 7 Characterization techniques

In order to investigate the morphological and dtrtad characterizations of nanotubes,
techniques such as scanning tunneling microscopyM|S transmission electron
microscopy (TEM) and scanning electron microscof¥NI) could be used. X-ray
photoelectron spectroscopy helps determine the idaéstructure of nanotubes while X-
ray diffraction (XRD), infrared (IR) and Raman spescopies are mostly global
characterization techniques. Changes in the Rameactrsm of a nanotube sample can
indicate if functionalization has occurred. Solitats *C NMR spectroscopy is a
definitive method of demonstrating covalent attaehtrof particular functional groups.
Functionalized nanotubes can be characterized &yabove mentioned techniques, as
well as atomic force microscopy (AFM) and UV-visesfroscopy. A brief account of

some of the techniques is presented below.
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1.7.1 Scanning electron microscopy (SEM)

SEM provides topographical information of nanomiater It shows whether carbon
nanotubes are aligned or randomly arranged. Itpramide information about length of

CNTs especially if they are well aligned.
1.7.2 Transmission electron microscopy (TEM)

TEM enables the quality of the CNT structure, tiespnce of amorphous matter in and
around the tube as well metal encapsulation byube to be determined. Data about the
dimensions of CNTs such as, diameter distributiemgths, number of walls and

intershell spacing can be obtained from TEM.

1.7.3 Raman spectroscopy

Raman spectroscopy is a fast and non-destructielenigue for characterization of
carbon nanotubes. All allotropic forms of carboe active in Raman spectroscopy [166]:
fullerenes, carbon nanotubes, amorphous carbornycnystalline carbon, etc. The
position, width, and relative intensity of band® amodified according to the carbon
forms [167]. The most characteristic features Haeen summarized by Belin et al. [168]
as follows: (i) a low-frequency peak200 cm® characteristic of the SWNT assigned to a
A1q4 “breathing” mode of the tubes (RBM: radial breathimode), (ii) a large structure
(1340 cn1) assigned to residual ill-organized graphite,dbealled D-line (D: disorder),
(i) a high-frequency peak (between 1500 and 1680') called G band also
characteristic of nanotubes, corresponding to dtisgl of the k4 stretching mode of
graphite, (iv) a second order mode between 24502&%® cni assigned to the first
overtone of the D mode and often called G mode (&h@ combination mode of the D
and G modes between 2775 and 2956 cm

1.7.4 Photoluminescence spectroscopy

The energy of the Van Hove singularities maximananly dependent on the nanotube

diameter [169]. Thus, differentnfm SWNTs in a sample will show various
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superpositions of distinctransitions which will appear with different wavetghs [170].

As a consequence, the nature (semiconducting Qr thet geometries and the diameters
could be accessible using the photoluminescendmitpgee. Moreover, the luminescence
spectra seem to be very sensitive to the presendeemical defects and to the purity of

the samples [171].

1.7.5 X-ray photoelectron spectroscopy (XPS)

XPS technique provides information about the chahstructure of carbon nanotubes.
But the most widely used data refer to the strigctunodification of the CNT walls due to
the chemical interaction with organic compoundgyases adsorption. The information
obtained focuses on the following aspects of CNi)she C1s peak energy position, (ii)
the full width at half maximum and (iii) its enerdgss fine structures in relation to
graphite, for which the C1s is usually observedgs.6 eV [168].

1.7.6 Scanning tunneling microscopy (STW

STM images give directly the three-dimensional rhotpgy of tubes and are consistent
with the structure inferred from scanning electnoiecroscopy [172]. Moreover, STM can

resolve simultaneously both the atomic structurd #me electronic density of state
(DOS).

1.7.7 Neutron diffraction

Neutron diffraction is a form of elastic scatteringhere the neutrons exiting the
experiment have more or less the same energy asdident neutrons. The technique is
similar to X-ray diffraction but a different typef oadiation gives complementary
information. A sample to be examined is placed lmeam of neutrons and the intensity
pattern around the sample gives information of shreicture of the material Neutron
diffraction is widely used for determination ofwsttural features such as bond length and

possible distortion of hexagonal network [173]. Tieutron diffraction pattern of the
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CNTs exhibits lines with generaiKl) indices, and thehkl) peaks are broader than those
of graphite.

1.7.8 X-ray diffraction (XRD)

X-ray diffraction analysis is a powerful method Wwhich X-rays of a known wavelength

are passed through a sample to be identified iardadidentify the crystal structure. The
wave nature of the X-rays are diffracted by théidatof the crystal to give a unique
pattern of 'reflections' at differing angles andddferent intensity, just as light can be
diffracted by a grating of suitably spaced linefieTintensity of diffracted X-rays is

measured as a function of the diffraction angleadd the sample orientation. This
characterization method is not sample destructidkis used to obtain some information
on the interlayer spacing, the structural straid #re impurities. The main feature of an
XRD pattern of CNTs is a peak at ~ 26.5° on thes@ale. Depending on the crystallinity

of the specimen this peak can broaden or weaken.

1.7.9 Thermogravimetric analysis (TGA)

Thermogravimetric analysis is performed on samfiledetermine changes in weight in
relation to change in temperature. Such analysissren a high degree of precision in
three measurements: weight, temperature, and tetoperchange. A derivative weight
loss curve can be used to tell the point at whiengtt loss is most apparent. TGA is
commonly employed in research and testing to deternthermal characteristics of
CNTs, to determine decomposition temperatures,rabdamoisture content of materials,

the level of inorganic and organic components itemals, and solvent residues.

1.8 Carbon Spheres

Carbon is unique in that it can bond in differeray® to create structures with quite
dissimilar properties. The successful growth ofnthad thin films [174], the fullerene

molecule Gp [1] and its related family of J175] and carbon nanotubes are an indication
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of the versatility of shapes that carbon can tdkee variety of structures produced by
carbon is determined by its versatile hybridizatisp, sp and sp. Among several
allotropes of carbon, graphite is the basis of nstgictured forms of carbon such as
carbon nanotubes, nanorods, fullerenes and carlgrer@ds. Incorporation of
pentagonal and heptagonal carbon rings into thphga lattice is responsible for the
spherical carbon structures [176]. So far four sifastions of spherical carbon have
been proposed; i) Inagaki [177,178] classified gpberical carbon structures into three
cluster types according to the arrangement of catgers being concentric, radial and
random; ii) Later Serp et al. [181] categorized $pderical carbon bodies according to
their size; fullerene (< 2 nm), carbon onions (2A2@) carbon spheres (50-1000 nm) and
carbon beads (1m); iii) spheres can also be described as solidg-shell or hollow
[179] and iv) it is possible to classify spheresdmms of strategies used in their synthesis
[180].

1.8.1 Synthesis of carbon spheres

Carbon sphere synthesis methods can be dividedwat@ategories: one is the catalytic
method, which could further be divided into two 4libisions; supported and
unsupported catalyst synthetic methods. The ottaegory involves non-catalytic
methods such as arc evaporation, lazer vaporizath electrochemical methods. In
general catalytic synthesis involves the decompwsibf a carbon source typically
diluted with an inert (Ar,He) and a reactivejlgas flow. In catalytic synthesis the yield
and nature of the carbonaceous product is detedmine the catalytic metal, the
hydrocarbon source and the temperature [181]. Ineigg¢ carbon spheres can be
synthesized by methods that are normally usediocite CNTs [182-189]. Wang et al.
[190] developed a mixed-valent oxide catalytic caikation (MVOCC) process for the
production of carbon spheres. By varying tempeeathis produced either spheres or
CNTs when methane was used as a carbon sourcaelepemdency of the nature of the

carbonaceous material on temperature was evidamt their work.
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Also Viera et al. [191] reported formation of cambaicrospheres when using a hot
tungsten filament CVD method at temperatures as agy1650 °C from methane. On the
other hand Xu et al. [192] demonstrated the impdntale of a catalyst-substrate/support
interaction during the synthesis of shaped carbaterals, where CVD methods using
cobalt as a catalyst gave different carbon strestlrased on the type of support used.
When they used Kaolin as a support, spheres weegneld; when a ceramic support was
used a mixture of both CNTs and carbon spheresob@sned, whereas in the absence of
a support, the carbonaceous materials formed wearkistvely CNTs under the same
experimental conditions. They suggested that, satiest which induce catalyst sintering
usually result in carbon species containing unstdi@xagonal or heptagonal rings or
reactive dangling bonds which lead to bond switghand migration processes to attain
the more stable spherical carbon structures. heigeved that the arrangement of the
metal atom at the face where carbon is depositiahately regulates the nature of the
precipitated carbon. The heterogeneity of the sttpdometal in terms of particle size,
exposed crystal face and defects which in turnlréswa range of interaction energetics
can be expected to result in a diversity of depdsitarbon morphologies as has been
demonstrated in [193].

The use of transition metals as catalysts leadbédormation of catalyst-encapsulated
carbon spheres, leading to the issue of catalysbval from the product. For some
practical applications, pure carbon spheres withemy¢ impurity are required. Some
research groups have reported the synthesis obraspheres by non-catalytic methods.
Qian et al. [194] prepared carbon spheres fromet@uwithout any catalyst; the size of
the spheres could be controlled by changing gas fde as well as the composition of
the carrier gas. Jin et al. [195] reported thedasgale synthesis and characterization of
carbon spheres (diameters from 50 nm toni) by direct pyrolysis of hydrocarbons
(containing 2—-8 carbon atoms). Pol et al. [196]dpied carbon spheres by dissociating
various hydrocarbons (containing 5-14 carbon atomkquid form) under autogenic
pressure at 700 °C. Without using a catalyst, Gidasiaj et al. examined the pyrolysis of

methane under hydrogen atmosphere and obtainedrcapheres at 1140 °C [197].
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1.9 Halogenation of carbonaceous materials

Pristine nanotubes are unfortunately insoluble enynliquids such as water, polymer
resins, and most solvents. Thus they are diffitmlevenly disperse in a liquid matrix
made of epoxides and other polymers. This comggcatforts to utilize the nanotubes’
outstanding physical properties in the manufactireomposite materials, as well as in
other practical applications which require preparabf uniform mixtures of CNTs with
many different organic, inorganic, and polymerictenals. The unique electronic and
structural properties of pristine CNTs have endo@W&ilr-based electrochemical sensors
with excellent analytical properties even withoay aurface functionalization of CNTSs.
The widespread development of novel electrochemrmealotube devices will however
require rational surface functionalization of CNdacause the CNTs themselves do not
bear many (bio) electrochemically functional mastithat could be employed as
electrocatalysts for electrochemical sensing or kas-recognition elements for
electrochemical biosensing and biofuel cells. Clramidoping is expected to
substantially increase the density of free chargeiers and thereby enhance the

electrical and thermal conductivity of carbon migtisras well as improve their solubility.

In the earlier part of the review the above issuese described in general terms. A more
specific approach to these issues can be achieyddhlbgenation of carbon materials.
Although it is unlikely that halogen atoms can bleled as a dopant to a carbon material
the halogens can be present on the inside or ttséddeuof a structure. As will be seen
from the literature review below, all studies hasee far focused on the reactions that

occur on the external faces of carbon materials.
1.9.1 Effects of halogenation

It has been stated earlier in the review thas & well as any other fullerenes can

undergo addition reactions with many electrophélied nucleophiles [198,199]. Halogens
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have been found to react witlgg@o give a range of X, (n > 0) molecules. Below are
given some examples of the properties g4 (X = F, CI, Br, I).

The physicochemical properties of halogenated reities depend on the extent of
halogenation. It was established by cyclic voltartrgnthat the electron affinity of §gF3s

is smaller than that of dgF46 by ca. 0.56 eV [200] This demonstrated that the electron
affinity and, consequently, the electronic struetwf GoFx vary as a function of the

number of fluorine atoms attached to thg @olecule.

Amarantov et al. [201] observed a drastic changeth@ photoluminescence and
absorption properties ofggfluorides from GoF1s to GsoF4s. They noted a blue shift of
the luminescence spectra with increasing fluorimmtent. The absorption spectra
obtained for GoF1s conserved the three main features of the pristigenvhereas only a
single peak was seen in the UV region feeFss. They established that the increasing
number of fluorine atoms attached to thg @olecule shifted the absorption spectra to
higher energy. It was suggested that the specthifted to the higher energy region due
to the reduction of the initial-electron subsystem of puredand the creation of new
orbitals with CF bonds.

The electronic structure of the chlorinated fullereGoClso has been studied by
photoemission and X-ray emission spectroscopy.rpnégation of the experimental
spectra has been based on the calculations gfGlz&molecule of By symmetry in the
density functional approximatioRarticipation of the Cl 3d atomic orbital in fornoat of
the C-Cl bonds of the molecule has been establidh@eh comparison of the
experimental and theoretical data. It was suggetadthis was an explanation for the
high thermal stability of the {3 isomer of the &Cl30[202].

Priyadarsini et al. studied the UV-vis absorptipedra of chlorinated fullerenesfCls,
CesoCl12) in cyclohexane and established that they extdbii@nds with .« at 210 and
255 nm. Their studies indicated that the sharpaassmolar absorptivity of chlorinated
fullerenes decreases with increase in the numbehlofine atoms [203].
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The interfacial properties of the spread Langmiimd of GsoBr,4 and stearic acid have
been studied at an air—water interface by meastiniig surface pressure—area isotherms.
Monolayer studies on gBr,4 suggested a strong aggregation at air—water icerféhe
mixed films were found to be immiscible and nonaldeith the exception oK = 0:5
(whereX is the molar ratio) which showed the greatestiktyabThe interaction between
CsoBr24 and stearic acid resulted in the lowering of thdase pressure by stearic acid
and hence the decrease in compressibility withrtbeeasing GBr.4 molar ratio, which

indicated the domination ofggBr,4 characteristics in the mixed monolayers [204].

Although carbon nanotubes are generally known tmés towards fluorination at room
temperature, Yudanov and co-workers achieved fhadion of MWNTs at room
temperature even though only the outside shell maslified [205]. Fluorination of
SWNTSs has been carried out in a similar mannelutrihation of graphite [206]. On the
other hand Nakajima et al. [207] demonstrated cbaimfluorination of CNTs at
temperatures from 250 °C to 400 °C. Even thougbriihation of CNTs between 250 °C
and 400 °C does not cause detrimental damage tostieture, it reduces the
conductivity of the CNTs due to partial destructmirthe graphitic lattice [207]. Various
physicochemical properties of fluorinated CNTs unithg high-resolution electron
energy loss [207], thermal recovery behavior [288¢ solvation in alcoholic solvents

have been investigated.

Unger et al. by electrochemical methods improvesl gblubility of MWNTSs in water
and/or ethanol by covalently incorporating chlorare bromine onto the outer walls of
MWNTs [209]. Also the controlled non-destructiveidtination of SWNT sidewalls at
temperatures up 325 °C was reported in 1998 by d&sck et al. [206]. According to
Mickelson this reaction vyielded *“fluorocarbon SWNTsf approximately &F
stoichiometry”. In further work Mickelson et al. 18] demonstrated that F-SWNTs
dissolved well in alcohol solvents to give longelds metastable solutions. Thus a
solution-phase chemistry of F-SWNTs was establistxakre the unfluorinated SWNTs
could be precipitated out of solution with anhydsdwydrazine.
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On the other hand Ray et al. chlorinated nitrogeped carbon nanotubes (N-CNTS) in
an inductively coupled plasma reactor using chimgas and found that field emission
properties of N-CNTs were enhanced upon chlorina{i@11l]. Based on electronic
studies done in another study, Ray et al. [212,248]cluded that the overall field
emission improvement of chlorinated N-CNTs is daeah etching effect on chlorine
plasma treatment with the formation of C-Cl bonfisraeducing the carbon content. An

overall increase in density of free charge carneas noted.

Rao et al. [214] doped SWNTs with bromine and iedah room temperature. They found
via Raman spectroscopy studies, that the high &ecy tangential vibration modes of
carbon atoms in SWNTs shifted substantially to argfrequencies upon doping with
halogens. Bromine doping showed substantial chabgesnly a small change was seen
for iodine doping. 4 and Bp are expected to pull electrons from the carb@tates to the
dopant molecule creating holes.

1.9.2 Synthesis of carbon materials using halohydearbons

Synthesis of CNTs via a dechlorination route isldaibe a cost effective process, which
avoids rigorous conditions such as high temperathigh pressure or complicated
instrumentation and it is easily applicable on @dascale. As such it has aroused the
interest of several research groups. The most camiechlorination path is via metal
reduction. For example metallic potassium was szhetith hexachlorobenzene [215]
and ethylene tetrachloride [216] at 350 °C and ZD@espectively to produce MWNTS.
Catalytic solid-state metathesis reactions betwmdymers containing chlorine, such as
PVC and L}C, have also been used to prepare MWNTs [217]. Algathesis of
MWNTs through an anhydrous Al{lassisted €Cl, dechlorination process at
temperatures as low as 160 °C have been reporid]. [@sing magnesium metal which
is a less violent metal than the alkaline metalset\al. [219] reported the synthesis of
hollow carbon spheres at mild temperatures of add@00 °C, from @Clg in the presence
of AICl.
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Chien et al. also reported on the synthesis ofolnobpheres from Cglat 600-900 °C
under argon in the presence of molybdenum powddrsy proposed that Mo acts as a
template for the initial hollow carbon sphere fotima and as the reaction proceeds the
Mo core is etched away by the chlorine atoms preduxy the dechlorination of C{lo
form the amorphous hollow carbon spheres [220]mFtioeir previous studies where 1-
chlorobutane and hexachlorobenzene were used, @hiah [193] noticed that the Mo
core was preserved, so they suggested that thenréarsthe observed difference was due
to the different CI:C ratios found in the chloriedtreactants. Thus, the more chlorine

atoms there are on the reactants the higher tideney of etching.

1.10 The objective of the study

Synthesis of carbon materials by chemical vapoysosgiéion suggests a condition
dependent process. This study investigates thénasist of carbons by floating catalyst

horizontal CVD via injection of precursor solutions

It is well known that non-carbon containing precussimpact on the properties of the
carbon materials. Thermal pyrolysis of halogen aitidon containing precursors is a

major focus of this study. Thermal pyrolysis ofaiodbenzene as a source of halogen will
be investigated. In order to learn more about beenbal pyrolysis of chlorobenzene, it

will be subjected to various non-carbon containneggents, which are well known

sources of poisons (thiophene), radical initiatf@sloroform) and radical abstractors
(ammonia). Also the impact of reaction conditionsts as gas flow rate and gas
composition (inert or reactive gas) on morphologgld, size and dimensions of the will

be studied.

Preparation of carbon materials from silicon sosireell be undertaken in order to
establish the possibility as well as forms in whstlicon may be encorporated into the
produced carbons. The influence of different Si-0dhdls on the overall production of
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carbons will be investigated by studying the thdrpaolysis of tertraethylorthosilicate
against thermal decomposition of triethylchlorasé#gSi-O vs Si-Cl bond).

Properties of carbons prepared from halogen ambsilsources will be investigated by
various techniques. Raman analysis will be empldgedvestigate the graphitization of
the carbons. Thermogravimetric analysis (TGA) wél preformed to investigate thermal
properties such as thermal stability and degraddagmperature. Also the constituents of
the carbons like moisture, inorganic and organicteat will be established via TGA.
Infra-red spectroscopy will provide information the functional groups generated on the
carbon materials produced. EDS analysis will previdformation on the overall

elemental composition and relative abundanceseoélibments.

The morphology as well as dimensions of carbon rizd$e prepared here will be
determined by transmission electron and scanniegrein microscopies.
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Chapter 2

Experimental Section

Introduction

Three main generic synthesis methods have been @sedhe preparation of
carbonaceous materials namely; laser ablationridpescharge [2], and chemical vapor
deposition (CVD) methods [3]. All three methods gaaduce SWNTs and MWNTSs. Of
the various means for nanotube synthesis, CVD shbersnost promise for industrial-
scale synthesis, because of its low price/unitoratst, the possibility of continuous
production and the greater control over the grogahditions. In general carbon spheres
can also be synthesized by methods that are ngrunsdid to fabricate carbon nanotubes
[4-11]. Two of the most promising CVD methods foeking commercial quantities of
CNTs are the floating catalyst [12] and injectioethods [13]. In this study only these
two CVD methods have been used to make carbonaceatesials.

2.1 Experimental apparatus

Carbonaceous materials were deposited using a elatdge furnace system in which a
guartz tube reactor about 120 cm in length wasriedehorizontally into an electric
furnace with the outlet of the tube connected ¢@ms bubbler as shown in figure 2.1. The
temperatures of the two chambers were controlletMoyseparate thermocouples each
placed in the middle of an individual furnace. ThHesmall chamber was kept at 300 °C,
while the 29 main chamber was kept at 900 °C. An inert ga(@rg/as purged through
the tube to replace air present inside, as theabwnwas heated to the desired set
pyrolysis temperature. In a typical experiment,206ml of the precursor solution in a
syringe was loaded onto a SAGE syringe pump arettieg into the %t chamber of the

furnace via a water cooled quartz tubule similathed described by Liu et al [14].
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Fig. 2.1: Schematic diagram of experimental sefipvaporization chambet,-

pyrolysis chamber; 1 T,-Thermocouples)

2.2 Experimental materials and procedure

All reagents listed in table 2.1 were commercialgilable from Strem chemicals and

were used without further purification.

Table 2.1: A list of reagents used and their proger

Reagent Boiling point  Density Purity (%) Grade
Cp° (9/ml)
Toluene (GHg) 110 ®03 99.5 ACS
Chlorobenzene (1sCl) 132 1.106 99.5 ACS
Bromobenzene (EisBr) 156 1.495 99.5 ACS
Chloroform (CHC}) 61 1.482 99.0 ACS
Thiophene (GH3gS) 119 1.000 97.0 Purum
Ferrocene (g@H1oFe) 186 1.490
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The composition of the carrier gas is known to phy important role during the
synthesis of carbonaceous materials. As such, reliffecarrier gases available from
AFROX were used to establish the impact on themthédecomposition of the primary
precursors. The compositions of the carrier gased were as follows; (i) 5% hydrogen
balance argon, (i) 4.1% ammonia balance helium) &rgon (99.999%) and (iv)

hydrogen (99.999%).

Carbon nanotubes were prepared by the pyrolysteeoD.1 g/ml ferrocene solutions at
atmospheric pressure. A 20 ml solution of ferroceneither toluene or chlorobenzene
was injected into the®ichamber at a rate of 0.16 ml/min. The vapors geadrfrom the

solutions were carried into the"®2chamber by a flow of argon (400 ml/min) and

hydrogen (120 ml/min).

Carbon spheres were prepared by injecting 20 ntbloiene or chlorobenzene at 1.2
ml/min in the absence of ferrocene (catalyst). PHereaction chamber was kept at the
desired pyrolysis temperature (700-900 °C) for 2, nas various gases (100-800
ml/min) mentioned above carried the precursor vapatio the furnace. The gases were
allowed to flow through the system as it cooled downtil the temperature was well

below 200 °C in the main chamber. The carbonacewisrials deposited on the walls of

the quartz reactor were scraped out, weighed aalyzad.
2.3 Characterization

Carbon materials were characterized by transmis&@ctron microscopy (TEM),
scanning electro microscopy (SEM), Raman spectmseod Fourier transform infrared
spectroscopy (FT-IR).
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2.3.1 TEM analysis

Low magnification transmission electron microsca@EM) analysis was performed
with a FEI TECHNAI G SPIRIT electron microscope. Samples for TEM arislygere

prepared by sonication of carbonaceous materiaksthanol for ~ 15 min and a few
droplets of the resulting suspension were placetd anholey SPI copper grid. High
magnification transmission electron microscopy (HBM) was performed with a Philips

CM200 microscope.
2.3.2 SEM analysis

Scanning electron microscopy (SEM) results wereaiobtd from a Jeol JSM 840
microscope. Analysis was done with the sample platea working distance of 15 mm
from the probe current. Three days prior to analyie samples were mounted onto an
aluminium stub, using colloidal graphite and figaltoated with carbon and gold/

palladium.
2.3.3 Raman analysis

Raman spectra were obtained with a Senterra miaroadR spectrometer. Excitation was
provided by the 532 nm green laser. The laser vpasated at a power of 10 mW to
minimize local heating. Spectral resolution of &% was used. The laser light was
focused onto the sample using the 20x objectivendDlympus microscope with aperture

of 501000 m. The spectrometer was calibrated using the 5@@5line of silicon.
2.3.4 FT-IR analysis
Fourier transform infrared spectra were obtainadgua Bruker Tensor 27 diamond tip

spectrometer. About 64 transmittance scans perlsawgre gathered in the range 600-

4000 cnm wavenumbers.
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2.3.5TGA

Thermal gravimetric analysis data was collectechwaitPerkin Elmer TGA 7 analyser.
Samples of sizes 10-15 mg of carbonaceous materats loaded into platinum pans and

heated to 950 °C at a heating rate of 5 °C/mim, flowing air stream at 20 ml/min.

2.3.6 EDS

Elemental composition was obtained for the as-®sidfed carbonaceous materials was
analysed by an X-ray detector attached to FEI TEBHNG? SPIRIT electron
microscope. Samples for TEM analysis were prepéedonication of carbonaceous
materials in ethanol for ~ 15 min and a few droplatghe resulting suspension were

placed onto a holey SPI copper grid.
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Chapter 3

Chemical vapour deposition synthesis of carbon namaebes and spheres
from halogen-substituted arenes

3.1 Introduction

It is known that addition of non-carbon containmeggents impact on the products, yield
and chemical properties of carbon containing retsgenthe synthesis of shaped carbon
materials. The addition of sulphur and nitrogentaoring reagents for example has been
studied by many researchers over the years. Sulphpresent as an impurity in various
industrial feedstocks and is generally regardedaasatalyst poison. There is still
controversy even to date on the role of sulphuarasmpurity during the synthesis of
carbon nanotubes. Several research groups havaeeégmm their work that thiophene
as a source of sulphur plays a key role in contiglthe formation of SWNTs [1,2] and
DWNTs [3,4] over MWNTSs. Mechanisms proposed to explthe findings were based
on the possibility of sulphur interacting with tbatalyst to either block active sites [5,6],
lower the catalyst melting point [7,8] or direcilyteract with the growing tube [9], to
inhibit graphitic carbon growth. On the contranhet research groups in their studies
found that the presence of sulphur resulted insyrghesis of MWNTs [10] instead of
SWNTs or DWNTSs or that the fibres/carbon nanotubese larger in diameter [1,11,12].
Based on their findings they believed that sulpggnitanced growth of graphitic carbon.

1.M. M. Kao, N. J. CovilleCarbonxxx 2010xxx
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Zhang et al. [13] studied the effects of ammonia asducing gas on the preparation of
carbon nanotubes from xylene and catalyst made &otnon nitrate solution, by varying
the percentage concentration of ammonia gas imaffeoey found that ammonia had an
optimum concentration of 20%; above which or belavich, NHs did not support
graphitic carbon growth. They believed that ammaeaved to activate and clean the
catalyst surface. Hence, at low concentrationslysitactivation is compromised. The
authors suggested that ammonia, in addition toaheve mentioned duties, favours
catalyst agglomeration. Thus at high concentrationatalyst agglomeration is
predominant and structured carbon formation is wiishied.

The effects of several factors such as catalyagemrts, reaction temperature, gas flow
rate and the nature of the carrier gas play afsgnit role during the synthesis of carbon
materials. For example, early investigations hdw@w that hydrogen can accelerate and
suppress production of carbonaceous materials éanvon containing reagents [14]. The
explanation for the retarding effect is a thermayic one i.e. hydrogen drives the

reverse reaction for decomposition.

This study describes the effect of halogens, irtiq@dar chlorine, on the formation of

carbonaceous materials. Early work with chlorineoliyers has shown the influence on
the morphology and yield of carbonaceous matepatsluced. A gradual change in

morphology of the carbon structures as well as ecdd product yields has been
observed with increasing amounts of chlorine [¥$o0, the nature of carbon materials
generated from chlorinated species was found tstdo@gly temperature dependent [16].
A shift from pseudo-fibrous product at 773 K to gweninantly nanosphere formation at
923 K was observed from pyrolysis of trichloroetmg [17]. The effects of chlorine on

the physicochemical properties of shaped carbomnaig have been reviewed in chapter
1.

Gui et al. reported the synthesis of carbon naregdtom a dichlorobenzene/ferrocene
solution [18]. They found that the resulting tubvesre thin-walled and partially filled

with iron. They claimed that thin-walls were formasl a result of restrained growth due
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to an HCI etching effect on the walls. They alseestigated the effect of varyingzgas
flow rate on the synthesis of thin-walled tubese@if the outstanding observations was
that as Hgas flow reached 400 ml/min and beyond abundant@moos carbon resulted.
However H has been shown to be beneficial in initiating degosition of the carbon
containing precursors [19] and exerting additicstalicture on the growth of carbon [20].
This study therefore serves to determine the effetthe above mentioned factors on the

growth of CNTs in the presence of chlorine andharacterize the carbon products.

3.2 Experimental

All reagents were commercially available from Sigraad used without further
purification (See chapter 2). In order to underdtdre effects of chlorine on the catalyst
activity and selectivity during synthesis of carboeous materials, different volume
percentages of chlorobenzene and toluene were ased solvent mixture. The
concentration of ferrocene for all solutions was §/ml. The experiments were carried
out under Ar/H (5%) gas mixture at atmospheric pressure with tammhamber held at

900 °C for 20 min as the precursor solutions wejected in at the rate of 1.2 ml/min.

To investigate the effects of chlorine on the moitpgy, size and yield, non-catalytic
thermal decomposition of toluene 7&) was carried out as a control against thermal
decomposition of chlorobenzene (CIBz). Also chlorai (CHCB) was added to both
toluene and chlorobenzene to investigate the efféctlkylhalides on the pyrolysis of
substituted arenes.

In some experiments a small amount of sulphur agdithiophene) was added to the
primary precursors to investigate the impact opbut in the absence of a catalyst. The
composition as well as the flow rate of the cargas is known to play an important role
during the synthesis of carbonaceous materialsséch, different carrier gases and
different flow rates were used to establish if tihrapacted on the thermal decomposition

of the primary precursors.26%) in argon, NH(4.1%) in helium, argon and hydrogen
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gases were used. Also gas flow rates 200 - 800 imloh Hz2 (5%) in argon were

investigated.

3.3 Catalytic Pyrolysis

3. 3. 1 Catalytic pyrolysis of toluene

Thermal pyrolysis of toluene in the presence of ¢atalyst under dilute conditions i.e
high gas flow rate and low injection rate was firstestigated. A solution of 0.06 g/ml

ferrocene in toluene was injected into the furnaica rate of 0.16 ml/min and carried by
argon and hydrogen gases flowing at 400 and 12@nimlfespectively. The other

experimental conditions are summarized in table Bylrolysis of toluene resulted in
deposition of carbon nanotubes and amorphous cgfgn3.1a). Most of the tube cores
are free of iron. The carbon nanotubes preparet tauene under dilute conditions

have diameters in the range 10-60 nm with ~ 57 dheftubes being 10 nm thick (Fig.
3.1b).

100+
90
a0

70

Frequency

el 40 50 60

Diameter /nm

e ¥

Fig. 3.1a: TEM image of tubes ' Fig. 3.1b: Diameter distribution
prepared toluen of CNTs from toluent

! For Fig. 3.1b the standard deviation is + 13
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Table 3.1: Effect of chlorine

Carbon source Notes Meamuhieter / nm
Toluene empty tubes (95%T (5%) 10
Chlorobenzene Fe-filled tubes (75%; 40

Temperature = 860 C, Injection rate = 0.16 ml/mAnH, (400:120 ml/min), Ferrocene
conc. (0.06 g/ml), -C = amorphous carbon

3.3.2 Catalytic pyrolysis of chlorobenzene

Chlorobenzene (CIBz) was also pyrolysed under #mes conditions as toluene to
investigate the influence of the chlorine substituen the carbon materials deposited.
Pyrolysis of CIBz under the conditions stated ibl¢a3.1 resulted in the deposition of
MWNTSs (Fig 3.2). Tubes deposited from CIBz haveuasven wall thickness. The white
arrow heads show regions where the walls seemu® Ibeen eroded. A closer look at the
tube shown in figure 3.2b indicates that some olagers of the MWNT have been
etched and also that the tube has its core fill@d won. It is evident from the TEM
images that chlorine has a carbon etching effecCbifs and enhances iron packing
inside the tube. The observed etching is thoughietdue to the corrosive effect of HCI.
The other effect observed is the increased holloke diameter (Fig. 3.2c) with the ratio
of wall diameter to overall tube diameter being % 1:
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Fig. 3.2a: TEM micrograph of nanotubes synthesfram CIBz, (b) shows the

etching effect of chlorine on the outer walls offified tube.

Fig. 3.2c: Wall thickness in relation to diametéthe hollow core in tubes

prepared from CIBz.

A high resolution TEM image (Fig. 3.2d) shows thlé tube walls consist of well
ordered graphene sheets. The uppermost right eting @fall contains 21 graphene sheets
just before the white arrow. All points marked bizite arrows and a black arrow head,

show discontinuities in the graphene sheets. Thetieate that termination of growth
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occurred at these points. A part of the wall lathelgth the letter X consists of only 17
graphene sheets. The outermost fringes are langerthe average inner fringes. Fringes
have an average spacing of 0.34 nm which is a \@base to that of graphite (0.334 nm).
There are points along the wall e.g. the one labeligh a letter Y where the graphene
sheet is seen to bend out of plane. This is dusréan, relaxation or defects within the

graphene sheets.

Fig. 3.2d: HRTEM image of a tube prepared from Cl&@mwing details of the fringes.
Thick arrows show graphene sheet termination poifte letter Y marks a defective
point. X shows a portion of the wall with a smallermber of graphene sheets.
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Effect of halogen concentration at low gas flownerat

The results summarized in table 3.2 indicate thaecial role that the halogen
concentration plays on the morphology of the carbwaterials produced at a low gas
flow rate of 100 ml/min. We have seen previouslgttivhen CIBz was catalytically
pyrolysed under a mixture of Ar anc ffbwing at 400 and 120 ml/min respectively the
products obtained were strictly tubes. On the @girtable 3.2 shows that catalytic
pyrolysis of monohaloarenes at low flow rates & tarrier gas result in a drastic change
in morphology of products; spheres are now predantlg produced. This change in
morphology is an indication that catalyst deactorain the presence of halogens in the
feed is dependent on the time the halogen spenith ireaction chamber. The longer the
halides are present in the reaction chamber theehitpe degree of catalyst deactivation.
We assume that catalyst deactivation is due toaat®n of the halogen radicals with the
catalyst. It is also possible that HX surface poisg can occur. During CIBz pyrolysis
HCI production was confirmed by bubbling the outies through a solution of sodium
hydroxide (pH 11) and recording the pH of the solutoy a benchtop pH meter. Upon
completion of the reaction, the pH of the soluttsapped from pH 11 to pH 1.6.

Effect of chlorobenzene (CIBz) concentration

The TEM image of materials prepared from the higkeacentration of CIBz (Fig. 3.3b)
shows that spheres are produced at the expensbes.tThe tubes that are formed are
solid and are fiber-like (Fig. 3.3b). When the Cl&mtent was reduced to 10 wt.%, by
dilution with toluene, partially iron-filled hollowcored tubes were produced. Surface
etching is observable on these tubes (Fig. 3.3owdv¥er production of amorphous
carbon is also observed. We suggest that the abdseihanstructured carbon at high
haloarene concentrations indicates catalyst desiiv from the onset. Thus, carbon
formation at this concentration is almost entiielyependent of the catalyst. On the other
hand co-deposition of tubes, amorphous carbon pherss for the 10 wt.% and 5 wt.%
CIBz feed (Fig. 3.3c and d) indicates gradual gatatleactivation with time. At a low

CIBz content of 2 wt.% catalyst deactivation is Ioager observed and products are
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hollow cored iron free tubes (Fig. 3.3e) similarthmse obtained from the pyrolysis of

toluene (Fig. 3.3a).

Effect of bromobenzene(BrBz) concentration

TEM images of materials prepared from bromobenZ@mnBz) shows that products are
similar to those prepared from CIBz. Catalytic pysts of BrBz results in the production
of spheres only (Fig. 3.3f). At 10 wt.% BrBz inuehe co-deposiotion of solid fiber-like
tubes, spheres and amorphous carbon occurred .3gg.3vhile iron-filled hollow core
tubes are produced at 2 wt.% BrBz (Fig.3.3h).

Effect of halogen content on yield

The mass of solid carbon deposited from CIBz anBzBare very similar. The general

observed trend (table 3.2) is that the amount bfl ®arbon deposited increases with an
increasing amount of haloarene content. TEM amakgsieals that solid carbon produced
from BrBz pyrolysis contains similar amounts of apteus carbon to that deposited
from CIBz. Table 3.2 shows that about 15 % amorghzarbon is deposited when a feed
containing 10 wt.% BrBz is pyrolysed.

Effect of halogen on size

The size of the products is also dependent on &h@alene content in the feed. Larger
average diameters for both tubes and spheresareghlt of high concentrations of CIBz
and BrBz (table 3.2). This observation is in agreenwith the observed increase in the
yield with increasing X content. This phenomenoggasts that halogens enhance carbon

deposition.
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Table 3.2: The influence of haloarene contentatdas flow rate

Halogen Haloarene Notes Mean diameter Yield
source wt. % / nm %
Toluene 0 tubes (75%); (25%) 50t 1.27
ClBz 100 Spheres (98%), tufa8s) 300s, 160t  9.13
10 Spheres (708des (10%), -C (20%) 200s, 70t 6.21
5 Spheres (508hes (30%), -C (20%) 200s, 40t 2.89
2 tubes (90%)C (10%) t20 1.63
BrBz 100 Spheres 300s 9.79
10 Spheres (50bets (35), -C (15) 200s, 100t 6.28
2 tubes (85X (15) 30t 2.10

T- 900 °C, Gas-Ar/kH(5%), Flow rate- 100 ml/min, Injection rate- 1.2/mmn, Ferrocene
conc.- 0.1 g/ml, Balance solvent wt % -toluene,Wé of solution injected =20 ml. s =
spheres, t = tubesC = amorphous carbon.

Fig. 3.3a: An image of tubes prepared frorfrig. 3.3b: Carbon materials produced from
the catalytic pyrolysis of toluene at 100 the catalytic pyrolysis of CIBz at 100
ml/min. ml/min.
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Fig. 3.3c: Carbon materials prepared Fig. 3.3d: Materials produced from
from the catalytic pyrolysis of CIBz (10  the catalytic pyrolysis of CIBz (5
wt.%) at 100 ml/min. wt.%) at 100 ml/min.

Fig. 3.3e: Carbon nanotubes prepared frofig. 3.3f; Spheres produced from catalytic
pyrolysis of CIBz (2 wt.%) at 100 ml/min. pyrolysis of BrBz (100 wt.%).
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Fig. 3.3g: Carbon materials prepared from  Fig. 3.3h: Tubes produced from the
the catalytic pyrolysis of BrBz (10 wt.%) at  catalytic pyrolysis of BrBz (2 wt.%) at
100 mi/min. 100ml/min.

3.4 Non-catalytic thermal decomposition

Cullis and Priday [21] suggested that thermal dgmmsition of benzene derivatives
which contain only monoatomic substituents mudiahy involve either the rupture of

bonds directly attached to the benzene nucleuseoopening of the aromatic ring. It has
however been established by Szwarc [22] that thegmy step during decomposition of
toluene is the removal of the methyl substituemaving the benzene ring intact.
However details of other competing primary processave not been confirmed and

agreed upon.

Non-catalytic pyrolysis of toluene was carried outder Ar/H (5%) (v/v) at 900 °C.

TEM images of the product (Fig. 3.4a) indicatedt tbhain-like carbon spheres and
amorphous carbon were produced. A more detailed gfethe merged spheres is shown
by figure 3.4b. Merging carbon spheres is an irtehoaof carbon shell accretion. Carbon
shell accretion was explained by Wang and Kang {@%je due to high chemical activity
on the surface of carbon spheres. Non-catalytiolpsis of chlorobenzene resulted in the
synthesis of perfectly spherical carbon sphereg. §4c). SEM micrograph of spheres

prepared from non-catalytic pyrolysis of CIBz showmat the spheres are free of
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amorphous carbon (Fig. 3.4d). We assume that c@oradicals generated from the
chlorinated reactants interact and donate electrorte unsaturated-bonding carbon
orbital thus rendering the surface chemically ireemtd hence preventing accretion of
spheres in the presence of chlorinated species.

Fig. 3.4a: TEM images of spheres prepared frometwuforming a chain, (b) image
showing accretion of spheres.

Fig. 3.4c: TEM images of spheres Fig. 3.4d: SEM image shows purity of carbon

from CIBz with minimal spheres from CIBz with minimal accretion.

accretion.
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It is immediately evident from table 3.3 that thelg of carbon deposited from CIBz
exceeds that from toluene. These results are ieeaggnt with the recent results obtained
by Keane et al [24] where they observed an elevaggtdon product yield due to the
presence of chlorine in the feed for reactions I&zGvhen compared with benzene. They
suggested that the high carbon yields were atgthtd a Cl/catalyst interaction which
induces electronic perturbations through a redacimnod-electron density of the surface
metal that serves to strengthen the interactioh ti¢ incoming reactant, weakening the
C-C bonds in the adsorbed species and hence fagodecomposition. However the fact
that in our studies a similar effect of enhanceadyfrom chlorinated species is observed
in the absence of the metal catalyst is a cleacatidn that the phenomenon of enhanced
yields from chlorinated species can not necesshalsgttributed to Cl/metal interactions.
We therefore speculate that elevated yields aréuatiéd to chlorine radicals generated
from the chlorinated species. It is suspected ébattron transfer from the generated
radicals into the -orbitals of carbon atoms of the intermediate hgdrbon species
induces elongation and weakening of the C-fiond within these species. Hence, result
in lowering of the C-C bond dissociation energy rpoting decomposition of the
hydrocarbon species.

Spheres from CIBz have a wide diameter distribufimm 100 nm to 1 m and on

average have larger diameters than spheres prepared toluene. The increase in
average diameter and the widening of the diamet&riltltion suggests that carbon
deposition from chlorinated species occurs overomg | period of time indicating
prolonged chemical activity. We therefore assuns the deposition of carbon in the

presence of chlorinated species entails a chastioeamechanism.

The influence of gas flow rate on carbon produal amean diameter of the carbon
spheres prepared from toluene and CIBz was stumiadrying the carrier gas flow rate
from 200 ml/min to 800 ml/min. Table 3.3 shows ttia carbon product yield decreases
with increasing gas flow rate for products obtairiexin both toluene and CIBz. Also
figure 3.5 shows that the mean diameter of carbumer®s produced from toluene

decrease with increasing gas flow rate. The obsergduction in carbon product yield
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and mean carbon sphere diameter, suggest thatagiecgethe carrier gas flow rate
reduces the residence time for precursors in thetiom chamber. However, the average
diameter of carbon spheres prepared from CIBz appedbe relatively less sensitive to
gas flow rates. This highlights the impact of chiated species on non-catalytic thermal

decomposition of hydrocarbons.

Table 3.3: lllustrates influence of gas flow
rate on carbon yield.

Ar/H, |Chlorobenzerje Toluene 500 Toluenca
(mlimin) [Yc% = Gu/CoufYC% = _ cloz e
Cin/Cout E 7
200 2.77 0.64 g .
.
400 1.75 0.29 5]
&
100 ]
800 1.28 negligible — T
200 300 400 500 600 700 800
Gas flow rate (ml/min)

Fig.3.5: Effect of gas flow rate on diameters.

3.5 Impact of non-carbon containing reagents

The issue of non-carbon containing reagents has kbeszussed earlier. It has been
suggested that addition of non-carbon containiageats impacts on the products, yield
and chemical properties of carbon containing retsgenthe synthesis of shaped carbon
materials. Non-carbon containing reagents can pt®mo suppress carbon deposition
during pyrolysis of the prospective precursors.|@&h4 shows the impact of chlorine,

sulphur and nitrogen containing reagents on thid sarbon yield from toluene and CIBz.
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Effect of chloroform

When chloroform (trichloromethane) was added todok (flow rate 200 ml/min) the
yield increased twofold. A large diameter distribatwas now seen for toluene after the
introduction of chlorinated species. Further, idtrotion of chlorinated species in toluene
resulted in spheres which were well defined (FigaBwith a well dispersed distribution.
There is the possibility that there exists an optimconcentration of chlorine atoms
which eliminates accretion since we observed thdit@an of trichloromethane to CIBz
resulted in tightly accreted spheres with a venryava diameter distribution (200-400 nm;
Fig. 3.6b) The fine details on the surface of sphetorresponding to the unclosed
graphitic flakes on the surface of two merging spheare shown in figure 3.6c.
Therefore carbon atoms at the edge of the curlnaghgtic flakes must have dangling
bonds with sporbitals. The expectation is that these siteshegnically active.

Table 3.4: Shows the influence of heteroatom adkekti

Solvent Additive Notes Mean diameter Diameter eldi
/ nm rangeri n /g

Toluene ----—---- spheresC 500 (400-800) 0.098
Toluene chloroform  spheres 200 (50-900) 0.246
thiophene sphere§; 800 (600-1100) 0.033

*ammonia spheresC 500 (300-600) 0.012

ciBz - spheres 300 (100-1600) 0.411
ClBz chloroform spheres 200 (200-400) 4.928
thiophene spheres 600 (500-800) 0.436

*ammonia spheres 600 (400-800) 0.258

T =900 °C, injection rate = 1.2 ml/min, gas = Asft3%) at 100ml/min, * Gas = He/NH4.1%)
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Fig. 3.6a: Spheres prepared from toluene in thegmee of Cl, (b) Accreted spheres
prepared from CIBz in the presence of extra Cl attnom chloroform.

Fig. 3.6: (c) External shells of two spheres jognin form a bridge resulting in the
accretion of the spheres.

Raman analysis permits an evaluation of the grephéture of carbons. The G band at
~1580 cnT corresponds to amngEmode of graphite and the D band at around 1356 cm
is associated with vibrations ofspybridized carbon atoms of disordered graphitee Th
relative intensity ratio ofd and k is regarded as a measure of the graphitic ordettieg
greater the ratio ofpland &, the higher the degree of disorder [25]. On th&isaf the
Raman analysis, the carbon produced from the degsitign of toluene possesses a

moderate degree of order (table 3.5).

The bllg ratios of the products produced from chlorinatedcprsors indicates that
carbon generated from these precursors is far desghitic than that from toluene.
According to the Raman analysis, carbon resultinghfthe chlorinated precursors would
be expected to have a substantial amount of amasphmtter but both TEM and SEM

69|



micrographs do not confirm this. Therefore it can duggested, based on Raman and
SEM data, that carbon on the surface layer of sshisrnot strictly sphybridized due to
pyramidilization strain. There could be a certaivel of sp hybridization and defects can
react with Cl to give C-Cl bond formation on thefage. In fact spheres would naturally
contain pentagon-heptagon pairs (Stone-Wales dgfeblieto et al. [17] reported a
surface CI content of 0.4-0.9 atom % on spheranddrfrom catalytic decomposition of
trichloroethylene over Ni/Si© Also Brichka et al. [26] reported 0.25 atom % ClI
incorporation into MWNTs synthesized from g, via a template method. We
established 0.25 ppm Cl incorporation onto spheyeshesized from CIBz as determined

from ICP measurements.

Table 3.5. A summary of data obtained

from Raman analysis.

Precursors A; A, Io/lg A ——acH/cHa,
. ——bCHCl
ratio ¢ CH.ClICHa,
7dC7HB
C/Hg 18704.6| 7918.6 | 2.4
3
> d
C/Hg/ 37214.7) 11159.7| 3.3 é
CHCl; £ MN .
\
N
CIBz 7327.2 | 2702.1 | 2.7 °
WMa
CliBz/ 11220.4| 4299 2.6 0 50 1000 1500 2000 2500 3000
CHCl; Wavenumber cm™

Fig.3 6d: Raman spectra of spheres prepared
from toluene and CIBz in the presence of

additional Cl atoms from chloroform.
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Effect of ammonia

A mixture of He/NH (4.1%) (v/v) was passed through the reaction quaiie to drive
out air. Toluene contained in a 20 ml plastic syeirwas then injected into the hot zone
of the reactor at an injection rate of 1.2 ml/miime He/NH (4.1%) (v/v) gas mixture
was kept flowing at a constant rate of 100 mil/msrttee toluene pyrolysis occurred and
the reaction was cooled down under this gas mixtéresimilar experiment was

performed for CIBz.

Based on the amount of amorphous carbon detectiéguire 3.7(a) and the poor yields
obtained from pyrolysis of toluene in ammonia gablé 3.4), it can be suggested that
the benzyl intermediates resulting from tolueneod&gosition interacts with ammonia in
the carrier gas such that formation of nitrogenssitited hydrocarbons predominates.
This inhibits formation of the graphitic carbon. the case of CIBz the impact of
ammonia on the yield is quite minimal and thereaobservable difference in the type of
spheres produced when compared to those synthasimed an Ar/H gas mixture. This
could be because ammonia reacts with chlorine sietiminated as ammonium chloride

and hence does not impact on decomposition of CIBz.

Effect of sulphur

A mixture of thiophene and toluene was preparedduding 4 ml of thiophene to 11.2 ml
of toluene such that the S:C ratio is ~ 1:20. THatsm was then injected into the hot
zone of the reaction chamber under a Ar(6P0) (v/v) gas mixture. Similarly a mixture
of CIBz and thiophene with an S:C ratio of ~ 1:2Gweaepared and pyrolysed.

Similar results to the ones obtained when reageete subjected to ammonia addition
were obtained for the decomposition of toluene &8z in the presence of a sulphur
derivative, thiophene. Poor yields and amorphoubaraformation were observed from
toluene (figure 3.8a). However yields from CIBz eemnaffected by sulphur but a certain

increase in degree of accretion was observed. Vggesti that the susceptibility to
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inhibitors must largely be dependent on their dgoasition mechanisms. The fact that
ammonia gas and the sulphur impurity have a retgrdifluence on toluene but CIBz
seems resistant to both, suggests two completégreit decomposition mechanisms for

these substituted arenes.

Fig.3.7a: Spheres with amorphous cal Fig. 3.7b: Spheres with no amorphous carbon
synthesized from toluene under fgas. (from CIBz under ammonia).

B
a b

Fig.3.8a: Spheres with amorphous carb Fig. 3.8b: Spheres with no amorphous carbon

formed from toluene in the presence of formed from CIBz in the presence of sulfur.

sulfur.
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3.6 Effect of gas composition on sphere size

Our findings have shown that non-catalytic pyradysf CIBz results in a large diameter
distribution of the carbon spheres formed in trectien. Since the dimensions of carbon
materials influence their properties, fabricationnoaterials of controlled diameters is
important. Therefore the influence of carrier gamposition on carbon sphere diameter
was studied by preparing spheres from CIBz in hgenogas and in argon. When spheres
were prepared under argon a large diameter disitsiibuanging from 300-1100 nm was
observed (Fig. 3.9a and b). However, when spheess wrepared under hydrogen gas
the diameter distribution was reduced to betwedhrzl and 600 nm. Figure 3.9d shows
that in the presence of hydrogen gas ~ 90 % ofgherses are between 200 and 300 nm

in size.

It was also observed that carrier gas compositaahdn impact on the solid carbon yield.
A substantial decrease in yield was observed whemw&$s used for the carrier gas as
opposed to when argon was used. According to Ke@dé decomposition and
hydrodechlorination reactions of CIBz are mutuakclusive but there is a time based
transition between the two. We therefore suggeat ttydrodechlorination of CIBz
becomes the dominating process in the presence ga$] hence deferred decomposition
is inevitable, and thus poor carbon depositionlteslnder argon, decomposition is not
compromised by hydrodechlorination. The retardinffea¢ of H, gas on the
decomposition of CIBz is more enhanced at a lowatipn rate of 0.16 ml/min where no
carbonaceous materials were formed as comparedyoimjection rate of 1.2 ml/min

where carbon spheres were formed.
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Fig.3. 9a: Different sizes of spheres Fig. 3.9b: A wide diameter distribution of spheres
from CIBz under argon gas at 200  prepared under argon.

mil/min.
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Fig.3.9c: Different sizes of spheres Fig. 3.9d: A small diameter distribution of spheres
from CIBz under Hgas at 200 prepared under hydrogen gas.

ml/min.

A typical elemental analysis by EDS of spheres areg from CIBz is shown in figure
3.10. EDS reveals that the carbon content of theergs is approximately 99 %. The
chlorine content is very small ranging from 0-0%4 This observation is consistent with

the ICP-OES analysis in terms of Cl data. Oxygeaisse observed. Its presence is due to
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the reaction of surface carbons with oxygen. Silian impurity from the quartz tube
system while copper is detected from the SPI Cd gsed to load the sample during

analysis.

Fig.3.10: EDS of spheres prepared from non-catapgrolysis of chlorobenzene.

75]



3.7 References:

1. H. M. Cheng, F. Li, G. Su, H. Y. Pan, L. L. He, Sun, M. S. Dresselhaus,
Appl. Phys. Lett72(1998) 3282

2. H. M. Cheng, F. Li, X. Sun, S. D. Brown, M. A. Pimta, A. Marucci, G.

Dresselhaus, M. S. Dresselhasem. Phys. Let289(1998) 602

L. Ci, B. Wei, J. Liang, C. Xu, D. Wi§arbon39 (2001) 329

H. Zhu, C. Xu, B. Wei, D. WuCarbon40 (2002) 2023

M. S. Kim, N. M. Rodriguez, R. BakeCatalysis.143(1993) 449

L. Ci, H. Zhu, B. Wei, J. Liang, C. Xu, D. WQarbon37 (1999) 1652

l. Martin-Gullon ,J. Vera, J. A. Conesa, J. L. Galez, C. MerinoCarbon44

(2006) 1572

G. G. Tibbetts, M. P. BalogiGarbon37 (1999) 241

9. J. C. Hutchinson, N. A. Kiselev, E. P. Krinichnay&, V. Krestini, R. O.
Loutfy, A. P. Morowsky, V. E. Muradyan, E. D. Obtsava, J. Sloan, S. V.
Terekhov, D. N. Zakharow;arbon39 (2001) 761

10.M. S. Mohlala, X. Y. Liu, M. J. Witcomb, N. J. Cdig, Appl. Organometal.
Chem.21 (2007) 275

11.Z. Zhou, L. Ci, X. Chen, D. Tang, X. Yan, D. Liu, Yiang, W. Zhou, G.
Wang, S. XieCarbon41 (2003) 337

12.Y. Saito, T. Nakahira, S. Uemura,Phys. Chem. BO7 (2003) 931

13.H. Zhang, Y. Chen, S-S. Kim, Y-S. LinMetals & Mater. Inter.14 (2008)
269

14.K. L. Yang, R. T. YangCarbon24 (1986) 687

15.A. Nieto-Marquez, J. L. Velverde, M. A. Keandppl. Catal. A Gen332
(2007) 237

16.C-H. Chien, P-S. Sheng, C-H. Wang, C-H. Huang, H-i{, C-Y. Lee, H-T.
Chiu, Mater. Lett.62(2008) 1176

17.A. Nieto-Marquez, J. L. Velverde, M. A. Keandppl. Catal. A Gen352
(2007) 159

N o g &~ w

o

76]



18.X. C. Gui, K. Wang, W. X. Wang, J. Wei, X. F. Zhai Lv, Y. Jia, Q. Shu,
F. Kang, D. WuMater. Chem. Physxx (2008) xxx

19.P. E. Nolan, D. C. Lynch, A. H. Cutle€arbon32(1994) 477

20.W. T. Owens, N. M. Rodriquez, R. T. K. Bakér,Phys. Chen®96 (1992)
5048

21.C. F. Cullis, K. PridayProc. Roy. Soc. London.224(1954) 308

22.M. Szwarc,J. Chem. Phyd6(1948) 126

23.Z. C. Kang, Z. L. Wang]. Phys. Chenl00(1996) 5163

24.M. A. Keane, G. Jacobs, P. M. PattersbnColloid. Interface ScB02 (2006)
576

25.K. Niwase, T. Homae, K.G. Nakamura, K. Kondohem. Phys. Leti362
(2002) 47

26.S. Ya. Brichka, G. P. Prikhod’ko, Yu. I. Sementsév, V. Brichka, G. I.
Dovbeshko, O. P. Paschukarbon42 (2004) 2581

771



Chapter 4

Synthesis of carbons from silicon sources

4.1 Introduction

Since their discovery by lijima in 1991 [1], thecpéar electronic and physical properties
of carbon nanotubes, have triggered a lot of istene making materials with novel
properties. Many devices possessing these novepepies leading to different
applications and having a chemical composition bdythat of pure carbon nanotubes

have been proposed and realized [2, 3].

Generally two major research directions have entenge¢he carbon nanomaterials area:
(i) the study of properties of the already existmranomaterials and (ii) the design of new
materials that present specific properties. Folimmihe second research direction many
research groups have tried to either synthesizetnbas based on elements other than
carbon or to theoretically model tubes [4,5]. Siticby virtue of being a group 14
element has attracted much attention as a replaxtefoe carbon in carbon nanotube
synthesis. It is however well known today that cartand silicon present different
bonding characteristics, despite the fact that theey both in the fourth column of the
Periodic Table and have the same number of valelesrons. Actually silicon differs
from carbon in that amongst other factors, it hdarger atomic radius and hence larger
orbital size; a smaller energy difference betwdeng and p orbitals [Si §f— Ess= 5.66
eV) Vs C (B, — Bs = 10.60 eV] [6], and hence lower hybridization mes. As a result
silicon prefers to be &phybridized as opposed to’dpybridized. Therefore fullerene-like
or cage formations based fully on silicon are difft if not impossible to obtain [7]. Until

today silicon nanotubes are but hypothetical malfB].

Even though complete replacement of carbon byosilim cage materials has not yet

been experimentally successful, partial substitytishich results in the coexistence of
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carbon and silicon atoms, is in principle possibésulting in silicon carbide cage
materials. A 1:1 replacement to give silicon cagbi(5iC), a non-oxide ceramic
compound is widely studied as a material with higlrmal conductivity, hardness and

high temperature stability [29].

SiC materials have therefore been developed far thwential properties that enable
them to survive in high temperature and harsh enwent applicationsSiC has a
potential in the construction of devices that pessmcreased tolerance to radiation
damage hence becoming a desirable material fonsefand aerospace applications. SiC
remarkable resistance to oxidation has led to Bogmt interest in its use as a
heterogeneous catalyst support. SiC is known taronaturally as an extremely rare
mineral, moissanite, found in minute quantitiescorundum deposits and kimberlites.

Hence silicon carbide is mostly a synthetic materia

Heterofullerenes containing 50% Si were obtainedl®9 [9], and in 2001 the first

synthesis of silicon carbide nanotubes (SICNTs) reasrted [4]. It has been shown that
doping of carbon nanotubes induces fundamental flmations to a tube structure when
compared to their undoped counterparts [10]. Thypes of carbon nanotube doping
procedures have been proposed and experimentalympr (i) adsorption of atoms at the
nanotube surface, (ii) incorporation of atoms irttee nanotube walls and (iii)

substitutional doping. Most research groups thaehmerformed silicon doping of carbon

nanotubes (CNTs) have employed the first approasiguCNTs as templates [3,5].

Theoretical investigations on SICNTs have beengoeréd in order to understand the
nature of SICNTs and determine their properties. [3]licon, as an isovalent
substitutional impurity in carbon nanotubes, is eotpd to result in doping which will
generate electrically inactive materials [11]. Hoereab initio studies by Froudakis et al.
[2] indicated that Si atoms introduce perturbatitmshe -system resulting in electrical
activity. From the same ab initio studies Froudakisl.[2] determined that SICNTs are
stable. Nevertheless they predicted that SICNTe Ibeir stability when the ratio of
silicon over carbon increases with the cross owantgor replacing C with Si without the
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tube collapsing to a cluster or nanowire being 3B%ubstitution. They also suggested
that a 50% substitution would result in stable nabes with an ionic character. The

electronic density of states of SICNTs determibhgdhe same research group show that
the substitution of a few C atoms by Si insertelgwnto the HOMO-LUMO gap, while

in the “Si rich” SICNTSs the gap increases again ttuthe structure regaining symmetry.

It has also been established that as the numb&r atoms incorporated increases, the

diameter of the tube also increases [2].

From a structural point of view, the lone orbital 8i in the graphite-like lattice can act
as a binding center to attach different atoms olemues for nanotube functionalization
[12]. In another study [13] tight-binding moleculdynamics (GTBMD) and ab initio
methods were used to investigate properties of $EONth Si:C ratios of 1:1. Two types
of rolled graphene sheet structures of SICNTs, showfigures 4.1 (A) and (B), were
studied: type 1 involved alternate Si and C sidgreas type 2 contained pairs of Si=Si
and C=C bonds. Type 1 had severe wavelike distetas compared to type 2. However
it was found that type 1 structures are more sttiza type 2 structures by 0.43 eV per

Si-C pair.

(b) (©)
Fig. 4.1A: (a) Type-1 graphene sheets of SiC wiSi to C ratio of 1:1 obtained by tight-
binding molecular dynamics (GTBMD) relaxation sesli The surface reconstruction
results in a wavelike appearance. The top and mmopnels in each of these figures show
top and side views of the structures, respectiviel\both structures Si atoms, coloured
grey, are all in a single plane, while C atoms omd black are displaced above and
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below this plane. (b) End views of single wall SiCNof zigzag (top) and armchair

(bottom) configurations. (c) Side views of the stuwes [13].

(a) (b) (c)

Fig.4.1B: Type-2; (a) graphene sheets of SiC wigi o C ratio of 1:1 obtained by tight-
binding molecular dynamics (GTBMD) relaxation sesli (b) End views of single wall
SICNTs of zigzag (top) and armchair (bottom) coumfagjions. (c) Side views of the

structures respectively [13].

Several papers have been published reporting théhesis of carbon nanomaterials via
co-pyrolysis of pitch and heteroatom precursors]&§l Formation of substituted carbon
materials by co-pyrolysis is reported to be higéifective for boron because it can form

planar bonds through Shybrid orbitals, unlike silicon with $iaybrid orbitals.

Among the different methods for nanomaterials sgsihy chemical vapor deposition
(CVD) seems to be the most promising in terms @jdascale industrial applications, due
to the relatively low cost of the method and theeeaith which it is possible to upscale
both the preparation and purification methods [Z9hemical vapour deposition is a
suitable and widely used method to produce silicanbides in various shapes (thin films,

powders, whiskers and nanorods.) [17].

The first successful synthesis of SICNTs, by Phamtdnd co-workers in 2001, was

done by shape memory synthesis, which is baseh®mas-solid reaction between a

81|




vapour of a Si source and carbon nanotubes or itemsf3]. Another research group has
synthesized SICNTs by the reaction between Si (pred by disproportionation of SiO)
and CNTs as templates [5], while others have peghadBiCNTs by CVD using

commercial nanoporous alumina filter disks as tewesl [18]. Most preparations of

SICNTSs reported to date have involved the usetefrgplate or a support.

SiC materials either in thin films or in bulk formay be produced using a CVD method.
Several research groups have prepared SiC matasilg gaseous precursors as feed in
CVD. The feed may consist of different gas sourfoessilicon and carbon or a single
source for both elements [19]. For the preparatbi®iC materials from two or more
sources most studies have used various mixtureslasfes and hydrocarbons [20,21]
whereas the preparation from a single source feesdemployed carbosilanes [22-24].
The use of more than one source of feed enableSitleratio to be varied as desired
unlike with the single source where the Si:C ratiofixed. Several studies, through
manipulation of the Si:C ratio, have successfuliparted SiC/Si or SiC/C composites
[25-28]. For example Xie et al. [29] prepared siticcarbide nanotubes by CVD using
methyltrichlorosilane (MTS) as a source of bottad C, while in another study a SiC/C
composite was deposited from MTS and ethene by @D Silanes and chlorosilanes
have largely been associated with the introductibhydrogen and chloride impurities
which impact on the deposited products. Some studigave employed
tetraethylorthosilicate (TEOS) as an alternativiecam source since it is known to

produce relatively pure CVD oxides [31].

TEOS has been widely used in the preparation ofopwsus materials. In a
conventional method mesoporous materials are pedply hydrolyzing the inorganic
precursor (silicon alkoxide) in an acidic, basicn@utral medium in the presence of an
organic structure directing agent (surfactant). BEts also become popular as a single
source precursor for Sn thin film optics and anti-reflection coating31]. It has been
used in studies as either a source of carbon mosil For instance, Shi et al. [32]
reported on the synthesis of double-walled carbanotubes by CVD where they

employed TEOS as a source of carbon. Also Pol.ef38] reported on a single step
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method to deposit Si nanoparticles on the surfdda-situ formed carbon spheres in a
closed swagelok cell at 700 °C using TEOS as a&iasource. Synthesis of SICNTs by

CVD suggests a condition dependent process.

Here we report on the deposition of $idatings on the surface of in-situ formed carbon
spheres by thermal pyrolysis of TEOS via horizo@&ID as well as the preparation of
silica hollow shells from subsequent thermal treaattmof the SiQ covered carbon

spheres.

4.2 Experimental

Tetraethylorthosilicate (TEOS), triethylsilylchlde (TESCI), toluene and ferrocene were
purchased from Strem chemicals and used as recedyedhesis was carried out in the
temperature range of 700 - 1100 °C, in an A51%) (v/v) gas mixture from AFROX at
atmospheric pressure. The gas flow rate was kepgtaot at 100 ml/min. A constant wt.
% of ferrocene (5 %) was added to a solvent mixtdirt®luene and TEOS with different
weight ratios of both solvent constituents. Thealyst solutions were placed in a 20 ml
syringe and injected into the heated quartz tubenbgns of a SAGE syringe pump at a
constant injection rate of 1 ml/min. The solutiomnere injected into the reactor via a
specially designed quartz tubule (2 mm i.d., 200 mrength) similar to that described
in (chapter 2). The carbon materials were deposimsadg a single chamber horizontal

furnace based on similar principles as that deedrib chapter 2 (figure 2.1).

The carbonaceous materials deposited were scrapmdliie walls of the quartz tube and
weighed. The as-synthesized samples were disperstdanol and placed onto a copper
grid for TEM analysis. Carbon products were chamdoeéd by scanning electron
microscopy (SEM) (Jeol JSM-840), transmission etectnicroscopy (TEM) (Jeol JEM-
100S), XRD (Philips PW187020/00), Raman spectrogddpY T64000) and thermal
analysis (TGA) (Perkin ElImer TGA 7). TGA was contietin air by heating samples

from 25 °C to 950 °C at a heating rate of 5 °C/nihe diameter measurements of the
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carbon materials were performed using the Imagebram on the TEM digital
micrographs. The yield was calculated from the%f the products obtained relative to

the mass of the solvent injected into the system.

A series of experiments were performed in whichwte% of TEOS was varied in the
reaction mixture containing ferrocene, toluene dfDS. The TEOS wt. was varied

from 0 — 30 % in the presence of the catalyst. Ratashown in table 4.1.

4.3. Results and discussion

4.3.1 Toluene

Deposition of carbon materials from toluene andoene with no silicon source

produced nanotubes and amorphous carbon with thveeabundances as depicted in
table 4.1. Carbon nanotubes as seen in the TEMograph (figure 4.2a), vary in

diameter. The thickness of the outer walls indidatieat the tubes are multi-walled.
Figure 4.2 (b) provides information on the outeandeter distribution showing a range of
diameters varying from 20 to 100 nm with the mayoof the tubes having average
diameters around 50 nm. Information on the amo@isinoorphous carbon was obtained
from the SEM micrograph (Fig. 4.2c), as well aslgrgth of the tubes which on average

wereca.50 m long.
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Table 4.1 Effect of TEOS on CNTs

TEOS % Yield Notes Mean  Lengtt?
Wt.% dicten® /' m
/ nm (CNTs)
0 5.82 Tubes (80%)C (20%) 50t 48
5 12.3 Tubes (85%)C (15%) 30t 300
10 7.16 Tubes (85%)C (15%) 20t 28
15 2.24 Tubes (80%) (20%) 20t _
20 1.58 Tubes (75%) (25%) 20t L
30 1.54  Spheres(55%),Tubes (15% (35%) 250s _
*60 1.00 Spheres (60%f;(5%),Si-coats(35%) 250s

*100 2.22  Spheres (90%€ (10%)

Temperature = 900 °C; ArlH5%) (v/v) flow rate = 100 ml/min; ferrocene = 58%.; -
C = amorphous carbon; injection rate = 1 ml/mint.% TEOS deposited in the absence

of a catalyst®t = tubes & s = spheres.

100

804

70

60—

Percentage

20 30 40 50 60 70 80 90 100
Diameter / nm

Figure 4.2a: TEM micrograph of carbon Fig. 4.2b: Average outer diameter distribution
nanotubes prepared from toluene at 900 “0r the tubes deposited from toluene.

in the absence of a Si source
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Fig.4.2c: SEM micrographs of CNTs prepared fronudole shows the different forms of

carbon (tubes & amorphous matter).

4.3.2 Tertraethylorthosilicate (TEOS) as a Si soarc

Carbon nanotubes prepared from 5 % wt. TEOS iret@un the presence of ferrocene
are shown by the TEM images (figure 4.3a). Theiguaf the surface of the tubes looks
rough and the interior of the tubes appear paytisigmented. Figure 4.3 (b) and (c)
gives more information on length dimensions andh®amount of amorphous carbon
formed in the reaction. Tubes are longer (see tdbl¢ and better aligned, with less
amorphous carbon noted in comparison to tubes prdgeom toluene in the absence of
TEOS. Despite their alignment some kinks are olzg#evfrom SEM images (Fig. 4.3c).

The surface information provided by TEM and thekkiseen from the SEM micrographs
indicate that small amounts of TEOS induces defectthe carbon graphitic lattice,

leading to the distortions in the carbon nanotubésiFig 4.3a).
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Fig. 4.3a: TEM micrographs of nanotubes preparethfa mixture of 5 wt. % TEOS in

toluene. A black arrow points to one of the defesetsn on the CNTs walls

Fig. 4.3b: Tubes prepared from 5wt.% Fig. 4.3c: A closer look of the tube shows
TEOS. The tubes are well aligned tubes their wavy nature. Some amorphous C is

and 300 m in length also observed

TEM analysis reveals that the TEOS:toluene ratftuémces the quality of the CNTSs.
The micrographs of tubes prepared from 10 wt. % $HEOtoluene (Fig. 4.4a) shows that
tubes are smaller in diameter with the roughnesshensurface still persisting. SEM
analysis (Fig. 4.4b) of the same sample providésrnmation on the CNTs length. The
tubes are ~ 28m long (table 4.1). This is a drastic drop in léngthen compared to the
sample prepared from 5 wt. % TEOS. It can alsodes $rom the SEM images that the
CNTs alignment has deteriorated, which is againndication of structural disorder in

the tubes. Also from the SEM analysis there israamkable reduction in the amount of
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amorphous carbon observed when tubes are prepayed TEOS/toluene mixture as

compared to when tubes are prepared from toluelye on

Fig. 4.4a: TEM image of TEOS 10 Fig. 4.4b: SEM image of TEOS 10 wt. %
wt. % in toluene majority of CNTs in toluene
are narrow

It has been established from the TEM micrographg @&4c and d) that by further
increasing the amounts of TEOS to 15 wt. % and 20% in toluene the quality
(diameter, length) and yield (table 4.1) of the GNirther depreciates. It also seems that
the strength of the tubes is affected as tubesampgpehave broken into small fragments
upon sonication during sample preparation befordTEewing. Deterioration of the
diameter implicates carbon deficiency impact onetdirength. The carbon nanotube
length can be correlated with the tube growth. leetength deterioration indicates early
termination of tube growth. Termination of tubegtb is subject to carbon availability
and catalyst activity. Therefore short tubes inicaeither carbon deficiency, catalyst

deactivation, or both, impacting on the CNT synithes
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Fig. 4.4c: 15 wt. % TEOS in toluene CN Fig. 4.4d: 20 wt. % TEOS in toluene CNTs

Early literature studies have indicated that TEQ®lysis results in carbon and SIO
deposition. A kinetic model of TEOS decompositias,provided by Herzler et al. [34],
suggests that the carbon source during TEOS detigmnis an oxygen-containing
hydrocarbon in the form of ethanol, or ethenethfeaol is the carbon source produced in
situ during TEOS decomposition then our resultscasistent with the work published
by Botello-Méndez et al. on “controlling the dimenss, reactivity and crystallinity of
multiwalled carbon nanotubes using low ethanol eot@tions” [35]. They observed
improvement in length at low ethanol concentratiand a drastic drop in length at high
concentrations. In their studies Hata et al. [3&jgested that the oxygen atoms play a
crucial role keeping the Fe catalyst clean fronboaragglomeration for longer periods,
thus resulting in longer carbon nanotubes. Oxyggma react with carbon atoms
creating CO and C{gaseous species [35]. However as additional O stma added (at
high ethanol concentrations) reactions between itk @ occurs leading to catalyst
deactivation and hence reduced tube formation [B&f could explain why good quality
tubes are observed at low concentrations of TEQS carality deterioration results at

high concentrations of TEOS.
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Fig. 4.5a: Mean outer diameter distributic

for 5 wt. % TEOS in toluene

Fig. 4.5b: Mean outer diameter distribution

for 10 wt. % TEOS in toluene.
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Fig. 4.5c: Mean outer diameter distributiorFig. 4.5d: Mean outer diameter distribution
for 15 wt. % TEOS in toluene

for 20 wt. % TEOS in toluene

To further explore the effect of TEOS on Fe, TEMalgais (Fig. 4.6a) of carbon
materials prepared from 30 wt. % TEOS in toluens wadertaken. A drastic change in

the carbon morphology is observed from the TEM iesagrhe carbon products now

consist of a mixture of carbon spheres and CNT$h wpheres being the dominant

component of this mixture. The resulting spheregehdiameters ranging from 150 - 400

nm with the majority of them being ~ 200 nm (Fig6@). The appearance of carbon

spheres in the presence of Fe is a clear indicatiaratalyst deactivation. SEM analysis
(Fig. 4.6b) shows that the tubes have the appeaminghort rods.
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2000 nm

Fig. 4.6a: TEM image of 30 wt. % TEOS Fig. 4.6b: SEM image of 30 wt. % TEOS

in toluene in toluene
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Fig. 4.6¢: diameter distribution for carbon sphepespared from 30 wt. % TEOS in

toluene in the presence of the catalyst.

Raman analysis

Figure 4.7a shows the intensities of the active &amscattering modes of the carbons,
one around 1350 cincalled the D-band, denoting the degree of disoimleéhe carbon
lattice or the extent of amorphous carbon and theraaround 1580 citermed the G-
band denoting the extent of the graphitic naturéghefcarbons. Figure 4.7b summarizes
the b/l ratios of the products. The/lg ratios of 5 and 10 wt. % TEOS in toluene are

low indicating graphitisation. Thep/lg ratios (Fig. 4.7b) gradually increases with
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increasing amounts of TEOS, which implies that withreasing TEOS the graphitic
nature and order of the products is lost. Thisiiagreement with what has already been
observed from the TEM images, where a gradual dserén length and diameter were

noted until eventually spheres were observed.
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Fig. 4.7a: Active Raman scattering mode Fig. 4.7b: The d/Is ratios as measure of
D and G- band at 1350 and 1580tm graphitic nature

respectively

4.3.3 Non-catalytic pyrolysis of 60 % TEOS in tohe

Having established that high concentrations of TE@Sctivate the catalyst, deposition
of carbon materials from high TEOS:toluene raticswparformed in the absence of the
catalyst. Figure 4.8a shows that at a 60:40 wta%e rof TEOS:toluene, spheres were
produced. These were expected in the absence bfdveever, new features appeared not
typically observed when Si is absent. The sphemsea to be encapsulated in a
translucent structure. It has already been stadiethat TEOS decomposition results
in deposition of C and SK¥OPol et al [33] used the boiling points of carl{dd00°C) and
silicon (2355 °C) to suggest that thermodynamicalig kinetically carbon solidifies first
on thermal decomposition of TEOS producing silicoated carbon spheres. Based on a
similar aspect we suggest that in our work carbets deposited before SiOrhis would
produce the core/shell structures formed with carlawapped in silica shells. Also a
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typical Si-O bond has a bond length of ~1.49 A wdibsociation energy of 452 kJ/mol
while a Si-C bond is ~1.86 A long with dissociatienergy of 360 kJ/mol. Therefore it
can be assumed that during thermal pyrolysis of $H@®&@ strong Si-O bonds are formed
at the expense of the weak Si-C bonds. The carpberes deposited have diameters

ranging between 200 nm and 400 nm (Fig. 4.8b).

00—
1000 nm .
90

Percentage

200 300 400 500

Diameter/ nm

Fig. 4.8a: Carbon spheres prepared from Fig. 4.8b: Spheres diameters prepared
60 wt.% TEOS are encapsulated in silica from 60 wt.% TEOS

shells

Thermogravimetric analysis of the 60 wt. % as-sgatted sample was done in air to
obtain information on the composition of the samflee TGA profile shown in figure
4.9 reveals a mass loss of approximately 80 %,inga20 % residue, which in the

absence of the catalyst should be silica.
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Fig. 4.9: TGA profile of 60 wt. % TEOS as-syntheslzample.

TEM analysis of the residue resulting from theritmneatment in air reveals that most of
what were the carbon spheres were burned off Igawamind hollow silica shells (figure
4.10). This indicates that the silica shells areops in nature. This is again in agreement

with the findings of Pol et al. In their study, BEanalysis established that products
obtained from TEOS pyrolysis were porous [33].

Fig. 4.10: TEM micrographs of TGA residue showidiéw silica shells with some

residual carbon in amorphous form indicated byattiew.
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EDS analysis of 60%TEOS

Elemental analysis of the as-synthesized 60% TGE®E was performed by EDS. The EDS
spectrum (Fig.4.11) indicates that the core/shrictures are composed of carbon, oxygen and
silicon. The identification of both silicon and aygn by EDS confirms the deposition of SiO
Copper is detected from the SPI Cu grid used foyda loading during analysis.

Fig. 4.11: EDS spectrum obtained from 60%TEOS.

XRD analysis

X-ray diffraction patterns of both the as-synthedi0 wt. % TEOS sample and its TGA
residue indicate that the resulting spheres com@ibon (figure 4.12). From figure 4.12a
the carbon reflection peaks can be seen around2amd 43.51° assigned to (002) and
(101) graphitic planes respectively. However, thakpat 25.70° appears to overlap with
other reflections which are difficult to identiffhe expectation would be not to see the
SiO, reflection as the instrument was calibrated usirgiicon sample holder. The weak
carbon signal at 20.08° seen in figure 4.12b (remidndicates amorphous carbon which
is also seen in the TEM images of the TGA residilee observed carbon content is

consistent with the loss of carbon after thermedtiment in air (in the TGA apparatus).
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Fig. 4.12a: XRD pattern of sample produce#ig. 4.12b: XRD pattern of residue
from 60 wt.%TEQOS in toluene

4.3.4 Thermal decomposition of TEOS

Figure 4.13 shows TEM images of carbon materiatglypeced from pyrolysis of pure
TEOS. The resulting carbon materials are impersgtieres which closely resemble
amorphous carbon. A closer look at these spheresssbbumpy uneven surfaces. The
white arrows show that core/shell structures arenéal, with the shell being a slightly
opague rough structure while the core appears tialdeer and spherical (Fig.4.13b).The
shells formed are dense, thick and uneven due @@ &position. Thermogravimetric
analysis profile shows that materials prepared fpume TEOS are thermally stable in air
up to temperatures as high as 600 °C after whichaas loss of approximately 40%
occurs (Fig. 4.13c). The TEM image (Fig 4.13d) shakat the 60 % residue consists of

carbon, carbon spheres and silica shells.
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Fig. 4.13a: TEM micrographs of the Fig. 4.13b: A closer look reveals the
irregularly shaped materials prepared fromcore/shell structures shown by arrows.
pure TEOS
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Fig. 4.13c: TGA profile of materials preparegig. 4.13d: TEM micrograph of structures

from pure TEOS revealing 40% mass loss remaining after thermal analysis

IR analysis

Information on functional groups can assist in thetermination of the chemical
composition of the structures. The IR spectra (Ei@3e) provide information on
functional groups available in the as-prepared na$e and also from materials
remaining after thermal analysis (TGA). The IR dpeu of the as-prepared materials
shows the Si-O symmetric and Si-O assymmetriccstieg vibrations at 798 chand
1069 cm' respectively. Aromatic C=C stretching vibratiorre abserved at 1526 ¢m
confirming co-deposition of carbon and silica frdilBOS. The Si-O absorption peak at
1069 cn' has a shoulder at 1224 ¢mwhich is suspected to be due to SiC vibrations.
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The Si-C bond has a modest change in dipole, anekpected to result in a weak
absorption. However the model of TEOS decompostiioes not indicate SiC deposition
from TEOS [34]. On the other hand Sun et al. reggbthe synthesis of SiC from SiO and
CNTs [5]. Based on this information the possibilay SiC formation during TEOS
pyrolysis can not be completely ruled out. The Hreaak peak seen around 1826'tm
could be due to anhydride C=O vibrations (expecaedl850 crt), alkenyl C=C
stretching vibrations (expected at 1680-1896'kmr aromatic C=C bending vibrations
(expected at 1700 ch. However, the intensity of this absorption iswereak and is
unlikely to be associated with anhydride C=0. Thaeeit is suggested that alkenyl C=C
stretching and aromatic C=C bending vibrationstheecontributing factors. The peak at
2101 cm' is due to an alkyne @ bond stretching vibrations.

After thermal analysis the peak at 2101 caue to an alkyne GC bond stretching
vibrations disappeared, indicating that combustmecurred with removal of the
functional group. The peak around 1826 tnarrows and undergoes a redshift while that
at 1526 crit persists. The persistence of these two aromatie @brations after thermal
analysis suggests formation of the SiC graphenetsh@ll spectra show atmospheric
CO; stretching vibrations at 2360 €m
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Fig. 4.13e: The IR spectra of as-prepared matefial® pure TEOS and the residual

materials obtained after thermal analysis
4.3.5 Thermal decomposition of triethylsilylchloed(TESCI)

Non-catalytic pyrolysis of triethylchlorosilane (BEIl) resulted in deposition of carbon
spheres with a very wide diameter distribution. Baene effect was observed from the
pyrolysis of chlorobenzene (CIBz) (see chapterTBe other feature common to TESCI
and CIBz pyrolysis relates to the enhanced yiefdb® carbon materials. Both reagents
are chlorinated species, so once more we see mélglaying an important role in
improving the yields of the product. TEM imagesg(M.14a) show abundant spheres of
different sizes. The sizes are presented in theetier distribution graph (Fig. 4.14b).
Raman analysis shows the typical carbon active s¢flig 4. 14c) associated with’sp

and sp carbon atoms
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Fig. 4.14c: Raman analysis of spheres prepared T&aCl showing typical D & G-

bands.

TGA studies show a mass loss of 60 % which indecdbe presence of silica (Fig.
4.14d). The data do not however provide informatbthe form taken by the silica. To
shed light on this issue TEM analysis of the TGaidae was undertaken. From TEM
images (Fig. 4.14f) spheres are observed aftemdletreatment in air. This suggests the
possibility that these spheres are composed afosilcarbide. However the mass loss
observed from TGA profile nullifies the possibilitpf pure SiC. Two possible
explanations can be given; first is the formatida &iC/C composite, where SiC is at the
core of the sphere and carbon at the surface. Hawtbis fails to explain the formation
of silica shells around the spheres upon heatiegsémple in air. Therefore the second
possibility of silicon coated carbon spheres ipps®d. The silicon coated spheres would
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react with Q during thermal analysis to form silica. This pbdgy does not explain why
the carbon spheres did not completely burn offrduthermal treatment.

Fourier-transform infra-red spectra of spheres g@meg from TESCI shows a typical
atmospheric C® absorbance at 2354 &m(Fig. 4.14e). The spectrum of the as-
synthesized sample shows two peaks of significanoe; at 2102 cth (alkyne CC

vibrations) and the other around 1827c(@=C vibrations). The IR spectrum of residual
materials obtained after thermal analysis showsrteiw peaks at 802 ¢hrand 1066 cril

due to symmetric and asymmetric Si-O vibrationpeesively. Hence, conversion of Si-
Cl bonds to Si-O bonds during thermal treatmensuggested. The absence of C=C

vibrations around 1827 chexplains the mass loss seen in the TGA profilg.(&il4d).
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Fig. 4.14d: TGA profile of TESCI spheresFig. 4.14e: FT-IR spectra of the as

performed in air synthesized sample and of TGA residue
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TEM micrographs reveals two types of structuresectéd after thermal treatment: the
core/shell structure in which black spheres areapsglated in translucent silica shells
(Fig. 4.14f) and structure with a golf ball surfaesemblance (Fig. 4.149). The golf ball
surface appearance is believed to be a resultspirajportionation and silica deposition
on the surface of the carbon spheres. The infoomgtrovide by TEM analysis is in

agreement with the information provided by the fearum. No carbon based functional
groups were detected by IR spectroscopy and ibeaseen from TEM micrographs that

the carbon structures are covered by silica.

Fig. 4.14f: TEM micrograph of the core/shell Fig. 4.14g: TEM image showing the
(C/SiOy) structure obtained after thermal treatmeimgfolf-ball surface resemblance

of materials prepared from TESCI

EDS analysis

Elemental analysis by EDS of spheres prepared trogthylchlorosilane is shown in

figure 4.15. EDS reveals that the spheres are ceeapof silicon, carbon and chlorine.
Based on the result of the EDS spectrum silicahesdominant element, this explains the
observation made form the TGA profile. Copper igeded from the SPI Cu grid used to

load the sample during analysis.
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Fig. 4.15: EDS of spheres prepared from non catgbytrolysis of triethylchlorosilane.

4.4 Conclusions

Pyrolysis of a TEOS/toluene feed in the presenca dérrous catalyst results in the
formation of carbon nanotubes. The low concentnatib TEOS (5% wt.) improves the
CNT quality; i.e long tubes and less amorphousaardre produced. On the other hand
high concentrations of TEOS (10 % wt. and abovsjltan the formation of short tubes
with increasing amorphous carbon deposition andnterdly production of carbon
spheres in the presence of a catalyst. Thus, sanadtlunts of oxygenated species are
constructive during the preparation of CNTs whdege amounts are destructive. A low
concentration of oxygenated species keeps theysatphrticles clean and active by
preventing carbon agglomeration on the surface hedf tatalyst. However, high
concentrations of oxygenated species lead to ctalgactivation as well as carbon
deficiency. TEM and IR analyses of structures poedufrom TEOS indicate that non-
catalytic thermal decomposition of TEOS resultcaadeposition of carbon and silica

resulting in the formation of core/shell (C/)@tructures.
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Thermal pyrolysis of triethylchlorosilane in thesalnce of a catalyst indicates that the
generation of chlorinated species results in enddgupecoduct yields. However control of

the dimensions (carbon sphere diameter) is a cig@les chlorinated species result in
carbon spheres with a wide diameter distributiod0¢1200 nm). EDS studies revealed
an interesting new feature which according to omovwedge has not been reported
previously. It shows that spheres prepared fromthyichlorosilane are composed of
carbon, silicon and chlorine. We have shown in tdrap that chlorine generated from

pyrolysis of chlorobenzene is eliminated as HClwdwer in the presence of silicon,

chlorine has been retained in our studies. This beagscribed to increasing M-Cl bond
strength (M = C, Si) from carbon to silicon (C -732)/mol; Si - 391 kJ/mol). However,

the M-CI bond strength does not reflect the difigwf heterolysis; for example in spite

of the high Si-Cl bond energy compounds contaitivege bonds are highly reactive and
unstable in air. Therefore, retaining chlorine segjg that the Si-Cl bond is stabilized by
attachment of carbon to silicon. Thus, silicon loese spheres is Spybridized.
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Chapter 5

Conclusions

Carbon nanotubes have interesting physicochemicapepties which make them
attractive candidates for various applicationgjiasussed in chapter 1. However it is still
difficult to synthesize carbon nanotubes with theracteristics required for specific
applications. Therefore numerous methods of surfamalification and interfacial
engineering have been established and employediiyus researchers to overcome the
problem. Chemical modification and surface funaioration of carbon materials has
been discussed in chapter 1. A more specific approasimplifying efforts to utilize the

outstanding properties of CNTs is achieved by headjon.

Chapter 2 described the use of the injection CVDhoet to synthesize carbonaceous
materials in the presence of a reducing gas (ABPb) and a hydrocarbon solvent.
Carbon materials synthesized in this study wereatherized by Raman spectroscopy,
TEM analysis, SEM analysis, Infra-Red spectroscd@yA and EDS analysis. Most of

these techniques have been discussed in chaptéerat(re). An overview of issues

pertaining to use of these techniques was deschibelapter 2.

It has been established in this research that #reeptage content of the haloarene
(chlorobenzene, bromobenzene) in the feed impactsnorphology of carbonaceous
materials produced during catalytic pyrolysis. sMound that catalytic pyrolysis of a
feed having a high content of the haloarene pradlelusively spheres. This is an
indication that high haloarene content deactivdbes catalyst. A gradual change in
morphology from spheres to a mixture of spheres ffwks and finally tubes was
observed upon gradual reduction of the haloarerndenot There are two possible
explanations to this observation. In the first HEproposed to play a key role. It was
confirmed in this study that decomposition of chlmenzene produces hydrogen chloride

gas, which at high concentrations causes surfasomiag of the catalyst. The second
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possibility is that radicals generated during tharrdecomposition of chlorobenzene
bring about charge transfer, which results in gatadeactivation.

The influence of the reducing gas flow rate on th@phology of the carbons prepared
from catalytic pyrolysis of chlorobezene has bestaldished in this study. At high gas
flow rate (Ar:H, (400:120 ml/min)) catalytic pyrolysis of chlorolzme produced multi-

walled carbon nanotubes. The tubes had partiadly-flled cores. Etching of the tube
walls was also observed. However when the flow ves low (100 ml/min) catalytic

pyrolysis of CIBz resulted in production of carbgpheres. This indicates that the
residence time of the halogen species in the @maahamber plays a crucial role in

influencing the morphology of the resulting product

Preparation of carbons from chlorinated speciethénpresence of the catalyst has been
reported by many researchers. However, less aiteffitas been paid to non-catalytic
pyrolysis of chlorobenzene. One of the challended tesearchers have faced in the
carbon nanomaterials field is up scaling of prodyeids. In this research we have
established that non-catalytic thermal pyrolysihaliogenated species is a cost effective
and energy saving process to improve the yieldsadfons especially carbon spheres. In
chapter 3 non-catalytic decomposition of chlorolbez@roduced approximately three
times the yields obtained from the same volumeobdeine under the same reaction
conditions. We also found that the yields of prdduprepared from toluene can be
improved by introducing chlorinated species intoe tholuene feed. Introducing
chloroform into a toluene feed by forming a chlami/toluene mixture of volume ratio

1:3, gave improved yields up to twice the amoubtsioed using toluene only.

The impact of gas flow rate on the sizes of thepgred carbon spheres from non-
halogenated carbon sources have been reported Hey otsearchers. Their studies
showed that the size decreased with increasing fié&: In this research the effect of gas
flow rate on the size of spheres prepared from caiatytic pyrolysis of chlorobenzene
was investigated. We established that the size avbon spheres prepared from
chlorobenzene is not influenced by the gas flove @ compared to spheres prepared
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from toluene. However the vyields are influencedtliy gas flow rate; as flow increases
the yields decrease. The problem encountered veaspheres produced from CIBz have
a wide diameter distribution, which is insensitite gas flow rate. However we
established that the size distribution of theseemgh can be controlled by the
composition of the carrier gas. When hydrogen wsedlas a carrier gas a narrow size
distribution was obtained as compared to when avggsused.

It has been stated in the literature that one efdhmallenges for application of CNTs is

poor dispersion due to high van der Waals intepadbetween the tubes. This problem is
more enhanced in carbon spheres due to accretispheires. We have established a way
to eliminated accretion without functionalizing teeheres. Non-catalytic decomposition
of chlorobenzene as well as non-catalytic pyrolysfsa chloroform/toluene feed

produced non-accreted spheres. EDS analysis shdhetd these spheres are not
chlorinated. This indicates the use of chlorinabgdrocarbons as a way to eliminate
carbon sphere accretion without compromising threetwork of the spheres, and thus

preserving their properties.

The impact of non-carbon containing reagents swgchnamonia and thiophene on non-
catalytic pyrolysis of toluene and chlorobenzenes waestigated. We observed that both
reagents promoted production of amorphous carborhén products prepared from
toluene. However, there was no observable influelocéghe products prepared from
chlorobenzene. This indicated that toluene has @nmdposition mechanism which
renders it susceptible to inhibitors such as sutpaumechanism different from that of

chlorobenzene.

Preparation of carbon nanotubes by injection oblaent hydrocarbon in a horizontal
CVD procedure has been performed and reported bgrat However, this method
usually yields products with a wide distributiondiémeters. One other challenge in the
CNT field of research is the ability to achieve @fie dimensions and homogeneity. We
have established in this research that preparaic@NTs from a feed containing low
concentrations of tertraethylorthosilicate (TEO®)vides a diameter distribution control
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and a remarkable improvement in length as compar&NTs prepared from toluene. It
was observed that CNTs prepared from a low conagoitr of 5 wt. % TEOS in toluene
had a narrow diameter distribution with less amorgh carbon and about six times
longer tubes than prepared from toluene. Howevevas found that high concentrations
of TEOS in toluene are destructive. A drastic detation of lengths and yield was
observed at high concentrations of TEOS in toludies is an indication that oxygen
from TEOS plays a crucial role in keeping the gatiahctive for longer time periods by
preventing agglomeration of carbon on the catadystace. However, too much oxygen

deactivates the catalyst.

Non-catalytic decomposition of TEOS:toluene (60:%€) as well as TEOS alone
produced core/shell structures formed from carblicds It was established in this study
that during non-catalytic pyrolysis of TEOS, carlsmiidifies first from co-deposition of
carbon and silica. Subsequent thermal treatmetiteotarbon/silica core/shell structures
resulted in formation of hollow core silica struas, indicating the porous nature of the

silica shells prepared.

Triethylchlorosilane (TESCI) was also used as a@®wof carbon and silicon. Thermal
pyrolysis of triethylchlorosilane in the absenceaotatalyst indicates that chlorinated
species result in enhanced product yields, a phenomalready observed in chapter 3.
EDS analysis revealed that spheres prepared frigtiytichlorosilane are composed of
carbon, silicon and chlorine. Thus, chlorinatedcsit/carbon composites have been
prepared in this study. TGA profile of these comiassindicates that 60 % residual
material was obtained after thermal treatment in @EM analysis of the residual
materials obtained after thermal treatment revdas these composites have excellent
thermal resistance. Even though pyrolysis of TE&GSLIts in structures different from
those obtained from TEOS, the stability of the $b6nd in TESCI is analogous to the
Si-O bond found in TEOS.

The partially iron-filled carbon nanotubes obtainedthis study open a door to the
possibility of forming long nanometric filaments biing carbon nanotubes with metals.
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If bimetallic catalyst systems are used in the rieitunanometric filamentous alloys with
remarkable properties can be prepared. Thereforefufure work catalysts other than
iron should be used to investigate the impact ohohaloarenes on other metals. Also
the effects of a second electron withdrawing grawgm be studied by examining
dihaloarenes. From the thermolytic pyrolysis oicsih sources, conditions which favour
formation of a Si-C bond over the Si-O or Si-Cl Horeed to be established.
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