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ABSTRACT 

  
 

Novel nanomaterials possess unique mechanical, thermal, optical and electrical properties. This has 

contributed significantly to the advancement of nanotechnologies including applications in electronics, 

energy storage, waste management and drug delivery systems. Such advancements have resulted in an 

increasing interest towards developing large scale, cost effective and safe methods to produce them. 

The present research investigates the use of a 7 KW Xenon-arc discharge lamp for the ablation of 

graphite (C), hexagonal boron nitride (H-BN) and tungsten disulphide (WS2) precursor powder in 

vacuum sealed ampoules for fixed amount of time. The technique is a one-step, cost-effective process 

that does not use any catalyst, templates or toxic-reagents and has the potential to be scaled-up. 

Experiments were carried out with each precursor material and repeated with varying reaction time to 

ensure the results were repeatable. Scanning Electron Microscopy (SEM), High resolution transmission 

electron microscopy (HRTEM), Atomic Force Microscopy (AFM), Raman Spectroscopy, X-ray 

Diffraction pattern (XRD), Energy-dispersive X-ray spectroscopy (EDS) and electron energy loss 

spectroscopy (EELS) analysis were done to characterize the synthesized nanomaterials. The plethora of 

nanomaterials obtained include but are not limited to Graphene-like sheets from graphite, nano-onion 

and nano-plates from BN, nano-web like structures and nanotubes from WS2 precursor powder. The 

products revealed high-crystallinity and high-purity and the technique has the potential to be scaled up 

for industrial applications. 

Parts of the present research has been submitted for a provisional patent and the work has been accepted 

by INNOVYZ Company for commercialization.  
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1.0  INTRODUCTION 

 

1.1 OVERVIEW 

 

Nanomaterials are the basis of fascinating nanotechnologies being discovered around the planet. 

Through nanotechnology bulk materials are transformed into atomic, molecular and supermolecular 

scale.  National Nanotechnology Initiative (NNI) defines nanomaterials as materials having dimension 

sized from 1-100 nanometers. These nanomaterials have been the source of many breakthrough research 

due to the novel characteristics exhibited by such particles. The potential applications of 

nanotechnology include application in medicine, dentistry, ceramic, construction, manufacturing, 

electronics, optical devices, energy and the environment [1-7].  

In this chapter the different forms of nanomaterials will be reviewed including nano-onions, nano-tubes 

and graphene-like sheets. The following sections will focus on the types of inorganic materials that 

were experimented on for this research and their relevant properties for which they were selected. The 

inorganic bulk materials chosen for this experiment were Graphite, Boron Nitride and Tungsten 

disulphide. Next section introduces the different techniques of ablation currently used for nanomaterial 

synthesis namely, Pulsed laser ablation, Solar ablation and Lamp ablation techniques. The final section 

of this chapter states the Statement of Purpose developed for the current thesis. 
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1.2 NANOTECHNOLOGY 

 

Nanotechnology is the application of nanoparticles (particles that are less than 100nm in dimension) to 

achieve technological advances. Nanotechnology is already having a profound impact upon major 

industries worldwide, including at the very least electronics, computers, communications, defence, 

energy, biomedical, transport and manufacturing. Nanoscale science and technology is 

multidisciplinary, involving physicists, chemists, biologists, materials scientists, chemical, mechanical 

and electronics engineers and medical scientists. Interactions between researchers, innovators and 

businesses are critical to the progression of nanotechnology from research and development to 

application and commercialization [8]. 

For decades, scientists have anticipated from theory that if they could manipulate individual molecules, 

they could engineer materials with electronic, optical, and other properties not observed in bulk - and 

open new frontiers in electronics, medicine, and consumer products [9]. Environmental researchers are 

investigating the use of engineered nanomaterials to purify or desalinate water, to improve energy 

efficiency, or to clean up hazardous wastes. “There is plenty of room at the bottom” the famous quote 

by the late Caltech physicist Richard A. Feynman in 1959 is a source of inspiration for nanotechnology 

[8]. 

At the nanoscale, fundamental mechanical, electronic, optical, chemical, biological, and other 

properties may differ significantly from properties of micrometre-sized particles or bulk materials [9]. 

One reason is surface area since most chemical reactions involving solids happen at the surfaces, where 

chemical bonds are incomplete. Quantum-size effects begin to significantly alter material properties 

(such as transparency, colour of fluorescence, electrical conductivity, magnetic permeability, and other 

characteristics) whenever they dominate thermal effects, which for many materials is around 100 nm. 

For electronic properties, quantum-size effects increase inversely with decreasing particle size. 

A number of surveys as well as mathematical computations have been undertaken in quite a few 

research to observe the trend in growth of nanoscience in Australia and also to establish the role of 
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Australia in the development of global nano-technological advances. The following figures were 

obtained from a research publication by Gorjiara et al. [10]. 

 

Figure 1: Total number of nano-publications of the 30 most prolific countries in the Web of Science for 

the period of 1988-2012 

Figure 1 shows the total number of nano-publications by the thirty most prolific countries. It is observed 

that the four most prolific countries in nano-publications are USA, China, Japan and Germany. It is also 

observed that contribution of Australia in worldwide nano-publications is higher than both European 

Union and world averages. 

 

Figure 2: Comparison of the annual distribution of the total number of nano-publications between 

Australia and the world 
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In figure 2 it is observed that in the 1990s the growth of nano research in Australia was notably lower 

than the rest of the world. Investment of $150M in 2006 and $180.5M in 2008 as well as opening of the 

Australian Synchrotron and the Open Pool Australian Lightwater (OPAL) nuclear reactors in 2007 

significantly boosted the nano-research in Australia 

 

1.3 NANOMATERIALS 

 

1.3.1 Nanotubes 

The discovery of carbon nanotubes was done by S. Iijima [11] in 1991 followed by the discovery of 

inorganic (WS2) nanotubes by R. Tenne in 1992 [12], since then intense experimental and theoretical 

research have been done to find synthetic routes and applications of hollow cylindrical structures. The 

nanotubes can be open-ended or closed by caps containing five-membered rings. Depending on the 

numbers of layers of folded graphene sheets the nanotubes can be multi- (MWNTs) or single-walled 

(SWNTs) as shown in Fig.3.  The diameter of the nanotubes can range between tens of nanometre with 

length exceeding more than a micron. Depending on the way the layered sheets fold, nanotubes are also 

classified as armchair, zigzag or chiral as shown in Fig. 4. The electrical conductivity of the nanotubes 

depends on the nature of folding [13]. The figure below focuses on carbon nanotubes specifically 

however the structures are comparable to nanotubes by WS2. The dichalcogenide nanotube structures 

contain concentrically nested fullerene cylinders, with a less regular structure than in the carbon 

nanotubes [13]. 
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Figure 3. Schematic diagram of (a) single-walled carbon nanotube (SWCNT) and (b) multi-walled 

carbon nanotube (MWCNT) showing typical dimensions of length, width, and separation distance 

between the graphene layers [14] 

 

 

Figure 4: Schematic representation of the folding of a graphene sheet into (a) zigzag, (b) armchair and 

(c) chiral nanotubes [13] 

Due to their cylindrical geometry, these nanotubes have a low mass density, a high porosity, and an 

extremely large surface to weight ratio. Their potential applications range from high porous catalytic 

and ultralight anti-corrosive materials to electron field emitters and non-toxic strengthening fibres. [15]. 

The techniques used in the production inorganic nanotubes involve arc discharge method [11], pulsed 



19 

 

laser ablation [16, 17], plasma ablation[18], solar ablation [19, 20] as well as many chemical routes 

including hydrothermal synthesis [21], annealing in H2S atmosphere [12], oxide precursors in Fluidized 

Bed Reactor [22, 23] among many others. 

1.3.2 Nano-onions 

Since the discovery of fullerene C60 in 1985 by laser irradiation [24] carbon nanomaterials have been 

the focus of interdisciplinary chemical research. Carbon nano-onions (CNOs) are multi-shell fullerenes 

which are structured by concentric shells of carbon atoms [24]. The layers are separated from adjacent 

ones by a distance of approximately two (220) graphitic planes of 0.334nm. CNOs can display a wide 

range of shapes including polyhedral to spherical morphologies with diameters ranging to less than 

100nm [25-27]. The outstanding chemical and physical properties of CNOs have opened a wide range 

of possible applications for these novel particles including in solid lubrication [28], electromagnetic 

shielding [29], fuel cells [30], heterogeneous catalysis [31], gas and energy storage [32], electro-optical 

devices [33] , ultrahigh-power supercapacitors [34] and lithium-ion batteries [35]. 

WS2 and MoS2 are also observed to form nano-onion structure. The spheroidal morphology results in a 

lower density of dangling bonds in comparison to non-spheroidal morphologies of the bulk material, 

allowing for a significant increase in terms of the anti-frictional characteristics creating technical 

lubricants with high resistance in either a humid or an oxidative environment [36]. Because of this, 

studies involving tribological properties and structural evolution of such particles are a major focus of 

experimental and theoretical research [37]. The dichalcogenide do not contain just a single element like 

in graphite, thus the structural mechanism which allows the folding and closing of the shell structures 

of WS2 and MoS2 are different from the mechanism of formation of carbon nano-onion. The closest 

analogy to carbon is h-BN, which forms the same graphene-like structure but with alternating atoms of 

boron and nitrogen. Like carbon, BN forms layered phases, where each layer consists of hexagons, and 

also a diamond-like phase, which is less stable at room temperature. In contrast to carbon, however, BN 

easily forms highly faceted nested structures [38]  
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1.3.3 Graphene-like sheets 

Graphene was discovered in 2004 [39], the researchers Andre Geim and Konstantin Novoselov were 

awarded The Nobel Prize in Physics ‘‘for ground breaking experiments regarding the two-dimensional 

material graphene’’. Graphene is essentially a planar monolayer of carbon atoms arranged into a two-

dimensional (2D) honeycomb lattice with a carbon–carbon bond length of 0.142 nm [40, 41].  

Novel properties of Graphene include high electron mobility at room temperature [39, 42] exceptional 

thermal conductivity [43], superior mechanical properties [44] and semiconductive properties [45-47]. 

These superior properties of graphene leads to a range of potential applications including gas detection, 

as electrodes, composites, energy storage devices like supercapacitors and lithium ion batteries [48] and 

transistors [45-47]. 

 

Figure 5: Forms of sp2-bonded carbon. (A) Fullerene (0D), (B) single-walled carbon nanotubes (1D), 

(C) graphene (2D), (D) graphite (3D)[49] 
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1.4 INORGANIC MATERIAL 

Inorganic compounds such as Graphite, Boron Nitride and Tungsten disulphide are quasi two-

dimensional layered compounds consisting of molecular sheets arranged in a honeycomb lattice, i.e., 

(3-fold) sp2 bonded atoms for graphite. These layered sheets are stacked together by weak van der Waals 

forces. In 1992 it was hypothesized that the tendency of graphite to form polyhedral structures is not 

just limited to carbon. In fact, this property is likely to occur in nanoparticles of any compound with 

layered structure [13]. Several classes of 2D semiconductors like boron-nitride (h-BN) and transition 

metal dichalcogenides (TMDs), have been studied in the recent past. The metal dichalcogenides, MX2 

(M = Mo, W, Nb, Hf; X = S, Se) contain a metal layer sandwiched between two chalcogen layers with 

the metal in a trigonal pyramidal or octahedral coordination mode [50, 51]. Structurally, TMDs have 

strong in-plane covalent bonding and weak out-of-plane van der Waals bonding. The weak van der 

Waals force between the layers facilitates exfoliation of the layers [52] which results in formation of a 

plethora of nanostructures. H-BN is a 2D hexagonal lattice of alternately arranged Boron and Nitrogen 

atoms in a honeycomb structure. The layers of h-BN are connected in the same manner, i.e by weak 

van der Waals forces so that it can slide easily between the layers. 

Layered materials are playing a central role in a variety of key scientific fields, including nanoscale 

materials science, condensed matter physics, molecular electronics and spintronics, tribology, and 

chemistry [53]. 

For the present experiment it was decided that graphite, boron nitride and tungsten disulphide will be 

used as precursor. The reason behind this is the novel properties presented by the different nano-

particles belonging to each of these groups as well as the commercial demand of such nano-particles. 

Properties of these precursors and their sub-groups have been extensively discussed in the following 

sections. 
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1.4.1 Graphite 

Diamond, graphite and amorphous (non-crystalline) structures were the only known allotropes of pure 

carbon until 1985 [54]. Graphite has a layered structure where each layer consists of a pattern of 

hexagonally bonded carbon atoms connected via sp2 hybrid bonds [55]. The outer-shell electrons of 

each carbon atom in the hexagonal structures form three in-plane σ bonds and an out-of-plane π bond 

[56]. The π electrons are delocalized and are distributed over the entire plane making graphite thermally 

and electrically conductive [56]. The atoms in the layers are held by strong covalent bonds whereas the 

layers themselves are connected to each other by weak van der walls forces. The spacing between these 

layers is 3.35 Å. 

 

Figure 6: Schematic of atomic arrangement in graphite[57] 

Graphene is theoretically a mono-layer of carbon atoms arranged in the hexagonal pattern, however for 

practical purposes number of hexagonal carbon layers less than ten is still considered graphene. 

Graphene exhibits impressive characteristics including advanced electronic and mechanical properties, 

high resistance to mechanical and chemical stress, and high crystallinity [42, 58, 59]. Some applications 

of graphene include field effect transistors, transparent conductive films, clean energy devices, 

graphene-polymer nanocomposites, nano-electronics, sensors, batteries and supercapacitors [48, 60] 
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The other nanostructure that gained a lot of interest is carbon nanotubes due to its advanced electronic, 

electrical and mechanical properties together with good chemical stability and large surface area [61, 

62]. The properties can be utilized in field emission displays, nanoscale electronic devices, light 

emitting diodes, magnetic data storage devices, sensors, reinforcing agents in polymer composites, 

capacitors and in hydrogen storage. [63-71] 

Production techniques for graphite based nanoparticles in the past involved mechanical and 

electrochemical exfoliation of graphite, electric arc discharge, reduction of graphene oxide, chemical 

vapour deposition, thermal decomposition of SiC, laser ablation and lamp ablation [72-78] 

 

1.4.2 Boron nitride 

Graphite and hexagonal boron nitride (h-BN) are two prominent members of the family of layered 

materials possessing a hexagonal lattice structure. A single layer of h-BN is very similar to a graphene 

sheet having a hexagonal backbone where each couple of bonded carbon atoms is replaced by a boron-

nitride pair, making the two materials isoelectronic. While graphite has nonpolar homonuclear C−C 

intralayer bonds, h-BN presents highly polar B−N bonds. Both materials present practically identical 

interlayer distances [53].  

 

Figure 7: Schematic of atomic arrangement in hexagonal Boron Nitride [79] 
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Interest in hexagonal boron nitride (h-BN) stems from its possessing a plethora of remarkable 

physicochemical properties such as high-temperature stability, resistance to oxidation and corrosion, 

chemical durability, high thermal conductivity, a large specific surface area, a low dielectric constant, 

and a wide band-gap of 5-6 eV [80-84]. Materials based on h-BN are also biocompatible and non-toxic 

because of their chemical inertness and structural stability [85]. The fact that h-BN is a layered 

compound renders it a prime candidate for the formation of a range of metastable nanostructures [51]. 

Indeed, nanoparticles from h-BN exhibit a range of different morphologies [86], such as nanotubes [87-

90], nanoribbons [91], nano-whiskers [92], nano-cones [93], nano-sheets [94], and hollow nano-spheres 

(nano-onions) [38, 95-100]. Among them, the hollow spherical morphology, with relatively low density 

and high specific surface area, has attractive potential applications such as nano-containers for 

encapsulation, hydrogen storage, electrical and photoelectrical devices, chemical sensors, drug delivery 

systems, the development of artificial cells, the protection of biologically active agents, wastewater 

treatment and the sorption of pollutants in extraction processes [97, 101-107]. 

 

 

Figure 8: Structural models of 2D, 1D and 0D BN nanostructures. The edge of a nano-sheet or 

nanoribbon can be either zigzag (B- or N-edged) or armchair (BN pair-edged) [108] 

 

Although BN nanotubes and nano-sheets have been widely investigated, studies of the fabrication of 

BN nano-onions have been sparse [96]. Some of the reported methods subsume pulsed laser ablation 
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[109], chemical vapour deposition [110-112], electron beam irradiation [38], and pyrolysis [97, 113]. 

Most procedures require catalysts, templates and/or complex facilities. Chemical synthesis techniques 

include the reaction of NaBF4 and NaN3 [97], using BBr3 and NaNH2 as the boron and nitrogen sources, 

respectively [114]. In this current thesis nano-onions together with other hollow structures of boron 

nitride produced via lamp ablation has been extensively investigated. 

 

1.4.3 Transition Metal Dichalcogenide 

The current thesis focuses on two Transition Metal Dichalcogenides (TMDs) namely Molybdenum 

disulphide (MoS2) and tungsten disulphide (WS2) because of their remarkable properties and many 

potential applications.  TMD compounds crystallize in a layered structure similar to that of carbon and 

hexagonal BN [115]. The most stable form of layered MoS2 and WS2 consists of a metal layer 

sandwiched between two sulphur layers. These triple layers are stacked together similarly to graphite 

by van der Waals interactions where the layers are separated by 6.14 Å for MoS2 and by 6.18 Å for WS2 

[116]. Because the dangling bonds on the rim of the layers are chemically reactive, folding of the layers 

and seaming of the edges can result in the formation of hollow closed-cage nanostructures like inorganic 

fullerenes (IF) and inorganic nanotubes (INT) [12, 115, 117].  
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Figure 9:Schematic image of MoS2 showing (a) arrangement of layers [118] , (b) interaction between 

atoms in each layer [119] and (c) top and side view of nanotube atomic arrangement showing Armchair 

configuration (left) and zigzag configuration (right). Light atoms are S; dark atoms are Mo [116]   

WS2 and MoS2 were the first non-carbon compounds that were observed as fullerene-like nanoparticles 

with onion-like architecture and as multiwall nanotube structure. The fullerene like particles results in 

a lower density of dangling bonds in comparison to bulk material which gives rise to advanced anti-

frictional properties [37].Thus WS2 and MoS2 nanoparticles are extensively used in technical lubricants 

due to its higher resistance in both humid and oxidative environment [36, 120]. 

Synthesis techniques of these metal dichalcogenide nanoparticles include: physical ablation, 

hydrothermal synthesis, sulfidization, chemical vapour deposition (CVD) technique.  



27 

 

The different types of physical ablation techniques comprise mainly of laser ablation, solar ablation, 

electron irradiation and arc discharge method. Laser ablation technique was first used in 1999 to 

synthesize IF-MoS2 nanoparticles [121]. Where MoS2 powder was initially pressed to form pellets, 

followed by laser ablation with various levels of power and finally the ablated particles were quenched 

in Helium or Argon atmosphere. Pulsed laser ablation was used to produce WS2 nano-flakes with an 

average size of 10nm [122]. Arc discharge is an alternative physical ablation route where the energy 

source is changed from high cost pulsed laser to low-cost arc discharge. Here the resultant particles are 

quenched in water rather than in inert gas [123]. Another high-energy source in the form of electron 

irradiation has also been used to produce IF-MoS2 [124]. A natural energy source in the form of solar 

ablation has been previously employed to synthesize both IF and INT structures of metal 

dichalcogenides. The first experiment with solar ablation produced IF-MoS2 particles [125], the process 

was later modified to include Pd catalyst to produce WS2 and MoS2 nanotubes [20]. 

Hydrothermal synthesis was carried out by Li et al. where MoO3 was reacted with Na2S in HCl solution 

at 260 °C and after a 12 hour reaction period in a sealed autoclave MoS2 nanowires were produced 

[126]. Another form of hydrothermal synthesis was carried out by Tian et al. [127] where MoO3 was 

reacted with potassium thiocyanate in water at 160-220°C for 24 h to produce MoS2 nanotubes. IF-

MoS2 was also successfully produced by a reaction between Na2MoO4 with CH3CSNH2 via a two-step 

synthesis route of hydrothermal synthesis and annealing [128]. 

The very first IF and INT of WS2 and MoS2 were obtained by heating thin metal films of W and Mo in 

the presence of gaseous H2S [12, 129]. IF-WS2 was produced by sulfidization using spherical 

nanoparticles of WO3 as solid precursors [23, 130] where the reaction temperature was kept below the 

sublimation temperature to promote a solid-gas mechanism. INT-WS2 was also prepared by two-step 

sulfidization process involving WO3-x nanoparticles at 800-900 °C [131]. IF-MoS2 was synthesized by 

vaporizing followed by sulfidizing MoO3 powder [117, 132]. 
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1.5 ABLATION TECHNIQUE 

1.5.1 Solar ablation 

Solar ablation creates a sharp and radiative temperature gradients, as well as a high temperature 

annealing environment [133].  The high attainable flux density provides reactor conditions that are far 

from equilibrium which favours the production of nano-structures[19]. A high functioning apparatus to 

carry out effective solar ablation technique was created by Feuermann and his team [133]. Their 

research focused on building a fibre-optic mini-dish concentrator capable of efficiently de-coupling of 

the collection and delivery of the highly concentrated sunlight. The prototype used a dish of 200mm 

diameter and optic fibres of 1.0mm in diameter. The prototype successfully transported concentrated 

sunlight with measured flux level 11-12 kilosuns (1sun equals AM 1.5 or 1KW/m2) 

 

Figure 10: (a) Schematic of a solar fibre-optic mini-dish. A small flat mirror below the focal plane 

redirects solar rays reflected from the dish downward to facilitate practical coupling into an optical 

fibre. (b)  Photograph of the assembled fibre-optic mini-dish [133] 
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A modified version of the design was used to generate novel nanoparticles from solid precursors by 

Albu-Yaron et al. [134] where solid caesium oxide (Cs2O) was sealed in evacuated quartz ampoule and 

ablated under continuous irradiation with concentrated solar power of 2.0-7.7 W and periods ranging 

from 30 – 840s. As stated in the previous prototype a transmissive optical fibre carried high-flux 

sunlight from an outdoor mini-dish concentrator to the indoor lab bench, the fibre tip was held in close 

contact with the ampoule’s quartz wall. Analysis of the product revealed closed-caged nested onion like 

nanostructures.  

A similar setup was also used to irradiate other inorganic materials like MoS2 and SiO2. The irradiation 

resulted in MoS2 fullerenes and nanotubes as well as nanowires and nano-spheres of crystalline Silicon 

[133]. Some other high-end nanomaterials produced via solar ablation include WS2 nanoparticles[19], 

multi-wall carbon nanotubes[135], carbon fullerenes [136], nano-onions [137] and oxide nanoparticles 

[138]. 

 

Figure 11: (a) Schematic of solar fibre-optic mini-dish concentrator with a mirrored dish 20 cm in 

diameter, and a flat mirror that images the sun into the upward-facing tip of an optical fibre which 

guides concentrated solar radiation to an indoor laboratory to irradiate the quartz ampoule. b) 

Photograph of an ampoule irradiated with highly concentrated solar radiation. [134] 
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A huge draw-back of solar ablation is the limited reliability of results. Due to the high dependency on 

environmental conditions the scalability of the obtained result in order to achieve large-scale production 

is also limited. Solar ablation method of synthesising nanoparticles is limited by the transient nature of 

solar radiation, creating only a small window of time that the experiments can be completed [19] 

 

1.5.2 Laser ablation 

One of the first documented use of laser involved ablating solid graphite precursor to produce carbon 

nanotubes [139].  The apparatus used consisted of a 2.5cm diameter and 50cm long quartz tube mounted 

in a temperature-controlled furnace, fitted axially with a 1.25cm diameter graphite target rod in the 

middle of the high temperature zone. The tube is then evacuated and the furnace temperature increased 

to 1200 °C. High-purity argon is then allowed to flow through the tube. A specific circular lens is used 

to focus the output beam onto the target surface allowing smooth and uniform vaporization from the 

target face. The argon carrier gas flow sweeps most of the carbon species produced by the laser 

vaporization and deposits as soot on a conical water-cooled copper rod through high-temperature 

condensation. 

 

Figure 12: Schematic of the oven laser-vaporization apparatus in which nanotubes were observed for 

the first time [139]. 
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The soot from the water-cooled rod at the end of the apparatus is collected and analysed via different 

microscopes and the nanoparticles are characterized. Similar technique was used by Rahul Sen and his 

team [140] to ablate WS2 and MoS2 to form encapsulated and closed-cage onion-like structures. Some 

other novel nanoparticles produced by laser ablation include nano-octahedra and fullerenes of MoS2 

[121, 141], MoS2-Te nanoparticles by pulsed laser ablation [142],  nano-octahedra of MoSe2 [143] and 

fullerenes of TaS2 [144]. 

However Laser ablation is neither economic nor cost effective enough for large scale production due to 

the high cost of laser. There is also significant cost build up due to target preparation, which involves 

forming high pressure pressed pellets of bulk materials, forming high vacuum chamber, maintaining a 

high temperature furnace for the reaction to occur and material of tube for the deposit formation. 

 

1.5.3 Lamp ablation 

Some of the limitations imposed by laser ablation and solar ablation, i.e., high cost and ephemeral nature 

of solar beam respectively, can be overcome by lamp ablation. Lamp ablation was first used by Levy et 

al. to produce inorganic nanostructures [19]. The idea behind the experiment was to create high flux 

density that will allow reactions to occur far from equilibrium into energy landscapes not accessible by 

conventional thermally-driven reactions that constitutes of a photonically-hot annealing environment 

created by thermal radiation emitted from ablated precursor material [19]. The apparatus made use of 

an ultra-bright continuous short-arc discharge xenon lamp which was focused on a remote target to 

produce immense power density of ~7,000 suns on the precursor powder. The temperature in the 

reacting environment was estimated to exceed 2700K [19]. The results of the experiment included 

carbon nanotubes generated without catalyst, multiwall nanotube of WS2 and nano-octahedra of MoS2. 
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Figure 13: Lamp ablation apparatus used by Levy et al. (a) Schematic side view. The lamp includes a 

small hemispherical mirror that recycles its emission from the hemisphere facing away from the optical 

system back into the radiant plasma. (b) Photograph of the assembled system [19] 

 

Another use of lamp ablation was done by Wiesel et al. where reactions were carried out in sealed 

ampoules between transition metal oxide nano-powder, sulphur and hydrogen-releasing agent (NaBH4 

or LiAlH4) to produce inorganic fullerenes of WS2 and MoS2 [145]. Concentrated ultra-intense white 

light was used to drive the reaction by creating non-equilibrium environment with steep temperature of 

~1700°C. The one limitation of this experiment was the contamination of the final product with residues 

from solid metal hydrides which were oxidized during the reaction [145]. 

One of the recent experiments were carried out by Hai-bo Lu and her team [146]. Lamp ablation was 

used to produce silicon carbide (SiC) nanowires from silicon oxide and carbon using lamp ablation. The 

prominent advantage of the experiment was the absence of catalyst and the short reaction time to obtain 

the desired final product. The apparatus included a 7000 W xenon continuous short arc discharge lamp 

which produced a flux density of ~6 W mm-2 on a focal spot of ~300 mm2. The higher power of lamp 

is thought to produce much larger ultra-hot annealing regions that produced a wider range of 

nanoparticles.  The continuous ultra-hot focal point is estimated to produce 2000-3000K temperature 

inside the sealed quartz ampoule [146]. The SiC nanowires obtained was tens of nanometres in diameter 

and had length varying in the hundreds to thousands in nanometre. The products were found to contain 

a β-SiC core. 
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2.0  STATEMENT OF RESEARCH 

 

Many methods currently exists for the production of a variety of nanomaterials. These methods can be 

broadly classified as: chemical vapour deposition, solid-assisted reaction, hydrothermal reaction and 

physical ablation including arc-discharge, solar ablation and laser ablation. Each of these techniques 

has their own drawbacks.  

Chemical vapour deposition, solid assisted reaction techniques and hydrothermal reactions often require 

the use of expensive, highly-toxic reagents or expensive metals as template or catalyst. Thus there is an 

added cost of maintaining safety, purifying end product and disposal of toxic by-products.  

Arc-discharge and laser ablation have also produced many novel nanoparticles however the high-cost 

of laser makes it difficult for the process to be scaled-up for industrial use. Solar ablation is a relatively 

more economic technique but the unreliability of the light source creates a huge problem especially if 

the process needs to be modified for continuous production. 

In this current research nanomaterials were produced via lamp ablation from solid, dry bulk precursor 

using a high-powered lamp. The technique is relatively inexpensive and very economic compared to 

the previously researched methods. The current process does not require any expensive reagents or 

catalyst and does not require the end product to be purified. The process also has the added advantage 

of being scaled-up for industrial use as the technique is relatively cheap and the results are repeatable 

making the technique very robust and reliable.  

The goal was to use a relatively economic, scalable and safe method to try and fabricate the nano-

particles previously produced using various different methods. In the process we also wished to uncover 

any potential new forms on nano-particles which were not previously identified.  

In the current research bulk graphite, WS2, MoS2 and BN are ablated in individual experiments and the 

end product is analysed and characterized using a variety of microscopy techniques including but not 
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limited to Scanning Electron Microscope (SEM), Transmission Electron Microscope (TEM), Atomic 

Force Microscopy (AFM), Raman Spectroscopy and X-ray diffraction (XRD). 

The thesis report is divided into chapters, the first chapter is based on literature review which details 

the types of nano-materials, the types of inorganic materials used in the experiment and types of ablation 

techniques currently being researched. The third chapter will detail the methodology, focusing on the 

specifications of the instrument used, the steps followed during each part of the experiment and the 

preparation and analysis of the product. The fourth chapter is focused on the results obtained through 

characterization of the nano-particles. 
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3.0  METHODOLOGY 

 

3.1 APPARATUS 

3.1.1 Lamp ablation instrument 

In the current research a high powered xenon-arc discharge lamp was used to irradiate a variety of bulk 

precursor materials with the aim of synthesizing novel nano-structures. The lamp ablation instrument 

is located in the Engineering and Mathematical Science (EMS) building at the University of Western 

Australia. Figure 14 shows the lamp ablation apparatus where fig. 14(a) is a schematic diagram drawn 

by my predecessor Mr. Nick Woi who was also a Masters’ by research student working in this project. 

The schematic shows the different parts of the equipment are labelled in the description below. Figure 

14 (b) is the original photograph taken at the lab showing the actual lamp ablation apparatus including 

the fan blower at the top and the power supply on the side. 

The highly reflective dome surrounding the arrangement of light source has the shape of an ellipsoid. 

An ellipsoid consists of two focus, the lamp ablation apparatus was designed in a way so that the lamp 

was positioned at one of the foci and the target material sealed in ampoule at the other focus. Thus light 

produced from the lamp will reflect on hitting the dome and converge onto a single point on the target 

material. 
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Figure 14: (a) Schematic of lamp ablation apparatus. (1) Lamp support, (2) Lamp micro-manipulator, 

(3) Reflector support, (4) Cooling fan, (5) Cooling duct, (6) Xenon arc discharge lamp, (7) Reflector 

dome, (8) Ampoule holder with ampoule. (b) Actual lamp ablation apparatus. 

 

Figure 15: 3-D modelling of the lamp ablation apparatus. 
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Figure 15 shows the 3-D rendering of the lamp ablation apparatus done using SolidWorks, the figure 

clearly indicates the shape and the positioning of the lamp relative to quartz ampoule (blue colour) 

containing the bulk precursor material.  

 

 

The two focus points of the ellipse are denoted F1 and F2. The centre of the 

ellipse is denoted C where, 

𝐶𝐹1 = 𝐶𝐹2 

The total of the distance from x (any point on the ellipse) to the two focus 

points are constant and equal to the length of the major axis (a). 

𝑥𝐹1 + 𝑥𝐹2 = 2𝑎 

The dimensions of the ellipse used for the reflector in this study as calculated by my 

predecessor Mr. Nick Woi, is 

𝐶𝐹1 = 𝐶𝐹2 = 350.000𝑚𝑚 

𝑎 = 440.000𝑚𝑚 

𝑏 = 266.646𝑚𝑚 

 

Figure 16: Properties of an ellipse 
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3.1.2 Lamp 

 

Figure 17: OSRAM 7kW Xenon short-arc discharge lamp [147] 

 

The source of high powered light source in the experiment was a 7KW Xenon short-arc discharge lamp 

manufactured by OSRAM. The short-arc discharge lamp is a point source of light of ultrahigh irradiance 

[148] which exploit both visible light and infra-red radiation. A high pressure short-arc discharge lamp 

filled with Xenon produces the highest radiance [149].  

 

Figure 18(a) Schematic of short-arc discharge lamp, (b) electrodes prior to ignition [148] 

 

The lamp includes a cathode and an anode, as shown in Fig. 17(a), and forms a plasma discharge within 

the interelectrode gap of the order of several millimetres [148]. An optically transparent enclosure of 

fused silica encloses the electodes and is filled with high-pressure gas, Xenon.  
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Figure 19: (a) Power conditioning unit, (b) Input current rating 

A power unit converts the electricity from the main source into low-voltage high-current input needed 

for reliable operation and for increasing the life of the lamp. 

The fan blower placed on top of the apparatus is attached to the wall in order to minimize vibration. 

The blower creates a flow of air inside the reflector dome to remove any gas produced during irradiation 

and to create a constant circulation of air around the lamp to prevent over heating of the lamp. 

 

3.1.3 Ampoule sealing and quartz quality 

The bulk material is vacuum sealed in quartz ampoules. There are two separate ampoules; inner and 

outer ampoule. The bulk material is placed in the inner ampoule and vacuum sealed and then the inner 

ampoule is placed inside a bigger outer ampoule and also vacuum sealed. The outer ampoule has 9mm 

outer diameter, 7mm inner dia. and about 15 inch in length, and the inner ampoule has 6mm outer dia., 

4mm inner dia. and about 14 inch in length. The reason for using two ampoules is firstly to ensure safety 

so that if during experiment the inner ampoule melts due to excessive heat or improper sealing the outer 

ampoule will still remain intact preventing contamination, secondly since the ampoules are sealed in 

China and shipped from there the extra coating gives an added protection during shipping and handling. 
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Before sealing the ampoules are flushed with argon and then sealed under vacuum pressure of about  

10-4 mm Hg. 

The ampoules are made from GE214 grade quality of fused quartz tubes ordered from Glass Dynamics 

in USA. The reason for using GE214 grade quartz lies in the fact that compared to other quality of 

quartz GE214 has high transmittance in the infra-red range of spectrum as a result more energy is able 

penetrate the ampoule and potentially lead to higher temperature inside. 

 

Figure 20: Graph showing average transmittance of different grade fused quartz found commercially 

[150] 

3.1.4 Variable parameters of the experiment 

Parameters of the experiment that can be controlled includes: 

1. The reaction or the ablation time 

2. The amount of precursor sealed inside the ampoule 

3. The lamp focus 

4. The power of the lamp  

5. Precursor materials 

In the present experiment only the precursor material and ablation time was varied keeping everything 

else constant. 
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3.2 SAFETY 

The lamp ablation apparatus produces high intensity light focused at a point. The temperature of the 

focus can go above 3000K. Due to the nature of the experiment the operators need to address a number 

of safety issues and take appropriate measures to minimize any potential complications. The 

precautionary steps can be divided into parts as shown below. 

3.2.1 Personal Protection 

Personal protection includes protecting the eyes, face, hands and any other exposed skin from the high 

intensity and high temperature of the lamp. Operators must wear welders mask to shield their eyes and 

prevent any damage to eyes due to the high intensity of light. Since the Xenon arc-discharge lamp is a 

pressurized device the mask also provides protection to the wearer in case the light breaks during 

operation. For this experiment the recommended number of filters for the welder’s mask is 11. 

Thick heat resistant safety gloves are provided which allows the operators to manipulate the ampoule 

when the lamp is on during the experiment.  

 

Figure 21: Personal protection provided by (a) heat-resistant gloves and (b) welding mask 

Operators must also wear thick protective clothing preferable with a hood in order to protect their 

exposed body areas from the high temperature. Even though the lamp only produces non-cancer causing 
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ultraviolet rays (UVA) but there can still be considerable darkening of the skin if exposed to the light, 

which is why operators are advised to apply sunscreen on their face and neck before the experiment. 

3.2.2 Power supply 

The 7KW xenon arc-discharge lamp uses high current (~139A) which can be potentially fatal if proper 

precautions are not taken. All current carrying wires are carefully insulated using thermally resistant 

insulation. This is to protect the operators from exposure to high current as well as protecting the wires 

from damage due to high temperature of the lamp. Warning signs are placed over all the power boxes 

as an extra precaution. 

 

Figure 22: (a) Wire insulation (b) Warning signs on power supply 

3.2.3 High pressure lamp 

The lamp uses pressurized Xenon gas [151]. The gas is frozen into the lamp which generates a positive 

pressure is achieved between 5-15 bar at room temperature. The pressure can rise up to four times its 

initial value due to the increase in temperature during lamp operation. Any structural defect on the lamp 

can potentially lead to a fatal explosion. This is why the lamp is installed only by the technician and 

handled by them only when necessary. The lamp needs to be cleaned at regular intervals with organic 

solvents and lint-free clothes to remove any contaminants that can potentially create a hotspot which 

will weaken the structural integrity of the lamp. 
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3.2.4 High temperature 

The operational temperature of the lamp can go way above 3000K and so any instrument surrounding 

the lamp should be properly insulated to prevent any damage. During an experiment, in order to 

minimize exposure time to high heat, the operator only enters the room once every one minute and stay 

there for no more than 15 seconds during which the ampoule is rotated. Area under the lamp is all time 

avoided when the lamp is operational. After the experiment the fan blower is run for 30 minutes to 

allow the lamp and the whole apparatus to cool down. 

3.2.5 Emergency shut down 

An emergency shut down switch exists as shown in Fig. 23, which, if pressed, will immediately shut 

down the lamp. This switch is used after the experiment is finished and if they experiment does not go 

according to plan. Some scenarios that may prompt the operator on hitting the switch may include; the 

ampoule melting due to intense heat of the lamp, the instrument making unexpected sound, fire alarm 

going off in the building and a number of other emergency situations. This is why it is very important 

to release the emergency red switch before the experiment to activate it for use. 

 

Figure 23: Emergency OFF switch 
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3.3 OPERATION PROCEDURE 

3.3.1 Start-up / Shut down procedure for the lamp 

The lamp and the apparatus used are very sophisticated and thus require operators to follow strict 

procedure to ensure proper functioning of the equipment. There are also a number of safety hazards 

involved as stated above and the steps developed for start-up and shut down procedure addresses those 

concerns to minimize any risks to the operators. 

Start-up of the instrument 

1. The operators must examine the apparatus before starting anything to make sure everything is 

in order.  

2. The power supply ratings and position of the lamp should be checked to make sure no one 

tampered with the settings 

3. The attachment for the experiment are properly placed around the lamp, i.e. the focal plane 

mapping device before focus manipulation or the ampoule before the experiment. 

4. All operators are to dress in appropriate attires and safety gears 

5. A steel rod in taped to the lab door to prevent it from locking so that the operator can easily 

exist the room after turning on the lamp during the experiment 

6. Fan blower is switched on to create a circulation of air inside the dome 

7. The main power supply switch is turned on 

8. Emergency shutdown button is released 

9. The power supply conversion equipment is switched on and final checks are done 

10. Everyone in the room must lower the welding mask 

11. Lamp is switched on by pressing the silver knob (see fig. 24) 
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Figure 24: Lamp switch 

 

 

Shut down of the instrument 

1. The emergency red button is pressed to turn of the lamp 

2. Main power switch turned off 

3. The attachments under the lamp (focal plane mapping plate or quartz ampoule) is allowed to 

cools down for at least 10 minutes before it is removed 

4. The fan blower is kept running for an additional 30 minutes to allow the apparatus to properly 

cool down 

5. The attachments are removed and examined 

6. The activity is logged including the number of minutes the lamp was on 

7. Fan blower is switched off after 30 minutes 

During the operation 

In case of a full experiment the operators are to leave the room after turning on the lamp to minimize 

exposure to the light. One operator enters at regular intervals to check on the instrument and the ampoule 

to make sure the apparatus is running smoothly. In the unlikely case of an emergency the red OFF 

switch (fig. 23) is pressed which immediately shuts down the lamp. 
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3.3.2 Identifying and Adjusting the Focus 

The reflective dome is in the shape of an ellipse and consists of two focus points as discussed earlier. 

The lamp is positioned at one of the focus and the position of the other focus needs to be identified and 

adjusted before starting the experiment. The quartz ampoule is placed at this second focus to ensure 

maximum intensity of heat at the time of ablation.  

Fig.25 (a) shows a focal plane mapping device in the form of an aluminium plate. The aluminium plate 

is 2mm thick and is fitted with supports on opposite ends which allow it to be attached to the black 

metal frame shown in fig. 14 and fix it under the reflective dome. The plate is coated in five layers of 

white reflective paint to prevent it from heating up or from formation of any hot spots. Each layer of 

coating was allowed to cure for at least 6 hours in a warm environment which allowed the pigments to 

naturally settle and dry before applying a second coat of paint. After the final coat of paint the apparatus 

is left to dry and cure for five days to ensure the coating does not crack or be damaged when exposed 

to the high temperature of the lamp. 

The plate is marked with a theoretical focal point which is estimated after thorough calculations. Once 

the plate is fixed in position under the lamp (at the end of the reflector dome), the lamp is switched on. 

If the focus is in place a bright point of light of no more than 5mm in diameter should appear at the 

theoretical focal point on the plate. However if the focus is pout of place than the lamp needs to be re-

positioned accordingly. 

 

Figure 25: (a) Focal plane mapping device, (b) micro-manipulator for lamp positioning 
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3.3.3 Lamp Positioning 

If the focus on the focal plane mapping plate is offset along the x-axis or y-axis, or if the diameter of 

the focus is significantly more than 5mm than the position of the lamp needs to be changed. The position 

of the lamp can be changed with the help of a micro-manipulator shown in fig. 25(b). The micro-

manipulator has screws in three axis (x, y and z) which can be rotated to move the lamp is respective 

directions.  

An operator stands near the lamp, another operator stands at the manipulator and a third operator 

conveys message from one to the other. The lamp is switched on with the aluminium plate in place. The 

lamp is first moved in the x-direction until the focus is in line with the theoretical focus on the plate, 

next the y-direction is manipulated to bring the actual focus on top of the theoretical focus mark. Once 

this is done the z-axis of the lamp is adjusted to ensure that the focused light beam at the target is as 

small as possible. 

Once the focus is in place several operators are asked to check the focus to minimize any visual error. 

The micromanipulator is locked in place on all three axis using lock screws and tighteners to prevent 

any accidental movement of the lamp.    

3.4 SYNTHESES OF NANOMATERIALS 

The aim of this research is nanomaterial syntheses and in order to achieve this the bulk material in 

powder form is sealed in evacuated quartz ampoule and placed under the lamp focus. The quartz 

ampoule containing the bulk material is first cleaned using a lint-free wipe and ethanol to get rid of any 

debris that can potentially create a hot spot. Next the position of focal point is determined manually 

using a long string which is bound at four distinct point under the lamp. Figure 26 shows the placement 

of the strings. From the point of crossing of the string hangs a weight revealing the line of focus. It has 

been determined through calculations that the focus exists 7.8 cm from the point at which the stings 

cross over.  
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Figure 26: Locating the focus for ampoule placement 

Once the focus is located the end of the ampoule containing the bulk material is placed at the focus and 

locked using a clamp. Once everything is in place the lamp is switched on and the ampoule is manually 

rotated 180° at regular intervals. This ensures the heat from the lamp is evenly distributed all around 

the quartz and prevent the ampoule from melting or deforming. Figure 27 was taken by my predecessor 

Mr. Nick Woi through a filter lens which shows the quartz ampoule being irradiated during an 

experiment. The lamp is switched off after a certain amount of time predetermined by the researchers.  

 

Figure 27: Quartz ampoule being irradiated during an experiment where one of the ampoule end is 

placed at the lamp focus 
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3.5 SAMPLE PREPARATION AND ANALYSIS 

After the experiment the apparatus and the ampoule is allowed to cool for some time after which the 

ampoule is carefully removed making sure that it remains horizontal and is not tilted. The ampoule is 

then cut into specific sections and placed in glass vials for microscopy analysis. The preparation of the 

sample depends on the type of instrument used for analysis. All instruments are located at the Centre 

for Microscopy, Characterisation and Analysis (CMCA) department of the Physics building at 

University of Western Australia (UWA). 

3.5.1 Transmission Electron Microscopy (TEM) 

The CMCA at UWA owns two TEM imaging machines and both have been used for our sample 

characterization. The sample preparation for TEM involved the following steps: 

1. The vial containing the broken part of quartz ampule is filled with high purity ethanol solution. 

2. The vial is then sonicated for 5 minutes to allow any substance clinging on the ampoule walls 

to go into solution. 

3. A TEM copper grid with holey carbon base is used 

4. A drop of the sonicated solution is poured on the grid and is allowed to dry under table lamp 

for 30 minutes. 

 

Figure 28: TEM grid preparation 

The different types of TEM instruments available at the CMCA is described below. 
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JEOL JEM-2100 TEM 

JEOL 2100 Transmission Electron Microscope is equipped with an 11Mpix camera that is capable of 

both recording images and displaying diffraction data [152]. The microscope is capable of producing 

both brightfield and dark field images using respective detectors and can be run in Scanning TEM 

(STEM) mode [152]. Electron tomography data can also be obtained through automated software 

control. For our analysis the microscope was run at 120KV and was used to acquire TEM, HRTEM 

images and Selected Area Electron Diffraction (SAED) analysis.  

 

Figure 29: JEOL JEM-2100 TEM 

FEI Titan G2 80-200 TEM/STEM 

The Titan G2 80-200 TEM/STEM was installed in May 2014 and is the first instrument of its kind in 

Australia [152]. The Titan is capable of imaging at atomic resolution in both conventional and scanning 

transmission electron microscopy (STEM) modes [152]. The set of STEM detectors attached to the 

instrument includes brightfield (BF), darkfield (DF) and high angle annular dark field (HAADF) 

detectors. The instrument is also capable of high-performance microanalysis by energy-dispersive X-

ray spectroscopy (EDX) and electron energy-loss spectroscopy (EELS) [152]. For our analysis the Titan 

was used to obtain TEM, HRTEM and STEM imaging as well as SAED, EELS and EDX microanalysis. 
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Figure 30: FEI Titan G2 80-200 TEM/STEM 

 

3.5.2 Scanning Electron Microscopy (SEM) 

For SEM the Verios XHR SEM was used which is also installed at the CMCA since May 2014. The 

instrument offers sub-nanometre resolution over 1KV to 30KV operating voltage. It provides excellent 

materials contrast and low voltage performance which can be used for precise and surface-specific 

analysis [153]. The instrument can be used for Secondary electron (SE) imaging, Backscattered electron 

(BSE) imaging, (STEM), including BF, DF and HAADF modes. It can also do EDX – with both point 

mode and mapping (using the AZtec software).  

For sample preparation a double sided copper tape is attached to SEM stubs. A small amount of dry 

ablated material is poured onto the tape and spread to form a layer of material with uniform thickness. 

Any excess material is removed using a nitrogen gas blower. 
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Figure 31: Verios XHR SEM 

3.5.3 Atomic Force Microscopy (AFM) and Raman Spectroscopy 

The instrument used is Witec Alpha 300RA+. It allows non-destructive acquisition of chemical 

information with high resolution. The instrument is capable of co-localised confocal Raman microscope 

and AFM for both chemical mapping and three-dimensional AFM imaging of a sample [154]. The 

system can be used for confocal Raman microscopy, confocal optical microscopy and AFM individually 

or for combined confocal Raman microscopy and AFM (such as Tip-enhanced Raman Spectroscopy 

(TERS) [154].  

The sample preparation is same as that for TEM the only exception being instead of TEM Cu-grids we 

used thin microscopic slide glass covers for this instrument 
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Figure 32: WITEC alpha 300RA+ 

3.5.4 X-ray Diffraction 

XRD allows determination of arrangement of atoms within a crystal. A beam of X-ray hits the sample 

and diffracts in many directions. The diffracted rays are collected and their angle of diffraction and 

intensities are measured. This creates a three dimensional picture of electron density within the sample. 

For XRD analysis we used the Panalytical Empyrean XRD. This is a very flexible instrument with 

options covering a large number of techniques. The radiation used is Copper K alpha and the instrument 

is equipped with a wide range of collimators, monochrometers, detector systems and a high-precision, 

multi-purpose, five-axis sample stage [155]. A computer control system operates the instrument and 

includes analysis software for all modes of operation [155]. 
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Figure 33: Panalytical Empyrean XRD 
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4.0  RESULTS AND DISCUSSION 

 

4.1 BORON NITRIDE 

As stated earlier boron nitride (BN) has been widely investigated in the past in the context of the 

different types of nanoparticles that can be manufactured and their remarkable characteristics. In the 

following experiment we focused on obtaining BN hollow nano-onions which we had remarkable 

success with along with production of other nano-particles that were also characterized.  

The precursor used was analytical grade hexagonal boron nitride (h-BN). The bulk precursor was 

vacuum sealed in the inner ampoule which was in turn sealed in a bigger ampoule. Two such ampoule 

arrangements were prepared for the h-BN precursor since we wanted to prove the repeatability of the 

results. In the first experiment the ampoule was ablated for 50 minutes and the next experiment ablation 

was carried out for 30 minutes. Both ampoule products were prepared separately and analysed using 

TEM and SEM.  

 

Figure 34: (a) BN ampoule before ablation, (b) immediately after ablation and (c) ablated BN ampoule 

showing changes in physical appearance. 

Figure 34 shows the quartz ampoule containing BN powder at three stages of the experiment. Figure 34 

(c) shows slight decolouration of the white powder where a portion of the ampoule becomes darker 

after ablation. 
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After ablation the ampoule was broken in distinct sections. Each section was about 3cm in length as 

shown in Figure 35. The section labelled 1 was the section which was ablated. Each of the section is 

methodically analysed under the microscope. 

 

Figure 35: Sections of the ampoule 

In order to better distinguish the products from precursor materials and to confirm the phase of the 

precursor, the initial bulk material was first analysed using SEM, TEM and XRD. Fig 35 (a) and (b) 

illustrate the SEM and TEM images respectively for the precursor powder which reveal distinct 

hexagonal shapes and high purity of the precursor. Figure 36 (c) reveal the XRD peaks at d-spacings 

3.3281, 2.1669, 2.0621, 1.8156 and 1.6652 Å which can be indexed as h-BN for the planes (002), (100), 

(101), (102) and (004) respectively. The lattice constants are a = 2.502 and c = 6.656 Å, which are close 

to the literature values a = 2.5044 and c = 6.6562 (JCPDS card no. 34-421). 

 

Figure 36: (a) TEM, (b) SEM and (c) XRD pattern of the h-BN precursor material. 
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Figure 37 represent the type of materials obtained from the 50 minutes ablation from region 1 (Figure 

35) at the point of the lamp focus. The TEM and SEM images show nano-pellet like structures which 

appear to be the intermediate stage in the transformation of the raw materials to the final nanostructures.  

 

Figure 37: (a) SEM, (b) TEM and (c) HAADF images of BN nano-pellets. (d) Elemental map of Boron. 

(e) Elemental map of Nitrogen. (f) EDS spectrum of BN nano-pellets. 
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The elemental map shown in Figure 37 (d) and (e) together with the energy-dispersive x-ray 

spectroscopy (EDS) spectrum reveal that the products primarily compose of boron and nitrogen. The 

carbon and copper peak are due to the TEM grid and the silicon and oxygen peaks are from the shards 

of silica that mixed with the product as the quartz ampoule was broken. 

 

4.1.1 Boron Nitride Nano-onions 

Region 3 of the 50 minute ablated quartz ampoule which is approximately 6-10 cm from the lamp focus 

revealed remarkable clusters of hollow BN nano-spheres or nano-onions. Figure 37 (a) and (b) are the 

BF and HAADF images of the nano-onions which shows spheres ranging from 50-100 nm in diameter. 

Figure 38 (c) and (d) focus on a single nano-onion where the bright edge and the darker centre of the 

HAADF image (fig. 37 (d)) reflects the relative thickness proving the structure is indeed hollow in the 

middle. The compositional distribution within the hollow spheres being primarily Boron and Nitrogen 

was assessed with elemental maps on the TEM and EDS spectrum (Figure 38 (e), (f) and (g)). The 

Carbon, Copper, Silicon and Oxygen peaks can be explained as above. Quantification of the EDS data 

revealed atomic percentages where B = 49.7 ± 2.0% and N = 5.03 ± 2.0%, this establishes the B/N 

atomic ratio of approximately 1 for the nano-onions. 



59 

 

 

Figure 38: Bright field TEM and (b) HAADF image of a BN nano-onion cluster. (c) Brightfield TEM 

and (d) HAADF image of a magnified individual BN nano-onion. (e,f) Elemental map showing B and 

N. (g) EDS spectrum of a BN nano-onion. 

Results from 30 minute ablation experiment was next analysed which exhibited similar nano-products 

confirming the repeatability of the procedure. BN hollow nano-onions were found in the same region 

of the ampoule, 6 -10 cm from focus with similar dimensions as seen previously. Figure 39 (a) is a TEM 

image at low magnification, whereas Figure 39 (b)-(d) are at higher magnification, and taken at different 
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points in the nano-onion cluster. The diameters of the structures range from 20-60 nm. The applied 

difference in irradiation time had no perceptible effect on the size or shape of the nano-onions. 

 

Figure 39: TEM images of BN nano-onion clusters. (a) Low-magnification. (b-d) High magnification. 

Figure 40 (b) shows the Selected Area Electron Diffraction (SAED) pattern taken in the region marked 

in Figure 40 (a). The distinct rings depict the high crystallinity of the nano-onions. The d-spacings 

calculated from three of the diffraction rings are 3.351, 2.162 and 1.261 Å, which are attributed to the 

respective (002), (100) and (110) lattice planes of h-BN [156, 157]. 
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Figure 40: (a) Cluster of BN nano-onions. (b) The corresponding SAED pattern for the region encircled 

in part (a). 

Figure 41 (a) shows the image of a single BN nano-onion together with its Fast-Fourier Transform 

(FFT) image (inset) for the marked region. Figure 41 (b) illustrates the profile taken along the wall of 

the BN nano-onion. The FFT, together with the line profile, is used to estimate an inter-layer spacing 

of 0.335 nm, which accords well with the established (002) lattice spacing of h-BN [156, 157]. Figure 

41 (c) and (d) show the line profile taken through a single nano-onion, using the HAADF image. The 

variation in counts in the profile is closely related to the relative thickness, reinforcing that the nano-

onions are in fact hollow. 
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Figure 41: (a) HRTEM image of a representative BN nano-onion with the FFT (inset) for the region 

delimited by a black square. (b) Line profile on the wall of the BN nano-onion. (c) HAADF image 

focusing on a single nano-onion (d) line profile through the nano-onion imaged in (c) 

Electron energy loss spectroscopy (EELS) analysis of the BN nano-onions in Figure 42 shows the 

distinct absorption peaks of B and N: characteristic K-shell ionization edges at 188 and 401 eV, 

respectively. The sharp π* and σ* peaks of the B and N K-edges are characteristic of the sp2 bonding 

configuration for h-BN structure [99]. The carbon absorption peak at 284 eV can be attributed to the 

carbon film on the TEM copper grid. 

A quantitative analysis of the spectrum shows B/N atomic ratio of 1 ± 0.02. The change in relative 

intensities of π* and σ* peaks between the EELS obtained from the wall and the centre of the nano-

onions (Figure 42 (a, b)) are due to the orientation-sensitive nature of sp2-hybridized BN in EELS 

microanalysis [38]. 
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Figure 42: EELS from (a) the wall (shell) and (b) centre of an individual BN nano-onion. 

 

4.1.2 Other Boron Nitride Nanostructures 

A variety of other structures were discovered in the same region of the ampoule mainly nano-platelets 

and exfoliated nano-sheets. Figure 43 (a, b) shows the BF and HAADF images of the plate-like 

structures respectively. The nano-platelets are two dimensional with diameter of approximately 50nm. 

Figure 43 (c, d) are magnified images of the nano-platelets showing the formation of distinct fringes 

along the edges of the structures. The SAED pattern in the inset of Figure 43 (d) reveals distinct rings 

characteristic of h-BN, showing the high crystallinity of the product. 
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Figure 43: (a) BF, (b) HAADF and (c, d) high-magnification TEM images of BN nano-platelets. 

The exfoliated nano-sheets are illustrated in Figure 44 (a-c). The nano-sheets formed are relatively thin 

compared to the nano-platelets with sizes ranging from 30-50 nm in size. The corresponding high-

resolution TEM (HRTEM) images (Figure 44 (d)-(g)) reveal intriguing structures. Figure 44 (d) and (e) 

depict nano structures similar to nano-horns and nano-rods as seen by Dimitri and his team[109] in laser 

ablation. Figure 44 (f, g) shows two of the numerous open ended nano-onion found around the edges 

of the exfoliated sheet. The SAED image in the inset of Figure 44 (b) confirms a highly crystalline h-

BN structure. 
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Figure 44: (a-c) TEM images of exfoliated BN sheets at different magnifications. (d) HRTEM images 

showing BN nano-horns. (e) BN nano-rods. (f, g) incompletely formed (open) BN nano-onion. (h) BN 

nano-onion. 
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Furthermore, nano-rod and concentric tubular nanostructures were found (Figure 45). The HRTEM 

image of the nano-rod in Figure 45 (a) shows an interlayer spacing of 0.336 nm, within error of the 

characteristic (002) lattice spacing of h-BN (c/2 = 0.3328 nm), as well as being consistent with the 

interlayer spacing of 0.335 nm for the BN nano-onions produced in the same experiments, as reported 

above. Figure 45 (b) illustrates a concentric tubular nano-structure, also found along the edges of the 

exfoliated sheets. Such nanoparticles were previously observed in Carbon [158]. 

 

Figure 45: HRTEM images of a representative BN (a) nanorod and (b) concentric tubular nanostructures 

The Raman spectrum taken of a solution of harvested BN nanostructures is graphed in Figure 46. The 

single distinct peak at 1369 cm-1 can be attributed to the E2g vibration mode of h-BN due to the in-plane 

atomic displacement of B and N atoms against each other [159]. This mode is typically identified at 

1368 cm-1 in polycrystalline h-BN powder [160]. The peak’s full width at half maximum is ~13 cm-1, 

which is comparable to that of layered structures of h-BN produced by chemical vapour deposition 

[161]. 
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Figure 46: Raman spectrum of a solution of harvested BN nanostructures. 

 

4.1.3 BN Nano-Onion Formation Mechanism 

The mechanism for the formation of such nano-structures is still an open ended discussion however 

extensive experiments and research are being carried out to determine whether the temperature created 

inside the ampoule is high enough to vaporize the raw BN allowing it to condense and reform into these 

lower energy more stable nano-structures in the colder region of the ampoule. A similar mechanism 

was hypothesized in previously conducted experiment on the same apparatus, where it was theorized 

that ultra-hot reactor conditions produced by the continuous irradiation was enough to weaken the van 

der Waals forces between layers of layered structures [162].  

The current proposed mechanism is illustrated in Figure 47. It is believed that the vaporized h-BN 

condenses into the variety of nano-structures as mentioned above which changes its morphology to 

form low-energy hollow nano-onions. The hexagonal BN raw materials is believed to initially form 

nano-platelets of BN (Figure 43) which exfoliates into thinner sheets of BN (Figure 44 (a)). It is believed 

these exfoliated sheets then rearrange and moulds into a more stable low energy structure of nano-

onions. The latter part of this theory is based on the numerous open ended nano-onion found lining the 
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exfoliated sheets (Figure 44 (f, g)). This is a reasonable hypothesis considering all of these images were 

taken from the same portion of the ampoule where the previously illustrated BN hollow nano-onions 

were found and that both the BN nano-platelets as well as the BN exfoliated sheets have sizes 

comparable to the hollow nano-onions. 

 

Figure 47: Schematic diagram of proposed mechanism for BN nano-onion formation 
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4.2 GRAPHITE 

Previous experiments conducted on the lamp ablation apparatus using graphite precursor resulted in 

few-layer graphene products. The experiment was conducted by my supervisor, Hui Tong and his team 

and the results were published [72]. In the previous study 20mg of graphite was ablated for 50 mins and 

yield of graphene was estimated to be 50%, that is, 50% of the graphite had been converted to graphene. 

In the current experiment effect of ablation time on graphite precursor was analysed. The absolute yield 

was not determined quantitatively however it can be assumed that yield was proportional to ablation 

time through visual representation of SEM results.  

Three sets of ampoules were prepared using graphite precursor flakes (10 mg) and were irradiated for 

a specific amount of time. The first ablation was carried out for 30 minutes, the next one was for 60 

minutes and the last ablation was conducted for 2 hours. Figure 48 (b, c) shows the physical appearance 

of the ampoule after ablation. The white colour near the focus maybe due to changes in quartz due to 

exposure to high temperature for a long time. Figure 48 (c) shows a splatter of black carbon all over the 

ampoule wall. The few layer graphene products are found in these colder regions. It is assumed the 

graphite vaporizes at the focus where the ultra-hot reactor conditions weaken the van der walls forces 

between graphite layers. The products than move out of the irradiated zone towards ampoule’s colder 

end where they reconfigure, quench and form few-layer graphene.  

 

Figure 48: (a) Graphite ampoule immediately after ablation, (b, c) ablated graphite ampoule showing 

physical appearance 
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4.2.1 30 minutes ablation 

Figure 49 shows the SEM images of the product after 30 minutes ablation. The product was collected 

from near the focus. The images shows few layer graphene as well as some globular structures stuck to 

the graphene layers.  

 

Figure 49: SEM images showing graphene sheets 

An elemental map of one such sheet decorated with globules was carried out. Figure 50 (b) shows the 

different elements present in the sample. The globules are identified as consisting of Calcium and 

Fluorine and are proved to be contaminants that may have entered the sample through contaminated 

ethanol during sample preparation. The copper peak on the EDS spectrum (Figure 50 (c)) can be 

attributed to the TEM Cu grids and the Silicon and Oxygen are from shards of quartz which fell on the 

product as the ampoules were broken. 
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Figure 50: (a) HAADF, (b) Elemental map and (c) EDS spectrum of graphene product obtained at the 

focus after 30 minutes ablation 

Figure 51 shows the TEM images of graphene sheets collected from region 2 of the ampoule. The sheets 

appear thin and highly crystalline with no contaminant globules. The inset of Figure 51(a) is the SAED 

pattern of the graphene sheets which shows six distinct spots in hexagonal pattern which is characteristic 

of graphite. The sharp and clear diffraction spots indicate high crystallinity of graphene sheets [163, 

164]. Both SAED patterns (inset of Figure 51 (a) and (d)) revealed spacing of approximately 2.1 Å 

which corresponds to the (110) planar spacing of graphite [164]. A single hexagonal pattern with sharp 

spots in SAED indicate a low-defect sp2 carbon framework [165].  
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Figure 51: TEM images of graphene sheets obtained from region 2 of the ampoule after 30 minutes of 

ablation 

The percentage of graphene in the product was not quantified however from SEM images it was 

concluded that the prevalence of few-layer graphene sheets was less in the 30 minutes ablation 

experiment when compared with 60 minutes and 2 hours irradiation.  The reason behind this may be 

due to development of suboptimal temperature inside the ampoule due to shorter ablation period and 

also less time was given for the graphite vapour to move to the colder region of the ampoule and 

sublimate into few-layer graphene. 
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4.2.2 60 minutes ablation 

When analysing products from the 60 minute ablation period it was apparent that the amount of 

graphene products were significantly more than 30 minutes ablation. The SEM images in Figure 52 

shows the many few-layer graphene structures which were very easy to find under the microscope. On 

closer inspection the sheets are seen to line with nano-wires (Figure 52 (a)) which were not observed in 

the 30 minute ablation. The nano-wires are made of silicon oxide and have deposited on to the graphene 

sheets from the quartz ampoule during ablation.  

 

Figure 52: SEM images showing few layer graphene structures for 60 minute ablation period 

 

Figure 53 shows the TEM images of the few-layer graphene structure which are also line with Silicon 

Oxide nano-wires (Figure 53 (a)). From the SAED pattern (inset of Figure 53(a)) two separate spacing 

of 2.15 Å and 3.48 Å were calculated which can be indexed for (110) and (002) plane of graphite 



74 

 

respectively [164].  The sharp spots reveal the high-crystallinity of the graphene was not compromised 

with higher ablation period. 

 

Figure 53: TEM images showing few layer graphene for the 60 minute ablation period 
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4.2.3 2 hours ablation 

In the two hour ablation period the few-layer graphene appeared more frequently during imaging 

compared to both 30 minute and 60 minute ablation. However there was more SiO nano-wires covering 

almost every part of the graphene sheets as seen on the SEM images Figure 54 (a, b).  

 

Figure 54: (a, b) SEM images and (c, d) TEM images of product of 2 hour ablation period of graphite 

Figure 55 shows the elemental map of the few layer graphene sheets obtained from the 2 hours ablation 

period. It further confirms the nano-wires to be composed of silicon and oxygen. The EDS spectrum 

(Figure 55 (c)) shows the different elements present illustrating the purity of the product produced. The 

peak for copper in the spectrum can be attributed to the TEM Cu-grid. 
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Figure 55: (a) HAADF images of graphene sheets lines with nano-wires, (b) elemental map of the 

HAADF image, (c) EDS spectrum showing element all the elements present in the structure 

Further TEM analysis revealed the presence of many discrete hollow carbon nano-onion. Figure 56 

shows such nano-onions where the structures consists of curved carbon sheets enclosing void typically 

10 – 20 nm in diameter. Such nano-onions were previously observed only upon heat treatments at 

temperatures 2600°C [166] which further confirms the temperature in our reactor.  

 

Figure 56: HRTEM images of carbon nano-onions obtained in the 2 hour ablation experiment 
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4.3 TUNGSTEN DISULPHIDE 

10 mg of tungsten disulphide (WS2) of 99.8% purity from Alfa Aesar was used as a precursor for this 

experiment. The precursor material was vacuum sealed in the inner quartz ampoule which was again 

vacuum sealed in a larger ampoule. The ampoule was positioned under the lamp and ablated for a fixed 

amount of time. The experiment was repeated twice with two different ablation time. The first ablation 

was carried out for 15 minutes and the next ablation for 30 minutes. The product was characterized like 

before and the results from two ablations were compared.  

4.3.1 15 minutes ablation 

TEM analysis of the product revealed presence of many nano-onions in the range of 10 to 100nm in 

diameter as shown in Figure 57. In Figure 57 (a, b) many of the nano-onions do not have a hollow 

centre, the elemental map of such nano-onions (Figure 57 (c)) reveal the centre to be rich in tungsten 

(W) and the edge of the nano-onions containing both tungsten and sulphur. This is further confirmed 

by the EDS spectrum (Figure 57 (d)), which shows that the spectrum taken from the centre of the nano-

onions to have a much higher peak of tungsten when compared to the spectrum taken from the edge of 

the nano-onions. The carbon (C) peak is from the carbon film of the TEM grid and the small oxide (O) 

peak is a part of silica (SiO2) which fell on the product during sample preparation. The copper peak 

(Cu) is larger in the spectrum than was expected since the copper only comes from the TEM Cu-grid 

which is used to hold the sample. The Cu peak is also found to be bigger in the centre of the nano-onion 

(tungsten rich part) and smaller on the edge of the nano-onion. The reason for the bigger Cu peak is that 

since tungsten is a heavy element it causes an increase in strength of Cu X-ray signal in the tungsten 

regions as more electrons scattered by the heavier element (W) interact with the components of TEM 

containing copper, either directly or indirectly [167]. The same phenomenon can be observed in other 

EDS spectrum discussed in this section. 
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Figure 57: (a) BF, (b) HAADF, (c) Elemental map and (d) EDS spectrum of nano-onion found in the 

product after 15 minutes ablation 

Figure 58 (a) shows the HRTEM image of a single nano-onion forming on the edge of a structure. The 

layers of WS2 are folding around a piece of tungsten rich compound. The diffractogram and Fast Fourier 

Transform (FFT) shown in Figure 58 (b and c) are taken from the edge of the nano-onion and are used 

to calculate the layer spacing. The interlayer spacing was estimated to be around 0.64nm which 

corresponds to the (002) crystal plane of hexagonal WS2 [168, 169].  
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Figure 58: (a) HRTEM, (b) Diffractogram and (c) FFT of a single nano-onion 

Figure 59 shows HRTEM images of many partially formed nanostructures of WS2 from the 15 minute 

ablation. Figure 59 (b, c and d) are magnified images of different parts of Figure 59 (a) where some 

partially formed nanotubes can be observed as well as other structures that could potentially form 

hollow nano-onions if given enough time. The 15 minute ablation period may have been too short for 

these structures to completely develop which is why the experiment was later repeated for 30 minutes. 

Figure 60 shows some other nano-onion found in the product which are smaller than those previously 

discussed. These have a diameter ranging between 10 – 20nm. 
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Figure 59: HRTEM images of partially formed nanotubes and nano-onion of WS2 

 

Figure 60: HRTEM images of nano-onions of WS2 
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Analysis of the product also revealed presence of many web-like structures which were primarily found 

in the ablation zone. Figure 61 (a, b and c) shows the SEM images obtained from these fascinating 

structures. The webs look well defined, thin and seem to be growing like a network from a common 

centre since they are all grouped together in different portions of the sample. The TEM analysis and 

corresponding SAED image (inset of Figure 61 (d)) show the structures are crystalline with well-defined 

diffraction pattern with distinct spots. 

 

Figure 61: (a, b and c) SEM images (d) TEM image of web-like structures found in 15 minute ablation 

product 

On further TEM analysis structures like that shown in Figure 62 was found which shows a transition 

between thick sheets and the web-like structures. The elemental map and EDS spectrum from different 

regions of the structure (Figure 62 (c and d) revealed the sheets to be primarily composed of sulphur 

whereas the web-like structure to be rich in tungsten. It is believed the temperature inside the ampoule 

was high enough to allow the WS2 to separate and disintegrate into their elemental form of tungsten and 
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sulphur. The spectrum for web-like structures also show a higher content of oxygen and it is assumed 

the oxygen is involved in some way in this transition process. Further analysis is required to clarify this 

theory. 

 

Figure 62: (a) BF, (b) HAADF, (c) Elemental map and (d) EDS spectrum of web-like structure 
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4.3.2 30 minute ablation 

The experiment was repeated with 30 minutes ablation time to prove the repeatability of the results as 

well as to compare the products obtained with different reaction times. Figure 63 (a, b) shows TEM 

images of graphene-like sheets of WS2 which were not previously observed with the 15 minutes 

ablation. The SAED pattern (Figure 63 (c)) reveals perfect hexagonal structure with distinct diffraction 

spots. The computed inter-layer spacing from the first two circles of the SAED pattern were 0.28 nm 

and 0.17 nm which corresponds to the d-spacing values for (100) and (110) planes respectively [170]. 

 

 

Figure 63: (a, b) TEM images (c) SAED pattern of WS2 sheets 

Figure 64 illustrate the elemental map and EDS spectrum showing element distribution in WS2 nano-

onions found in the 30 minute ablation. The nano-onions are composed of only tungsten and sulphur 

and are devoid of any impurities. The large copper peak in the EDS spectrum had been previously 

explained in the earlier chapters. Figure 65 illustrate the diffractogram and FFT images of a single 

hollow WS2 nano-onions from which an interlayer spacing of 0.64nm was calculated which corresponds 

to (002) crystal plane of hexagonal WS2 [168, 169]. The diameter of the nano-onion obtained is 

comparable to those found in the 15 minute ablation. 
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Figure 64:(a) HAADH image, (b, c) elemental map and (d) EDS spectrum of WS2 nano-onions from 

30 minute ablation 

 

Figure 65: (a) HRTEM, (b) Diffractogram and (c) FFT image of a single hollow WS2 nano-onion found 

in 30 minute ablation 
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Figure 66 shows the elemental distribution of a nano-onion with solid centre. As seen before in the 15 

minute ablation the centre is primarily composed of tungsten metal and edge consists of a mixture of 

tungsten and sulphur.  

 

Figure 66: (a) BF, (b) HAADF, (c) elemental map and (d) EDS spectrum of solid WS2 nano-onions 

with Tungsten centre 

Analysis of the ablated product also revealed presence of the web-like structures as previously seen, 

however the prevalence of such webs were much less compared to the products obtained from the 15 

minute ablation. Figure 67 shows the elemental distribution of a transition phase where the WS2 sheets 

are seen to transform into web-like structures of seemingly pure tungsten metal. The web-like structures 

are devoid of any sulphur as seen from the maps.  
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Figure 67: Elemental distribution of the transition phase of web-like structure of WS2 

The product from the 30 minute ablation also revealed the presence of nanotubes which did not appear 

in the 15 minutes ablation.  Figure 68 shows one such nanotube where the SAED pattern reveal an 

interlayer spacing of 0.64 nm between the tubular walls which is consistent with the (002) planes of 

WS2. The SAED pattern is similar to those previously observed in publications dedicated to WS2 nano-

tube analysis [21, 22]. 
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Figure 68: (a, b) TEM images and (c) SAED pattern of WS2 nano-tube 

 

 

 

 

 

 



88 

 

5.0  CONCLUSION 

Through various experiments in the past and present the lamp ablation apparatus has proved to be a 

powerful photo-thermal reactor which uses high-intensity light as a source of power and is capable of 

producing novel nanoparticles from bulk precursor. Previously laser ablation and solar ablation has 

been able to produce many of the nano-structures which were discussed, this proves the temperature 

inside the reactor reaches to more than 2700K and has similar annealing environments which allow the 

formation of such structures. 

The lamp ablation apparatus was successfully used to synthesize nano-fibres, hollow nano-onion, nano-

platelets, exfoliated nano-sheets, nano-horns and nano-rods from bulk hexagonal BN powders. Next it 

was used to produce highly crystalline graphene sheets and hollow carbon nano-onions from graphite 

precursor. Lastly hexagonal WS2 precursor was used to produce hollow nano-onions, nano-onions with 

tungsten centre, highly crystalline graphene-like sheets, tungsten web-like structures and nanotubes. 

Each of the products were extensively analysed using various microscopy techniques and the nano-

structures were thus characterized. Due to time constraints some of the in-depth experiments and 

analysis were not possible which include purifying experiments to remove the silicon oxide nano-wires 

covering the graphene sheets and microscopy analysis of the transition phase between WS2 sheets and 

webs to better understand the mechanism of the process. 

Lamp ablation process is a single stage reaction process that takes very less time to complete, the 

process is highly economical and is devoid of any toxic reagent or waste. Such properties of this 

technique pose a huge advantage when compared with other procedures currently implemented in the 

market, e.g. various chemical and gas phase reactions, laser ablation or arc discharge methods. 

For future experiments effect of catalyst on the reaction time and products obtained maybe analysed. 

Other improvements can include using a higher powered lamp in order to decrease the reaction time of 

the process which can potentially increase the yield of the product. The experiment can be repeated 

with other bulk materials including molybdenum disulphide and other ceramic materials to form 

different novel structures that can potentially have a high value on the market.    
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An automation process can be implemented in the experiment which will rotate the ampoule through a 

fixed angle at regular intervals. This will remove any human errors which can occur when the ampoule 

is manually rotated by the operators in the middle of the experiment. Also setting up a monitoring 

system near the ampoule will allow operators to observe the changes inside the ampoules and better 

understand the mechanism of formation of different nanoparticles. 

Presently plans are being made to scale-up the lamp ablation process to increase the quantity of the 

product produced so that the technique can be implemented in various industries. The plan involves 

making the whole process continuous rather than the batch production method currently used.  

A limitation of the present experiment is the inability to obtain the actual yield of the product, this is 

because the quantity of precursor used was very small and the method of characterization involved 

mainly SEM, HRTEM, EDS and AFM which revealed the quality of the product and not the quantity. 

Our goal was to identify the different nanomaterials that could be potentially obtained from such 

precursors and to determine the crystallinity and purity of such particles. In future increasing the 

quantity of precursor material will allow us to obtain a greater amount of product from which the 

absolute yield of certain nanomaterials may be determined using methods such as XRD.  

The lamp ablation process due to its many advantages is one of the most feasible process for producing 

nanoparticles and thus has the potential to be used in industries through relevant scale-up. The process 

will open doors to producing nanoparticles through a safer, cheaper and less time consuming method 

which can potentially have a huge impact on the nanotechnology industry.  
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