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ABSTRACT 

The research covered in this dissertation presents a systematic study for 

growth phenomena of carbon nanoclusters prepared by a arc discharge technique. 

Through a series of experiments, it has been found that morphology and yield of 

nanotubes strongly depend on the processing parameters. A low current density of 

190 A/cm2, a discharge voltage of 27 V, a high helium pressure of 550 torr, and a 

minimum electrode gap offered the best condition for synthesis of carbon nanotubes. 

According to a detailed study of carbon nanoclusters by TEM, the rich variety 

of growth phenomena, in particular non-concentric and complex branching 

phenomena are reported. These phenomena have demonstrated that the growth 

process of nanotubes is apparently more complex than what the existing growth 

models suggest. Further refinement and expansions of these models are important 

for technological exploitation of nanotubes and may be identified and guided by the 

present results. 

The reaction of foreign materials with carbon vapor in the arc results in their 

encapsulation into carbon cages, as well as the formation of other novel forms of 

carbon nanoclusters. Among more than eighteen elements introduced into the 

discharge in this study, B, Y, Zr, Nb, and Mo are most easily encapsulated in the 

form of their carbides into carbon nanoclusters. Through the detailed study, it has 

been found that the encapsulation occurs most easily in the materials with the 
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incompletely-filled 4d electron shell for the refractory materials. Furthermore, it is 

reported that Fe, Co, Ni, or y~ working as catalysts stimulate the formation of 

single-walled nanotubes (SWTs), and mixtures of these catalysts greatly enhance the 

yield of SWTs. Based on morphologies of the star patterns of SWTs produced by an 

anode containing y~, their step-by-step growth mechanism is proposed. In addition 

to the SWTs, it has been found that Fe or Ni also stimulates the formation of strings 

of carbon nanobeads. A growth model for this phenomenon is presented. Finally, 

the conversion of carbon nanotubes into SiC whiskers is reported. In contrast to the 

conventional process, starting with nanotubes offers a high purity SiC whisker without 

any metal impurity. 
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CHAPTER 1. INTRODUCTION 

Diamond and graphite have long been regarded as the only crystalline forms 

of elemental carbon. However, the discovery of fullerenes in the .. solid state by 

Kratschmer and Huffman [1] using an arc-discharge method added a third carbon 

allotrope in the form of crystalline C60• This breakthrough discovery has paved the 

way for physicists, chemists, and material scientists to study this novel material on a 

broad basis. Extensive efforts directed toward the exploration of the properties of 

fullerenes and fullerene related materials have been undertaken during the last five 

years, and the novel family of materials continues to astonish scientists with one 

amazing structure or property after another. One of the most exciting developments 

is the discovery of carbon nanotubes. Using the Kratschmer-Huffman method, the 

carbon nanotubes have been found in the cathodic deposits of the arc-discharge [2]. 

Based on their structures, these nanotubes can be expected to have 

remarkable electrical, mechanical, and optical properties [3,4,5]. However, in order 

for carbon nanotubes to achieve their predicted performances, many factors need to 

be taken into considerations, such as the yield, the morphology and the internal 

structures. Therefore, it is crucial to produce carbon nanotubes with a desired 

morphology, and at a high density. To achieve this, a good understanding of the 

formation and growth of nanotubes in the carbon arc discharge, and of the effects 

of the process conditions on the production of carbon nanotubes is of importance. 
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1.1 Research Objectives 

The novel family of carbon nanoclusters shows among its members a large 

variety of morphological features. They extend from the molecular fullerenes to 

nanotubes of a variety of shapes, including clusters that encapsulate foreign materials. 

It is expected that the novel materials will display a large variation of electrical, 

mechanical, and optical properties, depending on their morphology. Once this 

morphology can be systematically controlled, the wide range of physical properties 

can be technologically exploited. 

The most popular and best studied method of preparation of carbon 

nanoclusters proceeds in the high-temperature, turbulent environment of a carbon 

arc-discharge, an environment that has been notoriously difficult to control. The 

products of an arc discharge depend on the discharge conditions, such as the thermal 

and electrical distributions, which can be controlled by the processing parameters. 

A theoretical modelling of the growth process has not been successful so far, 

although preliminary attempts have been tried. In the meantime, an empirical 

approach appears promising. The process conditions are determined by the external 

parameters, including the discharge current density and voltage, the atmosphere 

(helium) pressure, and the configuration of the electrodes. Their variations generate 

the large variety of morphological features which will be reported in this work. 

It can be now defined the objectives of the research in the following terms: 
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(a) Prepare samples covering a wide spectrum of morphological features in 

carbon nanoclusters by a systematic variation of the processing parameters in a 

carbon arc discharge. 

(b) Characterize the products by high resolution electron microscopy which 

is optimally adapted to the dimensional range of nanometers. 

(c) Establish qualitative relationships between the morphology of the cathodic 

deposit and the production of carbon nanotubes in it. 

(d) Expand the qualitative relationships in hypothetical fashion to quantitative 

relationships on the basis of thermodynamic data. 

(e) Provide a database with respect to the encapsulation of foreign materials 

into the hollow cores of carbon nanoclusters, and to the production of single-walled 

carbon nanotubes as well as strings of carbon nanobeads. 

(f) Speculate on an expanded growth model to explain the novel growth 

features of carbon nanoclusters in a carbon arc discharge. 

(g) Convert carbon nanotubes into SiC whiskers by a heat treatment under 

SiO atmosphere. 

1.2 Dissertation Outline 

The background on carbon nanoclusters will be introduced in Chapter 2. First 

of all the history of fuIIerenes and carbon nanotubes, and their scientific and 

technological impact, will be briefly reviewed. Secondly, based on the electron 
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microscopy analyses, the general morphologies of carbon nanotubes produced by an 

arc-discharge will be introduced. Thirdly, the effects of the processing conditions on 

the formation and growth of carbon nanotubes will be discussed from the theoretical 

point of view. Fourthly, to better understand the growth phenomena of carbon 

nanotubes in the arc-discharge, the existing growth models for carbon nanotubes will 

be extensively discussed. Finally, the studies on the encapsulations of foreign 

materials into carbon nanoclusters and the catalytic effects of foreign materials on 

the formation of the nanoclusters during arc discharge will be reviewed. 

Chapter 3 will focus on a detailed description of the experimental procedures 

used in this work. First, a benchmark carbon arc-discharge condition will be 

established as a reference in our study, and the morphology of the cathodic 

carbonaceous deposit (slag) and the production of carbon nanotubes in the slag 

produced under this condition are examined by electron microscopies. Using this 

benchmark condition as a reference, the experiments with variations of carbon arc

discharge conditions which are controlled by the processing parameters, are described 

in an effort to study the effects of the process parameters on the production of 

carbon nanotubes. Secondly, the methods to make an anode filled with foreign 

materials introducing them into the carbon arc-discharge will be depicted. Then, the 

experimental techniques used in studies of encapsulating foreign materials into the 

hollow cores of carbon nanoclusters and of examining the catalytic effects on the 

growth phenomena will be presented. Thirdly, the analytical techniques, such as 
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transmission electron microscopy (TEM), scanning electron microscopy (SEM), and 

powder X-ray diffraction (XRD), will be introduced. Finally, for a particular 

application of carbon nanotubes, the experiments of the heat treatment of carbon 

nanotubes under silicon monoxide atmosphere will be delineated. 

The experimental results are reported in Chapter 4. Based on the electron 

microscopy analysis, the morphology of the cathodic carbonaceous deposit and the 

production of carbon nanotubes from the reference condition will be first established. 

Then, the morphology and the yield of carbon nanotubes produced by variations of 

arc-discharge conditions will be presented, which will lead to a better evaluation of 

the effects of the processing parameters, and to a better control of the yield and 

morphology of carbon nanotubes. To obtain insights into the formation and growth 

of carbon nanoclusters in an arc-discharge, an extensive study of the growth 

phenomena and the internal structures of carbon nanoclusters will be reported. 

Furthermore, the encapsulations of foreign materials into the hollow cores of carbon 

nanoclusters will be illustrated, which can provide a better understanding of the 

encapsulation process in carbon arc-discharge. The high resolution transmission 

electron microscopy (HRTEM) studies of other novel forms of carbon nanoclusters, 

such as single-walled carbon nanotubes (SWTs) and strings of carbon nanobeads 

produced by the catalytic arc-discharge, will be presented. Finally, the experimental 

results of converting carbon nanotubes into silicon carbide whiskers will be reported. 

The experimental results reported in Chapter 4 will be extensively discussed 
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in Chapter 5. With the objective of arriving at a proper control the arc discharge to 

provide high quality carbon nanotubes, the effects of the variations of the discharge 

processing parameters on the formation and the morphology of carbon nanotubes will 

be discussed in detail. The processing parameters include the discharge current 

density and voltage, helium atmosphere pressure, and the discharge electrode 

configurations. Secondly, based on the growth phenomena of carbon nanotubes 

observed through electron microscopies, the formation and growth mechanism of 

carbon nanotubes in an arc discharge will be discussed. In particular, the non

concentric and the branching growth phenomena of carbon nanotubes from a carbon 

arc discharge suggest that the existing growth models need to be extended. Thirdly, 

the reactions of foreign materials, such as transition metals, with the carbon vapor 

in the arc discharge will be discussed. These reactions generally result in two types 

of products of the carbon arc discharge: one is the distinct forms of carbon 

nanoclusters, such as single-walled carbon nanotubes and strings of carbon 

nanobeads; and the other is the encapsulation of foreign materials into the hollow 

cores of carbon nanoc1usters. Moreover, for certain elements, for example, Ti, Si, 

and AI, their effect on the formation of carbon nanoc1usters in a arc discharge will 

be discussed on a basis of the formation of the carbides vs. the carbon nanotubes. 

Finally, the result of conversion of carbon nanoc1usters into high purity silicon 

carbide whiskers will be extensively discussed. Chapter 6 will draw important 

conclusions based on the production and structures of carbon nanoclusters. 
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CHAPTER 2. BACKGROUND 

2.1. Fullerenes and Carbon Nanotubes 

Fullerenes, in the form of the C60 molecule, were discovered in 1985 in an 

attempt to vaporize graphite under a helium atmosphere using laser pulses [6]. The 

molecule containing 60 carbon atoms arranged in a soccer ball structure was named 

buckminsterfullerene (or buckyball) after the famous architect Buckminster Fuller, 

who had done extensive work with geodesic dome structures of similar appearance. 

Later on other cage-shaped carbon molecules (C70, C76, C78, ...... , etc.) [7] have 

similarly become known as fullerenes. As a result of a general lack of success in 

producing C60 in macroscopic quantities, further study of the properties of the 

fullerenes had been thwarted until the breakthrough discovery of Kratschmer and 

Huffman five years later [1]. 

Originally, Kratschmer and Huffman developed the carbon arc-discharge 

experiment to make carbon particles as small and as narrow in size distribution as 

possible in order to explore the optical properties of small particles [8,9]. By striking 

an arc between graphite electrodes in a helium atmosphere (about 100 torr), the 

carbon soot from the inner surface of the arc-discharge reactor was collected. When 

the carbon soot was put into an organic solvent, such as benzene, the soot was 

partially dissolved and the color of the benzene was changed to purple. It was a 

surprising observation in view of the fact that no other carbon allotrope can be 
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dissolved in any solvent. Pouring the solution onto a glass slide and observing it 

under an optical microscope revealed that the third solid form of pure carbon had 

crystallized: crystalline C60 and C70 [1]. The discovery of Kditschmer and Huffman 

opened the door for scientists to study the fullerenes. Before this- discovery, the 

works on fullerenes were limited to speculation and calculation of the structures and 

properties of fullerene molecules because no fullerenes were available for actual test 

in macroscopic quantity. Right now, however, scientist can have solid form of 

fullerenes, such as C60, C70, ...... , in their hands, and can actually measure their 

physical and chemical properties as well as create applications for these novel 

materials. 

Beyond making advances in the chemistry and physics of fullerenes 

themselves, the notion of fullerenes has changed the way scientists look at carbon 

materials. Graphite is made up of essentially infinite flat sheets of carbon atoms 

through both a and 'ff bonding holding the atoms in two-dimensional hexagonal 

networks, much like sheets of chicken wire. In diamond, the other classical allotrope 

of carbon, each carbon atom is bonded to four neighboring atoms in a lattice through 

a bonding forming a three-dimensional tetrahedral network. The fullerenes are 

spherical entities made up of a curved graphite-like network of a and 'ff bonding 

because of the introduction of pentagons into the flat hexagonal sheet to form a 

closed cage [6]. It was suggested that the network closes into a cage when 

incorporating 12 pentagons into a hexagonal network [10,11]. Pentagons introduce 
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"positive" inward curvature into a flat graphitic network; by contrast, heptagons 

introduce "negative" outward curvature [12,13,14,15,16]. Notice that the cage 

structure of fullerenes is very stable under the standard atmosphere, but it can be 

damaged by a high energy electron beam because of the stress on the bonds in the 

pentagon rings which cause the curvatures of hexagonal network [17]. 

Fullerenes, as new forms of pure carbon, have extensively been studied during 

the last five years, together with one of the most exciting developments, the discovery 

of carbon nanotubes. By retrieving the deposit material from the negative electrode 

(cathode) of the arc-discharge rather than from the inner surface of the reaction 

vessel, carbon nanotubes were first observed under HRTEM examination [2]. 

The general morphology of carbon nanotubes having been reported so far is 

one of concentric graphitic cylinders with hollow core structures [2,18]. The ends of 

carbon nanotubes are closed by caps with different shapes. The diameters of 

nanotubes range from several to a few tens of nanometers, and the lengths can be 

up to a few micrometers. More recently, the detailed studies of the morphology of 

carbon nanotubes have been focusing on the shapes of the ends [19], the hollow core 

structures as well as the curvatures of the graphitic walls of nanotubes [20]. Based 

on the observation of the "negative" and "positive" curvatures of the walls of 

nanotubes by using HRTEM, the pentagons and the heptagons in the graphitic 

networks of carbon nanotubes have been postulated [21,22,23]. 
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These nanotubes have remarkable properties when the diameter of the 

cylinder is in the nanometer scale. Based on their structures, the electrical properties 

of the carbon nanotubes have been calculated. The calculated results show that they 

can range from metallic to insulating, depending on the diameters and helical 

structures of the nanotubes [3,24,25,26]. With regard to their structures and 

properties, the many possibilities for establishing a three-dimensional network of 

nanotubes promise the designs of the minimum-size conductive wires or the 

semiconductor devices [27,28]. Also, the calculations of the mechanical properties 

suggest that carbon nanotubes are significantly stiffer than currently available carbon 

fibers, and in fact, than any presently known material [4, 29,30]. This new class of 

fine-scale fiber-reinforced composites will present a great improvement over the 

present systems, which are limited by a fiber diameter of ten microns, one thousand 

times larger than the diameters of nanotubes [31]. Furthermore, the tubular 

structure introduces non-linear optical activities as a result of the lack of mirror 

symmetry even when the nanotubes are not aligned with each other [5]. 

To investigate these proposed properties of the nanotubes, the first step is to 

develop the technique (arc-discharge) to produce macroscopic quantitative of 

nanotubes with a desired morphology and free from other components. The success 

of this step will strongly depend on a better understanding of the formation and 

growth of carbon nanotubes in the arc-discharge, and of the effects of the discharge 

process conditions on the yield and the morphology of nanotubes. 
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2.2 Production of Carbon Nanotubes from Arc-Discharge 

The high density of carbon nanotubes are produced from a carbon arc 

discharge by passing a direct current through two graphitic electrodes separated by 

a small gap in a 500 torr helium atmosphere [32,33,34]. The carbon nanotubes were 

discovered with a very low yield in arc-discharge under 100 torr helium, but the yield 

of nanotubes could be enhanced by increasing the helium pressure to 500 torr. 

During the discharge, a carbonaceous deposit is formed on the surface of the cathode 

as the anode is consumed. This carbonaceous deposit, named cathodic deposit or 

slag, consists of two zones: one is an outer hard shell with the density of glassy 

carbon; the other is an inner core region composed of carbon nanotubes, 

nanoparticles, and other carbon components, such as amorphous carbon and graphitic 

flakes [35,36,37]. 

Unfortunately, so far it has not been possible to separate the nanotubes from 

other carbon components, and the morphology of carbon nanotubes produced by arc

discharge is not under systematic control. These problems increase the difficulty of 

realizing the applications of nanotubes. Therefore, it is of importance to obtain, in 

the manner of a selection, a higher yield of carbon nanotubes with a desired 

morphology which will rely on achieving a better understanding of the formation and 

growth of nanotubes, and of the effects of the discharge conditions on the yield and 

the morphology of carbon nanotubes [38]. 

The production of carbon nanotubes from an arc-discharge is still in an early 
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stage, and it is still not clear how the discharge processing conditions affect the 

production and the properties of carbon nanotubes. This dissertation will present a 

systematic study of the effects of the process parameters, including discharge current 

density, voltage between the electrodes, pressure of helium atmosphere, and 

configuration of the electrodes, on the yield and the morphology of carbon 

nanotubes. 

2.3 Formation and Growth of Carbon Nanotubes 

The remarkable yields with which the carbon nanotubes grow in the carbon 

arc discharge experiments indicate that their formation is efficient, and competes 

with reaction pathways leading to other forms of carbon. Since the carbon arc 

discharge deals with a very high temperature (3500-4500 K) process [39], any carbon 

structure should anneal into its most energetically favored form during the discharge 

process. Based on the formation energy of carbon nanoclusters with different shapes 

and the consideration of the annealing process in the arc-discharge, all carbon 

nanoclusters should have a ball shape (with a minimum surface energy), and the 

tubular structure should not be a favored form [40,41]. However, the fact is that 

carbon nanotubes are formed on the surface of the cathode in the discharge although 

the formation of the nanotubes may not be favorable concerning their formation 

energy. Therefore, the reaction pathway leading to nanotube formation must either 

be kinetically superior or be energetically more favorable in the specific conditions 
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of the arc discharge. Thus, the study of the formation and growth of carbon 

nanotubes in an arc-discharge attracts a great interests, and the formation energy of 

nanotube vs. their growth mechanism has to be better understood. Furthennore, a 

better understanding of the formation and growth mechanism will lead to a better 

control of the production of carbon nanotubes. Some attempts have been made to 

extend the existing growth model of the nanoclusters to interpret their more 

complicated growth phenomena. In the following part, the existing growth models 

of nanotubes will be presented. 

A detailed examination of carbon nanotubes by high resolution TEM shows 

that the nanotubes are sometimes open at the ends. Based on this observation, 

Iijima et al. [42] have proposed an open-ended growth model for carbon nanotubes, 

which suggests that during the growing process the ends of carbon nanotubes are 

open, and carbon elements can be deposited onto open-tube peripheries and make 

nanotubes grow along their axes. The open-ended carbon nanotubes are closed by 

introducing six pentagons on the nanotube periphery [43] when the arc plasma is 

unstable with sudden interruption of the arc discharge. Since nanotube caps become 

inactive when they are closed, there will be no further growth on that particular tube 

shell. The thickening of the nanotube may occur mainly by island nucleation and 

layer-by-Iayer growth process on the outer surface of the growing tubes. 

What keeps the ends of nanotubes from closing if this open-ended growth 

model is true? Since the nanotubes are growing at a very high temperature, their 
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tips ought to anneal readily by closing off to avoid the dangling bonds at the open 

ends and reduce their surface energy [44]. Therefore, there must be some driving 

forces near the surface of the cathode in the arc that keeps the growing tips open. 

To support the open-ended growth model, Smalley [45] proposed that the 

force keeping the ends of nanotubes from closing could be the electric field. During 

arc-discharge the electric field concentrates to extremely high values at the tips of 

nanotubes, thereby causing the tips to act as intense sources of field-emitted 

electrons. These electrons emitted off the ends of the nanotubes accelerate in the 

high field to sufficient energies to ionize neutral carbon atoms and radicals in the 

surrounding vapor. These positive carbon ions, as the carbon source for nanotube 

growth, are then attracted back to the growing tips of the nanotubes by the same 

electric field. If this mechanism is correct, there may be a mode of operation of the 

arc-discharge where the entire central region of the cathode is covered with a close

packed array of parallel open nanotubes. Unfortunately, the morphology ofthis kind 

has never been observed in any slag produced by an arc-discharge so far. 

Jijima's model deals only with the growth process of nanotubes in the arc

discharge and has nothing to do with the initial nucleation process. Saito et al. [46] 

proposed a detailed model to explain the nucleation and growth process of 

nanotubes, in which carbon vapor and C+ ions deposited on the surface of the 

cathode first coagulate with each other into small clusters. The clusters grow into 

particles, and then into cylinder structures, which may be amorphous with the high 



33 

structural fluidity (liquid-like) at the initial stage because of high temperature of the 

electrode and ion bombardment. The driving force for the elongation toward 

cylinders is an electrostatic force (as Smalley proposed [45]) exerted on a liquid-like 

particle, which is exposed to an electric field just above the electrode surface. The 

elongation of the particle brings about a further concentration of the electric field 

around the top of the particle, and accelerates the elongation. Since the tip of the 

elongated particle is exposed to ion bombardment, it remains in a high fluidity phase. 

Solidification occurs from the bottom of the elongated particle, and proceeds with 

the increase of the length, which results in the formation of graphitic sheets initiated 

from the surface and subsequent sheets are formed toward the interior. The tip of 

a tube collects vapor and ions, and the tube continues to grow so far as carbon vapor 

and ions are supplied and the field is stationarily sustained. Comparing to lijima's 

model in which carbon nanotubes are growing from inside to outside, Saito's model 

proposed that carbon nanotubes should be growing from outside to inside. 

Also based on the open ended growth process, Zhang et al. [47] proposed that 

the nucleus could be a dome formed by one half of a C60 and C70 molecule limited 

by its equator, and then the nucleus would grow into a tube by the addition of 

hexagons. According to this model, the outer layer is nucleated on the inner layer 

and during the growth the inner layer is first closed by the formation of pentagonal 

meshes. Recently, Amelinckx et al. [48] proposed that the walls of nanotubes could 

be formed by a scroll which accounts for the various observations made so far, in 
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particular the walls of carbon nanotubes having different spacings. It was assumed 

that if two edges of the two dimensional nucleus meet each other during the growth, 

then a layer of the tube is formed and grows into a concentric cylinder; if two edges 

of the two dimensional nucleus miss each other, then an edge dislocation is formed, 

giving rise to a scroll. 

These growth models were proposed based on the observation of carbon 

nanotubes constructed simply by concentric graphitic walls. As Seraph in et a1. [20] 

reported, quite a few growth phenomena of carbon nanotubes, in particular, the 

morphologies of the inner chambers of nanotubes, can not simply be explained by the 

open-ended growth models, and the theoretical basis of the growth phenomena will 

widen as more detailed TEM observations expand the experimental basis. The 

detailed examination by HRTEM, which will be reported in this dissertation, reveals 

that the morphologies or growth phenomena of nanotubes are too complex to be 

easily interpreted by any of the above models. The extension of the existing growth 

models for nanotubes in the arc-discharge will be suggested in Chapter 5. 

2.4 Encapsulation of Foreign Materials into Hollo,w Cores of Carbon Nanoclusters 

The encapsulations of some foreign materials into the hollow cores of carbon 

nanoc1usters have enlarged the technological promise of the new allotropes of 

carbon, such as the growth of nanowires and magnetic nanocrystals [43,49,50,51]. 

This encapsulated structure has also aroused scientific interests as a result of the 
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potential new materials applications, such as isolated nanometer clusters and 

composite materials. In this section, the existing results on the encapsulations of 

foreign materials into the carbon nanoclusters will be reviewed. 

Various approaches have been developed for opening up the tube ends and 

encapsulating materials into the interior. Ajayan and Iijima [52] reported that the 

annealing of the carbon nanotubes in the presence of the droplets of liquid lead on 

the surface of nanotube in air results in the opening of the capped tube ends and 

subsequent filling of the tubes with molten material through capillary action. It has 

also been reported that the foreign materials can be encapsulated into the hollow 

cores of carbon nanoparticles [53,54] and nanotubes [55] during the carbon arc

discharge. Furthermore, Tsang et al. [56] developed a general method that allows 

carbon nanotubes to be opened at the end and filled with a variety of metal oxides 

using wet chemical techniques. The subsequent discussion will be focused on the 

encapsulation of foreign materials into carbon nanoclusters during arc-discharge. 

Following the experiments of encapsulating lanthanum into the cages of 

fullerenes [57,58], Ruoff et al. [53] and Tomita et al. [54] found that in the cathodic 

deposit the crystalline LaC2 could be encaged in carbon nanoparticles when the 

discharge was operated with an anode containing lanthanum. The high resolution 

TEM study reveals that the cage surrounding the core crystal consists of closed

polyhedral graphitic shells. The core crystal, norITJally crystalline carbide, partially 

fills an inner hollow region of a carbon polyhedral particle, and a cavity is found 
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between the encapsulated material and the cage. It has also been reported that the 

graphitic cages are airtight and protect the encapsulated materials from hydrolysis 

and oxidation. In contrast to the encapsulation of La~ into hollow cores of carbon 

nanoparicles, Seraphin et al [55] reported that not only the carbon nanoparticles but 

also nanotubes could be filled by yttrium carbide when the discharge was operated 

with an anode containing Y 203' and the free energy of the metallic carbide formation 

could be an important factor for the encapsulations [59]. 

In contrast to the encapsulations of La~ or YC2 which are mostly found in 

the slag (i.e. cathodic deposit), the encapsulations of the metallic particles of Fe, Co, 

and Ni [60,61,62], or BC4 crystals [63] (which is the lightest material so far that can 

be encapsulated into carbon nanoclusters) have been found in carbon soot deposited 

on the inner surface of the arc discharge chamber. Transmission electron microscopy 

showed that the Fe, Co, and Ni or their compounds always fully occupied the hollow 

cores of the carbon nanoclusters [64]. In other words, the graphitic features encaging 

the iron group metallic particles are more like the coatings on the surfaces of the 

particles. Notice that transition metals such as Fe, Co, and Ni are active catalysts for 

the formation of graphite from pitches, hydrocarbons, carbon monoxide and so on, 

in which carbon atoms may dissolve into a molten carbon-metal alloy droplet, and 

then graphite precipitates on the surface [65,66,67]. The growth of graphitic layers 

on the surface of the iron group metallic particles is presumably related to the 

formation of tubular carbon fibers [68,69], 
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Based on the study of the encapsulation of yttrium carbides, a growth model 

for encapsulation has been proposed by Saito et al [70], which may be extended to 

other elements [71,72]. To put it briefly, carbon-yttrium alloy particles containing 

supersaturated carbon are formed on the surface of the cathode by the simultaneous 

deposition of yttrium and carbon. Since the temperature of the cathode surface is 

as high as 3500 K [39], and in addition the particles are bombarded by ions of carbon 

and yttrium, the particles may be initially in the liquid phase or at least have 

structural fluidity. As the deposit grows and the ion bombardment is shadowed by 

neighboring particles, the temperature of the liquid particles decreases and 

solidification begins. Since the melting point of graphite is higher than that of 

yttrium carbide, the supersaturated carbon first segregates from the core. 

Consequently, a carbon cage is formed on the outer surface of a core particle, and 

yttrium carbide is finally left inside the cage. According to the phase diagram of the 

carbon-yttrium system the segregation of carbon continues until the composition of 

the alloy reaches stoichiometric yttrium carbide entrapped in a carbon shell. 

Saito's model provides a good interpretation of the morphologies of graphitic 

cages, which encapsulate the foreign materials inside. But it is difficult to explain 

why some elements or their compounds can be encapsulated in carbon nanoclusters, 

while some others cannot. Also, Saito's model cannot explain satisfactorily the 

morphologies of carbon nanotubes and polyhedral particles encaging foreign 

materials. For example, why can a foreign materials be easily encapsulated into the 
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hollow cores of nanoparticles rather than the nanotubes? And what is the 

mechanism controlling the performance of encapsulation during an arc-discharge? 

In this dissertation, a wide database with respect to encapsulations of foreign 

materials into the hollow cores of carbon nanoclusters will be provided. Based on 

the experimental results reported in this work, the encapsulations will be extensively 

discussed, regarding the electronic structures of the foreign materials and the free 

energies of their carbide formation as well as their melting points. 

2.5 Single-Walled Carbon Nanotubes and Strings of Carbon Nanobeads 

Basically the carbon arc-discharge produ,ces two types of carbonaceous 

deposits: the carbon soot which deposits on the inner surface of the arc-discharge 

reactor, and the carbon slag which deposits on the surface of the cathode. Previous 

studies show that single-walled carbon clusters such as C60 and C70, and higher 

fullerenes were found in the soot materials, and the multi-walled carbon clusters, for 

instance carbon nanotubes and nanoparticles, were found in the slag only. However, 

studies on the growth of carbon nanoclusters received new impetus when the 

introduction of metals or metal compounds into the arc-discharge process produced 

novel structures. By using composite anodes containing the catalytic metals (such as 

Fe or Ni or Co), the anodic inclusions initiated the growth of single-walled carbon 

nanotubes in the carbon soot that was not possible without the catalysts present 

[73,74,75]. These single-walled carbon nanotubes are predicted to have remarkable 
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properties when the diameter of the cylinder is comparable to that of the C60 

molecule [76]. Numerous promising technological applications of single-walled 

carbon nanotubes have been predicted, once their preparation is under control [77]. 

Initially, Iijima et al. [73] have reported that the single-walled tubes are found 

in soot-like deposits formed in a carbon-arc chamber by using a method similar to 

that used for fullerene production, but utilizes iron as a catalyst and the mixture of 

methane and argon as the ambient. It has been claimed that no single-walled tubules 

are formed when the carbon arc reactor is operated with anyone of the three 

components, argon, iron and methane, absent. At the same time, Bethune et al. [74] 

reported that co evaporating carbon and cobalt in an arc generator leads to the 

formation of carbon nanotubes with walls consisting of only one single atomic layer, 

and 1-2 nm in diameter. Seraphin and Zhou [75] reported that the density of single

walled carbon nanotubes can be greatly enhanceQ by a mixed catalyst (such as Fe 

with Ni, or Ni with Co). These single-walled nanotubes seem almost ideal for the 

purpose of some applications. However, it is still too difficult to determine the 

natural properties of single-walled tubes. The principal reason is that the normal 

carbon-arc synthesis yields a range of different types of nanotubes that cannot be 

separated or controlled with respect to their morphologies as well as the lengths and 

diameters. Also, the effects of the catalysts on the formation of single-walled carbon 

nanotubes during the arc-discharge are not clear [78,79]. This will greatly limit the 

systematic synthesis of single-walled tubes suitable for their applications. 
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Small transition metal (Fe, Co, or Ni) particles have previously been used to 

grow the tubular carbon fibers by the catalytic decomposition of certain hydrocarbons 

[80,81]. The diameter of the fibers is controlled by the sizes of the particles which 

form the tips of the fibers. The growth mechanism of the carbon (or graphite) fibers 

has been the subject of some controversy, particularly with regard to the active 

catalytic state of the particles. Key steps include the absorption and decomposition 

of hydrocarbon molecules on the exposed metal surface to produce carbon species 

which dissolve into and diffuse through the underlying bulk, ultimately precipitating 

at the rear of the particle to form the carbon fiber [82,83]. 

Although some catalytic actions of the metals or metal compounds present in 

the process are involved, the growth process of single-walled carbon nanotubes is 

quite different from that described above. No atomic hydrogen is involved in the 

arc-discharge, and a catalytic particle is hardly ever located at the tip of a linear 

growth. However, since all these growth phenomena of single-walled carbon 

nanotubes have not been observed without the anodic additions present, it is believed 

that a certain catalytic action occurs, which is not y~t well understood. Based on our 

observations, we attempt to outline the sequential procession of different growth 

steps, which may ultimately illuminate the catalytic process. 

The inclusion of Gd or Nd into the anode of the arc-discharge process 

produces bundles of single-walled carbon nanotubes radiating from particles 

generated in the discharge [84]. Saito et aI. [85] observed a similar phenomenon by 
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using a Ni-C composite anode. They propose a growth model that categorizes the 

observed phenomena, a multi-walled coated particle versus a radial star pattern of 

single-walled carbon nanotubes, according to the supersaturation of excess carbon in 

the NiC particles, and the rate of their cooling. No reference is made to the growth 

phenomena that we observed on yttrium carbide particles [86], namely a radial star 

pattern of single-walled carbon nanotubes protruding from the graphitic mul ti-Iayered 

coating of the particle. We believe that the two components, a multilayered cage and 

single-walled carbon nanotubes protruding from the cage, document the two steps of 

the sequential growth process. 

Besides the single-walled carbon nanotubes, the catalysts, such as Fe and Ni, 

stimulated the formation of other novel forms of carbon nanoclusters in the carbon 

arc-discharge [87]. For example, Strings of carbon nanobeads [88], bamboo 

structures [89], and helix-shaped graphite nanotubes [90] have been reported 

although the functions of the catalysts in the arc-discharge are still not clear. In this 

study, the formation and growth of strings of carbon nanobeads in the catalytic arc 

discharge will be presented. Based on the morphology of the strings of beads, the 

catalytic effect of Fe or Ni particles in the carbon arc-discharge will be discussed. 

2.6 Silicon Carbide Whiskers from Carbon Nanoc,lusters 

Silicon carbide (SiC) whiskers are widely used for the development of new 

high-temperature ceramic composites with enhanced toughness. They can be 
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incorporated into metal matrices, usually by the melt infiltration or powder 

metallurgy [91], and have been successful in enhancing the stiffness of aluminum 

alloys [92]. SiC whiskers have also been used as hybridizing additions to improve the 

strength of multi-filament-reinforced alloys [93]. Their use in ceramic matrices 

provides highly wear-resistant materials of good thermal shock resistance which have 

been utilized as cutting tools [94]. Although the strength and toughness of the 

ceramic matrices have been improved by the incorporation of SiC whiskers, the 

mechanical properties vary significantly in accordance with the surface chemistry and 

morphology of whiskers, which depends on the method of production [95]. 

SiC whiskers have been produced by a variety of methods. Ryan et aI. [96] 

grew SiC whiskers by the hydrogen reduction of methyItrichlorosilane (CH3SiCI3) 

onto carbon substrate at 1500 C. Parratt [97] reports the controlled use of 

combinations of chlorosilane, carbon monoxide (CO), and methane (CH4) as source 

gases for the production of SiC. Knippenberg and Verspui [98] developed a process 

for producing SiC whiskers, in which bulk SiC was vaporized by heating under 

reduced pressure and the whiskers were formed on nucleation sites containing 

lanthanum or other catalysts. Cutler [99] developed a process for producing 

sub micron SiC powder and whiskers from silica (Si02), carbon, with catalysts (Fe and 

Mg) present in rice hulls. Wanger et al. [l00] explored a process of using metallic 

impurities for producing SiC whiskers by the vapor-liquid-solid technique. 

Most of the SiC whiskers produced by these methods contain metal impurities 
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working as the catalysts, which limit efforts to attain theoretical strength and increase 

the SiC whisker degradation in ceramic matrix composites [l01]. The method 

reported in this dissertation, that is, production of silicon carbide whiskers from 

carbon nanoclusters, improves the purity of the SiC whiskers by -preparing the 

whiskers in the absence of catalysts that can introduce metal impurities. Since the 

starting materials are carbon nanoclusters without any metallic catalyst involved, the 

silicon carbide whiskers produced from our method actually is free of metal impurity 

[l02]. Details of the method and the experimental results will be presented later. 
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CHAPTER 3. EXPERIMENTAL PROCEDURES 

Fullerenes and carbon nanotubes are found in the carbonaceous deposits from 

an arc-discharge between graphite electrodes in a helium atmosphere. The 

technique, which is called after their discoverers Kratschmer-Huffman method,· is 

simple, and has been reproduced in numerous laboratories all over the world. This 

arc-discharge procedure is a straightforward and low-cost method for generating large 

quantities of fullerene-containing soot or nanotube-containing cathodic deposit. In 

this dissertation work, the samples were prepared by using the Kratschmer-Huffman 

method, and were produced at the Materials and Electrochemical Research (MER) 

Corporation in Tucson. 

The nature of the products from the carbon arc-discharge depends on the 

discharge condition, which is a function of thermal and electric field distributions of 

the plasma, controlled by the operating parameters. For example, the temperatures 

of the surfaces of the electrodes are mainly determined by the current density 

arriving at the electrodes during the arc-discharge, and the electric field distribution 

of the discharge is affected by the configuration of the electrodes and the voltage 

applied between them. Furthermore, it was found that the helium pressure during 

carbon arc-discharge significantly controlled the ionization and annealing processes 

during the discharge vaporization. Therefore, in the section 3.1 a reference carbon 

arc discharge condition for the study will be first established. Then, the experimental 
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procedures will be described regarding the changes of the operation parameters of 

the arc-discharge, such as current density, discharge voltage, helium atmosphere 

pressure, and configurations of the electrodes, in order to study systematically how 

these parameters affect the production of carbon nanoclusters. 

Foreign materials, such as transition metals, introduced into the carbon arc

discharge by using a composite anode, have two effects on the products of the 

carbon arc-discharge. One is the encapsulation of these elements or their carbides 

into the hollow cores of carbon nanoclusters; the other is the catalytic effect on the 

formation and growth of novel forms of carbon nanoclusters, such as the single

walled carbon nanotubes, the star pattern of carbon nanoclusters, and the strings of 

carbon nanobeads. These effects will significantly depend on the conditions of the 

discharge and on the reactions of the introduced e.Iements with the carbon vapor in 

the arc-plasma. Therefore, selection and introduction of these other elements into 

the carbon arc-discharge will be presented in the section 3.2. 

According to the dimension of the carbon nanocIusters, electron microscopies 

are optimal techniques for their microstructural characterization [18]. In sections 3.3, 

3.4 and 3.5, the characterization techniques, the instruments, and the sample 

preparation for electron microscopy analyses will be introduced. Notice that in this 

dissertation work, the major characterization techniques include transmission electron 

microscopy (TEM), scanning electron microscopy (SEM), energy dispersive X-ray 

spectroscopy (EDS), electron energy loss spectroscopy (EELS), and X-ray powder 
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diffraction (XRD). Finally, the experimental conditions for converting carbon 

nanotubes to silicon carbide whiskers will be described in section 3.6. 

3.1 Production of Carbon Nanoclusters by Conventional Arc-Discharge 

The realization of the electrical, mechanical, and other applications of the 

nanotubes depends on a preparation process that closely ties the parameters of the 

preparation to the properties of the resulting nanotubes. Unfortunately, the products 

from the arc-discharge evaporation cover a wide range of internal structures of the 

nanotubes, and also contain many other components, such as amorphous carbon, 

polyhedral graphitic particles, and glassy graphite. Although certain general rules are 

available, an one-on-one correlation between the operating condition and the 

resulting morphology as well as the yield of the nanotubes is only gradually emerging. 

To clarify the picture, it is necessary to get a better understanding of the 

formation and growth process of carbon nanoclusters during the carbon arc-discharge. 

Therefore, it will be of significance to systematicaJIy study the effects of adjustable 

parameters of the carbon arc-discharge on the production of carbon nanotubes 

through the characterization of the morphology and the yield of carbon nanoclusters, 

as well as the overview morphology of the cathodic deposit, produced from different 

carbon arc-discharge conditions. In this section, the experimental condition for the 

benchmark (or reference) carbon arc-discharge to produce carbon nanotubes will be 

first described; secondly, the experimental conditions for producing carbon 
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nanocIusters under variations of the operation parameters; and finally, the 

experimental condition for studying the effects of the configurations of the arc 

discharge electrodes on the production of nanoclusters. 

3.1.1 Carbon Nanotubes Produced by a Reference Discharge Condition 

The carbon arc-discharge apparatus used to produce carbon nanoclusters for 

this study located at the Materials and Electrochemical Research Corporation can 

be shown schematically in Fig. 3.1. Key components of the apparatus include (1) two 

electrodes, at least one movable; (2) high current electrical feed-through; and (3) a 

water-cooled surface to collect the vaporized carbon products. These components 

are housed within a vacuum chamber that is connected to a pumping or gas handling 

system that can evacuate the chamber and can control the pressure of the inner 

atmosphere. 

In a typical experiment, two high purity graphite rods are clamped to the high 

current feedthroughs, and the chamber is pumped down to < lO-3 torr by a 

mechanical pump equipped with a cooling trap. Using an adjustable inlet valve the 

reaction chamber can be refilled with He or other gases to a pressure of lO to 760 

torr. Because both oxygen and water significantly i,nhibit the formation of fullerenes 

and related materials, it is important to evacuate the reaction chamber carefully and 

refill it using purified helium. The electrodes are positioned so that the graphite rods 

are just touching, and then the rods are separated to start a carbon plasma. The arc 
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Fig. 3.1 Schematic diagram of the carbon arc-discharge reactor for producing carbon 
nanoclusters. 
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discharge is initiated by passing a high current through the rods. At the same time, 

the chamber walls and the graphite electrode holders are cooled by water. 

During the arc-discharge, the anode is consumed, with the gap in between the 

electrodes kept constant by continuous adjustment through a computerized feed 

system, avoiding the notorious irregularities of manual control. Computer control 

also adjusts the voltage in accordance with the change in the resistance of the 

consumed electrode. Two types of products can be collected from the carbon arc

discharge. One is called slag, a carbonaceous deposit, consisting of a gray irregular 

annulus surrounding a black dense cylindrical core which builds up on the surface of 

the cathode. The other is called carbon soot deposited at the inner surface of the 

reaction chamber. This distribution of carbon nanoclusters from an arc-discharge is 

shown in Fig. 3.2. Notice that the type of the nanoclusters obtained depends on their 

location in the chamber where they are deposited, and the condition of the discharge. 

For example, multi-walled carbon nanotubes are deposited in the slag. Fullerenes, 

however, are observed in the soot. 

To standardize the performance of the carbon arc-discharges for the 

production of carbon nanoclusters, a reference arc-discharge condition as a 

benchmark has been set up in this study. It operates at a current density of 220 

A/cm2 drawn by a 27 V voltage between the electrodes under a helium atmosphere 

of 550 torr. The positive electrode (anode) is a cylindrical graphite rod 0.64 cm in 

diameter and 30 cm long. The negative electrode (cathode) also consists 
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Fig. 3.2 Schematic of the distribution of the carbonaceous deposit in the carbon arc 
discharge reactor. The extended deposit is formed only when certain catalysts, such 
as Fe or Ni, are employed. 
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of a cylindrical graphite rod 0.95 cm in diameter and 3 cm long. The gap between 

the electrodes is maintained at approximately 0.1 cm after the initial contact. 

Characterization of the nanoclusters produced from the reference condition, in 

particular, the morphology of the cathodic deposit, as well as the morphology and 

the yield of nanotubes, are carried out by using electron microscopies. 

Transmission electron microscopy is a good method to distinguish graphitic 

nanotubes and other carbon species. However, the field of view of a transmission 

electron microscope is limited for the statistic analysis. A scanning electron 

microscope can also distinguish graphitic nanotubes from other carbon components, 

and has a large field of view. Therefore, a JEOL 840A SEM and a subsidiary image 

analysis software "VISTA" of Noran Instrument, Inc. are used for micro-image 

analysis to determine the yield of the carbon nanotubes produced from our reference 

arc discharge condition. This statistic analysis with a scanning electron microscope 

has been done with the method described below. Notice that twenty SEM images 

of the sample produced in the reference arc-discharge condition have been used for 

this analysis. 

The analysis steps are as follows: (a) Calculation of the total area of graphitic 

nanotubes (SI) and the total area of graphitic particles (Sp) for each image. The 

percentage of nanotubes, PS=St!(SI+Sp) where Ps is the percentage of nanotubes 

extracted from a SEM image; (b) Calculation of the maximum length, average length, 

and average diameter of nanotubes from each image; (c) Calculation of the average 
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diameter of particles from each image; (d) Assuming that the particles have a 

spherical shape and the tubes have a cylindrical shape, the percentage of the tubes 

is determined based on the volume of both components, PV=Vt!(VI+ Vp) where VI' 

V p are the volume of the tubes and the particles, respectively; (e) Calculation of the 

average percentage of tubes. 

3.1.2 Effects of Processing Parameters on Production of Nanoclusters 

A. Effects of Discharge Current Density, Voltage, and Helium Pressure 

As mentioned before, the production of carbon nanoclusters depends on the 

operating conditions of the carbon arc-discharge. There are several experimental 

factors that can be varied to maximize the yield of carbon nanotubes produced from 

the vaporization of graphite electrode. In this section, the effect of processing 

parameters, including discharge current density, voltage, and helium pressure, on the 

production of carbon nanotubes, will be focused.. The importance of these three 

experimental variables in determining the yield of carbon nanoclusters can be 

understood by considering the environment in which the clusters form. Specifically, 

the vaporization of the carbon rods is not driven by ohmic heating but rather by an 

arc discharge between the ends of the graphite rods. This latter condition produces 

a plasma, and hence, control of temperature and electric field of the carbon plasma 

may determine the yield and size distribution of the nanoclusters. Quantitatively, 

increases in the current density raise the plasma temperature, while increases in the 



53 

buffer gas (He) pressure enhances the plasma density and the growth rates of carbon 

species. Notice that the helium pressure may be critical, because it slows migration 

of carbon radicals away from the graphite rod. On the other hand, the electric field 

near the surfaces of the electrodes which is determined by the discharge voltage has 

been assumed to be a driving force keeping the carbon nanotubes from closing for 

their further growth. Therefore, we expect to find changes of the morphology of the 

nanoclusters by varying the discharge voltage. 

Since the helium pressure in the arc-discharge reactor affects strongly the 

characteristic of the arc plasma, the carbon arc-discharge generates different 

dominant products when the graphite electrode burns in a helium environment at 

different pressures. Typically, at 100 torr helium pressure the major products are 

fullerenes, whereas at higher helium pressure, for example above 500 torr, the carbon 

arc-discharge produces carbon nanotubes and carbon nanoparticles. Notice that the 

manner in which the helium pressure causes this difference is not yet clear. In this 

study, the effect of processing parameters of the carbon arc-discharge on the 

production of carbon nanoclusters is explored. 

A set of samples was prepared under a. variety of conditions, including 

variations of current density through the cross-section of the electrodes, discharge 

voltages across the electrodes, and the helium pressure. Table 3.1 lists the 

experimental arc-discharge conditions for studying the effect of changes of the 

discharge current density on the production of carbon nanocIusters, in which the 
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Table 3.1 The experimental arc-discharge conditions for studying the effect of the 
discharge current density on the production of carbon nanoc1usters under two 
different helium pressures. 

# of Run Current Density (A/cm2
) He Pressure (Torr) 

Al 190 550 

A2 220 550 

A3 240 550 

A4 315 550 

AS 380 550 

A6 350 200 

A7 470 200 

A8 690 200 
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current density was varied from 190 to 380 A/cm2 under 550 torr helium, and from 

350 to 690 A/cm2 under 200 torr helium. The current density is calculated for each 

run from the current flow through an unit area of the positive electrode. Notice that 

for these experiments the discharge voltage ranges from 24 to 34 volts, and the gap 

between the anode (0.64 cm in diameter) and the cathode (0.95 cm in diameter) has 

been varied to increase the discharge current density. The 190 A/cm2 discharge 

current density is the minimum value which can be employed for our system at MER 

Corporation. 

Table 3.2 lists the discharge voltages which are used to study the effects of the 

changes of the voltage applied between the electrodes on the production of carbon 

nanotubes. The potential across the electrodes was varied from a low of 16 V to a 

high of 34 V. For this set of experiments, the helium pressure (550 torr) was kept 

constantly, and the current densities were maintained to the same value for different 

discharge voltages. 

To examine the effect of helium pressure, two samples have been prepared 

under 200 and 550 torr, respectively. The experimental conditions are listed in Table 

3.3 in which the current densities and discharge voltages are kept to similar values 

for these two different helium pressure runs. Notice that the diameters of the anode 

and cathode which have been employed so far are 0.64 cm and 0.95 cm, respectively. 

In the next section the experiments to study the effects of electrode configuration on 

the production of carbon nanoc1usters will be presented. 
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Table 3.2 The experimental arc-discharge conditions for studying the effect of the 
discharge voltage on the production of carbon nanoclusters under 550 torr helium. 

# of Run Voltage (V) 

B1 16 

B2 20 

B3 27 

B4 30 

B5 34 

Table 3.3 The experimental arc-discharge conditions for studying the effect of the 
helium atmosphere pressure on the production of nanoc1usters. 

#ofRun Helium Pressure (Torr) Voltage (V) Current Density (A/cm2) 

C1 200 26 220 

C2 550 27 190 
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B. Effects of Electrode Configurations 

The electrode configuration is another important parameter which will affect 

the production of carbon nanotubes produced by a carbon arc-discharge. Under the 

reference carbon arc-discharge condition of producing carbon nanotubes, the gap 

between the anode and cathode was maintained constant at about 0.1 em, and 550 

torr helium atmosphere was employed for the arc discharge. In comparison with the 

reference condition, the effects of the electrode configuration on the production of 

the nanotubes were explored through the following procedures: (1) the gap between 

the electrodes was maintained at a minimum value (specified as contact arc 

discharge) for producing a carbon plasma under tpO and 600 torr; (2) the graphitic 

anode carries a hollow core at the center; (3) the electrodes have different diameters. 

Table 3.4 lists the changes of the operating conditions of the carbon arc 

discharge regarding the configuration of the electrodes. As mentioned above, a high 

density of carbon nanotubes is normally produced by a carbon arc-discharge under 

550 torr helium atmosphere with a 0.1 em gap between the electrodes. To examine 

the effect of the gap between the electrodes on the formation and growth of carbon 

nanoc1usters in a carbon arc-discharge, in this study two types of electrode gap (one 

is a minimum gap and the other is a 0.2 em gap) have been employed for carbon arc 

discharge under 100 and 600 torr helium, respectively. Notice that during the carbon 

arc discharge, the gap between the electrodes was· maintained constant by the 
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Table 3.4 The operating conditions of the carbon arc-discharge with a minimum or 
a 0.2 em gap between the graphitic electrodes. 

# of Gap Volts Current Density Pressure 
Run (em) (V) (A/cm2

) (Torr) 

D1 Min. 20 218 100 

D2 0.2 20 310 100 

D3 Min. 30 233 600 

D4 0.2 30 35,0 600 
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continuous adjustment through a computerized feed system that also adjusted the 

voltage in accordance with the change in the resistance of the consumed electrode. 

In contrast to using a minimum gap between the electrodes, the configuration 

of an anode with a hollow core at the center was also employed to produce carbon 

nanoc1usters. The experimental conditions are shown in Table 3.5. In this 

experiment the gap between the electrodes was kept at 0.1 cm which is the same as 

that in the reference discharge condition. Notice that the diameter of the anode is 

still 0.64 cm. Furthermore, electrodes with different diameters have also been 

employed. Table 3.6 lists the diameters of the anode and cathode. The carbon arc 

discharge was run under 550 torr helium with a 0.1 cm gap between the electrodes. 

The samples were collected from the surface of the cathode and were examined by 

electron microscopy. 

3.2 Carbon Arc-Discharge Involving Elements Other Than Carbon 

Other elements, such as transition metals, can be introduced into the carbon 

arc-discharge evaporation by using the composite ~node, which was prepared in two 

ways. One way was that the composite anode was prepared by homogeneously 

mixing metal powders with graphite cement, at the metal to carbon ratio of 1:3 by 

weight. The paste was extruded into a 0.64 cm diameter rolled graphite foil tube. 

The anode was dried, then cured at 1100 degree C for 6 hours prior to burning in the 

vertical quartz arc-chamber. The other way was fixed the desired element into a 
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Table 3.5 The experimental conditions of carbon arc-discharge with a hollow anode. 

-

Dia. of Hollow Current Density Pressure 
(cm) A/cm2 (Torr) 

EI 0.32 235 550 

E2 No 235 550 

Table 3.6 The operation conditions of carbon arc-discharge in which the electrodes 
have different diameters. 

# of Anode Cathode Voltage Current density 
Run (cm) (cm) (V) (A/cm2

) 

FI 0.32 0.95 20 746 

F2 0.64 0.95 20 200 

F3 0.95 0.64 30 379 
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center hole in a 0.64 cm diameter graphite rod, and was consumed in the carbon arc 

together with the graphite rod. In this dissertation work, the later method was more 

often used, in which the anode rod used was 0.64. cm diameter type SG-IIA from 

Graphite Sales and Engineering Co., and a 0.32 cm diameter hole was drilled 10 cm 

deep through the center. Equal parts of fine metal or metal compound and 

isopropanol were mixed together to form a thick paste, and packed into the rod core. 

The end was sealed with a piece of graphite rod with 0.32 cm in diameter, and the 

assembly was placed in a drying oven to evaporate off the isopropanol. The 

composite anode produced from the above methods was then placed in a fullerene 

reaction chamber with voltage controlled cathode advance. The rod was burned in 

a 550 torr helium atmosphere at 28-32 volts and 70-75 amps, which was close to the 

reference arc-discharge condition for our study. 

Table 3.7 lists the elements which were employed to investigate the effects of 

the other elements on the formation and growth of carbon nanoclusters from arc

discharge evaporation. The lightest element which was used in this study is boron, 

and the heaviest one is platinum. For the elements yttrium and zirconium, the 

compounds of yttrium oxide and zirconium oxide were employed. Since the iron 

group metals are known to catalyze carbon fiber growth, Fe, Co, and Ni have been 

introduced as well into the carbon arc-discharge in this study. 

It has been reported that some transition metals stimulate the formation and 

growth of single-walled carbon nanotubes [73,74]. It is well known in the catalyst 
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Table 3.7 The elements which are introduced into arc discharge for encapsulations. 

IlIA IVA 

B 

IlIB !VB VB VIB VIIB VIIIB IB IIB AI Si 

Ti V Cr Mn Fe Co Ni Cu Zn 

y Zr Nb Mo Pd Ag 

W Pt 
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field that combined catalysts can enhance their e(fect. In this study, the effects of 

various mixtures of single metal elements or their compounds, listed in Table 3.8, on 

the formation of novel forms of carbon nanoclusters have been investigated. The 

ratio of the two types of catalysts which have been mixed together is 50 to 50 weight 

percent. 

3.3 Transmission Electron Microscopy (TEM) 

The properties of materials are structure sensitive. The structure is in turn 

determined by composition, heat treatment, and preparation processing. Thus it is 

necessary to characterize both composition and microstructure at the highest levels 

of the resolution possible in order to understand the material behavior. Such 

characterization requires advanced and sophisticated methods of analysis using 

microscopic, diffraction, and spectrographic techniques. It is in this regard that the 

electron microscope is such a unique instrument because it provides all the 

capabilities necessary for both physical and chemical analyses. 

The information that is obtained by transmission electron microscopy is 

derived from the scattering processes that take place when the electron beam travels 

through the specimen. There are two main types of scattering: (a) elastic - the 

interaction of the incident electrons and the effective potential field of the nuclei -

which involves no energy losses and can be coherent or incoherent (poor phase 

relationship); and (b) inelastic - the interaction of the incident electrons and the 
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Table 3.8 A list of the mixtures of transition metals or compounds which have been 
introduced into the carbon arc-discharge. 

Fe/Ni Fe/Co 

Ni/Cu Ni/Ti Ni/Mg 

Co/Cu CO/Y20 3 Co/Ni 

YC2 
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electrons in the specimen - which involves energy losses and absorption [103]. It is 

the elastic scattering that produces a significant informative diffraction pattern; and 

if the scattering centers in the specimen are arrayed in an orderly, regular manner, 

as in a crystal, the scattering is coherent and results in spot patterns and ring patterns 

if the sample is a fine grained polycrystal. Inelastic scattering causes absorption from 

which characteristic energy losses and emissions (X-ray, Auger, etc.) yield 

spectroscopic data. Moreover, microscopic infor~ation close to the atomic level is 

provided by the higher resolution transmission electron microscopy studies, and this 

technique has been extensively applied to study carbon nanotubes. 

3.3.1 Powder and Cross-Section TEM Sample Preparations 

Most of the TEM characterization in this study is performed using samples in 

powder form because the primary information of individual carbon clusters can be 

obtained easily. We can examine the morphologies and the microstructures of the 

individual carbon nanoclusters, and directly measure the size and the density of the 

nanotubes. Two techniques used in crushing the carbonaceous samples include (1) 

mortar and pestle and (2) BaIl-Milling, a typical technique used for industry 

production. Note that mortar and pestle method is mostly employed because only 

a smaIl amount of material is required for the analysis. 

After grinding the sample into the powder form, it was dispersed in benzene 

or acetone. After 5 min sonication, the copper grid with holey carbon substrate was 
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dipped into the suspension, and was allowed to dry. The powder sample is suitable 

for studying the morphology and internal structure of individual carbon nanoclusters. 

Unfortunately, the information about the orientation, distribution and the alignment 

of the carbon nanotubes and the carbon particles in the slag can not be obtained 

from the powder sample. Is there a matrix for the formation and the growth of the 

carbon nanoclusters? Is there any connections between carbon nanotubes themselves 

or between carbon nanotube and nanoparticle? How do the carbon nanotubes, the 

nanoparticles, and glassy graphite, build up the slag? Solving these questions are 

very important for a better understanding the formation and growth mechanism of 

carbon nanotubes. To answer above questions, a ,bulk sample preparation starting 

from a cathodic slag was carried out. The procedure involves mechanical cutting, 

polishing, and thinning. This sample maintains the microstructure of the individual 

clusters, and the distribution of nanoclusters as they grow. 

To prepare the thin bulk samples for TEM observation, instruments such as 

diamond saw, dimpler and ion milling machines are required. The preparation 

procedures are: (1) cutting and shaping the initial slag in cross-section into a disc 

with 0.3 em diameter and 0.05 em thick; (2) thinning the disc down to about 100 JLm 

thickness and polishing the sample from one side; (3) dimpling the sample from the 

other side to 20 JLm thickness at the center area and then polishing the dimpled 

surface; and (4) ion milling the dimpled sample to generate a very thin area which 

is about 50 nanometer thick and suitable for TEM observation [104,105]. In this 
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study, the initial disc is cut perpendicular to the cylinder axis of the slag representing 

the deposition planes. 

3.3.2 Instrumentation and Techniques 

The Model Hitachi H-8100 used in this study is a state-of-art TEM operated 

at 200 ke V with a LiB6 electron filament. The microscope can provide simultaneous 

analyses of the ultra high resolution imaging and nanoprobe chemical analysis. 

Three types of the Gatan sample holders: (1) double tilt holder; (2) cooling holder; 

and (3) heating holder, are available for different purposes. The double tilt sample 

holder allows tilting from -30 to +30 degrees. The cooling or heating specimen 

holder is used to investigate real-time dynamic phenomena. The cooling sample 

holder can cool the sample down to liquid nitrogen temperature (-196 C), and the 

heating sample holder can heat the sample up .to 1300 C. The objective lens 

spherical aberration coefficient Cs is about 0.055 cm. The point-to-point resolution 

of the microscope is 0.19 nm. A TV CCD camera and a TV monitor are attached 

to the electron microscope, enlarging the image on the screen twenty times to help 

the high resolution operation. The diagram illustrating the locations of analytical 

accessories and cameras attached to the Hitachi H-8100 TEM is shown in Fig. 3.3. 

Since the Hitachi H-8100 TEM has a three condenser lens system, it can provide a 

fine-probe with probe size ranging from 2 nm to 15 nm and a micro-probe with 

probe sizes ranging from 10 nm to 70 nm for the microbeam analyses (such as 
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Fig. 3.3 The diagram illustrating the locations of analytical accessories and cameras 
attached to the Hitachi H-8100 TEM. 
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energy dispersive X-ray spectroscopy and electron energy loss spectroscopy) or nano-

diffraction. For the standard TEM mode, the beam size ranges from 0.1 to 10 J.Lm. 

It is a characteristic feature of the instrument that structural HRTEM images 

can be obtained simultaneously with a high spatial resolution composition analysis. 

Since a TEM is dealing with projecting a two dimensional image, it can not directly 

offer three dimensional information about carbon nanoclusters. To confirm the three 

dimensional structure, one can tilt the sample to get a series of two dimensional 

images, or one can use electron beam diffraction. Electron diffraction is used to 

obtain the crystallographic information including the phase and the orientation of the 

samples [106]. Electron diffraction pattern provides structural information which is 

also largely complementary to the chemical information provided by electron energy 

loss spectroscopy and energy dispersive X-ray spectroscopy. All four techniques 

readily available in a single instrument like Hitachi H-8100 utilized in this study can 

provide a complete analysis. 

3.3.3 Energy Dispersive X-Ray Spectroscopy (EDS) 

Chemical analysis in the electron microscope is performed by measuring the 

energy and intensity distribution of the X-ray signal generated by a focused electron 

beam on a sample. When the incident electrons hit the sample, the electron beam 

interacts with a tightly bound inner-shell electron, ejecting it and leaving a vacancy 

in that shell. The atom then relaxes to its ground state through a set of transitions 
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of outer-shell electrons to fill the inner-shell vacancy. The energies of the electrons 

in the shell are sharply defined, with values characteristic of the atomic species. The 

energy difference of the transition is therefore a c~aracteristic value, and this excess 

energy can be released from the atom in one of two ways (Auger process or X-ray 

process). 

In the characteristic X-ray process, the X-rays emitted during a radiative 

transition are called characteristic X-rays because their energies or wavelengths are 

specific of the particular element which is excited. The energy levels of the shells 

vary in a discrete fashion with atomic number so that the difference in the energy 

between the shells changes significantly even when the atomic number changes by 

only one unit. 

The energy dispersive X-ray spectrometer (EDS), attached to the Hitachi H-

8100 TEM is a system from Noran Instrument hic. The detector uses a lithium

drifted silicon Si(Li) crystal. X-ray photons from the sample pass through a thin 

window isolating the environment of the specimen chamber from the detector into 

a cooled, reverse-biased p-i-n (p-type - intrinsic - n-type) Si(U) crystal. Absorption 

of each individual X-ray photon leads to the ejection of a photoelectron, which gives 

up most of its energy to the formation of electron-hole pairs. They in turn are swept 

away by the applied bias to form a charge pulse, which is then converted to a voltage 

pulse by a charge-to-voltage converter. The signal is further amplified and shaped 

by a linear amplifier and finally passed to a computer X-ray analyzer, where the data 
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are displayed as a histogram of intensity vs. voltage [107]. 

Traditionally, a thick window has been employed to ensure that the Si(Li) 

crystal does not gradually become contaminated by condensed volatile substances 

from the microscope column. This thick window absorbs low energy X-rays, and 

leaving the light elements (atomic number Z< 12) undetectable. With the ultra-thin 

window used in our system, X-ray photons generat~d from elements as light as boron 

(Z=5) can be detected. To analyze the EDS data, the "Voyager" software also 

developed by Noran Instrument Inc. has been used. 

3.3.4 Electron Energy Loss Spectroscopy (EELS) 

Many of the significant results of this study deal with foreign materials that 

are closely attached to graphitic structures. Metals or their carbides are encapsulated 

into the hollow cores of multi-walled carbon clusters of nanometer diameters. It is 

important to determine the processes involved and to identify the chemical 

composition of these nano-scale features. EDS analysis can not be used to obtain 

this objective because of its resolution limitation .. 

Electron Energy Loss Spectroscopy (EELS) has been used for this critical 

analysis because it provides (a) a probe beam that interacts and generates the 

characteristic signal exactly inside the particle to be analyzed; and (b) it fingerprints 

the elements and their compounds with high resolution [108]. In the characteristic 

EELS process, the incident electrons are scattered inelastically by the sample, and 
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lose some specific amounts of energy corresponding to the ionization energy of an 

inner-shell electron to one of the first unoccupied levels above the Fermi energy. 

Both initial and final states are atom-specific, so that the electrons who lose the 

specific amount of energy which identifies the atom or its compounds generate an 

"edge" in the transmitted electron energy loss spectrum. Elements above Z=5 can 

precisely be identified in this manner. 

The incident electron beam for EELS analysis is generated in the Hitachi H-

8100 with its powerful electron optics. The diameter of the beam as it hits the 

sample can be narrowed down to 5 nm. This is smaller than the dimension of most 

of the particles to be identified inside or near carbon nanoclusters. Gatan model 666 

parallel-detection electron energy-loss spectrometer (PEELS) has been used to detect 

the entire energy loss spectrum simultaneously in this study. The spectrometer has 

the energy resolution of 1 e V, and is mounted at the end of the optical column of the 

electron microscope. The transmitted electron beam enters the spectrometer through 

the changeable aperture mounted inside the spectrometer entrance flange. Based 

on their energies, the transmitted electrons are dispersed by a second-order 

aberration-corrected magnetic sector, and are detected by a single-crystal yttrium

aluminum garnet (YAG) scintillator. The signal is further amplified and shaped by 

a linear amplifier and finally passed to a computer' PEELS analyzer, where the data 

are displayed as a histogram of photodiode counts vs. electron energy loss. 
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3.4 Scanning Electron Microscopy (SEM) 

Since the carbon nanotubes exist among other interesting structural features 

in the slag, it is important to gain the general morphology of the slag, in particular 

the distribution of the carbon nanotubes among other features. For this reason, 

scanning electron microscopy was employed. The conventional SEM, like JEOL 840 

which provides a resolution of about 5 nm was used to obtain the general 

morphology of the slag. The field emission SEM (Hitachi S-4500) with a resolution 

of 1.5 nm was applied to study the morphology of the individual carbon nanotubes. 

In contrast to TEM, SEM has a better depth of focus and offers more three 

dimensional information than TEM does [18]. The field emission electron filament 

makes the nanometer scale probe size possible. Thus, it provides a high resolution 

capability to characterize the physical or chemical a,spects of the carbon nanoclusters, 

which may provide better understanding for the catalytic role in the formation and 

growth of the novel forms of carbon nanoclusters. 

Of particular interest have been the SEM micrographs of the microstructure 

of the slag cross sections, showing the extent and texture of the columnar and 

lamellar organization as well as the general organization of the carbon nanotubes, 

whether they are in a circumferential or radially preferred orientation. Other related 

microstructural features that are typically investigated by SEM include: information 

on microcracks, flaws and voids connected with carbon nanotube processing; 

characterization of the porous structures associated with the exfoliation process; and 
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information on the fracture cross section of fibers arising from various failure modes, 

and measurement of the carbon nanotube cross-sectional area and shape studies by 

high resolution SEM. 

3.5 Powder X-Ray Diffraction 

The powder X-ray diffraction technique was employed to identify the phases 

of the encapsulated materials. When other elements are introduced into the carbon 

arc-discharge, they react with the carbon plasma. Powder X-ray diffraction is a 

powerful technique to determine the phases of the final product, especially for the 

crystalline structure of the metal or their compounds produced from the discharge. 

The X-ray diffractometer used in this work is Scintag XDS-2000 with a copper target, 

a goniometer and a solid-state X-ray detector. The X-ray diffraction spectrum was 

analyzed by a computer system through a software DMS-2.72. A powder sample was 

prepared by grinding the initial slag into powder with mortar and pestle. Then the 

powder was dispersed onto a glass slide for X-ray. diffraction analysis. 

3.6 Conversion of Carbon Nanoclusters to Silicon Carbide Whiskers 

Silicon carbide (SiC) whiskers are widely used for the development of new 

high-temperature ceramic matrix composites with enhanced toughness. Most of the 

SiC whiskers produced by present methods contain metal impurities, which limit 

efforts to attain theoretical strength and increase the SiC whisker degradation in 
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ceramic matrix composites. Trying to produce SiC whiskers without any metal 

catalytic particles involved, the carbon nanoclusters were used as the starting 

material, and were reacted with silicon monoxide at a high temperature. The 

experiment was carried out at the laboratory of the Materials and Electrochemical 

Research Corporation. The details of the experimental procedures are described 

below. 

The experimental apparatus is shown in Fig. 3.4. The solid SiO (purity 99.9%) 

was evaporated in an alumina boat. The vaporization rate of SiO was controlled by 

the temperature. The carbon disc, a piece of slag produced by carbon arc-discharge 

vaporization and containing a high density of carbon nanotubes, was directly placed 

above the solid SiO by using graphite foil support. The high temperature end of the 

carbon disc was kept at 1700 C monitored by a Pt/Rh (6%)-Pt/Rh (30%) 

thermocouple during a total heat treatment time of two hours under 40 m3/min Ar 

gas flow. 

A JEOL 840A SEM was employed to characterize the morphologies of the 

disc before and after the heat treatment in both the top view and cross-section. To 

avoid the charging problem and enhance the secondary electron signal a Au/Pt thin 

film was coated on the surface of the disc. A Hitachi H-8100 analytical transmission 

electron microscopy (TEM) operated at 200 ke V was employed to study the internal 

structure of the SiC whiskers produced materials. For the TEM analyses, the 

samples were prepared by scraping the material from the surface of the disc, 
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Fig. 3.4 Schematic of the heat treatment apparatus for conversion of carbon 
nanotubes into silicon carbide whiskers: (1) electric furnace; (2) thermocouple (PtRh 
6%-30%); (3) graphitic foil to support the carbon disc; (4) cathodic slag disc; (5) 
solid silicon monoxide; (6) alumina boat. 
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dispersing the material in acetone, and dropping it onto a holey-carbon copper grid 

for TEM analysis or a copper grid for EDS analysis. The copper grid was used for 

chemical analysis to avoid the contribution from the holey carbon substrate, which 

will interfere with the SiC identification. The product from the reaction was also 

characterized by high resolution TEM and electro~ beam diffraction analyses. The 

chemical composition of the resulting material was identified by a Link energy 

dispersive X-ray (EDS) LZ5 light element detector attached to the TEM. 
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CHAPTER 4. RESULTS 

Carbon nanotubes are produced in the high-temperature, turbulent 

environment of a carbon arc discharge. To control this environment .. and make any 

product reproducible has in the past been notoriously difficult. Understanding of the 

growth mechanism and a control of the morphology of the product are still beyond 

reach. The process parameters of the carbon arc-discharge appear to be of 

importance, in particular current density, discha.rge voltage, helium atmosphere 

pressure, and electrode configuration. Variations of these process parameters have 

been observed to influence the morphology and the yield of the carbon nanoclusters. 

To systematically study the effect of these variations may lead to a better 

understanding of the growth mechanism, and a higher reproducibility of the product. 

Using electron microscopic characterization, a broad-based study of these 

effects has been performed, and the results can be presented in six categories. 

Besides structural and growth phenomenon study, they include encapsulation of 

foreign materials into the hollow cores of nanoclusters, and their catalytic effects on 

the growth phenomena as well as conversion of carbon nanotubes into silicon carbide 

whiskers. The categories are: (1) synthesis of multi-walled carbon nanotubes; (2) 

morphology of multi-walled carbon nanotubes; (3) encapsulation of foreign materials 

into carbon nanoclusters; (4) single-walled carbon nanotubes; (5) strings of carbon 

nanobeads; and (6) conversion of carbon nanotubes into silicon carbide whiskers. 
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4.1 Synthesis of Multi-Walled Carbon Nanotubes 

For technological applications, it is important to produce a high yield of 

carbon nanotubes of a desired morphology. Since the carbon arc-discharge involves 

extremely high temperatures in a turbulent gas phase, the discharge -process cannot 

be easily controlled. Considering the discharge, the operating parameters, such as 

current density, voltage between the electrodes, helium pressure, and the electrode 

configuration, are of influence in determining the properties of the product. In order 

to assess the influence of variation in the above process parameters, a benchmark 

condition has first been established to which referred as the reference condition. 

Variation of the process parameters from the reference condition will then permit 

to assess their effect on yield and morphology of nanotubes. 

4.1.1 Production and Morphology of Nanotubes in a Reference Processing Condition 

During the carbon arc-discharge, carbon materials are deposited on the 

surface of the cathode or on the inner surface of the discharge chamber. Normally, 

the deposit on the inner surface of the chamber, named the soot, does not contain 

any carbon nanotubes and nanoparticles. In this study, the investigation is focused 

on the cathodic deposit (slag), which consists of two parts: central black core and 

outer silver shell. The basic concept regarding the reference condition involves an 

examination of the slag deposited at the cathode of the arc-discharge operated under 

the condition defined in section 3.1.1. SEM is employed to establish the relationship 
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between the slag morphology and the product of carbon nanotubes, and then to 

determine the yield of nanotubes with respect to other carbon components. With the 

establishment of the reference, the effect of discharge conditions on the production 

of carbon nanoclusters can be studied by varying the operation parameters of the 

discharge and comparing the results with those from the reference. 

A. General Morphology of the Cathodic Deposit from the Reference Condition 

Fig. 4.1 shows a SEM image of a cleaved slag from the reference arc discharge 

condition with an overview of the black core and the silver shell, which displays both 

the growth surface on the top (indicated by liT') and the layered structures 

underneath. The core region consists of onion-shaped layers with columnar 

structures and a variety of thicknesses, while the shell region looks like molten clay. 

The thickness of the layers changes radially across the slag. The center region of the 

core appears to be composed of several thin layers merging together. Note that the 

layers are not flat, but are curved in a direction that may reflect the equal-potential 

contours between the deposit surface and the pointed anode. The interfaces 

(indicated by arrows) between the core and the shell are composed of thin laminae, 

extending in a direction perpendicular to the slag axis which is the direction of the 

current flow. 

The details of the core consisting of layer structures are shown in Fig. 4.2. 

Two distinct types of morphologies can be seen in the core. The first type (labeled 
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Fig. 4.1 A scanning electron micrograph of the carbonaceous deposit showing an 
overview of the core and the shell regions of which the slag consists. "T" indicates 
the growth surface of the slag, and arrows show the interfaces between the core and 
the shell. 
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Fig. 4.2 A high magnification SEM image of the slag shows that the columns with 
similar diameters are parallel to each other, but the lengths of the columns are 
different. The core region has two distinct types of morphologies: a columnar "c" 
structure of 100 to 300 nm thickness layers and a compact thin laminar "L" structure. 



83 

"C") is a columnar structure found in the layers with a thickness of 100 to 300 J,Lm. 

The diameter of each column is close to 40 J,Lm. The second type (labeled "L") is a 

compact arrangement of thin laminae similar to that of the shell. The image also 

indicates that the columns with similar diameters .are parallel to each other. Note 

that the columns have different lengths. The columnar "c" structure contains a high 

density of carbon nanotubes mixed with carbon nanoparticles and graphitic flakes, 

as shown in Fig. 4.3 by a high magnification SEM image. The tubes are a few 

micrometers in length and 20 to 50 nanometers in diameter. Notice that the 

nanotubes are randomly distributed in the columns, and no preferred orientation is 

observed here to align the nanotubes up. A SEM characterization of the thin 

laminar "L" structures shows, in strong contrast, only graphitic platelet (see Fig. 4.4). 

The non-columnar structures at the interfaces between the core and the shell, and 

at the shell regions themselves have also been investigated in the high magnification 

SEM. No nanotubes are observed there. 

The slag sample is also examined in the plane view at the-anode-facing growth 

surface. We find again a strong correlation between the high density of the 

nanotubes and the columnar growth structures. The radial distribution of the 

nanotubes on the growth surface is not uniform. There is a very low density of 

nanotubes at the center and the edge. The maximum density of the nanotubes 

occurs at an annular region about 2 mm away from the center correlating with a 

maximum density of the columns as well. 
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Fig. 4.3 A high resolution SEM image of the colu'mns indicates that a high density 
of nanotubes are mixed with a few spherical clusters. The tubes are up to 5 J-Lm long 
and 20 to 50 nm in diameter. 
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Fig. 4.4 A SEM image indicates that the laminar non-columnar structures are 
constructed by the graphitic platelets, and no carbon nanoclusters are observed. 
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High resolution TEM has been employed to identify the internal structure of 

the carbon nanoclusters produced from the reference condition. The TEM 

micrograph, shown in Fig. 4.5, demonstrates that the carbon nanoclusters observed 

in SEM have hollow core structures. The sizes of the nanotubes measured from the 

TEM micrograph range from 100 to 5000 nm in length and 20 to 50 nm in diameter, 

which are close to the SEM observation. Besides producing carbon nanoclusters, the 

reference condition also produces amorphous carbon and graphitic plates in the slag 

labeled by "A" and "G", respectively. 

B. Quantitative Analysis of the Production of Nanotubes from the Reference Condition 

The yield of carbon nanotubes vs. carbon nanoparticles produced by the arc 

discharge under the reference condition can be determined by a micro-image 

computer analysis program attached to the SEM. Fig. 4.6 shows one example of the 

SEM images used for micro-image analysis, in which the areas occupied by the 

carbon nanotubes or other carbon components (such as carbon nanoparticles, 

amorphous carbon, and graphitic flakes) have been measured. Then, the ratio of the 

total area occupied by carbon nanotubes to that occupied by other carbon 

components has been obtained. This ratio is defined as the yield of carbon 

nanotubes produced from reference condition. The measurement results are listed 

in Table 4.1. 

Twenty SEM images of carbon nanoclusters produced from the reference 
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Fig, 4.5 A TEM micrograph demonstrates that the carbon nanoclusters produced 
from the reference carbon arc-discharge condition'have hollow core structures, "A" 
shows the amorphous carbon and "G" indicates the graphitic plates, 
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Fig. 4.6 A SEM image of the sample produced under the reference condition shows 
the graphitic tubes and particles used for the micro-image analysis. Arrows "T' 
indicate the tubular structures and arrows "P" indicate the other carbon components, 
such as carbon nanoparticles. 
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Table 4.1 An example of the information extracted from each image. Notice that 
the "particles" here include the aggregations of graphitic fragments, amorphous 
carbon, and graphitic polyhedra, etc. 

I Subject I Results I 
Analysis Area 17.63 JLm2 

Number of Particles 23 

Area Occupied by Particles 6.43 JLm2 

Average Diameter of particles 140 nm 

Number of Tubes 16 

Area Occupied by Tubes 2.16 JLm2 

Average Diameter of Tubes 70 nm 

Maximum Length 1.38 JLm 

Minimum Length 0.04 JLm 

Average Length 0.64 JLm 
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condition have been analyzed. The averaged percentage of the nanotubes extracted 

from the two dimensional information is 29.33%, and the averaged percentage of the 

nanotubes extracted from the three dimensional information is 30.56%. (Notice that 

the calculation procedure of the average percentage was described in_section 3.1.1). 

Therefore, the percentage of the nanotubes in the reference sample is between 

29.33-30.56%. The averaged length of the tubules is 0.903 J,£m. The maximum and 

the minimum length are 3.54 J,£m, and 0.04 J,£m, respectively. Table 4.2 is a summary 

of the results from the analyses of the twenty images of the reference sample. 

4.1.2 Effects of Variations of Processing Conditions on the Production of Nanotubes 

With the reference condition established in the above section, a series of other 

operating conditions are examined in order to understand the effects of a variation 

of the processing conditions of the arc-discharge on the production of carbon 

nanotubes. The other operating conditions are obtained by the changes in discharge 

current density, the voltage between the electrodes, helium atmosphere pressure and 

configuration of the electrodes. Based on electron microscopy analysis, the effects 

of variations of these processing conditions on the production of nanotubes are 

derived from comparing the experimental samples listed in Tables 3.1 to 3.6 with the 

reference sample. Normally one processing parameter was changed and the other 

parameters were kept constantly during the experiments if it is possible. The samples 

are analyzed by either TEM or SEM or both. 
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Table 4.2 The statistic micro-image analyses from 20 SEM images. 

# of Image % of Tubes Ave. Length Max. Length Min. Length 
(ILm) (ILm) (ILm) 

1 19.5 0.66 1.26 - 0.33 

2 50.1 0.87 1.76 0.46 

3 37.4 1.07 1.76 0.73 

4 29.6 1.07 2.88 0.40 

5 34.8 0.76 1.17 0.48 

6 19.2 0.86 1.53 0.42 

7 42.2 0.91 1.36 0.44 

8 34.2 0.81 1.85 0.36 

9 36.7 0.92 2.06 0.30 

10 40.4 0.72 1.93 0.13 

11 25.5 0.96 1.95 0.59 

12 23.7 1.48 2.18 0.79 

13 18.4 0.84 1.38 0.46 

14 23.8 1.43 3.54 0.54 

15 27.7 0.72 1.41 0.17 

16 23.3 1.05 1.76 0.56 

17 18.5 0.67 1.07 0.19 

18 30.2 0.71 1.38 0.14 

19 25.8 0.64 1.47 0.04 

20 25.6 0.91 2.14 0.30 

Mean 29.33 0.90 
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A. Effect of the Discharge Cu"ent Density on the Production of Carbon Nanotubes 

The first process parameter of the arc discharge changed from the reference 

condition is the discharge current density flowing through the electrodes. Since the 

current density or the current flow controls the temperature of the electrode surface, 

it is expected that the current density of the discharge may affect the production of 

nanotubes. In this experiment, the discharge is run under different helium pressures 

(550 and 200 torr) with different current densities (see Table 3.1). The effect of 

changing the discharge current density on the production of nanotubes is related to 

the changes of the morphologies and the yields ~f nanotubes. Fig. 4.7 shows the 

results obtained under 550 torr helium with the current density increasing from 190 

to 380 A/cm2 in runs Al to AS. The lower current density produces higher yield and 

longer nanotubes. The lowest current density possible in the system (at Materials 

and Electrochemical Research Corp.), which is 190 A/cm2 in run Al (see Table 3.1), 

provides the optimal condition for the highest yield and the longest nanotubes. The 

majority of the nanotubes from this batch, presented in Fig. 4.7a, are longer than 2 

ILm, and can reach a value of up to 6 ILm. Increasing the current density further to 

220 A/cm2 in run A2 produces nanotubes of mostly 1 ILm long, as shown in Fig. 4.7b. 

At the higher current density of 240 AI cm2 in run A3, the nanotubes are shortened 

to mostly 0.5 ILm. To further increase the curren! density to 315 A/cm2 in run A4 

does not change the morphology of the nanotubes, but the yield of the carbon 

nanotubes becomes slightly lower. The current density of 380 A/cm2 in run AS 
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Fig. 4.7 TEM micrographs of batches prepared under 550 torr helium at current 
densities of (a) 190 A/cm2

, (b) 220 A/cm2
, and (c) 380 A/cm2

• A current density of 
190 A/cm2 is the optimal condition in our system that produces the highest yield of 
nanotubes which reaches length of up to 6 JLm. Increasing the current density to 220 
A/cm2 produces nanotubes of mostly 1 JLm in length with numerous graphitic 
particles. At 380 A/cm2

, the batch contains few nanotubes with mostly flakes (F), 
graphitic particles. He is the holey-carbon substrate. 
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Fig. 4.7 (continued) (c) 
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produces few nanotubes with mostly flakes present as shown in Fig. 4.7c. These 

investigations suggest that the optimal current density under 550 torr helium to 

produce predominantly long nanotubes is 190 A/cm2, the lowest current density 

possible in our system. 

The effect of the discharge current density on the production of carbon 

nanotubes under low helium pressure has also been investigated. Fig. 4.8 illustrates 

that a low current density (350 AI cm2 in run A6) under 200 torr helium produces few 

nanotubes, with a domain of graphitic particles (labeled "P" in Fig. 4.8a) and carbon 

crumbs (label "e"). Raising the current density to 470 A/cm2 in run A7, the batches 

contain even fewer carbon nanotubes with more graphitic particles and carbon 

crumbs. A further increase in the current density to 690 A/cm2 in run A8 eliminates 

the production of nanotubes all together, with only carbon crumbs present, as 

demonstrated in Fig. 4.8b. Therefore, lowering discharge current density is necessary 

to produce a high yield of carbon nanotubes. 

B. Effect of Voltage on the Production of Carbon Nanotubes 

The second processing parameter varied in this study is the voltage, because 

it directly controls the electric field which may keep the carbon nanotubes from 

closing. Increasing the discharge voltage is expected to affect the production of 

carbon nanotubes in two ways. One is that the yield of nanotubes will also be 

increased, and the average length of nanotubes will be increased. 
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Fig. 4.8 TEM micrographs of batches prepared under 200 torr helium at current 
densities of (a) 350 A/cm2, and (b) 690 A/cm2

• Low current density produces few 
nanotubes (T) with a dominance of graphitic particles (P) and carbon crumbs (C). 
Only crumbs appear in the batch prepared at 690 A/cm2

• Labels "HC" are the 
holey-carbon substrate. 
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Fig. 4.9 shows the effect of voltage on the production of carbon nanotubes. 

For our system when the voltage is 16 V in run B1 (in Table 3.2), few carbon 

nanotubes have been observed in the cathodic deposit by TEM. The majority of the 

product is amorphous carbon and graphitic flakes, as shown in Fig. 4.9a. Increasing 

the voltage to 20 V in run B2, the carbon nanot~bes are formed in the cathodic 

deposit (slag). Fig. 4.9b shows a TEM image of the slag, indicating that under 20 

volts the carbon arc discharge produces carbon nanotubes plus carbon nanoparticles 

and graphitic plates. Further increasing the voltage to 27 V (run B3), a TEM image 

of the slag, shown in Fig. 4.9c, demonstrates that the slag consists of a high density 

of carbon nanotubes longer than one micrometer. Notice that in this sample the 

yield of the nanoparticles as a by-product of carbon arc discharge is also very high. 

In contrast, when a 30 V (run B4) voltage has been used for the discharge 

process, the density and length of the nanotubes, shown in Fig. 4.9d, have been 

reduced. Notice that in this sample produced with 30 V of voltage, the density of 

carbon nanoparticles is much higher than that of carbon nanotubes, and the average 

length of the carbon nanotubes is about 0.5 micrometer. Finally, when the voltage 

reached 34 volts (run BS), a low density of carbon nanotubes and a high density of 

carbon nanoparticles have been observed, shown in Fig. 4.ge. This image also shows 

that the sample consists of a large amount of amorphous carbon and graphitic flakes. 

Comparing the above results, we found that 27 volts is the optimum voltage for our 

carbon arc discharge system at MER to produce carbon nanotubes. 
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Fig. 4.9 TEM micrographs of carbon nanoclusters produced at discharge voltages of 
(a) 16 V; (b) 20 V; (c) 27; (d) 30 V; and (e) 34 V. Notice that for each experiment, 
helium pressure is 550 torr, and the diameters of anode and cathode are 0.64 cm and 
0.95 cm, respectively. 
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Fig.4.9 (continued) (c), (d), and (e) 
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Details of the effect of the voltage on the yield and the morphology of carbon 

nanotubes will be discussed in the next chapter. 

C. Effect of Helium Atmosphere Pressure on the Production of Carbon Nanotubes 

The third process parameter varied in this study is the pressure of the helium 

atmosphere. As described in section 3.1.2, the carbon arc discharge system was 

operated under two values of helium pressures, i.e. 200 and 550 torr (see Table 3.3). 

For both runs (C1 and C2), the samples were collected from the surface of the 

cathode. Based on a TEM analysis, an investigation of the significant role of the 

helium pressure in the formation and growth of nanotubes is presented. 

Fig. 4.10 shows the effect of helium pressure on the production of carbon 

nanotubes. Under 200 torr helium (run C1), the TEM image of the slag, shown in 

Fig. 4.10a, indicates that a low density of carbon nanotubes are formed in the 

cathodic deposit. In contrast, under 550 torr helium (run C2) a very high density of 

carbon nanotubes are obtained from the cathodic deposit (see Fig. 4.10b). It is also 

important to mention that under a lower helium pressure (lower than 200 torr) most 

of evaporated carbon elements deposit onto the inner surface of the reaction 

chamber forming a carbon soot. However, under a higher helium pressure (above 

550 torr) most of the evaporated carbon deposits onto the surfaced of the cathode 

to form a slag. Details of the helium pressure effect will be discussed in Chapter 5. 
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Fig. 4.10 TEM micrographs of carbon nanoclusters produced at helium atmosphere 
pressures of (a) 200 torr and (b) 550 torr, showing a higher density of tubes produced 
at a higher helium pressure. 
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Notice that according to the above experim~ntal results, low current density, 

proper discharge voltage, and high helium pressure are important for the production 

of carbon nanotubes, but they are not the only critical process parameters. In the 

next section we report the effect of the electrode configuration, such as the 

gap between the discharge electrodes, the diameter of the electrodes, and the anode 

with a hollow core at the center, on the yield and the morphology of carbon 

nanotubes produced by carbon arc discharge. 

D. l:-lfect of the Electrode Configuration on the Production of Carbon Nanotubes 

The fourth process parameter varied in this study is the configuration of the 

electrodes in the discharge, such as the gap between two electrodes, the geometry of 

the anode, and the diameters of both electrodes. Since the configuration of the 

electrodes affects the discharge current density, the thermal and the electric 

distribution in the arc, and the stability of the carbon plasma, it is believed that the 

configuration of the electrodes is one of the critical parameters for the production 

of carbon nanotubes by carbon arc-discharge. By comparing the following results 

with the electrode configuration in our reference arc condition, the effect of the 

configuration of the electrodes will be reported. 
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(a) Effect of Contact Arc-Discharge on the Production of Carbon Nanotubes 

To explore the impact of the gap between the discharge electrodes on the 

production of carbon nanotubes, gaps different from that employed in the reference 

condition have been used for the study of the prod~ction of carbon nanoclusters (see 

Table 3.4). The experiment reveals that instead of maintaining a finite gap between 

the graphitic electrodes as used in the reference condition, the gap between the 

electrodes can be reduced to the minimum during the arc-discharge process. This 

is called contact arc-discharge, which results in a distinctively different morphology 

of the slag from that obtained from a finite gap configuration. 

Fig. 4.11 shows the morphology of the cross section of the slag produced with 

the contact arc under 100 torr helium (run D1), revealing that the slag consists of the 

following regions: the central graphitic platelet (arrow "e"), the middle columns 

(arrow "M"), and the outer graphitic shell region (arrow "S"). A high magnification 

SEM indicates that the central region of the slag contains only graphitic platelet 

without any carbon nanoclusters, which are similar to the structures shown in Fig. 4.4. 

Notice that the outer shell region of the slag also consists merely of thin graphitic 

layers without any nanoclusters. However, the middle region of the slag consists of 

columnar structures (containing a high density of carbon nanoclusters), which are 

parallel to each other and along the direction of the current flow of the discharge 

(see Fig. 4.11). 

In strong contrast to the columnar structures produced by the reference 
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condition, the lengths of the columns generated by the contact discharge are greatly 

increased up to several millimeters, and no laminar layers are observed between the 

columns (Fig. 4.11). This growth phenomenon suggests that the minimum gap 

electrode configuration makes the arc discharge more stable than the reference 

condition. A high magnification SEM image (Fig. 4.12a) shows the morphology of 

the columns, which are separated by empty space. In other words, the slag produced 

from the contact arc-discharge has a porosity structure. An isolated column is 

illustrated in Fig. 4.12b. Since the columns are aligned in the direction of the current 

flow of the discharge and surrounded by pores, it is believed that the column works 

as the filament tip (see Fig.4.12b) that collects the carbon elements from the arc 

discharge. The next chapter will provide more detailed discussion on this issue. 

Focusing the electron beam on one of the columns, the high magnification 

SEM image reveals that the morphology and distribution of the carbon nanotubes 

produced by the contact discharge are similar to those obtained under the reference 

condition (see Fig. 4.3). Notice that the density of nanotubes prepared from the 

contact arc is much higher than that obtained under 200 torr with a finite gap 

configuration (Fig. 4.10a), suggesting that the helium pressure is not always a critical 

element for the production of carbon nanotubes. The electrode configuration, 

however, can also play an important role. In comparison with the morphology of the 

reference sample (see Fig. 4.2 and Fig. 4.11), the columnar region produced with 

contact arc-discharge is much larger than that generated under the reference 
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Fig. 4.11 A low magnification SEM image shows the morphology of the slag 
produced under the low helium pressure (100 Torr) and the electrode configuration 
with a minimum gap, viewing along the slag growth direction. Arrow "c" shows the 
central graphitic platelet region. Arrow "M" indicates the middle columnar region. 
Arrow "S" illustrates the outer graphite shell region. 
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Fig. 4.12. The SEM images of the columnar structures from the middle region of the 
slag show (a) the parallel columns aligned along the direction of the current flow of 
the discharge and (b) an isolated column containing a high density of carbon 
nanoclusters. The diameters of the columns range from 50 to 70 JLm. 
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Fig. 4.12 (continued) (b) 
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condition. Consequently, the yield of nanotubes is much higher. The contact arc-

discharge has also been run under a high helium pressure (600 torr) in the run D3, 

and the results of the morphology and a high yield of nanotubes are similar to those 

obtained under 100 torr helium. Notice that using a 0.2 cm gap under 100 torr 

helium (run D2), the arc discharge produces few carbon nanoclusters in the slag. 

Increasing the helium pressure to 600 torr, the discharge with a 0.2 cm gap between 

the electrodes (run D4) generates a high density of carbon nanoclusters, but not as 

high as that in the reference arc discharge condition. 

(b) Effect of the Hollow Anode on the Production of Carbon Nanotubes 

Another electrode configuration, in which the anode has a hollow core at its 

center (see Table 3.5), has also been employed for producing carbon nanotubes. The 

importance of this electrode configuration on the production of carbon nanotubes is 

that this configuration has been used to introduce foreign materials into the carbon 

arc-discharge. The following image (see Fig. 4.13) shows the morphology of the slag 

produced by arc-discharge under the reference condition, but with a hollow anode 

(run E1). While labels "c" indicate the columnar structures, labels "L" indicate the 

interface between the columnar structures. Comparing Fig. 4.13 wi th Fig. 4.2 (or the 

result from run E2) reveals that the length of the columns produced by a hollow 

anode is increased. This observation suggests that using a hollow anode improves 

the stability of the arc-discharge, and thus increases the yield of nanotubes. 
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Fig.4.13 A low magnification SEM image of the slag produced by an arc-discharge 
with a hollow anode configuration. Labels "e" indicate the columnar structures. 
Labels "L" show the interface between the columns. 
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A higher magnification SEM image demonstrates that the interface consists of 

graphitic laminar structures without any nanotubes. The presence of this graphitic 

laminar interface between the columnar layers reflects the fluctuations of the arc

discharge, which indicates that when the arc is stable the columnar layers grow 

continuously, but when the arc is unstable laminar structures are formed. 

(c) Effect of the Diameters of the Electrodes on the Production of Carbon Nanotubes 

Diameter of the electrodes is another parameter being investigated. As a 

description in section 3.1.2, three sets of the electrodes with different diameters have 

been employed. Details of arc discharge conditions for this experiment are listed in 

Table 3.6. Fig. 4.14 shows the SEM analysis results of the morphology of the slag 

produced from those three sets of electrodes. For the sample (run F1) produced 

from anode with 0.32 cm in diameter and cathode with 0.95 cm in diameter, the 

morphology of the cathodic deposit (slag) is shown in Fig. 4.14a, indicating that the 

core of the slag consists of both the columnar layers and thin laminar layers. Fig. 

4.14b shows the morphology of the slag of the sample (run F2) produced from the 

anode being 0.64 cm in diameter and cathode 0.95 cm in diameter, demonstrating 

that the core of the slag contains a high density of the columnar layers and very little 

laminar structure can be observed in the core. Furthermore, for the sample (run F3) 

produced from anode with 0.95 cm in diameter and cathode with 0.64 cm in 

diameter, the SEM analysis, shown in Fig. 4.14c, illustrates that the columnar layers 
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Fig. 4.14 SEM images show the effect of the diameters of electrodes. (a) Anode 
0.32 cm / Cathode 0.95 cm; (b) Anode 0.64 cm / Cathode 0.95 cm; and (c) Anode 
0.95 cm / Cathode 0.64 cm. 
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Fig. 4.14 (continued) (c) 
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are still formed in the core of the slag, but the density of the laminar layers in the 

core is much higher than those in the sample Fl and F2. 

According to the results from the sample produced by arc discharge under the 

reference condition, it was suggested that the columnar layers consist of a high 

density of carbon nanotubes and the laminar structures are constructed by graphitic 

layers. Therefor, comparing the slag morphologies, sample F2 has the highest yield 

of carbon nanotubes among these three sets of samples (Fl, F2, and F3). Details of 

the effect of the electrode diameter on the production of the carbon nanotubes will 

be discussed in the next chapter. 

4.2 Detailed Structure of Multi-Walled Carbon Nanoclusters 

In order to understand formation and growth mechanism of the nanoclusters, 

it is important to study their growth phenomena. As previously shown (see Fig. 4.5), 

carbon nanoclusters produced from an arc-discharge have a rich variety of 

morphologies that reflect a strict discipline of the growth. Structural analyses of 

nanoclusters by HRTEM reveal the details of the growth phenomena and help to 

understand their formation mechanism. In this section, the internal structure of the 

individual carbon nanotube observed in this study will be presented. Then, the 

complex branching structures of carbon nanotubes will be demonstrated. The growth 

phenomena reported here will lead to an extensive discussion on the formation and 

growth mechanism of carbon nanoclusters from an arc-discharge in Chapter 5. 
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4.2.1 Structures of Individual Carbon Nanotubes 

Generally, carbon nanotubes deposited at the cathode of an arc reactor have 

cylindrical structures constructed by concentric graphitic walls along the tubular axis 

and closed off by the caps at both ends (as shown in Fig. 4.5). _These ·carbon 

nanotubes are normally 0.1 to 2 /.Lm in length and 2 to 50 nm in diameter. For 

example, Fig. 4.15 shows a high resolution TEM image of the end part of a 24 nm 

diameter tube. The tube consists of 30 concentric graphitic walls (separated by a 

0.34 nm spacing). The tip of the tube is completely capped with the same number 

of layers (indicated by arrows). Notice that in the' concentric tubular structure, the 

walls are parallel and lined up with the tubular axis. 

According to Fig 4.5 and Fig. 4.15, most of the nanotubes produced by arc 

discharge are completely capped at both ends. Only on rare occasions have 

open-ended tubes been observed. The high resolution TEM images of Fig. 4.16, for 

example, show the open ends of the nanotubes. As revealed in Fig. 4.16a, the three 

outer graphitic layers (arrow "G") of the nanotube show the tendency to close off, but 

somehow the end of the tube is kept open (arrows "0"), and an amorphous carbon 

material (arrows "A") is observed on the inner surface of the hollow core. In 

contrast, Fig. 4.16b shows that the open end of the nanotube involves some 

disordered graphitic features (indicated by arrows) but is free of amorphous carbon. 

Notice that the inner chambers of the tube have different axes. The observation of 

these open ends of the nanotubes provides important information on the formation 
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Fig.4.15 A high resolution TEM image of the end part (indicated by arrows) of a 
24-nm diameter tube. 
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Fig. 4.16 The HRTEM images of the open ends of carbon nanotubes produced by 
an arc-discharge show (a) amorphous-like carbon materials attaching to the open end 
and (b) the open end of the nanotubes is free of amorphous carbon (indicated by 
arrows). Arrows "0" show that the end of the tube is open, and label "A" indicates 
amorphous carbon deposited on the inner surface of the hollow core of the tube. 
Arrow "Gil shows some graphitic features involved at the open end. 
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and growth of the nanotubes. More details will be discussed in the next chapter. 

Since HRTEM is a two-dimensional projecting technique, the tube lattice 

fringes in the image come from portions that are parallel to the electron beam. The 

tilting experiment or electron diffraction is required to obtain three-dimensional 

information from TEM analysis. In contrast, SEM is a topography technique. Using 

SEM, the three-dimensional morphology of nanoclusters can be studied. However, 

information on the internal structure of nanotubes cannot be provided by SEM. Fig. 

4.17 shows a comparison of the images taken by both TEM and SEM. A two

dimensional HRTEM projecting image of the multi-walled tubular structure, shown 

in Fig. 4.17a, reveals the hollow core structure of the nanotube and the details 

regarding the change of the outer diameter during the nanotube growth (indicated 

by arrows "A"). On the other hand, a FESEM image of a similar structure shows 

clearly the cylindrical morphology of the tube as well as the change (arrows "A") in 

the tube diameter. To complement the TEM image by SEM confirms that the 

parallel lattice fringes observed in the HRTEM image derives from the tubular 

structure in three dimensions, and that the filament objects observed through SEM 

have hollow core tubular structures. 

Fig. 4.18 shows a TEM image indicating that the outer layers (labels "A") of 

the carbon nanotube can be terminated during the growth process. Notice that no 

amorphous-like carbon materials has been observed in the terminated area to 

saturate the carbon dangling bonds. Therefore, to avoid the dangling bonds, the 
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Fig. 4.17 A comparison of the images of (a) a two-dimensional HRTEM projection 
of the internal multi-walled structure of a nanotube with reduced diameter during the 
growth and (b) a FESEM image of a similar structure. Arrows "A" indicate the 
change of the diameters of the nanotubes in both images. Notice that the nanotubes 
shown in SEM image have been coated by Au/Pd to avoid charging and to enhance 
the secondary electron signals. This coating will affect the diameters of the 
nanotubes. 
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Fig. 4.18 A TEM image of a carbon nanotube shows that the graphitic walls are 
terminated by growth defects. Notice that the surface of the carbon nanotube is free 
of amorphous carbon materials. Labels "A" indicate the changes of the diameter of 
the nanotube, and labels "B" illustrate the terminated growth of the inner layers of 
the nanotube. 
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growth defects have to be introduced. These growth defects may change the growth 

direction of the walls, combine the adjacent layers together, and suspend the growth 

of the nanotube walls. Labels "B" indicate that terminated growth also occurs at the 

inner layers of the nanotube. This growth phenomenon suggests that during the 

growth process the nanotube does not have to be closed off by a cap, and that the 

formation of the nanotube does not appear to involve a layer-by-Iayer process. 

Some complicated internal structures of nanotubes, as shown in Fig. 4.19, 

suggest that the formation and growth of nanotubes cannot be explained simply by 

the existing growth models. For example, Fig. 4.19a demonstrates a growth defect 

causing the growth of several graphitic layers of the nanotube to stop abruptly 

(indicated by arrows "M"), while the inner layers (Labeled by "I") and the outer layers 

(labeled by "0") continuously grow to form complete caps at the end of the tube. 

Another example is shown in Fig. 4.19b indicating the structure of the carbon 

nanotube with multiple inner chambers. The image shows that the inner chambers 

are randomly oriented and closed off in different fashions indicated by labels "S", 

suggesting that the formation of the inner chambers cannot result from the lined up 

growth process. Label "G" indicates a gap between the inner chamber and the 

outside wall of the nanotube, which means that the growth of the inner chamber does 

not have to follow the morphology of the outside wall. Furthermore, Fig. 4.19c 

shows one more example of the complex structure of nanotube. The inner chambers 

have flexible shapes and are confined by the morphology of the outer walls of the 



121 

Fig. 4.19 The high resolution TEM images of the internal structures of the 
nanotubes with multiple inner chambers. (a) The nanotube contains an incomplete 
growth of several adjacent layers (indicated by "M"). Labels "0" and "I" indicate that 
the outer and inner layers of the tube grow continually to form the complete caps; 
(b) the inner chambers are randomly oriented and closed off at different fashions 
indicated by labels "S". The label"G" indicates a gap between the inner chamber and 
the outside walls of the nanotube; and (c) the inner chambers have flexible shapes 
and are confined by the outer walls. "A" indicates that the several-layered inner 
chamber is not closed off by a cap because another chamber "B" has already 
occupied the space. Labels "C", "D", and "E" show the flexible curvatures of the 
graphitic walls. 
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nanotube. The arrows "A" indicate the inner chamber with several-layers left open 

without a cap because chamber "B" has already occupied the space. On the other 

hand, labels "C", "0", and "E" show the sharp curvatures of the graphitic walls. These 

growth phenomena suggest that the nucleation of the inner chambers are likely to 

occur in the confined space, thus rejecting growth initiated at one end and 

proceeding in one direction. Details of how these growth phenomena reflecting the 

growth mechanism will be discussed in the next chapter. 

In contrast to the nanotubes closed off at the ends, Fig. 4.20 shows that the 

nanotube changes its morphology at the end. While the inner walls of the nanotubes 

are closed off (label "a"), the outer walls continue to grow, and new nucleation sites 

are developed (label "b"). Again, this image suggests that the formation of carbon 

nanotubes from an arc-discharge is not a layer-by-Iayer process, and that the 

nucleation can occur any time. 

4.2.2 Complex Branching Phenomena in the Growth of Nanotubes 

In the previous section, the complex hollow core structures of the nanotubes 

have already been presented, which cannot be simply explained by the existing 

growth models. In this section, in contrast to the internal structures of the carbon 

nanotubes, branching growth phenomena which are of more complex natures will be 

reported. These branching growth phenomena of the nanotubes have to be described 

in order to reach a better understanding of the formation and growth mechanism 
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Fig. 4.20 A TEM image showing that a carbon nanotube changes its morphology at 
the cap, with the inner walls closed off (label "a") and the outer walls growing 
continuously, on which new nucleation sites are developed (label "b"). 
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of carbon nanoclusters. 

The HRTEM image, shown in Fig. 4.21, demonstrates that a "L" shape 

branching structure of the nanotube can be formed during the arc-discharge. Notice 

that this "L" shape branching can be separated into two tubular structures "A" and 

"B". The outer and inner diameters of tube "A" are 13.4 nm and 5.2 nm, respectively, 

while tube "B" is 10.5 nm in outer diameter, and 3.9 nm in inner diameter. Tube "A" 

and tube "B" are joined together by a curved graphitic networks. This bending (or 

connecting) makes tubes "A" and "B" almost perpendicular to each other. The island 

formation inside the tubes is routinely observed in linear tubes, and is apparently not 

connected to the peripheral morphology reported here. Steric models for the 

morphology of graphitic network on the tube surfaces suggest that deviations from 

the hexagonal networks can be introduced by pentagonal or heptagonal defects in the 

lattice, resulting in positive and negative curvatures, respectively. Notice that the 

positive curvature is defined as the inward bending with respect to the tube axis, 

while the negative curvature is the outward bending. 

In contrast to the "L" shape tube resulting from the growth defects, Fig. 4.22 

shows the structure of the carbon nanotube when it is bent. Notice that the tubular 

walls are almost perfect graphitic layers without any wrinkle on the left side. 

However, the walls are wrinkled on the right side. Two types of wrinkled graphitic 

layers are observed. One is wrinkled continuously and the other is wrinkled sharply. 

The branching shape of the nanotube, as shown in Fig. 4.21, demonstrates the 
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Fig. 4.21 A HRTEM image of carbon nanotubes shows that two carbon nanotubes 
(labeled by "A" and "B") can be joined together in a "L'I pattern. 
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Fig. 4.22 A HRTEM image showing the structure of the carbon nanotube when it 
is bent. 
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structure as it grows. The bending shape shown in Fig. 4.22, however, indicates the 

structure of the nanotube as it is bent, which occurs after the nanotube formation 

process is completed. 

The Y -type configuration, shown in Fig. 4.23, is also observed in the same 

carbonaceous deposit. This HRTEM image indicates that three carbon nanotubes 

are joined together in a "Y" shape branching. Arrows point to the regions which are 

all negatively curved, requiring the presence of heptagons in the graphitic networks 

to make the Y-type geometry possible. Notice that in this "Y" fork structure the 

steric constraint may also require a change of the layer spacing (labeled "0"). 

Other carbon nanotube configurations, sU'ch as a T-type, have also been 

observed. Fig. 4.24 shows a HRTEM image of such a T-type configuration of carbon 

nanotubes, indicating the graphitic layers are negatively curved to form a three

dimensional network (indicated by arrows). Notice that the graphitic layers take a 

two-step bent to make aT-type nanotube configuration, contrary to the smooth 

transition as predicted by theory. Fig. 4.25 is a high resolution TEM image showing 

a more complex branching growth phenomenon of carbon nanocluster. In this 

structure, label "A" indicates that the innermost chambers of the nanotube have a 

concentric cylindrically closed cage structure, and the labels "B" as well as "C" 

illustrate that the outer layers of the nanotubes start to have the branching 

phenomenon in the growth process. Label "0", indicating that two inner chambers 

are connected to each other in one branch, shows the growth defect resulting in an 
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Fig. 4.23 A HRTEM image indicates carbon nanotube with a "Y" shape branching 
structure. Arrows point to the region which are all negatively curved. Label "D" 
indicates a change of the layer spacing. 
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Fig. 4.24 A HRTEM image of a "T" shape branching structure of carbon nanotube. 
Arrows indicate that it takes a two-step negative bent to make a T-type branching. 
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Fig. 4.25 TEM image shows a more complex branching phenomenon in the growth 
of carbon nanocluster. Label "A" indicates that the inner most chambers of the 
nanotube have concentric cylindrically closed cage structures, and the labels "B" and 
"C" illustrate that the outer layers of the nanotubes start to have the branching 
phenomenon in the growth. Label "D" indicates that two inner chambers are 
connected to each other in one branch, showing the growth defect resulting in an 
edge dislocation in the walls of the nanotube. 
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edge dislocation on the walls of the nanotube. 

In contrast to the various shapes of nanotubes, the following results display 

the various shapes of particles for the purpose of , covering a wide rang of possible 

structures formed in an arc-discharge. A growth model should be able to explain the 

growth of these particles as well. Fig. 4.26 shows a particle with a polyhedral inner 

core and a tetrahedral shell. The alignment of the two (core and shell) causes a 

hollow space (where arrows are located) in between the two surfaces. 

Our observations show that the carbon nanoclusters are often isolated from 

each other, and only in rare cases can the nanoclusters be observed to be connected 

together by either Van der Waals force or graphitic layers. For example, Fig. 4,27a 

shows a TEM micrograph of the graphitic particles stacking together. The arrows 

indicate the interfaces between the particles. In contrast, Fig. 4.27b shows a chain 

structure in which the elongated carbon nanoparticles are connected by graphitic 

layers. Notice that the morphology of the nanoclusters changes continually from the 

particles (indicated by labels "P") to the tubular structure (labels "T') and vice versa. 

Labels "A" indicate the amorphous-like materials coated on the surface of the chain. 

Fig. 4.28 shows one more example of the combination of a carbon nanoparticle and 

a carbon nanotube, which suggests that during the growth process the growth 

phenomenon can be changed either from the tubular structure to the particle 

structure or from the particle to tube. Arrows indicate the interface between the 

tube and the particle. 
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Fig. 4.26 A TEM image shows a particle with a polyhedral inner core and a 
tetrahedral shell. The alignment of the two causes hollow space (where arrows are 
located) in between the two surfaces. 
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Fig. 4.27 High resolution TEM micrographs of carbon nanoclusters indicate that (a) 
the graphitic particles are stacking together (indicated by arrows) and (b) the 
elongated carbon nanoparticles are connected by graphitic layers. Labels "A" indicate 
the amorphous carbon coated on the surface of the chain. Labels "P" and "T' 
indicate the particle shapes and tubular shapes, respectively. 
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Fig. 4.28 A high resolution TEM image of carbon nanocluster shows a combination 
of a carbon nanotube and a nanoparticle. Arrows indicate the interface between the 
tube and the particle. 
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Finally, the HRTEM images (Fig. 4.29) of a TEM sample prepared directly 

from a cathodic deposit (slag) show the morphology and distribution of carbon 

n<Jnotubes as they grow in the slag. It is demonstrated that in the core of the slag, 

carbon nanotubes are growing randomly, and no preferred orientation is observed, 

as shown in Fig. 4.29a. Notice that the tubular structures are indicated by labels "T'. 

Fig. 4.29b shows that nanotubes (labeled by "T') and nanoparticles (labeled by "P") 

are closely packed together, indicating that the formation and growth of nanotubes 

and nanoparticles proceed from the same process. It is still not clear why some 

nanoclusters have tubular structures, and some have polyhedral shapes. Notice that 

it is amorphous carbon or disordered graphite (indicated by labels "A") that fills the 

space between the nanoclusters. Based on growth phenomena provided here, the 

formation and growth mechanism of nanoclusters from the discharge will be 

discussed in Chapter 5. 

4.3 Encapsulation of Foreign Materials into Carbon Nanoclusters 

Encapsulating foreign materials into the hollow core of carbon nanoclusters 

may change the physical properties of the nanotubes drastically. The insertion offers 

the possibility to study materials of small dimensions in a closed-off environment. 

In this section, most of the transition metals as well as some other elements (see 

section 3.2 in experimental procedures for the list) have been examined to determine 

whether the encapsulation of metals or their compounds has occurred. Based on 
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Fig. 4.29 HRTEM images of a cross-section TEM sample prepared from a cathodic 
deposit (slag) show (a) carbon nanoclusters having a random orientation and (b) a 
close pack of nanotube and nanoparticles. Notice that labels "T' indicate the tubular 
structures, labels "P" indicate the carbon polyhedral particles, and labels "A" indicate 
the amorphous-like carbon. 
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Fig. 4.29 (continued) (b) 
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HRTEM characterizations the encapsulations of boron carbide, and yttrium carbide 

into the hollow cores of carbon nanoclusters will be reported for the first time. 

Secondly, the encapsulation tendency of the refractory materials, such as Ti, Y, Cr, 

Zr, Nb, Mo, and W will be reported. The effects of these elements on the 

production of carbon nanoclusters will also be addressed. Then, the encapsulations 

of some other elements (such as Pd, Pt, Cu, Ag, Zn, Si, and AI) and their effects on 

the formation of carbon nanoclusters will also be presented. Finally, a summary of 

the results of the encapsulation studies will be listed. 

4.3.1 Encapsulation of Single Crystalline BC4 into Hollow Cores of Nanoclusters 

Boron is well known for being a good dopant for semiconductors and also as 

an active catalyst for graphitization. Therefore, it will be interesting to investigate 

the possibility of encapsulation of boron or its related compounds into the hollow 

cores of carbon nanoclusters. The results of encapsulation of single crystalline boron 

carbide into the hollow cores of carbon nanoclusters have been reported here. 

First of all, the TEM observation of the soot prepared from the boron 

composite anode reveals a morphology never observed before in soot samples 

normally consisting of crystalline C60, C70, other fullerenes, and amorphous carbon. 

As shown in a low magnification TEM image of Fig. 4.30a, the soot prepared from 

the boron composite anode contains numerous polyhedra crystals coated with 

graphitic carbon. The coated particles have diameters ranging from 10 to 30 nm and 



139 

consist of a crystalline core surrounded with four to ten layers of graphitic stacks. 

Arrows indicate that the graphitic layers of some of the particles are not fully 

developed. Again in low magnification the TEM image, shown in Fig. 4.30b, displays 

the morphology of most of the soot consisting of connected graphitic "ribbons", a 

structure never observed before in the soot produced from our reference carbon arc 

discharge condition. XRD spectrum suggests that no pure boron is present, and the 

soot consists of boron carbide and numerous graphitic structures. 

To confirm that the encapsulated material's are boron related, an electron 

energy loss spectrum is acquired from an encapsulated particle, as shown in Fig. 4.31. 

The electron beam, only 20 nm across, can be entirely focused inside the cage. The 

spectrum displays the K edges of the boron and the carbon at 188 e V and 284 e V, 

respectively. Despite the presence of both the boron and the carbon, the structure 

of boron carbides cannot be determined by this method. However, high resolution 

TEM and electron diffraction can be employed to identify the crystalline structure 

of the encapsulated material. 

In addition to the encapsulation of boron carbides into the hollow cores of 

carbon nanoparticles, Fig. 4.32a shows that boron carbide can also be encapsulated 

into an I8-nm diameter carbon nanotube. Notice that this image also demonstrates 

that an encaged polyhedral particle is attached to the nanotube, and the graphitic 

cages are not completed (indicated by arrows). Moreover, Fig. 4.32b demonstrates 

that the boron carbide crystal encapsulated into the carbon nanotube results in the 
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Fig. 4.30 The TEM images of the soot prepared from arc discharge with a boron 
composite anode show (a) numerous polyhedra particles coated with graphitic carbon 
and (b) the majority of the soot consists of connected graphitic "ribbons". Arrows 
indicate that the graphitic layers of some of the particles are not fully developed. 
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Fig. 4.31 An electron energy loss spectrum acquired from an encapsulated particle 
demonstrates that the encaged particle is boron related material. The inset shows 
the boron and carbon edges after the background has been removed. 
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Fig. 4.32 The high-resolution TEM images of the carbon soot show that (a) a boron 
carbide crystal is encaged into the hollow core of the tube and (b) the encapsulation 
of the boron related crystal results in the change of the nanotube morphology. The 
arrows indicate the uncompleted graphitic cage. 
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change of the morphology of the nanotube. According to this image, the graphitic 

features surrounding the encapsulated crystalline particle cannot be simply explained 

as the segregation of carbon elements from the particle core. Details will be 

discussed in the next chapter. 

Fig. 4.33 shows a high-resolution TEM image of a 30-nm diameter hexagonal 

shaped particle filled with a crystalline material. !he measured lattice spacings of 

0.372 nm and 0.409 nm under an angle of 54 degree labelled on the image match 

those of (012) and (003) planes of a boron carbide (B4C) crystal of hexagonal 

structure with lattice parameters a=0.560 nm and c=1.212 nm. Note that on all six 

sides of the graphitic cage the layers are aligned nearly parallel to the 

crystallographic planes of the boron carbide crystal. The image also shows that 

numerous small particles (arrows) that are coated with undeveloped graphitic layers 

are not completely crystallized. 

To identify the phase of the encapsulated particles, high resolution TEM 

imaging and electron diffraction have been used. Fig. 4.34a shows a high-resolution 

TEM image of a 44-nm diameter graphitic cage filled with a boron carbide crystal. 

Again, as labelled on the image, three sets of interplanar spacings are A = 0.445 nm, 

B=0.372 nm, and C=0.235 nm under angles of 59 degree (between A and B) and 31 

degree (between B and C), respectively. The interplanar spaces and the angles 

between them are in close agreement (3% experimental errors) with the calculated 

values of (101), (012), and (113) planes of a hexagonal B4C crystal. The selected 
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Fig. 4.33 A high resolution TEM image of carbon soot shows that a B4C single 
crystal is encapsulated into a hexagonal shaped graphitic cage. Numerous small 
particles (indicated by arrows) coated with undeveloped graphitic layers are not 
completely crystallized. 
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Fig. 4.34 (a) A 44 nm diameter graphitic cage filled with a boron carbide (B4C) 
crystal and (b) a selected area electron diffraction pattern, in which several encaged 
particles contribute to the electron diffraction, can be indexed on the basis of the 
hexagonal structure of the B4C. The diffraction spot "a" corresponds to the reflection 
of the (002) planes of the graphitic cage. 
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area electron diffraction of a few of these particles (Fig. 4.34b) can also be indexed 

on the basis of the hexagonal structure of B4C. 

Fig. 4.35 shows an overview of the cathodic deposit (slag) produced by arc 

discharge with a boron composite anode. The observation manifests two significant 

differences from those obtained from a reference arc-discharge with no boron 

involved. First, the density of the nanotubes is' much lower in the boron run. 

Second, there are many more graphitic networks in the boron run than in the one 

without boron. Very few graphitic nano-structures that are filled with boron carbide 

in the slag have been found and definitely much less than in the soot. This is in 

strong contrast to previous observations which showed that encapsulation occurred 

predominantly in the slag and not in the soot [53-54]. 

4.3.2 Encapsulation of Single Crystalline YCz into Carbon Nanoclusters 

It has been found that yttrium is readily encapsulated in the form of Ye;. In 

contrast to the case of boron, however, a high density of carbon nanoclusters filled 

by YC2 are found in the slag deposit instead of in the soot. The corresponding soot, 

however, does not have any graphitic features except a couple of undeveloped 

graphitic layers surrounding the crystalline YC2 cores. The following results are 

obtained from a sample prepared with the anode containing Y 203 powder. 

Fig. 4.36a shows a pentagonal particle filled partially with a material of 0.31 

nm lattice spacing corresponding to the inter planner spacing of (101) planes of 
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Fig. 4.35 An overview of the cathodic slag produced by the boron composite anode. 
The sample contains a low density of nanotubes and few encapsulation clusters. 
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yttrium carbide. By measuring the lattice spacings and the interplanar angles of 

many encapsulated crystals, it is found that the [OO~] direction of Y~ is occasionally 

perpendicular to the (0002) planes of the graphitic shells. This suggests that the Y~ 

crystals show a tendency to grow on the (0002) planes of graphite even in the 

confining area. Fig. 4.36b shows a high resolution image of a yttrium carbide fully 

occupying the hollow core of the carbon nanoparticle. Notice that the encaged 

yttrium carbide is a single crystalline. 

Fig. 4.37a shows a TEM image of a lO-nm diameter tube contained in the 

cathodic deposit and filled with materials in the larger of the two internal cavities. 

The irregular appearance of this material does not necessarily mean that it is 

amorphous, as lattice images depend on the direction of the electron beam. 

Apparently, the process conditions promote deposition of the enclosed material in 

the larger cavity, but prohibit it in the smaller one. Notice that the inserted material 

does not wet the internal cavity surface completely. The filling extends for 100 nm 

along the length of the tube without overlapping the edges of the innermost tube, 

confirming that it is not a superposition of material from the outside of the tube. 

Fig. 4.37b is a TEM micrograph of a 4-nm diameter nanotube filled with YC2 

extending over 500 nm in length. The tube tip ("C") remains closed, and 

demonstrates no sign of damage. The lattice fringes of the filling material are the 

first reported evidence that it is possible to fill nanotubes with YC2 crystal. 

The electron energy loss spectrum is acquired by focusing the electron beam 
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Fig. 4.36 High-resolution TEM images of (a) a pentagonal graphitic particle with an 
interior core partially filled with a crystalline material. The 0.31 nm spacing between 
lattice fringes of the encapsulate matches the interplanar spacing of (101) planes of 
Y<;; (b) a crystalline yttrium carbide fully occupying the empty space of the carbon 
nanoparticle. 
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Fig. 4.37 High resolution TEM images of (a) a nanotube with two different sizes of 
inner cores in which only the larger core is partially filled, but the smaller one is 
empty and (b) a yttrium related crystal is encapsulated into the hollow core of the 
carbon nanotube. The end of the carbon nanotube is closed off by a cap labeled by 
"C". The arrows indicate lattice fringe image of the encapsulated material. 
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entirely on the filling material. The M edge of yttrium and the K edge of carbon are 

observed with no oxygen signal from the spectrum (Fig. 4.38). Since the electron 

energy loss spectroscopy collects the transmitted electrons and the encapsulated 

material is encaged by graphitic shells, the spectrum cannot tell whether the 

encapsulated material is yttrium carbide or not, but the spectrum can tell that the 

encaged particles are yttrium related at least. 

4.3.3 Encapsulations of Refractory Materials into Carbon Nanoclusters 

The encapsulation tendencies of the refractory materials (listed in Table 3.7) 

into the hollow cores of the carbon nanoclusters have been reported here based on 

the TEM analyses. Notice that the chemical analyses to identify the metal-related 

materials involved in this section are carried out by using PEELS or EDX. 

A. Encapsulations of Ti, V, and Cr into Carbon Nanoclusters 

The first refractory material studied here is titanium. Fig. 4.39a is a low 

magnification TEM image of the slag obtained from the carbon arc discharge with 

an anode containing Ti metal powder, showing a high density of titanium carbide 

particles embedded in amorphous carbon without any nanotubes. The details of the 

TiC particles are shown in Fig. 4.39b, indicating that the TiC takes a crystalline form 

without any graphitic cage around (i.e. no encapSUlation). Notice that the presence 

of Ti in the arc discharge affects the formation and growth of carbon nanoclusters, 



(!) 
of-J 

C 
:J 
o 
o 
Q) 

""0 
o 

""0 
o 

of-J o 
.c 
a.. 

150 200 

152 

150 200 250 300 350 
Energy Loss (e V) 

250 300 350 400 
Energy Loss (e V) 

Fig. 4.38 Electron energy loss spectra of a nanotube filled with foreign material. 
The spectrum after removing the background is shown in the inset, indicating that 
the encapsulated material contains yttrium. 
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and the yield of carbon nanotubes in this run is greatly reduced. 

Vanadium which is an element to the right of titanium in the periodic table 

has also been introduced into the carbon arc discharge. Fig. 4.40a shows a low 

magnification TEM image of the slag, indicating that the VC (identified by the EDX 

spectroscopy and the inset electron diffraction pattern) is also not easily encapsulated 

into carbon nanoclusters. This image also shows that the yield of carbon nanotubes 

prepared from an anode containing V is very low. The slag contains a high density 

of amorphous carbon and graphite flakes. A high 'resolution TEM image, shown in 

Fig. 4.40b, demonstrates the detailed morphology of the VC particles produced by 

the arc discharge, indicating that some VC particles are coated by a couple of 

uncompleted graphite layers (illustrated by arrows). Notice that since the boiling 

point of V metal is 3380 C, a value lower than the arc, most of V is vaporized into 

the soot and deposited on the inner surface of the arc reactor. Fig. 4.41a shows a 

low magnification TEM image of the carbon soot containing a very high density of 

VC particles. A detailed morphology of the VC particles as shown in Fig. 4.41b 

reveals that the VC particles are embedded into amorphous carbon or disordered 

graphite. 

Fig. 4.42a shows the morphology of the nanoclusters in the slag produced by 

an anode containing Cr which is an element to the right of V in the periodic table. 

This overview image demonstrates that the dark particles have been encapsulated 

into the hollow cores of carbon nanoclusters, and that the sizes of the encapsulated 
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Fig. 4.39 TEM images of a cathodic deposit powder prepared from a titanium 
composite anode. (a) The sample contains crystals of TiC embedded into amorphous 
carbon with very few carbon nanotubes and (b) a TiC crystal having the lattice 
spacings of 0.25 nm. 



155 

Fig. 4.40 TEM images of a cathodic deposit powder prepared from a vanadium 
composite anode show that (a) the slag contains VC (dark contrast) with a low 
density of carbon nanotubes and (b) the VC crystals are covered by a couple of 
uncompleted graphite layers (indicated by arrows). The inset electron diffraction 
pattern confirms that the vanadium carbide particles are VC crystals . 
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Fig. 4.41 TEM images of a soot deposit powder prepared from a vanadium composite 
anode. (a) The carbon soot contains a high density of VC particles and (b) the VC 
particles are embedded into amorphous carbon or disordered graphite. 
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particles have a wide range. According to this image, it is found that most of the 

hollow cores of the carbon nanoclusters are not fully occupied, and that a large 

empty space in the cores of the nanoclusters still exists. Notice that the micrograph 

also shows that some dark chromium carbide particles are not encaged, and that 

many carbon nanoparticles have empty hollow cores as well. The electron diffraction 

pattern (inset image) shows that the dark particles have a Cr3C2 crystalline phase. 

Fig. 4,42b shows a high resolution TEM image, demonstrating the lattice fringes of 

encapsulated particles and the surrounding graphite. The overall percentage of the 

encapsulation for Cr is about 5%. 

Fig. 4,43a shows a low magnification TEM image of the carbon soot produced 

by the anode containing Cr metal. This micrograph demonstrates that carbon soot 

contains a high density of dark particles with the sizes ranging from 40 nm to 70 nm. 

Notice that the sizes of the particles are almost the same unlike those in the slag. 

Fig. 4,43b shows a high resolution TEM image of one of the dark particles, revealing 

no graphitic layers coated on the surface of the particles. In other words, in carbon 

soot the Cr3~ particles are embedded into amorphous carbon or disordered graphite. 

The measurement of the lattice fringe spacing of the dark particle confirms that they 

are crystalline Cr 3C2' 
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Fig. 4.42 TEM images of the carbon slag produced by the arc-discharge with a 
graphitic anode containing Cr metal indicate the encapsulation of chromium carbide 
into the hollow cores of some carbon nanoclusters. (a) A low magnification image 
(inset image shows the electron diffraction pattern of the particles) and (b) a high 
magnification image. . 
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Fig. 4.42 (continued) (b) 
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Fig. 4.43 The TEM images of the carbon soot produced by the carbon arc-discharge 
with an anode containing Cr metal show (a) an overview of the Cr-related particles 
and (b) a crystalline phase without any graphitic coating on their surfaces. 
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B. Encapsulations of Zr, Nb, and Mo into Carbon Nanoclusters 

Fig. 4.44a shows a high resolution TEM image of the slag produced by the 

carbon arc discharge with an anode containing ~r02 powder. It indicates that 

zirconium carbide is encapsulated into carbon nanoparticles during the arc discharge. 

The ZrC phase is identified by a selected area electron diffraction and HRTEM 

image of the particles. The cathodic deposit also contains the unreacted Zr02 

particles which are not being surrounded by any graphite layers. In contrast to the 

cathodic deposit, the high resolution TEM analysis (see Fig. 4.44b) of the soot 

deposited on the inner surface of the discharge chamber shows that the soot contains 

tiny ZrC crystals surrounded by a couple of undeveloped graphitic layers (shown by 

arrows). 

The encapsulation tendency of Nb has also been investigated by high 

resolution TEM analysis. Fig. 4.45 shows high resolution TEM images of the slag 

prepared by carbon arc discharge with an anode containing Nb metal. Figs. 4.45a 

and 4.45b show that niobium carbide can be encapsulated into the hollow cores of 

carbon nanoparticles and nanotubes, respectively. The electron beam diffraction 

confirms that the niobium carbide particles are NbC crystals. Although the density 

of the NbC particles produced in the slag is not very high and the sizes of the 

particles are small, almost every NbC particle is encaged by carbon nanoclusters (see 

Fig.4.45a). TEM image of the soot (see Fig. 4.46) shows that a high density of NbC 

particles is deposited in the soot, and the NbC particles are embedded into 
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Fig. 4.44 The high resolution TEM images of (a) the slag and (b) the soot show 
zirconium carbide particles encapsulated into carbon nanoclusters. Arrows indicate 
the undeveloped graphitic cages. 
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Fig. 4.45 High resolution TEM images of the slag prepared by arc discharge with an 
anode containing Nb metal powder show (a) encapsulation of NbC into the hollow 
cores of carbon nanoparticles (inset image shows the electron diffraction pattern of 
the NbC particles) and (b) encapsulation of NbC into carbon nanotube. 
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Fig. 4.45 (continued) (b) 
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Fig. 4.46 TEM image of the soot prepared by carbon arc discharge with an anode 
containing Nb powder shows that a high density NbC particles are embedded into 
amorphous carbon. 
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amorphous carbon. 

Fig. 4.47 shows a high resolution TEM image of the slag produced by the 

anode containing Mo metals. This image demonstrates that every dark Mo related 

particle is encaged. The encapsulation occurs independent of the particle size. 

Notice that the numbers of graphitic layers do not correlate directly with the sizes 

of the metal related particles. The small metal particles are sometimes surrounded 

by graphitic layers thicker than those of larger particles. The arrow shows that the 

dark particles fully occupy the hollow core space of the carbon nanocluster. The 

selected area electron diffraction (shown as inset image) confirms that the 

molybdenum carbide particles are MoC crystals. The lattice spacing in a high 

resolution image in Fig. 4.48a shows that the encaged MoC is a single crystal. Fig. 

4.48b indicates that MoC can also be encapsulated into an irregular-shaped cage. 

This image shows that the graphitic cage does not completely surround the crystalline 

MoC core particle. Labels "A" and "B" illustrate that the graphitic features have 

tubular structures. The arrows indicate the change of the lattice fringes of the 

graphitic walls. 

A TEM image of the carbon soot produced by the same anode containing Mo 

metal, shown in Fig. 4.49a, indicates that the Mo particles are embedded in the 

amorphous carbon and not encaged into carbon nanoclusters. As shown by the 

lattice fringes in Fig. 4.49b, the MoC particles are single crystals. The arrows show 

the very small single crystalline MaC particles ranging from 4 nm to 10 nm. 
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Fig. 4.47 A TEM image of the slag produced by a composite anode containing Mo 
metal shows the encapsulation of crystalline molybdenum carbide into the hollow 
cores of carbon nanoc1usters. The inset image shows an electron diffraction pattern 
of the MoC particles. 
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Fig. 4.48 The MaC particle is encapsulated into the hollow cores of (a) a polyhedral 
graphitic cage and (b) an irregular shaped graphitic cage. Labels "A" and "B" 
indicate the tubular structure. Arrows indicate the changes of the graphitic walls. 
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Fig. 4.48 (continued) (b) 
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Fig. 4.49 The TEM images of the carbon soot produced by arc-discharge with a 
composite anode containing Mo metal show (a) an overview of the carbon soot and 
(b) the crystalline MoC particles embedded into amorphous carbon. Arrows indicate 
small MoC particles. 
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Fig. 4.49 (continued) (b) 
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C. Encapsulation of W into Carbon Nanoclusters 

Fig. 4.50 shows the morphologies of (a) the soot and (b) the slag produced by 

the arc discharge with a composite anode containing W metal. Fig. 4.50a shows the 

structure of carbon soot without any W-related particle. In the slag,.. however, dark 

tungsten carbide particles with a very low density have been observed, but no 

encapsulation has occurred (see Fig. 4.50b). Since the boiling point of W is very 

high, the tungsten metal is not easily evaporated during the carbon arc discharge, and 

the melting W just falls down from the anode and forms a chunk at the bottom of 

the reactor. 

4.3.4 Reactions of Other Elements with Carbon Vapor in the Arc Discharge 

The reactions of foreign materials with carbon vapor during the arc-discharge 

involves a complicated process and depends on the properties of the encapsulated 

materials as well as their reactivity with carbon. It is necessary to investigate as 

many elements as possible to provide a broader data base potentially helpful in 

understanding the mechanism involved in encapsulation and the formation of 

nanotubes. According to Table 3.7, elements, such as Si, Pd, Pt, Cu, Ag, Zn, and AI 

have been introduced into the carbon arc discharge to examine their encapsulation 

tendency and their effects on the production of carbon nanoclusters. (The reactions 

of Fe, Co, or Ni with the carbon vapor in the arc will be reported later.) 

Based on our SEM analysis, the presence of Si in the discharge prohibits the 
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Fig. 4.50 Low magnification TEM images of (a) the carbon soot and (b) carbon slag 
produced by an anode containing W metal. 
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formation of columnar layers in the core of the slag (see Fig. 4.51a). Instead of 

carbon nanotubes, a high density of the SiC particles are formed in the slag during 

the discharge (see Fig. 4.51b). Since silicon has a strong tendency to form carbide 

directly, it competes with the formation of carbon cages. This issue will be discussed 

in detail in the next chapter. 

TEM analyses show that both palladium and platinum cannot be encapsulated 

into carbon nanoclusters during arc discharge. Characterization of the slags by SEM 

shows that the reactions of Pd and Pt with carbon vapor in the arc have opposite 

effects on the production of carbon nanoclusters. Fig. 4.52a shows the morphology 

of the slag prepared by an arc discharge with an anode containing Pd. Comparing 

with the morphology of the slag produced from our reference discharge condition 

(see Fig. 4.2), one can find that the density and the length of the columns have been 

reduced when Pd is involved, which means that the total yield of nanotubes from the 

discharge is decreased. However, the morphology of the slag produced with an 

anode containing Pt is shown in Fig. 4.52b, indicating that the thicknesses of the 

columnar layers have been increased in comparison with our reference sample. This 

suggests that the yield of the nanotubes is enhanced by introducing Pt into the arc. 

Moreover, Cu, Ag, and Zn have also been introduced into the carbon arc 

discharge. No encapsulation has been found for these three elements. Again, since 

the melting and boiling points for these three elements are very low compared with 

refractory materials, most of them are deposited in the soot, and very few of them 
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Fig. 4.51 SEM images of the cross section of the slag produced by carbon arc 
discharge with an anode containing silicon show (a) an overview morphology of the 
slag and (b) a high density of silicon carbide particles. Notice that the sizes of the 
silicon carbide particles range from 20 to 70 J,£m. . 
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Fig. 4.51 (continued) (b) 
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Fig. 4.52 SEM images of the cathodic deposits (slags) prepared from (a) palladium
filled anode and (b) platinum-filled anode. 
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can be found in the slag. Since these three elements do not really react with carbon 

to form carbide, no encapsulations occur. It is suggested that the reactivity of the 

foreign material with carbon vapor in the arc is another important factor for the 

encapsulation. This will discussed in the next chapter. 

Finally, the reaction of aluminum with the carbon vapor in the arc discharge 

has been investigated. First of all, no carbon nanocluster as shown in Fig. 4.5 has 

been observed in the samples of both cathodic' deposit and soot deposit when 

aluminum is present. Fig. 4.53 shows a low magnification TEM image of the soot 

deposit prepared by the arc with an anode containing Al, which shows the 

morphology of aluminum fibers and particles mixed with amorphous carbon and 

graphitic flakes. Arrows indicate that the fibers are wrapped by graphitic layers. The 

inset image shows electron diffraction pattern of the fibers, which confirms that the 

aluminum carbide is Al4C3• A high resolution TEM image (see Fig. 4.54) 

demonstrates that the aluminum carbides prepared in this experiment are single 

crystals. These AI4C3 crystals are wrapped by two or three graphitic layers although 

the crystals have a variety of shapes ranging from particles to fibers. Labels "A" and 

"B" indicate the AI4C3 fibers and particles, respectively. Notice that according to the 

product prepared by carbon arc discharge with an anode containing AI, the features 

of aluminum carbide fibers and particles wrapped by a couple of graphitic layers are 

not defined as encapSUlation in this study because the presence of multi-walled 

carbon clusters is not observed. 
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Fig. 4.53 A low magnification TEM image of the soot deposit prepared by carbon arc 
discharge with an anode containing AI shows that the soot consists of aluminum 
carbide fibers and aluminum carbide particles. Arrows indicate the fibers wrapped 
by graphitic layers. The inset image shows the electron diffraction of the fibers. 
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Fig. 4.54 A high resolution TEM image of the Al4C3 fibers and particles shows that 
the fibers and the particles are single crystals of Al4C3 which are wrapped by two or 
three graphitic layers. Labels "A" and "B" indicate the Al4C3 fibers and particles, 
respectively. 
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Fig. 4.55 shows two types of morphologies for Al4C3 fibers: (a) the fibers with 

a smooth surface and (b) the fibers with a rough (or irregular) surface. An EDX 

spectrum, shown in Fig. 4.56, is acquired from the fibers, confirming that the fibers 

consist of aluminum and carbon. The Cu peaks are contributed by the copper grid 

for TEM sample support. Notice that this is the first time we have observed that the 

slag and the soot consist of the same features, suggesting that when aluminum is 

involved, the product of the carbon arc discharge is independent of the deposited 

locations. The reaction of AI with carbon vapor in the arc and the formation of the 

AI4C3 fibers will be discussed in the next chapter. 

4.3.5 Summary of the Study of the Encapsulations 

So far the reactions of sixteen elements with carbon vapor in the arc discharge 

have been reported. Among these elements, B, Y, Zr, Nb, and Mo are the easiest 

to be encapsulated into the hollow cores of carbon nanoclusters. In contrast, Ti, W, 

Pd, Pt, Cu, Ag, Zn, AI, and Si cannot be encapsulated into the carbon nanoclusters. 

Furthermore, Ti, Si, and AI have a significant effect on inhibiting the formation of 

graphitic cages. 

The refractory materials, Zr, Nb, and Mo with an incompletely filled 4d 

electron shell are all easily encapsulated into the carbon nanoclusters. Mo is the best 

candidate for the encapsulation among these three elements. Among Ti, V, and Cr 

with an incompletely filled 3d electron shell, Ti cannot be encapsulated into carbon 
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Fig. 4.55 The high resolution TEM images show that the fibers have two types of 
morphologies: (a) the fibers with a smooth surface and (b) the fibers with rough 
(irregular) surface. 
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nanoclusters as mentioned earlier. V has just few undeveloped graphitic layers 

surrounding vanadium carbide particle surfaces. little Cr in the carbide form can be 

encapsulated into multi-walled carbon nanoclusters. For an element with an unfilled 

5d electron shell, such as W, no encapsulation has been observed. -Therefore, the 

encapsulation is strongly correlated to the elements with an unfilled 4d electron shell. 

Details of the encapsulations of refractory materials and their effect on the 

production of carbon nanoclusters will be discussed in the next chapter. Table 4.3 

presents a summary of the elements examined with regard to the encapsulation. The 

table includes estimated percentages of carbon nanoparticles filled by the 

corresponding carbides of B, Mg, Mn, V, Cr, Y, Zr, Nb, and Mo. 

4.4 Single-Walled Carbon Nanotubes (SWTs) 

In contrast to the encapsulation of foreign materials into the hollow cores of 

carbon nanoclusters, some metals acting as catalysts stimulate the formation and the 

growth of other novel forms of carbon nanoclusters, such as SWTs. Based on 

theoretical calculations, SWTs have a great technological promise. To realize the 

promise, it is necessary to increase the yield of SWTs with a desired morphology. 

Therefore, it is important to understand the formation and growth mechanism of 

single-walled carbon nanotubes from the catalytic arc-discharge. 

In this section, SWTs, which are produced by using Fe, Co, or Ni as the 

catalyst, will be first characterized based on high resolution TEM. Secondly, a high 
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Table 4.3. List of elements and results of the encapsulations with estimated 
percentages of carbon nanoparticles filled by carbides. 

ENCAPSULATION 

Elements % of Nanoparticles Filled by Carbides 

B 25 

Mn 10 

V 2 

Cr 5 

y 30 

Zr 15 

Nb 20 

Mo 30 

NO ENCAPSULATION 

Ti, W, Pd, Pt, Cu, Ag, Zn, AI, Si 
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yield of SWTs produced by employing a mixture of two types of metals (Fe, Co, or 

Ni) as the catalyst will be reported. Finally, with a view of understanding the 

formation and growth mechanism of SWTs, the growth phenomenon of SWTs in a 

star pattern will be presented. 

4.4.1 High Resolution TEM of Single-Walled Carbon Nanotubes 

Since the sizes of SWTs fit into the nanometer scale, high resolution TEM 

provides a unique technology for the structural characterization of the SWTs. Fig. 

4.57 shows a TEM image of a SWT with 2 nm diameter produced by using Ni as the 

catalyst for the catalytic carbon arc-discharge. The single-walled carbon nanotube 

has a straight wall with a clean surface. 

The diameters of the carbon nanotubes produced by the catalytic carbon 

arc-discharge have a wide range. Fig 4.58 shows a high resolution TEM image of 

single-walled carbon nanotubes with different diameters (indicated by arrows). Label 

"P" shows a dark contrast catalytic (Ni) particle coated by some graphitic layers 

indicated by label "G". Our observation shows that the SWTs do not directly 

associate with the Ni particles. Fig. 4.59 demonstrates a histogram of the diameters 

of the SWTs produced by using Fe, or Ni, or Co, as the catalyst. The diameters of 

the SWTs are measured from the outer dark contrast fringes which correspond to the 

side wall of the cylinder in the TEM micrograph recorded at the optimum focus. 

The measurement is with 10 % experimental error. We find that the tube diameters 
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range from 0.7 to 2.0 nm, but most of them are about 1 nm. 

The results of using the mixed catalysts, such as Fe/Ni, Co/Ni, and Fe/Co, 

show the improvement on the density of single-walled carbon nanotubes in the soot 

as well as in the web-like deposits formed in the chamber. The yield-is much higher 

than that produced by catalytic arc-discharge using only one type of the metals as the 

catalyst. An overview of the web-like samples produced from a mixed Fe/Ni filled 

anode is shown by the low magnification TEM micrograph in Fig. 4.60. This image 

reveals that the web-like deposit contains a high density of bundles of SWTs. The 

dark contrast particles in this image are the catalytic particles. A high magnification 

TEM image of those bundles of the SWTs is shown in Fig. 4.61. Dense threads are 

tangled together consisting of bundles of 5-15 single-walled tubes, and are quite 

different from the nested multi-walled tubes routinely observed before. While multi

walled tubes are usually straight, reflecting the stiffness of the layered graphite 

sheets, single-walled bundles are curved, indicating a greater flexibility. 

In order to understand the formation and the growth mechanism of SWTs, the 

relationship between the SWTs and the catalytic particles has been carefully 

examined by high resolution TEM. The result shows that the catalytic particles are 

not directly attached to the SWTs. Fig. 4.62 shows a high resolution TEM image of 

the SWTs with caps, revealing various shapes and angles. No catalytic particles are 

associated with the tips, which suggests that unlike conventional pyrolysis, in which 

the graphitic filaments grow from the metal particles, the SWTs may not directly 
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Fig. 4.57 A TEM image of a single-walled carbon nanotube with 2 nm in diameter 
produced by using Ni as the catalyst for the catalytic carbon arc-discharge. 
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Fig. 4.58 A high magnification TEM image of single-walled carbon nanotubes 
indicates that the diameters of the nanotubes have a wide range. Arrows indicate 
single-walled nanotubes with different diameters. Label "P" shows a dark contrast 
catalytic particle coated by some graphitic layers indicated by "G". 
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Fig. 4.59 A histogram of the diameters of the single-walled carbon nanotubes 
produced by using Fe, or Ni, or Co as the catalyst. 
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Fig. 4.60 A low magnification TEM micrograph of the web-like deposit produced 
from an anode filled with mixed Fe/Ni. The density of the single-walled nanotubes 
in the bundle is much higher than that generated from an anode filled with Fe or Ni 
or Co. 



192 

grow from them. The arrows indicate the morphologies of the caps of the SWTs. 

Furthermore, the diameters of the catalytic particles shown in the dark contrast are 

much larger than those of the SWTs. 

Fig. 4.63 shows a histogram of the diameters of SWTs produced by using 

Fe/Ni or Co/Ni as the catalyst. From this diagram, we found that the distribution 

of the diameters of SWTs catalyzed by Fe/Ni has two peaks which are around 1 nm 

and 1.7 nm. However the diameter of SWTs nanotubes catalyzed by Co/Ni mostly 

falls into the range of 1.15-1.30 nm. 

Furthermore, the study has been extended to other catalyst mixtures. Deposit 

from Co/Cu anodes does not show a web although Co is present. Fewer SWTs are 

generated compared to the use of Co alone. Apparently, Cu vapor reduces the 

catalytic action of Co in the formation of SWTs. Anodes containing Ni/Mg produce 

about the same amount of SWTs as using Ni along. However, Ni/Ti anodes deposit 

no SWTs. This agrees with our previous observation that the strong affinity between 

titanium and carbon prevents even the formation of carbon cages into which Ti could 

be encapsulated. Therefore, formation of strongly bonded TiC apparently prohibit 

the formation of carbon clusters which affects the formation of SWTs as well. 

The results of the study of the production of SWTs a.re summarized in Table 

4.4. Notice that the critical aspects in the high-yield production of SWTs are 

apparently (1) the location of their deposit in the chamber, soot versus web, and (2) 

the transition metal catalysts present, singly or as combinations. 
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Fig. 4.61 A high magnification TEM micrograph shows a high density of bundles, 
with each containing 5 to 15 single-walled carbon nanotubes. There is no direct 
relationship between the Fe/Ni catalytic particles and bundles of carbon nanotubes. 
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FigA.62 A TEM image shows the caps of the single-walled nanotubes. Arrows 
indicate that the caps are of various shapes. Note that no particles are associated 
with the caps indicating that these single-walled nanotubes do not grow from the 
metal particles as in conventional pyrolysis. 
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Fig. 4.63 A histogram of the diameters of the single-walled carbon nanotubes 
produced by using Fe/Ni or Co/Ni as the catalyst. 
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4.4.2 Morphology and Microstructure of the Star Pattern 

In this section, a different type of SWTs will be presented. The sample is the 

carbon soot produced by arc-discharge with using yttrium carbide as the catalyst. 

Based on the high resolution TEM observation, fhe product does not contain the 

SWTs as we reported before (see Figs. 4.57 and 4.61). Instead star patterns in which 

single-walled carbon nanotubes radially grow from the YC2 particles, are observed. 

The low-magnification TEM image (Fig. 4.64) reveals dark contrast particles coated 

by 10-20 graphitic layers from which bundles of single-walled tubes protrude in a 

radial star pattern. The size of single-walled tube bundles ranges generally from 7 

to 30 nm in diameter and 15 to 100 nm in length. According to the selected area 

electron diffraction pattern as shown in the insert, the dark contrast particles are 

yttrium carbide crystals. The sizes of the graphitic cages partially filled by the YC2 

crystals with various shapes range from 20 to 50 nm. Since the TEM image is a two 

dimensional projection of the object, the morphologies of the graphitic cages and the 

Y~ core crystals shown in the micrograph depend on the viewing angles. 

Fig. 4.65 demonstrates the details of a star pattern through high resolution 

TEM. Twelve graphitic layers (arrow "Gil) en cage a particle (labeled IIPll) identified 

as a single-crystalline Y~ by measuring the spacings of lattice fringes (see Fig. 

4.65a). The result of the measurement shows a 0.308 nm spacing which is associated 

with the (002) planes of a tetragonal YC2 crystal. The SWTs show a greater contrast 

in the area of their overlap, thus suggesting that the patterns are three dimensional, 
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Table 4.4 List of the catalysts and the results of production of single-walled carbon 
nanotubes by arc discharge with different catalysts. 

------------------------------------------------------------------------------------------------------------------
Catalyst Experimental Locations Density 

Conditions of SWT Deposit 
------------------------------------------------------------------------------------------..... -------------------
Fe fullerene soot high 

ext. deposit high 
tube soot low 

Ni fullerene soot high 
ext. deposit high 

tube soot low 

Co fullerene soot low 
tube soot high 

weblike high 

Fe/Ni fullerene soot very high 
tube soot very high 

weblike very high 

Fe/Co fullerene soot low 
tube soot high 

weblike very high 

NijCo fullerene soot very high 
tube soot very high 

weblike very high 

NijCu tube soot low 
Ni/Ti tube soot very low 
Co/Cu tube soot low 
Mg/Ni tube soot low 
Y20 3/CO tube soot low 

YC2 tube soot high 

"fullerene"--lOO torr He; "tube"--550 torr He; "ext. deposit"--a deposit extends 
sideways from cathode; "webIike"--a deposit extends downstream from cathode. 
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which is also confirmed by the standard tilting of the sample in the TEM. Further 

details are shown in Fig. 4.65b. One end of the SWT is attached to the dark contrast 

y~ core (labeled "PII
) while the other end is free from any catalytic particles (see 

arrows). The diameters of SWTs vary in the ranges of 1.1-1.7 nm, therefore ruling 

out the possibility of SWTs closed simply by the hemispherical half of a Coo molecule 

whose diameter is only about 0.7 nm. 

Details of the interface between the multilayered cage and the single-walled 

tubes are shown in Fig. 4.66. The graphitic cage separates the single-walled tubes 

from the core particle. No SWTs are penetrating the graphitic cage (arrows), 

indicating their abrupt separation from the particle' surface (see FigA.66a). Note the 

end-on view of the single-walled tube bundle (arrow "0") as documented by the 

round contrast. Label "E" indicates the empty space underneath the graphitic cage. 

The independence of the growth of SWTs and graphitic layers is further suggested 

by Fig. 4.66b. The curvature of the cage (arrow "Gil) is not related to the growth 

direction of the SWTs which sit at times on the surface of the cage in a non-normal 

fashion. Part of the cage is empty, which suggests that the material (labeled "P") 

filling it during the growth has shrunk, thus bending the cage inward and taking the 

bundle of SWTs with it. Based on the growth phenomena of the SWTs observed 

here, in the star pattern, a growth model for SWTs will be proposed in the next 

chapter. 
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Fig. 4.64 A low-magnification TEM image shows the dark contrast particles are 
coated by 10-12 graphitic layers from which bundles of single-walled carbon 
nanotubes protrude in a radial pattern. The selected area electron diffraction 
pattern, as shown in the inset, identifies the dark contrasted particles as crystalline 
yttrium carbide. 
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Fig. 4.65 High-resolution TEM micrographs show (a) 12 graphitic layers (arrow "G") 
encaging a single-crystalline yttrium carbide particle (labeled IIPIl). The overlap 
contrast (arrows) of the single-walled tube bundles, protruding from the cage, 
indicates the three-dimensional character of the star pattern; (b) the caps of the 
single-walled carbon nanotubes with a variety of shapes and angles (arrows). The 
dark contrast YC2 core is labeled by "P". 
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Fig. 4.65 (continued) (b) 
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Fig. 4.66 High resolution TEM images show (a) details of the interface (arrows) 
between the multi-layer cage and the single-walled tubes. Label "E" shows an empty 
space in the cage, and label "a" indicates an ended-on view of the single-walled 
nanotube bundles; (b) the curvature of the cage (arrow "G") is not related to the 
growth direction of the single-walled tubes which sit at times in a non-normal fashion 
on the surface of the cage, possibly suggesting the succession of the growth step. The 
encaged particle is indicated by label "P". 
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Fig. 4.66 (continued) (b) 
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4.5 Strings of Carbon Nanobeads 

As presented in the previous section, the catalyst, such as Fe, Co, and Ni 

stimulates the production of novel forms of carbon nanoclusters during the arc

discharge. The single-walled carbon nanotubes provide one example. with regard to 

this phenomenon. In this section another novel form of carbon nanoclusters, the 

strings of carbon nanobeads stimulated by nickel or iron in the catalytic arc

discharge, is presented. The morphology and the structures of the strings of carbon 

nanobeads which were never reported before, have been characterized by high 

resolution electron TEM. Based on this growth' phenomenon, the effect of the 

catalytic particles on the formation and growth of strings of carbon nanobeads will 

be reported. 

4.5.1 Structure of Strings of Carbon Nanobeads 

A TEM image of the cathodic deposit produced from a nickel-filled anode, 

shown in Fig. 4.67, reveals chains of round graphitic cages, named strings of carbon 

nanobeads, indicated by arrows among nanotubes and polyhedra graphitic particles. 

Nickel particles in this image are shown by the darker contrast. Notice that a similar 

structure has been seen in the catalytic arc discharge with an anode containing Fe, 

too. This chain-like sequence of graphitic cages with hollow cores has never been 

reported before. The strings contain ten to thirty beads. The image also shows that 

the hollow cores of the nanobeads are mostly empty. Only very few of them are 
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filled with nickel as shown by the darker contrast inside the nanobeads. 

When Ni is used as the catalyst, an extended deposit from the periphery of the 

slag is also formed (see Fig. 3.2 for the details). The TEM analysis indicates that the 

rubber-like extended deposit contains a very high density of strings of carbon 

nanobeads, as shown in Fig. 4.68. This image shows that the strings of carbon 

nanobeads have different sizes, but in each string the diameters of the nanobeads are 

almost the same. Arrows show the single-walled carbon nanotubes are stimulated 

simultaneously by nickel. Notice that the strings of nanobeads are found in all three 

locations, soot, slag, and extended deposit, with the extended deposit containing the 

highest density of beads. 

Fig. 4.69 shows an isolated string which contains 10 beads with 14 nm in 

diameter. Only one end of the string carries a Ni-particle which is slightly larger 

than the diameter of the string. The other end (see arrow) is free from the catalyst, 

which suggests that the formation and growth of the strings of nanobeads start from 

the catalytic particle. In contrast to the HRTEM image, the high resolution FESEM 

image (Fig. 4.70) shows clearly the three-dimensional character of the growth 

phenomena of the string of multi-walled beads. Notice that the diameters of the 

carbon nanobeads range from 10 to 70 nm. The FESEM micrograph is particularly 

revealing for this structure, with the metal tip catalyzing the string growth. 
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Fig. 4.67 A low-magnification TEM image of the slag deposited from a nickel-filled 
anode. Arrows indicate chains of bead-like spherical clusters. Dark particles are 
nickel metal. 
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Fig. 4.68 A low magnification TEM image of the extended deposit, containing a high 
density of strings of carbon nanobeads, produced by carbon arc-discharge using Ni 
as the catalyst. Arrows show that the SWTs are stimulated simultaneously by nickel 
particles with a dark contrast. 
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Fig. 4.69 A HRTEM image of an isolated string of nanobeads with one end 
connecting to the catalytic particle and the other end free, shown by arrow. 
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4.5.2 Effect of Catalytic Particles on Formation and Growth of Strings of Nanobeads 

To understand the growth mechanism of the strings of carbon nanobeads, 

numerous strings have been examined using the transmission electron microscope. 

According to the electron microscopy analyses, every string of carbon nanobeads is 

found to be directly related to one Ni particle. We believe that the formation and 

growth of the strings of carbon nanobeads are directly stimulated by the catalytic Ni 

particles. Therefore in this section we will focus on the study of the interface 

between the Ni particles and the strings of carbon nanobeads. 

Fig. 4.71 shows a string of carbon nanobeads with a nickel particle at the end. 

The metal particle is surrounded by two forms of carbon. Judging from the 0.34 nm 

characteristic spacing, half of the coating that is attached to the strings (arrows) 

appears graphitic. The other half of the coating appears amorphous. This is an 

evidence of the initial stage of the bead formation, which will be discussed later. 

Fig. 4.72 is a high resolution TEM image of the end of a string of nanobeads. 

Note the dent mark at the touching area (arrows) between two beads and the small 

empty space at the interface between the metal particle and the innermost graphitic 

layer. On the opposite side of the particle, the graphitic fringes start to lose the 0.34 

nm spacing and become disordered. It is suggested that the catalytic particle is 

pushed out of the graphitic cage and tries to move up. Fig. 4.73 shows that behind 

the nickel particle the graphitic layers are curved (C), squeezed (S), and round (R) 

circles. Based on the growth phenomena of the strings of carbon nanobeads and the 
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Fig. 4.70 The Structures of strings of carbon nanobeads are demonstrated by both 
(a) a FESEM image and (b) a HRTEM image. The metal tip (arrow) shows light 
contrast due to the basic imaging mechanism of SEM. 
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Fig. 4.71 A high resolution TEM image of a string, which terminates at a metal 
particle. The end particle is coated with thin layers of carbon. On the string side, 
the carbon is graphitic (arrow) up to about a third of the peripheral. The rest of 
carbon appears amorphous. 
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Fig. 4.72 An image illustrates the beginning of the catalytic particle being pushed out 
of the graphitic shells. Note the indentation in the area between the beads (arrows), 
the space between the catalytic particle and the graphitic inner layer, and the 
disordered structure of the graphitic layer on the top side. 
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Fig.4.73 A high resolution image of the string of carbon nanobeads shows that some 
graphitic shells behind the nickel particle have not yet formed the closed cage 
structure or nanobeads. Label "C" indicates curved graphitic layers; label "S" 
indicates squeezed circles; label "R" indicates round circles. 
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effect of Ni catalytic particles observed here, a grbwth model for the formation of 

string of nanobeads will be proposed, and how the images of the string of nanobeads 

may present the growth sequence of the beads will be discussed in Chapter 5. 

4.6 Conversion of Carbon Nanotubes into Silicon Carbide Whiskers 

Silicon carbide (SiC) whiskers are widely used for the development of new 

high temperature composite materials with enhanced toughness. In this section, 

conversion of carbon nanotubes into SiC whiskers by a heat treatment under a silicon 

monoxide (SiO) atmosphere is reported. A great advantage of producing SiC 

whiskers through this method is the high purity of whiskers as a result of the carbon 

nanoclusters acting as the nucleation precursors and the absence of any metal 

catalyst. 

The starting material for the experiment using a heat treatment (see section 

3.6) are the carbon nanoclusters, whose morphologies have been revealed by Fig. 4.3. 

As described in section 3.6, the carbon nanocluster sample was treated at 1700 C 

under silicon monoxide atmosphere. After the heat treatment, the color of the 

surface of the disc has been changed from black to light greenish. The high 

magnification SEM overview image of the disc (Fig. 4.74) reveals that the surface 

consists of an array of needle-like structures which are similar in appearance to the 

initial carbon nanotubes (see Fig. 4.3), but about one order of magnitude longer and 

wider. The ratios of the length and diameter of the needles range from 200 to 500. 
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Since the resulting needles are much longer than the initial nanotubes, it is suggested 

that the needles continue to grow if the reaction is allowed to proceed. TEM 

analysis, however, shows that these needles are no longer hollow-core carbon 

nanotubes, but are solid, single-crystalline SiC whiskers. 

The internal structure and chemical composition of these needles are 

characterized by TEM and the attached EDX detector. Fig. 4.75a is a low 

magnification TEM image of the needle demonstrating that instead of the tubular 

structures with multi-layers, the needle is a solid rod and does not contain any hollow 

core structure. The selected area electron diffraction pattern (Fig. 4.75b) of the 

above needle shown in Fig. 4.75a demonstrates that the needle indeed has a single 

crystalline phase. Furthermore, this spot pattern can be indexed to match the 

beta-SiC III hexagonal unit cell with a = 0.307 nm and c = 0.504 nm, suggesting that 

the needle-like materials are silicon carbide whiskers with a crystalline hexagonal 

phase. The high resolution TEM image of the thin edge of the SiC whisker shows 

that the whisker carries numerous stacking faults (Fig. 4.75c). This lattice image 

indicates that the fringe spacings are A = 0.267 nm along < 1100> direction and B 

= 0.156 nm along < 1210> directions which belongs to the beta-silicon carbide 

hexagonal crystalline structure. 

The chemical composition of the whiskers has been analyzed using an energy 

dispersive X-ray spectroscopy. Upon acquiring the signal, the TEM has been 

operated in the fine probe mode with an electron beam size of 10 nm, and the 
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sample is supported by a copper grid without a carbon substrate. The EDX spectrum 

(Fig. 4.75d) of the whiskers shows silicon and carbon peaks, which suggests that the 

silicon carbide whiskers produced from carbon nanoclusters are free of metal 

impurities. The copper peaks originate from the copper grid. The quantitative 

analysis of the EDX spectrum indicates that the chemical composition of the 

whiskers is stoichiometric SiC. 
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Fig. 4.74 A SEM image of the top view of the disc after the heat treatment showing 
arrays of needle-like structures similar in appearance to the initial carbon nanotubes, 
but about one order of magnitude longer. 
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Fig.4.75 (a) A low magnification TEM micrograph of a silicon carbide whisker. (b) 
A selected area electron diffraction pattern shows that the whisker has a single 
crystalline silicon carbide hexagonal phase. (c) A high resolution TEM image of the 
silicon carbide whisker showing an atomic structure with numerous stacking faults. 
(d) An energy dispersive X-ray spectrum of the whisker. Notice that the copper 
peaks are from the TEM sample substrate. 
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Fig. 4.75 (continued) (c) 
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CHAPTER 5. DISCUSSION 

The scientific statement of this dissertation involves the characterization of the 

carbon nanoc1usters produced by either conventional carbon arc-discharge or catalytic 

carbon arc-discharge. If properly controlled, the carbon arc discharge can produce 

a high yield of carbon nanotubes several micrometers long. A better understanding 

of the formation and growth mechanism of carbon nanocIusters from the arc 

discharge has been achieved based on examining the effects of the variations of the 

processing parameters on the nanotube production and studying of the structures and 

growth phenomena of carbon nanotubes. Furthermore, a high density of single

walled carbon nanotubes, strings of carbon nanobeads, and the encapsulation of 

foreign materials into the hollow cores of carbon nanocIusters have been obtained 

by using the catalytic carbon arc discharge. Regarding the reaction of foreign 

materials with a carbon arc discharge, a better understanding of the effects of the 

foreign materials on the formation and growth of carbon nanocIusters has also been 

reached. Finally, the high purity silicon carbide whiskers have been produced by a 

method of heat treatment of carbon nanoc1usters under silicon monoxide atmosphere 

at 1700 C. 

In this part of the dissertation, the experimental results reported in Chapter 

4 will be discussed with the objective of arriving at a proper control of the processing 

parameters, in particular, with respect to the arc-discharge current density and 
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voltage, helium atmosphere pressure, and discharge electrode configuration, that 

provide high density carbon nanotubes. Based on an extensive study, the effects of 

the variations of each processing parameter on the formation and the morphology 

of carbon nanotubes will be discussed in detail. Secondly, the detailed structure of 

multi-walled carbon nanoclusters, in particular, the non-concentric and the branching 

structures of carbon nanoclusters from the carborr arc discharge, will be discussed. 

According to the growth phenomena of carbon nanotubes observed through electron 

microscopies, the formation and growth mechanism of carbon nanotubes in an arc 

discharge will be expanded. 

On the other hand, the reactions of foreign materials, such as transition 

metals, with the carbon arc discharge result in two types of products. One is the 

novel forms of carbon nanoclusters, for example, single-walled carbon nanotubes and 

strings of carbon nanobeads; and the other is the encapsulation of foreign materials 

into the hollow cores of carbon nanoclusters. Therefore, third objective of this 

chapter is to discuss the catalytic effects of the foreign materials on the formation 

and growth of the novel forms of carbon nanoclusters and the important parameters 

for the encapsulation. Finally, the conversion of carbon nanoclusters into high purity 

silicon carbide whiskers will be discussed. 
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5.1 Synthesis of Multi-Walled Carbon Nanotubes by Arc-Discharge 

Following Kditschmer and Huffman's breakthrough discovery [1], carbon 

nanotubes were synthesized as a cathodic deposit of the carbon arc discharge. 

Morphology and yield of the carbon nanotubes depend strongly on discharge current 

density and voltage, helium atmosphere gas pressure, as well as the configuration of 

discharge electrodes. In this section the production of carbon nanotubes from the 

reference condition will be first discussed. Based on the morphology of the cathodic 

deposit (slag) observed by scanning electron microscopy, the formation and the yield 

of carbon nanotubes strongly related to the columnar structure in the slag will be 

addressed. Then through comparing with the product from the reference condition, 

the effects of the processing parameters on the production of the carbon nanotubes 

will be discussed. 

5.1.1 Production and Morphology of Nanotubes in a Reference Arc Condition 

During the arc-discharge, the graphitic anode is consumed, and the carbon in 

the arc deposits on either the surface of the cathode building up a slag or the inner 

surface of the reaction chamber forming a carbon soot. The carbon soot generally 

contains fullerenes and amorphous carbon, but no nanotube has been observed there. 

However, the slag consists of multi-walled carbon nanotubes and nanoparticles 

without any fullerenes. A SEM image of the slag produced under the reference 

discharge condition, shown in Fig. 4.1, demonstrates that the cathodic deposit consists 
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of two distinguished zones: one is the outer shell and the other is the inner core. 

High magnification SEM images illustrate that the outer shell is constructed by 

laminar graphitic layers without any carbon nanotubes (see Fig. 4.4), however, the 

inner core consists of columnar layer structures containing a high density of carbon 

nanotubes plus nanoparticles, amorphous carbon, as well as graphite flakes (see Figs. 

4.2 and 4.3). It is obvious that the tube formation is correlated to the columnar 

growth. The fact that the columnar growth is specific to those regions may suggest 

that whatever causes the columnar to grow also favors the growth of nanotubes. 

According to the thermal distribution of the discharge plasma at the surface 

of the cathode, the temperature of the central plasma is very high (approximately 

above 4000 K), but the outer region of the plasma is much cooler (about 3000 K) 

because it is surrounded by a cooler helium atmosphere. Notice that the columnar 

structure and carbon nanotubes are formed in the core of the slag, indicating that 

their formation and growth should proceed at the high temperature region correlated 

to the central carbon plasma. On the other hand, the shell structure should be 

formed at a colder temperature region corresponding to the outer region of the arc 

plasma. The fact that carbon nanotubes are found only in the core of the sample 

and not in the shell indicates that the range of deposit temperature and the cooling 

rate are critical for the formation and growth of carbon nanoclusters. 

Based on the SEM results, the columnar structure always contains a high 

density of carbon nanotubes. The thickness of the columnar layers is varied within 
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a wide range, and sometimes a laminar layer is between two columnar layers (see 

Fig. 4.1 and 4.2), reflecting the fluctuation of the discharge plasma. Notice that at 

the center of the core, the density of the columns is a little lower than other areas 

of the core, suggesting that the thermal distribution and current flow are not identical 

even in the core region. On the other hand, in each columnar layer, the columns are 

parallel to each other with almost the same diameters and are aligned up along the 

direction of the discharge current flow between the two electrodes. These results 

suggest that at the surface of the cathode the carbon arc is initiated on the spots 

(named as cathode spots) whose diameters are the same sizes as the diameters of the 

columns, and that the transportation of carbon from the plasma to the cathode is 

mostly limited within each column through the current flow. In other words, in the 

core region it is the columns that work as the tips collecting the carbon ions. 

Note that the morphology of the slag is gradually changed from the columnar 

structure at the core to the laminar structure at the shell. In the shell region, no 

carbon nanoc1uster are observed. Since ion and electron bombardments at the shell 

region are not as strong as at the core region, the deposit temperature of the shell 

should be much lower than that of the core during the carbon arc discharge 

deposition process. Also, the shell will be rapidly cooled down by the surrounding 

gas (such as helium) with high thermal conductivity. It is suggested that the lower 

deposition temperature and the fast annealing process prohibit the formation and 

growth of carbon nanoc1usters in the shell region. Similarly, in the soot deposit (a 
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carbonaceous deposit on the inner surface of the reaction chamber), carbon 

nanotubes or even graphitic features can not be formed for the same reason as in the 

shell. Notice that the deposition temperature for the carbon soot is much lower than 

that for the cathodic deposit, and that the annealing process for the-soot deposit is 

faster. 

From the quantitative SEM image analysis, the overall yield of carbon 

nanotubes is about 30 percent in the reference condition, and the average length of 

the nanotubes is of 0.9 JLm. Besides the carbon nanotubes, the graphitic polyhedral 

nanopartic1es, amorphous carbon, and graphite flakes are also formed in the core of 

the slag. Note that in the core of the slag the nanotubes are randomly aligned 

without any preferred orientation. This is in strong contrast to a growth model 

recently proposed by Saito et al. [46] which claims that the structure and morphology 

of nanotube result from the combined effect of ion bombardment and the high 

electric field at the tip of a tube. If the growth mechanism of nanotubes from the 

arc discharge is as what Saito et al. [46] proposed, then the carbon nanotubes should 

align in the direction of the electric field. The observations of a random orientation 

does not suggest such an effect of the electric field. Furthermore, the presence of 

a high density of other carbon forms in the columns indicates that the carbon 

nanotube is not the only favorable form under our reference arc discharge condition. 



227 

5.1.2 Effects of Variations of Processing Conditions on Production of Nanotubes 

A. Effect of the Discharge Cu"ent Density on the Production of Carbon Nanotubes 

In an arc-discharge, the current is carried not only by electrons alone, but also 

by positive ions. The emission of electrons is characterized by what is known as the 

cathode spot, an incandescent spot on the surface of the cathode. In the case studied 

here, one believes that after the initial deposition of carbon on the cathode, the 

cathode spots will be the tips of the columns. The vapor carbon elements or small 

carbon clusters are highly ionized by collision with the electrons emitted from the 

cathode (or the tips of columns). The resulting positive ions thus formed fall upon 

the cathode spots, tips of the columns. The temperature of the cathode is 

maintained at the high value corresponding to the incandescent state by the 

continuous bombardment of these ions. At the same time, the presence of these 

positive ions above the cathode surface creates a positive space-charge there, which 

withdraws electrons from the vapor. Therefore, the discharge current density directly 

affects the transportation of carbon elements (in positive ion forms) and the 

temperature of the surface of the cathode. 

From the experimental results, it has been found that the discharge current 

density is an important factor for the production of carbon nanotubes. The results 

show that the lower current density produces longer carbon nanotubes with a higher 

fractional yield (see Fig. 4.7). Notice that for the system used in this study the lowest 

current density of 190 A/cm2
, Loading a higher discharge current density means that 



228 

the positive ions bombard the surface of the cathode more violently, which will 

greatly increase the surface temperature of the cathode and the carbon elements 

supply for the cathodic deposit, as well as make the discharge more unstable. One 

believes that the formation and growth of carbon nanotubes is limited to a certain 

temperature range (3500-4500 K) during an arc discharge. If the deposit temperature 

is too high (such as the temperature at the center of the core) or too low (such as 

the temperature at the shell), the tubular structures are not favored. 

B. Effect of Discharge Voltage on the Production of Carbon NalZotubes 

The electrons emitted and withdrawn from the cathode, together with any 

electrons liberated as a result of ionization of the vapor by collision, will travel 

toward an anode, providing a positive potential with respect to the cathode. This 

voltage, generally known as the arc drop, represents energy loss in the arc and at the 

cathode and anode. The total drop actually comprises the drop at the surface of the 

cathode, the drop in the arc plasma, and the drop at the surface of the anode. The 

cathode drop represents energy which is consumed in liberating electrons from the 

cathode. The voltage drop in the arc represents energy spent in ionization of carbon 

vapor in the arc path by collision, and varies with the current output and temperature 

of the electrodes. The anode drop is sensibly independent of the anode temperature, 

but varies with the material and configuration of the anode. It represents energy 

used up in overcoming the electric field in the vicinity of the anode (due to electrons 
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crowding around the anode and bombarding the surface) where energy is dissipated 

as heat, and in evaporating carbon atoms. 

According to the results obtained from the arc-discharge system used in this 

study (see Fig. 4.9), both the lowest voltage (16 V) and the highest-voltage (34 V) 

produce only a few carbon nanoclusters. Much of the deposit is graphitic flakes and 

amorphous carbon. However, when voltages between 20 to 27 volts are set, the 

cathodic deposit contains a very high density of carbon nanotubes, which is the range 

obtained from our reference arc discharge condition. Notice that during the carbon 

arc discharge, the other processing parameters, such as the helium pressure, and the 

diameter of the electrodes are kept constant for all of the experiments. The effect 

of voltage can be explained as follows. 

One believes that the lowest potential cannot withdraw enough electrons from 

the cathode (or drive enough positive ions to bombard the surface of cathode). 

Therefore, the corresponding deposit temperature at the surface of the cathode may 

be too low to form the tubular structure. On the other hand, if the voltage is too 

high, the positive ions bombardment on the surface of the cathode will be so violent 

that the deposit temperature may be too high to form and grow carbon nanoclusters. 

In contrast, the medium voltage (20 to 27 volts) offers an optimum condition for the 

formation and growth of carbon nanotubes. 
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C. Effect of Helium Atmosphere Pressure on the Production of Carbon Nanotubes 

It has been suggested that the high pressure of helium is critical for mass 

production of the carbon nanotubes because the high pressure offers a high density 

of plasma on the surface of the cathode producing the high electric.field necessary 

for the tubule growth [32]. It has been reported that under a lower helium pressure 

(100 torr) most of evaporated carbon elements deposit on the inner surface of the 

reaction chamber forming a carbon soot. The slag produced at 100 Torr helium 

atmosphere contains very few carbon nanotubes. Under a higher helium pressure 

(above 500 torr), however, most of the evaporated carbon deposits on the surface of 

the cathode to form a slag, which contains a high density of nanotubes (see Fig. 

4.10). Based on these results, one speculates that it is at high He pressures, that the 

discharge offers a high electric field condensing the carbon ions into the arc plasma 

and transporting the carbon element (or ions) to the surface of the cathode. Since 

more positive ions bombard the surface of the cathode and deposit there under a 

high helium pressure, it is easy to raise the temperature of the cathode to the 

temperature range which is good for the nanotubes formation. 

Based on the observation reported here, it is realized that both thermal and 

electric distributions in the arc are important for the formation of the nanotubes. 

The effects of discharge current density and voltage, as well as the helium 

atmosphere pressure on the formation and growth of nanotubes have been discussed 

so far. However, the thermal and electric distributions of the arc-discharge are also 
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strongly affected by the electrode configurations. Further study of process conditions, 

in particular, the effect of electrode configuration, is important for understanding the 

formation of nanotubes, and for achieving a high density production. 

D. Effects of the Electrode Configuration on the Production of Carbon Nanotubes 

As discussed above, a high density of nanotubes is usually tied to operating 

the arc-discharge under 500 torr helium atmosphere in the chamber, and with the 

graphite electrodes separated by approximately 0.1 cm. If the pressure is lowered 

considerably, such as to 100 torr, few or no nanotubes are observed. Also as 

discussed before, the difference can be explained in terms of a high electric field 

strength (or a greater plasma density) present at the cathode surface corresponding 

to 500 torr. However, when the gap of the electrodes is kept to the minimum 

(named as the contact arc discharge) at low He pressure of 100 torr, the nanotubes 

are produced with a density even higher than that observed in the reference arc

discharge condition. 

Note that the SEM examination of the morphology of the slag produced by 

the contact arc discharge clearly shows that the center part of the slag core like the 

outer shell region, consists only of graphitic plates, but, the columnar structures with 

a high density of carbon nanotubes are formed between the center of the core and 

the outer shells. Again, this growth phenomenon can be explained through the 

temperature distribution in the slag, which radially decreases from the center to the 
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outer shell. The formation and growth of the columnar structures and the nanotubes 

require a proper temperature range. If the deposit temperature is too high (at the 

center of the slag for the contact arc) or too low (at the shell of the slag), the 

columns of the nanotubes can not be formed. 

For the production of carbon nanotubes, we believe that the minimum gap 

electrode configuration can have the following effects. First, reducing the gap will 

decrease the voltage drop in the arc, but the total voltage drop is fixed. Thus, 

minimizing the gap between the electrodes may greatly enhance the strength of the 

electric field at the surface of the cathode. Secondly, reducing the arc path will 

increase the conductivity of the arc which may result in a high density of carbon arc 

plasma between the electrodes for a certain voltage. Therefore, we conclude that 

reducing the gap between the electrodes has a similar effect on the production of 

nanotubes as increasing the helium pressure. Furthermore, using an anode with a 

hollow at its center and changing the diameters of the electrodes will also effect the 

electric field and thermal distributions of the arc, leading to corresponding changes 

of the temperature distribution and heat flow as well as the carbon supply at the 

surface of the cathode. These changes certainly affect the production of nanotubes. 

According to the results and discussions, the effects of the discharge 

processing parameters, such as the current density and voltage, helium atmosphere 

pressure, and the configuration of the electrodes, on the production of carbon 

nanotubes are interrelated. In fact, changing those parameters will affect the electric 
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and thermal distributions, the carbon supply, as well as the stability of the arc, which 

are of importance for the formation and growth of carbon nanotubes. When a 

proper deposition temperature and carbon supply as well as the stable arc have been 

achieved at the surface of the cathode by properly adjusting those processing 

parameters, a high density of carbon nanotubes can be obtained. 

So far it has not been discussed how the individual carbon nanotube is formed 

during the carbon arc discharge process, which is important for understanding the 

effects of the discharge processing parameters on the production of carbon 

nanotubes. In the next section, based on the extensive study of the detailed structure 

of multi-walled carbon nanoclusters by high resolution TEM, the existing nanotube 

growth models will be evaluated, and the formation and growth mechanism of 

nanotubes from arc discharge will be highlighted. 

5.2 Growth Phenomena of Multi-Walled Carbon Nanoclusters 

The carbon nanoclusters produced from an arc-discharge between graphite 

electrodes in helium atmosphere show a rich variety of shapes that reflect a strict 

discipline of the growth [109]. In the form of nanotubes, a number of layers, usually 

ten to twenty, contour each other in faithful parallelism, separated by the graphitic 

distance of 0.34 nm over their length in the order of micrometers, and terminated by 

end caps. Broad-based results like the ones repmted in this dissertation, will be 
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instrumental in unraveling the growth mechanism, and provide a handle on the 

systematic tailoring of nanoclusters, as required by the envisioned technology. 

Very early in the five-year history of the field, theorists were challenged to 

suggest growth models that could explain the time sequence in which the clusters are 

formed. Perhaps the earliest goes back to the "pentagon road" for the molecular 

fullerene formation suggested by Smalley [44]. Slightly later, Iijima and coworkers 

[42] proposed the basic structural organization of the tubes by showing the hexagon, 

pentagon, and heptagon complexes that underlie straight graphitic growth, or positive 

and negative curvature of sheets, respectively. Later models refine features that 

essentially differ in their assumptions about the seed formation, growth from the 

inside out [42] or the other way around [46], supply of material to the inside of a 

closed tube, the effect of an electric field on the growth, to name a few. The details 

of each model have already been reviewed in Chapter 2. 

In this section the growth phenomena of carbon nanotubes, in particular, the 

non-concentric and branching structures observed by high resolution TEM, will be 

discussed. Then, one will attempt to interpret these observations in terms of the 

existing growth models for this type of nanoclusters. Some discrepancies may provide 

clues for a further expansion of these models. 

The existing models were suggested at a time the morphologies of nanotubes 

were rather simple. On the basis of a much richer variety of shapes, the exclusive 

validity of one model superior to the others must be questioned. The catalog of 
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growth phenomena, reported in Chapter 4.2, demonstrates that the unidirectional 

growth common to all models is difficult to support, and the growth phenomena of 

the carbon nanotube in the discharge are more complicated than what the existing 

models suggest. 

The carbonaceous material deposited on the cathode of a discharge reactor 

is composed of a mixture of different shapes of carbon nanotubes and nanopartic1es 

besides the graphite platelets and amorphous carbon. Most of the tubes are 

completely capped at both ends. Only on rare occasions have open-ended tubes been 

observed as shown in 4.16a, rendering somewhat unlikely the emphasis that existing 

models place on the open-ended periphery as the center of growth action. It is also 

difficult to explain why some amorphous carbon is left inside of the nanotube (see 

Fig. 4.16a) on the basis of the open-ended growth model. Furthermore, the random 

orientation of the inner chambers (see Figs. 4.19b and 4.19c) and an incomplete 

growth of several adjacent layers (see Figs. 4.18 and 4.19a) can not be explained by 

the model stating that the nanotube initiated at one end, and proceeding in one 

direction, or the model that supports the layer-by-Iayer growth. 

Adding to the results observed on linear nanotubes, the experimental 

observation of the growth phenomena of branching carbon nanotubes produced from 

carbon arc discharge has been reported in Chapter 4.2.2. HRTEM images show that 

branching occurs at the junction in L, Y, and T patterns with saddle surfaces. The 

existence of this branching phenomenon reveals that the carbon nanotubes are not 
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always constructed by concentric linear graphite walls, at least not at the junction 

area. Furthermore, the phenomenon cannot be explained by the existing models that 

only deal with one-directional growth. 

Morphological speculation on the possible configurations of-carbon cluster 

surfaces have actually proceeded the synthesis of such materials by as much as 20 

years [10-11]. Only gradually will the experiment catch up with the large catalog of 

these predicted structures, as reported in our study. The observation of novel 

branching phenomena proves that nanoclusters cannot only be constructed by 

concentrically adding carbon elements along one direction. The growth process of 

carbon nanotubes is apparently more complex than the existing growth models 

suggest, and the results reported here will guide their necessary expansion, which is 

beyond the scope of this work. 

5.3 Encapsulation of Foreign Materials into Carbon Nanoclusters 

In this section, based on the results reported in Chapter 4.3, the encapsulation 

of B4C into the hollow cores of carbon nanoclusters and the catalytic effect of B in 

the carbon arc discharge will be first discussed. Secondly, the encapsulation of 

crystalline y~ into carbon nanoclusters will be addressed. Thirdly, the 

encapsulations of refractory materials, such as Ti, V, Cr, Zr, Nb, Mo, and W into 

carbon nanoclusters will be discussed with regard to their electronic structures, the 

free energy of the carbide formation, and the melting and boiling points. Finally, the 
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reaction of other elements, such as Si, Pd, Pt, Cu, Ag, Zn, and AI, with carbon vapor 

in the arc discharge and their effect on the formation and growth of carbon 

nanoclusters in the arc discharge will be discussed. 

5.3.1 Encapsulation of Single Crystalline BC4 into Nanoclusters 

When boron is present in the arc discharge, the soot contains remarkable 

features never observed before. It is found that boron carbides are encapsulated in 

a large percentage of multi-walled carbon structures in the soot (see Fig. 4.30a and 

4.33). Note that the boron is by far the lightest element ever encapsulated. A 

portion of the soot appears as connected graphitic "ribbons" among the amorphous 

carbon (see Fig. 4.30b), which is in contrast to the conventional arc discharge that 

the graphitic structure is present only in the slag and not in the soot. 

The apparent effect of boron on the products of the arc discharge can be 

explained by the previous study in pyrolytic carbon [110-112]. These previous studies 

show that the presence of boron strongly enhance the graphitization and the 

activation energy for graphitization is essentially the same for boronated carbon as 

compared to carbon containing no boron. However, the rate of graphitization is 

strongly enhanced for boronated carbons, due to an increase in the pre-exponential 

factor of the reaction [113]. 

Equally important, one has observed a displacement of the usual growth 

phenomena from the cathodic slag to the soot, indicating that the tendency of B to 
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enhance graphitization overcomes the limitations of the usual arc discharge without 

B present. This suggests that multi-walled growth occurs in an equilibrium of arc 

conditions in the reactor vessel on the one hand, and thermodynamic properties on 

the other. This equilibrium can apparently be shifted. 

Since the encapsulated boron is in the carbide form (B4C), one believes that 

the phase segregation of supersaturated carbon from a boron carbide liquid droplet 

may be the process leading to the encapsulation of B4C into carbon nanoc1usters. 

The high resolution TEM image of the small boron carbide cores surrounded by a 

couple of undeveloped graphitic layers (see Fig. 4.33) shows the early stage of the 

phase segregation from the droplet. Because of its low boiling point (2550 C), and 

high vapor pressure, boron evaporates easily at the arc temperature, and most of 

them are deposited as the soot instead of being in the slag. This is why it is very 

difficult to find the carbon nanoc1usters filled with the B4C in the slag deposit (see 

Fig. 4.35). 

5.3.2 Encapsulation of Single Crystalline YCz into Nanoclusters 

When the composite anode contains Y 2°3' two types of crystalline particles 

are observed in the slag. One is identified to be Y 203 without graphitic layers 

around. The other is identified to he YC2 having graphitic cages around. The result 

indicates that the encapsulation process is related to carbide formation, and not to 
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oxide formation. The presence of Y 203 in the arc does not affect the yield of carbon 

nanoclusters in the slag. The soot, however, does not have any graphitic features 

except some undeveloped graphitic layers surrounding the crystalline Y~ cores. 

According to the TEM analysis, it is much easier to encapsulate Y~ into 

carbon nanoparticles than into carbon nanotubes. For example, with a sample 

prepared from an anode containing Y 203' about 30 percent of the nanoparticles are 

filled by YC2 crystals, but just a few percent of nanotubes contain YC2 inside. Why 

are many more nanoparticles filled, as compared to the nanotubes? Why cannot 

Y20 3 be encapsulated into the graphitic cages, and why are only the carbides 

encapsulated? We may answer these questions by considering a phase segregation 

process as Saito et al. [70] proposed from an Y~-C liquid droplet. Since the 

nanoclusters are formed from a high temperature, it is speculated that the Y~-C 

droplets should attempt to take semi-spherical shapes rather than needle-like 

morphologies because of minimizing the surface energy. The segregation of 

supersaturated carbon atoms may start on the surface of a droplet to form a graphitic 

cage during the cooling process. After the supersaturated carbon atoms are totally 

segregated out, the single YC2 crystals are left at the cores of the particles or the 

tubes. Notice that the number of the graphitic walls encaging the YCz core should 

depend on the amount of supersaturated carbon dissolved in the YCz-C droplet. 

If considered the open-ended growth model for the carbon nanocluster growth 

as suggested by Iijima [42], it is very difficult to speculate that ye2 (but no Y302) 
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must be encapsulated into the hollow cores of the nanoclusters from the open ends 

during the nanotube growing process. Notice that yttrium has an unfilled 4d electron 

level, which may have an important role in the encapsulation. This issue will be 

discussed in the next section. 

Based on the observation that y~ can be encapsulated, while Y 203 can not, 

we believe that the carbide formation and the reaction of yttrium with carbon play 

important roles for the encapsulation. That Y 302 cannot be encapsulated into 

graphitic cages may simply be because the Y20 3 liquid droplets have a very low 

carbon solubility. During the further cooling process, no supersaturated carbon 

segregates out of the yttrium oxide droplet to form the graphitic cage around. 

5.3.3 Encapsulation of Refractory Materials into Nanoclusters 

The results reported in section 4.3.3 show that the refractory materials (such 

as Ti, V, Cr, Zr, Nb, Mo, and W) differ in their tendencies for the encapsulations. 

According to their electronic structures, these refractory elements can be split into 

three categories: (a) Ti, V, and Cr with unfilled 3d electron shell; (b) Zr, Nb, and 

Mo with unfilled 4d electron shell; and (c) W with unfilled 5d electron shell. Among 

these three categories, a high percentage of encapsulation occurs when Zr, Nb, and 

Mo are involved. No encapsulation has been observed for Ti, and a very low 

percentage of carbon nanoclusters are filled by either vanadium carbide or chromium 

carbide. No W or we can be encapsulated into carbon nanoclusters during the arc 
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discharge. This observation suggests that the high density of encapsulation is strongly 

correlated to the elements whose 4d electron shells are incompletely filled. 

Note that in each side category, the percentages of encapsulations into carbon 

nanoclusters are also different (see Table 4.3). For example, the -percentages of 

carbon nanoclusters filled by ZrC, NbC, and MoC are 15, 20, and 30, respectively. 

For Ti, V, and Cr category, the percentages of carbon nanoclusters filled by TiC, VC, 

and Cr3C; are 0, 2, and 5. Therefore, the number of the electrons in the unfilled 

electron shell also affect the encapsulation process. In other words, the more 

electrons the element has in the unfilled d shell, the easier the encapsulation of their 

carbides into the carbon nanoclusters. This fact may be interpreted by the different 

binding energy of the refractory elements with carbon atoms. 

The carbonaceous deposit temperature may be another important factor for 

the encapsulation. The observation shows that the encapsulation of the metallic 

carbides into the hollow cores of carbon nanoclusters mostly occurs in the deposit at 

the cathode which has a very high temperature due to the arc. In the soot deposit, 

however, the temperature is low, and in most cases there is no graphitic features 

observed on the surfaces of metallic carbide particles. Notice that the soot deposit 

produced from the conventional carbon arc discharge normally does not contain 

carbon nanoclusters (tubes and polyhedral particles). Therefore, it is suggested that 

the encapsulation process requires the formation of the graphitic cages. 

One believes that the vapor pressure (or boiling point) of the foreign material 
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is not a critical factor for the encapsulations, but it will determine the distribution of 

the metallic carbide particles in the arc discharge evaporation. The materials with 

high vapor pressure (or low boiling point) like to deposit on the inner surface of the 

discharge chamber as the soot. However, the materials with low vapor pressures (or 

high boiling point) will deposit on the surface of the cathode as the slag. For 

example, comparing the vapor pressure (see Fig. 5.1) and melting as well as boiling 

points (see Table 5.1) [114] of Cr, Mo, and W, we find that Cr has the highest vapor 

pressure at the discharge temperature. Therefore, a very high density of Cr3~ 

particles has been observed in the soot deposit, amI a few of them are formed in the 

slag. For Mo whose vapor pressure has an intermediate value and is close to that 

of carbon, most of MoC are deposited in the slag when the arc is operated under the 

condition for the carbon nanotube production. For W with the lowest vapor pressure 

among the three elements and the boiling point of 5660 C, much higher than the arc 

temperature, thus a few of WC particles have been observed in the slag deposit, and 

no W or WC is deposited in the soot. Most of W cannot be evaporated and fall 

down from the anode to form metal chunk at the bottom of the reactor. 

5.3.4 Reactions of Other Elements with Carbon Vapor in the Arc Discharge 

It is believed that during a carbon arc discharge the phase segregation of the 

supersaturated carbon from the metallic carbide droplet is one of the processes 

leading to the encapsulation of foreign materials into carbon nanoc1usters. 
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Table 5.1 Melting and boiling points of Cr, Mo, and W. 

M. P. (C) B. P. (C) 

Cr 1857 2672 

Mo 2617 4612 

W 3410 5660 
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Therefore, the electronic structures of the metals, the binding energy of the metals 

with carbon, the reactivity of the metals with carbon vapor, and the deposit 

temperature of the product from the discharge are important factors for the 

encapsulation. 

Besides B, Y, and the metal materials, the encapsulation tendencies of some 

other elements (such as Si, Pd, Pt, Cu, Ag, Zn, and AJ) and their effects on the 

formation and growth of carbon nanoclusters have been examined. Basically, no 

encapsulation has been observed for all of these elements. In particular, when Si or 

AI is involved the major product of the arc discharge is silicon carbide particles (see 

Fig. 4.51) or aluminum carbide fibers (see Fig. 4.53). It is suggested that reaction of 

Si or AI with carbon vapor in the arc to form the carbides blocks the formation and 

growth of the carbon nanoclusters. 

According to Saito's model [46], the formation and growth of the nanoclusters 

at the cathode surface is proposed as a result of a coagulation of the incident carbon 

vapor and C+ ions. The carbon nanotube or nanoparticle is nucleated from an 

nucleation seed, and the growth continues until the final nanometer dimensions are 

reached. The growing cluster is in an amorphous phase with high structural fluidity 

that is maintained by the high temperature and the intense ion bombardment. One 

speculate that it is in the initial nucleation stage that the final structural outcome of 

the growth is already decided. 



246 

At this initial nucleation stage, if the C-C bond is stronger than the attraction 

of the carbon atoms to the metals (or other elements), the carbon atoms will bind 

together to form the nucleation seeds for the carbon nanoclusters, and the further 

nucleation and growth will lead to the formation of carbon nanotube or nanoparticle. 

Although the encapsulation depends on many other parameters, the metallic carbide 

droplets with supersaturated carbon will be allowed to form on the surface of the 

cathode if the C-C bond is preferred. In contrast, if the carbon-metal (or other 

elements) bond is favored under the certain discharge condition for some elements, 

such as Si and Al, the carbide clusters will be directly formed on he surface of the 

cathode instead of the carbon clusters. In other words, the nucleation seeds for the 

growth of carbon nanoclusters will be destroyed by the presence of these elements, 

and further growth will simply lead to the formation of the carbide particles or fibers 

without carbon nanoclusters. At this time, the droplet may not contain the 

supersaturated carbon. The carbides (SiC or Al4C3) simply grow from the nucleation 

seeds (small carbide clusters), and no phase segregation of supersaturated carbon is 

involved. Therefore, we do not observe the encapsulation of SiC or AI4C3 into 

carbon nanoclusters. 

Besides inhibiting the formation and growth of carbon nanoclusters, AI has a 

unique effect on the distribution of the product from the arc' discharge. Normally, 

the features of the slag are different from that of the soot because they are formed 

from different arc-discharge deposition processes .. When Al is involved in the arc, 
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however, both the slag and the soot consist of the same deposit, which are Al4C3 

fibers and particles. This suggests that the formation of the aluminum carbide occurs 

in the arc, and the morphology of the carbide is independent of the deposit locations. 

Based on the morphology of the A14C3 fibers and particles, One suggests that the 

carbon atoms to build the graphitic layers which' are wrapping the A14C3 crystals 

arrive from the carbon vapor through a coating process, and are not from inside of 

the aluminum carbide cores through the phase segregation process. 

5.4 Single-Walled Carbon Nanotubes 

The carbon nanotubes retrieved from the surface of the cathode consists of 

a number of graphitic walls, stacking concentrically. Up until 1992, the high 

resolution TEM analysis had demonstrated that the minimum number of walls of the 

nanotubes was two, and that SWTs had never been observed. In 1993, it was 

discovered that SWTs could be synthesized in the carbon soot from a catalytic carbon 

arc discharge using Fe or Co or Ni as the catalyst. SWTs is important for the 

electrical applications because the theoretical calculation shows that the electrical 

properties of SWTs range from conductor to insulator depending on their diameter 

and helical structures. In this section, one will first discuss the SWTs produced from 

different catalysts in relation to their yield, morphology, and diameter distribution. 

Then, growth mechanism will be proposed based on the observation of the star 

patterns of SWTs. 
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5.4.1 Single-Walled Nanotubes Produced by Different Catalysts 

Single-walled carbon nanotubes have been produced by an arc discharge using 

Fe or Ni or Co as the catalyst. Generally, SWTs deposit on the inner surface of the 

reaction chamber in the soot or in the web-like deposit. The density of SWTs in the 

web-like deposit that extends "downstream" from the cathode filling the space away 

is much higher than that in the carbon soot. It may be significant that all our SWT 

observations refer to areas outside the high electric field region of the slag deposit 

in which routinely multi-walled clusters are observed. In experiments involving Ni 

and Fe in carbon arc discharge, one has observed an "extended deposit" that extends 

sideways from the cathode, again outside the strong electrical field terminating at the 

cathode deposit slag. It is evident that SWTs are observed only outside the regions 

of the strong electric fields spanning the room between the. electrodes. Therefore, 

SWTs may have a totally different growth mechanism from that of multi-walled 

nanotubes, and unlike the multi-walled carbon nanoclusters the formation of SWTS 

must have proceeded as a catalytic growth process. 

Since the yield of SWTs produced by a single catalyst is low, using a mixture 

of two catalysts, such as Fe/Ni, Fe/Co, or Ni/Co, is very successful to enhance the 

yield of SWTs (see Fig. 4.60). The reason that a mixed catalyst increases the yield 

of SWTs is stilI not clear. When a mixture of catalysts is introduced into the carbon 

arc discharge, the two types of metal catalysts will form an alloy. One speculates that 

this type of alloy working as the catalyst is more efficient in simulating the formation 



249 

and growth of SWTs, which is similar to the case of using vapor phase deposit to 

produce graphite fibers [82]. 

To examine the role of the catalytic particles in the formation of SWTs, the 

diameters of SWTs and catalytic particles have been measured- through high 

resolution TEM images. The diameters of the SWTs range from 0.7 to 1.7 nm, but 

the diameters of the catalytic particles are 5-30 nm. Therefore, there is no apparent 

association in SWT with the catalyst particle in one-to-one fashion. Note that these 

round particles are not attached to the SWTs but simply overlay them (see Figs. 4.61 

and 4.62). This is in contrast to the conventional carbon fibers grown by pyrolysis 

of hydrocarbon gas in the presence of metal catalysts, in which the graphite filaments 

grow with a diameter larger or equal to the size of the metal particles which form 

the tips of the growing fibers [82]. One believes that the formation and growth of 

SWTs must be stimulated by the catalyst particles, but for some reason the SWTs 

lose their connections with those particles. 

5.4.2 Star Patterns Consisting of Single-Walled Carbon Nanotubes 

In an attempt to understand the role of the catalyst in the formation of SWTs, 

many catalysts have been examined. In the primary soot produced by arc discharge 

using an yttrium carbide loaded anode, bundles of SWTs are observed, protruding 

radially from ye2 particles coated with graphitic multi-layers (see Fig. 4.64). -The 

graphitic cages separating YC2 particle and SWT bundles faJl into the narrow range 
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of 10-20 layers. Notice that the y~ particles with a crystalline phase partially 

occupy the spaces of the cores. This type of morphology was named the star pattern. 

Based on the morphologies of the star patterns, we speculate that the 

nucleation and growth of SWTs from the catalyst particles proceeds in two steps. 

The first step is initiated at the surface of a yttrium carbide particle that contains a 

high supersaturation of carbon, formed at a high temperature in the carbon-rich 

region of the arc plasma. Through interfacial reactions at the catalyst surface, the 

bundles of single-walled tubes grow from nucleation sites. Since the necessary 

carbon atoms are supplied from the gas phase, these bundles can continually grow 

out of the catalytic surface as long as they are active. At this step, no supersaturated 

carbon atoms are segregated out of the particles. 

In the second step as the temperature falls to 2415 C (phase separation 

temperature), the segregation of the supersaturated carbon atoms from the particle 

interior is favored. The particle surface is subsequently covered by graphitic layers 

formed by the previously supersaturated carbon atoms. As a consequence, it is no 

longer catalytically active to the gas phase, and the growth of the bundles of 

single-walled carbon nanotubes will stop after the formation of the first few graphitic 

layers around the catalyst particles. To progress further in the segregation of excess 

carbon atoms which form successive layers from the inside, the supply particle 

shrinks. When the pure solid yttrium carbide phase and the graphitic cage on its 

surface are achieved, an empty space is left inside the graphitic cage. As an 
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intermediate step after the formation of the first few layers, the multi-layer stack may 

adapt to the increasingly hollow interior by bending inward (see Fig. 4.66b). 

There appears to be a superficial correlation between the number of graphitic 

layers in the cage, and the size of the particle they coat. The larger the particle, the 

thicker the cage. A similar quantitative correlation appears to tie the size of the 

hollow interior to the number of graphitic multi-layers. The formation and growth 

process of SWTs from a yttrium carbide particles, which is discussed here, is shown 

in a schematic diagram in Fig. 5.2. 

5.5 Strings of Carbon Nanobeads 

Besides the single-walled carbon nanotubes and the star patterns, the catalysts, 

such as iron and nickel metals in the carbon arc discharge, also stimulate the 

formation and growth of another novel form of carbon nanoclusters, the strings of 

carbon nanobeads. As reported in the result section, the strings contain ten to thirty 

beads. In each string, all beads are of nearly the same size, determining by the size 

of the catalyst particle attached. The individual bead is constructed by a number of 

graphitic walls (or shells) with a hollow structure, and the spacing between the shells 

is 0.34 nm, close to the spacing of graphitic planes in nanotubes. Notice that only 

one end of the string is connected to a catalytic particle (see Fig. 4.68). 

Before discussing the formation of strings of carbon nanobeads, it is necessary 

to briefly review the synthesis of carbon (or graphite) fibers by decomposition of 
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Cooling Down 

Fig. 5.2. Successive growth steps in the formation of single-walled carbon nanotubes 
are shown as follows: (1) Y~-C droplet formed in plasma; (2) Interaction of carbon 
in the gas phase with liquid Y~-C droplet results in the growth of SWTs; (3) 
Segregation of supersaturated carbon upon cooling forms multi-walled cage that 
prevents further catalytic growth of SWTs; and (4) Volume loss by segregation of 
carbon causes the droplet to shrink. 
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hydrocarbons here. In most methods, the growing fiber carries metal particle at its 

tip. The particle catalyzes the formation of the filament behind it, and determines 

the diameter of the fiber. Beginning with the catalyst particle resting on the 

substrate, the influx of the gas of hydrocarbons initiates a dissolution and diffusion 

of the carbon species through the catalyst's bulk to the rear of the particle where the 

graphitic product forms. The transport of the carbon through the catalyst can either 

go through the entire cross section, or be confined to the periphery. The growth 

proceeds continuously at the metal/graphite interface until the top metal surface is 

"poisoned" by secondary reactions - probably the formation of a carbide layer - that 

undercut the carbon supply to the rear surface. Fibers can grow to a length of up 

to 100 JLm before the process stops. 

The numerous studies devoted to catalytically grown carbon fibers and 

nanoclusters all emphasize the importance of the properties of the catalyst surface, 

its orientation, its adhesive properties and wetting tendency, for the nature of the 

carbon deposited at its rear surface. One considers the observations on the existence 

of the strings of nanoc1usters to be of significance in developing such an 

understanding of the growth mechanism, however preliminary at this point. 

The primary question is why the growth does not proceed in the filamentary 

fashion usually observed in the pyrolysis. Why do the first layers curve up, growing 

away from the catalyst, and initiating a second and subsequent layer in the form of 

graphitic cluster growth rather than extending filamentarily in one direction? What 
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forces or energy gains stimulate the separation of the metal particle and the graphitic 

shells to form a hollow-core bead? What determines the graphitic layers to stop or 

to go on stacking around the particle? 

There is a rich volume of information in the literature on the nature of the 

solid carbon deposits, their morphology, structure, and order, in dependence of the 

composition and structure of the catalyst alloy on which they grow. It is surprising 

that a process whose physical chemistry we ap>pear to understand so well is 

abandoned in favor of the growth mechanism of fullerenes with their strong tendency 

to fill and contour the available space in strict graphitic conformity, and with a 

pronounced stimulus to repeat the same contour again and again, obviously starting 

every time from the catalyst/carbon interface, as indicated by the diameter 

conformity. 

It is significant that the strings of clusters are only observed in the soot, and 

at the peripheral region of the cathode. Very few are formed in the region where 

normally multi-walled nanotubes grow. This suggests that the temperature permitting 

the string phenomenon to occur must be smaller than that in the center of the 

cathode where nanotubes grow. In addition, it may also be significant that these are 

regions in which the electric field is considerably lower than near the cathode center. 

Some growth models emphasize the role of the electric field under conditions which 

are apparently not conducive for the growth of the clusters strings [44,45]. 
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High resolution images of the strings of carbon nanobeads suggest a likely 

hypothesis for the growth history of the string. In Fig. 4.71, the multi-walled graphitic 

structure covers the surface of the catalyst particle only on the side near the string, 

but not on the opposite side exposed to the incoming carbon ions. It is speculated 

that the catalyst stimulates growth at the interface, in which the catalyst particle 

dissolves carbon elements from the vapor at one side, and diffuses the carbon atoms 

to the other side forming a graphitic shell. As long as this condition is properly 

maintained, a stack of graphitic shells are formed. As the growing stack removes 

itself from the interface, this catalytic stimulus weakens, and the stack may follow its 

own growth dynamics. At this high temperature, the particle may remove itself from 

the interface, and the graphitic layers close up into a sphere, thus lowering the 

surface energy associated with an open-ended structure. The newly generated beads 

join the string behind it, and a new stack is started at the surface of the particle 

again. Fig 4.73 shows another example to prove our hypothesis, in which the string 

has three types of morphologies: (1) curve graphitic shells near the catalytic particle; 

(2) complete circular shells moving away from the catalytic particle; and (3) squeezed 

shells in between. Based on the above discussion, the speculated formation and 

growth process of strings of carbon nanobeads we have speculated is summarized in 

Fig. 5.3, in demonstration of a step-by-step fashion of the strings of beads formation. 
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Fig. 5.3 The steps of the formation and growth of strings of carbon nanobeads on the 
surface of the catalyst particle are as follows: (1) Ni-C droplet are formed in plasma; 
(2) carbon atoms diffuse in the surface of the droplet to form graphitic shells; (3) 
some graphitic shells are pushed out; (4) to avoid the dangling bonds the shells are 
closed to form the beads; and (5) segregation of supersaturated carbon from the 
droplet upon cooling forms multi-walled cage that prevent further growth of the 
beads. 
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5.6 Conversion of Carbon Nanotubes into Silicon Carbide Whiskers 

Most of the SiC whiskers produced by the conventional methods, such as the 

hydrogen reduction and the vapor-liquid-solid techniques, contain metal impurities, 

which limit efforts to attain theoretical strength and increase the SiC whisker 

degradation in ceramic matrix composites [101]. The method reported in this 

dissertation improves the purity of the SiC whiskers by preparing the whiskers in the 

absence of catalysts that can introduce metal impurities (see Fig. 4.75). The overall 

reaction of the carbon nanoclusters with silicon monoxide can be presented as 

2C(solid) + SiO(gas) = SiC(solid) + CO(gas) 

which is initiated by heating the sample in a SiO atmosphere at 1700 C under flowing 

argon. The reaction from left to right is more thermodynamically favorable than the 

reverse way because of the equilibrium constant log ~ = 2.0 at 1700 C [115]. In the 

reaction, the carbon nanoclusters are the only carbon source involved and the 

reaction does not require any metal catalyst. The initial carbon nanoclusters have 

hollow cores. However, the resulting silicon carbides are solid fiber-like structure. 

The conventional reaction of carbon with silicon monoxide will not produce 

silicon carbide in the form of whiskers without catalysts or other nucleation seeds 

[116]. However, the reaction of the carbon nanoclusters with silicon monoxide at the 

high temperature will result in the silicon carbide whiskers without any catalyst 

involved, which suggests that the reactivity of the carbon clusters, and the structural 
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configuration in which the reacting carbon atoms are linked initially, are crucial to 

the formation of silicon carbide whisker. The exact mechanism governing the 

formation and growth of silicon carbide whiskers during the reaction is unknown, and 

should be the subject of future studies. 
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CHAPTER 6. CONCLUSIONS 

The production of carbon nanotubes in a carbon arc discharge, in particular 

the effects of the discharge processing parameters on the yield and .morphology of 

the nanotubes, has been systemically investigated in this study. By the detailed 

HRTEM analysis an extensive database for the structural growth phenomena of the 

nanoclusters has been provided. The reactions of foreign materials introduced into 

arc discharge stimulate encapsulations as well as the formation of novel forms of 

nanoclusters. In an attempt to understand these reactions, more than eighteen 

elements or compounds have been introduced into the arc discharge, and their effects 

on the formation of carbon nanoclusters have been studied. Based on the extensive 

experimental results, one can draw conclusions concerning the following aspects: 

(1) The effect of the arc discharge processing parameters on the yield and 

morphology of carbon nanotubes: Through a systematic variation of the processing 

parameters, such as discharge current density and voltage, helium pressure, and 

electrode configuration, the samples covering a wide spectrum of morphological 

features have been prepared. It is concluded that the effects of the processing 

parameters, which determine the thermal distribution and the profiles of electric field 

and current in the carbon plasma, are interdependent. The optimum discharge 

condition to produce carbon nanotubes is the following: (a) a low current density of 

190 A/cm2
; (b) a discharge voltage of 27 V; and (c) a high helium pressure of 550 
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torr or a minimum electrode gap. This optimum condition provides a very high 

density of carbon nanotubes in the cathodic deposit, and an average length of the 

tubes of about 2 J,Lm, extending to a maximum length of about 6 J,Lm. 

(2) The growth phenomena observed in carbon nanoclusters produced in an arc 

discharge: Assessing the morphology of the cathodic deposit and the distribution of 

the nanoclusters in it, it has been found that the -formation and growth of carbon 

nanotubes is favored in a core region of the cathodic deposit where columns form. 

It seems to correspond to an optimum temperature range for nanotube growth. The 

fact that the columns are aligned along the direction of the current flow of the 

discharge suggests that they serve as electronic tips to collect carbon ions during the 

discharge. It is concluded that the thermal distribution and the profiles of electric 

field and current in the plasma corresponding to the formation of the columnar 

structures are the key factors for the formation and growth of nanotubes. 

TEM characterization shows that the nanoclusters produced from an arc 

discharge display a rich variety of morphologies. In particular, the non-concentric 

and branching growth phenomena (such as "L", "Y", and "T" type structures) reflect 

a diversion from the common tubular or polyhedral growth of the nanoclusters. The 

catalog of growth phenomena, provided in this study, has demonstrated that the 

growth process of carbon nanotubes is apparently more complex than what the 

existing growth models suggest. Their necessary expansions may be identified and 

guided by the results reported here. 
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(3) The encapsulation of foreign materials into the hollow cores of carbon 

nanoclusters: The deposit morphology of an arc discharge with an anode containing 

B has been investigated. It has been observed that the boron carbide (B4C) particles 

are encapsulated into multiwalled carbon cages. The encapsulants are compounds 

of the lightest element that has been encapsulated, and the first of the non-metallic. 

It has also been found that y~ crystals are easily encapsulated into carbon 

nanoclusters when an anode containing Y 203 is used. The encapsulations occur in 

the cathodic deposit. One suggests that the encapsulations of Y~ are caused by the 

phase segregation of supersaturated carbon in the· Y~-C droplets. 

Furthermore, the encapsulation tendencies of the refractory metals, which are 

divided into three groups (a) 3d elements (Ti, V, and Cr); (b) 4d elements (Zr, Nb, 

and Mo); and 5d element (W), have been studied. Among these three groups of 

elements, the highest density of the encapsulations occurs in the 4d elements, such 

as Zr, Nb, and Mo, suggesting that for the refractory metals their electronic 

structures play an important role for the encapsulations. It is also found that the 

percentages of the carbon nanoclusters filled by Zr, Nb, and Mo are about 15%, 

20%, and 30%, respectively. No encapsulation has been observed for Ti due to the 

strong tendency to form the carbide. A few encapsulations are observed for V and 

Cr with a slightly higher density of the encapsulation for Cr. It is suggested that in 

each group (3d or 4d) the tendency of encapsulation is higher when the element has 

more electrons in the incompletely-unfilled electron shell. This may be interpreted 
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by different binding energies of the refractory elements with carbon atoms. Notice 

that no encapsulation has been observed for W which has an incompletely-filled Sd 

electron shell. The results also show that the vapor pressures of foreign materials 

is an important factor in determining the distribution of the metallic carbide particles 

in the discharge evaporation, but not in the control of the degree encapsulations. 

For some other elements, such as Si, Pd, Pt, Cu, Ag, Zn, and AI, no 

encapsulation has been observed. In particular, when Si or AI is involved, the major 

product of the carbon arc discharge are SiC particles or AI4C3 fibers. It is believed 

that the reaction of Si or AI with carbon vapor in the arc to directly form the 

carbides blocks the formation and growth of the carbon nanoclusters. 

(4) The formation and growth of single-walled carbon nanotubes and strings of 

carbon nanobeads in a catalytic carbon arc discharge: When iron group metals (Fe, 

Co, or Ni) are introduced into the arc discharge, we found that single-walled carbon 

nanotubes are formed in the soot deposit. The diameters of the single-walled carbon 

nanotubes produced in this way range from 0.7 nm to 2.0 nm. To achieve a high 

density production of single-walled nanotubes, using a mixed catalyst (Fe/Ni or 

Ni/Co) is very successful. One has explored the growth phenomena of single-walled 

tubes by HRTEM to understand their formation and growth. It is found that the 

single-walled carbon nanotubes radially grow from YC2 particles, termed star 

patterns, when an anode containing YC2 is employed. The morphology of the star 

patterns suggests a two-step growth model: The radial single-walled growth pattern 
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is first initiated by catalytic action between the YC; droplet and the carbon in the gas 

phase. Second, and upon cooling, the graphitic cage starts by segregating excess 

carbon from the YC; bulk, arresting further growth of single-walled tubes. 

Besides the single-walled carbon nanotubes, Ni or Fe particles stimulate the 

formation and growth of strings of carbon nanobeads in the arc discharge. The 

strings contain ten to thirty nanobeads. In each string all beads have hollow core 

structures, and are of nearly the same size. It is suggested that the growth of the 

strings involves (a) the deposition and diffusion of carbon atoms on the surfaces of 

Ni or Fe particles in the carbon rich vapor of the arc; (b) the subsequent formation 

of graphitic shells on the Ni or Fe particles and squeezing the particles out of the 

graphitic shells; and (c) closing the graphitic shells to avoid dangling bonds and 

forming carbon nanobeads with hollow core structures. 

(5) The conversion of carbon nanoclusters into silicon carbide whiskers: Finally, 

carbon nanoclusters have been employed to produce high purity silicon carbide 

whiskers. The reaction of carbon nanoclusters with.silicon monoxide at 1700 C under 

flowing argon results in silicon carbide whiskers several tens of micrometers long and 

without any metal impurity. Since the conventional reaction of carbon with silicon 

monoxide will not produce silicon carbide whiskers without metal catalysts, it is 

concluded that in the process the configuration of the carbon atoms in the network 

and reactivity of carbon nanotubes are significant for the formation and growth of 

the silicon carbide whiskers that do not contain metal impurities. 
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