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ABSTRACT 

 Carbon nanotubes (CNTs) of about 6 µm long have been successfully prepared by a 

simple pyrolysis technique. The precursors used for the synthesis of nanotubes through 

pyrolysis technique are pyridine (carbon source material) and ferrocene (catalyst). The 

synthesized CNTs have been characterized by X-ray Diffraction (XRD), field-emission 

scanning electron microscopy (FESEM) and High-resolution Transmission Electron 

Microscopy (TEM) and Raman Spectroscopy. The aligned carbon nanotubes were dissolved 

in polymethyl methacrylate (PMMA) polymer in a solution and silver contacts were made to 

study the effect of CNTs on electrical properties of PMMA. The I-V characterization of the 

PMMA-CNTs was performed to study its electrical properties. A linear current-voltage 

characteristic was obtained. The change in resistance with and without diffusion of polymer 

in carbon nanotubes were calculated from the I-V curve. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction to Carbon nanotubes 

          CNT is a tubular form of carbon with diameter as small as 1nm. Its length varies from 

few nm to µm. The configuration of CNT is equivalent to a two dimensional graphene sheet 

rolled into a tube. Iijima first reported the carbon nanotubes in 1991 that were obtained by 

DC arc discharge method of a graphite electrode in helium gas  in the carbonaceous deposits 

on the cathode [1].  

         Due to their unique structural, mechanical, electrical and thermal properties, carbon 

nanotubes have emerged as a potential candidate for applications in various fields such as 

sports equipments, energy storage, sensors, actuators, electronics and in other fields that are 

yet to be explored by scientists. 

1.2 Types of CNTs 

          The crystalline structure of CNTs can be characterized by the chiral vector C within a 

corresponding graphite sheet plane. C = m a + n b (m, n ∈ N) where a and b are basis unit 

vectors. The length defines the perimeter and the angle θo the helicity (chirality) of the 

nanotube [2]. 

 

Fig 1.1 A carbon nanotube described by basis vectors a and b, chiral angle θo, chiral vector C 

and translational vector T [3]. 
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Based on their chirality, CNTs can be classified into three types: 

1. Armchair CNTs (n = m, θo = 30
o
): They are metallic and have no band gap. 

2. Zigzag CNTs  (m = 0, n > 0,θo = 0
o
): They are semiconductors with a finite band gap 

3. Chiral CNTs (0 < │m│ < n, 0 < θo < 30
o
) : They are also semiconductors with a finite 

band gap. 

 

Fig 1.2 Classifications of CNTs: (a) Armchair CNTs, (b) Zigzag CNTs, and (c) Chiral CNTs 

Based on their structure, nanotubes are categorized into two types: 

1. Single-walled nanotubes (SWCNT): They consist of a single graphite sheet enveloped 

into a cylindrical tube.  

2. Multi-walled nanotubes (MWCNT): They comprise an array of SWCNTs nanotubes that 

are concentrically nested like rings of a tree trunk. 

 

Fig 1.3 Schematic diagram of (a) SWCNT and (b) MWCNT showing typical dimensions of 

length, diameter, and separation distance between two graphene layers in MWCNTs [4]. 
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1.3 Properties and Applications of CNTs 

          Carbon nanotube properties depend on how the graphene sheets are rolled into tube. 

The orientation of the crystal lattice with regard to the axis of the tube, known as chirality, 

determines the electronic band structure, and therefore the conductance. The dependence of 

the electronic properties on the structure implies that mechanical deformations can alter the 

band structure [5]. This results in electromechanical effects such as piezo-resistance and 

electrostatic actuation, which may lead to nanotube-based mechanical sensors and actuators. 

          CNTs have extremely low electrical resistance. They can carry the highest current 

density [6] of any known material, measured as high as 10
9
 A/cm

2
. Nanotubes can serve as 

extremely fine electron guns. This property can be utilised in cathode ray tubes (CRTs) as 

thin high-brightness low-energy low-weight displays known as field emission displays.  

            In terms of mechanical properties, nanotubes are among the stiffest (Young’s 

modulus) and strongest (Yield strength) materials yet observed. Their Young’s modulus is 

0.64 TPa, roughly five times greater than steel. They are also quite flexible and can return to 

their original shape after bending and buckling. They can withstand large strains of up to 6-10 

%, which corresponds to yield strength of 37 GPa, compared with ~300 MPa for steel [7]. 

They have led to interesting applications, including using nanotubes as a flexible, durable, 

high-aspect ratio atomic force microscope (AFM) tip and electromechanical memories. CNTs 

are also being used to reinforce ceramics and metal matrices. As a result of interaction 

between nanotubes and polymer, property improvements with CNTs include enhanced tensile 

modulus, fatigue behaviour, tensile and compressive strength, electrical conductivity as well 

as anisotropic optical properties. 

1.4 Synthesis Techniques of CNTs 

           The nature and quality of CNTs depend on the method of production which controls. 

The basic prerequisites for the formation of CNTs are an active catalyst, a source of carbon 

and adequate energy. A metal catalyst is necessary for the growth of the CNTs in all methods 

used for synthesis of CNTs. Catalysts that are used to prepare CNTs usually include 

transition metals as a single such as  Fe, Co, Ni or Mo [8] or mixture of two catalysts such as 

FeNi, PtRh and NiY. The catalyst activation is determined in relation to the melting 

temperature and the boiling temperature thus the melting and boiling temperature of a 

catalyst can be one of the vital factors in the synthesis of SWCNTs. The nanotube diameter 
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depends on the catalyst particle size. CNT lengths are typically limited to a few millimetres 

because the catalyst lifetime is usually less than one hour.  

        The common methods used for the synthesis of CNTs are arc discharge, Flame 

Synthesis, laser ablation , High Pressure Carbon Monoxide synthesis (HiPCO), Chemical 

Vapour Deposition (CVD), Pyrolysis and Plasma-enhanced CVD (PECVD). 

         Carbon nanotubes synthesized by arc discharge and laser 

ablation processes are high on purity but these methods are not 

effective for large scale production of MWCNTs. CVD and 

PECVD are best approach for low-cost and large-scale synthesis 

of high quality aligned CNT materials in the temperature range 

of 700-1200 
o
C [9]. 

        The Chemical Vapour Deposition (CVD) is a process in which hydrocarbon vapours 

are thermally decomposed over transition metal catalyst particles. The gases that result from 

hydrocarbon vapors and catalysts pass over a hot surface and undergo chemical reactions. 

The chemical reactions resulting in the substrate surface leads to a solid deposit in the form of 

black carbon nanotubes. Chemical vapor deposition (CVD) is the dominant mode of high-

volume CNT production [10]. However, large-scale CVD methods yield contaminants that 

can influence CNT properties and often require costly thermal annealing and/or chemical 

treatment for their removal. These steps can introduce defects in CNT sidewalls and shorten 

CNT length. 

            In case of PECVD, plasma is created which leads to a reduction in the activation 

energy for depositing the nanotubes. In PECVD, the electron impact activates the molecules 

whereas in CVD the energy needed to activate the gas molecules are provided by thermal 

means. Both these processes require rigorous control of parameters such as the furnace 

temperature, total reaction time, continuous supply of source materials, and flow rate of 

catalyst amount. Above all, the main disadvantage is the overall cost. The pyrolysis technique 

is the simplest technique as it eliminates the complex and expensive machinery that are 

associated with other methods. We have successfully synthesized MWCNTs by following 

this method. Complicated control of parameters is not required in pyrolysis because CNTs 

synthesis can be completed in one step. The preparation of metal supported catalyst that 

consume much time and are tiresome can also be avoided [11]. 
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CHAPTER 2 

LITERATURE SURVEYS 

2.1 Literature Survey of Synthesis of CNTs 

         Before proceeding for the synthesis of carbon nanotubes we have gone through several 

literatures that describe different techniques associated with the CNTs production and 

applications, few of which are given in the following: 

1. Sumio Iijima, Nature 354, 56 - 58 (07 November 1991), discovered a technique of 

preparing a new type of finite carbon structure that consists of needle-like tubes. The 

tubes were produced through an arc-discharge evaporation method. The needles grow at 

the negative end of the electrode used for arc discharge. Electron microscopy reveals that 

each needle consists of coaxial tubes of graphitic sheets, ranging in number from 2 upto 

about 50. Their diameter ranges from 4-30 nm in diameter and upto 1µm in length. 

 

2. Hyeon Hwan Kim, Materials Science and Engineering B 133 (2006) 241–244, have 

shown that the carbon nanotubes (CNTs) can be synthesized using a DC arc discharge 

process in an air atmosphere. Multi walled carbon nanotubes could be synthesized in the 

deposit area of the cathode even in an air atmosphere in absence of inert gas. The single 

walled carbon nanotubes were not detected in the soot area despite using the same process 

conditions as in the inert gas. In addition, the quantity of amorphous carbon and other 

nanoparticles in the process chamber was remarkably reduced by this technique. This 

shows that arc discharge process is a practicable method for the large scale CNT 

fabrication. 

 

3. Guang-Yong Xiong, Carbon 44, 967-973 (2005) devised a method in which the 

nanotubes were grown on single crystal Magnesium Oxide by chemical vapour deposition 

method. A thin film of catalyst (iron) was coated on MgO by magnetron sputtering. Then 

annealing of catalyst was done to form nanoparticles and the CNts were grown by CVD 

method. Different substrates of MgO resulted in different length of CNTs. 

 

4. P.Mahanandia, Nanotechnology 19 (2008) 155602 paper on nanotubes synthesis 

describes a simple pyrolysis technique developed to synthesize aligned arrays of multi-



12 
 

walled carbon nanotubes (MWCNTs) in a single-stage furnace at 700 ◦C. In this 

technique, no carrier gas was used. This technique has many advantages such as low 

cost machines, no complicated involvement of parameters, no need of metal supported 

catalyst compared to other techniques such as chemical vapour deposition (CVD) and 

PECVD. Carbon source materials used are xylene, cyclohexane, pyridine, camphor, 

hexane, toluene, and benzene for the pyrolysis separately with the catalyst source 

material ferrocene. 

 

1.2 Motivation 

         There are many synthesis techniques for carbon nanotubes. Though these 

techniques have been useful for CNTs but there are also some demerits in it. Therefore, 

our main objective is to synthesize CNTs by a simple and effective pyrolysis technique. 

The pyrolysis technique reduces the production cost and allows easy operation as no 

complicated parameters are involved unlike CVD, PECVD and other methods. Efforts 

have been made to prepare CNTs polymer composite and many properties have been 

studied. However, till now diffusion of a polymer in CNTs in solution have not been 

studied and performed. Therefore, our main motive is to study the electrical properties 

of CNTs by diffusing a polymer into it. 
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CHAPTER 3 

EXPERIMENTAL DETAILS 

3.1 Synthesis of long aligned CNTs 

Syntheses of CNTs have been carried out using a single-step pyrolysis technique. It consists 

of a single stage furnace with reaction quartz tube.  

 

Fig. 3.1 Schematic diagram of the single-stage pyrolysis technique [12] 

           The precursors used for the synthesis of carbon nanotubes are pyridine and ferrocene. 

The quartz tube of diameter 1cm and length 70 cm with one end closed was first cleaned 

through acetone. Then, pyridine of around 2 ml and catalyst source material ferrocene that 

weighs around 18 mg was taken in the quartz tube. Rubber bladder was connected in the 

other end of quartz tube to collect harmful residual gases that are formed in the process. The 

whole assembly is placed inside the furnace. The precursor mixtures were heated up to 

pyrolysis temperature 900
o
C. The reaction was continued for 4 hours and then cooled down 

to room temperature. The reaction quartz tube was taken into the safety hood to remove the 

bladder [13] as the gases collected (which may be either CO or CO2) may cause harmful 

effects. 

3.2 Diffusion of PMMA polymer in CNTs  

             A solution of 18 mg poly-methyl methacrylate (PMMA) and 50 ml toluene is 

prepared and left for few hours to allow PMMA to get dissolve in toluene. CNT bundles of 

diameter 75 nm and length 1mm were taken and put in the above solution and were left for 2-
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3 days. Sonication was done for 5 seconds of the prepared solution (Be careful while 

sonicating, does not allow the CNT bundles to break). CNTs were taken out from the solution 

and were allowed to dry for 2-3 days.  The CNTs were dried by putting them on the SiO2 

substrate. Then, contacts were made by using silver paste and thin copper wires. The contacts 

were made by putting a small drop of silver paste on the two ends of the CNTs/PMMA.  

 

Fig. 3.2 CNTs/PMMA Device fabrication 

 

 

 

 

 

 

 

Fig. 3.3 Schematic of the arrangement for electrical measurement of CNT/PMMA 

         The following characterization techniques were used to study the structural, 

morphological and electrical properties of long-aligned CNTs: 

3.3 X-Ray Diffraction (XRD)  

          The physical properties of CNTs greatly depend on how sheets have been rolled up, the 

tube  and  length  diameter,  aspect  ratio  (ratio  between  diameter  and  length  of  CNT)  
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and  the  nanotube’s morphology. X-ray methods offer information about the structure of 

nanotubes at different length scales from the single nanotube to the nanotube bundle [14].  

 

Fig. 3.4 X-ray diffraction [15] 

           X-ray  diffraction  (XRD)  is  a  versatile,  non-destructive  analytical  technique  

which provides  the  information  regarding  the  crystal  structure  of  a  substance.  When x-

ray beam with a characteristic wavelength λ strikes the solid with an incident angle θ then the 

scattered radiation is determined by Bragg’s law. The x-ray diffractometer works on the 

principle of Bragg’s law. The general relationship between the wavelength of the incident X-

rays, angle of incidence and spacing between the crystal lattice planes of atoms is known as 

Bragg's Law and expressed as:  

                                                  n λ = 2d sinθ  

where, λ = wavelength of the incident X-rays in angstroms 

           d = interplanar spacing of the crystal in angstroms 

           θ = angle between the incident rays and surface of the crystal 

  3.4 Field Emission Scanning Electron Microscope (FE-SEM) 

             The morphology, dimensions and orientation of CNTs can be easily revealed by 

using scanning electron microscope (SEM). In SEM, a beam of highly energetic electrons 

strike the sample. The secondary electron, back scattered electrons, are ejected from the 

sample. The  electron  interacts  with  the  atoms  that  make  up  the  sample producing 

signals that are collected at the detector. This signal contains information about the samples 
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surface, electrical conductivity, topography and composition. FESEM uses field emission gun 

that produces a cleaner image, less electrostatic distortions and spatial resolution less than 2 

nm (that means 3 or 6 times better than SEM) [16]. 

3.5 High Resolution Transmission Electron Microscope (HRTEM) 

             The HRTEM images give information about the type of CNTs whether single or 

multi walled by scanning atom by atom under high resolution. The diameter can also be 

found from the HRTEM images. It directly images the atomic structure of the sample. It can 

provide structural information at better than 0.2 nm spatial resolution [17]. 

3.6 Raman Spectroscopy 

            It is a non destructive analysis of the CNT samples. Raman spectroscopy is 

considered an extremely powerful tool for characterizing CNT which   gives   qualitative   

and   quantitative   information on its diameter, electronic structure and distinguishes metallic 

and semiconducting material as well as chirality. Raman spectra can also reveal the 

information about the removal of structural and amorphous present in the nanotubes after 

purification [18]. 

3.7 I-V Characterization  

            The I-V measurement of CNTs and CNTs/PMMA polymer was done by Keithley 

2400 instrument [19]. This instrument can act both as a voltage source and as a current 

source.  A constant voltage was applied to the material and current was measured. This 

instrument gives a plot between current vs voltage in Y-axis and X-axis respectively.  

 

Fig. 3.5 Keithley 2400 for I-V measurement 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

4.1 X-Ray diffraction Analysis 

The powder XRD pattern (Cu Kα λ= 1.5406 A˚) of long aligned CNT samples prepared by 

the pyrolysis of pyridine and ferrocene is shown in figure 4.1. From the figure, it is shown 

that a prominent peak occurs at 2θ = 26.4
o
 which corresponds to the (0 0 2) reflection of 

carbon. The interplanar distance is found to be 0.335 nm. 

 

Fig 4.1 XRD pattern of synthesized carbon nanotubes 

4.2 Field Emission Scanning Electron Microscope (FE-SEM) Analysis 

The FE-SEM images of synthesized CNTs from pyridine using ferrocene as catalyst and 

CNTs used for PMMA polymer diffusion are shown in figure 4.2 and 4.3 respectively. Figure 

4.2 shows that the CNTs synthesised from pyrolysis technique with some amorphous carbon 

as impurities were around 6 µm long. The carbon nanotubes with resolution of 500 nm show 

that the nanotubes are hollow inside closed at one end. Figure 4.3 shows that the carbon 

nanotubes used for electrical study were long aligned and around 1.5 mm in length.  
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Fig. 4.2 FESEM image of as-synthesized carbon Nanotubes 

             

Fig. 4.3 FESEM image of millimetre long carbon nanotubes  

4.3 High Resolution Transmission Electron Microscope (HRTEM) Analysis 

The HRTEM image of long aligned carbon nanotube is shown in figure 4.4. This figure 

shows the synthesized carbon nanotubes used for diffusion purpose are multiwall in nature 

with a diameter of ~75 nm.  

           

Fig. 4.4 HRTEM image of long aligned CNTs at different resolution 
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4.3 Raman spectra Analysis 

The Raman Spectra (as shown in figure 4.5) show the occurrence of peaks at 1380 cm
–1

 and 

1572 cm
–1

 corresponding to disorder (D-band) and graphite (G-band) bands, respectively. 

The former is an indication of the presence of defective material and the latter one refers to 

the well-ordered graphite [20]. 

 

Fig. 4.5 The Raman Spectra of as synthesized CNTs 

4.4 I-V Measurement 

The current-voltage (I~V) characteristics graph of multi-walled carbon nanotubes 

(MWCNTs) without polymer and with polymer is shown in figure 4.6 (a) & (b), respectively. 

From the figure, it is shown that the current increases linearly with applied voltage for both 

MWCNTs without and with PMMA polymer at room temperature.  It confirms that both the 

materials show ohmic behaviour. The resistance of CNT bundles without polymer and with 

polymer is found to be 4.6Ω and 1.5KΩ from the I-V characteristics.  
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Fig 4.6 (a) & (b) shows the current voltage characteristics graph of multi-walled carbon 

nanotubes (MWCNT) without polymer & with polymer respectively 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 
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CONCLUSION 

             We have synthesized the aligned arrays of multi-walled carbon nanotubes by 

using a simple and effective pyrolysis technique. The technique is a one-step process in 

which carrier gas and pre-deposited metal catalysts are not required. The production cost 

is also low compared to other methods (CVD, PECVD). The synthesized CNTs were 

found to be few micrometers long with high aspect ratio of around 1000:1. The Raman 

spectra show that the prepared carbon nanotubes through pyrolysis contain few 

amorphous impurities that can be removed by purification either by oxidation or acid 

treatment. 

      The CNTs used for electrical study with PMMA polymer were found to be multi-wall 

in nature with diameter around 75 nm and length around 1 mm. The I-V characteristics 

shows that diffusion of PMMA in MWCNTs increases the resistance of CNTs. Increase 

in resistance is due to the diffusion of polymer in the CNTs  that obstruct the flow of 

electrons in one direction along the axis of nanotube. 
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