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Abstract 

Since the discovery of carbon nanotubes (CNT) produced by the arc 

discharge technique, substantial attention has been paid to the synthesis, 

properties and formation mechanism of novel carbon nanomaterials, such as 

carbon nano-onions (CNOs), carbon nanofibers (CNFs), and metal-included carbon 

nanocapsules. With their unique structure, mechanical and electrical properties, 

carbon nanomaterials have become an advent for new technologies with their 

applications in gas storage, gas sensors, lithium-ion batteries, photo-voltaic 

devices, and separation and filtration media.  

Many methods for preparing carbon nanomaterials, including but not limited 

to arc discharge, laser ablation, chemical vapor deposition (CVD), and the 

electrolysis method have been developed. However, such potential applications of 

carbon nanomaterials suffer from the limitations of the existing processing 

methods. For example, the conventional arc discharge method usually involves 

high-purity graphite electrodes, metal powders, and high-purity He and Ar gases; 

thus the costs associated with the production of carbon nanomaterials are high. 

Unfortunately, by-products such as polyhedral graphite particles, encapsulated 

metal particles, and amorphous carbon are also formed. Using the laser technique 

to generate carbon nanomaterials, it is necessary to add metal particles as catalysts 

to the graphite targets, and it is difficult to reproduce these laser experiments 

under similar conditions. The major benefit to using CVD for the synthesis of 

carbon nanomaterials lies in its ability to be scaled up in size, allowing the largest 

production facilities to produce several kilograms per day. However, CVD method 

typically requires temperatures up to 900°C. The liquid-phase electrolytic method 

has not been widely used probably because the product yield is difficult to control.  

Thus, new and simple methods to make carbon nanomaterials need to be 

devised. In this case, thermo-catalytic decomposition of methane (TCDM), 

photothermal solar and lamp ablation and high temperature spinning disc 

processor (HTSDP) methods had adequately shown their advantages, e.g. one-step, 

simple, universal precursors and easy control. Moreover, TCDM is an alternative 
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method for the production of graphitic carbon, where these potential greenhouse 

gases are instead sequestered as valuable hydrogen. 

In my PhD candidature, the synthesis of carbon and carbon-related 

nanomaterials, such as CNOs, CNFs, and few-layer graphene, and carbon-related 

nanomaterials, such as silicon carbide (SiC) nanowires, will be explored from 

TCDM, HTSDP,  and photothermal solar and lamp ablation, with follow-up 

exploration of novel carbon microstructure, carbon microshells (CMSs) using 

TCDM. Characterizations of these carbon nanomaterials have been conducted and 

it was found that the feasibility of making different morphology of these carbon 

materials depended on the processing parameters. In TCDM, the decomposition 

pressure, duration time and catalytic particle size can affect the morphology of the 

carbon nanomaterials. In solar and lamp ablation, the irradiation time is a crucial 

parameter. In addition, the as-achieved CNOs in TCDM have been used as the 

carbon precursor to achieve novel SiC nanowires and graphene by solar and lamp 

ablation method. Furthermore, platinum (Pt) nanoparticles have been loaded onto 

the surface of CNOs and the electrochemical applications of the synthesized nano-

composites had also been investigated. 
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1.1 Overview 

The thesis aims to explore feasible methods of fabricating carbon 

nanomaterials, such as carbon nano-onions (CNOs), carbon nanofibers (CNFs), and 

graphene, and carbon-related nanomaterials, such as silicon carbide nanowires, by 

novel lamp ablation, high temperature spinning disc processor (HTSDP), and as 

well as thermocatalytic decomposition of methane of (TCDM), with follow-up 

exploration of novel carbon microstructure, namely carbon microshell (CMSs) 

using TCDM. Moreover, the direct decoration of noble platinum (Pt) nanoparticles 

on CNOs and the electrochemical applications of the synthesized nano-composites 

had been investigated. 

In this chapter, the major concepts relating to this thesis will be introduced 

based on the literature review. The most representative and conceptual literature 

about the carbon nanomaterials was selected and presented in a systematic way 

(shown in Figure 1.1) as an outline of the pathway to the following sections.  

Carbon nanomaterials, such as CNTs, CNFs, CNOs and graphene, and their 

brief history will be reviewed (1.2). Conventional synthesis method of these 

carbon nanomaterials, such as arc discharge, laser ablation, and the chemical 

vapor deposition (CVD) will be introduced (1.3). It is also worth introducing the 

characterization, properties and applications of those carbon nanomaterials, 

especially CNOs, CNFs and graphene, which are now recognized as the “hot spots” 

of carbon nanomaterial research in recent years. Thereafter, an important 

introduction to TCDM (1.4), TH-SDP (1.5), and lamp ablation (1.6) used in our 

research work and their utilizations to fabricate CNOs, CNFs and graphene, and 

control the morphologies of carbon nanomaterials by changing the process 

conditions will be given in detail. It is then followed by a review of decorations of 

noble metal nano-particles on the CNOs, which has been used for fuel cell 

applications. Moreover, using as-achieved CNOs from TCDM as the carbon 

precursor, silicon carbide nanowires have been fabricated by lamp ablation 

method (1.7). Finally, the thesis will be thoroughly introduced on the basis of the 

above reviews (1.8). 
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Figure 1.1 Structure of the Introduction 

1.2 Carbon nanomaterials 

Ever since the discovery of fullerenes in 1985, [1] the nanostructured forms 

of carbon materials, such as fullerenes, [1] CNTs, [2] CNOs, [3,4] CNFs, [5] and 

graphene, [6] have increasingly received attention due to their unique band 

structures and remarkable physical properties, [7,8] with potential applications in 

catalysis, [9] energy storage, [10,11] electronics and photonics, and sensing, etc. 

[12] 

1.2.1 Carbon nanotube (CNT) 

1.2.1.1   Characterization and properties of CNT 

Ever since CNTs have been discovered by Iijima in 1991, there has been 

much speculation revolving around their potential impact on the fields of scientific 

and engineering worlds due to their extraordinary mechanical, thermal and 

electrical properties. [13] In reality, CNTs are a large family of materials with 

different sizes, structures, properties and synthesis techniques. [14]  
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CNTs can be described as a hexagonal sheet of carbon atoms rolled into a 

cylindrical shape, as shown in Figure 1.2 and Figure 1.3. The chiral vector (Ch) 

dictates the geometric arrangement of the nanotube and there exist three distinct 

possible classifications. The names given for the three classes are armchair, in 

which n is equal to m; zigzag, where m is equal to 0; and helical, in all other cases, 

which are illustrated below in Figure 1.3. The chiral angle of the zigzag tube (n,m) 

is 0° since either n or m equals 0. The chiral angle of the armchair tube (n,m) is 30° 

since n and m are equal. The chiral tube has n,m integer values between the two 

extremes. [15,16] 

 

Figure 1.2 The (n,m) nanotube naming scheme can be thought of 

as a vector (Ch) in an infinite graphene sheet that describes how 

to "roll up" the graphene sheet to make the nanotube. T denotes 

the tube axis and a1 and a2 are the unit vectors of graphene in real 

space. [15]   

According to the layer of graphene cylinders, there are two types of 

nanotubes: single-walled carbon nanotubes (SWCNTs) and multiwalled carbon 

nanotubes (MWCNTs), as shown in Figure 1.4. SWCNTs, comprised of a single 

graphene sheet with typical diameters varying between few tens of nanometers, 

may be either metallic or semiconducting depending on their chirality. [2,17, 

18,19] MWCNTs consist of two or more concentric graphene cylindrical shells 

with van der Waals forces between adjacent layers. 
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Figure 1.3 Illustration of the three types of CNTs including (a) 

zigzag, (b) armchair and (c) chiral. [16] 

 
 
 

 

Figure 1.4 Sigle-walled and multi-walled Carbon Nanotube. [20] 
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1.2.1.2  Synthesis of CNTs 

Since the discovery of CNTs in 1991, many techniques have been developed 

to produce CNTs in sizable quantities, including but not limited to arc discharge, 

[21] laser ablation, [22] CVD, [23-28] and hydrothermal synthesis, [29-31] as 

shown in Figure 1.5. [32] Among them, arc discharge, laser ablation and CVD 

methods have become the common techniques to grow CNTs in the last decade.  

Most of these processes take place in vacuum or with process gases. The 

advantages, disadvantages and the yield of these methods have been summarized 

in Table 1.1. [33] Large quantities of nanotubes can be synthesized by these 

methods. 

 

Figure 1.5 Currently used methods for CNTs synthesis. [32] 
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Table 1.1 Summary of the common methods of CNT productions. [33] 

 

(1) CVD 

While the CVD method has been used since 1960’s to produce carbon 

filaments and fibers, it was not until the early 1990’s that this method was capable 

of producing CNTs. CVD is the most popular method of producing CNTs nowadays. 

The major benefit of CVD for the synthesis of CNTs lies in its ability to be scaled up 

in size, thereby allowing the largest production facilities to produce up to several 

kilograms per day. There are many types of CVD that can be used in the 

manufacture of CNTs, but the predominant types are thermal and plasma 

enhanced CVD.  

The typical thermal CVD setup includes a high temperature compatible tube, 

which is heated by a furnace.  The growth of CNTs by CVD can occur in vacuum or 

at atmospheric pressure. Figure 1.6 shows a schematic diagram of the 

experimental set-up used for CNT growth by CVD method in its simplest form.[34] 

CVD syntheses involve the introduction of a carbon-vapor feedstock (methane 
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(CH4), carbon monoxide (CO), ethylene (C2H4), acetylene (C2H2), etc) through a 

tubular reactor at sufficiently high temperature (600-1200°C), where transition 

type catalytic metal particles, such as iron (Fe), nickel (Ni), or molybdenum (Mo), 

are used as catalyst for their ability to absorb carbon, and are free-floating or are 

fixed to a stationary substrate. CNTs grow on the catalyst in the reactor, and are 

collected upon cooling the system to room temperature.  

A variant of CVD is known as “plasma enhanced CVD” (PECVD) in which 

plasma is generated during the process. By properly adjusting the geometry of 

reactor during PECVD, it is possible to grow vertically disposed CNTs. [35,36] 

 

 

Figure 1.6 Schematic diagram of a CVD setup. [34] 

In the synthesis of CNTs, the vapor-liquid-solid (VLS) growth mechanism has 

been developed according to thermal decomposition of carbon-vapor feedstock. 

The VLS synthesis mechanism can be used in the synthesis of many types of one 

dimensional nanostructure and generally consists of the three primary steps of 

absorption, saturation, and structure extrusion, as shown in Figure 1.7. [34] First, 

hydrocarbon precursor comes in contact with the metal nanoparticles at the high 

temperature zone, and decomposes into carbon and hydrogen species. Hydrogen 

is released and carbon gets dissolved into the metal particle. After reaching the 

carbon-solubility limit in the metal at that temperature, as-dissolved carbon 

precipitates out and crystallizes in the form of a cylindrical network. Hydrocarbon 

decomposition (being an exothermic process) releases some heat to the metal 

exposed zone, while carbon crystallization (being an endothermic process) 
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absorbs some heat from the metal precipitation zone. This precise thermal 

gradient inside the metal particles sustains the process. [34] Depending on the 

final location of the catalyst particles, the nanotubes are typically classified as 

either tip growth or base growth model. For the case of carbon nanostructure 

growth, hydrocarbons, including methane (CH4), ethane (C2H6), ethylene (C2H4), 

acetylene (C2H2), benzene, toluene, naphthalene, and even ethanol, had been 

applied. 

 

Figure 1.7 Widely-accepted growth mechanisms for CNTs: (a) 

tip-growth model, (b) base-growth model. [34] 

The resultant product is a mixture of CNTs, metal catalyst, and carbonaceous 

impurities that are often referred to as amorphous carbon, fullerenes, and carbon 

nanoparticles (CNPs). [37-39] Oxidative and purification processes have been 

developed to remove the metallic and carbonaceous carbon byproducts. [3, 40, 41] 

Purification methods of CNTs can be basically classified into three categories, 

namely chemical, physical, and a combination of both. The chemical method 

purifies CNTs based on the idea of selective oxidation, wherein the carbonaceous 

impurities are oxidized at a faster rate than CNTs, and the metallic impurities are 

dissolved by acids. [39] In general, chemical oxidation includes gas phase 

oxidation (using air, oxygen (O2), chlorine gas (Cl2), water vapor (H2O), etc.), liquid 

phase oxidation, and electrochemical oxidation. The commonly used oxidants for 
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liquid phase oxidation include nitric acid (HNO3), [41, 42] hydrogen peroxide 

(H2O2) or a mixture of H2O2 and hydrochloric acid (HCl), [40, 43] a mixture of 

sulfuric acid (H2SO4), Nitric acid (HNO3), potassium permanganate (KMnO4) and 

sodium hydroxide (NaOH). [44-47] However, the chemical method always 

influences the structure of CNTs due to the oxidation process. The physical 

method separates CNTs from the impurities based on the differences in their 

physical size, aspect ratio, gravity, and magnetic properties, etc. In general, the 

physical method is used to remove graphitic sheets, carbon nanospheres (CNSs), 

aggregates or separate CNTs with different diameter/length ratios. However, the 

physical method is always complicated, time-consuming and less effective. The 

third kind of purification, also named multi-step purification, combines the merits 

of physical and chemical purification. This method can lead to high yield and high-

quality CNT products. [39] Figure 1.8 shows transmission electron microscopy 

(TEM) images of purified MWNTs in which some impurities had been removed by 

H2O2 oxidation and HCl treatment. [40] 

 

Figure 1.8 TEM images of (a) as-grown MWCNTs by CVD, and (b) 

cleaned MWCNTs. [40] 

(2) Arc-discharge: [48] 

The arc-plasma evaporation of pure graphite rods led to the discovery of 

CNTs by Iijima. [21] A schematic diagram of the arc-evaporation apparatus for 

producing CNTs is shown in Figure 1.9. [49] Two graphite electrodes are installed 

vertically, and the distance between the two graphite rod tips is maintained in the 

range of 1-2 mm. After the evacuation of the chamber by a diffusion pump, 
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rarefied ambient gas is introduced. When a dc arc discharge is applied between 

the two graphite rods, the anode is consumed, and fullerene is formed in the 

chamber soot. [50] Then, part of the evaporated anode carbon is deposited on the 

top of the cathode, which is called the “cathode deposit”.  

 

Figure 1.9 Schematic diagram of arc-discharge apparatus for 

preparing CNTs. [49] 

 

An optical image of a section of the cathode deposit is shown in Figure 1.10. 

On the top of cathode A, a deposit having columnar texture B is formed, and its 

thickness d is approximately 6 mm. Part C is the top of the cathode deposit facing 

the anode. Iijima observed samples obtained from region B in Figure 1.10 by TEM 

and found MWCNTs, as shown in Figure 1.11. [2] 
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Figure 1.10 Optical image of section of cathode deposit grown by 

dc arc dischare method in He after 8 min evaporation. [51] 

 

Figure 1.11 High resolution TEM (HRTEM) micrographs of first 

MWCNTs discovered by Iijima. [2] 

 

(3) Laser ablation: 
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Laser ablation is one of the superior methods to grow SWCNTs with high-

quality and high-purity. This method was first demonstrated by Smalley’s group in 

1995. [22] The principles and mechanisms in this method are similar to the arc 

discharge, with the difference that the energy is provided by a pulsed laser 

focusing onto a graphite target containing catalyst materials (usually Ni or cobalt 

(Co)) in a high temperature reactor. They produced high yields (>70%) of 

SWCNTs by laser ablation of graphite rods containing small amounts of Ni and Co 

at 1200 °C. An inert gas, such as helium (He) or argon (Ar), which vaporizes a 

graphite target, is bled into the chamber. CNTs form on the cooler surfaces of the 

reactor when the vaporized carbon condenses. Figure 1.12 illustrates a schematic 

of the apparatus. [52] The tubes produced by this method are in the form of mat of 

ropes with a diameter of 10 - 20 nm and a length of up to 100 µm or more. 

Average diameter and length of CNTs could be varied by varying temperature, 

catalyst composition and other process parameters. 

 

Figure 1.12 Schematic of laser-ablation apparatus for production 

of CNTs. [52] 

 

In our research group, CNTs have been successfully produced, as evident 

from TEM images in Fig. 1.13 using TCDM method. [53] However, the research in 

my PhD candidature has deviated away from focusing on CNTs, due to the health 

concerns from CNTs. Although the health effects of various carbon nanomaterials 

are poorly known at the moment, existing evidence suggests that exposure to 

certain MWCNTs has the capacity to induce severe adverse effects in rodent 
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models. [54] The needle-like shape of certain CNTs has been compared with 

asbestos, thereby raising concern that the widespread use of such CNTs may lead 

to pleural fibrosis or mesothelioma (cancer of the lining of the lung) which are 

mostly caused by exposure to asbestos. [54] 

 

Figure 1.13 Production of MWCNT over the catalyst of La2NiO4. 

[53] 

 

1.2.2 Carbon nanofiber  (CNF) 

1.2.2.1 Characterization and properties of CNF 

Materials in the form of fiber are of great practical and scientific importance. 

The combination of high specific area, flexibility, and high mechanical strength 

allows fibers to be used in our daily life as well as in fabricating tough composites 

for vehicles and aerospace. [55] CNF, as shown in Figure 1.14, is a material 

consisting of fibers with diameters ranging from tens of nanometers to several 

hundred nanometers, length range is 100 nm – 1000 μm and composed mostly of 

carbon atoms. Moreover, CNFs are different from conventional carbon fibers (CFs) 

due to their small diameter, as shown in Figure 1.15. CNFs have very similar 

growth condition to that of CNTs, by passing carbon feedstock over nanosized 

metal particles at high temperature. [56] However, their geometry is different 

from CNTs which contains an entire hollow core, because they can be visualized as 

regularly stacked truncated conical or planar layers along the filament length. [55]  

http://en.wikipedia.org/wiki/Fibers
http://en.wikipedia.org/wiki/Carbon
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Figure 1.14 (a) Digital image of CNF mat used as catalyst, (b) 

scanning electron microscopy (SEM) image of the CNF mat 

displaying entangled fibers (scale bar, 5 mm), (c) high-resolution 

SEM image on individual fibers (scale bar, 200 nm). Random 

corrugations are visible at the fiber surface. [57] 

 

 

Figure 1.15 Schematic comparison of the diameter dimensions on a 

log scale for various types of fibrous carbons. [55] 
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Figure 1.16 Schematic representation of graphene layer orientation 

in three types of CNFs: (a) platelet, (b) ribbons, and (c) herringbone 

arrangements. [60] 

Based on the stacking directions of graphene layers with respect to the long 

axis of nanofibers, there are mainly three types of CNFs: the herringbone, in which 

the graphene layers are stacked obliquely with respect to the fiber axis; the 

platelet, in which the graphene layers are perpendicular to the fiber axis; and the 

ribbon, in which the graphene layers are parallel to the growth axis, [58-60] as 

shown in Figure 1.16. 

1.2.2.2 Synthesis and the growth mechanism of CNF 

Generally, CNFs can be synthesized through CVD, [61-64] hot filament-

assisted sputtering, [65] thermal decomposition of organic precursors and 

template-assisted methods, [66] and so on. Similar to the growth of CNTs, CVD has 

become the common method to grow CNFs with relatively high yield at low cost. 

Murakami et al. reported their result of growing SWCNTs on SiC by CVD using 

ethanol as a carbon source to make the reinforced composites. [67] Many 

researchers had put the focus on their growth using metallic particles as catalyst 

to precipitate the CNFs. [61] Vertically aligned CNFs have been fabricated with the 

help of Cu–Ni composition using CVD method. [68]  
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Recently, hydrothermal approach has been a popular method to synthesize 

CNFs. [69,70] Usually, the mixture of catalyst and organic precursors is placed into 

a stainless steel autoclave. The autoclave was sealed and maintained at high 

temperature for a long time, then allowed to cool to room temperature. The 

products were collected, washed with diluted HCl solution, distilled water and 

ethanol in sequence, and then dried in vacuum. The collected final product, as 

shown in Figure 1.17, when used as electrode, possess high reversibility with 

little hysteresis in the insertion/extraction reactions of lithium-ion. [69] 

 
 

Figure 1.17 SEM images (a–c) of carbon nanofibers; inset (b) 

high-magnification image of carbon nanofiber tip; scale bar 

presents 200 nm. [69] 

Many studies have been conducted to explore the growth mechanism of 

CNFs. According to recent reports on in situ TEM observations, the metal catalyzed 

growth of CNFs is explained by the following mechanism: (1) Carbon-containing 

compounds adsorb dissociatively at the surface of metal nanoclusters; (2) carbon 

dissolves in the bulk of the metal cluster; (3) carbon diffuses through the bulk of 

the metal nanocluster to the rear end, where (4) the carbon atoms are 

incorporated into the new graphene layers of the growing nanofiber. Figure 1.18 

has shown the schematic of the nucleation and growth of CNFs. [71-73] The main 

driving forces lie in the following points: (1) those carbon-containing compounds 

are likely to adsorb on metal surface because the total energy of the system will be 

lowered with heat release during chemical adsorption, and (2) adsorbed carbon 

atoms are likely to aggregate into graphene layers, also because the total energy 

will be reduced due to the large heat of formation of graphite. [71] Overall, the 
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steps are highly thermodynamically favorable. Hofmann et al. suggested that the 

rate-determining step for the growth of CNFs at a low temperature (< 500 °C) is 

the diffusion of carbon on the catalyst surface, [74] while it is the diffusion of 

carbon through the catalyst particle bulk for high-temperature conditions (> 

500 °C). [75] 

 

Figure 1.18 Illustrations of growth mechanisms for herringbone 

CNFs with carbon diffusion via (a) the Ni bulk and (b) the Ni 

surface. [71] 

 

In some studies it was found that the growth process of CNFs is not 

controlled by the catalyst particle, and CNFs can be grown even if no catalyst is 

used. [76] From the viewpoint of process simplification and product purification, 

this catalyst-free synthesis is attractive. In our research work, we also described a 

non-catalytical synthesis of CNFs using light-driven HTSDP. [5] This novel high 

flux bright HTSDP operating at 720 °C can effectively synthesize CNFs from 

fructose, a natural feedstock, in polyethylene glycol-200 (PEG-200), within 

minutes and with multiple reactor passes being a pivotal operating parameter in 

controlling the growth of the fibres. [5] 
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1.2.3 Carbon nano-onion (CNO) 

1.2.3.1   Characterization and properties of CNO 

CNOs, otherwise known as onion-like carbons (OLCs), represent another 

new allotropic nanophase of carbon materials, and had been found by Iijima in 

1980 while looking at a sample of carbon black under TEM, where they were 

observed as a byproduct of carbon black. [77] In 1992, CNOs were synthesized in 

bulk by Ugarte by irradiating carbon soot with high energy electron beam. [78] By 

focusing an electron beam on the amorphous carbon, the formation of CNOs in situ 

is observed. Under an electron beam, the amorphous carbon graphitizes and 

begins to curl.  After sufficient time, the graphitic carbon closes on itself and forms 

an onion. As shown in Figure 1.19, they consist of multi-layered graphitic shells 

and the spherical analogs of MWCNTs. [79] 

CNOs have already been shown to offer a variety of potential applications, 

such as solid lubrication, [80] electromagnetic shielding, [81] fuel cells, [82] 

heterogeneous catalysis, [83] gas and energy storage, [84] and electro-optical 

devices, [85] owing to their outstanding chemical and physical properties.  

 

Figure 1.19 Molecular dynamics simulation of (a) pristine 

nanodiamond, (b) nanodiamond annealed at 1400 °C, (c) 

nanodiamond annealed at 2000 °C, and carbon onions 

synthesized via (d) annealing of nanodiamond at 2000 °C, (e) arc 

discharge between two carbon electrodes in water, and (f) 

electron beam irradiation. [79] 
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1.2.4.2   Synthesis of CNO 

Generally, various synthetic methods have been developed to produce CNOs, 

such as the conventional CVD method, [ 86 - 88 ] vacuum annealing of a 

nanodiamond precursor, [89, 90] arc discharge, [91, 92] and so on. CVD method 

has been found to be highly efficient in the preparation of hollow CNOs. In contrast 

to other synthesis methods, CVD process yields much larger diameter particles. 

[79] Annealing of the nanodiamonds is one of the methods that has a potential for 

industrial applications with the yield of ~100% and can be scaled accordingly. 

Synthesis by arc discharge can be performed at ambient pressure and 

temperature, thereby avoiding the use of expensive equipment or catalysts, 

however the yield is low and samples contain CNTs and amorphous carbon 

formed along with CNOs. [79] 

There are several other processes to produce CNOs. Solid state carbonization 

of phenolic resin precursor is a way to produce CNOs using a ferric nitrate 

(Fe(NO3)3) as the catalyst at temperature of ~1000 °C. [93] Ethylene jet diffusion 

flames modulated by acoustic excitation in an atmospheric environment are used 

to synthesize CNOs on a catalytic nickel substrate. [94] Hydrothermal method has 

also been used to synthesize CNOs at 600 °C by a simple reaction between copper 

dichloride hydrate (CuCl2·2H2O) and calcium carbide (CaC2) sealed into a stainless 

steel autoclave. [95] In our research work, we also reported a simple and effective 

technique, TCDM, to synthesize CNOs in large quantities using methane as the 

carbon resource and iron oxide (Fe2O3) nanopowder as the catalyst. [3, 96] 

Over the past two decades, numerous efforts have been made to understand 

how the carbon atoms form a cage structure with preferable numbers at the 

atomic scale. [97,98] Irle et al. proposed a combined size-up/size-down “shrinking 

hot giant road” that led to the formation of C60, C70, and other larger fullerenes, 

based on the quantum chemical molecular dynamics simulations. [99] After this, a 

direct evidence for the shrinkage of the hot giant fullerene was reported by means 

of in situ HRTEM. [100] Later, Curl et al. claimed that the driving force for the 

fullerene shrinkage should be attributed to “the reactions in which C2 (was) 

swapped between fullerenes”, and also, they found that local energy minimum of 



Chapter 1: Introduction 

21 
 

C60 or C70 existed and was responsible for the high yield formations of the 

buckminsterfullerene. [101] 

The formation mechanism of CNOs has also been focused on since its 

discovery. [77,102] A few growth models have been proposed for their nucleation 

and growth. Iijima and Ugarte et al. proposed a sequential growth model in which 

a single closed fullerene first formed, and then, the concentric shells successively 

formed after this seed fullerene, [77,78,103-105] while a spiral-like growth 

mechanism was suggested by Kroto and Osawa et al. [102,106] Even within each 

growth model, different pathways were proposed. For example, for the former 

sequential model, whether the fullerene cage first nucleates in the center [104] or 

outer [103,105] was still the subject of argument. Subsequently, Jin and Iijima et al. 

observed in situ formation and structure tailoring of CNOs by HRTEM, as shown in 

Figure 1.20. [107] They found that the whole process involved two main stages, 

growth and shrinkage, as per the summarized representation in Figure 1.21 for 

the formation mechanism of a CNO. In the “growth” stage, a closed fullerene cage 

formed and acted as the nucleation core, followed by a shell-by shell template 

growth of the outer shells. In this way, a polygonal CNO with concentric multiple 

shells eventually formed. In the second “shrinking” or “annealing” stage, 

evaporation or sputtering-induced carbon loss happened consistently on each 

shell of the carbon onion at high temperatures, such as 1500-2000 K, or even 

higher. The carbon polygon was thus smoothed and became spherical. Finally, the 

ideal concentric spherical structure “C60@C240@C540@· · ·@C60n2” with a constant 

intershell spacing (0.34 nm) could be achieved. [107] 
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Figure 1.20 HRTEM images showing a dynamic process for the 

shell-by-shell formation of CNOs starting with a defective MWCNT. 

(a) In the first step, two closed fullerene cages formed from the 

inner shells of the MWNT by thermally activated shrinkage. (b-g) 

Onto the initially formed fullerene cage, a shell-by-shell formation 

of outer concentric shells proceeded. (h) Finally, a carbon polygon 

with four concentric shells was formed. Scale bar = 5 nm. [107] 

 

 

Figure 1.21 the formation mechanism of a CNO involving two 

main steps, (1) grow and (2) shrink. [107] 
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1.2.4  Graphene 

1.2.4.1   Characterization and properties of graphene 

2D single graphene layer, a mono-layer of carbon atoms packed in a 

honeycomb crystal lattice (Figure 1.22), has created a great deal of interest in 

both the academic and commercial fields since its isolation and characterization 

by Geim and Novoselov et al. in 2004. [108] 

 

Figure 1.22 A schematic image of graphene. [109] 

 

Graphene has many similar properties as CNTs. It has atomic thickness, high 

aspect ratio (the ratio of lateral size to thickness), excellent electrical conductivity, 

and good mechanical properties. [ 110 ] Furthermore, graphene has been 

anticipated to be a novel , better alternative to CNTs in various applications due to 

its promising properties with the presence of rich edges. [111-114] Its promising 

electron-emission properties, such as low emission threshold field and large 

emission current density, [115,116] and the excellent field-emission properties, 

with good emission stability and uniformity, [110] make it much better to those of 

CNTs. The single graphene layer is a semimetal or zero-gap semiconductor, and 

has excellent electronic properties, for instance, high mobility (15000 cm2 V-1 s-1) 

and room-temperature quantum Hall effect. [117] Narrow single graphene 

ribbons show peculiar metallic and semiconducting behaviors depending on the 
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edge type and width, similar to the chiral and diameter dependences of CNTs. 

[117-119] It has the possibility of application in many electronic devices, such as 

flexible thin-film transistors, touch panels, and solar cells. 

1.2.4.2   Synthesis of graphene 

Many methods have been used widely to synthesize graphene, such as 

mechanical/chemical exfoliation of graphite, [108, 120 - 122 ] reduction of 

graphene oxide (GO), [ 123 ] CVD of hydrocarbons on metal substrates, 

[117,124,125] and thermal decomposition of SiC. [126-128] 

Mechanical exfoliation was the first method employed for preparing single-

layer graphene from natural graphite samples or highly oriented pyrolytic 

graphite (HOPG). [108] Scotch tape has been used to separate the graphene sheets 

from graphite flakes, which is stuck on a silicon wafer. Thin films of graphene are 

transparent to the naked eye. However, under an optical microscope, when stuck 

to the silicon wafer, the added graphene layers interfere with the light causing a 

shift in colors, which make it easy to distinguish between the wafer and graphene, 

and few-layer graphene and multi-layer graphene. Liquid exfoliation is the 

alternative chemical approach to make graphene layers. Weak interlayer van der 

Waals forces in these crystals can be easily overcome by ultrasound waves 

produced in low-surface-tension liquids. [ 129 ] However, the methods of 

mechanical exfoliation of graphite and reduction of graphene are not suitable for 

large-scale application to achieve a large quantity of graphene.  

Graphite oxide is produced by oxidizing pure graphite powder with 

subsequent sonication, following the well-known Hummers method. [130] It thus 

consists of a layered structure of ‘graphene oxide’ (GO) sheets that are strongly 

hydrophilic such that intercalation of water molecules between the layers readily 

occurs. Notably, graphite oxide can be completely exfoliated to produce aqueous 

colloidal suspensions of GO sheets, as shown in Figure 1.23, [131] by simple 

sonication, and by stirring the water/graphite oxide mixture for a long enough 

time, which is similar to the exfoliation of graphite. On the other hand, the 

reduction of the GO by chemical methods (using reductants such as hydrazine, 

[132,133] dimethylhydrazine, [134] hydroquinone [135] and NaBH4, [136,137] 
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thermal methods [138] and ultraviolet-assisted methods [139] has produced 

electrically conducting chemically modified graphenes (CMGs.) However, with 

different reduction processes, oxygen will remain in the reduced GO film. [113] 

The performance of reduced GO varies due to different functional groups left after 

reduction. 

 

 

Figure 1.23 Chemical structure of graphene oxide. [131] 

Large-area graphene growth is required for the development and production 

of electronic devices. Recently, CVD of hydrocarbons has shown some promise in 

growing large-area graphene or few-layer graphene films on metal substrates 

such as Ni and Cu, which has received the most attention as a graphene substrate 

material because of cost, grain size, etchability, and their wide use and acceptance 

by the semiconductor industry. [124,140] It has been proposed that CVD growth 

of graphene on Ni occurs by carbon atoms segregation or precipitation process 

whereas graphene growth on Cu is clearly by a surface adsorption process. [124] 

Although large-area graphene films (up to ~1 cm2) of single- to few-layer 

graphene have been generated by CVD growth on metal substrates, the uniform 

growth of single-layer graphene is still a challenge. [123] 

De Heer and coworkers demonstrated that SiC thermally decomposes when 

heated at extremely high temperatures. The silicon evaporates and leaving carbon 

layers on the surface, which can rearrange to form graphene. [126] Graphene 

obtained on SiC single crystals has good mobility, but this material may be limited 

to devices on SiC only, since transfer to other substrates such as silicon 
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dioxide/silicon (SiO2/Si) has not been demonstrated yet and might be difficult. 

[124] 

Among them, TCDM has also gained considerable attention in recent years, 

as a route to valuable graphitic carbon nanomaterials. [3,141-143] However, most 

of the solid carbon products achieved to date from TCDM are carbon nanofibers, 

CNTs or CNOs. [3,142,143]  Recently, graphene sheets have been achieved by 

TCDM at reaction temperature from 850 C to 1000 C using iron oxide nano-rods 

as the catalyst, and the mixture of CH4 and nitrogen (N2) (5:20 of volume ration) as 

the carbon source. [144] Herein, graphene sheets are also achieved by TCDM in 

our research work in my PhD candidature. Moreover, we can decrease the 

reaction temperature to 650 C with the normal iron oxide nanopowders as the 

catalysts, and the pure CH4 as the carbon source, which requires lower energy. 

Furthermore, it was found that the morphology of the achieved carbon products 

depends on the processing parameters in TCDM. The decomposition pressure, 

temperature, cracking duration time and crystal size of catalyst can affect the 

morphology of the carbon products. [145] 

1.3 Applications of carbon nanomaterials  

1.3.1  Carbon nanomaterials for gas sensors 

Nanostructured materials, such as carbon nanomaterials and metal oxide 

nanowires, promise superior performance over conventional approaches due to 

their ability to direct the selective uptake of gaseous species based on their 

controlled pore size and chemical properties. Sensing gas molecules is critical to 

environmental monitoring, control of chemical processes, space missions, and 

agricultural and medical applications [146]. The detection of NO2, for instance, is 

important to monitoring environmental pollution resulting from combustion or 

automotive emissions. [147] Detection of NH3 is needed in industrial, medical, and 

living environments. [148] 

The application of CNTs in various gas sensing applications has been widely 

investigated. [149,150] The current sensor development results have proved that 

the CNTs sensors can offer very high sensitivity for nitrogen dioxide (NO2), 
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ammonia (NH3), CH4, acetone, benzene and toluene detection, with detection 

limits in the lower ppm to ppb level and response time in seconds to minutes. Each 

sensor draws the power in micro-watts to milli-watts. Usually, MWCNTs are 

shown to be promising for detection of NH3 and water vapor [151]. SWCNTs can 

detect oxidizing gases (oxygen (O2), NO2) and reductive gases, such as NH3, as well 

as volatile organic compound at room temperature. [149,150,152,153] CNTs are 

promising due to their high surface areas, provided by their central hollow cores 

and the outside walls for gas adsorption.  

Due to the interaction between carbon nanomateriasl devices and gas 

molecules, the electron configuration is changed in the nanostructured sensing 

device, therefore, the changes in the electronic signal such as current or voltage 

can be observed before and during the exposure of gas species (such as NO2 , NH3 , 

etc.). By measuring the conductivity change of the carbon sensing device, the 

concentration of the chemical species, such as gas molecules, can be measured.  

With regard to hydrogen (H2) sensing, development of high performance 

hydrogen sensors is of great importance to meet increasing applications of 

hydrogen gas in recent years. [154-156] CNTs can be functionalized, doped with 

catalysts and mixed with polymers [157] accordingly to achieve the selectivity 

[158]. Palladium (Pd)-modified SWCNTs in either individual or film form have 

been demonstrated to be sensitive to H2 gas at room temperature. [159-161] 

Nanostructured Pt and Pd functionalized MWCNTs in a film form are also found to 

have reversible response to hydrogen gas. [162] However, fabrication processes 

for the CNT hydrogen sensors based on individual nanotube or films of entangled 

nanotubes are often complicated and costly. 

Due to the health concerns from CNTs, CNO and graphene have recently been 

developed into the field of gas sensor. Graphene has been widely explored as an 

ideal sensor because of their atom-thick two-dimensional conjugated structures, 

high conductivity and large specific surface areas. [163] The detection of gases by 

graphene materials is mainly based on their conductance changes upon the 

adsorption of sensing species. Graphene is a p-type semiconductor in nature. 

When it is exposed to various gases, the response directions of its conductance are 
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possibly different. The adsorption of electron-withdrawing gas molecules such as 

NO2 enhances the doping level of graphene and increases its conductance. On the 

other hand, the electron-donating molecule, such as NH3, de-dopes graphene and 

decreases its conductance. [163] 

Electronic properties of graphene are not degraded due to mechanical 

flexing or strain [164] offering another advantage for flexible sensors. In addition, 

2D materials can screen charge fluctuations better than 1D materials like carbon 

nanotubes (CNT). [165] Schedin et al. demonstrate the first graphene-based gas 

sensor detecting NO2, H2O, carbon monoxide (CO) and NH3. [112]  Jesse D Fowler et 

al. used chemically derived graphene from GO to produce a large area (1cm) 

graphene sensor. [114]  Experimental and theoretical research have shown that 

graphene can be used as sensing materials to detect various molecules, ranging 

from gas phase molecules to some small bioactive molecules[112,166-168].  

1.3.2 Carbon nanomaterials for electrochemical energy conversion and 

storage 

There is currently a worldwide pursuit for sustainable energy systems that 

will simultaneously reduce dependence on fossil fuels and greenhouse gas 

emissions. Underlying these initiatives are strategies towards developing more 

sustainable transportation, and the ability to increase renewable energy 

consumption from solar and wind technologies. Due to the intermittency of such 

production and consumption requirements, these directions require significant 

electrochemical energy conversion and storage device, such as fuel cells, batteries, 

capacitors and electrochemical capacitors (ECs), which are  expected to be some of 

the most effective and practical technologies.  

Lithium ion batteries technology has emerged as the premier battery 

chemistry due to the increased energy density over other rechargeable 

technologies. [169] Figure 1.24 highlights the relationship between specific and 

volumetric energy density for the prevalent rechargeable battery technologies. 

The general goal for battery development is to increase energy and power 

densities, while minimizing volumetric and mass constraints (i.e. move to the 

upper right of Figure 1.24).  
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Figure 1.24 Diagram comparing the rechargeable battery 

technologies as a function of volumetric and specific energy 

densities. [169] 

Lithium ion batteries are receiving considerable attention in applications, 

ranging from portable electronics to electric vehicles, due to their superior energy 

density over other rechargeable battery technologies. However, the societal 

demands for lighter, thinner, and higher capacity lithium ion batteries necessitate 

ongoing research for novel materials with improved properties. Carbon 

nanomaterials, such as nanotubes (CNTs), display very interesting properties as 

anode materials for use in lithium ion batteries due to their unique 

electrochemical and mechanical properties. [170] However, more studies and 

improvement are still needed. 

It is well known that the performance of lithium ion batteries depends 

strongly on the microstructure and morphologies of the lithium ion battery anode 

materials. A great deal of effort has been devoted to the identification of the key 

parameters of the carbon and graphite materials used for the battery. Because 

carbon and graphite materials have large variations in their microstructure, 

texture, crystallinity, and morphology, it has been important to design and choose 

the anode material from a wide variety in order to get better battery performance. 

Many carbonaceous anode materials with various microstructures have been 

investigated, such as CNTs, [169] CNFs, [ 171 ] nanobeads, [ 172 ] hollow 
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nanospheres, [173] graphene, [174] porous carbon, [175] and their hybrids. [176] 

Among these materials, nanostructured porous carbon, such as CNOs, is of 

particular interest in providing high lithiation capability and excellent cycling 

stability because the porous nanostructure can not only shorten the transport 

length for Li+ ions but also offer large electrode/electrolyte interface for the 

charge-transfer reaction.[ 177 ] Moreover, the unique graphitic multilayer 

structure of CNOs can afford more lithium storage sites such as cavities and 

nanopores, leading to a higher capacity. [95]  

According to a recent study, CNOs can also be used to produce ultra high 

power micrometer-sized supercapacitors due to their accessible external surface 

area for ion adsorption. [178] The CNO based materials for electrochemical 

capacitor (EC) electrodes has been investigated strongly. The performance of CNO 

capacitors has been reviewed in detail and compared to the results obtained using 

different carbon nanostructures. [179] The physico-chemical vs. electrochemical 

properties of CNOs had been discussed. Their advantages, challenges and 

applications, especially in EC electrodes, are discussed in detail through an 

extensive analysis of the literature. However, the full potential of carbon nano-

onions as electrochemical power sources has not been realized yet, but the future 

looks very promising. [179] 

For applications such as electrochemical energy conversion and storage 

device, large quantities (kilograms) of the material are desired. Therefore, scalable 

synthesis of CNOs is of great importance for their wide applications, and is a focus 

of our research work. Considerable research efforts have been focused on 

increasing the power characteristics of lithium rechargeable batteries or 

supercapacitors by reducing the dimensions of the materials down to the nano-

metre scale, [180-183] which would reduce the diffusion time that accompanies 

the Faradaic reactions of active particles. In our research work, our investigation 

will also focus on the effect of the nanosize, microstructure and morphologies of 

the carbon nanomaterials on the capacity, cyclic efficiency, and cyclic lifetime, and 

charge–discharge rates.  
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1.3.3 Development of high-strength and high-stiffness polymer composites 

CNTs have attracted particular interest because they are predicted, and 

indeed observed, to have remarkable mechanical and other physical properties.  

The SWCNTs are utilized as nanosize reinforcements in the polymer [184,185] or 

metal matrix in order to take advantage of their high Young’s modulus 

approaching 1 TPa, [186,187] and tensile strengths in the range 20-200 GPa for 

individual nanotubes. [184,188] The combination of these properties with very 

low densities suggests that CNTs are ideal candidates for high performance 

polymer composites.  

Although tens or hundreds of kilograms of carbon nanotubes are currently 

produced per day, the development of high-strength and high-stiffness polymer 

composites based on these carbon nanostructures has been hampered so far by 

the lack of availability of high quality (high crystallinity) nanotubes in large 

quantities. In addition, a number of fundamental challenges arise from the small 

size of these fillers. Although significant advances have been made in recent years 

to overcome difficulties with the manufacture of polymer nanocomposites, 

processing remains a key challenge in fully utilising the properties of the 

nanoscale reinforcement. A primary difficulty is achieving a good dispersion of the 

nanoscale filler in a composite, independent of filler shape and aspect ratio. 

Without proper dispersion, filler will aggregate and tend to act as defect sites 

which limit the mechanical performance; such agglomerates also adversely 

influence physical composite properties such as optical transmissivity.  

When dispersing small particles in a low viscosity medium, diffusion 

processes and particle-particle and particle-matrix interactions play an 

increasingly important role as the diameter drops below 1 μm. It is not only the 

absolute size but rather the specific surface area of the filler, and the resulting 

interfacial volumes, which significantly influence the dispersion process. These 

regions can have distinctly different properties from the bulk polymer and can 

represent a substantial volume fraction of the matrix for nanoparticles with 

surface areas of the order of hundreds of m2/g. The actual interphase volume 
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depends on the dispersion and distribution of the filler particles, as well as their 

surface area.  

A number of methods have been intensively explored for the polymer 

composite materials, such as the solution processing, melt processing, in situ 

polymerisation processing, and covalent functionalisation and polymer grafting of 

nanotubes, etc. [189] Perhaps the solution processing is the most common method 

for preparing polymer nanotube composites. 

However, due to the health concerns from CNTs, it is necessary to use a 

suitable carbon or carbon-related nanomaterials for the polymer composites. 

 

1.4 Thermo-catalytic Decomposition of Methane (TCDM) 

1.4.1 Overview 

Methane is the main component of natural gas, hence direct thermo-catalytic 

decomposition of methane (TCDM), also named catalytic methane cracking, can be 

widely used in industry for the processing of carbon nanomaterials and hydrogen. 

Moreover, TCDM is a process by which hydrogen produced is free of carbon 

monoxide (CO), which can cause catalyst poisoning and is inadmissible if 

hydrogen is used as a fuel in electrocatalytic cells for compact electric power 

stations. [190] The chemical reaction equation for methane cracking has been 

shown in Equation [1], where methane (CH4) is heated up in the presence of 

catalyst to produce only solid carbon (C) and hydrogen gas (H2) [191]:  

         CH4(g) → C(s)+2H2(g)                 ΔH°298K = +74.8 kJ/mol                                    [1] 

It is found that the solid carbon is high valuable products in the form of CNOs, 

[3] filamentous carbon and carbon nanotubes, [192] depending on the process 

conditions and catalyst used. 

1.4.2 Catalysts 

A study has reported that a reaction temperature of 1300 °C is required to 

achieve complete decomposition of methane in the absence of catalyst. [191] By 
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using an appropriate catalyst, the reaction temperature can be lowered 

significantly to 850 °C, and even to 650 °C in our experiments. [145] 

Usually, two main types of catalysts, carbon-based and metal-based catalysts 

have been used in TCDM. Carbon-based catalyst is greatly concerned on activated 

carbon (AC) and carbon black (CB) by many researchers. [193-200] The carbon 

catalysts show several advantages compared with the metal ones, such as easy 

availability, and no need to regenerate the catalyst, thereby leading to reducing 

the net cost. [193,195] However, the problem of this method is a great amount of 

byproduct carbon produced, which is difficult to deal with and may make the 

method uneconomical. Moreover, it is generally understood that carbon-based 

catalysts deactivate rapidly because of the propensity for carbon encapsulation 

with less active forms of carbon. [193]These encapsulating layers of carbon have a 

diminished catalytic activity in part because of their drastically lower surface area 

in comparison to activated forms of the original carbon catalyst. [201-203] 

Alternatively metal-based catalysts are considered to have the higher large-

scale commercialization potential compared to carbon-based catalysts because 

more desirable forms of carbon with higher graphitic degree has been produced 

and with a larger potential market. The majority of metal-based catalysts used for 

the formation of carbon nanomaterials has been based on transition metals, in 

particular iron (Fe), cobalt (Co), and nickel (Ni), due to the solubility of carbon in 

these metals being finite. [204] It is noteworthy to find a large number of 

literatures reporting about CNT growth using different metals and their alloys. 

[205] The main reason of using transition metals is that they have nonfilled “d” 

shells and for that reason it is able to interact with hydrocarbons and show 

catalytic activity. [206] Ni-based catalysts are considered to be the most active 

under 700 C and have produced the highest carbon yield. However Ni-based 

catalysts tend to deactivate quickly at higher temperatures due to catalyst particle 

sintering [202,207,208] and therefore suffer from low conversion rates due to the 

low reaction rates at these temperatures. Fe-based catalysts, on the other hand, 

are more stable at higher temperatures (700-1000 C). However they generally 

have lower carbon yields compared to Ni-based catalysts. [207] Co-based catalysts 

have also been used for TCDM, however they are generally less favored than Ni- 
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and Fe-based catalysts due to their lower activity, lower yields, higher price and 

toxicity.  [207]  

Moreover, the use of metal-based catalysts in the TCDM process has inherent 

issues with rapid catalyst deactivation through carbon encapsulation, resulting in 

high turnover costs and lower economic competitiveness compared to other 

hydrogen production methods. Past research has attempted to address this issue 

by developing catalysts that promote the growth of carbon structures with lower 

deactivation rates, such as CNT and CF. However, the eventual deactivation of all 

these catalysts and the inherent complexity of recovering the catalyst from the 

carbon mean that catalyst turnover is never completely eliminated.  Furthermore, 

the cost savings associated with this reduced turnover is not significantly 

improved because of the higher costs of the more complex catalyst. 

In light of the inherent disadvantages associated with both metallic and 

carbon catalysts, it is very necessary to investigate a number of alternative metal-

based catalysts that are sufficiently inexpensive to be economically consumed in 

TCDM process, whist also yield a high value carbon product. Iron oxide has been 

chosen as the catalysts in TCDM in our work as it has low turnover costs and 

produces high value graphitic carbon.  

Moreover, metallic catalysts are able to prolong the TCDM reaction by 

exposing fresh catalyst through the phenomenon of metal dusting. Metal dusting is 

an industry term used to describe a reaction that disintegrates metallic material 

(often ferrous) into fragments and graphite within a carburizing environment. 

[209] This effect begins by methane molecules (or other carbonaceous gases) 

adsorbing and dissociating on the surface of the catalyst and the produced carbon 

can diffuse into the surface of the bulk metal.  When the outer layer is saturated 

with carbon, metal carbide will form and then precipitate from the metallic grain 

boundaries as graphitic carbon. Over time this causes inter-granular pressure 

which separates the metal carbide particles from the parent bulk metal, and 

causes the metal structure to disintegrate by ‘dusting’. Metal dusting is closely 

related to the growth of a carbon filament. [210] Both carbon filament growth and 

metal dusting involve catalytic deposition of carbon and growth of graphite on the 
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metal surface. The driving force for the growth of carbon filament or tubes is due 

to the decrease in free energy that occurs during carbon crystallization. The entire 

sequence from metal dusting to carbon filament growth has been schematically 

illustrated in Figure 1.25. [210] 

 

Figure 1.25 Metal dusting and carbon filament growth in iron. [210] 

 

1.4.3 Reaction Mechanism 

Extensive studies have been carried out to understand the reaction 

mechanisms of methane cracking and five general steps had been involved as the 

competing reactions for the decomposition of methane [191,211]: (1) Catalyst 

Reduction, (2) Surface Reaction, (3) Dissolution/Segregation, (4) Diffusion and (5) 

Precipitation, as shown in Figure 1.26. 

 

Figure 1.26 The reaction kinetics of methane decomposition.  
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1.4.3.1 Catalyst Reduction 

The catalyst reduction process, also known as the auto reduction process, is 

where the iron based catalyst undergoes a reduction process into its active 

catalyst form, ferrite, prior to the decomposition of methane. Non-catalytic 

pyrolysis of methane is believed to initiate this cyclical decomposition process by 

providing the requisite hydrogen, as suggested by another research group for the 

growth of CNTs on chemically inert SiO2 in the absence of catalytic species. [212] 

The hydrogen produced by the non-catalytic pyrolysis of methane, at the same 

time, is used to accelerate the reduction of the catalyst of iron oxide into ferrite 

and water vapor, and hence drives the reaction forward. [213] The auto reduction 

process is found to have higher methane conversion efficiency than that of 

hydrogen reduced catalyst. This can be attributed to heat being released during 

the reduction of the catalyst contributing to the endothermic decomposition 

reaction of methane, and hence resulting in higher methane conversion.  

1.4.3.2 Surface Reaction 

The surface reaction of methane decomposition involves a number of surface 

dehydrogenation steps. Methane is initially adsorbed onto the active sites of the 

catalyst surface, involving a combination of several dehydrogenation steps at the 

same time. Two characteristic types of adsorption are identified in the literature, 

namely dissociative adsorption and molecular adsorption. [214] Dissociative 

adsorption involves the detachment of hydrogen atom due to multiple surface 

adsorptions. On the other hand, molecular adsorption takes place by the 

disintegration of adsorbed methane molecules progressively. 

The differences in the two adsorption mechanisms are explained in the 

following sequences of equation in Table 1-1 where ‘S’ refers to the catalyst 

particle. It can be said that regardless of the surface reaction mechanism, 

desorption is the rate limiting step of the methane decomposition process. [214] 
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Table 1.2 Surface Reaction Mechanisms for Methane Decomposition. 

 

 

1.4.3.3 Dissolution/Segregation  

After the surface dehydrogenation where carbon forms on the surface, the 

carbon atom diffuses into the catalyst. This is an equilibrium reaction between the 

dissolution of adsorbed carbon atoms into the catalyst and the segregation of 

carbon from the catalyst. The primary driving force for this reaction is 

temperature and concentration gradient at the gas-catalyst interface. [211] 

1.4.3.4 Diffusion  

Following the competing reaction of dissolution and segregation, carbon 

atoms diffuse to the outside of the catalyst until it reaches the saturation point. 

This diffusion reaction is predominantly driven by temperature and concentration 

gradient at the gas-catalyst interface. [39]  

1.4.3.5   Precipitation 

After saturation of the catalyst with carbon atoms, this leads to the 

precipitation of carbon at the surface of the catalyst. The structure of the 

precipitated carbon particles is dependent on the catalyst type, size, shape and 

process conditions. [191] Potential carbon nanostructures that have been 

observed are SWCNTs and MWCNTs, CNOs, carbon microshells (CMS) and 
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amorphous carbons. Figure 1.26 illustrates the five reaction growth mechanisms 

of CNTs with nickel catalyst. 

1.5 High temperature spinning disc processor (HTSDP) 

The spinning disk processor (SDP) is a leading processing platforms of 

process intensification (PI) technology in industry, and is gradually gaining 

prominence in academia because it has proven effective in chemical syntheses that 

do not require temperatures above 200 °C. [215]  

The spinning disk processor (SDP) consists of a rapidly rotating disk 

surrounded by a cooled reactor wall, and exploits centrifugal force to generate 

thin liquid films (typically less than 200 µm), resulting in high and controllable 

rates of heat and mass transfer, as shown in Figure 1.27 [216-221]. Reactants are 

introduced near the center of the spinning disk, and the reaction takes place over 

the disk’s surface. The product is collected from the cooled reactor wall, where 

rapid quenching of the products allows control of process termination, thereby 

improving selectivity.  

 

Figure 1.27 A schematic view of an SDP and a photograph of a 20 

cm diameter spinning disc housed in such a unit. [216] 
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SDP has many practical advantages beyond scalability when compared to 

traditional batch processing. These include safety, rapid micro-mixing with well 

controlled engineered path lengths, and lower energy consumption associated 

with high inertia discs relative to other continuous flow mixing devices such as 

tubular mixers, with the ability to precisely control the processing temperature 

and deal with highly exothermic reactions because of efficient mass and heat 

transfer. [216]  

Compared with SDP, a high temperature spinning disc processor (HTSDP) 

has been developed for continuous-flow preparation of nanomaterials at high 

temperature to 750 °C, as shown in Figure 1.28.  

 

Figure 1.28 Schematic illustration of the light-driven HTSDP: (1) 

7 kW xenon short arc discharge lamp, (2) hemi-ellipsoidal 

reflector, (3) manual XYZ micromanipulator, (4) hexagonal 

kaleidoscope flux homogenizer, and (5) SDP. 

Highly directional heating is achieved by means of focusing the light from a 

high intensity xenon short arc discharge lamp onto the surface of the spinning disc 

via a homogenizer to ensure uniform surface heat flux. This technology can 

achieve high temperature over the surface of the disc while maintaining a sharp 

temperature gradient at the reactor wall, as well as a high temperature annealing 
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environment that favors the formation of nanomaterials. [222] For temperatures ≤ 

550 °C, nanoparticles of TiO2 exclusively as the anatase phase and ~5 nm in size 

are accessible for a single pass over the disc. The reaction medium of choice here 

is PEG 200 which is unaffected by the high temperatures due to a very short 

residence time on the disc, ≤ 1 s. The HTSDP surmounts the limitation of 

conventional methods for heating the disc which are incapable of exceeding a 

reactor disc temperature of ~200 °C. [217] CNFs have been synthesized from 

fructose when HTSDP is operated at ~720 °C.  The length of the CNFs can be 

varied by recycling the reaction mixture in the HTSDP (i.e. multiple passes) with 

an increasing number of reactor passes with the width of the CNFs being 

unchanged, suggesting that the CNFs continue to grow as they re-flow through the 

HTSDP over successive cycles. [5] 

1.6 Photothermal solar and lamp ablation 

1.6.1 Solar ablation 

Solar ablation as a technique for inorganic fullerene-like nanoparticles (IF) 

and nanotubes (INT) synthesis has been employed successfully for the synthesis 

of carbon fullerenes, CNTs, and an assortment of inorganic nanoparticles. [223] 

The solar ablation experiments, performed with highly concentrated sunlight 

using fiber-optic concentrators reported previously, are shown in Figure 1.29. 

[224,225] All the reactions in the present study are carried out in sealed quartz 

ampoules. The ampoules have been flushed several times with argon and then 

sealed under vacuum at a pressure of 10-4 mm Hg. 

The more recent solar concentrators comprise the ultra-high irradiance solar 

furnaces (i.e., stationary indoor optical concentrators onto which an outdoor dual-

axis tracking flat mirror reflects sunlight) (Figure 1.30), and have been reported 

for the synthesis of nanomaterials. [226] It is basically a high numerical aperture 

(NA = 0.977) Gregorian telescope (paraboloidal dish primary mirror and 

ellipsoidal dish secondary mirror), typically delivering a target flux of ~100 W 

over an area of ~7 mm2, for a maximum target irradiance of ~15 000 suns (1 sun 

≡ 1 mW mm−2). It offers the advantage of permitting a large reaction volume in 

combination with a high vapor pressure of the reactants at reactor temperatures 
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up to ∼3000 K with an ultrahot annealing environment. Moreover, sharp 

gradients in heat flux and temperature are created, estimated as high as 104 K/cm. 

[227]  

 

Figure 1.29. (a) Schematic of the solar fiber-optic minidish 

concentrator. (b) Photograph of an ampoule irradiated with 

highly concentrated solar radiation. [224] 

 

 

Figure 1.30 Schematic (a) and photo (b) of the 15 000-sun 

solar furnace. Solar radiation is reflected into the lab from an 

outdoor heliostat, reflected upward by a flat mirror tilted at 

45° (A) to a parabolic dish (B), concentrated through a hole 

in the flat tilted mirror (A), and further concentrated by an 

ellipsoidal dish (C) to the focus (F) where the ampule is 

inserted. [227] 
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The solar ablation achievements described as above are tempered by (a) the 

optically diverging character of fiber-optic light delivery, limiting the achievable 

irradiance on the reactant powder inside the ampoules to ~4,000 suns, and (b) 

working limitations imposed by the ephemeral nature of direct solar beam 

radiation. Given the recent availability of commercial lamps with source radiance 

values rivaling those of the solar surface, the new method of lamp ablation in 

nanomaterial reactors has been developed, in order to compare with solar 

ablation. [227] 

 

1.6.2 Lamp ablation 

Lamp ablation has been proposed [228,229], and uses a high intensity xenon 

short arc discharge lamp to ensure high energy and drive the chemical reactions, 

similar to HTSDP, as shown in Figure 1.31. It has been proved effective in the 

production of inorganic fullerene-like nanoparticls and nanotubes, such as SiC, 

MoS2, WS2 etc with the SiO2 and Si nanostructures as their by-products.  

 

 

Figure 1.31 (a) Schematic illustration of lamp ablation, (b) SiC 

nanowires achieved by lamp ablation. 

The precursor materials are placed in a quartz boat, and sealed in the quartz 

ampoule with 8 mm diameter and 30 cm length. The ampoules have been flushed 

with argon and then sealed under vacuum at a pressure of 10-4 mm Hg. Exposure 

time was varied from 10 min to 2 hours. The ultra bright xenon short-arc 

discharge lamp creates a strongly non-equilibrium environment characterized by 
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sharp radiative flux and temperature gradients [230]. A dual-mirror unfolded 

aplanatic converging optic (Figure 1.32) is designed, characterized, [230] and 

found capable of delivering a peak irradiance of 7 W/mm2 on a 1 mm2 target. This 

method markedly reduces reaction times, compared to the furnace experiments. 

[231] 

 

Figure 1.32 Schematic of xenon short-arc discharge lamps with 

aplanatic dual-mirror optical system where the lamp's ultra-

bright radiant plasma is optically reconstituted on the reactor. 

[232] 

 

Compared to the earlier solar ablation system, the higher target power 

densities (and hence hotter temperatures and annealing conditions) generated in 

the lamp driven reactor are expected to improve the likelihood of generating 

additional classes of nanostructures, because distinctions among energy 

landscapes are progressively diminished as temperature increases. [227]  

In contrast to the furnace experiments, the intense irradiation of the 

photothermal solar and lamp ablations are highly localized, with a concomitant 

steep temperature (and effective annealing environment) gradient in the ampoule. 

However, the short reaction (and hence short annealing) times appear to result in 

a greater degree of defects and irregularities in the nanoparticles produced 

relative to the furnace experiments. 
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1.7 Silicon Carbide (SiC) 

1.7.1 Review of SiC nanostructures 

Some of non-carbon nanostructures such as nanotubes, nanowires, and 

nanorods synthesized from the CNT template could be more efficient than carbon 

nanotubes for diverse application [233-240]. Among them, semiconductor 

nanostructure is one of the most important materials because of its versatile 

electronic and optical properties compared with those of bulk systems. [241] 

Recently, great interest has been devoted to the fabrication of semiconductor SiC 

in nanoscale. 

SiC has attracted increasing interest due to its extraordinary physical 

properties, thereby causing it to be widely investigated. [242] Compared to silicon 

(Si), the ten times higher breakdown voltage, the three times greater heat 

conductivity, and the two times greater electron saturation velocity are the driving 

forces to use SiC-based electronic devices for high-power, high-temperature, and 

high-frequency applications. [243] SiC has high mechanical strength, such as high 

Young’s Modulus and tensile strength, [244] which makes it ideal as a 

reinforcement of various nanocomposite materials. [245,246] They are also 

known to have high thermal conductivity and hardness. [247] Moreover, SiC 

nanostructure is known for its chemical stability, which results in high resistance 

to oxidation and corrosion. [248] In addition, one dimensional nanostructures 

such as nanowires, nanorods, nanobelts, and nanotubes have potential 

applications in the field of fabricating nanoscale electronic devices, [247,249,250] 

nanosensors, [244, 251,252] and nanoprobes. [253] Furthermore, SiC is one of the 

foremost biocompatible materials, making it a potential candidate for biological 

applications. [254] Therefore considerable research efforts have to start with the 

synthesis and characterisation of nanostructured SiC. 

1.7.2    Synthesis of SiC nanostructures 

Although the synthesis of nanostructured SiC has proved challenging, [255] a 

variety of high-temperature (≥1300 K) procedures have been extensively reported 

for the generation of SiC nanowires. [255] Examples include arc discharge 
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methods, chemical vapor deposition (CVD), [256,257] high frequency induction 

heating by using CNT or CNF as the templates to react with SiO. [258-260]  

1.7.2.1 Arc discharge method 

The arc apparatus used to synthesize SiC nanowires is the same as that for 

the production of CNTs. [21,261,262] A SiC rod containing iron impurity has been 

used as the anode, and a graphite plate was used as the cathode, as shown in 

Figure 1.33. Pure helium gas (25 kPa in pressure) is used as the discharging 

atmosphere and the electric current is controlled at 25-30 A. [263] 

 

Figure 1.33 A schematic diagram of the arc-discharge setup for 
SiC nanomaterials. [263] 

 

SiC nanowires sheathed in amorphous SiO2 are synthesized en masse by the 

arc-discharging approach. The prepared nanowires possess a β-SiC crystal core 

with a uniform diameter of 5-20 nm and an amorphous SiO2 wrapping layer tens 

of nanometers in thickness, and their lengths range from hundreds of nanometers 

to several micrometers.   

A possible growth mechanism has been discussed. During discharging, SiC at 

the tip of the anode decomposes into silicon and carbon due to the high 

temperature of the arc-zone. That is:  

SiC(s)   C(g)+Si(g) 

The electric-arc reaction causes silicon and carbon to evaporate and diffuse 

throughout the whole reaction chamber. Meanwhile, besides being heated by the 

arc, the SiC anode is self-heated when the electric current flows through it due to 

its high electric resistivity, which makes the anode to have a gradually increasing 

temperature along its axis. Therefore, in the front part of the anode where the 

temperature is higher than the melting point of iron, the iron impurity is melted 
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and evaporated. Due to heat transfer and radiation, the temperature of the quartz 

tube fixed on the anode is estimated to be over 1000 °C. Thus, the silicon gas may 

react with the quartz to form SiO gas. This assumption is corroborated by the fact 

that the inner wall of the quartz tube turned out to be rough rather than smooth as 

it was before the experiment, which indicated that the quartz tube had taken part 

in some reactions. Therefore, the following reaction might have occurred: 

Si (g)+ SiO2(s)   SiO(g) 

When the iron gas condensed and aggregated into tiny droplets on the inner 

surface of the quartz tube, the Si, C and SiO gas are absorbed and dissolved in the 

liquid-iron droplets to form a liquid Fe-Si-C-O alloy. When cooled, the liquid 

droplets are supersaturated and the β-SiC core together with the SiO2 sheath is 

nucleated. The simultaneous dissolution/precipitation process produces the 

elongation of the nanorods. [263] 

1.7.2.2 Chemical vapor deposition (CVD) 

Chemical vapor deposition is a widely used method for depositing thin or 

thick films with high quality and well defined chemical composition and structural 

uniformity.  

Conventional SiC CVD processes generally utilize multiple precursors such as 

silane (SiH4) and acetylene (C2H2), and require elevated substrate temperatures in 

excess of 1000 °C. [254] In some group, the mixture of MTS (methyltrichlorosilane, 

CH3SiCl3)–H2–Ar gas system is used for chemical reaction at the deposition 

temperatures of 1100 °C-1300°C. The H2 gas acts as both dilute and carrier gas, 

whereas Ar acts only as carrier gas. The source material (MTS) is transported by 

carrier gasses (a mixture of H2 and Ar) to the reactor where MTS decomposition 

occurs as follows: [264] 

CH3SiCl3 (g)   3HCl(g) +SiC(s) 

It has been found that the position of the substrate in the CVD reactor can affect 

the properties of the SiC. Meanwhile, the results show that the change in 

deposition rate, growth texture, grain size, crystallinity, and density of stacking 
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faults as a function of deposition temperature have significant influence on the 

mechanical properties of SiC. 

Lee and co-workers had demonstrated that epitaxial cubic-SiC films could be 

formed on single-crystalline Si at temperatures of 900–1000 °C utilizing 1,3-

disilabutane (DSB) as a single precursor. [265] The use of a single precursor 

insured stoichiometry, hence, it eliminated the need for an elaborate gas handling 

system. These features made this method of deposition ideal for SiC. 

1.7.2.3 High frequency induction heating 

High frequency induction heating have been developed for synthesizing β-

SiC nanowires by heating SiO powders in a high cylinder graphite crucible coated 

with an activated carbon fiber thermoinsulating layer at around 1450 °C with a 

flow of Ar under a total pressure of 50–100 Torr, [258] as shown in Figure 1.34. 

Before heating, the chamber is flushed with high purity of 100 SCCM (cubic 

centimeter per minute) Ar to eliminate O2 by means of rotary vacuum pump for 

many times. 

 

Figure 1.34 Schematic diagram of the high frequency induction 

furnace. [260] 

A low-magnification SEM image shown in Figure 1.35 reveals that the 

product consists of numerous wirelike nanostructures (a large amount of straight, 

curved, randomly oriented, and freestanding nanowires) with a length of up to 

tens of microns.  It is found that the nanowires are mainly composed of Si, C, and O, 
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Figure 1.33b. TEM imaged of the sample show that the diameter of the nanowires 

is ~6 nm and uniform, and a d spacing of 0.25 nm corresponds to the (111) plane 

spacing, indicating that nanowire grows along [111] direction. 

 

Figure 1.35 (a) SEM image of as-prepared samples grown at 

1450 °C for 20 min by SiO powderand carbon fiber. (b) EDS 

spectrum of the nanowires. (c) TEM image of SiC nanowire. (d) 

HRTEM image of the individual SiC nanowire. [258] 

 
 
1.8 Introduction to thesis 

Many methods for preparing carbon nano-materials, including but not 

limited to arc discharge, laser ablation, the chemical vapor deposition (CVD), and 

the electrolysis method have been developed.  However, of particular interest is 

developing a rapid, one-pot procedure that is also potentially scalable, high-yield 

and devoid of the use of toxic reagents. The thesis aims to explore feasible 

methods of fabricating carbon nanomaterials, such as CNOs, CNFs, and graphene, 

and carbon-related nanomaterials, such as SiC nanowires, by novel lamp ablation, 

HTSDP, and as well as TCDM, with follow-up exploration of novel carbon 
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microstructure, namely CMSs using TCDM. The direct decoration of noble Pt 

nanoparticles on CNOs and the electrochemical applications of the synthesized 

nano-composites had been investigated. 

The thesis is arranged as a series of 5 papers, including 4 published and 1 

ready to be submitted manuscripts. Below is an overview of the thesis structure. 

The structure of the main body of the thesis is summarised in Figure 1.1. 

Chapter 1 provides a review of the current literature on the diverse types of 

carbon nanomaterials, in particular CNTs, CNFs, CNOs and graphene sheets, and 

their synthesis, properties and application in the fields of scientific and 

engineering worlds. As stated in Chapter 1.2, the single biggest obstacle of the 

carbon nanotechnology is the lack of a way to reliably produce high quality carbon 

nanomaterials in large quantities. The work undertaken in this thesis was 

primarily related to the exploration of novel ways to synthesize carbon/carbon-

related nanomaterials. In Chapter 1, it also highlighted the synthetic method used 

in our research, such as TCDM, HTSDP and lamp ablation, and the synthesis of 

silicon carbide using CNO as the precursor by lamp ablation method. The apparent 

empirical factors that control the shape and size of carbon nanomaterials and the 

associated formation mechanisms had been investigated. In probing the structure 

and properties of the synthesized materials, characterization techniques were 

utilised such as TEM, AFM, SEM, Raman spectroscopy, and XPS. 

Each individual work relating to this thesis will be presented in the form of 

the paper. These papers will be introduced in Chapter 2, and presented in their 

published forms with the electronic supporting information in Chapter 3. A 

conclusion and perspective of the work in this thesis will be given in Chapter 4. In 

collaboration with other colleagues, a co-authored paper will be included in 

Appendix of Chapter 5, relating to the organic reactions of carbon nanomaterials.   
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2.1 Carbon nanofibres from fructose using light-driven high-temperature 

spinning disc processor  

We have developed a novel, rapid and facile synthetic strategy to prepare 

carbon nanofibers, using a high flux bright light-driven high temperature spinning 

disc processor (HTSDP) operating at 720 °C within minutes. We have targeted 

fructose as a benign and cheap carbon source, with polyethylene glycol-200 (PEG 

200) as a benign reaction medium, and the formation of carbon nanomaterials is 

void of a catalyst. Compared to other methods, HTSDP exploits the high shear 

force within the dynamic thin liquid films (typically less than 200 mm) over the 

surface of a rotating disc to enhance reactions. Such technology reduces the 

duration of chemical synthesis compared to traditional batch processing, and can 

exert control over the shape, size and morphology of the resulting nanoparticles. 

Results presented in:  

Hai-bo Lu, Ramiz A. Boulos, Benjamin C.Y. Chan, Christopher T. Gibson, Xiaolin 

Wang, Colin L. Raston and Hui Tong Chua, Chem. Commun., 2014, 50, 1478-1480. 

Graphical abstract:  

Carbon nanofibres from fructose have been effectively synthesised by a 

novel high flux bright light-driven high temperature spinning disc processor and 

with multiple reactor passes being a pivotal operating parameter in controlling 

the growth of the fibres.  
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2.2 High-yield synthesis of silicon carbide nanowires by solar and lamp 

ablation 

We report a reasonably high yield (~50%) synthesis of silicon carbide (SiC) 

nanowires from silicon oxides and carbon in vacuum, by novel solar and lamp 

photothermal ablation methods that obviate the need for catalysis, and allow 

relatively short reaction times (~10 min) in a nominally one-step process that 

does not involve toxic reagents. The one-dimensional core/shell SiC/SiOx 

nanostructures are typically several microns long, with core and outer diameters 

of about 10 and 30 nm, respectively. Additional distinctive nanoscale structures 

shed light on the formation pathways. 

Results presented in:  

Hai-bo Lu, Benjamin C Y Chan, Xiaolin Wang, Hui Tong Chua, Colin L Raston, Ana 

Albu-Yaron, Moshe Levy, Ronit Popowitz-Biro, Reshef Tenne, Daniel Feuermann 

and Jeffrey M Gordon, Nanotechnology, 2013, 24, 335603. 

Graphical abstract:  

SiC nanowires have been achieved by lamp ablation method by heating the 

Carbon Nano-Onions sealed in the quartz ampoule. Clearly, carbon was reacting 

with the melted quartz at the carbon–ampoule interface. 
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2.3 Facile synthesis of electrochemically active Pt nanoparticle decorated 

carbon nano onions  

We demonstrated that well distributed Pt nanoparticles of ~2 nm diameter 

on carbon nano onions (CNOs) are accessible using a simple and scalable one-step 

batch method involving pre-treatment of acid digested CNOs with H2PtCl6 prior to 

reduction using hydrogen at ambient conditions, with the composite material 

being electrochemical activity. In comparison to previous works, the results herein 

establish a relatively low cost effective and scalable batch process, for adaption in 

standard industrial reactors. 

Results presented in:  

Haibo Lu, Paul K. Eggers, Christopher T. Gibson, Xiaofei Duan, Robert N. Lamb, 

Colin L. Raston, and Hui Tong Chua, Facile synthesis of electrochemically active Pt 

nanoparticle decorated carbon nano onions, New Journal of Chemistry, 2015, 39, 

915-920. 

Graphical abstract:  

We have demonstrated a facile and scalable batch method to decorate Pt 

nanoparticles on CNOs without the need for surfactant. These advantages may 

translate to the use of the composite material in PEM fuel cells and other 

electrochemical applications, with an inherent economical advantage. 
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2.4 Presolar graphite-like carbon material from thermocatalytic 

decomposition of methane 

We demonstrated that the novel carbon microstructure, CMS, has been 

achieved in TCDM under elevated pressures for a short decomposition time as the 

reaction pressure increases beyond 3 bar. The average diameter of ~1–2 μm of 

CMS is much larger than the typical CNOs (20-200 nm). These structures are 

formed because of the high rate of thermocatalytic decomposition of methane and 

the growth of graphitic layer at the surface of the catalyst. We believe this is the 

first time these structures have been synthesized, and further investigation is 

needed to determine their properties and potential for down stream applications 

Results presented in:  

Haibo Lu, Christopher T. Gibson, Colin L. Raston, and Hui Tong Chua, to be 

submitted, 2015.  

Graphical abstract:  

We have demonstrated a facile and scalable method to achieve a novel form 

of presolar graphite-like carbon material with a relatively narrow size range of 1–

2 μm is accessible from the thermocatalytic methane decomposition with Fe2O3 

powder as the catalyst.  
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2.5 Synthesis of few-layer graphene by lamp ablation 

We demonstrated that the novel carbon nanostructure, graphene, has been 

achieved by high-temperature lamp ablation for a short irritation time of about 50 

min. The thickness of the graphene sheets is about 1.5   2.0 nm on average, 

indicating approximately      5 layer graphene. We believe this is the first time that 

the graphene sheets have been successfully synthesized by this novel method, and 

further investigation is needed to determine their potential for the applications in 

fuel cell and sensors. 

Results presented in:  

Haibo Lu, Wei Sheong Woi, Xunyan Tan, Christopher T. Gibson, Xianjue Chen, Colin 

L. Raston, Jeffrey M. Gordon, and Hui Tong Chua, Carbon, 2015, 94, 349-351. 

Graphical abstract:  

A facile and novel one-step method to achieve few-layer (4-5 layer) graphene 

from the lamp ablation.  
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3.1 Carbon nanofibres from fructose using light-driven high-temperature 

spinning disc processor 
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3.1 Carbon nanofibres from fructose using light-driven high-temperature 

spinning disc processor  

Supporting Information 

Hai-bo Lu, Ramiz A. Boulos, Benjamin C.Y. Chan, Christopher T. Gibson, Xiaolin 

Wang, Colin L. Raston, and Hui Tong Chua 

S1 Method summary 

D-Fructose (Fluka AG) was used as a carbon precursor and was dissolved in 

Polyethylene Glycol-200 (PEG 200) (Sigma-Aldrich) (0.01 g/mL solution). The 

mixture was then fed onto the spinning disk rotating at 500 rpm at a feed rate of 

0.5 mL/s. The products were collected at the bottom of HT-SDP and recycled 

through the HT-SDP in multiple passes with n, the number of passes being 1, 2, 3 

and 4. Upon completion of the synthetic procedure, the samples were purified by 

multiple centrifugations in ethanol so as to remove PEG 200.  

A 7 kW lamp (Osram XBO 7000W/HS OFR) was installed in the High-

Temperature Spinning Disk Processor for achieving a uniform temperature of 

~720°C over a 100-mm diameter spinning reactor disk. 

The products were examined by scanning electron microscopy (SEM) using a 

Zeiss1555 VPSEM. Transmission electron microscopy (TEM), selected area 

electron diffraction (SAED) patterns, Electron energy loss spectroscopy (EELS) 

spectrum and elemental mapping analysis of the products were undertaken on a 

JEOL (JEM-2100F) microscope at an operating voltage of 120 kV. The TEM 

samples were prepared by ultrasonic dispersion of the products in ethanol.  After 

ultrasonication, a drop of the suspension was placed on a microgrid coated with a 

continuous carbon film and dried in air.  

Raman spectra were also acquired on CNF, Figure 4, using a Witec 

alpha300R Raman microscope with excitation laser wavelength of 532 nm (≤ 5 

mW). Single spectra were recorded with a x40 objective (Numerical Aperture 

0.60) at approximately 10 locations with typical integrations times between 20 to 

40 seconds. 
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The FTIR spectra were collected for these samples using Fourier Transform 

IR spectrometer (PerkinElmer). The number of scans was 20 and the resolution 

was 2 cm-1. All spectra were collected in the range of 4000-400 cm-1. 

S2 Photographes of the collected product after heating on HT-SDP 

In order to make sure the carbon products devised from the fructose, the 

pure PEG 200 has also been fed onto the spinning disk at the same experimental 

situation with 4 passes. The product has collected into the plastic sample tube, and 

was washed with ethanol several times in order to remove PEG, Figure S1a. It is 

obvious that there is no carbon produced in pure PEG 200 solution. Compared 

with pure PEG 200 solution, we can clearly see that the black product has been 

produced in fructose solution dissolved in PEG-200 after heated on spinning disk 

at 720 °C.  

 

Figure S1. Optical images of the products: (a) pure PEG run with 
4 passes, and (b) the carbon produced from the fructose dissolved 
in PEG-200 with 4 passes at 720 °C. 

 

S3 Electron energy loss spectroscopy (EELS) spectrum and Elemental 

mapping analysis of carbon nonofibers 

In order to identify the metallic particles, EELS spectrum and elemental 

mapping were carried out on the carbon nanofibers, as shown in Figure S2. The 

characteristic peak of Fe is easily observed. EFTEM and elemental mapping 
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analysis of iron from the metallic particles indicated that the Fe elements hail from 

the stainless steel disc. 

 

Figure S2. (a) TEM image of carbon nanofibers, (b) Iron map 
obtained from the same area, and (c) EELS spectrum for these 
carbon nanofibers, indicating that the  composed of Iron element 
in the metallic particle taped in the CNF. 

 

Moreover, the elemental maps of carbon, oxygen and iron from other CNFs 

have been obtained, Figure S3. The maps of carbon and oxygen for the CNFs 

clearly show that the CNFs are derived from an oxygen rich source, but the level of 

oxygen is very low compared with that of carbon. 
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Figure S3. (a) TEM image of CNFs, and the elemental maps of (b) carbon, 
(c) iron and (d) oxygen obtained from the same area. 

 

S4 FTIR Characteristics of Carbon nanofibers  

FTIR (Fourier transform infrared) spectroscopy was recorded for the CNFs 

produced using the HT-SDP, along with that of fructose precursor, Figure S4. 

While the spectrum for the former is of low intensity, the fingerprint region 

corresponding to fructose is absent in the CNFs. The peak at 3330 cm-1 belongs to 

OH vibrational stretching, that at 2887 cm-1 to CH stretching, then a band of CO 

and CC stretching is regarded from 1010 cm-1. [1] 

  

                                                             

1   M. Ibrahim, M. Alaam, H. El-Haes, A.F. Jalbout, and A. de Leon, Ecl. Quím., São 
Paulo, 2006, 31, 15-21. 
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3.2 High-yield synthesis of silicon carbide nanowires by solar and lamp 

ablation 
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3.2 High-yield synthesis of silicon carbide nanowires by solar and lamp 

ablation 

Supporting Information 

Hai-bo Lu, Benjamin C Y Chan, Xiaolin Wang, Hui Tong Chua, Colin L Raston, Ana 

Albu-Yaron, Moshe Levy, Ronit Popowitz-Biro, Reshef Tenne, Daniel Feuermann 

and Jeffrey M Gordon 

 

Figure S1 is a photograph of a typical product powder (generated by 10 min 

of solar ablation on a CNT+SiO precursor mixture). Figure S2 shows the 

corresponding XRD patterns for the product and precursor powders. The SEM 

images in Figure S3 are representative of the reasonably high yield (~50%) and 

morphologies of SiC nanowires produced by solar ablation with graphite (rather 

than CNT) as the carbon source in the precursor mixture. 

 

 

Figure S1. Photograph of the product powder from 10 min of 
solar ablation on a CNT+SiO precursor mixture. For scale: the 
separation of the tweezers’ ends is 8 mm. 
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Figure S2. XRD patterns of the product (upper blue curve) 
generated by 10 min of solar ablation, along with the pattern 
from the CNT+SiO precursor mixture (lower black curve). 

 

 

Figure S3. Representative lower and higher resolution SEM 
images of the products from 10 min of solar ablation on a 
precursor mixture where the carbon source was graphite (rather 
than CNT). 
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3.3 Facile synthesis of electrochemically active Pt nanoparticle decorated 

carbon nano onions 
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3.4 Presolar graphite-like carbon material from thermocatalytic 

decomposition of methane 
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3.4 Presolar graphite-like carbon material from thermocatalytic 

decomposition of methane 

 

Supporting Information 

Hai-bo Lu, Christopher T. Gibson, Colin L. Raston, and Hui Tong Chua 

 

S1 Method summary 

Analytical grade iron oxide (20 mg, < 5μm) was placed within a reactor tube, 

and the reactor facility depressurized to the intended operating pressures, and 

then heated to the test temperature (850C) under N2 flow (20 sccm, 99.9%, BOC) 

to ensure that the methane decomposition temperatures was below the required 

test temperature. After reaching the operating condition, methane (UHP 99.999%, 

BOC) was passed into the reactor tube at a flow rate of 10 sccm, and N2 was used 

to purge the tube at the termination of the experiment. 

The products were examined by scanning electron microscopy (SEM) using a 

Zeiss1555 VPSEM. Transmission electron microscopy (TEM) and selected area 

electron diffraction (SAED) patterns were taken on a JEOL (JEM-2100F) 

microscope operating at a voltage of 120 kV. TEM samples were prepared by 

ultrasonic dispersion of the products in Milli-Q water. Thereafter a drop of the 

suspension was placed on a microgrid coated with a holly carbon film and then 

dried in air.  

Raman spectra were acquired using a Witec alpha300R Raman microscope 

with excitation laser wavelength of 532 nm (≤ 5 mW). The spot size of the 

excitation laser was approximately 1 μm and therefore the Raman spectra were 

recorded for a number of carbon microshells and nano-onions. A minimum of 50 

Raman spectra were recorded with a x40 objective (Numerical Aperture 0.60) for 

each sample at approximately 5 separate locations within each sample. Typical 

integrations times were between 10 to 30 seconds for 2 to 3 accumulations per 

spectra.  
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The carbon products derived from the decomposition of methane were initially 

suspended in concentrated nitric acid (HNO3) and ultrasonicated for 1 h, followed 

by refluxing at 180°C overnight to remove any metallic impurities. The product 

settled at the bottom of the beaker and was collected, washed with Milli-Q water 

several times, then dried in an oven at 120 °C, with the product referred to as the 

purified carbon. 
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S2 Agglomerated shells with a large common catalyst 

Most of these CMSs are agglomerated in sequence, suggesting that they have a 

common catalytic origin. 1 Figure S1 shows the typical agglomerated shells with a 

large catalyst particle on one end.  Agglomerated CMSs arise from a partial rupture 

of the CMS, leading to aningress of methane and continual growth of agglomerated 

graphite layers on the particle surface.   

 

 

 

Figure S1. TEM images of the agglomerated CMSs achieved 
in TCMD for 3 hrs at 8 bar and 850 °C with an internal 
catalyst particle. 
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S3 The morphologies of the carbon products at 850 °C under different 

reaction pressure 

The pressure is very important to affect the morphology of the carbon products 

during the TCMD process. When the process pressure is increased higher than 5 

bar, CMSs are the special carbon microstructures formed at 850 °C, as shown in 

Figure S2. From XRD patterns of the products produced under different pressure, 

it can be seen that these products have the same composition, including carbon, as 

well as the ferrite (α-Fe), austenite (γ-Fe) and cementite (Fe3C) phases, which are 

from the reaction between the pre-catalyst of iron oxide and the carbon products, 

as shown in Figure S3. However, the increased peak intensity of carbon at 2θ 

angle of 26° shows the increased proportion of carbon in the products arising 

from increasing the pressure, The austenite (γ-Fe) and cementite (Fe3C) phases 

keep the same contents, which depend on the weight of iron oxide pre-catalyst. 

 

Figure S2 SEM images of the carbon produced at 850˚C for 19 
hrs at different decomposition pressures: (a) 1 bar, (b) 3 bar, 
(c) 5 bar, and (b) 8 bar. 
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Figure S3 XRD patterns of the carbon products produced from 

TCMD for 19 hrs under different decomposition pressure. 

 
S4  Carbon products formed during TCMD at 850˚C and 8 bar for different 

decomposition times  
 

According to XRD patterns of the carbon produced at 8 bar and 850 °C for 

different decomposition time, as shown in Figure S4, it can be seen that the 

content of ferrite (α-Fe), austenite (γ-Fe) and cementite (Fe3C) phases remain 

constant. However, the proportion of carbon increases with increasing 

decomposition time, according to the increased peak intensity. 

 

Figure S4 XRD patterns of the carbon products produced from 

TCMD at 8 bar and 850 C under different decomposition time. 

According to the morphologies of carbon produced under the reaction pressure 

of 8 bar at 850 C for different decomposition time, the CMSs content appears to 
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decrease at the expense of forming more CNOs when the decomposition time was 

extend from 3 hrs to 19 hrs, as shown in TEM images in Figure S5. 

 

Figure S5 TEM images of the morphology of carbon 
products formed during TCMD at 850˚C at 8 bar for different 
decomposition time: (a) 3 hrs, (b) 5 hrs, (c) 10 hrs, and (d) 
19 hrs. 
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S5 Raman test for the carbon products formed under different process 

conditions 

Raman spectra were acquired on samples produced under different pressures 

(1 to 8 bar) and decomposition times (3 to 19 hours). Typical Raman spectra for 

these samples consist of the D band near 1350 cm-1, which corresponds to a 

disordered graphitic structure, and a G band at approximately 1580 cm-1, which 

associated with a crystalline graphitic structure, as shown in Figure S6. The peaks 

at the higher regions (2300 to 3300 cm-1) are assigned to overtone and 

combinational scattering of the G and D bands2,3 with the peak at approximately 

2700 cm-1 denoted as the G’ peak.  The G/D peak intensity ratio has previously 

been used to determine the relative degree of disordered carbon and other 

structural imperfections in CNOs 4 and carbon microshells.5 An average of the G/D 

ratios for each sample was calculated and is displayed in Table 1 with the error 

quoted being one standard deviation.  

 

 

Figure S6 Raman spectra of carbon products formed under 

different process conditions. 
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Table 1 G/D peak intensity ratios from Raman test for each sample with error. 

Sample 
Process conditions 

(Pressure, times) 
G/D ratio* 

1 

2 

3 

4 

5 

6 

8 bar, 3 hrs 

8 bar, 5 hrs 

8 bar, 10 hrs 

8 bar, 19 hrs 

5 bar, 19 hrs 

1 bar, 19 hrs 

3.5± 0.70 

4.6 ± 1.8 

2.6 ± 1.0 

1.7 ± 0.30 

1.5 ± 0.70 

1.1 ± 0.30 

* Error is one standard deviation. 
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S6 Purification of the carbon products 

SEM images of the carbon products before, and after the purification process, are 

shown in Figure S7. After the purification there are more CMSs in the material 

compared to before purification. 

 

 

Figure S7. SEM images of the carbon products formed in 
TCMD for 19 hrs at 8 bar and 850 °C, after (a, c) and before (b, 
d) purification. 
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3.5 Synthesis of few-layer graphene by lamp ablation 
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Synthesis of few-layer graphene by lamp ablation 

Haibo Lu,a,b Wei Sheong Woi,a Xunyan Tan,c Christopher T. Gibson,d Xianjue 

Chen,d Colin L. Raston,d Jeffrey M. Gordon,e,f and Hui Tong Chua a  

aSchool of Mechanical and Chemical Engineering, The University of Western 
Australia, 35 Stirling Hwy, Perth, WA 6009, Australia 
bCentre for Strategic Nano-Fabrication, School of Biomedical, Biomolecular and 
Chemical Sciences, The University of Western Australia, WA 6009, Australia 
cJingdezhen Ceramic Institute, Jingdezhen, Jiangxi, 33340, China 
dCentre for NanoScale Science and Technology, School of Chemical and Physical 
Sciences, Flinders University, Bedford Park, SA 5042, Australia 
eDepartment of Solar Energy and Environmental Physics, Jacob Blaustein 
Institutes for Desert Research, Ben-Gurion University of the Negev, Sede Boqer 
Campus 84990, Israel 
fPearlstone Center for Aeronautical Engineering Studies, Department of 
Mechanical Engineering, Ben-Gurion University of the Negev, Beersheva 84105, 
Israel 

 

S1 Method summary 

Our lamp ablation system comprises a 7 kW ultrabright Xe short-arc discharge 

lamp (Osram XBO 7000W/HS OFR) with the cathode tip of its plasma arc sited at 

one focus of an ellipsoidal mirror, at the other focus of which the centre of the 

precursor powder was sited. [1] The lamp creates a strongly non-equilibrium 

reactor environment characterized by sharp radiative flux and temperature 

gradients, as well as a naturally ultra-hot annealing environment.  revious lamp 

ablation experiments indicate reactor temperatures as high as 2000   3000  . [1-3] 

Twenty mg of precursor pristine graphite flakes (043480, 7-10 μm, 99%) from 

Alfa Aesar were placed in a narrow (inner) quartz ampoule, and sealed in a larger 

(outer) evacuated quartz ampoule 8 mm in diameter and 30 cm in length (Fig. S1). 

The embedded-reactor strategy anticipates the possible melting of the inner 

quartz container at the irradiated focus (which was indeed observed - Fig. 

S1). It avoids damage to the outer quartz ampoule so that the reagents are 

                                                             

 Corresponding author. Email: huitong.chua@uwa.edu.au  (Hui Tong Chua) 
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not exposed to air during the irradiation period. By varying irradiation time 

and subsequently characterizing the products, we discovered that high yields 

could be achieved once exposure times reached ~50 min. 

 

Fig. S1. Photographs of quartz reactor ampoules before and 

after lamp ablation. 

The black products at the top and tip of the inner ampoule, and at the wall 

of the outer ampoule, were collected separately, and examined by scanning 

electron microscopy (SEM) using a Zeiss1555 VPSEM. Transmission 

electron microscopy (TEM), high resolution TEM (HRTEM), and selected 

area electron diffraction (SAED) patterns were obtained with a JEOL (JEM-

2100F) microscope at an operating voltage of 120 kV. The TEM samples 

were prepared by ultrasonic dispersion of the products in water purified by 

Millipore model milli-Q system for about 5 s. After ultrasonication, a drop of 

the suspension was placed on a microgrid coated with a continuous carbon 

film and dried in air. 

Raman spectra were acquired using a Witec alpha300R Raman 

microscope at an excitation laser wavelength of 532 nm (≤ 1 mW) with a 

 0  ob ective (numerical aperture 0. 0).   minimum of 50 Raman spectra 

were recorded per sample at approximately 5   10 separate locations within 

each sample. Typical integrations times were 10   30 s for 2   3 accumulations 

per spectrum. 
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Samples for atomic force microscopy (AFM) analysis were prepared by first 

suspending as-synthesized graphene/graphite powder in ethanol, then 

transferring ~5 µL of the solution onto cleaned Si substrates (approximately 1x1 

cm), and desiccating with nitrogen gas. The Si substrates were then adhered to 

stainless steel discs (1.1 cm diameter) using double-sided tape. All AFM 

measurements were acquired using a Bruker Multimode AFM with a 

Nanoscope V controller. AFM images were acquired in tapping mode with 

imaging parameters, such as the set-point, scan rate and feedback gains, 

adjusted to optimize image quality and provide accurate measurement of 

graphene layer thickness. Images were analysed using the Nanoscope 

analysis program version 1.40. The thickness of the graphene sheets 

reported is the result of approximately 80 cross sectional measurements 

using the section analsyis tool in the Nanoscope analysis program. The AFM 

probes used were Mikromasch HQ:NSC15 Si probes with a nominal spring 

constant of 40 N/m and a nominal tip diameter of 16 nm. The scanner was 

calibrated in the x, y and z axes using Si calibration grids (Bruker model 

numbers PG: 1 µm pitch, 110 nm depth, and VGRP: 10 µm pitch, 180 nm 

depth). 

S2 More explanation about the Raman spectroscopy 

It is worth noting that the 2D band for the graphite precursor has a somewhat 

different shape compared to that  of other forms of graphite reported in the 

literature, such as highly orientated pyrolytic graphite (HOPG), [4,5] as is shown in 

Fig. 4. The 2D band for HOPG shows a structure comprised of multiple peaks, and 

is shifted towards higher wavenumbers (~2720 cm-1) when compared to the 2D 

region for our graphite precursor. However, 2D bands similar in shape and 

position to our graphite precursor have also been reported by other groups. [6-8] 

In particular Chee et al. [6] reported the influence of the size of graphite flakes on 

the electrochemical properties of the resulting graphene. Raman data for the 

initial graphite flakes, particularly in the 2D region, match closely with those from 

our graphite starting material. This is particularly relevant since our graphite 

starting material has granules of approximately the same size, and it is from the 

same manufacturer as that utilised by Chee et al. [6] 
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S3 More TEM results of the collected product after heating by lamp ablation 

A detailed examination of TEM micrographs also revealed the presence of many 

discrete carbon nano-onions, [9-11] as shown in Fig. S2 where the representative 

nanostructure consists largely of curved four-layer carbon sheets enclosing voids 

typically 10-15 nm in diameter. Such ultra-small carbon nano-onions were 

previously achieved only upon heat treatment at temperatures of 2600°C, [12] 

which would appear to confirm that such temperatures are reached in our reactor. 

 
Fig. S2. Ultra-small carbon nano-onions in the products by lamp 
ablation for 50 min. 

SiO2 nanoparticles were also observed on the screw dislocations of graphite particles 

in some areas, as illustrated by the SEM micrograph and energy dispersive x-ray 

spectrometry (EDX) analysis in Fig. S3. Moreover, SiO2 nanowires were observed on 

the interior wall of the outer quartz ampoule, as shown in the TEM micrograph and 

elemental mapping analysis in Fig. S4. Based on results from earlier lamp and solar 

ablation experiments, [1-3,13] the generation of such nanostructures is not surprising, 

arising from the melting, and even vaporization of the quartz ampoule in contact with 

the region of black precursor powder under maximum irradiance. Their formation also 

reinforces the achievement of ultra-high reactor temperatures. The degree to which the 

yields for carbon nano-onions or SiO2 nanostructures can be selectively moderated 

relative to the high yield of few-layer graphene remains a topic for future 

investigations. 
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Fig. S3. (a) SEM image and (b) EDX showing silica nanoparticles 
depositing on the screw dislocations of precursor graphite particles. 

 
Fig. S4. (a) TEM image of SiO2 nanowires and (b-d) their C, O and Si 
elemental mappings. 

 

The realization of ultra-high reactor temperatures is supported by the 

collateral generation of SiO2 nanostructures, as well as the production of 

ultra-small carbon nano-onions, all of which require reactor temperatures in 

the range 2000   3000 K. Given the difficulty and value of producing ultra-

small carbon nano-onions, their appearance in the products prompts future 

investigations to generate them selectively and in higher yields. We note 

that carbon nano-onions can be generated via the catalytic decomposition of 

methane, but further processing is required to remove the central metal 

carbide catalytic core. [14] 
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The confluence of continuous ultra-bright non-coherent light sources and 

suitable optics creates the possibility of producing the ultra-hot strong-

gradient reactor conditions conducive to the synthesis of a variety of 

nanostructures. Higher lamp power translates into larger focal and 

annealing regions. 
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This PhD research is concerned with the synthesis of carbon and carbon-related 

nanomaterials, including carbon nanofibers (CNFs), carbon nano-onions (CNOs) and 

few-layer graphene, and silicon carbide (SiC) nanofibers, with the aim to gain control 

on their morphologies at nanoscale through fundamental understanding of their 

formation mechanism. The thesis has been presented as a compilation of publications, 

and their own specific objectives and conclusions have been presented in each paper. 

In this chapter, the original contributions of this PhD research are summarized here 

to conclude this thesis. Moreover, future endeavours have been mentioned.  

Fabrication of CNFs from fructose using HTSDP  

CNFs had been fabricated from fructose using a novel method of high-

temperature spinning disc processor (HTSDP) microfluidic platform in the absence of 

a catalyst. Fructose has been used as a benign and cheap carbon source, with 

polyethylene glycol-200 (PEG 200) as a benign reaction medium. The highly 

directional heating was achieved by means of focusing the light from a high intensity 

xenon short arc discharge lamp on the surface of the spinning disc via a homogeniser 

to ensure uniform surface heat flux. The novel technology can achieve a high and 

uniform temperature over the surface of the spinning disc whilst maintaining a sharp 

temperature gradient at the reactor wall. A large quantity of entangled CNFs has been 

achieved with an average diameter of 100 nm and a length of ~2 μm. The formation 

mechanism of CNFs from fructose has been studied. The length of CNFs can be 

controlled by the simple and rather benign approach. The microfluidic platform also 

ensures that all the precursor fructose molecules are subject to the same processing 

as they are transported across the spinning disc, with a thin film ensuring uniform 

heating during the process, and the viscous drag imparting intense shear in the 

dynamic thin film. This method has the scope for scaling up the production of the 

CNFs for its potential applications, and to make a start on the applications of HTSDP 

technology. 

Since CNFs can be fabricated by HTSDP at this stage with the yield of 6.25 %, a 

future endeavour here is to optimise the yield of CNFs and to control over the length 
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of the CNFs. Moreover, future work will be focused on the effect of different 

parameters of the HTSDP on the carbon materials obtained, such as the disc 

temperature, the rotation speeds, as well as different carbon precursors, e.g. different 

sugars or mixtures of sugars. Furthermore, HTSDP has a great promise for fabrication 

of a variety of nanomaterials.  

Fabrication of carbon nanomaterials by TCDM  

A synthesis of CNOs and few-layer graphene sheets had been achieved by TCDM 

method, with the Fe2O3 nanopowders as the pre-catalyst. The Fe2O3 nanopowders 

facilitate the decomposition of methane over a wide range of temperature. We have 

found that there is a threshold temperature of 800 °C required for initiation of the 

decomposition reaction of methane when using Fe2O3 nanopowders with particle size 

of < 5 μm as the catalyst. Only when the experimental temperature is higher than this 

threshold temperature of 800 °C, methane is decomposed and carbon products are 

formed in a high yield. However, there is trivial difference in the morphology of 

carbon product with varying decomposition temperature. When the reaction 

temperature is between 800   950°C with the catalytic particles (< 5 μm), CNOs had 

been achieved. When the temperate is higher than 950 °C, the amorphous carbon is 

produced predominately. With Fe2O3 nanopowders with particle size of < 50 nm as 

the pre-catalyst, it was found in this project that a lower threshold temperature of 

700°C was required for the decomposition of methane, due to larger surface area of 

catalytic particles.  

Moreover, a breakthrough discovery in this research work is that the novel few 

–layer graphene were observed in TCDM at reaction temperatures below the 

threshold temperature, although graphene layers had a very low yield because the 

low temperature hinders reaction kinetics. 

It should be noted that the yield of carbon products increased with increasing 

the process pressure in TCDM. Moreover, it should be highlighted that another carbon 

microstructure was found when increasing the process pressures. At higher 
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pressures, microstructured carbon, named carbon micro-shells (CMSs) were found 

mixed with the CNOs due to the accelerated carbide cycle mechanism with pressure. 

These novel CMSs can be extremely desired in the battery industry. 

A future endeavour here is to optimize synthesis parameters in order to 

increase the yield of few-layer graphene, such as changing the particle size of the 

catalyst, the reaction pressure and the process duration time. Moreover, for CMSs, 

there should be future investigated that how to increase the proportion of CMSs in 

carbon products and how to purify CMSs from CNOs. And a new fluidised bed-reactor 

needs to be developed for commercial scale up of carbon nanomaterials and 

hydrogen.  

Fabrication of SiC nanowires and graphene sheets by lamp ablation  

In the present study, a high yield (~ 50%) SiC nanowires have been achieved 

with outer diameters of tens of nanometers and lengths ranging from hundreds to 

thousands of nanometers by solar and lamp ablation using the purified CNOs 

achieved from TCDM, or MWCNT as the carbon source, while the silicon sources are 

SiO2 and SiO. Moreover, 4-5 layer graphene sheets have been obtained by lamp 

ablation using the pure graphite powder as the carbon source, in the absence of a 

catalyst. The yield of graphene from graphite was ~50%, estimated independently 

from the mass of irradiated precursor graphite before and after the exposure, and 

SEM and TEM inspection of the products at the top and the tip of the inner quartz 

ampoule. 

The carbon source has been sealed in evacuated quartz ampoules and the high 

intensity xenon short arc discharge lamp has been used to achieve the highly 

directional heating on the carbon source for 20-50 min. The distinctiveness here is 

doing so via immensely concentrated xenon lamp light, in an uncomplicated, one-step, 

rapid, high-yield process devoid of catalysts or toxic reagents. The lamp procedure is 

amenable to being scaled up. The reactor conditions achieved here would appear to 

attain the high temperatures and extensive photonically hot annealing environments 
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conducive to the formation of nanostructure. This one-step high-yield process is 

catalyst-free, devoid of toxic reagents, with short reaction times, and is potentially 

scalable 

Our observations indicate that the irradiation time is a crucial parameter 

determining if SiC nanowires or graphene sheets will be obtained. Future work in this 

study will put on varying the synthesis parameters to provide better control on the 

morphology of SiC nanowires and graphene, which includes the change of the process 

duration time. In addition, the future work should be directed to realize potential 

applications of these achieved novel SiC nanowires and few-layer graphene sheets. 

In conclusion, the work undertaken in this thesis was primarily related to the 

exploration of novel ways to synthesize carbon/carbon-related nanomaterials. The 

novel synthetic method has been used in our research work, such as TCDM, HTSDP 

and lamp ablation. The apparent empirical factors that control the shape and size of 

carbon nanomaterials and the associated formation mechanisms had been 

investigated. The further endeavour will be focused on the synthesis parameters in 

order to improve the structure of these carbon/carbon-related nanomaterials.  The 

application of these carbon/carbon-related nanomaterials will also be studied in the 

future work.  
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Other co-authored paper 

Pyrene-conjugated hyaluronan facilitated exfoliation and stabilisation of low 

dimensional nanomaterials in water  
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