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ABSTRACT

In this dissertation, the synthesis of nitrogenatbparbon nanotubes (N-CNTs) was
performed successfully, using a floating catalystraical vapour deposition (CVD)
method. Fe(CQ)was utilized as the catalyst and acetonitrile tmhglene as nitrogen
and carbon sources respectively. Two different @doces were used to add reagents
to the reactor: an injection method and a bubbtmgthod. The effect of nitrogen
concentration and physical parameters such asoaaemperature, gas flow rate on
the morphology, crystallinity and thermal stabiliey the tubes was studied. The
synthesized materials were characterized by melaRaman spectroscopy, TGA and
TEM analyses. The presence of nitrogen was confirig the presence of the
bamboo formations in the tubes by TEM. A comparisidnthe data from the
numerous reactions revealed that N-CNTs can be nfanim Fe(COj and
acetonitrile. Further the main conclusions achiewsithg the injection method were:
1) the maximum number of tubes with bamboo striectwere made using on
acetonitrile concentration of 15%, ii) The bestwgtto temperature to make N-CNTs
was 850°C, iii) An increase in acetonitrile concentratioacceased the yield of N-
CNTs and iv) Tubes with the narrowest outer diamsetwere made using an

acetonitrile concentration of 15%.
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CHAPTER 1

1. INTRODUCTION
1.1 Background to the study

A majority of inventions at the nano scale, thavehdeen described, arise from
research in academic and government laboratortas.ificludes both their discovery
and their product development. Nanotechnology pectedoan be found in any field,
for example, they can be used in building materald also in biological materials.
Nanomaterials can be used in scratch resistaneéaeis and catalysts. They have
also been added to polymers to give stronger lighteymer nanocomposites.

The study of a shaped carbon nanomaterial (SCNIeh a8 a carbon nanotube is a
hot research topic. Many studies were carried outhese types of materials by
several researchers during the time period 1953-1947]. However it is generally
accepted that it is lijima who brought CNTs to theareness of the scientific
community [18]. He linked their structure to thdtfollerenes. CNTs possess many
extraordinary properties: they are stronger thatlstharder than diamond, their
electrical conductivity is higher than copper ahdit thermal conductivity is higher
than diamond. Consequently, CNTs have become aialat#f much interest today.
Although there has been much progress in the ssistiie CNT over the years, many
challenges still remain in their development. FEaaraple, methods to produce CNTs
in high purity with controlled morphology, the aatunechanism of carbon growth,
and the influence of defects on these physical gntags are issues that are still open
to study and debate.

Due to the remarkable properties associated withr<Nscientists have devised
strategies to both understand and more importdatiynprove on these properties.
For example, in 1994 Stephen et al. doped CNTs Wind B atoms using an arc
discharge method [19]. Doping not only modified @@8IT morphology, but also



changed their electronic properties of the CNTg.[dle development (synthesis
study) of doped CNTSs, in particular with nitrogendescribed ichapter 2

Among the techniques, used to make CNTs, the CVIhadehas been proven to be
the most popular and widely used because of wsclost, high production yield and
it is an easy method to scale-up. In this dissertad CVD method was used to make
nitrogen doped CNTs (N-CNTs) using a floating oahlprocess. In the floating
catalyst method both catalyst and carbon sourceniauced in the gaseous phase.
The method requires a volatile catalyst. Organoltiet@omplexes such as ferrocene
(FcH) and substituted ferrocene are typically udddny studies have been done
using ferrocene since the first reports on itg fie in 1985 by Komatsu and Endo to
fabricate nano shaped materials. But other readigailable iron containing
organometallic complexes have been used to makesCHNie of them is iron
pentacarbonyl (Fe(Cg) To date only a few reports exist on the use &) to
make CNTs, even though it is used commonly in thBchbl process for CNT
synthesis. In this dissertation N containing carlsonrces have been used in the
presence of Fe(C@Jor the synthesis of N-CNTs. The growth of the N-& was
carried out in a tubular furnace in a horizontahi tube. The quartz tube was
heated (typically 900-1208C) in the presence of Fe(C{)nd nitrogen containing
compounds by a carrier gas at a controlled flow teting one of the two methods:
(the bubbling and the injection methods). The blackt material formed in the
reaction (i.e. the N-CNT containing material) wdsamacterized by transmission
electron microscopy (TEM), Raman spectroscopy, gnstmogravimetric analysis
(TGA).

1.2 Objectives

The objectives of this project are as follows:



() To synthesis N-doped CNTs by floating catalgsid injection methods using
Fe(CO} as catalyst. The N source will be nitrogen comtginreagents such as

acetonitrile.

(i) To analyse the effect of gas flow rate, tengtere and N concentration on N-
CNT vyield and quality.

(i) To determine the most productive conditior N-CNT synthesis using the
above methods.

(iv) To characterize the synthesized N-CNTS usiagnBn spectroscopy, TEM, and

TGA analyses procedures.

1.3 Ouitline of the dissertation
Below is an outline of the content of this disseota

Chapter 1: This chapter gives a review of the motivation for thisdy and the
objectives of the project.

Chapter 2. This chapter gives a review of the literatureatell to carbon
nanomaterials such as carbon nanotubes. The seughhnysical and chemical
properties, synthetic methods, purification progeduand applications of CNTs and
in particular N-CNTS will be discussed.

Chapter 3: This chapter describes the procedures used to mhak®&-CNTs. The
chapter contains information on the experimentsop@ed and the characterization
procedures used to evaluate the yield and quafitthe N-CNTs produced. The
results are discussed in terms of mechanisms.

Chapter 4: In this chapter, conclusions are summarized basdtie results obtained
with respect to initial objectives. It also incliedsome recommendation for future
studies.
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CHAPTER 2

2. LITERATURE REVIEW
2.1 Carbon nanomaterials

Carbon is the chemical element with atomic numben@ symbol C. Carbon is
placed in group 14 in the periodic table. Thus caris a nonmetallic element. It
contains 4 electrons in its valence shell, to feowalent chemical bonds. Carbon can
either bond to three atoms with®dpybridization or bond to 4 other atoms witt? sp
hybridization. Sources of carbon can be either migdoil, coal) or inorganic

(dolomites, limestones).

Carbon resists oxidation more significantly whemmpared to iron, nitrogen, and
copper at room temperature. At high temperaturetailmexides form carbon

monoxide and metal. An example is shown as below:

Fes04 + 4G — 3Fe + 4CQ,

2.1.1 Allotropes of carbon

Carbon allotropes can be found naturally in themfoof, graphite, diamond,
amorphous carbon, and carbon spheres as showigure 2.1 [1]. The physical
properties of carbon depends on its allotropic fodnder normal pressure, graphite
is the thermodynamically stable form of carbongtaphite, each C atom is bonded
trigonally to three others in a plane composedexfagonal rings, and this gives rise
to a two-dimensional network. The forces betweethezarbon layer are van der
Waals forces. Thus graphite has softness and dgaproperties. Electrical
conductivity only occurs in the plane of each ceuwdlly bonded sheet. Graphite

conducts electricity due to thebond (therr bond forms due to delocalization of one



of the outer electrons of each atom). At higherspuee, carbon forms a more
compact structure having a higher density than lgtep This allotrope is called

diamond. In the diamond structure each C atom i&léd tetrahedrally to four others
and it forms a three-dimensional network. Its hasinis due to the strength of the C-

C bonds. In terms of resistance to scratchingtheshardest material known.

Diamond has different characteristics comparedgtaphite. Thus diamond is
transparent and it is hard whereas, graphite igjopand very soft. In terms of
electrical conductivity diamond has a low condutyivn contrast to graphite which
iIs a good conductor. In addition diamond has a higdrmal conductivity under
normal conditions. Among all the carbon allotropgsaphite has the highest

thermodynamic stability. Amorphous carbon is contglleanisotropic.

2.1.2 Fullerene

Buckminsterfullerene £ (fullerene) was first discovered in 1985 by Har#&lbto,
James Heath, Sean O'Brien, Robert Curl and Richaralley at Rice University [2].

The G molecule was called a fullerene and named aftekBinster Fuller. He was
an American engineer, inventor and designer. Orf@soivell-known inventions was
the geodesic dome. A geodesic dome is a sphefiedl structure or lattice shell
based on a network of great circles lying on thefase of a sphere.

Buckminsterfullerene was named due to its resensBlém geodesic spheres.



Figure 2.1: Some allotropes of carbon: diamond; b) graphite; dpnsdaleit; d, e, f)

fullerenes (Go, Csao, Crc); ) amorphous carbon; h) carbon nanotube [1

2.2 Carbon nanotubes
2.2.1 Historical introduction

In 1922 a clear image of a CNT wita 50 nm diameter was published in iSoviet
Journal of Physical Chemistn3]. The discovery remained unknown due to
language that it was published in (Russ A paper by Orbelin, Endo and Kayal
published in 1976 clearly depicted a hollow carlftoer with a nanometer scs
diameter, ging a vapot-growth technique [4]Additionally the authors mentione
that a single layer ofjraphene was detect from transmission electron microscc
(TEM) images Later on Endo referred to this image as a singiied nanotue
(SWNT). In 1979 the evidencfor CNTs was presented at the ™ Biennial
conference of Carbaoy John Abrahamson. He descri CNTs as carbon nanoers
which were prduced on carbon anodes during discharge. In 1981, rbon
nanoparticles were charerized and published by a giqo of Soviet scientists. The
synthesizeatarbon nanopartics by the thermocatalytidisproportionation of carbc

monoxide. The results from -ray photoelectron pectroscopy (XPS) and TE



confirmed that the multilayer tubes were made frmarbon atoms. They suggested
that their carbon multilayer tubular crystals wésemed by rolling graphene layers

into cylinders.

In 1987, Tennett of Hyperion Catalysis was issuédl@ patent for the synthesis of
cylindrical carbon nanofibres. The carbons hadrestamnt diameter between about 3.5

and about 70 nanometers.

In 1991 lijima reported that he viewed multilay@NTs in the insoluble material of

arc-discharge graphite rods. This discovery of CNA&elerated independent
discoveries [5,6] by Bethune at IBM [7] and lijimaNEC of SWCNTSs, and methods
to synthesis them by adding transition metal-catalyo the graphite rods in the arc

discharge synthesis process.

The discovery of CNTs remains a contentious isslany believe it is lijima who is
the discoverer of CNTs because he brought CNThdaatvareness of the scientific
community [8], since he linked their structure battof fullerenes.

2.2.2 Structural features of CNTs

Carbon nanotubes (CNTs) are basically allotropescabon with a cylindrical
structure. The cylindrical structure of CNTs gemesanovel properties which make
them useful in many applications. Individual nametsi can be applied in electronic
devices, such as biosensors, scanning probe #@psjtive nanobalances etc [9]. As
the price of production decreases, the use of rsaopic nanotube derived materials
becomes more feasible. Nanotube materials can &déble in many forms: e.g. as
compressed random mats of raw or purified soderfileposited foils [10], spin
coated or solvent cast films etc [11]. It is alswsgble to tailor the physical and
chemical properties of CNTs by modifying their stire for use in various
applications.

Carbon nanotubes are generally synthesized byrthevaporation of graphite [12] or

by the pyrolysis of hydrocarbons in the presencmefal particles, particularly using



the CVD method [13]. The CVD method is particulaslyitable for the synthesis of
CNTs in large scale.

2.2.3 Types of CNTs

The CNT shape, is based on a plane graphite sbaticing a layer of hexagonal

carbons, which shows Spybridizations, that has been rolled into a t&gure 2.2
[14].

Figure 2.2: The structure of graphite [14].

There are generally three types of CNTs have besteRigure 2.3[15].

(@) Single-walled carbon nanotubes (SWCNTs): SWCNiave remarkable
properties. But SWCNTs are difficult to synthesizéarge yield and in high purity.
(b) Double-walled carbon nanotubes (DWCNTs): DWCNDBssist of two rolled
layers of graphite.

(c) Multi-walled carbon nanotubes (MWCNTs): MWCN@ansist of multiple rolled
layers of CNTSs.

10



Figure 2.3: The different shapes of CNTs. (a) SWCNT, (b) DWCKE) MWCNT
[15].

2.2.4 Properties of CNTs

CNTs have attracted the attention of scientists twuéheir remarkable properties.

Some examples are given below:

2.2.4.1 Mechanical properties of CNTs

Mechanical properties of bulk materials at the radewel can be transposed directly
to the nano level via scaling effects.

What gives CNTs their high stiffness and strength@ strength is due to the strength
and adaptability of the C-C bonds. The stiffnessdige to the phenomenon of
hybridization of a C-C bond in hexagonal carborgsinin graphite the C atoms are
all sg hybridized. In CNTs, the curvature is due to anbleof sg and sp
hybridization states in the hexagonal C atoms. Wiencarbon atoms are under
stress they can accommodate the stress by incgelagimd angles by assuming more
sp’ character. Once the stress is removed, recoverdooriginal configuration
occurs [16].

(a) Stress: Stress is the measurement of an average forcg(ffipd per area (F.f)
The unit of stress is defined as the Pascal (usaakociated with Tera, giga, nano

units). There are several types of stress: tershieer, compressive and bending.

11



(b) Young’s modulus: Young’s modulus is the measurement of stiffnes¥.oling’s
modulus is a numerical evaluation of Hook's law, the ratio of stress over strain. In
other words it is the measurement of resistancelastic deformation. Young's
modulus is used to determine the length that amahttretches under tension or the
load that will make a material buckle under comgi@s Some examples are
depicted inTable 2.1[17].

Table 2.1: Correspond$o Young's modulus of some materials [17].

General engineering Example Young's modulus (GPa)
material
Metal Steel 200
Cu 115
Al 69
Carbon materials Diamond 1100
Graphite 1100
Single walled CNTs | 1000+
polymers Epoxy 6.9
Polyester 6.9
Nylon 3-7
Fibers C-glass 69
Graphite fiber 340-380
Boron filament 410

(c) Elastic modulus of carbon nanotubes

Basically, the theoretical Young's modulus of CN3 gredicted to be in the range
from 1 to 5 TPa, whereas the best stainless steEKavlar values range from 200
and 250 GPa. Respectively, SWCNTs show a ca. 2é¥gation of the material at
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breaking as compared to 2% for Kevlar and 50% mawinfor steel. The high value
of a SWCNT Young's modulus correlates with the SWQiénsity. Because CNTs
have a low density, 1.3-1.4 g.8the specific strength of CNTs can be as high.&s 4
N.m.kg* much greater than that of high carbon stée3-1.4 N.m.kg).

2.2.4.2 Thermal properties

(a) Coefficient of thermal expansion the coefficient of thermal expansion can be
explained as a change in the dimension of a materieesponse to a change in
temperature. Carbon nanomaterials normally areachenised by a low co-efficient

of thermal expansion. Carbon is used in space amaftufacture where the carbon
materials are exposed to temperature extremes [18].

(b) Thermal conductivity: thermal conductivity is the ability of a materitd
conduct heat. The thermal conductivity of CNTs s the range of 1800-6000
(W.m".K™®) which is 10 times more than that of stainless|qt9].

(c) Electronic properties: An electronic property is the ability of a matérta
conduct electricity. CNTs can in theory be both atfliiet and semiconducting.
Metallic nanotubes can carry an electrical deneftyt x 10 A/cm which is 1000

times greater than that of metals e.g. copper [20].
2.2.4.3Chemical properties

Nanomaterials have a high surface energy, thus sieek stabilization by many
methods. Some nanomaterials, such as SWCNTs ae#idally stable under room
temperature conditions. The graphene structurerdates the chemical properties of
CNTs.
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2.2.4.4 Graphite structure
(a) Graphite 3D system

Graphite can be defined as an infinite 3D crystatienof several stacked layers with

sp hybrididzation. Each layer interacts weakly via ¢ier Waals forces.
(b) Graphene 2D system

A graphene crystal is an infinite two-dimensioredr consisting of $ybridized
carbon atoms. Highly crystalline graphene surfarseslly react with other molecules
via physical adsorptiont{r interactions). However, some functional groupshsas
carboxyl (COOH), amines (NH carbonyl (CO) can be anchored at the edges of
graphene sheets, which are more the chemicallyiveagites. Furthermore, chemical
reactivity depends on the termination of carbothatedges which can either have a
zigzag or armchair arrangement. On the other hamdake a graphene surface more
reactive, doping with heteroatoms or addition dfigh amount of defects or a high
degree of curvature is needed.

2.2.4.5 Doping of graphene

Doping-induced defects, arising from the introdoctiof a foreign atom into the
graphene sheet is also possible. Doping occursuhatitution of heteroatoms (e.g.
N, B) for C atoms. Addition of both dopants incresshe chemical reactivity of the
graphene surface. Insertion of N adds an extrareledo the surface. The type of
defect influences the kind of conduction generatewing from n-type transport (N
substitutional doping) to p-type conduction (suioston of boron atoms into the
lattice) [21]. Studies have shown that other elasdike Si, P, S can also be
introduced into the hexagonal lattice of carboruteb [22-26].

In summary, the insertion of non-carbon atoms graphene-like materials can tailor

the chemical reactivity and electronic transporthef carbons.
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2.2.4.6Physical properties
a) Chirality of CNTs

There are generally three different ways to roldprite sheets to generate a tt
Some of the formed CNTs have mirror symmetry bathalbel and perpendicular
the nanotube axis (zigzag and armchair configon). The other type of CNT is
chiral nanotube whichoes not have any mirror symmetityis shown inFigure 2.4
[27].

]
Armchair(n,n)
]

Zigzag (n,0) Chiral (n,m)

Figure 2.4: The different shapes cingle walled carbon nanotubes [27].
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2.2.5 Synthesis methods to make CNTs
2.2.5.1 Synthesis methods to make SWCNTs

There are a range of methods that have been dedelopmake SWCNTs. One of
them is the HiPco process. It is a high pressurthodethat uses CO as a carbon
source. Large scale SWCNT synthesis is possiblesing this method [28].

HiPco is a gas phase CVD process operating at 3@®0and 900-1106C. The
carbon source material used is carbon monoxide ieord pentacarbonyl is the
catalyst precursor material. Fe clusters are formesitu from decomposition of the
Fe(CO} above 300°C. Condensation of the reduced iron occurs in thestyzam.
CO decomposes as shown below:

2CO— COxt+ Cowent

The SWCNTs can be produced with a purity of 97-m@WCNTs and contain 3-
mol% Fe [28]. The standard reported production da are: 30 atm, 105, CO
volume flow rate at 8.4 L.mihand 0.25 torr Fe(C@at 1.4 - 8.4 L.mifl for 24-72 h.
The rate of production of SWNTSs under these conwlitiis ca.10.8 g.d&y[28].

2.2.5.2 Synthesis methods to make MWCNTs

There are several ways in which MWCNTSs can be sgitled.

(a) Arc discharge: Arc discharge entails the use of two carbon ebelets in an
evacuated chamber. Current passes through theotg Ultimately one of the rods
evaporates (the anode) and condenses on the othérathode). Carbon is vaporised
from a graphite rod which condenses on the oppositgwhich has opposite charge)
[29]. This method is used to mainly make MWCNTSs.

(b) Laser ablation: Laser ablation entails the vaporization of carb@uring

vaporization the substrate material absorbs enghigh is delivered by a laser beam.
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The absorbed energy is converted into thermal gnaMhen evaporation occurs
carbon soot will form [30]. Pure CNTs can be fornusthg this process.

(c) Chemical vapour deposition (CVD): The CVD method can easily allow scale
up. CVD is used to produce high purity, solid miadsr It can make both SWCNTs
and/or MWCNTs. The CVD approach involves a chemrealction, contrary to the
physical vapour deposition (PVD) process. CVD isdughdustrially due to its low
cost, flexibility and simplicity. CVD also has thability to produce high purity
ceramics, metallic and semi conducting film at higgposition rates. CVD is a
versatile and cost effective system for making CNbscause the feedstock, a
hydrocarbon source, can be used in the solid,diquigaseous phase. Further, the
reaction can be done on various substrates. Thagproduct can be expected to be
available as a thin film, powder or thick coating.

Generally the type of CNTs made depends on théhegid temperature. For instance
production of MWCNTSs requires lower temperature80®00°C) when compared
with SWCNT synthesis (900-126C).

A drawback of the CVD techniques is that they pamdwearbons with structural
defects. This implies that the structure of thealbed MWCNTSs is far from the ideal
rolled-up hexagonal carbon ring lattice shown gufes and cartoons.

There are a range of CVD processes that have bseth to make CNTs. These
include high or low pressure aerosol assisted CXBQVD). Here the precursors
are transported to the substrate by means of litnj&ttion. In the direct liquid
injection CVD (DLICVD) method, the precursor is iguid or a solid (which is
dissolved in a liquid) and the liquid is injecteda a reactor. The precursor vapour is
transported to the substrate. A microwave plasmsestasl CVD (MPCVD) procedure
has also been used to make CNTSs.

There are two generic approaches to the CVD syistimesthodology. The one is to
pass the carbon source in the gas phase over argegpratalyst. In the second
approach, both the catalyst and carbon source aeogs. This procedure is called

the floating catalyst method. In the second methaldtile organometallic catalysts
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can be used. The prototype catalysts are ferroEgnee 2.5 aand Fe(CQ)Figure
2.5 b[31].

Figure 2.5: Catalyst used for CNTs synthesis; (a) ferrocemke(bhFe(COy[31].

The first use of ferrocene in the synthesis of sdagarbon nanomaterials appeared in
1985 described by Komatsu and Endo [32]. In 199@part by Tibbets discribed the

use of ferrocene in carbon nanofiber growth [33)c8 then many reports have been
written on the use of ferrocene to catalyze carbbaped nanomaterials from a

different range of hydrocarbons.

The factors that make ferrocene popular to appdy jarice, accessibility, volatility,
and stability in air. Other organometallic cataty$tave also been used to make

CNTs, but their use has not been as extensivetitestuAn example is Fe(CQ)

Fe(COyis used in the HiPco process to produce CNTs [B4{CO} like ferrocene
contains Fe and carbon. A major difference is @irtbxidation states. Fe(Chas a
zero oxidation state whereas, ferrocene formall/tha +2 oxidation state. They also
differ in their physical states at room temperatUfe(CO} is in a liquid while

ferrocene is a solid.
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2.2.6 CNT purification processes:

CNTs prepared by arc discharge, laser ablation @ methods contain many
impurities such as amorphous carbon, fullerenegphite particles and the metal
catalyst. The presence of impurities might afféet performance of CNTs. Hence
CNTs must be purified, typically by gas phase otiata [35-37], liquid phase

oxidation [38-44] or physical separation procedy#és48].

(a) Gas phase oxidationGas phase oxidation is achieved by the CNTs reaatin
air, pure oxygen or chlorine atmospheres at%D(B6]. Gas oxidative treatments can

burn off more than 95% of the nanotube materiaig.[3

(b) Liquid phase oxidation: Liquid phase oxidation can be carried out simply by
dipping the sample into strong acids such as cdrated HCI, HNQ and BSOs. To
improve this procedure, mixtures ob$0D,, HNO; (3:1) or other strong oxidation
agent like KMnQ, HCIO, and HO, can be used. Experimental data shows that
oxidation of nanotubes in either HNOr H,SQO, is slow. Once a mixture of both is

used it improves the yields.

The best oxidation of CNTs is achieved with KMn@® an acidic solution. It was
demonstrated by Hernadi et al. [41] that oxidatigrKMnQO4in a suspension of acid

provides nanotubes free of amorphous carbon.

The purification process also opens up the tipsamfotubes leading to the formation
of carbonyl and carboxyl groups on the surfacehef CNTs. This can improve the
dispersion of CNTs in polymers, because such fanatigroup enhances interfacial

interaction between the tubes and the polymer [49].

2.2.7 Doping of carbon nanotubes

Shaped carbon nanomaterials (SCNMs) have remarkatyerties. They are used in
the computer industry due to their small size [20-5In addition, carbon

nanomaterials can be used in catalysis as catsiygiort materials or as a catalyst
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[53-56]. The range of their applications, can bbasted by altering their physical-
chemical properties. Altering their properties lh@some a hot topic nowadays. To

achieve this goal, SCNMs can be doped by hetercaliden nitrogen and boron.

Doping is the introduction of a foreign atom inteetbackbone of a CNT. A CNT
doping reaction with N was first reported by Stepkéal. in 1994 [57]. They doped
CNTs with nitrogen using the arc discharge methidee incorporation of nitrogen,
with an extra electron compared to carbon, can rcehdield emission properties of
the carbons [58]. Doping also leads to n-type sendactor behaviour due to the
incorporation of N into CNTs. This leads to an imygment in conductivity [59] and
an improvement of field emission properties of CN38]. These improvements are
due to the electron donor ability of the nitrogEor instance, the lone pair on N leads
to the presence of an electron in the conductiondband results in n-type
semiconduction [60]. When CNTs are doped with Nytlwsually form bamboo
compartment in the tube structure and the sizé®icbmpartments are a function of
the N content. N insertion also causes defecthenwalls of the tubes which is
desirable in terms of functionalisation. To dat@any applications of N-CNTs have
been reported such as their use in bio sensors [Blbiological and chemical

applications [62-64] and in Li-ion batteries [65].

2.2.7.1Doping configurations

Incorporation of nitrogen into CNTs can occur invesal different bonding
configurations, in a graphitic network, as showrfigure 2.6 [66]. The three usual
bonding configurations are: (a) pyridinic-like*$yybridized 6-fold ring arrangement,
(b) pyrrolic-like sg hybridized 5-fold ring arrangement and (c) a oquwey
substitutional, sphybridized 6-fold ring arrangement.

Experimental evidence on the type of N configurate@an be achieved via Raman
spectroscopy and X-ray photoelectron spectrosc¥p\s]. In a Raman spectrum, the

prydinic configuration can be confirmed by the mdiy ratio of the G to D bands of
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N-MWCNTs [69]. From XPS analysis both prydinic asdbstitutional nitrogen
atoms in the hexagonal structure have been rev¢ald. Other configurations can
be formed in CNT structures e.g. CNdure 2.7 d, an amine Nkl (Figure 2.7 ¢, or
as N intercalated between the graphitic layers[69-72].

Depending on the CNT application, a decision aswhich form is most suitable
must be made. In the catalytic oxygen reductiorctrea (ORR) process, graphitic
type N doping showed a better performance comparethers [73,74].

Figure 2.6: Possible bonding configurations for N in graphittworks: (a) pyridine-like N,
(b) pyrrole-like N, (c) substitutional N, (d) nigi- CN, (e) amine - NH2, (f) single N
pyridinic vacancy, (g) triple N pyridinic vacanand (h) interstitial N [66].

2.2.7.2 Defects induced by nitrogen doping

Nitrogen insertion generates defects in the grapsitucture of CNTs. This is shown
in Figure 2.7 [66]: there are vacancies or defects in the lafiegure (2.6 f) or (2.6
g)]. In addition there is a correlation between diamatel type of defect with strain

energy induced from curvature of the graphene sA@eb ranges of diameter have
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been studied to provide information on this efféca CNT with a diameter less than
8 nm, ii) a CNT with a diameter greater than 8 M#hen a nitrogen defect occurs,
the C atoms will move towards the vacancies anth ftwo pentagons sharing the
same vertex. For diameters greater than 8 nm,eit@nstruction occurs more easily
[75].

2.2.7.3 N-CNT structure

The structure of N-CNTs have been studied by trégsson electron microscopy
(TEM). TEM revealed compartmentalized formationhita tube that is referred to
as a bamboo structure. This unique morphology &ssacwith the distortion and
bending of graphene layers around nitrogen defgptes a bamboo like structure
Figure 2.7 [76]. It is also proposed, that the outer diameteundoped CNTs are

smaller in diameter when compared to N-CNTSs.

Figure 2.7: TEM images of MWCNTS doped with nitrogen, produdsdthermolysis of
ferrocene-benzylamine solutions at 88D (a) low-resolution image of compartmentalized

structure of N-CNTSs, (b) high-resolution image ofiadividual bamboo compartment [76].
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2.2.7.4 Growth mechanism
(a) Growth mechanism for undoped CNTs

Undoped MWCNTSs consist of several graphene layesgack around one another.
They form a hollow cylindrical structure and terai@ by end caps [77]. To satisfy
Euler's theorem these caps must include at leastpentagons in a hexagonal
networkFigure 2.8[77].

Figure 2.8he position of pentagons in a CNT cap [77].

In some cases, tubes with open ends can be obsédiviedelates to a sudden growth
termination of the tubes due to a sudden changeoiitions. These species are

unable to form hexagons [78].

A number of studies have been reported on the gromgchanism of CNTs on a
supported catalyst [79-94]. Ultimately they all ndate that the mechanism can
occur in two different ways: either base or tipwtio as shown irFigure 2.9 [95],

depending on the strength of the interaction betwesalyst particles and support
(metal-support interactions). When a strong intioacexists base growth occurs and
vice versa [96]. It is also believed that both megbms can occur simultaneously

providing both interactions exist in the same gatal
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In the tip growth mechanism (where the catalys aitthe tip of CNT) typically the
precursor molecules adsorbs on the surface ofdtatyst. C atoms are attached to the
surface of the catalyst and C atoms can diffuse theesurface. Ultimately C atoms

precipitate on the opposite surface to form a CNill.w

Base growth

Tip growth

ey
%% iy ey

P
S

X
y .

Figure 2.9: Schematic of tip and base growth [95].

(b) Growth of N-CNTs

To date, a number of mechanistic models for N-CNdwgh have been proposed
[97]. No conventional nanotube growth models caplar the regular internal
bamboo cavities of nitrogen doped MWCNTs. An alkrrely growth model
proposed for N-doped tubes is showrFigure 2.10[98]. In this method the metal
catalyst ejects C and N atoms from the metal partine to stress accumulated in the
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catalyst surface. The formation of the cavitieglug to the presence of nitrogen. As
the number of layers increases this pressurizesdtadyst particles until material is
again ejected from the cavity and the process maie starts up. This model is
supported by the observation that a decrease isitkeof catalyst particles decreases

the bamboo periodicity [99].

'

P BB
D1
1 Y L ] |

Figure 2.10: Growth mechanism proposed for N-doped MCWNT bamlowo
‘nanobell’ structures. (a) before precipitating lmam layers matching the particle
shape (b). The addition of new precipitate laybjdricreases pressure on the catalyst
particle (c) until it is ejected from the insidetbe cup (d). When the strain is relieved

the process can repeatedly (e-f) [98].

2.2.7.5 Synthesis of nitrogen doped CNTs

Two synthetic methods have been proposed to ma&&IRs i) insertion of nitrogen
into CNTs during the reaction [100-102] and ii) phsctionalization of CNTs with
nitrogen using organic compounds [103-105]. In finst method, arc discharge

[106,107] and laser ablation [102,108] procedur@gehbeen used. These techniques
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often require a high temperature, typically > 1600 An alternative method, which
can function at lower temperatures in the presef@n organometallic catalyst and
numerous C/N sources is chemical vapour depogilioh,109,110]. The quantity of
nitrogen incorporated into the graphene layershef@NT is challenging. High C/N
ratios have been obtained using laser ablationgdisoharge methods and magnetron
sputtering (high temperature) techniques (up to 38%ncorporation) [102,106-
108,111,112]. Carbons, with up to 20% N incorparathave been achieved with
CVD and pyrolysis methods [113-125].

The high temperature techniques to make N-CNTs sgip®or quantitative

performance compared to these produced by the C¥ibad [126].

The CVD method can give high yields of both CNT27,1128] and N-CNTs [129],
typically 20-25 g per gram of catalyst.

In the second method N is added to an already r@ie Thus, the N is deposited
on the outer walls of an already made CNT.

Regarding the second method, the major drawbaitk omplexity due to the multi
step synthesis required. To attach an amine groUpNITs requires to be oxidized

first. Once it is oxidized it then reacts with aesnto obtain N-CNTSs.

2.2.7.6 Consequences of N-insertion

Incorporation of nitrogen into CNTs influences #lectrical and structural properties
of the CNTs. When a CNT is doped with N it genesatefects in the graphene layer
of the CNTs. The surface is not as smooth as befodeattaching other functional

groups to CNTs can take place more easily when aostpto undoped CNTSs.

Physical properties of C, N and O atoms are congpiar€able 2.2[130].
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Table 2.2: Physical properties of carbon, nitrogen and oxyd&®]. *according to Pauling,

®in aromatic compounds.

element | Atomic radius (A) Electronegativit§ | C-bond length(A) |Bond type

C 0.70 2.55 1.38 C-C (benzene)
N 0.65 3.04 1.34 C-N (pyridine)
O 0.60 3.44 1.36 C-O (phenol)

FromTable 2.2it can be seen that the bond lengths in aromatictsires containing
C-C, C-O and C-N bonds do not differ significantlshe table also indicates that
incorporation of N and O atoms in the graphenerlayé CNTSs is suitable. On the
other hand the bond length of a C-N bond is sheht@n C-O and C-C bond lengths.
The N atom distorts the perfect order in a graphitiatrix. It has also been shown
that a low N content (N/C < 0.17) has little effen a graphene layer and no major
change in graphitic properties and morphology ef titbe are observed in this case
[130].

2.2.7.7 CNTs in biological applications

Carbon nanotubes are a useful material to immabbibmolecules [131]. CNTs can
be used in biosensors, drug delivery systems and camcer agents, as most
biomolecules can adsorbe on CNTs. The great comilugtiof CNTs with
biomolecules suggested that they can be functimedlivith proteins. Each protein
can adsorb individually, strongly and noncovalertigng the length of CNTs [132].
Proteins such as, ferritin [133-135], cytochrom&g-1L37] and polysaccharides such
as starch [138,139] have been successfully imnasallonto CNTSs.
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(a) Functionalisation of N-CNTs with proteins

N-CNTs possess some distinguishable properties amdpto CNTs. For example,
they exhibit conductance that is independent ot tabirality [140]. The N doped
CNTs are less toxic than CNTs [141], and cont&ifects which make them provide
hydrophobic nitrogen sites [142]. The nitrogen gr®wan exhibit electron transfer

between mettaloproteins and Au electrodes [143-144]

(b) N-CNTs in biosensing

The whole potential of N-CNTs for biosensing has Ioeen explored yet. But, it is
predicted that the N-CNTs ability to be used wéldue to its defects. The nitrogen is
distributed inhomogeneously along a tube. Pyridimicogen is useful in terms of
binding to incoming species [142-145] and it alseates active sites along the tube
wall [146]. In addition it can facilitate the eleah transfer between mettaloproteins

and an Au electrode.

2.2.7.8 Role of CNTs and N-CNTs in catalysis
(a) Metal supported CNTs

In general, a good catalyst must possess surfdise ades essential for adsorbtion of
the reactants, bond breaking, bond formation amgbrgéion of the products. In
addition, a catalyst must be sufficiently stableshow efficient catalytic activity over
a long period of time. In industry metals and metaldes are widely used as

catalysts.

Nowadays, the availability of new carbon nanomatsenvith their peculiar molecular
structures and optoelectronic properties, includicarbon nanotubes (CNTSs),
nanodiamonds, graphene sheets and fullerenes o#er ways of developing
advanced carbon-based support. To generate metaliadysts with high catalytic
performance [147-150]. Further, it has been showat tthe introduction of
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heteroatoms (e.g. nitrogen) to carbon nanomatdeal$s to electron modulation and

this can provide desirable electronic structuresyfany catalytic processes [147].

There is a report on the use of N-CNTs and N-frBd €as the support for palladium
in the liquid hydrogenation of cinnamaldehyde [15lt]has been reported in this
study, that incorporation of nitrogen into the aarbmatrix, modified the chemical
properties of the support compared to N-free CNéading to a better metal
dispersion. The presence of N also significantlpnoved the selectivity towards the
C=C bond in the hydrogenation reaction. Differeatticle sizes on CNT and N-CNT
catalyst supports were observed. Nitrogen atomghensurface of N-CNTs can
provide a surface to increase the anchoring sitescarbon for adsorption of
palladium precursor salts. Therefore these ancfosites could improve the
nucleation of the active phase and prevent the lm&tan surface mobility resulting

in particle sintering during thermal treatments.

Liu et al. [152] have been reported that platinudaasption was favoured on N-CNT
materials compared to the pristine CNTs. They alsserved that Pt was adsorbed on
those carbons neighboring the N atom. It implied th atoms did not bond directly
to the metal, but the N atoms only acted as doiker dtoms and not directly as
binding sites for the deposited metal active pha@be. nitrogen atoms located inside
the carbon network are likely to play an interméealiactivator role for the metal

adsorption on the carbon site.

In summary, the catalytic behavior of metals hasnbisted on both CNT and N-
CNT supports to evaluate the role of the supporthencatalytic activity. The results
showed that N-free CNTs demonstrated the lowerdygelmation activity compared to
N-CNTs. This could be attributed to different dispen of the metal particles on the

support surfaces.

It is noteworthy, to consider that even the typeNao$pecies in the N-CNTs play an
important role in catalyst binding and it is bekevthat graphitic type N-CNTs show
the best results [153].
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(b) Metal-free carbon catalysts

A metal based catalyst suffers from several disatdges, including high cost, low
selectivity, poor durability and detrimental enviroental effects caused by catalyst
residue and/or undesirable side-products [147].sTihis highly desirable to design
inexpensive, metal free catalysts that have gotiditgcand high performance over a
long period of time. CNTs have been proposed aal icatalysts for some chemical
reactions due to their remarkable properties theskide corrosion resistance,
environmental acceptability, and unique surfaceperties. Glassy carbon and
activated carbons have been used for certain cla¢@und electrochemical processes
for a long time [154,155]. Carbon-based metal-foagalysts, can be involved in

reduction and oxidation reactions [147,156].

In the case of nanostructured carbon nanomate(mlg. CNTs) the weakest
adsorption sites are associated with the basaleplamd consist of the hexagonal
arrangement of carbon atoms. The high energy eiist at the CNT edges and are
often saturated with hydrogen atoms that can blcegd by other heteroatoms like,
oxygen or nitrogen. These atoms provide strong atednneactivities for redox or
acid-base reactions. A carbon catalyst showed d gotential in ODH reactions of
saturated hydrocarbons [157-162]. In particular yneawrbon nanostructures such as
CNTs [159], carbon nanodiamonds [162] and CNFs [163 have been found
suitable to catalyze the ODH reaction of ethylb@&ezt styrend-igure 2.11[163].
Some nanocarbon catalysts have demonstrated batsdytic performance and long-

term stability when compared with metal oxide cadtd [164].
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Figure 2.11:ODH of ethylbenzene [163].

(c) CNTs in fuel cells

Fuel cells convert chemical energy directly to &leity [165]. At the anode, a
catalyst oxidizes the fuel, usually hydrogen, gatex a positive charge and a
negative charge electron. The electrolyte whighlased between the cathode and the
anode can let ions pass through it. But electr@ss phrough the wire and generates
an electric current. When the ions reach the cahbdy reunite with the electrons
and the two react with a third chemical, usuallygen, to form HO. The catalyst
that is used in this system is Pt. During this pssca slow oxygen reduction reaction
(ORR) occurrs on the Pt cathode and a large amafult is reduced at the anode,
due to H oxidation. The ORR occurs in two ways, either tlglowa 4é process or a
less efficient two step 2epathway. The Pt-based electrode suffers from its
susceptibility to time dependent drift and CO deation. Nowadays
replacement/reduction of the expensive Pt-basectreties is under investigation.
Some examples include electrocatalysts made frétitmased alloy, transition metal
chalcogenides, carbon nanotube-supported metaiclpartetc. [166-168]. The
performance of N-CNTs or N-CNFs has demonstratadesgood electrocatalytic
activity [167]. A synthesized N-CNF electrode pregzhby the floating catalyst CVD
method using ferrocene, and either xylene or pyeidhas demonstrated good
electrocatalytic activities for ORR via a two-stepo-electron pathway [169]. In
addition N-CNF electrodes showed a 100 fold ina@easatalytic activities for D,
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decomposition under both neutral and alkaline doyas [170]. In a recent report
Gong et al. [171] found that vertically aligned NNTs could act as efficiently as

metal-free ORR electro catalysts in fuel cells.

The metal-free N-CNTs were shown to catalyze aORR process free from CO
poisoning and with greater electrocatalytic acyiahd better long-term stability than
Pt-based electrodes in alkaline electrolykegure 2.12 [163]. Aligned N-CNTs
provides the high surface area, good electricalraadhanical properties and superb
thermal stability for the nanotube electrode taubed in fuel cells under either room

temperature, or harsher temperature conditions.

O,+2H,O0+2e  » 40H  (Four-electron process)
O, +2H O +2e » 40H + OH (Two-electron process)
H,O + HO, + 2¢  » 30H’

Figure 2.12:A 4 € ORR process [163].

Gong et al. [171] attributed the improvement ofbatc performance to the electron-
accepting ability of the nitrogen atoms. Thus mjg forms a net positive charge on
adjacent carbon atoms in the nanotube plane oN@NTSs. Hence, nitrogen attracts
more electrons from the anode to facilitate the ORRe nitrogen delocalization
changes the chemisorptions of @t the n-free CNT surface) to a side-on adsorption
on N-CNT electrodes. However N-induced charge feanfom adjacent carbon
atoms might lower the ORR potential and the pdrallatomic adsorption could
significantly weaken O-O bonding, facilitating ORIRthe vertically aligned N-CNTs
electrodes. The discovery of this ORR mechanismlédsto the development of
various other metal-free efficient ORR catalystsr flmel cell applications.
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Furthermore, the role of nitrogen influences thsigl@development of new catalytic
materials for fuel cell and other applications [1I7Z8]. It is noticeable that nitrogen
plays an important role as an active site for narimmn ORR catalysts and this
nitrogen can be found in three different forms (plyc, pyridinc, graphitic). Chen et
al. [173] produced N-CNTs from different N-sourcesing a single step CVD
process. They found that N-CNTs with higher nitrogentent and more distortion
exhibited better ORR performance in acidic elegted. On the other hand Kundu
et.al. [174] prepared N-CNTs at different tempemdu They observed, more
pyridinic nitrogen at 556C which showed better ORR electrocatalytic activitgt
the one prepared at 75Q. This study revealed that more graphitic tharidyic
nitrogen atoms are necessary for the ORR. ltlisastihallenge to determine the exact

location of nitrogen atom in carbon nanotubes.

2.2.7.9 Characterization techniques used for carbonanotubes
(a) Transmission electron microscopy

Transmission electron microscopy (TEM) can be usgdunderstand matter at
dimensions of roughly 1 to 100 nm. TEM experimezas assist on understanding of
carbon in terms of modeling, imaging, measuring ragipulating matter at the nano
scale. TEM can be used to analyze, metals, allaye;amics, polymers,
semiconductors and composite mixture of these ma#tdd80]. TEM operates on the
same basic principle as light microscopy. The mdjierence is an electron is used
instead of light. A light microscope is limited dte the wavelength of light. TEM
uses electrons with shorter wavelengths. Therdtoise plausible to get a thousand
times greater resolution with electron microscdmntusing normal light microscopy
[181].

The limitations of TEM are, i) interpreting transgsion images, TEM represents an
image with 2D system obtained from a 3D specimeme Of the problems is that

when a 2D image is viewed the image does not redagath ii) electron beam damage
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of the sample due to ionization. lonization hastiohental effect on a specimen and
it could damage the sample, particularly polym&iswadays one the solutions is to
use a minimum energy dose, cooling procedures @ratge coupled device (CCD)

cameras [180].

The sample should be electron transparent. It méighe specimen must be thin

enough to transmit electrons, until enough elestiman be detected.

(b) Raman spectroscopy

Raman spectroscopy is a useful and non-destrutdsianique. It is widely used to
identify the graphitic nature of CNTs. Raman spmsitopy is very sensitive to
structural disorder that breaks the graphitic dattiranslational symmetry as it
measures features in small crystals [182]. It $® aensitive to strength, length and
the arrangement of chemical bonds in a sample &ss kensitive to chemical
composition. A Raman effect arises when a beamntinse monochromic light
passes through a sample which contains molecudécktiange their polarizability as
they vibrate. The position of the bands change raaeg to the structures. For CNTs
characteristic peaks are found in three spectgibns. The radial breathing mode
(RBM) peaks occur around 120-250 trand indicate the diameter of SWNCNTSs.
The G-band is characterized by peaks around 158D amdindicates the graphitic
nature of CNTs. The D-band peak occurs around 1886 and corresponds to
disorder features in graphitic sheets. The oveyadllity of a carbon material can be
identified by the d/lIs ratio, where g = intensity of the D band and E intensity of
the G band. The higher thg/ll; ratio, the lower the graphitic structural qualitythe
material [183].

(c) Thermogravimetric analysis

The TGA technique investigates changes in the weafjla sample as a function of

temperature. Such a technique relies on three riacteeight loss, temperature,
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temperature change [184]. Typically all weight lessves look similar. To avoid any
misinterpretation, derivative weight loss curves &g used. The derivative curve
identifies the exact point at which weight lossrisst apparent. From TGA curves,
data on the kinetics, thermodynamics of chemicattiens, reaction mechanisms,
reaction intermediates and final reaction prodactsobtained [185]. TGA is used to
determine the thermal stability of CNTs. Furtherendhe presence of a catalyst

residue and the absorbed moisture content in alsarap be checked by TGA.

2.3 Toxicity of carbon nanotubes

The toxicity of CNTs remains as a controversialjescband more research is still
needed. Due to the great role of CNTs in indudtrig vital to consider the health
hazards of these new developed materials. It ie\® that the needle like fiber
shaped CNTs are similar to asbestos fibers. Thymseire to CNTs for a long time
would cause mesothelima, which is a cancer ofithied of the lungs [186]. But the
toxicity of these material depends on parametea,dstructure, size distribution,
surface area, surface charge and purity of samples.presented data suggest that
under some conditions nanotubes can pass membeanerd. When raw materials
reach the organs they generate some harmful eféegtsnflammatory and fibrotic

reactions [186].

Warheit et al. studied the toxicity of SWCNTSs irtsrdby examining the ability of
these nano particles to generate pulmonary inflalomas well as alter lung cellular
proliferation [187]. They observed pulmonary gramo& formation following

SWCNT exposure. In contrast to quartz particles,C3Ws resulted in multifocal
pulmonary granumola formation without any evidengke ongoing pulmonary
inflammation or cellular proliferation. Warheit ell. found that the ability of
SWCNTs to cause granulo matus lesions by a uniceehamism within the lung may
relate to the unique physicochemical propertieSWICNTs [187]. In addition, the
unique structural properties of SWCNTs make themsistant in biological and
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ecological systems. The bio-persistancy of SWCN&ag become a significant health

safety issue.

2.4 Conclusion

This chapter has indicated the background informnato the experimental study
performed in this dissertation. What is clear froéhe study is that the use of
organometallic floating catalysts to make CNTs hasn dominated by the use of
ferrocene and its derivatives. Further, while Fe($£J® used in the HiPco process to
successfully make CNTs, its use to make N-CNTs ri@sbe studied. Only two

reports have appeared in the literature in whicfCB3 and pyridine were used

[188,189]. The study that follows is based onftil®wing questions:

1) Can N-CNTs be made using Fe(g@p a floating catalyst and acetonitrile as

nitrogen source?

2) If the N-CNTs can be made, can their purity araphology be controlled?

It is to be noted that this study is a synthegisl\s The N-CNTs synthesized have
not been used (in this study) as catalyst supp®his. will be done in later work.
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CHAPTER 3

3. CVD SYNTHESIS OF NITROGEN DOPED CARBON NANOTUBES
USING IRON PENTACARBONYL AS A CATALYST

3.1 Introduction
3.1.1 Carbon nanotubes (CNTS)

A carbon nanotube is a hexagonal array of carbemstolled up into a thin, hollow,
long cylinder [1]. Carbon nanotubes exist in twanis i) single walled CNTs
(SWCNTSs) and ii) multi walled CNTs (MWCNTs). SWCNTave a diameter range
from 1 to 10 nm and are normally capped at thedsemn contrast, MWCNTSs are
larger in diameter and range from 5 nm to a mang td nanometers. SWCNTs can
also form bundles which are held together by vanvdaals forces [2,3]. CNTs have
remarkable physical and electrical properties, Whiere discussed iohapter 2,
section 2.2.4.In addition, CNTs possess high surface areas, hggect ratios and
good mechanical properties [4,5].

Despite their phenomenal properties, the hydromyband chemical inertness of
CNTs impede their commercial use. To resolve thiblem, scientists have come up
with methods to modify the surfaces of CNTs. Thsirface properties can then be
tailored either by covalent or by non-covalent scef modifications. Covalent
modification involves introduction of either newesients (e.g. O, N) onto the CNT
or by incorporation of organic functional groupsg(ebio molecules) onto CNT
sidewalls. Noncovalent modification, can be dona wadsorption of surfactants,
biological macromolecules, and polymers without amyinsic structural change to
the CNTs [6]. Both strategies have been used llacae modified CNTs. In the
covalent approach, incorporation of the elementghsas fluorine, nitrogen and
boron leads to a modification of the CNT density sthte which changes their

semiconducting properties [7]. In the non-covalgmproach, only the CNT surface is
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targeted and their surfaces can be modified bytiatdof polar functional groups that
can improve the dispersion and cross linking cdpasi of CNTs during

polymerization.

In this study the modification of the CNT propestidnas been achieved by
introducing nitrogen atoms into the CNT structurbis process is called doping. The
materials once doped are called N-CNTs (nitroggredaarbon nanotubes). N-CNTs
can be prepared by different approaches such se; &blation, arc discharge and
chemical vapour deposition (CVD). The method whigdis used in this study was
CVD using a floating catalyst method. A floatingtalgst method is a common
method to fabricate CNTs on a large scale [8,94 floating catalyst method there is
no need to utilize a catalyst support, which redube cost of CNT production. The
type of catalyst required to achieve this methquc@ily is a volatile organometallic
complex such as ferrocene (FcH), a substituted (wgtth or without N substituents)
or Fe(COj [10]. In this study Fe(CQ)was used as the floating catalyst. Fe(£i@s
the advantage than the Fe is in the zero oxidatiate and hence, unlike ferrocene
and ferrocene derivatives, does not require thegmee of a reducing gas such as H
Further, Fe(CQ)has been known to be an excellent catalyst forptieeluction of
CNTs that are not doped. Indeed the HiPco procsebased on the use of Fe(G®)

a reactor at high pressure [11].

There are numerous reports on the use of Feg(@©a catalyst to produce CNTSs, but
little is known about its ability to produce N-CNTAn example is a study by
Banjapai et.al. [12] who synthesized aligned héllda&CNTs by the co-pyrolysis of
Fe(CO} and pyridine on a quartz substrate at high tentpexra(900-1100°C). A
summary of some of the studies that have been texpam the literature is which
Fe(CO)} has been used to make CNTs and N-CNTs is giv@raite 3.1 As will be
seen, Fe(CQ@has been successfully used to make both SWCNTMEVMGNTSs.
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Table 3.1:Use of Fe(CQ) as catalyst to make doped and undoped C[NZE

SNCM Reactor Carbon | Catalyst | Temperature | Pressure  and| References
design source flow rate
SWCNTs | Horizontal Acetylene| Fe(CQ) | 350°C C,H, flow rate
CVD reactor; (furnace 1) 50 sccm [14]
two stage 1100°C Ar flow rate [15]
furnace (furnace 2) 1000 sccm
system (Fe(CO}-1 ml)
SWCNTs | Horizontal (6{0) Fe(CO) | 800-1200C | CO (1-10 atm)
CVD reactor Fe(CO} (1-25 [16]
mTorr) [17]
SWCNTs | Horizontal (6{0) Fe(COy | 700°C CO flow rate:
CVD reactor; (furnace 1) 800 sccm H [18]
two stage 900°C flow rate:
furnace (furnace 2) 200sccm
system
MWCNTs | Horizontal 11, Fe(CO)} | 1050-1150C | H; flow rate:
CVD reactor; | Pyridine 350-400 ml/min | [19]
two stage Toluene
furnace
system with
vapourization
chamber and
an ice cooler
MWCNTs | Horizontal pyridine Fe(COQ) | 900-1100°C | Arand H
CVD reactor [12]
MWCNTs | Vertical CVD | Methane | Fe(CQ) | 1050-1150C | CH,flow rate
reactor 125-250 sccm | [20]

N, flow rate:

1000-2000 sccm

Fe(COjfeeding
rate 0.5-2.5
mL/h
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3.2 Experimental
3.2.1 Chemicals and materials

Toluene and acetonitrile were purchased from Meegrld iron pentacarbnyl was
purchased from Fluka. Acetonitrile was distilledfdre use. All reactions were

performed under an Ar atmosphere.

3.2.2 Characterization
3.2.2.1 Thermogravimetric analysis

TGA experiments were performed on a Perkin ElmersPy TGA analyzer under an
air atmosphere in the temperature range 25°@D@t a heating rate of 1/min.
Peak positions are recorded in units of Celsius.

3.2.2.2 Raman spectroscopy

Raman spectra were acquired using a Jobin-Yvon 0®4Raman spectrograph
operated in single spectrograph mode. The exaitabmrce was the 514.5 nm line of
an argon ion laser. This was focused onto the samngihg a long-working distance
20x objective with an Olympus BX40 microscope ditaent. The power at the
sample was kept low (< 1.2 mW) to minimise possildealised heating of the
sample. The backscattered light was collected usi@agnicroscope and dispersed via
a 600 lines/mm grating onto a liquid nitrogen cdo@CD detector. The data was
acquired using Labspec v4.18 software. Accumulatiiores varied between 2 and 3
minutes, and the confocal pinhole was set to eitherm or 0.5 mm, depending on

the degree of background fluorescence.

3.2.2.3 Transmission electron microscopy

TEM studies were performed by using a FEI Techrf@Bgirit electron microscope at
120 kV.
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3.2.3 Synthetic procedures: Injection method
3.2.3.1 The synthesis of nitrogen doped carbon natudes (N-CNTS)

A typical experiment is described below.

Synthesis of N-CNTs was carried out at 98D under an Ar atmosphere at
atmospheric pressure. The flow rate of Ar was kepistant at 300 mL/min. All the
precursors were kept under an Ar atmosphere befgeA mixture of toluene (17.5
mL), acetonitrile (3.50 mL) and Fe(C£)L.34 mL) was placed in a 25 mL syringe
driven by a SAGE syringe pump. The solution wagdted at 0.80 ml/min into a
quartz tube reactor (32 cm x 1 m) via a specialrtgqudelivery system cooled by
water as shown ikigure 3.1 This cooling system allowed the solution to hecdted
into the hot region of the quartz tube. The reactmok about 20-25 min. After the
reaction was done, Ar gas was passed through beeauapproximately 50 mL/min
while the reactor cooled to room temperature, aarboot was removed from the
tube, weighed and kept in an air tight vial priorcharacterizatiorzigure 3.1shows

the reactor which was used.

In related studies the acetonitrile to tolueneoratias varied while the Fe(CQ)
content was maintained at 1.3 mL. In these stutliesacetonitrile content ranged
from 0% to 25%. A summary of the experimental ctodiused is shown ifiable
3.2 Many other variation to the initial reaction welso performed. This included
the use of a different temperature (9@), flow rate (200 mL/min), and a different
carrier gas (Ar + 5% }J. All the condition used are shownTiable 3.2
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Table 3.2: Experimental conditions used for the N-CNTs preatlic

Experiment | CH;CN Temperature | Gas flow | Carrier gas | Yield
number (°C) rate
() (mL/min) (©)

1 0 900 200 Ar 0.65
2 0 900 300 Ar 0.21
3 2 850 200 Ar 0.21
4 2 850 200 Ar+5%H | 0.47
5 2 850 300 Ar 0.07
6° 2 900 200 Ar 0.06
7 2 900 200 Ar+5%H | 0.27
8 2 900 300 Ar 0.97
9 5 850 200 Ar 0.85
10 5 850 200 Ar+5%H | 0.38
178 5 850 300 Ar 0.05
12 5 900 200 Ar 0.74
13 5 900 200 Ar+5%H | 0.53
14 5 900 300 Ar 0.76
15 15 750 200 Ar 0.05
16 15 800 200 Ar 0.05
17 15 850 200 Ar 0.26
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18 15 850 200 Ar+5%H | 0.38
19 15 850 300 Ar 0.03
20 15 900 200 Ar 0.66
21 15 900 200 Ar+5% H | 0.58
22 15 900 250 Ar+5%H | 0.26
23 15 900 300 Ar 0.40
24 20 900 200 Ar 0.78
25 25 900 200 Ar 0.71

%indicates a 10 mL solution.

Quartz tube

Syringe

Figure 3.1 : A furnace and syringe attachment used for the sgisthiee N-CNTS.
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3.2.3.2 Purification of N-CNTs

The synthesized N-CNTs were purified by using eitdBlO; (55%) or HCI (35%).
The purification was carried out at 8@ for 6 hours. The solution was cooled to
room temperature, filtered and the black powderhedswith distilled water several
times until the pH of the solution was around 7e Bample was then dried in an oven
at 100°C overnight.

3.3 Results and discussion
3.3.1 Synthesis of nitrogen doped carbon nanotubes

Nitrogen doped CNTs with varying degree of abunédaarad purity were synthesized
according to the procedure outlined in the expemtalesection 3.2.3.1 All the
samples were washed with acid prior to TGA and Raaralyses. The advantage of
using HNQ rather than HCI is that, HNOleads to surface functionalization,
specifically at high temperatures. Further, the ois&ICl is not desirable when the
CNTs are to be used in catalysis applicationsadteen reported that the presence of
KMnQOy in acidic solution works better and it generatgmige material [21], however

this reagent was not used in this study.

TEM studies have shown that the N content affdestibe morphology and bamboo
compartment formation. The presence of bamboo cdmpats is not a sufficient

contribution to indicate N incorporation since baradike structures have also been
observed in Y-junction CNTs that do not contain22][ A TEM study revealed that

N incorporation in the CNT structure did form segiad compartments. It was
reported by Nxumalo et al. [10] that an increaseNin% source decreased the
compartment distance. This is expected and it agnetlh the mechanism proposed
for N-CNT growth [23]. N-CNT bamboo compartment aggiion also increases with
an increase in growth temperature [24]. TGA studiesfirmed the presence of

nitrogen in the CNTs as indicated by the changedefomposition temperatures
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observed when the CNTs were removed withi®©® TGA experiments. The more
nitrogen incorporated the less stable the N-CNBs$ were formed. From a Raman
study, an intense D band was observed that indidae presence of disorder in the
tubes. The level of disorder can be determined lasuring theJls ratio (see

below).

Many variables were changed in the experimentsptonize the growth of the N-
CNTs. In the sections below the effect of eachhefsé variables on N-CNT yield,
morphology and purity are discussed. In each sdat# an attempt has been made to

vary only one parameter at a time.

3.3.2 Effect of %CH,CN in toluene

In this study the following conditions were usedaction temperature-85C, gas
flow rate-300 mL/min, gas used Ar.

3.3.2.1 Yield study

The effect of the reaction mixture in which the dhtent was varied by changing the
amount of CHCN used in a CECN/toluene mixture on the yield was studied. It was
observed, that an increase in N content, decretsedield. The CHCN/toluene
ratios used are shown irable 3.2 (enteries: 5, 11, 19, entries: 8, 14, 23 and esttri
1, 12, 20). It was also noted that the gas flowe eHtected in the yieldT@ble 3.2

entries: 20, 23): the yield decreased with an msedan the gas flow rate.

The effect of nitrogen containing organic compouadN-CNT growth was reported
by Nxumalo et al. [25]. They used different N compds (e.g. amines, aromatic
compounds). It was revealed that after an increasenine concentration, the yield
of CNTs generally decreased. Similar results werendl for aromatic reagents

(pyridine) and amides.
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It is believed that the N concentration plays ampoamtant role in terms of yield
production. Obviously with an increase in N concatmbn the yield drops. The
reason given is nitrogen slows down the rate o tytowth and when N atoms sit on

the surface of the catalyst it retards carbon dgnawt the catalyst.

3.3.2.2 TEM studies

TEM analysis was used to examine the type, quaiig distribution and quantity of
N-CNTs produced. TEM analysis allowed a facile nueasient of N doping to be
determined since doping CNTs with nitrogen leadstht® formation of bamboo
compartments. An example of a bamboo structureh@va in Figure 3.2. The
formation of bamboo compartment can be rationalibgdits growth mechanism.
Generally, what happens is C and N atoms both depoghe catalyst surface and
when they accumulate on the catalyst surface thdybeth be ejected from the
surface and form a separate layer which leadsdad#mboo structure as shown in
Figure 3.2 The formation of the cavities is due to the pneseof nitrogen on the

catalyst surface.

(a) Sample analysis

TEM images were recorded of samples produced (uffga)rfrom the three different
ratios of CHCN/toluene studied (temperature-8%D, flow rate-300 mL/min). The
images reflect the type of materials produced. ¥hef each type of sample was
determined by considering many tens of such imafydair estimate of the material

could be established. A summary of the data isrgindable 3.3

As is shown inTable 3.3,the 5% CHCN sample contains the highest amount of
tubes compared to the others. Based on the obmerveiom TEM images it is
assumed that the shortest tubes were obtained thenil5% sampleT@ble 3.2,
entry: 11) and theoretically it can be also conéidnbecause as the amount of

nitrogen increases the length of the tubes decsedse to the presence of the N
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atoms. Incorporation of N in the CNT reduces the @&f tube growth and it also

terminates the reaction. Similar observations vgeen when FcH/aniline was used to

make N-CNTs [26]. Generally the lengths shortervititcreased N incorporation.

The 2% sampleTable 3.2,entry: 5) resulted in more straight aligned tubasereas

the 5% sampleT@able 3.2,entry: 18) contained bent tubes with a few opesn &p

shown inFigure 3.3 e, f The details of the TEM images shownFigure 3.3are as

follows: a: tubes with a very small amount of antmps carbon, b: carbon fibers, c:

tubes, d: amorphous carbon plus a few tubes, esiub tubes with open tips, g:

carbon spheres, h: tubes with open tips, i: tubgls kamboo compartments. This

variation in morphology is due to the different Qaios.

Figure 3.2: The TEM image of bamboo structure doped with N.

Table 3.3 Samples content as determined by using TEM images

CH3CN content | Spheres Amorphous NCNT/CNT
(%) (%) carbon (%) (%)
2 0 60 40
5 0 20 80
15 1 29 70
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100 nm
 e—

Figure 3.3: TEM images of the N-CNT samples produced using@\H 2% (a, b
,C), 5% (d, e, f), 15% (g, h, i) respectively (BEOSC, flow rate: 300 mL/min).

(b) Outer diameter distribution of the N-CNTs

A focus of this project was on the determinatiorthef yield and morphology of the
CNTs. The CNT content (only) of the products praetlby varying %CH3;CN used
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were studied by TEM. The tubes were viewed by THEM the outer diameters were
measured using the Image J programme. For eachlesaibput 70 tube diameters
were measured and these distributions were plagdhown inFigure 3.4 The
trends can be seenkigure 3.4andTable 3.4

(@) As the N content increases the tube diameterorbe smaller. This is in
agreement with other literature studies. It hasmnbeported by Nxumalo et al. [25]
that the N incorporated in nanotubes made from KcHenzylamine/toluene had
smaller outer diameters but larger inner diametdrsn compared to undoped CNTs
made from FcH/toluene solution under analogous rexgatal conditions. The same
observations were noted when aniline/FcH was usedake N-CNTs [26]. Larger
concentrations of the N-source yielded CNTs witlalken diameters. Similar effects

were also observed when benzylamine was used ia®gem source [27].

(b) At all CHsCN concentration there is a wide range of outere tuliameters.

However, an increase in GEIN content gives a narrower distribution of tubes.

Table 3.4:The average outer diameter distributions.

CH3:CN% Avg. outer diameter distributions (nm)
2 84 + 30
5 62 + 30
15 47 +10
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Figure 3.4: Graphs of diameter distribution made from 2% (&.(®), 15% (c) of
CHsCN, (T: 850°C, flow rate-300 mL/min).

(c) Inner diameter distribution of the N-CNTs

The average inner diameters were measured from irdvbgraphs (using Image J)
shown inTable 3.5As explained, an increase in acetonitrile conegiatn did not

give a change in the inner diameters of the tulhesas reported by Nxumalo et al.
[25], that the N-CNTs made from FcH in benzylamioeéne had smaller outer
diameters but larger inner diameters when comp@aresidoped CNTs grown from a

FcH/toluene under the same conditions.

Table 3.5: Average inner diameter distribution of the differe CH;CN%

concentration.

CH3:CN% Avg. inner diameter distribution (nm)
2 26+ 4

5 29+5

15 20+ 10
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(d) Compartment distance study

The average distance between bamboo caps was meédasom the TEM images
(with Image J) shown ifrigure 3.5for the different samples and average distance are
presented inTable 3.6.It was revealed that an increase in CN concentration
decreased the compartment distance. This is a®ersin Figure 3.6. This result is
expected and can be explained by the N-CNT grow#thanism which was
described irchapter 2, section 2.2.7.4 (b)23]. Similar observations by Nxumalo et
al. were also seen [26], when they used differeammcentration of PhNKHand
FcPhNH in their study of N doped CNTSs.

Distance
between
bamboo caps

20 nirn
| I

Figure 3.5: TEM images of bamboo compartments and the distaateeen bamboo

caps.
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Table 3.6Distance between N-CNT bamboo compartments.

CH3CN% Avg. distance between individual
bamboo compartments (nm)
2 28+8
5 22 +10
15 9+8
40
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Figure 3.6: The average distance between the compartment oapgE€NTs made
from different CHCN% (T: 900°C, flow rate: 200 mL/min).

e) Size of spheres

The size of spheres were measured using ImageitJshswn inFigure 3.7. The
average size of the spheres was 330 nm for thesksfple Table 3.2,entry: 19).
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Diameter of

the sphere

Figure 3.7: Synthesized spheres from the 15% sample (T: “850flow rate: 300

mL/min).

3.3.2.2 TGA analysis

Thermal stability tests were performed by thermuignatric analysis. The initial
temperature of the oxidative process can be coecklevith the presence of lattice
defects. The less the defects, the higher the deasition temperature. The shape of
the derivative curve can give some information abibe presence of the carbon
byproducts. For example, the presence of amorplvamsonaceous particles are
burned off first due to the selective etching legdio a faster oxidative etching rate
when compared to CNTs. In addition, if a sampletaiois water or carboxyl groups
then a peak around 100 or 3 would appear respectively. If the rapid oxidatidn
carbon is fast, the mass loss occurs rapidly gigrsgnooth curve and it also implies
a more perfect crystallinity of the samplEigure 3.8 and Table 3.7 show a
comparison of the mass losses of N-CNAs= 0%, B = 5%, C = 15%, D = 25%)
on heating in an air atmosphere at a rate of°COmin®. In each case the
decomposition temperature, determined by measuhegderivatives of the TGA

curves, was determined. The example of a derivativge is shown irFigure 3.9.
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As the incorporation of N in the CNTs increaseddtability of the sample decreased
compared to the pristine CNTs. This instabilityatributed to the structural disorder
introduced by the presence of N into the carbotic&t[28,29]. The TGA data
revealed that the N-CNTs thermal stability is I&isan the undoped one. Similar
observation by Nxumalo et al. on the stability ofCNITs have been reported in the
literature [26].

The TGA curves also showed a residual weight (Sei)s may relate to the presence
of FeQ residues formed in air from oxidation of the resiticatalyst contained in the

tubes.
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Figure 3.8 TGA curves of the purified N-CNTs with differeht content (A) 0% ,
(B) 5%, (C) 15%, (Dp5%.
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Table 3.7: Thermogravimetric analysis of N-CNTs and CNAsD).

CH3CN% | Decomposition
temperature °C

0 741

S 641

15 693

25 572

T
1000
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3.3.2.3 Raman spectroscopy

Raman spectroscopy is an excellent tool to invastighe graphitic structure of
carbon materials. Raman spectra generally showpteminent peaks: a G band at
approximately 1590 cththat corresponds to the Raman activg fBode and a D
band at round about 1390 ¢nihat corresponds to disorder features in graphitic
sheets. The overall carbon quality can be detewmyethe b/l ratio. The higher the
Io/lg ratio, the lower the graphitic structural quality the material [26]. It was
reported by Koos et al. [30] that the defects iaseal in the carbon nanotube
structure as the amount of benzylamine increagedias also confirmed in their
study, that for g/l intensity ratios close to one the incorporatioNotorresponded

to a decreased crystallinty of the CNTSs. In a stpesformed by Nxumalo et al. [26],
they observed N-CNTs, produced from ferrocenylasilioluene were more
disordered than CNTs produced from FcH/toluenealtirwas revealed from Raman
analysis that as the concentration of aniline iaseel in FcH/aniline/toluene
mixtures, the degree of disorder also increaseck ihpact of nitrogen on the
structure of CNT reported in the literature suggedsiat as the concentration of
nitrogen increased, the degree of disorder alseeased. This implies that N-CNTs
produced from 25% C#CN should have been more disordered than the CNTs
produced from 2% CCN. In this study thepllg ratio difference between the
samples with different acetonitrile concentrati@an viery small.Figure 3.10 and
Table 3.8 and a comparisorbetween Raman spectra for the different ;CN

concentrations does not give useful informatiorirentopic of disorder
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Figure 3.10: Raman spectra of the N-CNTs with different N cobt@) 2%, (B) 5%, (C)
15%, (D) 20%, (E) 25%.

Table 3.8:Raman analysis of the N-CNTSs.

sample b le Io/le

2% 1236 1459 0.84 +0.05
5% 2140 2705 0.79+0.05
15% 1261 1660 0.75+0.05
20% 4273 5623 0.75+0.05
25% 2999 3239 0.92 +0.05
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3.3.3 Effect of temperature

There are a number of experimental parameters miesd to be taken into
consideration in terms of N-CNT growth. Temperatisea key parameter for the
fabrication of N-CNTs. The N-CNT growth temperatiesed in this study to make
N-CNTs was varied from 75 to 90C°C.

In this study, the effect of four different temper@s were studied. These four
reactions were carried out under the same conditfbable 3.2entries: 15, 16, 17,
20). TEM analysis revealed that at 750 and Mo tubes were synthesized. At 750
°C only fibers Figure 3.11 3 and agglomeratesigure 3.11 h were observed. At
800 °C nanopearl/bead§igure 3.11 ¢ and nanoparticles embedded into a polymer
(Figure 3.11 9 were observed. Good quality tubes were observdzbth 850 and
900 °C (Figure 3.11 e, 3.11 f, 3.11 g, 3.11.hA sample analysis is displayed in
Table 3.9 The materials produced when T < 880were not studied further.

It has been reported in some papers that N-CNThegid is feasible between 700-
800 °C using other methods or using different cataljls¢ IFcH. Some of these
studies are shown ifable 3.10[22].

Table 3.9: The content of the samples synthesized at difteéeznperature.

CHsCN (%) | Temperature | Spheres | Amorphous carbon | NCNT/CNT
content (°C)
(%) (%) (%)
2 750 0 100 0
2 800 0 100 0
2 850 0 20 80
2 900 0 70 30
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Table 3.10: Showing the use of different C/N sources and gstain fabrication of
N-CNTs at different temperatures [22].

N/C sources Catalyst | TYC) | Method | references
4-tert-butylpyridine FcH 700 CVvD [31]
NHs/pyridine FcH 700- CvD [32]

1000
Triphenylphosphine/benzylamine| FcH 720 CVvD [33]
C,H2/NH3 Fe(CO} | 750- CVvD [34]

950
Pyridine, pyrimidine FcH 750 CvD [35]
Ethylenediamine Co, FcH 780 CVvD [36]
Ethanol/benzylamine FcH 800 CvD [37]
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Figure 3.11: TEM images of the samples synthesized at T5@a-b), 800°C (c-d),
850°C (e-f), 90F°C (g-h) (% CHCN: 15% flow rate: 200 mL/min).

I) Effect of temperature on the outer diameter distibution

The study of outer diameter distribution at differeemperatures revealed that at both
temperatures there is a wide range of tube outemetersFigure. 3.12 It is
noticeable that material synthesized at 85Qgraph a) shows a better trend of outer
diameter distribution and contained narrower tutmspared to tubes made at S0

(graph b).
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Figure 3.12: Graph of diameter distribution of N-CNTs synthesist a) 850C, b)
900°C.

i) Effect of temperature on the bamboo compartmerg

From TEM images the average distance between th#da caps was measured

(100 compartments per sample) using Image J. It weaesaled that no major
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difference can be seen as a function of temperatuBs0 °C and 900C in Table
3.11.Note: no tubes were synthesized at 8D0

Table 3.11: The avgerage distance between individual bambogadament at 850
and 900°C.

CH3CN% Temperature °C Avg. distance between individua

bamboo compartment (nm)

15 850 6

15 900 5

3.3.4 Effect of carrier gas

Some experiments were performed in order to etaltlee role of the carrier gas
type (Ar or Ar + 5% H) on the product formation. In this instance Whas added to
the Ar carrier gas to evaluate the effect gfdd the CNTs produced. The presence of
H. should in principle not play an important role whEe(COj is used. H is a
reducing agent and is used to keep the metal lowtest oxidation state. For example
in terms of using FcH hydrogen reduced’Eey F€ but Fe(CO)contains Fe in the

zero oxidation state so there is no need for acieduagent.

i) The effect of hydrogen on carbon yield

The effect of Hon the reaction was to give a higher yield of paidiiable: 3.12.
More importantly the addition of Halso resulted in a change in the morphology of
the products produced. As can be seeiidhle 3.12a higher yield of CNTs were

produced.
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Table 3.12:The experimental conditions used for N-CNT produtti

sample Carrier gas | Flow rate | Temperature | Yield (g)
(mL/min) (°C)

15% Ar 200 850 0.26

15% Ar+5% H, | 200 850 0.38

i) The effect of hydrogen on type of carbon prodution

As mentionedijt was thought that hydrogen would not play an intguat role in N-
CNT production. However the presence of iHfluenced the yield and also the
quality of the carbon produced. In this case itupsdi the amount of amorphous
carbon as shown ifable 3.13.Wasal et al. have carried out a study on the CVD
synthesis of MWCNTSs and they investigated the oflaydrogen on CNT synthesis
utilizing FcH as catalyst and xylene as the carbmurce [38]. The study revealed that
hydrogen caused a competition between the formatiahfferent compounds (soot,
carbon fibers and CNTs) and it also reduced the odt carbon production by
dehydrogenation. Consequently more ordered and ri@nenodynamically stable

MWCNTSs were produced. Presumably the same effeatiserved here.
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Table 3.13:Shows the effect of hydrogen on the quality of slencpntent.

Sample Carrier gas Sphere Amorphous N-CNTs
(%) (%) (%)

15% Ar 0 20 80

15% Ar+H, 0 10 90

Figure 3.13: TEM images of N-CNTs produced using different aargases: Ar (a,
b, c), Ar + 5% H (d, e, f) (15% CHKCN in toluene, T: 850°C, flow rate: 200
mL/min).
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lif) The effect of hydrogen on the CNT outer diameers

This analysis revealed that Ar gas without hydrogeduced tubes with a narrower

range of diameters as shownhkigure 3.14 This figure also indicates that most of
the tubes have a diameter of 25 nm when adsHpresent whereas in the second

graph (b) (H now added to Ar) most tubes have a larger diansatdrshow a broader

range of diameters.
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Figure 3.14: Graphs of diameter distributions using differeatrier gas a) Ar, b) Ar

+ 5% H, (15% CHCN in tolueneT: 850°C, flow rate 200 mL/min).
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3.2.4 Synthesis procedureBubbling method

1) Synthesis of N-CNTs

A bubbling method was also used to produce N-CNable 3.14show the reaction

conditions used for production of the N-CNTs usthg bubbling methadin this

study only one parameter was changed at a timeéhenchtio of Fe(CQJacetonitrile

was kept constant at 90%.

Table 3.14:The experimental conditions used for the synthafsié-CNTs.

Sample | CH;CN | Fe(CO} | Temperature | Gas flow | Carrier | solution Reactio | Yield
number | (mL) (mL) (°C) rate gas temperature| n time
: : (@)
(mL/min) (min)
(*C)

1 5.1 0.67 800 200 Ar RT 60 0.03
2 5.1 0.67 800 300 Ar 75 30 0.0!
3 5.1 0.67 850 200 Ar 40 30 0.0!
4 10.2 1.34 850 300 Ar RT 60 0.0¢
5 10.2 1.34 900 300 Ar RT 30 0.06
6 10.2 1.34 900 300 Ar RT 60 0.06
7 10.2 1.34 900 100 Ar RT 30 0.09

i) Results and discussion

One of the more common problems which occurs inrjeetion method is blockage

of the injector. This is due to decomposition af #e(COj in the tip of the syringe.
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To overcome this problem a bubbling method was wsegenerate N-CNTSs. In this
method argon was bubbled through a solution of B@{Gnd acetonitrile. The
Fe(COy} and the acetonitrile will have different vapouregsures and hence their
volatility of the two ligands will be different. Ts, in these experiments control in
terms of N-CNT formation is more difficult. Notwghanding this issue, a study was
undertaken to evaluate the effect of certain véemlflow rate, temperature, reagent
ratios) on the products formed. It was observet @#&CN and Fe(CQ) mixed well
together in the absence of the solvent (tolueneg. Gubbling method resulted in the
production of a very good quality of N-CNTs withlpra very small amount of
amorphous carbon produced. However the bubblindhodegave a poor yield of
products, even after 30 min bubbling time at roemperature (2 mL out of the 10
mL solution was evaporated). To increase the ytieddsolution was heated up to 40-
75°C (below the b.p of Fe(C@]Table 3.14 entries: 2, 3), This did not resolve the
yield problem. The time of reaction was increaseanf30 min to 60 min but again

no significant change in yield was observed.

iii) Yield study

The effect of different conditions on the producely was studied and it was
observed that the highest vyield produced was 0.0&nder the conditions:
temperature: 850C, gas flow rate: 300 mL/min at a reaction time66f min. The
lowest yield obtained under the different condifonccurred: when using the
condition of temperature-80; gas flow rate-300 mL/min bubbled at 76 and at

temperature-856C; gas flow rate-200 mL/min bubbled at 4D.

It also noticed from the comparison between thaperments Table 3.14entries: 5
and 7), that when the flow rate decreased (from 30Q0min to 100 mL/min) the
yield also decreased. The effect of temperaturtheryeild can also be seenTable
3.14 (entries: 4 and 6). As the temperature increasedeild decreased although the

change was minor.
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iv) TEM studies

TEM was the only characterization technique whi@swsed to study the products of
these reactions. Based on TEM images it is clearttte bubbling method produced
better quantity N-CNTs. The method produced N-CNWigh more corrugated
compartments than bamboo like structures. The TEidges revealed that the N-
CNTs produced from the solution heated to°@0contained the highest number of
tubesFigure 3.15 e, fwhereas when the solution was heated t6C7fubes with lots
of amorphous materials were obserdd@dure 3.15 ¢, d When the gas flow rate

dropped to 100 mL/min very few tubes were forrkgglre 3.15 m, n
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Figure 3.15 TEM images of the N-CNTs produced under differennditions.
Figures a, b (T: 808C, flow rate: 200 mL/min, bubbled at RT), ¢, d 8R0O°C, flow
rate: 300 mL/min, bubbled at 76), e, f (T: 850°C, flow rate: 200 mL/min, bubbled
at 40°C), g, h (T: 850°C, flow rate: 300 mL/min, bubbled at RT), i, j (900°C, flow
rate: 300 mL/min, bubbled at RT), k, | (T: 980, flow rate: 300 mL/min, bubbled at
RT), m, n (T: 900C, flow rate: 100 mL/min, bubbled at RT).

v) Outer diameter distribution

The samples were viewed by TEM and the outer diarsetvere measured using
Image J as shown iRigure 3.16.The average of the outer diameter was measured
and given inTable: 3.15.It is noticed that the samples recorded in grapbsdd
(Table 3.14, entries: 1, bshow narrower tubes when compared to samplesdedo

as entries: 2, 3.
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Table 3.15:Displays the average outer diameter under differentitions.

Sample number Avg diameter (nm)
1 49 £ 20
6 46 £ 20
2 58 + 10
3 74 £10
a |20
18
16 -
@ 14 -
o)
2 12 4
[Toe
210 -
[}
£ 8
=]
2 6 -
4 _
2 _
0 -
20 30 40 50 60 70 80 90 110120140150 160220
Outer diameter of the tubes (nm)
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Figure 3.16: Graphs of diameter distributions for the N-CNTs dquoed under
different conditions, a ( T: 80%C, flow rate: 200 mL/min), b (T: 80%C, flow rate:
300 mL/min, bubbled at 7%C), ¢ (T: 850°C, flow rate: 200 mL/min bubbled at 40
°C), d (T: 900°C, flow rate: 300 mL/min).

3.4 Conclusion

The study using Fe(C@Aas catalyst to make N-doped CNTs has shown tiet#m
be achieved. In this study variables such as methtwd produce N-CNTSs,
Fe(COy/acetonitrile ratios, flow rates, temperatures #raladdition of H to the Ar

carrir gas were studied.

Our results showed that: the bubbling method reduiib the production of a very
good quality of N-CNTs with formation of a very slinamount of carbon
byproducts. However, the injection method gaveghér yield of products compared
to the bubbling method. The injection method alsquired less reaction time than
the bubbling method to produce more material. Téwgation of Fe(CQ)acetonitrile
ratios indicated that an increase in acetonitecentration led to formation of more

tubes with bamboo structures with narrower outanditers. It was revealed by TGA
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that an increase in N concentration decreasedhéentl stability of the samples
compared to the undoped CNTSs. This instabilitytigoatted to the structural disorder
introduced by the presence of nitrogen. The impateémperature on the tube outer
diameter revealed that at 8%0 a better trend of outer diameter with narrowéetu
was achieved compared to tubes produced at°@0@When H added to the Ar it
improved the yield and the formation of more tubsgh small amount of
amourphous carbon. In conclusion, the study shawadFe(CO)jcan be used as a

catalyst in the presence of acetonitrile as a gé@nosource to produce N-CNTSs.
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CHAPTER 4

4. CONCLUSIONS AND RECOMMENDATIONS
4.1 Conclusions

The aim of this study was to synthesize nitrogepediocarbon nanotubes (N-CNTSs)
using the floating catalyst chemical vapour depasi{CVD) method utilizing iron
pentacarbonyl as the catalyst and acetonitrilerag@gen source. In this study the N-
CNTs were successfully synthesized and fully sdidley means of Raman
spectroscopy, thermogravimetric analysis (TGA) amgnsmission electron
microscopy (TEM) analyses. Two different procedurese used to add the reagent
to the reactor, an injection and a bubbling metiMdst of the results for this study
were achieved using the injection method. The erfe of different parameters on
the fabrication of N-CNTs was studied. These patarseinclude the physical
parameters such as gas flow rate, growth temperand the Fe(C@pcetonitrile
ratio. Their influence on the outer and inner ditare of N-CNTSs, the size of
bamboo compartment, yield, the thermal stabilitgl amystallinity of the product

were determined.

It was revealed that, the ratio of Fe(G@getonitrile played a great role in
determining the yield, morphology, crystallinitycathermal stability of the N-CNTSs.
It was observed from yield studies that an increms@cetonitrile concentration
decreased the yield due to the role of nitrogere TEM studies showed that an
increase in acetonitrile concentration decreasedotlter diameters and as expected
had no significant effect on the inner diametens.whs noticed that as the
concentration of acetonitrile was increased, ttetadce between each bamboo cap
was reduced. Further, when a solution contained a&8tonitrile was used the tubes
showed predominantly bamboo compartments. The tdestability of the samples
was analysed by TGA analysis and it was confirnied, &as the incorporation of N in

the CNTs increased the stability of the sample ebsd. Raman spectroscopy did
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not reveal the results which were consistent wittepliterature studies. An increase
in level of disorder only was observed from sammpesduced from 2% and 25% of
actonitrile were used. However, it was assumedttiedisorder ratio increased as the
concentration of acetonitrile went up even though increase was observed in

samples made with 5%, 15% and 20% acetonitrile eanations.

Reaction temperature was found to be a key paranmetbe fabrication of N-CNTSs.
The effect of four different growth temperaturesevstudied as the temperature was
varied from 750°C to 900°C. TEM analysis revealed that at 750 and 8D®o tubes
were synthesized and only fibers, agglomeratesnandbeads/pearls were observed.
Good carbon products were achieved at 850 and®®@pand it was noticed that more

tubes were formed at 885G compared to 90fC.

The effect of temperature on the outer diametetridigion revealed that at both
temperatures (85 and 900°C) there was a wide range of tube outer diametatrs b
the material synthesized at 88D contained narrower tubes. No major temperature

effect was observed on the average distance betthedsamboo caps.

Some experiments were performed in which 5% hydrogas added to an Ar
atmosphere. It was reported in the literature ik tH can play an important role in
changing the quality and quantity of CNT productigvhen hydrogen was added, it
increased the yield of the product. It also reduttedamount of amorphous carbon
since hydrogen reduced the rate of carbon produttyohydrogenation to give more
ordered and thermodynamically stable multi-walledbon nanotubes (MWCNTS).
Interestingly, it was observed that tubes with éarguter diameter were synthesized

in the presence of hydrogen.

The bubbling method was applied to make a comparmiween the injection and
the bubbling approach to make CNTs. When both nustiwere compared in this
study it was concluded that the bubbling methodeapgd as a more simple method

to make better quality tubes. The yield however way low.
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4.2 Recommendations for future study

In this study Fe(CQ)was used as the catalyst and it created somegonshdiue to its
volatility. This included blockage of the tip ofghnjector. It is suggested for future
study to use a solid compound as the catalyst @@ O)CH3;CN. This can be
synthesized from a mixture of acetonitrile and K&} This catalyst can be either
used in solid form or be dissolved in a solventother issue to be explored is the
role of pressure on the reaction. The HiPco proeksown to occur at pressurel
atmosphere. This may be an important parametelat@m-CNTs in high purity and
yield.
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