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ABSTRACT 

This study was undertaken to gain a greater understanding of the growth 

mechanism of carbon nanoclusters. 

A set of carbon nanocluster samples prepared by three different methods and under 

different conditions was characterized with respect to morphology, structure, composition, 

and related properties. Electron microscopy characterization techniques were used to 

identify these features. The carbon nanoclusters prepared by conventional arc discharge, 

modified arc discharge, and catalytic CO disproportionation appear quite different on the 

surface, but have features in common that this study emphasizes. For the understanding of 

the growth mechanisms of carbon nanoclusters of different morphologies, the dependence 

of growth features on the major processing parameters - carbon supply and carbon activity, 

reaction temperature, gas type and partial pressure, composition and materials involved -

was interpreted systematically in a comparative maimer. For the encapsulation of foreign 

materials into carbon cages, the ratio of the supply of carbon and encapsulants, the 

dimensions and configurations of the electrodes, the flow of a buffer gas across the carbon 

source, the nature and surface area of materials to be encapsulated or acting as catalyst were 

recognized as the basic components of a process that lead to properties of as-made materials 

such as the size distribution of the clusters, the degree of the carbonization of the 

encapsulants, and the predominant presence of certain morphologies. Regarding the 

comparison of the structural stability of different morphologies, the results of the post 

deposition treatments such as elevated high temperature annealing, nitric acid erosion, and 

electron beam bombardment provide further insight into the properties of this novel family 

of materials. Operating in certain domains of the parameter space, carbon-coated 

ferromagnetic nanoparticles, single-walled nanotubes, cylindrical multi-walled nanotubes, 

and conical fish-bone filaments were produced and comparatively characterized. A tentative 
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discussion with the aim of confirming, expanding or modifying some growth models that 

have emerged from the work of the past was given in this dissertation. It is expected that 

this broad-based comparative study will advance the understanding of the growth 

mechanism to a point where some of the technological promise of the carbon nanoclusters 

may be realized. 
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CHAPTER 1 

INTRODUCTION 

Carbon nanoclusters have attracted great attention in recent years not only for their 

small dimension and imique morphologies, but also for their high potential of applications 

in various technologies. The first members of the family of carbon nanoclusters were 

introduced through the synthesis of fullerenes by Kratschmer and Huffman in 1990 [1]. 

The spherical molecules consisting of 60 carbon atoms expanded the previously known 

allotropes of elemental carbon, diamond and graphite, by a third solid carbon. The further 

expansion of this family of materials started when lijima [2] reported on non-spherical 

carbon-based materials, the multi-walled nanotubes. Unlike the spherical fullerenes 

extracted from the soot, these nanotubes were retrieved from the negative electrode of an 

arc discharge plasma in the reactor previously employed for the production of fullerene 

soot. Soon thereafter, several reports confirmed in succession that the same types of 

tubular and spherical morphologies have been found in the deposits of the catalytic 

decomposition of different hydrocarbons for which early reports can be traced back to the 

year of 1890 [3]. However, due to their nanometer dimension as well as their delicate 

internal structure, the carbon nanoclusters could not expose their technological promise 

until in recent years the high resolution electron microscopy became available [4]. These 

cylindrical configurations stacked curved graphitic sheets concentrically, separated by the 

same distance of 0.34 nm characteristic for the separation of the basic graphitic planes. 

Foreign materials could be encapsulated into the hollow cores of the multi-walled stacks, 

not only promising materials of unique properties due the size confined to the nanometer 

scale, but suggesting obvious applications such as nanowires and composites [5,6]. 
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To realize these and other possible applications of the tubular and spherical carbon 

nanoclusters requires the development of synthetic procedures that generate products with 

controlled size and morphology, structure and composition. The vast body of information 

available after five years of intensive studies proves that the particular method and 

processing conditions are of decisive importance in determining these properties. However, 

this body of information has only roughly outlined the features of a growth mechanism that 

apparently underlies the various growth phenomena. The preparation of carbon 

nanoparticles that show a desired range of properties, mechanical and electrical, will have 

to await the scientific underpinning of a mechanism for the different growth phenomena. 

The dissertation presented here aims at contributing to this elucidation of the growth 

mechanism. Samples of different morphology, structure, and composition were prepared 

by different methods, and characterized by electron-beam microscopies and spectroscopies. 

By using methods of different design and concepts, the various possible components of the 

growth were investigated, and their effect on the resulting properties identified. Essentially 

three different methods were used in the synthesis. They are the conventional arc 

discharge, the modified arc discharge and the catalytic CO disproportionation. In the arc 

discharge processes, the experiments focused not only on the growth of the nanotubes 

produced by evaporation of the pure graphite anode, but also on the encapsulation of metal 

and metal carbides into the carbon cages achieved by consuming metal-filled graphite 

anodes. It was anticipated that these experiments might outline the encapsulation tendencies 

of a large number of elements, and the catalytic phenomena related to them. The Ni catalytic 

CO disproportionation process placed emphasis on the effect of the reaction temperature 

which is much lower than in the arc discharge process, the reaction rates in the gaseous 

environment, and the hydrogen present, on the formation of the carbon nanoclusters. The 

results representing a large spread of systematic variations in the preparation conditions are 
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discussed in terms of the morphologies, the structural properties, and the growth 

mechanisms. 

1.1 Statement of the Problems 

A great deal of effort has thus far gone into gaining knowledge of the methods of 

preparations, the subsequent modes of growth, and the resulting properties of the carbon 

nanoclusters. However, many unsolved problems still remain in the present stage of the 

subject. In spite of the great technological promise, the basic mechanisms of growth are not 

known to the extent that nanoclusters of a specific morphology can be grown. This still 

renders the targeted application of the carbon nanoclusters a distant goal. To contribute to a 

solution of these problems, this dissertation was designed to seek answers to the following 

questions; 

• What is the growth mechanism of the carbon nanoclusters? 

• What is the correlation between the morphologies and preparation conditions? 

• How to make carbon nanoclusters of designed morphologies and properties? 

• How to encapsulate metal and metal carbides into carbon cages? 

• Are there any alternative methods of making carbon nanoclusters? 

With all the wide spread of the morphological features, it is apparent that only a 

few basic mechanisms are at play. Catalysis is an important phenomenon, with its 

connection to thermochemical parameters. The temperature of evapxjrant and deposit is of 

concern, and consequently the location of the deposit, soot or slag. Electric field gradients 

may play a role. The physical parameters of an encapsulant determines the outcome of an 

evaporation, and their relationship to the carbon chemistry. The supply rates of carbon vs. 

encapsulants in their vapor phase determine the morphology. This short list, not at all 

complete, already indicates that the basic configuration and process parameters of a method 
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of synthesis may emphasize one mechanism in favor of others. Consequently, a product 

will be realized that reflects the action of a particular mechanism over the alternatives. 

The survey of the literature shows studies that have provided partial answers to the 

above questions. For instance, regarding the synthesis of carbon nanoclusters, several 

preparation processes have been suggested, and a variety of structural phenomena was 

reported. Thus different growth models were proposed based on the morphologies 

observed. However, none of the growth models could precisely explain all the growth 

phenomena concurrently existing in the same sample. Therefore, it is difficult to design the 

preparation conditions for the controlled morphologies by following these theoretical 

models. 

1.2 Signiflcance of the Research 

The significance of this research was to provide scientific evidence in support of the 

understanding of the growth mechanism of these unique materials. The research objective 

was achieved through the following procedures. A set of samples that reflected a wide 

spectrum of deposition conditions were available. They met the designed experimental 

specifications. The samples deposited by arc discharge, with regular graphite anodes, and 

composite anodes, under variations of series of processing parameters demonstrated one or 

the other potential growth phenomena. The samples deposited by a modified arc discharge 

method not only permitted to vary the supply ratio of carbon vs. encapsulant, but also 

provided uniform morphology. The samples prepared by the decomposition of carbon 

monoxide at a temperature far below that of the carbon arc provided evidence on making 

carbon nanoclusters in an alternative way. The role of hydrogen emerged from this 

approach as well. In this assessment of the wide spectrum of samples, a series of 

characterization facilities including Transmission Electron Microscopy (TEM), Field 

Emission Scanning Electron Microscopy (FESEM), Energy Dispersive X-ray (EDX), and 
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X-Ray Diffraction (XRD) that represent the state of the art were used to monitor the 

microstructure and composition of a given sample. 

In summary, the connection between the microstructural and compositional features 

of a carbon nanocluster, and the conditions under which it was prepared was established 

through this research. The significance of the work emerges once it is realized that this 

connection will form the basis for a systematic control of the morphology of the samples 

that is a precondition for their technological use. 

1.3 Outline of Remaining Chapters 

The historical background of the discovery and development of carbon nanoclusters 

is reviewed in Chapter 2. Some of important literature surveys in respect to the present 

research were cited. In particular the novel forms of carbon including fullerenes, the carbon 

nanotubes and nanoparticles with their most recent developments were introduced. 

Chapter 3 addresses the principles of the preparation methods of carbon 

nanoclusters. The emphasis is placed not only on the high temperature carbon arc discharge 

preparation but also on the relatively low temperamre catalytic deposition of hydrocarbons. 

Since no comparative study of the products prepared by these two processes was done 

before, it is one of the objectives pursued by this dissertation work. 

Chapter 4 presents the empirical approach used to provide the samples for the 

understanding of the preparation process of designed morphologies. The structural 

properties of the samples were modified by different post-deposition treatments. The 

resulting samples were characterized by several techniques. The content of this chapter is 

focused on descriptions of the sample preparations and characterizations. 

Chapter 5 focuses on presentation of the results. In this Chapter, a series of electron 

microscopy images of prepared nanoclusters indicating various potential growth 

mechanisms is presented. The data taken from different experiments, and the properties of 
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the samples characterized by different techniques are compared and analyzed. Some of the 

statistical analyses with respect to the yield and size distributions of the carbon nanociusters 

are reported. 

The results are discussed in Chapter 6. The subjects include the effect of 

prepjaration conditions on the morphologies, particularly the effect of the hydrogen, and the 

catalytic role of some metals on the formation of carbon nanociusters. The formation of 

metal and metal carbide filled carbon cages, as well as the comparison of the structural 

stability of the carbon nanociusters prepared by arc discharge and the catalytic 

disproportionation of carbon monoxide is also discussed in this chapter. A summary and 

conclusions as well as the recommendations for future investigation are given in the final 

chapter. 
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CHAPTER 2 

CLASSIFICATION OF CARBON NANOCLUSTERS 

Carbon is a remarkable element showing a variety of stable cluster forms. The 

research of the last six years has confirmed the existence of a large number of different 

types of clusters consisting of carbon atoms only. The ones considered here have in 

common their major dimension in the range of nanometers, and will consequently be called 

"carbon nanoclusters". The simplest and most symmetrical configuration, the Ceo 

molecule, consists of a sphere and was called "fullerene". Near-spherical molecules with a 

number of atoms larger than 60 were also classified as fullerenes. The molecules can 

consist of a single shell, or of concentric multi-shelled structures. 

A new class of carbon clusters was added to the carbon family with the discovery 

of long tubular structures, the carbon nanotubes. Their length-to-diameter ratio is so large 

that they are at times considered one-dimensional structures. Again, the shell surrounding a 

hollow core can consist of a single layer, or a concentric array of multiple walls separated 

by the graphitic distance of 0.34 nm. The carbon nanotubes can simply be tubular, or 

consist of branched structures. Graphitic multi-walled clusters have been observed in a 

variety of shapes. Star patterned clusters or strings-of-beads have the graphitic multiwalls 

and the hollow core in common, but do not fit the classification as nanotubes [7], They 

were called here nanoparticles. The hollow core of the nanotubes and nanoparticles can be 

filled with other materials, metals or metal carbides. Commonly they were called filled 

nanotubes or nanocapsules. 

The large catalog of carbon clusters shows a wide variation of their physical 

properties. To provide a context for the study of the properties, morphologies, and 
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structures of these carbon nanoclusters, a brief review of the assembly of these clusters is 

given in this chapter. 

2.1 Puilerenes 

The name "fullerene" was first given by Kroto and Smalley to the family of carbon-

based molecules generated by laser ablation of a graphite target in a high-density helium 

flow, because of the resemblance of these molecules to geodesic domes designed and built 

by R. Buckminster Fuller [8]. The name "buckminsterfullerene" or simply "buckyball" was 

given specifically to the Ceo molecule. 

It was in the 1980s, that the mass spectroscopic observation of a remarkably stable 

cluster consisting of 60 carbon atoms was reported in a collaboration research between 

Robert Curl and Richard Smalley at Rice University and Harold Kroto of the University of 

Sussex, England aimed at understanding the mechanisms of long-chain carbon molecules. 

Shortly thereafter, this team of researchers proposed that the C^o cluster was indeed a 

molecule with icosahedral symmetry, consisting of a polygon with 60 vertices and 32 

faces, 12 of which are pentagonal and 20 hexagonal [9]. This discovery made the team to 

win the 1996 Nobel Price in chemistry. A stereographic projection of a Cso molecule is 

shown in Fig. 2.1-1. 

Fig. 2.1-1 Stereographic projection of a Ceo molecule. 
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In this molecule, the carbon atoms have no dangling bonds, and the pentagons on the 

fullerene cage would be isolated from one another by hexagons, thereby creating the greater 

structural stability. It is this unique structure that has attracted a great deal of attention in the 

scientific commimities in the past decade. During the years of 1985-1990, however, most 

papers only reported calculations of the properties of buckminsterfullerene, efforts to 

confirm experimentally the proposed structures and to study the properties of the molecule 

were thwarted by a general lack of success in producing it in macroscopic quantities. 

In the fall of 1990 a breakthrough by Kratschmer, Huffman, and co-workers [I] 

synthesized macroscopic quantities of Ceo crystals by dissolving the carbon soot, which 

was produced by the arc discharge of carbon electrodes, in benzene and separating the Cgo 

molecules from the residue by centrifuge and filtration. In a short while several groups 

repxjned success in separating the pure Ceo by liquid chromatography. Fig. 2.1-2 shows a 

low magnification TEM image of Ceo crystals made by the Huffman group. As soon as 

Ceo became available in solid form many of its physical properties were measured. The 

state of knowledge of this solid went from essentially zero in May 1990 to the rather 

remarkable development of the whole family of the fullerenes available today. The major 

impact of the Kratschmer-Huffman discovery of a simple method for preparing gram 

quantities of Ceo. which had previously been available only in trace quantities in the gas 

phase [9], was not only providing a great stimulus to this research field, but also allowing 

many workers to enter the field and leading a wide variety of experiments to be carried out. 

Optical absorption measurements on the first thin films of Ceo along with simple 

electrical resistance measurements, indicated that the solid Ceo is a non-conductor [10]. 

Detailed photoemission measurements by a group at the University of Minnesota using 

variable-frequency synchrotron light have provided details of both the occupied and 

unoccupied electron bands [11]. Band structure calculations for solid Ceo indicate a close 

correspondence between energy levels in the free molecule and in the solid [12]. Thus both 



Fig. 2.1-2 A low magnification TEM image of Ceo crystals 

(Cgo sample was provided by the Huffman group at Department of Physics, 

University of Arizona) 
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theory and experiment indicate that doping with alkali metals contributes an electron to the 

conduction band. This doping behavior has proven to be extremely significant. The Bell 

Lab group did the first doping experiment, which exposed Ceo films to potassium vapor 

and found that the electrical conductivity rose by several order of magnitude. Shortly after 

this finding, a report from the same group announced [13] that the potassium-doped Qo 

films were superconducting, with a transition temperature Tc of 18 K. A group at the 

University of California, Los Angeles, confirmed the results and reported [14] the optimum 

potassium concentration to be K3C60, corresponding to one potassium atom sitting in each 

of the tetrahedral and each of the octahedral interstitial sites that form when the 

pseudospheres of Cgo arrange themselves in an fee lattice. Not long thereafter, a transition 

temperatureTc of 28 K was reported for Ceo similarly doped with rubidium [15] and a Tc 

of 42.5 K for Ceo with rubidium-thallium doping [16]. These experiments have established 

solid Ceo as the first three-dimensional organic superconductor. In addition to the potential 

practical usefulness of such superconductors, many of other Ceo applications that have 

been identified thus far have been tightly related to its unusual structural properties. 
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Fig. 2.1-3 Time-of-fiight mass spectrum of carbon cluster soot [17], 
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In addition to the Cgo molecules, larger molecular weight fullerenes €„ (n > 60) are 

also found. By far the most abundant higher molecular weight fullerene present in the mass 

spectra (see Fig. 2.1-3) is the rugby-ball shaped C70. Like Ceo, the structure and property 

of C70 molecule have been studied in detail [18,19]. For masses higher than C70, the 

abundance decreases dramatically. However, significant quantities of C76, C7g, €32, Cg4, 

C90 and C96 have also been isolated and a certain number of studies on these higher-mass 

fullerenes has now been carried out [20,21]. 

2.2 Carbon Nanotubes 

The surge of interest in the carbon nanoclusters received new impetus when lijima 

[2] reported on a non-spherical form of carbon-based materials, the multi-walled 

nanotubes. Shortly thereafter, Ebbesen and Ajayan [22] published the conditions for the 

synthesis of copious amounts of carbon nanotubes using the carbon arc discharge method. 

Unlike the spherical fullerenes extracted from the soot, these nanotubes were retrieved from 

the negative electrode of an arc-discharge plasma in the reactor previously employed for the 

production of fullerene soot. The availability of large quantities of carbon nanotubes 

provides an important system for studying tubular carbon clusters, both theoretically and 

experimentally. 

Many of the experimentally observed carbon nanotubes are multi-walled, consisting 

of polyhedral capped concentric cylinders of hollow cores. The walls of each tube are 

separated by the graphitic distance of 0.34 nm. The outer diameters of the nanotubes are 

generally arranged from 5 to 50 nm. The average length of the tube is less than 10 jim. 

These values give rise to an aspect ratio (length-to-diameter) of 10^ to lO^. 

Stimulated by the unique structural properties, several groups have conducted 

theoretical calculations on the electronic properties of nanotubes [23-25]. In particular. 
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Hamada et al. [26], using tight-binding band-structure calculations, have predicted that 

carbon nanotubes exhibit striking variations in electronic transport in dependence of their 

structure, from metallic to semiconducting with narrow and moderate band gaps. Based on 

computer simulations, Pederson and Broughton [27] have predicted that open nanotubes 

may be filled with liquids by capillary suction. Ajayan and lijima [28] have observed the 

filling of liquid lead into nanotubes. Seraphin [29,30] et al. have succeeded in 

encapsulating yttrium carbide and a series of other metal carbides into nanotubes or 

nanoparticles by placing the metal compound into the graphite anode of an arc discharge 

reactor. 

Multi-walled carbon nanotubes grown by vapor growth methods have also been 

reported [31-33]. It is evidenced that the properties of carbon nanotubes grown by the 

vapor phase are similar to those grown from the arc discharge method [32, 34]. Some of 

evidences are also provided by this dissertation (see chapter 5.3 and 5.4). 

Another important morphology of carbon nanoclusters is the single-walled 

nanotube. They are generally found in the arc soot produced by consuming a composite 

anode rather than a pure graphite rod. These composite anodes are commonly made of 

carbon and transition metals, such as Fe, Co, and Ni or their mixtures [35^6]. The single-

walled nanotubes, like the multi-walled nanotubes, have hollow cores along the axis of the 

tubules and also tend to form bundles of nearly parallel tubules. The diameter distribution 

of single-walled nanombes is of great interest for both theoretical and experimental reasons. 

Theoretical studies have shown that the physical properties of carbon nanotubes are 

strongly dependent on the geometry of the tubes [37]. These predictions remain to be tested 

experimentally. Early results on single-walled nanotubes prepared in the presence of either 

Fe catalyst [35], or a mixture of Fe and Ni [30] show that their diameter ranges from 0.7 to 

1.6 nm and 0.6 to 2.6 nm, respectively. The length of the single-walled nanotubes is 

generally several micrometers. Furthermore, single-walled nanotubes are remarkably 
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flexible, and bend into curved arcs with radii of curvature as small as 20 nm. This 

flexibility suggests excellent mechanical properties, consistent with the high tensile strength 

and bulk modules of commercial vapor-grown carbon fibers [38]. The detailed properties 

of these tubules will be discussed in chapter 5.1.3 and chapter 6.3. 

2.3 Nanoparticles and Filled Nanocapsules 

A nanoparticle is made of concentric graphitic sheets with a cavity in its center. The 

size of the particles is typically several tens of nanometers in diameter. The shape of the 

particles can be spherical or polyhedral depending on the prep)aration conditions. From their 

size and the protective nature of their carbon coating, these nanoparticles are also dubbed 

nanocapsules. Hollow nanocapsules, as well as filled nanocapsules, are synthesized by the 

arc evap)oration method that is commonly used to synthesize fullerenes with only slightly 

changing the preparation conditions. When a pure graphite anode is evaporated in an 

atmosphere of inert gas, macroscopic quantities of hollow nanocapsules and multi-walled 

nanotubes are produced on the top end of a cathode. When a metal (in particular the 

transition metals) packed graphite anode is co-evaporated, filled nanocapsules, nanotubes, 

and other exotic carbon morphologies such as single-walled nanotubes, and strings of 

spherical carbon clusters are synthesized [7]. 

For the purpose of applications, the synthesis of a designed morphology of carbon 

filled nanocapsules has attracted much attention. The encapsulations of lanthanide carbide 

and yttrium carbide single crystals into multi-walled carbon nanocages were first observed 

by Ruoff etal. [39] and Seraphin etal. [29], respectively. The carbons on the metal particle 

surface were found to be well graphitized, presumably due to high temperature (~3300 K) 

in the arc discharge region. The carbon encapsulated metals and metal carbides were found 

to be stable in air, indicating that the encapsulated metals were protected by the surrounding 

carbon layers. Using approaches similar to those described above, other groups have seen 
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evidence of encapsulation of rare-earth and transition metals or their carbides [40,41]. 

Although these results are tantalizing, the yield of filled nanocapsules has been small, the 

caged encapsulant being a minor product among other concurrently formed morphologies 

such as empty nanotubes and nanoparticles, carbon flakes, and amorphous materials. 

These problems directly affect the accuracy with which the properties of a desired products 

can be measured. In a new development achieved at Northwestern University, Dravid and 

co-workers [42] have used a modified arc discharge and succeeded in synthesizing much 

higher yield controlled-size carbon-coated nickel particles. This development carries a 

considerable promise for the applications of carbon encapsulated magnetic materials. A 

significant application for these encapsulated nanoparticles is in the area of ferromagnetic 

particles for magnetic recording media. The particles conventionally used in magnetic 

recording media include a variety of fine metal oxides. Due to their very small size, these 

unprotected particles undergo a rapid combustion. With the carbon coating prepared by the 

above method, the ferromagnetic particles would be adequately protected from oxidation, 

while maintaining their magnetic properties. The detailed study of these carbon-coated 

magnetic particles is presented in chapters 4.3, 5.2, and 6.2. 
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CHAPTER 3 

METHODS OF SYNTHESIS USED 

The preceding chapter has described the various types of carbon nanoclusters that 

form the subject of this research. The major methods used for synthesizing these different 

classes of clusters are reviewed in this chapter. Concerning the preparation of carbon 

nanoclusters, the most commonly used methods involve the generation of carbon-rich 

vapor or plasma. They are the conventional arc discharge, the modified arc discharge, and 

the catalytic decomposition of hydrocarbon. Since the carbon atoms can readily be 

incorporated into different structures, a rich variety of stable clusters of different 

morphologies, in addition to the desired ones, is concurrently synthesized by these 

methods. In order to control the growth mechanism of the carbon nanoclusters, it is very 

important to understand the correlation between the preparation process and the formation 

of the products. 

3.1 Conventional Carbon Arc Discharge Evaporation 

An arc discharge evaporation between two graphite electrodes in an inert gas 

atmosphere has evolved as an efficient way to make gram quantities of carbon 

nanoclusters. The basic experimental setup and formation process are summarized as 

following: A pair of graphite electrodes is lined up in a reaction chamber. A welding 

power-supply is used to initiate and maintain a contact arc between the two graphite 

electrodes in an inert gas atmosphere. During the arc discharge, the positive electrode is 

evaporated. Some carbon vapor deposits on the wall of the reaction chamber as soot in 

which the fullerenes are embedded, while the other built up on the top surface of the 
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negative electrode as carbonaceous slag which contains the multi-walled nanotubes and 

nanoparticles. 

For the conventional carbon arc discharge technique, several parameters are known 

to affect the formation of fullerenes and other forms of nanoclusters. Although a variety of 

gas atmospheres such as argon, methane, and molecular nitrogen have been tried by 

different groups, high-purity helium is the most preferred gas-quenching species 

commonly used. Most carboncluster-generation chambers use a quenching-gas pressure in 

the 100~200 Torr range for producing high yield fullerenes, while -500 Torr pressure is 

preferred for high yield nanotube production. It is reported that the optimum pressure is 

highly sensitive to design specifications and should be determined for each reaction 

chamber. Regarding the diameters of the electrodes, it is reported that smaller diameter 

electrodes (e.g., ~3.2 mm diameter) produce higher yields of soot and low yield of 

nanotubes [43]. Other parameters affecting the particular form of carbon nanoclusters 

include the current density, the geometry of the electrodes, the gap of the electrodes, and 

the stability of the arc were also studied [44,45], In this dissertation, further research on the 

optimization of these parameters is conducted and presented in the rest of the chapters. 

3.2 Modifled Arc Discharge production 

The modified arc discharge production of carbon nanoclusters, first reported by 

Dravid and co-workers [42] at Northwestern University, is actually a further development 

of the conventional carbon arc discharge process toward the production of carbon 

nanoclusters of designed morphologies. This method is particularly favorable for 

encapsulating metal elements into the carbon cages. 

As mentioned in section 3.1, the conventional arc synthesis methods utilize an arc 

between two graphite electrodes in which one electrode (the anode) is a mixture of graphite 

and the material to be encapsulated, and the other electrode (the cathode) is a graphite rod. 



Such a process generally results in a rare occurrence of encapsulation with a low yield. 

Furthermore, the process also produces a lot of empty graphite shells, graphite flakes, 

amorphous debris and graphite nanotubes which are difficult to separate from the 

encapsulated particles. 

The design of this modified arc discharge employs an arc chamber filled with an 

inert or reducing gas. A tungsten or a graphite rod is used as a nonconsumable cathode. 

The anode is made of the material which is to be synthesized into nano-crystalline form, for 

example a metal or an alloy. The anode material could be a block or powder of material of 

interest and is held in a graphite crucible. In operation a jet of an inert gas, such as helium, 

is introduced in the direction perpendicular to the center line of the two electrodes. Once the 

arc is started, the helium gas stream rapidly quenches the vapor generated and carries the 

particles to the collection chamber where they are captured on a water or liquid nitrogen 

cooled trap. 

High Resolution Transmission Electron Microscopy (HRTEM) characterization 

shows that the materials collected from the chamber consist only of carbon-coated 

nanoparticles without any nanotubes or other unwanted carbon formations present. This is 

in contrast to materials produced by conventional arc discharge. The diameters of these 

particles range from 10 to 100 nm depending on the preparation parameters. Teng and co

workers [46] have studied the effect of the helium gas flow rate on the size of the nickel 

particles. It is reported that when the helium velocity was less than 10 m/s, the average 

particle size was generally unaffected by velocity, while at velocities of 20 m/s and 56 m/s 

the average particle size decreased as the velocity of the helium jet increased. 

Several factors other than the gas velocity can generally influence the final particles 

size in an arc system, including the total pressure, the gas species, the source temperature. 

The relative size of the electrodes also plays an important role on the formation of the 

particles. The detailed study of this subject is reported in chapters 4.3 and 5.2.3. 
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3.3 Catalytic Decomposition of Hydrocarbon 

Carbon nanoclusters can be produced on a relative large scale by the catalytic 

decomposition of certain hydrocarbons over small metal particles such as iron, cobalt, 

nickel, and some of their alloys [38,47,48]. The diameter of the nanostructure is generally 

controlled by the size of the catalyst particles and can vary between 2 and 100 nm, with 

lengths of the tubular structures range from 5 to 100 fxm [48]. The formation of carbon 

nanoclusters from the interaction of carbon containing gases with hot metal surfaces was 

first reported in 1890 [3]. However, structural details as well as morphological features 

have only been realized as the result of recent advances in electron microscopy techniques. 

The advantages of the use of catalysts to grow analogous nanostructures, in particular the 

relatively lower operation temperature and the generally milder and more controllable 

character of the process, have attracted much more attention over the past few years. It is 

anticipated that the further exploration of this process may finally result in a method for 

tailoring the chemical and physical properties of the material for a particular application. 

The preparation of carbon nanoclusters by catalytic decomposition can be 

accomplished using powdered metal catalysts in a conventional flow reactor system. In a 

typical operation, about 100 mg of the powdered catalyst is placed in a ceramic boat which 

is positioned in a quartz tube located in a horizontal tube furnace. The system is initially 

reduced in a 10% hydrogen-helium stream at 873 K and then quickly brought to the desired 

reaction temperature. Following this step, a pre-determined mixture of hydrocarbon, 

hydrogen, and inert gas is introduced into the system, and the reaction allowed to proceed 

for periods of about 2 hours. Using this approach one can readily obtain 20 g quantities of 

carbon nanoclusters including nanofibers and nanoparticles from some of more active 

catalytic materials. From the data obtained by different groups, it appears that iron, cobalt, 

nickel, and copper-nickel based alloys are among the most effective catalysts for the 

reaction [4]. 



Another key feature of the catalyst preparation method is the control of the 

interaction between the catalyst particles and the substrate surface. In this regard, 

pretreatment of the substrate surface in selected gaseous environments may prove to be a 

critical step in controlling the nucleation of the catalyst particles and the subsequent growth 

characteristics of the carbon nanostructures. Audier and co-workers [49] studied the effect 

of temperature and catalyst composition on the morphology of carbon deposits produced by 

the decomposition of CO and CH4 over a number of catalysts. Tubes, bi-tubes, solid 

structures, and shells were observed. They found that extremely marked physical 

differences could be encountered in the nanoclusters that were entirely dependent on the 

chemical nature of the catalyst. The formation of the diverse structures could be the result 

of the reconstruction of the catalyst particles to acquire distinct crystallographic orientations 

at the metal-carbon interface. Figueiredo and co-workers [50] demonstrated that the inner 

portions of carbon nanofibers, which had been formed from the interaction of nickel 

particles with acetylene, could be removed if the hydrogen and the specimen were heated to 

998 K. Careful control of this latter step was also found to result in the formation of hollow 

structures. 

It is obvious that the morphologies of carbon nanoclusters synthesized by catalytic 

decomposition of hydrocarbon are also influenced by the preparation conditions. The 

important parameters include the reaction temjjerature, the size and the nature of the catalyst 

materials, and the type of gaseous environment having a direct impact on the physical 

properties of these carbon formations. Although a wide range of investigations on these 

subjects has been reported in the past, no systematic comparative study of the detailed 

structural features of the nanoclusters to those produced by carbon arc discharge methods 

has been done so far. In this dissertation, this comparative study is carried out on the basis 

of characterizing the samples prepared by the Ni catalytic disproportionation of carbon 

monoxide and the arc discharge processes, comparing the structural and physical properties 
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of the resulting nanoclusters, and finding the correlation between the morphologies and the 

preparation conditions related to both methods. 
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CHAPTER 4 

EXPERIMENTAL APPROACHES OF THE RESEARCH 

In this chapter, the experimental approach aimed at solving the problems addressed 

in chapter one is reviewed in terms of overall design considerations, descriptions of the 

important laboratory apparatus, lists of samples prepared according to the designed 

processing parameters, and the procedures of sample characterizations. The sample sets 

synthesized by conventional arc discharge as well as by modified arc discharge were 

prepared in collaboration with and using the facilities of the MER laboratories. The sample 

sets synthesized by CO disproportionation were prepared in collaboration with and using 

the facilities of the Lynch-Nolan laboratory at the Department of Materials Science and 

Engineering, the University of Arizona. 

4.1 Synopsis of the Experimental Design 

The deposition runs were designed to compare the properties, morphologies, and 

structures of carbon nanoclusters prepared by the high temperature (~3300 K) process of 

arc discharge either in the conventional or the modified form, with those of samples 

prepared by the relatively low temperature (~800 K) process of catalytic disproportionation 

of carbon monoxide. In particular, results were compared with respect to the following five 

aspects: 

(1) Effect of processing conditions on the structural phenomena and growth 

mechanism of carbon nanoclusters. 

(2) The role of hydrogen in the formation of carbon nanoclusters. 

(3) Carbon coated metal nanoparticles and their properties. 

(4) Annealing caused structural transformations. 
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(5) Stability of different structures affected by electron beam bombardment. 

Critical parameters of the deposition process were varied from established values. A 

series of samples prepared under a variety of conditions were characterized. The effect of 

the processing variations on structures and properties of the carbon nanoclusters was 

investigated. A comprehensive database was established with the aims of understanding the 

growth mechanism of these novel materials and optimizing their preparation conditions. 

4.2 Conventional Arc Discharge Synthesis 

Fig 4.2-1(a) shows a schematic diagram of the conventional arc discharge apparatus 

used for synthesizing carbon nanoclusters. The basic configuration shows a pair of 

graphitic electrodes aligned in a reaction chamber filled with helium gas or hydrogen. A 

carbon rod 3 cm long and 0.95 cm in diameter served as cathode, and a graphitic rod 30 cm 

long and 0.64 cm in diameter as anode. A welding power-supply is used to maintain a 

designed dc potential between the electrodes. The value of the dc potential used for this 

experiment varies from 24 to 34 V dependent on the current density needed. Two different 

atmospheres such as helium or hydrogen were used for filling the reaction chamber in order 

to investigate the effect of the ambient gas on the formation of the carbon nanoclusters. 

During the arc discharge, the positive electrode is consumed, with the gap in between the 

two electrodes kept constant by continuous adjustment through a computerized feed 

system, avoiding the notorious instability of the carbon arc caused by the manual control. 

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

the consumed elecu^ode for keeping the same current density during each run. As the anode 

evaporates, some of carbon vapor forms soot deposited on the wall of the reaction chamber 

and the rest builds up on the surface of the cathode. This carbonaceous deposit on the 

negative electrode consists of a gray irregular annulus surrounding a black, dense 
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Fig. 4.2-1 (a) A schematic diagram of the conventional arc discharge apparatus used for 

synthesizing carbon nanoclusters. (b) A lateral view of the carbonaceous slag 

deposited on the surface of the cathode, (c) A cross section of the slag shows core 

and shell area of the carbon deposit. 
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cylindrical core [Fig. 4.2-1 (b)-(c)] which contains multi-walled nanotubes and 

nanoparticles. 

The set of samples prepared under a variety of conditions, including variations of 

the helium and hydrogen pressures, voltages across the electrodes, current, and current 

density is listed in Table 4.2-1. The characterization results are given in chapter 5.1. 

Table 4.2-1. A list of carbon nanocluster samples prepared by conventional arc discharge 

Run Current Density Voltage Current Pressure Types of 

# A/cm^ V A Torr Atmosphere 

1 350 24 110 200 He 

2 470 31 150 200 He 

3 622 24 200 200 He 

4 190 24 60 550 He 

5 108 30 35 550 He 

6 217 30 70 550 He 

7 240 34 100 550 He 

8 380 33 30 550 He 

9 630 24 200 550 He 

10 205 25 65 100 H2 

11 205 25 65 288 H2 

12 205 25 65 500 Hi 

In order to produce the carbon encapsulated metal nanoclusters through 

conventional arc discharge, the following processing conditions were used. The cathode 

consisted of a graphitic carbon rod 0.95 cm in diameter. The anode 0.65 cm in diameter 

with a center hole of 0.30 cm in diameter was filled with powder of one metal or a 1:1 
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weight ratio mixture of two metal powders for the mixed catalyst experiments. The 

chamber was filled with helium to the pressure of 550 Torr. The arc discharge was 

generated by a dc current of 75 A at 27 V between the electrodes. A series of samples 

prepared with different types of metals is listed in Table 4.2-2. The results of the 

characterization are given in chapter 5.1. 

Table 4.2-2. Carbon encapsulation samples prepared by conventional arc discharge 

Run Elements used for Run Elements used for 

# filling the anode # filling the anode 

13 Y* 23 A1 

14 Si 24 Cu 

15 Ca 25 Zn 

16 Ti 26 X  *  * *  Mg 

17 Fe 27 Zr 

18 Co 28 Nb 

19 Ni 29 Pd 

20 Fe/Ni 30 Ta 

21 Co/Ni 31 Ir 

22 Fe/Co 32 Pt 

* Due to the instability of yttrium in air, Y2O3 

powder was used in making the composite anode. 

** Some samples prepared at atmospheres were 

also studied. The result is presented in chapter 5.1.2 

4.3. Modifled Arc Discharge Preparation 

Fig. 4.3-1 shows a schematic diagram of the modified arc discharge apparatus. In 

this setup, two electrodes facing each other were lined up vertically in a reaction chamber. 
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Fig. 4.3-1 A schematic diagram of the modified arc discharge apparatus [42]. 



A graphite rod of 6.5 mm diameter is located on the top as the cathode. The anode was a 

graphite crucible with an inner diameter of 25 mm, and filled with a selected bulk metal 

such as iron, cobalt, or nickel. The thickness of the crucible wall is about 3 mm. A jet of 

helium gas with a flow rate of approximately 30 m/s was introduced in the direction 

perpendicular to the center line of the two electrodes. During arc discharge at a dc current of 

175 A, voltage of 25 V, and a helium pressure of 300 Torr, both the metal and the graphite 

crucible were evaporated. The evaporated materials were quenched by the helium jet, and 

then deposited on the wall of the reaction chamber. These deposited materials consisted 

only of carbon-coated metal particles without any other unwanted carbon formations. A set 

of samples synthesized by this method is listed in the following Table 4.3-1. 

Table 4.3-1 A list of carbon-coated Fe, Co, and Ni samples 

Run Cathode Crucible Outer Crucible Wall Filling Metals 

# Diameter(mm) Diameter(mm) Thickness (mm) in Crucible 

33 6.5 25 3 Fe 

34 6.5 25 3 Co 

35 6.5 25 3 Ni 

The effect of varying rates of carbon and metal supply on the morphologies of the 

products was investigated by changing the size of the anode inserts for the case of cobalt. 

In a set of runs, the elemental cobalt was filled into three different sizes of graphite 

crucibles (Fig. 4.3-2) which had the inner diameter of 4 mm, 6 mm, and 13 mm, 

respectively. The thickness of the crucible wall was 3 mm and the height of the metal insert 

was 20 mm. The diameter of the graphite cathode was kept at 6.5 mm for each run. The 

reaction chamber was maintained at 200 Torr helium pressure. The flowrate of the helium 

jet used for quenching the evaporation was 20 m/s during each run. The voltage (20 V) and 
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Fig. 4.3-2 Three different sizes of graphite crucibles were used to investigate the effect of 

variations of the carbon and metal supply for the case of cobalt. The black discs 

in the diagram represent the diameters of the metal inserts, (a) 4 mm, (b) 6 mm, 

(c) 13 mm. However, only part of the insert may have melted, depending on the 

melting point of the metal, and the position and shape of the arc. 
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the current density (~0.6 A/mm^) across the electrodes were kept constant for the three 

different diameters of the crucibles. The samples prepared under these conditions are listed 

in the following Table. 4.3-2. 

Table 4.3-2 A list of carbon-coated cobalt particle samples 

by changing the size of the anode inserts 

Run Cathode Crucible Inner Crucible Wall Riling Metal 

# Diameter (mm) Diameter(mm) Thickness (mm) in Crucible 

36 6.5 4 3 Co 

37 6.5 6 3 Co 

38 6.5 13 3 Co 

In order to study the effect of the ambient gas on the formation of carbon 

nanocapsules by the modified arc discharge, a hole was drilled in the center of a cathode. 

An admixture of helium and methane was introduced into the arc center through this hole. 

The graphite crucible was filled by different metals for different runs. The samples 

produced by this experiment and the preparation conditions are listed in Table 4.3-3. 

Table 4.3-3. Samples prepared by modified arc discharge 

with an admixture of He and CH4 flowing through the cathode to the arc center 

Run Sample Voltage Current Vacuum Ratio of Filling Cathode 

# Name V A Torr He/CHt Metals Used 

39 Cu-1032 32 100 100 10/1 Cu C 

40 Cu-1033 28 100 415 10/1 Cu C 

41 Cu-1042 26 100 415 30/1 Cu c 

42 Ti-1025 28 65 500 30/1 Ti w 
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4.4 Catalytic CO Disproportionation Preparation 

In order to study carbon nanoclusters deposited by catalytic vapor growth, a 

method of Ni catalytic disproportionation of carbon monoxide was used. The experimental 

apparatus designed by Nolan [51] is sketched in Fig. 4.4-1. The formation of carbon 

nanoclusters was proceeded by exposing a catalyst to a flowing gas consisting of various 

concentrations of CO and CO2 at a total pressure of 700 Torr, and at a reaction temperature 

ranging from 745 to 873 K. The catalyst used was nickel on a silica-alumina support, with 

the fraction of catalyst metal to support being 60/40 wt.%. The composition of the reactant 

gas was approximately 20% CO, with the majority of the balance being CO2 to maintain a 

non-carbide forming condition. Both gases have purities of 99.9% and 99.5%, 

respectively. In some runs, H2 was added to the reaction gas at a low concentration (0.1-

3%). The actual composition of the reactant gas for each experiment was determined by gas 

chromatography. Interestingly, the presence or absence of a small quantity of H2 in the 

reaction gas caused a significant structural difference of the prepared samples. If the 

reaction gas was an admixture of CO and CO2 only, nanotubes of cylindrical strucmre were 

produced. However, if a small amount of H2 was added to the CO/CO2 admixture, 

filaments of conical fishbone structure were produced [33]. This result suggests that by 

studying the catalytic CO disproportionation formation of carbon nanoclusters with 

hydrogen and without hydrogen present, one can obtain knowledge not only on the process 

of vapor growth, but also on the role of hydrogen for the formation of carbon nanoclusters. 

This is in contrast to that of catalytic decomposition of hydrocarbon in which the hydrogen 

impact was generally overlooked due to the difficulty of controlling the hydrogen amount 

produced by the decomposition of hydrocarbon. 

Various factors can influence the formation of carbon nanoclusters. In the Ni 

catalytic CO disproportionation process, the carbon activity ac explained below, the reaction 

temperature, the concentration of H2, and the duration of reaction were found to have 
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significant impact on the growth of carbon nanoclusters. The carbon activity was defined 

by the formula ac = IQq(P2oo/Pco2). where Keq is the equilibrium constant which is a 

function of temperature for the reaction 2CO <=> CO2 + C, and P is the partial pressure of 

the reactant gas. This definition indicates that the value of the carbon activity was decided 

by not only the partial pressure of the reactant gas, but also the reaction temperature. A 

series of samples prepared by varying these four parameters is listed in Table 4.4-1. 

Schematic of Flow System 
fiir Preparation of Catalytic 

CO DispiDpoitioiiation Samples 
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Fig. 4.4-1 Schematic of flow system for preparation of 

catalytic CO disproportionation samples 



Table 4.4-1. A list of samples prepared by Ni catalytic CO disproportionation 

Run 

# 

Carbon Activity 

(ac) 

Reaction 

Temperature (K) 

Reaction 

Time (hr) 

Hydrogen 

Concentration 

43 9.2 745 14 0 

44 15.7 745 15.5 0 

45 19.3 745 17.5 0 

46 18.4 745 19.5 0.1% 

47 18.4 745 15.5 0.5% 

48 16.5 745 18.5 1% 

49 19 745 5.8 1% 

50 20.6 745 7 2% 

51 19 745 23 3% 

52 15.9 765 17.5 0 

53 19.3 765 4.4 0 

54 3.0 785 16 0 

55 20 785 4.3 0 

56 30 785 4 0 

57 12.9 785 4.5 0 

58 16.7 785 48 0 

59 19.4 785 25.7 0 

60 8.2 785 19 0.5% 

61 17.9 785 2.6 0.5% 

62 10.8 785 7 1% 

63 19.9 785 4.8 1% 

64 21.4 873 31.3 0 



4.5 Post Deposition Treatment of Selected Samples 

In order to compare the structural stability of the carbon nanoclusters prepared by 

conventional arc discharge and the catalytic CO disproportionation, a set of selected 

samples prepared by both methods was treated through armealing and electron beam 

bombardment. The detailed post deposition conditions are; (1) Sample annealed in 

helium: The sample was first put into a quartz tube with two ends confined to allow only 

helium gas to flow for 30 minutes in order to purge the sample and the system. Then the 

quartz tube was heated in an electric furnace. When the temperature had reached 1273 K 

under continued helium flow, the sample was kept at this temperature for one hour, and 

was then allowed to cool down to room temperature. (2) Sample annealed in 

hydrogen: The process is the same as above. However, the quartz tube was first purge 

with helium until the temperature reached 1273 K, then the helium gas was switched to 

hydrogen and the sample kept at this temperature for one hour. Then hydrogen gas was 

changed back to helium again until the furnace cooled down to room temperature. (3) 

Electron bombardment treatment: The sample set was bombarded with electrons in a 

Hitachi H-8100 transmission electron microscope operating at 200 kV with a filament 

current of 15 piK. The sample was introduced into the microscope, and the electron beam 

was focused onto the sample without using condenser lens and objective lens apertures. 

Each sample was bombarded for two minutes. The results before and after the 

bombardment were recorded by the microscope under the regular operations which did not 

cause additional radiation damage to the sample. The samples after these post deposition 

treatments are listed in Table 4.5-1, and 4.5-2, respectively. Note in the sample name 

column that CAD-Cluster represents the samples prepared by Conventional Arc Discharge, 

while COD-Cluster stands for the samples prepared by CO Disproportionation. 
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Table 4.5-1 Carbon nanoclusters treated by annealing 

Run Sample Annealing Aimealing Annealing 

# Name Temperature(K) Time(min.) Atmosphere 

65 CAD-Cluster 1273 60 He 

66 CAD-Cluster 1273 60 H2 

67 COD-Cluster 1273 60 He 

68 COD-Cluster 1273 60 H2 

Table 4.5-2 Carbon nanoclusters treated by 200 keV electron beam bombardment 

Run# Sample Name Description 

69 CAD-Tube prepared by conventional arc discharge 

70 COD-Tube prepared by CO disproportionation without H2 present 

71 COD-Hlament prepared by CO disproportionation with H2 present 

For the samples prepared by modified arc discharge, the durability of the carbon-

coated metal particles against erosion was tested by immersing the carbon-coated Fe, Co 

and Ni particles into nitric acid for seven days. Then the samples were washed with water 

and dried in the air. Table 4.5-3 lists the names of the samples and their acid treatment 

conditions. 

Table. 4.S3 Carbon-coated metal partic es treated by nitric acid 

Run # Sample Name Acid Solution Immersion Time 

72 Carbon-coated Fe particles nitric acid 7 days 

73 Carbon-coated Co particles nitric acid 7 davs 

74 Carbon-coated Ni particles nitric acid 7 days 
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Annealing effect on the morphologies of the metal filled nanocapsules was studied 

based on annealing the carbon-coated Fe, Co, Ni, and Cu samples prepared by modified 

arc discharge. The armealing procedures are the same as those described in Table 4.5-1. 

The samples and their annealing conditions are listed in Table 4.5-4. 

Table 4.5-4 Carbon-coated metal particle samples treated by annealing 

Run 

# 

Sample 

Name 

Aimealing 

Temperamre (K) 

Annealing 

Time(min) 

Annealing 

Atmosphere 

75 Carbon-coated Fe particle-1 873 60 Ar 

76 Carbon-coated Fe particle-2 1173 60 Ar 

77 Carbon-coated Fe particle-3 1373 60 AT 

78 Carbon-coated Co particle-1 873 60 Ar 

79 Carbon-coated Co particle-2 1173 60 AT 

80 Carbon-coated Co particle-3 1373 60 Ar 

81 Carbon-coated Ni particle-1 873 60 AT 

82 Carbon-coated Ni particle-2 1173 60 AT 

83 Carbon-coated Ni particle-3 1373 60 AT 

84 Cu- 1042-anneal-1 873 60 Ar 

85 Cu- 1042-anneal-2 873 180 H2 

86 Cu- 1042-anneal-3 1073 240 H2 

Note; In order to distinguish the same samples but annealed at different conditions, the number of 1, 2, 3, 

was added into the names of the each sample as shown in sample name column. 

4.6 Characterization Procedures and Techniques 

All the samples generated by each experiment as listed in sections of 4.2-4.5 were 

characterized by employing different electron beam microscopy and spectroscopy 
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techniques dependent on the information desired. To demonstrate the comprehensive 

availability of the characterization techniques used in this research, a brief description of the 

instrumentation is given in this section. 

Transmission Electron Microscope Facilities: The Model Hitachi H-8I00 

is a 200 kV TEM which allows two modes of operation, ultra high resolution imaging and 

nanoprobe chemical analysis. It is a characteristic feature of the instrument that structural 

HRTEM images can be obtained simultaneously with a high spatial-resolution composition 

analysis. This microscope was equipped with a series of analytical attachments which can 

simultaneously provide different analytical information. Fig. 4.6-1 shows the schematic 

diagram of the microscope and its attachments. These attachments include the scanning 

system, high sensitivity energy dispersive x-ray spectrometer (EDXS), and parallel-

detection electron energy loss spectrometer (PEELS). In addition to the conventional TEM 

images, the secondary electron images and scanning transmission electron images of the 

sample can be obtained using the scanning attachments. The Low-Dose Function necessary 

for beam-sensitive materials like fullerenes and nanotubes is also available in this 

microscope. Characterization procedures included using specially designed heating and 

cooling holders to observe the temperature-induced structural changes in the samples. 

Dynamic phenomena were recorded using a video recorder and a CCD camera installed at 

the base of the TEM. The facility also comprises high-quality TEM sample preparation and 

darkroom equipment. For image processing and analysis, a Macintosh Ilfx computer with 

full 64 Mbyte memory and a specially designed Slow-5can Camera were attached to the 

microscope. This provided the capability to perform an on-line Fast Fourier Transform of 

the HRTEM image through the software Digital Micrograph. The image simulation of the 

HRTEM was pjerformed by using the MacTempas software program which was necessary 

for interpretation of the electron micrographs. 
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Fig. 4.6-1 Schematic of the Hitachi H-8100 transmission electron microscope with the 

scanning system, cameras, and the analytical attachments. 
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Scanning Electron Microscope Facility: Two Scanning Electron Microscopes 

(SEM) were used for characterization of carbon nanociuster samples. One was a Model 

JEOL 840 SEM which provides a resolution of about 5 nm, and another was a Model 

Hitachi S-45(X) Field-Emission Scanning Electron Microscope (FE-SEM) with a resolution 

of 1.5 nm. The utilization of the SEM not only delineated the topography features of the 

carbonaceous deposit, but also revealed the orientations of the nanombes in the slag and the 

morphologies of the carbon nanoclusters. In contrast to TEM, SEM has a better depth of 

focus and offers more three dimensionzil information than TEM does. The SEM is a 

powerful complement to TEM in this work. 

Powder X-Ray Diffraction (XRD): The powder x-ray diffraction technique 

was employed to identify the phase of the carbon encapsulated nanoclusters, and to decide 

the crystalline structure of the metal or their compounds encaged in the samples. The 

equipment used in this research was a Scintag Model 2000 x-ray diffraction using the Cu 

Ka radiation at room temperature. 

Vibrating Sample Magnetometer (VSM): Magnetic properties of the carbon 

encapsulated metal particles were measured by a vibration sample magnetometer operating 

at room temperature with applied magnetic fields up to 10000 Oe. The hysteresis loop, a 

characteristic result of the measurement, provides the saturation magnetic moment and the 

coercive field of the sample. The measurements were performed using facilities of the 

Optical Sciences Center, the University of Arizona 
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CHAPTER 5 

RESULTS 

The results of the characterization of the carbon nanoclusters prepared by each of 

the different methods are presented in this chapter. The sequence of the presentation 

follows the order of (1) carbon nanoclusters prepared by conventional arc discharge, (2) 

carbon-coated metal nanoparticles synthesized by modified arc discharge, and (3) carbon 

nanoclusters produced by the catalytic Ni disproportionation of carbon monoxide. 

5.1 Carbon Nanoclusters Prepared by Conventional Arc Discharge 

Four types of carbon nanoclusters can be produced by the conventional arc 

discharge dependent on the preparation conditions and the location in the reaction chamber 

where the products were collected. These products are the fullerenes, multi-walled carbon 

nanoclusters, metal and metal carbide filled carbon cages, and single-walled nanotubes. In 

this dissertation, the research focused mainly on the latter three products. 

5.1.1 Multi-Walled Nanotubes and Nanoparticles 

As described in section 4.2 and shown in Fig. 4.2-1 (b)-(c), the carbonaceous 

deposit on the surface of the negative electrode consists of a gray irregular annul us 

surrounding a black, dense cylindrical core which contains multi-walled nanotubes and 

nanoparticles. Fig. 5.1.1-1 is a scanning electron micrograph of this carbonaceous deposit 

showing an overview of the core and the shell regions. The core region consists of stacks 

of onion-type layers. Each single layer actually is an assembly of columns. Fig. 5.1.1-2 

reveals the column structure of one of the layers, under a higher magnification. The high 



Fig. 5.1.1-1 A scanning electron micrograph provides an overview of the carbonaceous 

slag deposited on the surface of the cathode (image taken from the sample run #4 listed 

in Table 4.2-1). 



Fig. 5.1.1-2 A SEM image revealing the columnar structure of the carbonaceous deposit 

the core region (image taken from the sample run #4 listed in Table 4.2-1). 



resolution FESEM observations indicate that this column structure actually consists of a 

mixture of multi-walled nanotubes and nanoparticles as shown in Fig 5.1.1-3. Further 

investigation shows that the outer gray shell of the carbonaceous deposit does not contain 

nanotubes and nanoparticles but small platelets. It is obvious that the nanotube formation is 

correlated to the columnar growth. The fact that the columnar growth is specific to these 

regions may suggest that whatever causes the columns to grow also favors the growth of 

nanotubes. The spatial distribution of temperature and current density may be these factors. 

The SEM is restricted to peripheral features, and can not make specific statements 

with respect to the internal structure of nanoclusters. This is the point of departure for 

HRTEM which can reveal the interior of the carbon nanoclusters. HRTEM characterization 

shows that the carbon nanoclusters mainly consist of multi-walled nanotubes and 

nanoparticles. The nanotubes are generally 5 to 50 nm in diameter, with an average length 

of several micrometers. The walls of each tube are concentric, and separated by the distance 

of 0.34 nm characteristic for a graphitic stack. In general, the tubes are straight, and closed 

at the end in a polyhedral configuration. The nanoparticles, on the other hand, possess 

spherical and polyhedral shapes consisting of hollow cores surrounded by concenuic 

graphitic layers of 0.34 nm spacing. The outer diameters of the particles range from 10 to 

100 nm with inner diameters as small as 2 nm. Fig. 5.1.1-4 (a) and (b) demonstrate the 

typical internal structure of a nanotube and a nanoparticle, respectively. In addition to these 

common features, there were a rich variety of morphologies of uncommon tubes and 

particles found in different samples. Fig. 5.1.1-5 shows a group of nanoclusters of 

different morphologies. Note that on the left hand side of the micrograph there are two 

similar nanotubes overlapping each other, with each tube end capped under different 

angles. The right hand side of the micrograph shows another tube end which was closed by 

four steps (arrows) and each step consists of only two layers. In the center area of the 



Fig. 5.1.1-3 A FESEM image indicates that the columnar structure of the slag actually 

consists of a mixture of nanotubes and nanoparticles (image taken from the sample run 

#4 listed in Table 4.2-1). 



Fig. 5.1.1-4TEM micrographs demonstrate the typical internal structures of (a) a multi-

walled nanotube and (b) a nanoparticie (images taken from the samples listed in Table 

4.2-1 run #1 and run #2, respectively). 
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Fig. 5.1.1-5 A TEM micrograph shows a group of nanoclusters of different morphology. 

The arrows indicate that the tube end was closed by four steps and each step consists 

of only two layers (image taken from the sample run #5 listed in Table 4.2-1). 
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micrograph a triangle-shaped nanoparticle was trapped among three tubes. Fig. 5.1.1-6 

shows a 20-nm diameter nanotube consisting of 23 concentric walls with an inner diameter 

of about 4 nm. To the end of the tube is attached a small particle, while one side of the tube 

wall is closely connected with another tube end. These tight attachments may be caused by 

the annealing effect during the high temperature arc process. This may also be the reason 

why it is difficult to separate these different morphologies from each other. 

Most of the tubes observed from the samples prepared by conventional arc 

discharge in a helium atmosphere are completely capped at both ends. However, open-

ended tubes were observed only on rare occasions as shown in Fig 5.1.1-7. Arrows 

indicate the sudden stop of the graphitic layers, going over into amorphous material taking 

the place of the tube tip. The image displays evidence of quenched growth structure of an 

unfinished process. These rare occasions indeed support the model of open-ended growth 

[52,53], opposing the layer-by-layer approach [54]. Fig. 5.1.1-8 (a), on the other hand, 

shows an uncompleted tubular morphology. Note that a large tube with only four-layer 

graphitic wails was stuffed by some amorphous materials mixed with short graphitic 

stacks, and the end of the tube was open. Although this is also a rare case among the 

observations, it suggests a possibility that some nanotube growth may involve the mixed 

processes of building carbon atoms on the op)en end [52,53] and condensing the liquid-like 

carbon clusters from the external surface toward the interior of the tube [54]. Fig. 5.1.1-8 

(b) reveals an elongated particle with the trend to form a hammer type of tube. The growth 

mechanism of this type could be understood only if the above hypothesis of mixed 

processes was accepted. Another possible growth mechanism of an unusual nanotube is 

described as follows. Fig. 5.1.1-9 shows a tube changing diameter from 20 nm to 10 nm. 

It was speculated that the tube grows by adding carbon to the hexagon network of the 

walls. It starts from the thicker end forward up to the point where defects like pentagons 

and heptagons are created. The defects change the growth direction of the walls or even 



Fig. 5.1.1-6 A TEM micrograph shows the phenomenon that two tubes and one particle are 

attached together (image taken from the sample run #6 listed in Table 4.2-1). 
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Fig. 5.1.1-7 TEM image of an open-ended nanotube suggesting the possible growth 

mechanism from the open end. Arrows indicate the sudden stop of the graphitic 

layers where the tube tip supposed to be (image taken from the sample run #7 listed in 

Table 4.2-1). 
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Fig. 5.1.1-8 TEM images of (a) an incomplete nanotube. Note that the end of the tube was 

open and inside of the tube was stuffed by the amorphous carbon. Arrows indicate the 

short graphitic stacks, (b) an elongated nanoparticle showing the trend to form a 

hammer type of tube (images taken from the samples run #7 and #8 listed in Table 4.2-

1, respectively). 
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Fig. 5.1.1-9 A TEM image of a tube changing diameter from 20 to 10 nm. Arrows indicate 

the combined layers where the tube changes the diameter (image taken from the sample 

of run #6 listed in Table 4.2-1). 
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Fig. 5.1.1-10 A TEM image of an uncommon tube structure formed under the influence of 

the pentagons and heptagons. Arrow p indicates the area where the pentagons is 

located while the heptagon effect is pointed by arrow h (image taken from the sample 

of run #4 listed in Table 4.2-1). 
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combine the adjacent layers and stop the growth ail together. The impact of the defects on 

the neighboring layers is evident from the contour indicated by arrows. Note that the 

diameter of the inner core also changes and becomes larger than at the beginning. The 

phenomena was interpreted as "turn around growth" in a report [55] which, in author's 

opinion, is misleading. This structural phenomenon is more likely created through the 

process that the tube layers grow simultaneously and meet each other when defects are 

created, rather than a presiraied turn around of the layers that can then continue to grow in 

the opposite direction. It is also impossible for the turn around growth to complete itself at 

the other end of the tube. Therefore, the introduction of the defects such as pentagons and 

heptagons into the hexagonal network is critical for the closing off of the cylindrical 

growth. Fig. 5.1.1-10 shows a tube structure typically affected by the defects of pentagons 

and heptagons. Note that the cylindrical surface was curved positively by containing a 

pentagon indicated by initial p, while the opposite situation occurs at the point indicated by 

arrow h where a heptagon causes the cylindrical surface to curve negatively. 

The images of carbon nanoclusters presented above are only a small collection, not 

at all complete, of the structural phenomena observed from the samples listed in Table 4.2-

1. However, they provide enough evidence to suggest that the growth mechanism of 

carbon nanoclusters is a complex process, and can not be interpreted by only one or two 

independent models. Possibly, it is a mixture of the several existing growth models. 

The effect of the preparation pjarameters on the yield of the carbon nanoclusters was 

also investigated based on the samples listed in Table 4.2-1. High-resolution TEM reveals 

that variations of the processing conditions not only cause the difference of the 

morphologies but also the difference of the yields. The results are summarized in the 

following sections. 
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(i) The effect of ambient gas and the pressure 

Two types of atmosphere, helium and hydrogen, were used for the sample 

preparation. The effect of the helium pressure is shown in Fig 5.1.1-11. The sample (run 

#3) in Fig. 5.1.1-11 (a) was prepared at 24 Volts, 200 Amp, and 200 Torr. It contains 

numerous amorphous-carbon particles and no tubes. The sample (run #9) in Fig. 5.1.1-11 

(b) was prepared at the same current density and voltage, but at 550 Torr. It produces 

nanotubes and graphitic particles with the ratio of 1:3. The nanotubes are 20-50 nm in 

diameter, and 1-2 nm long. These results are consistent with the data reported by Ebbesen 

and Ajayan [22] who investigated the samples prepared at helium pressures ranging from 

20 to 2500 Torr, and found that 500 Torr was the pressure for an optimal yield of the 

nanotubes in their system. 

When a hydrogen atmosphere was used in the arc discharge preparation, the 

products not only show a high ratio of nanotubes to graphitic particles but also contain 

numbers of open-ended nanotubes. Fig. 5.1.1-12 (a) shows a FE-SEM image of a sample 

(run #10) prepared at 25 Volts, 65 Amp, and 100 Torr H2. This pressure is of an 

insufficient value for making the high yield of nanotubes in helium. However, the image 

shows that the morphologies and the dimensions of the nanotubes produced in hydrogen of 

100 Torr is comparable to those generated at the optimal helium pressure of 550 Torr (Fig. 

5.1.1-3) in our system. The reason that the nanotube formation threshold pressure in 

hydrogen is lower than that in helium may be attributed to the more efficient quenching 

capability of hydrogen which has a larger thermal conductivity than helium. Further TEM 

investigation indicates that hydrogen does not show any significant impact on the formation 

of the cylindrical structure of the tubes except resulting in a small amount of open-ended 

nanotubes. Fig. 5.1.1-12 (b) shows aTEM image of an open-ended nanotube observed in 

the same sample run #10. The TEM observation of the samples prepared in hydrogen 



Fig. 5.1.1-11 TEM micrographs of samples prepared at (a) 200 Torr, and (b) 550 Ton-

helium (images taken from samples of run #3 and run #9 listed in Table 4.2-1, 

respectively). 
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Fig. 5.1.1-12 (a) A FESEM micrograph of the carbon nanoclusters prepared in an 

hydrogen atmosphere of 100 Torr. (b) A TEM micrograph reveals an open-ended 

nanotube found in the same sample (images taken from the sample run #10 listed in 

Table 4.2-1). 
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between 288 to 550 Torr (run #11 and run #12) demonstrates that the number of open-

ended nanotubes increases as the hydrogen pressure is going up. The ratio of open-ended 

nanotubes versus closed nanotubes, however, is still rather low. It is about 2~3%. 

(ii) The effect of variations of the electrode current density and voltage 

The current density, and its dependence on the driving voltage, is another parameter 

that determines the production of carbon nanoclusters in a plasma discharge. Fig. 5.1.1-13 

shows the effect of current density on the morphologies and the yield of nanotube 

production. The sample (run #5) in Fig. 5.1.1-13 (a) was prepared at 108 A/cm^, 30 Volts 

and under 550 Torr. The sample contains a mixture of low-density nanotubes, graphitic 

particles, graphitic sheets, and fragmented amorphous carbon. Most of the tubes are shorter 

than 0.5 /<m. Fig. 5.1.1-13 (b) shows that doubling the current density to 217 A/cm^ (run 

#6) while keeping the other parameters at the same value, the nanotubes produced have an 

average length of over 2 pim, and their density significantly increases. Raising the current 

density to 380 A/cm^ (run #8), however, the density and the length of the nanotubes is 

noticeably decreased. A further increase in the current density to 630 A/cm^ (run #9) 

reduces significantly the production of nanotubes as shown in Fig. 5.1.1-13 (c). Note the 

sample contains even fewer nanotubes with more graphite particles and carbon crumbs. 

The results abstracted from this comprehensive investigation suggest that the optimal 

conditions for our system to produce predominantly long tubes are the conditions of run #4 

listed in Table 4.2-1 which consist of 550 Torr helium pressure, 24 Volts, and a current 

density of 190 A/cm^ [44], 

The carbon nanoclusters are produced in a complex balance of various processes in 

which carbon atoms removed from the electrode under ion impact are transferred to the gas 

phase where they recombine into clusters. The specific outcome depends on the energy 



fcl". -<<»• 
Fig. 5.1.1-13 TEM micrographs of samples prepared under 550 Torr helium and a current 

density of (a) 108 A/cm^, (b) 217 A/cm^, and (c) 630 A/cm^. 



balance, the preferred conditions of these processes, as determined by the parameters 

described above. The geometry and the component of the electrode also influence the 

current density and the temperature in the plasma. The results of these effects are described 

in the following section. 

5.1.2 Metal and Metal Carbide Riled Carbon Nanocapsules 

The effect of the geometry and the composition of the electrodes in the arc discharge 

preparation was demonstrated through the formation of metal and metal carbide filled 

carbon nanocapsules and single-walled nanotubes by using composite anodes. Twenty 

elements and their mixture were used for this experiment. The samples as listed in Table 

4.2-2 were prepared by evaporating the composite anodes that contained the elements or 

their mixtures stuffed into central bores of the graphite rods. The samples collected from 

the surface of the cathode or from the wall of the reaction chamber were characterized using 

scanning and transmission electron microscopy, energy dispersive x-ray, and x-ray 

diffraction. The results are summarized below: 

(i) Encapsulation of foreign materials into carbon nanoclusters 

Yttrium carbide was one of the first compounds shown to be encapsulated into the 

hollow core of the carbon nanoclusters by our system [29]. Fig. 5.1.2-1 shows HRTEM 

images of (a) a carbon nanotube and (b) several nanoparticles filled with YC2 single 

crystals. Note that the smooth carbon cages as well as the well encapsulated crystals in Fig. 

5.1.2-1 indicate that the YC2 crystals are growing simultaneously with the carbon cages, in 

contrast to the capillary suction method [28] which damages the tube tips. 

Carbon encapsulation of foreign materials is, in general, a process in which both 

carbon and the foreign materials pass through the arc discharge, and grow as carbon 

nanoclusters surrounding a metal carbide core. The tendency of the carbon atoms to link up 
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Fig. 5.1.2-1 HRTEM micrographs of (a) a nanotube with an interior core partially filled 

with a YC2 single crystal, (b) several nanoparticles filled with YC2 single crystals 

(images taken from the sample run #13 listed in Table 4.2-2). 



to the graphitic cage configuration is apparently sufficiently strong to overcome the 

competition with the concurrent formation of the encapsulated metal carbide. However, the 

outcome of this competition depends on the metal and metal carbide to be encapsulated. In 

the case of titanium, the reactivity of the carbon atoms with the metals is sufficiently strong 

to undercut the tendency for carbon cage formation, so that only titanium carbide clusters 

are observed, with few particles that are only partially coated by graphitic layers. Fig. 

5.1.2-2 (a) is a TEM image showing an overview of the powder of a carbonaceous deposit 

prepared from the titanium composite anode. It consists of 10-30 nm rectangular crystals 

embedded into the amorphous matrix with few of them only partially coated by graphitic 

layers. Fig 5.1.2-2 (b) shows a high-resolution TEM image of a titanium carbide particle of 

hexagonal shape. Note that four sides of the hexagonal particle were covered by the 

graphitic layers and the other two were left uncoated indicated by arrows. This result 

suggests that carbon cage formation may only be favorable at certain crystal orientation for 

the readily carbide-forming metals. The interpretation is supported by a growth model 

proposed by Saito [54] who believes that the carbon nanoclusters at the cathode surface 

grow as a result of a coagulation of the incident carbon vapor and C+ ions. Growth 

continues in a cluster form until the final nanometer dimensions are reached, the growing 

cluster being amorphous with a high structural fluidity that is maintained by the high 

temperature and the intense ion bombardment Although this hypothetical phase preceding 

solidification is not a real liquid, due to the sublimation properties of carbon, the state is a 

disordered one with a high fluidity. In the metal involved case, it is in this phase that the 

final structural outcome of the growth is decided. If the C-C bond is stronger than the 

attraction of the carbon atoms to the metal present, the formation of the cage proceeds. If 

the carbon-metal bond is stronger, as in the case of titanium, formation of the metal carbide 

preempts the supply of carbon atoms that could grow a cage, and the metal carbide is 

observed without the carbon cages that could contain them. 
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Fig. 5.1.2-2 (a) A TEM image provides an overview of the carbonaceous deposit prepared 

from the titanium composite anode, (b) A HRTEM image shows a titanium carbide particle 

partially coated by graphitic layers. Arrows indicated the uncoated sides (images taken from 

the sample run #16 listed in Table 4.2-1). 
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A summary of the results with respect to the elements used in these encapsulation 

exp)eriments is listed in Table 5.1.2-1. 

Table 5.1.2-1 List of the elements and the percentage of encapsulation observed 

Elements 

used 

Percentage of 

encapsulation 

Comments 

Y 30% highest encapsulation yield among the tested elements 

Mg 5% open ended tubes found in slag besides the encapsulation 

Ca 3% Encapsulation only found in slag 

A1 5% Only 2~3 graphitic layers on the surface of AI4C3 particles 

Fe 10% 7 out of 10% encapsulation found in soot 

Co 5% Like Fe and Ni, found single-walled tubes (SWT) in soot 

Ni 20% Most encapsulated particles found in soot beside SWT 

Nb 8% Encapsulation found in slag 

Ta 2% Encapsulation found in slag 

Zr 10% Encapsulation found in slag 

Si, Ti, Cu, 

Zn, Pd, Ir, 

Pt. 

No encapsulation was found in the samples of run #14, 16, 24, 25, 29, 31, 

and 32 prepared by using the anodes filled by the metals listed on the left 

hand side, respectively. 

(ii) Catalytic behavior of magnesium and yttrium oxide on the formation ofnanotubes 

TEM observation of carbonaceous materials prepared by evaporating a graphitic 

anode packed with magnesium powder in its center reveals that samples contain not only 

the carbon encapsulated magnesium particles, but a number of open-ended multi-walled 

nanotubes. Fig. 5.1.2-3 shows (a) two carbon encapsulated magnesium-related particles, 

and (b) an open-ended nanotube found in the sample. The catalytic function of the 
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Fig. 5.1.2-3 TEM images of (a) shows two carbon encapsulated magnesium-related 

particles, and (b) reveals an open-ended nanotube found in the same sample (images 

taken from the sample run #26 listed in Table 4.2-2). 
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magnesium with respect to producing the open-ended nanotubes was enhanced when the 

helium atmosphere was switched to hydrogen during the arc discharge preparation. Further 

investigation shows that the nimiber of open-ended nanotubes increases as the hydrogen 

pressure increased. The hydrogen pressure used ranges from 288 to 550 Torr. The ratio of 

open-ended nanotubes versus close-ended nanotubes was found to be more than 5% at the 

high end of the pressure range. This value is doubled with respect to samples prepared by 

using a pure graphite anode at a hydrogen atmosphere, therefore, establishing the catdytic 

effect of the magnesium on the formation of open-ended nanotubes. 

TEM characterization of the slag deposited by consuming the composite anode 

consisting of graphite and yttrium oxide shows that the sample contains not only the carbon 

encapsulated yttrium carbide particles [29] but also various complex nanotubes which is not 

a common feature in previous observations. Fig. 5.1.2-4 shows a tube composed of 

smaller chambers closed off by complete caps. Although the outer diameter of the tube is 

the same throughout, the inner diameter varies depending on the number of graphitic 

layers. The growth sequence can be visualized by the nucleation of the new chamber on top 

of the existing one indicated by arrows. Fig. 5.1.2-5 illustrates a tube consisting of 

different geometrical parts. Note that lower part of the tube has a triangular shape, and the 

inner layers of this part closed step by step followed by forming two inner chambers. The 

upper part of the lube, however, assumes a cylindrical shape and comiects with the lower 

part under a 120° angle. Fig. 5.1.2-6 displays a tube with symmetric cap but different inner 

and outer diameter. The nature of the catalytic reactions that introduce this rich variety, is 

presently not known, but will undoubtedly be at the focal point of future studies. 
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Fig. 5.1.2-4 A HRTEM image of nanotube with complex internal structure. Arrows 

indicate the separations of the internal tubes (image taken from the sample listed in 

Table 4.2-2 run #13). 
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Fig. 5.1.2-5 A HRTEM image of a tube consisting of different geometrical parts (image 

taken from the sample listed in Table 4.2-2 run #13). 
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Fig. 5.1.2-6 An HRTEM image of a tube with symmetric caps but different inner and outer 

diameters (image taken from the sample listed in Table 4.2-2 run #13). 
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5.1.3 Single-Walled Nanotubes 

Catalytic effects on the formation of carbon nanoclusters were also demonstrated by 

iron-group (Fe, Co, and Ni) metals. The samples (run #17 to #22) listed in Table 4.2-2 

deposited from evaporating the graphite anodes filled with iron, cobalt, nickel, and their 

mixtures were characterized. Single-walled nanotubes were found in the soot collected 

from the inner wall of the reaction chamber. TEM micrograph analysis shows that the 

single-walled nanotubes produced by using the anode filled with single elements of Fe, Co, 

and Ni have a rather lower yield than those produced by the anodes filled with a mixture of 

Fe/Ni, Fe/Co, or Ni/Co. Fig. 5.1.3-1 (a) and (b) show the single-walled nanotubes 

produced by a Fe filled anode and admixture of Fe/Ni filled anode, respectively. The 

overview TEM micrograph of Fig. 5.1.3-1 (b) reveals dense threads tangled together, 

noticeably consisting of bundles of 5 to 15 single-walled nanotubes, and different from the 

nested multi-walled tubes observed in the slag. Multi-walled tubes are usually straight, 

documenting the stiffness of the layered graphitic sheets. However, single-walled bundles 

curve, indicating a greater flexibility. Most single-walled tubes are more than 5 pim long 

and ranging from 0.6 to 2.6 nm in diameter. There is no apparent association with the metal 

particles which appear in dark contrast, and are identified to be either iron carbide or iron-

nickel alloys. These round particles are not attached to the ends of the single-walled 

nanotubes, but simply overlay them. The diameters of 40 tubes in each sample were 

measured. The data shows that the diameters of the single-walled nanotubes produced from 

single catalysts have different distribution than those from the mixed catalysts. In Fe and Ni 

sample (run #17 and run #19), about 70% of the tubes measured are 0.70 to 1.00 nm in 

diameter while in the Co sample (run #18), the single-walled tubes are more uniformly 

disUibuted in the range between 0.85 to 1.30 nm. This is different from the profile reported 

by lijima and Ichihashi [35] which shows two peaks at 0.8 and 1.05 nm for the Fe catalyst 

In mixed Fe/Ni, the majority of the single-walled tubes, over 50%, has diameter of 0.85 to 
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Fig. 5.1.3-1 TEM images of (a) and (b) show the single-walled nanotubes produced by a 

Fe filled anode and admixture of Fe/Ni filled anode, respectively (images taken from 

the samples listed in Table 4.2-2 run #17 and run #20, respectively). 



1.30 nm. In mixed Co/Ni sample (run #21), 42% of the single-walled tubes have diameters 

in the range of 1.15 to 1.30 nm. 

5.1.4 Strings of Spherical Nanoclusters 

The effect of the presence of Fe, Co, and Ni on the formation of carbon 

nanoclusters was evidenced by the observation of another unusual structural phenomenon, 

the suings of spherical nanoclusters. Fig. 5.1,4-1 shows a set of TEM micrographs imaged 

from the soot sample (run #17) prepared when a Fe composite anode was used. Fig. 5.1.4-

1 (a) shows an overview of the sample. Arrows indicate the strings of spherical 

nanoclusters which are mixed with amorphous carbon and numerous metal particles of 20-

50 nm diameters. The strings contain anywhere in between ten to twenty near-spherical 

carbon particles. In a given string, all particles are of nearly the same size which is 

determined by the iron particles at the end of the chain. Fig. 5.1.4-1 (b) shows a high-

resolution TEM image of a chain of the spherical clusters with an iron particle at the end. 

The detailed structure shows that each cluster consists of a hollow core and ten to twelve 

graphitic layers having 0.34 nm spacing. Since the strings of spherical clusters were found 

in the soot, it is not uncommon to observe them mixed with single-walled nanotubes in the 

same sample as shown in Fig. 5.1.4-1 (c). In order to further elucidate this structural 

phenomena, it is essential to find out under what conditions and at what locations the 

strings of spherical nanoclusters were found. Three aspects appear to be important. First, 

the samples were synthesized with the presence of Fe, Co, and Ni in the deposition 

process, in particular iron and nickel. When mixtures of Fe/Ni, Fe/Co, and Ni/Co were 

used, few strings of spherical clusters were observed with a significant lower density than 

those in single-metal runs. This is in contrast to the general trend of the enhanced effect of 

mixed catalysts in the production of single-walled tubes as described in the above section. 

Secondly, the strings of spherical clusters prefer to form preferentially under low pressure 
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Fig 5.1.4-1 A set of TEM micrographs imaged from the soot prepared when a Fe 
composite anode was used, (a) An overview of the sample. Arrows indicate the strings of 
clusters, (b) A HRTEM image of a chain of the spherical clusters with an iron particle at the 
end. (c) The mixture of the single-walled nanotubes and strings of spherical clusters. 



rather than high pressure. In other words, the fullerene condition of 100 Torr is more 

preferred than the tube condition of 550 Torr for the generation of the strings of spherical 

clusters. Third, this growth phenomenon was only found in the soot and the materials 

collected from the peripheral regions of the cathode. Very few were formed in the region 

(~3300 K) where normally multi-walled tubes grow. This suggests that the temperature 

permitting the string phenomenon to occur must be lower than that in the center of the 

cathode where nanotubes grow. 

Looking closely at the growth steps of the strings of spherical clusters suggested by 

the high-resolution TEM image in Fig. 5.1.4-1 (b), it was speculated [7] that the catalyst 

stimulates growth at the interface, starting from amorphous material that converts into 

graphitic multi-walls near the string, successively encasing the catalyst particle. As the 

growing stack built to a certain level, it may push the catalyst out of the interface, and close 

up into a sphere. The newly generated cluster joins the string behind it, and a new stack is 

started at this point. This process shows certain similarities to the growth of carbon fibers 

by catalytic decomposition of hydrocarbon. In this method, the growing fibers carry metal 

particles at their tips that initiate the dissolution and diffusion of the carbon species through 

the catalyst's bulk to the rear of the particle where the graphitic product forms. In order to 

further compare the carbon nanoclusters produced by both methods, the results of the 

carbon nanoclusters prepared by the Ni catalytic disproportionation of carbon monoxide at 

a rather lower temperature ranging from 700 to 900 K will be presented in section 5.3. 

5.2 Carbon-Coated Metal Nanoparticles Made by Modified Arc Disctiarge 

Encapsulating metal particles into multi-walled graphitic shells can be achieved by 

both arc discharge and CO disproportionation processes. However, the uniformity of the 

number of the graphitic coating layers as well as the size of the encapsulated metal particles 

are still difficult to control due to the instability of the turbulent arc discharge and the non 
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homogeneous growth of the catalytic decomposition of the carbon monoxide. In order to 

avoid these problems, a newly designed more controllable arc process was used and a 

series of samples was prepared. The detailed preparation conditions and the samples were 

described in section 4.4. The characterization results are presented in this section. 

5.2.1 Properties of Carbon-Coated Ferromagnetic Particles 

Fig. 5.2.1-1 (a)-(c) show a set of FESEM images of iron, cobalt, and nickel 

particle samples (run #33, #34, #35), respectively. Note that the as-made materials consist 

of only spherical nanoparticles without any nanotubes or other unwanted carbon 

formations. The images also show that the diameters of particles decrease in going from 

iron, cobalt, to nickel. 

Table 5.2.1-1. Measured particle size 

Metal Size Range Average Diameter 

Element (nm) (nm) 

Fe 32-81 56 

Co 22-64 40 

Ni 16-51 37 

The sizes of 200 particles for each element were measured and listed in Table 5.2.1-

1. Although these metal particles are prepared under the same processing conditions in 

which the arc is maintained by a potential of 22 V and a dc current of 175 A, and the flow 

rate of helium is about 30 m/s, the size of the formed particles differs with respect to the 

type of elements. This suggests that there are different effects of the same arc environment 

on iron, cobalt, and nickel. Teng and co-workers [46] have studied the effect of the helium 

gas flow rate on the size of the nickel particles. However, our results imply that besides the 

effect of the gas flow rate, the properties of the elements themselves such as the differences 

in melting points or vapor pressures play a role in size variations. The internal structure of 

these as-made iron, cobalt, and nickel particles (run #33, #34, #35, respectively) were 



revealed byTEM Fig. 5.2.1-2 (a), (b), and (c), respectively. The images show that the 

metal particles are uniformly coated by a thin carbon layer. To further elucidate the 

structural properties of these particles, the samples were annealed and acid treated, and the 

results were presented below. 

Fig. 5.2.1-3 (a)-(c) shows TEM images of the iron, cobalt, and nickel particles 

after annealing at 873 K or 1173 K (run #75, run #78, and run #82, respectively). Note 

that all particles of the three samples are now covered by more than four graphitic layers 

rather than an amorphous carbon or a single graphitic layer like in Fig. 5.2.1-2. In Fig. 

5.2.1-3, a discrete interface between the graphitic coating and the metal particle defines 

clearly the thickness of the carbon coating. The number of four to ten graphitic coating 

layers on the surface of each metal particle suggests not only that the thickness of the 

carbon coating produced by this method is thinner and more uniform than that produced by 

the conventional arc method, but also that annealing increases the graphitization of the 

carbon coating. The increased carbon coating layers under the annealing may result from 

the precipitation of carbon atoms previously dissolved in the metal particles. Our study also 

shows that this annealing effect happened at different temperatures for particles of different 

elements. For instance, the carbon coating of most of iron and cobalt particles annealed at 

873 K were well graphitized as shown in Fig. 5.2.1-3 (a) and (b), respectively. However, 

if the annealing temperature increases to 1173 K or 1373 K, most iron and cobalt particles 

were sintered together (images not shown here). Nickel particles, on the other hand, appear 

to increase their graphitization of carbon coating at the annealing temperature of 1173 K 

[Fig. 5.2.1-3(c)] rather than 873 K. It was speculated that this difference was caused by 

the nature of the elements rather than the annealing environment. These results suggest that 

the graphitization of the carbon coating of the nanometer-scaled particles can happen at a 

moderate temperature which is much lower than the usual graphitization temperature of 

bulk carbon (-3000 K) [38]. 
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Fig. 5.2.1-1 FESEM over\ ie\v of the morphology of carbon-coated metal particles: (a) iron 

particles; (b) cobalt particles; (c) nickel particles. 
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5.2.1-2 Internal structure of as-made carbon-coated metal particles revealed by high 
resolution TEM: (a) iron particles covered by amorphous carbon, (b) one or two 
graphitic layers showing on the surface of each cobalt particle, (c) single graphitic 
layer showing on the outermost surface of the nickel particles. 
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Fig. 5.2.1-3 Images showing the effect of annealing, (a) After annealing at 873 K, the iron 
particles were covered by more than ten graphitic layers instead of amorphous carbon, 
(b) and(c) Four to six instead of one graphitic layers covered the surface of each cobalt 
and nickel particle after annealing at 873 K, and 1173 K, respectively. 
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The increasing graphitization of the carbon coating was found in the acid treated 

iron, cobalt, and nickel samples (run #72, #73, and #74, respectively) as well. The TEM 

investigation shows that all the metal particles completely coated by carbon not only resist 

the nitric acid erosion but also increase the graphitization of their carbon coating layers. The 

resulting structures are similar to those shown in Fig. 5.2.1-3. A plausible explanation of 

this phenomenon is that the graphitization can be caused by the heating of the samples 

through the exothermic processes induced by the reaction between the uncoated or partially 

coated metal particles and the acid. This thermal effect may establish a similarity between 

the acid treatment and annealing. However, other chemical effects can not be completely 

ruled out due to the complexity of the metal/acid reaction. 

During the high temperature annealing and acid treatments, another structural 

phenomenon was observed. Fig. 5.2.1-4 is an image taken from the cobalt sample after 

annealing at 1373 K. Note that the image consists of numerous empty polyhedral shells of 

carbon, and the size of the shells are generally larger than the carbon-coated particles before 

annealing shown in Fig. 5.2.1-2 (b). The TEM analysis confirms that these polyhedral 

shells consist of graphitic layers. This type of structures was found not only in the samples 

of iron, cobalt, and nickel annealed at high temperature, but also occasionally in the acid 

treated samples. Further examination of these images suggests that all the particles were 

ejected from the carbon coatings and the empty shells, which are twice or three times larger 

than the size of original, were left behind. The ejection of a catalytic metal particle that 

simultaneously grows a carbon cage has been observed in the growth phenomena called 

"string of beads" in which at a certain critical stage of formation of graphitic layers, the 

encapsulated catalytic metal particles are pushed out of their enclosure, leaving the empty 

cage behind [7]. The reason for the ejection can only be speculated on, but may involve 

surface energy, the sintering tendency of the metal particles, and other sources of energy. 
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Fig. 5.2.1-4 A TEM image taken from the cobalt sample after amiealing at 1373 K shows a 

group of graphitic polyhedral empty shells. The arrows point to the partitions created 

by the original carbon coating. 
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Note that some of the empty cages shown in Fig. 5.2.1-4 reveal the partitions (pointed by 

arrows) of the coating residues from the original particles. In the observations of Ugarte 

[56], the ejection of the gold particles from the onion-shaped graphitic particles was 

induced by elecU"on bombardment 

In order to determine the crystal structure and the phases of the particles, the as-

made metal particles were analyzed by the x-ray diffraction of CuKa radiation. Rg. 5.2.1-

5 (a) shows the XRD patterns of an iron particle sample (run #33). Note that two phases 

were identified. One is BCC a-Fe, and another is FCC y-Fe (Austenite). No carbide phase 

was found. From the Fe-C phase diagram, it was understood that the reason for two-phase 

co-existence in the iron sample may be attributed to the preparation process. During the 

high temperature arc, the iron and graphite were evaporated and simultaneously quenched 

by the jet of helium. Normally the stable condensed phase should be a-Fe, however the 

fast helium quenching may stabilize the y-Fe phase. Fig. 5.2.1-5 (b) and (c) indicate the 

XRD patterns of as-made cobalt (run #34) and nickel (run #35) particles, respectively. 

Note that Bragg reflections due to FCC cobalt and nickel are dominant, and (002) reflection 

due to graphite is also observed in the cobalt sample. These results suggest that all the 

carbon-coated metal particles are metallic elements rather than metal carbides. The evidence 

of the low intensity of peaks correlated to graphite on the surface only is supported by the 

TEM results. 

The magnetic properties of as-made carbon-coated iron, cobalt, and nickel particles 

were measured by a DMS model 880 Vibrating Sample Magnetometer (VSM). The powder 

sample was packed and the measured weights of iron, cobalt, and nickel particles were 

12.1 mg, 20.4 mg, and 15.5 mg, respectively. The magnetic moment measurement was 

carried out as a function of magnetic field in the range from -lOCKX) to +10000 Oe at room 

temperature (298 K). The magnetization curves of the carbon-coated iron, cobalt, and 
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Fig. 5.2.1-5 X-ray diffraction patterns of as-made (a) iron particles, (b) cobalt particles, 

and (c) nickel particles. 
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Fig. 5.2.1-6 Magnetic moment vs. field measured at a room temperature. The 

magnetization curves of (a) iron particles, (b) cobalt particles, and (c) nickel particles. 



nickel particles are shown in Fig. 5.2.1-6. Note that the width of the hysteresis loops is 

different for the three elements. The iron sample shows a large coercive field of about 600 

Oe and the cobalt and nickel only have the amounts of 200 Oe and 240 Oe, respectively. 

The results also show that the cobalt sample has the highest value of saturation magnetic 

moment per gram of 114.13 emu/gram among the three samples while iron and nickel only 

show the values of 56.21 and 34.9 emu/gram, respectively. Comparing these data with the 

values of bulk ferromagnetic elements [57], the cobalt particles have 70% of the value of 

the bulk element, while the iron and nickel have 26% and 64%, respectively. At this time 

one can only speculate on reasons for the deviation of the saturation magnetization from the 

bulk values. They may include geometric factors such as shape or fill factors, as well as 

surface effects in these nanoscale particles. 

5.2.2 Morphologies of Carbon-Coated Cu and Tl Particles 

Copper and titanium are two of seven elements studied which could not be 

encapsulated into carbon cages by conventional arc discharge reported in section 5.1.2. In 

order to encapsulate these elements into carbon cages, further experiments were conducted 

based on the combination of the modified arc discharge and the decomposition of 

hydrocarbon. In these experiments, a graphite crucible with an inner diameter of 25 mm 

was filled with bulk copper or titanium as anode. The cathodes used for copper and 

titanium studies were a graphite rod and a tungsten rod, respectively. A jet of admixture of 

helium and methane at a ratio of 10/1 or 30/1 was introduced into the arc center through the 

central hole of the cathode. During the arc discharge, the metal and graphite were 

evaporated, and the hydrocarbon was decomposed. These carbon and metal vapors were 

finally condensed on the wall of the reaction chamber. The deposited material contains 

carbon-coated copper particles or titanium particles. 
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Fig 5.2.2-1 shows a group of copper particles (run #39) synthesized by this 

method. Note that most of copper particles are spherical and coated by 3-4 graphitic layers. 

Fig. 5.2.2-2 shows the EDX signatures of the sample run #41 listed in Table 4.3-3. The 

spectrum indicates a high intensity of copper and a low intensity of carbon. The signature 

of the Ni is the contribution of the TEM sample grid. The sizes of 200 particles were 

measured. The average diameter of the particles is 11 nm. It is smaller than the average 

diameters of the carbon-coated iron, cobalt, and nickel particles listed in Table. 5.2.1-1. To 

further elucidate the structural properties of these particles, the samples were annealed at 

different temperature in an atmosphere of argon or hydrogen. Fig. 5.2.2-3 (a) and (b) 

show the copper particles (run #84 and #85, respectively) after annealing at 873 K for one 

hour under flowing argon and hydrogen gas, respectively. Note that most particles kept 

their morphologies as before they were annealed except few particles were sintered into a 

rather large one as indicated by arrows. The well maintained carbon-coated copper particles 

in Fig. 5.2.2-3 (b) suggest that annealing the sample in hydrogen at 873 K does not affect 

the morphology of the carbon-coated copper particles. Fig. 5.2.2-4 shows the copper 

particles after annealing at 1073 K for four hours (run #86) in a hydrogen atmosphere. The 

annealing effect is significant. Note that the image consists of carbon-coated copper 

particles and empty' graphitic shells. Further examination of these images suggest that most 

of the particles were ejected from the carbon coatings and the empty shells were left behind. 

The thickness of these empty shells, however, is only 3~4 graphitic layers. This is in 

contrast to those generated by annealing carbon-coated iron, cobalt, and nickel particles at 

high temperature as shown in Fig. 5.2.1-4. A plausible explanation for the differences of 

thickness of the empty graphitic shells between copper emd iron group samples (Fe, Co, 

and Ni) is the solubility of the carbon in metals. Because solubility of carbon in copper is 

much lower than that in iron group elements, not many carbon atoms can come from inside 
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Fig. 5.2.2-1 A TEM micrograph reveals the carbon-coated copper particles produced by the 

method of combining the modified arc discharge and decomposition of methane (image 

taken from the sample listed in Table 4.3-3 run #39). 
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Fig. 5.2.2-2 An energy dispersive x-ray spectrum of the carixjn-coated copper particle 

sample (spectrum taken from the sample listed in Table 4.3-3 run #41). The signature 

of Ni is the contribution of the TEM sample grid. 
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. 5.2.2-3 TEM micrographs show the copper particles after annealing at 873 K for one 

hour under (a) flowing argon, (b) flowing hydrogen gas (image taken from samples 

run #84, and #85 listed in Table 4.5-4). 
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Fig. 5.2.2-4 A TEM micrograph provides an overview of the carbon-coated copper particle 

sample after annealing at 1073 K for four hours in a hydrogen atmosphere (image 

taken from the sample run #86 listed in Table 4.5-4). 
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. 5.2.2-5 A TEM overview of the carbon-coated titanium particle sample produced by 

the method of combining the modified arc discharge with the decomposition of 

methane (image taken from the sample run #42 listed in Table 4.3-3). 
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Fig. 5.2.2-6 X-ray diffraction analysis shows that the carbon-coated polyhedral particles 

(run #42) are titanium carbide rather than the titanium element. 
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of the copper particles to form extra carbon-coating layers on the surface upon annealing 

like in the iron group samples. Therefore, the thickness of the empty graphitic shells are 

kept the same as the original coating. The image also shows that the empty graphitic shells 

in Fig. 5.2.2-4 are no longer uniform, and some of them are connected together. This may 

be caused by a further reaction between carbon and hydrogen at the higher temperature 

annealing. 

Fig. 5.2.2-5 shows a group of carbon-coated titanium particles. Note that most 

particles have polyhedral shapes and are covered by 1-2 graphitic layers. The powder x-ray 

diffraction analysis shows that these particles are titanium carbide rather than the titanium 

element as shown in Fig. 5.2.2-6. Further examination of the image suggests that although 

most of titanium carbide particles were coated by 1~2 graphite layers, uncoated faces in 

some particles can also be found. This aspect is consistent with the titanium structural 

phenomenon described in section 5.1.2 which demonstrated that the carbon coating existed 

only on the surfaces of titanium carbide particles of certain crystal orientations. 

The results of carbon-coated copper and titanium particles suggest that combining 

the modified arc discharge with the catalytic decomposition of hydrocarbon can synthesize 

the carbon encapsulated metal or metal carbide particles previously unachieved by the 

conventional arc discharge. The characterization results of the copper samples (#39, #40, 

and #41) listed in Table 4.3-3 also indicate that the slight variations of the preparation 

parameters such as the voltage, the current, as well as the ratio of helium and methane 

mixture do not show the significant impact on the formation of the carbon-coated copper 

particles. 

5.2.3 The Effect of Carbon and Metal Supply on the Size of the Particles 

The size and exact morphology of each type of particles can be affected by changing 

the size of the metal pool on the surface of the graphite anode. The result of the formation 
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Fig. 5.2.3-1 A set of FESEM images (a), (b), and (c) showing the particle size differences 

with respect to the metal insert of the anode being 4 mm, 6 mm, and 13 mm diameter, 

respectively (images taken from the samples listed in Table 4.3-2 run #36, #37, #38). 
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Fig. 5.2.3-2 The plots of the particles size distributions vs. the diameter of the anodic metal 

inserts. 
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of cobalt particles is presented. Rg. 4.3-2 (a)-(c) show the schematic diagrams of different 

sizes of anodes used for the experiment. Note in Fig. 4.3-2 (a) that the size of the metal 

insert (4 mm) is smaller than that of the cathode (6.5 mm). Fig. 4.3-2 (b) shows that the 

size of the metal pool (6 mm) is almost the same size as the cathode. In Fig. 4.3-2 (c), 

however, the sizes of the crucible and metal pool (13 mm) are much larger than that of 

cathode. By employing these arrangements, three cobalt samples were prepared as listed in 

Table 4.3-2. They were characterized by both Field Emission-Scanning Electron 

Microscopy and Transmission Electron Microscopy. Fig 5.2.3-1 (a)-(c) show the FESEM 

results with respect to the experimental setup from Fig. 4.3-2 (a) to (c), respectively. The 

images show that the size of the particles grows larger when the size of the metal insert 

increases. The diameters of 200 particles for each sample were measured from the 

calibrated TEM images. The results of the particle measurements vs. the size of the metal 

pool are plotted in Fig. 5.2.3-2. Note that the size distribution of the particles shifts to a 

larger value as the diameter of the metal pool is increased. This suggests that the rates of 

supply of carbon and metal is one of the parameters that affects the size of the particle 

formation while other parameters are kept constant. Although the geometrical dimensions 

of the anodic crucible determines the rate of carbon and metal supply available, perhaps 

even more important is the configuration of the arc with respect to the metal pool of the 

anode. If the arc terminates entirely in the metal pool without involving the graphite holding 

it, the supply of metal vapor will be abundant, and the size of the metal particle will grow 

bigger with relatively thin carbon coating. If the arc has to engage both metal pool and 

graphite crucible because the cathode is much larger than the anode, metal and carbon will 

be more evenly consumed resulting in a smaller size of the metal particles with relatively 

thicker carbon coating. 
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5.3 Morphologies of Carbon Deposits Produced by the CO Disproportionation 

Catalytic disproportionation of carbon monoxide has long been established as a 

method for producing graphitic deposits. Using this method, a set of samples was prepared 

under a variation of the process parameters: temperature, CO/CO2 ratio, hydrogen partial 

pressure, and duration of reaction. The morphology of the product was found to have 

similarities with those synthesized by arc discharge depending on the choice of the process 

parameters, in particular the partial pressure of hydrogen. With no hydrogen present, only 

closed forms of carbon deposits such as multi-walled nanotubes are produced. As the 

partial pressure of hydrogen is increased, filament-type carbon deposits with open edges 

are observed. The carbon encapsulated catalytic particles with the same morphologies as 

those produced by arc discharge were also found in the products. The detailed 

characterization results are presented in terms of the yield and the structural properties of 

the products, i.e., lengths and diameters of the tubes as well as structural features produced 

by the variations of the different process parameters. 

5.3.1 Nanotubes of Cylindrical Structure 

Fig. 5.3.1-1 shows a FESEM image providing an overview of the product 

produced at the conditions hsted in Table 4.4-1 under run # 58. Note that these nanotubes 

have the same diameter range as those made by regular arc discharge. They are typically 5 

to 50 nm in diameter and 1 to 8 pim long. The tubes consist of concentric walls of graphitic 

sheets separated by the characteristic spacing of 0.34 nm. A close-up view of the tubes is 

presented in Fig. 5.3.1-2. The TEM micrograph in Fig. 5.3.1-2 (a) shows a part of a long 

nanotube with an outer diameter of 10 nm and eight concentric layers. It reveals structural 

features similar to those of a nanotube produced by the arc discharge technique. Fig. 5.3.1-

2 (b) reveals the end portion of a 9 nm diameter tube. Note that a catalytic particle is 

encapsulated in its end. 
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The similarities between nanotubes produced by CO disproportionation and carbon 

arc discharge are apparent from this study. There are differences, however. Nanotubes 

prepared by the arc discharge process are in general straight and attached to nanoparticles 

and other carbonaceous materials (Fig. 5.1.1-3). Nanotubes produced by catalytic CO 

disproportionation, however, are curved and are only loosely attached to other carbon 

formations (Fig. 5.3.1-1). This suggests that it would not be too difficult for the products 

of this method to separate the assembly of nanotubes from each other and also separate 

them from other unwanted carbon formations, such as carbon nanoparticles. This 

expectation is substantiated in Fig. 5.3.1-3 which shows in low magnification TEM the 

distribution of CO disproportionation nanotubes after only one hour of ultrasonic treatment 

of the sample in acetone. The image shows that most of tubes are separated from each 

other, unlike in an assembly of arc discharge products which contain high density tubes, 

particles and amorphous carbon. 

The results from the experiments without hydrogen present in the reactant gas have 

led to the following observations: 

(i) Nanotubes are produced within the temperature range of 745 to 785 K, with 

greater resemblance to their arc discharge counterparts at the high end of the temperature 

range. Fig. 5.3.1-4 (a) and (b) show a set of SEM images of the samples prepared at 

temperatures of 745 (run #45) and 785 K (run #52), respectively, while the other 

parameters were kept the same. The results suggest that the higher the temperatures, the 

faster the tubes grow. 

(ii) There appears to be an optimal value of the carbon activity ac, defined in section 

4.4, for the growth of nanotubes under a specific reaction temperature. Fig. 5.3.1-5 (a)-(c) 

show the results obtained under variations of carbon activity, with other parameters kept 

the same. Fig. 5.3.1-5 (a) reveals the sample (run #57) prepared at ac= 12.9. Note that the 



Fig. 5.3.1-1 An FESEM image of carbon deposits produced by catalytic Ni 

disproportionation of carbon monoxide (image taken from the sample run #58 listed 

in Table 4.4-1). 
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Fig. 5.3.1-2 TEM images of carbon nanotubes produced by catalytic disproportionation of 

carbon monoxide, (a) A part of a carbon nanotube (run #45) reveals structural 

features similar to those nanotubes produced by the arc discharge process, (b) A 

carbon nanotube (run #55) with a catalytic particle at its end. 



114 

y-..— . t . 

: 

Fig. 5.3.1-3 A low magnification TEM image of carbon deposits produced by catalytic 

disproportionation of carbon monoxide after only one hour of ultrasonic treatment in 

acetone suspension shows the well-separated nanotubes (image taken from the sample 

run #59 listed in Table 4.4-1). 
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density of nanouibes is lower and the length of the tubes shorter than those in Fig. 5.3.1-5 

(b) where ac was 20 (run #55). However, an increase of the carbon activity to ac = 30 (run 

#56) causes the yield of the nanotubes to drop drastically, as shown in Fig. 5.3.1-5 (c). 

Within the range of carbon activities ac = 3 to 30 examined, it was found that high yield and 

long nanotubes were produced at a^ = 20, with the reaction temperature kept at 785 K. 

(iii) Duration of reaction is another important parameter. In order to make long 

nanotubes, at the optimal carbon activity and temperature, it is necessary to conduct the 

disproportionation over a longer period of time. A sample (run #58) prepared while the 

experiment run for 48 hours indicates that nanotubes have an average length of more than 

10 //m, and a high yield as shown in Fig. 5.3.1-6. 
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745 K 

785 K 

Fig. 5.3.1-4 SEM images show the effect of temperature on the formation of carbon 

nanotubes by the catalytic disproportionation of carbon monoxide: (a) at a temperature 

of 745 K; (b) at a temfjerature of 785 K (images taken from the samples listed in 

Table 4.4-1 run #45 and #52, respectively). 
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Fig. 5.3.1-5 A set of SEM images reveals the effect of the carbon activity (ac) on the 

formation of carbon nanotubes: (a) ata^ = 12.9, (b) at ac = 20, (c) at Oc = 30 (images 

taken from the samples listed in Table 4.4-1 run #57. #55, and run #56, respectively). 
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Fig. 5.3.1-6 A TEM micrograph shows a sample prepared during a 48 hours run. The 

result indicates that a high density of nanotubes was produced. The tubes are more 

than 10 pim long (image taken from the sample listed in Table 4.4-1 run #58). 
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5.3.2 Carbon Filaments of Conical Structure 

Carbon monoxide disproportionation can also be used to produce carbon filaments. 

The parameter that determines whether the nanotubes or the filaments are produced is the 

presence of hydrogen in the reaction gas. A hydrogen concentration in the range of 0.1% to 

3% produces filaments that are graphitic with the basal planes generally stacked parallel to 

the surfaces of the catalytic metal particles in a fishbone pattern. A common characteristic of 

these filaments is that the nickel particle is found at its growing tip. The metal particles are 

usually faceted. Fig. 5.3.2-1 shows the image of a typical filament of the "fishbone" type 

prepared under the same conditions (T = 785 K, ac = 19.9, run #63) as the nanotubes 

shown in Fig. 5.3.1-2, but with 1% H2 in the gaseous ambient. The result shows that 

hydrogen has a significant effect on the structure of the carbon deposit. It was proposed 

that the effect of hydrogen is to cause the growth of open forms of filaments, possibly by 

hydrogen atoms serving to satisfy the valences at the free edges of the graphitic basal 

planes [32,33]. 

In order to elucidate further the role of hydrogen, a series of experiments was 

conducted with different H2 concentrations in the reactant gas. Fig. 5.3.2-2 shows a series 

of images of nanotubular formations produced in those experiments at T = 745 K, and 

carbon activity etc in the range of 18.4 to 20.6. Fig. 5.3.2-2 (a) shows a sample produced 

without hydrogen present. Note that the image shows a closed-shell nanotube in which all 

graphitic planes are aligned generally parallel to the axis of the tube. Adding 0.1% H2 to the 

reactant gas yields nanotubes with a few open edges as shown in Fig. 5.3.2-2 (b). 

Increasing the H2 concentration increases the number of open edges, and filament-type 

carbon deposits are created. Fig. 5.3.2-2 (c) shows a filament produced with 1% H2 

concentration, and Fig. 5.3.2-2 (d) a filament with 2% H2 added. 
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Fig. 5.3.2-1 A TEM image shows the structure of a typical filament produced by catalytic 

disproportionation of carbon monoxide, with 1% H2 added to the reactant gas (image 

taken from the sample listed in Table 4.4-1 run #48). 



Fig. 5.3.2-2 A series of images of (a)-(d) of nanotubular formations produced at T = 745 
K, ac~20, and different H2 concentrations. The result shows that the number of open 
edges increases with increasing H2 concentration. Arrows point to open edges. 
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Images of filaments (deposited with different H2 concentrations) were evaluated 

with respect to the angle between the graphitic basal planes and the filament axis, and the 

number of edges at the surface per unit length. Table 5.3.2-1 shows that the higher the H2 

concentration, the larger the angle between the multi-walled stacks and the filament axis, 

and the denser the number of open edges. 

Table 5.3.2-1 Result of a set of ten measurements in each sample prepared at different Ho 

concentrations, but at the same temperature of 745 K and carbon activity a^ -20 

Sample type Average angle between core 

axis and graphite basal plane 

Average number of open 

edges per 10 nm length 

Sample without 0 0 

Sample with 0.1% Hi 3.5° 2 

Sample with 1 % Hi 24° 12 

Sample with 2 % H2 32° 15 

Sample with 3 % H2 35° 17 

5.3.3 Carbon-Caged Catalvst Particles 

In addition to nanotubes and nanofilaments, carbon encapsulated catalyst particles 

were found in the samples deposited by the CO disproportionation. There are two most 

commonly observed morphologies. They are carbon encapsulated spherical particles and 

nanotubes as shown in Fig. 5.3.3-1 (a) and (b), respectively. Note that both the 

nanoparticle and the nanotube were covered by more than 20 graphitic layers. This 

thickness is much thicker than the carbon coating of the metal particles generated by the 

modified arc discharge. It may suggests that thicker coating layers are necessary in order to 

deactivate the function of the catalysts in this case. The morphologies and the yield of these 

products depend on the preparation conditions. Further in\'estigation shows that 
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Fig. 5.3.3-1 TEM micrographs of carbon encapsulated catalytic particles, (a) A group of 

spherical particles, (b) A tubular particle (images taken from the samples listed in Table 

4.4-1 run #56 and #64, respectively). 
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carbon encapsulated nanoparticles of high yield were found in the sample prepared at 

higher carbon activity (>30), low temperature (< 745 K) and a short reaction time. The 

encapsulated nanotubes of high yield, on the other and, were observed in the sample 

prepared at moderate carbon activity (-20), high temperature (~785 K), and longer reaction 

time (>16 h). 

5.4 Comparison of the Nanoclusters Prepared by Different Methods 

The results of the carbon nanoclusters prepared by conventional arc discharge, the 

modified arc discharge, and nickel catalytic disproportionation of carbon monoxide under 

different preparation parameters have been presented in the above three sections. The 

similarities of their morphologies and structural properties is further compared in this 

section. 

5.4.1 Structural Resemblance and Hydrogen Induced Morphologies 

The nanoclusters prepared by arc discharge, by CO disproportionation without 

hydrogen, and by CO disproportionation with 2% hydrogen will be named AD tubes, 

CDHO tubes, and CDH2 filaments, respectively, in the following text. 

Fig. 5.4.1-1 (a) and (b) show the reSEM images of AD and CD nanoclusters, 

respectively. Note that both samples contain nanotubes and nanoparticles, and that the 

morphology displays roughly the same diameter and length. The tubes of the AD sample 

set are straight, while the fibrous structures of the CD set are curved. HRTEM studies 

show that the AD nanoclusters mainly consist of multi-walled nanotubes which are of 

generally 5 to 50 nm in diameter, with an average length of several micrometers. The walls 

of each tube are concentric, and separated by the distance of 0.34 nm characteristic for 

graphitic stacks. In general, the tubes are straight, and closed at the end in a polyhedral 

configuration. Fig. 5.4.1-2 (a) demonstrates the typical internal structure of a AD nanotube 
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which consists of 21 concentric and parallel layers closed step by step. The CDHO 

nanotubes deposited without hydrogen present resemble the AD tubes in their internal 

structure. Fig. 5.4.1-2 (b) is an image of a CDHO tube which shows similar structural 

features of Fig. 5.4.1-2 (a), except the body of the tube is slightly curved and carries an 

encapsulated catalyst particle at its end. In contrast to this CDHO sample, the CDH2 sample 

deposited in the presence of 2% hydrogen in the reaction gas, shows the fishbone structure 

of Fig. 5.4.1-3 (a) in which the graphitic basal planes are still parallel to each other, but 

arranged at an angle to the axis of the filament. To establish a comparison, the arc-

discharge samples prepared in an atmosphere of 500 Torr of hydrogen were investigated, 

and open-ended tubes were found as shown in Fig. 5.4.1-3 (b). Note that the body of the 

tube still keeps the same structural features as Fig. 5.4.1-2 (a) with the tube consisting of 

concentric parallel layers. However, the end of the AD tube produced in a hydrogen 

atmosphere is now opened. Apparently, this is caused by the presence of hydrogen during 

the arc discharge preparation. Wang and co-workers [58] proposed the mechanism of the 

hydrogen effect on the formation of AD tubes by assuming that atomic hydrogen, generated 

by the arc-discharge in the hydrogen atmosphere, terminates the dangling carbon bonds at 

the peripheries of the open ends of the tube and forms C-H bonds, which lower the energy 

of the configuration and prevent the ends of the tubes from closing. 

The effect of hydrogen on the formation of nanoclusters during the CO 

disproportionation has been noted by Nolan and co-workers [33]. The presence of 

hydrogen results in significant changes in the internal structure of the nanoclusters as 

shown in Fig. 5.4.1-3 (a). Note that the layers of the filament are no longer parallel to the 

filament axis but form an angle instead. A series of samples prepared at different hydrogen 

concentrations and reaction temperatures has been studied by Nolan and co-workers 

[33,59] with the results that the angles between the planes and axis of filaments increase 
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Fig. 5.4.1-1 FESEM overview of the morphology of carbon nanociusters. (a) Produced by 

conventional arc discharge in a helium atmosphere, (b) Prepared by CO 

disproportionation without hydrogen present. 
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Fig. 5.4.1-2 Internal structure of nanotubes revealed by high resolution TEM. (a) An arc 

discharge nanotube consists of 21 concentric layers, and is terminated by a polyhedral 

cone, (b) A CO disproportionation nanotube shows identical structural features as the 

arc discharge tube, but is terminated by a catalyst particle at its end. 
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Fig. 5.4.1-3 Effect of hydrogen on the structure of the nanoclusters. (a) A CO 

disproportionation filament produced by adding 2% hydrogen to the reaction gas. (b) 

An arc discharge tube produced at a hydrogen pressure of 500 Torr is open at the end. 
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with increasing hydrogen concentration. For a given hydrogen concentration, the effect of 

hydrogen decreases as the reaction temperature is raised. However, the exact correlation 

depends on other parameters as well, such as the specific composition of the reaction gas. 

The earlier reports on carbon nanoclusters produced by hydrocarbon decomposition did not 

emphasize the hydrogen effect on the fine structure caused by using different hydrocarbon 

precursors. This lack of emphasis may be due to the complexity of different hydrocarbon 

decomposition as well as the previously lower resolution of the microscopes. 

5.4.2 Structural Stability under Thermal ArmealinR 

Figs. 5.4.1-1 to 3 have shown the different microstructures of nanoclusters as they 

resulted from different preparation techniques, AD vs. CD, and under different gaseous 

ambiance, helium and hydrogen. The following results will show the stability of these 

different internal structures with respect to armealing. Fig. 5.4.2-1 (a-c) show images of 

the three types of carbon clusters after armealing at 1273 K for one hour in a helium 

atmosphere (#65, #66, #67). Fig. 5.4.2-1 (a) is an image of an annealed AD tube. It is 

apparent that the cylindrical structure of the tube is stable, and not affected by the 

annealing. The result is not difficult to understand because the arc discharge formation of 

nanotubes proceeds at a temperature in excess of 3300 K which is much higher than the 

annealing temperature of 1273 K. Possible temperature-induced structural rearrangements 

have occurred as the material passed through those high temperature regions. This type of 

sample should be highly temperature-stable due to its thermal prehistory. 

One did not outright expect the same thermal anneal-stability from the CD samples 

produced at only 745 K. However, Fig. 5.4.2-1 (b) proves that the cylindrical structure of 

the CDHO tube is as stable as the high-temperature prepared AD tubes under 1273 K 

annealing. Note in Fig. 5.4.2-1 (b) that the tube maintains the same structural 'eatures as 

the AD tube in Fig. 5.4.2-1 (a). This result suggests that the stability of a nanotube is 
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Fig. 5.4.2-1 Samples after annealing at 1273 K for one hour in a helium atmosphere. (a) 

An AD tube is not affected by the annealing, (b) A CDHO tube shows no effect of the 

annealing on its cylindrical structure, (c) A CDH2 filament changes its structure by the 

annealing (images taken from the samples listed in Table 4.5-1 run #65, #66, #67). 



131 

determined by the structural effect as much as by its thermal prehistory. The sample CDH2 

reacts quite differently to the 1273 K annealing in helium. Fig. 5.4.2-1 (c) shows an image 

of an annealed CDH2 filament. By compzuison with Fig. 5.4.1-3 (a) which is an image of 

a CDH2 filament before annealing, it shows that the annealed filament has been deformed 

significantly. The catalyst particle that was attached to the tip of the filament has fallen off, 

and the edges of the graphitic basal planes of the stack are no longer uniform, and some of 

them are connected to each other by newly formed loops. The results indicate that the 

conical fishbone structure is not as stable as the multi-walled cylindrical configuration 

under the annealing. A plausible explanation for the instability of the filament is the initial 

saturation of the edges of the filament by the C-H bonds, which are not as stable as the C-C 

bonds of the multi-walled CDHO tubes. During annealing, the highly active C-H bonds 

may be replaced by C-C bonds and then form certain type of hydrocarbons. 

The three types of nanoclusters are shown in Fig. 5.4.2-2 after having been 

annealed in a hydrogen atmosphere. Again, the AD nanotube which has cylindrical 

structure remains unchanged, as shown in Fig 5.4.2-2 (a). An annealed CDHO tube is 

shown in Fig 5.4.2-2 (b). Note that the cylindrical structure of the tube does not change 

except that the catalytic particle previously attached to the tip of the tube has fallen off, and 

the tube is left open. Fig. 5.4.2-2 (c) is the image of the annealed CDH2 sample. All 

filaments of the conical structure have disappeared. The material left behind is amorphous 

carbon mixed with sintered catalytic particles as identified by Energy Dispersive X-ray 

(EDX) and electron diffraction pattern analysis. To understand this phenomena, one can 

follow the explanation for Fig. 5.4.2-1 (c). Since the filaments are annealed in a hydrogen 

atmosphere, this condition provides sufficient hydrogen to gasify the entire carbon filament 

sample to form hydrocarbons. The 80% weight loss of the sample indicates that filament 

gasification is the dominant result of this annealing, leaving behind a residual of the 

sample. 



132 

Fig. 5.4.2-2 Samples after annealing at 1273 K for one hour in a hydrogen atmosphere. (a) 

An AD tube, (b) A CDHO tube, (c) CDH2 sample in which all filaments have 

disappeared (images taken from the samples listed in Table 4.5-1 run #66 and #68). 



133 

5.4.3 Structural Stability Against Electron Beam Bombardment 

The stabilities of the AD tube, the CDHO tube, and the CDH2 filament with respect 

to the electron bombardment of two minutes are documented in Fig. 5.4.3-1 (a-c), 

respectively. For the AD tube. Fig. 5.4.1-2 (a) and Fig. 5.4.3-1 (a) give the comparison of 

the same tube before and after the electron bombardment. Note that the tip of the tube was 

trimmed to hemispherical shape, and some of innermost layers of the tube became 

disordered. For the CDHO tube. Fig. 5.4.1-2 (b) and Fig. 5.4.3-1 (b) show the results of a 

tube before and after the bombardment, respectively. It is apparent that a two-minute 

electron bombardment causes the cylindrical structures of the CDHO tube to become 

disordered. These results indicate that cylindrical structures of both AD tube and CDHO 

tube have approximately the same resistance to the bombardment by the electron beam. The 

CDH2 filament, however, responds drastically to the electron bombardment, as shown in 

Fig. 5.4.3-1 (c). By comparison with Fig. 5.4.1-3 (a) which was taken from the same 

filamentas shown in Fig. 5.4.3-1 (c) before the electron bombardment, it is obvious that 

the filament in Fig. 5.4.3-1 (c) has not only completely collapsed but has also formed 

numerous spherical particles within two minutes of electron (200 kV) bombardment. 

Ugarte [60] used higher energy electrons (300 kV), and bombardment duration ten times 

longer than ours to generate similar spherical particles from an arc discharge nanotube. 

These results imply not only the much higher stability of multi-walled nanotubes, but also 

the much better modifiability of conical fishbone filaments. 
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(a) 

Fig. 5.4.3-1 Images of nanoclusters taken after a two-minute bombardment by a 200 kV 
electron beam, (a) Arc discharge tube of Fig. 5.4.1-2a. (b) CO disproportionation tube 
of Fig. 5.4.1-2b. (c) CO disproportionation filament of Fig. 5.4.1-3a (images taken 
from the samples listed in Table 4.5-2 run #69, #70, #71, respectively). 
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CHAPTER 6 

DISCUSSION 

In the preceding chapters an assortment of experimental results was delineated 

concerning the formation of carbon nanoclusters synthesized by different methods and 

under different conditions. The characterization gave a wide spectrum of features relating to 

the morphology, structure, and composition of the carbon nanoclusters. The following 

discussion will now try to assess the results, and classify them with respect to the 

phenomena and properties that may be relevant to an identification of the growth 

mechanisms at play. 

6.1 The Formation of Muiti-Walled Hollow Carbon Nanoclusters 

6.1.1 Close-Shelled Nanoclusters and Open-Ended Nanotubes 

The carbon nanoclusters produced from an arc discharge between graphite 

electrodes in helium show a rich variety of shapes that reflect a strict discipline of the 

growth. In the form of nanotubes [Fig. 5.1.1-4 (a)], a number of layers, usually ten to 

twenty, strictly parallel each other in the graphitic distance of 0.34 nm over their 

micrometer length. They are terminated by end caps in which the surfaces meet under 

specific angles. The core of the tubes is hollow ranging in diameter from 2-40 nm. This is 

much larger than the diameter of a hemispherical fullerene molecule thus excluding a simple 

explanation for the seeding of the tubes. Spherical or polyhedral [Fig. 5.1.1-4 (b)] onion-

shaped nanoparticles also consist of multi-walled arrangements, again separated by the 

graphitic distance, and surrounding hollow cores. Similar morphologies were found in the 

samples prepared by catalytic decomposition of carbon monoxide, emphasizing that the 
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structural appearance is widely independent of the particular method. Catalytic effects are of 

importance as illustrated in section 5.3. with the conformation and the size of the catalyst 

particle at the tip of the tube now responsible for the diameter of the nanotubes. The 

detailed observations of the effects of variations of the processing parameters were 

illustrated in chapter 5. Comparison of these results, however, shows convincingly that 

similar aspects of the morphology exist among these carbon nanoclusters synthesized from 

two totally different processes. 

The formation of the carbon nanoclusters in both methods are sensitive to the type 

of atmosphere and its partial pressure. For the conventional arc discharge, the results 

suggest that the yield and the length of the nanotubes are increased as the helium pressure 

goes up, and 550 Torr was found to be the optimum value for producing high yield and 

long nanotubes in our system. Considering that the tubular structure is only a quasi-stable 

form on the time profile of the temperature during the synthesis, it must be assumed that the 

helium gas acts as a cooling medium for the carbon system. Since nanotubes are found 

only in the hot core area of the cathode slag and not in the shell area of its colder peripheral 

edge indicates that temperature and cooling rate are critical for the morphologies of the 

product It is still not clear how the helium gas cooling of the carbon system causes growth 

of the quasi-stable tubule in one, but not the other location, with the detailed outcome 

determined by the overall pressure. Reaction rates may be influenced by the collision cross-

section of the partners, again dependent on the helium pressure. 

To investigate the role of the buffer gas further, hydrogen was used to fill the arc 

discharge chamber instead of helium. Length and the density of the nanotubes are higher in 

hydrogen than in a helium atmosphere with all other processing parameters kept the same. 

Nanotubes prepared in hydrogen of 100 Torr and in helium pressure of 550 Torr were 

comparable, both pressures being near optimal for yield and length. This result suggests 

that the nanotube "formation threshold" pressure is lower in hydrogen than in helium. The 
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reason may be attributed to the more efficient quenching capability of hydrogen which has a 

larger thermal conductivity than helium. Apparently, cooling rate and quenching capability 

of the buffer gas have a significant impact on the morphologies of the carbon formations. 

Using hydrogen as a buffer gas also affects the percentage of a small amount of open-

ended nanotubes. The mechanism of their formation may be ascribed to the role of the 

hydrogen atoms in terminating the dangling bonds of the carbon network at the end of the 

growing tube. That the ratio of open-ended to close-ended nanotubes is so low (2-3%) 

may be caused by the high temperature (3300 K) in the arc discharge reaction zone that 

leaves only a minute fraction of hydrogen chemisorbed on the carbon network, insufficient 

to compete with the structurally favored anneal and closing of the tube end. 

For this and other aspects of the growth, the comparison with nanoclusters 

deposited at a much lower temperature by the catalytic CO disproportionation is of value. 

Here again, type and partial pressures of the reactant gases are critical for the morphologies 

of the carbon formations. However, the tempierature at which the similar products are 

formed, is with 700 - 9(X) K significantly lower than in the arc discharge (~33(X) K). In 

particular, evaluation of the effect of variations of the hydrogen concentration on the 

formation of carbon nanoclusters in the catalytic CO disproportionation provides more 

information on the role of the buffer gases. 

As presented in section 5.3, the morphologies of a set of carbon nanoclusters 

deposited by the Ni catalyzed decomposition of carbon monoxide has been characterized 

using both scanning electron microscopy and transmission electron microscopy. 

Similarities are found with the nanoclusters produced by arc discharge, with multi-walled, 

concentric hollow core nanotubes being observed in which the layers are separated by 0.34 

nm, the distance associated with separation between graphitic basal planes. The length of 

the tube is in the range of 1~10 pim. among the samples characterized. However, the similar 

morphology can be changed by varying the partial pressure of hydrogen. With no 
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hydrogen present, only closed forms of carbon deposits such as multi-walled nanotubes are 

produced. As the partial pressure of hydrogen is increased, filament-type carbon deposits 

with open edges are observed [Fig. 5.3.2-1]. The speculated growth mechanism of both 

morphologies are discussed in the next section. 

6.1.2 Open-Edged Conical Filaments 

The observations on filaments are largely consistent with those of many earlier 

investigations of pyrolytic carbon filaments, and with models developed to describe their 

growth [47]. It is generally accepted that the particle nearly always found at the tip of the 

fiber acts as a catalyst that absorbs carbon from the gas phase and deposits it as solid 

carbon in a tubular morphology. The growth of carbon nanoclusters during the Ni catalytic 

CO decomposition is presumably initiated by carbonization of the catalyst particles beyond 

their solubility limit for carbon. When the particle becomes sufficiently supersaturated, a 

carbon cluster nucleates and grows on one side of the particle to relieve that 

supersaturation. As the solid carbon precipitates, the catalytic particle is carried ahead at the 

advancing tip of the tubular formation. Whether this tubular cluster having a conical 

structure or a cylindrical structure is decided by the presence of the hydrogen. The carbon 

cluster growth may be interrupted periodically as precipitation lowers the critical level of 

carbon supersaturation in the particle, with the growth restarting as the critical level is 

regained. The carbon cluster would therefore lengthen in a series of rapid bursts as the 

saturation-precipitation process repeats; the partially formed carbon partitions within the 

cluster mark the holding positions of the growth as shown in Fig. 6.1.1-1. 

It is obvious that the likelihood of such a process occurring will depend on effects 

at the interface between the carbon containing gas and the exposed face of the metal. 

Although it has been well known for some time that the presence of hydrogen in the 
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Fig. 6.1.1-1 A TEM image of the tubular carbon formation which demonstrates the 

hypothesized growth mechanism. 
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reactantgas can increase rates of carbon deposition [61], the role of hydrogen acting as a 

key component in determining the morphology of the deposited carbon has only recently 

been realized [33,62]. This study, however, demonstrates the detailed correlation between 

structural phenomena and the effect of the hydrogen at different concentrations in the sense 

of determining the structure of the tubular clusters, cylindrical or conical, depending on the 

presence of hydrogen in the reactant gas. Other parameters appear to be of secondary* 

importance, although higher temperature lowers the effect of the hydrogen presence. For a 

given hydrogen concentration, the number of open edges decreases as the reaction 

temperature is raised. This suggests that the morphologies of the carbon deposited from the 

gas phase is affected by the availability of hydrogen as well as its concentration. It was 

hypothesized that the hydrogen atoms serve to satisfy the free valence at the edges of 

graphite planes. This effect of hydrogen at low concentration is more favorable at relatively 

low temperature. In the range of 745 to 785 K, the samples deposited at the low-

temperature end contain a lot of open-edged filaments, while the samples prepared at 785 K 

consists of mainly the close-shelled cylindrical nanotubes, and only few open-edged 

filaments. These results not only show significant evidence for the key effect of the 

hydrogen but also provide further support for the explanation why the ratio of open-ended 

nanotubes is so low in the samples prepared at the high temperature of the arc discharge 

even in a hydrogen rich atmosphere. However, this interpretation is in contrast to the model 

proposed by Baker and Rodriguez [63] which suggests that the crystallographic orientation 

of the catalyst particle in a given reactant environment will determine not only the direction 

in which the graphite basal planes are oriented but also the degree of perfection of the 

crystals. This model is not in agreement with our observations which identify the hydrogen 

concentration as the prime parameter for determining the inclination of the basal planes of 

the filaments. Only in the small number of cases where the filament of a hydrogen-specified 
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angle of inclination matches a major crystalline plane of the catalyst particle, can the above 

model be applied. 

6.1.3 Comparison of the structural stability 

Carbon tubular morphologies prepared at high temperature by arc discharge, and at 

low temperature by CO disproportionation with and without hydrogen present have been 

discussed in relation to their structural similarity and growth mechanisms. Comparison of 

their structural stabilities may gain further insight into their properties. 

Arc discharge samples and CO disproportionation samples deposited in the absence 

of hydrogen show the same tubular, multi-walled morphology, in spite of the large 

difference in the temperature of preparation. However, when hydrogen was introduced into 

the reaction chamber, open-ended tubes were found in arc discharge samples, while 

filaments of the conical structure are the products of the CO disproportionation. The results 

of the samples after annealing at 1273 K under either a helium or hydrogen atmosphere, or 

bombarded by the electron beam of high energy (200 kV) shows that the cylindrical 

structure of multi-walled nanotubes, deposited both by the high temperature arc and by the 

low temperature CO disproportionation withstands annealing and electron bombardment 

better than the conical structure of the fish-bone filaments as shown Fig. 5.4.2-1, Fig. 

5.4.2-2, and Fig. 5.4.2-3. The annealing resistance of the arc discharge samples is not too 

surprising because the arc discharge formation of nanotubes proceeds at a temperature in 

excess of 3300 K which is much higher than the annealing temperature of 1273 K. 

Possible temperature-induced structural rearrangements have occurred as the material 

passed through those high temperature regions. This type of sample should be highly 

temperature-stable due to its thermal prehistory. The annealing temperature (1273 K) for 

the cylindrical nanotubes deposited by CO disproportionation, on the other hand, is much 

higher than the temperature (745 K) of their deposition, so that structural modifications 
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could reasonably be expected. However, the straight-walled geometry apparently stabilizes 

the cylindrical configuration. This result suggests that the stability of a nanotube is 

determined by the structural effect as much as by its thermal prehistory. 

In contrast to the cylindrical samples, the filament-type clusters deposited by 

decomposition of CO react quite differently to the 1273 K aimealing. When the filaments 

were annealed in helium, the result shows that the annealed filament (Fig. 5.4.2-1) has 

been deformed significantly. The catalyst particle that was attached to the tip of the filament 

has fallen off, and the edges of the graphitic basal planes of the stack are no longer 

uniform, and some of them are connected to each other by newly formed loops. 

Apparently, the conical fishbone structure is not as stable as the multi-walled cylindrical 

configuration under the annealing. A plausible explanation for the instability of the filament 

is the initial saturation of the edges of the filament by the C-H bonds, which are not as 

stable as the C-C bonds of the multi-walled tubes. During annealing, the highly active C-H 

bonds may be replaced by C-C bonds and then form certain types of hydrocarbons. Since 

the C-H bonds are only located at the edges of the filament, the amount of the hydrogen 

available in the helium environment is not sufficient to gasify the entire carbon filament, 

leaving a deformed configuration behind. 

The cylindrical nanotubes and conical filaments after having been annealed in a 

hydrogen atmosphere have proved that the nanotubes of cylindrical structure remain 

unchanged. However, the filaments of the conical structure have completely disappeared. 

The material left behind is amorphous carbon mixed with sintered catalyst particles. Since 

the filaments are annealed in a hydrogen atmosphere, this condition provides sufficient 

hydrogen to gasify the entire carbon filament sample to form hydrocarbons. The instability 

of the conical fishbone filament is caused by the hydrogen which saturates the dangling 

bonds of the filament edges. When the filaments are annealed in hydrogen atmosphere. 
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they react with the hydrogen to form gaseous hydrocarbons. This is probably due to the 

less stable graphite edges in the filament. 

The stability of the structures was compared further under the electron beam 

bombardment. It is apparent that a two-minute high-energy electron beam bombardment 

only causes the cylindrical nanotubes to become disordered while the conical filaments 

were not only completely collapsed but also formed numerous spherical particles. 

Therefore, the electron bombardment of filaments not only provides the evidence of the 

instability of the conical structure but also proves that the modifications of the structure are 

more easily obtained from the conical structure of the filaments than from the cylindrical 

structure of nanotubes. 

6.2 The Formation of Metal and Metal Carbide Filled Carbon Cages 

The study of encapsulating foreign materials into carbon cages synthesized by three 

different methods suggests that whether the encapsulated materials are metals or metal 

carbides depends not only on the physical properties of the foreign materials but also on the 

preparation conditions, in particular the reaction temperature, the quenching action of the 

gas, and the ratio of carbon to metal supply. Foreign materials encapsulated by carbon 

nanocapsules synthesized by conventional arc discharge are in general the metal carbides, 

while elemental metals can be encapsulated into carbon cages by the method of the modified 

arc discharge. Ni particles acting as catalysts can also be encapsulated into the carbon 

capsules during the catalytic CO disproportionation. A detailed discussion of these asjjects 

is given below. 

6.2.1 Carbon Nanocapsules Encapsulating Metal Carbides 

The encapsulation of metal-related particles into the carbon nanocapsules 

synthesized by consuming a graphite anode stuffed with a guest material in the 
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conventional arc discharge was found to have a high tendency to form metal-carbide 

encapsulants. This result is independent of the composition of the stuffed foreign materials, 

pure metals or their oxides. Seventeen elements listed in Table 4.2-2 were used for this 

encapsulation study. The characterization result shows that some foreign materials (Y, Mg, 

Ca, Al, Fe, Co, Ni, Nb, Ta, and Zr) can be encapsulated into carbon nanocapsules, and 

some (Si, Ti, Cu, Pd, Ir, and Pt) can not. The ones which were encapsulated, were found 

in the forms of their carbides. The interiors of the carbon nanocapsules, in particular those 

found in the slag, are only partially filled. A typical example was shown in Fig. 5.1.2-1. 

There, the YC2 crystallites fill partially the interiors of a nanotube and some nanoparticles. 

This phenomenon of a partial filling has been commonly observed in the carbon 

encapsulated LaC2 particles and other types of metal carbides [39,64,65]. The characteristic 

configuration of this type provides valuable evidence for supporting the hypothesized 

growth mechanism [66]. It was believed that the filling of the inner cavity of nanocapsules 

occurs simultaneously together with the formation of the carbon cages. For instance, when 

yttrium and carbon are simultaneously evaporated by the arc discharge, carbon-yttrium 

particles are formed on the surface of the negative electrode. Since the temperature of the 

electrode surface is higher than 3000 K, the particles may be initially in a liquid phase or at 

least have a high structural Huidity. With the decrease of the temperature of the electrode, 

the liquid alloy begins to solidify. Since the melting point of carbon (3825 K) is higher than 

thatof YC2 (2688 K), the segregation of the supersaturated carbon atoms from the particle 

interior is favored [67]. The cooling and segregation proceed from the surface to the center 

of the particle. In this way, the carbon cages are gradually formed on the surface of a 

carbon-yttrium particle. Further progressing in the segregation of excess carbon atoms 

which form successive inner layers of the cage, the carbon-yttrium particle shrinks and an 

empty space is left inside the graphitic cage. As an intermediate step after the formation of 

the first few layers, the multilayer stack may adapt to the increasingly hollow interior by 
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bending inward. When the stabilized YC2 phase and the graphitic cages reach their 

equilibrium, a YC2 nanocrystal wrapped by carbon shells is formed. 

An external source of carbon supply, the carbon-rich region of the arc plasma, may 

also be responsible for the formation of these carbon cages. This environment may provide 

extra carbon atoms to enhance the formation of the outer layers of the carbon cages. The 

formation of the carbon cages of encapsulated metal carbides thus involves both the 

segregation and deposition of the carbon atoms from inside of the metal-carbon particles, 

and the carbon-rich environment of the arc plasma, respectively. This speculation is further 

supported by the results of a wide range investigation of HRTEM images of various carbon 

encapsulated metal carbide particles which shows no close correlation between the 

thickness of the carbon cages and the size of the encapsulated carbide particles. 

The elements that failed to be encapsulated into carbon cages, could be classified 

into two extreme cases in relation to the affinity to carbon. When Cu, Zn, Pd, Ir, or Pt are 

stuffed into the graphite anode, there is no encapsulation observed in spite of the existence 

of empty carbon cages. This may be due to the fact that these elements do not react readily 

with carbon to form carbide [65]. As such, the lack of reactivity with carbon may also 

inhibit the deposition of the carbon atoms on their surfaces. Especially the lower carbon 

solubility of these metals makes the metal particles difficult to be supersaturated by carbon. 

Therefore, the deficiency of carbon segregation and deposition prevents carbon cages to be 

formed on the surfaces of the metal particles. When Si, or Ti was used in the composite 

anode, on the other hand, no encapsulation occurs either. The reason is not that they are 

inactive to carbon. On the contrary, both silicon and titanium have a high reactivity with 

carbon and form very stable carbides. This may preoccupy the carbon atoms which are 

needed for the formation of carbon cages. Presumably, if the metal carbide particles were 

encapsulated, the tendency of the carbon atoms to link up into the graphitic cages is 

apparently sufficiently strong to overcome the competition with the concurrent formation of 
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the encapsulated metal carbide. In the cases of silicon and titanium, the reactivity of the 

carbon atoms with metal may be sufficiently strong to undercut the tendency for carbon 

cage formation. In other words, the connecting tendency of carbon-metal bonds is so 

strong that it preempts the supply of carbon atoms which could link up to C-C bonds for 

the formation of carbon cages. Therefore, only metal carbide clusters are observed without 

the carbon cages that could contain them. 

Although a number of hypotheses were advanced for the explanation of this 

selectivity of the encapsulation phenomena, it is apparent that the physical properties such 

as vapor pressure [68], melting and boiling points [69], the completeness of the electronic 

shells of the elements [70], or their heat of carbide formation are not sufficient to explain 

the selectivity of the encapsulation without exceptions. Comparing the results of this study 

with those of other group)s, it seems that the formation of metal carbide is highly related to 

the ratio of carbon to metal supply, as well as the high temperature of the preparation 

process. If the hypothesized growth mechanism of the encapsulation described above is 

followed, there is no doubt that the encapsulated metals will have high possibility to 

stabilize in carbide forms as long as their physical properties allowed. However, some 

aspects of this study show that it is not necessary to form carbide for the guest metals to be 

encapsulated into carbon cages if the preparation parameters are controlled properly as in 

the modified arc discharge. The encapsulation of elemental metals into carbon nanocapsules 

is discussed in next section. 

6.2.2 Carbon Coating Elemental Metals 

Carbon-coated ferromagnetic particles synthesized by the modified arc discharge 

without other unwanted carbon formations suggest that the guest materials can be 

encapsulated by carbon without changing their physical properties. In other words, the 

formation of metal carbides can be avoided during the encapsulation of the metals into 
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carbon cages. The achievement was attributed to the modification of the preparation 

parameters of the arc discharge [42]. In the case of encapsulation of ferromagnetic particles 

as described in section 4.3, several parameters are different from those of the conventional 

arc. First, the amount of Fe, Co, or Ni with respect to carbon used in the modified arc 

discharge process is much higher than those of in the conventional arc method, i.e. a high 

ratio of metal to carbon supply available. Second, a helium jet is introduced into the arc 

center instead of evenly distributing the helium pressure in the reaction chamber like in the 

conventional arc. Third, the formation of the products is located on the water-cooled wall 

of the reactor rather than on the hot surface of the cathode. Under these modified 

conditions, a relatively large amount of metal and a small amount of graphite were 

evaporated during the arc discharge. After that, the vapor of metal and graphite is rapidly 

quenched by the helium jet, and consequently condensed to nanoparticles. During the 

condensation, since the melting point of the carbon is higher than that of transition metals 

(Fe, Co, and Ni), carbon first segregates, and forms graphitic layers covering the surface 

of the particles. The XRD results confirm that these carbon-coated metal particles are 

elemental metals rather than metal carbides. This suggests that the excess carbon atoms of 

the particles, if there are any, do not stabilize themselves in carbide form within the metal 

particles. 

In general, single-walled nanotubes, strings of spherical carbon clusters, and other 

types of carbonaceous flakes were produced when the Fe, Co, and Ni stuffed anodes were 

used in which a high ratio of carbon to metal is contained in the anode. The result of this 

study suggests that decreasing the amount of carbon available in the arc minimizes the 

production of carbon nanotubes and other carbon-rich containing morphologies. The 

cooling temperature is also important. The increase of the carbon coating layers of the metal 

particles by annealing them at 873-1173 K suggests that the as-made particles did not go 

through the excessive high temperature annealing during the preparation unlike those found 
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in slag prepared by conventional arc discharge. This may be one of the reasons why these 

carbon-coated metal particles do not form carbide, and do not show the empty space 

between the carbon coatings and the metal cores. Therefore, it was believed that the critical 

parameters including the high ratio of metal to carbon supply, the rapid helium quench, and 

the low temperature region of the location of the condensation are responsible for the 

formation of these carbon-coated elemental metal particles. They may also be the key 

factors of avoiding the formation of metal carbides. A detailed comparison of the 

processing conditions and the properties of the encapsulation products prepared by 

conventional arc discharge and by modified arc discharge is summarized in Table 6.2.2-1 

which may give more insight into the effects of these three preparation parameters. 

To further investigate the effects of the ratio of metal to carbon supply on the 

encapsulation, the size of the anode inserts for the case of cobalt described in section 4.2 

and 5.2.3 was varied, and provides more evidence on this subject. The result shows that 

the size distribution of the particles shifts to a larger value as the diameter of the metal insert 

is increased. The thickness of the carbon coating is also affected by the rate of the metal to 

carbon available. The higher the ratio of the carbon to metal is used in the anode, the thicker 

the carbon coating layers are formed on the surfaces of the particles. It was speculated that 

although the geometrical dimensions of the anodic crucible determines the rate of carbon 

and metal supply available, perhaps even more important is the configuration of the arc 

with respect to the metal pool of the anode. If the arc terminates entirely in the metal pool 

without involving the graphite holding it, the supply of metal vapor will be abundant, and 

the particles will grow bigger. If the arc engulfs both metal pool and graphite crucible 

because the cathode is much larger than the anode, the evaporation of the graphite reduces 

the dominance of the evaporation of the metal. In this case, the vapor will consist of a 
/ 

higher ratio of carbon to metal supply. The quick helium quenching will result in a smaller 
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Table. 6.2.2-1 The encapsulation parameters and the products 

resulting from the conventional arc discharge and the modified arc discharge 

Conventional Arc Discharge Modified Arc Discharge 

1 Composite anode (6.5 mm in diameter) 

consists of a small amount of guest 

materials and relative large amount of 

graphite, i.e. a high ratio of carbon to 

metal supply available. 

Anode consists of thin-walled graphitic 

crucible filled with bulk metals (25 mm in 

diameter), i.e. a high ratio of metal to 

carbon supply available. 

2 Helium pressure is evenly distributed 

inside of the reaction chamber. 

A helium jet with a flowrate of 20-30 m/s 

is introduced into the arc center. 

3 Carbon encapsulated metal carbide 

particles are found in the slag which is 

deposited on the surface of the cathode of 

the high temperature arc region. 

Carbon-coated elemental particles are only 

found in the soot which is deposited on 

the wall of the reactor, especially in the 

region affected by the helium jet. 

4 Low yield of carbon encapsulated 

materials were found in the soot. 

Few carbon encapsulated materials were 

found in the slag. 

5 The slag consists of not only the carbon 

encapsulated metal carbide particles, but 

also the empty core nanoclusters and 

carbon flakes. The morphology of the 

encapsulation is a mixture of tubes and 

polyhedrons. Their sizes are not uniform. 

The soot consists of only carbon-coated 

metal particles without any nanotube and 

other unwanted morphologies. The sizes 

of the particles are rather uniform. 

6 The average thickness of the carbon cages 

of the encapsulation is more than 10 

graphitic layers. 

Most of metal particles are coated by 1-2 

graphitic layers. 

7 In most cases, the cavities of the carbon 

cages of the encapsulation were only 

partially filled. 

For the as-made carbon-coated metal 

particles, no cavities exist between the 

carbon-coating and the metal particles. 

8 Post deposition annealing treatment did 

not change the thickness of the carbon 

cages. 

Post deposition annealing increases the 

numbers of the carbon coating layers on 

the surface of the metal particles. 
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size of the metal particles with relatively thicker carbon coating. The melting points and the 

vapor pressure of the metal and graphite may also play a role in this process. 

6.2.3 Carbon Encapsulated Catalytic Ni Particles 

Carbon encapsulated catalytic Ni particles of polyhedral and tubular shapes were 

found in the samples prepared by catalytic CO disproportionation as shown in Fig. 5.3.3-

1. Carbon encapsulated Ni mbuiar particles were found only in the samples prepared at a 

high reaction temperature of 873 K, without hydrogen present in the reactant gas, and 

under a long duration reaction (>30 h). Following the mechanism of the catalytic growth of 

carbon nanotubes described in section 6.1, it is not difficult to understand how does a 

catalytic Ni particle be encapsulated in a tubular shape. In particular in a relative high 

temperature reaction zone of the CO disproportionation where the catalyst particle may 

easily be modified to a tubular shape. 

The carbon encapsulated Ni particles of spherical or polyhedral shapes, however, 

were found not only in the samples prepared without hydrogen, but also in the samples 

prepared with hydrogen present. The observation of these close-shelled encapsulations in 

both samples leads to a new consideration of their formations. In order to understand their 

growth mechanism, sets of TEM micrographs of carbon encapsulated Ni particles prepared 

by catalytic CO disproportionation and by conventional arc discharge were carefully 

compared. Two obvious differences were found. First, the carbon nanocapsule of the Ni 

particles prepared by CO disproportionation is in general thicker (>20 layers) than that of 

Ni encapsulation (<10 layers) prepared by conventional arc discharge. This indicates that 

the carbon supply available for the growth of both morphologies is different, and the 

catalytic function of the particles may also be different with respect to different 

environments. This latter subject will be discussed in 6.3.1. The structural phenomenon 

also infers that thicker carbon coating layers are necessary in order to deactivate the catalytic 
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Ni particles from inducing the nanotubes and nanofilaments to grow in the process of CO 

disproportionation. Second, there do not exist any empty cavities between the carbon 

coatings and the Ni particles prepared by CO disproportionation. This is in contrast to Ni 

encapsulations found in the slag prepared by conventional arc discharge in which the 

carbon cavities were only partially filled by the encapsulants indicating a limited segregation 

of carbon atoms from the encapsulants due to the high temperature of the arc (>3800 K). 

These differences may also attribute to the different growth mechanisms at different 

preparation processes. In the CO disproportionation, it assumes that molecular 

decomposition and carbon solution occur at one side of a catalytic particle. When the 

particle becomes supersaturated, the carbon atoms start to diffuse through the particle and 

precipitate on the surface of the other side of the particle. Whether these particles are 

energetically favored for leading the carbon tubular morphologies to grow or encapsulating 

themselves into the carbon cages is highly dependent on the preparation parameters. For 

instance, a high density of carbon encapsulated Ni particles was found in the samples 

prepared at a relatively low temperature of 745 K, under a setting of high carbon activity (ac 

> 20), and a moderate duration reaction. Since the catalytic particles have to expose certain 

surface areas to decompose the carbon monoxide in order to obtain carbon atoms, it takes 

some time for the particles to be supersaturated. As a result of this slow but moderate 

process, the thicker graphitic shells may be more likely to be accumulated on the surface of 

the catalytic particles. Although it is not clear whether chemical potential energy fluctuations 

during precipitation causes the complete covering of the surface of the catalytic particles or 

the temperature gradient of the particle creates this driving force. However, both factors 

were found to be critical for the encapsulation of these catalytic particles [71,72]. 

Regarding the encapsulation, it seems that the connecting tendency of the C-C bonds is so 

strong that the formation of C-H bonds are not favored while the hydrogen was added into 
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the reaction. Therefore, no hydrogen effect was observed on the carbon encapsulated Ni 

particles. 

Encapsulated Ni particles produced in the CO disproportionation have been found 

to exhibit no carbide peaks in XRD [73], indicating that excess carbon does not stabilize 

within the particle as carbide. This result is consistent with that of carbon-coated Ni 

particles prepared by the modified arc discharge, but different from that of Ni encapsulation 

prepared by conventional arc discharge in which the Ni encapsulant was usually found in 

the form of carbide [74]. 

The correlation between the modified arc discharge and the catalytic decomposition 

of hydrocarbon was further linked up by the result of the carbon-coated copper particles 

prepared by the combination of the modified arc discharge and the decomposition of 

methane described in section 5.2.2. Copper is one of the seven elements studied which 

could not be encapsulated into carbon cages by conventional arc discharge reported in 

section 5.1.2. The reason was attributed to its low carbon solubility, as well as its inactive 

namre to carbon. In the early study of methane decomposition and steam reforming, copper 

was also well known for its inactivity in the decomposition of methane [75], Therefore, 

copper was often used for controlling the extension of the active surface domains in the 

nickel alloy catalysts for the decomfxjsition of methane. No report was found with respect 

to copper being a single catalyst for carbon deposition. However, the formation of carbon-

coated copper particles synthesized by the combination of the modified arc discharge and 

the decomposition of methane not only reveals the new aspect of the copper but also 

provides a new method for the copper encapsulation. Although the growth mechanism of 

this type is not clear at this time, it can be pointed out that the combination of two different 

carbon sources (the evaporated graphite and the decomposed methane) may play an 

important role. 



153 

6.3 Extraordinary Structural Phenomena Induced by Different Factors 

The synthesis of carbon clusters in tubular or polyhedral forms, and the 

encapsulation of foreign materials into them were achieved by three different methods in 

this study. The formation of a rich variety of morphologies of carbon nanoclusters caused 

by different physical preparation conditions including current density, electrode geometry, 

gas pressure, carbon activities, deposition temperature, and reaction duration have been 

discussed in the preceding sections. It was found, however, that other factors such as the 

catalytic function of the metals used in the preparation, as well as the post deposition 

treatments of annealing and electron beam bombardment can also significantly affect the 

morphologies of these materials. They will be discussed as follows. 

6.3.1 Catalytic Role of the Metals in the Formation of Carbon Nanoclusters 

To understand the growth of carbon nanoclusters by a catalytic route is crucial for 

exploration of new production schemes and potential applications of these materials. 

Carbon nanoclusters of multi-walled nanotubes and nanoparticles with hollow cores at their 

inside were formed abundantly on the surface of the cathode by consuming the pure 

graphite anode without any catalyst present in the conventional arc. When a composite 

anode consisting of graphite and metals was used, the products contain not only the same 

morphologies of nanoclusters comparable with those synthesized by using pure graphite 

anode, but also new morphologies such as encapsulated nanocapsules, single-walled 

nanotubes, and strings of spherical clusters, etc. Such increased diversity and production 

efficiency were attributed to the catalytic function of the metals. Study of the catalytic 

growth mechanism is, therefore, essential for the further synthetic progress, as well as for 

gaining further understanding of this novel family of materials. For the samples prepared 

by CO disproportionation, the catalytic role of Ni particles responsible for the formation of 

cylindrical tubes, the conical filaments, and the encapsulated morphologies has been 
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discussed in sections 6.1 and 6.2. For the arc discharge samples, the catalytic role of the 

metals will be discussed in this section on the base of stimulating the growth of single-

walled nanotubes, strings of spherical carbon clusters, open-ended nanotubes, and the 

complicated morphologies of carbon nanotubes and nanoparticles. 

(i) Single-Walled Tubes and String of Spherical Clusters Catalyzed by Fe, Co, and Ni 

The single-walled nanotubes and strings of spherical nanoclusters are found in the 

soot produced by consuming the composite anode consisting of graphite and transition 

metals in a conventional arc discharge. The single-walled tubes show a very narrow 

diameter distribution (0.5 ~ 3 nm). Their growth features did not show direct contact with 

transition metal particles. These observations strongly suggest that a different growth 

mechanism is responsible for the single-walled nanotube growth. 

Transition metals of Fe, Co, and Ni are well known catalysts for growing carbon 

fibers from the decomposition of hydrocarbons, in which these metals were found either at 

the tips or in the middle of the fibers [49]. The fiber growth was observed in situ in the 

electron microscope by Baker et al. [76] during studying acetylene decomposition upon Fe, 

Co. and Ni particles. They have shown that the fiber growth occurs at the catalyst contact 

and that it stops growing when the initially carbon free metallic surface becomes covered by 

carbon. The results of this study presented in section 5.3 demonstrate that the growth of the 

multi-walled nanotubes and fish-bone filaments by Ni catalytic disproportionation of 

carbon monoxide also follows a similar route. The growth model for these carbon fibers 

involves carbon diffusing on one side of the metal particle surface and forming graphitic 

layers on the other side of the particle [59,77,78,]. This is in contrast to the single-walled 

tubes produced catalytically in the arc soot, which do not show metal particles at the tips of 

the tubes although the formation also occurs in the vapor phase. The catalytic species, 

therefore, must depart after the closure of the nanotubes, which favors the hypothesis that 
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small metal clusters are the catalysts for the single-walled tube formations. Moreover, these 

metal clusters must be so small that they cannot nucleate the second wall of the tube to 

grow [79]. Small metal clusters are known to have interesting catalytic properties in the gas 

phase. For instance, Fe4''' has been found to be an active center that forms benzene 

precursors [80]. Co clusters, Con"^ (n = 1,3,4), react with cyclohexane to produce CeHe 

bound to the metal cluster in the gas phase [81]. Therefore, it is conjectured that small 

transition metal clusters formed in the arc may play an important role in catalyzing the 

single-walled tubes. 

Incorporation of carbon dimers into a cage-like precursor has been considered to be 

a route to the growth of single-walled nanotubes [82,83]. A growth model proposed by the 

Rice University group [5] states that single-walled tubes initiate from the growth of 

fullerenes in which the transition metal atoms in the carbon vapor chemisorb on the carbon 

clusters and migrate to dangling bonds at the carbon cluster edges, thus inhibiting closure 

of the fullerenes by partially satisfying the previously dangling bonds. Subsequently by 

adding more carbon on these carbon/metal sites, the fullerenes are lengthened to single-

walled tubes. The difficulty with this proposed mechanism is that if this growth model 

were followed, most of the observed single-walled nanotubes would have the diameter of 

about 0.7-1 nm. Because the calculated geometric value for the diameter of a Ceo molecule 

is 0.7 nm, while taking account of the size of the :r-electron cloud associated with the 

carbon atoms, the outer diameter of the Cgo molecule can be estimated as 0.71 + 0.34 = 

1.03 nm, where 0.34 nm is an estimate of the thickness of the ;t-electron cloud 

surrounding the carbon atoms on the Ceo shell [84]. Furthermore, the Cgo molecule was 

found by far the most abundant fullerene existed in the soot. However, the diameter 

distribution of single-walled tubes revealed by our study does not match with this plausible 

presumption. In fact, the size of most single-walled nanotubes is not restricted to the 1 nm. 
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but rather evenly distributed in the range of 0.5 ~ 3 nm. This conflict calls for further 

consideration of the growth mechanism of the single-walled nanotubes. 

The formation of the string of spherical clusters, on the other hand, is a process in 

which the transition metals act as catalysts and stimulate growth at the interface. The 

catalyst particle absorbs carbon atoms from the vapor at one side. The carbon diffuses to 

the other side, and eventually precipitates on the metal surface in the form of a graphitic 

layer. As long as this condition is properly maintained, a stack of graphitic shells is 

consequently formed by a new layer growing underneath the older one. Although it is not 

clear at this time what kind of driving force results in this type of growth mechanism, it 

was suggested by a series of TEM images of this study that a catalyst particle was pushed 

out of the carbon shells by some driving forces once the graphitic layers reach certain 

thickness. As such, the graphitic shells close themselves into a multi-walled spherical ring, 

while a new stack is started at the bare surface of the catalyst particles again. The size of the 

clusters, which is approximately the same in each string although different from string to 

string, appears to be determined by the size of the transition metal particles. This provides 

further support of the above hypothesis. The growth mechanism of this type is very similar 

to that of encapsulating catalytic Ni particles by decomposition of carbon monoxide as 

discussed in section 6.2.3. 

(a) Catalytic Behavior of Other Metals Studied in Relation to the Uncommon Morphologies 

In addition to transition metals, the catalytic behavior of the other metals was 

recognized during the study of encapsulating these metals into carbon cages by the arc 

discharge. It was found that when yttrium is present in the anode, the products not only 

consist of about 30% carbon encapsulated yttrium carbide nanoclusters which show the 

highest encapsulation yield among the metals studied by the conventional arc discharge, but 

also contain various complex morphologies as presented in section 5.1.2. These structural 
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phenomena are not commonly observed in other samples. The result suggests that the 

yttrium may catalytically introduce various types of defects, such as the pentagons and 

heptagons into the graphitic network during the growth of the nanotubes. These defects are 

responsible for changing the growth direction of the graphitic plane, resulting in these 

uncommon features. 

The catalytic function of a metal present in the reaction chamber can be recognized 

in variety of ways. When titanium was introduced into the anode, the formation of titanium 

carbide preempts the formation of the carbon-carbon bonds necessary to form the carbon 

cages, so that only titanium carbide clusters are observed without carbon cages on them. 

The observation of a few partially encapsulated titanium particles, on the other hand, also 

suggests that carbon cage formation may only be favorable at certain crystal orientations for 

the readily carbide-forming metals. The structural phenomena observed in the titanium 

sample imply that the catalytic behavior of titanium is to minimize the formation of the 

carbon network. 

When magnesium powder is introduced into the anode, the carbon nanoclusters 

formed by consuming this anode contain not only the carbon encapsulated magnesium 

particles, but a number of open-ended multi-walled nanotubes. The catalytic function of the 

magnesium in respect to stimulating the open-ended nanotubes was found to be enhanced 

when the helium atmosphere was switched to hydrogen during the arc discharge 

preparation. The increase of open-ended nanotubes from ~2% to -5% by this variation 

suggests that it may be possible to further improve the yield of open-ended nanotubes by 

carefully manipulating the preparation conditions under the catalysis of the magnesium. 

Platinum, and palladium could not be encapsulated into carbon cages in this study. 

However, the catalytic effects of these two metals on the formation of carbon nanoclusters 

are noticeable. It was found that the platinum-filled anode produces the highest density of 

nanotubes, and the palladium-filled anode produces the lowest density of nanotubes 
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compared with the nanotubes synthesized by using a standard pure graphite anode. Further 

comparing of the soot produced by these three different anodes shows that the platinum-

filled anode produces only half of the soluble fullerenes compared to that of the pure 

graphite rod. The palladium-filled anode, on the other hand, appears to produce the same 

total yield of fullerenes as that of the graphite rod. Besides, it generates a higher percentage 

of C70 and almost doubles the yield of higher fullerenes compared to those of the other 

two. A detailed comparison of the results on this subject was documented in a publication 

quoted here as reference [85]. This implies that palladium enhances the production of C70 

and higher-order fullerenes, while the platinum seems to improve the production of the 

nanotubes. 

Although the nature of the catalytic reactions that result in these unexpected 

variations and the extraordinary structural phenomena, is presently not known, the catalytic 

effects are certainly significant for the further exploration of this novel family of materials. 

To further understand the catalytic mechanism of these metals should be the focal point of 

future studies. 

6.3.2 Annealing Induced Structural Transformation of Carbon Nanoclusters 

A striking structural phenomenon as demonstrated in Fig. 5.2.1-4 was observed in 

the carbon-coated Fe, Co, and Ni particles after annealing at 1373 K, consisting of 

numerous empty polyhedral shells of carbon. The size of the shells are generally larger than 

that of the as-made particles. Careful examination of the samples after annealing at different 

temperatures, the result suggests that this structural phenomenon was induced by the high 

temperature annealing. Similar morphologies were found in the acid treated carbon-coated 

Fe, Co, and Ni samples. It was speculated that thermal effects induced through the 

exothermic processes by the reaction between the uncoated or partially coated metal 

particles and the acid may be responsible for the formation of the structures. 
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A comparison of a series of images taken from the carbon-coated cobalt particles 

before and after armealing at different temperatures is shown in Fig. 6.3.2-1 (a) - (d). Note 

in Fig. 6.3.2-1 (a) that the as-made particles were covered by 1~2 graphite layers, and the 

size of the particles is in the range of 20~40 nm. Fig. 6.3.2-1 (b) shows the cobalt particles 

after annealing at 873 K for one hour under flowing argon gas. In this image most of the 

cobalt particles are covered by 3~4 graphitic layers, and the sizes of the particles are almost 

the same as those of as-made particles. This increase of the number of the graphitic coating 

layers under 873 K armealing possibly results from the further precipitation of the carbon 

atoms previously stabilized in the particles by the rapid helium quench during the modified 

arc discharge preparation. Fig. 6.3.2-1 (c) shows the carbon-coated cobalt particles after 

annealing at 1173 K. Note that some of the metal particles have migrated out of their 

original cages, and sintered together with other particles to further expand the graphitic 

shells. This annealing induced metal particle migration out of the carbon cages is similar to 

the growth mechanism of the strings of the spherical carbon clusters described in 6.3.1. 

When the sample was annealed at 1373 K, most of the metal particles completely migrated 

out of the carbon cages, and the empty graphitic shells were left behind as shown in Fig. 

6.3.2-1 (d). The partitions existing inside of the empty cages shown in Fig. 6.3.2-1 (c), 

and (d) suggest that the migration of the cobalt particles out of the graphitic cages takes 

place without fragmentation into atoms or smaller clusters that would move more easily 

through the graphitic layers. Also fragmentation, if present, would produce intercalation of 

cobalt atoms/clusters between the graphitic layers, but the image shows no sign of this kind 

of intercalation. Therefore, to move out of these carbon cages the cobalt particles must open 

some holes in the successive layers, which close again afterwards. The formation 

mechanism of this type is quite similar to that of growth of strings of spherical clusters 

catalyzed by the transition metals in the arc soot. Moreover, these structural phenomena 

which were induced by the gradually elevated temperature annealing not only reveal the 
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Fig. 6.3.1-1 A series of TEM images shows the effect of amiealing on the carbon-coated 
cobalt particles, (a) Before annealing, (b) Annealing at 873 K. (c) Annealing at 1173 
K. (d) Annealing at 1373 K. 
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effect of thermal energy on the migration of the metal particle out of the graphitic shells, but 

further elucidate the catalytic behavior of the transition metals on the formation of the 

spherical graphitic particles. The aimealing result also infers that the protective nature of the 

carbon nanocages against armealing was limited to a specific temperature range which may 

differ from metal to metal depending on the properties of the metal used. 

6.3.3 Electron Beam Irradiation Formation of Onion-Like Graphitic Particles 

Comparison of the structural properties of nanotubes of cylindrical structure with 

the nanofilament of conical structure was carried out by several post deposition treatments 

as described in section 5.4. Using the intense electron beam (200 kV) of a transmission 

electron microscope to bombard these structures is one of these several experiments. The 

result revealed in Fig. 5.4.3-1 shows that two-minute electron beam bombardment causes 

only the slight disorder of the structure of cylindrical tube. However, the filament of 

conical structure has not only completely collapsed, but has also formed numerous 

spherical particles. This suggests that the structure of the cylindrical nanotube is more 

stable than that of the conical nanofilament. In addition to the comparison of the structural 

stability confirmed by the electron irradiation, it seems worthwhile to pay more attention to 

the formation of onion-like graphitic particles induced by electron beam bombardment on 

the filament of conical strucmre. Electron beam transformation of the multi-walled nanotube 

to onion-like graphitic spherical particles has been reported by Ugarte [60]. However, he 

used higher energy electrons (300 kV), and bombardment duration ten times longer than 

ours to generate similar spherical particles from a nanotube of cylindrical structure. These 

results imply not only the much higher stability of multi-walled cylindrical nanotubes, but 

also the much better modifiability of conical filaments. 

Use of an electron beam of a transmission electron microscope to both induce and 

view the filament structure transformation enabled us to study reactions in situ and in real 
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time. According to the TEM observation, the structural transformation of the filament can 

be summarized in three major steps (1) electron beam deformation of the conical filament; 

(2) collapse of the filament to small fragments of graphitic stack; (3) subsequent 

rearrangement of the graphitic stacks to spherical particles. These onion-like graphitic 

jjarticles present remarkable sphericity. They are very stable, and do not show any change 

under further intense irradiation even being made of only few shells. It was predicted that 

the particles are composed of nested truncated icosahedrons consisting of 12 pentagons 

with the rest being hexagons in each shell [86]. The preliminary calculation indicate that the 

nested configuration of fullerenes is energetically more favorable than single shell spherical 

or tubular in the case of large carbon clusters [60]. Therefore, it is significant to explore the 

formation of these particles. Based on the trend that the conical structure of filaments could 

be more easily transformed to spherical particles by electron bombardment than that of 

cylindrical nanotube, it is possible to further develop this structural transformation to 

desired specifications by studying the correlation between the hydrogen effect on the 

structure of the filament on one hand, and investigating the morphology evolution by the 

electron beam bombardment on the other. The study of the correlation between the diameter 

of the spherical particles and the length of the graphitic basal plane in the conical filament 

may lead to a method for making macroscopic quantities of onion-like graphitic spherical 

nanoparticles of controlled size. This structural evolution due to local heating of the tubular 

morphologies under vacuum may finally furnish an understanding of the self-assembly 

process of carbon nanotubes. 
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CHAPTER 7 

SUMMARY 

The scope of this dissertation was concerned with the preparation, and 

characterization of the carbon nanoclusters produced by three different methods. The 

objective of this study was to compare the growth mechanism and structural properties of 

the carbon nanoclusters synthesized by the high temperature (-3300 K) process of arc 

discharge, with those of prepared by the relatively low temperature (~800 K) process of 

catalytic disproportionation of carbon monoxide. The results presented in this dissertation 

indicate that this objective has been satisfied. 

7.1 Conclusions 

A large variety of near-spherical and tubular carbon clusters, and encapsulation of 

foreign materials into their hollow cores synthesized by conventional arc discharge, 

modified arc discharge, and catalytic CO disproportionation has been characterized and 

reported in this dissertation. Using the rich catalog of structural observations, an effort of 

understanding the basic mechanisms responsible for their growth has been made on the 

basis of analyzing the results and confirming, expanding, or modifying the growth models 

that have emerged from the work of the past. Some qualitative correlation between the 

physical properties including the subsequent growth features of the carbon nanoclusters 

and their process parameters have been established. Therefore, certain carbon nanocluster 

properties and applications that depend on the preparation conditions may now be 

investigated with an increased confidence of potential applicability. For instance, the 

magnetic nanoparticles coated with carbon may be used as magnetic media, magnetic 
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tagging elements, or as ferro fluids in drug delivery and monitoring systems. The 

nanotubes may serve as semiconductor, or conductors. 

The realization of these expectations rests with the control and tailoring of the 

growth of nanoclusters to desired specifications. This in turn depends on the understanding 

of the growth mechanism, and its response to a variation of the processing parameters. The 

state of the art in nanoparticles is characterized by the observation of a large variety of 

encapsulation phenomena. Some guidance has been obtained with respect to process 

parameters that produce a certain morphology in favor to others. 

The intense effort which the author and her colleagues have made through this 

study on the carbon nanoclusters has realized significant results as presented in preceding 

chapters. To emphasize some of the outcomes, a brief summary of the results is given 

below. 

(1) Study of the carbon nanoclusters produced by conventional arc discharge was 

carried out by a closer identification of the process parameters and conditions that promote 

certain growth features in particular by shifting the emphasis of previous study which 

focused on individual components and configurations, to an emphasis on how the 

parameters react with each other. The study leads to a new understanding of the role of the 

critical parameters such as the gas pressure, fiow pattern and composition, current density, 

dc voltage, configuration of the electrodes, and physical properties of the materials 

embedded in a composite anode on the formation of the carbon nanoclusters. It was found 

that buffer gas and current density determine the length of the nanotubes and their densities. 

The result suggests that the yield and the length of the nanotubes are sensitive to the 

atmosphere used for the production. When hydrogen was used as a buffer gas, the length 

and the yield of the nanotubes are higher than in a helium atmosphere with all other 

processing parameters kept the same. Nanotubes prepared in hydrogen of 100 Torr and in a 

helium pressure of 550 Torr are comparable, both pressures being near optimal for yield 
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and length of nanotubes in our system. That the nanotube "formation threshold" pressure is 

lower in hydrogen than in helium was attributed to the more efficient quenching capability 

of hydrogen which has a larger thermal conductivity than helium. Apparently, cooling rate 

and quenching capability of the buffer gas have a significant impact on the morphologies of 

the carbon formations. Using hydrogen as a buffer gas produces open-ended nanotubes in 

a small fraction (~2%). This was caused by the hydrogen atoms which terminate the 

dangling bonds of the carbon network at the growing tube ends. 

The component and the configuration of the electrodes were not only responsible 

for the supply of starting materials, but also accountable for the quality of the electric arc 

which influences directly the properties of the nanoclusters. The encapsulation of metal-

related materials into carbon nanocapsules synthesized by consuming a graphite anode 

stuffed with a small amount of guest material was found tended to form metal-carbide 

encapsulants. The reasons and a modified growth mechanism were spjcculatively proposed 

based on the results of seventeen elements studied, after reviewing previous work in the 

field. The formation of single-walled nanotubes and strings of spherical carbon clusters 

found in the soot was also a result of consuming composite anodes stuffed by transition 

metals (Fe, Co, and Ni). Analysis of the formation of the single-walled nanotubes suggests 

that further modification of their growth models that have emerged from the previous work 

is necessary in order to explain the growth mechanism of single-walled tubes presented in 

this study. A comparison of the growth steps of strings of spherical carbon clusters with 

those of similar features induced by other processes such as the catalytic CO 

disproportionation, the modified arc discharge, as well as the high temperature annealing of 

carbon-coated transition-metal particles was conducted. The result confirms that the metal 

particles migrate out of carbon cages in an integrated phase by opening holes in successive 

graphitic layers rather than fragmenting themselves into small clusters. 
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(2) The modified arc discharge is favorable for producing the carbon-coated metal 

particles without concurrently generating other imwanted morphologies. By using this low 

ratio of carbon-to-metal process, a set of carbon-coated transition metals (Fe, Co, and Ni) 

particles samples was produced. Various analytical techniques have revealed that the 

encased nanocrystals are pure metal, ferromagnetic, and generally spherical. Metallic 

nanocrystals of Fe, Co, and Ni are in the FCC phase, except in the case of iron, where 

some additional BCC phase was observed, and no traces of the bulk equilibrium phases of 

body centered cubic (Fe) and hexagonal close-packed (Co) were found. Stabilization of the 

FCC and BCC phases are attributed to the rapid helium quenching, as well as the small 

particle nature of the samples. The carbon coating is usually consisting of 1-2 graphitic 

layers. The nanocrystals are protected by the carbon coating against nitric acid U-eatment, 

and high temperature annealing up to 1173 K. 

The major advantage of the modified arc discharge is that many parameters, 

especially the carbon content, can be varied over wide ranges by changing the design of the 

crucible anode. This allows the production of different sizes of encapsulated nanocrystals. 

The response of the size distribution of encapsulated Co particles to changes in the size of 

the anode crucible further indicates the role of the electrode configuration and composition. 

It was found that the size distribution of the particles shifts to a larger value as the diameter 

of the metal insert is increased. The thickness of the carbon coating is also affected by the 

rate of the metal-to-carbon supply available. The higher the ratio of the carbon-to-metal 

used in the anode, the thicker the carbon coating layers formed on the surfaces of the 

particles. 

(3) Comparing carbon nanoclusters prepared by Ni catalytic CO disproportionation 

with those prepared by arc discharge made it possible to gain new understanding of carbon 

deposition from catalytic decomposition of carbon containing gases, as well as the 

influence of hydrogen. 



167 

Three different types of formations are produced by Ni catalytic CO 

disproportionation. They are fish-bone filaments, multi-walled nanotubes, and 

encapsulated nanoparticles. Which of these are formed preferentially depends on reaction 

conditions. It was shown that hydrogen must be present to produce filaments. The 

filaments differ from nanotubes in that they consist of cones with graphite edges at their 

outer circumference. Hydrogen atoms serve to satisfy the valences at the edge of each 

graphite basal plane. If more hydrogen is present, then more edges can exist. It was shown 

that the numbers of edges per unit length produced in filaments increased with increasing 

the concentration of hydrogen in the reaction gas. At higher temperature, hydrogen 

availability at the reaction surface becomes limited compared to an increasing rate of carbon 

deposition by CO disproportionation. Therefore, a sufficiently high temperature may 

minimize the formation of the edges resulted by hydrogen impact which is consistent with 

the result of open-ended nanotubes caused by hydrogen in the conventional arc discharge. 

In that case, multi-walled nanotubes are formed. The result also shows that nanotubes of 

cylindrical structure are produced instead of filaments of conical structure when no 

hydrogen is present in the reaction. The study of this subject not only demonstrates the 

detailed correlation between structural phenomena and the effect of the hydrogen at 

different concentrations, but also confirms that whether the internal structure of the tubular 

clusters is cylindrical or conical depends on the presence of hydrogen in the reaction gas 

during the CO disproportionation. For a given hydrogen concentration, the number of open 

edges decreases as the reaction temperature is raised. 

The other carbon formations which are produced with a low concentration of 

hydrogen or no hydrogen present in the reaction gas are carbon encapsulated catalytic Ni 

particles. An explanation of the formation of this morphology was proposed in section 6.2 

based on the comparison of similar morphologies produced by conventional arc, and 

modified arc. 
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(4) The structures and stabilities of carbon nanoclusters prepared at high 

temperature (~3800 K) by arc discharge have been compared with those deposited at much 

lower temperature (~800 K) by catalytic disproportionation of carbon monoxide. Scanning 

the surface by the F^ESEM , the morphology of the samples appears similar. However, 

analyzing the interior of the samples by HRTEM shows the internal structural differences 

depending on the preparation conditions and techniques. The following configurations 

were observed: Arc discharge sample and CO disproportionation samples deposited in the 

absence of hydrogen show the same tubular, multi-walled morphology, in spite of the large 

difference in the temperature of preparation. However, when hydrogen was introduced into 

the reaction chamber, open-ended tubes were found in arc discharge samples, while 

filaments of the conical structure are the result of the CO disproportionation. 

The cylindrical structure of multi-walled nanotubes, deposited both by the high-

temperature arc and by the low-temperature CO disproportionation, withstands annealing 

and electron bombardment better than the conical structure of the fish-bone filaments. After 

being aimealed at 1373 K, the unchanged cylindrical structure of the cylindrical nanotube 

sample deposited at 745 K indicates that the stability of the nanotube is determined by its 

structure as much as by its thermal prehistory. The electron bombardment of filaments not 

only provides the evidence of the instability of the conical structure but also proves that 

modifications of the structure are more easily obtained from filaments thzm from arc-

discharge nanotubes. The advantage of electron beam transformation of fish-bone filaments 

to onion-like graphitic particles was addressed in detail in section 6.3 by comparison with 

those formed by electron beam bombardment of cylindrical nanotubes. 

In addition to production comparison of the above three methods, the results of this 

study were also compared with those of other groups collected from the literature. It shows 

that similar macroscopic processing conditions can result in very different quantities, as 

well as different qualities of the product types collected. Therefore, the phenomenon of a 
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high sensitivity to a particular reactor design calls for further understanding of the 

preparation process. 

To close this work, the major conclusions drawn from the research are given as 

follow: The work presented here attempts to contribute to the still unfinished quest for the 

identification of the growth mechanism of carbon nanoclusters of various types, our own 

as well as that of others. A set of processing parameters is varied systematically, and the 

resulting growth phenomena are attempted to be tied to the observed morphologies. The 

study extends in many aspects to the range of parameter variations, and arrives at 

conclusions that were outside the previously reported observations. Interdependencies are 

reported that will lead to an increasingly tight control over the morphology targeted. 

A first set of conclusions refers to the role of the method chosen, and the 

temperature applied, in obtaining the familiar cylindrical multi-walled nanotubes. The 

results suggest the conclusion that the popular high-temperature arc discharge method is not 

an exclusive way of obtaining these cylindrical structures. Catalytic decomposition of 

carbon monoxide proceeding at about a quarter of the absolute temperature of the carbon 

arc, generates cylindrical multi-walled tubes deceptively similar to their counterparts 

generated in the arc. Obviously, the high temperature of the arc is not a precondition for the 

growth of the graphitic stacks, and may proceed more controllably in the low-temperature 

process. The catalytic particle at the end of the growing tube may at a later time help to 

clarify this growth mechanism. Similarly, the strong response of the cylindrical structure to 

the presence of hydrogen, resulting in a stack of fish-bone structures aligned along the tube 

axis, will be of importance in clarifying the role of hydrogen on the morphology of the 

carbon nanoclusters by the decomposition of hydrocarbon. But basically, the conclusion 

stands that cylindrical multi-walled growth is not tied to the arc. The new peripheral 

phenomena - catalysts, hydrogen presence - will add aspects to the interpretation. The 

stability of the nanotubes now synthesized by different methods, towards thermal annealing 
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and electron beam bombardment, suggests the conclusion that there is an inherently greater 

stability in the cylindrical tubes than in the conical filaments in which the adhesion of the 

hydrogen to these "dangling bonds" is critical. 

Following up on the roles of the catalysts established in these three methods, one 

common function is to lead the growth of the spherical particles, such as the string of 

spherical carbon clusters, and carbon coated metal particles. The balance of the ejection of 

supersaturated carbon and external gas-phase reactions in their growth was hypothesized, 

and the role of the catalyst-tube interface was emphasized. An ejective closing mechanism 

for the multi-walled cages was apparently at work. The numerous observations of the type 

sketched in this thesis permit the conclusion that catalysts and their interaction with the 

growing, structurally fluid particle is of importance. Once understood, these phenomena 

will appear as different facets of the same basic growth mechanism. 

The same element can apparently serve different functions, being encapsulated into 

the growing cage under one set of conditions, and serving as catalyst in a different 

environment. The expansion of the parameter space in our study was particularly helpful in 

this respect. The elements of the iron group were known as catalysts, but could apparently 

not be encapsulated. Adding a modified arc discharge to our list of methods overcame this 

limitation. All three elements can now be encapsulated under the preparatory conditions of 

the different method. The conclusion is that the set of preparation parameters determines the 

role of an element in the growth of the nanotube. In the case of the iron group elements, it 

is apparently the greater variation of the metal-to-carbon ratio that is required to make these 

elements assume the double roles of catalyst and encapsulant. The willingness of certain 

elements to be encapsulated in contrast to those which refused, was previously attached to 

certain physical-chemical parameters as a selection criterion. This is apparently too simple 

an attempt. Therefore, it can be concluded that it is the interrelation of various parameters 

that ultimately decides on encapsulation or not. The fact that some elements go into the cage 
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under a certain set of conditions, but not under different ones, puts forward the conclusion 

that a balance of parameters decides the outcome. 

The most apparent conclusion emerges from the comparison of the results obtained 

with three different methods, resulting in morphologies that were different but not quite. 

Similarities emerged that pointed to certain parameters as the principal factors for the 

growth. That homogeneous assemblies of encapsulated magnetic particles were generated 

in a method that permitted variation of the metal-to-carbon ratio suggested that this is the 

basic feature that determines the growth. That the size of these particles responded to a 

variation of this ratio in the expected manner, supports the conclusion. 

7.2 Future Work 

Based on the conclusions presented in this dissertation future work should focus on 

the following aspects: 

(1) An extensive investigation of the carbon coated metal particles synthesized by 

the modified arc discharge method will point to improvements of the properties of the 

carbon coated magnetic and ferromagnetic particles. A variety of elemental metals and some 

of their alloys should be used as encapsulants for making carbon coated metal particles. 

(2) A detailed quantitative investigation of the effect of the ratio of metal to carbon 

supply on the morphologies and properties of carbon coated metal particles will provide 

further information on the systematic control of the products with required properties. 

(3) A complete statistical analysis of carbon nanotubes, particles, and other carbon 

formations with respect to the size, and density distribution would be useful. It would 

allow a better enumeration of the effect of reaction conditions on the resulting carbon 

morphologies. The size distribution of the carbon nanoclusters could be quantitatively 

determined by gas absorption based on Langmuir and BET methods. 
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(4) Study the mechanical property of the carbon nanotubes in composite materials 

will be the other focal point of future work. Nanotube composites will be synthesized and 

tensile tests will be conducted. The mechanical properties of nanotube composites will be 

compared to that of carbon fiber composites. 

(5) Further understanding of the influence of hydrogen on samples deposited by 

CO decomposition may be obtained by conducting experiments using different 

hydrocarbon gas as precursor. It would be interesting to see how different orientations of 

the graphitic basal plane in tubular morphologies effect their strength and modulus 

properties, and their bonding to the matrix material. Finally, some applications of the 

materials might be explored. 

A large volume of research has been devoted to the subject of carbon nanoclusters 

since their discovery six years ago. However, much more needs to be done towards a 

complete understanding of the formation mechanism, as well as fully controlling their 

systematic design. 
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