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ABSTRACT 

 

In this dissertation, the synthesis of nitrogen doped carbon nanotubes (N-CNTs) was 

performed successfully, using a floating catalyst chemical vapour deposition (CVD) 

method. Fe(CO)5 was utilized as the catalyst and acetonitrile and toluene as nitrogen 

and carbon sources respectively. Two different procedures were used to add reagents 

to the reactor: an injection method and a bubbling method. The effect of nitrogen 

concentration and physical parameters such as reaction temperature, gas flow rate on 

the morphology, crystallinity and thermal stability of the tubes was studied. The 

synthesized materials were characterized by means of Raman spectroscopy, TGA and 

TEM analyses. The presence of nitrogen was confirmed by the presence of the 

bamboo formations in the tubes by TEM. A comparison of the data from the 

numerous reactions revealed that N-CNTs can be made from Fe(CO)5 and 

acetonitrile. Further the main conclusions achieved using the injection method were: 

i) the maximum number of tubes with bamboo structure were made using on 

acetonitrile concentration of 15%, ii) The best growth temperature to make N-CNTs 

was 850 oC, iii) An increase in acetonitrile concentration decreased the yield of N-

CNTs and iv) Tubes with the narrowest outer diameters were 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, that have been described, arise from 

research in academic and government laboratories. This includes both their discovery 

and their product development. Nanotechnology products can be found in any field, 

for example, they can be used in building materials and also in biological materials. 

Nanomaterials can be used in scratch resistance artefacts and catalysts. They have 

also been added to polymers to give stronger lighter polymer nanocomposites. 

The study of a shaped carbon nanomaterial (SCNM) such as a carbon nanotube is a 

hot research topic. Many studies were carried out on these types of materials by 

several researchers during the time period 1952-1989 [1-17]. However it is generally 

accepted that it is Iijima who brought CNTs to the awareness of the scientific 

community [18]. He linked their structure to that of fullerenes. CNTs possess many 

extraordinary properties: they are stronger that steel, harder than diamond, their 

electrical conductivity is higher than copper and their thermal conductivity is higher 

than diamond. Consequently, CNTs have become a material, of much interest today. 

Although there has been much progress in the synthesis of CNT over the years, many 

challenges still remain in their development. For example, methods to produce CNTs 

in high purity with controlled morphology, the actual mechanism of carbon growth, 

and the influence of defects on these physical properties are issues that are still open 

to study and debate.  

Due to the remarkable properties associated with CNTs, scientists have devised 

strategies to both understand and more importantly to improve on these properties. 

For example, in 1994 Stephen et al. doped CNTs with N and B atoms using an arc 

discharge method [19]. Doping not only modified the CNT morphology, but also 
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changed their electronic properties of the CNTs [20]. The development (synthesis 

study) of doped CNTs, in particular with nitrogen, is described in chapter 2. 

Among the techniques, used to make CNTs, the CVD method has been proven to be 

the most popular and widely used because of  its low cost, high production yield and 

it is an easy method to scale-up. In this dissertation a CVD method was used to make 

nitrogen doped CNTs (N-CNTs) using a floating catalyst process. In the floating 

catalyst method both catalyst and carbon source are introduced in the gaseous phase. 

The method requires a volatile catalyst. Organometallic complexes such as ferrocene 

(FcH) and substituted ferrocene are typically used. Many studies have been done 

using ferrocene since the first reports on its first use in 1985 by Komatsu and Endo to 

fabricate nano shaped materials. But other readily available iron containing 

organometallic complexes have been used to make CNTs, one of them is iron 

pentacarbonyl (Fe(CO)5). To date only a few reports exist on the use of Fe(CO)5 to 

make CNTs, even though it is used commonly in the HiPco process for CNT 

synthesis. In this dissertation N containing carbon sources have been used in the 

presence of Fe(CO)5 for the synthesis of N-CNTs. The growth of the N-CNTs was 

carried out in a tubular furnace in a horizontal quartz tube. The quartz tube was 

heated (typically 900-1200 oC) in the presence of Fe(CO)5 and nitrogen containing 

compounds by a carrier gas at a controlled flow rate using one of the two methods: 

(the bubbling and the injection methods). The black soot material formed in the 

reaction (i.e. the N-CNT containing material) was characterized by transmission 

electron microscopy (TEM), Raman spectroscopy, and thermogravimetric analysis 

(TGA). 

1.2 Objectives 

The objectives of this project are as follows: 
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(i) To synthesis N-doped CNTs by floating catalyst and injection methods using 

Fe(CO)5 as catalyst. The N source will be nitrogen containing reagents such as 

acetonitrile. 

(ii) To analyse the effect of gas flow rate, temperature and N concentration on N-

CNT yield and quality. 

(iii) To determine the most productive conditions for N-CNT synthesis using the 

above methods. 

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

TGA analyses procedures. 

1.3 Outline of the dissertation 

Below is an outline of the content of this dissertation: 

Chapter 1: This chapter gives a review of the motivation for this study and the 

objectives of the project. 

Chapter 2: This chapter gives a review of the literature related to carbon 

nanomaterials such as carbon nanotubes. The structure, physical and chemical 

properties, synthetic methods, purification procedures and applications of CNTs and 

in particular N-CNTS will be discussed.  

Chapter 3: This chapter describes the procedures used to make the N-CNTs. The 

chapter contains information on the experiments performed and the characterization 

procedures used to evaluate the yield and quality of the N-CNTs produced. The 

results are discussed in terms of mechanisms. 

Chapter 4: In this chapter, conclusions are summarized based on the results obtained 

with respect to initial objectives. It also includes some recommendation for future 

studies. 
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CHAPTER 2 

2. LITERATURE REVIEW  

2.1 Carbon nanomaterials 

Carbon is the chemical element with atomic number 6 and symbol C. Carbon is 

placed in group 14 in the periodic table. Thus carbon is a nonmetallic element. It 

contains 4 electrons in its valence shell, to form covalent chemical bonds. Carbon can 

either bond to three atoms with sp2 hybridization or bond to 4 other atoms with sp3 

hybridization. Sources of carbon can be either organic (oil, coal) or inorganic 

(dolomites, limestones). 

Carbon resists oxidation more significantly when compared to iron, nitrogen, and 

copper at room temperature. At high temperature, metal oxides form carbon 

monoxide and metal. An example is shown as below: 

Fe3O4 + 4C(s) → 3Fe + 4CO(g) 

2.1.1 Allotropes of carbon 

Carbon allotropes can be found naturally in the form of, graphite, diamond, 

amorphous carbon, and carbon spheres as shown in Figure 2.1 [1]. The physical 

properties of carbon depends on its allotropic form. Under normal pressure, graphite 

is the thermodynamically stable form of carbon. In graphite, each C atom is bonded 

trigonally to three others in a plane composed of hexagonal rings, and this gives rise 

to a two-dimensional network. The forces between each carbon layer are van der 

Waals forces. Thus graphite has softness and cleaving properties. Electrical 

conductivity only occurs in the plane of each covalently bonded sheet. Graphite 

conducts electricity due to the π bond (the π bond forms due to delocalization of one 
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of the outer electrons of each atom). At higher pressure, carbon forms a more 

compact structure having a higher density than graphite. This allotrope is called 

diamond. In the diamond structure each C atom is bonded tetrahedrally to four others 

and it forms a three-dimensional network. Its hardness is due to the strength of the C-

C bonds. In terms of resistance to scratching it is the hardest material known. 

 Diamond has different characteristics compared to graphite. Thus diamond is 

transparent and it is hard whereas, graphite is opaque and very soft. In terms of 

electrical conductivity diamond has a low conductivity in contrast to graphite which 

is a good conductor. In addition diamond has a high thermal conductivity under 

normal conditions. Among all the carbon allotropes graphite has the highest 

thermodynamic stability. Amorphous carbon is completely anisotropic. 

2.1.2 Fullerene  

Buckminsterfullerene C60 (fullerene) was first discovered in 1985 by Harold Kroto, 

James Heath, Sean O'Brien, Robert Curl and Richard Smalley at Rice University [2]. 

The C60 molecule was called a fullerene and named after Buckminster Fuller. He was 

an American engineer, inventor and designer. One of his well-known inventions was 

the geodesic dome. A geodesic dome is a spherical shell structure or lattice shell 

based on a network of great circles lying on the surface of a sphere. 

Buckminsterfullerene was named due to its resemblance to geodesic spheres. 



 

Figure 2.1: Some allotropes of carbon: a) 
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confirmed that the multilayer tubes were made from carbon atoms. They suggested 

that their carbon multilayer tubular crystals were formed by rolling graphene layers 

into cylinders. 

In 1987, Tennett of Hyperion Catalysis was issued a U.S  patent for the synthesis of 

cylindrical carbon nanofibres. The carbons had a constant diameter between about 3.5 

and about 70 nanometers. 

In 1991 Iijima reported that he viewed  multilayer CNTs in the insoluble material of 

arc-discharge graphite rods. This discovery of CNTs accelerated independent 

discoveries [5,6] by Bethune at IBM [7] and Iijima at NEC of SWCNTs, and methods 

to synthesis them by adding transition metal-catalysts to the graphite rods in the arc 

discharge synthesis process. 

The discovery of CNTs remains a contentious issue. Many believe it is Iijima who is 

the discoverer of CNTs because he brought CNTs to the awareness of the scientific 

community [8], since he linked their structure to that of fullerenes.  

2.2.2 Structural features of CNTs 

Carbon nanotubes (CNTs) are basically allotropes of carbon with a cylindrical 

structure. The cylindrical structure of CNTs generates novel properties which make 

them useful in many applications. Individual nanotubes can be applied in electronic 

devices, such as biosensors, scanning probe tips, sensitive nanobalances etc [9]. As 

the price of production decreases, the use of macroscopic nanotube derived materials 

becomes more feasible. Nanotube materials can be available in many forms: e.g. as 

compressed random mats of raw or purified soot, filter deposited foils [10], spin 

coated or solvent cast films etc [11]. It is also possible to tailor the physical and 

chemical properties of CNTs by modifying their structure for use in various 

applications.  

Carbon nanotubes are generally synthesized by the arc evaporation of graphite [12] or 

by the pyrolysis of hydrocarbons in the presence of metal particles, particularly using 
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the CVD method [13]. The CVD method is particularly suitable for the synthesis of 

CNTs in large scale. 

2.2.3 Types of CNTs 

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

carbons, which shows sp2 hybridizations, that has been rolled into a tube Figure 2.2 

[14]. 

 

 

 Figure 2.2: The structure of graphite [14]. 

 

There are generally three types of CNTs have been made Figure 2.3 [15]. 

(a) Single-walled carbon nanotubes (SWCNTs): SWCNTs have remarkable 

properties. But  SWCNTs are difficult to synthesize in large yield and in high purity. 

(b) Double-walled carbon nanotubes (DWCNTs): DWCNTs consist of two rolled 

layers of graphite. 

(c) Multi-walled carbon nanotubes (MWCNTs): MWCNTs consist of multiple rolled 

layers of CNTs. 
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a b                    c 

Figure 2.3: The different shapes of CNTs. (a) SWCNT, (b) DWCNT, (c) MWCNT 

[15]. 

2.2.4 Properties of CNTs 

CNTs have attracted the attention of scientists due to their remarkable properties. 

Some examples are given below:  

2.2.4.1 Mechanical properties of CNTs 

Mechanical properties of bulk materials at the macro level can be transposed directly 

to the nano level via scaling effects. 

What gives CNTs their high stiffness and strength? The strength is due to the strength 

and adaptability of the C-C bonds. The stiffness is due to the phenomenon of  

hybridization of a C-C bond in hexagonal carbon rings. In graphite the C atoms are 

all sp2 hybridized. In CNTs, the curvature is due to a blend of sp2 and sp3 

hybridization states in the hexagonal C atoms. When the carbon atoms are under 

stress they can accommodate the stress by increasing bond angles by assuming more 

sp3 character. Once the stress is removed, recovery to the original configuration 

occurs [16]. 

(a) Stress:  Stress is the measurement of an average force (F) applied per area (F.m-2 ) 

The unit of stress is defined as the Pascal (usually associated with Tera, giga, nano 

units). There are several types of stress: tensile, sheer, compressive and bending. 
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(b) Young’s modulus: Young’s modulus is the measurement of stiffness. A Young’s 

modulus is a numerical evaluation of Hook's law, i.e. the ratio of stress over strain. In 

other words it is the measurement of resistance to elastic deformation. Young's 

modulus is used to determine the length that a material stretches under tension or the 

load that will make a material buckle under compression. Some examples are 

depicted in Table 2.1 [17]. 

Table 2.1: Corresponds to Young’s modulus of some materials [17]. 

 

General engineering 

material 

Example Young's modulus (GPa) 

Metal Steel 

Cu 

Al 

200 

115 

69 

Carbon materials Diamond 

Graphite 

Single walled CNTs 

1100 

1100 

1000+ 

polymers Epoxy 

Polyester 

Nylon 

6.9 

6.9 

3-7 

Fibers C-glass 

Graphite fiber 

Boron filament 

69 

340-380 

410 

 

(c) Elastic modulus of carbon nanotubes  

Basically, the theoretical Young's modulus of CNTs is predicted to be in the range 

from 1 to 5 TPa, whereas the best stainless steel and Kevlar values range from 200 

and 250 GPa. Respectively, SWCNTs show a ca. 24% elongation of the material at 



13 
 

breaking as compared to 2% for Kevlar and 50% maximum for steel. The high value 

of a SWCNT Young's modulus correlates with the SWCNT density. Because CNTs 

have a low density, 1.3-1.4 g.cm-3, the specific strength of CNTs can be as high as 4.8 

N.m.kg-1 much greater than that of high carbon steel  (1.3-1.4 N.m.kg-1 ). 

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 material in response to a change in 

temperature. Carbon nanomaterials normally are characterised by a low co-efficient 

of thermal expansion. Carbon is used in space craft manufacture where the carbon 

materials are exposed to temperature extremes [18]. 

(b) Thermal conductivity:  thermal conductivity is  the ability of a material to 

conduct heat. The thermal conductivity of CNTs is in the range of 1800-6000 

(W.m1.K-1) which is 10 times more than that of stainless steel [19]. 

(c) Electronic properties: An electronic property is the ability of a material to 

conduct electricity. CNTs can in theory be both metallic and semiconducting. 

Metallic nanotubes can carry an electrical density of 4 x 109 A/cm-2 which is 1000 

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

2.2.4.3 Chemical properties 

Nanomaterials have a high surface energy, thus they seek stabilization by many 

methods. Some nanomaterials, such as SWCNTs are kinetically stable under room 

temperature conditions. The graphene structure determines 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 crystal made of several stacked layers with 

sp2  hybrididzation. Each layer interacts weakly via van der Waals forces. 

(b) Graphene 2D system 

A graphene crystal is an infinite two-dimensional layer consisting of sp2 hybridized 

carbon atoms. Highly crystalline graphene surfaces usually react with other molecules 

via physical adsorption (π-π interactions). However, some functional groups such as 

carboxyl (COOH), amines (NH2), carbonyl (CO) can be anchored at the edges of 

graphene sheets, which are more the chemically reactive sites. Furthermore, chemical 

reactivity depends on the termination of carbon at the edges which can either have a 

zigzag or armchair arrangement. On the other hand to make a graphene surface more 

reactive, doping with heteroatoms or addition of a high amount of defects or a high 

degree of curvature is needed. 

2.2.4.5 Doping of graphene 

Doping-induced defects, arising from the introduction of a foreign atom into the 

graphene sheet is also possible. Doping occurs via substitution of heteroatoms (e.g. 

N, B) for C atoms. Addition of both dopants increases the chemical reactivity of the 

graphene surface. Insertion of N adds an extra electron to the surface. The type of 

defect influences the kind of conduction generated ranging from n-type transport (N 

substitutional doping) to p-type conduction (substitution of boron atoms into the 

lattice) [21]. Studies have shown that other elements like Si, P, S can also be 

introduced into the hexagonal lattice of carbon tubules [22-26]. 

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

the chemical reactivity and electronic transport of the carbons. 

 



 

2.2.4.6 Physical properties

a) Chirality of CNTs 

There are generally three different ways to roll graphite sheets to generate a tube. 

Some of the formed CNTs have mirror symmetry both parallel and perpendicular to 

the nanotube axis (zigzag and armchair configurati

chiral nanotube which d

[27]. 

 

 

 

Zigzag (n,0) 

Figure 2.4: The different shapes of s

Physical properties 

There are generally three different ways to roll graphite sheets to generate a tube. 

Some of the formed CNTs have mirror symmetry both parallel and perpendicular to 

the nanotube axis (zigzag and armchair configuration). The other type of CNT is a 

chiral nanotube which does not have any mirror symmetry. It is shown in 

 Armchair(n,n) 

   Chiral (n,m) 

The different shapes of single walled carbon nanotubes [27]. 

15 

There are generally three different ways to roll graphite sheets to generate a tube. 

Some of the formed CNTs have mirror symmetry both parallel and perpendicular to 

on). The other type of CNT is a 

. It is shown in Figure 2.4 
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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 developed to make SWCNTs. One of 

them is the HiPco process. It is a high pressure method that uses CO as a carbon 

source. Large scale SWCNT synthesis is possible by using this method [28]. 

HiPco is a gas phase CVD process operating at 30-50 atm and 900-1100 oC. The 

carbon source material used is carbon monoxide and iron pentacarbonyl is the 

catalyst precursor material. Fe clusters are formed in situ from decomposition of the 

Fe(CO)5  above 300 oC. Condensation of the reduced iron occurs in the gas stream. 

CO decomposes as shown below: 

2CO →  CO2+ Cswcnt  

The SWCNTs can be produced with a purity of 97-mol% SWCNTs and contain 3-

mol% Fe [28]. The standard reported production conditions are: 30 atm, 1050 oC, CO 

volume flow rate at 8.4 L.min-1 and 0.25 torr Fe(CO)5 at 1.4 - 8.4 L.min-1 for 24-72 h. 

The rate of production of SWNTs under these conditions is ca.10.8 g.day-1 [28] . 

2.2.5.2 Synthesis methods to make MWCNTs 

There are several ways in which MWCNTs can be synthesized. 

(a) Arc discharge: Arc discharge entails the use of two carbon electrodes in an 

evacuated chamber. Current passes through the two rods. Ultimately one of the rods 

evaporates (the anode) and condenses on the other rod (cathode). Carbon is vaporised 

from a graphite rod which condenses on the opposite rod (which has opposite charge) 

[29]. This method is used to mainly make MWCNTs. 

(b) Laser ablation: Laser ablation entails the vaporization of carbon. During 

vaporization the substrate material absorbs energy which is delivered by a laser beam. 
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The absorbed energy is converted into thermal energy. When evaporation occurs 

carbon soot will form [30]. Pure CNTs can be formed using this process. 

(c) Chemical vapour deposition (CVD): The CVD method can easily allow scale 

up. CVD is used to produce high purity, solid materials. It can make both SWCNTs 

and/or MWCNTs. The CVD approach involves a chemical reaction, contrary to the 

physical vapour deposition (PVD) process. CVD is used industrially due to its low 

cost, flexibility and simplicity. CVD also has the ability to produce high purity 

ceramics, metallic and semi conducting film at high deposition rates. CVD is a 

versatile and cost effective system for making CNTs, because the feedstock, a 

hydrocarbon source, can be used in the solid, liquid or gaseous phase. Further, the 

reaction can be done on various substrates. Thus, the product can be expected to be 

available as a thin film, powder or thick coating. 

Generally the type of CNTs made depends on the synthesis temperature. For instance 

production of MWCNTs requires lower temperatures (600-900 oC) when compared 

with SWCNT synthesis (900-1200 oC). 

A drawback of the CVD techniques is that they produce carbons with structural 

defects. This implies that the structure of the so-called MWCNTs is far from the ideal 

rolled-up hexagonal carbon ring lattice shown in figures and cartoons. 

There are a range of CVD processes that have been used to make CNTs. These 

include high or low pressure aerosol assisted CVD (AACVD). Here the precursors 

are transported to the substrate by means of liquid injection. In the direct liquid 

injection CVD (DLICVD) method, the precursor is a liquid or a solid (which is 

dissolved in a liquid) and the liquid is injected into a reactor. The precursor vapour is 

transported to the substrate. A microwave plasma-assisted CVD (MPCVD) procedure 

has also been used to make CNTs. 

There are two generic approaches to the CVD synthesis methodology. The one is to 

pass the carbon source in the gas phase over a supported catalyst. In the second 

approach, both the catalyst and carbon source are gaseous. This procedure is called 

the floating catalyst method. In the second method volatile organometallic catalysts 



18 
 

can be used. The prototype catalysts are ferrocene Figure 2.5 a and Fe(CO)5 Figure 

2.5 b [31]. 

 

 

 

 

Figure 2.5: Catalyst used for CNTs synthesis; (a) ferrocene and (b) Fe(CO)5 [31]. 

 

The first use of ferrocene in the synthesis of shaped carbon nanomaterials appeared in 

1985 described by Komatsu and Endo [32]. In 1993, a report by Tibbets discribed the 

use of ferrocene in carbon nanofiber growth [33]. Since then many reports have been 

written on the use of ferrocene to catalyze carbon shaped nanomaterials from a 

different range of hydrocarbons. 

 The factors that make ferrocene popular to apply are; price, accessibility, volatility, 

and stability in air. Other organometallic catalysts have also been used to make 

CNTs, but their use has not been as extensively studied. An example is Fe(CO)5. 

Fe(CO)5 is used in the  HiPco process to produce CNTs [34]. Fe(CO)5 like ferrocene 

contains Fe and carbon. A major difference is in their oxidation states. Fe(CO)5 has a 

zero oxidation state whereas, ferrocene formally has the +2 oxidation state. They also 

differ in their physical states at room temperature: Fe(CO)5 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 and CVD methods contain many 

impurities such as amorphous carbon, fullerenes, graphite particles and the metal 

catalyst. The presence of impurities might affect the performance of CNTs. Hence 

CNTs must be purified, typically by gas phase oxidation [35-37], liquid phase 

oxidation [38-44] or physical separation procedures [45-48]. 

(a) Gas phase oxidation: Gas phase oxidation is achieved by the CNTs reacting in 

air, pure oxygen or chlorine atmospheres at 500 oC [36]. Gas oxidative treatments can 

burn off more than 95% of the nanotube materials [35]. 

(b) Liquid phase oxidation: Liquid phase oxidation can be carried out simply by 

dipping the sample into strong acids such as concentrated HCl, HNO3 and H2SO4. To 

improve this procedure, mixtures of H2SO4, HNO3 (3:1) or other strong oxidation 

agent like KMnO4, HClO4 and H2O2 can be used. Experimental data shows that 

oxidation of nanotubes in either HNO3 or  H2SO4 is slow. Once a mixture of both is 

used it improves the yields. 

The best oxidation of CNTs is achieved with KMnO4 in an acidic solution. It was 

demonstrated by Hernadi et al. [41] that oxidation by KMnO4 in a suspension of acid 

provides nanotubes free of amorphous carbon. 

The purification process also opens up the tips of nanotubes leading to the formation 

of carbonyl and carboxyl groups on the surface of the CNTs. This can improve the 

dispersion of CNTs in polymers, because such functional group enhances interfacial 

interaction between the tubes and the polymer [49]. 

2.2.7 Doping of carbon nanotubes 

Shaped carbon nanomaterials (SCNMs) have remarkable properties. They are used in 

the computer industry due to their small size [50-52]. In addition, carbon 

nanomaterials can be used in catalysis as catalyst support materials or as a catalyst 
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[53-56]. The range of their applications, can be enhanced by altering their physical-

chemical properties. Altering their properties has become a hot topic nowadays. To 

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

Doping is the introduction of a foreign atom into the backbone of a CNT. A CNT 

doping reaction with N was first reported by Stephen et.al. in 1994 [57]. They doped 

CNTs with nitrogen using the arc discharge method. The incorporation of nitrogen, 

with an extra electron compared to carbon, can enhance field emission properties of 

the carbons [58]. Doping also leads to n-type semiconductor behaviour due to the 

incorporation of N into CNTs. This leads to an improvement in conductivity [59] and 

an improvement of field emission properties of CNTs [58]. These improvements are 

due to the electron donor ability of the nitrogen. For instance, the lone pair on N leads 

to the presence of an electron in the conduction band and results in n-type 

semiconduction [60]. When CNTs are doped with N they usually form bamboo 

compartment in the tube structure and the size of the compartments are a function of 

the N content. N insertion also causes defects in the walls of the tubes which is 

desirable in terms of functionalisation. To date, many applications of N-CNTs have 

been reported such as their use in bio sensors [61], in biological and chemical 

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

2.2.7.1 Doping configurations 

Incorporation of nitrogen into CNTs can occur in several different bonding 

configurations, in a graphitic network, as shown in Figure 2.6 [66]. The three usual 

bonding configurations are: (a) pyridinic-like sp2 hybridized 6-fold ring arrangement, 

(b) pyrrolic-like sp2 hybridized 5-fold ring arrangement and (c) a quaternary 

substitutional,  sp3 hybridized 6-fold ring arrangement. 

Experimental evidence on the type of N configuration can be achieved via Raman 

spectroscopy and X-ray photoelectron spectroscopy (XPS). In a Raman spectrum, the 

prydinic configuration can be confirmed by the intensity ratio of the G to D bands of 
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N-MWCNTs [69]. From XPS analysis both prydinic and substitutional nitrogen 

atoms in the hexagonal  structure have been revealed [70]. Other configurations can 

be formed in CNT structures e.g. CN (Figure 2.7 d), an amine NH2 (Figure 2.7 e), or 

as N2 intercalated between the graphitic layers[69-72]. 

Depending on the CNT application, a decision as to  which form is most suitable 

must be made. In the catalytic oxygen reduction reaction (ORR) process, graphitic 

type N doping showed a better performance compared to others [73,74]. 

 

 

Figure 2.6: Possible bonding configurations for N in graphitic networks:  (a) pyridine-like N, 

(b) pyrrole-like N, (c) substitutional N, (d) nitrile - CN, (e) amine - NH2, (f) single N 

pyridinic vacancy, (g) triple N pyridinic vacancy, and (h) interstitial N [66]. 

2.2.7.2 Defects induced by nitrogen doping 

Nitrogen insertion generates defects in the graphitic structure of CNTs. This is shown 

in Figure 2.7 [66]: there are vacancies or defects in the lattice [Figure (2.6 f) or (2.6 

g)]. In addition there is a correlation between diameter and type of defect with strain 

energy induced from curvature of the graphene sheet. Two ranges of diameter have 
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been studied to provide information on this effect  i) a CNT with a diameter less than 

8 nm, ii) a CNT with a diameter greater than 8 nm. When a nitrogen defect occurs, 

the C atoms will move towards the vacancies and form two pentagons sharing the 

same vertex. For diameters greater than 8 nm, the reconstruction occurs more easily 

[75]. 

2.2.7.3 N-CNT structure 

The structure of N-CNTs have been studied by transmission electron microscopy 

(TEM). TEM revealed compartmentalized formation within a tube that is referred to 

as a bamboo structure. This unique morphology associated with the distortion and 

bending of graphene layers around nitrogen defects, gives a bamboo like structure 

Figure 2.7 [76]. It is also proposed, that the outer diameter of undoped CNTs are 

smaller in diameter when compared to N-CNTs. 

 

Figure 2.7: TEM images of MWCNTS doped with nitrogen, produced by thermolysis of 

ferrocene-benzylamine solutions at 850 oC: (a) low-resolution image of compartmentalized 

structure of N-CNTs, (b) high-resolution image of an individual bamboo compartment [76]. 
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2.2.7.4 Growth mechanism 

(a) Growth mechanism for undoped CNTs 

Undoped MWCNTs consist of several graphene layers that pack around one another. 

They form a hollow cylindrical structure and terminate by end caps [77]. To satisfy 

Euler’s theorem these caps must include at least six pentagons in a hexagonal 

network Figure 2.8 [77]. 

 

 

 

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

In some cases, tubes with open ends can be observed. This relates to a sudden growth 

termination of the tubes due to a sudden change in conditions. These species are 

unable to form hexagons [78]. 

A number of studies have been reported on the growth mechanism of CNTs on a 

supported catalyst [79-94]. Ultimately they all postulate that the mechanism can 

occur in two different ways: either base or tip growth as shown in Figure 2.9 [95], 

depending on the strength of the interaction between catalyst particles and support 

(metal-support interactions). When a strong interaction exists base growth occurs and 

vice versa [96]. It is also believed that both mechanisms can occur simultaneously 

providing both interactions exist in the same catalyst. 
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In the tip growth mechanism (where the catalyst sits at the tip of CNT) typically the 

precursor molecules adsorbs on the surface of the catalyst. C atoms are attached to the 

surface of the catalyst and C atoms can diffuse over the surface. Ultimately C atoms 

precipitate on the opposite surface to form a CNT wall. 

 

 

 

                       

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

(b) Growth of N-CNTs 

To date, a number of mechanistic models for N-CNT growth have been proposed 

[97]. No conventional nanotube growth models can explain the regular internal 

bamboo cavities of nitrogen doped MWCNTs. An alternatively growth model 

proposed for N-doped tubes is shown in Figure 2.10 [98]. In this method the metal 

catalyst ejects C and N atoms from the metal particle due to stress accumulated in the 

Tip growth 
 

Base growth 
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catalyst surface. The formation of the cavities is due to the presence of nitrogen. As 

the number of layers increases this pressurizes the catalyst particles until material is 

again ejected from the cavity and the process once gain starts up. This model is 

supported by the observation that a decrease in the size of catalyst particles decreases 

the bamboo periodicity [99]. 

 

 

 

Figure 2.10: Growth mechanism proposed for N-doped MCWNT bamboo or 

‘nanobell’ structures. (a) before precipitating carbon layers matching the particle 

shape (b). The addition of new precipitate layers (b) increases pressure on the catalyst 

particle (c) until it is ejected from the inside of the 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 make N-CNTs i) insertion of nitrogen 

into CNTs during the reaction [100-102] and ii) post functionalization of CNTs with 

nitrogen using organic compounds [103-105]. In the first method, arc discharge 

[106,107] and laser ablation [102,108] procedures have been used. These techniques 
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often require a high temperature, typically > 1000 oC. An alternative method, which 

can function at lower temperatures in the presence of an organometallic catalyst and 

numerous C/N sources is chemical vapour deposition [101,109,110]. The quantity of 

nitrogen incorporated into the graphene layers of the CNT is challenging. High C/N 

ratios have been obtained using laser ablation, arc discharge methods and magnetron 

sputtering (high temperature) techniques (up to 33% N incorporation) [102,106-

108,111,112]. Carbons, with up to 20% N incorporation have been achieved with 

CVD and pyrolysis methods [113-125]. 

The high temperature techniques to make N-CNTs gives poor quantitative 

performance compared to these produced by the CVD method [126]. 

The CVD method can give high yields of both CNTs [127,128] and N-CNTs [129], 

typically 20-25 g per gram of catalyst. 

In the second method N is added to an already made CNT. Thus, the N is deposited 

on the outer walls of an already made CNT. 

Regarding the second method, the major drawback is its complexity due to the multi 

step synthesis required. To attach an amine group to CNTs  requires to be oxidized 

first. Once it is oxidized it then reacts with amines to obtain N-CNTs. 

2.2.7.6 Consequences of N-insertion 

Incorporation of nitrogen into CNTs influences the electrical and structural properties  

of the CNTs. When a CNT is doped with N it generates defects in the graphene layer 

of the CNTs. The surface is not as smooth as before and attaching other functional 

groups to CNTs can take place more easily when compared to undoped CNTs. 

Physical properties of C, N and O atoms are compared in Table 2.2 [130]. 
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Table 2.2: Physical properties of carbon, nitrogen and oxygen [130]. aaccording to Pauling, 
bin aromatic compounds. 

 element  Atomic radius (Å)  Electronegativitya   C-bond lengthb (Å)  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) 

 

From Table 2.2 it can be seen that the bond lengths in aromatic structures containing 

C-C, C-O and C-N bonds do not differ significantly. The table also indicates that 

incorporation of N and O atoms in the graphene layers of CNTs is suitable. On the 

other hand the bond length of a C-N bond is shorter than C-O and C-C bond lengths. 

The N atom distorts the perfect order in a graphitic matrix. It has also been shown 

that a low N content (N/C  <  0.17) has little effect on a graphene layer and no major 

change in graphitic properties and morphology of the tube are observed in this case 

[130]. 

2.2.7.7 CNTs in biological applications 

Carbon nanotubes are a useful material to immobilize biomolecules [131]. CNTs can 

be used in biosensors, drug delivery systems and anti cancer agents, as most 

biomolecules can adsorbe on CNTs. The great compatibility of CNTs with 

biomolecules suggested that they can be functionalized with proteins. Each protein 

can adsorb individually, strongly and noncovalently along the length of CNTs [132]. 

Proteins such as, ferritin [133-135], cytochrome [136-137] and polysaccharides such 

as starch [138,139] have been successfully immobilized onto CNTs. 
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(a) Functionalisation of N-CNTs with proteins 

N-CNTs possess some distinguishable properties compared to CNTs. For example, 

they exhibit conductance that is independent of tube chirality [140]. The N doped 

CNTs are less toxic than CNTs  [141], and contain defects which make them provide 

hydrophobic nitrogen sites [142]. The nitrogen groups can exhibit electron transfer 

between mettaloproteins and Au electrodes [143-144].  

 (b) N-CNTs in biosensing  

The whole potential of N-CNTs for biosensing has not been explored yet. But, it is 

predicted that the N-CNTs ability to be used will be due to its defects. The nitrogen is 

distributed inhomogeneously along a tube. Pyridinic nitrogen is useful in terms of 

binding to incoming species [142-145] and it also creates active sites along the tube 

wall [146]. In addition it can facilitate the electron 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 surface active sites essential for adsorbtion of 

the reactants, bond breaking, bond formation and desorption of the products. In 

addition, a catalyst must be sufficiently stable to show efficient catalytic activity over 

a long period of time. In industry metals and metal oxides are widely used as 

catalysts.  

Nowadays, the availability of new carbon nanomaterials with their peculiar molecular 

structures and optoelectronic properties, including carbon nanotubes (CNTs), 

nanodiamonds, graphene sheets and fullerenes offer new ways of developing 

advanced carbon-based support. To generate metallic catalysts with high catalytic 

performance [147-150]. Further, it has been shown that the introduction of 
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heteroatoms (e.g. nitrogen) to carbon nanomaterials leads to electron modulation and 

this can provide desirable electronic structures for many catalytic processes [147].  

There is a report on the use of N-CNTs and N-free CNTs as the support for palladium 

in the liquid hydrogenation of cinnamaldehyde [151]. It has been reported in this 

study, that incorporation of nitrogen into the carbon matrix, modified the chemical 

properties of the support compared to N-free CNTs, leading to a better metal 

dispersion. The presence of N also significantly improved the selectivity towards the 

C=C bond in the hydrogenation reaction. Different particle sizes on CNT and N-CNT 

catalyst supports were observed. Nitrogen atoms on the surface of N-CNTs can 

provide a surface to increase the anchoring sites on carbon for adsorption of 

palladium precursor salts. Therefore these anchoring sites could improve the 

nucleation of the active phase and prevent the metal atom surface mobility resulting 

in particle sintering during thermal treatments. 

Liu et al. [152] have been reported that platinum adsorption was favoured on N-CNT 

materials compared to the pristine CNTs. They also observed that Pt was adsorbed on 

those carbons neighboring the N atom. It implies that N atoms did not bond directly 

to the metal, but the N atoms only acted as donor like atoms and not directly as 

binding sites for the deposited metal active phase. The nitrogen atoms located inside 

the carbon network are likely to play an intermediate activator role for the metal 

adsorption on the carbon site.  

In summary, the catalytic behavior of metals has been tested on both CNT and N-

CNT supports to evaluate the role of the support on the catalytic activity. The results 

showed that N-free CNTs demonstrated the lower hydrogenation activity compared to 

N-CNTs. This could be attributed to different dispersion of the metal particles on the 

support surfaces. 

It is noteworthy, to consider that even the type of N species in the N-CNTs play an 

important role in catalyst binding and it is believed that 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 disadvantages, including high cost, low 

selectivity, poor durability and detrimental environmental effects caused by catalyst 

residue and/or undesirable side-products [147]. Thus it is highly desirable to design 

inexpensive, metal free catalysts that have good activity and high performance over a 

long period of time. CNTs have been proposed as ideal catalysts for some chemical 

reactions due to their remarkable properties these include corrosion resistance, 

environmental acceptability, and unique surface properties. Glassy carbon and 

activated carbons have been used for certain chemical and electrochemical processes 

for a long time [154,155]. Carbon-based metal-free catalysts, can be involved in 

reduction and oxidation reactions [147,156]. 

In the case of nanostructured carbon nanomaterials (e.g. CNTs) the weakest 

adsorption sites are associated with the basal planes and consist of the hexagonal 

arrangement of carbon atoms. The high energy sites exist at the CNT edges and are 

often saturated with hydrogen atoms that can be replaced by other heteroatoms like, 

oxygen or nitrogen. These atoms provide strong chemical reactivities for redox or 

acid-base reactions. A carbon catalyst showed a good potential in ODH reactions of 

saturated hydrocarbons [157-162]. In particular many carbon nanostructures such as 

CNTs [159], carbon nanodiamonds [162] and CNFs [159,160] have been found 

suitable to catalyze the ODH reaction of ethylbenzene to styrene Figure 2.11 [163]. 

Some nanocarbon catalysts have demonstrated better catalytic performance and long-

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

(c) CNTs in fuel cells 

Fuel cells convert chemical energy directly to electricity [165]. At the anode, a 

catalyst oxidizes the fuel, usually hydrogen, generates a positive charge and a 

negative charge electron. The electrolyte which is placed between the cathode and the 

anode can let ions pass through it. But electrons pass through the wire and generates 

an electric current. When the ions reach the cathode they reunite with the electrons 

and the two react with a third chemical, usually oxygen, to form H2O. The catalyst 

that is used in this system is Pt. During this process a slow oxygen reduction reaction 

(ORR) occurrs on the Pt cathode and a large amount of Pt is reduced at the anode, 

due to H2 oxidation. The ORR occurs in two ways, either through a 4e- process or a 

less efficient two step 2e- pathway. The Pt-based electrode suffers from its 

susceptibility to time dependent drift and CO deactivation. Nowadays 

replacement/reduction of the expensive Pt-based electrodes is under investigation. 

Some examples include electrocatalysts made from a Pt-based alloy, transition metal 

chalcogenides, carbon nanotube-supported metal particles etc. [166-168]. The 

performance of N-CNTs or N-CNFs has demonstrated some good electrocatalytic 

activity [167]. A synthesized N-CNF electrode prepared by the floating catalyst CVD 

method using ferrocene, and either xylene or pyridine has demonstrated good 

electrocatalytic activities for ORR via a two-step two-electron pathway [169]. In 

addition N-CNF electrodes showed a 100 fold increase in catalytic activities for H2O2 

+ H2O+1/2 O2

      (1) 
 

 CnH2n+2 +  1 2�  O2             CnH2n  +  H2O                             (2) 
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decomposition under both neutral and alkaline conditions [170]. In a recent report 

Gong et al. [171] found that vertically aligned N-CNTs could act as efficiently as 

metal-free ORR electro catalysts in fuel cells. 

The metal-free N-CNTs were shown to catalyze a 4e- ORR process free from CO 

poisoning and with greater electrocatalytic activity and better long-term stability than 

Pt-based electrodes in alkaline electrolytes Figure 2.12 [163]. Aligned  N-CNTs 

provides the high surface area, good electrical and mechanical properties and superb 

thermal stability for the nanotube electrode to be used in fuel cells under either room 

temperature, or harsher temperature conditions. 

 

 

 

 

 

 

Figure 2.12: A 4 e- ORR process [163]. 

Gong et al. [171] attributed the improvement of catalytic performance to the electron-

accepting ability of the nitrogen atoms. Thus nitrogen forms a net positive charge on 

adjacent carbon atoms in the nanotube plane of the NCNTs. Hence, nitrogen attracts 

more electrons from the anode to facilitate the ORR. The nitrogen delocalization 

changes the chemisorptions of O2 (at the n-free CNT surface) to a side-on adsorption 

on N-CNT electrodes. However N-induced charge transfer from adjacent carbon 

atoms might lower the ORR potential and the parallel diatomic adsorption could 

significantly weaken O-O bonding, facilitating ORR at the vertically aligned N-CNTs 

electrodes. The discovery of this ORR mechanism has led to the development of 

various other metal-free efficient ORR catalysts for fuel cell applications. 

 

O2 + 2H2O + 2e-                    4OH-       (Four-electron process) 

O2 + 2H2O + 2e-             4OH2
 -  + OH-     

(Two-electron process) 

H2O + HO2
- + 2e-                 3OH-  
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Furthermore, the role of nitrogen influences the design/development of new catalytic 

materials for fuel cell and other applications [172-179]. It is noticeable that nitrogen 

plays an important role as an active site for nanocarbon ORR catalysts and this 

nitrogen can be found in three different forms (pyrrolic, pyridinc, graphitic). Chen et 

al. [173] produced N-CNTs from different N-sources using a single step CVD 

process. They found that N-CNTs with higher nitrogen content and more  distortion 

exhibited better ORR performance in acidic electrolytes. On the other hand Kundu 

et.al. [174] prepared N-CNTs at different temperatures. They observed, more 

pyridinic nitrogen at 550 oC which showed better ORR electrocatalytic activity that 

the one prepared at 750 oC. This study revealed that more graphitic than pyridinic 

nitrogen atoms are necessary for the ORR. It is still a challenge to determine the exact 

location of nitrogen atom in carbon nanotubes.  

2.2.7.9 Characterization techniques used for carbon nanotubes 

(a) Transmission electron microscopy  

Transmission electron microscopy (TEM) can be used to understand matter at 

dimensions of roughly 1 to 100 nm. TEM experiments can assist on understanding of 

carbon in terms of modeling, imaging, measuring and manipulating matter at the nano 

scale. TEM can be used to analyze, metals, alloys, ceramics, polymers, 

semiconductors and composite mixture of these materials [180]. TEM operates on the 

same basic principle as light microscopy. The major difference is an electron is used 

instead of light. A light microscope is limited due to the wavelength of light. TEM 

uses electrons with shorter wavelengths. Therefore it is plausible to get a thousand 

times greater resolution with electron microscopy than using normal light microscopy 

[181]. 

The limitations of TEM are, i) interpreting transmission images, TEM represents an 

image with 2D system obtained from a 3D specimen. One of the problems is that 

when a 2D image is viewed the image does not reveal depth ii) electron beam damage 



34 
 

of the sample due to ionization. Ionization has a detrimental effect on a specimen and 

it could damage the sample, particularly polymers. Nowadays one the solutions is to 

use a minimum energy dose, cooling procedures and, charge coupled device (CCD) 

cameras [180]. 

The sample should be electron transparent. It means that the specimen must be thin 

enough to transmit electrons, until enough electrons can be detected. 

(b) Raman spectroscopy 

Raman spectroscopy is a useful and non-destructive technique. It is widely used to 

identify the graphitic nature of CNTs. Raman spectroscopy is very sensitive to 

structural disorder that breaks the graphitic lattice translational symmetry as it 

measures features in small crystals [182]. It is also sensitive to strength, length and 

the arrangement of chemical bonds in a sample but less sensitive to chemical 

composition. A Raman effect arises when a beam of intense monochromic light 

passes through a sample which contains molecules that change their polarizability as 

they vibrate. The position of the bands change according to the structures. For CNTs 

characteristic peaks are found in three spectral regions. The radial breathing mode 

(RBM) peaks occur around 120-250 cm-1 and  indicate the diameter of SWNCNTs. 

The G-band is characterized by peaks around 1580 cm-1 and indicates the graphitic 

nature of CNTs. The D-band peak occurs around 1350 cm-1 and corresponds to 

disorder features in graphitic sheets. The overall quality of a carbon material can be 

identified by the ID/IG ratio, where ID = intensity of the D band and IG = intensity of 

the G band. The higher the ID/IG ratio, the lower the graphitic structural quality of the 

material [183]. 

(c) Thermogravimetric analysis 

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

temperature. Such a technique relies on three factors: weight loss, temperature, 
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temperature change [184]. Typically all weight loss curves look similar. To avoid any 

misinterpretation, derivative weight loss curves can be used. The derivative curve 

identifies the exact point at which weight loss is most apparent. From TGA curves, 

data on the kinetics, thermodynamics of chemical reactions, reaction mechanisms, 

reaction intermediates and final reaction products are obtained [185]. TGA is used to 

determine the thermal stability of CNTs. Furthermore the presence of a catalyst 

residue and the absorbed moisture content in a sample can be checked by TGA.  

2.3 Toxicity of carbon nanotubes 

The toxicity of CNTs remains as a controversial subject and more research is still 

needed. Due to the great role of CNTs in industry it is vital to consider the health 

hazards of these new developed materials. It is believed that the needle like fiber 

shaped CNTs are similar to asbestos fibers. Thus, exposure to CNTs for a long time 

would cause mesothelima, which is a cancer of the lining of the lungs [186]. But the 

toxicity of these material depends on parameter data, structure, size distribution, 

surface area, surface charge and purity of samples. The presented data suggest that 

under some conditions nanotubes can pass membrane barriers. When raw materials 

reach the organs they generate some harmful effects e.g. inflammatory and fibrotic 

reactions [186]. 

Warheit et al. studied the toxicity of SWCNTs in rats by examining the ability of 

these nano particles to generate pulmonary inflammation as well as alter lung cellular 

proliferation [187]. They observed pulmonary granuloma formation following 

SWCNT exposure. In contrast to quartz particles, SWCNTs resulted in multifocal 

pulmonary granumola formation without any evidence of ongoing pulmonary 

inflammation or cellular proliferation. Warheit et al. found that the ability of 

SWCNTs to cause granulo matus lesions by a unique mechanism within the lung may 

relate to the unique physicochemical properties of SWCNTs [187]. In addition, the 

unique structural properties of SWCNTs make them resistant in biological and 
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ecological systems. The bio-persistancy of SWCNTs may become a significant health 

safety issue.  

2.4 Conclusion  

This chapter has indicated the background information to the experimental study 

performed in this dissertation. What is clear from the study is that the use of 

organometallic floating catalysts to make CNTs has been dominated by the use of 

ferrocene and its derivatives. Further, while Fe(CO)5 is used in the HiPco process to 

successfully make CNTs, its use to make N-CNTs has not be studied. Only two 

reports have appeared in the literature in which Fe(CO)5 and pyridine were used 

[188,189].  The study that follows is based on the following questions: 

1) Can N-CNTs be made using Fe(CO)5 as a floating catalyst and acetonitrile as 

nitrogen source? 

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

 It is to be noted that this study is a synthesis study. The N-CNTs synthesized have 

not been used (in this study) as catalyst supports. This 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 carbon atoms rolled up into a thin, hollow, 

long cylinder [1]. Carbon nanotubes exist in two forms i) single walled CNTs 

(SWCNTs) and ii) multi walled CNTs (MWCNTs). SWCNTs have a diameter range 

from 1 to 10 nm and are normally capped at their ends. In contrast, MWCNTs are 

larger in diameter and range from 5 nm to a many tens of nanometers. SWCNTs can 

also form bundles which are held together by van der Waals forces [2,3]. CNTs have 

remarkable physical and electrical properties, which were discussed in chapter 2, 

section 2.2.4. In addition, CNTs possess high surface areas, high aspect ratios and 

good mechanical properties [4,5]. 

Despite their phenomenal properties, the hydrophobicity and chemical inertness of 

CNTs impede their commercial use. To resolve this problem, scientists have come up 

with methods to modify the surfaces of CNTs. Their surface properties can then be 

tailored either by covalent or by non-covalent surface modifications. Covalent 

modification involves introduction of either new elements (e.g. O, N) onto the CNT 

or by incorporation of organic functional groups (e.g. bio molecules) onto CNT 

sidewalls. Noncovalent modification, can be done via adsorption of surfactants, 

biological macromolecules, and polymers without any intrinsic structural change to 

the CNTs [6].  Both strategies have been used to fabricate modified CNTs. In the 

covalent approach, incorporation of the elements, such as fluorine, nitrogen and 

boron leads to a modification of the CNT density of state which changes their 

semiconducting properties [7]. In the non-covalent approach, only the CNT surface is 
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targeted and their surfaces can be modified by addition of polar functional groups that 

can improve the dispersion and cross linking capabilities of CNTs during 

polymerization. 

In this study the modification of the CNT properties has been achieved by 

introducing nitrogen atoms into the CNT structure. This process is called doping. The 

materials once doped are called N-CNTs (nitrogen doped carbon nanotubes). N-CNTs 

can be prepared by different approaches such as, laser ablation, arc discharge and 

chemical vapour deposition (CVD). The method which was used in this study was 

CVD using a floating catalyst method. A floating catalyst method is a common 

method to fabricate CNTs on a large scale [8,9]. In a floating catalyst method there is 

no need to utilize a catalyst support, which reduces the cost of CNT production. The 

type of catalyst required to achieve this method typically is a volatile organometallic 

complex such as ferrocene (FcH), a substituted FcH (with or without N substituents) 

or Fe(CO)5 [10]. In this study Fe(CO)5 was used as the floating catalyst. Fe(CO)5 has 

the advantage than the Fe is in the zero oxidation state and hence, unlike ferrocene 

and ferrocene derivatives, does not require the presence of a reducing gas such as H2. 

Further, Fe(CO)5 has been known to be an excellent catalyst for the production of 

CNTs that are not doped. Indeed the HiPco process is based on the use of Fe(CO)5 in 

a reactor at high pressure [11]. 

There are numerous reports on the use of  Fe(CO)5 as a catalyst to produce CNTs, but 

little is known about its ability to produce N-CNTs. An example is a study by 

Banjapai et.al. [12] who synthesized aligned helical N-CNTs by the co-pyrolysis of 

Fe(CO)5 and pyridine on a quartz substrate at high temperature (900-1100 oC). A 

summary of some of the studies that have been reported in the literature is which 

Fe(CO)5 has been used to make CNTs and N-CNTs is given in Table 3.1. As will be 

seen, Fe(CO)5 has been successfully used to make both SWCNTs and MWCNTs. 
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Table 3.1: Use of Fe(CO)5  as catalyst to make doped and undoped CNTs  [13]. 

SNCM Reactor 
design 

 Carbon            
source 

Catalyst Temperature  Pressure and 
flow rate 

References 

SWCNTs Horizontal 
CVD reactor; 
two stage 
furnace 
system 

Acetylene Fe(CO)5 350 oC    
(furnace 1) 
1100 o C 
(furnace 2) 
 

C2H2 flow rate 
50 sccm 
Ar flow rate  
1000 sccm 
(Fe(CO)5 -1 ml) 

 
[14] 
[15] 

SWCNTs Horizontal 
CVD reactor 

CO  Fe(CO)5 800-1200 o C CO (1-10 atm) 
Fe(CO)5 (1-25 
mTorr) 

 
[16] 
[17] 

SWCNTs Horizontal 
CVD reactor; 
two stage 
furnace 
system 

CO Fe(CO)5 700 o C   
(furnace 1)  
900 o C 
(furnace 2) 

CO flow rate: 
800 sccm H2 
flow rate: 
200sccm 

 
[18] 

MWCNTs Horizontal 
CVD reactor; 
two stage 
furnace 
system with 
vapourization 
chamber and 
an ice cooler 

1:1, 
Pyridine 
Toluene 

Fe(CO)5 1050-1150 o C   H2 flow rate:  
350-400 ml/min 

 
[19] 

MWCNTs Horizontal 
CVD reactor 

pyridine Fe(CO)5 900-1100 o C   Ar and H2  
[12] 

MWCNTs Vertical CVD 
reactor 

Methane Fe(CO)5 1050-1150 o C   CH4 flow rate 
125-250 sccm  
N2 flow rate: 
1000-2000 sccm 
Fe(CO)5 feeding 
rate 0.5-2.5 
mL/h 

 
[20] 
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3.2 Experimental  

3.2.1 Chemicals and materials 

Toluene and acetonitrile were purchased from Merck, and iron pentacarbnyl was 

purchased from Fluka. Acetonitrile was distilled before 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 Elmer Pyris 1 TGA analyzer under an 

air atmosphere in the temperature range 25-900 oC at a heating rate of 10 oC/min. 

Peak positions are recorded in units of Celsius. 

3.2.2.2 Raman spectroscopy 

Raman spectra were acquired using a Jobin-Yvon T64000 Raman spectrograph 

operated in single spectrograph mode. The excitation source was the 514.5 nm line of 

an argon ion laser. This was focused onto the sample using a long-working distance 

20x objective with an Olympus BX40 microscope attachment. The power at the 

sample was kept low (< 1.2 mW) to minimise possible localised heating of the 

sample. The backscattered light was collected using the microscope and dispersed via 

a 600 lines/mm grating onto a liquid nitrogen cooled CCD detector. The data was 

acquired using Labspec v4.18 software. Accumulation times varied between 2 and 3 

minutes, and the confocal pinhole was set to either 2 mm 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 Technai G2 Spirit 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 nanotubes (N-CNTs) 

A typical experiment is described below. 

Synthesis of N-CNTs was carried out at 900 oC under an Ar atmosphere at 

atmospheric pressure. The flow rate of Ar was kept constant at 300 mL/min. All the 

precursors were kept under an Ar atmosphere before use. A mixture of toluene (17.5 

mL), acetonitrile (3.50 mL) and Fe(CO)5 (1.34 mL) was placed in a 25 mL syringe 

driven by a SAGE syringe pump. The solution was injected at 0.80 ml/min into a 

quartz tube reactor (32 cm x 1 m) via a special quartz delivery system cooled by 

water as shown in Figure 3.1. This cooling system allowed the solution to be injected 

into the hot region of the quartz tube. The reaction took about 20-25 min. After the 

reaction was done, Ar gas was passed through the tube at approximately 50 mL/min 

while the reactor cooled to room temperature, carbon soot was removed from the 

tube, weighed and kept in an air tight vial prior to characterization. Figure 3.1 shows 

the reactor which was used.  

In related studies the acetonitrile to toluene ratio was varied while the Fe(CO)5  

content was maintained at 1.3 mL. In these studies the acetonitrile content ranged 

from 0% to 25%. A summary of the experimental condition used is shown in Table 

3.2. Many other variation to the initial reaction were also performed. This included 

the use of a different temperature (900 oC), flow rate (200 mL/min), and a different 

carrier gas (Ar + 5% H2). All the condition used are shown in Table 3.2. 
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Table 3.2: Experimental conditions used for the N-CNTs produced. 

Experiment 

number 

CH3CN 

(%) 

Temperature 

(oC) 

Gas flow 

rate  

(mL/min) 

Carrier gas Yield 

 (g) 

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% H2 0.47 

5a 2 850 300 Ar 0.07 

6a 2 900 200 Ar 0.06 

7 2 900 200 Ar + 5% H2 0.27 

8 2 900 300 Ar  0.97 

9 5 850 200 Ar 0.85 

10 5 850 200 Ar + 5% H2 0.38 

11a 5 850 300 Ar 0.05 

12 5 900 200 Ar  0.74 

13 5 900 200 Ar + 5% H2 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% H2 0.38 

19a 15 850 300 Ar 0.03 

20 15 900 200 Ar 0.66 

21 15 900 200 Ar + 5% H2 0.58 

22 15 900 250 Ar + 5% H2 0.26 

23 15 900 300 Ar 0.40 

24 20 900 200 Ar 0.78 

25 25 900 200 Ar 0.71 

a indicates a 10 mL solution. 

 

 

Figure 3.1 : A furnace and syringe  attachment used for the synthesis the N-CNTS. 

Oven Quartz tube 

Syringe 
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3.2.3.2  Purification of N-CNTs 

The synthesized N-CNTs were purified by using either HNO3 (55%) or HCl (35%). 

The purification was carried out at 80 oC for 6 hours. The solution was cooled to 

room temperature, filtered and the black powder washed with distilled water several 

times until the pH of the solution was around 7. The sample was then dried in an oven 

at 100 oC overnight. 

3.3 Results and discussion 

3.3.1 Synthesis of nitrogen doped carbon nanotubes 

Nitrogen doped CNTs with varying degree of abundance and purity were synthesized 

according to the procedure outlined in the experimental section 3.2.3.1. All the 

samples were washed with acid prior to TGA and Raman analyses. The advantage of 

using HNO3 rather than HCl is that, HNO3 leads to surface functionalization, 

specifically at high temperatures. Further, the use of HCl is not desirable when the 

CNTs are to be used in catalysis applications. It has been reported that the presence of 

KMnO4 in acidic solution works better and it generates a pure material [21], however 

this reagent was not used in this study.  

TEM studies have shown that the N content affects the tube morphology and bamboo 

compartment formation. The presence of bamboo compartments is not a sufficient 

contribution to indicate N incorporation since bamboo-like structures have also been 

observed in Y-junction CNTs that do not contain N [22]. A TEM study revealed that 

N incorporation in the CNT structure did form separated compartments. It was 

reported by Nxumalo et al. [10] that an increase in N % source decreased the 

compartment distance. This is expected and it agrees with the mechanism proposed 

for N-CNT growth [23]. N-CNT bamboo compartment separation also increases with 

an increase in growth temperature [24]. TGA studies confirmed the presence of 

nitrogen in the CNTs as indicated by the change of decomposition temperatures 
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observed when the CNTs were removed with O2 in TGA experiments. The more 

nitrogen incorporated the less stable the N-CNTs that were formed. From a Raman 

study, an intense D band was observed that indicated the presence of disorder in the 

tubes. The level of disorder can be determined by measuring the ID/IG ratio (see 

below). 

Many variables were changed in the experiments to optimize the growth of the N-

CNTs. In the sections below the effect of each of these variables on N-CNT yield, 

morphology and purity are discussed. In each set of data an attempt has been made to 

vary only one parameter at a time. 

3.3.2  Effect of %CH3CN in toluene 

In this study the following conditions were used: reaction temperature-850 oC, gas 

flow rate-300 mL/min, gas used Ar.  

3.3.2.1 Yield study 

The effect of the reaction mixture in which the N content was varied by changing the 

amount of CH3CN used in a CH3CN/toluene mixture on the yield was studied. It was 

observed, that an increase in N content, decreased the yield. The CH3CN/toluene 

ratios used are shown in Table 3.2 (enteries: 5, 11, 19, entries: 8, 14, 23 and entries: 

1, 12, 20). It was also noted that the gas flow rate affected in the yield (Table 3.2, 

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

The effect of nitrogen containing organic compounds on N-CNT growth was reported 

by Nxumalo et al. [25]. They used different N compounds (e.g. amines, aromatic 

compounds). It was revealed that after an increase in amine concentration, the yield 

of CNTs generally decreased. Similar results were found for aromatic reagents 

(pyridine) and amides. 
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It is believed that the N concentration plays an important role in terms of yield 

production. Obviously with an increase in N concentration the yield drops. The 

reason given is nitrogen slows down the rate of tube growth and when N atoms sit on 

the surface of the catalyst it retards carbon growth on the catalyst.  

3.3.2.2 TEM studies 

TEM analysis was used to examine the type, quality, size distribution and quantity of 

N-CNTs produced. TEM analysis allowed a facile measurement of N doping to be 

determined since doping CNTs with nitrogen leads to the formation of bamboo 

compartments. An example of a bamboo structure is shown in Figure 3.2. The 

formation of bamboo compartment can be rationalized by its growth mechanism. 

Generally, what happens is C and N atoms both deposit on the catalyst surface and 

when they accumulate on the catalyst surface they will both be ejected from the 

surface and form a separate layer which leads to the bamboo structure as shown in 

Figure 3.2. The formation of the cavities is due to the presence of nitrogen on the 

catalyst surface.  

(a) Sample analysis  

TEM images were recorded of samples produced (unpurified) from the three different 

ratios of CH3CN/toluene studied (temperature-850 oC, flow rate-300 mL/min). The 

images reflect the type of materials produced. The % of each type of sample was 

determined by considering many tens of such images. A fair estimate of the material 

could be established. A summary of the data is given in Table 3.3. 

As is shown in Table 3.3, the 5% CH3CN sample contains the highest amount of 

tubes compared to the others. Based on the observation from TEM images it is 

assumed that the shortest tubes were obtained from the 15% sample (Table 3.2, 

entry: 11) and theoretically it can be also confirmed because as the amount of 

nitrogen increases the length of the tubes decreases due to the presence of the N 
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atoms. Incorporation of N in the CNT reduces the rate of tube growth and it also 

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

make N-CNTs [26]. Generally the lengths shorten with increased N incorporation. 

The 2% sample (Table 3.2, entry: 5) resulted in more straight aligned tubes, whereas 

the 5% sample (Table 3.2, entry: 18) contained bent tubes with a few open tips as 

shown in Figure 3.3 e, f. The details of the TEM images shown in Figure 3.3 are as 

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

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

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

variation in morphology is due to the different C:N ratios. 

 

 

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 

carbon (%) 

NCNT/CNT  

(%) 

2 0 60 40 

5 0 20 80 

15 1 29 70 
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Figure 3.3: TEM images of the N-CNT samples produced using CH3CN: 2% (a, b 

,c), 5% (d, e, f), 15% (g, h, i) respectively (T: 850 oC, flow rate: 300 mL/min). 

(b) Outer diameter distribution of the N-CNTs 

A focus of this project was on the determination of the yield and morphology of the 

CNTs. The CNT content (only) of the products produced by varying % CH3CN used 

a b c 

d e f 

g h i 
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were studied by TEM. The tubes were viewed by TEM and the outer diameters were 

measured using the Image J programme. For each sample about 70 tube diameters 

were measured and these distributions were plotted as shown in Figure 3.4. The 

trends can be seen in Figure 3.4 and Table 3.4.  

(a) As the N content increases the tube diameters become smaller. This is in 

agreement with other literature studies. It has been reported by Nxumalo et al. [25] 

that the N incorporated in nanotubes made from FcH in benzylamine/toluene had 

smaller outer diameters but larger inner diameters when compared to undoped CNTs 

made from FcH/toluene solution under analogous experimental conditions. The same 

observations were noted when aniline/FcH was used to make N-CNTs [26]. Larger 

concentrations of the N-source yielded CNTs with smaller diameters. Similar effects 

were also observed when benzylamine was used as a nitrogen source [27]. 

(b) At all CH3CN concentration there is a wide range of outer tube diameters. 

However, an increase in CH3CN content gives a narrower distribution of tubes. 

 

Table 3.4: The average outer diameter distributions. 

 

 

 

 

CH3CN% 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% (a). 5% (b), 15% (c) of 

CH3CN, (T: 850 oC, flow rate-300 mL/min). 

(c) Inner diameter distribution of the N-CNTs 

The average inner diameters were measured from TEM micrographs (using Image J) 

shown in Table 3.5 As explained, an increase in acetonitrile concentration did not 

give a change in the inner diameters of the tubes. It was reported by Nxumalo et al. 

[25], that the N-CNTs made from FcH in benzylamine/touene had smaller outer 

diameters but larger inner diameters when compared to undoped CNTs grown from a 

FcH/toluene under the same conditions. 

Table 3.5: Average inner diameter distribution of the different CH3CN% 

concentration. 

CH3CN% 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 measured from the TEM images 

(with Image J) shown in Figure 3.5 for the different samples and average distance are 

presented in Table 3.6. It was revealed that an increase in CH3CN concentration 

decreased the compartment distance. This is also shown in Figure 3.6. This result is 

expected and can be explained by the N-CNT growth mechanism which was 

described in chapter 2, section 2.2.7.4 (b) [23]. Similar observations by Nxumalo et 

al. were also seen [26], when they used different concentration of PhNH2 and 

FcPhNH2 in their study of N doped CNTs. 

 

 

Figure 3.5: TEM images of bamboo compartments and the distance between bamboo 

caps. 

 

 

 

 

Distance 

between 

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

CH3CN% Avg. distance between individual 

bamboo compartments (nm) 

2 28 ± 8 

5 22  ± 10 

15 9 ± 8 

 

 

 

Figure 3.6: The average distance between the compartment caps for N-CNTs made 

from different CH3CN% (T: 900 oC, flow rate: 200 mL/min). 

e) Size of spheres  

The size of spheres were measured using Image J as it shown in Figure 3.7. The 

average size of the spheres was 330 nm for the 15% sample (Table 3.2, entry: 19).  
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Figure 3.7: Synthesized spheres from the 15% sample (T: 850 oC, flow rate: 300 

mL/min). 

3.3.2.2 TGA analysis 

Thermal stability tests were performed by thermogravimetric analysis. The initial  

temperature of the oxidative process can be correlated with the presence of lattice 

defects. The less the defects, the higher the decomposition temperature. The shape of 

the derivative curve can give some information about the presence of the carbon 

byproducts. For example, the presence of amorphous carbonaceous particles are 

burned off first due to the selective etching leading to a faster oxidative etching rate 

when compared to CNTs. In addition, if a sample contains water or carboxyl groups 

then a peak around 100 or 300 oC would appear respectively. If the rapid oxidation of 

carbon is fast, the mass loss occurs rapidly giving a smooth curve and it also implies 

a more perfect crystallinity of the sample. Figure 3.8 and Table 3.7 show a 

comparison of the mass losses of N-CNTs (A = 0%, B = 5%, C = 15%, D = 25%) 

on heating in an air atmosphere at a rate of 10 oC min-1. In each case the 

decomposition temperature, determined by measuring the derivatives of the TGA 

curves, was determined. The example of a derivative curve is shown in Figure 3.9. 

Diameter of 

the sphere  



69 

 

As the incorporation of N in the CNTs increased the stability of the sample decreased 

compared to the pristine CNTs. This instability is attributed to the structural disorder 

introduced by the presence of N into the carbon lattice [28,29]. The TGA data 

revealed that the N-CNTs thermal stability is less than the undoped one. Similar 

observation by Nxumalo et al. on the stability of N-CNTs have been reported in the 

literature [26].  

The TGA curves also showed a residual weight (5%). This may relate to the presence 

of FeOx residues formed in air from oxidation of the residual catalyst contained in the 

tubes. 
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Figure 3.8: TGA curves of the purified N-CNTs with different N content (A) 0% , 

(B) 5%, (C) 15%, (D) 25%. 
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Figure 3.9: The derivative curve of 0% CH3CN. 

 

Table 3.7: Thermogravimetric analysis of N-CNTs and CNTs (A-D). 

 

CH3CN% Decomposition 
temperature oC 

0 741 

5 641 

15 693 

25 572 

 

 



71 

 

3.3.2.3 Raman spectroscopy 

Raman spectroscopy is an excellent tool to investigate the graphitic structure of 

carbon materials. Raman spectra generally show two prominent peaks: a G band at 

approximately 1590 cm-1 that corresponds to the Raman active E2g mode and a D 

band at round about 1390 cm-1 that corresponds to disorder features in graphitic 

sheets. The overall carbon quality can be determined by the ID/IG ratio. The higher the 

ID/IG ratio, the lower the graphitic structural quality of the material [26]. It was 

reported by Koós et al. [30] that the defects increased in the carbon nanotube 

structure as the amount of benzylamine increased. It was also confirmed in their 

study, that for ID/IG intensity ratios close to one the incorporation of N corresponded 

to a decreased crystallinty of the CNTs. In a study performed by Nxumalo et al. [26], 

they observed N-CNTs, produced from ferrocenylaniline/toluene were more 

disordered than CNTs produced from FcH/toluene alone. It was revealed from Raman 

analysis that as the concentration of aniline increased in FcH/aniline/toluene 

mixtures, the degree of disorder also increased. The impact of nitrogen on the 

structure of CNT reported in the literature suggests that as the concentration of 

nitrogen increased, the degree of disorder also increased. This implies that N-CNTs 

produced from 25% CH3CN should have been more disordered than the CNTs 

produced from 2% CH3CN. In this study the ID/IG ratio difference between the 

samples with different acetonitrile concentration is very small. Figure 3.10 and 

Table 3.8 and a comparison between Raman spectra for the different CH3CN 

concentrations does not give useful information on the topic of disorder. 
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Figure 3.10: Raman spectra of the N-CNTs with different N content (A) 2%, (B) 5%, (C) 

15%, (D) 20%, (E) 25%. 

 

Table 3.8: Raman analysis of the N-CNTs. 

sample ID IG ID/IG 

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 that need to be taken into 

consideration in terms of N-CNT growth. Temperature is a key parameter for the 

fabrication of N-CNTs. The N-CNT growth temperatures used in this study to make 

N-CNTs was varied from 750 oC to 900 oC. 

In this study, the effect of four different temperatures were studied. These four 

reactions were carried out under the same conditions (Table 3.2 entries: 15, 16, 17, 

20). TEM analysis revealed that at 750 and 800 oC no tubes were synthesized. At 750 
oC only fibers (Figure 3.11 a) and agglomerates (Figure 3.11 b) were observed. At 

800 oC nanopearl/beads (Figure 3.11 c) and nanoparticles embedded into a polymer 

(Figure 3.11 d) were observed. Good quality tubes were observed at both 850 and 

900 oC (Figure 3.11 e, 3.11 f, 3.11 g, 3.11 h). A sample analysis is displayed in 

Table 3.9. The materials produced when T < 850 oC were not studied further.   

It has been reported in some papers that N-CNT synthesis is feasible between 700-

800 oC using other methods or using different catalyst like FcH. Some of these 

studies are shown in Table 3.10 [22].  

 

Table 3.9: The content of the samples synthesized at different temperature. 

CH3CN (%) 

content 

Temperature 

(oC) 

Spheres  

(%) 

Amorphous carbon  

(%) 

NCNT/CNT  

(%) 

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 catalyst on fabrication of 

N-CNTs at different temperatures [22]. 

 

 

 

 

 

 

 

 

N/C sources Catalyst  T (oC) Method references 

4-tert-butylpyridine FcH 700 CVD [31] 

NH3/pyridine FcH 700-

1000 

CVD [32] 

Triphenylphosphine/benzylamine FcH 720 CVD [33] 

C2H2/NH3 Fe(CO)5 750-

950 

CVD [34] 

Pyridine, pyrimidine FcH 750 CVD [35] 

Ethylenediamine Co, FcH 780 CVD [36] 

Ethanol/benzylamine FcH 800 CVD [37] 
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a b 

c d 
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Figure 3.11: TEM images of the samples synthesized at 750 oC (a-b), 800 oC (c-d), 

850 oC (e-f), 900 oC (g-h) (% CH3CN: 15% flow rate: 200 mL/min). 

i) Effect of temperature on the outer diameter distribution  

The study of outer diameter distribution at different temperatures revealed that at both 

temperatures there is a wide range of tube outer diameters Figure. 3.12. It is 

noticeable that material synthesized at 850 oC (graph a) shows a better trend of outer 

diameter distribution and contained narrower tubes compared to tubes made at 900 oC 

(graph b). 

e f 

g h 
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Figure 3.12: Graph of diameter distribution of N-CNTs synthesised at a) 850 oC, b) 

900 oC. 

ii) Effect of temperature on the bamboo compartments 

From TEM images the average distance between the bamboo caps was measured 

(100 compartments per sample) using Image J. It was revealed that no major 
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difference can be seen as a function of temperature at 850  oC and 900 oC in Table 

3.11. Note: no tubes were synthesized at 800 oC. 

Table 3.11: The avgerage distance between individual bamboo compartment at 850 

and 900 oC. 

CH3CN% Temperature oC Avg. distance between individual 

bamboo compartment (nm) 

15 850 6 

15 900 5 

 

 3.3.4 Effect of carrier gas 

Some experiments were performed in order  to evaluate the role of the carrier gas 

type (Ar or Ar + 5% H2) on the product formation. In this instance H2 was added to 

the Ar carrier gas to evaluate the effect of H2 on the CNTs produced. The presence of 

H2 should in principle not play an important role when Fe(CO)5 is used. H2 is a 

reducing agent and is used to keep the metal in its lowest oxidation state. For example 

in terms of using FcH hydrogen reduces Fe+2         Fe0 but Fe(CO)5 contains Fe in the 

zero oxidation state so there is no need for a reducing agent. 

i) The effect of hydrogen on carbon yield 

The effect of H2 on the reaction was to give a higher yield of product (Table: 3.12). 

More importantly the addition of H2 also resulted in a change in the morphology of 

the products produced. As can be seen in Table 3.12 a higher yield of CNTs were 

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

sample Carrier gas Flow rate 

(mL/min) 

Temperature 

(oC) 

Yield (g) 

15% Ar 200 850 0.26 

15% Ar + 5% H 2 200 850 0.38 

 

ii) The effect of hydrogen on type of carbon production 

As mentioned, it was thought that hydrogen would not play an important role in N-

CNT production. However the presence of H2 influenced the yield and also the 

quality of the carbon produced. In this case it reduced the amount of amorphous 

carbon as shown in Table 3.13. Wasal et al. have carried out a study on the CVD 

synthesis of MWCNTs and they investigated the role of hydrogen on CNT synthesis 

utilizing FcH as catalyst and xylene as the carbon source [38]. The study revealed that 

hydrogen caused a competition between the formation of different compounds (soot, 

carbon fibers and CNTs) and it also reduced the rate of carbon production by 

dehydrogenation. Consequently more ordered and more thermodynamically stable 

MWCNTs were produced. Presumably the same effect is observed here. 
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Table 3.13: Shows the effect of hydrogen on the quality of sample content. 

Sample Carrier gas Sphere 

(%) 

Amorphous 

(%) 

N-CNTs  

(%) 

15% Ar 0 20 80 

15% Ar + H 2 0 10 90 

 

    

   

Figure 3.13: TEM images of N-CNTs produced using different carrier gases: Ar (a, 

b, c), Ar + 5% H2 (d, e, f) (15% CH3CN in toluene, T: 850 oC, flow rate: 200 

mL/min). 

a b c 

d e f 
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iii)  The effect of hydrogen on the CNT outer diameters 

This analysis revealed that Ar gas without hydrogen produced tubes with a narrower 

range of diameters as shown in Figure 3.14. This figure also indicates that most of 

the tubes have a diameter of 25 nm when no H2 is present whereas in the second 

graph (b) (H2 now added to Ar) most tubes have a larger diameter and show a broader 

range of diameters. 

 

 

Figure 3.14: Graphs of diameter distributions using different carrier gas a) Ar, b) Ar 

+ 5% H2 (15% CH3CN in toluene, T: 850 oC, flow rate 200 mL/min). 
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3.2.4 Synthesis procedure: Bubbling method 

i) Synthesis of N-CNTs 

A bubbling method was also used to produce N-CNTs. Table 3.14 show the reaction 

conditions used for production of the N-CNTs using the bubbling method. In this 

study only one parameter was changed at a time and the ratio of Fe(CO)5/acetonitrile 

was kept constant at 90%. 

 

 Table 3.14: The experimental conditions used for the synthesis of N-CNTs. 

Sample 

number 

CH3CN 

(mL) 

Fe(CO)5  

(mL) 

Temperature 

(oC) 

Gas flow 

rate 

(mL/min) 

Carrier 

gas 

solution 

temperature 

(oC) 

Reactio

n time 

(min) 

Yield 

(g) 

 1 5.1 0.67 800 200 Ar RT 60 0.03 

2 5.1 0.67 800 300 Ar 75 30 0.01 

3 5.1 0.67 850 200 Ar 40 30 0.01 

4 10.2 1.34 850 300 Ar RT 60 0.08 

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 0.03 

 

ii) Results and discussion 

One of the more common problems which occurs in the injection method is blockage 

of the injector. This is due to decomposition of the Fe(CO)5 in the tip of the syringe. 
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To overcome this problem a bubbling method was used to generate N-CNTs. In this 

method argon was bubbled through a solution of Fe(CO)5 and acetonitrile. The 

Fe(CO)5 and the acetonitrile will have different vapour pressures and hence their 

volatility of the two ligands will be different. Thus, in these experiments control in 

terms of N-CNT formation is more difficult. Notwithstanding this issue, a study was 

undertaken to evaluate the effect of certain variables (flow rate, temperature, reagent 

ratios) on the products formed. It was observed that CH3CN and Fe(CO)5  mixed well 

together in the absence of the solvent (toluene). The bubbling method resulted in the 

production of a very good quality of N-CNTs with only a very small amount of 

amorphous carbon produced. However the bubbling method gave a poor yield of 

products, even after 30 min bubbling time at room temperature (2 mL out of the 10 

mL solution was evaporated). To increase the yield the solution was heated up to 40-

75 oC (below the b.p of Fe(CO)5 (Table 3.14, entries: 2, 3), This did not resolve the 

yield problem. The time of reaction was increased from 30 min to 60 min but again 

no significant change in yield was observed. 

iii) Yield study 

The effect of different conditions on the product yield was studied and it was 

observed that the highest yield produced was 0.08 g under the conditions: 

temperature: 850 oC, gas flow rate: 300 mL/min at a reaction time of 60 min. The 

lowest yield obtained under the different conditions occurred: when using the 

condition of temperature-800 oC; gas flow rate-300 mL/min bubbled at 75  oC and at 

temperature-850 oC; gas flow rate-200 mL/min bubbled at 40 oC. 

It also noticed from the comparison between these experiments (Table 3.14 entries: 5 

and 7), that when the flow rate decreased (from 300 mL/min to 100 mL/min) the 

yield also decreased. The effect of temperature on the yeild can also be seen in Table 

3.14 (entries: 4 and 6). As the temperature increased the yeild decreased although the 

change was minor. 
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iv) TEM studies 

TEM was the only characterization technique which was used to study the products of 

these reactions. Based on TEM images it is clear that the bubbling method produced 

better quantity N-CNTs. The method produced N-CNTs with more corrugated 

compartments than bamboo like structures. The TEM images revealed that the N-

CNTs produced from the solution heated to 40 oC contained the highest number of 

tubes Figure 3.15 e, f, whereas when the solution was heated to 75 oC tubes with lots 

of amorphous materials were observed Figure 3.15 c, d. When the gas flow rate 

dropped to 100 mL/min very few tubes were formed Figure 3.15 m, n.  

 

   

a b 
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Figure 3.15: TEM images of the N-CNTs produced under different conditions. 

Figures a, b (T: 800 oC, flow rate: 200 mL/min, bubbled at RT), c, d (T: 800 oC, flow 

rate: 300 mL/min, bubbled at 75 oC), e, f (T: 850 oC, flow rate: 200 mL/min, bubbled 

at 40 oC), g, h (T: 850 oC, flow rate: 300 mL/min, bubbled at RT), i, j (T: 900 oC, flow 

rate: 300 mL/min, bubbled at RT), k, l (T: 900 oC, flow rate: 300 mL/min, bubbled at 

RT), m, n (T: 900 oC, flow rate: 100 mL/min, bubbled at RT). 

v) Outer diameter distribution 

The samples were viewed by TEM and the outer diameters were measured using 

Image J as shown in Figure 3.16. The average of the outer diameter was measured 

and given in Table: 3.15. It is noticed that the samples recorded in graphs a and d 

(Table 3.14, entries: 1, 6) show narrower tubes when compared to samples recorded 

as entries: 2, 3. 

 

 

 

 

m n 
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Table 3.15: Displays the average outer diameter under different conditions. 

Sample number Avg diameter (nm) 

1 49 ± 20 

6 46 ± 20 

2 58 ± 10 

3 74 ± 10 
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Figure 3.16: Graphs of diameter distributions for the N-CNTs produced under 

different conditions, a ( T: 800 oC, flow rate: 200 mL/min), b (T: 800 oC, flow rate: 

300 mL/min, bubbled at 75 oC), c (T: 850 oC, flow rate: 200 mL/min bubbled at 40 

oC), d (T: 900 oC, flow rate: 300 mL/min). 

3.4 Conclusion 

The study using Fe(CO)5 as catalyst to make N-doped CNTs has shown that this can 

be achieved. In this study variables such as methods to produce N-CNTs, 

Fe(CO)5/acetonitrile ratios, flow rates, temperatures and the addition of H2 to the Ar 

carrir gas were studied.               

Our results showed that: the bubbling method resulted in the production of a very 

good quality of N-CNTs with formation of a very small amount of carbon 

byproducts. However, the injection method gave a higher yield of products compared 

to the bubbling method. The injection method also required less reaction time than 

the bubbling method to produce more material. The variation of Fe(CO)5/acetonitrile 

ratios indicated that an increase in acetonitrile concentration led to formation of more 

tubes with bamboo structures with narrower outer diameters. It was revealed by TGA 
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that an increase in N concentration decreased the thermal stability of the samples 

compared to the undoped CNTs. This instability is atributted to the structural disorder 

introduced by the presence of nitrogen. The impact of temperature on the tube  outer 

diameter revealed that at 850 oC a better trend of outer diameter with narrower tubes 

was achieved compared to tubes produced at 900 oC. When H2 added to the Ar it 

improved the yield and the formation of more tubes with small amount of 

amourphous carbon. In conclusion, the study showed that Fe(CO)5 can be used as a 

catalyst in the presence of acetonitrile as a nitrogen source to produce N-CNTs. 
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CHAPTER 4 

4. CONCLUSIONS AND RECOMMENDATIONS 

4.1 Conclusions 

The aim of this study was to synthesize nitrogen doped carbon nanotubes (N-CNTs) 

using the floating catalyst chemical vapour deposition (CVD) method utilizing iron 

pentacarbonyl as the catalyst and acetonitrile as a nitrogen source. In this study the N-

CNTs were successfully synthesized and fully studied by means of Raman 

spectroscopy, thermogravimetric analysis (TGA) and transmission electron 

microscopy (TEM) analyses. Two different procedures were used to add the reagent 

to the reactor, an injection and a bubbling method. Most of the results for this study 

were achieved using the injection method. The influence of different parameters on 

the fabrication of N-CNTs was studied. These parameters include the physical 

parameters such as gas flow rate, growth temperature and the Fe(CO)5/acetonitrile 

ratio. Their influence on the outer and inner diameters of N-CNTs, the size of 

bamboo compartment, yield, the thermal stability and crystallinity of the product 

were determined.  

It was revealed that, the ratio of Fe(CO)5/acetonitrile played a great role in 

determining the yield, morphology, crystallinity and thermal stability of the N-CNTs. 

It was observed from yield studies that an increase in acetonitrile concentration 

decreased the yield due to the role of nitrogen. The TEM studies showed that an 

increase in acetonitrile concentration decreased the outer diameters and as expected 

had no significant effect on the inner diameters. It was noticed that as the 

concentration of acetonitrile was increased, the distance between each bamboo cap 

was reduced. Further, when a solution contained 15% acetonitrile was used the tubes 

showed predominantly bamboo compartments. The thermal stability of the samples 

was analysed by TGA analysis and it was confirmed that, as the incorporation of N in 

the CNTs increased the stability of the sample decreased. Raman spectroscopy did 
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not reveal the results which were consistent with other literature studies. An increase 

in level of disorder only was observed from samples produced from 2% and 25% of 

actonitrile were used. However, it was assumed that the disorder ratio increased as the 

concentration of acetonitrile went up even though no increase was observed in 

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

Reaction temperature was found to be a key parameter in the fabrication of N-CNTs. 

The effect of four different growth temperatures were studied as the temperature was 

varied from 750 oC to 900 oC. TEM analysis revealed that at 750 and 800 oC no tubes 

were synthesized and only fibers, agglomerates and nanobeads/pearls were observed. 

Good carbon products were achieved at 850 and 900 oC, and it was noticed that more 

tubes were formed at 850 oC compared to 900 oC. 

The effect of temperature on the outer diameter distribution revealed that at both 

temperatures (850 oC and 900 oC) there was a wide range of tube outer diameters but 

the material synthesized at 850 oC contained narrower tubes. No major temperature 

effect was observed on the average distance between the bamboo caps.  

Some experiments were performed in which 5% hydrogen was added to an Ar 

atmosphere. It was reported in the literature [1] that H2 can play an important role in 

changing the quality and quantity of CNT production. When hydrogen was added, it 

increased the yield of the product. It also reduced the amount of amorphous carbon 

since hydrogen reduced the rate of carbon production by hydrogenation to give more 

ordered and thermodynamically stable multi-walled carbon nanotubes (MWCNTs). 

Interestingly, it was observed that tubes with larger outer diameter were synthesized 

in the presence of hydrogen.  

The bubbling method was applied to make a comparison between the injection and 

the bubbling approach to make CNTs. When both methods were compared in this 

study it was concluded that the bubbling method appeared as a more simple method 

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

In this study Fe(CO)5 was used as the catalyst and it created some problems due to its 

volatility. This included blockage of the tip of the injector. It is suggested for future 

study to use a solid compound as the catalyst viz Fe(CO)4CH3CN. This can be 

synthesized from a mixture of acetonitrile and Fe(CO)5. This catalyst can be either 

used in solid form or be dissolved in a solvent. Another issue to be explored is the 

role of pressure on the reaction. The HiPco process is known to occur at pressure > 1 

atmosphere. This may be an important parameter to make N-CNTs in high purity and 

yield. 
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