Chapter 1

Introduction

1.1 Background and rationale

Since the synthesis of carbon nanotubes (CNTsjjibyalin 1991 [1] methods to make
these materials have been extensively investigi2¢dThe synthesis of CNTs has
sparked a worldwide escalation of interest witlia scientific community focussing on
the synthesis, modification or functionalizationdaspplication of these nanomaterials.
The applied and potential applications of CNTs @ue to their outstanding mechanical
and unique electrical properties, which have bé&enoughly described in the literature
[3-10]. Such applications include their use as énmssrs for harmful gases and chemical
analyses, biomedical applications, catalyst sugpardatings of all sorts, conducting
composites/plastics, controlled drug release agiptios, electronic nanocomponents and
material protection applications, energy storageldfemission sources, fuel cell
membranes, hydrogen storage, microscope probesotube reinforced composites,

nano-conveyors, sporting goods and in water patitbic [11-26].

The synthesis of CNTs can be achieved using achdige [27], laser ablation [28],
chemical vapour deposition (CVD) [29], and mosterdty in closed system®.g. in an
autoclave or sealed quartz tube) ungeessure [30]. The CVD method is generally
classified into two categories namely, the floatoagalyst process, a gas phase process;
and the substrate CVD process, involving the usetbeérmally stable material to support
metal particles that are responsible for the maégalecomposition of carbon to form the
CNTs [29h, 31a]. While all the CNT production prsses have their disadvantages in
terms of purity and cost, the CVD process is gdhetiae most widely used because it is
a low cost process that is industrially scaleabéesatile, and it allows for the controlled

growth of high purity CNTs under optimized reactmonditions Table 1.1) [31Db].



Table 1.2 A comparison of CNT synthesis methods

Method Space time yield  Amorphous carbon Carbon purity
Arc discharge Low High High

Laser ablation Low High High

Floating catalyst or gasMedium Low Medium

phase

CVD and CCVD High Low Medium — High*

* High carbon purity can be attained after purifica [31b].

The most widely used metals for the fabricatiorCd{Ts are iron (Fe), cobalt (Co) and
nickel (Ni) as well as the alloys of these nandpkss. The metals are usually supported
on materials that are stable at high temperatUies.support used in the substrate CVD
process plays an important role in influencing do@vity of the catalyst. Several factors
need to be taken into consideration when choossupgaort. These include

0] the decomposition temperature of the support amsténéts useful reaction

range,
(i) the surface area of the support and
(i)  the metal catalyst-support interaction that costritie size of the catalyst

particle and the sintering potential of the catialys

High surface area materials such as,Sifl,0;, TiO, and zeolites provide excellent
supports for catalytic CNT production [32-42]. Hoxge, the nature of these materials
does not allow for their easy removal and thusfation of CNTs produced on these
supports remains a challenge and often requiresraleacidic/oxidation steps that result
in damage to the CNT graphitic structures as wettl@anpromised thermal stability of the
CNT. This damage affects the work function of theTS. Environmental aspects also

need to be taken into consideration when selet¢hiagupport because the solvents used



during the purification process have to be dispos#d43-70]. To circumvent these
environmental problems, the use of readily remazahipports has been studied both by

ourselves and others [71-78].

Calcium carbonate (CaGy albeit used in relatively few studies, has prove be an
excellent support for mono- and bimetallic tramsitmetal particles (typically Fe, Ni and
Co) because it satisfies both the catalyst actiamyl environmental aspects for the
synthesis of CNTs. Previous studies have revedlectivantages of using this material
as a support for CNT synthesis [71-77]. At 700CaCQ changes to CaO (lime), which
is an environmentally friendly material that caad#y be dissolved in dilute acids such
as HNQ and HCI. As a result, this support together with imetal catalyst particles can
be removed from the produced CNTs with ease, iaguih clean materials that are
relatively free of contaminants. Besides this cbiastic feature; it is also a cheap
material that is readily available. A limitation tisat the decomposition point of CagO
leads to low surface area CaO. However, the chgmistvolved during the
decomposition of CaC{has advantages that make Cg@0nore suitable support over
other materials. The chemistry involved is discdsisedetail in the literature review of
supported metal catalysts in Chapter 3. The CN@duyred on CaCghave been used as
supports for catalysts in the Fischer-Tropsch reast[73] and for the thermal

decomposition of hydrocarbons [79].

In this thesis, we report on the use of Fe, Cofex€Co bimetallic catalysts supported on
CaCQ prepared by ‘wet’ impregnation, deposition-préeifpon and reverse micelle
methods for the synthesis of ‘clean’ multi-walleattlwon nanotubes (MWCNTS) in large
guantities with near 100% selectivity. The use of navel material; calcium
pyrophosphate, G&POy),, as an alternative support is also presented(PCq), has a
high melting point (167TC), high surface area of 42.4%/gp (compared to CaG{10
m?/g), is insoluble in water and alcohols, and higbbluble in weak acids [80]. These
properties would thus render this material highligable for the CVD synthesis of CNTSs.
The CNTs produced from the former and latter salbessrhave been studied using a range

of techniques thus providing new information on pineperties of these materials.



Another form of carbon, which is graphitic in natuhas been described in the literature.
Earlier studies referred to this material as naeusicarbon spherd81] or carbon
nanobeads while more recent studies have calleth tharbon spherules [82-84]
nanoballs [85], carbon peaff6] or carbon microspheres [87]. These are alkesgphl in
shape. This form of carbon has not received as mighrest (compared to CNTS)
because in most cases it forms accidentally as@dguct in the synthesis of CNTs by
chemical vapour deposition (CVD) methods. Sincerosicopic techniques have become
readily available, recent work has been carried autthese carbon spheres (CSs)
focusing on their microscopic structural propertias well as their fabrication using
catalytic synthesis and the direct pyrolysis offogdrbons [88,89]. In this thesis, we also
present some results on the synthesis of CSs asglglene (gH,) as a carbon source in
the absence of a catalyst and their potential e@jpdin as a support for cobalt catalysts
[90]. Again, the procedures used for the syntheiSSs are motivated by the fact that
they do not impact negatively on the environmend aan readily be scaled up for
industrial application.

The search for new synthetic strategies for geimgratanostructured carbon or carbon-
hybrid materials is topical in materials chemistmgtivated by the natural abundance of
carbon and therefore the cost effectiveness ofocanfirecursors and the promising
applications of the resulting materials. Due to theinsic properties of the carbon
materials such as their high strength, high themesistance and light weight, CSs can be
used in the manufacture of high strength compagséiesatalyst carriers, lubricants and
as wear-resistant materials [91-94]. An alternat&véo use these materials as catalyst
supports. While much information has been generatékis area; to our knowledge, no
report has appeared that systematically relatepa@i®:le size (as determined by electron

microscope studies) to reaction conditions as dasttin this thesis.



1.2 Objectives

The project was primarily undertaken to elucidatel @ptimize the synthesis of high

purity CNTs using environmentally friendly supposs chemical vapour deposition.

Under this umbrella, the objectives of the resegrdfect are then described as follows:

(i)

(ii)

(iii)

(iv)

v)

To determine the optimum conditions for the repmble fabrication of
CNTs using CaC@as a support. This involved identifying the appiate
transition metal catalyst, methods for preparatiowin the metal-support
mixtures (the catalysts) and appropriate catalysttggatment conditions (e.g.
ageing time, calcination, drying).

To characterize the catalysts by mere inspectiophgkical appearance and
also by a detailed analysis using Brunauer-Emmelteil (BET) surface area,
temperature programmed reduction (TPR), powderyxditiraction (PXRD),
high resolution transmission electron microscopy RTEM), energy
dispersive X-ray (EDX) spectroscopy and by therraggnetric analysis
(TGA). Information obtained here allowed for thedst of the metal particle
morphology, dimension and dispersion. Consequerttlys provided an
understanding of the metal-support interactionsitsmonpact on the catalytic
activity and selectivity of the catalysts.

To synthesize and evaluate new catalysts using ethmports, which have not
to date been used [e.g. {-Oy),]. Environmental and cost aspects were
considered in the selection of these supports dmadr tefficiency was
compared with CaC{

To synthesize and characterize tailored CNTs predidmoom the synthesized
catalysts i.e. CNTs with uniform structural morpdg} such as diameter and
distribution. This was achieved by controlling th@&ameters that determine
catalytic activity and selectivity. Such parametersclude synthesis
temperature, type of carbon source, gas flow r@tessynthesis time.

To study the physico-chemical properties of the €NiBing a range of

techniqgues such as transmission electron microscdyM), scanning



electron microscopy (SEM), EDX, TGA, Raman spedopy, PXRD
spectroscopy, BET surface area and porosity arsalysray photoelectron
spectroscopy (XPS) and high resolution scanningndlliing electron
microscopy (HRSTEM).

The synthesis of the carbon spheres mentioned ¢ticBel.1 incidentally emanated as
the research on CNT synthesis progressed. As a&goesce, detailed studies involving
the CVD synthesis of the CSs were undertaken. &kelts obtained on the synthesis of

the CSs are also presented and form a major p#redhesis.

1.3 Thesis outline

Chapter 1 gives a motivation of the work presented in thiesseguent chapters. Although
each chapter briefly introduces itself, the infotima contained in this chapter is general
and gives a justification to the problems preserded briefly what measures were
undertaken to address them and how that was achi&éhe main objectives of the study

are also presented in this chapter.

Chapter 2 is a general literature review. The chapter will togef and will give a

description of nanotechnology today and its sigaifice in revolutionary trends
associated with this technology. Emphasis will be @arbon nanotechnology. The
commonly used CNT synthesis procedures, importeoparties of the CNTs as well as
their characterization techniques will be discuslsedfly to reveal their role in carbon

nanotechnology.

Chapter 3 reviews the literature of CNTs synthesized frompsufed metal catalysts.

Since the work presented in this thesis mainly $sed on supported catalysts for the
CVD synthesis of CNTSs, it then suffices to expl#ie role of supported metal catalyst
with reference to previous studies and literatueports. The catalyst preparation

methods, types of supports, sources of carbon Bsasvéhe types of CNTs obtained will



be discussed from a literature perspective. Thdigatton of CNTs will be reviewed and

crucial aspects of purification will be presented.

Chapter 4 is a literature review of the use @mfganometallic transition metal complexes
in the synthesis of shaped carbon nanomateriais. cFapter is dedicated to the role of
organometallic precursors in the synthesis of qan@nomaterials; presented separately
to give a better understanding of the gas phasdittoms that lead to the formation of
various carbon nanomaterials including CNTs. Thigpter was published as a review in

theJournal of Organometallic Chemistiy 2008.

Chapter 5: The results and discussion of work done on tatalytic CVD synthesis of
multiwalled carbon nanotubes using Fe, Co, and Fe&CaCQO; catalysts” is
presented. A part of this work has been publishedthe South African Journal
Chemistry 2009.

Chapter 6: The results and discussion of work done dror-cobalt catalysts
synthesized by a reverse micelle impregnation metHofor controlled growth of
carbon nanotubes” is presented. This work was publishedDmamond and Related
Materials, 2008.

Chapter 7: The results and discussion of work done @énrew Ca(PO,),-CaCO3
support mixture for the CVD synthesis of roughened multiwalled carbon
nanotubes” is presented. This work has been submitted foripatidn in Materials
Chemistry and Physic20089.

Chapter 8: The results and discussion of work done on ‘fhiee effect of reagent
residues on the stability and structure of CVD carbn nanotubes”is presented. This
work has been submitted for publication in tleurnal of Nanoscience and
Nanotechnology2009.



Chapter 9: A review of the literature surrounding the synthed carbon spheres using
catalytic and non-catalytic chemical vapour depasits presented. This chapter will
serve as an introduction to the subsequent chaptegse the results obtained during our
synthesis of carbon spheres are discussed. Itstissibriefly the main procedures of CS
synthesis using catalytic as well as non catalgtiethods. The proposed CS growth
mechanisms are also described. Lastly, the precw&ects on CS morphology are
reviewed. This chapter will be published as a mevim Materials Science and
Engineering Researdn 2009.

Chapter 10: The results and discussion of work done on*8ymnthesis and study of
carbon microspheres for use as catalyst support fazobalt” is presented. This work
was accepted for publication in tBeuth African Journal of Scienc2009.

Chapter 11: The results and discussion of work done on“@entrolled syntheses of
carbon spheres in a swirled floating catalytic chemal vapour deposition (SFCCVD)
vertical reactor” is presented. The work will be published in part iaternational

accredited journal.
Chapter 12 presents a general summary and conclusion of th& pi@sented in this
thesis. The chapter highlights the successes ofptbgect and the usefulness of its

outcomes.
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Chapter 2

General literature review

2.1 Nanotechnology

Nanotechnology ‘the fourth industrial revolutiom$been defined in many ways. Most
definitions revolve around the study and controhwdterials at length scales below 100

nm. The most appealing definitions to us, takemfrbfferent sources are given below:

Nanotechnology is the creation of functional matks;i devices and systems (of any
useful size) through control/manipulation of matter the nanometer length scale and
exploitation of novel phenomena and properties Wiadse because of the nanometer
length scald1].

Nanotechnology is the design, characterization, dpition, and application of
structures, devices, and systems by controlled podation of size and shape at the
nanometer scale (atomic, molecular, and macromddeciscale) that produces

structures, devices, and systems with at least mowel/superior characteristic or
property[2].

The concept of nanotechnology was first introdubgda Nobel Prize winner Richard
Feynman in 1959 in his lecture entitlethere is plenty of room at the botto[8]. This
lecture triggered thenano revolution’as manifested by the explosion of research on the
nanoscale [4-6]. The enthusiasm in nanoscale mseasulted in the birth of the
scanning tunnelling microscope (STM) in 1981 [AE &atomic force microscope (AFM)
[8] and other new materials (nanomaterials) inglgdihe Gy molecule (fullerene) in
1985 [9] and carbon nanotubes in 1991 [10].

The definition of nanomaterials is broad. Howeveanomaterials are generally

categorised as materials that have structured coemts with at least one dimension less
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than 100 nmNanomaterials can be created 'byp down techniques, producing very
small structures from larger pieces of materiat;dwample by etching to create circuits
on the surface of a silicon microchip. They mayoakt®e constructed byottom up
techniques, atom by atom or molecule by molecules €Tan be done by self-assembly,
in which the atoms or molecules arrange themsehtesa structure due to their natural
properties. Crystals grown for the semiconductalusiry provide an example of self
assembly. Another approach is to use tools to nead atom or molecule individually.
Although this ‘positional assembly’ offers greateontrol over construction, it is

currently very laborious and not suitable for inalas applications [3a,11].

The advantages of nanomaterials can be observed their size and surface effect
properties. Quantum size effects result in unigeehanical, electronic, photonic, and
magnetic properties of nanoscale materials. Themats reactivity of nanoscale
materials is greatly different from the macroscdjoion (e.g. the colour of bulk gold is
yellow yet gold nanoparticles are black). As theesof materials decreases, the ratio of
surface atoms increases. Due to the high surfageltome ratio associated with
nanometer sized materials, a tremendous chandeemical properties is also achievable
[12,13].

2.2 Carbon nanotechnology

The discovery of the buckminsterfullerengy,,Cbucky ball” by Kroto et al [9] and the
studies on carbon nanotubes (CNTs) by lijima [1(s hresulted in carbon

nanotechnology becoming the building block of there field of nanotechnology [3a].

Carbon has long been known to exist in variouscttres (e.g. diamond, graphite,
amorphous carbon). However other forms are now kn(@g. fullerenes, carbon fibers,
carbon onions, carbon spheres or balls, carbontunbe® etc) that emanate from the
unique ability of carbon to achieve various formk sp, s and sp electronic

configurations (Fig. 2.1). While much attention hhsen paid to these carbon

nanostructures, CNTs have in recent times recejvealer attention.
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van der waals
bonds

covalent bonds

nanotube

Fullerene

nanofiber

Carbon black spheres/balls

Fig. 2.1: Carbon allotropes.

Carbon nanotubes exist in two major categoriesglsinvalled carbon nanotubes
(SWCNTs) and multiwalled carbon nanotubes (MWCNTA)single walled carbon
nanotube is a one-atom thick sheet of graphitée@araphene) rolled up into a seamless
cylinder. When an additional graphene tube existsirad a central SWCNT, a double
walled carbon nanotube (DWCNT) is formed. Additibteyers of the graphite sheets
result in the formation of a MWCNT. They are calfednotubes’ because they possess
diameters in the order of the nanometer (i.€? 10) and they are usually a few
micrometers in length. Such cylindrical carbon roales have novel properties that
make them potentially useful in many applicatiom®ianotechnology as mentioned in the
introduction. Physically, CNTs appear as black saod they are chemically inert at
standard room temperature and pressure (Fig. 2.2).
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graphene sheet ST |; ll| .

CNT powder

Fig. 2.2: (a) Types of CNTs as defined by the ngllof graphite sheets [2,10]; (b) A
picture of CNT powder.

2.3 CNT synthesis methods

The synthesis of CNTs is certainly one of the mpstvailing aspects of carbon
nanotechnology and new synthesis methods arebsiitlg reported. This prevalence is
driven by the outcome of scientific research, whish continuously finding new
applications for CNTs in today’s world. Severalhteiques have been used to synthesize
CNTs namely; the arc discharge, laser ablation @mmical vapour deposition (CVD)
methods.

0] Arc discharge

The arc discharge method was the first method tsgoduce CNTs [10]. Typically,

nanotubes synthesized by this method are formedigirarc-vaporisation of two carbon
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rods placed end to end, separated by approximateiyn, in an enclosure that is usually
filled with inert gas (He, Ar) at low pressure (ween 50 and 700 mbar). A direct current
of 50 to 100A driven by approximately 20V createshigh temperature discharge
between the two electrodes. The discharge vapooisesf the carbon rods and forms a
small rod shaped deposit on the other rod. Theyatozh of SWCNTs or MWCNTS
depends on the uniformity of the plasma arc andehmperature of the deposit formed on
the carbon electrode [14-18].

(i) Laser ablation/ Laser vapourization

This method was reported by Smalley's group in 1&9Rice University [19]. A pulsed
or continuous laser is used to vapourize a grapaiget in an oven at 1200°C. The main
difference between a continuous and pulsed lasethat the pulsed laser demands a
much higher light intensity (100 kW/&ncompared to a continuous laser (12 kWicm
The oven is usually filled with He or Ar gas sotaskeep the pressure at 500 Torr. A
very hot vapour cloud forms, then expands and capglly. As the vaporised species
cool, small carbon molecules and atoms quickly eosé to form larger clusters,

possibly including fullerenes [18].
(i)  Chemical vapour deposition (CVD)

CVD synthesis is achieved by decomposing a carbarcs in the gas phase by using an
energy source, usually a high temperature furnaceansfer energy to a gaseous carbon
molecule. Commonly used gaseous carbon sourcaslmchethane, acetylene, ethylene,
carbon monoxide, benzene, toluene, and short adleaiols. The energy source is used
to "crack" the molecule into reactive atomic carbbne carbon then diffuses towards the
substrate, which is heated and coated with a citédyg. Ni, Fe, Co, Ru) where it will

form CNTs. Carbon nanotubes are formed if the prgaeameters are maintained such
as temperature and gas flow rates. Excellent akgras well as positional control on a
nanometre scale, can be achieved by using CVD.rGloower the diameter, as well as

the growth rate of the nanotubes can also be naedalf an appropriate metal is used,
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the catalyst can preferably grow SWCNTs rather thWCNTs. The reaction
temperatures for the synthesis of nanotubes by @\yenerally within the 600 — 9D
range [20-22].

As mentioned earlier (Section 1.1), the CVD precesin be classified into two
commonly used processes; the substrate/supportalystaCVD and the vapour phase/
pyrolysis/floating catalyst CVD. Both techniquesjuge the use of a transition metal, a
high temperature zone, and a carbon source forfaiwcation of CNTs. Due to the
significance and relevance of these techniquesutoresearch, carbon nanomaterials
obtained via these processes are reviewed exténgiv€hapters 3 and 4 of this thesis.

(iv) Autoclave processes

The autoclave process is another type of CNT sgrghreethod developed in recent years
that does not use a gas flow system. Rather tlotioado produce CNTSs takes place in a
closed container (e.g. autoclave or sealed quali)t at elevated pressures. Typically, in
this method, organometallic complexes (sometim@&satoing an external carbon source)

are used as starting materials to synthesize CR3]s [

2.4 CNT characterization

Characterization of carbon nanostructures can beertasned using a variety of
techniques. The most widely used techniques areekbetron microscopy techniques
(TEM and SEM), Raman spectroscopy, thermogravimetnalysis (TGA) and X-ray
diffraction (XRD). The usefulness of these techesjfor the characterization of CNTs is
described below in view of the fact that they héeen used extensively in this study.
Other advanced techniques such as scanning tummetlicroscopy (STEM), atomic
force microscopy (AFM), X-ray photoelectron spestopy (XPS), secondary ion mass
spectrometry (SIMS) and electron energy loss spsctipy (EELS) have been used for
evaluation of CNTs and other nanomaterials. Thdsaacterization techniques have

been reviewed in detail by Belet al[24].
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0] Electron microscopy (EM)

Electron microscopic techniques such as transmmssiectron microscopy (TEM) and
scanning electron microscopy (SEM) are very uskfals for characterizing substances
at the nanometer level. EM is used to determinesitteeand shape of nanomaterials. The
main difference between SEM and TEM is that SEMs samtrast due to topology and
composition of a surface (e.g. length, diameteifoomity and density) whereas the
electron beam in TEM projects all information ore tmass it encounters in a two
dimensional image (e.g. wall structure and cryistig) as well as length and diameter
[10,25-28]. TEM is particularly important in showjirthe inner cavity of the CNTs and
thus distinguish tubes from fibers. High resolutidEM (HRTEM) is particularly
important in evaluating the quality of CNTs as tteshnique can view samples at higher
magnifications. Both TEM and SEM techniques can doeipled with an energy
dispersive X-ray (EDX) spectrometer which allowstloe determination of the elemental

compositions of the materials.
(i) Raman spectroscopy

Raman spectroscopy has been widely used to ineéstigpth vibrational and electronic
properties of solids. CNTs are generally charaoteriby looking at the response in three
spectral regions namely the radial breathing métd&\), the tangential mode (G-band)
and the disorder-induced mode (D-band) correspgndin the excitation of related
vibrational modes [29-31]. The RBM Raman peaks appg in the range 120 - 250 ¢m
(for diameters 1 - 2 nm) provide essential inforiorabn SWCNTs and they correspond
to the atomic vibrations of the C atoms in the ahdirection. The G-band, characterized
by multi-peak features around 1580 tindicates original graphitic features. Spectra in
this frequency range can be used for SWCNT charaat®n, independent of the RBM
examination. Finally, the D-band at around 1345ciis characteristic of disordered
features in graphitic sheets. The structural gupalita CNT sample can be measured by
the ratiolp/lg between the intensities of peaks D and G [29].
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(i)  Powder X-Ray diffraction (PXRD)

X-ray diffraction is one of the oldest and mostgirently used techniques in catalyst
characterization. It is used for the identificatmnbulk crystalline phases of catalysts by
means of lattice structural parameters, to morther kinetics of bulk transformations,
and to obtain information on the particle sizesREXcan also be used to study structural
and morphological features of the as-synthesizetitemated CNT samples [32]. From
the X-ray diffractograms, one can infer whetherphefication processes were effective,

by monitoring the carbon, support, as well as medtdlyst particles used.

(iv)  Thermogravimetric analysis (TGA)

TGA is a thermal analysis technique used to meashaages in the mass of a sample as
a function of temperature and/or time. TGA is comiyoused to determine polymer
degradation temperatures, residual solvent lewatsorbed moisture content and the
amount of inorganic (non-combustible) filler in poler or composite material
compositions [33,34]. It can be used to determine thermal stability of carbon
nanomaterials under oxidizing and inert atmosphé&res amount of impurities in carbon

nanomaterials can be determined using TGA undexalizing atmosphere.

(V) Brunauer-Emmet-Teller (BET) measurement

The BET method is the most popular model used teraene total surface area of
materials. Surface area is a measure of the expaisddce of a solid sample on the
molecular scale. Knowing the surface area helpgligrehow materials will burn,

dissolve, adsorb, or react with other materialse BET method can also be used in the

sizing of nanopatrticles [35,36].
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2.5 Properties of CNTs and applications

Knowledge of the Young’'s modulug) of a material is the first step towards its usea
structural element for various applications [37NT3 exhibit extraordinary mechanical
properties: a Young's modulus of over 1 Tera Pasaalbeen reported [37-42]. Their
stiffness is comparable to that of diamond and {hessess an estimated tensile strength
of 200 Giga Pascal, which is one hundred timesdrigihan the value displayed by steel
while weighing six times less. While theory and emments show that the Young's
modulus of CNTs is at least as high as graphite @d be even higher for small
SWCNTs, Salvetaet al. [37] have shown that Young’'s moduli for MCWNTs are
dependent on the degree of order of the tube’shgrapvalls. The Young's modulus
decreases as the disorder increases, howevergkeatance will still be very high. Also,

it has been shown that the structure of CNTs isaasily changed by pressure [40].
These properties are ideal for reinforced compssited nanoelectromechanical systems
(NEMS) [43].

Besides the extraordinary mechanical propertiegSNTs, they have unique electrical and
heat conductivity properties that are not debatallidTs can either be electrically
conductive or semiconductive, depending on theliicityg leading to nanoscale wires
and electrical components. These one-dimensiohaldiexhibit electrical conductivity
as high as copper and thermal conductivity as hgldiamond [44]. They are probably
the best electron field-emitters possible. The CNdis be branded as polymers of pure
carbon and can be reacted and manipulated usingréheendously rich chemistry of
carbon. This provides opportunity to modify thetrusture and to optimise their
solubility and dispersion during application (efgr use in biomedical applications).
Most considerably, CNTs are molecularly perfectjovhmeans that they are free of

property-degrading defects in the nanotube straddb].
Another fascinating property of CNTSs is their higdpect ratio of about 1000:1, which

provides reliable imaging of deep trenches, whdedyresolution is retained due to their

nanometer-scale diameter [46]. It has also bee&htkat the higher the aspect ratio of the
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filler particles (e.g. in conductive plastics), tlwsver the loading required to achieve a
given level of conductivity. CNTs have the highaspect ratio of any carbon fibrous

material.

CNTs also possess good thermal properties. Thus dhee expected to be very good
thermal conductors along the tube, exhibiting goprty known as "ballistic conduction,”
but good insulators laterally to the tube axiss Ipredicted that carbon nanotubes will be
able to transmit up to 6000 MK at room temperature. Copper on the other hand is a
metal well-known for its good thermal conductiviiyt it only transmits by contrast 385
W-m %K™ [47]. The thermal stability of CNTs can be evaldatsing TGA. CNTs are
more stable to oxidation than activated carbonnborte reactive than graphite [48]. The
studies conducted on the thermal behaviour of CiNake shown different behaviours for
SWCNTs and MWCNTs. SWCNTs were found to be mordlstahan MWCNTSs

because of the changes associated with their es{48)].

CNTs have proven to be a promising material in roggeneous catalysis and interest in
their use as catalyst supports in increasing trelmesly. According to a review by Serp
et al. [48], carbon materials (e.g. graphite-like naneffoand CNTSs) attract a growing
interest due to their specific characteristics Wwhace mainly: (i) resistance to acid/basic
media, (ii) possibility to control, up to certaimits, the porosity and surface chemistry
of the materials and (iii) easy recovery of presiooetals by support burning resulting in
a low environmental impact. Interestingly, CNTs are¢he forefront of today’s research
in heterogeneously catalysed reactions becaus&enf superior properties explained
above. As a result, the focus of our group wasytthesize CNTs for application as

catalysts (metal) supports.
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Batteries

Biosensors for harmful gases and
chemical analyses

Biomedical applications
Capacitors

Cathodes for microwave tubes
Catalyst supports

Chemical factory-on-a-chip
applications

Coatings of all sorts

Computers and TVs (with nano
circuits)

Conducting composites / plastics
Conductors for micro electronic
devices

Controlled drug release applications
DNA chips

Electronic applications

Electronic rectification, ballistic
switching, and logic functions
Electronic nanocomponents and
material protection applications
Energy storage

Fibres and fabrics

Field effect transistors
Field-emission flat panel displays
Filter applications

Fuel cell membranes
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Below is a list of some real and potential applmad of CNTs [14,50,51].

Heat pipe

Hydrogen storage

Light emitting diodes (LEDs)
Microscope probes
Molecular pumps
Nanometric test tubes
Nanotube reinforced composites
Nano-data storage
Quantum wires

Single electron transistors
Sporting goods

Water desalinators

Water purification

Wireless devices



2.6 The nanotube market and commercial availability

The past few years have seen a considerable iciedise number of companies in the
US and Europe producing industrial-scale quantiB€NTs and major growth has
been witnessed in only a few years [52]. Increaseinformation coupled with
theoretical and experimental work going on in theaaof hanotechnology, suggests that
nanotubes are one of many nanoscale technologrsatl set to transform our lives
today B1]. Thus, growth in the market will help reduce ttest of consumer products,

increase our standard of living world-wide and @ase our health and wellbeing.

In a report published in NanoNews (US), the glabhatket for CNTs was worth $50.9
million by the end of 2006 and reached $79.1 millmy 2007. It is expected that the
world demand for CNTs will expand to $200 millian2009. This obviously shows an
exponential growth over a period of 4 years. Howeaenumber of issues, including
high costs, inadequate purity levels, and inswgfitiproduct yields in manufacturing,
still need to be addressed. According to the reparthese issues are resolved, growth
in global nanotube demand is expected to acceleradesurpass $9 billion by 2020
[53]. Our research reveals that, in this global marketiS&xpected to account for
approximately 3 % of the global markd&able 2.1is an estimate for the CNT market
globally [54].

Table 2.1 An estimate of the carbon nanotube market woiildew

Millions (Rands) 2004 2009 2014
Total demand 42 1 505 4 049
By type

Single-walled nanotubes 0 665 4 200
Multiwalled nanotubes 42 840 3290
By end use

Electronics 0 630 2765
Automotive 7 217 1155
Aerospace/defense 0 70 455
Other 35 588 3115
By Region

U.S. 14 399 2030
Western Europe 7 224 1260
Asia/Pacific 21 791 3500
Other 0 91 700
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Currently research reveals that basic advancemetgchnology comes about twice a
century and leads to massive wealth creation. ZRjreveals that this century will be
dominated by nanotechnology and by 2020 there lvallwidespread adoption of this
new technology. There is a great drive for the pobidn of CNTs at large scale.
Clearly there exists great potential and opporiat growth in the CNT market. This
growth is largely driven by the passion to devetmgw materials that will sustain

economic development.
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Source: Norman Poire, Merrill Lynch, based on foseph Schumpeter

Fig. 2.3: Advances in science and technology oeaturies [55].
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Chapter 3

Carbon nanotubes from supported catalysts: a litera ture review

3.1 Introduction

The CVD synthesis of CNTs basically involves twoimsteps; the preparation of the
catalyst in the first step followed by the actualthesis of the CNTs as the second step.
The catalyst preparation step is crucial sinceeiednines the properties and quantities
of carbon materials produced. Therefore, while thiapter aims to discuss the types of
carbon materials produced using different metalpperts/substrates as well different
sources of carbon; the role of these are discugstdo state their significance in CNT

synthesis.

The metal (catalyst) is the key component in the synthesi€RNITs. It serves as the
active (nucleation) site for the growth of CNTs.v8al studies have shown that
without the metal particle, the CVD synthesis of T&Ns not possible [1a]. However, a
recent study by Liet al. [1b] has shown that CNTs (in this case singleledaCNTSs)
could be efficiently be synthesized fromy®k ceramic nanoparticles without any metal
catalyst particle. The CNTs were grown using altattfeemical vapour deposition
using ethanol as a carbon source. The parametensrdeing the catalytic properties in
the CVD synthesis of CNTs have been reviewed byudxum 2005 [1]. According to

Dupuis and others [2-6], the catalytic propertiethe metal are determined by:

(1) the composition e.g. electronic structure and aagmubility;

(i) the morphology e.g. size and crystallographic dagon;

(i)  the preparation method, which affects the metdigarsize and dispersion
(Fig. 3.1);

(iv)  the support e.g. metal-support interactions and

v) pre-treatment conditions e.g. effect of electrosteucture and catalyst

morphology.
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Therefore during the preparation of metal partidessubstrates, the effect of these
properties should not be ignored since they inibgethe activity of the catalyst in the

decomposition of the carbon.

Fig. 3.1: Iron-molybdenum nanoparticles syntheswgith different protective agents.

A: 1 mmol of octanoic acid. B: 2.5 mmol of octanaicid. C: 1 mmol of octanoic acid
and 1 mmol of bis(2-ethylhexyl)amine. D: 1 mmol m§(2-ethylhexyl)amine. E: 2.5
mmol of bis(2-ethylhexyl)amine. The scalebars Ifiglres are 100 nm [1].

The support (substrate) is usually an inorganic material viigh thermal stability and
it plays an important role in the dispersion of thetal particles [1,2]. Studies have
shown that the use of a support to disperse a ohostal is not only of economic
benefit (lower preparation costs/longer productifetime) but the substrate can also
influence catalyst performance through electroniteraction(s), spillover, and

migration effects [4,8-11].

It has been observed that unsupported metal pestidre not suitable for the
decomposition of hydrocarbons to form CNTs [12]wide range of materials have
been used as supports for various metals i.e.rhotiometallic and bimetallic systems.
Table 3.1gives some of the physical characteristics ofntla¢erials commonly used as
supports for catalysts. The use and influence edalsupports in CNT synthesis will be

described in Section 3.4. The choice of supportargely driven by the end use
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(application) of the materials as the support isallg found in the product and
becomes an impurity. In addition, the metal-suppotgraction also plays a role in

determining the efficiency of the catalyst in CNoFrhation [1-6].

Table 3.1 Some important properties (general) of commongeds commercial

substrates for CNT synthesis [7].

Supporting material

Meting point (°C)

Solubility in H,0 (at

Solubility in other

20 - 25C) solvents
Sio, 1650 (£75)°C insoluble sol in HF
TiO, 1870°C insoluble sol in conc,BO, &
alkali
Al,O5 2054°C insoluble very slightly sol in acid
alkali
Zeolite (e.g Y-types, varies with type insoluble -
HZSM-5)
MgO 280C°C 0.00062 ¢gLoOml sol in acid & NH salts,
insol in alcohol
La,O4 2300°C 0.0004 g/100 mi Sol in acid & NEI
sol in conc HSO, &
Ce(G 2100°C insoluble HNOsg, insol in dilute aci
Si 1410°C insoluble Sol in HF+HNO
CaCQ 825°C 0.000153 g/100 ml sol in acid & NE
CaO 2572C dissolves sol in acid
Ca(OH) 512°C (decomposes) 0.185 g/100 ml sol inySklts & acid
MgCQO; 350°C (decomposes) 10.6 mg/100 ml sol in acid
Mg(OH),-4H,0 35¢°C 0.0012_¢100 mi Sol in acid & NH salts
BaCQ; 811°C 0.0022 g/100 ml sol in acid & NEI
Slightly sol in alcohol,
NacCl 35.9 ¢/100 ml liquid, NHjz; sol in
801°C
glycerium, insol in HCI
CaCl, 772°C (anhydrous) 74.5 g/100 ml (20 °Cpol in alcohol, acetone

acetic acid

* sol = soluble; insol = insoluble
While most of the materials may be suitable for asesupports, their choice is also

influenced by their cost and availability. Low casiaterials are usually preferred

especially if production of the nanomaterials agéascale is desired. Also, as will be
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shown in Section 3.4, the materials with meltingnperatures below 60CQ are

generally not suitable for CNT synthesis.

3.2 Catalyst preparation methods

In order to have metal-support mixtures (hereaibebe referred to as the catalysts)
with large specific surface area and consequentigaaimum specific activity, the

active metal component is usually deposited onstiréace of a support, preferably a
highly porous and thermostable material (with ahhigurface area and suitable
mechanical strength) which is not only able to disp the metal, but also to increase
its thermal stability and hence the catalyst li#g. [Catalysts can be prepared using
different methods and these have been describethanliterature [1-3,5a]. Some

commonly used methods for the preparation of cstslfor CNT synthesis are listed

below:

(1) Impregnation (“incipient wetness” and “wet” impregion)
(i) Deposition-precipitation

(i)  Reverse micelles

(iv)  Co-precipitation

(v) Sol-gel

(vi)  lon-exchange precipitation

The first three methods have been used in thig/sitiie procedures involved for each
of the methods will be explained in the experimkergactions. Generally, the
preparation of catalysts involves a combination soime or all of several unit
operations/steps that determine the catalytic ptigseTable 3.2 [3].
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Table 3.2 Unit operations in catalyst preparation.

1. Precipitation 7. Calcination

2. Gelation 8. Impregnation

3. Ageing 9. Crushing and grinding
4. Decantation, filtration, centrifugation 10. Mng

5. Washing 11. Activation, Reduction
6. Drying

3.3 CNT growth mechanism on supported catalysts

A number of studies have reported on the growthhaeism of CNTs synthesized on
supported catalysts [1,13-26]. The overall desicnipbf the growth mechanism varies
from one report to the other, but they all poswithat the mechanism can occur in two
different ways depending on the position of thealyst with respect to the substrate
(metal-support interactions). When weak interactibatween the metal and the support
exist, then the tip-growth mechanism is observetieVstrong interactions exist then
the extrusion/root/base-growth mechanism is obsefivig. 3.2) [27]. It is believed that
the mechanisms can occur simultaneously since ibht#hactions can exist in the same
catalyst. In general, the carbon filament growtlchamism is based on the concepts of
the vapour-liquid-solid (VLS) theory developed byagvier and Ellis [14].
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Fig. 3.2: The two types of CNT growth mechanismg.[2

Seidel and co-workers [20] reported on the efféthe interaction between the support
and the catalyst on the SWCNT growth. It was olesgtthat a weak interaction inhibits
SWCNT growth since the catalyst particles beconteléoge, a moderate interaction
gives particles with the right size and shape f&W/CINT growth, whereas a strong
interaction prevents formation of suitable parscl®ther studies have tried to explain
the processes that occur during the gas phaseypigaf hydrocarbons to form CNTs
[28]. Brukhet al.[24] studied the self-assembly and reaction paglsvieading to CNT
formation using a tubular plug flow reactor anddiaekinetic simulation to predict the
reaction pathways. In their study, the CVD precur€®H,;) decomposed to form
elemental carbon via a sequence of free radicattiomes (Fig 3.3), which then
assembled as CNTs or non tubular carbon (NTC). rAilai observation can be

expected for other linear hydrocarbons.
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L H +CsHs
E
= +CaHs

Fig. 3.3: Major pathways to consumption ofHy and production/consumption of C at
different residence time [24].

3.4 Transition metal elements as catalysts for théVD synthesis of CNTs

Transition metal elements (e.g. Fe, Co, Ni, Ru, @a, V, Rh, Au etc) have been used
extensively as catalysts for the CVD synthesis NfT€ (i.e. SWCNTs, DWCNTs and
MWCNTSs) and other carbon nanomaterials. Here gadlitire review of the use of these
metals is presented. Whilst most of the work doimeesthe discovery of CNTs is
presented, we acknowledge the fact that some papaysunintentionally be left out

but the information gathered should sufficientlyeothe key literature to date.
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In this literature review, the information on theeuof transition metal elements as
catalysts for the CVD synthesis of CNTs has be&sgnted in the form of tables to
facilitate a quick evaluation of key informatiorhd information presented in each table
includes thecatalystused, thesupport the carbon sourcereaction conditions(e.g.
temperature and gas flow rates), reactor desigrtendistinct propertiesof the CNTs
obtained. A summary of key factors is given in st column of each table. Whilst
there are numerous forms of carbon that can beupestiby the CVD technique, the
focus will be on MWCNTs Table 3.3, SWCNTs Table 3.4 and DWCNTSs able
3.5. Studies involving the use of Cag@s a support in the CVD synthesis are
presented separatelygble 3.9 in view of the fact that this is the support usedhis

study.

Transition metals have also received extensiveniie in the form of organometallic
complexes for the CVD synthesis of CNTs. The mogtely used organometallic
complexes are those of Co, Fe, Ni and Ru. The ometallic complexes have become
important metal precursors especially for demtinuous productiomf CNTs and can
lead to formation of other forms of shaped carboatemals besides CNTs. An
enormous amount of research has been done usirapargtallic complexes as
catalysts for the synthesis of CNTs using tleating catalyst process and autoclave
processes For a better understanding of the chemistry w®dl during the CNT
synthesis using organometallic complexes in thatiihy catalyst and autoclave

processes, the literature has been reviewed exeynsn Chapter 4.
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Table 3.3 The use of supported transition metal elementatdysts for the CVD synthesis WCNTSs.

Catalyst Support/substrate =~ Carbon source

Fe Y-Zeolite C,H,
(Na-Y)

Fe Silicon wafer C,H,

Fe SiO/Ti CH,

Fe ammonium- acetonitrile
exchanged zeolite

Fe (or Co, SIiO, C,H,

Ni)

CNT synthesis conditions

CNTs were produced by using 10%H3 in

N, with flow rate of 60 m1/min for 30 mil
at 700C in a horizontal fixed bed reactor.

A gas mixture of gH, (18 sccm), H (100
sccm); Fe(CQ)was used with an excess
Ar (500 sccm) as diluter and carrier gas v
used at 75T in a horizontal furnace with
water cooled injector.

CNTs synthesis entailed the passage
C,H, at 30 sccm for 10 min at 850 al
950°C in a fixed bed reactor. The deposi
Fe film was pre-treated by NH

An alumina boat with 0.2 g of ferric nitra
impregnated zeolite (Na or NHontaining)
was placed in a flow through tube furnau
which was then heated to the requi
temperature (in the range 700 - 900°
under a flow of Ar. The temperature of tl
furnace was maintained at the tar
temperature for a specific duration (1, 10,
20 h) under a flow of Ar saturated wi
acetonitrile.

The catalyst films were etched

introducing NH gas into the quartz react
at 750 - 950C. CNTs were sequently grow
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Distinct properties of CNTs and summary
MWCNTs diameters were controlled by usi
zeolite supports with different pore sizes. Theéar
the diameter of the zeolite pore support, the fal
the size of the nanoparticles deposited and thyile
the size of the CNTs produced.

Large arrays of aligned MWCNTs were obtair
using a cheap single-furnace method.

Bamboo shaped MWCNTs were grown a
characterized by AFM. Greater diameters
compartment distances of the bamboo struct
were observed for the BS-MCWNTs grown at 45(
than for those grown at 8%D.

Bundles of aligned N-doped carbon nanotubes v
prepared by a simple CVD method. The nitro¢
content of the nanotubes varied between 6 and
% depending on the CVD temperature at which t
were prepared.

The respective growth rate of CNTs shows that
performance of catalysts is in the order of Ni >
Fe. Bamboo-like structured CNTs were exclusiv

Reference
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Table 3.2 continue

Fe SiO,
Fe Sio,
Fe SiO,
Fe, Ni, Co  montmorillonite

CH,

C,H;

CH,

CoH,

using GH, with a flow rate of 30 sccm fo
10 min at the same temperature.

CNTs were synthesized over seve
Fe/SiQ catalysts, by the decomposition
13C,H, (99% *C isotopic purity) using &
pulsed method at 760.

A C,H,/NHz; mixture gas was introduce
over the catalyst at a flow rate of 30 and
sccm, respectively, for 10 min at 9@0

The catalyst was fluidized initially for 2
min, at room temperature, in,Nflow rate
600 mImin). Then H was also introduce!
into a mixture of WH, (54060 mVmin)
heating from room temperature to 723
with a heating ramp of 10 /kiin. After 10
min longer at this temperature, the reac
was heated to 973 K at 10rKin in N, (600
ml/min). Once a temperature of 723 K w
achieved, acetylene was introduced intc
reaction mixture of MC,H,/H, (5801510
ml/min) over 60 min.

The metal ion exchanged or metal s
impregnated clay precursors were tt
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produced irrespective of the catalyst used.

CMAS-NMR technique was revealed as a powe

tool, not only to characterize the carbon spe:
generated during CNTs synthesis, but also to dat 34
new signal near 75 ppm, ascribed to sn
superparamagnetic carbide particles, as it was
supported by’’Fe Mdssbauer spectroscopy. A -

growth CNT growth mechanism was observed.

MWCNTs with bamboo partitions were obtaine
The Fe nanoparticles are easily oxidized tgCze
after the synthesis, but the nanoparticles durirey
CNT synthesis are shown to be in the liquid i 35
phase due to the reducing force of NHhis is
revealed by cross-sectional transmission elec
microscopy examinations of the nanoballs and the
inclusions along with relevant chemical analyses.

The results presented indicate that catalysts bec

more active in acetylene decomposition at hig

iron contents, but this activity results in low
selectivity to homogeneous and well-defined CN

yielding high proportion of CNFs, capsules 36
carbon, and amorphous carbon.

The successful growth of MWCNTs ¢
montmorillonite surfaces has been attained via C



Table 3.2 continuel

Fe Mesoporous silica C;H,4
Fe Si and Al CH;
substrates

Ni, Co and glass substrate witl C,H,, CsH, and
Fe Cr buffer layers CcO

inserted into a fixed bed flow react
furnace and degassed at 80°C with Ar
20 min. The temperature was raised
700°C and then a mixture of Arf8, 15%
in CH, was introduced. A total flow rate ¢
45 mL/min was kept constant for vario
periods of time.

MWCNTs were grown by thermal CVD i
a tube furnace using pure ethylene
atmospheric pressure. Growth time w
typically 30 min, and the ethylene flow ra
was 300 or 900 sccm.

The furnace was then purged with 1
ml/min nitrogen for 5 min before a mixtul
of 2 ml/min GH, and 98 ml/min N was
introduced at 0.5 bar for 0.5 - 3 h. T
overall gas pressure of 0.5 bar (2%Hg
and 98% N was kept constant for the tirr
of deposition. The temperature of t
substrate was chosen according to

substrate material - 760 and 756C for Si,
630°C and 656C for the Al substrate.

The CNT growth was performed at tl
temperature at approximately S&8Dby the
PECVD method at various gas flow rat
and pressures.
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of acetylene and studied by means of elec
microscopy, XRD, Mdssbauer spectroscopy, i
thermal analysis measurements.

Well-aligned CNTs were obtained with C16EO
films at relatively high Fe loading levels (Fe:
molar ration 1.80). Similar CNTs were grown

P123 mesoporous silica films. On CTA
mesoporous silica films, CNTs grew only parallel
the substrate in cracks. It was also demonstristd
CNT diameters can be controlled by changing the
loading level in the mesoporous silica substrates.

Multiwall type CNTs with a length in the range of :
10 nm and a diameter of 5 - 100 nm were produ
It was observed that the size and the density ®1
nucleation centres on a substrate determine
diameter and the density of nanotubes. The C
grow well aligned only for very high nucleatic
densities.

The study showed that as the flow rate ratio
NH3/CsH, increased, the growth rate of CNTs w
enhanced and the average diameter became sn
Ni was more efficient for the field emission of C8I
than any other catalyst metal when using thel,C
gas, and in case of;8, as the carbon source, (
played an important role as the catalyst. Whengu

37
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Table 3.2 continuel

Fe

Fe

Fe
Fe/Ni

Fe

SlOZ, A|203, 2ro,

and TiQ

Sio,

and Al 203

Sio,

CH,4

Ferrocene

an(

cyclopentadienyl

iron
dimer

CH,

CO

dicarbonyl

Catalysts were tested in a fluidized bed
600 - 806C in a quartz reactor. Methar
consumption was preset at 12%min in all
the cases.

The deposition experiments were perforn
at 830 °C and with Ar (120 sccm) in a du
zone furnace. The precursor was transfe
to the hot zone with a rate of 5 mg/mr
(ferrocene) or 2 mg/mir
(cyclopentadienyliron dicarbonyl dimer
The deposition time was set to 10 min.

A mixture of N, and GH,4 (99.99% purity;
N, /CH,; 1:1; total flow rate 1.51 /min) i
fed into the reactor and thethylene
decomposed on the catalyst at 823aKd
normal pressure. The reaction is carried
for about 5 hand then the reactant flow
stopped and the reactor cooleda nitrogen
flow.

The CNT synthesis was performed in
vertical quartz reactor. For a given reacti
the catalysts were reduced in 100 ml/n
H,/He (25 vol.%) at 60 for 6 h.
Subsequently, synthesis gas (C@##0:10

=42 -

the CO gas, Fe was the most activated catalys
the CNTs growth under the flow rate ratio
CO/NH; of 18.

The maximal carbon yield, 45 g per g of iron, v
obtained with the Fe/SiCcatalyst comprising silici
in amounts of 15 wt%. Carbon nanotubes with t
walls built up by coaxial cylindrical graphene laye
were formed in large amount over the Fel
catalyst. Centres of growth ottopuslike nanotubes
were observed.

A CVD synthesis route of Fe-filled CNTs
presented and how to control the diame
distribution by utilizing defined multi-layere
substrates. It was shown that beside ferroc
cyclopentadienyliron dicarbonyl dimer is also
ideal source of carbon and iron for the synthesi:
aligned Fe-filled CNTs.

A small amount of Ni introduced into the catal
can significantly increase the yield of CNTs, bha
CNTs change from straight tubes with concen
parallel carbon sheets to helical tubes of the-f
bone type. Raman characterization of CNTs prep
at 823 and 1023 K and CNTs annealed at 247
shows that CNTs deposited on the Fe/Ni,Al
catalyst have poor crystallinity, as compared v
that on the Fe/ADx.

It was shown that CNT growth rate depends strot
on the catalyst particle size. An optimum parti
size exists for the maximum growth rate, which |
been demonstrated at two different temperatures.
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Table 3.2 continuel

Fe

Fe

Fe

Fe

graphite flakes,
silica, NaY, and
ZSM-5

MgO

AlLO,

SiO,

cetylene,
ethylene anc
propylene

C5H12 and QHZ

CoHg

CH,

ml/min) was introduced, and the reacti
was carried out for 9.5 h at 6@and 6.5 h
at 650C.

The gas decomposition temperature ra
was 650-808C. The gas feeds applie
during the reactions were the following:
ml/min acetylene (or other hydrocarbao
(Alpha gas, 99.5% purity) in nitrogen flo'
of 75 ml/min in the fixed bed flow reacto
and the same amount of acetylene
nitrogen flow of 30 ml/min in the fluidize
bed reactor.

Typically 1.5 g of precursor powder wi
filled in the quartz tube and the atmosph
was purged with 410 schargon for 5 min.
Then the furnace was heated to
synthesis temperature (450 - 88). The
synthesis was started with the introducti
of 42 scm acetylene mixed with 368 sén
argon for 20 min.

The catalyst was first treated in hydrog
under the conditions stated. After tf
treatment the hydrogen flow was replac
by a mixture of ethane and hydrogen (60
ml/min) and the temperature of the furne
was rapidly increased (20/min) to 756C.
The synthesis was carried out at %S@or 2
h.

The Fe-deposited Sisubstrates were pre

-43 -

By using Fe/silica, the highest activity ever obser
in catalytic nanotube formation can be react
Concerning purification, despite the lower formati
of carbon deposit on Fe/zeolite Y (impregnatic
when compared to Fe/silica (ion-adsorpti
precipitation), the isolation of nanotubes is ea
when the support is zeolite. In fact, zeolite oades
being soluble in aqueous HF, the isolation
nanotubes with some amorphous carbon fi
Co/zeolite Y has already been reported with 7
yield.

It has been shown that the fluidised-bed C'
synthesis of CNTs on a k&/MgO precursor
powder is very well suited to produce lar

" quantities of nanotubes. Depending on the syntt

temperature both MWCNT and SWCNT could
synthesised with acetylene as the carbon sourge
temperatures of 500-68D0 MWCNT and for highel
temperatures of 700 - 8%D SWCNT were
synthesised.

According to the observed results ethane is awe
carbon source for growing MWCNTSs with high yie
and selectivity. The reaction temperature shoulc
kept<75(°C as synthesis carried out at 80Qunder
similar reaction conditions led to the formation
amorphous soot and carbon nanoparticles mixed
nanotubes.

The CNTs produced have bamboo structure, clc
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Table 3.2 continuel

Fe

Fe

Ni

Ni

SiO, and zeolite Y~ C,H,

SiO, CoH,y
Al,O; ethylene

pyrene
Ni grids CoHy

or

treated using NH3 flow at 350 sccm prior
growing the CNTs. The CNTs were grov
using a two stage furnace at 880using
C,H, flowing at 120 sccm for 20 min. Th
first zone was maintained at 88D to
activate the reactant gas.

Decomposition of g¢H, was studied in ¢
fixed-bed flow reactor at 700°C with a tin
of contacting with GH, (reaction time) of
30 min. Each reaction was carried out us
the same flow of acetylene (8 ml/min) a
nitrogen (75 ml/min) and a catalyst amot
of approx. 30 mg.

CNT synthesis was carried out in a fluidiz
bed reactor at 55@ - 700C. The catalysi
was activated at 685G for 120 min by
flowing a mixture of H (50 sccm) and F
(100 sccm). The flow of £, was set ta
22.4 sccm for all of the reactions performe

The ethylene or pyrene was used in
CVD process with reactor temperatures
545°C for Ni-catalyzed CVD and 900°C fi
the uncatalyzed process.

Ethylene was introduced at a flow rate of
sccm, while the flow rate of Hwas
adjusted to 800 sccm. After a period time
growth (2 min, unless otherwise state

- 44 -

tip, and defective graphite sheets.

Colsilica catalysts produced from a Co solution
pH 8, can produce carbon nanotubes of w
graphitized structure with high activity. Straig
nanotubes as well as bent and helically wo
nanotubes were observed. Using the zeolite Y
support, it was possible to optimize the method
the deposition of almost all carbon in the form
tubular filaments.

The materials produced fromyl€,-H, mixtures on
Fe-SiQ catalysts is mainly composed of MWCN'
homogeneously distributed on the support, v
small amounts of encapsulated particles, depen
on the processing conditions. This process allo
an homogeneously distributed deposition
nanotubes (10-20 nm diameter), that remr
anchored to the support.

The resultant carbon nanostructures were unif
hollow tubes with open ends. Increasing
deposition time converted the carbon nanotubes
carbon nanofibers.

At lower temperature, nickel nanoparticles forn
from fragmentation of nickel are the nucleatioes|
for carbon nanotubes; however, at higl
temperature, carbon nanotubes only nucleate 1
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Table 3.2 continuel

Fe Si, porous Si, Si§) C,H,
Si3N4, A|203, and
Cr.
Fe, Ni, and Al,O; C:H,
Fe-Ni
Fe SiOo, CH,

ethylene was shut off and the whole syst
was cooled down to room temperatt
under hydrogen protection. CVD grow
was carried out at 680, 700C, 750C, and
850°C, respectively.

Ar gas flowed into the quartz reaction tu
while the furnace was heated. Ammol
(NH3) was then introduced into the qua
reaction tube at a flow rate of 300 sccm
20 min without introducing acetyler
(C,H,) gas. After NH treatment, acetylen
gas was introduced into the quartz tube
flow rate of 40 sccm for 5 - 20 min, ar
carbon nanotubes were grown on Fe-coz
Si substrates by pyrolysis of acetylene
800°C for 5 to 20 min.

CNTs were synthesized at 60@0 by
flowing 10:100 sccm €H./H,. In order to
understand the growth rate of CNTs as v
as to increase the carbon yield, the gro
reactions were carried out for 5, 15, 30, -
60, 75, and 90 min. The effect of grow
temperature on the carbon yield was &
examined by carrying out the reaction
600 - 706C.

The catalyst (100 mg) was heated, in
mixture NJ/H, (100/200 ml/min), from
room temperature to 780, with a heating
ramp of 10C/min. After 120 min more

- 45 -

grain boundaries and defective sites. Based on
growth mechanism of nanotubes, small amount:
Fe nanoparticles were deposited on the ni
substrate to introduce more nucleation sites
elevated temperature, and the density of nanot
on the surface of the substrate was greatly impto\

The study showed that the pulsed laser depos
(PLD) technique is very useful for the depositidn
Fe films playing a catalytic role in CNT growth. &1
Fe film deposited by PLD adhered well to t
substrates because of high kinetic energies ofexb
particles from a metal target. Using a PLD andta
off method, we developed a selective growth
CNTs on a patterned Fe-coated Si substrate.
vertical alignment of carbon nanotubes is due &
appropriate density of Fe nanoparticles formed fi
the thermal annealing of the film deposited by P
and van der Waals interactions betwe
neighbouring CNTSs.

High density CNTs of 20 nm diameter were gro
over the 20Fe:20Ni:60AD; catalyst, whereas lo\
growth density CNTs of 40 and 50 nm diameter w
found over 40Fe:60AD; and 40Ni:60AJO;
catalysts. The carbon yield and the quality of CI
increased with increasing temperature.

The paper showed that the CVD method with i
catalysts produces homogeneous CNTs in gen
but their structure seem to be highly dependen
the metal content, the iron precursor employed. (
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Table 3.2 continuel

Fe

Fe-Mo

Co-Mo,
Co-V and
Co-Fe

Al,O;3 CH,

Al,O3 propylene

Zeolite (NaY) and C,H»
corundum alumina
(CA).

under these conditions, acetylene v
introduced in a reaction mixture of 7%
C.H, in N,, total gas flow of 500 ml/min
during 120 min. After this time the react
was cooled down to room temperature in
atmosphere.

A mixture of 2-6 sccm (0.4 - 1.2%) C H a
500 sccm Nis introduced at 1 bar for 15
180 min. The temperature of the substrat
varied between 600 and 6% the upper
limit being determined by the melting poi
of the aluminium at 66C.

Catalytic pyrolysis of propylene we
performed in a nano-agglomerate fluidize
bed reactor (NAFBR) of 196 mm I.L
Propylene and Nwere fed into the reactc
through a gas pre-heater. The flow rate
propylene and Ngas mixture was selecte
to ensure turbulent operation at the reaci
temperature of 70C.

The syntheses of the CNTs were perforn
in a fixed-bed reactor consisting of
furnace with a quartz tube in which tl
decomposition of acetylene is carried o
The acetylene is passed over the catal
spread on a quartz boat, for 1 h at
temperature of 70C. The flows of the

- 46 -

iron-nitrates,  iron-phthalocyanines) and i
preparation conditions (i.e. impregnation,
deposition-precipitation) of the silica support
catalysts. Here the iron-nitrates produced thedsg
activity in acetylene decomposition; the irc
phthalocyanine produced the best quality CNTs
high quantity, size homogeneity and absence
amorphous carbon. The impregnation metl
seemed to allow more homogeneous met:
dispersion on the silica support than the
Deposition-precipitation method.

The study revealed that the density and the leab!
the CNTs were greatly influenced by the precur
concentration, the time of deposition, t
temperature and the ratio of,H3:N,. A growth
mechanism of the CNTs is proposed.

The structure and formation mechanism of C
agglomerates in an NAFBR involves initial CN
growth destroying the structure of the catalysib- ¢
agglomerate  formation and expansion
agglomerates due to CNT growth. T
microstructure of CNTs produced in an NAFBR ¢
be adjusted by controlling the catalyst structund
the level of agglomerate development.

When Fe or V is added to Co, the carbon def
increased. From histograms representing the ¢
diameter distributions, it is clear that the ou
diameter of the nanotubes can be controlled
choosing the appropriate catalyst. Thin nanotuime
the range of 7.5 to 9.2 nm, in high yields could
synthesized using a mixture of Co and V suppo
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Table 3.2 continuel

Co

Co, Fe, Cu

Fe-Co

CaC},

Sio,

MCM-48 Silica

CH,

CH;

benzene

carrier gas (nitrogen) and of the reacting |
(acetylene) were set to 300 and 30 ml/rr
respectively.

The CCVD reaction was performed in
horizontal quartz tube furnace by passin
mixture of 1:1:10 GH,:H,:N, for 30 min at
700°C.

A ceramic boat containing 20-50 mg of t
catalyst was placed in a quartz tube. 1
reaction mixture of 2.5% - 10% .8,
(Alpha gas, 99.6%) in N (Alpha gas,
99.99%) was passed over the catalyst be
a rate of 0.15-0.59 mol 8, g'h' over
several hours at temperatures in the ra
773 - 1073 K.

Synthesis was carried out in a fixed b
reactor. Typicallyca 20 mg catalyst wa:
spread in a small quartz tube laid in 1
middle of the furnace. The furnace w
firstly heated to 65T in N,, then the
flowing gas was switched to the satura
steam of benzene at 45 carried by the N
with the flow rate of 140 sccm for 1 h. Afte
that, the reactor was cooled down to ro
temperature in pambient.

- 47 -

on zeolite NaY. Co-Mo catalysts favoured qual
tubes.

The high-yield synthesis makes it unnecessar)
carry out subsequent treatment for removing
remaining catalyst. In other words, the meta
impurity is about 5%, which is quite common ev
in commercial samples (at least low-cost sampl
In this work it was possible to remove a part of
metallic impurity by washing in HNOto obtain
carbon product with only 2% metallic impurity.

Cobalt on silica was found to be the best catal
support combination for the production of graph
tubules. Straight and coiled carbon tubules w
obtained with inner and outer diameter of 3 - 7 |
15 - 20 nm, respectively, and up to 30 pm in leny
These nanotubules were not coated by amorpl
carbon. Traces of amorphous carbon could
removed by hydrogen. High resolution electt
microscopy images and electron diffraction patte
of the straight nanotubules were similar to th
obtained by the arc-discharge method.

Well-graphitized curved CNTs ranging from 10 to
nm in diameter could be formed out of the pores
the M41S materials. The maximum yield of CN
per hour was greater than 200% the weight of
catalyst. Quite a few helix-shaped CNTs (ab
10%) were obtained with the structures clee
demonstrated by high-resolution electr
microscopy.
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Table 3.2 continuel

Fe and Co Silica, Zeolite CH,
Nay, Zeolite
MCM-41, alumina

Fe Sio, C:H;

A fix bed flow reactor was used in tf
temperature range 900-1100 K. The cata
samples were placed in a silica boat t
was placed into a horizontal tube react
Before introducing the reactant mixtu
(10% GH,, 90% N, with a flow rate of 30C
ml/min) the catalysts were purged in
nitrogen stream (300 ml/min) in order
remove water and pre-treat the catalyst
999 K. The reactions were carried out °
different reaction times (1 - 60 min) to g
some approximate information on the ri
of nanotube formation.

The general growing conditions were: 1
cm/min  of the acetylene/nitrogen g
mixture, 690C synthesis temperature, 1.
Torr over pressure and two g
compositions: 2.5% and 10%H/N..

-48 -

It was proven that both Co- and Fe-contain
samples are good catalysts in the generatior
MWCNT from acetylenevia CCVD. The activity
differences found for the various supports could
explained by the necessary localisation of

catalytically active components on the outer suf:
at those places of support where a MWCNT
easily accommodate, i.e., in the big pores like
silica has.

The concentration of acetylene has an impor
influence on the characteristic of the CN
synthesized by CVD. CNTs synthesized with |
acetylene concentration were more regular and
a lower amount of amorphous carbon than th
synthesized with high concentration. During |
synthesis of CNTs, amorphous carbon nanoparti
nucleate on the external wall of nanotubes. At
acetylene concentration carbon nanoparticles g
covering all the surface of CNTSs, in the form o
compact coating.
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Table 3.4 The use of supported transition metal elementataysts for the CVD synthesis®¥WCNTs.

Catalyst
Fe-Mo

Fe-Mo

Ni

Au

Support/substrate = Carbon source

Al,O; aerogel CH,
MgO CH,
Silica gel CH,

Si/SiO, substrates C,H, and GH,

CNT synthesis conditions

For CNT synthesis methane gas flow ~1(
sccm at 850 -100C was introduced ove
the catalyst in a horizontal reactor.

Typically 200 mg catalyst was uniformi
distributed in the centre of a quartz tu
while the N flow was maintained for 5 mir
Subsequently, a mixture of GiH, =
75:300, v/v at a flow rate of 375 ml/min or
mixture of CH:N, = 50:300 v/v at a flown
rate of 350 ml/min was introduced and t
reaction was maintained for 30 min.

After the catalysts had been fed in a
treated with appropriate conditions stat
the carrier flow was stopped and replac
by the up-flow of methane and argon
fixed proportions ranging from GfAr) = 1
to CHy/Ar = 3, with the combined flow rat:
being set in the range of 0.5 - 2.4 L/m
The syntheses were conducted
atmospheric pressure, and the typi
reaction time was 20 min.

Typically, substrates with Au nanopatrticl
(after G plasma treatment) were loaded ir
the quartz tube and heated to grov
temperature (800 or 900°C) under Ar flo
At the growth temperature, the flow of /
was replaced by a flow of 440 sccm &hd
maintained for 15 min to reduce tl
nanoparticles. Subsequently, the synth

-49 -

Distinct properties of CNTs and summary
High quality SWCNTs were produced with a to
amount greater than 200% the weight of the catlys

High-quality SWCNTs were synthesized in gr:
amounts. Raman data revealed that the as-prej
SWCNTs have a diameter of about 0.74 - 1.29 nn
was found that the diameter of the as-prep:
SWCNTs can be controlled mainly by adjusting
molar ratio of Fe-Mo versus the MgO support.

The growth of SWCNTs was initiated by the raj
injection of the catalyst precursor into the prebd:
furnace, providing the small catalyst particlesuisef.
Without such a hot-injection procedure, no SWCH
were formed; instead, only amorphous carbon
observed. For the hot-injection synthesis, the &gy
yield of SWCNTs was obtained using a nickel load
of 2.4 - 5.0 wt% on the silica support, while low0(2
wt %) and high (>10 wt%) nickel loadings genera
amorphous carbon and carbon particles, respective

The growth of SWCNTs using gold nanopartis
catalysts was successfully demonstrated.

Reference
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Table 3.4 continuel

Fe/Ru SiO,
and Fe/Pt

Mo-Fe Al 205

Fe-Mo Al 205

CH,

CH,

CH,

was initiated by introducing a flow of 2
sccm GHy, 30 sccm Cl and 440 sccm H
for 10 min.

Growth of SWCNTs was carried out in
quartz tube (~ 4 cm diameter) heated b
programmable horizontal furnace. Mg!
supported iron oxide catalyst powder w
placed in front of the silica substrate to i
as a “promoter”. The furnace temperatt
was ramped up to 900°C at a flow rate
300 sccm argon (99.1%), and methe
(99.9%) was then added at a flow rate
200 sccm for a further 30 min. The systt
was then allowed to cool to roo
temperature under Ar at a flow rate of 3
sccm.

The substrate was loaded in a quartz t
CVD reactor, followed by heating to 9D
in Ar atmosphere (1000 sccm) with
heating rate of 6&/min. After the
temperature is stabilized at $0) Ar gas
flow was replaced by CH(500 sccm) anc
H, (500 sccm) for the synthesis of
junction SWCNTs. CHRH, flow is
maintained for 10 min, then only,Has
(500 sccm) is flowed for 5 min at the sat
temperature in order to increase the pu
of nanotubes.

A mixture of Ar and CH was introducec
into the quartz tube for the production
nanotube materials. The synthesis

nanotubes was conducted at 95or 30

-850 -

The study reveals that when compared with sin
component catalysts such as Fe, Ru, and Pt ofasil
size, bimetallic catalysts Fe/Ru and Fe/Pt produate
least 200% more SWCNTs, as measured by atc
force microscopy (AFM). Possible reasons for thght
efficiency of bimetallic catalysts are discussedtis
study such as the the fact that synergistic eftdc
bimetallic nanoparticles may result from th
enhanced ability in decomposing methane and
dissolving carbon atoms, their improved wettindigbi
of bimetallic nanoparticles on SjGurfaces, and th
strong binding energy between bimetallic nanoplai
and graphene sheets.

Most of the synthesized SWCNTs possessed brar
forming Y-junctions. TEM images confirmed th
some of the synthesized Y-junction SWCNTs con
of three individual SWCNTs with different diamete
Raman spectra showed that our sample has
semiconducting and metallic SWCNTs. The results
TEM and Raman measurements are indicative of
formation of Y-junction SWCNTs with differer
electrical properties. The mechanism for the groeftl
Y-branching was proposed.

HRTEM observation showed that the produced car
materials consisted of about 70% SWCNTs and a
30% DWCNTSs. The diameters of SWCNTs were in
range of 0.8 - 1.5 nm while the outer and in
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Table 3.4 continue:

Fe and spun-on aluminé CH,
Mo as film

co-

catalyst

Re MgO CH,

Fe-Co USY-zeolite
powder

Ethanol

min in atmospheric pressure. The flow ri
of CH, and Ar was 100 and 500 sccl
respectively. The flow of Ar/CH was
maintained for 30 min before the furna
was cooled to room temperature in
atmosphere.

The catalyst utilized was a 1 nm blan}
film of Fe that was deposited on tl
substrate by electron beam evaporation.
CVD was performed for 10 min at 9%D.
Argon gas flow was used at 0.1 slpm &
methane gas was introduced into the sys
at a flow rate of 0.5 slpm.

A quartz boat containing the prepar
catalyst material was placed in the hot z(
of the horizontal reactor tube. At first, tt
reactor (fixed bed) was exposed to a flow
Ar (~250 sccm) to remove the oxidizir
atmosphere; afterward, the catal
reduction was performed at 650°C for
min in a hydrogen medium (~150 sccr
The temperature was increased by 6°C/n
up to the desired growth temperatt
between 950 and 1100°C, during t
injection of CH, into the reactor.

Ethanol vapor was introduced from

temperature-controlled reservoir, keepi
the ethanol pressure measured just be

-51 -

diameters of DWCNTSs were in the range of 1.75 -
and 0.95 - 2.3 nm, respectively. Raman anal
indicated that the synthesized SWCNTs and DWCI
have high-quality graphite structure.

It was determined here that the substrate emplage
the supporting material for the Fe thin film catilfas
a strong effect on controlling the growth of eitt
SWCNTs or MWCNTSs, with clear trends noticeak
The ideal substrate for SWNT growth was a spur
alumina film, while, single crystal substrates poted
the growth of mixed SWCNTs and MWCNTSs. /
remaining substrates (e.g. “over-etched” (0 0 g,
poly-silicon on (0 0 1) silicon, PECVD silica, fube
silica, 30% aerogel, 50% aerogel, and 80% aerc
grew primarily MWCNTSs.

Diamagnetic single-, double-, and multiwalled CN
were synthesized. The paper showed that rheniuam
suitable catalyst for the synthesis of such diaretigr
nanotubes with uniform diameter and a defir
numbers of shells. Scanning and transmission ele
microscopy investigations, Raman spectroscopy,
magnetic measurements showed the tubular struc
the high crystallinity, and the diamagnetic chagzacif
the grown nanotubes.

High  purity single-walled carbon nanotub
(SWCNTSs) were synthesized from ethanol by catal
CVD method. The SWCNT yield of more than 4(
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Table 3.4 continue:

Fe

Mg/Fe-
Co,Fe-Ni

MgO

Al 203

CH,

CH,

the entrance of the quartz tube constant.
pyrolysis temperature was 800-880
Finally, the ethanol supply was stopped ¢
the furnace was turned off before bringi
the system back to room temperature w
flowing 100 sccm of Ar.

For the growth of CNTSs, the catalysta(
100 mg) was set in a quartz tube of 30 r
diameter and heated to the react
temperatures, 700-850°C, with a const
heating rate of 13°C /min under an Ar flc
(150 cni/min). At the reaction temperatur
the Ar gas was switched to a mixture
CH,; (20 vol %) and Ar with a total flov
rate of 700 criimin at atmospheric
pressure. The reaction lasted for 10 n
unless otherwise stated. After the reacti
the system was cooled under Ar.

Spinel oxides of the general formula
MgosMM’, Al,O, (M, M’' = Fe, Co, Ni,
y+z=0.2 y or z = 0.05, 0.10 and 0.15) w
prepared starting with a stoichiomet
mixture of the metal nitrates and subjecti
the nitrate mixture along with urea to tl
usual procedure employed in combust
synthesis. A dry mixture of HCH, (18
mole% CH) was passed over the calcin
oxide at 4 107%C for 6 min at a flow rate o
250 sccm to produce the CNTSs.

-52-

was achieved over the weight of zeolite supj
powder with Fe/Co catalyst, which corresponded
more than 800% yield over the weight of the catal
metal, within the CVD reaction time of 120 m
assuring as-grown high quality.

It was found in this study that the porous MgO sup)
gives the SWCNTs with a narrow diameter distribait
with the mean diameter and standard deviation @3 |
and 0.06 nm, respectively, only when the Fe loac
and reaction temperature are relatively low. Ttghéar
Fe loading and/or the higher reaction tempera
enlarged the nanotube diameter, forming doubleeas
carbon nanotubes (DWCNTS) in addition to SWCN
This result indicates that only the diameter of
nanoparticles determines the growth of either SWE|
or DWCNTs on the MgO support. The fluorescel
spectra of RO dispersions of as-prepared nanotu
were used to identify the diameter and chira
distribution.

Good-quality SWCNTs were obtained in high yie
with the Fe-Co alloy nanoparticles, as evidenced
TEM images and surface area measurements.
diameter of the SWCNTs was in the 0.8-5 nm rar
and the MWCNTSs, found occasionally, possessed
few graphite layers.
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Table 3.4 continuel

Fe-Co

Y-type zeolite

Ethanol gas

The catalyst (50 mg) on a quartz boat v
placed in a quartz tube inside an elec
furnace. After evacuating the air, Ar gas (
kPa) was introduced and heated to &0C
Then Ar gas was evacuated and ethanol
(0.67 kPa) was introduced for 15 min, 1
and 2 h to produce raw-SWNTSs.

The yields of SWCNTs were estimated to be ~95%
the purities of SWCNTSs thus obtained were more t
95%, as characterized by thermo-gravimetric ansily
Raman spectra of the purified SWCNTs wi
essentially identical with those of the correspagc
raw samples. The purification of the CNTs w
achieved by oxidation of raw material at 2@0or
340°C and treatment with 1% aqueous solution
hydrofluoric acid.

74

Co-Mo

quartz

Ethanol vapour

The catalyst was supported on a qus
substrate, which was dip-coated into a (
Mo acetate solution (both 0.01 wit%
ethanol). The catalyst was oxidized
heating the dip-coated substrate in air
400°C, and then reduced in a flowing At
mixture (3% H) during heating of the CVL
chamber. When the CVD chamber reacl
80C°C, the Ar/H, mixture was stopped ar
ethanol vapour (99.5% dehydrated etha
with  maximum 0.005% water) we
introduced at 10 Torr to initiate SWCN
growth.

-B3 -

Vertically aligned SWCNT films up to 5 nm thick vee
produced. The film thickness was observed to irse¢
nonlinearly with CVD reaction time. An eventu
decrease in the SWCNT film thickness, observed
longer growth times, was attributed to catal
poisoning and burning of the SWOCNTs due
excessive oxygen or water in the CVD chamt
Optical absorbance by SWCNT films was found
behave similarly to the film thickness as grov
proceeds.
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Table 3.5 The use of supported transition metal elementataysts for the CVD synthesisDWCNTSs.

Catalyst
Fe-Mo Al,O;3 CH,
Fe-Co Mesopourous silice CHy
[mesophase P63
mmc (SBA-12)]
Fe-Co MgO CH,

Support/substrate ~ Carbon source CNT synthesis conditions

A mixture of Ar and CH was
introduced into the quartz tube for tl
production of nanotube materials. T
synthesis of nanotubes was conduc
at 956C for 30 min in atmospheri
pressure. The flow rate of Gland Ar
was 100 and 500 sccm, respective
The flow of Ar/CH, was maintainec
for 30 min before the furnace ws
cooled to room temperature in /
atmosphere.

A variety of conditions have bee
tried for the synthesis, including tt
pre-treatment heating atmosphere (
or air), the heating rate (rool
temperature to target temperature
2-16 h), CCVD reaction gas (GHs.
CH; + H,), duration of the CCVLC
reaction (10 min to 1 h). Synthes
temperatures used were 750-870

The synthesis of DWCNTs we
performed in a quartz tube reacl
mounted in a tube furnace. 0.6 g
the Fe-Co/MgO catalyst was put in
a quartz boat at the center of t
reactor tube. The tube reactor w
first heated to 90@ in N,
atmosphere, and then EH(1000
sccm) was introduced into the reac
for the DWCNT preparation. After 3
min, the reactor was cooled to roc

-54 -

Distinct properties of CNTs and summary

HRTEM observation showed that the produced -car
materials consisted of about 70% SWCNTs and abo%
DWCNTSs. The diameters of SWCNTs were in the ranf
0.8 - 1.5 nm while the outer and inner diamete®WCNTs
were in the range of 1.75 - 3.1 and 0.95 - 2.3
respectively. Raman analysis indicated that thehegized
SWCNTs and DWCNTSs have high-quality graphite sticet

Bundles of tubes with relatively high percentage
DWCNTSs, in areas where tubular layered structucegdcbe
clearly resolved, have been observed by TEM. |ertneas,
crystal-like alignment of very uniform DWCNTs wi
observed for the first time, suggesting that mesm® silica
might play a templating role in guiding the initiahnotube
growth. In addition, compatible with nano-electim
research, bridging of catalytic islands by DWCNEs lalso
been demonstrated.

The outer diameters of the obtained DWCNT werehi@
range of 1.3 - 2.0 nm. The high-quality DWCNTs wif
narrow distribution of diameters might be very wseéf the
application of nanoelectronics and the measurenman
properties of DWCNTSs.

Reference
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Table 3.E continuel

Fe-Mo

Fe-Co
Co-Ni, Co-
V, Co-Cr,
Co-Mn

MgO

zeolite
(TS-1(Si/Ti=50)

CH,

C,H,

temperature in Natmosphere.

For CVD growth, the Fe-Mo/MgC
catalyst was loaded in a vertically <
quartz tube for the efficient mixture ¢
CH, feedstock and the catalyst. T
catalyst was annealed in an .
atmosphere at the reactic
temperature for 1 h to dry the cataly
A flow of 20 vol % CH, diluted with
Ar was introduced to the syster
together with a controlled amount
water vapour.

The synthesis of DWCNTs we
carried out in a horizontal quar
tubular reactor. The catalyst wi
spread over the quartz boat and v
placed in the center of the furnac
The catalyst was annealed a
activated for 30 min at 30C and
finally heated up to 90@ under Ar
flow at a flow rate of 250 ml/min
C,H, gas was then passed through
furnace (10 ml/min) for 30 min whil
Ar gas flow was maintained at a 2!
ml/min. After the reaction, the furnac
was cooled down to room temperatt
by the passage of Ar gas (2!
ml/min). The DWCNT sample wa
collected as a black powder from t
quartz boat.

-55 -

Introducing a small amount of water vapor in théalyic
CVD growth SWCNTs and DWCNTs extends the cata
lifetime and increases the nanotube yield. The @eisim of
this water-assisted nanotube growth over a Fe-M@Nh
catalyst, based on analysis of the effluent gageims of
chemistry of the water-induced oxidation and itle&f on
catalytic activity was studied. Water vapour wasino to
etch away carbon precipitate covering the metahlyst,
based primarily on the chemical reaction C 0H- CO +
H,, thus maintaining the catalytic activity.

High-yield (>80%) of DWCNTs were obtained. TI
synthetic yield of DWCNTs was sensitively affecteg
reaction conditions of the CCVD such as zeolite psup
materials, the sintering of the metal particlesdrogarbon
sources and reaction temperatures. HRTEM togethtr
Raman spectroscopy showed that the outer tube thal
varies from 3 to 6 nm with inner-outer tube separet of
0.36-0.37 nm, which is much larger than the injexie
distance of graphite (0.335 nm). Other binary gatal such
as Co-Ni, Co-V, Co-Cr and Co-Mn provided lower gielof
DWCNTSs. A high-temperature heat treatment of thekth
DWCNTs at 2000C improved greatly the -crystallinit
(graphitization) of the thick-DWCNTSs, giving rise ideal
carbon nanotube field emitters for panel displayiiaptions.
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Table 3.E continuel

Mg;-CoO none
and Co-
Mo

Co MgO

CH,

CH,

CNTs were prepared by passing
mixture of H, + CH, (18% CH) gas
at 1000C over nanometre size
cobalt particles generated situ. The
catalyst particles were product
during the selective reduction of
solid solution of Mg,CoO (x
ranging from 0.01 to 0.1) powder. |
some cases, the catalyst also cont:
additions of Mo (Co:Mo 3:1)

The catalyst (50 mg) loaded onto
Mo boat was reduced at 900 - 1600
for 1 h in flowing gases of H(40
sccm) and M (100 sccm) at a pressu
of 200 Torr, then the Nwas replacec
with CH,; (10 sccm) to start CN°
growth. The growth period typicall
lasts for 1 h at T=900 - 1000.

- 56 -

Narrow diameter double-walled carbon nanotu
(DWCNTSs) were obtained with high yield. Inelastighit
scattering shows that the tubes have a wide digioib of
helicities and also shows the importance of tharenment
to the tube properties. The D band of the Ramartgpa
was found to be absent for some tubes consistetit
predicted sensitivity of this band to helicity.

Very uniform and clean DWCNTs from Co particl
dispersed on porous MgO nanoparticles. Both théacel
area and pore size of the MgO nanopartilces afthet
growth of DWCNTs. Very uniform DWCNTs have be
prepared by using catalyst of Co 2.5 - 5wt% loadedgO
nanoparticles with pore size of 3 nm. The DWCNTgeha
very narrow diameter distribution of 2 - 4 nm.
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Table 3.6 The use oCaCQ; supported transition metal elements as catalgsthé CVD synthesis of CNTs.

Catalyst Support/substrate = Carbon source
Fe, Co and CaCQ C,H,

Fe-Co

Fe, Co and CaCQ C,H, and GH4
Fe-Co

Co, Fe and nanocrystalline C,H,

Ni, as well CaCQG

as their

bimetallic

compounds

CNT synthesis conditions

The decomposition of acetylene w
carried out in a fixed-bed flow react
at 720C. Approx. 50 mg of the
prepared supported catalysts (C
CaCQ, Fe(ll)/CaCQ, Fe(lll)/CaCQ,
Fe(ll)-Co/CaCQ or Fe(lll)-
Co/CaCQ) was placed in a quarl
boat which was inserted in a qua
tube under nitrogen flow. Keeping
continuous nitrogen flow of 70 I/t
acetylene was let through with a g
flow of 10 ml/min for 30 min.

CNT synthesis reactions were carri
out in a horizontal furnace. About O
or 1.0 g of the catalyst, spread or
quartz boat was introduced into tl
furnace preheated to 70D in a flow
of nitrogen (300 ml/min). After 1(
min the hydrocarbon gas (acetylene
ethylene) was made to pass over
catalyst bed at a rate of 30 ml/min f
60 min. The hydrocarbon gas flo
was stopped; the product on the que
boat was cooled to room temperatt
while nitrogen flow was on.

Typically, 500 mg catalyst wa
uniformly spread into a small quar
vessel in a fixed bed reactor. Wh
the furnace was heated to 1023K ir
continuous nitrogen flow of 30
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Distinct properties of CNTs and summary

High quality and pure MWCNTSs were synthesized usirgy
CVD procedure. The MWCNTSs could be purified using
dilute acids due to the nature of the support.

The quantity and quality of the tubes produced iffent
synthesis reactions were however, significantljedént. Out
of the several supported catalysts used calciubocate anc
magnesium oxide were found to give the best yiélcbobon
deposit when they were used as supports for a reixbil
cobalt and iron. The yield of carbon deposit wamfbto be
very poor when these supports had only Fe. Cobalthe
other hand showed better activity than iron.

Compared with conventional CagManocrystalline
CaCQ is an improved support that can produce CNTs

in a higher yield. Among all the catalysts suppdie nano-
CaCQ, Fe-Co/CaCQcatalyst is the most active one,
promising for large-scale and low-cost productidiCITs.

Reference
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Table 3.€ continuel

Fe-Co CaCQ

K-doped CaCQ

Co and K-
doped Fe-
Co

CH;

CH;

ml/min, the vessel was pushed into 1
middle of the furnace and acetyle
was let through with a flow rate ¢
100 ml/min, without performing an
pre-reduction treatment. After 20 m
of the reaction time, the flow c
acetylene was stopped and the furn
was allowed to cool to roor
temperature in a nitrogen atmosphel

The nanotubes were grown fro
acetylene on a Fe-Co: Cag€@atalyst
at 720C as described by Couteau a
co-workers.

The synthesis of carbon nanotuk
was carried out by the decompositi
of acetylene in a fixed-bed flo
reactor at 720C. Approximately 100
mg of supported transition met
catalyst was placed in a quartz by
which was inserted in a quartz tul
under N flow. Keeping a continuou
N, flow of 500 ml/min, acetylene wa
let through with a gas flow of 2
ml/min for 30 min. After rinsing the
system with nitrogen, reaction prodt
was collected from the quartz boat.

- B8 -

The CaCQ catalytic support thermally decomposed i
CaO and C@resulting in a mixture of two catalysts fi
growing the nanotubes, which were found to haveero
diameters belonging to two main groups 8 - 35 nich 4 -
60 nm, respectively. The influent and effluent gaseere
analyzed by gas chromatography and mass spectroie
different time intervals during the nanotubes gilopwtocess
in order to better understand and optimize the a«
reaction. A large number of by-products were id@tiand
it was found that the number and the level for sahéhe
carbon by-products significantly increased oveletim

The authors concluded from their results obtainedhis
study that proper doping of CVD catalysts with [gstam
can increase activity with keeping the original lgyaof
carbon nanotubes.
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Table 3.€ continuel

Fe-Co MCO; (where M = C,H,
Mg, Ca, Sr, Ba)

Fe-Co CaCQ CH,

Fe CaCQ CH>

Niand Co CaCQ CH,

For CNT production, 100 mg of th
as-prepared catalyst is placed in
oven, flushed with nitrogen, ar
finally exposed to a mixture c
acetylene and nitrogen (or argol
fluxed at 1 and 70 L/h, respectively
T= 700 - 740C.

CNTs were synthesized as descrik
above at 70TC.

For CNT synthesis, the catalyst (1!
mg) was loaded into a quartz boat it
fixed bed reactor at room temperatu
H, was used to reduce the catalyst
1 h in situ (700C, 100 ml/min). The
temperature ramping rate used w
10°C min’. The H gas was ther
replaced with acetylene and the ¢
was then passed through the rear
for 3 h (700C, 100 ml/min). The
reactor was then cooled to roc
temperature in a fFhtmosphere.

The prepared catalysts were plac

into the furnace preheated to 7Q0
under N atmosphere. This minime

- 59 -

The authors suggested an involvement of the, G@ups
from carbonate in the CNT growth process. This )
confirmed by using carbonates with different decosition
temperatures as catalyst support. Ca@as the best suppo
because of the good matching between the carbc
decomposition temperature and the nanotube groGy.
groups originating from a carbonate react with @eee to
produce carbon for MWCNTS.

A detailed study involving the reaction betweentgleme
(CH,) and CQ, mixed in an equimolar ratio, to produ
carbon nanotubes was performed. A dramatic enhaste
of the CNT yield compared with those of previouathgses
was observed. In addition, the lifetime of the besiawas
considerably extended and the initial growth ratas:
enhanced compared with those of classical acety
decomposition reactions.

MWCNTs were obtained with large diameters and aeda
diameter distribution. The MWCNTSs were used as sugf
for iron. It was observed that Fe supported on CI
produces a very stable and active catalyst.

High-quality CNTs were successfully fabricated Isyng the
catalytic decomposition of acetylene over Ni- ang- !
supported CaCgxatalysts in fluidized bed reactor. Nitrog

87
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Table 3.€ cortinuec

fluidization  velocity (U, and
minimal bed height were estimated
be ca. 12 cm/min andca. 25 cm,
respectively. TheU.s was found to
decrease with the growth temperatul
Four growth temperatures were set
700°C, 750C, 800C, and 8560C,
respectively. At  the desire
temperature, a mixed carbon precur
(N2:CHx:H, = 93:6:1, v/vlv) was
introduced to pass over the catal
bed at the same velocity for 0.5 h.

physisorption indicated that the CNT products arainiy
mesoporous. As-grown CNTs were found to have aim
layered structure, and their layer numbers areeasing
functions of the growth temperature according te
calculation of Debye-Scherrer’'s equation.

89

Fe-Co

CaCQ

CH,

The catalyst was loaded into tl
reactor under 0.047 m/s of,NThe
flow rate of N was gradually reduce
until the superficial gas velocity we
between 0.8 to 1.2 XU, as the
temperature was increased to 800
Reduction of the bed mixture we
carried out using 50%Hn N, for 1 h
at 600C. The gas was then switch
to pure N and purged for 10 mil
before changing the temperature to
desired synthesis temperatu
between 600 and 830. The
synthesis gas mixture containir
ethylene, hydrogen , and nitrogen
the ratio of 50:1:450 was introduce
for 60 min.

-60 -

It was shown that he technical viability of using@>; as a
soluble support material for the synthesis

of CNTs via FBCVD and have shown that MWCNTSs
similar quality to those synthesized via traditibr@vD

techniques using insoluble alumina or silica swef, car
be synthesized, in bulk. On the basis of TGA resutle
carbon yield per unit weight of catalyst obtaine@sw~
1100% and the overall carbon efficiency was catedldo be
280%. Of the carbon products, ~ 89% was MWCH
between 10 and 20 nm in diameter.

90



3.5 Summary of factors impacting CNT growth

A summary of the key factors that affect the growthCNTs synthesizedia the
substrate CVD process are summarized based onathepdesented in Tables 3.3 -
3.6.

3.5.1 Carbon source

The literature survey broadly shows that the mostroonly used source of carbon
for MWCNT synthesis is acetylene 4d;). Ethylene (GH,;) has also been used in
many studies but to a lesser extent, while othercgs of carbon such as CO,
propylene (GHg), benzene, ferrocene, propyneslly) and cyclopentadiene {Bs)

have also been used in very few studies. The wfitC;H, to decompose at low
temperature (e.g. 500) has made £, a carbon source of choice for MWCNT
synthesis. This is because it readily forms radicahd ions necessary for the

formation of CNTSs.

The use of Chlhas been revealed in a large number of studits/taur the formation
of SWCNTs and DWCNTs. Ethanol vapour has also prawebe suitable for the
synthesis of aligned CNT bundles under appropniagetion conditions. The data
collected in the tables reveal that there seeniseta correlation between the CNT
graphite layers and the molecular structure (Ctivyaf the hydrocarbon gas used as
carbon source. The data suggests that short chalecules (e.g. Chk can
preferentially produce single or double layered GNihile longer chain molecules

such as gH, and GH, result in formation multi-layered CNTSs.

3.5.2 Metal particle (monometallic vs bimetallic)

The data in the tables clearly indicate that thestmadely used metal to catalyze the
formation of CNTs is Fe. This is because Fe is paethan the other transition metal
elements thus rendering it suitable for industagplication. Co and Ni in their

monometallic state have not been used as much. d$okeever studies have revealed

that the order of reactivity of the three metaldlis> Co > Fe. The size of the metal
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particles has been shown to affect the diametetiseo€NTSs. It can be seen in several
studies that the CNT growth can be controlled gedgi by manipulating the metal

particle properties during the metal-support prapan as well by post treatment of
the metal-support mixture [91].

For better quality and improved CNT yields, bi-niatgparticles have been used, as
shown in most studies using Cag43 a support [82-90]. In summary, the bi-metallic
particles used include Fe-Co, Fe-Ni, Fe-Mo and Gn-Whe data indicates that Mo
with Fe or Co favours the formation of SWCNTs or BWTs with high quality
graphitic structure. Other metals such as Ru, Piand Mg have been found to

enhance the quality of CNTs when used in conjunctrgh Fe or Co.

3.5.3 Advantages of using CaCg&bver other supports

The importance of using a support has been descabdier in this chapter. It can be
seen that Sigor Si has been the mostly widely exploited supdotipwed by AbOs;,
zeolites and MgO. These materials have been wigsdyl on the merits of their high
surface area and porosity, cost, as well as highrtal stability. The major challenge
when using these materials is that they cannoeb®ved easily from the products
due to insolubility issues.

A study pioneered by Couteau and co-workers in 2823 resulted in increased
interest in the use of other suitable support netesuch a CaO, Ca(Ok)CacCl},
MgCQO;, BaCQ as well CaC@ for CNT synthesis. CaCQOhas to date received
increased interest from various scientists becafislee good quality, high yield and
high purity materials obtained from using it asuport. We commenced our studies
using this support in February 2006. Earlier stadi® our group had focused on
floating catalyst methodologies to make CNTs [92].

After the commencement of our study, a number gfgapers have appeared further
discussing development of using CaCf3 a support. The chemistry involved during
the CVD of GH, over CaCQ is interesting. Studies by Magrez al. [28] have

explained the chemical processes taking place¢naer CaC@a favourable support
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for CNT synthesis over others. The chemical reastiand mechanism taking place

during the CNT synthesis can be summarized indhewing points:

(i)

(ii)

(iii)

(iv)

CaCQ stability is governed by a dynamic equilibriumtbe decomposition
reaction CaC@ -~ CaO + CQ that proceeds at temperatures ranging from
600°C to 820C. Thus, CQis present as a gas and in the support (as €aCO
in a ratio that depends on the temperature applibd. CQ(g)/CH ratio is
constant for a given temperature as long as thieonate supplies COby

decomposition.

A small deviation in the decomposition rate of CaC@hich is controlled by
lowering or raising the growth temperature, deasabe yield significantly.
The CQ(g)/C:H; ratio, obtained over R&Co/CaCQ or Fe-Co/CaC@under
the optimum conditions (here at 66&), was measured by quadrupolar mass
spectrometry to be 1:100 and was stable over theegreriod of growth [28].
The CQ(g) is assumed to act as an etching agent thateptewvcatalyst
poisoning [87]. It is also assumed that AQf) limits acetylene polymerization,
which occurs by a homogeneous radical chain reattigpgroduce more-stable

oligomers along with heavy oils [85].

Two chemical processes are possible for the reacticacetylene with CO
for the synthesis of CNTs [Reactions (1) and (2)].

CoHa+ CO» o 2C + HO + CO (1)
CoHa+ CO » C+2CO +H ()

The synthesis of carbon atoms occurs at the aresevdtetylene, CaGOand
the catalyst meet. This triple-point junction £f&&0/CaCQ/C,H,) is
illustrated in Fig. 3.4 [28]. Once generated, carloan diffuse either on the
surface or in the bulk of the metallic particledjieh catalyze the growth of
the CNTs. The chemical reactions taking place at ttiple-point junction
strongly enhance the growth efficiency of the MWGINT
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Fig. 3.4: The triple-point junction (grey area) wé¢he reaction described by Scheme

1 takes place corresponds to the area around tta—sgpport interface (dashed line).

The border of this area on the metallic side issatered to be the root of the CNTs

and on the support side it is the carbon diffudength. Insert: the diffusion of the

carbon-containing species. In particular, carb@matcan diffuse on the surface or in

the bulk of the metallic particles from the trigdeint junction towards the CNTSs [28].

v)

While CG, is available from the bulk carbonate, it must abeo generated
from the products arising from Reactions (1) anil O, regeneration is
possible by the water gas shift reactionOH+ CO ~ CO, + H; [93], or by
CO disproportionation: 2CO- C + CQ [94]. It is believed that CO
regeneration takes place while@®and/or CO are adsorbed at the triple-point
junction. CQ thus formed could be trapped by the support tmfoarbonate,
which would further react with acetylene moleculeBhese chemical
mechanisms are summarizedSoheme 3.1[28]. When CaC@is employed
as the support, a two step cyclic mechanism staits the reaction of
acetylene and CaG@CO,) followed by CQ regeneration. The reaction takes
place at the triple-point junction (F€0/CaCQ/C;H,) around the catalyst-
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support interface, which strongly enhances the emion of acetylene. Thus a

base growth mechaniswas suggested based on this concept.

ZCCNTS CCNT‘S + HZ

Reaction 1 Reaction 2

CO + H,O + CaO CaCO; + CyH> 2C0O + CaO

WGS reaction CO disprop.

CoH> CzH2
Scheme 3.1 Chemical cycles involved in the growth of carbmemnotubes from an
equimolar mixture of ¢H, and CQ. WGS = water gas shift, CO disprop. = CO
disproportionation [28].

(vi)  Analysis of the kinetics of the growth mechanisfowaéd for an improvement
of the catalyst lifetime and initial growth ratendSe properties of the catalyst
are drastically enhanced when carbon is producethéyGH,-CO, reaction
compared with those of the synthesis of MWCNTs Iassical acetylene

decomposition [28].

3.5.4 Temperature and synthesis time

The synthesis temperature is largely determinethbynature of the support and the
carbon source used. Thus, supports with low melpogts would require lower
synthesis temperatures. The stability of the carbaurce also determines whether
moderate or extremely high temperatures must bkeapsenerally temperatures in
the range 550 - 110CQ are suitable for CNT synthesis depending on #dagents
used. Supports that undergo phase change (e.g. Latdigh temperatures are
temperature sensitive and can be only be effectwthin a specific optimum
temperature range for maximum CNT growth. CNT gfowenerally occurs over
time and studies have shown that the quality of €Wdn deteriorate if the synthesis
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time is too long (refer to Chapter 8 for a detaidady). Thus, while high yields can
be obtained by extending the synthesis time, thalityuof the CNTs can be

compromised.

3.6 Purification of the CNTs

As-synthesized CNTs prepared by catalytic CVD mashayenerally contain
carbonaceous materials, the support and the megtallyst particles. The co-existence
of the materials (hereafter to be referred to gsunities) is inevitable and remains a
challenge since pure CNTs are generally requirad afaplication purposes. An
excellent review by Hoet al. [95] gives a comprehensive survey and analysthef
purification of CNTs. The challenges existing ire thurification methods, synthesis
techniques and purity assessments, which have twdreome in order to enable the

wide applications of CNTSs, are discussed.

Purification methods of CNTs can basically be dfes$into three categories, namely
chemical, physical, and a combination of both [®%]summary, purification of CNTs
by chemical oxidation includes the following teaiunés: (i) gas phase oxidation, (ii)
liquid phase oxidation and (ii) electrochemicaldation. Physical-based purification
of CNTs includes: (i) filtration, (ii) centrifugain, (iii) solubilization of CNTs with

functional groups and (iv) high temperature anmegli

The nature of some supports requires combinatidrnsoth chemical and physical
purifications (ulti-step purificatiof in order to achieve desirable CNTs with high
purity and high vyield. Thus several purificationopesses have been explored
including hydrothermally initiated dynamic extrawti (HIDE) or sonication-assisted
multi-step purification; microfiltration in combitian with oxidation; sonication in
combination with oxidation; as well as high tempera annealing in combination
with extraction. A hefty challenge though is thag¢ge procedures have disadvantages
including damage to the CNT structure, high costl dine long reaction times
involved. Moreover, according to Hoet al. [95] there are still many technical
barriers to be overcome when cost, reproducibityyironment compatibility, and
scaling-up are taken into account. In our studitbese factors were taken into

consideration.
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Chapter 4

The use of organometallic transition metal complexe s in the synthesis of

shaped carbon nanomaterials: a review *

4.1 Introduction

Whilst numerous organometallic complexes were kngwar to 1950, the synthesis of
ferrocene (FcH) is regarded as the pivotal eveat lid to the field of organometallic
chemistry as practiced today [1]. The realizatiost transition metal-carbon bonds were
indeed facile to make and had reasonable stalwbty coupled to the implementation of
appropriate characterization techniques that weragbdeveloped and used at the time
[2]. These included IR and NMR spectroscopy as alKX-ray crystallography [3]. The
clear link between homogeneous catalysis and orgatallic chemistry has ensured the

continued interest in this area of chemistry [4].

A recent development in the field of organometaittemistry has been the use of
organometallic complexes in the high yield catalysiynthesis of carbon nanotubes
(CNTs) [5]. The development of appropriate chanmazaéion techniques, for example

transmission and scanning electron microscopes (TEEM), has assisted in the

development of this field. Again, the area is dni\ey the potential uses of CNTSs; in this
instance, their use in interconnects, nanosensarmbalances, field emission displays
and in the manufacture of strong and lightweighmposites, etc. Indeed, today CNTs are
made industrially in the tons pa level [6]. CNTs1d#e made by a variety of procedures
and these include numerous variations of the achdirge [7], the laser ablation [8], and
the CVD (chemical vapour deposition) processes \[ghile organometallic complexes

can be used to make the catalysts required forfdimer two synthesis methods, the

catalysts are generally made from metals or mattd.s

*\/.0. Nyamori, S.D. Mhlanga, N.J. Coville, J. Orgaraal. Chem. 693 (2008) 2205.

-72 -



Both these methods do produce relatively pure Cbliisare currently not easy to scale

up to industrial levels of production.

The CVD processes, by contrast, do allow for easylesup. There are two main
approaches to the CVD synthesis of CNTs: one meémdils passage of a gas phase
carbon source over a supported catalyst whilshéndther both the catalyst and carbon
source are in the gas phase. This latter procesalled the ‘floating catalyst’” method.
The catalyst used in the first CVD method can bevdd from any metal source
including an organometallic complex. But it is fleating catalyst method that typically
requires volatile organometallic complexes to m&kéTs. Remarkably, much of the
work in this area of synthesis entails the use arf/\simple organometallic complexes
(ferrocene and Fe(Cg))and the emphasis has not been on studying ligéfiedts on
CNT synthesis. Indeed most studies to date invobagalysts purchased from
manufacturers with studies focused on variationCOT synthesis parameters or on

reactor design.

It is to be noted that another type of CNT synthesethod has also been developed in
recent years that does not use a gas flow systatheRthe reaction to make CNTs takes
place in a closed container (e.g. autoclave oredequartz tube), at elevated pressures.
Typically, in this method, organometallic complex@s times containing an external
carbon source) are used as starting materialsnihegize CNTs [10]. CNTs are but one
type of carbon nanomaterial that is synthesizedhleyprocedures described above, and
the control of the morphology and type of CNT proel is a non-trivial task. Using
typical reaction conditions, it is highly unusual @btain > 95% pure material in any
current synthetic process. Thus, in a typical sgsithit is not uncommon to synthesize a
mixture of single walled (SW), double walled (DWjcamultiwalled (MW) CNTs with a
range of diameters, lengths and helicities, togetiv#gh amorphous carbonaceous
materials and carbon fibres. Under appropriate itimng, it is also possible to synthesize
carbon horns [11], spheres (filled [12], hollow [13]), onions [14] and cages [15] or
metal filled tubes or core shell spheres [16]. Sahthese various shaped materials are

shown in Fig. 4.1. Much work is still needed toawel the chemistry that is taking place
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and that leads to control of the synthesis of thes®us carbon nanostructures. All of
these shaped carbon nanomaterials (SCNMs) areterest in their own right but the
high yield synthesis of ‘pure’ materials is stitl be achieved. The outcome of making
mixtures is that subsequent purification processesneeded to remove impurities but
these methods can also modify/destroy the requinaterials.

P22 ‘ o <o

Fig. 4.1: Types of SCNMs: (a) SWCNTSs [125]; (b) MWTs [30]; (c) DWCNTSs [125];
(d) hollow carbon spheres [126]; (e) carbon sph¢iey]; (f) nanofibre [128]; (g)
nanohorns [11]; and (h) nanocages [129].
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In this review, we have attempted to evaluate sahé¢he factors that control the
synthesis of the shaped carbon nanomaterials. tticpar, we have attempted to
evaluate the literature and to indicate the curstatius of the field from the perspective

of organometallic chemistry.

We have reviewed the current literature on thisiccagnd incorporated many of the
studies into tables that permit a quick evaluabbkey information. As there are many
hundreds of publications that use organometallimplexes to synthesize SCNMs we
have not attempted to list, in this review, all 8tedies that have been reported. Indeed,
in many publications the organometallic complexdusemake the SCNMs is purchased
and the interest in the actual catalyst is margithas is particularly true of studies in
which the electrical, mechanical or optical projgariof the CNTs are the key part of the
study. Thus, this review will describe the SCNM tegsis and include conclusions on
the

(i) types of organometallic complexes that havenhesed;

(ii) effects of the carbon source;

(iii) effects of secondary elements (S, N, O, P);

(iv) effect of physical parameters (temperaturespure, etc.);

(v) reactor design issues; and

(vi) mechanistic issues.

This literature review will not describe the projpes associated with these materials as
many excellent books are available that contaia thiormation [17]. The review will
also not describe the emerging chemistry associaw@ti the purification and
functionalization of these SCNMs [18]. Most of tseidies on shaped carbon materials
reported to date relate to the synthesis of CNTthese are the complexes that have been
most sought after. Two reviews by Rao and co-warkiscribe some early studies on
the use of organometallic complexes on CNT synshesi particular from their own
studies, and provide some discussion of early viorthe area [5a,19]. A more recent
review has focussed on the use of floating cataliysthe synthesis of CNTs [20].
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4.2 The organometallic catalysts

A patent by Komatsu and Endo in 1985 appears tthédirst report of the use of an
organometallic complex to prepare a shaped carlaierial [21]. A report by Tibbets in
1993 described the use of ferrocene (Fig. 4.2@pimbon fibre growth [22]. In the years
that followed, numerous reports appeared in wheclotene was used to catalyze carbon
shaped structures from a range of hydrocarbons §if¢e then hundreds of articles have
appeared in which ferrocene has been used to ma@kMS. This arises from the easy

accessibility, price, stability in air and volatyiof ferrocene.

Fig. 4.2: Catalyst used for CNTs synthesis; (ajofegne and (b) Fe(C®)

Another much used organometallic complex is Fe¢C(®jg. 4.2b) and again the
advantages associated with ferrocene apply to Fg(Q@leed, Fe(CQ)is used in the
industrial HIPCO process to produce CNTs [23]. gtitig of the conditions used, the
products formed and other important informationt thelates to the use of ferrocene
(Table 4.7), Fe(COj (Table 4.2 and other organometallic complexdables 4.3—4.%
also indicates the wide range of carbon sourcespagdical parameters that have been
used during the past 15 years. Noticeable fromtiides are the limited range of
organometallic complexes that have been studidaerQban ferrocene and Fe(G@w
other organometallic complexes have been used toe nf®CNMs, and in particular
CNTs.
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Table 4.1 Ferrocene as a catalyst for the synthesis of Citiisother SCNMs.

SNCMs  Reactor design Carbon source and FcH Temperature Pressure and flow rate Secondary References
concentration elements
SWECNTs  High-pressure CVD reactor Ferrocene 650-900°C Pressure 1-5 bars None 152
{pyrolysis) 2000 sccm Ar-FeH vapour
mixture flow rate
Horizontal CVD reactor Ferrocene 1100-1150°C Ar flow rate 1500 mi/min Ha [64]
{(pyrolysis) H, flow rate 150 ml/min Sulphur
(Fes=10:1)
Horizontal CVD reactor Ferrocene and acetylene TIF1)350°C Ar flow rate 1000 sccm Ha 137]
two stage furnace system {sublimation) C3H; flow rate 50 sccm
TI{F2)1100°C H; flow rate 25 sccm
{pyrolysis)

Horizontal CVD reactor Ferrocene (sublimation rate T{F1)60-90°C Ar flow rate 1200 scom MNone [51]

two stage furnace system 3.74-4.68 = 10" molfh); (sublimation} CaHy partial pressure of
Acetylene (3-10 scem) T{F2}800-1000°C 5.0 Torr (best) or less

(pyrolysis)
Horizontal CVD reactor Ferrocene; T(F1)55°C Ar flow rate 300-2000 sccm Sulphur [67]
two stage furnace system Acetylene {1 sccm) {sublimation) GH; flow rate 1 sccm Ratio

T{F2)1100°C Total reactor system pressure  FcH:5 =16:1

(pyrolysis) held at 1 atm.

Vertical CVD reactor Ferrocene {0.018 gfml) and 1150 °C (pyrolysis) FcH/hexane/thiophene  soln Ha: 163]
Thiophene (0.4 wt %) in n- flow rate into reactor 05 ml!  Thiophene [106]
hexane min

H, flow rate 250 ml/min

Vertical CVD reactor Ferrocene {0.025 giml) and 1200 =C {pyrolysis) FcH/hexane thiophene soln Hz 200~ [45]
Thiophene (06wt %) in n- flow rate into reactor 250 mL/min;
hexane 0.6 mi/min Thiophene

H, flow rate 250 mljmin

Horizontal CVD reactor Ferrocene (vaporization rate T{F1) 185 *C H.70-90 ml/min (F2) Ha 55

two stage fumace system 1545 = 10-7); {sublimation} Hy 150-225 mlfmin (F1) |63¢]
Thiophene (0.5-5 wt¥) in T(F2) 1100~
benzene 1200 C (pyrolysis)

Vertical CVD reactor Ferrocene; T(F1)120°C Ferrocene carrier gas flow Hx{carrier gas) |63d]
Benzene and thiophene soln (sublimation) rate 0,3-0.5 I/min Sulphur (S}

T{F2)1150°C Benzene carrier gas flow C=1:200)
{pyrolysis) rate 0. 1-0.2 |{min

Horizontal CVD reactor Ferrocene thiophene in benzene 1150 °C {pyrolysis) Ha flow rate 1-10 ml/min Ha: Thiophene [63e]
(30wtE)

Horizontal CVD reactor with Ferrocene and sulphur mixture 1050 °C { pyrolysis) Carrier gas ratio AriHz= 211 Sulfur [50]

ultrasonic atomizer (850 kHz (10:1 atomic ratio) in m-xylene Total gas flow rate 300- Ha

frequency) to form 40 mg/ml. 1500 sccm

Horizontal CVD reactor with a Ferrocene in Ethanol 700-950°C FcH-ethanol flow rate None |107]

sprayer system attached 0.2-12wt % FcHV {optimal 950°C) 0.3 ml{min
{optimal 1.2 wt % FcH) 30 min o time Ar flow rate 0.1-0.8 [/min

Horizontal CVD reactor with Ferrocene in Ethanol 650-800°C FcH-ethanol flow rate None [54]

ultrasonic atomizer (~MHz, 20- 0.1-3 wt® FcH{optimal { pyrolysis ¥ optimal ~0.7 gfmin

30W) 1.0-15 wtk FcH) 700°C) Ar flow rate 0.5-2.5L/min

30 min r<n time (optimal )
Horizontal CVD reactor with a Ferrocene in Ethanol 800-1100°C FcH-ethanol flow rate None [108]
sprayer system attached 1g/100 mi to 1 g/800 ml {pyrolysis) 50- 80 mi/hr
Ar flow rate B0-1201/h
CVD verrical laminar flow reactor Ferrocene COf 700-900 °C Partial vapour pressure of FeH:Si0, = [96]
{pyrolysis) FcH 0.8 Pa 1:4
N /Hy 93(7 Vol €Oy (Insitu)

CVD vertical laminar flow reactor Ferrocene, CO, CO» 575-6004C Partial vapour pressure of €0, |61]

with a hot wire generator (pyrolysis) FcH 0.7 Pa Hz0 (150 ppm)

{ HWG) for ferrocene aerosol €0 flow rate 100 cm/min

C0a{600-8000 ppm)
DWCNTs Horizontal CVD reactor; two Ferrocene (vaporization T(F1)120°C Ar flow rate 800 ml{min Hz Si0sfrom TEOS  [105]
stage heating system rate=6.45 « 10 mol/min) {sublimation} Haflow rate 400 ml/min decomposition
Tetraethoxysilane {TEQS) T(F2) 1000-
(vaporization rate = 1100 =C (pyrolysis)
128 % 10~ mol {min)
Horizontal CVD reactor: two Ferrocene T(F1)60-90°C Ar flow rare 1200 scom Sulphur |65
stage furnace system Acetylene {sublimation) acetylene B sccm 5:FcH = 1:8-1:64
T{F2)500- range
1200 =C { pyrolysis)
Reaction time 1.5 h
Horizontal CVD reactor: two stage  Ferrocene T(F1)60-90°C Ar flow rate 300-2400 scem Sulphur |68a|
furnace system Acetylene {sublimation) C;H; flow rate 2-20 sccm FcH:5=512:1 to
Furnace (2} with a partial pressure of 6:1 range

1100 =C {pyrolysis)
Reaction time 1.5 h
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Table 4.1 (continued)

SNCMs Reactor design Carbon source and  Temperature Pressure and flow rate Secondary References
FcH concentration elements
Horizontal CVD reactor Ferrocene Ferrocene/sulphur Ar flow rate 1200-1600 sccm Sulphur; |68h]
two stage fumace system Acetylene T{F1} at 60-804C CyH, flow rate 8-12 sccm FcH:5=8:1-
(sublimation) ‘Total pressure of the system was 192:1 molar
T{(F2); 1100 C (pyrolysis) held at 1 atm ratic
Horizontal CVD reactor; with  Ferrocene T(F1) 60-90°C Ar flow rate 300-2400 scom CyH, flowe Sulphur |66
a three-section guatz tube Acetylene {Preheationg) rate 1-20 sccm with a partial pressure  FcH:5=512:1
with a two stage heating T(F2)850-1150 °C of 0.25 Torr system pressure at 1atm  to 6:1 range
system (pyrolysis)
Reaction time 1.5 h
Horizontal CVD reactor; Ferrocens T(F1) 60-90 °C {Preheating} Ar flow rate 1600 sccm Sulphur |69
two stage furnace system Acetylene T{F2)800-1150°C C;H; flow B scome S:FcH=1:8-
(pyrolysis) 1:64
Reaction time 1.5 h
Horizontal CVD reactor two  Ferrocene Ferrocene/sulphur Ar flow rate 1500-2500 sccm Sulfur |70]
stage furnace system Methane TiF1) 100°C {Preheating) FcH:5=10:1
T(F2) 1150°C { pyrolysis)
Reaction fime 30 min
Horizontal CVD reactor two  Ferrocene/sulfur Reactor temp 900-1180 C Feeding rate 0.05-0.15 ml/min Sulphur [71]
stage furnace system witha  mixture in xylene {pyrolysis) Ar flow rate 2500-3500 sccm Fe:S=10:1
an injector attached {conc of 0.03- Reaction time 10-20 min Hy flow rate 500 ml{min
0.12 gimlL)
MWCNTs Horizontal COVD reactor witha  Ferrocene in T(F1) 350°C (sublimation) Injection rate 4.0 ml/min FcH Ha [33b]
an injector attached xylene T{F2) 8753 °C {pyrolysis) Total flow rate Ar/H, 1500 scom 10 % Hy in Ar
8.25% mole fraction
of FcH {ie
1.00 % Fe/C
ratio)
Horizontal CVD reactor with  Ferrocene to T(F1) 115-125°C Carrier gas (Hy) total flow rate 700 mlf Sulfur |43b]
two stage furnace system benzene {sublimation) min H.
ratio4,2-86 % T(F2) 1150 °C { pyrolysis)
thiophene
055wt ¥
Horizontal CVD reactor two Ferrocene in T{F1) ~175 *C (sublimation) 1Carrier gas {Ar:H, = 10:1) Ha [45¢]
stage heating system witha  xylene T(F2) ~675“C (pyrolysis) Ar(H, 1688188 sccm
an injector attached 6.5 mol % of FcH Feed rate FcH-xylene 2.5 mlfh
in xylene i.e, Partial pressure for xylene was 4 mbar
~0.75 % FefC
ratio
Horizontal OVD reactor witha  Ferrocene 2 g in 900°C temp (pyrolysis) 1000 scem Ar flow rate Ar |45b]
nebulizer [ 1.54 MHz 100 ml xylene {30 min)
ultrasonic)
Two stage horizontal CVD Ferrocene 0,02 g/ml T (F1) 300°C (sublimation) Reagent injection flow rate 0.4 ml/min H, [45a]
reactor with a an injector of xylens T(F2) B50°C { pyrolysis) Ar(Hzflow rate 2000/400 sccm Ar
attached
Two stage horizontal CVD Ferrocens 2-9.6 wt¥ T(Fl) 200°C { sublimation] Hz 10% in Ar total flow rate 750 ml/ Ha |44b|
reactor in toluene T(F2) 700-760°C {pyrolysis) min Ar
Two stage horizontal CVD Ferrocene 1-8.6 wtt T(Fl) 200°C (sublimation) Ha 10% in Ar total flow rate Ha |44c|
reactor in toluene T (F2) 590-840°C (pyrolysis) Ar
Amorphous Herizontal CVD reactor Ferrocene 200 °C {30 min) Pure Clugas Cls [88]
Carbon with a boat
nanotubes  Teflon-lined autoclave Ferrocens 210°C ( pyrolysis) (24 h) Autogenic pressure Under air |38h]
(ACNTs)  (50ml) (2.97 mmal,
0.552g)
Sodium
(13 mmol, 0.3 g)
Benzene 3/4 of
autoclave
Vertical quartz CVD Ferrocene 1100-1200°C Hy Flow rate Ha [63b]
reactor Benzene 100 cm¥min
thiophene
Teflon-lined Autoclave Ferrocene (1 mmol) 200 °C (pyrolysis) (70 h) Autogenic pressure Under air [98a]
{50 ml) Sulphur (2 mmol )
Benzene 90% of
autoclave
Hollow carbon  Stainless steal autoclave Ferrocene (0,186 g) 700 °C (pyrolysis) Reaction under N, atmosphere Reaction [13b]
nanosphere {2 ml) Reaction time 1h Total pressure 2.2 MPa under Ns
(HCSs) armosphere
Horizontal CVD reactor with  Ferrocene T{F1) 50°C { Preheating) 125 g of solution transferred to Ar [101a]
two stage heating system Camphor T(F2) 1000 “C (pyrolysis) reactor per hour with the aid of Ar gas
Filled sphere  Horizontal CVD reactor with  Ferrocene T{F1) 50°C { Preheating) 12.5 g of solution transferred to Ar [101a]
two stage heating system Camphor T (F2) 1000 °C {pyrolysis) reactor per hour with the aid of Ar gas
Horizontal CVD reactor with  Ferrocene| T{F1) 160-200°C H; flow rate 300-400 ml/min Ha [47h]
two stage heating system Anthracene (sublimation)
(1:7) T(F2) 580-700 °C (pyrolysis)
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Table 4.1 (continued)

SNCMs Reactor design Carbon source and Temperature Pressure and Secondary References
FcH concentration flow rate elements
Carbon nano-onions Horizontal CVD reactor Ferrocene {~0.7 g} T(F1) 300 *Cat Ar flow rate 260 ml Fes(CO)ha [14]
with two stage furnace Or mixture of FcH/ Fesy{(COha of 40°C min "
system min~{sublimation) 0.5% and 1.0% of O3
T (F2) 800 °C in Ar
{pyrolysis)
Iron-included Carbon Herizontal CVD reactor Ferrocene T{F1) 200 °C Carrier gas (Ha) Ha [109]
nanocapsules with two stage furnace {sublimation) Flow rate 100-300
and nanotubes system T(F2)B25°%C cnr’fmin
(pyrolysis)
Horizontal CVD reactor Ferrocene T{F1)2004C Carrier gas (ArtH, =3:1 Hy [5b]
with two stage furnace (sublimation) Flow rate 50 sccm
System T (F2) 900 *C
(pyrolysis)
Horizontal CVD reactor Ferrocene T(F1)620°C Carrier gas (Ar) Ar [110]
with two stage furnace {sublimation) Flow rate 1000 sccm
system T{F2) 1000 *C
(pyrolysis)
Stainless steal Ferrocene {FcH) The detonation of Autogenic pressure Mone [16¢c]
autoclave Picric acid (PA) explosive was
{14 mm in inner (PA:ferrocene = initiated by heating
diameter, B:1-2:1) (20*C/min) and
70 mm in length) occurred
at 290°C;
Reaction temperature
1000 °C
Table 4.2 Fe(COj) as a catalyst for the synthesis of CNTs and d8i@MMs.
SNCM Reactor design Carbon Source Temperature Pressure and flow rate Secondary Reference
elements
SWCNTs Horizontal CVD reactor two stage furnace system Acetylene-Fe{CO)s T (furnace 1) CzHz flow rate None 137]
350°C 50 scem [19]
T (furnace 2) Fe{CO) vol, 1 ml
1100°C Ar flow rate
1000 scem
Horizontal CVD reactor CO mixed with small BOD-1200°C CO (1-10atm) None [23]
amounts of Fe{CO) Fe{CDJs (1-25 [111]
mTorr)
Horizontal CVD reactor two stage furmace system co T (furnace 1) CO flow rate None [112]
J00°C B00 sccm
T (furnace 2) H, flow rate
800 °C 200 sccm
MWCNT s Horizontal CVD reactor with atomizer Acetylene-Fe{CO)s 500:C CaHa flow rate MNone [45h]
{aligned) 100 scem
Ar flow rate
1000 sccm
MWCNTs Horizontal CVD reactor two stage furnace system 1 g Fe{CO)y dissolved 1050-1150°C Hycarrier gas flow rate  None [113]
{helically with vapourization chamber and an ice cooler in 350-400 ml/min
coiled) {1) 99 g Pyridine
(2) 99 g Toluene
MWCNTs Vertical CVD reactor Methane 1050-1150°C CHy flow rate 125- None [40c]
250 sccm
Fe(CO ) feeding rate
0.5-2.5mifh
Nz flow rate 1000~
2000 sccm
Horizontal CVD reactor Fe{CO)s-pentane FO0-B00 °C MN,/Fe{CO), flow rate None [12¢]
3.3 wikt Fe{ (D) 50-100 ml/min
CNFs Vertical CVD reactor Methane 800°C Methane flow rate Sulfur [74]
5300 com? fmin
He with
Fe{C0 165 cm/min
H.5 flow rate
8 cm?/min
CNBs Horizontal CVD reactor Fe(CO)s-pentane 800-1000°C Na/FelCO)s; flow rate MNone [40c]

10w Fe(CO)s

50 mi/min
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It is quite remarkable that the use of a singlalyat, ferrocene, has led to the synthesis
of such a wide range of carbon shapes (some exampéegiven in Fig. 4.1a-f). This
reveals the rich chemistry in this field that igll dbeing established. Other typical
organometallic complexes that have shown good iactnd selectivity towards SCNM
synthesis, in particular CNTs include cobaltocemekelocene, their mixturesTéable
4.3) as well as metal (Fe, Co, Ni) phthalocyaningable 4.4. These latter complexes
introduce nitrogen into the carbon structures &nslissue is dealt with separately below.
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Table 4.3 Cobaltocene, nickelocene and ruthenocene ag/sttdbr the synthesis of
CNTs and other SCNMs

SNCM Reactor design Metallocene + carbon source Temperature Pressure and flow rate Secondary Reference
elements
SWCNTs Horzontal CVD reactor two stage furnace 1. Cobaltocene-acetylens T{F1)=2002C Ar flow rate 1000 sccm None |5a)
system mixture (sublimation ) CaHa flow rate 50 sccm
2. Nickelocene-acetylene T{R2)=1100*C
mixture (pyrolysis)
Horzontal CVD reactor two stage furnace Cobaltocene-ferrocens| T{F1)=200°C Ar flow rate 975 sccm None [13]
system nickelocene-acetylene mixture  (sublimation) Ha flow rate 1371
T(F2)=1100%C  25sccm [114]
{pyrolysis) CzHa flow rate 50 sccm
Horizontal CVD reactor with an atomizer 1. Cobaltocene-toluene mix- 900 °C (pyrolysis) Ar flow rate of 1000 sccm,  None |45b]
ture (20 g1}
2. Cobaltocene-toluene mix-
ture (20g/l)
MWCNTs Horizontal CVD reactor two stage furnace 1. Cobaltocene T{F1i=200°C Ar {75%)-Hz (25%) flow rate  None [5b]
system 2. Nickelocene {sublimation ) 50 sccm
T{F2)=800°C
(pyrolysis)
Horizontal CVD reactor two stage furnace 1. Cobaltocene-benzene T(F1)=200°C Ar (85%)-H; (15%) flow rate  None |5a]
system mixture {sublimation} 1000 sccm [19]
2. Cobaltocene-benzene T{F2)=800°C
mixture (pyrolysis)
Horizontal CVD reactor 1. Cobaltocene-benzene, tolu-  B75°C (pyrolysis) 6g metallocene in 100ml  None [38]
ene, xylene, cyclohexane, hydrocarbon catalyst
cyclohexanone, n-hexane, 1 ml/min solution flow-rate
n-heptane, n-octane, Ar carrier gas flow 500 |/h
n-pentane
2. Nickelocene-benzene,
toluene, xylene, cyclohex-
ane, cyclohexanone,
n-hexane, n-heptane,
n-octane, n-pentane
Herizontal CVD reactor two stage furpace  Cobaltocene-ferrocene mixture  T(F1)=120- Ar [Haymixture None [115]
system {1:2) 140°C Total flow rate 150 sccm
(sublimation)
T({F2)=5980*C
(pyrolysis)
Horizontal CVD reactor 1. Cobaltocene in supercritical 600-645°C Pressure 8.3 MPa None [118]
toluene with hexane or etha-  (pyrolysis) Solution injection flow
nol as supplemental carbon rate 1 ml/min
source
2. Nickelocene in supercritical
toluene with hexane or etha-
nol as supplemental carbon
source
Horizontal CVD reactor two stage furnace  Xylene-muthenocene-ferrocene  T(F1)=200°C Ar{Ha (10%) carrier gas Nong 1n7
system mixture {sublimation)
T(R2)=700°C
{pyrolysis)
Herizontal CVD reactor two stage furpace  Nickelogene-tetrahydrofuran T{Fl)=171- Mo carner gas used None [118]
system mixture 173°C
(sublimation)
T{F2)=600°C
(pyrolysis)
DWCNTs Horizontal CVD reactor owo stage furnace Cobaltocene-acetylene mixture T(Fl1)=60-20°C Ar flow rate 300-2400 sccm  Sulphur |68al
system (sublimation ) C;H; flow rate 2-20 sccm
T{F2)=950-
1150°C
(pyrolysis)
¥-junction Horizontal CVD reactor two stage furnace 1. Cobaltocene-thio 1000°C Ar flow rate 100-200 sccm None [75]
MWCNTs system phene mixture Ha flow rate 50-150 sccm
2. Nickelocene-thio
phene mixture
CNFs Horizontal CVD reactor two stage furnace  Cobaltocene-acetylene- T(F1)=140- H, carrier gas flow rate None [119]
system thiophene mixture 180°C 20 mg min "
(sublimation )
T(F2)=1100-
1150+C
(pyrolysis)
CNEs 1. Stainless steel autoclave placed in a Ruthenocene-ethylene mixture T(F1)=400°C Ar flow rate 200 sccm None |28]
horizontal furnace (sublimation ) Hy flow rate 150 sccm
2. Horizontal CVD reactor two stage fur- T{F2)=900- C2Ha flow rate 50 sccm
nace system 1300 °C
(pyrolysis)
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Table 4.4 Fe, Co and Ni phthalocyanines as catalysts ®stmthesis of CNTs and
other SCNMs.

SMHCM Reactor design Carbon source Temperature Pressure and flow Secondary Reference
rate elements
SWCNTs Two-zone CVD electrical fumace  Iron phthalocyanine T(F1)=480-520°C ArfHz flow (1:1vjv) None |120]
{vapourization) 40 cc/min
T{F2)=800-820+C
{pvrolysis)
MWCNTs Horizontal CVD reactor two 1. Iron phthalocyanine T{F1)=550°C Ar flow rate 30- MNone [121]
stage furnace system 2. Nickel phthalocyanine {vapourization} 150 scem
3, Cobalt phthalocyanine T{F2)=700-1000°C H flow rate 5-
{pyvrolysis) 10 sccm
¥-junction Horizontal CVD reactor two 1. Iron phthalocyanine + T{Fl)=440-520°C Ar flow ratel D0- Mone 73]
MW NTS stage furnace system thiophene mix fure (vapourization) 200 scom [81h]
2. Nickel phrhalocyanine+ T{F2}=1000°C Ha flow rate 50~ [19]
thiophene mixture (pyrolysis) 150 sccm

Another approach has been to use substituted &srescand this has permitted the
exploration of ligand effects associated with taeatysts Table 4.5. Here, both carbon
and non-carbon elements can be introduced intaehetion using this procedure. The
use of simple carbon ligand substituents impactéeaiocene in terms of both physical
(volatility) and chemical (electronic) factors amdnsequently SCNM synthesis. For
example, a comparison of FcH with stGMe)(CsHs)Fe as catalyst under identical
reaction conditions, revealed the formation of MWIGNwvith larger diameters when the
Me group is present [24]. Further, Keller and ca¥wens have decomposed alkyne
substituted ferrocenes to give CNTs with Fe embedgia¢he CNT [25].
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Table 4.5 Ferrocenyl derivatives as a catalyst for thelsgsis of CNTs and other
SCNMs.

SMNCM Reactor design Carbon source Temperature Pressure and flow rate Secondary Reference
elements

MWCNTs Horizontal CVD Ferrccenylethynyl benzenes 500-1400°C Ambient pressure under None [25a]
furnace argon
Horizontal OVD 14-Diferrocenyl butadiyne 500-1400°C Ambient pressure under None [25¢]
furnace argon
Horizontal CVD Butadiynyl-ferrocene-containing 500 - 14004C Ambient pressure under MNone |25b]
furnace compounds argon
Horizontal OVD 1. Dimethylferrocene in toluene 800-1000°C 1. 5wt Ha/Ar flow rate MNons [24]
furnace 2. Diethylferrocene in toluene 100 ml {min

2. Solution injection rate
02 and 0.8 ml/min

Horizontal CVD CpFe(CO):Me in toluene BO0-1000°C 5 witkHz/Ar flow rate Nong [30]
furnace 100 mlfmin

Solution injection rate

02-08 ml/min
Horizontal CVD Ferrocene and ferrocenyl disulfide B00-1000°C 5wikHa/Ar flow rate None 1771
furnace mixture 100 mlfmin

Solution injection rate
02-08 mlimin

Two zone horizontal 1. Cyclopentadienyliron  dicarbonyl T(F1)=200°C 1. Solution injection rate MNone 127]
CVD furnace dimer (sublimation) 15-20mih
2. Cyclooctatetraene iron tricarbonyl T(F2)=685- 2, 4wtk HalAr flow rate 1.5
750°C { pyrolysis) slpm
Two stage horzontal Ferrocene-FesCOhamixture T{F1)=300°C Ar carrier gas flow rate None 14|
CVD furnace {sublimation) 260 ml(min
T(F2)=900°C
(pyrolysis)
SWCNTs Horizontal CVD Polyferrocenylsilane block copolymer 500 °C Mot applicable MNone [122]
furpace 1123]
Horizontal CVD Polyi ferrocenylsilane )-biock- 900 °C 1. Hy flow rate 500 sccm Mone 1124]
furnace polysiloxane Diblock Copolymers 2. Methane flow rate
800 sccm
3. Ethylene flow rate
20 scom
CNFs and Horizontal CVD 1. Dimethylferrocene in toluene 200-1000°C S5wikH,/Ar flow rate Mone [24]
Ss furnace 2. Diethylferrocene in toluene 100 ml/min
Solution injection rate
02 and 0.8 mlfmin
Horizonral CvD Ferrocene and ferrocenyl disulfide B00-1000°C 5 wtEHy/Ar flow rate MNone 177]
furnace mixture 100 mifmin

Solution injection rate
02-08 miimin

Remarkably, few other studies have been reportedviiich other organometallic
complexes have been studied. Some of these in¢D@W = C(OCH)(CeH4OCHs)
[26], [CpFe(arenel[PF]® [10b], [CpFe(CO). [27], ruthenocene [28], R(CO). [29],
[Cox(COXRCCR] and other related cobalt organometallic cexgs [10d,10e,10f,10g].
Studies in our research group have the effectadihe where CpFe(C@)was used a the
catalysts precursor [30a]. Most recently, Nxunmetial. [30b] synthesized nitrogen doped
carbon nanotubes (N-CNTs) by the CVD floating catalmethod using either 4-
ferrocenylaniline or mixtures of varying concenimas of ferrocene/aniline together with
toluene as added carbon source. The N-CNTs produsede less stable
(thermogravimetric analysis measurements), lessphgia and more disordered
(transmission electron microscope measurements)ttier undoped counterparts [30b].
Other studies involving the use of Mo(GMpave been reported [31].
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Pol and co-workers have reported that apart fraemtlal dissociation of hydrocarbons at
autogenic pressure at elevated temperature (RAREGanometallic precursors (Co, Ni,
Mo, V, Zr or W) have also been reacted and typycgklded products in the nanometric

range, either as core shell structures or welladisgd particles [32].

Organometallic complexes have been used to syatheSCNMs in a closed
environment, typically in an autoclave or sealedartpi container. In these studies,
performed at elevated temperatures, the organdmet@mplex can provide both
catalyst and carbon source. Again, very few congdelkave been studied with most
based on Co and Fe metal catalysts [10]. The casobonce has been varied and the
influence of reducing reagents has also been esglf83]. This approach has led to the
synthesis typically of CNTs, fibres and spheres[39].

Organometallic complexes have also been used wdaranetal complexes for typical
CVD processes, but this entails decomposing theptsxas on a support prior to SCNM
synthesis. Any source of metal (as a salt or coatchn complex) can be used to achieve
this result but organometallic complexes do have #dvantage of not necessarily

requiring the presence of a counter-ion.

4.3 Bimetallic catalysts

The control of catalyst nanoparticle size and ttistion can be achieved by the use of
bimetallic catalysts. In this approach, two or maretals can be either bonded to each
other in a metal cluster complex or can be addedrasture of two separate complexes.
The latter approach is easier to use and indeatlyrabstudies involving organometallic
complexes, reported to date, have applied thiscambr: Generally the CVD method uses
the former approach. For example, it has been wbdethat catalysts made by the
addition of molybdenum to iron stabilized the aetive nanoparticles [36]. The higher
yield of CNTs achieved with bimetallic catalystsshHaeen attributed to particle melting
point reduction, increase in carbon solubility ahd formation of well-dispersed metal

clusters upon segregation during CNT formation [35]
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The method involving a mixture of two metal com@exhas been used in the floating
catalyst process. Rao and co-workers reported @ssful synthesis of SWCNTs by the
pyrolysis of mixtures of acetylene with binary nmieteenes in flowing Ar or Ar + Kl at
110C0C [37]. The diameter of the nanotubes was geneeailynd 1 nm. They have also
shown that the pyrolysis of a dilute acetylene-h@tane mixture gives rise to very fine
metal particles essential for the formation of SWIGNFurther, the use of hydrogen
along with Ar, minimized the amorphous carbon amaton the nanotubes. Binary
metallocene (nickelocene—cobaltocene) mixturessionally give bundles of nanotubes
on pyrolysis with acetylene. Horvadt al have studied the efficiency of bimetallic
catalyst particles by investigating ferrocene-ctizane, ferrocene-nickelocene and
cobaltocene-nickelocene mixtures against a fermstandard [38]. Their findings show
that ferrocene-cobaltocene and ferrocene-nickemcerixtures increased the carbon
nanotube production compared to ferrocene on ite, cand the highest yield was
obtained using the ferrocene-nickelocene mixtuhee $amples contained mainly straight
nanotubes and negligible amounts of amorphous naiplying that these bimetallic

catalysts also improved the quality and puritylef hanotube samples.

Mohlala et al. utilized bimetallic catalyst systems (ferrocened@)stBuNC, where M
=W or Mo) to synthesis MWCNTSs in 5%:hkh Ar at temperature range 700-9Q0[39].
TEM analysis revealed the formation of large meparticles in the MWCNTs
determined to be Mo/Fe alloys rich in Fe, indicgtihat an alloy had been formed under
the reaction conditions. Under similar reaction dibans, ferrocene yielded MWCNTSs
and carbon balls (CBs) while the M(GEBUNC complex yielded little carbonaceous
material. It was observed that the diameters of GiNT's formed in the presence of
ferrocene are smaller while the diameters of CEslamer relative to the diameters of

CNTs and CBs produced by the bimetallic catalysteys.

4.4 The carbon source

The synthesis of SCNMs requires some source obaoaid create the carbon structures
and this can be supplied by a catalyst and/or bgxaarnal source. When supplied by a
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catalyst such as ferrocene or Fe(6@) is derived from the Cp or CO ligands. It is
generally believed that the ligands break down @ito(or similar small C radicals) in the
gas phase and that these small species then ‘ceidemio the shaped materials.
However, formation of larger gas phase radicatdse possible and these certainly play

a role in the formation of SCNMs. This issue wi! thealt with in Section 4.8.

In most studies the carbon used to make the SCNMerived from an external source
and this can be any carbon containing material.icB}fy, hydrocarbons are used and
include CH, [40], GHa [41], GH, [5¢,42], GHs [5b,34,43], GHsCHs [44], xylene [45],

pentane [12c], hexane [21,46], anthracene [10atWjene [30b] etc. Factors such as
C/H or C/M (M = metal) ratios, reactant volatilitygactant stability as well as radical and

ion formation play key roles in determining the el products obtained.

The morphology of the SCNMs should be influencedh®ycarbon source, as indeed has
been found when CNTs are synthesized. Howevemg@eraf hydrocarbons used in the
synthesis of carbon spheres did not have a signifieffect on their properties (e.g. size)
[48]. However, in the presence of a heteroatom @xggen from alcohols) the size and
yield of the spheres were affected [49]. The comimeteroatoms used in the synthesis of
SCNMs are discussed in the following sections. 8dw&udies have indicated that the
diameters and distribution of the carbon spher8$ 44 well as CNTs can be controlled
by varying the reaction time, feed time and reacteow rate [50]. Variation of these
parameters not only affected the sizes but alstraied the product SCNM yields and
distribution [24]. In addition, it has been repartéat adjusting the partial pressure of the
carbon source in the CVD synthesis of CNTSs in thating catalyst method, can control

the mean diameters as well as the amount of mhpeaduced [51,52].
4.5 Other elements
The addition of heteroatoms to the reactant streasesl to make SCNMs plays a key

role in producing either doped materials or ‘cleangaterials. Thus, the heteroatom can

be introduced by incorporation into the carbon sewr into the catalyst ligand and this
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can lead to modified chemical and physical propsrtf the SCNMs formed from the
reactants. Alternatively, the heteroatom can selegt react with debris or defects

associated with the carbon products and lead tgeheration of more perfect SCNMs.

4.5.1. Hydrogen

In general, the catalyzed synthesis of CNTs regquine presence of a reducing agent to
ensure the catalyst remains in a low oxidatiorestéhis can be achieved by the use of
ligands (CO) or the presence of H atoms. Most aarbaurces used to make CNTSs
contain hydrogen, but in numerous studies hydragen(h) is also added to the carbon
source to act as a reducing agent. Many studies haen undertaken that indicate the
role of hydrogen in CNT synthesis. Wastlal have carried out studies on the CVD
synthesis of MWCNTs and investigated the role afirbgen on CNT synthesis using
ferrocene as the catalyst and xylene as the casborce [33b]. The results revealed a
competition between the formation of the differeatbon products (soot, carbon fibres

and CNTSs) altered by the addition of hydrogen.

4.5.2 Oxygen

Addition of ethanol to FcH has been shown to giVBCINTs at lower temperature than
that found for hydrocarbon reagents [54]. This ddog due to the lower decomposition
temperature of ferrocene in ethanol [55] and/or #tehing effect of OH radicals
generated from the ethanol precursor [56]. Here,pitesence of the OH radical formed
from ethanol at high temperature is said to oxidize amorphous C formed in the
reaction and this has led to cleaner and more alhyst tubes covered with less debris
[57]. In general, it appears that when the readfd6r ratio is high, then cleaner tubes are
formed. If the oxygen level becomes too high thea ¢atalyst becomes oxidized and
poor SCNM vyields are obtained. Further, this efidoés not hold when the oxygen is
added via a sonication process. In this instarm®, levels of oxygen kill all catalyst
activity [58].
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In recent work, it has been shown that the preseh@O, can be beneficial to MWCNT
growth [59]. This could relate to participationtbe water gas shift reaction influencing
the composition of the reactants [60]. Nasibwdinal. showed that addition of a small
amount of CQ and HO vapour to a ferrocene/CO reaction mixture reduite an
increase in the CNT length and a drop in the reactemperature for CNT synthesis
(from 89C°C to below 600C) [61]. Thus, the role of COand HBO most likely can be
explained by an etching effect during the formatdrCNTs. The presence of both €O
and HO is believed to etch amorphous carbon that casopotatalyst particles needed
for CO disproportionation as well as for CNT nudtiea and growth. Hence, the function
of these etching agents is to clean the catalydicfgmsurface and remove the carbon

graphitic layer or amorphous carbon at the nuceatiage.

4.5.3 Sulfur

The impact of sulfur on SCNM synthesis has beewknfor decades [62]. The sulfur is
typically added as part of a volatile complex (giiene [63]) or even as sulfur [50,64-71]
to a reactant stream required to make carbon ragefihe addition of sulfur to FcH has
led to the selective synthesis of SWCNTs, DWCNTS/VG@NTSs, etc. and has even
impacted on the quality and yield of CNTs produff®)]. Thus, addition of thiophene or
pure sulfur to ferrocene has been found to be #ff=an promoting the growth of

SWCNTs and in increasing the yield of SWCNTs underange of different growth

conditions [50,55,67]. Others have reported thevgnaof DWCNTSs upon the addition of

thiophene [72] or of pure sulfur [65,66,71,73] undinilar conditions [55,66].

Tibbetts and co-workers described the role of suffithe production of carbon fibres in
the vapour phase using Fe(G@} the catalyst [74]. The increase of filamentoardon
was influenced by the addition of small amountsHeE to the feed as this reagent
enhanced the filament nucleation on the iron pagid-urther addition of # increased
the filamentous growth but decreased the qualittheffibres as measured by length and
straightness. Deepak et al. prepared Y-junctiorotudres in large quantities by carrying

out the pyrolysis of a mixture of a metallocenehwthiophene [75]. Pyrolysis of various
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organometallic complexes (e.g. Fe(GOXerrocene and cobaltocene) and sulfur
containing compounds (thiophene) has yielded escel-junction nanotubes. Buds can
also be formed as seen in the low magnification TigMge of the products from the

pyrolysis of a cobaltocene/thiophene mixture (Bigga). Many of the nanotubes shown
in Fig. 4.3 show multiple Y-junctions. A TEM imagaf a single long Y-junction

nanotube is shown in Fig. 4.3b.

Fig. 4.3: TEM images of Y-junction nanotubes ob¢dgiilby the pyrolysis of cobaltocene-
thiophene mixtures: (a) image with several Y-juoctnanotubes and (b) image showing

a single multiple junction nanotube [75].

A comparison of the reactivity of ferrocene-benzand ferrocene-thiophene mixtures,
without hydrogen addition, has been made [76]. dineneter of the tubes decreased with
increasing reactant flow rate in the high tempeestange (above 850°C). The use of
thiophene instead of benzene yielded a signifigamdrrower diameter distribution for

the straight nanotubes with a considerable yield @nd Y carbon nanotube junctions
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being observed (Fig. 4.4). The inner core of thesaight tubes was frequently
continuously filled with the catalyst material amtlicated that the presence of sulfur

may facilitate the filling of tubes.

P

Fig. 4.4: SEM image showing a significant yield ag#frbon nanotube junctions, in the

samples grown at 876, 60 ml/h active solution flow rate and 0.06 golution of

ferrocene in thiophene [76].

The use of ligand modified catalysts allows foraaiuction of doping atoms in a CNT
synthesis, e.g. addition of S as part of a ferredagand (e.g. (H.SMe)(CsHs)Fe) has
been reported and indicated that the proximityhef $ to the Fe plays a role in affecting
the MWCNT product formed [77].

4.5.4 Nitrogen
Doping of CNTs by heteroatoms may lead to an irggea the electrical conductivity of

CNTs by formation of electron excess n-type (e.gldged CNTSs) or electron deficient
p-type (e.g. B-doped CNTs) semi conducting nanctyB8]. The presence of nitrogen in
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SCNM formation has been well studied [79]. Additmimnitrogen as Ngland carborvia

a ‘carbon’ source provides a simple route to additrggen to the SCNM.

The presence of nitrogen leads to a major changg@nmorphology of the carbon

structures formed, since the N atom is incorporatéal the structure. For example, the
presence of nitrogen in MWCNTSs is detected by ttesgnce of ‘bell shaped’ structures
(Fig. 4.5). N can be present as a pyridinic or @ierN atom, detected by XPS (X-ray
photoelectron spectroscopy) studies and the N nbrden be as high as 10% in a
MWCNT. The presence of nitrogen also leads to aifieoldchemical behaviour of the

SCNM. The addition of N atoms derived from the pyscs of pyridine with ferrocene as

the catalyst with either pure NHr a mixture of NH and argon atmosphere using an
injection CVD method has been reported [80].

100 nm

Fig. 4.5: TEM image of a MWCNT with ‘bell shapedirsctures synthesized using
pyridine [130].

Nitrogen addition has also been achieved by adifieadN atom as part of a metal ligand.
Indeed, early studies by Rao and co-workers actiegeiccess using metal
phthalocyanines (metal = Fe, Co, Ni) [19,75,81]reAent comparative study on the use

of 4-ferrocenylaniline and a ferrocene/aniline mnetrevealed that using a constant Fe/N
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ratio, a higher N content was achieved using thestsuted ferrocene compound as the
catalyst [82].

4.5.5 Boron

Presently boron doped nanotubes have been prodisogglan arc-discharge method [83]
or by a CVD method [84]. However, the use of védatbrganometallic catalysts and
boron containing reactants has not been explolted.use of ferrocenyl containing boron

ligands to produce boron substituted CNTs was natessful [85].

4.5.6 Phosphorous

Whereas nitrogen can be incorporated into SCNMgsdheeof phosphorus is to modify
the catalyst. In a study using ferrocene and bexzspheres were formed while the
addition of PPhled to the formation of filamentous carbon. Thissvsuggested to be due
to the formation of a eutectic Fe-P melt that iasel the fluidity of the liquid particles.
Phosphorus was also suggested to enhance theiatiffo$ carbon atoms in catalyst
particles and hence the growth of carbon filamadtsphosphorus was incorporated into
the CNTs [86]. More recently reaction of W(G®ith PPh in an autoclave was reported
[87]. It is also possible that the presence of PRs in the synthesis of SCNMs from
[CpFe(arene)[PFs]” may have impacted on the type of SCNM products\éar [10Db].

4.5.7 Halides

The role of halogens in SCNM formation is not clddalogen atoms have been added to
reaction mixtures as part of a carbon reactanthaslement, or as part of a catalyst.
Numerous reactions entailing the use of halogemsf@adicals have been performed in
an autoclave. For example, the reaction of With ferrocene gives rise to several
different carbon forms, such as amorphous nanotulmsobags and elliptical hollow
particles at T < 30, whereas hollow carbon nanospheres were obsatved 900C

[88]. Spherical carbon nanoparticles have also h@educed by direct chlorination of
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cobaltocene [89]. Many reactions have also beefopeed with chlorinated carbon
reactants, e.g. L£l, [90] and the products obtained have included Rollcarbon
nanospheres [91]. Let al. have reported on the effect of using chlorine-amng
precursors to synthesize micrometer-long continuéeiNi nanowires inside thin-walled
CNTs [92]. The degree of ‘hollowness’ of the CNTereases with the increase of Cl
content in carbon precursors, hence providing avewoent way to control the

morphology of CNTs.

4.5.8 Other elements

The effect of numerous other elements has also ibeestigated in the CVD syntheses
of CNTs. However, very few elements have been pm@ted into the CNT (or other
SCNM) products. One element that has potentidlic®s as Si-C bonds are known to be
stable. Indeed, templating of carbons using posilica(s) has been extensively studied
[93a-c] and volatile Si complexes have been usedake CNTs [93d,e].

4.6 Physical parameters

Variation in the type of SCNM produced using anamrgmetallic catalyst and a carbon
source is strongly influenced by the temperaturd pressure conditions. In a flow
system, the reaction is influenced by the decontipostemperatures of the catalyst and
the carbon source. At atmospheric pressure, thgally requires temperatures above
45(°C for ferrocene but the maximum temperature is téohi by the physical

characteristics of the quartz reactor (<1200

The kind and size of SCNMs produced are temperafependent. Chaisitsadt al.
observed that the diameter of SWCNTs that wereywed when T > 65 increased
with temperature [54]. This was confirmed by th@egrance of narrow radial breathing
mode (RBM) peaks in the Raman spectra (ca 200) @hthe SWCNTSs. The report is
also supported by Singét al. [44d], Zhanet al. [94a] and Moisaleet al. [94b]. The

assumption is that under the high temperature tiondi used the frequency of metal
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particle collision increases resulting in an insean the particle diameter [95]. As a

consequence, the diameter of the CNTs becomeg large

Studies to date suggest that the catalyst musinbe ieduced state and this can be
achieved by (i) using a reducing carbon source, €@, (i) by adding H to the
reactants, (iii) by using the H generated fromdagon source, e.g. GhHor (iv) by using
a catalyst with the metal in the zero oxidationtestae.g. Fe(CQ) Reactions with

ferrocene require a reductant.

Reactions performed in a confined space permit dfiect of pressure on SCNM
formation to be explored. Most reactions have besmned out at autogeneous pressures
but in some studies reactions at high pressures bheagn reported [52,96]. The addition
of a solid reductant (Na, Ca, K, etc.) to ferrocane a carbon source is possible using
this approach. This has resulted in the formatio8MTs at low temperatures (< 210).
These CNTs tend to be amorphous [97]. leti@l. used an autoclave reactor which was
filled with benzene to 90% of total volume and axtumie of ferrocene/ sulfur to
synthesize amorphous CNTs at 20Q98a]. They investigated the effect of sulfurtbe
growth of amorphous CNTs and it was found that ptintal amount of sulfur (molar
ratio ferrocene: sulfur (1:2); near the stoichiomeeproportion of Feg is needed to

obtain the amorphous CNTSs.

The gas flow rates for introduction of the catalyatbon source in the CVD process also
influence the type, quality and quantity of SCNM®squced. Barreiro and co-workers
showed that a decrease in the SWCNT mean diamgtieibdtion can be obtained by
increasing the total gas flow [50]. With a highWloate they were also able to synthesize
very long SWCNTs. Tapasztét al. have also made a similar observation and they
suggested that the strong effect of flow rate anaberage tube diameter must be related
to the size of liquid droplets produced in the ghase and hence to a larger number of
catalyst particles formed in the reaction [76]. Bierter duration time of the growth
cycle for larger flow rates may also make a comtidn to the uncatalysed thermal
decomposition of benzene at high temperatures. groisess can lead to the formation of
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a pyrolytic carbon overcoat on the nanotubes. Amease in gas flow rate beyond the
optimum also leads to an increase in the amouatr@rphous carbon formed [34]. The

alignment of tubes can be improved by increasiedltw rate of the active solution.

4.7 Reactor design

Numerous procedures have been developed to enlateatvolatile organometallic
catalyst can be transferred into a reactor to geadhe SCNMs. In the simplest system
an inert gas is bubbled through a liquid organotheteomplex (e.g. Fe(CQ) and the
vapour is passed through an oven held typicallwwéen 700 and 110G. In this
temperature range, a quartz reactor tube can lzk use of a metal reactor leads to the

possibility of the reactor wall playing a part hretreaction [98b].

In most instances however the organometallic redagemsolid at room temperature (e.g.
ferrocene) and a number of methods can be usedramluce the catalyst into a reactor.
These include the use of a two furnace system iichwtne catalyst is placed in a low
temperature furnace under a flow of an inert gasl/@ carbon source). The volatile
catalyst is transferred to a second higher temperdtirnace where product formation

occurs. A horizontal reactor is generally usechmreaction (Fig. 4.6).
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Fig. 4.6: Pyrolysis apparatus employed for the lsgsis of SWCNTs by pyrolysis of (a)
metallocenes and (b) Fe(G@Jong with acetylene [37].

If the organometallic complex is soluble in someboa source then the dissolved
catalyst can be added directly to the reactor otz This will permit the use of both
horizontal and vertical reactor designs. The dissbimaterial can be added by means of
a syringe (Fig. 4.7) or by bubbling an inert gastigh the reactant solution.
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Fig. 4.7: Floating catalyst CVD reactor for the thesis of CNTs [39].

Alternatively, a catalyst/carbon source can beaard and the sonicated mist (aerosol)

transferred to the reactor in an inert gas (Fig).4.
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1.54 MHz
Oscillator

Fig. 4.8: Schematic representation of a CVD furnaitk an atomizer [23].
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Recently, SCNMs have been prepared under statiditomms, i.e. in a confined reactor.
This includes reaction in an autoclave or in aexskglass reactor [10]. In both instances,
the organometallic complex is placed in the reaetw the reaction carried out under
autogeneous (or higher) pressures. This approdotvsalfor the use of solid carbon

and/or solid organometallic complex reactants.

4.8 Growth mechanism

The use of a floating catalyst methodology elimésathe need for a support [99] and
although concepts of carbon deposition/crystalbségrowth are assumed to be similar
the mechanism becomes simplified (tip-growth angebgrowth lose their meaning). The
metal catalyst particles are still believed to astnuclei for the growth of CNTs in the
gas phase and a mechanism for gas phase CNT gi®wtiown in Fig. 4.9. Control of
the catalytic growth of SCNMs is achieved by cohttbthe catalyst nanoparticle size
and distribution during the high temperature remctiindeed, control of the catalyst
diameter determines whether SWCNTs, DWCNTs, or MWEMNmong other SCNMs
will be formed in the reaction. The control of ttiameter also controls the helicity and
hence the conducting properties, the mechanicadepties, and the magnetic properties
of the product CNTs [17c].
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Fig. 4.9 SWCNT formation mechanism during aerosyinthesis with nickel
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4.8.1 The role of the metal-floating catalyst

The role of an organometallic complex is to provaenetal in the zero oxidation state
that will catalyse the condensation of carbon. géeeral picture that has emerged can be

summarized as follows.

The volatile organometallic complex decomposes igh htemperature into metal

ions/radicals/neutrals and these can coalescerto farger particles in the gas phase.
Depending on the reactants used, these metal ”ustay contain carbon as well as
heteroatoms. The clusters can then react with wemtgon atoms or metal atoms either in
the gas phase or after deposition on the reacttis.waappears that the metal cluster
catalyst will be in the gas or liquid phase unggidal reaction conditions used. Reaction
with carbon then leads to dissolution of the carbdo the metal cluster or deposition

onto the metal cluster surface. This appears todtal dependant.

Fe in particular has the ability to dissolve carbd@eyond a certain C/Fe ratio,
precipitation of carbon occurs. Depending on thestelr size and composition, SCNMs
with different shapes and sizes are formed. Ifjgheticles are small SWCNTSs form and if
larger, MWCNTS or even fibrous materials appearthg carbon forms without the
intervention of the Fe, carbon spheres and amorplwawbon are preferably formed.
Studies on Cu suggest that the carbon does nathdissn the Cu clusters [100]. The
carbon rather precipitates on the Cu surface arfibnacondensation takes place on the
Cu catalyst particle surface.

4.8.2 The carbon growth species

Many different types of carbon ions/radicals/nesteae formed by decomposition of the
carbon source in the gas phase. The metal will @dsalyse bond making/breaking in the
reaction chamber. The species formed include Citalsdions, large structures such as
PAHSs (polyaromatic hydrocarbons) and all intermedsze radicals/ions. These species

will be determined by C/H ratios, bond strengtlsnperature, metal, pressure, flow
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rates, etc. Clearly, the type of ligand used in dhganometallic catalyst precursor will

impact on the gas phase species.

It appears that small carbon species will dissalvehe metal catalyst particle and
precipitate out to give CNTs in which the carbomnfs graphitic layers. The layer
formation is independent of the carbon source aodiged there is a constant source of
carbon the CNT will grow in length. However, stuglleave indicated that while the inner
diameter may remain the same as a function of thmeeouter diameter can grow with
time [57]. This indicates that carbon can also dépon the outer layers of the CNTSs.
This growth generates carbon that appears as flakearomatic fragments. A similar
growth process occurs when carbon spheres, ondeated, grow. In this instance NO
catalyst is required and the surface appears ascawork of aromatic rings (Fig. 4.10).

These spheres grow in diameter with time [101].

Fig. 4.10: A patchwork of aromatic rings that malgea carbon sphere synthesized in the

absence of a catalyst [127].

This secondary material that grows on CNTs is sone referred to as debris [57] and
has been observed by TEM in most (if not all) stadihat have been reported on the
synthesis of MWCNTSs. This will impact on the furctalization reactions that occur on
the ‘walls’ of CNTs. The implication from the aboigethat PAHs are formed in the gas

phase and can provide a source of material for S@raviith.
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4.8.3 The role of the heteroatoms

The hydrogen from a hydrocarbon is expelled at s@oiat from the hydrocarbon
reactant. This could occur in the gas phase or aff&ction with a metal atom/cluster.
The SCNMs are hence expected to be predominantimeid of C atoms. After
condensation ‘dangling bonds’ will be saturatedhwhiieteroatoms (typically H and O

atoms).

Radicals containing H atoms will certainly influenthe final carbon deposits. Reily

al. [102] have recently summarised the possible réléyarocarbon species in CNT
formation and implicated the importance of ‘frealical condensates’ [103] in the
formation of CNTs. His proposal would apply to tf@mation of all SCNMs. The
importance of this work is that it shifts the thimix on a carbon growth mechanism back
onto the carbon precursors and this will againteeta the structure of carbons and
volatile organometallic catalysts used as SCNMtegds. In particular, Reilly states that
‘models built on the notion of elemental carbonfudiing on or through a metal lack

completeness’ [102].

The role of oxygen is to remove or saturate ‘dangglcarbon atoms’ and remove
amorphous carbon that would poison the metal sit€A studies have revealed that
amorphous carbon is more readily oxidized thanrdsnatic carbon (i.e. $prersus sp
carbon). Again, the role of oxygen radicals/ionatras in the gas phase are important as

has been shown by sonication studies with ferrdoaygenate mixtures [58].

4.9 A case study - ferrocene and SCNMs

Remarkably, ferrocene has been implicated in thehggis of SWCNTs, DWCNTSs,
MWCNTs, amorphous CNTs, branched CNTSs, spheres, A&tc evaluation of the
literature allows for an understanding of how sachide range of shaped carbons can be
synthesized from one catalyst system. An analyisiseoliterature reveals that the control
of reaction parameters permits control (partial) toe morphology of the final

polymerized carbon material.
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The morphology of the SCNMs is also influenced hiy ¢hoice of reactor and reactants.
SWCNTs: Produced in a flow system at high tempeea{et1000C) [63c]; very high
flow rate (1500 ml/min) [64]; argon/ hydrogen carrimixture with a ratio of Ar:K of
2:1 [50]; numerous carbon sources used includirgyéme [37,51,67], hexane [63]
benzene [63c-e], xylene [50], carbon monoxide [6],¢hiophene [63] or solid sulfur
[64], as an additional promoter. High pressure G¥8&xctor at 1-5 bar at high temperature
of 90C°C [52]. Apart from the above conditions, the systhef SWCNTSs is favoured by

a high iron to carbon ratio, e.g. ferrocene/benzeake ratio is above 7 [43D].

DWCNTSs: Produced in a flow system at high tempeea{er1000C) [104]; lower flow
rate used (800 ml/min) [104]; numerous carbon sesiused including acetylene [65,66],
methane [70], xylene [71] and an additional sugtwmoter in the optimal ratio range of
S:FcH at 1:8-1:64 [65]. The conditions for syntkesf SWCNTs are similar to those
used to produce DWCNTs but in many instances aedserin flow rate favours the
formation of DWCNTS.

MWCNTs: Produced in a flow system at moderate teatpee (~87%C) [33b];
moderate carrier flow rate (~1000 ml/min) [45b]; nmerous carbon sources used
including benzene [43b], xylene [33b,45a-c], tokei¢hdb]; the use of sulfur (thiophene)
as a promoter is not very common [43b]. Produced aonfined space under autogenic
pressure and temperature in the range 7008000a,13b,c] carbon sources used include

anthracene [10a] and tetrachloroethene [13c].

Amorphous CNTs: Produced in a confined space aigeuic pressure and at a low
temperature of ~20C [97,98]; carbon sources used include benzen®§p7Additives
include sodium [97] or sulfur [98]. Materials areoduced in a flow system at high
temperature 1100-1200 with benzene as carbon source, thiophene asieddind
under a H flow rate of 100 ml/min [63b].
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HCSs: Produced in a confined space under nitrogepressure of 2.2 MPa and at
moderate temperature of 7@[13b] or at a pressure of 8 MPa at 85Qvith G,Cl, [90].
Materials are produced in a flow system at highperature (100TC) with camphor as
carbon source, thiophene as additive and underrdlow with a feedstock input rate of
12.5 g/h [101a]. Alternatively they are producedaifiow system at high temperature 900

°C with no external carbon source but under the thbywure C} gas for 30 min [13a].

Filled spheres: Produced in a confined space apauic pressure and at a temperature of
800°C when the Fe/C ratio is less than 0.033 usingrao#ime as carbon source [10a].
Materials are produced in a flow system in a mageramperature range of 580-70Q0
with anthracene as carbon source undewikh a flow rate of 300-400 ml/min. The key

issue is the use of a low iron content; typicaltlg tatio of ferrocene: anthracene is 1:7.

Carbon onions: Produced in a flow system at a keghperature of 90C with FeCO»
as additional carbon source under an Ar gas (flat® of 260 ml/min) containing 0.5%
and 1.0% of @[14].

Fe-filed CNTs: Produced in a confined space atogernic pressure and at high
temperature 100C with thiophene as a carbon source [14]. CNTgavduced in a flow
system at a high temperature of 800n Ar/H, mixture (3:1) as the carrier gas with a

total flow rate of 50 ml/min [5b].

Core shells: Produced in a confined space at antogeessure and at high temperature
1000 C with picric acid as carbon source with low C/&ga (< 34:1) [16c].

CNTs with Y-Juctions: Produced inflow system atighhtemperature of 100C with
thiophene as an additive and an Ar/Mixture as carrier gas with flow rates of 225

ml/min and 25 ml/min, respectively [75].
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4.10 Conclusions

From the above discussions it can be seen thahongatallic reagents have played a key
role in both the synthesis of SCNMs and in prowdmechanistic information on the
synthesis reactions. The role of the organometedifoplex is to provide a source of both
metal and ligand (carbon, heteroatoms) for SCNMwtjno Currently temperatures of
above 700C are required in flow systems to generate graph@NTs but lower
temperatures can produce other shaped carbonglyClie role of the organometallic
complex is to provide a source of carbon and nieggments for the reaction. These
fragments are determined by the actual complexed. Uss lower temperatures become
possible for the synthesis of SCNMs the role ofgpecific organometallic catalyst used

will become more important.

In the pioneering days in organometallic chemishy ‘black’ decomposition residues

formed in many synthetic reactions that did notdpie the required product from a
synthesis were always discarded. It is possiblé meny of these residues may have
contained unique shaped carbon nanomaterials. €hdyraccessibility of electron

microscopes now permits a re-evaluation of somthege materials. Systematic studies
could be revealing [87,105].
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Chapter 5

The effect of synthesis parameters on the catalytic synthesis of multiwalled

carbon nanotubes using Fe-Co/CaCO ;catalysts *

5.1 Introduction

Since the synthesis of carbon nanotubes (CNTSs)ijbgal in 1991 [1], methods to

produce these materials have been extensively tigaésd [2]. The synthesis of CNTs
has sparked a worldwide escalation in researchesttevithin the scientific community

focussing on synthesis, modification or functiopation and application of these
nanomaterials. The potential applications of CNTe aue to their outstanding
mechanical and unique electrical properties [3lchSapplications include their use as
chemical sensors, as nano-conveyors, nanoelectdmiies, field emission sources,

scanning probes and as supports in catalysis [3-5].

Several methods including arc discharge [6,7] lesglation [8], pyrolysis [9] and
chemical vapour deposition (plasma enhanced, tHewrma catalytic) have been
developed for the production of CNTs [10,11]. Whalethese methods seek to produce
high-quality CNTSs, the production of CNTs by theatgic chemical vapour deposition
(CCVD) method remains the prominent route for thamge scale production. This
bottom-up approach of producing CNTs is favouredtly fact that it is a low cost
process that is versatile and results in relatiyglye materials. Controlled growth of
CNTs can be obtained through manipulation of tkke sf the nanoparticles that are used
as catalysts in the CNT synthesis. The most widebd metals are Fe, Co and Ni as well
as the alloys of these nanoparticles. The metausmnally supported on materials that

are stable at high temperatures such as, 3003, TiO,and zeolites [12-16].

“Sabelo D. Mhlanga, Kartick C. Mondal, Robin Cartétichael J. Witcomb, Neil J.
Coville, South Afr. J. Cheri2 (2009) 67.
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However, purification of CNTs produced on thesepsufs remains a challenge and
requires several steps that result in damage t€MiE structures. Also, the solvents used
during the purification process have to be dispasfeid minimize environmental issues.
To circumvent these problems, the use of readilyoraable supports (e.g. calcium

carbonate) has been studied both by ourselvestardsd17-22].

Calcium carbonate (CaGp albeit a low surface area material, has beemsho be a
good support for the CCVD production of multiwallegrbon nanotubes (MWCNTS). At
700°C, CaCQ changes to CaO (lime), which is an environmentzgndly material that
can readily be dissolved in dilute acids such a$OsiBind HCI. As a result, this support
can be removed from the produced CNTs with easeltheg in clean materials that are
relatively free of contaminants [17-22]. It is aB@heap material that is readily available.
The CNTs produced on CaG®@ave been used as supports for catalysts in gehé&i-
Tropsch reactiofiL9] and for the thermal decomposition of hydrocarb[23].

The investigation of CNT synthesis over metals suigal on silica and alumina has been
actively studied and factors that affect the cai@lgctivity and ultimately the structure of

the CNTs produced have been determined [24-28¢ohtrast, the behavior of metals
supported on CaC{or CNT production has been inadequately studlgd42,29,30].

Kathyayiniet al.[18] studied the activity of Fe, Co, and Fe-Co saupgd on Ca and Mg
oxides, hydroxides and carbonates for the synthesiENTs. Their catalyst-support
mixtures were prepared by the wet impregnation otetnd the study revealed that Fe-
Co supported catalysts gave the best activity. @&keellent activity was achieved by
favorable metal-suppotinteractions, which greatly influenced the CNT sglely.
Chenget al.[20] recently reported on the use of Ca@@nocrystals as a catalyst support
for the CVD synthesis of CNTs. The catalyst-suppaittures were also prepared by the
wet impregnation method and the authors observatl tthe nanocrystalline CaGO

produced high yields of CNTs.
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Magrezet al. [21] reported on a systematic study of the effdctatalyst composition,
catalyst carrier, and synthesis time on the yield quality of CNTs grown by CCVD.
The study revealed that the carbon yield is infagehby the Fe-Co catalyst composition
mixturesand that maximum yield is obtained at about a FEdaatio of 2/1. They also
reported on the carbon yield obtained from thelgsts after different synthesis times (2
- 100 min.) showing that maximum CNT growth occdrbetween 2 to 30 min.; no clear
variation in the length or in the outer diameteilGNTs was observed within this growth
time. The presence of G@n the system was also proposed to assist indimeation of
CNTs [22].

Schmitt et al. [30] observed that CaGOdecomposed into CaO and €@t high
temperature and in doing so gave catalyst partigldsouter diameters belonging to two
main groups with sizes of 8 - 35 nm and 40 - 60regpectively. Dervishet al[29] also
reported on the synthesis of MWCNTs on a CaGOpported Fe-Co catalyst. They
observed that the outer diameter of the MWCNT peotglobtained fell into two groups;
one associated with growth on Fe-Co/CaO and ther atfith growth on Fe-Co/CaGO
Finally Seeet al.[31] have reported on the high yield synthesis of MWCNMhsFe-Co

catalysts supported on a Cag¥Dbstrate using a fluidized bed reactor.

In all the reported studies, catalyst-support nieguwere prepared by the impregnation
methods using different sources of carbon (e.gybmet and ethylene) and different
carrier gases (e.g. argon and nitrogen). Similar@®MNV products were obtained from all

studies but the products had a varied diameternilalision.

In this study we have investigated factors thaedfthe morphology of the CNTs in
particular using an Fe-Co/Cag@atalyst prepared by the wet impregnation metfbds
study revealed the key role of reaction time orhlONT quantity and quality. We show,
by means of TEM, that as the synthesis time ise@®ed, carbon continues to deposit on
the already formed CNTs resulting in the thickenargl the destruction of the CNTs
[33]. To further explore the Fe-Co/Cag@atalysts an investigation of the effect of the

catalyst preparation route and the catalyst cotioteron the synthesis of CNTs was
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undertaken. To this end, the synthesis strategy wwaproduce CNTs with similar
diameters from different routes. In this work thwas achieved by preparing catalysts
using wet impregnation, deposition-precipitationl avater-in-oil microemulsion (reverse

micelles) methods [32].

5.2 Preparation of catalysts

5.2.1 Wet impregnation

Fe(NG;)39H,0, Co(NQ),6H,0, Fe(CHCO,), and Co(CHCO,), (Sigma Aldrich) were
used to prepare the different catalysts. A caledlaamount of the Fe and Co nitrates
were mixed, ground to a fine powder and dissolvedistilled water to make a 0.3 M Fe-
Co (50:50 w/w) precursor solution. A similar Fe-@wetate precursor solution was made
from the metal acetates. This solution (28 ml) aaded to the CaGGupport (10 g) and
the mixture was left to stir for 30 minutes. Thetahsupport mixture was then filtered
and the insoluble product was dried in an air oaed20C for 12 h, cooled to room
temperature, ground and finally screened throudl®@um sieve. The catalyst powder
was then calcined at 480 for 16 h in a static air oven. The 5% metal lahdatalysts
were named IMPN (prepared from nitrate solution)l #PA (prepared from acetate

solution).

5.2.2 Deposition-precipitation

The CaCQsupport was stirred in distilled water (100 ml) ®min. An aqueous 0.3 M
solution (28 ml) of the catalyst precursor was alddepwise to the stirred Ca@Glurry

and the mixture left to stir for another 5 min. Awmum hydroxide (12.5%) was then
added dropwise to the slurry and when the pH reh@li the mixture was left to stir for
another 10 min. The resulting metal-support mixtwas then filtered and dried in an
oven at 128C for 12 h, cooled to room temperature and therumploand screened
through a 15Qum sieve. The total loading of the Fe-Co catalystdtee CaC@ was 5

wt%. The material was then calcined at 4D0for 16 h in static air. The catalysts
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prepared from the nitrate and acetate Fe/Co precsidution were labelled DPN and

DPA respectively.

5.2.3 Reverse micelles

Isooctane, n-butanol, sodium borohydride (NaBtnd cetyl-trimethyl-ammonium-
bromide (CTAB) were purchased from Sigma Aldricldl avere used as received. CTAB
and n-butanol were used as the surfactant and réaetgant molecules respectively.
Isooctane was used as the oil phase while diswilattr was used as the aqueous phase.
NaBH, was added to the aqueous solution to reduce thalsnender a flow of N[32].
Fe(NG;)39H,0 and Co(NQ).[6H,O were used as the Fe and Co sources.

Two microemulsions were prepared (Fig. 5.1). Mionaésion A consisted of an aqueous
solution containing F& (0.3 M) and CG& (0.3 M) ions obtained by dissolving
Fe(NG)3@QH,O and Co(N@)26H,O in 14 ml distilled water. This was added to a
mixture containing 20 ml of isooctane, 5 ml of ndmol and 0.46 g of CTAB. The
microemulsion was stirred vigorously for ten mirait&licroemulsion B consisted of a
solution of NaBH (14 ml, 0.5 M) and CTAB (0.46 g), n-butanol (5 ra)d isooctane (20

ml). The microemulsion was stirred vigorously fentminutes.

Microemulsion B was then slowly added to microenaulsA using ultrasonic agitation
for 90 min under a continuous, Mlow to minimize oxidation. The solution immedibte
turned black after the two microemulsions were mjx#ue to the formation of metallic
Fe and Co in the micelles. The micelle solution wen disrupted with an excess of
ethanol (150 ml) and centrifuged. The precipitates wepeatedly washed with methanol
to remove the surfactant. The resulting powder,ctviwas dark brown in colour, was
dried at 108C for 12 h in an air oven. It was then calcined6@€’C to obtain the
crystalline nanoparticles, which were then depdsite the CaC@support using ethanol

to give a 5 wt% Fe-Co/CaCGQatalyst. The catalyst prepared was labelled as RM
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ﬂCalcination

Fe-Co nanopatrticles
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™ Fe-Co

nanoparticles

Fig. 5.1: The synthetic pathway for the preparatbfre-Co nanoparticles using reverse

micelles.

The metal loading concentrations on the CaG@port were confirmed by Inductively
Coupled Plasma - Atomic Emission Spectroscopy #MES) measurements using
semiconductor detectors (CCD) and by quantitatherrhogravimetric analysis (TGA)

using a Perkin Elmer Pyris 1 TGA. For thermal asslythe CNTs were decomposed

under a continuous flow of air or nitrogen (40 mhmand the heating rate was

10°C/min.
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5.3 Carbon nanotube synthesis

CNTs were synthesized by the decomposition of éemty(GH,) (Afrox) in a tubular
quartz reactor (51 cm 1.9 cm i.d.) that was placed horizontally in anface (Fig. 5.2).
The furnace was electronically controlled such thatheating rate, reaction temperature
and gas flow rates could be accurately maintaireedesired. The catalyst (0.2 g) was
spread to form a thin layer in a quartz boat (128 m15 mm) and the boat was then
placed in the centre of the quartz tube. The fuenaas then heated at°TWmin under
flowing N2 (40 ml/min). Once the temperature had reachedGQ0the N flow rate was
set to 240 ml/min and £, was introduced at a constant flow rate of 90 mi/mifter 60
min of reaction time, the £, flow was stopped and the furnace was left to dooVn to
room temperature under a continuous flow {40 ml/min). The boat was then removed

from the reactor and the carbon deposit that foradedg with the catalyst was weighed.

Catalyst = Fe-Co/CaCQO Multiwalled CNTs

(in a quartz boat)

Fig. 5.2: The horizontal CVD setup used for thetlgais of CNTSs.

5.4 Characterization of catalysts and CNTs

The Fe-Co catalysts supported on Cag@@re characterized by a range of techniques.
The morphology of the support was characterizedréysmission electron microscopy
(TEM) (JEOL 100S Electron Microscope), while theesand distribution of the Fe-Co
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nanoparticles was determined at higher magnifioatising a Philips CM200 equipped
with a Gatan Imaging Filter. For TEM observatidme samples were sonicated in ethanol
for 10 min and thereafter deposited on a TEM Cu.giknergy dispersive X-ray
spectroscopy (EDX) and powder X-ray spectroscop¥RP) were used to confirm the
elemental composition of the Fe-Co bimetallic nartples. The metal loading (wt %)
on the support was confirmed by Inductively CouplBthsma—Atomic Emission
Spectrometry (ICP-AES) measurements using semiatoduletectors (CCD) and by
guantitative TGA using a Perkin Elmer Pyris 1 TGAe total surface area and porosity
of the catalysts was ascertained using a MicrormsritriStar Surface Area and Porosity
Analyzer. A slight variation (within error bar) othe diameter distribution of the
MWCNTSs was observed within each sample as well ifis tve different catalysts used.

Carbon nanotube structures and size distributiaere wscertained from TEM studies.

The percentage carbon deposit (%C) was determisedscribed elsewhere [18]. In the
calculation it was assumed that all CaGas converted to CaO [29,30]. The selectivity
of the catalysts was determined based on the diffeforms of carbon materials
producedbefore purificationof the product. TEM was used to distinguish thel€ktom
other carbonaceous products (e.g. carbon sphemscamon nanofibers) that were
formed along with the CNTs under non-ideal reactommditions. Under the optimal
reaction conditions the selectivity towards CNTsswvetose to 100%. The % selectivity
was determined using counting procedures i.e. teyally counting images in not less
than 25 TEM images. Under non-optimal conditionsesps also formed. Long reaction
times at T = 70% resulted in tube thickening and tube shortenifigus, product
selectivity to CNT formation at t > 2 hours wasetatined by measuring and counting
the tube fragments.

The properties of the CNTs observed under TEM weds® confirmed by Raman
Spectroscopy (Jobin-Yvon T64000 micro-Raman spewtter) equipped with a liquid
nitrogen cooled charge coupled device deteckll samples were measured after
excitation with a laser wavelength of 514.5 nm. Q&0 and residual Fe-Co particles in

the product were removed by stirring the product3d% HNQ for at least 30 minutes at
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room temperature. The acid treated CNTs were theshead with distilled water until the
washings were neutral. The purification of CNTs wasnitored by TEM, TGA and
PXRD (Bruker axs D8 Advance PXRD).

5.5 Results and Discussion

5.5.1 Analysis of the catalyst

The surface area of commercial CaC®as found to be about 10%y. The Fe-
Co/CaCQ materials also possess similar surface ar€abl¢ 5.1). The freshly prepared
supported catalysts were heated under normal carpatube synthesis conditions (t =
60 min, T= 700C) in N, (240 ml/min) but in the absence of the carbon @®(GH,). It
was observed that the surface areas of the suppdrtatalysts almost doubled within an
hour when subjected to the reaction condition®iéabsence of ££,. This result is due
to the decomposition reaction Cag&@CaO + CQthat occurs at 70C [22]. When the
supported catalysts, were further heated afCddr up to 2 h, the surface area of the

supported catalyst did not increase any further.

Table 5.1 Surface areas of CaG@nd supported catalysts before and after heating a
700°C under N (300 mi/min).

Sample identification BET Surface area befpBET Surface area after
heating (MVg)® heating for 60 min (Aig)?

CaCQ support 9.6 22.3

IMPN 10.8 18.2

IMPA 115 22.6

DPN 13.6 22.5

DPA 10.6 19.4

RM 10.3 21.4

a*5%

In this study, the dispersion of the metal partiae the support prior to heating to 700
could not be effectively studied by electron micasy as the CaC{alecomposed under
the electron beam. TEM analysis of the Fe-Co/Capr@pared by the three synthesis

procedures (wet impregnation, deposition-precijpitatand reverse micellesafter
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heating to 700C for 1 h in N, but prior to CNT synthesis, revealed that theainet
particles were all ~ 20 - 30 nm in diameter (Figd)5Some variation in particle sizes
within the 20 - 30 nm range was observed for tfferdint methods used. In particular the
RM samples gave on average smaller particles irRhe 30 nm range. This effect did
not however impact on the parametric studies thatewerformed. The source of the
catalyst (i.e. whether nitrate or acetate) also rihtl influence the Fe-Co particle size
when either the IMP or PPN methods were used. HRTiElaled the presence of
lattice-fringe patterns (~ 0.2 nm apart), displagyihe highly crystalline nature of the

nanoparticles.

50 45
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8 407 IMPN R 351
- ~ 30 4
§ 30 | § 25 |
] @ 20 4
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Fig. 5.3: Diameter distribution of the Fe-Co pdescprepared by the IMP, DP and RM

methods.
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A qualitative and quantitative elemental analydishe particles using energy dispersive
X-ray spectroscopy (EDX) revealed that all parsatentained both Fe and Co in a close
to 1:1 wt% ratio in all the individual particlesathwere analyzed. An example of a TEM
image of the Fe-Co on CaG@atalyst prepared by the impregnation proceskags in
Fig. 5.4 (see Fig. 5.4b for EDX data).

Fig. 5.4: (a) TEM image of IMPN. Arrows show some-€o nanoparticles30 nm)
supported on CaC{after calcination and (b) An EDX spectrum of theANI indicating

the presence of Fe-Co nanopatrticles.

5.5.2 Catalytic reactions

Experiments were carried out under conditions fotmébe optimum to produce CNTs
(i.e. ratio = 1:3 or 90 ml/min £,: 240 ml/min N) which involved passage of the gas
mixture over the CaCgino metal) at 700C. TEM analysis of samples taken at different
times (0.5 h, 1 h, 3 h and 6 h) revealed that mbarananotubes were formed. The TEM
images revealed that after one hour, the suppost stil well dispersed. Further, the
surface area of the support initially increased @redremained unchanged from 30 - 120
min (22.3 m/g). However, after six hours of reaction time, Support appeared to have
sintered and now had a low surface area (4/@)nfFig. 5.5). These observations reveal
that CaCQ@CaO at 700C is stable under the reaction conditions for t € and is
suitable for the synthesis of CNTs [18].
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Fig. 5.5: TEM images of CaGMeated at 70C€ under GH, for (a) 1 h and (b) 6 h.

The effect of catalyst particle size on CNT prodguctis now well established [26,34].
This also applies to catalysed reactions performest CaCQ [22,35]. Further, studies
have also shown that Fe-Co bimetallic catalystsnawee effective than either Fe or Co
catalysts when supported on Ca{J08,20-22,29,30]. We have chosen to prepare a 50/50
Fe-Co catalyst as our studies indicated good &gtior this mixture (Fig. 5.6), although

some authours have suggested that a 2/1 Fe-Cd-§¢@o0) catalyst may be even more
active [21,29].
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Fig. 5.6: Amount of carbon deposit produced usingt% Fe-Co/CaC@with different
amounts of Fe and Co in the alloy.

While some work has previously been reported oreffext of reaction conditions on the
synthesis of CNTs using CaG@s a substrate, in this work we have investigéjeithe
effect of the catalyst synthesis process on the @RI and quality (usinga. same size
metal particles) and (ii) three reaction parameteasnely GH,/N ratio, temperature and
time on stream (synthesis time), on the formatib@MNTSs.

(i) Effect of catalyst preparation method

We chose to synthesize CNTs from Fe-Co catalystpgred by three routes and with
different sources of Fe and Co. Conditions weresehdo keep the particle sizes. the
same (20 - 30 nm). Fig. 5.7 shows TEM images ofGNg's produced from the IMPN,
DPN and RM methods. The image reveals that allGNd's are multiwalled in nature
with a random (spaghetti-like) orientation. Anatysif the CNTs using TEM (Fig 5.7d)
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revealed that all the CNTs have defects in thelgtagubes and the degree of disorder
was similar for all the CNTs. TEM analysis indichtinat the CNTs produced using the
three different preparation methods contained rialyst particles in their tips and little
residual metal inside their tube cavities. Thus slgathesized CNTs formaia a base-
growth mode involving a strong interaction betwé&amFe metal particles and the CaO
[25].

AR = SN \:\ -\ RS

Fig. 5.7: TEM images of MWCNTSs prepared by the IMR), DPN (b) and RM (c) and
a general higher magnification TEM image (d) shaven much closer look at the

‘wavey-like’ structures of the CNTs.

Fig. 5.8 shows a graphical representation of thegoeage carbon deposit obtained from
the different catalysts and the amount of MWCNTadpiced at different temperatures.
Calculation of the percentage yield of the actuldlT€ formed is not straightforward
especially when the carbon deposit contains a mextii the nanomaterials as well as
amorphous carbon. This problem can be eliminatedripyoving the selectivity of the

catalyst such that the carbon deposit percent@§é) (consists mainly of the desired
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material, hence th€% will be equal to the yield of CNTs. Ti&% was calculated using
equation (1) [18].

W, — (W, —W,)
W, — W,

C%= x100 (5.1)

Wherew; is the initial weight of the catalysty, the weight loss of the catalyst at the
reaction temperature, amng; is the weight of the carbon deposit and the cstalyince
the weight of the catalyst at the reaction tempeeafv:-w,) is less than the initial weight
(w), it is important to know this difference in order be able to calculate tl&2%. To
find this loss in weight of the catalyst, an eqlewh amount of the catalyst was weighed
and heated under the same conditions as in théaednut in the absence of the carbon

source, GHo.

Gas flow rates were kept fixed 4, = 90 ml/min, N = 240 ml/min) for each
experiment. The reaction time was 60 min and 0.8f gatalyst was used in each
experiment. The data indicates that the best testyrer to produce MWCNTSs using a
5wt% Fe-Co/CaC® catalyst is 70UC. At this temperature, all the catalysts show
excellent selectivity (~ 100%) towards MWCNTSs. Teadency of the catalyst to possess
maximum activity at ~ 700@ (Fig. 5.8) was explained by Magret al.[22]. They
suggested that the production of CNTs is enhangeth® presence of oxygen which
comes from C@ which is liberated when CaGQlecomposes. In their study, they
showed that at higher temperatures (e.g. at@Rthe carbonate is fully decomposed, the
reactor is C@free, and MWCNTSs are entirely produced by acewlelecomposition
(CoH, — 2C + Hy). At 82°C a MWCNTSs growth rate of 0.7 mg rilirvas measured
whereas at 66, a growth rate of 14.6(8) mg/min was obtained wuthe presence of
C,H,-CO, mixtures.

The yields of MWCNTSs obtained were relatively hifgin the IMPN and DPN catalyst.
Lower yields of MWCNTs were obtained with the RMtalgsts. The cause of the
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difference in the amount of carbon deposit produsednknown and was not explored

further.
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Fig. 5.8: Graph showing the amount of CNTs produaed the percentage selectivity at
different reaction temperatures in the CVD oHgdiluted with N (CoH2:N, = 1:3, t =1

h). The selectivity profile is similar for all treupported catalysts.

Raman spectroscopy analysis was also used to thazacdhe CNTs. Two peaks at 1344
cm® and 1574 ci corresponding to the disorder induced band (D pand the Raman-
allowed tangential mode (G band) were observed. @#@). The D mode indicates the
disorder features of the carbon while the G modessociated with the ordered graphite
in the CNTs [36]. A small shoulder on the G bandresponding to the Dband was
observed at 1615 ch which is typical of CVD synthesized MWCNTSs. Theénsity
ratio of the D band to G bantb{lg) was found to be ~ 0.7 for all the CNTs suggesting
similar structures for the CNT samples.

-131 -



800 -
600 - 1
1344 cm

>
=
<
S 4004
e
=

200 - |

4l
\
0. A M Ll )"
I T I I

I T I T I T T I T
1100 1200 1300 1400 1500 1600 1700

Raman Shift (cm™)

Fig. 5.9: Raman spectrum of MWCNTSs synthesized &#CB/CaCQ catalyst.

(i) Effect of carbon source dilution

The effect of dilution of the carbon source by dh the activity and selectivity of 5wt%
Fe, 5wt% Co and 5wt% Fe-Co/Cag8upported catalysts is shown in Fig. 5.10. This
study was performed on catalysts that were preplayethe wet impregnation method.
The study was carried out at 7@0for 1 h. A total gas flow rate of 330 ml/min wased

in all experiments. The ratio of,B, to N, was changed from 1:10 (i.e. 30 ml/mipH3
and 300 N) to 1:0 (330 ml/min gH, and no N).
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Fig. 5.10: A graph showing %C obtained by varying jas flow ratio of &4, to N, The

synthesis time was 1 h for all reactions and thetien temperature was 700

Figure 5.10 reveals:

The order of activity is Fe-Co > Co > Fe.

When the flow rate ratio of £, to N, was changed from 1:10 to ~1:3 the CNT vyield
also increased for all the catalysts. In every ¢hseselectivity to CNTs was ~ 100%
(Fig. 5.11a).

The maximum %C obtained with ~100% selectivity t8TS was 1215% using a Co-
Fe catalyst. This was obtained when the flow ratm rof GH,to N, was 90 ml/min
C,H; and 240 mi/min B ([1L:3).

When the ratio of €4, and N was greater than 1:2.67, the product contained a
mixture of CNTs, carbon spheres (CSs) and carlimdi(CFs) (Fig. 5.11b).

When the carbon source was not diluted (i.e. 10Q¢4)Cthe product contained only
CSs and a few CFs (Fig. 5.11c).
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* The inner diameters of the CNTs as well as thetlengvere not affected by the
C,Ho/N; ratio. About 90% of the tubes have inner diametetisin 5-10 nm and outer
diameters (0.d.) within 15 - 30 nm for theH3/N; ratios that were used. However a
small variation in the CNT outer diameter was obseér The o.d. increases slightly

with increase in the £, concentration.

Significant yields of accreted (agglomerated) CSsewobserved, when the reaction
conditions did not favour CNT formation (i.e. wh€pH,: N, > 1: 2.67). TEM analysis
revealed that the carbon microspheres are roundotsimclean, solid and did not show
large porosity [37,38]. We attribute the formatiminthese CSs to the direct pyrolysis of
the GH, that occurs without intervention of a catalyst gianechanism similar to the
acetylene black process [39]. This proposal is ettpd by the observation that CS
formation was observed when Cag€»ntained no catalyst was used. In conclusion the

dilution of the carbon source £8,) with N, significantly affects the product yield and
the selectivity of the catalysts towards CNT forima{17,18,20-22,29,30].




Fig. 5.11: Low magnification TEM images of the camtdeposit produced with different
dilution ratios of feed stock gases: gHa: N, = 1:2.7 (100% CNTSs), b) £i: N, = 1:1
(CNTs and CSs), ¢)£l,: N, = 1:0 (CSs and CFs); T=700°C,t=1h.

5.5.3 Effect of time on stream (TOS)

Experiments were performed to investigate the efiéceaction time on catalyst activity
and the types of products formed. The study wanakien on the catalysts synthesized
by the wet impregnated method. The reaction tentyperavas fixed at 70C and the
flow rates used were: 8, = 90 ml/min, N = 240 ml/min in all experiments. The
product yield, as expected, was found to increagbereaction time was increased from
15 to 360 min (Fig. 5.12). The reaction was alsaitooed by TEM. The TEM studies
revealed that both the diameters and the lengthisegbroducts varied with reaction time.
TEM images for the CNTs produced from the IMPN betaafter different times are
shown in Fig. 5.13.
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Fig. 5.12: Graph showing the amount of CNTs produatter different reaction times
using IMPNcatalysts (T = 70T).
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After 1 h the product was comprised of long multied CNTs with outer diameters of
20 - 30 nm (Fig. 5.13b). These CNTs were spongyexiure and very light. CNTs
measured after 2.5 h were short with a rough seréaa their outer walls had thickened
(Fig. 5.13c). After 3 and 6 h the tubes were evesrter and thicker and had a fiber-like
morphology (Fig. 5.13d,e). These materials weresayawith a sand-like texture. It can
thus be seen that the quality of the CNTs deterdravith time. This change in quality of
the CNTSs relates to the deposition of carbon onatheady formed CNTES3] and also
fragmentation of the tubes. It appears that thegmee of the catalyst on the CaffaO

at the high reaction temperature results in tubav@ge. To our knowledge there are no
reports in the literature in which carbon nanotuhege been reported to be broken by the
procedures described, although there is precedgntarbon deposition on fibres and
tubes [40].

Fig. 5.13: Low magnification TEM images of impur®&Ts produced after a) 5min, b) 1
h, c) 2.5 h, d) 3 h, and €) 6 h reaction time & Z0using IMPN catalysts.
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Also of note is the observation that the outer ditars of the CNTs increased with
increase in synthesis time while the inner diansefer 10 nm) were not affected (Fig.
5.14). Clearly shorter synthesis times (t < 60 niasult in higher quality CNTs with

higher aspect ratios compared to longer times (&:&0 min.).
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Fig. 5.14: A plot of variation of the CNT diameteith time for CNTs synthesized over
(a) IMP Fe-Co/CaCgxatalysts.

To verify the observation that the CNTs broke ismaaller pieces due to the deposition of
carbon, CNTs (100 mg) synthesized for 5 min andwleke purified by washing in 30%
HNO;s for 3 h to remove the Fe-Co catalyst and the suppbe CNTs were then placed
in a quartz boat in a reactor that was heated @C70nder N (40 ml/min). A 1/3 GH,
and N gas mixture was then passed over the CNTs forrecef 3 h and 6 h

respectively. TEM images revealed that these CNa@ewsimilar to those shown in Fig.
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5.13d and Fig. 5.13e. Thus the tubes were thickemet broken by the deposition of

carbon on the pre-prepared CNTSs.

5.6 Purification of CNTs

A TGA study revealed that the as-synthesized carbaterial contained residue (Fe-Co
and CaO). To purify the CNTs, 30% nitric acid (HN®olution was used. The product
was stirred in an excess amount of the acid foh 20d for 3 days at room temperature
and then washed with distilled water until neuthalanother procedure the samples were
stirred in an excess HNGsolution for 5 h and rinsed with distilled watereey 30
minutes. Small samples were removed after the 30washings, dried and analyzed by
TGA.

The CNTSs prepared by the IMP and DP containedriesidual substrate (CaO) and metal
particles in the final product (~12 and 15% respebt) than the CNTs prepared by the
RM method. This related to the lower yield of CNidsmed in this reaction. The TGA
profiles of the CNTs show that all the unpurifiegtalysts are thermally stable up to
550°C where oxidation of carbon begins to occug.(bi15). At temperatures > 550°C
only the CaO and possibly some Fe-Co catalyst msnaiAfter acid treatment, the
amount of residue remaining was reduced to betv@eand 6% (Fig. 5.15a). The data
shows that washing the CNTs in acid for 30 minuffigent to remove most of the
support and metal particles. Clearly some CaO a€d is not removed despite the
different acid treatment conditions. The derivativeight curves also show the presence
of shoulder peaks at around 660(Fig. 5.15b). These peaks are attributed to the

decomposition of other materials such as grapbdat [31].
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Fig. 5.15: TGA profiles of (a) crude and purifietTs synthesized from IMPN catalysts
and (b) corresponding derivative profiles.

TEM analysis revealed that there was no significangact of the acid treatment on the
CNT structure. The CNTs possessed similar widthts langths even after purification.
The efficacy of the purification process was alswified by PXRD analysis which
revealed removal of the CaO (< 1% detected) (Fit6)5 The dominant peak 2= 26)
and the one at 45n the XRD pattern of the purified sample are abtaristic of the
graphitic walls of the CNTs. No peaks correspondiodime were identified on the
purified sample. The other broad peak close tootie43C is attributed to the presence

of small amounts of carbides in the carbon deposit.
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Fig. 5.16: (&) A TEM image of purified CNTs and @XRD pattern of the purified and

as-synthesized (raw) CNTSs.

5.7 Conclusions

High quality MWCNTSs were synthesized in excellerlgs using three different catalyst
preparation methods. Parametric studies using Bear@ Fe-Co bimetallic catalysts
supported on CaCfand prepared by a wet impregnation method revieal the

production of CNTs from @, is affected by the temperature, gas flow ratewelsas

synthesis time. The different synthesis methodsggad CNTs with similar sizes and
physical properties when the catalyst particlesewef the same size. The Fe-Co
bimetallic catalysts showed the best activity aedrnl00% selectivity to CNTs can be
observed under optimum reaction conditions. Inipaldr, short CNT synthesis times (t

< 1 h) resulted in good quality CNTs with smalleardeters and higher aspect ratios
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whereas long reaction times resulted in fragmeortatf the CNTs that had thick
rod/fiber-like structures. By varying the syntheime, the outer diameters of the CNTs
could be varied between 10 - 300 nm. Similar reswire obtained for Fe-Co catalysts

prepared by the deposition-precipitation method.

The CNTs were purified using 30% HNOThe CaCQ@ support as well as catalyst
particles were removed without affecting their CWaIl structures. Some residual
material (~ 3%) appears to be left behind aftervtishing. Studies to investigate the use

of less dilute acids are presented in Chapter 7.
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Chapter 6

Iron—cobalt catalysts synthesized by a reverse mice lle impregnation

method for controlled growth of carbon nanotubes #

6.1 Introduction

Carbon is known to exist as various structures. (digmond, graphite, amorphous
carbon, fullerenes, fibers, onions, spheres ospald nanotubes) that emanate from its
unique ability to combine and use various forms spfi sp and sp electronic
configurations. While great attention has been paidhese carbon structures, carbon
nanotubes (CNTs) have in recent times receivedgtbatest attention due to their vast

potential applications [1-5].

The use of mesoporous materials such as $], Al,O3; [8], TiO, [9] and zeolites
[10,11] has revealed that these materials provide excedlepports for catalytic CNT
production in catalytic chemical vapour deposit{@vD). However, due to the chemical
nature of the support materials, purification of T&N\produced on these supports remains
a challenge and often requires several steps ¢sattrin damage to the CNT graphitic

structures.

Also, the solvents used during the purificationgess have to be disposed of to minimize
environmental issues. To circumvent these chemaledlenvironmental problems, the use

of readily removable supports such as Ca@&» recently been investigated [12-14].

In this study we sought to control the sizes of GNynthesized using a CVD process by
manipulating the size of Fe-Co bimetallic nanopéet supported on CaGOThe order
of catalyst activity in the CVD synthesis of CNTaswfound to be Fe-Co>>Co >Fe by

ourselves and others [12-14]; hence the use df¢h€o bimetallic system in this study.

*Sabelo D. Mhlanga, Neil J. Coville, Diamond & RelMaterials 17 (2008) 1489.
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The metal-support mixtures (catalysts) were prapaby the wet impregnation,
deposition-precipitation and reverse micelle impegpn methods. While the wet
impregnation and deposition-precipitation methoalgehbeen used extensively in the past
for making catalysts for CNT synthesis, the revarseelle approach has been little
exploited for this purpose [15].

6.2 Experimental

6.2.1 Preparation of catalysts

The wet impregnation and deposition-precipitatiogtinds were applied as described in
Chapter 5 [14,16]. The 5 wt.% Fe-Co loaded catalgbtained from these methods were
named IMP and DP and the CNTs produced from thatsdysts were labelled IMPCNTs
and DPCNTSs respectively.

A reverse micelle process reported by keeal.[17] was used for the preparation of the
nanoparticles. Uniform Fe-Co nanoparticles werettsgized from the reaction of iron
and cobalt salts in reverse micelles. The processselected because it is economically
and environmentally friendly, since it involves xpensive and less toxic iron salts and a
minimal amount of organic solvents. Also, it does imvolve the use of halide salts (e.g.
chlorides) that can act as a poison during furthee of the nanoparticles. The
nanoparticles were produced without going througi size-selection process or post-
synthetic heat treatment and could be producedamgjuantities in a single reaction
[18]. All chemicals were purchased from Sigma-Adtriand were used as received
without further purification.

The following chemicals were used: Iron (lIl) niegFe(NQ)3-9HO, 99%), Cobalt (II)

nitrate (Co(NQ),-6H0, 99%), sodium dodecylbenzenesulfonate (NaDBS,%)80
xylene (99.9%), hydrazine hydrate fi4OH, 98%) and ethanol (99.9%).
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A turbid emulsion was prepared by adding 10 mmoNaDBS surfactant to 30 ml of
xylene, followed by sonication for 10 min. A mesallt solution prepared by dissolving 1
mmol Co(NQ),-6H,O and 1 mmol of Fe(N§s-9H,0 in 1.5 ml of ethanol was added to
the emulsion under vigorous stirring. The murkyusoh was left to stir for 12 h at room
temperature and pressure, resulting in the stabidiz of the reverse micelle solution.
After stirring, the homogeneous micelle solutionswaowly heated to 90°C under a
continuous flow of argon, and 5 mmol of hydrazir@duson was injected into the
solution. The colour of the solution immediatelyrnted to black upon addition of the
hydrazine solution due to the reduction of the metddes. The resulting mixture was
refluxed for 5 h to produce Fe-Co nanoparticles.

The nanoparticles were separated by washing wittessx ethanol and subsequent
centrifugation. They were then loaded onto a Ca8@pport using the wet impregnation
procedure. The total nanopatrticle loading on thgpseu was 5 wt.%. This loading was
calculated based on the dominant phase of Fe-@o eficination and confirmed by
thermogavimetric analysis (TGA) (Fig. 6.1). The atgsts were named RM and the

CNTs produced from these catalysts were labellecCRIVEs.
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Fig. 6.1: TGA profiles of CaC¢and the RM catalyst heated under(#D ml/min). The ~
5 wt% difference after complete weight loss indésathe amount of Fe-Co on the

support.

6.2.2 Carbon nanotube synthesis

CNTs were synthesized by the decomposition of éeety(GH,) (Afrox) in a tubular
fixed-bed quartz reactor (51 cmx1.9 cm i.d.) thaiswplaced horizontally in a furnace.
The furnace was electronically controlled such thatheating rate, reaction temperature
and gas flow rates could be accurately maintaireedesired. The catalyst (0.1 g) was
loaded into a quartz boat (120 mmx15 mm) at roanperature and the boat was placed
in the centre of the quartz tube. The furnace Wwas heated at 10 °C/min while, Mas
flowing over the catalyst at 40 ml/min. Once thenperature had reached 700 °C, the N
flow rate was changed to 240 ml/min angHgwas introduced at a constant flow rate of
90 ml/min. After 60 min of reaction time, thel; flow was stopped and the furnace was

left to cool down to room temperature under a cadus flow of N (40 ml/min). The

- 147 -



boat was then removed from the reactor and theugta@arbon deposit) formed along

with the catalyst and support was weighed.

6.2.3 Characterization techniques

Bimetallic Fe-Co catalysts supported on CaGA&re characterized by a range of
techniques. The morphology of the support was cbarnaed by transmission electron
microscopy (TEM) (JEOL 100S Electron Microscopehile/ the size and distribution of
the Fe-Co nanopatrticles was determined at highgnifieations using a Philips CM200
equipped with a Gatan Imaging Filter. For TEM olaéion, the samples were sonicated
in ethanol for 10 min and thereafter deposited di® Cu grid. Energy dispersive x-ray
spectroscopy (EDX) and powder X-ray diffraction @®X) spectroscopy was used to
confirm the elemental and chemical compositionhaf Ee-Co bimetallic nanopatrticles.
The metal loading on the support was confirmed ®F-AES and TGA (Perkin Elmer
Pyris 1 TGA). The total surface area and poroditthe catalysts was ascertained using a
Micromeritics TriStar Surface Area and Porosity Amar. CNT structures and size
distributions were ascertained from TEM studiesxgstounting procedures. TEM was
also used to distinguish the CNTs from other casloenus products (e.g. carbon particles
and nanofibers), if present. The properties of @iNTs observed under TEM were also
confirmed by Raman Spectroscopy (Jobin-Yvon T646tiro-Raman spectrometer).
The purification of CNTs was monitored by PXRD (Ben axs D8 Advance PXRD),
TEM and TGA.

6.3 Results and discussion

6.3.1 Catalyst characterization

The Fe-Co particle sizes could not be effectivebytoolled using the IMP and DP
methods. The particles obtained were ~ 30 nm aattlsd CNTs with ~10 nm inner

diameter (i.d.) and 25 - 30 nm outer diameters.)old order to better control the size of

the Fe-Co nanoparticles, we made use of the reumiselle method. The reaction
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mixtures and the average diameters of the nanofemtare listed ifrable 6.1. The
different sizes of Fe-Co nanoparticles were obthibg changing the concentrations of
Fe’* and C8" in each reaction that was performed. It was oleskefirom TEM analysis
that the size of the nanoparticles was reducedfggntly by reducing the concentration
of Fe and Co in the micelle. All the obtained naartiples were not aggregated and they
were relatively uniform in size.

Table 6.1: Average particle diameters and reaction mixturmposition of the Fe-Co
nanoparticles.

Av. Fe-Co Reaction mixture composition
Catalyst name  diam. (nm) Fe™* Co™  Ethanol NaDBS Xylene
(mmol) (mmol) (ml) (9) (ml)
A 3 1 1 1.5 3.5 30
B 6 2 2 1.5 3.5 30
C 13 3 3 1.5 3.5 30
D* 25 - - - - -
E* 70 - - - - -

* These nanoparticles were synthesized using theri@thod described in Chapter 5.

Fig. 6.2 shows a HRTEM image of the 6 nm nanoparticles ($ang) and the
corresponding energy dispersive X-ray (EDX) speuntrihe EDX spectrum confirmed
the presence of Fe and Co in an approximately 5ab0 after a quantitative analysis.
The nanopatrticles could be readily dispersed irematd many organic solvents.
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Fig. 6.2: A HRTEM image (dark spots are Fe-Co nanmdgles) (a), EDX spectrum (b)

and particle size distribution graph (c) of nantiples synthesized using the RM
method.

A closer investigation at the nanoparticles (samPleusing HRTEM revealed the
presence of lattice-fringe patterns (~ 0.2 nm gpdaisplaying the highly crystalline
nature of the nanoparticles [17]. The TEM imageesds that not all the particles

prepared by the RM technique are spherical in shapghown in Fig. 6.3b. Some of the
particles were rectangular in shape.
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Fig. 6.3: (a) A TEM image of RM nanopatrticles (s&n@) and (b) a closer look of the
nanoparticles at higher magnification (indicated byrow) showing their high

crystallinity.

PXRD patterns of the RM synthesizéb-Fe nanoparticles revealed that the calcined
nanoparticles are a mixed oxide phase, cobalttée(@GoFeO,) (Fig. 6.4). The pattern
revealed that the materials are free of impuritiBsmperature programmed reduction
(TPR) analyses of the nanopatrticles were performedTPR reactor under a continuous
flow of a 5wt% H/Ar gas mixture (30 ml/min). The samples were reduover a
temperature range (26 to 800C) with a heating rate of 2G/min. The profiles
obtained were quite similar to TPR profiles of G®-Bxide nanoparticles reported
elsewher¢l9].
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Fig. 6.4: A PRXD pattern of calcined Fe-Co nandpka$ of sample C showing their

presence as a mixed oxide phase.

6.3.2 CNT analyses

Reactions were performed under a set of standardittans using acetylene as a carbon
source, so that quantitative and qualitative infation of the produced CNTs could be
compared. The RM synthesized nanoparticles weresited onto the CaGOsupport
and were used to synthesize CNTs with diametegngnn between 3 - 30 nmi.d. and 5
- 90 nm o.d. depending on the size of the nanapestused (Fig. 6.5).
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Fig. 6.5: A plot of variation of CNT diameter forNTs synthesized over RM Fe-
Co/CaCQ catalysts with different Fe-Co patrticle sizes a&igin Table 1.

TEM analysis of the CNTs revealed that the diansetérthe CNTs were slightly wider
than the diameters of nanoparticles used. The gielatained were very low but no
optimization was attempted since our aim was taldish a correlation between the
catalyst particle size and the size of the CNTsiokd from them. No CNTs were
formed when the 3 nm particles were used. The reaty no CNTs were formed cannot
be explained at this point and is subject for fartimvestigation. The assumption was that
single walled CNTs would be obtained from the seraflarticles. Clearly by using the
RM method, smaller CNTs in diameter could be ol#dioompared with the IMP and DP
methods which could only produce nanoparticleshim tange 25 - 30 nm despite the

source of Fe and Co used (presented in Chapter 5).
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While the size of the metal particles could contha diameters of the CNTs synthesized
from them, an additional effect of the positionioigthe particles on the support (metal-
support interaction) as well as the existence eCBACaCQ and Fe-Co/CaO systems
during the CNT synthesis also affects the diameiéthe tubes and hence a variation of
size is observed within the same batch of CNTs2[PJ0,However, it can be seen here
that the best way to control the diameters of thd € obtained using the Fe-Co/CagO
catalyst system is to control the particle size #mal synthesis times. Clearly shorter
synthesis times (t < 60 min.) result in higher gyaCNTs with higher aspect ratios
compared to longer times (e.g. t > 60 min.). Theermdiameters remain unchanged (~ 10
nm) with variation in time. The inner diameters amech smaller than the metal-particles
used, suggesting that carbon nucleation occurenatafy at the tip of the metal particle.
With the RM technique both the inner and outer ditars of the CNTs could be
controlled. Thus, CNTs of desired size can be abthvia this technique by controlling

the particle size and varying the synthesis time.

TEM analysis revealed that the CNTs prepared byhree different methods of catalyst
preparation were all multiwalled. The impregnataord deposition-precipitation methods
gave CNTs with an average outer diameter of 20 n®80(a 80%) and an internal
diameter of ~ 10 nm. Studies on the effect of tenampee (500 - 100W) and reaction
time (5 - 360 min) indicated that temperature dffemainly the selectivity of the
catalysts while the synthesis time affects the étams as well as lengths of the CNTs.
Fig. 6.6 shows TEM images of the CNTs produced &@emin (T = 700C, GH> flow
rate = 90 ml/min) prepared over selected RM catslySimilar size distribution graphs
were found for samples made after different reactimes, temperatures and dilution of
the carbon feed stock gas.
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Fig. 6.6: TEM images of MWCNTSs synthesized over RMalyst (a) sample B (6 nm),
b) sample C (13 nm), (c) sample D (25 nm) and safd[70 nm).

Attempts were also made to synthesize CNTSs usirthane at high temperature. Various
reaction temperatures (i.e. 900, 1000, 1100°C)hamet flow rates and dilution ratios
with N, and 5 wt% H/Ar were used. Catalysts prepared using the IMPR2IAdnethods

were also tested but these catalysts were inafdivthe decomposition of methane. No

CNTs were produced in any of the reactions.

Fig. 6.7shows the TGA profiles of unpurified CNTs. The IMRd DPCNTSs contained

less residual substrate (CaO) and metal particiethe final product (~ 12 and 15%
respectively) than the RMCNTs. The RMCNTs containad22% residual CaO and Fe-
Co nanopatrticles due the lower activity of thisatygt. The TGA of the CNTs shows that

all the catalysts are thermally stable up to 55@it&re oxidation of carbon begins to
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occur. At temperatures (> 550°C) only the suppod eatalyst remain. The CNTs were
purified by stirring vigorously in excess 30% Hj€r 48 h at room temperature. The
TGA data shows that the graphite nature of the CMds not affected by this process.

e
100
80
32 60
=
R I
QO
= 40+
1 a- RMCNTs
b - DPCNTs "
209 | c-IMPCNTs b
| d - purified RMCNTSs c
d
0

0 160 260 SCI)O 460 SCIJU SCI)D ?(I'JO 8E|]0
Temperature (°C)

Fig. 6.7: TGA profiles of raw MWCNTSs synthesizedrr IMP, DP and RM catalysts

(sample C).

The BET surface areas of the raw IMPCNTs, DPCNTERMCNTs were 73, 63 and 40
m?/g respectively. The results show that the IMPCNiiBse the highest surface area
followed by the DPCNTs. The RMCNTs also possessewvel pore sizes
(IMPCNTs=198 A, DPCNTs=166 A, RMCNTs=167 A). Thavler surface area may be
explained by the fact that the material containdugher percentage of CaO which is
likely to have covered or filled up some of the GNBeveral studies focussing on the
adsorption of MWCNTs [22and SWCNTSs [23have highlighted the porous nature of
the materials. The pores in MWCNTs are mainly mapeof the inner hollow cavities
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which are of smaller diameter and aggregated pbedsare formed by the interaction of
MWCNTSs [24].

The IMP and DP methods of catalyst preparation gdVeCNTs from both catalysts
with inner diameters of comparable sizes (~ 10 nidf) and outer diameters of ~ 20 -30
nm. The RM method gave MWCNTs with smaller inned atiameters that were
influenced by the particle size. An investigatiointiee wall structures using HRTEM
revealed the existence of some defects in thestralttures. The degree of graphitization
of the CNT graphene layers was confirmed by Ramaatsoscopy. Small fullerene-like
structures were observed on some of the wall strest(Fig 6.8)nset). These are not

typical for substrate CVD synthesized CNTs and i@ylue to interactions taking place
between the CNT walls and the CaO.

Fig. 6.8: TEM image of IMPCNTs and a corresponddi®TEM image (inset). Arrows
show fullerene-like structures on the walls of @€ T.
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The micro-Raman spectra of the IMPCNTs, DPCNTs RMCNTSs are shown in Fig.
6.9. Two bands occurring at 1350 ¢nand 1585 cnit corresponding to the G and D
modes of the graphene layers were observed [2BR3[Belp/l ratios of the purified
and unpurified CNTs are in the range 0.5 and Ougfgssting a defective structure, to an
extent that is common in CVD synthesized CNTs. phafied IMPCNTs showed less
disorder of the graphene sheets. The purificatimcgss generally had no significant
impact on the structure of the CNTs as determinethé® Raman data.
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Fig. 6.9: Raman spectra of unpurified and purif@dTs: (a) RMCNTSs, (b) DPCNTSs,
and (c) IMPCNTSs.

Scanning electron microscope (SEM) characterizadiothe CNTs confirmed the high

density of the raw CNTs randomly entangled in adedike fashion. It can clearly be
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seen that the products were highly selective tosv&NTs; no other by-products were
obtained. The CNTs were uniformly distributed iresiThis distribution was influenced
by the diameter distribution of the particles usebile their lengths varied extensively to
several micrometers long. Similar images were oethifor the IMPCNTs, DPCNTs and
RMCNTSs. Fig. 6.10 shows the SEM image of an unpditample of RMCNTSs.

Fig. 6.10: SEM image of unpurified RMCNTSs.

6.4 Conclusions

‘Clean’ multiwalled CNTs have been synthesized Brgé amounts. The wet

impregnation and deposition—precipitation methoageghe highest yields of MWCNTSs

with diameters in the range 10 - 15 nm i.d and 30 am o0.d. These methods were less
effective in controlling the size of the metal jpads and sizes were affected by the
concentration of the metal particles on the suppad the concentration of the metal
precursor solution. The nanoparticle sizes obtafnad these methods were in the order
of 20 - 30 nm. Particle sizes < 15 nm could notob&ined. Therefore these methods

have a limitation if tubes with smaller diameters sought.

A reverse micelle process was used to synthesiz8oFeanoparticles that were highly

crystalline and uniform in size. The reverse mga#chnique displayed the ability to
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prepare nanoparticles of controlled size (3, 6 48dnm) obtained by varying the
concentrations of Fe and Co in the micelle. Theoparticles were deposited on a CaCO
support and were used to synthesize CNTs with densién ranging between 3 - 5 nm
i.d and 5 - 15 nm o.d. Using the RM method, smallameter CNTs could be obtained
compared with the IMP and DP methods because snpaliicles were obtained with the
RM method. The CNT diameter was found to correlaih the size of the catalyst
particle used. HRTEM and Raman spectroscopy arsafsowed that CNTs could be
purified using a single step process that involtresr dissolution in 30% HN&for 48 h
without any obvious effect on the wall structure tbése materials. The methods of
catalyst preparation and CNT synthesis used ingtudy can readily be scaled up for

industrial applications.
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Chapter 7

A novel Ca 3(P0O,),-CaCO3 support mixture for the CVD synthesis of

roughened multiwalled carbon nanotubes  #

7.1 Introduction

Carbon nanotubes (CNTs) are classified as an @fletrof carbon. Other allotropes
include diamond, graphite, fullerene and amorphcarbon. The CNTs are one of the
strongest and stiffest materials known, in termstheir tensile strength and elastic
modulus respectively, which is the consequencehef d¢ovalent spbonds formed

between the individual carbon atoms [1-5]. The axtdinary properties of CNTs (e.g.
electrical conductivity, thermal stability and meaaical properties) have made these
materials potentially useful in many applicationsnanotechnology such as electronics,
optics, catalysis, biomedicine, fuel cells etc [@;33]. Since the report of the

identification of CNTs by lijima [14], these matais have attracted much attention from
researchers within the scientific community and hods to make CNTs have been

extensively investigated.

The synthesis of carbon nanotubes (CNTs) can be dsimg arc discharge [15,16], by
laser ablation [17], by thermolysis in a closedismmment at high pressure [18] or by
chemical vapour deposition (CVD) [19] procedurese Tlatter method is generally
classified into two categories namely, the floatoagalyst process, a gas phase process,
and the substrate CVD process. This latter procesdves the use of a thermally stable
material tosupportmetal particles that are responsible for the mdégcdecomposition

of carbon to form the CNTs [13]. The CVD procesgenerally the most widely used
method because it is a low cost process that issindlly scaleable, versatile, and allows

for the controlled growth of high purity CNTSs.

“Sabelo D. Mhlanga, Michael J. Witcomb, Rudolf Maggnus, Neil J. Coville, Mater.
Chem. Phys., submitted, 2009.
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The support in the substrate CVD process playsngoitant role in influencing the
activity of the catalyst used to make the CNTs.e8alvfactors need to be taken into

consideration when choosing a support. These ieclud

(iv)  the decomposition temperature of the support amsténéts useful reaction
range,

(v) the surface area of the support and

(vi) the metal catalyst-support interaction that costritie size of the catalyst

particle and the sintering potential of the catalys

High surface area materials such as,Si8l,0s;, TiO, and zeolites provide excellent
supports for catalytic CNT production. However, tieure of these materials does not
allow for their easy removal and thus purificati@hCNTs produced on these supports
remains a challenge and often requires severalickmxiation steps that result in
damage to the CNT graphitic structures. Environaegdgpects should also be taken into
consideration because the solvents used duringuthfcation process must be disposed
of. To circumvent these environmental problems,uke of readily removable supports
has been studied both by us and others [20-31].

Calcium carbonate (CaGPhas proven to be a support of choice for monad an
bimetallic transition metal particles (typically ,A¢i and Co) because it satisfies both the
catalyst activity and environmental aspects in siiethesis of CNTs. Previous studies
have revealed the advantages of using this matesial support for CNT synthesis [20-
28]. The disadvantage, however, is that the Galo€es CQ to give low surface area
CaO at T > 80%TC. The presence of small amounts of,@@s however been proposed to
favour CNT growth [24].

In this paper, we report on the use of a novel naiecalcium pyrophosphate,

Ca(POy),, as an alternative support. /20y), has a high melting point (1670), a
higher surface area of 42.4/m (compared to CaG10 nf/g), is insoluble in water and
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alcohols, soluble in mild acids and is not expeaf32]. These properties would render
the material highly suitable for the CVD synthesiCNTSs.

7.2 Experimental

The Ca(PQy),, Ca(POy)-CaCQ (prepared by physically mixing the two materialsai
beaker) and CaC{supported Fe-Co catalysts (2.5% Fe, 2.5% Co bywdre prepared
using a wet impregnation process [25]. FegNOH,O and Co(NQ@).B6H,O were
purchased from Sigma Aldrich and were used as sswtFe and Co respectively. The
metal loading concentrations were confirmed by ttchely Coupled Plasma — Atomic
Emission Spectroscopy (ICP-AES) measurements wsngconductor detectors (CCD)
and by quantitative thermogravimetric analysis (GA&ing a Perkin Elmer Pyris 1
TGA. For thermal analysis, the CNTs were decompaosel®r a continuous flow of air or

nitrogen (40 ml/min) and the heating rate wa3Clfin.

The CNTs were characterized by transmission eleatmwroscopy (TEM) (JEOL 100S
Electron Microscope and a Philips CM200 equippethva Gatan Imaging Filter for

higher magnifications), energy dispersive X-raycspscopy (EDX), BET surface area
analysis (Micromeritics TriStar Surface Area anad3dy Analyzer), thermogravimetric
analysis (TGA) (Perkin Elmer Pyris 1 TGA), Ramaredposcopy (Jobin-Yvin T64000
micro-Raman spectrometer), X-ray photoelectron tspscopy (XPS) (Physical

Electronics Quantum 2000) and powder X-ray diffiact(PXRD) (Bruker axs D8

Advance PXRD) techniques.

MWCNTSs were grown using a horizontal fixed bed teaconsisting of an electronically
controlled furnace and a quartz tube reactor [2B¢ calcined catalyst (typically 200 mg)
was uniformly spread on a quartz boat (120 mib mm) at room temperature and the
boat was placed in the middle of the reactor. Turaedce was then heated at@min
with N, flowing over the catalyst at 40 ml/min. Once temperature had reached 700
the N\ flow rate was increased to 240 ml/min angHgwas introduced at a constant flow

rate of 90 ml/min. After 60 min of reaction timéwet GH, flow was stopped and the
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furnace was left to cool down to room temperatunden a continuous flow of N40
ml/min). The boat was then removed from the reaatat the carbon deposit along with

the catalyst was weighed and analyzed using traassom electron microscopy.

From our previous studies [25], we observed that dhtivity of Fe-Co catalysts was
largely influenced by the reaction temperature #red ratios of nitrogen/acetylene gas
mixtures. In this study the synthesis of CNTs wasfgmed varying only the
temperature (600 - 1000) at a GH2:N; flow rate of 1:3. Experiments were also carried
out using GH, without a carrier gas @in order to determine the activity of the catalys
under this condition. The effect of synthesis tiorethe CNT structure and yield was
investigated.

Purification of the CNTs was carried out usingragk step process that involved the use
of mild acid (5, 10, 30% HN¢) to dissolve the support and metal particles fthenfinal
product. This was achieved by stirring continuowglyoom temperature a mixture of the
CNTs and acid (e.g. 3 g in 100 ml) for 30 min -t24The product was washed with
distilled water until the washings were neutral.

7.3 Results and discussion

Fe-Co catalysts supported on 3F¥0,),-CaCQ mixtures were evaluated for CNT

production.

7.3.1 BET surface area analysis

Table 7.1 shows the details of the catalysts usedamount of raw product obtained and
the average diameters of the CNTs produced. THacguareas of the catalyst materials
showed that the total surface area of the catalystseased as the amount of CgCO
added to C#PQy), was increased from 5 — 95% by weight. The decregasige surface
area was expected since CaClas a much lower surface area (10.5gjnthan
Ca(PQy), (41.6 ni/g).
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Table 7.2 Chemical composition of the catalysts used (2@Qf) for the synthesis of

carbon nanotubes (synthesis time = 1 h) afC00

Reaction Catalyst composition Product analysis

Ca(PO), CaCQ Fe* Co® BETSA Yield Out.

Wt% wt%  wit% Wt% (m?/g) (9) diam.

(nm)’

1 100 0 25 2.5 41.6 0.29 -

2 95 5 2.5 25 39.6 0.40 50

3 50 50 2.5 2.5 29.2 0.86 50

4 5 95 2.5 25 13.8 1.03 50

5 0 100 2.5 2.5 10.5 1.15 25

®See Fig. 7.2b for TEM image
PSee Fig. 7.2a for TEM image
°+5nm

The Ca(PQy), catalysts were tested for the synthesis of CNTseurtde conditions
described in the experimental section. As can Is=wed (Table 1) reactions over pure
Ca(POy), gave very little carbon deposit; it consisted of TGN < 1%) and amorphous
carbon. Reactions over Cagés expected gave a high yield of CNTs with nearkd00
selectivity (Table 1). The decomposition ofH; was then performed using CagO
physically mixed with varying amounts of £R0y), (5, 50 and 95 wt%) prepared using
the same impregnation procedure. With thg(R@,),-CaCQ supports, the CNT yield

decreased with increase ofR0y), in the mixture.

7.3.2 TEM analysis

TEM analysis was performed on the product obtaifteth the Fe-Co on G&POy).-
CaCQ support mixtures. The TEM analysis revealed tHdT € were produced and that
all the CNTs were multiwalled in nature with avexaguter diameters of about 50 nm
(synthesis time = 1 h) (Fig. 7.1). The inner diaenebf the CNTs were in the 5 — 10 nm
range. The Fe-Co on the §R0O,),-CaCQ produced CNTs with outer diameters twice
the size of the CNTs obtained using 100% CaClhe TEM images showed that the
CNTs synthesized in the presence o(Eéx), posses extremely rough (pitted) surfaces

when compared to CNTs produced from CaQBig. 7.2) under the same synthesis
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conditions. Further, the purified CNTs synthesiZemm Cg(P(Oy),-CaCQ have high
surface areas ~ 132’y compared to the CNTs synthesized over Ca(3@ = 94 ni/g).

90 -
80 -
70 -
60 -
50
40 -
30 -
20 -
10 -
0| mu [N ]

30 35 40 50 55

Abundance (%

Outer diameter (nm)

Fig. 7.1: A size distribution graph of the CNTs #hasized using a 50/50 w/w §ROy),-

CaCQ support mixture after 1 h synthesis time.

CNTs with a rough outer wall structure have beeseoled by Escobat alwhen CNTs
were synthesized using Fe on a Si€usbtrate [33]. The amorphous non-crystalline
surface of the CNTs was attributed to the concéatraf acetylene in the feed stock. At
high acetylene concentrations carbon nanopartgiew, covering the surface of CNTs,

giving a compact coating [33].
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100nm

SA = 81 /g

Rough (pitted) surface

Fig. 7.2: A TEM image of MWCNTs synthesized overGCy (a) and TEM images of
MWCNTs synthesized over 50wt%Cagibwt%Ca(POQy), before (b) and after
purification (c) with 30% HNG

A TEM image of the CNTs synthesized over@&,)./CaCQ (50:50 w/w) with a rough
surface is shown in Fig. 7.3a and Fig 7.4. A cldeek at the outer surface (Fig. 7.3b)
revealed that the surface is covered with an anoupleayer of carbon. The amorphous
nature of the CNTs has been observed in severafr atiudies [34]. Lucet al [34a]
synthesized long amorphous carbon nanotubes byvatlsermal treatment, in which
ferrocene and sulfur powder were the reactantsbh@ndene served as a carbon source.
The CNTs were entirely amorphous. This was alsorted in a similar study by Xiong
et al [34b]. Nishino and co-workers [34c] have also gnoamorphous CNTs using
poly(tetrafluoroethylene) and ferrous chloride. Aptwous CNTs have also been
produced in large scale by temperature-controlled discharge in a hydrogen

atmosphere with Co/Ni alloy powders [34d].
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Fig. 7.3: A TEM image of a CNT synthesized over Ba@aCQ/50wt%Ca(PQy).: (a)
shows a large CNT with a rough surface and (bwshthe same picture at higher

magnification.

The CNTs produced in this study are not entirelyp@hous. The random orientation of
carbon is limited to the outer part of the CNT walk shown by the TEM image in Fig.
7.4 (region 2). Clearly the inner wall is graphetizand the amount of defects in this
region is low, as shown Fig. 7.4, region (1). Thaphite sheets are arranged in a perfect
orientation contrary to the outer layer shown igioa (2). An X-ray diffraction pattern of

region 1 revealed the crystalline nature of theohanes.

Escobaret al [33] proposed that during the synthesis of CNT®omphous carbon
nanoparticles nucleate on the external wall of @NdTs. The mechanism of this
observation has not been explained. However we\eelihat the deposition of carbon
occurs by a mechanism similar to the nucleatiomarbon black soot that takes place
during the direct pyrolysis of hydrocarbons (e.#HsCCH,, CHa) in the absence of a
catalyst at high temperatures [35].
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Fig. 7.4: A TEM image of CNTs synthesized over 3a@aCQ/50wt%Ca(POy), after 1

h showing the perfect orientation of graphite sheétthe inner tubes (region 1) and the
amorphous part of the CNTs (region 2). An X-rayrdiftion pattern of region 1 is shown
(inset).

The synthesis of CNTs for different time periodsa@ed that the roughness of the CNTs
is time dependant. The CNTs were synthesized uhdesame reaction conditions after 5
min, 30 min, 60 min, 3 h and 6 h respectively. THivages of the CNTs synthesized
after 5 min show that they do not contain roughasues as found for CNTs synthesized
for 60 min (Fig. 7.5). Therefore while it is speatdd that the G&#POy), substrate

promotes roughness of the CNTSs, these reactions adth time.
In addition, it can be seen that the outer diamsevérthe CNTs increase with time and

break into shorter tubes (Fig 7.5c,d). It can theisaid that the CNT synthesis time using

the mixture of supports, not only results in goaeeld/and roughening of the CNTSs, but
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also causes fragmentation of the CNTSuch fragmentation of tubes is novel. The
fragmentation of the CNTs could be associated whth deposition of carbon on the
already formed CNTs which results in their fragnag¢ion. Indeed many of the fragments
revealed an amorphous carbon layer deposited aman crystalline tube as seen in Fig

7.5c,d (see circled regions).

Fig. 7.5: TEM images CNTs synthesized over 50wt%0#80wt%Ca(PO,), for (a) 5
min (b) 60 min (c) 3 h and (d) 6 h synthesis time.

The rough surface of the CNTs was also confirmedRbynan analysis (Fig. 7.6). The
two peaks occurring at 1348 and 1597 ‘crorresponding to the D and G-vibration
modes of the graphite sheets can be used to iedicatdegree of defects/disorder of the
graphite sheets. The degree of disorder is givethéyatios of the intensities of the D
and G-bandsl{/lg). Thelp/lg ratios of the MWCNTSs synthesized for 5 and 60 meare
~0.8 and 1.0 respectively suggesting that the desaof the graphite sheets was very high
for the CNTs synthesized for 60 min.
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Fig. 7.6: Raman spectra of MWCNTs synthesized ®@swt%CaCQ/50wt%Ca(POy).
for (a) 5 min and (b) 60 min.

7.3.3 Thermogravimetric analysis

Differential thermogravimetric (DTG) profiles of pfied CNTs synthesized over CagO
and CaC@Cag(POy), are shown in Fig 7.7. The profiles indicate tlnt tlecomposition
of carbon occurs at the same temperature°Gpfbr the different types of CNTs. Thus
the type of support used or the CNT roughnessitiksdffect on the thermal stability of
the CNTs. However, the CNTs synthesized over tippau mixture has a broader DTG
profile. This suggests that the carbon decompogesawider temperature range, which
could be due to the presence of small amounts e$gitorus. Phosphorus is known to be
a fire retardant [36] and this property could bespansible for the modified

decomposition of these CNTs. The presence of RarCtaCQ@-Ca(POy), support is also
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believed to “kill” the CNT growth as reflected byet lower yields of CNTs formed as a
function of phosphate concentration.

CaCO, CNTs
L
1
CaCO,-Ca (PO,), CNTs
O\O (50:50 wiw)
=
2
(]
=
()
=2
S
2
@
o
T T T T T T T T T T T 1
0 200 400 600 800 1000
Temperature (°C)

Fig. 7.7. DTG graphs of CNTs synthesized over CaCCand
50wt%CaC@/50wt%Ca(POy), (under air).

7.3.4 Elemental composition and purification

The elemental composition of the as-synthesized €M&s carried out using XPS
analysis. The CNT wall structure was shown to dontaly C (96.3%) and O (3.3%)
(Fig. 7.8). The spectrum of the raw and purified TGNevealed that the materials are
composed mainly of carbon. The elemental compasitd the materials was also
confirmed by EDS. The elemental analysis revediatdthe CNTs are relatively pure and
contain undetectable amounts (< 0.5%) of Ca or Byimg that large particles of CaO or
Ca(PQOy), are not embedded in the CNT walls. It is, howeymrssible that small
particles < 3 nm were deposited in the nanotubdis {&]. No large crystalline particles
of Ca, P or CaO were observed by TEM.
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Fig. 7.8:0 An XPS spectrum of as-synthesized CNTstaiobd using
50wt%CaCQ@/50wt%Ca(POy),.

Raman analysis was carried out on the as-syntltkeaize purified (24 h, r.t., 30% HND
CNT samples (Fig. 7.8). It can been seen from ikensities of the two peaks occurring
at 1350 and 1600 chcorresponding to the D and G-vibration modes of ghephitic
sheets, that the structures are highly disordered.lp/Is ratios for the as-synthesized
and purified MWCNTSs (synthesized in 1h) were ~TQus the acid treatment process

did not affect the graphitic nature of the wallusture of the CNTSs.
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Fig. 7.9: Raman spectra of MWCNTs synthesized &@awt%CaCQ/50wt%Ca(POy),
before (a) and after purification (b) with 30% HNO

The effectiveness of the purification process wsas studied using PXRD and TGA. The
acid was able to remove the impurities as showhign 7.10b. Very dilute solutions of
HNO; (5, 10%) were also found to be effective in remgvihe support and metal
particles (Fig 7.11), thus the use of concentrai@ds and multi-step purification can be
avoided. However, it can be seen that a minimum umihof impurities cannot be
removed by the acid washing as shown depicted ey 3% and 4.6% residues

corresponding to washing with 5 and 15% respedgti\esd observed similarly in Chapter
5.
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Fig. 7.10: (a) TGA profiles and (b) PXRD pattern GNTs synthesized over
50wt%CaCQ@/50wt%Ca(POy), before and after purification with 30% HN@r 24 h.

The XRD pattern of the unpurified and purified CNSfoowed two peaks at 2énd 48
corresponding to carbon peaks. The carbon peakisraagl; an observation attributed to
the low crystallinity of the outer walls of the CNT38]. The as-synthesized and purified
MWCNTSs were also characterized by TGA in air (FdL0Oa). The weight loss due to the
combustion of carbon with oxygen, which correspotmighe carbon content in the
sample, occurred in the temperature range of 58DCC. The TGA of the as-
synthesized and purified CNTs enabled the masmphtiiities and CNTs in the carbon
deposit to be determined. No amorphous carbon graogimer form of shaped carbon
nanomaterials were formed in the production prac&ke TGA profiles are similar to
those of MWCNTSs obtained using typical CVD proces@2,29].
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Fig. 7.11: TGA and DTG (inset) profiles of purifiellWCNTs synthesized over

50wt%CaC@/50wt%Ca(POy), supported Fe-Co catalyst with different amounta@tl
(5, 10, 30% HNG@ t =12 h).

7.4 Conclusion

The work presented herein reports a novel apprdachthe synthesis of ‘rough’
MWCNTSs in high yields. While these CNTs possesiagh surface, TEM analysis
revealed that the CNT inner walls possess a reguitay of crystalline graphite sheets
(typically 3 - 5 nm in length). Raman analysis r@ed that the rough CNTs synthesized
in 1 h contained a high degree of defects on taphgte sheets. The study showed that
the growth of CNTs over longer synthesis times (B *h) results in thickening and
fragmentation of the CNTs due to the depositiorcarbon on the formed CNTs. The
Cag(POy)-CaCQ (50:50 w/w) mixtures can readily be removed frone tCNTs by

dissolving them in very dilute acid (5% HMNOThe purification process does not affect
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the graphitic structure of the CNTs. The supporttare is thus ideal for the large scale
production of CNTs. The rough surfaces ‘pits’ oe t&NTs can serve as ‘docking
stations’ [36] for metal particles in catalytic cians such as the Fischer-Tropsch

synthesis, thus reducing deactivation of catalysiugh sintering of the metal particles.
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Chapter 8

The effect of reagent residues on the stability and structure of CVD carbon

nanotubes *

8.1 Introduction

Pure carbon is known to exist in various forms udahg diamond, graphite, fullerenes
and carbon nanotubes (CNTs). CNTs, which existrages double and multiwalled are
known to be the strongest materials, in terms eif fensile strength and elastic modulus.
Due to their outstanding mechanical and uniquetreic properties, CNTs are now
being tested and applied in catalysis as catalygparts, as fillers in nanocomposite
materials, in nanoelectronic devices, in energyiasy in chemical and biochemical

sensors, as transport devices, in fuel cells amdainy more applications [1-10].

CNTs can be synthesized using arc discharge [11ld3r ablation [13], high pressure
autoclave procedures [14a] and catalytic chemieglour deposition (CCVD) methods
[14b]. The latter method is the most widely use@ da its ability to produce CNTs
cheaply and in large scale. The synthesis invallkesuse of a support; thus removal of
the support after CNT synthesis is required. Theaernes produced via the CCVD
process contain less amorphous material than tlodained from other methods.
Further, the CVD method can produce CNTs that akered by reagent residues that
can degrade the quality of the CNTs. Support nmalehave to be removed from the
CNTs produced by the CCVD method. To overcome #sda of support material
removal, we have chosen to use Cg@&er other materials such as silica, alumina,

titania etc because it can readily be removedlinalacids [15-19].

“Sabelo D. MhlangaNeil J. Coville, Journal of Nanoscience and Nanbtedogy,
submitted, 2009.
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Since 2003 [20], the number of studies reportirgdynthesis of CNTs using Cagés a
support has been increasing at a fast rate [21a@@]most of the factors affecting the

CNT growth have been considered in these studiesh factors include:

0] The catalyst properties such as the type of catéysnometallic and bimetallic),
the catalyst precursor, the support and the coreteor of catalyst on the support.
(i) The CVD synthesis conditions such as carbon sowaeier gas, temperature,
pressure, carbon to metal ratio, gas flow ratespusmin of substrate, and

reaction/synthesis time.

No reports have focussed on the effect of synthaais on the CNT morphology [29]. In
this study the issue of carbon build up on the CNiBsa function of time was
investigated. The long CNTs were observed to becsimoet fragments after increase in
synthesis time. Herein we report on the possiblesea that generate these CNT

fragments.

8.2 Experimental

8.2.1 Carbon nanotubes synthesis

CNTs were synthesized by the decomposition of &eey(GH>) (Afrox, 99% purity) in

a tubular quartz reactor that was placed horizbntal a furnace [20,30]. The furnace
was electronically controlled such that the heatatg, reaction temperature and gas flow
rates could be accurately maintained as desired. Chitlalyst was loaded into a quartz
boat (120 mnx 15 mm) at room temperature and the boat was pliacte centre of the
quartz tube. The furnace was then heated &€/b@in while N was flowing over the
catalyst at 300 ml/min. Once the temperature hadhed 700C, the N flow rate was
reduced to 240 ml/min and;B, was introduced at a constant flow rate of 90 ni/mi
After some time, the £, flow was stopped and the furnace was left to cmin to
room temperature under a continuous flow {40 ml/min). The boat was then removed

from the reactor and weighed to quantify the amafi@NTs that had been synthesized.
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All reactions were carried out at atmospheric pressn the absence of oxygen. The
CNTs were purified by stirring them in dilute HN@r 12 h at room temperature,
washed repeatedly with distilled water until the ptds about 7. The treated CNT

samples were then dried in an oven at’C2fr 2 h.

The procedure used above was also used to syrgh@biZs using silica gel [30], ADs
[30], and a CaC@Ca(PQy), support [31]. The floating catalyst method wasduse
synthesize undoped [32] and nitrogen doped CNT§ B#drofluoric acid was used to
remove support material from CNTs synthesized dkersilica support and nitric acid
for all other support materials.

8.2.2 Heat treatment studies

The effect of deposited reactant material on CNfttsgsis was examined by performing
‘heat treatment experiments’ on several carbon madgeunder the CNT synthesis
conditions described in the experimental sectidnober extended reaction times (1 to 12
h). Since Ca, CaO, {and Co-Fe oxides were identified in the final prodof the CNTs
by various elemental analysis techniques, theiectffon CNT morphology was

investigated. These materials shall henceforttefered to agmpuritiesin this study.

In order to monitor weight loss and thermal st&pilall the experiments were performed
in a thermal analysis instrument (Pyris 1 TGA amatly. The experiments were carried
out under a continuous flow of nitrogen (40 ml/miA)summary of the carbon materials
used and the procedure followed in performing that treatment experiments is shown
in Scheme 8.1 A typical method used for the heat treatmentistiin the TGA was as
follows: (i) hold for 1 min at ambient temperatyea. 25°C), (ii) heat from 25C to
700°C @ 10C/min, (iii) hold for t minutes @ 70C (t = 60, 360, 720 min.), (iv) cool to

room temperature for electron microscopy and cdinatysis.
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Carbon Materials
1. Raw CNTs (contain up to 12 wt% impurities)
2. Purified CNTs (contain 3 wt% impurities — mainlitivin CNT walls)
3. Carbon nanospheragference material * contains none of the impurities)
4. Ferrocene (FcH) synthesized CNTaférence material 2 contains Fe only)

@ )

A 4 A 4

Heat the carbon materials in, Nor 1, 3, Mix the carbon materials with Ca
6, and 12 h in the TGA. Metal or CaO and heat in,Nor 1,

3,6, and 12 h in the TGA.

©)

A4

Purified CNTs (typically 0.2 g) were placed in aaguz boat and placed into 3
horizontal CVD reactor and,f, and N, were passed over the samples for 3 h orf 6
h. The process was similar to that described foll Gjhthesis in Section 8.2.1. The
materials were then analyzed using TEM.

174

Scheme 8.1A summary of the procedure used in performing lreatment experiments

on various carbon materials.

8.2.3 Use of excess carbon

The effect of depositing excess carbon on a rarigaifferently prepared CNTs was
studied. The CNTs synthesized by different metheele purified by acid treatment until

no more impurities could be removed. The follomgTs were used in the study:

(1) CNTs synthesized over Fe-Co/Cagfd®ubstrate CVD method).

(i) CNTs synthesized over Fe-Co/Silica (substrate C\éthad).

(iif)  CNT coils synthesized over Fe-Co-Ing@% (substrate CVD method).

(iv)  CNTs synthesized using FcH/toluene (floating catalyethod).

(v) CNTs synthesized using FcH/triethylamine/toluened@ped CNTSs) (floating
catalyst method).

(vi)  CNTs synthesized using Fe-Co/CafCs(POy), (substrate CVD method).
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The CNTs were synthesized for not longer than 3@ thius they possessed small outer
diameters in the range 20 - 80 nm and lengths mvitheé millimetre range. The CNTs
(typically 100 mg) were then placed in a quartztbaad acetylene (90 ml/min) and
nitrogen (240 ml/min) were simultaneously introddicarer the materials at 700D for 3

h. The experimental conditions were kept similathite usual CNT synthesis procedure

described in the experimental section.

8.2.4 Characterization of CNTs

The raw and purified CNTs had the appearance akldaot and were characterized by
transmission electron microscopy (TEM) (JEOL 100&&on Microscope and a Philips
CM200 equipped with a Gatan Imaging Filter for l@ghmagnifications), energy
dispersive X-ray spectroscopy (EDX), BET surfaceaaanalysis (Micromeritics TriStar
Surface Area and Porosity Analyzer), thermogravimetnalysis (TGA) (Perkin Elmer
Pyris 1 TGA), Raman spectroscopy (Jobin-Yvon T6480€ro-Raman spectrometer), X-
ray photoelectron spectroscopy (XPS) (Physical ttdaccs Quantum 2000) and powder
X-ray diffraction (PXRD) (Bruker axs D8 Advance PRRtechniques. Further details
can be found in reference [30].

8.3 Results and Discussion

8.3.1 Effect of synthesis time

The effect of synthesis time on CNT yield and ditareehas been briefly mentioned in
earlier studies [29,30]. The CNT yield increasethwmncrease in synthesis time. TEM
analysis revealed that while the yield increaseth tume, so did the outer diameter of the
CNTs. The outer diameter of the CNTs increased ft&mm (5 min synthesis time) to
about 300 nm (6 h synthesis time). Thus the ouimmeters could be controlled by
varying the synthesis time. The inner diameter ieaththe same (~10 nm) throughout
the synthesis period [30].
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The tubes do not only become bigger in size wittetibut they broke into smaller pieces
(‘fragments’). Sucliragmentationof CNTs synthesized over the Cagsibstrate has not

been reported previously. No chemical reactionkisly to occur during the synthesis

because of the inert conditions used.

It is generally believed that CNTs are one of tinergjest and stiffest materials known, in
terms of their tensile strength and elastic modubspectively [34]. This strength results
from the covalent Spbonds formed between the individual carbon atomsimilarly
observed in graphite. For example, a MWCNT wasetesv have a tensile strength of
63 GPa by Yu and co-workers (2000) [34]. In congmar, high-carbon steel has a
tensile strength of approximately 1.2 GPa. In additCNTs have a very high elastic
moduli of 1 TPa magnitude [35].

High resolution scanning tunnelling electron micasy (HRSTEM) studies of the CNTs
synthesized over CaGQsing similar procedures to those discussed here $teown that
the CNTs contain small amounts of calcium, oxyged eatalyst (Fe/Co) nanoparticles
in the CNT wall structure [36]. The carbon signaVealed the presence of nanosized
channels or “docking stations” that were orientedlte CNT structure (Fig. 8.1). These

docking stations were associated with interacthtgreen carbon and calcium [36].

Calcium

Relative
: Oxygen

Fig. 8.1: (a) HRSTEM of two CNTs with catalyst inaking stations; (b) carbon signal

shows presence of docking stations; (c) Fe-nanofestinside docking stations; (d) Ca-

nanopatrticles lining docking stations; (e) relatbxygen signal on CNT surface [36].
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Elemental analyses of the CNTs using XPS (detediioit = 0,1 at%)revealed that the
wall structure of the raw CNTs contain C (96.3%0l & (3.3%). PXRD analysis of the
TGA residue (done in air) of the raw CNTs revedlael presence of CaO and Cegbg
particles. The HRSTEM and TGA analyses indicated tihhe raw CNTs were mixed with
CaO and Fe-Co oxides that not all the residuesdcbal removed using a dilute acid
wash. A TGA profile of purified CNTs revealed theepence of small quantities and Co-
Fe that could not be removed after a wide rangecaf treatments. These materials are

believed to be embedded within the graphite wdlth® CNTs or in the inner tubes.

8.3.2 Effect of impurities on the fragmentation othe CNTs

The effects of the impurities on the CNT qualityswachieved by performing heat
treatment experiments on various carbon materiadder similar CNT synthesis
conditions, and over extended reaction times (segom 8.2.2). Fig. 8.2 gives the TGA
profiles of a range of carbon materials heatedritd® ml/min). The profiles enabled the
guantification of the impurities in both the puedi and raw samples. The raw and
purified CaCQ synthesized CNTs decomposed at ~°6D0As expected the raw CNTs

contained a higher amount of impurities (~ 12%).

The purified CNTs contained 4 - 6% impurities i tlange that could not be removed
even after extended acid treatment. The FcH sgitb@ CNTs before and after
purification, decomposed at 500 and 850espectively and contained about 12% and
5% impurity (mainly Fe). Carbon nanospheres decaapaompletely (0% residue) over
a temperature range of 600 - 700 This suggested that the carbon nanospheres
contained pure carbon. The slow decomposition vezsiteed to the thickness of the
carbon layers that make up the sphere, which ieslusbme oxidation debris on the

surface of the sphere.
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Fig. 8.2: TGA profiles of carbon materials perfodne air.

The thermal stability graphs of four of the carlmaterials (given in Scheme 8.1) heated
up to 12 h at 700 in N, are given in Fig. 8.3. The materials show somehgosition
with time (Fig. 8.2a). The small % weight loss alved was attributed to the removal of
some oxidation debris as well as removal of smalbants of oxygen that was detected
on the carbon materials. The 16% weight loss ferphrified CNTs was ascribed to loss
of surface functional groups on the surface ofGNT's resulting from the acid treatment.
After the heat treatment, the materials were howguée stable and no fragmentation of
the structure was observed under TEM (Fig. 8.33-Bg TEM analysis also showed no
pitting or disintegration of the CNTs. The presewntd-e nanoparticles (from the FcH
synthesized CNTs) suggested that the metal patide not play a role in the
fragmentation of the CNTSs.

Small amounts (5 mg) of the carbon materials (giveBcheme 1) were homogeneously
mixed with Ca or CaO (5 mg) using a pestle and ancahd transferred to the TGA
sample pan. Heat treatment experiments were théiorped on these mixtures (as

above). Again, no effect on the CNT structure whseoved except for a small weight
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loss from the materials. TGA was performed on tle metal and CaO under;Nh

separate experiments so that any weight loss negdiom them could be accounted for.
The results obtained also suggest that the imparigiresent did not affect the CNT
structure; no fragmentation and further pittingtioé CNTs was observed. A reaction
between carbon and CaO (or Ca) is known to occwernt high temperatures, much

higher than the temperature used in this study. [37]

1004
4 ] =
904 o - #91%
80
1 Raw CNTs
704 FcH synthesized CNTs
1 Carbon nanospheres
s 607 Purified CNTs
5 %7
2 401
B
20
10
0 T T T T T T T T T T T T T

T T —T T ™1
-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13
Heat treatment time (h)

Fig. 8.3: (a) Thermal stability graphs of variouarton materials in N after heat
treatment for different times and TEM images of thaterials after heat treatment (b)
raw CNTSs, (c) purified CNTSs, (d) FcH CNTs, and ¢dybon nanospheres.

8.3.3 Effect of excess carbon deposition
To our knowledge there are no reports in the litesain which CNTs have been reported
to be broken by the procedures described herepugththere is precedent for carbon

deposition on fibres and tubes [38,39]. Yu and aokers observed the breaking of
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MWCNTSs under tensile load using a SEM. The studgaéed that MWCNTS broke in
the outermost layer (“sword-in-sheath” failure),dathe tensile strength of this layer
ranged from 11 to 63 gigapascals for the set dMY@CNTSs that were loaded. Analysis
of the stress-strain curves for individual MWCNTdlicated that the Young’'s modulls
of the outermost layer varied from 270 to 950 GHH.[

It is evident that the breaking of the CNTs reqgalitiee application of enormous tensile
strength. However, in this study, breaking of CNdscurred under normal CVD
conditions after extended synthesis times. Obseratfrom the heat treatment
experiments and TEM analysis suggest that the Cihi€ak into smaller pieces when
they become bigger. The increase in size of the LNTue to the deposition of excess
carbon. It has been shown from GC/FID and GC/MSlyaisa that with time the
decomposition of hydrocarbons in CNT formation éases as a result of the exhaustion
of the catalyst particles [27].

TEM analysis revealed that asH; was passed over the CNTs for 3 h, carbon was
continuously deposited on the CNTs. In all the desystudied, the CNTs broke into
smaller pieces as shown by the TEM images takem afh (Fig. 8.3 and 8.5). The outer
diameters of the CNTs also increased dramatic@he. time for the study was chosen to
be 3 h as all the tubes break when t > 2 h. Indleisdsuggests that the breaking of the
tubes is not caused by any reagent residues, tharrais due to the deposition of excess
carbon. The orientation of the CNTs i.e. whetherdoanly oriented in a spaghetti-like
fashion (Fig. 8.4a,b), coiled (Fig. 8.4c), or aged in straight bundles (Fig. 8.5b) did not

have a significant effect on the breaking of theet All the tubes were broken.

It can be seen from the TEM that the CNT fragmemése not of specific length; a
variation in the lengths was observed. Some offiligments were as short as 100 nm
while others were up to 800 nm. This observatiosuisject for further and could require

more advanced techniques to explain.
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Fe-Co/CaCQ

Fe-Co/Silica gel X

400 nm

Fe-Co-In/ALO, S8

Fig. 8.4: TEM images of substrate CVD synthesizélI €before (left) and after (right) a

C,H2/N, mixture was passed over them for 3 h and®@00
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1000 nm

FcH/toluene
synthesized CNTS

FcH/toluene/T
synthesized CN’

Fig. 8.5: TEM images of floating catalyst synthesiZZNTs before (left) and after (right)

a GH,/N, mixture was passed over them for 3 h and®Z00

The addition of carbon onto a tube is by deposiftom the gas phase. This is identified
by HRTEM as the appearance of flake-like structufégre is a distinctive change in the
tube morphology that occurs when the carbon is siggb (Fig. 8.6a). The addition of the
carbon will cause strain on the underlying tubethé tube has defects, the defects will
provide a point of tube rupture (points 1 and Fig. 8.6b). This rupture then leads to
tube fragmentation. The results have important egmsnce for CNT studies and
especially for the intrinsic properties of MWCNTentaining carbon residues. Further
studies to explore this interesting phenomenoniraqgogress. The mechanism for the
breaking of the CNTSs is still subject to furthesearch.

It was observed that the inner tubes are morealhyst with a more ordered arrangement

of the graphite sheets (see circled regions). Thieeewidth of the inner tubes is ~ 15 -
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20 nm and it is a typical size observed when CN&ssgnthesized for a shorter period of
time (e.g. 5 - 30 min.) Indeed this suggest thaffT€Nynthesized for shorter times will
have less defects that those synthesized overgeidqreriod of time. With time carbon is
deposited on the underlying tubes as describedeabmwning an amorphous compact

layer which results in the tube fragmentation gdared above.

200 nm

Fig. 8.6: (a) A HRTEM image of CNTs synthesized ro¥e-Co/CaC@ showing the
defects on the outer walls of the CNT, (b) low fe8on TEM image of the CNTs
showing CNT fragments and their points of ruptunel ¢c) a HRTEM of the circled

region in (b).

8.4 Conclusion

It has been shown in this study that MWCNTSs cabio&en into small fragments by the
deposition of carbon on the tubes. Reagent resifiogs the CNT synthesis procedure
did not cause the breaking and disintegration ef @NTs. Different CNTs (straight,
coiled and randomly oriented) that were synthesizid different methods were all
broken deposition of excess carbon. A common masirafor CNT fragmentation is

thus apparent.
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Chapter 9

Carbon spheres: a literature review *

9.1 Introduction

The discovery of fullerenes in the mid 1980’s [&sHed to an upsurge in interest in the
structures and shapes of carbon containing materralparticular when the carbons are
in the ‘nano’ regime [2]. In the past two decadesyndifferent shaped carbon materials
(SCMs) have since been synthesized and studietenf properties under different
environments have also been conductéubse shaped materials include tubes and fibers,
onions, spheres, horns, calabashes, flasks etc.wand reviewed in Chapter 4. In
particular, carbon nanotubes (CNTs) have been sixtely studied and this area has

provided a strong focus for much work in the stotl$CMs [3].

The other type of structure that has a long histdrstudy and has again become a recent
focus of attention is the spherically shaped carbaterial. A spherical shape is the
shape adopted by materials during synthesis (gromdhbleation) and is determined by
considerations of energy minimization [4]. Sphdhicahaped carbon materials have
been known for decades and their properties haea bgploited in many areas (tyres,
batteries, printer inks, rubbers, paints etc. [p-aiAd they are produced and sold
commercially by many suppliers (e.g. Cabot, Printeggussa, Tokai Carbon Co. Ltd.
etc). Much of the early work has related to thetlsgsis of spheres in an oxidizing
environment (e.g. in the formation of carbon blgcksd industries have been built on
this approach to carbon sphere formation [18,18pherically shaped carbon materials
have been given many names. These include cardtm tabon nanospheres, carbon

microbeads or nanobeads [20], carbon blacks [5a48}ell as carbon pearls [21].

*A. Deshmukh, S.D. Mhlanga, N.J. Coville, this caaf part of a full review submitted

to Materials Science and Engineering Research Revie
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There appears to be no consistent nhomenclaturendoring these shaped materials;
consequently we have chosen to use the generic darbon sphere (CS) to cover all
carbons that have a spherical or near sphericplesfiais will not include the fullerene

family of carbons.

The spherical shape is not peculiar to carbon;dddeimerous studies of spherical silica
have indicated the wide range of synthetic strategnd approaches that can be used to
make spherical materials [22]. A key target in makspherical materials is to ensure that
they are monodisperse and that the size (diamatet)the chemical properties of the
external rim can be controlled. The carbon sphaselieen shown to comprise of layers
of carbon that form broken concentric layers emagafrom the core. CSs will be
attracted to each other by van der Walls forceslead to agglomerated collections of
CSs. When CSs have diameters of less than 100Geynaiso tend to accrete i.e. bond
together to form necklace or bead like structufHsus, although CSs are normally
discussed as though they are discrete, they géndoam connected solid extended
chains (Fig. 9.1).

Fig. 9.1: TEM images of a discrete and a chainooinected (‘accreted’) carbon spheres.

These chains are formed early in the synthesisegsand are not necessarily due to post
synthesis treatments. Mechanisms that have beg@os®d to explain their formation are
described in the review. Larger spheres can be bpilfrom layers that are horizontal

with respect to the sphere rim [23,24]. The stutigasbon spheres can be categorized in
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numerous different ways. Thus, spheres can be idedcas solid, core-shell type or
hollow (Fig. 9.2) [4].

Fig. 9.2: Hollow carbon spheres [4].

Alternatively CSs can be classified according ®irtthanometric texture’ i.e. in terms of
whether the atoms are made of concentric, radighrdom layers (Fig. 9.3) [23]. It has
also been proposed that spheres can be categamizedns of their size, in particular
their diameter [25]. In this method three categom@aee recognized: (i) well graphitised
spheres (2-20 nm), (ii) less graphitized spher@s1(E0 nm) and carbon beads (> 1000
nm). Finally it is possible to classify spheregsemms of synthetic strategies used in their
synthesis. It appears that the procedures used ake nspherical carbon materials
(chemical vapour deposition (CVD), arc dischargesel ablation, autoclave processes
etc.) can produce quite different materials.
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orientation of the carbon layers in BSUs [23].

During the past three decades, the availability esmbdy access to characterization
techniques at the nanometric scale (in particidansing probe microscopy and electron
microscopy techniques) have allowed a more detailedstigation of well known and

novel materials. This is also true of carbon matserincluding CSs. A review of the area

of CSs, with particular emphasis on data colleatdtie last three decades, is thus timely.

In this review of CSs, we have opted to categospgbkeres in terms of the synthesis
strategies used in their synthesis. However, tBeudsion and the tables accompanying
the review permit an analysis of the informationtémms of all the other categories

mentioned above.
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The literature in this area is vast as carbon resehave been made for thousands of
years. It appears that carbon spheres were everedbbillions of years ago as reflected
by recent discoveries of their presence in mee®ri6] Early documentation reveals
that carbons (as soot) were first used by humansvédl paintings [27]. The study of

candle flames and the soot produced by the bumiirogndles has been actively studied
since some early reports in the mid 1850s by Fardd&,29]. Knowledge of the

production and composition of soot is importantpieserving historical and cultural

artifacts that are contained in churches and cbaj2d,29]. These soot particles are
mainly in the form of spheres. In more recent tirttess products from candle soot have
been collected, acid treated, separated and thpaments (< 2 nm spheres) have shown

to possess fluorescent properties determined lyrthrechemistry [30].

Most of the early work published before the 1980suted on the synthesis and
characterization of the carbon blacks (CBs) aneé&sfly their applications in industry.

The production processes used to make the carlawkdhbre found to be in the patent
literature [31]. Thus, literature dating back t®28%eveals that early studies were largely
focused on the theories and predictions of thdeming properties of CBs in rubbers as
well as the physical properties of CBs (adsorptienyface area and pore size

measurements) [32-36].

In this review, the main focus will be on descripiime synthesis of CSs. There has been
an explosion of publications in this field; consently this literature review cannot be

exhaustive. It is hoped that the significant pudtliiens have been covered. The focus will
also not be on studies reported prior to 1990 nortlee uses of the CSs. The CSs
discussed will cover the major types: solid sphehedlow spheres, core-shell spheres.
Their diameters have been found to range from Hmrio the mesoscale. The review
will not cover fullerenes and their chemistry. Twigrk can be found in numerous

textbooks and reviews [37].
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9.2 Synthesis of carbon spheres

The last few decades have witnessed an exponaybaith in the field of carbon
nanotubes worldwide and this has led (often actadigh to the synthesis of many other
shaped carbon materials (SCMs) including carborergsh(CSs). The synthesis of these
SCMs and in particular CSs can broadly be divided two types, associated with the
reaction temperature. The first procedure is basethe high temperature decomposition
of carbon containing materials in an inert atmospl{ehemical vapour deposition, arc-
discharge and laser ablation processes). The sepmwkdure consists of the low-
temperature pyrolysis and catalytic decompositibrorganic compounds by the heat
treatment of polymers or other materials, usuallyan autoclave. The influence of the
carbon source, oxygen, catalysts, additives, flat®g, pressure, reactor design, all play a
role in influencing the properties of the synthediCSs (surface area, chemistry, size,

density etc.) formed in all the procedures.

CSs have also been synthesised in matrices by guoee that do not presently lead to
their extraction and use. For example, the synshekispherical carbons deposited in
metals such as iron, have been detected. Howéhaar,rble outside of this environment
has as yet not been explored. In a nutshell, C8s baen synthesized by the following
processes: (i) arc discharge, (i) plasma, (ii)noizal vapour deposition (CVD), (iv)

autoclave, (v) supercritical fluids, and (vi) camiation. In this literature review

emphasis will be directed to the CVD methods, wlaoh classified into the catalytic and

non-catalytic CVD methods because they are releigamtir studies.

9.3 Chemical vapour deposition

The chemical vapour deposition (CVD) process isdhe in which a volatile carbon
source is converted into a solid non-volatile carlpooduct. The catalytic vapor phase

deposition of carbon was first reported in 1959 .[¥8hen the process entails the use of a
catalyst the process is known as catalytic chemigpbr deposition (CCVD).
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The CVD process is a versatile process and mangntarof the process have been used
to make CSs. These processes differ in the meanghimh the chemical reactions are
initiated (the activation process), the type ofctenused and the process conditions.

Some examples are listed below:

1. Variation of operating pressure:

a) Atmospheric pressure CV(APCVD) - CVD processes at atmospheric pressure.

b) Low-pressure CVD(LPCVD) - CVD processes at sub-atmospheric pressur
Reduced pressures tend to reduce unwanted gas-glaatiens.

c) Ultrahigh vacuum CVD(UHVCVD) - CVD processes at a very low pressure,
typically below 1¢° Pa (~ 18 torr).

2. Variation of the physical characteristics of Wagour:

a) Gas phase CVOn this process a gas is added directly to atoeac

b) Sublimation CVDA solid is converted directly into a gas for usettie CVD
process.

c) Direct liquid injection CVD- A CVD process in which the precursors are initig
form (liquid or a solid dissolved in a convenieolvent). Liquid solutions are
injected in a vaporization chamber. Then the pismuvapors are transported to
the substrate as in a classical CVD process. Eoisnique is suitable for use on
liquid or solid precursors. High growth rates caréached using this technique.

d) Aerosol assisted CVPA CVD process in which the precursors are transgl to
the substrate by means of a liquid/gas aerosok Huhnique is suitable for use

with involatile precursors.

In all the above procedures, the direct pyrolysia @arbon source (either in the gas or
liquid phase) is generally carried out in a quanbe placed in an electronically
controlled furnace at atmospheric pressure whicly otamay not contain a catalyst.
Liquid carbon sources can be introduced in thregsw@) the liquid can be injected into
the hot furnace using a syringe pump, (ii) sonaratr (iii) the liquid carbon source is
first heated prior to the synthesis furnace andouep are carried to the carbonization

furnace with the help of an inert gas, generaltyogien or argon. This mode of synthesis
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has often been used for CVD processes used to @ERe [39a,b]. Ensuring efficient
contact between the gas phase and the growingcsuifaCVD processes is rarely a
problem for deposition on flat substrates. Twoetypf reactor configurations, based on

the position of the furnace, are possible; theZumtal and vertical configurations [39c].

9.3.1 Noncatalytic chemical vapour deposition

In this approach a carbon source is decomposegjlatémperature in a furnace to yield
CSs. This is the approach used to make industim@portant CSs such as carbon black.
The procedure to make CSs entails the use of oxygegenerate high surface area
spheres. More recent reports on CS synthesis haueséd on the generation of low
surface area CSs that are produced in the absénmeygen.A variety of parameters
control the size, shape and yield of CSs. Thededectemperature, flow rate of carbon
source and deposition time. Also of importancenestime the CSs spend in the reactor.
In a vertical reactor the reaction times will bedi{< 1 min) and consequently secondary
reactions involving annealing of the spheres arebspgrowth do not occur. In contrast,
use of a horizontal reactor results in the sphéeiag kept at high temperatures for
longer time periods (typically 15 - 60 min). Thdeet is that the outer shell becomes
more crystalline, leading to carbon-carbon cordisdteuctures (Fig 9.4). Furthermore,
the CS diameter increases with time on line.
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Fig. 9.4: A HRTEM image of a non catalytic CVD dyesized CS with a crystalline
outer shell, leading to carbon-carbon core-shalcstire [39c].

Qian et al. [40] reported that CSs can be produced from tauan1100C using an
experimental setup consisting of two furnaces. Emeperature of the first furnace was
kept at 200°C and was meant to vapourize the teligected into the furnace by means
of a syringe pump. The vapours were carried toséeond reactor by nitrogen and/or
argon and/or hydrogen gas. The average diamet&Ssfproduced ranged between 60
nm and 1 um. The effect of carrier gas, carrierrgegures and flow rate was studied in
detail. Similarly, Aili and co-workers reportedetisynthesis of CSs from acetylene and
toluene as carbon source at 1000°C [41]. The eshibwed that carbon microspheres
were well graphitized while their features were estdoyed. Based on their adsorption
isotherms with nitrogen, pore structures of carlspheres were found to be changed
greatly after graphitized treatments. [41]

Large scale production of CSs, with diameters mragp@iom 50 nm - 1 pm was achieved
with different substrates such as styrene, toluée®mzene, hexane, cyclohexane and
ethane (Fig. 9.5) [42]. A double furnace apparatas used for the pyrolysis of the liquid
hydrocarbons; the liquid hydrocarbon was introduicgd the first furnace at 250°C. The

feedstock vapor was then carried through the system@mrgon to the higher temperature
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(900 - 1200°C) pyrolysis furnace. In this studye #ffect of feed rate and reaction time

on the diameters of the CSs was established.

Fig. 9.5: SEM images recorded for the pyrolysis(aj:styrene, (b) toluene, (c) benzene,
(d) hexane, (e) cyclohexane; (f) ethylene; (g) ¢gbiTEM and (h) typical AFM images
[42].

In recent findings from our CS synthesis studiesigisarious sources of carbon (e.g.
gases: ethylene, acetylene and liquids: pentaoectane, hexane, cyclohexane, benzene,
toluene, heptane), it was revealed that synthesiadoon deposits were all spherical in
shape with varying diameters for each hydrocarlmnce. It was shown that structural
properties of the hydrocarbons are regulating facio the sphere size distribution.
Hydrocarbon concentration had a less significafetcef Structural properties such as C:H
ratios tend to cause an increase in sphere size deitreasing C:H ratio. Sphere size
tends to increase with increasing carbon contautt,decreasing linearity and branched
structural isomers tended to cause a decrease heresgsize. A narrowing in size

distribution was noted as the carbon hybridizatibanged from sto sp.
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It was also revealed that the use of vertical CWild horizontal CVD furnaces gave two
divergent synthetic routes to CSs. The vertical Cpdduced spheres of smaller size,
decreased thermal stability and graphitizationyali as increased amorphous material
content as compared to spheres prepared in theohtad CVD process. Whether spheres
prepared by vertical CVD are of greater industingbortance than spheres produced by
horizontal CVD techniques remains to be probed. Térical CVD method produces

two distinct peak ranges, resulting in very smatl &ery large spheres in the same batch.

The presence of oxygenates (alcohols) was showeattily remove amorphous material
from the surface of the carbon spheres resultinggenformation of smooth surface. The
yields of the carbon spheres increased as the tdagth increased from ethanoljG@o
decanol (G) under the same experimental condition. This \&egely due to the ratio of
carbon and oxygen in the solvent structure. A sigection flow rate resulted in increase
in the yield, while a faster rate resulted in lowlgs. There exists an inverse relationship

between the flow rate and the yield.

ZnSe nanoparticles were used as a template to iexéo synthesis of hollow carbon
nanospheres (Fig. 9.6). Synthesis was performedruhd constant flow of argon at 5 x
102 Torr. Toluene (carbon source) was injected inthosizontal furnace, containing
ZnSe, at a temperature of 1100°C for 3 h. The nbthencapsulated ZnSe was removed
by heating the sample at 1200°C for 60 min. Remoft#he ZnSe template gave hollow
CSs with a diameter range of 40 - 120 nm [43].
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Fig. 9.6: (a) A typical TEM image of the carbon-apsulated ZnSe nanoparticles. (b)

The TEM image of the hollow carbon nanospheresiodtaat 1200C for 30 min (some
unconverted carbon-encapsulated ZnSe nanoparaceshown with arrows). (c) The
TEM image of the hollow carbon nanospheres obtaatet?00-C for 60 min (inset is

the corresponding SAED pattern of the products).[43

A CVD method was used to make smooth single sdeliprmed single shell, double
shell and nitrogen doped shell carbons using sdptzeres as templates and benzene as a
carbon source. Before actual pyrolysis, the siipheres were heated to 900 or 1000°C
under a nitrogen atmosphere. Benzene vapors wesegaver the silica spheres (4 h)
placed in the centre of a quartz tube placed infaheace, with the help of a nitrogen
carrier gas. After reaction the silica spheres veissolved away using a HF solution to
generate hollow carbon spheres. The carbon codlied spheres were dispersed in
ethanol and silica was placed on the surface oté#nbon-coated silica according to the
procedure reported in the literature [44]. A carlmmating on the silica-carbon-silica
sphere was produced by passing benzene over teeespihe silica was removed by HF
to give double shelled hollow carbon sphef®sheme 9.1) The microscopic features
and shell thickness depend on the silica sphemaalex, temperature and recation time
[45].
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Scheme 9.1Schematic illustration of the fabrication steps ¥arious carbon spheres
(HCSSs): (a) discrete carbon patches acting asuheifg blocks of HCSs, (b) incomplete
HCSs because of insufficient CVD time, (c) deforni#@Ss prepared using large silica
spheres as templates with a short CVD time, (@cinsingle shell HCSs prepared with a
long CVD time or a high CVD temperature, (e) N-dopkICSs prepared using
acetonitrile as a carbon source, (f) double shéll€$s prepared using a three-step CVD
method: first, CVD of carbon on the surface ofcsilispheres; second, CVD of silicon
tetrachloride on the surface of the carbon-silipheses; third, CVD of carbon on the

surface of the silica-carbon-silica spheres [45].

9.3.2 Catalytic chemical vapor deposition

This procedure represents a variation of the abmwe-catalytic CVD CS synthesis
strategy. Many experiments have been performedaikenCNTs but in the process CSs
have been synthesized. Indeed it appears that étal watalysplays little rolein CS
synthesis in which CNTs are formed. This suggdststhe metal does not playamary
role in CS synthesis; rather it may play the role ofdifyong the type of carbon radicals
that are formed in the gas phase and that leadsrtion deposition to form the CSs.

Clarification is, however, still needed to resotlies issue.
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The various reports that have appeared in theatitez on the use of catalysts in CS

synthesis are described below.

Miao et al. [46] reported the synthesis of a large quantitgarbon spheres using Kaolin
supported transition metal salts (Fe, Co, Ni, ets)catalysts. Aqueous solutions of
transition metal salts (Co, Ni, Fe) were coatedaoaolin catalyst surface or ceramic
support in the form of a thin plate and dried at@OThe obtained thin layer of catalyst
was placed in the ceramic bdating downin the center of a quartz tube. The reactor
was flushed with nitrogen until achievement of tleaction temperature. The carbon
source used in this study was acetylene and th&ioeatemperature was 650°C. The
spheres were observed to have an average diamé&&dd - 800 nm with a typical inter-
layer distance of 0.33 - 0.35 nm.

A CVD synthesis method in which acetylene (as cadmurce) and nitrogen were passed
over nickel metal clusters (700°C) gave monodiggaeiSSs. The spheres were linked in
a long continuous string to form a foam-like macaysc structure. The diameter of the
solid carbon spheres was 150 nm [47]. Zhong andvaxiers [48] reported the
preparation of carbon nanomaterials (nanotubesspheres) by the decomposition of
methane in the presence of a cobalt encapsulatedysta The supports used for the
catalyst synthesis were aluminium, lanthanum, cemnd magnesium oxides. A detailed
study using the cobalt metal supported on magneskide was presented. The catalysts
were prepared by a reported procedure [49]. Thetiomawas carried out at 600°C for
one hour. After reaction the mixture was subjectedtreatment with concentrated
sulfuric acid to dissolve away the metallic catalyidhe diameters of the nanotubes and
balls were observed to be between 10 - 40 and BID-nm respectively. The product
distribution (nanotubes and balls) solely dependadthe reaction conditions. The

product was subjected to magnetic studies and ewagifto be a magnetic material.
Pradharet al. [50] synthesized CNTs and beads from kerosenedme source in the

presence of nickel and iron catalysts at 1000 ab@0IC respectively. In a typical

procedure two furnaces were connected in series.céhbon source was placed in the
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first furnace (held at 200°C) and a quartz boatti@omg the catalyst was placed in the
second furnace. The temperature in the seconddenvas 1000 - 1100°C. The kerosene
vapour was carried to the second furnace in nitragges. It was observed that Ni and Fe
facilitate the growth of straight and coiled narbms, respectively at a temperature of
100C0°C. However, with an increase of pyrolysis temperttio 1100C, carbon

nanobeads resulted in the presence of both ofatadysts [50].

Various organometallic complexes have been testezhtalysts for the synthesis of CSs.
Iron complexes have been suggested to be prom@andidates for the synthesis of
various CSMs, including CSs, under mild experimentaditions. Sharomt al. [51]
reported the synthesis of carbon nanobeads frompthelysis of camphor using
ferrocene as catalyst. The synthesis was carriethdbe reactor shown in Fig. 9.7; this
is a variation of the two furnace system. A mixtofecamphor and ferrocene, placed in
the flask, was heated to 50°C and the vapour tearesf to the second furnace held at
1000°C. The pyrolysis was carried out for 4 h. Sponollow carbon nanobeads of about
250 - 280 nm in size, covered with 80 - 100 nmKiHibrous amorphous carbon from

camphor, was obtained.

i

C

Fig. 9.7: Pyrolyzing unit to produce carbon nanobeads. thésgas cylinder, B the flow
meter, C the heating mantle, D the flask contaimiagnphor and ferrocene mixture, E the
guartz tube inside the furnace, F the water buldierG is the furnace [51].
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Recently CSs were synthesized from varying mixtuwéderrocene and anthracene,

sealed in evacuated quartz tubes placed in a ferftj. The pressures used were low.
The temperature of the tube was raised to 500°Gctueve decomposition of the

reactants after which the temperature was theeddis the 800 - 1000°C. The CS/CNT
ratio increased as the temperature increased. BAENLT ratio was also influenced by

the Fe/C ratio. The data indicated that the pyrslysmperature and Fe/C ratio played a
vital role in determining both the yields and these of carbons formed.

The use of mixed valence oxide catalysts (MVOCG)ehalso been reported for use in
the synthesis of CSs in the hope that such a systaunid lead to easier separation of the
encapsulated catalyst after carbonization [53]. Tdve cost process was used for the
synthesis of CSs and CNTs with high purity [54]. Waand Kang synthesized various
carbon microspheres using MVOCC (transition and4ve earth metal oxides) method

using CH as carbon source at 1100°C [55].

9.4 Mesoporous carbon microbeads

Another spherical form of carbon/graphite called somorous carbon microbeads
(MCMBSs) has been synthesized since the 1960’s M&]MBs are different from carbon
blacks because they are synthesized mainly fromehes’ which include coal-tar and
petroleum derived pitches typically heat-treateteatperatures between 350 and 450
[56-58]. The MCMBs generally have low surface aresbout 4 rfig and are sold
commercially in particle sizes ranging from 5 ta® (e.g. Osaka Gas Co. and Shanshan
Co. Ltd) [59-62]. However it has been shown that WE3 can be activated to obtain
materials with very high surface areas > 266(y{63,64].

MCMBs have recently been synthesized using othengoof pitches such as isotropic
naphthalene pitches [65] as well as by the pyrslg§ipolymer organic compounds [66].
Naphthalene-derived isotropic pitch was studied floe synthesis of CSs. Firstly,
isotropic pitch was dissolved in quinoline, andnthis solution was added into an

agueous solution of nitric acid under stirring tengrate droplets. The quinoline was
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extracted to avoid adhesion of the pitch particl€ke dried pitch particles were
oxidatively stabilized in air at 280°C for 30 miefbre carbonization between 600 and
900°C [67].

A water-in-oil emulsion using amphiphilic carbonaas material (ACM) and urea were
used for the synthesis of carbon nanobeads by Esuali [68]. In a typical synthesis

procedure a mixture of ACM in ammonia solution veakled into heated oil to form a
water-in-oil emulsion at 80°C for 1 h. The carbanabeads were studied using TEM
and were found to have diameters in the range arid215 pm with wall thickness of 1
pum. The effect of heat treatment and urea cond@nmravas investigated. The density of
the hollow carbon microbeads decreased with inargasoncentration of urea and with

decrease in the heat-treatment temperature.

MCMBs have been used in various applications sughelactrodes for lithium-ion
batteries, conducting polymers for sensors, aarfii paints, elastomers and plastics, as
adsorbants for natural gas and hydrogen, as colaaterials for separation science, as
well as catalysts supports [56,62,63,58,69-71].eRdlg CNT/MCMB composites were
synthesized by in situ condensation from coal-ttmhp The study showed that the size of
samples is diminished and the microtexture of samf#nds to be disordered when more
CNTs are added [72].

9.5 Substituted carbon spheres

Very few studies have been reported on the dopin@Ss with heteroatoms. Mondel

al. [74] reported the synthesis of nitrogen and batoped CSs using acetylene and B
and N sources. The experiment was carried outnadsggheric pressure in a flow reactor
made of quartz tube in horizontal furnace. The tenafure of the furnace was raised to
the desired temperature of 800°C under the flomerft gas. After attaining the pyrolysis

temperature, acetylene was passed through theftwb2 h. To synthesize boron or

nitrogen doped spheres, acetylene gas was bulbibvi@egh methanolic solution of Biér

ammonia solutions. B-doping increased the disondeaf the graphitic lattice and also
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increased the G-band width on increasing the baroncentration, indicating the
decrease of graphitization with increasing boroncemtration [74].These materials were
used as supports for anchoring of different tramsinetal, which was further utilized for

the catalytic hydrogenation of ethylene.

Recent studies in our group have also focused ersyhthesis of N-doped CSs using a
vertical CVD reactor that enabled continuous producof the materials [74]. The N-
doped CSs were characterized by CHN and XPS inrdaddetermine the amount of
nitrogen. The materials were added to polymersrdernto enhance their conductivity

and strength.

9.6 Chemistry of carbon spheres

The rim of a carbon sphere comprises of carboreflakhese carbon flakes comprise of
predominantly aromatic structures, made up of coselé benzene ring structures. The
sp carbon atoms at the edge of the flakes must coratdms to satisfy valence
requirements. These will typically be O atoms (&%, @OOH and other groups) or H
atoms. This is reflected by elemental analyses ¥R& data which always yield O
contents of between 1 - 5% for the low surface @®8a. Further, to achieve curvature the
carbon flakes must also contain C5 and C7 ringesiras. Thus the chemistry of CSs
will be different from that of graphite and SWCNT#hich are dominated by reactions at
the graphite edges of the extended ring chains. W&e studied for their reactivity
towards different organic solvents such as HF, KinC&, 1-methyl-napthalene, 1,2-
dichlorobenzene. The spheriodal structure of CSy changes when spheres were
treated with 0.5 M KMn@solution at 80°C [75].

Various functional groups are found in the surfatearbon black (e.g. the hydroxyl or
carboxyl group). The chemistry of carbon blacks hasn extensively studied. These
materials are characterized by "particle size'rutdture", and "surface chemistry" (Fig.
9.8). The acidic surface oxides have been the subfemany studies that have been

summarized in several reviews [76-79]. The threerpeoperties have a large effect on
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practical properties such as blackness and digplgsivhen they are mixed with inks,

paints, or resins [76].

Structure

Farticle Size I

-COOH

"~ COOH
OH

Surface Chemistry
Fig. 9.8: The structure of carbon black showing sdumctional groups on the surface of
the sphere [76].

Chemical modifications on the surface of carborckdahas been shown to affect their
performance as elastomer fillers depending onythe and amount of functional groups
present and their surface areas [76,80-84]. Papimdrco-workers [81] studied carbon
black reactivity by submitting the carbon blackatseries of chemical treatments such as
moderate oxidation with potassium persulfate, se\ar oxidation, halogenation with
chlorine or bromine, and grafting of short (ethiylityl, pentyl) or long (lauroic) alkyl
chains in order to modify their surface propertsesl to compare their reactivity in
relation to their atomic structure. It was obsertieat under similar reaction conditions,
carbon blacks have different behaviours dependmtheir mode of preparation but they
generally perform comparatively, but not to the esamxtent, towards a given
modification procedure. Larger particles are chafhycmore reactive (per unit surface
area) leading to higher surface coverage by oxygalogen and aliphatic grafts than the

very fine particles of small dimensions.

The fluorination of carbon blacks was also studigdNanséet al. [85]. Analysis of the
XPS spectra of fluorinated carbon blacks indicdted F is fixed at the surface and in a
subsuperficial layer of limited thickness and cewdly bonded to C. In the furnace
blacks, a minor amount of F, is trapped in micregsoWhen the blacks are activated (air

oxidation at 450C), the amount of fluorine fixed by the furnace ahdrmal blacks
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increases due to a slight increase of the densityeactive sites consecutively to the
development of porosity. The halogenation of carbtatks has been reported in other
studies [81b,86-88].

Surface modification of carbon blacks by oxidatemd its influence on the activity of
immobilized catalase and iron-phthalocyanines waslisd by Soseet al. [89]. The
carbon black was oxidized using different reageiish as B0, 3M, HNO;, 0.3 M at
95°C and @ at 400 and 600°C). The usefulness of diffuse ctdlece spectroscopy
(DRIFTS) studies on the formation of surface groapscarbon black by oxidation was
reported by Fanningt al.[90]. Several other studies including the useRo§pectroscopy
have been used to study the functional groups roce [91].

9.7 Mechanism of carbon sphere formation

Many mechanisms have been proposed for the syatloésspherically shaped carbon
materials; mechanisms that appear to depend omethetion conditions such as the
carbon source, catalyst etc. In this review theppsed mechanisms for CS synthesis will

be discussed according to the synthetic technigad to prepare the CSs.

Qiu et al. [92] synthesized CSs using the arc-discharge rdethackel catalyst/coal

electrode) and speculated that at high temperaguaghitic crystallites or nano-crystals
formed from the carbon source. The nickel actedaasatalyst. In the arc-discharge
process large numbers of electrons are produceithvedhere to the surface of active
nano-crystallites and this improved the fluiditytbé crystallites or nano-cystals. In this
process nickel particles play an important roléimding the smaller crystallite particles

to form bigger crystallites in the gas phase.

A general mechanism for the synthesis of CNSs uenggnometallic compounds has
been proposed [93]. In this process ferrocene wasrdposed at 400°C to form iron and
carbon. The iron atoms assembled together to fargelparticles at 2 MPa pressure and

400°C temperature. These large iron particles eglaatith ammonium chloride, which
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exists in the vapor phase at that temperaturepro imicro sized spherical droplets of
iron amine complexes. These complexes have a highrgy coefficient which enhances

the adsorption of the carbon feedstock. In this waey iron amine complex acts as a
plating agent. The carbon obtained after decomipasdf ferrocene forms a coating on
the spherical droplets of the iron amine compleraly the droplets seep out from the

defects and pores of the carbon shell leaving lokthie carbon spheres (Fig. 9.9).

{a) ® (b)
o . Decomposition £
°®
O By O % of ferrocene & ﬁ o B
——- o Py o @ ...—
'Ei.i . o O u? e . écq
g = o0
& o T

Iron atoms assemble

/ and carbon are formed

() (d)
. 2, o Formation of iron amine ﬂ'ﬁ: g_::
@, 0, " complex droplets
o D 0.7 -_— ':»f- _.3
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/ Carbon enwrap
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———-
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< Ammonium chloride @ JIron * Carbon
@ Iron particle O Iron amine complex droplet

Fig. 9.9:Schematic illustration of the formation mechanisntGSs [93].

Levesqueet al. [94] reported the mechanism for a CCVD method f& $ynthesis. In
this method acetylene gas was decomposed into @tarbon and hydrogen by a nickel
nanocatalyst. The wavy 2D structure of these flakas obtained by the combination of

pentagonal and heptagonal structures with the plageagonal structure of graphene in
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order to accommodate the curvature of the carbbtwersp Concentric aggregation gave
the solid carbon nanospheres. As the flakes has€hdimension in the range of 4 nm,
the superposition of these flakes, concentric ldyeconcentric layer, will statistically
create 3D nanocrystallites in the range of 2 nmamorphous areas. Two possibilities
exist; one is the formation of aggregates of traphitic flakesbeforetheir inclusion into
the concentric layers to form the carbon nanopearld the second is thdirect
aggregationof individual flakes on the surface of the carbmamopearls to form the
concentric layers, then the nanocrystallites (FigP[94].
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Fig. 9.10: (a) A schematic representation of trepsed mechanism for the formation of
the carbon nanopearls in three steps. For thesfiegt, there is no data regarding the end
products formed between the various species prdgetiie reactor, particularly the
hydrogen and nitrogen. (b) Wavy flakes can be akthiby an insertion of pentagonal

and heptagonal carbon rings within the planar hemalgcarbon rings [94].

Various mechanisms have been proposed for theysysabf polymeric compounds. Jang
and co-workers [95] proposed a mechanism for thethegis of magnetic carbon

nanoparticles using dodecyltrimethylammonium bramigsed for the formation of
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micelles and decyl alcohol as co-surfactant (Figlp After formation of micelles the
polymeric carbon source was added to form the lrased species, which was oxidized
to form iron doped nanoparticles. These nano-gastion carbonization form magnetic

carbon nanoparticles (MCNPs).
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Fig. 9.11: Fabrication of PPy nanoparticles (a-c) and MCNPsl)(avith uniform
diameters [95].

Wang et al. [55a,b] studied the accretion (binding together)nainodispersed carbon
nanospheres synthesized using a mixed-valencegatalytic carbonization (MVOCC)
process. The MVOCC process is similar to the atatgjas decomposition process under
heating, but the key difference is the oxide catalsed [55c]. The synthesized spheres
were composed of graphitic flakes which were belteto exhibit many dangling bonds

at the surfaces. Further, the accretion mechanisas discussed using a surface
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adsorption model. The accretion of the spheres acageved by ultrasonically treating

the as-synthesized spheres in acetone.

The spheres are composed of graphitic flakes tieatiaclosed, with the atomic structure
of each flake corresponding to one of the knowrplgite rings [55a,b]. The nucleation
mechanism was first proposed by Kroto and McKay] [f@6 the formation of large
fullerenes. Ideally, to form a graphitic carbon e the atomic structure of each flake
and the graphitic lattice must be modulated to acnodate the curvature of the sphere.
The carbon atoms can form three different typegraphitic carbon rings. Thus three
different ring structures, the flat hexagonal laydre pentagonal ring structure with
positive curvature and the heptagonal ring strectmith negative curvature are formed
(Fig. 9.12). The pentagonal, hexagonal and heptdgongs are required so that the

curvature of the carbon sphere can be achievedifp5a

Zero Curvature

b @ ﬁ Positive Curvature

Negative Curvature

Fig. 9.12:Schematic representation of graphitic flakes. &agonal, (b) pentagonal, (c)
heptagonal. Pentagonal and heptagonal carbonintrgsluce changes in the curvature of
the graphitic flakes [55a,b].

The sphere is believed to be nucleated from a gentd ring followed by a spiral shell
growth (Fig. 9.13). The geometrical configuratiook the graphitic flakes can be
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qualitatively constructed using the combinatiorpehtagonal, heptagonal and hexagonal
rings and the variation in size of these grapHitikes can create any curvature required
to meet the geometry of the inner layers [55a,b,9flis it can be said that the spheres

are composed of curling graphitic flakes with ramdtwisting, and these flakes are not
closed shells.

8
N
R A

Fig. 9.13: (a) Nucleation of a pentagon, (b) growfha quasi-icosahedral shell, (c)

formation of a spiral shell carbon particle propbd&y Kroto and McKay [96], and (d)
growth of a large size carbon sphere.

The growth mechanism of carbon produced by gaseph@s catalytic routes was studied
by Lahayeet al [98]. In describing the mechanism for the formoatand post oxidation

of particulate carbons (carbon black and soot formethe gas phase), five factors were
considered to be crucial:

0] carbon black precursors and their formation,
(i) carbon black particle inception,

(i)  the agglomeration of nuclei into particles and ddrtigles into
aggregates,

- 223 -



(iv)  surface growth, and

(v) post oxidation of the carbon black.

It was confirmed that in all pyrolytic systems aslhvas in flames, three possible routes to
carbon particles were advocated, namely (a) viggoaltylenes, (b) via polyaromatic

hydrocarbons (PAHs) and (@)a the formation of a carbon vapour resulting frore th

dehydrogenation of initial hydrocarbon molecule&HB are the precursors of carbon
nuclei. While attempts were made to study carbatigha inception, it can only be said

that the PAH grows during dehydrogenation and msgjvely develops the properties
that characterize carbon black. It was believeditha flame, there is no true nucleation
[98a].

Summary of factors impacting on CS formation

The factors impacting on the CS formation can tieisummarized as follows:

(i) carbon source; (ii) flow rate, (iii) temperaguand (iv) reactor design. Chapter 10 and
11 of this thesis will provide some results thatshthe effect of these parameters on the

synthesis of CSs.

9.8 Characterization of carbon spheres

Many techniques are available by which the morpiwland structural properties of
carbon materials can be studied. Transmissionreleahicroscopy, scanning electron
microscopy, X-ray diffraction, infra-red spectropgp Raman spectroscopy and X-ray
photoelectron spectroscopy are the classic techrigthat are widely used for
characterization of carbon nanomaterials.

(i) Transmission electron microscopy

Transmission electron microscopy (TEM)tige prime techniquéor the evaluation of

nanomaterials, and in particular CSs. TEM givesrnmition on the structure, quality,

size, diameter, shell thickness and the presenaeenofphous material of CSs. The major
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advantage of this technique is the high magnificatmages obtained and the ability to

provide morphological and compositional informatama sample.

(if) Scanning electron microscopy

This technique is widely used for the morphologistidies and it also gives chemical

composition of CS materials.

(iii) X-ray diffraction (XRD)

XRD is widely utilized to determine the crystaltipniinter-layer spacing, structural strain,
and impurities in a CS. This is a non-distractigehnique which requires little sample
preparation. XRD pattern of CSs show the appearsnparticular of a graphitic peak at
26.2°in 3.

(iv) Raman spectroscopy

Raman spectroscopy is an old technique that has bsed for the characterization of
carbon [99,100] Laser Raman spectra has been osstudy carbonaceous materials
including pyrolytic graphite, carbon black, glassgrbon, coal, “white” carbon and
sputtered carbon. The Raman technique gives intwmaon the size, strength and
arrangement of chemical bonds but is less sensititherespect to chemical composition
evaluation. The most significant peaks for CSs (ajea large peak around 1350 tm
assigned to residual disorganized graphite (called band); (b) high frequency peak in
the range of 1500 to 1600 &nis attributed to a graphite peak (called as G pafie
Ip/lg ratio (intensity of the D band divided by the irggp of the G band) is often
calculated to evaluate the graphitic nature of sghfL00].
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(v) Fourier transform infra-red spectroscopy

This technique is used to study the chemical coitippnsof materials. CSs show two
major sets of bands; one at 1630tand one in the range of 2850 -2920 cmhich

represents the C=C, C-H and C=0 groups preseriteocarbon surface, respectively.

(vi) Thermoporometry

Ehrburger-Dolleet al. [101] measured the intra-aggregate void size Oistion (VSD)
and the fractal dimension of rubber grade carb@tks in water or undecane using
thermoporometry. Thermoporometry is a calorimetriethod for characterizing pore
structure from the melting or freezing point depres of a liquid confined in a pore, by
reason of the added contribution of surface cureata the phase-transition free energy
[101c,d].

(vii) Particleinduced X-ray emission (Pl XE)

Since the early 90’s the properties of CBs have lstedied using particle induced X-ray

emission (PIXE) technique for elemental analys@2]1

(viii) Mass spectroscopy

Mass spectroscopic techniques (e.g. GC-MS and SIMSg used in many studies to
determine the surface properties of carbon blackséveral decades ago. In particular,
the mass spectroscopic techniques were used tg stgdnic hydrocarbons generated
from the structure of carbon particulates. Palmeral [103] observed that benzene
exctracts of carbon blacks were dominated by fuseglhydrocarbons and this was in

agreement with previous studies using other methods
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(ix) Thermogravimetric analysis

TGA is another technique that has been used fochheacterization of carbon spheres. A
study by Tuet al [104] presented data on the rate of combustiospbieres of carbon
blacks in various MO, mixtures under conditions in which both the ratecloemical
reaction at the surface and the role of diffusibxygen to the surface were factors. A
guantitative formulation of combustion rate was sprded, predicting effects of
temperature, gas velocity, and gas composition greement with the experimental
measurements. The combustion of single carboncpestin an oxidizing atmosphere was
investigated [105]. It was found that during extethdperiods of a particle lifetime

thermal inertia enters significantly in the therrbalance.

9.9 Applications of carbon spheres

Due to their high surface area, thermal stabilityigue electronic properties, low density
and most importantly their tailored structure C8sehbeen used in lithium batteries, as
support for catalysts, in drug delivery, encapsoatof active transition metals, as
lubricants, as injectable scaffolds for tissue regation, in heterogeneous catalysis, in
dye encapsulation, in removal of contaminants fremter, enzyme and protein

protection, and for magnetic data storage [106].

There are numerous catalytic reactions that haea performed in the presence of metal
nanoparticles supported on CSs [106]. CSs can éx as a support to load metals in the
nano scale. Even though there are a large numbadwintages on the use of CSs as
catalyst supports, there are very few reports abhil in this area. Below we have

summarized the development of CSs in the fieldatélgsis as it has relevance to this

thesis.
The development of fuel cells is one of the rapieligerging areas of study in science.

Carbon is an important material used in the fudl because of its high electric

conductivity, corrosion resistance and low cost.tde particularly platinum and
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ruthenium, loaded on CSs have shown very promisagglts in the direct methanol fuel
cell [107]. Liuet al.[108] have shown that Pd supported on carbon bafisbe used for
the removal of trace amount of ethylene in thelagriness. Ethylene hastens the ripening

and aging process of fruits, vegetables and flomadluct in a storage environment.

High temperature annealing of CSs at 2800°C haamatic effect on the morphology of
CSs, converting them into bead-like chains with Iwadfined shapes. The charge-
discharge capacity measurements on these anneateohs indicates that this material
has a better performance than normal spheresnmstef larger reversible capacity and

longer plateaus in voltage profiles [109].

Cold electron generation via field emission is & kechnology for the development of
applications in vacuum microelectronics, rangingnfrspace thrusters to miniaturized
XRD, radio-frequency generators as well as flat gbardisplays. Generally
microfabricated metallic emitters have been usexlvéVer replacement by carbon and in
particular CSs reduces costs, emission instalsiliied non-uniformity resulting from
aging-induced surface modification of metallic tipsdeed carbon is one of the best field
emitters, so research had been done to synthesisr loost cold emitters. Nickel
clustered catalysed synthesis of carbon nanopshdwed good uniform field emission
properties [47,110].

Li et al. [111] have successfully demonstrated that nitragaiched mesoporous carbon
spheres can be used for electrochemical capacitbiogen doped magnetic carbon
nanoparticles containing palladium metal showeddgeatalytic activity for Heck,
Suzuki and Sonogashira coupling reactions with \gogd recyclability of the catalyst
[112]. Similarly, Pathalet al.[113] developed a catalytic system for Suzuki, iHaod
Stille-type C-C bond formation reactions using @dilm coated CSs.

Mondal et al. [39c] performed catalytic hydrogenation of ethy@esver Pd supported on

CSs at 60°C. During this study it was discovereat ticid treated CSs showed higher

catalytic activity than that of non-acid treatedsCB more recent studies the utilization
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of CSs as supports for ruthenium oxidation, hydnagen and C-C bond formation

reactions has been achieved. Ruthenium loadedtosgen doped CNSs was found to
catalyse oxidation reactions (mono, di-carbonyl poonds) as well as the hydrogenation
of alkene containing compounds [114]. Beside tluwsie as fillers in rubber and other
polymeric materials, carbon blacks have also bested for various other applications
including the extraction of organic pollutants frevater as well as in the modification of

electronic properties of insulating materials [115]
9.10 Summary

The review has given an insight understanding eff#ictors that influence the synthesis
of CSs. In particular the catalytic and non catal{@VD processes were discussed in
depth as well as the various mechanisms propogsethdéosynthesis of CSs. Thus, this
chapter of the thesis indicates the necessity ttiedake studies on the synthesis of these

materials.
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Chapter 10

Synthesis and study of carbon microspheres for use as catalyst support

for cobalt #

10.1 Introduction

Carbon is considered to be a versatile elementusedacan be a useful building block to
form a wide range of structuresThe unique ability of carbon to form complexes in
which the carbon atom has sp? smd sp electronic configurations results in a wide
range of structures and morphologies with widespraaplications [1]. The successful
growth of diamond films, the fullerene moleculg,@nd its family members&.9. Go
and Gy, and carbon nanotubes (CNTSs) have attracted muehtiath [2]. In particular, an
enormous amount of research has to date focusdeomynthesis and applications of
CNTs.

Another form of carbon, which is graphitic in naguhas been described in the literature.
Earlier studies referred to this material as nageabsicarbon spherd®] or carbon
nanobeads while more recent studies have called taebon spherules [3-5], nanoballs
[6], carbon pearls [7] or carbon microspheres T8jese are all spherical in shape. This
form of carbon has received less interest in regears. In recent years it was also
discovered accidentally as a by-product in the l®gis of CNTs by chemical vapor
deposition (CVD) methods. However, some work hasnbearried out on these carbon
spheres (CSs) focusing on their fabrication usiatalgtic synthesis as well as direct

pyrolysis of hydrocarbons [9,10].

*Sabelo D. Mhlanga, Kartick C. Mondal, Nerona Naigbdikiwe Kunjuzwa, Michael J.
Witcomb, Neil J. Coville, partly taken from S. AffrScie., accepted for publication.
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Interestingly, CSs have been known for many decadds$have been made by procedures
similar to the procedure described herein. Theseenmads, referred to as carbon black
particles [11,12], have been produced from a cadmurce such as oil or natural gas,
typically in the presence of small amounts of oxygEor example, when acetylene is
used under a reduced presence of oxygen the priscesited the acetylene black process
[13-15].

Different processes have been used to synthessphere like forms of carbon and
these have been discussed in the previous ch&ddron onions (named so because of
the shape of their microstructure) were observetieddormed from soot that contains
polyhedral carbon particles under electron-beanadiation in a high-resolution
transmission electron microscope (HRTEM) [16]. Thbghly graphitic structures were
found to be stable only under irradiation condiioMono-dispersed nanosize carbon
spheres were synthesized by Waag al, using a mixed-valent oxide catalytic
carbonization process [2]. Solid carbon nanosph€?d® nm diameter) were also
synthesized by Kang and Wargy the thermal decomposition of methane {Cid the
presence of a metal oxide catalyst [17]. Solid hollow nanospheres with diameters in
the range 250 - 850 nm were obtained using a ¢etalyocess by Sharoet al. from
camphor vapour at 1000°C using ferrocene as ttadysaiprecursor [18]All the above
processes are reported to require a catalyst. Maently, large-scale production of pure
carbon spheres, with diameters from 50 nm topni, has also been achieved through
direct pyrolysis of a wide range of hydrocarbonsthe absence of a catalyst. These
include styrene, toluene, benzene, hexane, cycésteeand ethane [9,10In this study
we report on the synthesis of CSs using ethylenacetylene as carbon source in the
absence of a catalyst.

The search for new synthetic strategies for gemgratanostructured carbon or carbon-
hybrid materials is topical in materials chemistmgtivated by the natural abundance of
carbon and therefore the cost effectiveness ofocafirecursors and the promising
applications of the resulting materials. Due to the&insic properties of the carbon

materials such as their high strength, high themesistance and light weight, CMSs can
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be used as high strength composites, catalyst stydpbricants and as wear-resistant
materials [10]. An alternative is to use these miateas catalyst supports. Finally, Wang
et al. have also reported the production of carbon meadls (2 mm) from a synthetic

naphthalene isotropic pitch by simple heating &°€2under nitrogen [19].

Catalytic hydrogenation is one of the most sim@enall as a common application of a
heterogeneous catalyst. The usefulness of thisioedtas been well covered by texts and
reviews [20]. Although, such work has been doneabrorphous carbon as a catalyst
support in hydrogenation reactions, similar worknen forms of carbon such as the CSs
remains to be explored. Mondet al. [21] recently reported that carbon microspheres
could be used as a catalyst support for palladiad) for the hydrogenation reaction of
ethylene to ethandhe study showed that better ethylene hydrogenatiivity and
mechanical stability against deactivation were eafil when compared to an activated
amorphous carbon supported Pd catalyst. This wggested to be due to the stronger
metal-support interaction between the Pd and thH@oa even though some sintering was
noted [21]. The use of CSs as support for Co csislyor the hydrogenation reaction of
ethylene to ethane had not previously been repoktess sintering issues were expected
with Co than with Pd. Some results on the use ofCSoin the above reaction are

presented.

10.2 Experimental

10.2.1 Synthesis of carbon spheres by non-catalytic CVD

The direct pyrolysis of a pure hydrocarbon soures warried out to synthesize CSs. The
experiment was carried out at atmospheric pressuie fixed-bed reactor made of a
quartz tube (having dimensions 51 cm x 1.9 cm). fElaetor was placed horizontally into
an electronically controlled furnace. The front edfdhe tube was connected to a glass
manifold which allowed for the free flow of gase®.(hydrocarbon feedstock gas; N
inert gas) into the reactor. The rear end of tlhe twas closed with a quartz glass plug,

thus ensuring that the reaction took place in tie=ace of oxygen.
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The temperature in the furnace was then raisedcainatant heating rate of 20°C/min
under a constant flow of 40 ml/min). Once the desired temperature was ezhthe
N, gas was replaced with the hydrocarbon source(ld, or GH,) at a total constant
flow rate of 100 ml/min. The carbon source was ested into the desired activated
carbon species which diffused into the quartz twibele the temperature was held
constant. After a certain time, the carbon soures veplaced by the inert gas,(MO
ml/min), and the system was allowed to cool to rommperature at which time the
product was collected. Since no catalyst was reduin the synthesis of the CSs, the
materials produced were very pure and no removahtdlyst was required in the post-
synthesis process. The type of feedstock gas,ioeaeimperature, reaction time and flow
rate of the carbon source were varied in ordertudystheir effect on the structure and

yields of CSs obtained.

10.2.2 Synthesis of carbon spheres using alcohols

The synthesis of CSs was carried out by directlggi® of alcohols (ethanol, 1-butanol,
1-hexanol, 1-octanol and 1l-dodecanol). This wasiezhrout using a chemical vapor
deposition (CVD) procedure without using a catalysthigh temperature horizontal
furnace with aninjector was used for this purpose. The synthesis conditiwase
maintained at atmospheric pressure, with a reaeimperature of 100C and a 0.4
ml/min injection flow rate. Before synthesis, thestem was flushed with Ngas. The
alcohol (10 ml) was then injected into the heatadrtz tube inside the furnace using a
syringewhere the carbon spheres (black soot) were formikd.front of the tube was
connected to a glass manifold which allowed foe flew of gases. The temperature in
the furnace was raised at a constant heating rbt@0W/min. Once the desired
temperature was reached the injector motor wasduon. The reaction was complete
after 10 - 20 min and the system was left to coaloom temperature before collecting

the product.
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10.2.3 Characterization of the CSs

The collected black soot was weighed and charaei@rusing transmission electron
microscopy (TEM) (JEOL 100S Electron Microscopegermogravimetric analysis
(TGA) (Perkin Elmer Pyris 1 TGA Anaylzer) and powdé-ray diffraction (PXRD)
techniques (Bruker axs D8 Advance PXRD).

10.2.4 Preparation of CS supported cobalt catalysts (Co/CS

The CS supported Co catalysts were prepared byw#hempregnation method. Cobalt
(I nitrate [Co(NQ),6H,0O] was used as a source of Co. Typically 1.24 g of
Co(NGs)26H,0 dissolved in 20 ml distilled water and the santistirred to make it
homogenous. The Co containing solution was thereGdattopwise to 5 g of dry CSs
previously oxidized in 30% HN©solution to make it more hydrophobic. The Co/CS
mixture was stirred for another 15 min and the ltegyslurry, which contained 5 wt%
Co on the CSs was dried in a static air oven at@26r 30 min. The catalysts were then
calcined in a static air calcination oven for 4th480°C (heating rate =°%/min) and
ground to a fine powder using a 150 um si@#ner catalysts containing 10 wt% and 20
wt%Co were also prepared as described above. Tatoperprogrammed reduction
(TPR) studies were done to determine the reduddmperature of cobalt oxide species
under hydrogen and indicated that a temperatud®@fC would be sufficient for catalyst

reduction. The catalysts were reduced under armoouis flow of 5 %kH/Ar (30 ml/min).

10.2.5 Catalytic hydrogenation reaction

The catalytic hydrogenation reactions were perfaraeatmospheric pressure by passing
continuously, a gaseous feed containing pure atleyéand hydrogen (HC,H, mol ratio

= 3.05, total flow of feed gas = 77 ml/min) oveetbatalyst (50 mg) packed in a fixed
bed quartz microreactor, provided with a thermod®up the catalyst. After attaining
reaction steady state, the reaction products weatyzed by using gas chromatograph

with a flame ionization detector (FID) and a Poka@acolumn. The catalyst was studied
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in its prepared state. Only hydrocarbon produces detected by the FID and hence
selectivity and conversion data were based onlprmalysis of the hydrocarbon species.

The gas hourly space velocity (GHSV) was measuteddf@ and 1 atm pressure. The

experimental setup is shown in Fig. 10.1.

To
exhaust
A

1/4" s.s. coil
for gas mixing

Furnace

Soap-bubble
Flow meter

3-way
valve

IGSV-2

/
gas-line u

Rotameter

FOV AR Ha GHy

Fig. 10.1: Experimental setup used for the catalgthylene pyrolysis reaction [GHSV 2

= gas sampling valve, FCV = flow control valve].
10.3 Results and Discussion

10.3.1 Effect of carbon source

The direct hydrocarbon pyrolysis experiments usialg, and GH, as the carbon source
were performed over a wide temperature range (6@bFC). GH4 gave no CS
formation at 600 - 85C. Low yields were obtained at 9@ (0.2 g in 2 h). The

maximum yield attainable was ~ 1.4 g at 0n 2 h and the CSs formed had a wide

size distribution range (350 - 650 nm).
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With C,H,, CSs were observed at all the temperatures usgd/eny high yields were
obtained at 90 (> 10 g). The size distribution was also muchrowser than that
observed with gH4. As a result, gH, was used as the source of carbon to make CSs in
this study. It may be noted that the yields regbeabove, and others to follow, relate to
the mass of the CSs. No other carbonaceous matergak observed in the products. Our
method of CS production results to > 99% purityhef carbon.

10.3.2 Effect of temperature

The effect of the reaction temperature on the yisize and morphology of the CSs was
investigated. Experiments were carried out in apenature range of 600 - 1000°C. At
each experimental temperature, the carbon dep@stremoved from the reactor and
weighed. TEM studies of the products enabled thasmement of their diameters as
well as their distribution. The acetylene gas floate was kept at 100 ml/min and a
reaction time of 2 h was used unless otherwisedtdthe effect of temperature on the

yield is represented graphically in Fig. 10.2.

- 242 -



1100 nm

. l

Yield (g’
N

250 nm

O T T T T T T T T T 1
550 600 650 700 750 800 850 900 950 1000 1050

Temperature (deg C)

Fig. 10.2: A graph showing the amount of CSs preduas a function of temperature

(reaction time = 2 h; £, gas flow rate = 100 ml/min).

The vyield of CSs produced whenH; was used as the feedstock gas increased with
temperature from 600 (~ 0.2 g) to 900°C (~ 7.0Tdpereafter, the yield decreased with
further increase in temperature from 900 to 1000%ffer a series of experiments (not
shown) it could be concluded that the optimum tenafpee for the production of carbon
microspheres is 900°C under the reaction conditioeed. The size and diameter
distribution of the carbon spheres became largeh &h increase in temperature as
shown in Fig. 10.3. At 600°C, the average diamefethe spheres was 250 nm with
uniform distribution (Fig. 10.3a). At 950°C (Fig0.Bb) and 1000°C (Fig. 10.3c), the
average diameter size increased to 1000 nm and Ad80@espectively with a broader
diameter distribution. Thus higher temperaturesdpced CSs with larger sizes. It is
speculated that the carbon precursor undergoesypigoat a faster rate at higher
temperatures, which allows for more carbon depwsitin the spheres resulting in larger

sizes.
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|n

1000 nm
!

Fig. 10.3: TEM images of CSs synthesized at (af600b) 950C and (c) 100TC using
C,H, as a carbon source (100 ml/min) and a deposiiioa of 2 h.

The diameter distribution graph of CSs obtained s&&mperature of 900°C with gk
flow rate of 100 ml/min is shown in Fig. 10.4. Hrcbe seen that the diameters of carbon
spheres obtained lies in the range of 300 - 1900afiwhich about 90% lie in the range
800 - 1000 nm. This shows that the carbon sphamegned at 900°C are reasonably

uniform in size.
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Fig. 10.4: Diameter distribution of CSs obtainedcaaemperature of 900°C,.id;, flow

rate of 100 ml/min and deposition time of 2 h.

10.3.3 Effect of reaction time

The GH; pyrolysis time was varied from 5 to 300 min at 900The yield of CSs

generally increased almost linearly with increasepyrolysis time (Fig. 10.5). The

products however changed from being soft and poyvidehard solid products at times >
150 min. It appears the hardness is related tadheshell structure formation [21]. With
time the shell forms and this makes the spheresléna An increase in the diameters of
the spheres was observed with increase in theioeaaone. However a huge variation in
the size distribution within the same batch waso atbserved. This varied size

distribution is a challenge, particularly if usitige horizontal CVD to produce CSs.
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Fig. 10.5: Graph of yield of CSs against the pys@ytime performed at 900°C using
C,H (100 mi/min).

The observed variation of the diameters of the @iffsn a unique experiment prompted
the investigation of the effect of the temperatgradient inside the reactor. A series of
experiments were performed at an acetylene floev@&tL00 ml/min; pyrolysis time of 2
h and T = 908C and the set up illustrated in Fig. 10.6.

«— Quartz tube
reactor

Temperature +«— Gas inflow

profile

minimum minimum

Thermocouple

Fig. 10.6: Schematic diagram of the furnace witeéhquartz boats to collect the CSs.
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By analyzing samples collected in the three diffefgoats used in each experiment, it
was observed that the CSs in each boat containddriedawith uniform diameters.

However, the boats contained different sizes ofrosigcheres. Generally, the boat placed
at the centre of the tube, closest to the thermaeoie. boat 2 (Fig. 10.7), contained

spheres with larger diameters.

Fig 10.7: TEM image of CSs in boat 2 (T = 900°GHEflow rate = 100 ml/min, t = 2 h).

This observation was attributed to the fact thattdmperature in the reactor is highest at
this point. Also these results agree with thoseaiokd earlier, that at higher
temperatures, the diameters of the CSs also irerddsltiple conglomerates of the
carbon spheres were abundant in most cases, ewbBnewperiments conducted at a

pyrolysis time of 5 min (Fig. 10.8).

Fig 10.8: TEM image of agglomerated and chain-{ii&s obtained at a pyrolysis time of
5 min (T = 900°C, gH, flow rate = 100 ml/min).
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10.3.4 Effect of oxygenates (alcohol C:O ratio dependencehn the CS morphology

There are several studies in the literature thae h@ported the synthesis of carbon
spheres from various hydrocarbons including methanetylene, toluene, benzene and
anthracene [9,10,18,25-31]. To our knowledge navedent studies have been reported
using alcohols as carbon sources for the syntld<BSs. In this study, the synthesis of
pure CSs from various-alcohols (ethanol, 1-butanol, 1-hexanol, 1-octaand 1-
dodecanol) without the use of a catalyst was aelieia a horizontal injection CVD
reactor. All products from the different alcoholgpaared black, light weight soot, and
some contained a grease-like oil; the yield was than 1 g for every 10 ml of alcohol
used. Table 10.1shows the experimental conditions used and correlpg diameters
of the CSs obtained.

Table 10.1 The size and distribution of spheres formed fdifferent alcohols.

Carbon Source Boiling pointReactor Injection Sphere Number
(°C) temperature®C) flowrate  distribution  of moles
(ml/min) (nm) (mol)
ethanol 78 1000 0.4 540 - 700 0.171
1-butanol 116 - 118 1000 0.4 200 - 500 0.109
1-hexanol 155 - 158 1000 0.4 280 - 700 0.0801
1-octanol 177 - 180 1000 0.4 380 - 700 0.0629
1-decanol 260 - 262 1000 0.4 200 - 600 0.0447

Characterization of the carbon soot by TEM gavel@we that the materials were all
spherical and in most cases formed beaded neckkacasrangements. Fig. 10.9 shows
the spheres obtained from the various alcohole@s snder TEM. The TEM images also
show the variation in sphere size and the distiobubf the CSs for each alcohol used.
The diameter distribution was determined in nos lésan 25 TEM images of each
sample. These results give evidence that CSs veadily prepared from the various

alcohol sources under the experimental conditioestioned above.
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1000 nm

— -

Fig. 10.9: TEM images of CSs synthesized from vaialcohols, at 100@ and an
injection flow rate of 0.4 ml/min: (a) ethanol, (b)butanol, (c) 1-hexanol, (d) 1-octanol

and (e) 1-dodecanol.

There was no correlation observed between the alaoted and theize of spheres
obtained under the same experimental conditionswalt speculated that the size of the
spheres would increase with an increase in thendeagth of the alcohol. However this
was not observedable 10.). It was observed that the yield of the synthebi2&s was
influenced by the chain length of the precursog(Ri0.10). Thus the yield increased
from ethanol (@) to decanol (&). The boiling point of the alcohols increases frGgto

Cio- It was speculated that due to the increase in bding point, the thermal

- 249 -



decomposition of the materials would require manergy and less products would be
formed. However, the observation was the opposite; yield increased with chain
length.

400
350 -
300 -
250 -
200 -
130
100 -
50 1

Yield (mg)

Ethanol Butanol Hexanol Qctanol Dodecanol

Alcohol

Fig. 10.10: The amount of CSs produced for eacbhalcused (T = 100, volume of

alcohol = 10 ml, injection flow rate = 0.4 ml/min).

To explain this observation, the ratio of carboroxygen (C:0) was consideretiable

10.2 gives the C:O ratios for each of the alcohols umed the corresponding yields of
the CSs. As already mentioned, the yield increag#dincrease in the amount of carbon
with respect to oxygen. This was explained as Wadtoln the presence of oxygen,
graphitic carbon oxidizes to form carbon dioxideéeshperatures greater than 360The

amount of oxygen present determines the degreeeobrdposition. For this reason
ethanol, which has higher oxygen content with respe carbon, will be consumed and

hence less material would be collected. As the aitnofiO becomes less and the amount
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of C increased, the amount of material collecteekizected to increase since there is less

oxygen to react with the carbon. This was observed.

It was also observed that a slow injection floneré.2 ml/min) resulted in increase in
the yield, while a faster rate (0.4 ml/min) resdlta low yields. At the higher flow rates
(0.4 and 0.8 ml/min), no product was obtained fretimnol and only a small amount of
product was obtained with 1-dodecanol. Therefore éxpected inverse relationship

between the flow rate and the yield was observetddrsynthesis of CSs from alcohols.

The CS yield also increased with increase in teatpee (900 - 110). It has also been
established (see Chapter 11 for data) that undetralted experimental parameters,
sphere size is regulated by the structural and ingrutoperties of the hydrocarbons, and

is independent of hydrocarbon vapour concentration.

Table 10.2 Carbon/oxygen ratios of the alcohols used andctiveesponding yield for

every 10 ml of alcohol injected at 10@

Alcohol C/O ratio CSyield (mg)
ethanol 2:1 10
1-butanol 4:1 20
1-hexanol 6:1 50
1-octanol 8:1 60
1-decanol 10:1 350

The other important aspect of this study was tesitiate the effect of the oxygenates on
the sphere morphologyln a separate study, various alkanes (pentaneanke and
heptane) without any oxygen in their structure wased to make spheres. The results
were compared to the data obtained in this st@dy. findings revealed thahe use of
oxygenates readily removed amorphous material filoenCS perimeter resulting in a
smoother surface. Spheres synthesized from thenedkaontained some amorphous

material as observed under TEM (Fig. 10.11b). Thiis, procedure for CS synthesis
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results in cleaner materials and hence there wbelcho need post-treatment of the

spheres as done with the spheres synthesized alkages.

’u

Fig. 10.11: TEM images of (a) CSs synthesized uihgxanol as carbon source and (b)
CSs synthesized in the absence of oxygenates (@e)xarowing some amorphous

material on surface.

The results clearly show the importance of havimgls amounts of oxygen during the
synthesis of CSs. Indeed, it is to be noted thamstrially synthesized CSs (or carbon
blacks) are produced by the reaction of a hydrarartel such as oil or gas with a
limited supply ofcombustion airat temperatures of 1320 to 1540°C. The oxygensurn
off some PAHs and amorphous carbon and it isutileurnt carbonthat is collected as
extremely fine black fluffy particles [32]. Thusetheffect of using alcohols has similar
consequences for the spheres produced in this.s@elyerally, yields are highest for
large spheres and lowest for small spheres [32}. @aa is in agreement with the
literature. We obtained higher yields at higherpgenatures as well as larger sphere sizes

compared with the use of lower temperatures.

10.3.5 Characterization of CSs

A growth mechanism for the graphitic CSs has beeopgsed based on the

microstructural information obtained by high resmn transmission electron microscopy
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(HRTEM) [2]. Our study is in agreement with previous studies eswkals that the
carbon spheres are perfectly round, clean, soldi dmnot contain any large porosity
(surface area 10 7ty). The structure is composed of graphitic flaied the flakes are in
the size range of 1 - 30 nm, with a partial ordemilar to earlier reports [21]. The flake-
like nature of the CSs implies that the surfacecstire is defective [1,2]. This suggests
that functionalization of the spheres should besiids and that if metals are attached to
the surface they should bind with ease. Indeed this feature that suggested that the

Co/CSs materials should be excellent catalysts.

TGA was used to study the thermal stability of @8s. The TGA profile of the CSs
under air was compared to that of multi-walled carlmanotubes (MWCNTS) that were
synthesized in our laboratory. It was anticipatedt tif the spheres are graphitic, they
should be stable up to about 600°C after which twewld begin to gradually loose
weight as they decompose to £(@). The differences observed between the proiiles
N, and air are shown in Fig. 10.12. A comparison wligh TGA of MWCNTSs produced
with an Fe-Co catalyst is also shown. It may beeddhat the TGA profile of the CNTs
contained residual metal oxide (3%) associated thighcatalyst used to make the CNTs.
This can be contrasted with CSs which containey catbon and no deposit was leftat T
> 80CC. Also, the CSs decomposed over a wider temperatunge suggesting that these
materials were more stable and their solid graplarbon structure does not allow
oxygen to permeate into the structure. Thus the &8sl to be oxidized layer by layer
from the surface to the core. In contrast, thedasbmposition of the MWCNTSs suggests
that pores within and in-between the tubes allowggen to diffuse into the graphitic
carbon structure with ease. The CSs were founcetstéible when heated under &hd
that was associated with the high stability of mheterials under inert conditions; which

is typical for the graphite form of carbon.
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Fig. 10.12: TGA plots of CSs heated underadd CSs heated under air as well purified
MWCNTSs.

10.3.5 The effect of temperature on performance of Co/CSatalyst

The CSs were synthesized from the pyrolysis #i as described earlier. Co was added
to the CSs as described in the experimental seclibe activity of as-synthesized
(without any reduction pretreatment) as well asrpoticed 5 wt%-, 10 wt%- and 20
wt%Co/CS catalysts was investigated for the ethg/ldrydrogenation reaction. The
unreduced catalysts as expected were less activenarfurther information on these
unreduced materials will be reported here.

The order of activity for the reduced catalysts Wwaswt% >> 20 wt% > 5 wt%. This
effect relates to the exposed surface Co atomsaggests that if the metal particles are
too large, then catalytic activity is lowered. Thasue will need to be explored further in
later studies. The optimum temperature for the ewion of the ethylene was found to
be 100C for all three catalysts. The conversion gHgwith the 10 wt% Co/CS catalyst
wasca 100% at 100C. However at higher temperatures (T > A0 the activity of all

three catalysts decreased significantly (Fig. 10.I3is decrease could arise from
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catalyst deactivation by sintering or by depositdrcarbonaceous deposits on the Co. As

discussed below the latter explanation can explerdata.

100 o —0— 10 % Co/CMS
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Fig. 10.13: GH4 conversion using catalysts pre-reduced Byat#400C for 4 h; H/CoH,
= 3.05, Catalyst = 0.05 g, GHSV = 71000%gtth™.

10.3.7 Time on stream (TOS) studies using pre-redad catalyst

The pre-reduced catalysts were tested for actlwtyperforming reactions for 16 h. The
C,H, conversion was monitored at regular time intervdiswas observed that the
catalysts maintained a markedly high percentaggersion throughout the reaction (Fig.
10.14). Such activity is not always observed withnpn commonly used hydrogenation
catalysts (e.g. Pt, Pd and Ni), which are usualfypsrted on silica, activated carbon and

y-alumina [22-24]. The data suggests that no simgeof the catalyst particles is taking
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place and that no poisoning due to coverage o€they carbonaceous material is taking

place at this temperature.

100 94— m—m [ [ ] ]
10 wt%Co/CS
80
S
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Fig. 10.14: Time on stream over 10- and 20 wt %GB atalysts (after pre-reduction
by H, at 406C for 4 h) in the hydrogenation of ethylenef€H, = 3.05, catalyst used
=0.05 g, GHSV = 71000 clg*h™], T = 100°C.

The Co/CS catalyst showed good activity and chensi@dility against deactivation in

the time-on-stream study. These results indicatetths catalyst gives better activity and
stability when compared with an activated carbgopsuted Co catalyst [21]. The carbon
microspheres have been shown to be a promisingsiufgp metal catalysts, in particular
for the hydrogenation of ethylene in the present€m Future studies will establish

generality and limits of this new catalyst.
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10.4 Conclusions

We have demonstrated the direct pyrolysis el in the absence of a catalyst is an
efficient method to produce CSs in large quantiti@$ferent pyrolysis conditions were
used to study the size and morphology as well asdistribution of the resulting CSs.
The effect of pyrolysis temperature played an ingratrrole and influenced both the size
and yield of the product. The experiments perforsigolved that at 900°C, the resulting
spheres were prepared in high yield and were gielaize (~ 1 um) and had uniform
distribution. The detailed experiments conductethwhH, as a precursor indicates that
the diameters of the carbon spheres can be caudrbil varying the pyrolysis conditions
(e.g. temperature and synthesis time) and thapriheess could readily be scaled up for

commercial production. It is a variant of the carliback synthesis procedure.

Another interesting feature explored is the usefgenates to make CSs. The yields
were generally lower with the alcohols and this waasribed to the presence of the O
atoms in the alcohol. However the oxygenates rgadihove amorphous material from
the surface of the CSs resulting in the formatiba emooth clean surface. This finding

is important and suggests that this is still apriesgting area to explore.

CSs have been shown to be a promising support &alnsatalysts. The percentage of
catalyst loading greatly affects the activity ofetlCS supported catalysts. The CS
supported catalysts showed remarkable stable gctoria long period of time on stream.
The abundance of defects in the CSs makes thenlyhighctive and is consistent with
their catalytic support applications. The posdied of further surface chemical

modification of the CSs to produce modified catasigoports is to be explored.
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Chapter 11

Controlled syntheses of carbon spheres in a swirled floating catalytic

chemical vapour deposition (SFCCVD) vertical reacto  r”

11.1 Introduction

Spherical carbon structures have been receivimgast since their discovery in the 1940s
[1] and especially since the discovery of the fatees in 1985 [2]. Indeed, in the last two
decades many different types of spherical carb@ve been reported, both hollow and
solid, and these include carbon onions [3,4], carbocrospheres [5-9], carbon beads
[10-12] and carbon pearls [13]. The type of splamnmarticle produced is dependant on
the method of preparation, carbon source and thetiom conditions used [5-12]. These
spherical materials have many potential applicatsuch as use as absorbents [14,15], as

catalyst supports [16] or as anodes for use ifulthon batteries [9,17].

In this publication carbon spheres (CSs), both @anmicrospheres (CMSs) and carbon
nanospheres (CNSs), have been produced in a Vedaetor using a vertical mixer i.e.
using a vertical swirled floating catalyst (SFCactor. The method provides a means for
the continuous production of high purity carbon esels with uniform diameter in the
absence of a catalyst. Previously other methods asichemical vapour deposition [18],
pyrolysis of carbon sources and catalysts [19],aen plasma technique [20mixed-
valence oxide-catalytic carbonizatif®], and reduction of carbides with metal catalysts

[21] have been reported for the synthesis of carborrephe

Interestingly, CSs have been known for many decadds$have been made by procedures

similar to the procedure described herein.

“Sabelo D. Mhlanga, Neil J. CovilleSunny E. lyuke, Ayo S. Afolabi, Saka A.
Abdulkareem, Nikiwe Kunjuzwa, to be submitted, 2009
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These materials, referred to as carbon black pestj@2,23], have been produced from a
carbon source such as oil or natural gas, typidallihe presence of small amounts of
oxygen. For example, when acetylene is used undedaced presence of oxygen the
process is called the acetylene black process §24VEZhile much information has been
generated in this area, to our knowledge, no repagt appeared that systematically
relates CS particle size (as determined by electroeroscope studies) to reaction

conditions as described in this study.

11.2 Experimental

The synthesis of carbon spheres was carried oatswirled floating catalytic chemical
vapour deposition reactor developed by lyekel. and presented schematically in Fig.
11.1 [27,28].Briefly, it consists of a vertical quartz (fluididebed) reactor loaded in a
tubular furnace. Gases (argon, nitrogen and acetyl#ow, with the aid of a system of
valves and rotameters, through a swirled coiledgge that enables mixing of the gases
before they enter the reactor (Fig. 11.1). While teactor was designed for using
catalysts, hence called catalytic reactor, the ssysgeem was used without introducing a
catalyst in this study.
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Fig. 11.1: Schematic representation of the swifledting catalytic chemical vapour

deposition reactor.

The furnace was set to a desired temperature wndérogen flow (30 ml/min), which
was then stopped and acetylengHg together with an inert gas (argon) was fed thihoug
the reactor at specified flow rates. A smoky cartapour together with black soot from
the direct pyrolysis of ¢4, was generated and carried to the upper end ofethetor
where it was cooled in a condenser (room temperptamd collected in two cyclones.
The product from the cyclones was analyzed usirapdmission Electron Microscopy
(TEM) (JEOL 100S Electron Microscope and a Philiid200 High Resolution TEM),
Thermogravimetric Analysis (TGA) (Perkin Elmer Byrl TGA Anaylzer), Raman
Spectroscopy (Jobin-Yvon T64000 micro-Raman spewter equipped with a liquid
nitrogen cooled charge coupled device detectorexettation laser wavelength of 514.5

nm), BET surface area analysis (Micromeritics TriStarrf&ee Area and Porosity
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Analyzer) and Powder X-ray diffractometry (PXRD)r(Ber axs D8 Advance PXRD).
The carbon, hydrogen and nitrogen (CHN) content padormed at the Institute for
Soil, Climate and Water (Pretorid)he reaction temperature (900 - 100} acetylene
(70 - 370 ml/min) and argon (70 - 480 ml/min) gasnf rates were varied in order to
study their effect on the structure and yieldshef €Ss obtained.

11.3 Results and Discussion

11.3.1 Characterization of carbon spheres

No catalyst was used for the synthesis of the TBs.materials produced were very pure
and unlike products obtained during synthesis i phesence of a catalyst; the CSs
contained no amorphous material and did not requereoval of catalyst in a post-

synthesis process. The yield and sizes (50 - 25p afnthe spheres formed could be
controlled by changing the reaction conditions.

A typical example is described below.

C,H; (118 ml/min) was passed through the reactor at@0Uhe reaction was stopped
after 4 min (gas flow changed to argon) and 1.4 goot was collected from both the
reactor and the cyclones. The synthesis time wisrdaned by the maximum amount of
carbon soot deposited in the reactor and cycloFfeM analysis of the soot from both the
reactor and the cyclone appeared to be identicAIEM image of the soot (Fig. 11.2a)
reveals that only spherical nanoparticles of carpo89%) were formed and that these
spheres have an average diameter of 100 nm and amamow distribution range. The
time that the acetylene spends in the reactortimated to be 33 seconds and within this

short time frame the spheres are already accr@ted [
It is clear that at the high temperature usedctréon radicals formed in the gas phase

under these conditions nucleate and rapidly fore gblid spheres [6-8]. The current
mechanism for sphere growth is consistent withréisallts found in earlier studies [7,29].
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What is unusual is that the sizes of the spheresaruniform in diameter. This would
suggest that nucleation must commence at the re@adtd and that once nucleation has
commenced deposition of further carbon onto thespimust be more rapid than further
nucleation in the upper end of the reactor. It woappear that once nuclei are formed,
the rate of sphere formation will then be determdibg the GH, concentration and the
reactor length. However, it also appears that tineephere has reached an optimum size
then little further growth of the sphere takes plac

The spheres form a light and fluffy material, quiifferent in texture from spheres that
we have obtained from similar studies performedaihorizontal reactor [30]. In the
horizontal reactor the spheres are left in thetogaat high temperature for a much longer
time (15 - 120 min) resulting in secondary rea&iaccurring on the sphere perimeter.
HRTEM analysis of the two types of spheres alsteces this difference (Fig. 11.2b).
Spheres obtained from a horizontal reactor havistanctive core/shell structure whereas
the spheres synthesized in the vertical reactoraiehow this phenomenon (Fig. 11.2c).
As seen in the HRTEM image the spheres show a ypgoaphitic structure with short
(wavy) carbon layers next to and on top of eaclertihe surface area analysis of the
spheres gave a value of 7/quindicating that the spheres had little or noogéy. CHN
analysis of the spheres revealed that the matec@itained carbon (~ 98%) and the

remaining 2% comprising hydrogen and some oxygen.
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Fig. 11.2: (a) TEM image of CSs produced by the S¥D technique at 90C with
C,H; gas flow rate of 118 ml/min, (b) Corresponding HRTiEnage of the CSs and (c)

HRTEM image of CSs synthesized in a horizontal demwith the diffraction pattern of
the shell of the CS [Inset].

The effect of heat treatment on the CS morphologyg wvestigated. The CSs were
placed in a quartz boat in a horizontal furnace hedted under a continuous flow of
nitrogen (40 ml/min) at 80C for 1 h. Upon heating, the surface area of the CS
increased to 15 fiy. A TGA analysis of both the as-prepared and-pested samples is
shown in Fig. 11.3. The TGA data indicates an axprately 20% mass loss between
100 and 40%C for the as-prepared spheres, which is not obdeafter post treatment

heating. The results are consistent with the saréaea data and suggest that the spheres
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prepared in the vertical reactor contain readilpnoeed species (either covalently or
physically attached). When the CSs were heateldeimgactor under a continuous flow of
argon, a black oily substance was generated irts@eeactor. It is presumed that this oil
may be associated with the 20% material lost iInTiB&A experiment. This grease was
also formed when the CSs were synthesized in adwmal furnace. However in the
horizontal CVD reactor, the grease is found atekié end of the reactor [30]. While this
material found in both the horizontal and verticedctors it must be a precursor to the
solid spheres. The material lost is associated \pilycylic aromatic hydrocarbons

(PAHSs), which have been identified in carbon blagkacts in earlier studies [31-33].

Lee and Hites [31] analysed the organic extractsemeral carbon blacks which were
manufactured under varying conditions. Interestirtgey first reported identification of
sulfur-containing polycyclics in carbon black. Iddition, the detection of high-boiling
PAHs was extended to include compounds of moleawkights up to 376 ($H1se).
Capillary column gas chromatography combined widissspectrometry (GC/MS) was
used for the positive identification of 21 composndéncluding naphthalene, pyrene,
anthracene, phenanthrene, acenaphthylene, dibéoogime, benzo(a)pyrene,
benz(a)anthracene etc. [31]. Indeed, the presehdeAbls was identified in earlier
studies which also identified the presence of orgted polycyclics in the carbon black
extracts [32,33].
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Fig. 11.3: TGA profile of CSs in an oxidizing (aadmosphere.

TEM analysis of the post heated material is shawfig. 11.4. The image reveals that
the CSs are made up of disordered arrays of grapsteeets of carbon. These layers are
estimated to be Bngstroms apart and they form a spherical shapetypdies the CSs.

It can be observed that some of the spheres aedlitogether (accreted) (see arrows
indicating the region where two spheres have coatés Fig. 11.4b. No outer core shell
is again observed for the CSs produced even ditepdst heating process at 80Gor 3

h [30]. Thus no significant change in the sphemrpghology occurs in the post-heating
process.
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Fig. 11.4: TEM image of CSs after heating at @Q0nder nitrogen flow.

11.3.2 Effect of GH flow rate and temperature

A series of experiments were carried out to studty éffect of acetylene flow rate and
temperature on the production rate, size and straictnorphology of the CSs. The
acetylene gas flow rate was varied from 70 - 370nmnl while the pyrolysis temperatures
used were 900, 950 and 10Q0respectively. The rate of production of CSs insesl
with increase in the feedstock flow rate at allgdysis temperatures. In general, a higher
temperature results in a modest increase in ykfgl (1.5). A maximum production rate

of ~ 0.35 g/min was obtained using an acetylenw flate of 370 ml/min and a pyrolysis
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temperature of 100€. The small effect of temperature suggests thaveala certain
minimum temperature that the carbon species redjtirdorm the spheres are available

in sufficient concentration and do not limit sph&yemation.
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Fig. 11.5: Rate of CS production at different terapa@res and flow rate of acetylene.

Table 11.1shows the sizes of CSs obtained with differegtiCgas flow rates and at
different pyrolysis temperatures. The results shioat at 900C and as the flow rate of
C,H; increases, the size of the CSs decreases. Thesvalisn relates to the residence
time of GH; in the reactor. The residence time of th&i£will be higher at the lower
flow rate of GH, and this will allow the products to further accuatel reactants before
exiting into the cyclones. Results also show that €S size increases as the pyrolysis
temperature increases. At a fixedHg flow rate of 118 ml/min, the size of the CSs
increases from 120 nm to 150 nm as the pyrolysigp&zature increases from 900 -
1000°C.
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Table 11.1: Diameters of CSs produced at different temperataired GH, gas flow

rates.
Temperature (°C) C,H; flow rate (ml/min) Av. diameter (nm)

900 70 250
900 118 120
900 181 100
900 248 90

950 118 100
1000 118 150

The effect of GH, dilution, with carrier gas (Ar), on the producticete of the CSs was
also investigated at 1000. The Ar flow rate was varied from 70 - 370 ml/mwhile the
C,H- flow rate was fixed at 181 ml/miim general, at the same flow rate, dilution of the
C,H, with argon at the same total flow rate is expetteliad to lowered yields of soot.
However, at the increased total flow rate the d#ig. 11.6) show that the rate of
formation increases with dilution. Furthermore, #féect is not linear and a drop in
sphere formation rate is to be noted between afigenrates of 250 and 350 ml/min.
This result is reproducible. As the flow rate o€ tbarrier gas increased beyond 310
ml/min, the production rate of CSs increased again.
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Fig. 11.6: Effects of carrier gas on rate of CS productioncanstant flow rate of

acetylene and temperature.

The size distributions of the CS products are shéign 11.7. The spheres are quite
uniform in size (> 80%) and possess similar feattoethe CSs produced without Ar as a

carrier gas.
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Fig. 11.7: TEM images of CSs synthesized with Acagier gas at (a) 487 mi/min, (b)
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248 ml/min, and (c) 70 ml/min. Histograms for tleeresponding size distributions of the

CSs are shown on the right of the TEM images.
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PXRD patterns of CSs synthesized with and with@utier gas are shown in Fig. 11.8.
The pattern shows two peak af 2éid 45 corresponding to carbon peaks. The PXRD of
both samples show that the peaks are broad; amvalise that is attributed to low
graphitization of the sample [34]. No differencesra noted between the two PXRD

patterns indicating that the Ar had no impact an@$ structure.

CSs, 1000°C
/

CSs, 1000°C, with Ar carrier gas

intensity (a.u.)

2 theta/degree

Fig. 11.8: PXRD patterns of CSs synthesized udqiegSFCCVD technique.

The Raman spectra (Fig. 11.9) of CSs produced fédreint temperatures (900, 950,
1000°C) and constant,B; flow rate (118 ml/min) show the presence of twodat peaks

at about 1350 cthand 1580 cm corresponding to the D- and G-bands of graphite
respectively. Thép/lg ratios (derived from the peak areas) were ~ 8723 and 1.22 at
900, 950 and 100C respectively. Appearance of the bands is comdisteth the
presence of defects and disorder in the samplds R&man spectra also reveal that the
intensity ratio of the two bands ile/lg decreases with increase in pyrolysis temperature.
The value ofip/lg at 1000C (~ 1.22) indicates that the degree of graphitmabf the
samples at this temperature has improved suggetiieigat higher temperatures the

graphitic layers become more ordered.
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The defectiveness of the samples produced at 99®5@C, associated with the high
values oflp/lg, suggest that the chemical reactivity of the sampleould readily lead to
surface modification of the CSs. This in turn colddd to the use of CSs in various

applications (e.g. catalysis) as suggested bgtJah [34] and Xuet al. [35].

D-Band G-band

Intensity (a.u.)

———900°C

0 500 1000 1500 2000 2500

Raman Shift (cm™)

Fig. 11.9: Raman spectra of CSs.
A broad peak at ~ 1000 ¢hwas also observed in the Raman spectra of the Tfs.
peak was found to be present even after post lieatithe CSs. At this stage the origin
of this absorption is unknown and instrumental essare suspected [29].
11.3.3 Effect of hydrocarbon structure on CS morphlmgy
() Effect of carbon/hydrogen (C:H) content
This study sought to evaluate the effect of diffiiengrecursors on sphere morphology. In

these experiments we analyzed the effect that aneoo/hydrogen ratio would have on
the CS morphology, by considering the carbon dépésimed from pentane, hexane and

- 274 -



heptane as well as in branched molecules (isooctdme understand the effects that
precursors with the same carbon content, but éiffestructures would have on sphere
formation, benzene, hexane and cyclohexane where saidied as precursors. These
precursors permitted us to verify the effect of Qlependence on the reactions. To
understand the effects that precursors with theesaarbon content but different
hybridization would have, ethylene and acetylenéth ws and sp hybridization

respectively were studied.

Many of the listed carbon precursors have been bgedther authors in horizontal
reactors. In our study we hoped to evaluate thecefif a vertical CVD setup (described

in the experimental section).

TEM characterization (Fig. 11.10) indicates that tarbon deposits contain spheres, with
the occurrence of amorphous material around thersphTEM also points towards the
variation in sphere size and distribution of carlspheres for each hydrocarbon source.
The results indicate that at given experimentalddens, besides the commonly used
hydrocarbon source ¢H,), CSs can be readily prepared from a variety afrbgarbon

sources, and that while shape appears indepenflgmecursor structure; the size and

size distribution do not show such independefiebie 11.9.
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200 nm

|

Fig. 11.10: TEM images of CSs synthesized from s#Jgydrocarbons, at 108D and

flow rate 100 ml/min: (a) acetylene, (b) ethyle(®, pentane, (d) hexane, (e) toluene (f)

isooctane, (g) benzene, and (f) heptane (amorpimaiterial).
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Table 11.2 Size and distribution of CSs formed from differdrydrocarbon sources at

100CC.
Carbon source Liquid Flow Sphere size  CSs size
Temperature  Rate(ml/min) Distribution (nm)*
(°0) (nm)
ethylene (horizontal) - 100 520 - 1200 600
ethylene (vertical) - 100 150 - 250 200
acetylene (vertical) - 100 60 - 120 100
pentane 22 100 250 - 625 250
isooctane 50 100 220 - 650 300
hexane 34 100 90 - 360 320
cyclohexane 40 100 240 - 760 260
benzene 40 100 80 - 1000 100
toluene 55 50 150 - 400 300
toluene 55 100 150 - 467 250
toluene 55 200 150 - 480 200
toluene 55 300 160 - 250 180
heptane 49 100 240 - 400 360

* Sphere size that is at least 80% to the totaksplsize distribution. Size refers to the

diameter of the sphere.

The difference in sphere size and distribution hees ltydrocarbon source is varied can
clearly be observedréble 11.9. This has led to the understanding that the &tratand
bonding properties of hydrocarbons play an impantale in sphere morphology. In this
regard, C:H ratio dependencelaple 11.3, hybridization, carbon content and

isomerization have been investigated and sevenadi&ridentified.
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Table 11.3 Comparative studies on C:H dependence for vargmsces under same

experimental conditions i.e. T = 10@and flow rate = 100 ml/min.

Carbon C/H Sphere size Sphere size Molecular structure
) Distribution
source ratio (nm)* (nm)

hexane 0.43 320 90 - 360
cyclohexane 0.50 260 240 - 760
H
benzene 1.0 100 80 - 1000 H H
H H
H

* Sphere size that is at least 80% to the totabsplsize distribution. Size refers to the

diameter of the sphere.

It can be inferred fronTable 11.3that as the C:H hydrocarbon ratio increases, tiseae
decrease in the mean diameter of the spheres. Bemzdaich has the highest C:H ratio
shows spheres with a diameter of 100 nm, whereaankewith the lowest C:H ratio
shows the largest diameter at 320 nm. Accordintpeéomechanism of sphere formation,
it is understood that spheres grow in size by ttditemn of graphitic flakes to the
growing sphere (nucleation embryo). From obserwatiby Polet al [29], it can be
reasoned that benzene forms a lower number ofdledative to hexane which allows for
the formation of a larger number of flakes. Therefas C:H ratio decreases the ratio of
nucleation embryos to flakes decreases. There are flakes present for addition to a

growing sphere and this causes spheres to becoges.l&Vhile alternatively as the C:H
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ratio increases the ratio of nucleation embryofiakes increase, causing a decrease in

sphere size.
(ii) Effect of hybridization

The effect of hydrocarbon hybridization on sphererphology was studied by
comparing the pyrolysis products from acetylene etitylene.Table 11.4reveals that
acetylene shows a narrower size distribution andllesmsphere diameter than ethylene.
While the comparison in sphere size is in accordanth C:H ratio dependence as
shown earlier, it does not however explain theowimg of size distribution as shown in
Table 11.3 A possible explanation is the greater reactivftyacetylene as compared to
ethylene caused by the sp and lspbridization respectively. It can be concludedtthas
bonding goes from sp to S sp we expect a broadening in size distribution. Hosvev
it must be noted that according to this premise,weelld expect benzene to have a
narrower distribution as compared to hexane, dsgfthybridization present in benzene.
On the contrary this is not the case and may betduie relative stabilities of the

structures as a whole.

Table 11.4 The effect of hybridization on the size of thesCS

Carbon  hybridization Sphere size  Sphere size Molecular structure
Distribution
source (nm) (nm)
acetylene sp 100 60 - 120 H C=—=C¢C H
H H
ethylene sp 200 150 - 250 \C: <
H/ H
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(iif) Carbon content and structural isomers

As mentioned previously it is accepted that hydrocas thermally decompose to carbon
atoms followed by precipitation of the carbon defsosThis would suggest that any
hydrocarbon under standard conditions should rasuthe formation of similar sized
spheres with a similar size distribution. Howewars was not observed [29]. Zieglet

al. [36] concluded from the experimental pyrolysisppbpane that one may obtain not
just single carbon atoms in the gas phase, buti@ge amounts of C2 and C3 species by
propagation reactions. They observed that the basepspecies may be anything from
methane to cyclopentadiene, benzene as well asugaradical species [36].

It can be seen fromMable 11.2that as the carbon content increases (pentameptane),
the sphere size increases. It can be stated thhedshain’ gets longer, the diversity of
Cn species (where n = 1, 2,).gets larger. This increase in Cn species mayecans
increase in the number of disordered flakes andatezh of nucleation embryos; thus
spheres would get larger as there would be mokedléo accommodate the curvature of
the growing sphere. It can be said that as carbatent increases so does the size of the
carbon sphere. This argument however, is limitegttaight chain hydrocarbonsas
isooctane (with eight carbon atoms) does not shoeh sn increase in sphere size; a
decrease in sphere size is observed for isooctameared to heptane. If carbon content
and C:H dependence were the only factors that mi@terthe sphere size, it would be
expected that isooctane should have a larger sydieee Instead it was observed that
structural isomerism is an important factor as wall limiting sphere size. This
observation can be compared to the results obtautddhexane and cyclohexane. It can
thus be concluded that straight chain hydrocarkiensl to favour larger spheres as

compared to their more branched structural isomers.

(iv) Characterization of the CSs

Characterization of the various hydrocarbon gases lmuids by TGA revealed that

when heated in air, an ~ 20% loss of sample camblserved af] 200°C for all deposits
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and is most likely related to the loss of PAHs amtbrphous material (Fig. 11.11). The
sample thereafter remains stable below’658nd is completely oxidised by 6%D This
is in accordance with carbon deposits possessiaghgic nature. The extent of the
steepness of the slope is usually indicative dickatdefects which enable oxygen to
permeate the carbon structure with greater eas#ifdting rapid oxidation as proposed
by Jin et al. [34]. Here we see the decomposition of a temperatureeramdjcate the

resistance of these materials to decompose.
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Fig. 11.11: Selected TGA profiles of CSs obtainednt the various hydrocarbon

precursors used.

Fig. 11.12ashows part of a typical Raman spectrum that wagrgbd for the various
hydrocarbons formed by vertical CVD synthesis, s ttase toluene. A strong peak at
1591.1 crit and a slightly weaker peak at 1356.8cman be clearly identified. The
peak at 1591.1 c(G band) is attributed to the stretching mode€-« bonds of typical
graphite, while the peak at 1356.8°t(D band) is related to the defects and disorders o
structure in carbonaceous solids. The valudpdifs is about 0.85, implying that the
degree of graphitization of the carbon spheresisigh. The IR spectrum (Fig. 11.12b)
shows relatively strong peaks at 1560"cand 1070 cm which are indicative of C=C
and C-C bond stretching modes, confirming expebtatling which is consistent with

graphitic lattices. The strong peak at 3300*dsmostly likely due to moisture.
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Fig. 11.12: (a) A Raman spectrum of as-synthesiz8d and (b) an infrared spectrum of
the carbon soot obtained from toluene as the cgobecursor.

11.4 Conclusions

Carbon spheres of diameters in the range 50 - 25awve been synthesized using a
vertical swirled floating catalytic chemical vapodeposition reactor. The CSs were
produced using direct pyrolysis of acetylene gathauit the presence of a catalyst. A
maximum production rate of about 0.35 g/min wasamlgld at an acetylene flow rate of
370 ml/min and a pyrolysis temperature of 1@Aavhich gives an indication that this

process allows for the large scale production e¢hmaterials. The produced CSs were
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of uniform diameter and the size (nano or microjldde controlled by changing the

pyrolysis temperature as well as gas flow ratebath the acetylene and argon. The
effect of gas flow rates displayed a larger impacthe size of the CSs when compared
to the temperature effect. As the Ar flow rate @ased the amount of material increased

and the size of the spheres became smaller.

It was established that under controlled experiaieparameters, sphere size is also
regulated by the structural and bonding propeudfete hydrocarbon source. The results
showed that vertical CVD procedures allow for aedgent synthetic route for carbon
spheres with different intrinsic properties. Thigygests that the potential applications of
CSs obtainedvia this process should be unique. Therefore invesbiga into the
reactivity and potential fuctionalization of eaale atill to be probed.

The study also revealed that the vertical and bated CVD (presented in Chapter 10),
gives two divergent synthetic routes to CS produnctVertical CVD produces spheres of
smaller size, decreased thermal stability and gtiaption, as well as increased
amorphous material content as compared to sphemganed by horizontal CVD
processes. Vapour flow in vertical CVD tends togseblematic as two distinct peak
ranges develop, resulting in broad size distributenge. It could be concluded that the
type of precursor and CVD method employed are ingmbrfactors when considering

carbon sphere synthesis.
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Chapter 12

General Conclusions

The aim of this thesis was to synthesize and staglgon nanotubes (CNTs) and carbon
spheres (CSs) using catalytic and non-catalytionoted vapour deposition processes
respectively. The thesis was successful in achgevie goals in many aspects. A
comprehensive literature review of carbon nanoteldgy, CNTs synthesized from
supported catalysts, the use of organometallicsitian metal complexes for CNT
synthesis as well as a review of the synthesisagpmdications of CSs is presented. The
importance and relevance of these materials inytedaorld is clearly outlined with
various sources of reference including journal ches, books, as well as internet
webpages.

A method for the successful production of high guaCNTs using Fe-Co bimetallic
catalysts supported on Cag®@as investigated and optimum conditions were ifledt
The results were consistent with other reportiénliterature. This method has been used
reproducibly to make CNTs for various applicatiensh as catalysts support for Fischer-
Tropsch and hydrogenation reactions in our laboedoand as catalysts supports for
fuels cells by others. It was shown that the yieidmeter and purity of the CNTs were
influenced by GH,/N; ratios, time and temperature. Specifically it waserved that the
influential parameter in controlling the CNT vyielduter diameter and length was the
synthesis time. The CNT purity and selectivity iagely influenced by the synthesis
temperature and #,/N; ratios. The use of a bimetallic system was foungrmduce
better yields and quality materials compared toitiokvidual metal particles. A reverse
micelle method displayed the ability to prepare apaticles of controlled size and
consequently the inner diamters of the nanotubeddcbe tailored. Hence we have
presented a comprehensive way of controlling tmeedsions of the CNTs. The CNTs

could be tailored to suit a specific application.
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A novel Ca(POy),-CaCQ support mixture for the CVD synthesis of roughened
multiwalled carbon nanotubes was synthesized. TagP0O,),-CaCQ support gave
MWCNTSs that possessed veryugh surfaceshat were not seen previously. The nature
of these CNTs should provide interesting resuleeislly when the CNTs are used as a
catalyst support. Indeed, the idea of CNT surfacghness has been shown to be a new
concept in heterogenous catalysis. The rough ssfgpits) of the CNTs have been
shown to serve ddocking stations’for metal particles in catalytic reactions suchtrees
Fischer-Tropsch synthesis, thus reducing deactinaif catalyst through sintering of the
metal particles. However, while these CNTs possessugh surface, TEM analysis
revealed that the CNT inner walls possess a reguitay of crystalline graphite sheets
(typically 3 - 5 nm in length). It may be worthwhilto investigate further what could
explain the observed dramatic change in CNT stractith incrasing time using a
50wt%CaC@/50wt%Ca(POy), catalyst support.

The effect of synthesis time on the CNT widths wtaslied in detail. The study revealed
that MWCNTs could be broken inshort fragmentsy the deposition of carbon on the
tubes. The effect of deposited reactant materialCOT products was examined by
performing ‘heat treatment experiments’ on seveabon materials under the CNT
synthesis conditions described (Chapter 8) but exéended reaction times (1 to 12 h).
Since Ca, CaO, £and Co-Fe oxides were identified in the final proidof the CNTSs, by
various elemental analysis techniques, their ef@cCNT morphology was investigated.
It was observed that these reagent residues fremCtMT synthesis procedure did not
cause the fragmentation of the CNTs. Different CN3tsaight, coiled and randomly
oriented) that were synthesized via different mdshaere all broken by the deposition of
excess carbon. A common mechanism for CNT fragnientavas noted. The addition of
the carbon causes strain on the underlying tubielftube has defects, the defects then

provide a point of tube rupture. This rupture thesads to tube fragmentation.
The direct pyrolysis of &, in the absence of a catalyst was demonstrateal effigient

method to produce CSs in large quantities. Diffeygmolysis conditions were used to

study the size and morphology as well as the simton within each sample batch of
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the resulting CSs. The effect of pyrolysis tempamtplayed an important role and
influenced both the size and yield of the prodilitie experiments performed showed that
at 900°C, the resulting spheres were preparedgh ¥ield and were of large size (~ 1
pm) and had uniform size. The detailed experimentslucted with gH, as a carbon
precursor indicates that the diameters of the C8s lwe controlled by varying the
pyrolysis conditions (e.g. temperature and synghéisne) and that the process could
readily be scaled up for commercial production. TU&s were used as a support for the
hydrogenation of ethylene and they were shown tah@omising support for metal
catalysts, in particular for the hydrogenation dfyéene in the presence of Co. The
catalyst showed good activity and chemical stabdijainst deactivation in the time-on-

stream study.

Another interesting feature that was explored ésubke of alcohols (oxygenates) to make
CSs. The CSs produced from the alcohols were cadp® those produced using
alkanes as the carbon source. The yields were glgnwer with the alcohols and this
was ascribed to the presence of the O atoms imltohol. However the advantage of
using oxygenates was that they readily removed Patdsamorphous material from the
surface of the CSs resulting in the formation o$maooth clean surface. The results
showed the importance of having small amounts gfjer during the synthesis of CSs.
The CSs were shown to be a good support for CdystdaThe percentage (5, 10 and
20%) of catalyst loading greatly affected the attieof the CS supported catalysts. The
CS supported catalysts showed remarkable stahilatyador a long period of time on

stream.

Finally, CSs of diameters in the range 50 - 250 wemne synthesized using a vertical
swirled floating catalytic chemical vapour depasitireactor. The CSs were produced
using direct pyrolysis of acetylene gas without pnesence of a catalyst. A maximum
production rate of about 0.35 g/min was obtainedna&cetylene flow rate of 370 ml/min
and a pyrolysis temperature of 1600which gives an indication that this process alow
for the large scale production of these materiale produced CSs were of uniform

diameter and the size (nano or micro) could berotatl by changing the pyrolysis
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temperature as well as gas flow rates of both tle¢yene and Ar. The effect of gas flow
rates displayed a larger impact on the size of @&s when compared with the
temperature effect. As the Ar flow rate increaseel &amount of material increased and
the size of the spheres became smaller.

It was established that under controlled experiaieparameters, sphere size is also
regulated by the structural and bonding propediehe hydrocarbon source. The results
showed that vertical CVD procedures allow for aedgent synthetic route for CSs with
different intrinsic properties. This suggests tihat potential applications of CSs obtained
via this process should be unique. The study alsaategtehat the vertical and horizontal
CVD processes result in two different synthetictesu Vertical CVD produces spheres of
smaller size, decreased thermal stability and gtiaption, as well as increased
amorphous material content when compared with gshprepared by horizontal CVD
processes. It could be concluded that the typeredyssor and CVD method employed

are important factors when considering carbon sphgnthesis.

The CNTs and CSs were fully characterized to estabtheir physico-chemical
properties using a range of techniques such asrriagion electron microscopy (TEM),
scanning electron microscopy (SEM), energy disperst-ray (EDX) spectroscopy,
thermogravimetric analysis (TGA), Raman spectrogcopowder X-ray diffraction

(PXRD), BET surface area and porosity analysis,a)X-photoelectron spectroscopy
(XPS) and high resolution scanning tunnelling etatimicroscopy (HRSTEM).

The range of materials produced in this study shqubvide a variety of materials to
choose from, for application in the area of cataly$he thesis itself should provide
recipes for the controlled synthesis of these nateaccompanied by a description of
their physico-chemical properties. This has an irtgyd bearing for the future of these
materials. The various publications stemming frdms thesis will ensure a worldwide

dissemination of the information to various reshars and scientists.
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Future studies in this area may entail the useawsious types of CNTs and CSs as
discussed in this thesis as supports for varioteyte reactions. This should enable the
determination of the most suitable materials iatieh to their microstructure and surface
areas. In particular the effect of properties sashdiameters, lengths, and surface
morphology would be necessary for future investoyet. These materials can be studied
in other applications such as drug delivery, nabetreinforced composites, as tansport

for bisphosphonates, in fuel cell applications efticere size is an important issue.

Note
It should be noted that the selectivity definedpamge 123 is not customary, based on
gualitative analysis of TEM images and differs #igantly from definition used in

conventional catalysis.
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