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Zusammenfassung 

Der Fokus dieser Arbeit liegt auf der Synthese sowie den Untersuchungen des 

Wachstumsmechanismus und der Eigenschaften von monochiralen, mehrwändigen 

Kohlenstoffnanoröhren (multi-wall carbon nanotubes, MWCNT) sowie einkristallinen 

Sliciumnitrid (Si3N4) – Nanokegeln. Drei grundlegende Ziele wurden hierbei verfolgt: i) das 

Erzielen eines hochqualitativen Wachstums von CNTs und Si3N4-Nanokegeln, ii) die 

Aufklärung der entsprechenden Wachstumsmechanismen der aufgewachsenden 

Nanomaterialien mittels HR-TEM und iii) die Erkundung der physikalischen Eigenschaften 

der synthetisierten Materialien, um mögliche Anwendungen identifizieren zu können. Die 

Synthese erfolgt hierbei im Rahmen der Arbeit mittels einer plasmaunterstützten chemischen 

Gasphasenabscheidung.  

Inspiriert wurde die Arbeit durch in-situ Untersuchungen des katalytischen Wachstums von 

Kohlenstoffnanoröhren auf festen Eisencarbid (Fe3C) Katalysatoren. Verbindungen von 

Übergangsmetallen (Fe, Co, Ni) mit Elementen, die einen, im Vergleich zum Übergansmetall, 

hohen Schmelzpunkt aufweisen, scheinen, insbesondere in kohlenstoffhaltiger Atmosphäre, 

potentielle Kandidaten für ein Chiralitäts-kontrolliertes Wachstum von 

Kohlenstoffnanoröhren zu sein. Letzteres wir durch die Tatsache unterstützt, dass feste 

Katalysatoren die Möglichkeit besitzen kristallographische Informationen auf die zu 

wachsenden CNTs zu übertragen. In diesem Zusammenhang konnten im Rahmen dieser 

Arbeit neue Erkenntnisse bei der Verwendung von Fe-Cr-Carbiden als Katalysator erzielt 

werden. Flächenselektive Elektronendiffraktometrie (selective area electron diffraction, 

SAED) zeigte, dass monochirale MWCNTs katalytisch auf (Cr,Fe)7C3 wachsen können. 

Durch systematische Untersuchung der Grenzfläche von Katalysator und CNT mittels 

hochauflösender Transmissionselektronenmikroskopie (high resolution transmission electron 

microscopy, HR-TEM) konnte nachgewiesen werden, dass das Wachstum  der 

Graphitschichten durch einatomigen Stufen des Katalysators entlang der c-Achse imitiert wird. 

Diese Stufen bestehen aus einer Basisfläche sowie einer {20-21}-Flächen des 

Katalysatormaterials. Durch eine Kombination von SAED und HR-TEM konnte weiter 

gezeigt werden, dass unterschiedliche Orientierungen des Katalysators zu einer Ausbildung 

von monochiralen MWCNTs mit entsprechend unterschiedlichen Chiralwinkeln führen. Im 

Besonderen wurde gefunden, dass mit Katalysatoren mit einer [0002] bzw. einer [10-10]-

Orientierung Kohlenstoffnanoröhren mit chiralen Winkeln von 0° bzw. 4,5° ausbilden. Diese 

Erkenntnis lässt das Potential erkennen, gezielt CNTs mit definierten Chiralitäten für 



Anwendungen in der Nanotechnologie CNTs erzeugen zu können. Die chiralen Indizes (n,m) 

der erzeugten CNTs wurden mittels weiterer sehr detaillierter SAED-Untersuchungen 

aufgeklärt. Ebenso wurde die Beziehung zwischen der Chiralität und der zugehörigen 

Facettenmorphologie untersucht. Auf bereits zuvor berichtete Unterschiede in den 

Ramanspektren der hier erzeugten zu verschiedenen anderen  CNTs wurde in der Arbeit 

ebenfalls nochmals eingegangen.  

Schließlich gelang im Rahmen dieser Arbeit erstmals die Synthese von ß-Si3N4-Nanokegeln 

mittels plasmaunterstützter Gasphasenabscheidung. Hierbei wurde der redox-induzierte 

Wachstumsmechanismus eingehend analysiert. Abschließend wurde Photolumineszenz sowie  

der Einfluss der Morphologie auf die optischen Eigenschaften des Materials untersucht, um 

seine Eignung in Bezug auf potentielle Anwendungen zu evaluieren. 
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Abstract 

This thesis focusses on the investigation of the synthesis of single-chirality multi-wall carbon 

nanotubes (MWCNT) and single-crystalline silicon nitride (Si3N4) nanocones as well as the 

growth mechanism and properties of both products. Three key objectives were pursued: i) to 

grow high quality CNTs and Si3N4 nanocones; ii) to investigate the growth mechanisms of as-

grown nanomaterials by HR-TEM, and iii) to evaluate their physical properties with respect to 

potential applications. A microwave plasma enhanced chemical vapor deposition technique 

was utilized in this work to realize materials synthesis. 

Inspired by in situ investigation of the growth of carbon nanotubes based on a solid iron car-

bide (Fe3C) catalyst, alloys of transition metals (Fe, Co, Ni) and elements, which feature a 

higher melting point than the transition metals itself, especially in the carbon-rich atmosphere 

were chosen as potential candidates for a chirality-controlling growth of CNTs. These in par-

ticular offer the possibility to transfer crystallographic information from the catalyst to the as-

grown CNTs. In this context, new results were obtained for the Fe-Cr carbide catalyst system. 

Selected area electron diffraction (SAED) patterns show that it is possible to grow single-

chirality MWCNTs by employing (Cr,Fe)7C3 catalysts. Systemic observations of the interface 

of as-grown CNTs and the catalysts by high resolution transmission electron microscopy 

(HR-TEM) revealed that graphite layers grow according to the c axis. Their growth is initiat-

ed by monoatomic step sites of the catalysts, which consist of a basal and a {20-21} plane of 

the catalyst. By combining SAED patterns and HR-TEM images, it could be concluded that 

different directions of the catalyst are responsible for the growth of single-chirality MWCNTs 

that feature different chiral angles. In particular, chiral angles of 0º and 4.5º were observed for 

catalysts that showed [0002] and [10-10] direction, respectively. This correlation represents 

an opportunity to grow MWCNTs with a predefined chirality and properties, which are direct-

ly tailored for the requirements of specific applications or needs in CNT based nanoscience 

and nanotechnology. The chiral integers (n,m) of the as-grown CNTs were confirmed by a 

detailed study of the corresponding SAED patterns. Furthermore, the relationship between 

chirality and the facet morphology was investigated. Additionally, it was possible to confirm 

various characteristic features in the Raman spectra of the nanostructures analyzed here, 

which differed from those of other CNTs reported before.  

Finally, aside from the CNTs mentioned above, β-Si3N4 nanocones were successfully synthe-

sized via microwave plasma enhanced chemical vapor deposition technique for the first time 

within the framework of this thesis. Their redox induced growth mechanism was investigated 
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and their photoluminescence properties as well as the effect of their morphology on their cor-

responding optical properties were evaluated regarding potential applications.  
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1 Introduction 

1.1 Nanomaterials 

In 1980s, the ability of nature remarking to human beings extends to atomic and mo-

lecular level with the discovery of nanoscience and technology, which opens a new era for 

science research —— Nanoscale Science and Technology Era. The development of nanoscale 

science and technology will drive the technological innovation in fields of Information Sci-

ence, Material Science, Energy, Environment, and Agriculture and so on, which definitely 

gives rise to a new technological revolution. 

Materials containing nanophase being studied for the first time can go back to 1950s. 

German scientists W. Kanzig and colleagues observed ―polar regions‖ near the surface of 

BaTiO3 crystals
1
, whose size is among 10-100 nm. Later scientist of Soviet Union G.A. Smo-

lensky
2
 deduced that the reason for the dielectric dispersion in composite CaTiO3 was the 

inhomogeneous of composition caused by existence of this ―polar regions‖. In this sense, 

nanophase exists in ferroelectric ceramics indeed and affects their electric property. But this 

could not attract a lot at that time. 

Until 1960s, scientists began to study nanoparticles consciously to discovery the mys-

tery of nanoworld. The concept of nanomaterial was firstly mentioned in a 1959 talk by fa-

mous scientist R. Feynman
3
. And later in 1962, Japanese scientist R. Kubo proposed ―Kubo 

theory‖ based on the study of metallic nanoparticles
4
,
 
which pushed experimental physicists 

towards further study on nanoscale particles. In 1980s, nanometer, not only used as a length 

unit, was defined a kind of material with a size of 0.1-100nm. At the beginning of nano-

material research, nanomaterial just referred to nanoparticles and nano films and solids com-

posed by nanoparticles. While, until now materials with at least one dimention in the range of 

nanoscale or their composites can be named nanomaterials. In July, 1990, the first Interna-

tional Conference on Nanoscience and Technology was hold in Baltimore, USA, which re-

garded nanomaterial science as a new branch of materials science. Since then, nanomaterials 

attract more and more scientists all over the world to work on them. 

1.1.1 Classifications of nanomaterials 

According to the difference of dimensionality of basic units composing nanomaterials, 

nanomaterials can be divided into four classes, shown in Fig. 1.1:  

 Zero-dimensional: the entire three space dimensions are in the range of nanoscale.  

 One-dimensional: two of the space dimensions are in the range of nanoscale.  

 Two-dimensional: only one space dimension is in the range of nanoscale.  
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 Three-dimensional: solid materials composed of nanomaterials mentioned above.  

 

Figure 1.1. Four classes of nanomaterials: (a) Au nanoparticles
5
;

 
(b) ZnO nanorods

6
;

 
(c) Superlattic-

es assembled by SiO2 nanoparticles
7
;

 
(d) MgO ceramics implanted with Ni atoms in na-

noscale
8
. 

Typical zero-dimensional nanomaterials are nanoparticles. These particles, with a granu-

larity under 100 nm, are in the intermediate state between atoms, molecules and macroscopic 

objects. This kind of nanomaterials can be used as high-performance thermal insulation mate-

rials, high-density magnetic recording materials, absorbing materials, radiation proof materi-

als, magnetic fluid materials, polishing materials for precision components, light sensitive 

materials, advanced battery and electrode materials, high-performance catalysts, combustion 

improvers, high-strength or high-ductility ceramics, the human body repairing materials and 

anti-tumor compositions and so on. 

One-dimensional nanomaterials often lead to tubular, wire or rod materials with the di-

ameter in the range of nanoscale and a long length. Carbon nanotubes
9
 (CNTs) are typical 

ones. These materials can be found used as micro cables, micro optical fibers and new laser 

materials and light-emitting diodes materials. 

Super-thin films, multi-layered films and superlattice structures belong to two-

dimensional nanomaterials. For two-dimensional nanofilms, they can be divided to two clas-

ses on the basis of different distribution. Nanoparticles sticking together with slender gaps 

app:ds:%20%20magnetic%20recording%20materials
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between each other compose granular films, while, nanoscale grains arranged together with 

on gaps form dense membranes. The application of these nanofilms is normally in gas catalyt-

ic materials, the filtration membrane materials, high-density magnetic recording materials, flat 

panel display manufacturing materials, and super conductivity materials and so on.  

Three-dimensional nano ceramics are nano powders formed aggregates under high pres-

sure. They can be used in high-strength materials, thermal insulation materials and intelligent 

materials and so on. 

Besides those mentioned above, research on nanomaterials can also focus on: object sur-

face with a roughness less than 100 nm, the assembling system of nanoparticles and porous 

medium, and the composites of nanoparticles and macro materials. 

Since all the units show quantum nature, the unit of zero-, one- and two-dimensional na-

nomaterials can also be called quantum dot, quantum wire and quantum wall, respectively. 

With the development of nanoscience and technology, a mount of novel materials and devices 

based on one or more nanomaterials were exploited to meet the different needs of human be-

ings. They can be called the fifth class of nanomaterials. 

1.1.2 Characteristic of nanomaterials 

Apart from the aspect of size, nanomaterials also show unique physical and chemical 

properties compared with atoms, molecules or macro objects. When the nanometer size range 

of materials is reached, nanomaterials perform typical distinctive phenomena: little size effect, 

surface effect, quantum measurement effect and macroscopical quantum tunnel effect. 

Little size effect 

When the crystal size is less than some physical characteristic lengths, such as optical 

wavelength, the de Broglie wavelength of conduction electron, and the coherent length or 

transmission depth of superconducting state, the periodic boundary conditions upon which 

normal state materials form will be destroyed. As a result, the atom density near the surface of 

amorphous nanoparticles will decrease, which result in the corresponding properties of acous-

tics, optics, thermology, mechanics and electromagnetics will show novel phenomena com-

pared with those of bulk.  

Surface effect 

Due to the small size of nanoparticles, the volume fraction of atoms at the surface is 

huge, generating a large surface energy. With the decrease of the size of the nanoparticles, the 

specific surface area and the amount of atoms at the surface increase dramatically. For exam-

ple, when the particle diameter is 5 nm, the specific surface area and the ratio of surface atoms 
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are 180 m
2
/g and 50%, respectively. While, those for the particles with a diameter decreases 

to 2 nm, are 450 m
2
/g and 80%, respectively. The increase in the number of surface atoms and 

the specific surface area causes the lack of coordination number and the presence of unsatu-

rated bonds, resulting in many defects at the surface of nanomaterials. Therefore, these sur-

faces have a high activity and are particularly vulnerable to absorb or react with other atoms. 

The activity of surface atoms not only causes the change of surface transport and configura-

tion, but also influent the electron spin, conformation and electron spectrum. 

Quantum measurement effect 

When the particle size is reduced to a certain level, the electron energy level near the 

Fermi level turns to be discrete instead of quasi-continuous level. For nanoparticles, as con-

tained a few number of electrons, the energy gap no longer tends to zero, thus discrete energy 

levels is formed. Once the gas of the discrete level is greater than the characteristic value of 

thermal energy, magnetic energy, electric energy and photon energy, energy level varying, 

energy band gap broadening, emitted energy of particles increasing will be resulted in. The 

blue shift of optical absorption will also be stirred up, intuitively causing the change of the 

color.  

Macroscopical quantum tunnel effect 

It is well known that although the total energy of nanoparticles is less than barrier height, 

the particles can still pass through this barrier, which is so-called quantum tunnel effect. But 

recently, it was discovered that some macroscopic quantities, such as magnetization of nano-

particles and magnetic flux of quantum coherence devices, can also perform tunnel effect. 

These phenomena were named macroscopical quantum tunnel effect. 

These features make nanoparticles and nano-solid exhibit many exotic physical and 

chemical properties, even ―anomalies‖. Examples below are given to describe those exotica. 

Metal is known as a conductor, but at low temperature metal nanoparticles are rendered elec-

trically insulating due to the quantum size effect
10

. PbTiO3
11

, BaTiO3
12

 and SrTiO3
13

 normally 

used as typical ferroelectric materials, becomes paraelectric when their size decrease to na-

nometer scale. The poly-domain of ferromagnetic materials turns to the single domain when 

their size is reduced to 5nm, resulting a strong paramagnetic effect
14

. Silicon nitride ceramics 

composed of nanoparticles with a size of several tens of nanometers have no typical charac-

teristics of covalent bonds. Instead, partial polarization appears at the interface, causing a 

small resistance on AC power
15

. Bulk platinum is chemically inert, while, platinum nanopar-

ticles have an excellent catalyst activity
16

. Metals present a variety of beautiful colors due to 

high light reflection. But that of metal nanoparticles decreases obviously, usually to as low as 
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1%
17

. The reason for that is the little size effect and surface effect. Fracture strength of iron 

nanomaterials with a size of 6 nm is 12 times higher than that of polycrystalline bulk iron
18

. 

Thermal diffusion coefficient and specific heat of Cu nanocrystals are 1016-1019 times and 

twice higher as those of conventional pure Cu, respectively
19

. Heat expansion coefficient of 

Pd nanocrystals increases to two times of that of bulk Pd crystals
20

. Heat exchange rate raises 

30% by utilize Ag nanocrystals as dilution refrigerator instead of traditional bulk materials
21

. 

Magnetic susceptibility of nano metal is 20 times as that of bulk metal, while saturation mo-

ment is only a half
22

. 

1.1.3 Preparation techniques of nanomaterials 

Nanomaterials deal with very fine structures, normally several, tens or hundreds of na-

nometers. There are two approaches to synthesize nanomaterials: ―bottom up‖
 23

 and ―top 

down‖ 
23

, schematically shown in Fig. 1.2. The former is to assemble atoms together, while 

the latter is to dis-assemble (break, or dissociate) bulk solids into finer pieces until they are 

constituted of only a few of atoms. This domain is an interdisciplinary work encompassing 

physics, chemistry, and engineering upto medicine. 

 

Figure 1.2. Schematic illustration of the two approaches of nanoparticles preparation. 
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There are many different ways of creating nanostructures. Among them, mechanical 

grinding
24

, electrochemical etching
25

, sputtered plasma processing
26

 and laser ablation
27

 be-

long to ―top down‖ approach. The ―bottom up‖ approach consist of gas condensation pro-

cess
28

, chemical vapor deposition
29

, precipitation
30

, sol-gel method
31

, hydrothermal method
32

 

and spray pyrolysis
33

. Of course, macromolecules or nanoparticles or buckyballs or nanotubes 

and so on can be synthesized artificially for certain specific materials. They can also be ar-

ranged by methods based on equilibrium or near-equilibrium thermodynamics such as meth-

ods of self-organization and self-assembly (sometimes also called bio-mimetic processes)
 34

. 

Using these methods, synthesized materials can be arranged into useful shapes so that finally 

the material can be applied to a certain application. 

1.2 Objective of the thesis 

1.2.1 Carbon nanotubes 

Carbon nanotubes have excellent properties which are attractive for applications as the 

main component of nanodevices in many fields. And tremendous effort has been devoted to 

the promising studies. However, a key question restrict the further development. That is dur-

ing the synthesis process, CNTs, either SWCNT or MWCNT, have a mixed microstructure 

which can definitely weaken the advantages of these novel materials. The precisely control-

ling of the structures of carbon nanotubes have not yet been explored in detail, and further 

work would be useful here, both from a fundamental standpoint and in view of the potential 

applications of these structures. Intensive researches have been carried out to successfully sort 

the as-gained CNTs to get what they want by some chemical, mechanical methods
35-41

. But 

this not only decreases the outputs, but also is not economical. The latest idea is to focus on 

the catalysts utilized during the CNTs growth
42-47

. Since catalysts could maintain its structure 

and morphologies during the process, the interaction of the catalysts and the as-gained CNTs 

may be possible for the single microstructure controlling. Therefore, finding a suitable cata-

lyst system seems crucial. A systematic study of a various of catalyst which may be metals, 

the combinations of two or more metals and their nitrides and carbides in order to catalyse 

single-chirality CNTs and the detailed investigation of the interaction of the catalysts and the 

as-gained CNTs form the main object of the study of carbon nanotubes in this thesis. 

1.2.2 Silicon nitride nanomaterials 

Si3N4 is an advanced material and usually two types of structural modifications exist, 

namely, metastable, low-temperature-phase trigonal α-Si3N4, and stable hexagonal β-Si3N4. 
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Si3N4 is one of the most important technical ceramics and can be a suitable material for a 

wide range of technical applications, especially for high-temperature engineering applications. 

However, compare with α-Si3N4, pure single-crystalline β-Si3N4 nanostructures which may 

have better performances, have seldom reported. In recent few years, nanocones have 

emerged as a new kind of one dimensional nanostructure which is superior to nanotubes, nan-

owires, and nanobelts in some aspects
48-49

. For example, it is found that nanocones are more 

potential candidates for scanning probes and field emitters due to their radial rigidity, which 

eliminates the poor signals and noise caused by mechanical or thermal vibration
48

. Further-

more, cone-shape structures are confirmed to have a novel photoluminescence property
48

. As 

an important light-emission material, the nanocones-shape Si3N4 is promising. Therefore, the 

synthesis of β-Si3N4 nanocones and study of its photoluminescence property form another 

object of this thesis.  

1.3 Overview of the thesis 

In this thesis, Chapter 1 presents a short introduction of the nanomaterials and the main 

objective of this thesis. Chapter 2  gives the theoretical background about carbon nanotubes 

and silicon nitride nanomaterials.  

Chapter 3 describes the main experimental methods that have been adopted in this work. 

The basic aspects about the MWCVD deposition equipment and deposition procedure are 

firstly explained. The main characterization techniques that have been used in obtaining the 

structural and compositional information are also described. 

Chapter 4 presents the deposition and characterization results of single-chirality multi-

wall carbon nanotubes. The strategy for possible chiral-controlling carbon nanotubes growth 

starts this chapter. Next follow is the growth process of single-chirality multi-wall carbon 

nanotubes. Then follow is the characterization of the catalysts and as-grown carbon nanotubes. 

The relationship of the instinctual chiral property and the facet morphology is discussed in 

detail. Raman spectra analysis of single-chirality carbon nanotubes ends this part.  

Chapter 5 presents the growth and property of novel silicon nitride nanocones. The char-

acteristic of the cones starts this section. Follow is the growth mechanism. The photolumines-

cence property of this new form nanomaterial of silicon nitride is detailed discussed as the 

end of this chapter.  Chapter 6 presents the conclusions of this thesis work.  

All the references that have been cited in the thesis have been arranged and numbered in 

the order they appear in the main text under the heading ―References‖. Styles of each journal 
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citation are as follows: Authors names, Journal name, Year, Volume number, Starting 

page/article number.
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2 Theoretical background of carbon nanotubes and 

Si3N4 nabomaterials 

2.1 Carbon nanotubes 

A carbon atom has four electrons in its outer valence shell; the ground state configuration 

is 2s
2
2p

2
. Diamond and graphite are considered as two natural crystalline forms of pure car-

bon. In diamond, carbon atoms exhibit 𝑠p3
 hybridization, in which all the electrons forms four 

equal C-C bonds with four other atoms occupying the vertices of a regular tetrahedron. The 

resulting three-dimensional network (diamond) is extremely rigid, which is one reason for its 

hardness. In graphite, 𝑠p2
 hybridization occurs, in which each atom is connected evenly to 

three other atoms (120º) in the 𝑥y plane, and a weak 𝜋 bond is present in the 𝑧 axis. The 𝑠p2
 

set forms the hexagonal lattice typical of a sheet of graphite. The pz orbital is responsible for a 

weak bond, a van der Waals bond. The spacing between the carbon layers is 3.35 Å. The free 

electrons in the pz orbital move within this cloud and are no longer local to a single carbon 

atom (delocalized).  

A new form of carbon, Buckminster fullerene (C60) shown in Fig. 2.1, was discovered in 

1985 by a team headed by Korto and co-workers
50

. In this structure, a closed cluster contain-

ing precisely 60 carbon atoms represents a unique stability and symmetry. This discovery 

extended way beyond the confines of academic chemical physics, and marked the beginning 

of a new era in carbon science
51-54

.  

 

Fig. 2.1. Buckminster fullerene C60 
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Besides diamond, graphite, and fullerene (C60), one-dimensional nanotubes are consid-

ered as another new form of pure carbon. They can be visualized as rolled hexagonal carbon 

networks that are capped by pentagonal carbon rings. There are two types of carbon tubes: 

single-wall (SWCNTs)
55,56

 and multi-wall (MWCNTs)
9
. 

Possibly the first series of high-resolution transmission electron microscopy (HRTEM) 

images of CNTs were obtained by Endo in the mid-1970s
57

. The initial idea of his work was 

to analyse the internal structure of carbon fibres produced by pyrolysis of benzene and ferro-

cene at 1000 °C, and elucidate their growth mechanism in order to control the bulk production 

of the fibres. Because of thin specimens needed for HRTEM studies, he changed experimental 

conditions and thin fibres (<100 nm) were produced. He observed that tubular graphite of 

nanometer scale could be produced using this thermolytic process, and imaged the first ever-

observed SWCNTs and MWCNTs (Fig. 2.2). Unfortunately, this report did not cause a great 

impact because researchers were more interested in micron-size carbon fibres. 

 

Fig. 2.2. (a) HRTEM image of two crossing SWCNTs coated with amorphous carbon; (b) Higher 

magnification of (a); (c) HRTEM image showing a MWCNT upper region together with a SWCNT       

indicated by an arrow.
 57
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Sixteen years later, S. Iijima, the electron microscopist of the NEC laboratories in Japan, 

using HRTEM and electron diffraction, reported the existence of helical carbon microtubules
9
 

(now called nanotubes; Fig. 2.3(a)) consisting of nested graphene tubules (Fig. 2.3(b)). This 

material was generated in an arc-discharge fullerene reactor at low direct current
9
. These con-

centric tubules exhibited interlayer spacing of ~3.4 Å, a value slightly greater than that of 

graphite (3.35 Å). Iijima associated this spacing difference to a combination of the graphene 

sheet curvature and weaker van der Waals forces acting between the successive cylinders
9,59,60

. 

 

Fig. 2.3. (a) Molecular model of a SWCNT capped by six pentagons in each nanotube end; (b) 

HRTEM image of one end of a MWCNT; (c) model of a nanotube tip exhibiting the locations of the six 

pentagonal rings (open circles) that permit the hexagonal carbon lattice (graphene sheet) to close; the 

model resembles that shown in (b).
 58

 

 Carbon nanotubes are the one of the best examples of novel nanostructures derived by 

bottom-up chemical synthesis processes. The chemical composition and atomic bonding con-

figuration present in nanotubes is simple, however, these materials represent diverse struc-

ture-property relations among the nanomaterials. Nowadays, CNTs can be produced using a 

wide variety of techniques such as arc-discharge
61

, pyrolysis of hydrocarbons over metal par-
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ticles
62

, laser vaporization of graphite targets
63

, solar carbon vaporization
64

, electrolysis of 

carbon electrodes in molten ionic salts
65

 and chemical vapor deposition
66

. 

2.1.1 The structure of carbon nanotubes 

It is possible to construct a sp
2
-hybridized carbon tubule theoretically by rolling up a hex-

agonal graphene sheet and thus lead to ―non-chiral‖ and chiral arrangements. In the non-chiral 

geometries, the honeycomb lattices, located at the top and bottom of the tube, are always par-

allel to the tube axis (these configurations are known as armchair and zig-zag). In the arm-

chair structure, two C-C bonds on opposite sides of each hexagon are perpendicular to the 

tube axis, whereas in the zig-zag arrangement, these bonds are parallel to the tube axis (Fig. 

2.4(a) and (b)). All other conformations in which the C-C bonds lie at an angle to the tube 

axis are known as chiral or helical structures (Fig. 2.4(c)). 

 

Fig. 2.4. Molecular models of SWCNTs exhibiting different chiralities: (a) armchair configura-

tion, (b) zig-zag arrangement, and (c) chiral conformation. 
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Mathematically, the tube chirality can be defined in terms of a chiral vector Cn, joining 

two equivalent points on the original graphene lattice. The cylinder is produced by rolling up 

the sheet such that the two end-points of the vector are superimposed. Because of the sym-

metry of the honeycomb lattice, many of the cylinders produced in this way will be equivalent, 

but there is an ‗irreducible wedge‘ comprising one twelfth of the graphene lattice, within 

which unique tube structures are defined. Fig. 2.5 shows a small part of this irreducible wedge, 

with points on the lattice labelled according to the notation of Dresselhaus et al.
67,68

. Each pair 

of integers (m, n) represents a possible tube structure. Thus the vector C can be expressed as 

Cn = ma1 + na2                               (2.1) 

where a1 and a2 are the unit cell base vectors of the graphene sheet, and m ≥ n. In order to 

determine the armchair and zigzag structure in terms of (m, n), it is necessary to have the fol-

lowing conditions: 

 (m, n) = (p, 0)                  (zigzag) 

 (m, n) = (2p, -p) or (p, p) (armchair) 

where p is integer. All other tubes are chiral. 

The vector also determines the tube diameter d
69,70

. The magnitude of Cn in nanometer is  

|  |   √                    (2.2) 

thus, the diameter of a carbon tubule can be expressed as 

  
 √        

 
                            (2.3) 

where a = 1.42 × √  Å corresponds to the lattice constant in the graphite sheet. Note that the 

C-C distance is 1.42 Å for sp
2
-hybridized carbon. 

The chiral angle θ (angle between Cn and the zigzag direction) is defined as 

θ = arcsin[
√  

 √        
]                         (2.4) 
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Fig. 2.5. Graphene layer with atoms labeled using (m, n) notation. Unit vectors of the 2D lattice 

are also shown. 

Imaging a nanotube as a ‗one-dimensional crystal‘, a translational unit cell can be defined 

along the tube axis. For all nanotubes, the translational unit cell has the form of a cylinder. 

Considering again the two archetypal tubes which can be capped by one half of a C60 mole-

cule, the ‗unrolled‘ cylindrical unit cells for both of these are shown in Fig. 2.6
71

. For the 

armchair tube, the width of the cell is equal to the magnitude of a, the unit vector of the origi-

nal 2D graphite lattice, while for the zig-zag tube the width of the cell is √ a. Larger diameter 

armchair and zig-zag nanotubes have unit cells which are simply longer versions of these. For 

chiral nanotubes, the lower symmetry results in larger unit cells. A simple method of con-

structing these cells has been described by Jishi, Dresselhaus and colleagues 
67,68,72,73

. This 

involves drawing a straight line through the origin O of the irreducible wedge normal to Cn, 

and extending this line until it passes exactly through an equivalent lattice point. This is illus-

trated in Fig. 2.7
71

 for the case of a (6, 3) nanotube. The length of the unit cell in the tube axis 

direction is the magnitude of the vector T. Expressions can be derived for this in terms of Cn, 

the magnitude of Cn, and the highest common divisor of n and m, which we denote dH
68,72

. If  

m – n ≠ 3rdH 

where r is some integer, then 

T = √ |  |   ⁄                                            (2.5) 

while if 



2 Theoretical background of carbon nanotubes and Si3N4 nabomaterials 15 

 

m–n = 3rdH 

then 

T = √ |  |    ⁄                                           (2.6) 

It can also be shown that the number of carbon atoms per unit cell of a tube specified by (m, n) 

is 2N such that 

N = 2(        )   ⁄ , if m – n ≠ 3rdH (2.7) 

and 

N = 2(        )    ⁄ , if m – n = 3rdH (2.8) 

These simple expressions enable the diameters and unit cell parameters of nanotubes to 

be readily calculated. For nanotubes in the diameter range which is typically observed exper-

imentally, i.e. ~2-30 nm, the unit cells can be very large. For example, the tube denoted (80, 

67), which has a diameter of approximately 10 nm, has a unit cell 54.3nm in length containing 

64996 atoms. These large unit cells can present problems in calculating the electronic and 

vibrational properties of nanotubes. 

 

Fig. 2.6. Unit cells for (a) (5, 5) armchair nanotube and (b) (9, 0) zig-zag nanotube. 
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Fig. 2.7. Construction of the unit cell for a (6, 3) nanotube. 

2.1.2 Synthesis techniques of carbon nanotubes 

A variety of techniques have been developed to produce SWCNTs and MWCNTs with 

different structure and morphology in laboratory quantities. There are three methods com-

monly used to synthesize CNT: arc discharge
61

, laser ablation
63

, and chemical vapor deposi-

tion (CVD)
65

. The basic elements for the formation of nanotubes are catalyst, a source of 

carbon, and sufficient energy. The common feature of these methods is addition of energy to a 

carbon source to produce fragments (groups or single C atoms) that can recombine to generate 

CNT. The energy source may be electricity from an arc discharge, heat from a furnace or oth-

er assisted unit (∼900°C) for CVD, or the high-intensity light from a laser (laser ablation). 

Electric Arc-Evaporation 

Electric arc-evaporation is the ‗classic‘ method of preparing multiwall nanotubes, and 

produces the best quality samples. The optimal conditions for multiwall nanotubes generation 
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using this technique involve the passage of a direct current (80-100 A) through two high-

purity graphite (6-10 mm for outside diameter) electrodes separated by ~1-2 mm, in a He at-

mosphere (500 Torr)
61

. Together with nanotubes, nested polyhedral graphene particles can 

also be generated meanwhile. In addition to MWCNTs, SWCNTs can also be produced when 

a metal catalyst is added in the process. The first report on the production of SWCNTs was by 

Iijima & Ichihashi
55

 through arcing Fe-graphite electrodes in a methane-argon atmosphere. 

Nowadays SWCNTs can be produced using the carbon arc method in conjunction with differ-

ent metals such as Gd
74

, Co-Pt
75

, Co-Ru
75

, Co
76

, Ni-Y
77

, Rh-Pt
78

, and Co-Ni-Fe-Ce
79

. 

The arc method usually involves high-purity graphite electrodes, metal powders (only for 

producing SWCNTs), and high-purity He and Ar gases; thus the costs associated with the 

production of SWCNTs and MWCNTs are high. Although the crystallinity of the material is 

also high, there is no control over dimensions (length and diameter) of the tubes. Unfortunate-

ly, by-products such as polyhedral graphite particles (in the case of MWCNTs), encapsulated 

metal particles (for SWCNTs), and amorphous carbon are also formed. 

Laser Vaporization 

High-power laser vaporization (YAG type) of pure graphite targets inside a furnace at 

1200 °C, in an Ar atmosphere is capable of generating MWCNTs
80,81

. The nanotube growth 

using this technique has been explained in terms of the attachment of incoming carbon species 

at the edges of adjacent growing graphene tubules, responsible for prolonging the lifetime of 

the open structure (e.g., lip-lip interactions), which finally results in a multi-layered tube
65

. In 

order to generate SWCNTs using the laser technique, adding metal particles is also necessary 

as catalysts to the graphite targets. In this context, Thess et al.
82

 were the first to obtain 

SWCNT bundles using graphite-Co-Ni targets. But the repeatability is not so good as ex-

pected. 

Unfortunately, the laser technique is not economically advantageous because the process 

involves high-purity graphite rods, the laser powers required are high (in some cases two laser 

beams are required), and the amount of nanotubes that can be produced per day is not as high 

as the method discussed above.  

Chemical Vapor Deposition 

Hydrocarbon (e.g., methane, benzene, acetylene, naphthalene, ethylene, etc.) decomposi-

tion over metal catalysts (e.g., Co, Ni, Fe, Pt, and Pd deposited on substrates such as silicon, 

graphite, or silica), is able to produce fullerenes, CNTs, and other fascinating sp
2
-like 

nanostructures. 
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Possibly the first record of the production of carbon filaments dates from the nineteenth 

century, when two French scientists, P. and L. Schuetzenberger, described the formation of 

carbon microfilaments
83

 by passing cyanogen over porcelain at ―cherry red‖ heat. Unfortu-

nately, at that time, it was impossible to observe nanometer-scale structures; however, it is 

highly likely CNTs and associated nanostructures were produced. At present, mechanisms 

that account for the formation of carbon filaments via pyrolytic approaches are explained as 

follows: 

a) Top carbon diffusion through catalytic particles; 

b) Top carbon diffusion on catalytic particles; 

c) Bottom carbon diffusion through catalytic particles. 

MWCNTs can be considered hollow carbon filaments that are highly crystalline, in which 

the graphitic (002) planes lie parallel to the tube axis. And carbon segregates preferentially on 

selected faces of the metal particle
84

. For example, the Fe particle is oriented with its (100) 

axis along the filament axis, whereas Fe-Co or Fe-Ni alloys prefer the (110) orientation
57,84

. 

However, carbon diffusion parameters depend critically on the dimensions of the particles, the 

transition metal characteristics of the metal used as catalyst, temperature, and the hydrocarbon 

and gases involved in the process. Therefore, graphite planes can grow parallel to the exterior 

filament planes and a hollow core can be formed
85

. 

It is also possible to generate SWCNTs via CVD methods. In this context, Dai et al.
86

 re-

ported the generation of SWCNTs via thermolytic processes involving Mo particles in con-

junction with CO (CO disproportionation) at 1200 °C. It is clear that CVD processes will be 

used in the future to grow large quantities of pure and crystalline SWCNTs. But there may not 

be a unique growth mechanism for the production of carbon filaments and nanotubes using 

the hydrocarbon decomposition at elevated temperatures. By changing the parameters such as 

type of hydrocarbon, metal catalysts, particle size, carrier gases, and temperature, different 

filaments possessing various morphologies and degrees of graphitization can result. However, 

any pyrolysis experiment in the presence of a transition metal could lead to the formation of 

tubular structures. 

2.1.3 Growth Mechanism of Carbon Nanotubes  

Compared with the arc-evaporation and laser vaporization processes, CVD process re-

quires much lower temperatures, thus seems to be more adapted for large-scale production at 

lower cost, attracting many research groups all over the world working on the growth of 
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CNTs by CVD. However, the ability to grow CNTs directly on a substrate at a desired posi-

tion is a great challenge from a technological point of view. The control over the catalytic 

chemical vapor deposition (CCVD) growth of CNTs could be a solution solving with this 

challenge. This technique would permit the integration of the CNT growth into fabrication 

processes of microelectronic circuits. 

Metals used to catalyse CNT formation are most often transition metals, in particular iron, 

cobalt and nickel. A very large number of papers can be found in the literature reporting CNT 

growth. Most of the papers available in the literature about growth of CNTs on iron based 

catalysts report growth of MWCNTs
87-109

. Many groups also obtained SWCNTs
110-119

. Most 

of the reported results obtained with cobalt-based catalysts concern formation of 

MWCNTs
92,94,95,103,104,119-127

, a few others SWCNTs
119,128-130

. Nickel-based catalysts generally 

lead to MWCNTs
92,123,131-144

, seldom to SWCNTs
129,130,145

. Mixtures of transition metals are 

often observed to be more efficient for CNT production than one metal alone. Iron-nickel al-

loys are found to produce MWCNTs
146-148

, iron-cobalt alloys seem to produce rather 

SWCNTs
149-153

 and Dai et al. obtained SWCNTs with a nickel-cobalt alloy
154

. Other authors 

studied several alloy catalysts and mainly obtained SWCNTs
87,129,130,155,156

. Palladium seems 

to be an interesting metal for connecting carbon nanotubes since the contact between this 

metal and metallic CNTs is ohmic in nature
157

. The catalyst nanoparticle would therefore not 

disturb the electronic transport properties of the nanotube by forming a Schottky barrier. Nev-

ertheless, palladium has been used a little as a catalyst for CNT formation, as described in 

references 158-160. These three papers report growth of MWCNTs. Other metals than iron, 

cobalt, nickel or palladium have been used as cocatalyst. These metals are generally but not 

necessarily non-active catalysts alone but at any rate are used to improve the performance of 

the ‗‗classical‘‘ catalysts when added to them in different quantities. Molybdenum is the most 

important, added to Fe
161-171

 or to Co
172-182

. Except for in reference 180, all these papers report 

formation of SWNTs with iron-molybdenum or cobalt-molybdenum catalysts. Magnesium-

nickel oxides have been used as catalysts for MWCNT growth
183-185

 and magnesium-cobalt 

oxides for SWCNT growth
182,186,187

. 

The CVD process on a supported catalyst consists of several steps. The first is to prepare 

metal nanoparticles on a substrate. The substrate is then placed in a furnace and the nanoparti-

cles are then generally submitted to a reduction treatment upon heating under typically H2 or 

NH3. And finally, hydrocarbon gas or CO is let into the furnace and carbon deposition occurs 

by catalytic decomposition of the hydrocarbon molecules on the metal nanoparticles by tem-

peratures ranging roughly from 500 to 1200 °C. 
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The growth process may be quite different in the CVD process compared with the arc-

evaporation and laser vaporization methods. Because of the analogy between CNTs grown by 

CVD on a supported catalyst and carbon filaments grown also by CVD on a supported cata-

lyst, the growth model for carbon filaments will be firstly discussed. 

The carbon filament growth model generally adopted is based on the concepts of the VLS 

(vapor-liquid-solid) theory developed by Wagner and Ellis
188

. In this model, molecular de-

composition and carbon solution are assumed to occur at one side of the catalytic particle, 

which then becomes supersaturated
189

. Carbon diffuses from the side where it has been de-

composed to another side where it is precipitated from solution
190

. It is not clear at this point 

of the model which is the driving force for carbon diffusion within the catalytic particle. For 

many authors, this force originates from the temperature gradient created in the particle by 

exothermic decomposition of the hydrocarbon at the exposed front faces and endothermic 

deposition of carbon at the rear faces, which are initially in contact with the support face
190,191

. 

Others ascribed the driving force to a concentration gradient
189,192

. However, because of a 

much lower surface energy of the basal planes of the graphite compared with the prismatic 

planes, it is energetically favourable for the filament to precipitate with the basal planes as the 

cylindrical planes
189

. The metal-support interactions are found to play a determinant role for 

the growth mechanism
162,190

. Weak interactions yield tip-growth mode whereas strong inter-

actions lead to base-growth. Both growth modes are schematically shown in Fig. 2.8.
193 
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Fig. 2.8. The two growth modes of filamentous carbon. 

This growth model for carbon filaments has been widely used for carbon nanotubes. 

However, the specificity of the growth of nanotubes on nanoparticles with regard to the 

growth of carbon filaments is their nanometer dimensions. The energetic argument of the pre-

cipitation of carbon on its low-energy basal planes is for example no longer valid since the 

curving of the graphite layers introduces an extra elastic term into the free-energy equation of 

nucleation and growth, leading to a lower limit of about 10 nm
189

. Other mechanisms are 

therefore necessary to explain the growth of CNTs, whose diameter can be much smaller than 

this lower size limit
194

. In the catalytic growth of CNTs, not the ‗‗fluid nature‘‘ of the metal 

particle as in the VLS model has to be considered but the chemical interactions between the 

transition metal 3d electrons and the p carbon electrons
195

. Nanoparticles exhibit a very high 

surface energy per atom. The carbon in excess present during CVD process could solve this 

energetic problem by assembling a graphene cap on the particle surface with its edges strong-

ly chemisorbed to the metal. Since the basal planes of graphite have an extremely low surface 

energy, the total surface energy diminishes. This is the Yarmulke mechanism proposed by Dai 

et al.
154

. The hemifullerene cap so formed on the partially carbon-coated particle lifts off and 
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additional carbon atoms are continuously added to the edge of the cap, forming a hollow tube 

with constant diameter which grows away from the particle
113

. The driving force for the lift-

ing process is believed to originate from the free energy release due to relaxation of the strain 

built up in the carbon cap around the spherical surface of the catalyst nanoparticle when car-

bon fragments assemble to form a CNT 
145,196

. 

Growth of SWCNTs in the arc-discharge and laser-ablation methods has been already 

widely discussed from a theoretical point of view. Molecular dynamics and total energy cal-

culations revealed the basic atomic process by which single shelled nanotubes can grow out of 

metal-carbide particles by the root growth mechanism
197

. In contrast, almost no theoretical 

work could be found on the CCVD growth of CNTs until the recent publication of Shibuta 

and Maruyama
198

. The authors performed molecular dynamics simulation of SWCNT growth 

by CCVD and showed that carbon atoms are absorbed into the metal cluster until saturation to 

make a hexagonal network of carbon atoms inside the surface of the cluster. Further supply of 

carbon then leads to a separation of the carbon network from the metal surface itself. Fur-

thermore, carbon atoms inside the supersaturated nickel cluster gradually lift up the carbon-

shell. This described process can be regarded as an initial stage of the growth process of 

SWCNT and at any rate confirms the Yarmulke mechanism proposed by Dai et al.
154

. 

Another paper from Helveg et al.
199

 deals with a high-resolution in situ transmission elec-

tron microscope observation of catalytic tip-growth of CNTs by decomposition of methane 

over a nickel-based catalyst. The nickel particles are observed first to elongate with simulta-

neous formation of graphene sheets with their basal planes oriented parallel to the nickel sur-

face. A contraction follows, explained by the fact that the increase in the nickel surface energy 

can no longer be compensated for by the energy gained when binding the graphitic tube to the 

nickel surface. This study furthermore reveals that monoatomic steps are present at the nickel 

surface and that a graphene sheet terminates at each of these steps. Between a pair of such 

step edges, an additional graphene layer grows as the nickel steps move towards the ends of 

the nickel cluster and vanish, involving transport of carbon atoms towards and nickel atoms 

away from the graphene-nickel interface. Note that this proposed growth process, confirmed 

with density-functional theory calculations performed by the authors, concerns a tip-growth 

mechanism. It therefore is not really surprising that it clearly differs from the Yarmulke 

mechanism presented above, valid for base-growth processes. 
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2.1.4 Theory for determination of the chiral indices (m, n) of carbon nanotubes 

In order to determine the atomic structure of a carbon nanotube, it is necessary to deter-

mine the chiral indices (m, n) that in turn determine the diameter and chirality of the nanotube. 

Traditionally, using transmission electron microscopy, the diameter has been measured direct-

ly from high-resolution electron micrographs and the chirality is deduced from the electron 

diffraction patterns.  

In the present work we utilize a convenient method to determine the chiral indices (m, n) 

firstly proposed by L. Qin
200

. On the electron diffraction pattern of a single-walled carbon 

nanotube, the primary graphene reflections of Miller indices (10), (01), (11), (-10), (0-1), and 

(-1-1), are of the strongest intensity. These reflections form three pairs of layer lines (three 

layer lines above the equatorial line and three below the equatorial line), labeled l1 (formed by 

the graphene (01) reflections), l2 (formed by the graphene (-10) reflections) and l3 (formed by 

the graphene (11) reflections) with respective layer line spacings D1, D2, and D3 relative to the 

equatorial layer line. These three pairs of layer lines are referred to as the principal layer lines 

and are schematically illustrated in Fig. 2.9. It is experimentally most convenient to use these 

principal layer lines to characterize the carbon nanotube. Due to the very small diameter of 

carbon nanotubes, the diffraction peaks are elongated perpendicular to the tubule axis and 

only reflections close to the meridian have significant intensities. In some cases, the reflec-

tions (1-1) and (-11) are also used, which will be referred to in this article as layer line l4 with 

layer line spacing D4. 

 

Fig. 2.9. Schematic diffraction pattern of a carbon nanotube of helical angle α—the layer line spac-

ings D1, D2, etc are not affected by the curvature of the nanotube. Spotty graphene reflections become 

streaks elongated in the directions perpendicular to the tubule axis.
200 
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It is important to note that on each layer line, there is usually only one order of Bessel 

function that dominates the intensity distribution on this particular layer line. All the others 

contribute negligibly to the layer line intensity. The order of the single operating Bessel func-

tion for a given carbon nanotube (m, n) can be obtained by considering the crystallographic 

indices of the graphene reflections using the extended cell of the nanotube in radial projection 

which is related to the index u. And the index u has a relationship with (m, n) as follows: 

       ,                 (2.9) 

where h and k refer to the concerned graphene reflection (hk). 

As shown in Fig. 2.9, the three principal layer lines l1, l2 and l3 are formed by graphene 

reflections (01), (-10) and (11), respectively. When choosing the reference graphene reflec-

tion as (01), i.e. h = 0 and k = 1, the order of the dominating Bessel function is 

   ,                             (2.10) 

for graphene reflection (-10) 

     ,                        (2.11) 

and for graphene reflection (11) 

     .                    (2.12) 

Therefore, the contributing Bessel functions to the three principal layer lines are of orders n, 

-m and m + n, respectively. 

Therefore, the reflection intensities of the three principal layer lines l1, l2 and l3 are relat-

ed to the chiral indices m and n by 

   ( )  |  (𝜋  )| ,    (2.13) 

   ( )  |  (𝜋  )| ,    (2.14) 

and 

   ( )  |    (𝜋  )| , (2.15) 

where Ju(X) refers to the order u of Bessel function. 

 Ju(X) can be determined by examining the positions of its peaks, which are unique to 

each Bessel function. An efficient and convenient means to determine the order u of Bessel 

function Ju(X) is to examine the ratio X2/X1 of the positions of its first two peaks located at X1 

and X2, respectively, or any other pair of peaks unique to this Bessel function. Once the orders 
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of the respective Bessel functions are determined, the chiral indices, m and n, are obtained 

directly. The chiral indices (m, n) can therefore be obtained directly by determining the order 

of Bessel functions Jn(X)and Jm(X) with X = πdR from the scattering intensity distribution on 

layer lines l1 and l2, whose intensities are proportional to |  (𝜋  )|2
 and |  (𝜋  )|2

, respec-

tively. On the experimental diffraction pattern, the positions of the first two peaks, R1 and R2, 

can be measured and the ratio R2/R1 = X2/X1 is independent of the camera length of the elec-

tron microscope at which the electron diffraction pattern is acquired. 

This method allows a rapid and accurate assignment of the chiral indices (m, n). From 

the ratios R2/R1 = X2/X1 measured directly from the electron diffraction pattern, the indices m 

and n can be obtained from the tabulated values given in Table 2.1200. Using this method, the 

peak positions with a precision of 0.3% can be obtained, allowing to assign the chiral indices 

unambiguously up to index 30 or nanotube diameter up to 4 nm. 

For non-helical nanotubes, i.e. zigzag and armchair nanotubes with chiral indices (m, 0) 

and (m, m), respectively, overlap of the principal layer lines occurs. For a zigzag nanotube of 

indices (m, 0), layer lines l2 and l3 overlap with each other and its first principal layer line l1 

has intensity distribution proportional to |J0(πdR)|
2
 and the second layer line l2 has intensity 

proportional to |Jm(πdR)|
2
. For an armchair nanotube (m, m), the first layer line l1 and the se-

cond line l2 overlap with intensities proportional to |Jm(πdR)|
2
 and layer line l3 falls on the 

equatorial line. 

Table 2.1. Ratio of the second and the first peak positions of Bessel functions. 

n X2/X1 n X2/X1 n X2/X1 

1 2.892 11 1.373 21 1.239 

2 2.197 12 1.350 22 1.232 

3 1.907 13 1.332 23 1.226 

4 1.751 14 1.315 24 1.218 

5 1.639 15 1.301 25 1.211 

6 1.565 16 1.287 26 1.206 

7 1.507 17 1.275 27 1.201 

8 1.465 18 1.266 28 1.196 

9 1.428 19 1.256 29 1.192 

10 1.398 20 1.247 30 1.188 

Since the atomic structure of carbon nanotube (m, n) is periodic in the axial direction, the 

layer lines are sharp and the respective layer line spacings D1, D2 and D3 can be measured 

accurately from the electron diffraction pattern. Although the cylindrical curvature of the 
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nanotube causes severe distortion to the otherwise hexagonal electron diffraction pattern, the 

layer line spacings will not change due to the cylindrical curvature. The axial distances to the 

equatorial line of the fundamental reflections that give rise to the principal layers lines can be 

calculated using the trigonometric relations illustrated in Fig. 2.9: 

        (     )       𝑠 ,     (2.16) 

         (      ),                         (2.17) 

then the helical angle α can be deduced from the ratios of the layer line spacings 

        (
      

√   
),                                  (2.18) 

and the ratio of the chiral indices m and n is given by 

 

 
 

      

      
.                                                 (2.19) 

Equation (2.19) offers the convenient method to determine the chiral indices (m, n) for 

the following reasons: 

a) The ratio is independent of the camera length at which the electron diffraction pat-

tern is taken. 

b) The ratio is independent of the relative orientation between the nanotube and the in-

cident electron beam. 

c) When the signal/noise ratio is low, this ratio can still be conveniently obtained. 

The use of equation (2.19) can result in a very high accuracy. The indeterminacy arising 

from the uncertainties leads to only the nanotube of the smallest diameter (m0, n0). Other 

nanotubes meeting the same equation have chiral indices that are multiples of (m0, n0), i.e. 

(m, n) = (um0, un0), where u = 1, 2, 3 .... All the possible n/m ratios for chiral indices (m, n) 

up to (30, 30) are listed in Appendix I at the back of this thesisi. 

2.2 Silicon nitride nanomaterials 

Silicon nitride has been researched intensively for more than 40 years, largely in response 

to the challenge to develop internal combustion engines with hot-zone components made en-

tirely from ceramics. The ceramic engine programs have had only partial success, but this 

research effort has succeeded in generating a degree of understanding of silicon nitride and of 

its processing and properties, which in many respects is more advanced than of more widely 

used technical ceramics. 
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2.2.1 Structure of silicon nitride 

Early discussions concerned the composition of the compound obtained by heating mix-

tures of SiO2 and carbon or by silicon alone in nitrogen: SiN2, Si2N2, and Si3N4 were pro-

posed
201

 as formulas, with ‗normal‘ Si3N4 being shown to have 3:4 stoichiometry. There are 

two major ceramic forms of this material (reaction bonded and sintered) as well as the often 

overlooked, but extremely important, amorphous form normally used as a thin film. Each 

form has its own characteristic production routes, compositions, microstructures, and proper-

ties, and underlying all the forms are the fundamental physical and chemical properties of the 

basic structural unit itself, Si3N4, which, at the atomic and unit-cell levels, provides the basis 

for many of the bulk property values. 

Detailed X-ray diffraction (XRD) examinations in the mid-1950s proved the existence of 

two crystallographic modifications (α and β), both appearing to be hexagonal
202

. The c-axis 

dimension of the unit cell of the α phase was approximately twice that of the β phase, with the 

phenacite (Be2SiO4) structure, in which Be is replaced by Si and O by N. Therefore, there is 

nothing unusual in nitrides having crystal structures based on those of the oxides
203

. Each sili-

con was at the centre of a tetrahedron, and each nitrogen in trigonal and approximately planar 

coordination by three silicons, so as to link three SiN4 tetrahedra. The structures also can be 

regarded as puckered eight-membered Si-N rings joined to form sheets, which are, in turn, 

linked by bridging Si-N bonds (Fig. 2.10).  

 

Fig. 2.10. Outline of Si3N4 crystal structure.
 204
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The unit cell of β-Si3N4 consists of Si6N8, which Hardie and Jack assigned to space group 

P63/m 
205

, shown in Fig. 2.11.
 
The structure of α-Si3N4 was determined to be closely related to 

that of β-Si3N4, consisting of alternate basal layers of β-Si3N4 and a mirror image of β-Si3N4, 

accounting for the doubled c-axis dimension, and a unit-cell composition Si12N16 (space group 

P31c) (Fig. 2.12). However, although the β structure was almost strain free, the α structure 

contained considerable strain, expressed by lattice distortion and the displacement of atoms 

from the idealized positions
206

. A further feature of the two structures is that the larger voids 

in each basal sheet created by the linking of six eight-membered Si-N rings align in the β 

structure to provide a continuous c-axis channel of approximate diameter (0.3 nm), whereas, 

in the a structure, because of the operation of a c glide plane, the continuous voids are inter-

rupted to form a series of large interstices, linked by 0.14 nm diameter tunnels. Later electron 

diffraction work on thick samples of β-Si3N4
207

 suggested that the three silicon atoms coor-

dinating N2(c) sites were not exactly coplanar, and the space group was probably P63. Neu-

tron time-of-flight studies
192

 subsequently suggested that, at higher temperatures (to 1000 
o
C), 

the regular tetrahedra were unchanged, but the irregular became more uniform. 

 

Fig. 2.11. β-Si3N4 unit cell
209

. 
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Fig. 2.12. α-Si3N4 unit cell.
209

  

2.2.2 Morphologies of silicon nitride nanomaterials 

Being a hard and strong ceramic material and possessing excellent properties, silicon ni-

tride can be applied to many areas. Pure Si3N4 or Si3N4-based materials exhibit improved 

tribological performance and mechanic properties
210-212

 characterized by low frictional coeffi-

cient, high wear resistance and high strength, fracture toughness, and high flexibility. On the 

other hand, due to its wide band gap and chemical stability, Si3N4 can be used to grow quan-

tum well structures to obtain blue lasers
213

. Their infrared absorption rate and coercivity can 

be applied to optics and magnetics
214,215

. Si3N4 nanomaterials should be potentially applied to 

strengthening and resistance to abrasion as well as the finest fabric additives by incorporation 

into ceramic, plastic matrix, or fabrics. Recent research has verified that the strength and duc-

tility of nanostructured ceramics and nanosized whiskers are greater than that of microsized 

materials
216,217

. 

Much research has focused on the synthesis of 1D Si3N4 nanostructures. Various 1D pure 

Si3N4 nanostructures, such as nanosaws
218

, network-like branched nanostructures
218

, nano-

belts
220

, nanowires
221

, and nanodendrites
222

 could be obtained by using various methods, in-
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cluding catalyst-assisted pyrolysis of polysilazane
223

, vapor-solid (VS) thermal reaction
224

, 

and so forth
225-231

. 

α-Si3N4 nanosaws 

Fig. 2.13 (A) and (B) show the SEM images of the α-Si3N4 nanosaws deposited about 7 

cm away from the source material. From these images, it is clear that the most dominant mor-

phology found in the as-grown sample is the saw-shaped nanoribbons. The α-Si3N4 nanosaws 

have one flat side and one sharp, teethlike side instead of two flat sides. The thickness of a 

typical nanosaw is about 90 nm, as shown in the inset of Fig. 2.13(B). These interesting α-

Si3N4 nanosaw structures were further investigated by using TEM; the corresponding images 

are shown in Fig. 2.13(C)-(F). From these images, it can be seen that the width of the 

nanosaws is about 3-5 mm. The nanosaws are almost transparent as the copper grid can even 

be seen through several thin nanosaws. The tips of the nanosaws are flat and no particles were 

found attached to the tips, indicating that the vapor-liquid-solid (VLS) process may not be the 

dominant growth mechanism for the growth of α-Si3N4 nanosaws. The apparent ripple-like 

contrast in the TEM images is due to the strain resulting from the ribbon bending. The ribbon-

shaped structures can also be clearly seen in the inset of Fig. 2.13(E). The inset of Fig. 2.13(F) 

is the corresponding selected-area electron diffraction (SAED) pattern of the nanosaw shown 

in Fig. 2.13(F). The SAED pattern was obtained from the [100] zone axis of the α-Si3N4 

nanosaws, which corresponds to the nanobelt grown along the [011] direction. Upon careful 

checking of several tens of nanosaws it was found that all the a-Si3N4 nanosaws have a unique 

growth along the [011] direction. 
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Fig. 2.13. (a) Low-, (b) high-magnification SEM images and (c)-(f) TEM images of as-grown α-

Si3N4 nanosaws. The upper right inset in (b), (e) and (f) show the typical thickness of a nanosaw, the 

ribbon shape and the SAED pattern, respectively.
 218

 

Network-like branched nanostructures 

Fig. 2.14 shows two typical SEM images of the as-prepared network-like branched 

nanostructure. The low-magnification SEM image in Fig. 2.14(a) reveals that the nanonet-

works can be prepared in mass production, which is essential in industrial application for such 

materials. The high-magnification SEM image in Fig. 2.14(b) clearly displays that the 

nanostructures are interconnected with each other to form nanonetworks, and these networks 

can construct more complicated nanostructures by multi-layer stack. The diameters of each 

linear part of the network-like nanostructure varied in the range of 150~400 nm, and most of 

the junctions are connected through three branches or more. From Fig. 2.14(b), one can also 

see some nanoparticles on the surfaces of the nanostructures (see the circled spots), which 

were confirmed to be Fe-rich nanoparticles by SEM-EDX and TEM-EDX, indicating that the 

growth of the nanostructures was controlled by vapor-liquid-solid (VLS) mechanism. 



32                               2 Theoretical background of carbon nanotubes and Si3N4 nabomaterials 

 

Fig. 2.14. (a) Low- and (b) high-magnification SEM images of the as-prepared network-like branched 

Si3N4 nanostructures. The circled spots are Fe-rich nanoparticles.
 219

 

Nanobelts 

Fig. 2.15 (a) shows a representative SEM image of the pyrolyzed products, showing that 

relatively high density nanobelts have grown homogeneously on the top of the powder matrix. 

Closer examinations under high magnification (Fig. 2.15(b) and (c)) reveal that the cross-

sections of the Si3N4 nanostructures are rectangular, 50-100 nm in thickness and 400-1000 nm 

in width. The lengths of the belts range from a few 100 mm up to several millimetres. Within 

each individual belt, the thickness and width are uniform along its entire length. The SEM 

observation also reveals that the surfaces of the belts are smooth and clear without any parti-

cles. Most of the nanobelts are highly curved, suggesting they are flexible. Fig. 2.15(d) shows 

typical image of the tips of the belts. It can be seen from the image that (i) liquid droplets, 

which are associated with vapor–liquid–solid (VLS) growth process, are not found at the tips; 

and (ii) the tips take on a triangular shape, suggesting a significant growth along the width 

direction at the earlier stage. 
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Fig. 2.15. SEM images of Si3N4 nanobelts: (a) the morphology under low magnification; (b) and (c) 

show cross section of the nanobelts; (d) shows (i) there are no liquid droplets on the tips of the belts 

and (ii) the tips take on a triangular shape.
 220

 

Nanowires 

Fig. 2.16 (a) and (b) are the optical images of the products. It is seen that the wires are 

very long, up to several centimetres (Fig. 2.16(a); the wires are detached from the graphite 

sheet), and are well aligned along the direction perpendicular to the graphite sheet (Fig. 

2.16(b)). This is the longest Si3N4 wires have been grown in an aligned manner so far. Fig. 

2.16(c)-(f) are typical SEM images of the obtained products under different magnifications. 

These images reveal that (i) the wires are well aligned (Fig. 2.16(c) and (d)); (ii) the wires 

exhibit a cylindrical shape (Fig. 2.16(e) and (f)); (iii) the diameters of the wires are narrowly 

distributed around 200 nm and within each individual wire the diameter is uniform along its 

entire length; and (iv) the surfaces of the wires are smooth and clean, without any attached 

particles.  
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Fig. 2.16. (a) and (b) images of Si3N4 nanowires using a digital camera; (c)-(f) typical SEM images of 

the wires under different magnifications.
 221

 

Nanodendrites 

Fig. 2.17 shows typical SEM images of the as-synthesized sample at different magnifica-

tions. The most surprising feature of the product is that the branches only grew on one surface 

of the stem, to form a unique asymmetric dendrite structure. The branches are very long, up to 

several tens of microns (Fig. 2.17(b) and (c)). The ultralong branches could be useful as con-

necting cables for nanodevices or as three-dimensional reinforcements for nanocomposites. 

The wireshaped branches are very uniform in size with a diameter of ∼50nm and uniformly 

separated from each other by ∼50 nm (Fig.2.17(d)). Closer observation shows that catalytic 

droplets exist at the roots of the branches (as indicated by arrows in the inset of Fig 2.17(d)), 

suggesting the branches grew via a solid-liquid-gas-solid process. 
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Fig. 2.17. Typical SEM images of the Si3N4 nanodendrites at different magnifications showing their 

overall and detail morphologies. The inset of (d) is the enlargement of the selected area; the arrow-

heads indicate catalytic droplets at the root of each branch.
 222
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3 Experimentation 

3.1 Materials preparation 

3.1.1 Technique 

 

Figure 3.1. Scheme of the MWCVD reactor used in the present work. 

In the prsent work, all the nanostructures were synthesized via microwave plasma en-

hanced chemical vapor deposition (MWCVD) technique. The description of the MWCVD 

reactor used in this work will be given here followed by a brief explanation of the operation 

of the reactor. The schematic of the reactor (ASTeX 5000 W A5000i model) used for all the 

synthesis processes in this work is shown in Figure 3.1. This reactor has the similar design 

and operation procedure as ASTeX 1500W S-1500i model, which are shown in Reference 

232. The main difference between them is the maximum power and for this reactor it can 

reach up to 5 kW, which can significantly increase the temperature and the growth rate of 

nanostructures during the growth process. The body of the reactor where the reaction takes 

place consists of water cooled double-skinned stainless steel tube. Substrate on which the re-

action takes place and where the structures get grown was placed on a molybdenum table in 

the chamber. The temperature on the substrate surface can be measured by using an external 

infrared thermometer through the quartz window on the side. The gases H2, N2 and CH4 used 

in this work were high purity commercial products compressed (200 or 300 bar) in gas bottles. 

Microwave generator was used to generate high frequency (2.45 GHz) microwaves that travel 

through the wave guide and transfer their energy through the quartz window to finally active 
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the gas mixture generating plasma slightly over the substrate surface. The plasma generated 

during the course of this work had a spherical form (diameter of about 2 inch). However, the 

plasma discharge is not stable at higher microwave power and low reactor pressures, More 

worse, the plasma tends to jump up to the quartz window of the reactor, which is harmful to 

the equipment. Figure 3.2
233

 gives approximate values for the operation regime. At too low 

microwave power levels or too high pressures, the plasma cannot be sustained. If the micro-

wave power are too high for a given pressure, the plasma becomes unstable and jumps to the 

quartz window. The stable operation is only feasible in the central region of the diagram. Due 

to the external heat induced by the high power, the centre of the wafer can be heated to differ-

ent temperatures by varying the microwave powers. Therefore, no additional heating of the 

substrate is needed and the molybdenum table needs water cooling to avoid any damage by 

the high temperature.  

 

Figure 3.2. Operation regime of ASTeX 5kW MWCVD. The operation is limited to the central region 

of the diagram. 

3.1.2 Procedure 

In this section, a brief summary of the experimental procedure used for the novel nanostruc-

tures. As we discussed in Chapter 2, catalysts are necessary for the synthesis process of the 

nanostructures. In the case of CNTs, duo to the unknown catalyst system suitable for the syn-

thesis, a mass of attempts were carried on. Different catalysts, such as metal, metal alloys, and 
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their carbides and nitrides with different physical forms including bulk, thin films and nano-

particles were all utilized. For the bulk catalysts, a pre-treatment of grinding and polishing 

was needed. For the thin films catalysts, a simple sputtering process was carried on silicon 

wafers. And catalysts in the form of nanoparticle were bought commercially and dispersed on 

silicon wafers. In the case of Si3N4 nanocones, Fe thin films prepared by simply sputtering of 

Fe target on silicon wafers were used as catalysts. In the simple sputtering processes, the time 

determined the thickness of the films, since the voltage and current were kept as constants. 

The time for all the sputtering processes were 5 min in order to get a very thin film with a 

thickness of about 100 nm. 

As for the gases used for synthesis process, H2, N2 and methane are all commercial prod-

ucts with a high purity of 99.99%. The role of H2 was to ignite a stable plasma for both the 

pre-treatment and the synthesis. In the case of CNTs synthesis, N2 and methane were used 

because methane worked as the precursor of carbon, while N2 plasma had a higher energy 

compared with H2. In the case of Si3N4 nanocones, N2 and methane were the precursors of N 

and carbon, respectively. And the source of silicon was believed to be the silicon wafers.  

For each synthesis process, the catalyst was placed on a Mo holder (2 inch in diameter, 

and 1 cm thick) which was placed on the Mo table of the chamber using Al2O3 as a spacer in 

between. This arrangement can maintain the substrate temperature with a relatively higher 

temperature, because of the efficient substrate cooling system. The chamber was closed and 

evacuated to obtain the base vacuum. The pressure and plasma safety interlocks were activat-

ed and once the chamber vacuum reaches the required value, which is around 1.0 × 10
-2

 Torr, 

H2 was introduced at a flow rate of 400 sccm (standard cubic centimetre per minute) to about 

5 Torr. The microwave power supply was simultaneously switched on and the plasma was 

then set at 500 W and ignited. The waveguide cavity was tuned using microwave antenna to 

minimize the reflected microwave power. Subsequently, the gas pressure and the microwave 

power were increased step by step to reach their set point in about 10 min. During the course 

of time, the reflected microwave power was tuned to minimum by adjusting the microwave 

antenna and moving up or down of substrate table. Once all the deposition conditions were set, 

N2 was introduced to replace of H2 to form a plasma. And then CH4 were introduced into the 

chamber. At this moment, the synthesis process begins and continues to the required time. To 

shut down the reactor, CH4 gas supplies were firstly turned off and then the microwave power 

was decreased to 1000 W in a step of 200 W and turned off. The H2 gas supply was re-

introduced again for several minutes to cool down the substrate and reactor. At that time, N2 

gas supply was shut down.  Once cooled down, the H2 gas was turned off and the chamber 
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was evacuated. The sample can be then taken out by stopping the pump and then opening the 

vent valve. 

Because of the totally different processes of synthesizing CNTs and Si3N4 nanocones, and 

the very tiny window for the nanostructures, the detailed parameters during the processes 

were listed in Chapters 4 and 5 in order to get a more intuitive grasp.  

3.2 Characterization tools 

3.2.1 Scanning electron microscopy (SEM) 

SEM is one of the most frequently used surface morphology characterization methods. In 

the present work, SEM is mainly used to obtain both in-lens secondary electron images and 

the back scattered electron images of the morphologies of the catalysts and the as-grown 

nanostructures. SEM characterization is carried out under a high vacuum (typically 10
-6

 Torr). 

The in-lens image can give information on the appearance or morphology of the sample while 

the back scattered electron image can give the information of the composition through differ-

ent contrast. Zeiss Ultra 55 field emission SEM (FESEM) was used for imaging in the present 

study. The field emission gun is the source of electrons in the microscope and the SEM is op-

erated at an accelerating voltage of 1~3 kV. During the characterization of SEM, the approxi-

mate chemical constitution of the catalysts and the as-grown can be achieved by the EDX 

analysis.  

An important characterization by SEM is to gain the morphologies of the individual 

nanostructure in the copper gird for TEM measurement. Therefore, a special stage which can 

place and fix the copper grids is needed. And it can be also used for scanning tunneling mi-

croscopy.  

3.2.2 Transmission electron microscopy (TEM) 

The structure of the catalysts and the as-grown nanostructures is also analyzed by using 

TEM. High resolution TEM (HRTEM) is used to investigate the catalysts, the nanostructures 

and their interfaces. Selected samples were prepared for TEM analysis and were investigated 

using a Philips CM200-FEG-UT microscope operating with an acceleration voltage of 200 kV. 

Standard TEM sample preparation procedure has been followed (in collaboration with Dr. Lei 

Zhang). The procedure includes mechanical scratching the samples on the catalysts into etha-

nol (purity as high as 95%)and subsequent dropping the ethanol onto the copper grid by a drip 

pipe. After minutes of air dry, the cooper grid can be used for TEM measurement. A key point 

for the TEM samples preparation is less ethanol and more nanostructures involved. Definitely, 
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some of the nanostructures would be destroyed during the process. And there is no more ef-

fective means for that. 

3.2.3 X-ray diffraction (XRD) 

In order to confirm the phase composition of the catalysts and the as-gained nanostruc-

tures, X-ray diffraction were performed in the 2θ range of 15-100° with a step size of 0.02°. 

The PW3040 diffractometer from Panalytical X'Pert has been used to carry out the measure-

ment. Cu Kα radiation (λ = 1.541874 Å) was used for the analysis. The X-ray tube was oper-

ated at 45 kV and 40 mA. The standard powder diffraction data was used for XRD pattern 

indexing. And the more information of the catalyst phase were calculated through X-ray dif-

fraction. The interplanar distances of the planes with different Miller indices are of im-

portance for our study. 

3.2.4 Micro Raman scattering 

Micro Raman scattering is an important and most extensively used technique to analyze 

nanostructures. It relies on inelastic scattering, Raman scattering, of monochromatic light, 

usually from a laser in the visible, near infrared, or near ultraviolet range. The laser light in-

teracts with molecular vibrations, phonons or other excitations in the system, resulting in the 

shifting of the energy of the laser photons.  

The Raman measurement in the present study is carried out on a Nicolet Almega XR 

spectrometer from the company Thermo. An excitation laser wavelength of 532 nm (frequen-

cy-doubled Neodymium doped Yttrium Orthovanadate diode pumped solid-state laser (nomi-

nal power 25 mW)) was used to obtain Raman spectra. In the present work, high-resolution 

measurements were carried out between wavelength ranges of 100 to 3300 cm
-1 

employing a 

50x objective in the back scattering geometry. In order to determine the detailed information 

of the peaks in the spectra, a non-linear curve fitting program Peakfit, Jandel Scientific was 

employed. The peak characteristics (Raman shift, FWMH, intensity and line shape) and the 

baseline were adjusted for best fit mostly using Lorentzian functions.  

3.2.5 Photoluminescence spectroscopy 

Photoluminescence spectroscopy is a non-contact, nondestructive method of probing the 

electronic structure of materials. In essence, Photoluminescence ( PL) is a process in which a 

substance absorbs photons (electromagnetic radiation) and then re-radiates photons. Quantum 

mechanically, this can be described as an excitation to a higherenergy state and then a return 

to a lower energy state accompanied by the emission of a photon. The period between absorp-
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tion and emission is typically extremely short, in the order of 10 nanoseconds. Ultimately, 

available energy states and allowed transitions between states (and therefore wavelengths of 

light preferentially absorbed and emitted) are determined by the rules of quantum mechanics. 

The PL analysis in the present study is carried out on a F-7000 FL spectrophotometer. An 

excitation wavelength of 210nm was used to obtain PL spectra. And the photomultiplier tube 

voltage was 700 V. The range of measurements were carried out between wavelength ranges 

of 220 to 800 nm. In order to determine the detailed information of the peaks in the spectra, a 

non-linear curve fitting program Peakfit, Jandel Scientific was employed. The peak character-

istics  and the baseline were adjusted for best fit mostly using Lorentzian functions. 
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4 Synthesis of single-chirality multi-wall carbon nano-

tubes 

This chapter presents the results pertaining to the synthesis of single-chirality multi-wall 

carbon nanotubes. A novel growth process for single-chiral carbon nanotubes will be exhibit-

ed. 

4.1 Strategies for chirality-controlling growth of carbon nanotubes 

Chirally pure CNTs are required for various applications ranging from nanoelectronics to 

nanomedicine. Up to date, it seems experimentally impossible. 

It is well known that chirality controlling for single wall tubes is much easier than that for 

multi-wall ones. For an individual single wall carbon nanotube, its chirality is determinate, 

either chiral or achiral. The work still needed is that to get a catalyst which can catalytically 

grow carbon nanotubes with certain chirality.  

While for multi-wall carbon nanotubes, chirality controlling growth goes with more com-

plexity. The first thing is to address the question of the structural relationship between succes-

sive cylinders. This has been discussed by Zhang
234

 and colleagues and by Reznik
235

, who 

have reached broadly similar conclusions. In their viewpoint, it is assumed that the tubes are 

concentric, named ‗Russian doll‘ rather than ‗scroll-like‘ in structure, shown in Fig. 4.1. Ex-

perimental electron diffraction patterns of multiwall nanotubes usually show spots from both 

non-chiral and chiral tubes
236

, which could be taken as further evidence for a Russian doll 

structure, since a ‗scroll‘ nanotube would have the same helicity throughout. 

 

Fig. 4.1. Schematic illustration of ‘Russian doll’ and ‘Scroll-like’ models for multi-wall nanotubes. 
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A typical diffraction pattern, taken from the work of Zhang et al., is shown in Fig. 4.2. 

This pattern was recorded from a multiwall nanotube with 18 individual layers and an inner-

most diameter of 1.3 nm; the incident electron beam is normal to the tube axis. In this pattern 

the {000l} spots which result from the parallel graphene layers perpendicular to the beam can 

be seen running horizontally on either side of the central spot. The other arrowed spots all 

correspond to reflections from achiral (i.e. zig-zag or armchair) tubes, and are of the {10-10} 

or {11-20} type. The other, weaker reflections are due to chiral tubes. Careful analysis of the 

spots from chiral nanotubes enables the chiral angle to be determined. 

 

Fig. 4.2. Electron diffraction patterns of a multi-wall nanotube.
 236

 

Another important conclusion got from the diffraction pattern above is that the micro-

structure of the carbon nanotube is tanglesome. In other words, for an individual multiwall 

carbon nanotube, the chirality is not single. 

Most significant efforts have been directed towards SWCNTs. These efforts can be divid-

ed into methods that sort the nanotubes after synthesis and those which seek to produce only 

nanotubes with a particular chiral angle. Sorting methods have made significant progress us-

ing a variety of techniques including wrapping by single-stranded DNA and then separation 
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by anion exchange chromatography
217

; selective etching by a plasma hydrocarbon reaction
218

; 

attachment of surfactants and subsequent density gradient ultracentrifugation
219

; precipitation 

following chemical treatment
220

; adsorption of CNTs on agarose and freezing followed by 

mechanical separation
221

; and in situ and postsynthesis oxidation
222

. DNA sorting techniques 

have even recently separated CNTs by chiral angle
223

. Often, however, the processing steps 

involved in these techniques are difficult, reduce yield, and are unsuitable for applications 

requiring significant quantities of SWCNTs.  

Meanwhile, people began to attempt to growing SWCNTs with a particular chiral angle 

by varying the catalysts or changing the processing parameters. W. Chiang et al.
237

 found that 

the chirality distribution of as-grown SWCNTs could be altered by varying the composition 

of NixFe1-x nanocatalysts. Precise tuning of the nanocatalyst composition at constant size was 

achieved by a new gas-phase synthesis route based on an atmospheric-pressure microplasma. 

They also suggested that the link between the composition-dependent crystal structure of the 

nanocatalysts and the resulting nanotube chirality supported epitaxial models and could be a 

step towards chiral-selective growth of SWCNTs. Z. Ghorannevis et al.
228

 even utilized the 

nonmagnetic Au nanoparticles to catalytically synthesize of narrow-chirality distributed sin-

gle-walled carbon nanotubes. Their research revealed that plasma chemical vapor deposition 

(PCVD) with the nonmagnetic catalyst under the appropriate H2 concentration was critical as 

the methodological element of realizing the narrow-chirality distribution. B. Wang
238

 reported 

the selective growth of bulk SWCNT samples enriched with three different dominant chirali-

ties including (6, 5), (7, 5), and (7, 6) through adjusting the pressure of carbon monoxide on 

Co-Mo catalysts from 2 to 18 bar. 

The efforts above have made the properties of SWCNTs a certain degree improvement, 

especially the electrical property. However, in fact, they can do nothing more than narrowing 

the chiral distribution of CNTs. 

For multi-wall carbon nanotubes, only a little attention focused on this. Multi-wall CNTs 

with narrow chiral angles distribution in each layer have been produced by low-temperature 

plasma-enhanced CVD
239

, and pyrolysis of iron phthalocyanine
240

.  The possible chiral angles 

of such multi-wall CNTs are constrained because the graphene interlayer spacing must be 

maintained while also allowing the graphene sheet to close itself as a cylinder. Recently, S. W. 

Pattinson investigated a diverse range of nitrogen sources for their ability to control CNT chi-
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ral angle via epitaxial growth from highly ordered catalyst particles
241

. Despite intensive re-

search, the mechanisms by which the chiral angle is influenced are often only partially under-

stood, feature low yields, or otherwise require very specific conditions that would be difficult 

to reproduce industrially. 

From the studies above, we can conclude that catalyst must play a key role during the 

CNTs growth. And detailed investigation of a single catalyst, and the interfaces between cata-

lyst and the CNTs could give an answer to the controlling growth. Therefore, A systematic 

study on the own mechanisms is essential to possibly find a gap not ever understood. 

In the commonly accepted growth mechanism of carbon nanotube, carbon dissolves into 

the catalyst and CNTs grow due to the precipitation of excess carbon on or just beneath the 

metal surface of the catalyst particle. This idea originates from the VLS mechanism suggested 

by Wagner et al., which was derived to explain the growth of single crystal Si wire
242

. The 

schematic is shown in Fig. 4.3. The basic concept is as follows: (i) dissociation of hydrocar-

bon gas on the surface of the catalyst, (ii) diffusion of carbon atoms through the bulk of the 

catalyst, and (iii) precipitation of carbon from saturated catalyst particles to form 1D carbon 

nanostructures. In this model, the catalyst forms a liquid droplet and preferentially adsorbs the 

growth species from the surrounding vapor, finally growing the CNTs from this supersaturat-

ed eutectic liquid. In the case of growth of carbon nanotubes, graphite layers grow out of the 

liquid Fe-C (Ni-C, Co-C, etc.) eutectic. It is well known that liquid cannot be long-range or-

dered. Therefore, it is impossible that all the graphite layers can get the same crystallographic 

structure from the liquid eutectic. Liquid catalyst during the carbon nanotube growth is the 

possible reason accounting for the rambling structures, which are the most common products 

in CNTs synthesis processes. 
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Fig. 4.3. Idealized drawing of VLS mechanism illustrated for growth of a silicon crystal. 

Another model, so called ―Yarmulke mechanism‖, was proposed by H. Dai et al. in 1996, 

which described the early nucleation of all layers of CNTs
243

. Surface energy plays a domi-

nant role for a nanoscale particle. A metal particle only a few nm in diameter contains a very 

high percentage of surface atoms, creating a tremendous surface energy problem on a per at-

om basis. An excess of carbon can help to solve this problem by assembling a graphene cap 

on the particle surface, with its edges strongly chemisorbed to the metal. Since the basal plane 

of graphite has an extremely low surface energy (10-20 times smaller than most metals), the 

total surface energy diminishes. Newly arriving carbon will continue to assemble on the sur-

face of the catalytic particle. Then a second cap can form underneath the first, spaced by 

roughly the interlayer spacing of graphite. As additional caps form, one beneath the other, 

older caps are forced to lift up by forming a cylindrical tube whose open end remains chemi-

sorbed to the catalytic particle. Nucleation of new (inner) layers will halt once the strain due 

to increasing curvature of new layers becomes too great. After nucleation, the carbon diffuses 

either on the surface or through the bulk to the chemisorbed open edges of the nanotube, at 

which time these new carbon atoms insert into the nanotube network to form the CNTs. 
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A calculated model by S. Reich et al.
244

 also illuminates that the importance of the early 

nucleation. Different from Yarmulke mechanism, S. Reich thinks that some caps forming on 

the catalyst at the nucleation stage could be favored by their epitaxial relationship to the solid 

catalyst surface. The chirality-selective growth of nanotubes can be controlled the type of 

caps. Their ab initio calculations suggest that lattice-matched caps and tubes are more stable 

next to a catalyst surface than non-lattice-matched structures. 

Therefore, a possible routine for chiral-controlling growth of CNTs can be deducted as 

follows: 

1. A catalyst is necessary. The catalyst should maintain solid state all through the CNTs 

growth process; 

2. Some planes on a certain axis of the catalyst should have some matching relation-

ships with (002) plane of graphite; 

3. Optimized processing parameters.  

4.2 Synthesis of single-chirality multi-wall carbon nanotubes 

4.2.1 The catalyst selection 

In the most cases of CNTs growth, catalyst particles react with carbon atoms to form liq-

uid eutectic, which is mentioned above in VLS mechanism
242

. However, catalysts in the solid 

state during the CNTs growth process, is prerequisite for the epitaxial delivery crystalline 

information occurring on the interfaces of catalysts and CNTs.  

As we know, catalysts using for CNTs growth in CVD process exhibit a small dimention 

in diameter, usually several to tens of nanometers. Due to the little size effect of nanomateri-

als, the melting point of nanoscale catalysts is much lower than that of bulk. Therefore, pure 

transport metals and their compounds hardly maintain solid state during CNTs growth pro-

cesses, which are carried on normally at a temperature higher than 600 
o
C. Can the catalysts 

be in other forms, such as carbide, nitride, or others? 

An atomic scale in situ environmental transmission electron microscopy (ETEM) obser-

vation of the nucleation of single-walled CNTs and multi-wall CNTs in Fe catalyzed CVD 

followed by continuous growth was carried out by H. Yoshida et al
245

. Surprisingly, CNTs 

grow from nanoparticle catalysts (NPCs) of crystalline Fe carbide. Although there is no crys-



48 4 Synthesis of single-chirality multi-wall carbon nanotubes  

talline relationship between the catalyst and the as-grown CNTs, it opens the door to discover 

the secret behind CNTs growth process utilizing a new form of catalyst.  

The reason for non-crystalline relationship between the catalyst and the as-grown CNTs 

is that during the whole process, the NPCs are structurally fluctuating. Since the NPC remains 

at nearly the same position on the substrate and deforms only slightly, the observed phenome-

non is accounted for by a change in crystal orientation without physically rotating the whole 

NPC. The structure of smaller NPCs for the growth of SWNTs seems to fluctuate more re-

markably. It is well-known that metal nanoparticles fluctuate in vacuum at room tempera-

ture
246-248

. The nanoparticles of cementite, which is known to be hard and brittle in iron steels, 

fluctuate not only in vacuum but under the gas environment at the elevated temperature. 

Therefore, a continuous and stable delivery of crystalline information could be impossible. 

Inspired by the fact above, a principle of catalyst selection is set up as follows： 

 Transition metals or their compounds with a high melting point; 

 Carbides or nitrides of the potential candidates with a high melting point; 

 A set of planes of the potential carbides or nitrides have possible crystalline match 

with (002) planes of graphite. 

After systematic study on the phase diagrams of carbides and nitrides of transition metals 

and possible addition metals, a kind of carbide of FeCr alloy is confirmed for the following 

study. The ternary phase diagram of Fe, Cr and C
249

 is shown in Fig. 4.4. The phase diagram 

describes the phase changes with the variation of Cr, C content and the temperature. The 

phases α and γ are solid solution phases. The phases K1, K2 and KC represent (Cr,Fe)23C6, 

(Cr,Fe)7C3 and (Cr,Fe)3C, respectively
249

. The corresponding solubilities of carbon is 5.6%, 9% 

and 6.67%
248

. It can be deducted that with the increasing of C content, the melting point of the 

corresponding phase rises observably, which could meet the requirement of high melting 

point catalysts in a carbon rich atmosphere. 
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Fig. 4.4. Fe-Cr-C phase diagram.
249

 

4.2.2 The synthesis process 

Normally, the synthesis process of nanomaterials is tricky, which has only a very small 

space for varying processing parameters. Different from synthesis of other forms of materials, 

such us bulk and films, there are no changes with a certain rule with the changing of pro-

cessing parameters regularly. Before the goal is achieved, every attempt seems useless. If 

there must be a role of the works having done, that is excluding that parameter combination. 

In the case of the present work, the principle of adjusting the process parameters is firstly 

to get a high temperature atmosphere, where the high temperature phase FeCr carbide could 

be formed; secondly, to get a not so high temperature atmosphere, otherwise, the carbide cata-

lyst will melt; at last, a sufficient carbon supply must be ensured. The first two points looks 

like contradictory. However, after summing up the experimental findings, we find that the 

answer is no. The fact is that once the carbide is formed, it will dissolve more carbons instead 

of getting melting when the temperature rises up not so much. Simultaneously, the solid car-
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bide will act as a catalyst to form CNTs when the temperature keeps constant and the carbon 

supply is abundant. 

Table 4.1 The processing parameters for CNTs synthesis. 

Microwave power (W) Gas pressure (Torr) Methane flow rate (sccm) 

700 12, 15, 18 

5, 10, 15, 20, 25, 30, 35, 

40, 45 

750 15, 18, 21 

800 17, 20, 23 

850 19, 21, 25 

900 22, 25, 28 

950 22, 25, 28 

1000 22, 25, 28 

1050 22, 25, 28 

1100 22, 25, 28 

1150 24, 26, 30 

1200 27, 30, 33 

During the concrete operation of CNTs growth in the present work, there are three adjust-

able parameters: the microwave power, the gas pressure and the methane flow rate. The mi-

crowave power affects the temperature of the process. High microwave power can bring high 

temperature atmosphere. Owing to the basic operating requirement of MWCVD technique, a 

small adjustable range of gas pressure corresponds to a certain value of microwave power. In 

the small range, the increase of the gas pressure can condense the plasma sphere to elevate the 

energy of particles. In the case of the methane flow rate, more methane will make the plasma 

brighter, indicating increasing system energy. But there is a limit for the amount of methane 

flow rate, which can be identified intuitively that the bright plasma will get darker, even to 
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form another plasma sphere. Process over the limit will harm to the MWCVD equipment. 

Table 4.1 shows the attempts for the synthesis of single-chirality CNTs in the present work, 

while the nitrogen flow rate was kept as a constant of 45 sccm. 

The processing parameters for single-chirality CNTs growth is confirmed as follows 

shown in Table 4.2. The temperature for the synthesis process is kept constant, 850 
o
C meas-

ured by an infrared thermometer. And the repetition of synthesis process is identified to be 

good. 

Table 4.2. The processing parameters for single-chirality CNTs growth. 

Pre-treatment 

Base pressure (×10
-2

 Torr) 1.2-1.8 

Gas flow rate (sccm) 100 

Gas pressure (Torr) 35 

Microwave power (W) 1500 

t (mins) 30 

Synthesis process 

Gas pressure (Torr) 25 

Gas flow rate (sccm) CH4: N2 = 35 : 45 

Microwave power (W) 1100 

t (mins) 240 

 

Fig. 4.5 shows the by-products in the present work. There are carbon microspheres, car-

bon microspheres with nanocones, carbon sphere films, carbon chains, carbon nanofibers, 

carbon nanotube films and amorphous carbon, which may be useful in other fields of research, 

and will not be further studied here. 
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Fig. 4.5. By-products in the present work: (a) carbon sphere; (b) carbon sphere with nanocones; (c) 

carbon sphere films; (d) carbon chains; (e) and (f)carbon nanofibers; (g) carbon nanotube films;(h) 

amorphous carbon. 
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Another remarkable point is that the processing time, 240 min, is much longer than that 

of less than 30 min reported in the literatures. Systematically analyzing the products of differ-

ent processing times shown in Fig. 4.6, we find that the synthesis of the catalysts, FeCr car-

bide, takes almost a half time. What‘s more, a higher solubility of carbon atoms in that 

catalyst should also account for the long processing time.  

 

Fig. 4.6. Products of different processing time: (a) 60 min; (b) 120 min; (c) 180 min and (d) 240 min. 

4.2.3 The characterization of catalyst 

Since catalysts play a key role during the single-chirality CNTs processes, it is necessary 

to investigate in detail the states of the catalysts, including the composition, phase, morpholo-

gy before and after the CNTs growth. 

As can be seen from Fig. 4.6 (a) and (b), the catalysts exhibit sphere morphology, with a 

diameter of tens to two hundred nanometers. Not all the catalysts can catalyze the CNTs 

growth, deduced from Fig. 4.6 (c) and (d). The reason for that is catalysts with certain oriten-
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tions can make sence for the growth process, which will be discussed in the later sections. 

And the diameters of CNTs directly depend on those of the catalyst sphere. 

Fig 4.7 shows the XRD pattern, electron diffraction (ED) pattern and EDX curve of the 

catalysts before the growth of CNTs. As discussed above, pure catalyst film can be formed at 

the processing time of 120mins. It seems that the CNTs will nucleate at next minute. There-

fore, the catalysts are chosen for the examination by the techniques mentioned at the begin-

ning of this paragraph. From the XRD pattern shown in Fig. 4.7 (a), we can find that besides 

the peaks corresponding the substrate, there are peaks corresponding to (420), (202) and (203) 

planes of the phase (Cr,Fe)7C3. The catalysts grow in a random mode, without a preferred 

orientation. The values of 2θ of the catalyst peaks are a little small than those of standard 

powder (Cr,Fe)7C3 crystal, which can be attributed to the small size effect. 

 

Fig. 4.7. The XRD pattern(a), ED pattern(b) and EDX curve(c) of the catalysts before CNTs growth. 
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The composition information of the catalyst from Fig. 4.7 (c) and (d) confirms XRD re-

sult discussed above. In the EDX curve, the content of carbon mostly comes from carbon film 

of the copper grid, absorbed particles and the catalyst. Therefore, its value is much higher 

than the real value in the catalyst. Oxygen and copper can be omitted because they comes 

from the absorbed particles and copper grid, respectively. The contents of chrome and iron 

reflect verifiably the composition of the catalysts.  

The phase of the catalysts is determined precisely by electron diffraction pattern shown 

in Fig. 4.7 (b). The pattern was taken under the incident electron beam parallel to the [-12-16] 

axis of the catalyst. As can be seen from the pattern, every single catalyst is a monocrystal. 

The planes (-2202) (02-21) and (-2020) can be directly recognized under that axis. Summing 

up the three facts mentioned we can conclude that the phase of catalysts before CNTs growth  

is (Cr,Fe)7C3. Another remarkable point is that in the pattern there are weak spots forming a 

circle. We believe that this phenomenon result from the amorphous graphite layers covering 

the catalyst. Since the catalysts exhibit very small size, the surface energy of the catalyst will 

be huge. While, the amorphous graphite layers have a rather low surface energy. Therefore, at 

the carbon rich atmosphere, it is easy that the catalyst is covered by amorphous graphite lay-

ers. 

The catalysts after the CNTs growth were examined by HR-TEM images and ED patterns. 

The results are shown in Fig. 4.8. The ED patterns reveal that there are no phase transitions or 

state changes of the catalysts during the synthesis process. The catalysts maintain the solid 

(Cr,Fe)7C3 phase, which benefits the controll of the CNTs structures. Indeed, we observed 

that the CNTs grew out from the catalyst. And the catalytic monocrystals exhibit different 

axial directions to control the CNTs growth, such as [0001] and [2-1-10], shown in Fig. 4.8. 
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Fig. 4.8. HR-TEM images and ED patterns of the catalysts after CNTs growth. 

4.2.4 The characteristic of as-grown carbon nanotubes  

Fig. 4.9 shows the as-grown carbon nanotubes at the optimum processing parameters. 

From the images we can see that the CNTs were grown accompanied by some carbon spheres 

with a diameter of several micrometers. Detailed investigations indicated that these spheres 

did not aid to grow CNTs, but acted as signals of the success of the CNTs growth. The CNTs 

were grown straightly, and with no preferred orientation, which is much different from other 

reports. 
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Fig. 4.9. The SEM images of as-grown CNTs at the optimum processing parameters. 

The as-grown CNTs have a wide length range, from hundreds nanometers to several mi-

crometers. This could be a circumstantial evidence for the necessity of the catalysts for the 

growth of CNTs in the present work. Since the formation of catalysts depended on the diffu-

sion of iron and especially chrome atoms to assemble enough sources. For an individual cata-

lyst, the time of its formation could be different from others, which could be the main factor 

causing the different lengths of CNTs. 

The as-grown CNTs have a wide range in diameter, from tens to hundreds nanometers.  

This phenomenon is also attributed to the different diameter distribution of catalysts. And the 

thinner diameter CNTs give the opportunity to further study the relationships between the 

CNTs and catalysts utilizing TEM.  

Fig. 4.10 shows the image of an individual CNT grown at the optimum parameters. 

Through EDX analysis, catalyst particles are observed at the bottom of the CNT, suggesting a 

catalytic base-growth of the CNTs. 
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Fig. 4.10. SEM image and EDX analysis of an individual CNT. 

The chirality of the as-grown CNTs was determined via electron diffraction technique. 

Fig. 4.11 shows the typical electron diffraction patterns of the CNTs. And the incident elec-

tron beam is normal to the tube axis. Due to the finite size of carbon nanotubes in the radial 

directions, the electron diffraction spots are elongated perpendicular to the tubule axis and 

therefore form diffraction layer lines. In all the patterns the {000l} spots which result from the 

parallel graphene layers perpendicular to the beam can be seen running horizontally on either 

side of the central spot. The other spots of the pattern shown in Fig. 4.11 (a) all correspond to 

reflections from achiral zig-zag tubes, and are of the {10-10}. In the patterns shown in Fig. 

4.11 (b)-(h), besides the {000l} spots, other spots are positioned at the apices of two regular 

hexagons, indicating a simple chiral property. The single-chirality cannot be deduced since in 

some cases CNTs with different chiral indices can have the same chiral angle, such as CNTs 

with the chiral indices (15, 1) and (30, 2). Therefore, it is necessary to identify the chiral in-
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dex (m, n) of CNTs and it will be done in the following sections. The chiral angles of the 

CNTs in the present work are mostly 0
o
 or less than 15

o
, shown in Fig. 4.11. 

A notable morphology feature of the as-grown CNTs is that all the CNTs have faceted 

surfaces, which was also reported on the tubular graphite cones (TGCs)
49

. Fig. 4.12 shows the 

faceted CNTs with different helical angles. After examining a good number of CNTs by SEM 

we found that the helical angles of the CNTs were among the range of 0 – 30
o
. However, not 

CNTs with every angle therein could be gained and most of them were at the certain values. 

For example, CNTs with a helical angle of 0
o
, shown in Fig. 4.12 (a) and (b), could be mostly 

found. CNTs with a small helical angle of less than 15
o
, shown in Fig. 4.12 (c) and (d) could 

also be found easily. CNTs with a higher helical angel of more than 15
o
, shown in Fig. 4.12 

(e), could be found for only a few times. Intuitively, there may be a relationship between the 

extrinsic helical angle and the intrinsic chiral angle. This question will be further studied in 

latter Chapter 4.4. 
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Fig. 4.11. Electron diffraction patterns of as-grown CNTs. 
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Fig. 4.12. CNTs with different helical angles. 

4.2.5 Determination of the chiral indices (m, n) of carbon nanotubes 

In the present work we utilize a convenient method to determine the chiral indices (m, n) 

firstly proposed by L. Qin
200

, which has been detailed introduced in Chapter 2. Two examples 

are shown in Fig. 4.13 and the detailed process of the chiral indices determination will be ex-

pounded as follows.  
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Fig. 4.13. Determination of the chiral indices (m, n) of CNTs. 

For the CNT shown in Fig. 4.13(a),  

        (
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) = 4.95

o
,                                    (4.1) 
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,                                                          (4.2) 

indicating the CNT with a diameter of 1.572 nm. But as can be found in Fig. 4.13(a), the di-

ameter of the CNT is far larger than 1.572 nm, and is measured up to 11 nm, nearly 7 times of 
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1.572. Therefore, the chiral index of the CNT should be confirmed as (63, 14). The case of the 

determination of chiral index of the CNT shown in Fig. 4.13(c) is similar: 

        (
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) = 2.833

o
,                                     (4.3) 
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,                                                           (4.4) 

indicating the CNT with a diameter of 1.372 nm. And the measured diameter from Fig. 4.13(c) 

is as large as 8.2 nm, 6 times of 1.372. So the chiral index of the CNT should be (102, 6). 

For both of the CNTs above, their simple diffraction patters should result from CNTs 

with a certain chiral index, instead of a series of certain chiral indices of (um, un), where u is 

integers. Since the minimum of the difference of d value of the possible two adjacent layers 

are 1.572 and 1.372 nm, respectively, much larger than 0.34 nm observed in Fig. 4.8. There-

fore, the CNTs synthetized in the present work exhibit a single chirality, which is totally nov-

el in the CNTs research until now and consequently may attract more attention to the multi-

wall CNTs duo to their high conducting properties compared with single-wall CNTs. 

4.3 Single-chirality controlling of multi-wall carbon nanotubes 

Successful synthesis of single-chirality multi-wall CNTs is important, while elaboration 

of the behind detailed mechanism responding for the growth process has a more important 

meaning toward the CNTs research, which gives a fuller understanding of the CNTs for a 

more precise controlling of CNT-based nanodevices. To achieve that goal, normally TEM and 

ED techniques are employed to examine the catalysts, the as-grown CNTs and their interfaces 

to restore as far as possible what happened during the growth process.  

A complete system including a single catalyst and the CNT grown on it is necessary the 

further mechanism research. But it seems a little difficult for sample preparation, because 

CNTs always break off or catalysts and the CNTs are separated during scratching the prod-

ucts into ethanol before the copper girds salvage. 

For a more higher resolution of the TEM images of the catalysts and CNTs, especially 

their interfaces, smaller diameters of them are beneficial because of the better transmission of 

electrons on thinner objects. However, smaller diameters of the catalysts and the CNTs also 

means weaker diffraction intensity and less adjustability of object zone-axis. Empirically, the 
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catalyst with a diameter of 50-100 nm and the CNTs grown on it with a diameter of less than 

100 nm are the best candidates for the study. 

The requirements mentioned above prevent most efforts from the truth discovery. Fortu-

nately, some samples survived. And the behind mechanism was elucidated clearly through the 

precious examination on them. The following paragraphs will show the elucidations from 

three aspects of variations of catalysts, the determined interfaces and how to grow a CNT, 

respectively. 

4.3.1 Variations of catalyst 

The catalysts directly determining the chirality property of the as-grown multi-wall CNTs 

are confirmed as (Cr,Fe)7C3 carbide. And the state of the catalysts maintains constant during 

the process of CNTs growth, which is regarded as the key factor to get single-chirality CNTs. 

The detailed crystalline information of the carbide catalyst is shown as follows, which will be 

cited during the following discussion. Tables 4.3 lists the lattice constants and the calculated 

interplanar spacings of the (Cr,Fe)7C3 phase are listed in the Appendix II at the back of the 

thesis. 

Table 4.3. The lattice constants of (Cr,Fe)7C3 phase. 

crystal system trigonal 

space group P31c 

lattice parameters 
a = b = 13.98 Å, c = 4.523 Å 

α = β = 90º, γ = 120º 

 

The diameter of the catalysts is at the range of tens of nanometers, with no preferred 

growing orientations, which are concluded above. The morphologies of the catalysts tend to 

be small spheres or small rods. However, they changed a lot during the catalytically growth of 

CNTs. Fig 4.14 shows the TEM images of the catalysts morphologies after CNTs growth. As 

can be seen, at  the side where nanotube extrusion (growth) occurs, the catalysts deforms to a 

sharper pyramid, with a very tiny flat at the end, while, at the opposite side the catalysts 

changed nothing. What‘s more, the pyramid is axisymmetric along the axis of the catalysts. In 
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different samples, the facets of the pyramid have different angles with the axis of the catalysts. 

The most observed values of the angle are 17
o
 and 43.8

o
. Specifically, the observed angle in-

dicate to be true unless the zone axis is perpendicular to [0001] of the catalysts. Otherwise, 

the observed value would be larger than the true one. And it is believed that the nucleation 

and growth of graphene layers are assisted by the dynamic formation and restructuring of the 

catalysts. Fig. 4.14 (d) shows the scheme of the deformed catalyst, which was called truncated 

pyramid 

 

Fig. 4.14. The deformed catalysts after CNTs growth.The red lines and blue lines highlight the defor-

mation of the catalysts and the symmetry axis, respectively. 
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Detailed HR-TEM images shown in Fig. 4.15 indicated that in the present work the most 

observed catalysts for the single-chirality multi-wall CNTs growth were grown along their 

two primary orientations [0001] and [10-10]. And for the case of catalyst grown along its 

[0001] in Fig. 4.15(a), the planes consistiing the side walls of the deformed catalysts were 

confirmed to be (20-21) and (-2021) by examining lattice fringes with a periodicity of 3.6 nm 

as well as the diffraction patterns shown in Fig. 4.8. According to the spatial symmetry de-

duced from the space group P31c of the catalyst phase, the planes (02-21), (-2201), (0-221) 

and (2-201) should also consist the side walls of the truncated pyramid. While for the case of 

the catalyst grown along its [10-10], shown in Fig. 4.15(b), things got a little rough. Because 

of the zone axis is not perpendicular to [0001] of the catalyst, the images could not manifest 

veritably the interaction between the catalysts and the as-grown CNTs. But we could still find 

the plans (02-21) and (-2201). Similarly, we can deduce that planes (20-21), (-2021), (0-221) 

and (2-201) should all consist the side wall of the deformed catalyst. The TEM images repre-

sent two-dimensional projections of the samples, and thus the observations are indicative of 

graphite layers growth around the catalytic nanocrystals. 

Besides the orientation of [10-10], catalysts grown along the orientations of [-1100] and 

[0-110] would also catalytically grow single-chirality multi-wall CNTs according to the spa-

tial symmetry of space group P31c. And the chirality of the CNTs should be the same as cata-

lytically by catalysts of [10-10] orientation. 

To conclude the discussion above, in the present work, catalysts with orientations [0001], 

[10-10], [-1100] and [0-110] could catalytically grow single-chirality multi-wall CNTs. And 

the planes (20-21), (02-21), (-2201), (-2021), (0-221) and (2021) play an important role dur-

ing the process. 
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Fig. 4.15. HR-TEM images of the catalysts. 

4.3.2 Nucleation of the graphite layers 

Compared with the nucleation of single-wall CNTs, that of multi-wall CNTs appears 

more complex. There is a doubt in front of further study of the nucleation of multi-wall CNTs, 

which is whether every graphite layer nucleate simultaneously or one layer nucleates first and 

then other layers nucleate.  

An in situ observation of the nucleation of carbon nanotubes by the injection of carbon 

atoms into metal particles
250

 could give an answer to that doubt. Initially, highly misshapen 

graphenic network filaments appear to gather in the central hollow core of the tube. A gra-

phene sheet migrates inside the core and when it gets in touch with the FeCo crystal, it be-

comes attached to the surface. As soon as the metal tip surface is covered by the graphenic 

structure in the cavity above it, the metal tip, which was formerly flat, appears to deform into 

an nearly hemispherical dome, and steps develop around the tip. Either simultaneously or 

shortly thereafter, the dome appears to be covered by a hemispherical graphenic cap (presum-

ably a fullerenic half-cage), whose inner surface fits the dome essentially perfectly. As soon 

as the metal tip is round, nanotube growth starts because the first carbon layer segregating at 

the metal dome can form the cap of a tube. Almost immediately, three further graphenic caps 

form, with interlayer separations close to the standard graphite distance, apparently material-

izing from the particle tip. The caps then become the tips of multi-wall CNTs, whose walls 
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extrude from the particle, resulting in incipient formation of a new internal section of the orig-

inal MWCNT. 

The finding above clearly demonstrate that for MWCNTs, one graphene layer nucleates 

first, then shortly thereafter, other graphene layers nucleate. All layers of the newly forming 

inner MWCNT segments then grow at exactly the same rate, that is, the inner layers grow at 

the same rate as the outer layers. 

In the present work, the results of determining the chiral indices (m, n) of the as-grown 

CNTs could also be an evidence explaining the MWCNTs nucleation. The previous discus-

sion in Section 4.2.5 revealed that the chiral property of the CNTs were decided by only one 

graphene layer, the innermost layer. In other words, once the innermost graphene layer nucle-

ates, the chiral property of the CNTs is determined. The carbon atoms in other graphene lay-

ers were arranged according to the principle of that of the innermost layer. The detailed 

process will be discussed later. 

After making clear the nucleation sequences, following is the nucleation of the single-

chirality multi-wall CNTs. Deducting from the discussions above, the nucleation of the first 

graphene layer is crucial for the chirality of the CNTs, which is similar with the nucleation of 

single wall CNT. About the nucleation, there are two questions raised: 1 the nucleation of 

CNT is dependent on the certain lattice plain of the catalysts or not; 2 the formation of nuclea-

tion is forming an open end or a cap as the end. 

For the first question, some believed that the energy difference leading to a particular chi-

rality of nanotubes is so small that there is no reason one chirality should be preferred over 

another. Furthermore, the catalyst particles often show fluctuations in their structure and ori-

entation. Hence strategies for chirality control in this model may be difficult to achieve
240

. 

Instead, they thought that the orientation of the catalyst particles is present because of the 

preferential growth during nucleation. And these well-defined particles have the capability of 

surface reconstruction to form close packed surface layers capable of templating graphene 

layers of primitive structures with zigzag and armchair orientation and with a spatial sym-

metry which is uniaxial and thus compatible with the nanotube. 
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But more theoretical and experimental work revealed that the CNTs could extrude from 

the catalyst particles and have a close relationship with the lattice planes of the catalyst con-

necting to the as-grown CNTs.  

S. Reich, et. al
244

 focused on the idea for the chirality-selective growth of nanotubes by 

controlling the type of caps that form on the catalyst at the nucleation stage. Particular caps 

could be favored by their epitaxial relationship to the solid catalyst surface and the corre-

sponding tubes grow preferentially. Their ab initio calculations results showed that lattice-

matched caps and tubes were more stable next to a Ni surface than non-lattice-matched struc-

tures. And on Ni (111) plane, Ni-C bonding favored armchair edges by a local lattice match-

ing of neighboring C atoms.  

Recently, Y. Li, et. al
251

 reported their latest results about the chirality-specific growth of 

single-walled carbon nanotubes on solid alloy catalysts. They showed that single wall CNTs 

of a single chirality, (12, 6), could be produced directly with an abundance higher than 92 

percent when using tungsten-based bimetallic alloy nanocrystals as catalysts, which, unlike 

other catalysts used so far, have such high melting points that they maintain their crystalline 

structure during the chemical vapor deposition process. This feature seems crucial because 

experiment and simulation both suggest that the highly selective growth of (12, 6) single wall 

CNTs is the result of a good structural match between the carbon atom arrangement around 

the nanotube circumference and the arrangement of the catalytically active atoms in the plane 

(0012) of the nanocrystal catalyst. 

For the second question, F. Ding, et. al gives an answer by utilizing density functional 

theory to focus on the adhesion between single-walled CNTs and the catalyst particles from 

which they grow
252

. It is found that Fe, Co, and Ni, commonly used to catalyze SWCNT 

growth, have larger adhesion strengths to MWCNTs than Cu, Pd, and Au and are therefore 

likely to be more efficient for supporting growth. The calculations also show that to maintain 

an open end of the SWCNT it is necessary that the CNT adhesion strength to the metal parti-

cle is comparable to the cap formation energy of the CNT end. This implies that the differ-

ence between continued and discontinued CNT growth to a large extent depends on the 

carbon-metal binding strength. Therefore, the CNTs catalyzed by Fe, Co and Ni tends to form 

an open end, while CNTs catalyzed by Cu, Pd and Au are willing to form a cap. 
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In the present work, multi-wall CNTs were observed to extrude from the nanosized (Cr, 

Fe)7C3 catalysts. Obviously, the adhesion between single-walled CNTs and the catalyst parti-

cles is strong and the as-grown CNTs tend to form open end, which coincides with our exper-

iment results. As discussed in Section 4.3.1, the catalysts grow mainly along two orientations: 

[0001] and [10-10]. And consequently the lattice planes on which CNTs extrude from, are 

different, (0001) and (10-10) planes, respectively. Therefore, the as-grown CNTs have differ-

ent chiral properties.  

For the catalysts with growth orientation along its [0001], the CNTs nucleate on the 

(0001) plane of the catalysts, and the circle edge is confined in a hexagon which is consist of 

six intersections of (20-21), (02-21), (-2201), (-2021), (0-221) and (2-201) with (0001). And 

the CNTs were confirmed to be zigzag tubes, and the chiral index was (102, 0), shown in Fig. 

4.16(a) and (b).  

For the case of catalysts with  growth orientation along its [10-10], the CNTs nucleate on 

the (10-10) plane of the catalysts, and the circle edge is confined in a hexagon which is also 

consist of six intersections of (20-21), (02-21), (-2201), (-2021), (0-221) and (2-201) with 

(10-10). And the CNTs were confirmed to be zigzag tubes, and the chiral index was (105, 10), 

shown in Fig. 4.16(c) and (d).  
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Fig. 4.16. The nucleation of the CNTs on (0001) and (10-10) planes of (Cr,Fe)7C3 catalysts. 

Once the first graphene layer nucleated, the chiral property of the CNTs would be con-

firmed. And other layers nucleated shortly thereafter. Normally, the adjacent layers have no 

structural relationship in the multi-wall CNTs reported before, which, as a consequence, caus-

es the complexity of the chirality. However, all the layers grow according to the chirality con-

firmed by the earliest graphene layer. Therefore, the as-grown CNTs have a single chirality. 

And the reason account for this novel phenomena will discussed in the following section. 
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4.3.3 Step-site controlling the single-chirality 

Step-type sites were firstly found to be most effective where metal atoms were used for 

dissociation of the reacting molecules for a class of catalytic reactions. And This has also 

been shown experimentally in several cases
253-255

.  

Normally, on a certain catalyst, there are at least two kinds of active sites for dissociation 

of the reacting molecules: one associated with certain step sites on the surface, and another 

associated with the close-packed planes. A theoretical work utilizing density functional theory 

(DFT) calculations over a Ni(111) surface and over a stepped Ni(211) surface
256

, indicated 

that  the steps are more reactive than the close-packed surface for most of the elementary 

steps in the process and atomic carbon has much higher stability on steps than on terrace sites. 

Therefore, although it should have more surface sites available because there are more facet 

sites than step sites except for extremely small particles, any nucleation of graphite on the 

surface of a Ni particle should start at steps. 

In the case of the carbon nanostructures synthesis, the step-type sites were firstly ob-

served to act a key role in an atomic-scale imaging of carbon nanofibre growth by catalytic 

decomposition of methane over a catalyst consisting of Ni nanoclusters supported on 

MgAl2O4
184

.  

As to the growth of  single wall CNTs, the step-site was also found to be of significance 

in the CNTs nucleation period. In the present work, the step-site acted as the nucleation sites 

for the single chirality multi-wall carbon nanotubes. The HR-TEM images of the interfaces of 

the catalysts and the as-grown CNTs is shown in Fig. 4.17. And the cases of the catalysts with 

the orientation of [0001] and [10-10] correspond to Fig. 4.17(a) and (b), respectively.  
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Fig. 4.17. The HR-TEM images of the interfaces of the catalysts and the as-grown CNTs. (a) and (b) 

correspond to the catalysts with the orientations of [0001] and [10-10], respectively. The green pots 

highlight the atoms of the catalysts, and the blue lines stand for the graphite layers. 

From the pictures above, we can deduct that the graphite layers of the as-grown CNTs  

extrude out of every monoatomic step site. And the three dimension monoatomic step site is 

consisted of seven crystal planes of the catalyst. Six of them are the planes discussed in Sec-

tion 4.3.1. They are (20-21), (02-21), (-2201), (-2021), (0-221) and (2-201). And the last one 

is the basal plane. Through examining all the samples, two most frequent observed are  (0001) 

and (10-10). And this can also be an evidence for the not so large quantity of the CNT prod-

ucts. Since the orientation of the catalyst is random. The catalysts grown with other planes as 

the basal plane cannot catalyze the growth of the novel CNTs. 

The step sites not only acted as the optimum nucleation site for graphite layers, but also 

determined the single-chirality of the as-grown CNTs. As has been discussed already, for 

some catalysts, the catalytic single-wall CNTs could have a certain chiral property. In the pre-

sent work, the discussion above has confirmed that sing-chirality CNTs could be gained on 

(0001) and (10-10) crystal planes of the catalysts. In other word, single-wall CNTs with a 

certain chiral angle tend to grown on the certain planes of the catalysts. Because of almost the 

same growth mechanism on (0001) and (10-10) crystal plane, we select the catalyst with 

(0001) as its basal plane for discussion. 
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On the (0001) crystal plane of the catalyst, the first monoatomic step site should be 

formed before the nucleation of the innermost graphite layer. The position of the nucleation 

site seems like stochastic. And the step site is consisted of seven crystal planes mentioned 

before. Shortly after the formation of the step site, a graphite layer nucleated. This layer have 

a certain chiral property corresponding to the (0001) crystal plane because of less mismatch 

between the catalyst and the CNTs and lower energy consumption. Based on our observation, 

the diameter of the innermost layer is more than 5 nm, relatively larger than that of other 

CNTs reported on the literatures.  

The deformation of the catalysts were confirmed rapidly and accomplished at a very short 

time so that all the graphite layers can grow with nearly the same length to form a tube. Short-

ly after the formation of the first step site, the second step site formed. To gain the graphite 

layer with the same chiral property with the innermost layer, two necessary conditions should 

be met. One is the step site with the basal plane of (0001), while the other is the graphite lay-

ers  nucleated on these two step sites have a distance of 0.334 nm, which is the nature of the 

graphite.  

The step sites in the present work just met the requirement very well. The interplanar dis-

tances of crystal planes (20-21), (02-21), (-2201), (-2021), (0-221) and (2-201) are the same, 

0.3623 nm, which is close to the required value of 0.334 nm. From Fig. 4.17, we can see that 

the graphite layers of the tube were attached to the crystal by forming a strained quasi-

coherent interface. The graphite layers were curved close to the interface so that they match 

the open lattice planes of the catalyst. Owing to interfacial strain, the lattice of the metal ap-

pears locally dark, which is known as diffraction contrast from TEM studies of strained-layer 

epitaxy. Therefore, the difference between the interplanar distances of the catalysts and the 

graphite could not be a puzzle. 

Meanwhile, the same interplanar distances of the crystal planes (20-21), (02-21), (-2201), 

(-2021), (0-221) and (2-201) could ensure that the lower step site have the same basal plane 

(0001) with the higher step site. Therefore, it is possible that the graphite layers extruded out 

of the adjacent step sites have the same chiral properties. 

As we know, the chiral property of the single-wall CNTs has a close relationship with its 

diameter. Normally, the CNTs with different diameters cannot have the same chiral property. 
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But in our work, the multi-wall CNTs have a single-chirality indeed. The reason for the novel 

products can be explained as follows. 

Firstly, a relatively larger diameter of the hollow interior of the novel CNTs is essential, 

because of a stronger tolerance of defects compared with that of CNTs with a small diameter. 

In our previous discussion, we found that the hollow interior of the CNTs were larger than 5 

nm and the it could be up to even 10 nm. In this case, a bit larger in the diameter of 0.334 

could not cause a big energy consumption, compared with that of the chiral property changing 

to others of the CNTs on (0001) plane
257

. Obviously, the increase of the diameter definitely 

brought in defects. With increasing the number of layers, the more energy resulted from the 

defects could not be ignored. The tubular morphology changed into facets. Fig. 4.18 shows 

the possible maximum numbers of the graphite layers exhibiting the tubular morphology we 

observed. The numbers are several to a dozen. They are relatively minority, compared with 

the outer tens or even one hundred layers. 

 

Fig. 4.18. The possible numbers of the graphite layers exhibiting tubular morphology. 



76 4 Synthesis of single-chirality multi-wall carbon nanotubes  

Secondly, the stacking of the carbon atoms directly determined the chiral property of the 

as-grown CNTs. For the inner graphite layers, carbon atoms were stacked consistently accord-

ing to the means of CNT with a certain chirality, although defects would result in some disor-

der in axial direction. Consequently, The chirality of those graphite layers is single. But for 

the outer layers, because the nucleation of them were polylateral but not circle, the stacking of 

carbon atoms would be more complex. 

The results shown in Fig. 4.19 may give us an answer to the complex question mentioned 

above. Fig. 4.19 shows the SEM images of the side wall and the hollow interior of the zigzag 

CNT catalyzed by the (0001) plane of the catalyst. From the Fig. 4.19(a), we can see that the 

adjacent dot spacing is 0.20 nm, and interlayer spacing is 0.334 nm. Dots within one layer do 

not face directly those of the adjacent layer, but instead stagger roughly 1/3 of 0.20 nm along 

the axial direction, which shows that adjacent layers are ordered. 

 

Fig. 4.19. The side wall and hollow interior of the zigzag CNT catalyzed by (0001) plane of the cata-

lyst. 

Zigzag nanotubes is one of the two typical types that give rise to separated dots when the 

incident electron beam is perpendicular to the tube axis. And the other ones are armchair 

nanotubes. Given that the sp
2
 C-C bond length of hexagonal graphite is 0.142 nm, the theoret-

ical values of the distance between two adjacent projective spots of a zigzag tube is 0.213 nm. 

The experimental value of about 0.21 nm coincides quite well with that of the zigzag tube, 
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and the 1/3 of 0.21 nm stagger of adjacent layers coincides with ABAB. . . stacking of cylin-

drical graphite sheets. 

From Fig. 4.19(b), hexagonal patterns are observed at the central region with interstripe 

spacing of about 0.21 nm. The patterns also coincide with those of graphite when the incident 

electron beam is along its c-zone axis. When an AB unit of the layers in a bulk graphite crys-

tal is viewed along its c axis, all sites occupied by carbon atoms can be divided into two 

groups: one group of sites is occupied by one atom and another by two atoms. These sites 

with two atoms will contribute to the pattern of the hexagonal network in the images. In the 

present case, although the graphite layers of the CNTs‘ wall are cylindrical, a slice of graphite 

layers can be deemed flat. Thus, a hexagonal pattern can always be observed in the central 

region only if the cylindrical graphite layers are ABAB. . . stacking and the incident electron 

beam is perpendicular to the cone axis, especially when the outer graphite layers have small 

curvature.  

Consequently, all the graphite layers of the as-grown zigzag CNT should have the or-

dered stacking sequence, namely, ABAB…. Otherwise, the separated dots staggering roughly 

1/3 of 0.20 nm along the axial direction and the hexagonal patterns in the hollow interior of 

the CNT would not observed at all. In other word, the carbon atoms of all the graphite layers 

from innermost to outermost stacked orderly. As a result, the whole layers should have the 

same chirality. 

Owing to the increasing of the number of graphite layers, the defects resulting from the 

larger and larger diameter could not ignore. Therefore, the morphology of the CNTs tends to 

be faceted. According to the SEM observation, shown in Fig. 4.20, the facets were either or-

thostatic or helical. And normally the numbers of the facets of a CNT is 6, 8, or 12. In retro-

spect, this phenomenon should attribute to the nucleation of the graphite layers. When the 

number of the graphite layers exceeded the possible maximum, normally several to a dozen, 

the nucleation of the new layers tended to be facets. As the interfaces of the new layer and the 

catalyst should be the projection of six planes of (20-21), (02-21), (-2201), (-2021), (0-221) 

and (2-201) on the basal plane of the catalyst. Those six lines were the new positions for the 

nucleation of new graphite layers. After nucleation, carbon atoms stacked with the same 

means as the atoms in the inner layers, either orthostatic or helical. The formed facets exhibit-

ed either orthostatic or helical morphology. 
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Another point should mentioned is that with the increasing of the layer number, some 

crystal planes with high indices would joined in as the positions for the nucleation of new 

layers with the six planes mentioned above. Therefore, the number of the facets for a CNT 

could be more than 6. According to the symmetry, there would be two or six more planes 

which could also be the new position. As a result, the number of the facets could be 6, 8 or 12, 

which coincide well with our observation. 

 

Fig. 4.20. The CNTs with different facets. The number of facets for (a), (b), (c) and (d) are 6, 8, 8 and 

12, respectively. 

Summing up the discussion above, we can conclude the process of the nucleation of the 

novel CNTs as follows: firstly, at the basal plane of the catalyst, there would be a monoatomic 
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step site stochastically, and the innermost layer nucleated, subsequently, the second step site 

formed shortly after, and the second layer nucleated, and then more and more step sites 

formed, following with the nucleation of more and more graphite layers. With the increasing 

of the layers, the morphology tended to be facets. When the monoatomic sites of catalysts 

were used up, the nucleation of the CNTs ended. Fig. 4.21 shows the schema of the process 

above. Because of the carbon rich atmosphere, the CNTs would be covered by some amor-

phous graphite layers. But those layers did not affected the instinct of the CNTs.  

 

Fig. 4.21. The assumption of the nucleation of graphite layers. 

4.3.4 Growing into long tubes 

Following the nucleation of the CNTs, with sufficient carbon source, the CNTs would 

grow along the axis to long tubes. Normally, there are two possible scenarios to explain this 

growth process.  

One is the surface diffusion model. If we assume the supply of carbon atoms by diffusion 

on the interface of the catalysts and the CNTs, the nucleation and growth of a single graphite 

layer could happen, but it is difficult to see how such a process could explain the clear evi-

dence obtained in this study that many concentric nanotubes sprout simultaneously and grow 

at the same rate. As the supply of carbon atoms comes from outside, the atoms would have to 

penetrate the outer shells of the growing tube to reach the inner shells. The barrier for the mi-

gration of carbon atoms through graphene shells by site exchange is 2.3 eV
250

 (the energy 

barrier for penetration through closed hexagons without atom exchange would be 10 eV, 



80 4 Synthesis of single-chirality multi-wall carbon nanotubes  

which is prohibitively high). Because of the clear direct contact between the growing gra-

phene cylinders and the crystal, there would always be a rather large energy barrier preventing 

any tunneling of carbon atoms towards the inner shells. Hence, surface diffusion of carbon 

atoms along the catalyst–tube interface is certainly possible, but one would expect such a 

mechanism to result in preferential growth of the outermost layers of the new MWNT sec-

tions.  

Another possibility is the carbide model. Before the nucleation of CNTs, the metal parti-

cles have adsorbed enough carbon atoms to form a high-melting-point carbide. And with the 

increasing of the chamber temperature, the carbon solubility will rise up and more carbon 

atoms will be adsorbed as the source of the CNTs growth, which has been discussed above. In 

the bottom-growth process, the catalysts at the root with sufficient carbon source could sup-

port all the graphite layers grow at the same rate. Simultaneously, the catalysts will adsorb 

more carbon atoms from the ambient. These two processes not only ensure the sufficient car-

bon sources, but also maintain the stability of the catalyst until the growth process stops.  

4.4 The ‘visible’ chirality 

In section 4.2, we showed the SEM images of the morphology of the novel CNTs. From 

Fig. 4.12 we can conclude that the growth of the facets of the CNTs have two mode: one is 

parallel growth, and the other is helical growth. For the former mode, the arrises of the facets 

are parallel to the axis, namely, the angle between the arrises and the tube axis is 0
o
. While, 

for the latter mode, obviously, that angle is no longer 0
o
, but a certain value of degree. No 

matter in which mode the CNTs grow, for a certain CNT, the value of the angle is single, 

which is in accordance with the discussion in section 4.3. 

Carefully investigating of the values of the angle, for most tubes, the values are small, 0 

or 4~5. For some cases, the value are larger. But examining all the tubes we gained, the values 

of the angle are in the range of 0 to 30. The fact above raises a question: is it possible that the 

morphological helix angle and the instinctive chiral angle may have a relationship? If so, the 

efficient of utilizing CNT-based nanodevices will be dramatically promoted. Since TEM 

measurement is up to now the only way to check the chirality property of the gained CNTs 

although it needs much time and effort to spend.  
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Fig. 4.22 shows the morphological helix of the carbon nanomaterials prepared under the 

same conditions. A remarkable phenomenon is that during the CNTs growth process, the state 

of some catalysts were not stable mainly in the aspect of dimension. As a result, the products 

catalyzed by these catalysts have different morphology, such as nanocones and the na-

nochains consisting with several nanocones. Fortunately, these products give us the chance to 

investigate the consecutiveness of the helical morphology. 

 

Fig. 4.22. The morphological helix of the carbon nanomaterials. 

 From Fig. 4.22 we can see that the helix morphology is continuous, from the bottom to 

the top, and from the inner to the outer of the as-grown CNTs. And the helical angles main-

tain the same for a certain CNT. The helix morphology is the instinct property. As we dis-

cussed above, the helix morphology is attributed to the means of carbon atoms stacking. And 

the latter is determined by the chirality of the graphite layers. Therefore, the helix morphology 

is relevant with the instinctual chirality of the CNTs. 

The facets and the helix morphology induced by the chirality of the CNTs could make the 

instinctual chirality ‗visible‘. The helical angle of the facets could be possible to represent the 
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chirality of the CNTs. The combined results of SEM images of single CNTs and the corre-

sponding SAED patterns, shown in Fig. 4.23, confirmed that relationship. From Fig. 4.23 (a) 

and (c), the most common two kinds of CNTs gained in the present work have orthostatic and 

helical facets. And the helical angle for the latter is 4.5
o
. The corresponding chiral angles of 

the two CNTs are 0 and 4.5
o
, respectively. The helical angles of the facets equal to the corre-

sponding chiral angle of the CNTs.   

 

Fig. 4.23. The SEM images of single CNTs and the corresponding SAED patterns of the CNTs.The 

white lines without arrows highlight the edges of the facets, while the lines with arrows highlight the 

axises of the tubes. 
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For all the CNTs, once nucleation happens, the chirality would be determined. In the pre-

sent work, the nucleation of the graphite layers is determining the carbon atoms arrangement 

in the circle, which posited to the monoatomic step site and connected with the basal plane of 

the catalyst. As is believed that, no matter what kind of chirality the CNTs have, the arrange-

ment of carbon atoms during the elongation of the tubes should be the same. Supposed that all 

the carbon atoms in the circle connected the latter carbon atoms in the means of an armchair 

mode to form the network of the tube.  

 

Fig. 4.24. The schematic relationship of morphological helix and the instinctual chirality. 
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As to a tubular-shape structure, some geometrical relationships can be deal with in a two-

dimensional plane. For zigzag nanotubes, a circle of zigzag arrangement of carbon atoms 

formed after nucleation. The carbon atoms connected the latter atoms in the means of an arm-

chair model. With the increasing of the graphite layers, the facets formed. We suppose that 

the armchair mode was like the red lines shown in Fig. 4.24(a). With the increasing of the 

graphite layers, the outer layers turned to be faceted, which was discussed above. The arm-

chair mode would force the arrises of two facets parallel to the tube axis, forming the orthos-

tatic facets, namely helical angel of 0
o
. 

For armchair and chiral nanotubes, the cases turned more complex. The armchair mode 

would bring a helical facets obviously. According to sample geometrical calculation, we can 

get that the arries of the facets would have a certain angle with the tube axises, which equal to 

the value of the chiral angle.  

To sum up, the instinctual chirality make the helical facets of the CNTs in morphology, 

which is also the result of compromise of keeping the single chirality of CNTs. According to 

the observation, the visible helical angle of the CNTs equals to the corresponding chiral angle. 

The armchair model of carbon atoms connecting to the latter atoms coincide well with the 

result we got. In a word, in the present work, the helical angels represent the instinctual chiral 

angles and the chirality of the CNTs is ‗visible‘. 

4.5 Raman Spectra Analysis of single-chirality multi-wall carbon nano-

tubes 

Raman spectroscopy is one of the most powerful tools developed for the structural char-

acterization of carbon based materials, such as diamond, carbon nanotube, fullerene, graphene 

and graphite etc. 
258-265

. In particular, it can distinguish the type (multi-wall, metal or semi-

conducting single-wall) of CNTs based on the low-frequency radial breathing modes (RBMs) 

and the unique profile or line-shape of split G bands. While for multi-wall carbon nanotubes, 

because of the large diameter of the outer tubes and because they contain an ensemble of car-

bon nanotubes with diameters ranging from small to very large, most of the characteristic dif-

ferences that distinguish the Raman spectra in SWCNTs from the spectra for graphite are not 

so evident in MWCNTs. The Raman spectroscopy of MWCNTs has not been well investigat-

ed up to now. Thus some new features observed only in MWCNT might be expected. In this 
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section we investigated the novel single-chirality multi-wall carbon nanotubes utilizing Ra-

man spectra analysis, in order to get the specific features for them. 

The group theory for carbon nanotubes predicts that there are 15 or 16 Raman-active 

modes at k=0 for all armchair (m, m), zigzag (m, 0), and chiral (m, n) (m ≠ n) nanotubes
266,267

. 

The number of Raman-active modes does not depend on the number of carbon atoms in the 

unit cell, which is given in Chapter 2. A simple explanation for why we get almost the same 

number of Raman modes for any nanotube is as follows: For lower Raman frequencies, the 

vibrations can ‗‗see‘‘ only the cylindrical surface, while for higher Raman frequencies, the 

vibrations see only the local sp
2
-bond structure of graphite, which is the same for any nano-

tube. 

Fig. 4.25 shows a Raman spectrum taken from an individual CNT. It can be observed that 

there are specific peaks for the novel CNTs: a low-frequency RBM mode at 270 cm
-1

, a high 

frequency G band at around 1588 ± 2 cm
-1

 and two defect-related peaks: a D band at 1360  

cm
-1

 and a D‘ band at 1620 cm
-1

. In the following paragraphs, we will discuss RBM peak, G 

band peak and D band peak, respectively. 

0 500 1000 1500 2000 2500 3000 3500

 

 

In
te

n
s
it
y
(a

.u
.)

Wave number (cm-1)

RBM

D G

 

Fig. 4.25. Raman spectra taken from an individual CNT. 
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The radial breathing mode 

The RBM can be used to study the nanotube diameter (dt ) through its frequency (ωRBM), 

to probe the electronic structure through its intensity (IRBM) and to perform an (m, n) assign-

ment of a single isolated SWNT from analysis of both dt and IRBM. 

The RBM Raman features correspond to the coherent vibration of the C atoms in the ra-

dial direction, as if the tube were ―breathing‖. These features are unique to carbon nanotubes 

and occur with frequencies ωRBM between 120 and 350 cm
−1

 for SWNTs for diameters in the 

range 0.7nm<dt <2 nm
268

. These RBM frequencies are therefore very useful for identifying 

whether a given carbon material contains SWCNTs, through the presence of RBM modes, 

and for characterizing the nanotube diameter distribution in the sample through use of the 

relation ωRBM = A/dt + B, where the A and B parameters are determined experimentally
269,270

. 

Whereas for MWCNTs, the RBM Raman feature associated with a small diameter inner 

tube (less than 2 nm) can sometimes be observed when a good resonance condition is estab-

lished
271,272

, but this is not the usual result, since the RBM signal from large diameter tubes is 

usually too weak to be observable and the ensemble average of inner tube diameter broadens 

the signal.  

In the present work, a peak with weak intensity was found at a lower frequency of 270 

cm
-1

, shown in Fig. 4.26. And we also regarded it as RBM peak, although the diameter of the 

inner tube in our products was far more than 2 nm. We attributed the presence of RBM peak 

to the single chirality of the MWCNTs. The single chirality graphite layers could be treated as 

many SWCNTs with a single chirality and definitely defects as well. For SWCNTs, single 

chirality determined the same frequency of the RBM peak. Although large diameter weakened 

the intensity of RBM peak for each layer, the intensity of RBM peak could be strengthened 

because of the superposition of peak intensities of all the graphite layers. And the presence of 

RBM peak was also found in single-chirality TGCs with a larger diameter inner tube. 
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Fig. 4.26. The RBM peak of the novel CNT. 

G band 

The G-band in graphite involves an optical phonon mode between the two dissimilar car-

bon atoms A and B in the unit cell
268

. The corresponding mode in SWCNTs bears the same 

name. Contrary to the RBM, the G band in SWCNTs shows a more complex spectral feature 

due to the curvature induced symmetry-breaking effect in the Brillouin zone of SWCNTs. 

Both theoretical calculation and experimental measurements show that the G band of 

SWCNTs consists of six Raman-active modes with the symmetry of A(A1g), E1(E1g) and 

E2(E2g) 
273,274

. All of these are not always visible or distinguishable, and strongly dependent 

on the different growth methods used to prepare samples. Usually, in a majority of samples 

two featured peaks appear: a higher-frequency (ωG
+
) sub-peak at about 1591 cm

-1
 and a low-

er-frequency (ωG
-
) sub-peak in the range of 1500 to 1587 cm

-1
, associated with atomic vibra-

tions along the axis and circumference of CNTs, respectively. Semiconducting and metallic 

nanotubes are found to have a similar Lorentzian line-shape and an identically narrow FWHM 

line-width of 6-15 cm
-1

 for the ωG
+
 peak. A remarkably different line-shape and a dissimilar 
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FWHM line-width are observed for the ωG
-
 peak, i.e., a Lorentzian line-shape with narrow 

FWHM line-width for semiconducting SWCNTs and a Breit-Wigner-Fano line-shape with 

broad FWHM line-width for metallic SWCNTs, due to different surface plasmon cou-

pling
273,274

. 

Whereas the G
+
 - G

−
 splitting is large for small diameter SWCNT tubes, the correspond-

ing splitting of the G band in MWCNTs is both small in intensity and smeared out due to the 

effect of the diameter distribution within the individual MWCNTs, and because of the varia-

tion between different tubes in an ensemble of MWCNTs in typical experimental samples. 

Therefore the G-band feature predominantly exhibits a weakly asymmetric characteristic line 

shape, with a peak appearing close to the graphite frequency of 1582 cm
−1

. 
275

 

The present G band observed from our novel CNTs is also made of a high-frequency sub-

peak and a low-frequency sub-peak, shown in Fig. 4.27. Two sub-peaks may have identical 

origins as those of SWCNTs, i.e. atomic vibrations along the axis and circumference of CNTs, 

respectively. The high-frequency sub-peak located at 1589 cm
-1

 is in agreement with those 

observed for SWCNTs. And the low-frequency sub-peak located at 1575 cm
-1

 has a Lorentzi-

an line-shape with narrow FWHM line-width, indicating a semiconducting property. 
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Fig. 4.27. The splitted G band of the novel CNT. 

D band 

In carbon materials, there are several weak Raman signals whose phonon frequencies 

change with changing laser excitation energy
260,276-279

 which is called ―dispersive‖ behavior. 

A typical example of this feature is the D-band at 1350 cm
-1

 whose frequency changes by 53 

cm
-1

 as a result of changing the laser energy by 1 eV. Both in graphite and in SWCNTs, the 

D-band is due to one-phonon, second-order Raman scattering processes. Thus for graphite, 

the D-band spectra can be fitted to two Lorentzians. 

A random D-band intensity variation is observed from one nanotube to another, con-

sistent with the identification of the D-band in carbon nanotubes with defects. To date, there 

has been no systematic study of the various dependences that influence the D-band intensity. 

In the present work, from Fig. 4.32, a D-band peak located at about 1350 cm
-1

 with a rela-

tively high intensity. Both of Shang and Tan reported single-chirality tubular graphite cones 

with no D-band or a very weak D-bond existing in the Raman spectra. However, we believe 
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that the present of D-band is reasonable. There are two kinds of defects which can result in 

the D-band. One is the poor crystallinity of the as-grown CNTs. And the other is the defects 

caused during the nucleation period which is the result of compromise for single-chirality of 

all the graphite layers. This is instinctual for single-chirality MWCNTs and dominate the 

presence of D-band. 

To conclude, for single-chirality multi-wall carbon nanotubes, a weak RBM peak, a rela-

tively obvious D-band and a splitted G-band all were present in the Raman spectra of an iso-

lated MWCNT. And these peaks are instinctual for single-chirality MWCNT and can be 

envisaged as a fingerprint for single-chirality of tubular carbon nanomaterials. 
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5 Synthesis and photoluminescence property of silicon 

nitride nanocones 

1D nanostructures (wires, tubes, belts, cones and ribbons) are expected to play an im-

portant role in the fabrication of nanoscale devices.
280-287

 The utilization of nanoscale materi-

als inevitably requires full control of the structure, size, shape, and the assembly mechanisms, 

because the intrinsic properties of nanomaterials are determined by their structures, that is, 

size, shape, composition, and crystallinity.
288-290

 

In recent few years, nanocones have emerged as a new kind of one dimensional 

nanostructure which is superior to nanotubes, nanowires, and nanobelts in some aspects
48,49

.
 

For example, it is found that nanocones are more potential candidates for scanning probes and 

field emitters due to their radial rigidity, which eliminates the poor signals and noise caused 

by mechanical or thermal vibration
230

. However, to date the obtained nanocones are still re-

stricted to a very few members such as carbon
231

, boron nitride
291

, silicon carbide
292

, alumi-

num nitride
293

 and zinc oxide
294

 due to the difficulty in preparation. 

Si3N4 is an advanced material and usually two types of structural modifications exist, 

namely, metastable, low-temperature-phase trigonal α-Si3N4, and stable hexagonal β-Si3N4. 

Si3N4 is one of the most important technical ceramics owing to its interesting properties, such 

as high strength at high temperatures, low density, good resistance to corrosion, wear, thermal 

shock and creep, excellent chemical stability, and so forth. These properties favor Si3N4 as a 

suitable material for a wide range of technical applications, especially for high-temperature 

engineering applications. 

In this chapter, we report the successful synthesis of β-Si3N4 nanocones via a chemical 

vapor deposition technique, and the growth mechanism and the quantum size affected photo-

luminescence property of this novel nanomaterial are briefly discussed. 

5.1 Synthesis of β-silicon nitride nanocones 

The catalyst is crucial for the nanomaterials synthesis process. In this work, we utilized 

Fe thin films as catalyst, which were prepared by magnetic sputtering on silicon wafers. The 

thickness of the thin films was 100 nm. 
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Table 5.1 The processing parameters for silicon nitride nanocones synthesis. 

Microwave power (W) Gas pressure (Torr) Gases flow rate (sccm) 

700 12, 15, 18 

Methane flow rate = 5, 10, 

15, 20, 25, 30, 35, 40, 45, 

while nitrogen flow rate 

keeps 45 sccm. 

750 15, 18, 21 

800 17, 20, 23 

850 19, 21, 25 

900 22, 25, 28 

950 22, 25, 28 

1000 22, 25, 28 

1050 22, 25, 28 

1100 22, 25, 28 

1150 24, 26, 30 

1200 27, 30, 33 

1250 27, 30, 33 

1300 27, 30, 33 

1350 27, 30, 33 

1400 27, 30, 33 

1450 27, 30, 33 

1500 27, 30, 33 

1550 30, 33, 36 

1600 30, 33, 36 
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Similar with the synthesis of single-chirality multi-wall CNTs, there is a narrow space for 

adjusting the process parameters to get what we want. During the concrete operation of nano-

cones growth in the present work, there are three adjustable parameters: the microwave power, 

the gas pressure and the flow rate ratio of methane and nitrogen. The microwave power af-

fects the temperature of the process. High microwave power can bring high temperature at-

mosphere. Owing to the basic operating requirement of MWCVD technique, a small 

adjustable range of gas pressure corresponds to a certain value of microwave power. In the 

small range, the increase of the gas pressure can condense the plasma sphere to elevate the 

energy of particles. In the case of the flow rate ratio of methane and nitrogen, different ratios 

lead to products with different content of carbon and nitrogen. Before the synthesis process, a 

pre-treatment utilizing hydrogen plasma with a gas pressure and the microwave power of 35 

Torr and 1500 W, respectively, was needed for purification and preheating the substrates. 

Table 5.1 shows the attempts for the synthesis of β-silicon nitride nanocones in the present 

work.  

The processing parameters for β-silicon nitride nanocones growth is confirmed as follows 

shown in Table 5.2. The temperature for the synthesis process is kept as constant, 1100 
o
C 

measured by an infrared thermometer. And the repetition of synthesis process is identified to 

be good. 

Table 5.2. The processing parameters for β-Si3N4 nanocones growth. 

Pre-treatment 

Base pressure (×10
-2

 Torr) 1.2-1.8 

 Hydrogen flow rate (seem) 100 

Gas pressure (Torr) 35 

Microwave power (W) 1500 

t (mins) 30 

Synthesis process 

Gas pressure (Torr) 30 

Gas flow rate (sccm) CH4: N2 = 15 : 45 

Microwave power (W) 1500 

t (mins) 120 

 

app:ds:purification
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5.2 Characterization of β-silicon nitride nanocones 

Fig. 5.1 shows field emission scanning electric microscopy images of a number of β-

Si3N4 nanocones. As can be seen from the Fig. 5.1(a), the nanocones are only grown on the 

field with Fe thin films, forming a boundary on the substrates, indicating the crucial role of 

the catalyst during the growth process. From the enlarged images of Fig. 5.1 (b)-(d), we can 

find that the roots of nanocones have a wide range in diameter, from several hundreds na-

nometers up to 1 μm. And the tips vary from several to tens of nanometers. The average 

length is about 500-600 nanometers and the average tip apex angle is 3-5º. The shape of the 

nanocones is determined by the ratio of axial and radial (Ra and Rr) growth rates, and the 

cones are obtained when Ra/Rr is constant. 

 

Fig. 5.1. The field emission SEM images of β-Si3N4 nanocones. 

As can be seen from the TEM images shown in Fig. 5.2, all the β-Si3N4 nanocones pos-

sess a straight and homogeneous morphology. The uneven brightness of black and white in 

the TEM image indicates a good crystal structure. As expressed in the Fig. 5.2, the selected 

area electron diffraction pattern recorded from a nanocone shows clear diffraction spots which 

suggest a good crystalline nature corresponding to hexagonal β-Si3N4. Otherwise, the (001) 

face is confirmed and thus indicates a main growth orientation of <001>.  
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An insight into an individual nanocone is revealed from the high-resolution transmission 

electron microscopy lattice images, which are shown in Fig. 5.3. The interplanar spacing of 

0.29 nm corresponds well to the lattice direction of β-Si3N4 [001]. Furthermore, it is observed 

that the lattice fringes are perpendicular to the cone axes, indicating a [001] growth orienta-

tion as marked by the arrow in Fig. 5.3(a) and (b). The SAED and HR-TEM analyses both 

demonstrate that the β-Si3N4 nanocone is crystalline and structurally uniform.  

 

Fig. 5.2. The TEM image and the SAED patterns of β-Si3N4 nanocones. 
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Fig. 5.3. The TEM images of β-Si3N4 nanocones. The cone grows with an orientation of [001]. 

Fig. 5.4 shows the HR-TEM images of the tips of β-Si3N4 nanocones. The clear lattice 

fringes further confirmed the high quality of the Si3N4 nanocrystals. In addition, the surface of 

a β-Si3N4 nanocone is clean, with a thin oxide shell of diameter less than 2 nm, which coin-

cide well with the small amount of Oxygen in EDX results. Usually, the oxygen remaining in 

the chamber during the growth process will slightly oxidize the nanocones. The tiny tip with a 

high quality in crystalline indicated a good performance of this novel nanocones in the future 

applications. 

 

Fig. 5.4. The HR-TEM images of the tips of β-Si3N4 nanocones. 
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The crystal structure of the sample is investigated by X-ray diffraction. Displayed in Fig. 

5.5 are XRD patterns of the as-prepared sample. As can be seen from the patterns, peaks with 

2theta values of 32.8, 35.2, 38.4, 50.5, 61.7 and 95.0 are well consistent with the planes of 

(101), (210), (111), (301), (002) and (601) of the standard hexagonal cell of β-Si3N4 with the 

lattice constants of a = 0.7604 and c = 0.2907 nm (JCPDS card No. 33-1160), respectively. 

Obviously, no other phases of Si3N4 such as α-Si3N4 or impurities are detected, indicating a 

high purity of β-Si3N4 phase. The strong intensity and narrow width of the peaks also present 

a good crystal structure, as shown in HR-TEM images. Besides the β-Si3N4 phase, one peak 

of Si with a strong intensity is synchronously found in the XRD pattern, which originates 

from the silicon wafer substrate. 
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Fig. 5.5. XRD patterns of the as-grown samples. 

5.3 Growth mechanism of β-silicon nitride nanocones 

As has been mentioned, Fe was used as a catalyst and played a crucial role during the ex-

perimental process. As is well known, if no Fe is used the product will be silicon carbide thin 

film, shown in Fig. 5.6(a). The thin films were not very dense, but smooth and homogeneous. 

Here we planned a contrastive experiment, which was carried out without Fe thin films on the 



98 5 Synthesis and photoluminescence property of silicon nitride nanocones  

silicon wafers, while some Fe particles could be gained from the sputtering from the metal 

chamber. The results were investigated in detail and shown in Fig. 5.6.   

The products were mainly SiC thin films, which was confirmed by the results of EDX. 

While, some bright lines were observed from low-resolution SEM images, which were shown 

in Fig. 5.6(b). The lines were several micrometers long. And they were arranged either paral-

lel or perpendicular to each other, which may attribute to the silicon wafers that have a basal 

plane of (100). Detailed examining the composition of the bright lines by EDX, shown in Fig. 

5.7, revealed the present of Fe. The distribution of Fe was not uniform, which could be de-

ducted by the analysis of  points on the bright lines. On the bright lines we found the nuclea-

tion of a kind of nanomaterials, which was shown in Fig. 5.6(c), (e) and (f). In Fig. 5.6(f), the 

small nanomaterial was denoted by an arrow. The EDX results confirmed that the nano-

material were silicon nitride nanomaterials. The disparity of the EDX results and the stoichi-

ometry result from that the EDX results came from the nanomaterial and the silicon substrate. 

And the latter should be accounted for more percentage.  
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Fig. 5.6. The role of Fe on the growth of β-Si3N4 nanocones. 
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Fig. 5.7. The EDX analysis of the nucleation of β-Si3N4 nanocones. 

On the basis of the experimental results, a novel growth model for synthesizing β-Si3N4 

nanocones is suggested. In this mode, methane can easily act with silicon wafers to form sili-

con carbide thin films. The presence of Fe would destroy the balance of the formation of the 

film. Instead, Fe atom would deprive C atoms from Si to form a FeC alloy. The Si atoms, 

which lost the bonding C atoms, will easily bond with nitrogen plasma to form the final prod-

ucts. The corresponding reaction formula is listed as below: 

   ( )    (𝑠)      (𝑠)                                     (5.1) 

   ( )    (𝑠)     (𝑠)    ( )                                (5.2) 

   ( )             (s)                                              (5.3) 

As to the formation of the cone morphology, an interesting fact should be noted first, 

which is that all Si3N4 cones keep their cone shaped structure with nearly the same apex angle 

no matter when and where the growth is terminated. Thus the cone growth can be reasonably 

divided into axial and radial directions, respectively, as the schematic in Fig. 5.8. The root-

based radial growth is a process of continuous nucleation of new layers outside the inner lay-

ers. A layer-by-layer growth model can describe this continuous formation of additional 

sheets along the radial direction. Simultaneously, the axial growth elongates the formed sheets 

along the axial direction and keeps the as-formed sticking sequence. The conical shape of the 

cones was controlled by the axial growth rate and the radial growth rate. Here obviously the 

former is much larger than the latter, resulting in the very sharp tips of the cones. 



5 Synthesis and photoluminescence property of silicon nitride nanocones 101 

 

 

Fig. 5.8. The schematic of the formation of a cone. 

5.4 Photoluminescence property of β-silicon nitride nanocones 

Although Si3N4 nanometerials have been investigated a lot, the products gained were al-

most α-Si3N4 or mixtures of α-Si3N4 with a small amount of β-Si3N4. As is known, except for 

the reported β-Si3N4 nanowires, few single-crystalline β-Si3N4 nanomaterials with other mor-

phologies have been reported so far.  

For the photoluminescence of the reported β-Si3N4 nanowires,  no PL spectrum from 

crystalline Si3N4 is observed. The weak peaks appearing between 400 and 600 nm are be-

lieved to derive from existing defects and impurities in the sample. In these experiments, pho-

toluminescence was not observed, confirming a good crystalline structure. 

But the photoluminescence property of nanocones, exhibits much different from that of 

nanostructures with other morphologies. For nanocones and nanocones related nanostructures, 

like nanosaws, owing to the unique structure, the density of defects such as vacancy and dan-

gling bonding is huge, resulting in a special feather in photoluminescence. 

Previous studies
295,296

 have demonstrated that Si-Si and N-N bonds and silicon and nitro-

gen dangling bonds are four types of defects in silicon nitride. The Si-Si bond forms a σ state 

and an empty σ∗ state, which are separated by 4.6 eV for stoichiometric silicon nitride
295,296

. 
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The Si dangling bond (K
0
 center) forms a gap state around the midgap. The K

0
 center is 

known to be amphoteric and exists in both negatively and positively charged states
295,296

. Ad-

ditionally, there are two nitrogen defect states giving rise to levels within the gap, namely N4
+
 

and N2
0
, which have been calculated to be near the conduction and valence band, respective-

ly
295,296

. Both N4
+
 and N2

0
 can form energy levels with the trap depth of 1.3-1.5 eV from the 

Si–Si band edges
295,296

. The presence of silicon and nitrogen dangling bonds has been con-

firmed by analysis of 
29

Si and 
14

N hyperfine spectra, respectively
297

. 

Fig. 5.9(a) shows the results of the photoluminescence spectra of Si3N4 nanocones. And 

the fitting curves are shown in Fig. 5.9(b). From 5.9 and 5.10 we can see that there are four 

peaks in the PL spectra, located at 313, 364, 398 and 470 nm, respectively. According to the 

defects discussed above, the dominating peaks both at 313 nm and 364 nm arise from σ* and 

N4
+ 

to the valence band, respectively. The other PL peak at 470 nm are due to the recombina-

tion between Si–Si σ∗ level and Si
0
 level, while the peak at 398 nm may also arise from N4

+
 

to the valence band. However, the PL peaks at about 550 nm to 580 nm, corresponding to an 

energy gap of 2.15 to 2.27 eV are missing, which, as specific features for conventional Si3N4 

nanomaterials
295,296

, are due to recombination processes at the silicon dangling bond. 

The wavelength of the dominating peaks decreasing from 550 nm to 313 nm indicating 

that, the violet emission or even ultraviolet emission are specific for Si3N4 nanocones. These 

nanocones have potential applications in violet-light emitting devices. 

 

Fig. 5.9. The PL spectra and the fitting curves of Si3N4 nanocones.  
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Fig. 5.10. The defects in the Si3N4 nanocones deducted from PL spectra.
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6 Conclusions 

This thesis has presented the research work that was carried out to synthesize novel sin-

gle-chirality multi-wall carbon nanotubes and β-silicon nitride nanocones via a microwave 

plasma enhanced chemical vapor deposition technique. The work has been composed by two 

parts: 1) controlling the growth of single-chirality multi-wall carbon nanotubes by utilizing a 

new catalyst (Cr,Fe)7C3 and exploiting the interactions between the catalysts and the as-

gained CNTs; 2) synthesis of β-Si3N4 nanocones and investigation of the photoluminescence 

property.  

In the case of growth of single-chirality multi-wall carbon nanotubes, a catalyst with high 

melting point is crucial to access to the final goal. Through a mass of attempts, a kind of car-

bide, (Cr,Fe)7C3 was confirmed to be active to catalyze the growth of single-chirality 

MWCNTs. Additional, a relatively large solution of carbon in the catalyst and the trigonal 

crystal structure of the catalysts were also benefit for the CNTs growth process. The optimum 

experimental parameters for the growth of CNTs were as follows: gas pressure at 25 Torr, 

gases flow rate ratio of CH4 and N2 at 35:45 sccm, and the microwave power at 1100 W. The 

growth time is 4 hours and the growth temperature is kept at 850 
o
C.  

Systematic investigation by SEM, TEM and ED indicated that all the CNTs gained had a 

single chirality. And the most common values of the chiral angle is 0 and 4.5. Detailed exam-

ination showed that the catalysts are single-crystalline. And the catalysts deformed to form 

monoatomic step site during the process. When a first monoatomic step site formed, the in-

nermost graphite layer nucleated. Shortly after that, the second step site formed and the se-

cond layer nucleated. No new layers nucleated when one side of the catalyst were covered by 

the graphite layers and no new step formed. During the forming monoatomic step site and 

graphite layers nucleation, we found that the monatomic step site played a key role for single-

chirality of all the graphite layers. Firstly, the monoatomic step site was the best position for 

graphite layers nucleation. Secondly, a step site consisted of  a basal plane and six side planes. 

The basal planes determined the chirality of the graphite layers. For the case of chiral angle of 

0, the basal plane is (0001), while, the basal plane of (10-10) is for chiral angle of 4.5
o
. The 

six side walls were confirmed to be (20-21), (02-21), (-2201), (-2021), (0-221) and (2-201). 

The interplanar distances are all the same, 3.623nm, which is close to the distance of adjacent 

graphite layers 3.34 nm. A strained quasi-coherent interface between the catalysts and the 

CNTs could ignore the slight difference of the distance. And the adjacent layers extruding 

from the step sites could have a distance of 3.34 nm. Thirdly, duo to the symmetry of the 
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structure of catalyst: six side planes have the same interplanar distances and the atomic distri-

bution, the latter atomic step site have the same basal plane with the former one, which forced 

all the graphite layers with the same chirality. Defects were definitely existed because of the 

graphite layers with the same chirality but different diameters. With the increasing of layers, 

the new layer would tend to be tubular with facets, which was coincide with the SEM obser-

vation.  

The single-chirality MWCNTs with facet morphology gave the chance to connect the 

morphological helical angles with the instinctual chiral angles. SEM images of individual 

CNTs and the corresponding ED patterns confirm this relationship. The morphological helical 

angles equal to the corresponding chiral angle of the CNTs. Thus the chirality of the novel 

CNTs in this thesis is ‗visible‘. In order to explain this significant discovery, an armchair 

model for carbon atoms to connect with latter carbon atoms is proposed. The Raman spectra 

of the CNTs were also studied intensively. A weak RBM peak, a relatively strong D-band 

peak and a splitted G-band peak are instinctual for single-chirality MWCNT and can be en-

visaged as a fingerprint for single-chirality of tubular carbon nanomaterials. 

In the case of β-Si3N4 nanocones, a thin Fe film of about 100 nm thick was used as cata-

lysts. And the optimum experimental parameters for the growth of CNTs were: gas pressure 

at 30 Torr, gas flow rate ratio of CH4 and N2 at 15:45 sccm, and microwave power at 1500 W. 

The time for growth process is 120 minutes and the temperature was kept at 1100 
o
C. The 

mechanism for  β-Si3N4 nanocones was investigated by a contrastive experiment. Without Fe 

catalyst, the product would be SiC thin films. After Fe atoms taking part in, Fe atoms will rob 

C atoms to from FeC alloy. Then the dangling Si would act with nitrogen plasma to form the 

final products. The cone growth can be reasonably divided into axial and radial directions, 

respectively. The root-based radial growth is a process of continuous nucleation of new layers 

outside the inner layers. A layer-by-layer growth model can describe this continuous for-

mation of additional sheets along the radial direction. Simultaneously, the axial growth elon-

gates the formed sheets along the axial direction and keeps the as-formed sticking sequence. 

The conical shape of the cones was controlled by the axial growth rate and the radial growth 

rate. And obviously the former is much larger than the latter, resulting in the very sharp tips 

of the cones. At last, the photoluminescence property of β-Si3N4 nanocones was studied com-

pared with conventional Si3N4 nanomaterials. Normally, Si-Si and N-N bonds and silicon and 

nitrogen dangling bonds are four types of defects in silicon nitride. Different from conven-

tional Si3N4 nanomaterials ,which have a dominating exciting wavelength of 550 nm, the 

wavelength of the dominating peaks decreasing to 313 nm indicating that, the violet emission 
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or even ultraviolet emission are specific for Si3N4 nanocones. These nanocones have potential 

applications in violet-light emitting devices. 
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Table  List of n/m ratio, chiral indices (m, n), diameter (d) and chiral angle (α) of carbon nano-

tubes.
249

 

n/m m n d α n/m m n d α n/m m n d α n/m m n d α 

0.0000 u 0  0.000 0.1538 13 2 1.105 7.053 0.2759 29 8 2.640 11.857 0.4000 5 2 0.489 16.102 

0.0333 30 1 2.389 1.626 0.1538 26 4 2.209 7.053 0.2778 18 5 1.641 11.927 0.4000 10 4 0.978 16.102 

0.0345 29 1 2.311 1.682 0.1579 19 3 1.618 7.223 0.2800 25 7 2.282 12.008 0.4000 15 6 1.467 16.102 

0.0357 28 1 2.233 1.740 0.1600 25 4 2.132 7.311 0.2857 7 2 0.641 12.216 0.4000 20 8 1.956 16.102 

0.0370 27 1 2.154 1.804 0.1667 6 1 0.513 7.589 0.2857 14 4 1.282 12.216 0.4000 25 10 2.445 16.102 

0.0385 26 1 2.076 1.872 0.1667 12 2 1.027 7.589 0.2857 21 6 1.923 12.216 0.4000 30 12 2.934 16.102 

0.0400 25 1 1.998 1.945 0.1667 18 3 1.540 7.589 0.2857 28 8 2.564 12.216 0.4074 27 11 2.652 16.337 

0.0417 24 1 1.920 2.024 0.1667 24 4 2.054 7.589 0.2917 24 7 2.205 12.432 0.4091 22 9 2.163 16.390 

0.0435 23 1 1.841 2.111 0.1667 30 5 2.567 7.589 0.2941 17 5 1.564 12.520 0.4118 17 7 1.674 16.474 

0.0455 22 1 1.763 2.204 0.1724 29 5 2.490 7.827 0.2963 27 8 2.487 12.598 0.4138 29 12 2.859 16.537 

0.0476 21 1 1.685 2.307 0.1739 23 4 1.976 7.889 0.3000 10 3 0.923 12.730 0.4167 12 5 1.185 16.627 

0.0500 20 1 1.607 2.419 0.1765 17 3 1.463 7.994 0.3000 20 6 1.846 12.730 0.4167 24 10 2.370 16.627 

0.0526 19 1 1.528 2.543 0.1786 28 5 2.412 8.080 0.3000 30 9 2.770 12.730 0.4211 19 8 1.881 16.764 

0.0556 18 1 1.450 2.680 0.1818 11 2 0.949 8.213 0.3043 23 7 2.129 12.885 0.4231 26 11 2.577 16.826 

0.0588 17 1 1.372 2.833 0.1818 22 4 1.899 8.213 0.3077 13 4 1.205 13.004 0.4286 7 3 0.696 16.966 

0.0625 16 1 1.294 3.004 0.1852 27 5 2.335 8.350 0.3077 26 8 2.411 13.004 0.4286 14 6 1.392 16.966 

0.0667 15 1 1.216 3.198 0.1875 16 3 1.365 8.445 0.3103 29 9 2.693 13.098 0.4286 21 9 2.088 16.996 

0.0667 30 2 2.431 3.198 0.1905 21 4 1.821 8.565 0.3125 18 5 1.488 13.174 0.4286 28 12 2.784 16.966 

0.0690 29 2 2.353 3.304 0.1923 26 5 2.257 8.639 0.3158 19 6 1.770 13.289 0.4333 30 13 2.991 17.142 

0.0714 14 1 1.137 3.418 0.2000 5 1 0.436 8.948 0.3182 22 7 2.052 13.373 0.4348 23 10 2.295 17.187 

0.0714 28 2 2.275 3.418 0.2000 10 2 0.872 8.948 0.3200 25 8 2.335 13.436 0.4375 16 7 1.599 17.269 

0.0741 27 2 2.197 3.540 0.2000 15 3 1.308 8.948 0.3214 28 9 2.617 13.486 0.4400 25 11 2.502 17.345 

0.0769 13 1 1.059 3.670 0.2000 20 4 1.744 8.948 0.3333 3 1 0.282 13.898 0.4444 9 4 0.903 17.480 

0.0769 26 2 2.119 3.670 0.2000 25 5 2.180 8.948 0.3333 6 2 0.565 13.898 0.4444 18 8 1.806 17.480 

0.0800 25 2 2.040 3.811 0.2000 30 6 2.616 8.948 0.3333 9 3 0.847 13.898 0.4444 27 12 2.709 17.480 

0.0833 12 1 0.981 3.963 0.2069 29 6 2.539 9.223 0.3333 12 4 1.129 13.898 0.4483 29 13 2.916 17.596 

0.0833 24 2 1.962 3.963 0.2083 24 5 2.103 9.280 0.3333 15 5 1.412 13.898 0.4500 20 9 2.013 17.647 

0.0870 23 2 1.884 4.128 0.2105 19 4 1.667 9.367 0.3333 18 6 1.694 13.898 0.4545 11 5 1.110 17.784 

0.0909 11 1 0.903 4.307 0.2143 14 3 1.231 9.515 0.3333 21 7 1.976 13.898 0.4545 22 10 2.220 17.784 

0.0909 22 2 1.806 4.307 0.2143 28 6 2.461 9.515 0.3333 24 8 2.259 13.898 0.4583 24 11 2.427 17.897 

0.0952 21 2 1.728 4.502 0.2174 23 5 2.025 9.637 0.3333 27 9 2.541 13.898 0.4515 13 6 1.317 17.992 

0.1000 10 1 0.825 4.715 0.2222 9 2 0.795 9.826 0.3333 30 10 2.823 13.898 0.4615 26 12 2.635 17.992 

0.1000 20 2 1.650 4.715 0.2222 18 4 1.569 9.826 0.3448 29 10 2.747 14.290 0.4643 28 13 2.842 18.073 

0.1000 30 3 2.475 4.715 0.2222 27 6 2.384 9.826 0.3462 26 9 2.465 14.335 0.4667 15 7 1.524 18.143 

0.1034 29 3 2.397 4.869 0.2273 22 5 1.948 10.023 0.3478 23 8 2.183 14.392 0.4667 30 14 3.049 18.143 

0.1053 9 2 1.572 4.950 0.2308 13 3 1.153 10.158 0.3500 20 7 1.900 14.465 0.4706 17 8 1.732 18.258 

0.1071 28 3 2.319 5.033 0.2308 26 6 2.307 10.158 0.3529 17 6 1.618 14.564 0.4737 19 9 1.939 18.349 

0.1111 9 1 0.747 5.209 0.2333 30 7 2.666 10.257 0.3571 14 5 1.336 14.705 0.4762 21 10 2.146 18.422 

0.1111 18 2 1.494 5.209 0.2353 17 4 1.512 10.333 0.3571 28 10 2.672 14.705 0.4783 23 11 2.353 18.482 

0.1111 27 3 2.241 5.209 0.2381 21 5 1.871 10.440 0.3600 25 9 2.389 14.800 0.4800 25 12 2.560 18.533 

0.1154 26 3 2.163 5.397 0.2400 25 6 2.230 10.513 0.3636 11 4 1.053 14.921 0.4815 27 13 2.767 18.576 

0.1176 17 2 1.416 5.496 0.2414 29 7 2.589 10.566 0.3636 22 8 2.107 14.921 0.4828 29 14 2.975 18.613 

0.1200 25 3 2.085 5.559 0.2500 4 1 0.359 10.893 0.3667 30 11 2.878 15.021 0.5000 2 1 0.207 19.107 

0.1250 8 1 0.669 5.818 0.2500 8 2 0.718 10.893 0.3684 19 7 1.825 15.079 0.5000 4 2 0.414 19.107 

0.1250 16 2 1.338 5.818 0.2500 12 3 l.077 10.893 0.3704 27 10 2.596 15.143 0.5000 6 3 0.622 19.107 

0.1250 24 3 2.007 5.818 0.2500 16 4 1.435 10.893 0.3750 8 3 0.771 15.295 0.5000 8 4 0.829 19.107 

0.1304 23 3 1.929 6.053 0.2500 20 5 1.794 10.893 0.3750 16 6 1.542 15.295 0.5000 10 5 1.036 19.107 
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0.1333 15 2 1.260 6.178 0.2500 24 6 2.153 10.893 0.3750 24 9 2.314 15.295 0.5000 12 6 1.243 19.107 

0.1333 30 4 2.520 6.178 0.2500 28 7 2.512 10.893 0.3793 29 11 2.803 15.436 0.5000 14 7 1.450 19.107 

0.1364 22 3 1.851 6.309 0.2593 27 7 2.435 11.242 0.3810 21 8 2.031 15.490 0.5000 16 8 1.657 19.107 

0.1379 29 4 2.443 6.376 0.2609 23 6 2.076 11.302 0.3846 13 5 1.260 15.608 0.5000 18 9 1.865 19.107 

0.1429 7 1 0.591 6.587 0.2632 19 5 1.717 11.387 0.3846 26 10 2.520 15.608 0.5000 20 10 2.072 19.107 

0.1429 14 2 1.182 6.587 0.2667 15 4 1.359 11.517 0.3889 18 7 1.749 15.746 0.5000 22 11 2.279 19.107 

0.1429 21 3 1.774 6.587 0.2667 30 8 2.717 11.517 0.3913 23 9 2.238 15.824 0.5000 24 12 2.486 19.107 

0.1429 28 4 2.365 6.587 0.2692 26 7 2.358 11.612 0.3929 28 11 2.727 15.874 0.5000 26 13 2.893 19.107 

0.1481 27 4 2.287 6.812 0.2727 11 3 1.000 11.742      0.5000 28 14 2.900 19.107 

0.1500 20 3 1.696 6.890 0.2727 22 6 1.999 11.742      0.5000 30 15 3.108 19.107 

0.5172 29 15 3.034 19.591 0.6364 11 17 1.231 22.689 0.7500 4 3 0.476 25.285 0.8500 20 17 2.512 27.320 

0.5185 27 14 2.827 19.626 0.6364 22 14 2.461 22.689 0.7500 8 6 0.953 25.285 0.8519 27 23 3.394 27.355 

0.5200 25 13 2.619 19.667 0.6400 25 16 2.803 22.777 0.7500 12 9 1.429 25.285 0.8571 7 6 0.382 27.457 

0.5217 23 12 2.412 19.715 0.6400 14 9 1.572 22.846 0.7500 16 12 1.905 25.285 0.8571 14 12 1.795 27.457 

0.3238 21 11 2.205 19.773 0.6429 28 18 3.144 22.846 0.7500 20 15 2.382 25.285 0.8571 21 18 1.765 27.457 

0.5263 19 10 1.996 19.842 0.6471 17 11 1.913 22.947 0.7500 24 18 2.858 25.286 0.8571 28 24 2.647 27.457 

0.5294 17 9 1.791 19.927 0.6500 20 13 2.255 23.018 0.7500 28 21 3.334 25.285 0.8621 29 25 3.530 27.457 

0.5333 15 8 1.584 20.034 0.6522 23 15 2.596 23.070 0.7500 24 18 2.858 25.285 0.8636 22 19 2.783 27.581 

0.5333 30 16 3.167 20.034 0.6538 26 17 2.937 23.110 0.7586 29 22 3.469 25.469 0.8667 15 13 1.900 27.638 

0.5357 28 15 2.960 20.099 0.6552 29 19 3.278 23.141 0.7600 25 19 2.993 25.498 0.8696 23 20 2.918 27.693 

0.5385 13 7 1.376 20.174 0.6667 3 2 0.341 23.413 0.7600 25 19 2.993 25.498 0.8750 8 7 1.018 27.796 

0.5385 26 14 2.753 20.174 0.6667 6 4 0.083 23.413 0.7619 21 16 2.517 25.539 0.8750 16 14 2.036 27.796 

0.5417 24 13 2.546 20.260 0.6667 9 6 1.024 23.413 0.7647 17 13 2.040 25.598 0.8750 24 21 3.054 27.796 

0.5455 11 16 1.169 20.363 0.6667 12 8 1.368 23.413 0.7667 30 23 3.605 25.639 0.8800 25 22 3.189 27.889 

0.5455  22  12  2.339  20.363  0.6667  15  10  1.707  23.413  0.7692  13  10  1.564  25.693  0.8824  17  15  2.171  27.933  

0.5500  20  11  2.132  20.485  0.6667  18  12  2.048  23.413  0.7692  26  20  3.128  25.693  0.8846  26  23  3.325  27.975  

0.5517  29  16  3.094  20.531  0.6667  21  14  2.369  23.413  0.7727  22  17  2.652  25.767  0.8889  9  8  1.153  28.055  

0.5556  9  5  0.962  20.633  0.6667  24  16  2.731  23.413  0.7778  9  7  1.088  25.872  0.8889  18  16  2.307  28.055  

0.5556  18  10  1.924  20.633  0.6667  27  18  3.072  23.413  0.7778  18  14  2.176  25.872  0.8889  27  24  3.490  28.055  

0.5556  27  15  2.887  20.633  0.6667  30  20  3.413  23.413  0.7778  27  21  3.264  25.872  0.8929  28  25  3.596  28.128  

0.5600  25  14  2.680  20.751  0.6786  28  19  3.207  23.691  0.7778  27  21  3.264  25.872  0.8947  19  17  2.443  28.163  

0.5625  16  9  1.717  20.817  0.6800  25  17  2.865  23.724  0.7826  23  18  2.787  25.972  0.8966  29  26  3.732  28.196  

0.5652  23  13  2.472  20.889  0.6818  22  15  2.524  23.780  0.7857  14  11  1.699  26.037  0.9000  10  9  1.289  28.259  

0.5667  30  17  3.228  20.927  0.6842  19  13  2.183  23.822  0.7857  28  22  3.399  26.037  0.9000  20  18  2J578  28.259  

0.5714  7  4  0.755  21.052  0.6842  19  13  2.183  23.822  0.7857  28  22  3.399  26.037  0.9000  30  27  2.578  28.259  

0.5714  14  8  1.510  21.052  0.6875  16  11  1.841  23.897  0.7895  19  15  2.311  26.114  0.9048  21  19  2.714  28.346  

0.5714  21  12  2.265  21.052  0.6897  29  20  3.341  23.947  0.7917  24  19  2.923  26.189  0.9091  11  10  2.714  28.346  

0.5714  28  16  3.021  21.052  0.6923  13  9  1.500  24.007  0.7931  29  23  3.534  26.189  0.9091  22  20  2.849  28.425  

0.5769  26  15  2.814  21.195  0.6923  26  18  3.000  24.007  0.7931  29  23  3.534  26.189  0.9130  23  21  2.985  28.497  

0.5789  19  11  2.058  21.247  0.6957  23  16  2.659  24.084  0.8000  5  4  0.612  26.329  0.9167  12  11  1.560  28.562  

0.5833  12  7  1.303  21.361  0.7000  10  7  1.159  24.182  0.8000  10  8  1.223  26.329  0.9167  24  22  3.120  28.562  

0.5833  24  14  2.606  21.361  0.7000  20  14  2.318  24.182  0.8000  15  12  1.835  26.329  0.9200  25  23  3.256  28.622  

0.5862  29  17  3.155  21.435  0.7000  30  21  3.476  24.182  0.8000  20  16  2.446  26.329  0.9231  13  12  1.696  28.677  

0.5882  17  10  1.851  21.487  0.7000  20  14  2.318  24.182  0.8000  25  20  3.058  26.329  0.9231  26  24  3.392  28.677  

0.5909  22  13  2.399  21.555  0.7037  27  19  3.135  24.266  0.8000  30  24  3.669  26.329  0.9259  27  25  3.527  28.728  

0.5926  27  16  2.948  21.398  0.7059  17  12  1.976  24.315  0.8000  30  34  3.669  26.329  0.9286  14  13  1.831  28.728  

0.6000  5  3  0.548  21.787  0.7083  24  17  2.794  24.370  0.8077  26  21  3.193  26.485  0.9286  28  26  3.663  28.775  

0.6000  10  6  1.096  21.787  0.7143  7  5  0.818  24.504  0.8095  21  17  2.582  26.522  0.9310  29  27  3.798  2S.819  

0.6000  15  9  1.644  21.787  0.7143  14  10  1.635  24.504  0.8125  16  13  1.970  26.582  0.9333  15  14  1.967  28.859  

0.6000  20  12  2.193  21.787  0.7143  21  15  2.453  24.504  0.8148  27  22  3.329  26.628  0.9333  30  28  3.934  28.859  

0.6000  25  15  2.741  21.787  0.7143  28  20  3.270  24.504  0.8182  11  9  1.359  26.696  0.9375  16  15  2.103  28.933  

0.6000  30  18  3.289  21.787  0.7143  21  15  2.453  24.504  0.8182  22  18  2.717  26.996  0.9412  17  16  2.238  28.998  

0.6071  28  17  3.082  21.967  0.7200  15  18  2.929  24.631  0.8214  28  23  3.464  26.760  0.9444  18  17  2.374  29.055  

0.6154  13  8  1.437  22.173  0.7273  11  8  1.294  24.791  0.8276  29  24  3.599  26.882  0.9524  21  20  2.781  29.193  
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0.6154  26  16  2.875  22.173  0.7273  22  16  2.588  24.791  0.8333  6  5  0.747  26.995  0.9545  22  21  2.916  29.231  

0.6190  21  13  2.327  22.264  0.7308  26  19  3.064  24.888  0.8333  12  10  1.494  26.995  0.9565  23  22  3.052  29.265  

0.6207  29  18  3.216  22.304  0.7333  15  11  1.770  24.924  0.8333  18  15  2.241  26.995  0.9583  24  23  3.187  29.296  

0.6250  8  5  0.889  22.411  0.7333  30  22  3.540  24.924  0.8333  24  20  2.988  26.995  0.9600  25  24  3.323  29.325  

0.6250  16  10  1.779  22.411  0.7368  19  14  2.246  25.001  0.8333  30  25  3.735  26.995  0.9615  26  25  3.459  29.351  

0.6250  24  15  2.668  22.411  0.7391  23  17  2.723  25.050  0.8400  25  21  3.123  27.126  0.9630  27  26  3.594  29.376  

0.6296  27  17  3.009  22.525  0.7391  23  17  2.723  25.050  0.8421  19  16  2.376  27.167  0.9643  28  27  3.730  29.399  

0.6316  19  12  2.120  22.572  0.7407  27  20  3.199  25.085  0.8462  13  11  1.629  27.245  0.9655  29  28  3.866  29.420  

0.6333  30  19  3.351  22.015       0.8462  26  22  3.259  27.245  0.9667  30  29  4.001  29.439  

               1.0000  m  m   30.000  
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Table The calculated interplanar spacings of the (Cr,Fe)7C3 phase. 

dhkl (hkl) Sind2 Teta Fs2 P I% 

12.107 (-110) 2 3.65 1736 6 100 

 (100) 1 3.65 1736 6 100 

 (010) 1 3.65 1736 6 100 

6.990 (2-10) 5 6.33 1683 6 32 

 (-120) 5 6.33 1683 6 32 

 (110) 2 6.33 1683 6 32 

6.054 (-220) 8 7.31 1657 6 23 

 (020) 4 7.31 1657 6 23 

 (200) 4 7.31 1657 6 23 

4.576 (3-10) 10 9.69 1584 12 25 

 (-130) 10 9.69 1584 12 25 

 (-230) 13 9.69 1584 12 25 

 (3-20) 13 9.69 1584 12 25 

 (120) 5 9.69 1584 12 25 

 (210) 5 9.69 1584 12 25 

4.523 (001) 1 9.81 0.00 2 0 

4.237 (1-11) 3 10.47 0.00 12 0 

 (-101) 2 10.47 0.00 12 0 

 (011) 2 10.47 0.00 12 0 

 (0-11) 2 10.47 0.00 12 0 

 (-111) 3 10.47 0.00 12 0 

 (101) 2 10.47 0.00 12 0 

4.036 (-330) 18 11.00 1537 6 9 

 (300) 9 11.00 1537 6 9 

 (030) 9 11.00 1537 6 9 

3.797 (-121) 6 11.70 0.00 12 0 

 (-211) 6 11.70 0.00 12 0 

 (2-11) 6 11.70 0.00 12 0 

 (-12-1) 6 11.70 0.00 12 0 

 (11-1) 3 11.70 0.00 12 0 

 (111) 3 11.70 0.00 12 0 

3.623 (20-1) 5 12.27 0.00 12 0 

 (-221) 9 12.27 0.00 12 0 

 (02-1) 5 12.27 0.00 12 0 

 (2-21) 9 12.27 0.00 12 0 

 (021) 5 12.27 0.00 12 0 

 (201) 5 12.27 0.00 12 0 

3.495 (220) 8 12.73 1471 6 7 

3.358 (310) 10 13.26 1450 12 12 

 (130) 10 13.26 1450 12 12 

3.217 (-13-1) 11 13.85 0.00 24 0 

 (3-1-1) 11 13.85 0.00 24 0 

 (21-1) 6 13.85 0.00 24 0 

 (-131) 11 13.85 0.00 24 0 

 (3-21) 14 13.85 0.00 24 0 

 (-23-1) 14 13.85 0.00 24 0 

 (-231) 14 13.85 0.00 24 0 

 (12-1) 6 13.85 0.00 24 0 

 (3-11) 11 13.85 0.00 24 0 
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 (-321) 14 13.85 0.00 24 0 

 (211) 6 13.85 0.00 24 0 

 (121) 6 13.85 0.00 24 0 

3.011 (3-31) 19 14.82 0.00 12 0 

 (-331) 19 14.82 0.00 12 0 

 (30-1) 10 14.82 0.00 12 0 

 (03-1) 10 14.82 0.00 12 0 

 (031) 10 14.82 0.00 12 0 

 (301) 10 14.82 0.00 12 0 

2.778 (320) 13 16.10 1333 12 7 

 (230) 13 16.10 1333 12 7 

2.766 (22-1) 9 16.17 0.00 12 0 

 (221) 9 16.17 0.00 12 0 

2.696 (31-1) 11 16.60 0.00 24 0 

 (13-1) 11 16.60 0.00 24 0 

 (311) 11 16.60 0.00 24 0 

 (131) 11 16.60 0.00 24 0 

2.367 (32-1) 14 18.99 0.00 24 0 

 (23-1) 14 18.99 0.00 24 0 

 (321) 14 18.99 0.00 24 0 

 (231) 14 18.99 0.00 24 0 

2.330 (330) 18 19.30 1199 6 2 

2.261 (002) 4 19.91 1173 2 1 

2.223 (1-12) 6 20.27 1158 12 4 

 (-112) 6 20.27 1158 12 4 

 (012) 5 20.27 1158 12  4 

 (0-12) 5 20.27 1158 12 4 

 (102) 5 20.27 1158 12 4 

 (-102) 5 20.27 1158 12 4 

2.152 (1-22) 9 20.98 1130 12 3 

 (-122) 9 20.98 1130 12 3 

 (2-12) 9 20.98 1130 12 3 

 (-212) 9 20.98 1130 12 3 

 (112) 6 20.98 1130 12 3 

 (-1-12) 6 20.98 1130 12 3 

2.118 (202) 8 21.32 1116 12 3 

 (022) 8 21.32 1116 12 3 

 (0-22) 8 21.32 1116 12 3 

 (2-22) 12 21.32 1116 12 3 

 (-222) 12 21.32 1116 12 3 

 (-202) 8 21.32 1116 12 3 

2.071 (33-1) 19 21.83 0.00 12 0 

 (331) 19 21.83 0.00 12 0 

2.027 (21-2) 9 22.33 1075 24 6 

 (-312) 14 22.33 1075 24 6 

 (-13-2) 14 22.33 1075 24 6 

 (-132) 14 22.33 1075 24 6 

 (3-22) 17 22.33 1075 24 6 

 (-322) 17 22.33 1075 24 6 

 (2-32) 17 22.33 1075 24 6 

 (-232) 17 22.33 1075 24 6 

 (12-2) 9 22.33 1075 24 6 

 (3-12) 14 22.33 1075 24 6 

 (212) 9 22.33 1075 24 6 

 (122) 9 22.33 1075 24 6 

1.973 (03-2) 13 22.98 1049 12 3 
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 (30-2) 13 22.98 1049 12 3 

 (3-32) 22 22.98 1049 12 3 

 (-332) 22 22.98 1049 12 3 

 (032) 13 22.98 1049 12 3 

 (302) 13 22.98 1049 12 3 

1.899 (22-2) 12 23.93 1013 12 2 

 (222) 12 23.93 1013 12 2 

1.876 (31-2) 14 24.25 1001 24 4 

 (13-2) 14 24.25 1001 24 4 

 (312) 14 24.25 1001 24 4 

 (132) 14 24.25 1001 24 4 

1.754 (32-2) 17 26.05 934.5 24 3 

 (23-2) 17 26.05 934.5 24 3 

 (232) 17 26.05 934.5 24 3 

 (322) 17 26.05 934.5 24 3 

1.623 (33-2) 22 28.34 856.5 12 1 

 (332) 22 28.34 856.5 12 1 

1.508 (003) 9 30.72 0.00 2 0 

1.496 (-113) 11 30.99 0.00 12 0 

 (013) 10 30.99 0.00 12 0 

 (103) 10 30.99 0.00 12 0 

 (-103) 10 30.99 0.00 12 0 

 (1-13) 11 30.99 0.00 12 0 

 (0-13) 10 30.99 0.00 12 0 

1.474 (1-23) 14 31.51 0.00 12 0 

 (-123) 14 31.51 0.00 12 0 

 (2-13) 14 31.51 0.00 12 0 

 (-213) 14 31.51 0.00 12 0 

 (113) 11 31.51 0.00 12 0 

 (-1-13) 11 31.51 0.00 12 0 

1.463 (203) 13 31.77 0.00 12 0 

 (-203) 13 31.77 0.00 12 0 

 (023) 13 31.77 0.00 12 0 

 (0-23) 13 31.77 0.00 12 0 

 (2-23) 17 31.77 0.00 12 0 

 (-223) 17 31.77 0.00 12 0 

1.432 (-2-13) 14 32.54 0.00 24 0 

 (-1-23) 14 32.54 0.00 24 0 

 (213) 14 32.54 0.00 24 0 

 (1-33) 19 32.54 0.00 24 0 

 (-313) 19 32.54 0.00 24 0 

 (-133) 19 32.54 0.00 24 0 

 (3-23) 22 32.54 0.00 24 0 

 (-323) 22 32.54 0.00 24 0 



   

 

Curriculum Vitae 

 

Xubo Yan 

Chair of Surface and Materials Technology 

Institute of Materials Engineering 

University of Siegen  

57076 Siegen, Germany 

Phone: +49-271-7404064 

xubo.yan@uni-siegen.de  

 

 

Personal data 

Date of birth: 1
st
 March, 1985 Place of birth: Hebei, China  

Nationality: Chinese Gender: Male Marital status: Single 

 

 

Education 

2010-till date: Wissenschaftlicher Mitarbeiter, LOT, Universität Siegen, Germany. 

2007-2010: 
Master of Science, Institute of Metal Research, Chinese Academy of 

Sciences, China. 

2003-2007 
Bachelor of Science, School of Materials Science and Engineering, 

Harbin Institute of Technology, China. 

2000-2003 Hebei Zhengding High School, China. 

1997-2000 Middle school in Hebei, China. 

 


