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Abstract 

The thesis reviews two pyrolysis techniques – ultrasonic spray pyrolysis 

(USP) and laser pyrolysis (LP). The two techniques - USP at the Physics LP at 

the National Laser Centre, CSIR in Pretoria, South Africa – were designed and 

assembled by the candidate for the purpose of producing two related 

materials - VO2 and WO3. The two smart materials find applications in energy 

regulation for air conditioning alternatives, gas sensing for pollution control 

purposes, recording industry and computer memory. The thesis shows the 

pursuit for small particles of these materials in order to see the change in their 

properties at nano-scale. Novel structures that were not expected were found- 

nanowires and nanotips of WO3 and nanobelts and nano-ribbons of VO2. The 

confinement of the  700 cm-1 and 800 cm-1 optical phonons is reported in WO3 

nanowires, enhanced thermochromism of VO2 nano-structures with a 

hysteresis width of 80oC is presented, the 145 cm-1 phonon splitting is 

reported in VO2 nanoribbons and attributed to surface phonons as a greater 

portion of atoms become surface atoms at nanoscale. A number of theoretical 

models have been proposed in order to explain some inexplicable 

phenomena: the new solid-vapor-solid growth mechanism of the nanowires, a 

modified phonon confinement model to suit phonon confinement in nano-

ribbons geometry, a model to relate the hysteresis width in the 

thermochromism of VO2 to the ribbon thickness and grain size based on 

martensitic type of transformations and a simple “charge-up” model to 

predict how hot the laser-aerosol interaction zone gets at various laser power 

settings. More questions have been unearthed and these are also addressed 

and the way forward is proposed. 
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Preface 

In the middle of 2003, while teaching in Blantyre, Malawi, at the Polytechnic 

of the University of Malawi, and after failing to get a normal Malawi 

government scholarship, I made proposal applications to several potential 

sponsors including the World Bank in Washington to conduct research in a 

range of areas of physics – condensed matter and solid state, nuclear physics, 

particle physics etc. – toward my MSc. One of the applications was 

successfully granted by the Joint Japan/World Bank Graduate Scholarship 

Programme for me to study for my MSc at the School of Physics of the 

University of the Witwatersrand in Johannesburg, South Africa under the 

guidance of Dr. Malik Maaza. In February, 2004, I arrived in Johannesburg to 

commence my studies upon which I was given an immediate task to design 

and assemble an ultasonic spray system for the synthesis of thin films. Within 

three months, I had this system up and running and I successfully deposited 

VO2 nanoparticles for the first time. I later also had several samples of WO3 

made from this set up. Upon characterisation with scanning electron 

microscopy, it was found that the particle size for VO2 was about 30 nm when 

my intended particle size was below 10 nm. These resullts, coupled with 

others, were enough for me to submit my MSc dissertation through Prof. E. 

Sideras-Haddad after the now Prof. Maaza had left. 

In 2006, just before submission of my MSc, some scientists, Dr. Andrew 

Forbes, Dr. Sisa Pityana and Mr. Mathew Moodley, from the Council for 

Scientific and Industrial Research (CSIR), Pretoria, South Africa in the 

department called National Laser Centre visited me and Prof. E. Sideras-

Haddad. Prof. Haddad had some unused funds in a project at the CSIR at that 

time that had to be used away or they would be returned to the sponsors. I 

lodged my proposal to use these funds to design and build a system called 

Laser Pyrolysis which would hopefully bring the particle size to lower than 10 

nm- a regime where we expected the VO2 optical and thermochromic 

properties and the WO3 electrochromic and phononic properties to drastically 

change due to size and quantum effects. 
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By 2007 the laser pyrolysis project was running smoothly, thanks to 

Prof. Haddad for the seed funding, with the first report of the realization of 

WO3 nanowires for the first time. I also observed nanobelts in VO2. These 

results were un-intended and un-expected although they were exciting. The 

objectives of the research slightly changed as a result. Since the nanowires and 

nanobelts from laser pyrolysis were obtained only after thermal annealing, 

the question was “would this procedure work for any particles or was this a 

special contribution of the CO2 laser beam?” To answer this question, I 

annealed the WO3 particles from ultrasonic spray pyrolysis. It was 

conclusively shown that it was the procedure of annealing rather than the 

laser that produced nanowires and nanobelt, for these structures were also 

found in ultrasonic spray pyrolysis particles after annealing them.  

Although most of these procedures, results, theoretical models, 

calculations, interpretations and publications (journal papers and book 

chapter) were solely initiated and, often accomplished, by me, there were 

many times when I truly needed guidance from Prof. Elias Sideras-Haddad, 

Dr. Andrew Forbes and Dr. Christopher Arendse among others. There were 

times when Elias and I would be in the scanning elelctron microscopy lab and 

celebrate and mourn together owing to what we would behold. Andrew was 

quite instrumental in providing the optics, laser characterization facilities and 

optical alignment skills. And last but not least, Chris and Elias helped with 

critical analysis of the characterization procedures and also providing 

annealing facilities.  
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Chapter 1 

Vanadium and Tungsten Oxides 

1.2 Introduction 

Just as it was at the ushering-in of the “computer age”, it seems history is 

repeating itself in the ushering-in of what would, in the present study, be 

called the “quantum computer age”. At that time, there were so many 

proposals as to how the computer would work. From Blaise Pascal and his 

calculating machine [1], a bunch of cogs and wheels, to Konrad Zuse [2] with 

the first microprocessor more and more advances and proposals were made 

to improve computation. A computer at that time would occupy a large 

laboratory room with cooling systems to control heating as cogs would move 

and relay the right motion through the assemblage for one single operation. 

The vacuum tube, after the discovery of the electron by J. J. Thompson, was a 

great improvement to the electronics industry. Diodes, triodes, pentodes and 

transistors based on “thermionics”, as it soon came to be called, quickly came 

on the market for device making. The computer was one of the beneficiaries 

of this great achievement. The thermionic transistor, whose operation is based 

on an incandescent light bulb with an anode and a gate, could amplify, 

process and transmit information but at the expense of a lot of energy loss 

through heat. It was only the Nobel-winning silicon semiconductor transistor 

by Brattain, Shockley and Bardeen [3] in 1947 that revolutionalized the 

electronics world by changing the size of the circuits by a great number of 

orders of magnitude. Indeed silicon with its 4-valent bonding, its abundance 
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in nature (sand) and its excellent semiconducting properties emerged as the 

material of choice for the electronics world and silicon still rules this industry 

today. This is the time when physics truly needed chemistry in addition to 

other disciplines to make any project in this area successful. 

 

However, miniaturizing on a silicon wafer seems has reached its limits. 

Moore’s law [4] predicted a doubling of components per unit area on a chip 

every year. This was true for so many years. It has now become clear that the 

rate of miniaturizing is going at a slow pace in the few recent years. It has 

proven difficult to go beyond the micro-electronics where technology is right 

now. This saturation is natural. Problems include current leakage and 

subsequent short circuits as components become very close to each other to a 

distance where tunnelling is possible. The question has been, “What shall the 

next ‘big thing’ be?” 

 

1.2 The Possible Next ‘Big Thing’ 

On the parallel, at the beginning of the 20th century, laws of physics 

that were prevailing at the time, referred to as classical physics at present, 

were increasingly failing to explain a number of newly observed phenomena 

including the blackbody radiation and the so-called ‘ultraviolet catastrophe’, 

the photo-electric effect, the structure of the atom and the like. It was 

apparent that as objects got smaller, their behaviour and properties showed 

steps or “quanta”- some steps allowed and other not allowed. The birth of 
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quantum physics gave the world a revolutionary way of looking at the 

universe – that matter can exist as waves (de Broglie’s wavelength), that 

waves can be thought of as being packets or particles with quite a list of 

names for particles that mediate the four fundamental forces in nature- 

photons, gravitons, Z and W mesons. There are other “particles” that mediate 

other kinds of forces such as phonons for mechanical forces in crystal lattice 

vibrations. 

Combining the miniaturized world of electronics and the right physics 

to explain what happens at that scale is seen as probably the next step to 

another surprise. To overcome the problem of short circuits at sub-micron 

scale, the electronics changes from one of manipulating memory and logic 

operations by moving charge to one of storing and processing information 

through the spin of electrons. This has been coined ‘spintronics.’ This is 

another junction of time when another ‘next big thing’ is possibly about to 

happen. Who is to bring about the first quantum computer chip? In the 

U.S.A., there are about 14 groups working on different projects under the 

sponsorship of the USA defence force in attempt to realise a computer that 

will be employed in quantum communication. Some of the projects on 

spectral hole burning [5], nitrogen vacancy complexes in diamond [6], single 

ion implantation in silicon [7], quantum processing on liquid helium surface 

[8] and so forth. Single ion implantation is accomplished by using an electron 

beam ion trap (EBIT) instrument [9] which is able to copiously and 

controllably produce one-two-three … electron-stripped ions or ions with 



 37

practically no electrons at all around them to the choice of the scientist. These 

ions interact very interestingly with any material they come in contact with. 

They can induce what is called “Coulomb explosion” on surfaces releasing a 

lot of electrons [10], x-rays [11] other atoms synonymous to sputtering [12] 

and in the process forming nano-craters [13] nano-blisters [14] and nano- or 

quantum- dots [15]. On this aspect, the current project (not reported in this 

thesis) has delved into the successful quantification of the electron emission 

from diamond surfaces through the work of Sideras-Haddad et al. (2007) [16]. 

Recently, this project (not reported in this thesis) has also reported diamond-

like nano-structures on the surface of highly oriented pyrolytic graphite 

(HOPG) after irradiation with several types of slow highly charged ions [17]. 

Quantum communication with nitrogen vacancy in diamond, for instance, 

has been demonstrated experimentally [18] by using the zero-phonon-line 

(ZPL) at a wavelength of 575 nm of the photoluminescence of the N-V centre 

in diamond as a source of photons for carrying the information about spin of 

one electron to the other electron a few meters (∼500 m) away. Some of the 

problems with storing and processing information using electron spins have 

been the noise from spin of nuclei that hosts these electrons [19]. Also the 

technology is currently so exorbitant that even a smart scientist let alone one 

from the developing world can hardly afford to take this route. 
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1.3 Nanotechnology-‘The Next Big Thing?’ 

Among the above attempts, nanotechnology has been hailed as one of 

the most promising routes to the realization of quantum information and 

processing. A single electron transistor has been demonstrated [20]. Nano-

science, the study of materials with one of the materials’ dimensions being 

less than 100 nm, is becoming one of the most pursued multi-disciplinary 

fields. Nano-technology is the application of it. The cost-effectiveness and the 

wide range of methods available for practising nano-scale science makes this 

route an affordable one and hence a way to making the anticipated quantum 

computer, if accomplished, available to the general public.  

 

Fig 1.1 Relative abundance of silicon in our galaxy [from 

http://en.wikipedia.org/wiki/File: SolarSystemAbundances.jpg ] 

 

One of the materials that has been earmarked to override silicon has 

been carbon with the same valence as silicon and much more abundant in 

nature than its competitor as shown in Fig 1.1 although silicon is more 
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abundant than carbon in the earth crust. It has been seen that carbon is 

capable of forming different structures: diamond, graphite, amorphous 

carbon, carbon nano-tubes, and fullerenes. Carbon nano-tubes (CNT) were 

known to the public in 1981 by S. Iijima in Japan [21] although other scientists 

are known to have seen these structures in early 1970’s in Russia and other 

countries. A lot of publications on carbon nano-tubes have appeared since 

then including the first FET transistor based on a CNT appearing in a Nature 

journal [22]. The problem with carbon replacing its “downstairs” neighbour 

on the periodic table has been the inability of repeatably producing CNTs of 

the same electronic properties. CNTs can come as metallic or semiconducting 

depending on whether the atomic arrangement, or what is called chirality, is 

armchair or zig-zag or other novel atomic arrangement such bamboo shapes. 

The success of a method for producing good CNTs will depend on going 

around this dilemma. 

On the other hand, there have been other nanostructures based on 

metals and metal compounds. Most metal oxides especially those derived 

from transition metals such as Zn, W, V e.t.c. possess semiconducting 

properties. Metal oxides are more controllable and their synthesis and final 

properties are much more predictable and repeatable than CNTs. It was 

therefore one reason for this project’s interest in inorganic nano-structures. 
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1.4 Vanadium and Tungsten in South Africa 

South Africa, apart from being the world supplier of gold, is the 

producer and supplier of 50% of the vanadium ore on the world market [23].  

 

 

Fig 1.2 Map of South Africa showing the two major region-shown expanded 

by arrows- where the important materials covered in this study are found- (a) 

Okiep district in Northern Cape province known to have WO3 reserves and 

(b) Brits, North West Province where there are mines for Vanadium ores. 
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Mines of such a transition metal are located in Brits in Gauteng 

province on the west of Johannesburg and Pretoria as illustrated in Fig. 1.2. 

Most of this metal ends up in the steel industry where it is used during the 

hardening of iron into steel. Highveld Steel is a company that is currently 

mining about 25,000 tonnes per year of vanadium oxides from a reserve of 

25,000,000 tonnes near Brits in the North Western Province of South Africa. 

This private mining company can make £12 million per year from this ore. 

As for tungsten, China is the leading supplier. South Africa, however, 

is known to have substantial reserves especially in Okiep district in 

Namaqualand. About 1800 metric tones which contained 65.3% WO3 are 

known to have been sampled for further analysis and shipped to Europe from 

this region [24] 

  

1.5 Why VO2, WO3, ultrasonics spray pyrolysis and laser pyrolysis? 

 Tungsten trioxide (WO3) is a very important semiconducting oxide. It 

has a number of properties that are of technological application including 

electro-chromism. This is the effect of change of color of a material when 

electrical current flowing through it, or charge injection, is changed. Electro-

chromism was discovered by Faughnan et al. (1975) [25]. WO3 is the best of 

the known electro-chromic materials. Another very important property is that 

WO3 is also gaso-chromic, that it changes its optical and hence its electronic 

properties in the presence of some gases. It has been observed to be very 

sensitive to NOx, COx, H2S, NH3) [26]. Photo-chromism of WO3 has been 



 42

reported by [27] where it can be used in flat panel displays, UV sensitive 

spectacles and an innumerable list of optical devices. A combination of photo- 

and electro- chromism leads to ‘smart windows’ for homes and offices which 

are able to replace expensive air conditioning systems. Writing – reading – 

erasing optical devices such as CDs and DVDs have been fabricated from this 

material [28]. 

VO2 is thermo-chromic and due to this structural change, depending 

on ambient temperature, VO2 has a myriad of applications: energy efficient 

windows [29], optical disc media and holographic storage [30], bit recording 

[31],  write-erase stable devices  [32],  ultra fast switches (~100 femtoseconds) 

[33], defense/shield and laser protection and laser guided missiles [34]. 

 Thermo-chromism’s application to energy-efficient windows is an 

important application with the promise of such VO2 windows complimenting 

and eventually replacing the current air conditioning systems. This would to 

contribute to the global call for reduction of green-house gases, save energy, 

less reliance on oil for heating and cooling buildings, vehicles, aero-planes 

and space craft. For this cause, this project has been involved in parallel 

efforts in developing new materials and nano-composites for the fabrication 

of solar water heaters. The new composite of carbon allotropes in host of NiO 

has been found to be an efficient absorber of the useful portion of the sunlight 

for heating applications [35-37]. In this area, this project (not reported in this 

thesis) has been involved in the analysis of Raman spectroscopy data for 

nanoclusters of carbon in NiO, ZnO and SiO2 especially the role of phonon 
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(heat) confinement as carbon particle size reduces to nano-scale. Both high 

resolution TEM and Raman spectroscopy showed that the carbon nano-

clusters had an average diameter of 6 nm [37] 

 The original objectives of the study were as follows 

1. To obtain WO3 and VO2 from commonly available precursor solutions 

using the low-cost but highly efficient ultrasonic spray pyrolysis (USP) 

2. To attempt to resolve the conflict between the theory and experiment 

with respect to crystallites sizes by Lang and Jokanovic models and 

XRD/SEM experiments 

3. To improve the resolution of the USP by coupling the setup with a low-

cost gas analyzer 

4. To reduce the noxious gas sensing optimum temperature of WO3 to 

close to room temperature by reducing its grain size 

5. To improve the colouration efficiency of the electro-chromic 

WO3/VnO2n+1 system by trying VO2 rather than V2O5 as the 

complimentary electro-chromic material 

6. To attempt to resolve the conflict in Raman studies of VO2 lattice 

dynamics by rather using neutrons to obtain phonon dispersion 

spectra for mechanical and thermodynamic properties of VO2 

 

These objectives have since been reviewed and modified to suit the current 

study. Objectives 1 and 2 have been accomplished and reported in 

Mwakikunga et al. [38, 39]. For the sake of completeness, some of the new 
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findings with regard to these two objectives will be reviewed in Chapter 2. 

For instance, Objective 1 was transformed to the following: 

 

7. Reduce the particles to nanoscale by switching from Ultrasonic Spray 

Pyrolysis (USP) to Laser Pyrolysis (LP) 

 

Objective 3 was accomplished by the direct observation of the phases present 

at the period of deposition as manifested by the multi-colour deposition in the 

exhaust quartz tube which was reported [40,41]  

8. Study thermo – chromism of VO2 of varying particle size 

9. Size effects on the electro – chromism/ gas sensing properties of WO3 

By switching from USP to LP in objective 7 it was hoped that the particle 

size of either VO2 or WO3 material would reduce to below that which could 

be found by USP. USP and LP are reviewed in Chapter 2. 

When the LP experiments were realized, the particle size as seen by SEM 

increased to an average diameter of 1.5 µm! When these so-obtained particles 

were further annealed the particle size increased up to an average diameter of 

2 µm. This was seen as due to agglomeration. However, amidst the large 

spheres were one-dimensional nanostructures. WOx was found to 

preferentially self assemble into nano-wires of diameters from 14 nm up to 72 

nm with the most probable diameter of 51 nm as reported in Mwakikunga et 

al. [40]. For VOx, it was discovered that it would preferentially form belts and 

ribbon-like nano – structures. The WOx nano-wire vibrational (phononic) 
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properties and the VO2 nano-belt thermo-chromic properties and their growth 

procedures by laser pyrolysis were reported in Mwakikunga et al. [41]. These 

properties were compared with the optical, vibrational and thermo-chromic 

properties reported in Ref. 41 and these are briefly reproduced in Chapter 3 of 

this thesis. The growth of particles by laser pyrolysis into nano-wires and 

nano-belts only happened after thermal annealing in a specific environment. 

This gave a clue as to the possible role of annealing in the one-dimensional 

growth among other unknown parameters in the laser interaction with the 

precursors. Then some samples that were synthesized by ultrasonic spray 

pyrolysis were revisited and were taken for thermal annealing using the same 

annealing procedure used in the LP samples. For WOx nano-spheres grown at 

100, 200, 300, 400, 500, 600 and 700oC, the annealing process, which is 

explained in detail in Chapter 4, produced the 500oC sample as an optimum 

sample with a substantial population of W18O49 tip-like nano-wires. Structural 

properties of these nano-tips were studied by TEM and the stoichiometry 

determination by selected area electron diffraction will be explained in 

Chapter 4. The results from this work were reported in Ref. 42. There was 

need to introduce a new growth mechanism as these wires were grown by a 

totally unique process other than the growth mechanisms available in 

literature. For the first time, the current project proposed the so-called Solid-

Vapour-Solid mechanism of growth as discussed in Mwakikunga et al. [42]. 

Recently this mechanism has been followed-up by comprehensively re-

looking at the WOx nano-wires grown by LP in different carrier gas 
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environments. In this recent work, statistical-mechanical aspects of the SVS 

mechanism were followed-up and, the model developed there-from, was 

used to fit the nanowire length-and-diameter data. This has been reported in 

Mwakikunga et al. [43] and most of this discussion is made in Chapter 6. 

Recently dense nano-ribbons of VO2 were discovered in some samples grown 

by USP. Luminescence and thermo-chromic properties have been performed. 

Selected area electron diffraction and high magnification TEM has been 

conducted. Some of these ribbons have been characterized preliminarily by 

non-contact mode AFM and they have been found to be as thin as 10 nm on 

average. Raman spectroscopy is expected to produce interesting size-

dependent phonon confinement properties in these ribbons. These phonon 

structure studies are related to gas-sensing, thermo-chromic and electro-

chromic properties. It is shown here how phonons have a role in 

understanding gas-sensing, thermo-chromism and electro-chromism in 

Chapter 6. Concluding remarks, the proposed outlook and possible future 

student project spin-offs from this work are suggested and presented in 

Chapter 7. 

With these properties, most of the objectives can be said to have been met 

to a satisfactory degree of fulfillment. To help with reading, the publications 

pertaining to this work have been attached in the Appendices. 

 

 

 



 47

Chapter 2 

Progress in Ultrasonic Spray Pyrolysis and Laser Pyrolysis 

 

This chapter shows the versatility of an old technique that is based on the 

phenomenon of sound and how sound interacts with matter in liquid state. It 

also shows how this phenomenon is employed in the synthesis of nano-sized 

materials in chemical vapour synthesis. The chapter shows the overwhelming 

progress ultrasonic spray pyrolysis has achieved and the future challenges 

that lie ahead. 

Chemical vapour thermal deposition methods form one of the largest 

groups of techniques for realising a variety of materials in condensed matter 

science. The starting material is either a gas or liquid carefully chosen to end 

up into a stoichiometric material desired. The general process entails a source 

of chemical vapours/droplets which are carried into a heated zone for 

evaporation and decomposition and finally ending up either on a substrate 

(for thin films) or a filter (for powders) as shown in Fig. 2.1. When dealing 

with vapours/gases as starting materials, the method is usually referred to as 

chemical vapour deposition (CVD) and there are many forms of CVD; 

whereas the term “spray pyrolysis” (SP) is used when dealing with liquid 

droplets as precursor materials.  

The word pyrolysis is taken from a Greek word “pyre”1 which means 

“a pile of fuel or pile of wood” with specific reference to heating by flame 

                                                 
1 A reference from the book of The Exposition of the Seven Church Ages by William Marrion Branham states “… 
In fact, Polycarp, the first bishop at Smyrna was martyred and people had to carry the wood that would make his 
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[44]. Since such heating raises the precursor material to a plasma state where 

radicals, electrons and ions prevail, this process can be used in in-situ spectral 

analysis of elemental composition of the precursors in addition to the 

decomposition mechanisms, reaction kinetics and formation of new 

condensed matter. The source of heat can be a furnace (thermal CVD), a hot 

wire/filament (HWCVD, HFCVD), an intense light source such an I.R. CO2 

laser or a UV excimer laser (laser pyrolysis LP), plasma source (plasma 

enhanced PE-CVD), an I. R. lamp or, simply, a heated substrate.  

A number of previous review articles have been presented on different 

forms of CVD: thermal CVD [45-54], plasma enhanced PE-CVD [55-63], hot-

wire or hot filament (HWCVD or HFCVD) [64-71] and not many of them have 

been as exhaustive in their respective areas. Pyrolysis, although classified 

under CVD in some text, has become a wide area of research and technology 

covering synthesis of new products, qualitative and quantitative 

spectroscopic analysis of fluids and, lately, alternative route to production of 

debri-free x-ray sources; these aspects are elaborated further in the sections 

that follow. In spray pyrolysis the droplets or vapours can be generated either 

by pneumatic nozzles in whistle-type sprayers or ultrasonic nebuliser. 

 

 

 

 
                                                                                                                                            
funeral pyre…” [page 112 paragraph 3]; also from the Hebrew Lexicon, “ a pile of fuel, pyre, a pile of wood”; as 
well see Isaiah 30:33. With the advent of the laser, where low-level laser power leads to atomic dissociation 
without necessarily having a flame, the meaning of pyrolysis has slowly changed meaning to include this new 
class of reactions, pyrolysis for chromatography and time of flight experiments 
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Fig. 2.1 An illustration of generalized chemical deposition methods 

 

In the former the process is simply called spray pyrolysis (SP) and in the latter 

case, the process assumes the name “ultrasonic spray pyrolysis” (USP). An 

article on the versatility of spray pyrolysis by Pramod Patil [72] among other 

aspects tabulated publications up to early 1999 listing materials and spray 

pyrolysis parameters. Other reviews have been on specific materials 

employing spray pyrolysis as one of the wide range of methods used in 

producing such materials: superconductors [73], semi-cokes [74], ceramic 

nano-composites [75], carbon nitride films [76], and magnetic nano-particles 

[77, 78]. The present review chapter will restrict its discussion to ultrasonic 

spray (USP) technique on a wide range of materials especially from 1999 to 

the present and on laser spray (LP) pyrolysis.  This is a period that has seen a 

lot of improvements to pyrolysis techniques to the extent that structures with 

new shapes and novel growth dimensionality have been produced in a 

controlled manner. The scarcity of specific review papers in a period like this 

one where numerous publications pertaining to materials synthesis by 
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various versions of pyrolysis was the main motivation of the present 

compilation. First, a historical outline of the droplet generation phenomenon 

by ultrasonic nebulisation is given. This has not been covered in most 

previous reviews except by Yule et al. [79], Barreras et al. [80] and Nevolin 

[81]. These reviews have not covered pyrolysis but restricted themselves to 

the nebulisation phenomenon. The triumphs and challenges in ultrasonic 

spray pyrolysis are also presented. A tabulated literature survey and data-

base from 1999 to 2008 is given and some unsolved problems in pyrolysis for 

materials processing with regard to droplet and particle size under different 

pyrolysis parameters are discussed.  

 

2.1 Ultrasonic nebulisation phenomenon 

Ultrasonic atomization is a very effective method for production of 

ultra-small droplets and, after the droplets are pyrolyzed, the realisation of 

nano-sized materials. Quantum dots have been produced by spray pyrolysis 

[82]. Three approaches are common in the droplet production: (1) passing the 

liquid across a standing ultrasonic wave, (2) depositing the liquid over an 

ultrasonic transducer and (3) immersing a focussing ultrasonic transducer in 

the liquid in such a way that the liquid depth is equal to the focal length of the 

ultrasound lenses in the transducer. 

Generation of droplets by means of ultrasonic waves was first reported in 

1927 by Wood and Lomis [83]. A number of mechanisms have been proposed 

to explain this phenomenon. At low excitation frequencies (20 - 100kHz), we 



 51

can imagine that only surface atoms respond to form droplets; such waves are 

called capillary waves. At higher excitation frequencies (0.1- 5 MHz) and 

intensities, bulk atoms of the liquids come into play and this effect is called 

cavitation.  

 

2.5 Capillary wave mechanism 

The capillary wave proposal enjoyed intense research interest from the 

first known studies by Faraday [84] in 1831 to the present. It was Lord Kelvin, 

as elaborated in Rayleigh’s book [85] in 1871, who derived the well-known 

equation for the wavelength of capillary waves as 
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Here, λ is the wavelength, σ is the surface tension, ρ is the liquid 

density and f is the frequency of the surface waves. This equation was later 

modified by Rayleigh [85,86] to give 
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Note that F which is equal to 2f is not the frequency of the surface 

waves but rather the frequency of the forcing sound. The fact that the 

frequency of the surface waves is half the exciting frequency was empirically 

obtained from experimental measurements. Numerous experimental workers 

in the 1950’s [86-92] pointed to unstable surface capillary waves as the origin 

of droplet formation relying on the simplified linear instability analysis. The 

1962 experimental determination by Robert Lang [93] of the relationship 
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between the wavelength of the capillary waves and the size of the droplets so 

formed spurred the capillary wave mechanism to greater heights. Lang 

showed that the droplet size, DL, and the capillary wave length λ were related 

by the empirical equation 

λ34.0=LD          (2.3) 

The subscript L in Eq. 3 signifies the Lang’s droplet diameter in distinction 

from other droplet diameter symbols to follow. Extra support from 

Sindayihebura & Bolle [94] in 1998 brought more assurance that capillary 

waves were probably the main mechanism. How drop formation may occur 

by unstable surface capillary waves was illustrated schematically as 

reproduced in Fig. 2.2 and this phenomenon is usually called the Taylor 

instability [95]. In the Taylor instability the liquid capillary waves are 

composed of crests (peaks) and troughs. Atomization takes place when 

unstable oscillations tear off the crests of the capillary waves away from the 

bulk of the liquid. Thus the droplets are produced at the crests whose size is 

proportional to the wavelength. 

A major revision to the Lang’s equation was done by Peskin & Raco 

[96] in 1963 and later, 1996, by Jokanovic et al. [97] who, rather than adopting 

an existing empirical equation, chose to derive a general equation from first 

principles. The analysis especially by Jokanovic et al. started from applying 

the Bernoulli’s equation to an incompressible fluid of density, ρ, surface 

tension, σ, under pressure, p, due to an ultrasonic excitation, f, from a depth, 

y, and thereby generating a disturbance of amplitude, ξ(x,t) given by 
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In this equation, ϕ is the rate potential. The boundary conditions 

employed were that when y = -h, v = 0 and ∂ 2ϕ/∂x2 = 0 then 
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Fig. 2.2 A sketch showing idealized droplet formation from standing-wave 

crests showing one period of wall vibration. Note that Ref. 53 carried out a 

thorough stability analysis of wave formation which included the film 

thickness, h, wall-vibration amplitude, a, and viscosity, µ in addition to the 

parameters of forcing frequency, f, surface tension, σ, and liquid density, ρ, 

which were in the original work of Kelvin as reported in Ref. 43. Permission 

from The Royal Society, A. J. Yule & Y. Al-Suleimani, Proc. R. Soc. Lond. A 

456, 1069 (2000)  
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Here, cJ is a constant, kJ was taken to be the wave-number (2π/DJ) 

where in turn DJ is the Jokanovic’s aerosol droplet diameter (again to 

distinguish it from that of Lang above). The Mathieu’s function was then 

adopted which was observed to explain the typical shape of the relationship 

between the amplitude of the oscillation of the meniscus surface and the 

wave-number. The Mathieu’s function was given as 
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The solution of Eq. 2.6 for h >> ξ(x,t), that is, for small disturbances, 

found by Jokanovic was seen to be similar to that previous found by Peskin & 

Raco using a different analysis route (not reproduced here) 
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Note that the relationship between droplet diameter and the Kelvin 

relation for capillary wave length can also be derived from dimensional 

analysis as shown in by Mwakikunga et al. [38] given as 
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Where kM is a dimensionless constant which according to Lang is 0.68π1/3 

while, according to theoretical derivation by Peskin & Raco and Jokanovic, 

the constant kM is equal to π1/3. This means the droplet diameter as calculated 

by Lang’s equation is smaller by the factor of 0.68 in comparison with that 
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determined by Jokanovic’s equation. Jokanovic et al. were able to show 

experimentally that their freshly derived equation yielded better agreement 

between calculated and experimentally determined droplet sizes. It must also 

be noted that Jokanovic et al. have arrived at Eq. 2.7 using various forms of the 

equation of motion of the liquid at the surface including one given by [98] 
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However, a number of more recent studies employing ultrasonic spray 

pyrolysis (an application to be discussed in the next section) and using either 

the Lang’s empirical formula (Eq. 2.3 and/or the Jokanovic’s revision Eq. 2.7) 

have shown that both equations have limitations. A serious conflict between 

theory and experiment reported by Nedeljkovic et al. [99] states:  

“Comparison of the theoretically [dJ = 195 nm, dL = 132 nm] obtained 

results with the experimentally determined [dexp =286 nm] regardless of 

the equations being used for the determination of the aerosol droplets 

diameter undoubtedly shows that there is a substantial difference 

between the theory and the experiment, if the theoretical density of the 

particles packing was assumed…” 

And also according to Saponjic et al. [100] 

“Significant differences between the experimentally determined (285 

nm) and the theoretically predicted values of the mean particle 

diameter (132 nm and 195 nm) were found indicating that the powder 

was highly porous…” 
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 The reasons for this gross under–estimation by the theory of the 

experimentally determined particle size could be  

(1) the basic assumption in the Kelvin wavelength on which both the Lang’s 

formula and that of Jokanovic et al. are based and  

(2) the absence of the dependence of droplet size on liquid viscosity and the 

volumetric flow rate which is contrary to experimental observations.  

This calls for the consideration of the liquid’s bulk properties in the 

models. These shortfalls are discussed in the unsolved problems in USP in 

section. 

 

2.6 Cavitation mechanism 

Cavitation theory is necessary in explaining the capillary wave hypothesis. 

Cavitation hypothesis is generally applied to high frequency and high energy 

intensity systems. When a liquid is irradiated with an intense ultrasound 

field, cavitation bubbles are formed. During the implosive collapse of these 

bubbles near the surface of the liquid, high intensity hydraulic shocks are 

generated which in turn initiate disintegration into droplets. At such large 

intensities the excitation is beyond the liquid surface but extends into the 

liquid bulk contrary to the capillary hypotheses. Properties of the liquid bulk 

such as viscosity come into play as parameters affecting the nature of the final 

droplet. Sollner [101] was probably the first in 1936 to explain Wood & 

Loomis’s ultrasonic atomization demonstration in terms of cavitation 

produced under the liquid film. While Lang and the other workers developed 
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the capillary hypothesis, the cavitation hypothesis was almost abandoned 

thanks to Eknadiosynats and co-workers [102,103] who resumed this area in 

the mid-60’s. Several studies after these tried to combine both hypotheses 

[104-108]. The effect of viscosity and surface tension on the Taylor instability 

has been studied [109], that the rate of growth of amplitude disturbance is 

affected by viscosity has been observed [110], the increasing importance of 

viscosity as surface tension decreases has been suggested [111] and the effects 

of density, viscosity, interfacial tension and relative fluid velocity on drop 

formation have been elaborated by Clark [112,113]. Another empirical 

equation for the prediction of the droplet size at high liquid flow rates was 

proposed in 1978 by Mochida [114] as 
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In this equation, σ and ρ have the usual meanings, µ is the viscosity 

and Q is the volumetric flow rate of the liquid. However, this equation does 

not account for the excitation frequency. Clark found that the dependence of 

droplet size on viscosity roughly followed the proportionality 

303.0166.0 −≈ µD         (2.11) 

Tsai et al. [115] found in 1996 that droplet size and volumetric flow rate 

were correlating approximately thus 

30.025.0 −≈ QD         (2.12) 

This was quite in conflict with Mochida with his exponent being outside the 

range set in the Tsai et al. improved measurement. 
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2.7 A Combination of Capillary and Cavitation hypotheses 

More careful observations have shown that apart from the traditional 

parameters of surface tension, viscosity, density, forcing frequency and 

volumetric flow rate additional parameters such as geometry of the vibrating 

surface, the amplitude of the oscillations, the intensity of the ultrasound 

power or the energy density have a lot to do with the size of the droplet so 

produced. To this end Rajan and Pandit [116] in 1996 developed a new 

correlation equation to take into account some of these extraneous parameters 

and was found to be 
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The symbols A, We, Oh, IN are respectively the surface area of the droplet, the 

Weber’s number (the number that describes atomization), the Ohnesorge’s 

number (or the viscous number) and the intensity number (the number 

affected by the geometry of the vibrating surface) defined in the following 

expressions: 
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Most symbols have usual meaning but Am is the amplitude, vs is the 

speed of sound. Three alternate correlations to Eq. 13 (labelled here as E) were 

derived by Rajan and Pandit [116]:  

(1) using the Rayleigh instability criterion,  

(2) using the Walzel relation and  

(3) using Davies approach respectively labelled, in this review, as F, G 

and H below.  
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A parity plot is one of the most convenient graphical techniques for 

evaluating the theoretically calculated quantity and the experimentally 

observed quantity. Rajan and Pandit [117] also presented parity plots for 

correlations E and H and we reproduce them in Fig. 2. 3  

From the parity plots one sees that most points are below the equality 

line signifying that the measured drop size is mostly less than the calculated 

drop size. This means that the Rajan-Pandit correlations are over-estimating 

the observed droplet size. 

Avvaru et al. [117] have recently, in 2006, modified Eq. 2.13 to suit the 

so-called “Newtonian viscous liquids” given as 
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In order to validate their theory, one of the Newtonian liquids  glycerine   

was used in their study and the parity plots done using correlations E and H 

were presented and are herein reproduced in Fig. 2.4. In comparison with the 

Rajan-Pandit parity plots, one can clearly see a remarkable improvement in 

the alignment of the calculated –experimental points to the equality line. 

 

 

 

 

 

 

 

 

Fig. 2.3 Plots for correlations E and H of water droplets. The dotted line is a 

line that indicates the points where calculated quantity is exactly equal to the 

experimentally measured quantity. 
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Fig. 2.4 A typical parity plot for a Newtonian liquid, glycerine (From Ref. 

117). 

However, one can also see departure from the ideal equality line when 

droplet diameters exceed 400 µm. Therefore beyond this point the Avvaru 

correlation over-estimated the droplet sizes. Also even within the region 

where there is apparently good agreement, more points are above the equality 

line indicating that, in this region (200 – 350 µm), the Avvaru correlation 

under−estimated the droplet size. Overall, however, the Avvaru correlation is 

a big improvement over that of Rajan-Pandit. Avvaru et al. are also able to 

confirm and demonstrate the presence of cavitation in the droplet ejection by 

arranging an ingenious experiment. In this experiment, the ultrasonic 

generator is tilted horizontally and the force of droplet ejection is balanced 

with the environmental drag force from which the ejection velocity is 
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determined. Using their so-derived differential equation, they are able to 

show that the Newtonian liquids such as glycerine yield an ejection velocity 

of 12.6 ms-1 whereas the non-Newtonian liquids yield an ejection velocity of 

3.5 ms-1. In both cases the ejection velocity is higher than the cavitation-less 

ejection velocity of 0.144 ms-1 which is attributed to capillary theory. 

 

2.5 Effects of Pressure and Temperature on Surface Tension, Density and 

Viscosity 

With improvements of the theory, it is hoped that the future is bright 

with regard to understanding the phenomenon of ultrasonic generation of 

droplet from liquids. One of the many unsolved problems concerning the 

droplet size as a function of the liquid properties of surface tension, σ, 

viscosity, γ, density, ρ and so forth involves finding from thermodynamics 

how these properties vary when the liquid temperature and pressure change. 

In Mwakikunga et al. [Ref. 38], such a temperature–and–pressure dependent 

droplet size was dealt with by considering that droplet size took the 

expression in Eq. 8. Eq. 2.20 could also be re-written in the like manner as 
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2.6 Surface Tension as a Function of Temperature and Pressure 

One of the earliest experimental studies on surface tension 

determination at varying pressure was carried out by Lynde [118] in 1906. In 
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this study the surface tension at the interface between two liquids was 

determined via the derived equation 

( )122
cos ρρθσ −= tubeDrH

      (2.22) 

θ was the angle of contact, HD was the difference in height between the two 

liquids in the manometer, rtube was the radius of the capillary tube and ρ2, ρ1 

were densities of the two respective liquids. Taking a differential of Eq. 22 

with respect to pressure p, Lynde got 
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By dividing Eq. 23 by Eq. 22, Lynde arrived at the following expression 
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The first term on the right hand side of Eq. 2.24 was measured 

experimentally by observing the change in height at varying pressure. The 

second term was determined from compressibility factors of the two liquids at 

varying pressure since dρ/dp is compressibility factor in the first place. With 

these measurements, Lynde was able to establish that a plot σ -1(δσ/δp) versus 

p was a positive linear graph for mercury–water system and for mercury–

ether system. The same was a negative linear plot for water – ether system 

and for chloroform–water system. However, for the carbon bi-sulphide – 

water system a parabolic line-shape was obtained. These results showed that 
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the surface tension–pressure relation depends on not only on the liquid types 

but also on how the liquid densities vary with pressure which is discussed in 

the next few pages. For the case where the σ -1(δσ/δp) versus p graphs are 

linear,  

pk
p σδ

δσ
σ

±=1
        (2.25) 

kσ is a proportionality constant in Pa-2. Surface tension can then be written in 

terms of pressure as follows: 
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σ0 is the surface tension at atmospheric pressure p0. Sachs et al. [119] in 

1995 summarized all σ-p data from methane-water system up to that time 

[119-123] and their charts are reproduced in Fig. 2.5  

For one to see the effect of temperature on surface temperature, one 

can turn to the important work of S. J. Palmer [124] in 1976.  Palmer’s theory 

based on  

(1) the calculation of the difference in energies of interaction between 

molecules in bulk and those on the surface or ‘excess energy’  

(2) the minimum potential energy of these molecules due to a balance 

between attractive and repulsive forces at a critical temperature Tc.  

The derivation led to the following expression: 
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Fig. 2.5 Pressure and temperature dependence of the surface tension σ in the 

system methane-water; all data published in Ref. 119 until 1995. ∆, Ref. 120; •, 

Ref. 121; ⊕, Ref. 122 and o, Ref. 123. 

 

Where n and N0 are the co-ordination numbers or the number of 

nearest neighboring molecules around one molecule in bulk and on the 

surface respectively, ρ is the density of the liquid, M is the molar mass of the 

liquid and kB is the Boltzmann’s constant. 

It was shown in Mwakikunga et al. [Ref. 38] that based on fundamental 

thermodynamics, the general relationship between surface tension and 

temperature is given as [125-127] 

( ) T
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where H is the energy required to increase the area of the liquid in contact 

with air by a unit area. It should be noted that H is always positive. Since σ 

always decreases as T increase, in accordance also with the Palmer equation 

in Eq. 2.27, then the derivative dσ/dT is always negative. It can be shown that 

Eq. 2.28 carries the same meaning as Eq. 2.27 with H = (n/4)(N0ρ/M)2/3kBTc and 

dσ/dT = -(n/4)(N0ρ/M)2/3kB. Based on the two separate relationships of surface 

tension as a function of pressure according to the current generalization of 

Lynde’s empirical study and temperature from Palmer’s theory, one can write 

a combined relationship as follows 
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However, from Lynde’s experiments, it is difficult to ascertain the σ-p 

relationship since the nature of dependence is also dependent on the ρ-p 

dependence which was not yet known but which will be shown in the 

sections that follow. Also in Palmer’s theory, density of the liquid is assumed 

constant with temperature. However, so far this could be the only equation 

that combines the effect of pressure and temperature on surface tension.  
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Fig. 2.6 Surface tension as a function of temperature and pressure for 

glycerine [From Park et al., J. Phys. Chem. (2007)] 

 

There have been other recent σ(p,T) equations specific to some materials such 

as the one by Park and co-workers [128] who showed empirically the effect of 

surface tension of polystyrene droplets in supercritical carbon dioxide which 

was found to be  

( ) pTpTTp 510596.20100.00559.07032.38, −×+−−=σ    (30) 

And which was true only in the temperature range from 170oC to 210oC and 

from pressure of 500psi to 2500 psi. Their experimental results on σ(p,T) were 

plotted on a chart which is reproduced in Fig. 2.6 
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An article on surface tension given by Escobedo & Mansoori (1996) 

[129] based on the 1923 proposal by Macleod that surface tension of a liquid 

could be expressed in terms of its vapour ρ and liquid ρv densities thus: 

 

( )4
vρρσ −Π=         (31) 

    

Where Π is called the parachor. Although it was thought to be a constant but, 

lately, it has been realized that parachor is in turn temperature dependent 

since both surface tension and density are temperature dependent. From 

statistical calculations, Boudh-Hir & Mansoori (1990) [130] derived an 

expression for Π of the following nature: 
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     (2.32) 

 

where B is an exponent, the subscript c denotes the critical temperature 

values, z is the activity, µc is the chemical potential, h is the Planck’s constant 

and ζ(τ, ρ, ρv) is a statistical-mechanical function that shows liquid surface 

tension dependency on its liquid-state and vapour-state densities and 

temperature.  
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Another theoretical and empirical study of the surface tension data by 

Pandey [131] of ternary liquid system comprising liquid nitrogen, liquid 

oxygen and liquid argon revealed the relation to take the form a relation 

developed by Brock & Bird in 1955. This expression for non-polar liquids was 

derived by utilizing the power law concept applicable to temperature away 

from the critical point and is here given by 
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Pc, Tc and Zc are respectively critical temperature, pressure and 

compressibility factor. 

 

2.7 Density as a Function of Temperature and Pressure 

When one needs to consider the effects of pressure on density, 

thermodynamical equations of state (EOS) are used. Wong et al. (1996) [132] 

used the van der Waal’s EOS to study the pressure and temperature effects on 

density of liquid lubricants. They found that density increases with increasing 

pressure but decrease upon a raise in temperature as confirmed by their 

experiments. The van der Waal’s equation of state for a real gases was used to 

find the ρ(p,T) expression which was used to modify the droplet equation in 

Eq. 2.8 [38].  An improved and more appropriate EOS for liquids was  
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Fig. 2.7 Sketches in Mathematica of how density varies with (a) pressure and 

(b) temperature from Eq. 34 (Density values are not realistic and are not 

specific to any materials) 

 

proposed by Redlich & Kwong in 1949 [132 (b)] that accurately predicts 

densities of fluids thus 
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δ is a parameter which further depends on temperature. By finding ρ as the 

subject of this equation, one can find the expression of density as a function of 

temperature and pressure and this variation of density is sketched in Fig. 2. 7 

(a) and (b) 

 

2.8 Effect of Pressure and Temperature on Viscosity of Fluids 

The principal observed qualitative facts are that  

(1) all gases at ordinary pressures become more viscous as the 

temperature is raised,  

(2) most liquids become less viscous as the temperature is raised,  

(3) highly compressed gases resemble liquids, they become less viscous 

and  

(4) for a few liquids (such as liquid helium and liquid sulphur). 

There is a range of temperatures over which the viscosity increases as 

the temperature is raised. As was the case with surface tension, the variation 

of viscosity with pressure is expected to be one of the inverse nature. 

It is known from Wright [133] that, as early as 1886, Reynolds 

proposed an expression for the change of viscosity with temperature for 

liquids and compressed gases given as 

( )Tconst /.exp∝µ         (2.35) 
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Fig. 2.8 Variation of viscosity with pressure and temperature (a) and 

temperature (b) for jet lube Mil L23699 (open circles) and a traction liquid 

(closed circles) [S. Bair et al. (2001)] 
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This was based on the observation of the similarity of viscous flow to 

diffusion (diffusion coefficient is given by D being ∝ exp(const/T) and also by 

regarding the flow of molecules past each other as analogous to a chemical 

reaction (the effect of temperature on the rate of chemical reaction R being 

also ∝ exp(E/RT) where E is the activation energy).  The general form of the 

pressure [134] and temperature [135] dependence of viscosity has been known 

for at least 50 years. Viscosity is now known to vary with temperature in a 

greater than exponential manner and temperature –viscosity equations 

generally allow for an unbounded viscosity at some characteristic 

temperature. At high pressure, the pressure-viscosity response is likewise 

greater than exponential, often following a less exponential response at low 

pressures [135]. 

Fein [136] considered that the low shear viscosity, µ, was an 

exponential of fluid density. Later, the so called “free volume model was 

developed [137]. A viscosity model that can describe the temperature and 

pressure response is the pressure modified equation introduced by Yasutomi 

et al. using the free volume model [138] given here as 
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µg is the viscosity at a glass transition temperature Tg given by the expression 

in the triangular brackets. The expression in curly brackets is the relative free 
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volume expansivity and A1, A2, B1, B2, C1, C2 and Tg0 are parameters that are 

determined by fitting Eq. 2.36 to experimental data for a specific fluid. Eq. 

2.36 suggests that increase in pressure raises viscosity whereas the raise in 

temperature drops viscosity as shown in Fig. 2.8 

 

2.9 Final Droplet and Particle Size Formulae 

 

Every ultrasonic transducer/nebulizer generates heat into the liquid which it 

is intended to produce droplets from. Since ultrasonic spray pyrolysis set-ups 

are closed systems, an increase in the temperature accompanies an increase in 

pressure. The subsequent increases in temperature and pressure affect the 

density, surface tension and viscosity. As such the droplet size, which is 

heavily dependent on these parameters, is also affected. In this section, the 

study on how these changes in temperature and pressure in the precursor 

liquid would affect the droplet size and hence the final particle sizes after 

pyrolysis are consolidated.  

From sections 2.1 to 2.3 is seen that all the three parameters decrease as 

temperature is increased. However, as pressure is increased, only surface 

tension decreases; the other two parameter- density and viscosity- increase.  
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After substituting the pertinent parameters, the droplet size can be 

written in terms of the temperature and pressure dependent liquid density, 

viscosity and surface tension as  
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The density-temperature function was adopted from the Redlich-

Kwong equation in Eq. 2.34, surface tension was taken from the presently 

derived expression from Lynde and Palmer theories given in Eq. 2.29 and 

viscosity-temperature profile was determined from Eq. 2.36. Eq. 2.37, plotted 

in Fig. 2.9, shows the variation of droplet size as a function of liquid 

temperature. The droplet size decreases as temperature is increased.  

The small changes in liquid pressure in a typical pyrolysis session lead 

to very small changes in surface tension, density and viscosity and hence on 

the droplet size. The droplet-size versus liquid pressure is therefore not 

shown. 

 



 76

 

 

Fig. 2.9 A Mathematica plot showing the variation of droplet size with liquid 

temperature  

 

2.10 Theory of Pyrolysis for Materials Processing 

Pyrolysis is an application of the phenomenon of droplet generation 

from liquids by ultrasound waves. It involves materials deposition by 

carrying the so-produced liquid droplets into a heated zone where the 

droplets undergo (1) evaporation, (2) decomposition (3) reaction into new 

products and (4) condensation of the new product onto a filter or a substrate.   

The theory of transitions of the liquid precursor droplet of initial 

diameter, D, in the heat field and the consequent transformation into a new 
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material particle of diameter d is simple. During the preparation of the 

precursor solution suitable for spray pyrolysis, a precursor material of mass  

 

Fig. 2.10 Experimental observation of the dependency of droplet and hence 

particle size on nebuliser frequency (a) and precursor concentration (b). From 

S. Gurmen et al., Mater. Res. Bull. (2006) Ref. 139 

 

mpr is dissolved in a solvent so that if the concentration of this precursor in the 

solvent is cpr then 

3

3

4
. Dcm prpr π=         (2.41) 

D is dependent on both frequency of the sound and the concentration of the 

precursor as shown in the previous sections and as illustrated in Fig. 2.10 

After pyrolysis–dissociation and decomposition – the precursor 

material, a remnant of evaporation, is further reduced to the final particulate 

of mass of mp plus other species that mostly are in gaseous state and hence 
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evaporate off without depositing. The particulate mass after assembly can be 

written as 

pr
pr

p
p m

M

M
m =         (2.42) 

Mp and Mpr are the molecular masses of the final particle and the precursor 

material respectively. Assuming that the initial liquid precursor droplets and 

the final solid particles are spherical Eq. 2.41 and Eq. 2.42 can be combined to 

give 
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d is the final particle diameter. This simplifies to the following equation 
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Eq. 2.43 has been widely used by a number authors employing ultrasonic 

spray pyrolysis in production of nano-particles to predict the final particle 

sizes.  

 

2.11  Ultrasonic spray pyrolysis 

USP as an application of the ultrasonic droplet generation 

phenomenon has attractive features, like the traditional spray pyrolysis, of 

simplicity, economic viability, high deposition rate, possibility of coating over 

large areas and continuous operation [38]. But unlike other commonly known 

pneumatic atomizers, it has been described to possess the advantages of “… 

chemical purity and stoichiometry” and allows a narrow distribution of 



 79

particle sizes.  A large proportion of the droplets is below 20 µm and these are 

produced with low in-flight speed. This prevents the droplets from being 

removed from the gas phase by impact onto the walls of the reactor and 

through droplet-to-droplet collisions and consequent coalescence. The major 

disadvantages are potential for hollow structure or fractured particles which 

could be good for other applications and that the droplet production rate is 

typically low and highly dependent on the throughput of the nebuliser. 

Since there are numerous publications, in the period from 1999 to the 

present [Appendix T1], on materials processing using ultrasonic pyrolysis, it 

was seen as convenient that these publications be tabulated for a quicker 

identification. The tabulation, presented in Table 2.1, is categorized in fields of  

(1) final material and applications,  

(2) suitable precursor liquid,  

(3) nebuliser frequency and flow rates.  

Worth noting are a few USP set-ups that have attracted attention 

through the years and the novel nano-structured materials they have 

produced. A setup by CNR Rao’s group illustrated in Fig 2.11 had an 

ingenious provision for constant precursor liquid level apart from the usual 

USP components [281,282].  

One of the most important parameters for optimization of ultrasonic 

spray pyrolysis is flow rate of the precursor droplet. At extremely low flow 

rates, the throughput of the USP system is small at the benefit of obtaining 
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truly nano-sized, nano-structured and completely-decomposed targeted 

materials. At extremely high flow rates, yield is high but complete  

 

Fig. 2.11 A nebulised spray pyrolysis by C.N.R. Rao’s group (from Ref. 241) 

 

decomposition of the precursor is compromized as the residence time of the 

precursor in the heated zone is small. An optimum flow rate is therefore 

necessary to obtain both high yield and pure materials. The relationship for 

residence time can be easily shown to be d and L are the diameter and length 

of the reactor respectively and Q0 is the flow rate of the precursor assuming 
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that the velocity of the carrier gas is the same as the velocity of the carried 

precursor droplets. In the real case where the above assumption does not 

apply, temperature, T, and pressure, p, of the system are taken into account. 
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In this case then the expression for residence time is given by C. Michel et al. 

(2006) [190] as 
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T0 is room temperature, P0 is the atmospheric pressure. 

In order to maximize tres one can increase L to the maximum possible 

length. Increasing L has the disadvantage of an uneven temperature profile 

over a long distance. One then needs to have several short heating zones 

whose temperature profiles are constant and manageable. Since the nature of 

products from USP depends in part on the control of the furnace temperature, 

Taniguchi and co-workers [194] have made an elaborate setup with a furnace 

having several heating zones. A typical example of such multi-zone furnaces 

was well illustrated by Taniguchi’s group [194]. This is illustrated in Fig. 2.12 
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Fig. 2.12 A typical example of an ultrasonic spray pyrolysis employing a 

multi-zone furnace for control of product shape, particle size and other 

parameters.  From Taniguchi’s group Ref 194.  

 

Fig. 2.13 Scheme of the asynchronous-pulse ultrasonic spray pyrolysis 

(APUSP) method used to obtain Bi2S3 rod-like particle thin films with (1) 

substrate, (2) furnace, (3) spray nozzles, (4) carrier gas, (5) solution, (6) 

membrane and (7) ultrasonicator. From S.- Y. Wang et al. (2002), J. Cryst. 

Growth (Ref. 242) 
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The asynchronous-pulse ultrasonic spray pyrolysis (APUSP) is another 

interesting design suitable for growth of stacked films or controlled doping 

and development of superlattices. In APUSP, two more ultrasonicator-

containing chambers are harnessed. Each chamber contains the appropriate 

precursor solutions that are to be deposited – the host and the dopant etc. The 

“sonicators” in these chambers are controlled by a pulse generator one at a 

time in an asynchronous manner. The period of each chamber’s pulse 

determines the level of doping, or the thickness of the layers in the 

superlattices. 

In a typical APUSP (Michel Lopez and Zea 2006 Ref. 190) an inert gas is 

first introduced to the reaction chamber at relatively low and steady flow rate 

for about 30 minutes to drive the air out. The nebulised solutions – precursor 

and dopant are delivered to the substrates in pulses through the nozzles. Each 

spray lasts 5 seconds for both but after the spray of the dopant is conducted, a 

delay of 2-4 seconds was employed to ensure that the introduced dopant was 

completely decomposed before conveying a pulse spray of the host. The 

deposition is carried out by repeatedly performing these spray processes. It 

took 12-14 s for each cycle and the deposition time lasted for 15 -30 mins for 

the preparation of one sample. An appropriate interval between the pulse 

spray of dopant and host solutions play an important role in depositing high 

crystallinity films. 

There are cases where the precursor liquid to be sonicated passes 

through the ultrasonicator and introduced from the top rather than from the 
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bottom as shown in Fig. 2.14. This design has the advantage of high yield of 

final desired product. However, introducing droplets from below has the 

advantage of selecting on the small droplets with most of the large one 

returning to the precursor under gravity.  

 

 

 

Fig. 2.14 Example of a USP system where the precursor liquid flow 

passes through the nebuliser (a) From Lee et al. [274] , (b) From Patil & Patil 

(2000) [256,260] and (c) the substrate is cut into several plates so that several 

samples are made out one run. From Baykul & Balcioglu, Microelectronic 

Eng. (2000) [259]  

 

(a) 

(b) 

 (c) 
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In both the Lee et al. (1998) [274] set up shown in Fig. 2.14(c) and that of Patil 

& Patil (2000) [256,260], the substrate has its own special heater apart from the 

standard furnace. Contrary to heating substrates, Kang & Park (1999) [262],  

 

Fig. 2.15 An example of a USP set-up where both the precursor solution 

container and the particle collector are maintained at controlled temperature 

(right). Zinc oxide-dispersed silver particles by spray pyrolysis of colloidal 

solution. From Kang and Park, Mater. Lett. 1999 

 

realised that subjecting the particle collector to coolants such liquid nitrogen 

helped prevent Ag nano-particle agglomeration and they become well 

dispersed in ZnO as illustrated in Fig. 2.15. Note that in their USP design, 

they included a temperature controlling water bath around the precursor 

container to prevent  

changes in temperature and pressure which in turn have an effect on droplet 

size as shown in the previous sections. 
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An interesting USP system employing a novel heating source was 

reported by Matsuzaki and co-workers [263] when synthesizing yttria 

stabilized zirconia thin films. Their substrates temperatures were controlled 

by heating a “susceptor“ with an infrared radiation heater [Fig. 2.16 (d)].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.16 Microstructure of the surface of the thin films deposited on quartz 

substrates. The films (a), (b) and (c) were deposited at 873, 923 and 1023 K 

respectively. (d) An illustrastion of the Infrared USP (e) Grain size as a 

function of temperature of the substrate. From Matsuzaki et al., TSF (1999) 

[263] 
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The substrate temperature could be tuned from 873 K to 1023 K. 

Materials obtained from this setup have a type of morphology as illustrated in 

Fig. 2.16 (a)-(c). It is interesting to note that grain size increases with substrate 

temperature, the Arrhenius plot shows that the activation energy for yttria 

stabilized zirconia is about 68 kJ mol-1 and grain size increases with increase 

in deposition rate. The particles obtained by this work were rather large in 

general. This could be due to  

(1) agglomeration at higher substrate temperatures an effect known as 

the Oswald’s ripening  

(2) spraying from the top as alluded to before.  

The Ostwald’s ripening observed here should be distinguished from 

the opposite effect which was observed recently and reported in Mwakikunga 

et al. [42]. 

In the current study [B Mwakikunga et al., JNN (2008) Ref. 42], spheres 

of WO3 shrank in diameter as the furnace temperature was increased without 

heating the substrates where the perfect sphere would land. In the case of 

shrinkage in diameter as a function of surrounding temperature, it was found 

that the data was in agreement with the Tiller equation given as 
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σe is the interfacial energy between the nucleating materials and the 

surrounding environment and ΩM is the molar volume of the nucleating 
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material. A number of authors have used this equation in explaining the 

growth of nano-wires by chemical vapour deposition [Tan et al., APL (2003) 

Ref. 283] 

Recently, another innovation to USP has been the manner in which 

droplets are produced from the precursor liquid. Apart from spraying with 

ultrasonic nebulisers, it has been realized from the days of Lord Kelvin that 

by applying a high potential difference to the liquid surface makes such a  
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Fig. 2.17 (a) Electrostatic assisted USP (EAUSP), note that aerosol are directed 

onto the substrate from the top From Chen et al., Mater. Res. Bul, 2007 [Ref. 

140] (c) Electrostatic spray deposition (ESD); note that deposition is from 

bottom to top From Zaouk et al., Micro Eng. 2000 [Ref. 175] 

 

(b) 

(a) 
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surface erupt into liquid droplets. In electrostatic assisted USP (EAUSP), a 

high tension is applied between the liquid and the substrate. There are cases 

where the precursor liquid to be sonicated passes through the ultrasonicator 

and introduced from the top rather than from the bottom as shown in Fig. 10. 

This design has the advantage of high yield of final desired product. 

However, introducing droplets from below has the advantage of selecting on 

the small droplets with most of the large one returning to the precursor under 

gravity. If a liquid is forced to flow through a small nozzle which is subjected 

to an electric field, the liquid will exit the outlet in different forms or modes as 

a result of different electrodynamic mechanisms. These modes include among 

others dripping mode, cone mode, cone-jet mode and spindle mode [Zaouk et 

al., 2000 Ref. 175]. The kind of mode the spray displays depends on the 

electrical potential applied to the nozzle, the flow rate, the conductivity and 

the surface tension. For film deposition, the cone-jet mode is the most 

suitable, it is a continuous mode and the formation of a homogeneous fine 

spray is possible. In this mode, there exists the so-called “Taylor cone” with 

49.3o half angle at the apex of the cone (see Taylor instability in the previous 

section). This cone is extended by a jet which breaks up into spray droplets to 

generate an aerosol of the precursor liquid. Chen et al. [140] final particle 

morphology has large particles and large flakes. This could be due to 

agglomeration of droplet as they descend. The best way to select only the 

small droplets is to have the substrate above the spray. The large ones cannot 

make it to the substrate and therefore are forced to return to the ultrasonic 
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nebuliser. As for Zaouk et al., the potentials need to be optimized for self 

assembly 

 

 

Fig. 2.18 Flame assisted USP (FAUSP) From: Chen et al., Eur. J. Solid State & 

Inorg. Chem. (1998)  

 

An interesting kind of pyrolysis is called flame assisted USP (FAUSP). FAUSP 

was developed in the 1980’s. It operates by injecting the spray of a precursor 

solution obtained from an aerosol generator into a combustion chamber 

where the individual droplets are rapidly combusted. Fuel such as natural gas 

or hydrogen is introduced in order to generate the appropriate high 

temperature. In some case, instead of external fuels, flammable alcoholic 

solutions are used as precursors. 
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Fig. 2.19 The figure shows the effect of calcination temperature on 

morphology and crystallinity of Co3O4, CuO and NiO. From S. W. Oh et al., J. 

Power Sources (2007) [Ref. 182] 
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The spherical shape of the particles definitely comes from the spherical 

droplets from the precursor liquid [50]. When scanning electron microscopy is 

performed on these particles one can see the manifestation of spherical 

daughter particles from mother spherical liquid droplets. The particle size 

may be less than 3 µm [see Fig. 2.19] from the four SEM micrographs (a) but at 

higher magnification with TEM (bottom right) the morphology changes to 

one showing that the spheres are composed of numerous crystallites whose 

size as determined by the Scherrer equation from X ray diffraction shows they 

are nano-crystalline. The crystallite size increases as the calcinations 

temperature is increased. Bucko, Ref. 284]. This is equivalent to increasing 

substrate temperature and thereby increasing particle and crystallites sizes as 

seen above. However, this is to be contrasted from the in-situ furnace 

temperature increase which has the reverse effect of decreasing the particle 

and crystallite size as shown in Fig. 2.20 [from M Yuan et al. (1998) [Ref. 268] 

also found hollow spheres when preparing zirconia and yttria-stabilized- 

zirconia (YSZ) fine powders by flame- assisted ultrasonic spray pyrolysis. 

This was attributed to the presence of nitrates in the precursor. 

Prior to this study, Messing et al. [285, 286] had studied the spray 

pyrolysis of nitrate solutions and proposed a mechanism to explain the 

particle morphology. During the pyrolysis of spray droplets in the flame, the 

evaporation of the solvent and the reaction/decomposition of the solute 

proceed successively from the outer part to the inner part of the droplets. 

When a nitrate solute with a relatively low melting point is present, it melts to 
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fill the pores of the structure. The molten salt will inhibit the removal of the 

trapped solvent in the inner parts of the droplets as a result of the reduction 

of the gas permeation. This leads to a build-up of internal gas pressure and, 

finally, explosion or foaming of the particles to form hollow particles or 

particle fragmentation with a broad size distribution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.20 Effect of furnace temperature during synthesis on the morphology 

and crystallinity of BZrO3 nanopowders by USP (from M.M. Bucko & J. 

Obłąkowski, J Eur Ceram Soc., (2007) [Ref. 284]) 
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Fig. 2.21 (a) and (b) SEM images of hydroxyapatite (Hap) powders by the 

USP/SAD method showing the gaping hole in one of the spheres in (b) an 

indication of the possibly hollow nature of these spheres [From G.-H. An et 

al., Mater. Sci. Eng. (2007) Ref. 163] (c) More vivid proof of hollow NiO–

Sm0.2Ce0.8O1.9 composite spheres [S. Suda et al., Solid State Ionics (2006) Ref. 

185]  (d) and (e) HRTEM image of LiFePO4/C composite prepared at 450oC 

showing a shell structure and the intersection of the shells of other spheres 

[From M. R. Yang, J. Power Sources (2006) Ref. 180]  (f) A conceptual model 

proposed by Yang et al. (2006) on how the hollow LiFePO4/C composites 

form with or without voids. 

 

(d) 

(e) 

(f) 
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Of interest, apart from the production of nano-particles by ultrasonic spray 

pyrolysis, has been the attainment of one-dimensional structures. Many of the 

one- dimensional structures have been micro-sized such as the ZnO nanorods 

grown almost at right angles to the substrate surface [147,166,168] as shown in 

Fig. 2.23. This one-dimensional growth only happens at specific conditions. 

Note that as furnace temperature is reduced that micro-rod diameter 

decreases. 

Another interesting case of one dimensional growth by USP was 

observed by Htay et al. [287] who reported micro-sized platelets, wires and 

tips of ZnO obtained at controlled conditions. Temperature of synthesis was 

found to dictate the morphology of the micro and submicron-structures that 

they obtained. In this case different furnace temperatures yield different 

structures- rods, wires or platelets. One-dimensional growth from spheres of 

WO3 which transform themselves into WxOy nanowires after thermal 

annealing at 500oC in argon for 17 hours [Mwakikunga et al., JNN (2008) Ref. 

42] has been observed. 
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Fig. 2.22 Examples of XRD, SEM and TEM micrographs of LiMn2O4 particles 

prepared from various precursors (1) dense LiMn2O4 with porous surface 

structure (2) hollow LiMn2O4 particles with hybrid surface structure (3) 

hollow LiMn2O4 particles with smooth surface structure and (4) hollow 

LiMn2O4 with shrinkage surface structure. From Matsuda & Taniguchi, 

Journal of Power Sources (2004) [Ref. 217]  
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Fig. 2.23 SEM images of ZnO microrods deposited by USP at (a) 550oC (b) 

500oC, (c) 450oC and (d) 400oC [From U. Alver et al., Mater. Chem. Phys. 

(2007) Ref. 147] 
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Fig. 2.24 ZnO samples grown from one kind of precursor for 120 mins at (a) 

300oC, (b) 400oC, (c) 500oC and another kind of precursor for same period of 

time at (d) 300oC, (e) 400oC and (f) 500oC [From Htay et al., Jpn J Appl. Phys. 

(2007) Ref.248] 

 

Recently dense one-dimensional nano-ribbons of VO2 grown by USP at 

700oC in argon carrier gas without the need for thermal annealing was also 

observed. Their electronic transition temperature at 70oC was confirmed using 

a four-point probe technique. Most of the present results are discussed in 

Chapter 5. It was found that for the same synthesis conditions, furnace 

temperature, precursor flow rate etc, vanadium oxides yielded mostly 

nanobelts, nanoribbons and sheets where tungsten oxides showed nanowires 
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and nanorods. The role of the crystal structures of the final products on the 

surface morphology of the samples is discussed in the forthcoming chapters. 
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2.12 Laser pyrolysis 

The novelty of the laser pyrolysis technique and the quantum-mechanical 

nature of the interaction of coherent and quasi-monochromatic radiation with 

matter deserved a separate section. The decision to try this approach to 

producing nano-stuctures of Vanadium and Tungsten oxides was open an 

addition view to the world of one-dimensional growth over and above the 

spherical particles and quantum dots. In this section, the use of light in 

general and lasers in particular in interacting with matter and materials 

processing applications is briefly reviewed.  

As early as 1873, James Clerk Maxwell used the electromagnetic theory 

to calculate force on solid bodies due to absorption or reflection of light [288] 

and in the early 1900s quantitative measurement of the force on bodies and 

gases were done especially as well demonstrated by the Crooke’s radiometer 

[289]. In 1917 Albert Einstein [290,291] using the quantum theory to calculate 

the influence of the electromagnetic radiation on the motion of molecules, 

showed the importance of the Planck’s blackbody spectrum in his calculation. 

In later years, 1933, Otto Frisch performed the first experiment showing 

momentum transfer to atoms by photon absorption [292] and also in 1950 

Alfred Kastler used light to cool and heat atoms [293]. In the 1970s, with the 

advent of more intense lasers, more pronounced effects on deflection of atom 

beams were observed. The first laser pyrolysis experiments (named 

differently then) with the CO2 laser tuned at its 10P20 line of wavelength 10.59 

µm are known to have been first performed by Bachmann between 1974 and 
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1975 [294]. The types of materials that have been reported to have been 

synthesized by this method in the period 1974–2008 are listed in Table 2.2 

from Refs 305 to 405. In Fig. 2.25, a graph showing the progress in materials 

processing research by laser pyrolysis from 1974 to 2008 in terms of number 

of publications per year are presented.  

 

 

Fig. 2.25 Annual frequency of publications on laser pyrolysis from 1974 to 

2008 

 

One of the crucial subjects on laser pyrolysis is the measurement of the 

temperature of the aerosol at the time of its interaction with the laser beam. 

Measurement of this temperature cannot be accomplished with the traditional 

thermometer or thermocouple. Any contact with the hot aerosol changes the 



 103

temperature one is intending to measure. For this reason, non-contact 

methods are preferred. In this case, bolometers can be used. The most popular 

methods have been optical methods.  

However, the understanding of the role of the laser intensity on the 

raising of the temperature of the aerosol has attracted a great deal of attention. 

In the next section various attempts to understanding the relationship 

between laser intensity, laser wavelength on the temperature and dissociation 

protocols are outlined. Since these theories have failed to explain some recent 

experimental data on laser intensity versus aerosol temperature, another way 

to get around this problem in the Chapter 5. 

 

2.12.1 Bowden et al. (1977) low level excitation model 

Bowden et al. [295] proposed a model for laser-induced photo-chemical 

reactions in which selective low-level excitation of a molecular species by the 

laser beam was assumed to incorporate coherent resonant energy transfer 

with collision damping. The resonant bonds were seen to be the heat sources 

and the non-resonant ones were the heat sinks. The Bowden et al.  model was 

designed based on a pulsed CO2 laser source. In the case where the laser pulse 

width is much smaller than the molecule collision times, one has a collision-

free interaction and vice versa. The Hamiltonian which Bowden et al.  

developed especially for the laser interaction with gas molecules with 

collisions and collision damping led them to the following important equation  

( ) 221

1

ηωβ +Ω+∆
+

−
=

R

I

e
n

h
      (2.47) 



 104

n is the expectation value (or transition probability) that the molecule is 

promoted from ground state to excited state at a Rabi flopping frequency ωR. 

The Rabi frequency is related to laser intensity I by I = ωR2. The laser detuning 

∆ is the deviation of the resonance frequency ω0 from the laser frequency, ω. 

In this equation, β is equal to 1/kBT, ΩR is the coherent exchange rate, η is the 

damping coefficient whose meaning will become clearer in the next sections. 

Aerosol temperature as a function of laser intensity and detuning can be 

written from Eq. 2.47 as 
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When plotted in Mathematica for the usual values of h = 6.676 × 10-34 J.s, kB = 

1.38 × 10-23, η = 6.16 × 107 s-1 and any values of ω, ∆, and ΩR, this equation 

shows a generally direct linear relationship between aerosol temperature, T 

and laser intensity I [see for example Fig 4.5]. This is expected only for low 

level excitation as proposed by Bowden et al. However, the model fails at high 

laser power where the relationship clearly shows non-linearity. 

 

2.12.2 Models based on resonant ionisation 

Another important theoretical work on the interaction of laser light 

with atoms was presented by Hurst & Payne (1988) [296]. This work is more 

relevant to resonance ionization spectroscopy (RIS) rather than heating. Hurst 

& Payne developed a quantum mechanical treatment which could deal with 

coherent excitation and the related ionization. They assumed that the laser 
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either has a band width which is limited by Fourier analysis or has only a few 

cavity modes present in the spectrum. The functional form of the laser field 

was generally assumed and the effects of collisions on the laser excitation and 

magnetic sub-state redistribution were ignored. With regard to temperature 

of molecules, this model uses the blackbody radiation as empirically 

determined by Max Planck and theoretically derived by Albert Einstein. The 

laser frequency is assumed to be at exact resonance with the molecule system 

that is being excited by the laser. Not much has been accounted for with 

regard to the role of laser intensity or detuning on the temperature of the gas 

molecules or atoms. 

 

2.12.3 Kaldor et al. ’s review 

Kaldor et al.  (1982) [297] reviewed some of the important underlying 

science aspects of photochemical and photo-thermal processes. Their 

discussion concentrated on those areas of laser chemistry which offered a 

considerable potential for commercial application and examples were selected 

which illustrated this point. Specific subjects treated included laser isotope 

separation, purification, chemical synthesis, laser pyrolysis, laser production 

of novel materials, laser-initiated chain reactions, laser control of electronic 

effects, and laser chemistry at surfaces. In this review it was important to note 

the three phenomena possible during the laser light interaction with matter:  

(1) the molecule is initially vibrationally excited without any electronic 

excitation  
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(2) electronically excited where chemical reactions are possible and  

(3) ionisation.  

In the first case the pathways to molecular vibration are  

(a) absorption of a single IR photon  

(b) a sequence of many IR photons  

(c) coherent multi-photon excitation  

(d) excitation by an overtone and  

(e) combination band of the molecular vibration using a visible laser.  

All these pathways produce molecules which are vibrationally excited 

in the electronic ground state. The second phenomenon, where molecules are 

excited electronically leading to photo-chemical reactions is accomplished 

using a visible or a UV laser. The third phenomenon, production of ionic 

species, is accomplished using all wavelengths of a laser (IR, visible, UV) with 

large intensity via single or multi–photon absorption or via dielectric 

breakdown. 

 

2.12.4 El- Diasty et al.  (2003) SiH4 pyrolysis theory 

El-Diasty et al.  (2003) [298], in line with Kaldor et al.  classification, 

outlines four mechanisms through which molecule excitation by the CO2 laser 

possibly happens:  

(A) Linear absorption mechanism from Haggerty & Cannon [299] 

and Party et al.  [300], that is, one photon per dissociation. 

But, from activation energy for the reaction of SiH4 with 
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C2H4 into SiC which is about 3 eV, one would need about 30 

photons from the 10.6 - µm CO2 laser energy of 0.1 eV. Also, 

for instance, the Si-H bond energy, which is about 2.8 eV, 

would require about 28 photons from the 10.6 µm laser to 

break it. These instances call for a non-linear absorption 

phenomenon [301]. This then calls for another mechanism B 

(B) A collision free multi-photon absorption (MPA), where laser 

pulses are shorter than the molecular collision times and 

mechanism C,  

(C) a collision induced MPA. El-Diasty et al.  classify mechanism D, 

pyrolysis, separately from the mechanisms A, B and C.  

(D) In an attempt to elaborate on pyrolysis, El-Diasty et al. start from 

the Beer-Lambert’s law I = I0 exp(-α.p.L) where α is the 

absorption coefficient, p is the pressure and L is the length 

along which the laser beam traverses during the transverse 

interaction with the molecules. The absorption cross-section 

σA was written in terms of Lorentz or pressure broadening 

∆vL as 

( ) 220 ∆+∆
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v
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σ0 is the absorption without pressure broadening and ∆ is the detuning or 

frequency mismatch as also seen in the Bowden et al.  model above. The 
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frequency dependent absorption coefficient α(ν) corrected for the so-called 

“Doppler pressure broadening” is given as 
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∆νD is the Doppler FWHM determined previously by Lengyel [15] empirically 

in terms of line position ν0 of the laser and temperature T of the surrounding 

which in the present case is the temperature of the molecules being excited by 

the laser 
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After such a quantitative analysis of the pyrolysis of silane by El-Diasty et al. , 

no direct relationship is provided between how hot the gas gets for a given 

laser power. 

 Due to the lack of a conclusive theoretical model that would be used to 

predict the temperature of the aerosol while in the laser beam, this discussion 

is continued in Chapter 5 where a current alternative model is presented and 

used to estimate the temperatures of the precursor plume in the chamber. 

In conclusion, this chapter has shown the many forms of spray 

pyrolysis. The role of the temperature of the precursor liquid in changing the 

final particle size has been demonstrated. Also the known theories of laser 

pyrolysis have been reviewed with the intention of exposing some gaps in the 

understanding on photo-chemical and photo-thermal reaction. More 

proposed theories are presented in the Discussion chapter. 
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Chapter 3 

Size Matters: Properties of Materials at the Nano-scale 

 

This chapter considers some theoretical aspects and the physics of the 

properties of materials as their geometrical dimensions reduce down to nano-

scale. There are numerous properties that are affected by the size but only 

some of them will be considered such as hysteresis width of the thermo-

chromism of VO2, electronic properties of VO2 ribbons and vibrational 

(phonon) properties of WO3. The change in properties is chiefly due to the 

increase in surface to volume (bulk) ratio as the particle shrinks in size.  

 

3.1 Surface and bulk  

It has long been realised that surface atoms in materials behave completely 

differently from those in the bulk of the material. If one considers the 

illustration in Fig. 3.1 one notes that the number of neighbouring atoms 

around the surface atom A, for instance, is smaller by a factor of 50% than that 

which is surrounding atom B in the bulk. As a result of this fact, one notes 

further that there are some un-shared electrons on atom A whereas atom B is 

fully filled. 
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Fig. 3.1 The difference between surface and bulk atoms. In 2D, surface atoms 

are each surrounded by about 3 other atoms whereas the inner (bulk) atoms 

are surrounded by at least 6 atoms. 

 

The un-shared electrons on the part of A are often referred to as dangling 

bonds. For this reason, mechanical, vibrational, electronic and, consequently,  

optical properties of surface atoms/molecules are different from those in the 

bulk. 

It is also easy to see that the proportion of surface atoms to those in the 

bulk material Nsurf/Nbulk can be represent by the ratio, σsurf, of the surface area 

to the volume of the particle.  
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Table 3.1 The surface to volume ratio expression for various structures 

 

An isolated atom can be said to be completely a surface atom since 

there are no neighbouring atoms around it. As the number of atoms aggregate 

the number of bulk atoms increase, thereby decreasing the surface to volume 

ratio. The expressions for σsurf for different shapes that materials can adopt 

are tabulated in Table 3.1. As the dimensions of the structure decrease, the 

value of σsurf increases very rapidly. 
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3.2 Lattice vibrations (phonons) in nano-structures 

The effect of size on the vibrational properties of materials appears in 

the early work of Tuinstra & Koenig who developed their equation in 1970 for 

carbon systems such as amorphous carbon, graphite, diamond, carbon 

nanotubes e.t.c. [406].  
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This equation relates the ratio of phonon intensities ID of the disorder (defect) 

peak to the prefect phonon intensity IG of the perfect graphite peak to the 

carbon allotrope grain size. For grain sizes that are smaller than 44 nm, the D 

peak is higher than the G peak, otherwise the grain size is larger than 44 nm.  

   In the 80’s it became apparent that Raman spectral lineshapes for 

micro-crystals could not follow the perfect Gaussian profile. It then was 

realised that there was need for deeper understanding of the origin of this 

asymmetry. Spatial correlation modelling, as it was called, then became one 

way to extract information from Raman spectroscopy data. The justification is 

that, for a perfect (bulk) crystal of diameter d having vibrational modes of 

momentum q, the Heisenberg’s uncertainty principle (δd.δq ~ h) means that as 

δd→∞ (bulk) then δq→0 (the “q = 0” selection rule applies). As the diameter, 

δd→ 0 (nano-metric) then the vibrational momentum, δq→∞. In this case, the 

“q = 0” selection rule breaks down; a contribution from the q ≠ 0 phonons 
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determined by the dispersion relation ω(q) is allowed. This accounts for the 

asymmetric broadening of the peaks in a Raman spectrum. The Richter 

equation for confined phonons in spherical nano-particles [407] was modified 

to include Gaussian distribution of the phonon momenta and particle size by 

Campbell & Faucet [408]. And this equation is given here as  
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In the Eq. 3.2, Γ0 is the full-width-at-half-maximum (FWHM) for bulk material 

Raman peak (for instance Γ0 = 6.5 cm-1 for WO3 [41]), ω(q) is the phonon 

dispersion curve relation (PDR) for the material (for instance A = 713 cm-1, a = 

0.76 nm for the 713 cm-1 phonon branch whereas A = 808 cm-1 and b = 0.38 nm 

[41] for the 808 cm-1 phonon branch). The Richter et al.  model is valid for 

spherical nano-crystals of mean diameter d for which the Fourier coefficient 

C(0,q) was assumed to be Gaussian of the form exp(-q2d2/14π2) with a phonon 

amplitude at the boundary of 1/e. When geometry deviates from a sphere 

then adjustment has to be carried out. For a nanowire shape for instance, 

confinement is in two dimensions of the diameter of the nanowire since the 

length of the rod can be as long as 1 µm. Campbell & Faucet (1986) extended 

the Richter et al. model to (1) remove the non-phyical boundary condition of 

1/e and tried other values (2) check the effect of other particle-size 

distribution functions such as (a) sin (ar)/(ar) by analogy with the ground 

state of an electron in a hard sphere (b) exp(-αr) by analogy with a lossy 

medium and (c) exp(-α r2/d2). Campbell & Faucet further extended the 
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Richter model to other shapes of the micro-crystals such as what they called 

columnar (now called rod-like or nano-wires) and also thin films. They 

argued that for these two additional shapes, the following Fourier co-

efficients should be incorporated in the Richter et al.  equation: 

( )
2

2
2

22
2

2

22
12

32
1.

16
exp.

16
exp,0 







−









−










−≅

πππ
rodrodrod liq

erf
lqdq

qC  (3.3) 

 

for a rod of diameter drod and length lrod and 
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for a thin film of thickness, τfilm.  

  Campbell & Faucet admittedly saw very small significance in replacing 

the Gaussian with other size-distribution functions especially for spherical 

nano-crystals. Also the Fourier coefficients for thin films and columnar shapes 

make the Richter et al.  equation even more complicated in that one performs 

integration within another numerical integration. A simpler approach to 

modifying the Richter equation to include other novel nano-crystal shapes has 

been considered.  

 Consider a small slice of with dr and a distance r from the centre of the 

wire in real space as illustrated in Fig. 3.2. In momentum space, this slice 

contains phonons of momentum dq⊥ perpendicular to the length of the wire 

and a distance q⊥. In this case, the cross-section surface in the 2D confined 

phonons in phonon-momentum space of the wire is equal to 2πqdq⊥.  
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Following this argument, the Richter equation has been modified to 

account for the geometry of nano-wires by Piscanec [409] and by Adu et al.  

[410,411] by changing the d3q term for a sphere to 2πqdq for rods     
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Note that the constant 16π2 has been replaced with a scaling parameter α that 

can be evaluating during the data fitting. Battacharyya et al. [411] also 

modified the Richter equation to include size distribution of oxide-coated 

silicon nanowires. 

 Quantum dot structured are assumed to be quasi-zero dimensional 

and hence all the atoms are surface atoms. Therefore, the d3q term in Richter 

et al equation can be replaced [409] by momentum volume of 4πq2dq. 
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Kim et al.  [412] have also modified the Richter equation to suit their 

data on nano-slabs. Slab-like nano-structures such as nano-belts and nano-

ribbons have phonon confinement only in one dimension like thin films as in 

the Campbell-Faucet model. 

 

 



 116

 

 

 

 

 

 

 

 

 

 

Fig. 3.2 Real space and q-space illustration of how the three-dimensional 

confinement, d3q, is transformed to two-dimensional confinement 2πqdq in a 

nanowire 

 

3.4 Raman spectroscopy of nano-composites 

Arora et al.  [415] observed that when nanocrystals of diamond are 

dispersed in a surrounding medium of similar materials such as amorphous 

carbon, phonon confinement becomes rather weak due to phonon leakage to 

this medium. They developed another modification to the Richter et al.  

equation based on summation of the discrete standing waves of the phonons 

that define the asymmetrical Raman spectral peak for the nano-crystal. The 

Arora et al.  equation is suitable in cases where any scattering nano-crystal is 

embedded in any matrix. The Arora equation is given as  
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A is a pre-factor to be determined after the fitting session, the summation 

runs over the phonon modes ω(qn) representing the contribution of phonons 

away from the zone centre and is given as ω(qn) = ω0βsin2(aq/4), where a is the 

lattice constant, ω0 is the zone centre phonon frequency. One expects bn to be a 

monotonically decreasing function of n, as the probability of exciting phonons 

far removed from the zone centre is expected to reduce rapidly with the 

magnitude of the wave vector and bn is assumed to vary according to a power 

law bi = bi (b < 1). Arora et al.  [17] also gave qn as 

( )Ni
N

iQ
q B

i ≤≤= 1,        (3.8) 

QB is the wave-vector corresponding to the Brillouin zone boundary. Particle 

size is estimated to be d = Na. This model has been used to analyse nano-

clusters of carbon in the hosts of ZnO, NiO and SiO2 [37] and also this model 

has been used to calculate the size of the diamond-like nano-crystals created 

when slow highly charged ions interact with highly oriented pyrolytic 

graphite (HOPG) [17], although this calculation was not shown in this paper 

for the reason that the presence of nano-diamonds was not definite. 

The equations can not be solved analytically and therefore numerical 

integration codes have to be developed. The codes for the analysis of Raman 

spectroscopy data for WO3 nano-wires were written as reported in 

Mwakikunga et al.  [41], carbon in ZnO, carbon in SiO2 and carbon in NiO by 
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Katumba & Mwakikunga [37], diamond-like nano-carbon in HOPG by Arora 

et al.  [17] and VO2 ribbons in MathematicaTM (manuscript in preparation) and 

the results are discussion in the next chapter. The Campbell – Faucet model 

and the present model are tested on the same nano-ribbons data in the 

chapter that follows. 

 

3.5 Size effects and surface phonons 

For particles with less than 5 nm in diameter almost all atoms in that 

particle are surface atoms. The ratio of surface to bulk atom is estimated by 

the surface area (S) to volume ratio (V). For a spherical particle this ratio is 

S/V = 3/r where r is the radius of the particle as shown in Table 3.1. If r = 5 

nm then S/V is 6 × 108 m-1. Compare this with a sphere of 1 m where S/V is 

simply 1 m-1. The peaks 1300 and 1304 cm-1 could be due TO-LO splitting. 

This phenomenon has been observed in particles of less than 5 nm. This 

regime of particle sizes is known to be a region where phonon confinement 

models fail. The essential characteristic of the Raman-active SO phonon 

modes is that their peak position and line shape are sensitive to the real part 

of the dielectric function of the dielectric medium in contact with the surface 

[8]. As a consequence of the TO-LO splitting, a third peak called surface 

optical (SO) phonon peak between the TO and LO phonon peaks. For cubic 

systems, the peak position of the SO phonon, ωSO, is given by [416-420] 
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In this equation m = 1, 2, 3, …, ε∞ is the high frequency dielectric constant of 

the semiconductor (in the present case the diamond-like nano-carbon) and εM 

is the frequency independent dielectric constant of the surrounding medium 

(in the present case, graphite). For the publication by Mwakikunga et al.  in 

Ref. 17 it was noted that ε∞ for diamond varies from 5 to 10 and, for graphite, 

ε∞ varies from 10 to 15. With some calculation, it is found that the dielectric 

constants of 13.41 for diamond-like carbon and 15.24 for the surrounding 

graphite is responsible for the LO-TO splitting of the surface optical (SO) 

phonon positioned at 1305 cm-1. Both dielectric constants are higher than their 

bulk counterparts. These measurements seem to be in agreement with the fact 

that most materials become less conductive when their particle sizes are 

reduces to nano-meter scale. The effect of size on the dielectric constant is 

enhanced on the diamond-like carbon than on the graphite that is 

surrounding it. 

 

3.6 Red-shifts due to size effects 

Redshifts in Raman spectroscopy owing to the particle size has been 

well observed by Zi et al.  [422] in Si nanocrystals of spherical and columnar 

shape with sizes from 5 nm down to 1 nm. Redshifts up to 30 cm-1 have been 
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reported for nanocrystals of diameter of 1 nm. The Richter et al.  phonon 

confinement model failed to explain the Zi et al.  data on Si nanocrystals. 

Therefore they used what is known as the Bond Polarizability Model [423] to 

derive another confinement model [422] given by 
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In this equation d is particle size, ωvib is the new peak position due to particle 

size, ω0 is the original peak position, A and γ are constants that are attributes 

of the geometry of nanocrystal. For instance, according to Zi et al. , for 

spherical Si nano-crystals A = 44.41 cm-1 and γ = 1.44 whereas for columnar 

shapes one has A = 20.92 cm-1 and γ = 1.08.  

 

3.7 Size effects on the thermo-chromism 

A number of transition-metal oxides exhibit insulator - (or semiconductor-) 

to-metal transition [39, 424]. The three main groups among the vanadium 

oxides are VnO2n-1 (e.g. V2O3, V7O13 [424]), VnO2n+1 (e.g. V2O5, V6O13 [425] and 

V3O7 [426]), VnOn (e.g. VO) and VnO2n. Among these, VO2 is the most 

interesting because its transition temperature is close to room temperature (Tc 

∼ 340 K), and it displays a ∼ 105 decrease in resistivity as well as a large 

change in transparency in the infrared region. VO2 belongs to the VnO2n class 

and it is known to exist in four polymorphs – VO2(R), VO2 (M), VO2 (A), VO2 

(B) – given in Table 3.2 (a) the most stable VO2 rutile VO2(R) (b) the 
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metastable VO2(M) with a slightly distorted rutile structure (c) a tetragonal 

VO2 (A) and (d) the metastable VO2(B) with a monoclinic structure. 

 

Table 3.2 Lattice parameters for the four polymorphs of VO2 

 Lattice parameters 

 a (Å) b (Å) c (Å) α β γ T (K) 

VO2 (M) 

rutile 

(monoclinic) 

12.09 3.702 6.433 90 122 90 300 

VO2 (R) 

rutile 

tetragonal 

4.554 4.554 2.854 90 90 90 > 340 

VO2 (A) 8.4403 8.4403 7.666 90 90 90 300 

 No transition     >340 

VO2 (B) 12.03 3.693 6.42 90 106 90 300 

 No  transition     >340 

 

Thermo-chromism of VO2 is attributed largely to structural change 

[427]. Characteristics of this change include the formation of cation – cation 

pairs and the displacement of vanadium from the centre of its interstice in the 

monoclinic phase- a feature characteristic of an anti-ferroelectric-type 

distortion. The actual values of the transition temperature and its sharpness 

and the lack thereof, have previously been related to variations in 

stoichiometry, misorientation between grains, and other morphological faults 

only in a qualitative fashion [428]. One of the important properties in the VO2 

transition that has been related to grain size is the hysteresis width (HW) of 
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the transition. Hysteresis is the change of path during the heating up cycle 

and during the cooling down cycle in the resistivity-temperature or 

transmittance-temperature or reflectivity-temperature or roughness-

temperature charts. Lopez et al.  [429] have shown that as the grain size is 

reduced the hysteresis width increases with an accompanied loss in what  in 

this thesis is called the hysteresis jump (HJ). The Lopez et al illustration of 

their experimental observation of this fact is represented in Fig. 3.4 with the 

present additional labels of HW, HJ for the sake of illustration. 

In order to understand the dependence of the transition on the VO2 

particle size, Lopez proposed that the semiconductor-to-metal transition is 

related to the nucleation mechanism of the VO2 crystals. For this they 

assumed that (1) the VO2 particles were spherical (2) the classical nucleation 

theory applied in which the stress-free Gibbs free energy expression ∆G = -

(4π/3)R3∆gex + 4πR2γ (with R being the particle size, ∆gex being the bulk free 

energy decrease per unit volume which was assumed to be proportional to 

T-Tcdetermined by the entropy energy difference between the parent and 

the product phase as 0.657 MJ/(m3K) and γ being the surface energy per unit 

area which was estimated to lie in the range 10-20 mJ/m2). From this 

equation, a barrier of 10-16 J (∼6 × 102 eV) was estimated which translated to 

104kBT at the temperature where the VO2 transition occurs spontaneously. 

Since the thermal energy was too small for homogenous nucleation, Lopez et 

al.  suggested that nucleation took place at special sites like those observed in 

the martensitic transformations. Lopez’s assumption of spherical shape of the 
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VO2 particles is the first weakness in the whole of their attempt to attribute 

particle size to the SMT transition since, according to their SEM micrographs, 

their VO2 particles are far from spherical. 

 

 

 

 

 

 

 

 

 

Fig. 3.4 Hysteresis loops for heating-up and cooling-down cycles in VO2 thin 

films and VO2 nanocrystals. Note the variations in the hysteresis width and 

hysteresis jump as the size of the VO2 crystals tends to nano-scale 

 

In fact they are belt-like as has clearly been observed in the present 

results. Also their nucleation theory as it is assumed to affect the SMT 

transition cannot be stress-free as it is well known that there is tremendous 

amount of stress as the VO2 crystal changes from a monoclinic structure with 

volume of 12.05 sin(122) × 3.702 × 6.433 Ǻ3 to the smaller volume of tetragonal 

symmetry of 4.5542 × 2.854 Ǻ3. This stress cannot be negligible and has to be 

accounted for. Also, Lopez et al. ’s important work shows that as annealing 
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time of the samples is increased that equivalent radius increases. Hysteresis 

loops at different annealing times (and hence particle sizes) are compared 

only qualitatively.  

Lopez et al. ’s important pioneering observation of the dependency of 

the SMT transition on particle size, d is extended. From their qualitative 

comparison of the SMT-d, one can draw a conclusion: the smaller the particles 

the larger the hysteresis width (HW) and the smaller the hysteresis jump (HJ) 

as shown in the illustration in Fig. 3.4. The first quantity, HW, in 

Mwakikunga et al.  [Ref. 41] was introduced also only qualitatively. In this 

work, the statistical description of the VO2’s SMT introduced by Pan and co-

workers in 2004 [430] is adapted. Pan et al. , using Raman spectroscopy of VO2 

noted that some phonons that are present in the low-temperature monoclinic 

structure of VO2 are not present in the high-temperature tetragonal structure. 

Since the existence of a phonon is either yes or no before and after the phase 

transition, Pan et al.  gave the following delta function: 

( ) ( )



>
<

=−
tr

tr
c TT

TT
TT

0

)(1
θ       (3.11) 

where θ indicates the existence or not of a certain phonon mode in a crystal 

grain with either semiconductor or metallic phase, Ttr is the equilibrium phase 

transition temperature. 

Pan et al.  also considered the effect of the spread in the grain size on 

the hysteresis loop during the transition process. It was assumed that each 

grain had its own hysteresis loop and that each elementary loop was located 
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normally to the temperature axis. Pan et al.  were able to develop expressions 

for the intensity of the Raman mode as a function of the temperature by using 

the delta function above and performing integration of all the loops of grains 

whose size distribution was assumed to be Gaussian distribution. However, 

no direct dependency of the HW and HJ on the particle size was shown. It has 

been observed that, while it is true that grain size has a distribution which is 

assumed to be Gaussian, it is the temperature which leads to a force of 

change. The Gaussian is expressed to take into account the independent 

variable T (expressed as thermal energy kBT) and strain energy (expressed as 

σEV- where σE is the strain energy per unit area at transition and V is the 

volume of the grain where the thermal energy is expended). So during the 

heating up cycle, the number N+ of grains that transform from monoclinic 

phase to tetragonal phase is given as 
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Similarly, during the cooling down cycle, the number of crystallites N- that 

transform from tetragonal back to monoclinic is 
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The dependent variable value (transmittance, intensity of the Raman 

phonon mode or the resistivity) can be found by using the delta function in 
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Eq. 3.11 and the number of crystallites that give rise to the observed property, 

thus: 

∫
∞−

+++ −≈
T

dTNCI 1         (3.14) 

∫
∞−

−−− ≈
T

dTNCI
       (3.15) 

In this study it was possible to calculate the HW as a difference between Tc1 

and Tc2 in Eqs. 3.14 and 3.15. It was found that HW increases as the particle 

size increases- a fact that opposes experimental observations by Mwakikunga 

et al.  [455] and several others such as Lopez [429]. Also, the limits of 

integration are not physical. For instance, there is no such thing as negative 

temperature on the Kelvin scale and lowest on the Celsius is -273oC and not -

∞. This discussion is continued and concluded in Chapter 5 
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Chapter 4 

Production of VO2 and WO3 Nano-Structures by Laser Pyrolysis (LP) and 

Ultrasonic Spray Pyrolysis (USP)  

 

In Chapter 2, a background to ultrasonic spray pyrolysis (USP) and laser 

pyrolysis (LP) techniques has been laid. Characteristic of USP is the low cost 

when compared to the purity of materials it is capable of realizing, ease of 

assembly, operational safety and simplicity of the operational procedures. LP 

on the other hand is probably fifty-times more expensive than USP on both 

the initial purchasing and running costs, laser safety procedures to be 

adhered to and the requirement for the on-the-dot alignment of the optical 

system. In addition, in the present system, the source of impurities has been 

difficult to trace since the materials that the laser excites cannot all be known 

at the beginning.  

Although expensive, LP has advantages of being able to produce new 

materials that cannot be produced when using other traditional methods. This 

is accomplished through LP’s  

(1) selective dissociation and  

(2) rapid quenching.  

In the present case, going through the LP process helped us realize the 

possibility to produce one-dimensional materials by annealing. This is due to 

the requirement that arose as a result of the LP process to complete the 
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reaction, for instance, of WOx to stoichiometric WO3 by post-deposition 

annealing. 

  

4.1 Production of VO2 by Ultrasonic Spray Pyrolysis (USP) 

Some considerable detail on the experimental set for USP was fully 

outlined in Mwakikunga et al.  [39] where the first-ever production of 

stoichiometric VO2 by this technique was reported attached in the appendices. 

For the sake of completeness, how materials were obtained by this method 

will be re-described here. The USP system composes  

1. A container comprising a transducer that produces ultrasound waves 

and the precursor liquid to be “pyrolyzed”. The ultrasonic waves of 

frequency 1.67 MHz were focused to the solution surface to produce a 

vapor of ultra-small droplets.  

2. The carrier gas system for the delivery of the precursor droplets. The 

droplets were carried in a quartz tube by a constant flow of argon at 11 

L min-1 for samples VO2-400, VO2A and VO2B and 18 Lmin-1 for 

sample VO2NB  

3. The heated zone which could be a furnace, oven or any heater. The 

most vital part of the USP system is the heating system which has to 

comprise, for instance, a furnace and temperature controlling 

electronics. Controlling temperature and flow rates in turn controls the 

shape, size and structure of the materials produced.  
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4. Powder collection system: The powders were deposited at the exit of 

the furnace on Corning glass substrates and on borosilicate glass  

5. The exhaust system.  

 

Fig. 4.1 is a schematic of the full USP system where the above systems can be 

identified. For the production of VO2 particles, the water-soluble precursor of 

NH4VO3 (ammonium meta-vanadate) +VCl3 (vanadium tri-chloride) was 

used. The combination of NH4VO3 and VCl3 is due to the fact that V has a 

valence of 5+ in NH4VO3 and 3+ in VCl3. 

The average valence of the combination gives a valence of 4+ which is 

exactly the valence of V in VO2. However the production of VO2 is a little 

more than playing with the precursor; the nature and flow rate of the carrier 

gas, temperature and the nature of substrate have their influences on the 

stoichiometry and morphology of the VO2. For instance one got spherical 

particle at low flow rates [39] but one obtained dense nano-ribbon at high 

flow rates for the same temperature without the need for post-synthesis 

annealing. 



 130

 

 

 

 

 

 

 

 

 

Fig. 4.1 Schematic set up of USP: (1) ultrasonic nebuliser transducer, (2) 

precursor liquid (3) carrier gas inlet (4) nebuliser power supplier (5) 

connecting bellow (6) quartz tube (7) tube furnace (8) substrate (9) substrate 

holder (10) exhaust pipe (11)  temperature controller. (From the Ref. 41) 
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4.2 Production of Tungsten Oxides by USP 

For the production of WO3, the water-soluble (NH4)6W7O24.6H2O 

(ammonium meta-tungstate hexahydrate) was employed. In this case, the 

temperature of the furnace played an important role in changing the 

composition of the W and O in the WOx phases. At low temperatures- 100 to 

300oC- the W-oxide phases are rich in oxygen with x being greater than 3. 
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Above 700oC the value of x is below 3 showing that the oxides are oxygen 

deficient [42].  

Table 4.1 Experimental parameters for the production of various VO2 samples 

Sample ID Flow rate 

L min-1 

Gas type Furnace temp Deposition 

time 

VO2-400 

VO2A600 

VO2B700 

VO2WG700 

VO2CNG700 

11 

11 

11 

18 

11 

Ar 

Ar 

Ar 

Ar 

H2 

400 

600 

700 

700 

700 

25 

25 

25 

40 

25 

 

 

Table 4.2 Experimental parameters for the production of various WO3 

samples 

Sample ID Flow rate 

L min-1 

Gas type Furnace temp Deposition 

time 

W1 

W2 

W3 

W4 

W5 

W6 

W7 

11 

11 

11 

11 

11 

11 

11 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

100 

200 

300 

400 

500 

600 

700 

25 

25 

25 

25 

25 

25 

25 
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4.3 Post-Synthesis Annealing of the USP-produced WO3 

More important for the production of dimensional nano-structures is 

post-synthesis annealing which was done for 17 hours at 500oC in argon 

environment. 

 

Table 4.3 Experimental parameters for the annealing of WO3 samples 

Sample ID Flow rate 

L min-1 

Gas type Furnace temp Annealing 

time 

(hrs) 

W1-500 

W2-500 

W3-500 

W4-500 

W5-500 

W6-500 

W7-500 

2 

2 

2 

2 

2 

2 

2 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

500 

500 

500 

500 

500 

500 

500 

17 

17 

17 

17 

17 

17 

17 

 

4.4 Laser Pyrolysis  

The present laser pyrolysis experimental set up as fully described in 

Mwakikunga et al.  [40-43] is presented in Fig. 4.2 and Refs. 40-43 are attached 

in Appendices. Ref. 40 described all the technical details- the reaction 

chamber, the laser alignment procedures, the laser beam physics, the nozzle 

design, the precursor preparation and the preliminary IR spectral experiments 

on the precursor (see Fig 4.3 (a)). A six arm chamber was designed and built 
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Fig. 4.2 The outline of the laser pyrolysis set up: (1) laser beam (2) focussing 

lens (3) stepper-motor (4) substrate (5) three-way nozzle (6) argon gas inlet (7) 

carrier gas inlet (8) precursor liquid droplets and carrier gas inlet (9) power 

meter (From Ref. 41) 

 

with adjacent arms orthogonal to one another.  Two opposite arms were 

mounted with 2 inch ZnSe windows tilted slightly from normal incidence to 

avoid back reflections into the laser cavity; these formed the input and output 

windows for the laser beam, which propagated in the horizontal plane, 

parallel to the optical table, through the two-arm length.  The entrance 

window was 145 mm from the focussing element, and the total length from 

entrance to exit window was 590 mm.  Orthogonal to the laser beam axis, in 
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the vertically upwards direction, the precursor droplets were released into the 

chamber and travelled into the laser beam volume. The subsequent products 

were collected in one of two configurations:  

(a) onto a substrate for production of thin films or,  

(b) onto a filter, connected to a pump, for the production of powders. 

In the thin film configuration, the substrate was mounted on a rotating stage 

driven by a controllable step-motor, which in turn was powered and 

controlled from outside the chamber via vacuum-to-atmosphere adaptors.  

The last pair of arms, not used in this experiment, allows for viewing the 

pyrolysis process through either visual or spectroscopic means. A schematic 

representation of the laser pyrolysis concept is shown in Fig. 4.2.  

The experimental system for delivery of the laser beam is shown in Figure 

4.3.  A wavelength tuneable continuous wave (cw) CO2 laser was used in the 

experiments (Edinburgh Instruments, model PL6).  Wavelength tuneability of 

the laser was possible with an intra-cavity mounted grating, allowing line 

tuneable output in the 9.2–10.8 µm range. A pop-up mirror in the optical set-

up allowed the laser beam to be directed to a diagnostics table for power 

measurements (Coherent power meter, model 201) and for determining the 

lasing wavelength using a spectrum analyser (Optical Engineering Inc, model 

16A).  A polarisation based attenuator was used to allow power variability 

(this could also be achieved through adjustment of the laser discharge 

current).  A Helium Neon laser was aligned co-linear with the CO2 beam for 

ease of alignment through the optical system. The laser beam was focused 
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using a 2 m radius of curvature concave mirror (gold coated from II-VI Inc) 

and the profile of the laser beam was measured at various distances from the 

mirror with a scanning slit to determine the complete propagation 

characteristics inside the reactor. Careful choice of the slit width was made for 

each measurement in order to ensure accurate results following the approach 

of Chapple (1994).   

The beam radius at each position was calculated by using a Gaussian fit to 

the data.  A non-linear least squares fit was used to extract the necessary laser 

beam parameters, such as waist, waist position and laser beam quality.   

It was necessary to study the absorption characteristics of the precursor 

materials before performing the laser pyrolysis in order to ascertain whether 

or not they would be able to absorb the 10.6-µm emission from the laser  and 

result in the necessary dissociation of the resonant bonds. Also this was done 

to find out if this was going to be a photochemical process (chemical change 

due to resonance with the light wavelength) or a photothermal one (chemical 

change due to heating of the infrared radiation). Fourier transform infrared 

spectroscopy was carried out on the following precursor materials: 

1. Ammonium metatungstate [(NH4)6W7O24.6H2O] 

2. Dodeca-tungstophoric acid [H3PW12O40.nH2O] 

3. Vanadium pentoxide powder [V2O5] 

4. Ammonium metavanadate [NH4VO3] 

The FTIR of the first three are represented in Fig. 4.3 (a). The spectra show all 

the precursor materials have IR active local vibrational modes close to, but not  
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Fig.4.3 (a) FTIR spectra of some of the precursor materials used in this study 

showing the absorption bands that fall close to the CO2 laser frequency 

 

at, the laser emission line of 10.6 µm. The assurance was that normally, when 

the detuning is very small, multiphoton absorption process (as discussed in 
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section 2.12) would help bring the materials vibrational modes to resonance in 

a very short time and hence a photochemical process could be induced. Also, 

in the presence of sensitizer gases such C2H2, these reactions were seen to be 

feasible. 

In Mwakikunga et al.  [Ref. 42], the elaboration in greater detail on how the 

flow rates of the precursors and the carrier gases affected the final 

morphology of the samples was continued as re-shown in Fig. 4.4. The 

particle deposition showed a void at the centre [Fig. 4.4 (b)] when the 

encapsulating carrier gas flow rate was higher than the carrier gas driving the 

precursor droplets. 

When the flow rates were reversed, the deposition showed the profile 

of a hump [Fig. 4.4 (a)] showing there was more deposition at the centre of the 

substrate than in periphery. This was found to be in agreement with 

Bernoulli’s theorem which requires that there should be reduced pressure in 

fast flowing fluids. 

When the central gases are larger, the pressure is lower in this region 

and hence the droplets and the particles (after laser pyrolysis) are trapped in 

this low pressure. Therefore there is high deposition at the centre of the 

substrate and vice versa.  

Here, these experimental parameter summarized in Table 4.4 and 4.5 

are listed out. Particles from this process were collected on Corning glass 

substrates, placed on a rotating stage, at room temperature and at 
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atmospheric pressure. The so-obtained samples were further annealed in 

argon atmosphere at 500oC for 17 hours.  
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Fig. 4.3(b) A schematic of the laser beam delivery for the synthesis of tungsten 

trioxide by laser pyrolysis, with the six arm pyrolysis chamber shown (two 

arms are in and out of the page). The HeNe laser was used only for visible 

alignment of the infrared laser beam.  The final focussing element was a 2 m 

curvature gold coated mirror. 
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Fig. 4.4 (a) when the precursor flow-rate is larger than the encapsulating 

carrier gas (Ar) and (b) when the precursor flow-rate is smaller than the flow-

rate of Ar. The precursor is driven either by C2H2 or O2. The particle 

deposition in (a) has profile of a hump whereas the deposition in (b) has a 

vacancy at the centre as indicated on the substrates. 
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Table 4.4 Experimental variables for the production of vanadium oxides by LP 

Sample Precursor Channel 1 

8cm3/min 

Channel 2 

8cm3/min 

Channel3  

Variable 

Nanowire 

or Nano-

belt yield 

Structure 

V2O5A 

V2O5B 

VCL1 

VCL2 

aq.V2O5 

aq.V2O5 

VCl4+ethanol 

VCl4+ethanol 

O2 

C2H2 

O2 

C2H2 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

None 

High 

None 

Low 

Film 

Belts+scrolls 

Film 

Long belts 

 

 

Table 4.5 Experimental variables for the production of tungsten oxides by LP 

Sample Precursor Channel 1 

8cm3/min 

Channel 2 

8cm3/min 

Channel 

3  

Variable 

Nanowire 

yield 

Morphology 

W1 

W2 

 

WCl6+ethanol 

WCl6+ethanol 

 

O2 

C2H2 

 

Ar 

Ar 

 

Ar 

Ar 

 

High 

Low 

 

Slabs +Rods 

Sphere+Rod 
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4.5 Current model for estimating the temperature of the plume at the laser-

aerosol interaction region 

 

The Bowden et al.  model introduced in Chapter 2 suggests that laser 

intensity affects aerosol temperature in a direct linear manner. This is only 

valid for low laser power. One way to arrive at a more realistic model is to 

extend the Bowden et al.  model to higher excitation.  

By looking closely at the experimental data by Tenegal et al.  (2001) 

[304], another approach was conceived. This approach consists of imagining 

that the aerosol system is synonymous to a thermal capacitor whose thermal 

capacitance at a temperature T∞ serves as an upper temperature limit to which 

one can possibly heat the aerosol system. The laser energy ξL, which is equal 

to ψLt where ψL is laser power,  defines the flow rate of photons that “charge-

up” this aerosol system similar to the electrical current of electrons that 

charge up the capacitor in classical electricity theory. Since the aerosol 

temperature is Troom when the laser is OFF, one takes this point to be the 

initial boundary condition. Similar to derivation of the capacitor charging 

theory, it is possible to show that the aerosol temperature is affected by laser 

power, PL in the following manner: 

( )[ ]
LLroom

TTT ξα−−+= ∞ exp1       (4.2) 

The coefficient αL in units of W-1 will vary from atomic system to another. 

This model was fitted to experimental data as illustrated in Fig. 4.5 and one 
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can estimate the values of T∞ as 1693.047±4.913 K and αL as 0.0078 ±0.0001 W-1 

when Troom is equal to 300 K for this aerosol system. 

At a laser power of 50 W which was used throughout the current 

experiments, this simple equation predicts a temperature of 846 K. The laser 

used in the current study could stabilize at 30 W. Using Eq. 4.2, the 

temperature of the aerosol inside the laser beam has been calculated to be 653 

K. Both of the above temperatures are not detectable by the spectrometer that 

was employed in the current pyrolysis of WOx and VOx compounds. 

 

Fig 4.5 Laser power as it affects the temperature of the C/O atoms moving 

transversally to the laser beam direction. The fitted curve is from the present 

theory and the straight line graph is from the model by Bowden et al.  (1977) 
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 As a consequence of this low temperature and the undetectability of it, all the 

attempts to determine the experimentally are not complete. The calculated 

temperatures above were taken as enough for the current study with more 

sensitive temperature measurements ongoing but could not be reported in 

this Thesis. 

 

4.6 Characterization 

4.6.1 Scanning electron microscopy 

Morphology studies were carried out using two types of scanning 

electron microscopes  

(1) a Jeol JSM–5600 scanning electron microscopy (SEM) microscope  

(2)  a LEO 1525 field emission gun scanning electron microscope (FEG-

SEM) operated at 3−20 kV.  Both of these were equipped with energy 

dispersive x-ray spectroscopy (EDS) setup. In order to avoid charging effects 

during SEM analysis, the samples were made conductive by carbon coating. 

Infrared and Raman spectroscopy experiments on the as-obtained WO3 and 

VO2 materials are report elsewhere [Mwakikunga et al.  2007].  

 

4.6.2 X-ray diffraction (XRD) 

Structural studies were done using a Philips Xpert powder 

diffractometer equipped with a Cu Kα wavelength of 0.154184 nm. The 

experimental procedure showed good reproducibility of results. 
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4.6.3 Raman spectroscopy 

  Raman spectroscopy was carried out using a Jobin–Yvon T64000 

Raman spectrograph with a 514.5 nm line from an argon ion laser. The power 

of the laser at the sample at the post-annealed samples was small enough 

(0.384 mW) in order to minimise localised heating of the sample. The T64000 

was operated in single spectrograph mode, with the 1800 lines/mm grating 

and a 20× objective on the microscope. The Richter equation given in Refs.16 

& 17 and herein reproduced as Equation 3.5 was fitted to experimental data 

and the pertinent parameters were extracted. In the equation, d is the nano-

wire diameter, Γ0 is the full-width-at-half-maximum (FWHM) for bulk 

material Raman peak (Γ0 = 6.5 cm-1 for WO3), ω(q) is the phonon dispersion 

curve relation (PDR) for the material, A = 713 cm-1, a = 0.76 nm for the 713 cm-

1 phonon branch whereas A = 808 cm-1 and b = 0.38 nm for the 808 cm-1 

phonon branch. For the purposes of the fitting session, the phonon dispersion 

relation, ω2(q) = A2+ABsin2(aq)+B2sin4(aq), was derived from the simple 

relation of the form ω(q) = A + Ba2q2. The latter assumes isotropic dispersion 

curves; however the former provided a much smoother fit than the latter for 

the present WO3 Raman spectroscopy data.  B was determined after non-

linear fitting of Eq. 3.5 to experimental Raman spectral data. This was carried 

out using MathematicaTM.  
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4.6.4 Atomic force microscopy 

AFM imaging was carried out on VO2 nanoribbons by suspending a 

few ribbons in ethanol and placing a drop of the ultrasonicated ribbons onto a 

clean Si surface. Imaging was done in tapping mode on VEECO atomic force 

microscope and varying scan rates and magnifications. 

 

4.6.5 Electronic properties measurement: Co–Linear Four–Point Probes on 

VO2 Nano-Ribbons 

A co-linear four-point probe system from Cascade Microtech, Inc., 

Oregon, U.S.A. was used to perform conductance measurements on the VO2 

nano-ribbons by following procedures from the University of Texas at Dallas. 

The equidistant tungsten carbide probes have a separation distance, a, of 

0.127 cm and a probe radius of 0.005 cm. The Keithley 4200 Semiconductor 

Characterisation System (SCS), equipped with four supply-and-measure units 

(SMUs) and a pre-amplifier, was used to perform high precision direct-

current characterisation capable of probing sensitive voltages and injecting 

currents ranging from 1 fA – 1 mA with a resolution of 0.1 fA. In this work, a 

constant 1 µA current was injected through probe 1 through the sample of 

nano-ribbons to the ground at probe 4. The potential difference was measured 

across probes 2 and 3. For each scan, 100 measurements were taken for 5 

minutes.  

The sample was heated with a temperature controlled heater. Voltage–

time scans were done at temperatures of 22oC–80oC during the heating–up 

cycle and another set from 75oC–24oC during the cooling-down cycle. 
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Chapter 5 

Results and Discussion 

 

In this chapter, important results that address the present objectives are 

presented. In cases where the results are published, the reader can confirm in 

the attached journal articles and manuscripts in press in the Appendices. 

Unpublished results and those that are being considered for publication will 

be presented in considerable detail. 

 

5.1 Results from USP  

5.1.1 First-fruits of VO2 nanoparticles by USP 

The production of VO2 nano-particle for the first time by USP was 

reported [39] attached in the Appendices A1 but also summarized herein and 

illustrated in Fig. 5.1. When the precursor NH4VO3 (AMV) in water was 

deposited on quartz at 400oC, XRD [Fig. 5.1 (a)] showed the presence of the 

same precursor AMV. This showed that most of the precursor is not 

decomposed at this temperature. However when deposited on Corning glass 

at 700oC in hydrogen environment XRD of the decomposed thin film showed 

a mixture of V2O5 and VO2. Later in this chapter, it will be shown that these 

were in fact bilayers of VO2 (B) and V2O5 nanoribbons. It was only when the 

deposition was done on window glass at 700oC in argon atmosphere that VO2 

(monoclinic) was obtained [Fig. 5.1 (c)]. Transmittance of such a glass at 

different temperatures showed interesting switching from a transparent 
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material at room temperature to a less transparent one at 90oC as shown in 

Fig 5.1 (d). This was found to a reversible process as transmittance was 

measure during the cooling down cycle as well (not shown here). However, 

plotting transmittance at chosen wavelengths of 2800 nm, 2500 nm, 2000 nm 

and 1500 nm as shown in Fig 5.1 (e) showed hysteresis type of reversible 

change as is the case for stoichiometric VO2. 

 

 

Fig. 5.1 First report on the production of VO2 by USP (a) Undecomposed 

AMV precursor (b) Decomposed AMV into a mixture of V2O5 and VO2 (B) (c) 

monoclinic VO2 (d) transmittance at various temperature and (e) hysteresis 

plots characteristic of VO2. 
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At that time, the scanning electron microscopy of the samples was carried 

out by a Jeol JSM-5600 microscope whose micrograph quality was only 

modest as can be seen in the attached Ref. 39. The spherical particles obtained 

were found to have an average diameter of 800 nm as seen by this kind of 

microscope. The imaging was since repeated in a better microscope - a LEO 

1525 field emission scanning electron microscope (FESEM) – operated at 3 - 22 

kV. The new images for two samples produced in a flow rate of 11 L/min at a 

furnace temperature of 600 and 700oC are presented in Fig. 5.2 and 5.3.  In 

both micrographs, the EDS spectra indicate that, apart from the V and O 

peaks from VO2, strong peaks from Si alongside Na, K and Al are present 

which are due to the Corning glass substrate. The size distribution charts of 

the VO2 at 600oC and 700oC are given in Fig. 5.3. 

 

5.1.2 VO2 nano-ribbons by USP without post-synthesis annealing 

Nano-ribbons of VO2 illustrated in Fig. 5.4 are seen at the following 

synthesis parameters:  

(1) at higher flow rate of 18 cm3/min of argon of the NH4VO3 precursor  

(2) the substrate of borosilicate glass  

(3) positioned at a region in the furnace where the substrate 

temperature was ∼300oC and  

(4) the furnace temperature of 700oC in the central zone which is 

regarded to be the pyrolysis temperature.  
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No post-synthesis annealing was done on this sample. This suggests 

that these one-dimensional ribbons grow by a different mechanism from the 

nano-wires of WO3 to be discussed in the forthcoming sections of this chapter. 

Scanning electron microscopy was done on the LEO microscope and samples 

were prepared by scrapping a small portion of the powder on to a carbon tape 

tailored for the SEM [Fig. 5.5(a)]. Note the EDS spectra shows only V and O 

peaks with some C peak from the carbon tape (Fig. 5.5).  
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Fig. 5.2 Scanning micrographs of VO2 nano-particles synthesized on Corning 

glass in 11 L/min of argon with a deposition time of 25 min at (a) 600oC (inset 

is EDS) (b) 700oC (EDS in inset)  



 151

 

Fig. 5.3 Size distribution of the particles of VO2 on the samples grown by USP 

at 600oC  
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Fig. 5.4 SEM micrographs of VO2 nano-ribbons a low resolution image 

showing the overall density of the nanostructures with an inset the same on a 

different spot of the sample 
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Fig. 5.5 SEM micrographs of VO2 nano-ribbons (a) a higher resolution with (b) 

an EDS spectrum showing the V and O peaks. Note how the image reveals 

how gossamer (transparent) to electron the ribbons are.  
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Cross-sectional SEM was carried out by tilting the sample so that the electron 

beam “sees” the sample from the edge. This was done to determine the 

thickness of the VO2 layer. The result revealed that the layer is highly 

inhomogeneous with an undulating profile as one expected from a nano-

structured layer such as this one. The cross-section SEM micrographs are 

given in Fig. 5.6. 

 

 

Fig. 5.6 Cross-sectional SEM image of the VO2 sample prepared by USP Inset 

(a) is a close-up of the interface between the borosilicate substrate and the VO2 

layer exposing the in-homogeneity of this layer (b) the arrangement of the 

cross-sectional SEM experiment 

 

5.1.3 Atomic force microscopy of the VO2 nano-ribbons 

The procedures for preparing the sample for atomic force microscopy 

including the AFM setting were described in the previous chapter. The image 



 155

shown in Fig. 5.7 shows an isolated ribbon with round corners. When a line 

profile was performed, the side profile of the ribbon was captured enabling 

one to measure the third dimension of the ribbon which was not easily 

measurable with SEM or TEM. The profile clearly shows that the ribbon in the 

image has a thickness of 10 nm. The other dimensions of width and length are 

400 nm and 1000 nm respectively. Other ribbons (not shown here) were as 

thin as 5 nm. This explains why the ribbons were transparent to electrons as 

show in the close-up SEM images above. 

 

 

 

 

 

 

 

Fig. 5.7 (left) AFM images of a single VO2 nano-ribbon. The profile (right) 

shows that the VO2 ribbon is typically 10 nm thick 

 

5.1.4 Structure of the VO2 ribbons and the particles from USP 

 

 It has been stated in Chapter 3 that there are four polymorphs of VO2: 

VO2 (M), VO2 (R), VO2 (A) and VO2 (B). It has been reported that VO2 (M) 

appears at high temperatures of synthesis. This is the phase that undergoes 

thermochromic transition to VO2 (R) when heated to above 340K. VO2 (B), 

29.8nm29.8nm



 156

which nucleates at lower temperatures than 420oC, is reported by Sahana et al.  

[436] not undergo any thermochromic transition. Sahana noted that the VO2 

(B) structure is formed by the packing of edge-sharing octahedral that are 

only linked at corners in the (001) planes. In contrast to the VO2 (R), they also 

noted that the fourfold axes of the oxygen octahedral are almost aligned along 

a single crystallographic direction [010]. The (001) planes were made up of a 

network of corner-sharing octahedral forming close packed planes. Sahana et 

al.  from Leroux et al.  [437] further speculated that these structural features of 

the VO2 (B) may be expected to lead to a tendency for its crystallites to grow 

as platelets. 

With better SEM images showing nanoribbons for a sample 

synthesized at 700oC in hydrogen atmosphere, XRD and TEM experiments 

were carried on this sample. These XRD results show that the VO2 is a 

mixture of two phases - VO2 (monoclinic) and VO2(B). Even those samples 

that were processed at higher than 420oC show presence of VO2 (B) phase 

since the substrate used to collect the VO2 crystallites was placed at the end of 

the quartz tube where the temperature was much lower than 420oC (see Fig. 

5.70). When the substrate is placed at a zone where the temperature is 700oC, 

VO2 (M) nanoparticles were found (Fig. 5.70 (b)). Based on the argument by 

Sahana et al.  and Leroux et al.  above, one can conclude that a substrate 

temperature of lower that 420oC and a pyrolysis temperature of more than 

700oC are the most favourable conditions for obtaining VO2 (B) belts and 
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ribbons without further annealing. If further annealing has to be carried out, it 

has to be done at higher than this temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.8 X-ray diffraction of the VO2 nano-ribbons from USP showing the 

diminishing presence of VO2 (A) and V2O5 as the furnace temperature is 

raised from 400oC  in argon (b) to 700 oC in argon  (a) and at 700oC in 

hydrogen (c). A broad hump from 2θ = 20 – 40o is from the SiO2 substrate 
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Fig. 5.9 Transmission electron microscopy, SAED pattern and local EDS on a 

single VOx nano-ribbon revealed bi-layered structure: V2O5 and VO2. Lattice 
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parameters for the two regions are as indicated. Inset (a) and (b) are SAED 

patterns for V2O5 and VO2 regions respectively and inset (c) and (d) are local 

EDS spectra of outer V2O5 and core VO2 layers respectively. (Detector used 

was Gartan 1000 camera, accelerating voltage =200 kV and for EDX, the spot 

size was 1µm and the take off angle of 15o) 

TEM results on a single ribbon from a sample synthesized at 700oC in 

argon are summarized in Fig. 5.9. Higher magnification in Fig. 5.9 showed 

that the ribbons has two layers: an outer (shell) layer of oxygen-rich VOx with 

the stoichiometry close to that of V2O5 and an inner (core) layer of oxygen-

deficient VOx with stoichiometry close to that of VO2.  

 The d-spacings for the monoclinic structure are given by the following 

well known equation 


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where d is the value of the interplanar spacing, a, b, c and β are the lattice 

parameters of the VO2 unit cell and h, k, l are the Miller indices of the 

reciprocal lattice giving the co-ordinates of the lattice planes under 

investigation. Inserting in the above Eq. 5.1 the values of lattice parameter a, b, 

c, β (respectively as 12.03Å, 3.70Å, 6.433Å and 106o) for the VO2 (B) as given in 

Table 3.2 in Chapter 3 and searching for the Miller indices h, k, l that would 

yield the closest experimental d-spacings gave the following spreadsheet. 
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Table 5.1 Calculated Miller indices for the system VO2 (B) 

 

 

 

 

 

 

 

 

 

The highlighted row shows that the calculated Miller indices for the plane 

(hkl) = (101) have a d-spacing of 6.297Å. The calculated inter-planar spacing is 

very close to the observed spacing of 6.2517Å as presented by the TEM image 

of the VO2(B) ribbon above. The reflection from plane (401) of the VO2 (B) is 

not observed here; only that of plane (101) is seen. This is in conflict with the 

XRD results above which report the plane (401) instead of the (101) seen by 

TEM. The conflict should be due to the fact that the ribbons have 5-nm-thick 

V2O5 layer on top of the VO2 ribbon. This limits accurate determination of the 

structure of one of the layers at this local measurement by TEM. The same 

procedure of analysis was applied to the V2O5 TEM results which gave the 

growth directions much more easily as indicated in Fig. 5.9 [inset (a)]. 
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5.1.5. Raman spectroscopy results from VOx ribbons  

 The reader will recall that Raman spectroscopy of slabs and thin films was 

introduced in Chapter 3. Phonon confinement in thin films was derived by 

Faucet and Campbell as re-produced in Eq. 57. Due to the complex nature of 

the Eq. 57, a simpler phonon confinement model in slab-like structures can be 

derived as shown below. Kim et al. 56 have claimed that the Fourier coefficient 

must generally be given by 

 

( ) ( ) dq
dq

qfqdqC 
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Where f(q) = 1 for slabs and f(q) = 4πq2 for an isolated sphere. No physical 

explanation was given by Kim et al.  for setting the above constraints 

especially the one for slabs.  

However, if one follows the simpler approach used by the Piscanec et 

al.  and Adu et al. of simply changing the dimensionality of the d3q 

momentum volume, one can have an alternative model that would best fit the 

nano-ribbon data. Consider the following schematic in Fig 5.10 of a ribbon 

interacting with a laser beam in a typical Raman spectroscopy set up. 
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Fig 5.10 Illustration of phonon geometry in a slab as a result of laser excitation 

 

In performing Raman spectroscopy on ribbons whose typical length (lx), 

width (wy) and thickness (τz) are about 1µm × 400 nm × 10 nm as shown by 

AFM, one expects that confinement of optical and acoustic phonons ought to 

be only in one dimension, that is, the z direction which denotes the thickness 

of the ribbon as illustrated in Fig. 5.10 

 

Surface phonons in thin films and quantum wells57 and super-lattices58 and 

have been studied. However, these structures have been composed of 

spherical particles and hence the elaboration of the confinement of optical 

phonons has been synonymous to that in the Richter-Faucet-Campbell 
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description. It is possible to re-write Richter-Faucet-Campbell equation which 

is in polar co-ordinates to an equation that is in Cartesian ones in keeping 

with the geometry of nano-ribbons illustrated in Fig. 14 as follows 
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Expanding and grouping the like terms, one obtains an equation that is 

suitable for Raman scattering in thin layers such as ribbons, sheets and belts 

as follows: 
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The double integration describes the non-confined vibrational modes in the 

ribbon’s (x-y) surface. Note that, as expected, the profiles of the (x-y) phonon 

spectra are perfect Gaussians. However, the numerical integration with 

respect to z is the only component that describes the asymmetrical 

broadening in the Raman spectrum. The double integration can be a constant 

and hence the whole equation can be written as 
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These have been fitted to the present Raman spectroscopy data from 10 

nm thick ribbons as shown in Fig. 5.11. From this fitting, the phonon 

dispersion relation for VO2 for the first time as  

( ) 254.270.146 qq −=ω       (5.6) 

 This in agreement with Vikhnin et al.  (1995) [453a] who found that 145 

cm-1 was the phonon frequency mode in VO2 that is active during the 

semiconductor-to-metal transition although the most intense phonon 

frequency is 600 cm-1. 

 Beyond 5 nm, phonon confinement models have been known to fail to 

fit the observed data. This is clearly shown in the 5 nm thick ribbon data in 

Fig. 5.11 where instead of stronger phonon confinement, a 145 cm-1 phonon 

splitting was observed. This is attributed to surface phonons which become 

predominant when then ratio of surface atoms to bulk atoms increases. Eq. 3.9 

could not be used because this equation governs the surface phonons modes 

which come as a result of LO-TO splitting. In the present data there is a 

single-phonon splitting – TO splitting and/or LO splitting. This begs for 

another phonon splitting protocol. Similar to the current observations have 

been Lerman et al. (1997) [453b] and Volodin et al. (2000) [453c] from their 

quantum structures by molecular beam epitaxy. Lermann developed a theory 

of LO wire-width dependent splitting in ZnSe and compared their theory 

based on strain relaxation to their experiment observations. They found the 

splitting to have an inverse correlation with the wire-width although the 
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theoretically calculated data showed departure from experiment when the 

wire width became smaller than about 50 nm (see inset (a) of Fig. 5.11). 

Volodin et al.  compared the TO splitting in two orthogonal direction of the 

GaAs (311) wires (TOx and TOy) and found that the degree of splitting 

increased with decreasing number of monolayers. A GaAs-free layer labelled 

(311)B showed no phonon splitting. These results confirm the present study’s 

hypothesis laid out in Chapter 3 that as nanostructures become thinner more 

atoms become surface atoms and surface and interface phonons manifest and 

hence the increase in the splitting of individual TO and LO phonons as seen 

in Fig. 5.10. The same resulted were observed for WO3 nano-discs (Fig. 5.10 

(b)) whose thickness has not yet been determined but whose evident splitting 

shown in Fig. 5.10 (c) confirms the nano-structuredness of the disc thickness. 
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Fig. 5.11 (a) Raman spectroscopy of VO2 nanoribbons of different thickness; 

the new phonon confinement equation 61 has been fitted to the 10 nm thick 

ribbon data. The 5 nm ribbon data has been described by phonon splitting of 

equation 64. Compare the TO-splitting in VO2 nanoribbons with the LO-

splitting (c)  in WO3 nano-platelets (b) with details in the text. 
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Fig. 5.12 The VO2 TO phonon (145 cm-1) splitting as a function of VO2 ribbon 

thickness suggesting that the splitting increases as ribbon thickness decreases. 

The inverse nature of the present results agrees with the theory and 

experiment on LO phonons in ZnSe quantum wires from Lerman et al.  (see 

text) and the TO splitting in GaAs quantum wires as discussed by Volodin et 

al.  (see text for details) 
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5.2 WO3 nano-sphere produced by USP at varying furnace temperatures 

The production of nano-spheres of WO3 at furnace temperatures 100, 

200, 300, 400, 500, and 700oC were reported in Mwakikunga et al.  [42] 

attached in the Appendices A2 and also summarized herein [Fig. 5.13]. 

 

Fig. 5.13 WO3 nanospheres obtained by ultrasonic spray pyrolysis 

(Mwakikunga et al [42]) at various temperatures 
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Briefly, it was observed that the nano-sphere diameter decreased as the 

furnace temperature was increased in contrast to the so-called Ostwald’s 

ripening. The Tiller equation (Eq. 2.46) was used to explain this shrinking in 

size. Also nano-crystals of various shapes were observed and the size 

distribution of the nano-crystals in a sample synthesized at 700oC was 

characterized. The mean crystal size was 72 nm with a standard deviation of 

about 24 nm. Rod-like structures were seen in the midst of the as-deposited 

particles indicative of the onset of one-dimensional growth even before 

thermal annealing. No such structures were seen at higher temperature than 

650oC.  

 

Fig. 5.14 The decrease in diameter of WO3 nanospheres as USP furnace 

temperature is raised (Mwakikunga et al [42]) 
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5.2.1 WO3 spheres into W18O49 nano-tips and nano-belts after thermal 

annealing 

In order to enhance this growth, portions of these samples were further 

annealed at 500oC for 17 hours as explained in the experimental chapter. 

Although 1D-structures are seen in all samples annealed under similar 

conditions, the highest yield of nano-wires and tips was seen in a sample 

synthesized at 500oC.  

 

 

Fig. 5.15 W18O49 nanowires and nanotips after annealing the WO3 

nanospheres produced by USP 
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At lower and higher temperatures than 500oC the 1D structure are rod-

like and the yields are relatively poor. The wires in the sample W5-500 are 

extremely long with one of the highest aspect ratios. The most probable 

diameter of the nano-wires was (101.1 ± 6.1) nm with a standard deviation of 

(69.6 ± 14.1) nm. This means that some wires can be as small as 31 nm. 

Another amplified image, is shown, of a remarkably long nano-belt in a 

sample synthesized at 700oC and annealed at 500oC for 17 hrs (sample W7-

500) whose thickness is about 45.95 nm and whose length is 8.67 µm. This can 

be seen to be growing from either grain boundaries or from spheres 

themselves.  

Transmission microscopy revealed the structure and composition of 

the WOx nano-wires. The nano-wires are in fact tapered suggesting a needle-

like profile.  

 

Fig. 5.16. Low resolution TEM of W18O49 nanotips (Mwakikunga et al [42]) 
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However, the SAED pattern (not shown here) from the core showed a one-

dimensional crystalline arrangement of the atoms in the WOx core as 

displayed by a spotty pattern. Analysis of spots that were seen to be of similar 

density, yielded the dhkl spacing from which the lattice parameters were 

calculated from possible planes in as many phases of tungsten oxides as could 

be found in literature. Only the plane (100) belonging to the monoclinic phase 

of W18O49 was found matching the diffraction pattern. Therefore the growth 

direction of the W18O49 nano-tips is [100] and lattice parameters (a =18.28 Å, b 

= 3.775 Å, c = 13.98 Å; JCPDS 5-392) were found to match those in literature. 

 Since the present nanowires were produced in a novel manner, 

traditional growth models vis-à-vis  

(1)  Screw dislocation theory  

(2)  Vapor – Liquid – Solid (VLS)  

(3)  Solution – Liquid – Solid (SLS)  

4)  Super Critical Fluid Synthesis (SCFS)  

(5)  Vapor – Solid (VS)  

could not explain the manner of growth.  

Although pure tungsten has the highest melting point among known 

metals (m.pt 3422oC, b.pt 5555oC), Gillet [438] showed that the WO3 particles 

could be sublimated at a relatively low temperature of 550oC. Also loss of 

oxygen from tungsten oxide at high temperature and low pressure is well 

known [439]. Since the annealing temperature of 500oC is close to the Gillet’s 
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sublimation temperature of WOx, it was observed that a new kind of growth 

mechanism dictates the growth of WOx nanowires at 500oC. A new growth 

mechanism which was called Solid – Vapor – Solid (SVS) was introduced. 

One of the unique characteristics of these nano-structures that deserved a new 

growth model to explain their growth was the fact that thinner wires were 

longest whereas thicker ones were shortest. This is in contrast to the above 

listed growth models. More compelling evidence followed when we 

processed WOx nanowires from laser pyrolysis grown spheres and slabs. 

Further discussion is done in the next section. 

 

5.3 Results from Laser Pyrolysis 

5.3.1 WOx nanowires from laser pyrolysis 

 

Detailed results from the laser pyrolysis of tungsten–based precursors, for the 

synthesis of WO3 are presented in Mwakikunga et al.  [Ref. 40, 41, 43] also 

attached in the Appendices A3, A3 and A5. In this article [Ref. 40], it was 

shown that nanowires appear only after annealing (Fig. 5.17). It was also 

noted [Ref. 42] that the WO3 nanowires showed the ability to confine optical 

phonons the property of which was observed from Raman spectroscopy as 

shown by the asymmetry of the 800 cm-1 and 700 cm-1 phonon peaks 

illustrated in Fig. 5.18. 
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Fig 5.17 FEGSEM micrographs of WO3 nano–rods grown under O2 as a 

central carrier gas and C2H2 as the secondary carrier gas showing a thin film 

that has flaked up into orderly slabs between which are numerous nano–

wires. Inset (a) shows a close look at the nano–wires in between the slabs. 

Inset (b) zooms in onto the nano–wire area and inset (c) display one nano–

wire’s end. 
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Fig 5.18. Optical phonon confinement observed by the asymmetrical 

broadening of the WO3’s 700 cm-1 and 800 cm-1 phonon peaks (Mwakikunga 

et al [42]). Eq. 3.6 fitted and shown in red 

 

Also it was reported in Ref. 43 that the yield of nanowires depended on 

the flow rate of the precursor droplets. The C2H2–synthesized sample had a 

lower yield of WO3 nano–wires after annealing (shown in Fig. 5.17) than the 

O2–synthesize one as seen in Fig. 5.19. These nanowires in O2-ran sample 

grow in the crevices of the film. The C2H2-ran sample has nano–wires with a 

higher aspect ratio than the O2-ran samples. Also the C2H2–ran sample show 

presence of spherical micro–particle where a complete absence of these 

spheres is observed in the O2–ran sample. This meant that C2H2 maintains the 

spherical shape of the precursor droplets which was clear evidence that C2H2 

was only a sensitizer of the process but does not participate in the 

decomposition of the precursor. Also, in the presence of tungsten, C2H2 

dissociates and formed carbon structures such as carbon nano–tubes. On the 
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other hand, O2 actively participated in the breakdown of the precursor 

droplets and in the process increased the yield of the WO3 nano–wires at the 

expense of aspect ratio of the wires in general. The O2-ran sample also had 

very brittle thin films with cracks in a somewhat ordered manner. This 

ordered cracking after annealing could be attributed to the growth pressure 

(thermal stress) from the 1D nano-structures.  
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Fig 5.19 Scanning electron micrographs of WO3 nano–rods grown under C2H2 

as a central carrier gas and oxygen as the secondary carrier gas; the spherical 

droplets from the precursor maintain their shape until their deposition into 

micro-particles. Inset (a) is a micro-particle before annealing showing the 

genesis of the growth of a nano–wire. After annealing there are numerous 

nano–wires growing from and in between the spheres. Dotted box (b) shows a 

region where a number of nano–wires are seen sprouting from spheres. 
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Fig. 5.20 TEM micrograph of a single WO3 nanowire in (b) reveals that the 

nanowire ia a core with a shell of carbon, Au and Pd from prio-to-SEM 

coating as confirmed by EDS in (a) and (c). In (d) is the micrograph of carbon 

nanotube found segregated by the WO3 nanowires. 

 

The TEM micrograph of a typical wire grown from O2–run WO3 

particles revealed a core-shell structure with the WOx wire at the core and the 

carbon–Au–Pd composite around the wire as a shell.  
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C-Au-Pd is a material used in the prior–to–SEM coating to improve 

conduction for enhanced imaging. This shell served as a contaminant which 

obscured the electron diffraction of the wire so that the stoichiometry studies 

of the WOx nanowire could not be accomplished. In line with the previous 

studies, one could speculate that the wire is WOx with x being less than 3 due 

to oxygen loss during annealing.  

  In the C2H2-processed sample it was noted in Mwakikunga et al.  [Refs. 

40 and 43] that the micro-sized WO3 particles from which the nanowires 

sprouted were agglomerates of small nano-sized spheres. Recently, a 

compelling evidence of the speculation in a sample synthesized under O2 

environment was discovered. This is illustrated in Fig. 5.21 (a). In Fig. 5.21(b), 

the ball of nanospheres is seen propped up by more than three nanowires. 

Either the nanowires grow from the ball of spheres or from the WO3 layer on 

the substrater or both. In Fig. 5.21 (c), the size distribution of the nano-spheres 

is presented. The most probable diameter of the nano-spheres is 185 nm. 

Phonon confinement by Raman spectroscopy was observed in these wires and 

Eq. 58 was used to calculate parameters for the phonon dispersion relations 

(PDR) for WO3. By this technique, it was possible, as reported in Mwakikunga 

et al.  [Ref. 41], to obtain, for the first time, the phonon dispersion relations for 

the two phonon types (where a = 0.76 nm and b = 0.38 nm are lattice 

parameters) for monoclinic WO3 given as: 
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Fig. 5.21 (a) The micro-spheres of WO3 are but agglomerates of yet smaller 

nano-spheres. The nanospheres’ size distribution in (c) showing the most 

probable diameter of 185 nm and nanowires seen propping up a ball of 

nanospheres in (b) 
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Fig. 5.22 (a) Insitu TEM heating of the WO3 nanospheres with the sphere 

images taken at different times as indicated (b) sphere diameter as a function 

of time due to insitu heating. 

 

Some WO3 nanospheres were placed on a copper grid housed in a 

specialized heater for TEM for insitu annealing studies while TEM images of 
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the sphere were taken periodically as shown in Fig. 5.22 (a). This was done in 

order to find out if growth of nanowires from spheres could be observed in 

real time. No nanowires were observed. This is simply due to the fact that the 

environment in TEM is totally different from the environment where the 

nanowires were obtained- high vacuum in TEM but atmospheric pressure in 

the annealing environment. However, the most important result in this study 

was the observation of real time shrinkage of spheres as a function of time in 

the period that insitu heating occurred [Fig 5.22 (b)]. 

 

5.3.2 Brief Review of Nanowire Growth Models 

 

In order to understand how these nanowires grow, some of the growth 

mechanisms proposed by various scientists through the ages have been 

reviewed briefly. Sir Frederick Frank proposed the ‘screw dislocation theory’ 

in 1949. Central to this dislocation theory were Polanyi, Orowan, Taylor, 

Burger and Mott & Nabarro [440]. Defects and dislocation in the initial 

crystals initiate one-dimensional growth; “…the crystal face always has 

exposed molecular terraces on which growth can continue, and the need for 

fresh 2D nucleation never arises…” [440]. In 1964, detailed studies on the 

morphology and growth of silicon whiskers by Wagner & Ellis [441] led to a 

new concept of crystal growth from vapour which was called vapour-liquid-

solid (VLS) mechanism. The new growth mechanism was built around three 

important facts: (a) silicon whiskers did not contain an axial screw dislocation 
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(b) an impurity was essential for whisker growth and (c) a small globule was 

always present at the tip of the whisker during growth.  

 From fact (a), it was clear that growth from vapour did not occur according 

to Frank’s screw dislocation theory and from, facts (b) and (c), it was 

important that a new growth mechanism be studied. 

In 1975, Givarzigozov [442] introduced the fundamental aspects of the 

VLS mechanism. Emphasis was placed on the dependence of the growth rate 

on the whisker diameter. It was found that the growth rate decreased 

abruptly for submicron diameters and vanished at some critical diameter dc ≤ 

0.1 µm in accordance with the Gibbs-Thomson effect. Basing on this effect, 

which states that the solubility limit of a precipitate (β) in a matrix (α) varies 

with the precipitate’s radius, Givarzigozov suggested that the effective 

difference between the chemical potential of the precipitate in the vapour 

phase and in the terminal precipitate [whisker], ∆µ, is given by 

 

D

σµµ Λ−∆=∆ 4
0

        (5.7) 

 

∆µ0 is the same difference at a plane boundary (when diameter, D, of the 

precipitate tends to ∞), Λ is the atomic volume of the precipitate and σ is the 

surface free energy of the precipitate. The dependence of growth rate, G, on 

the super-saturation (∆µ/kBT) given by V = b(∆µ/kBT)n, where b and n are 

coefficients to be evaluated from experimental data, was used to derive an 

expression 
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The main characteristics of VLS mechanism is (1) the presence of a 

catalyst and (2) direct proportionality of the diameter of the nanostructure 

and the growth rate. and hence the larger is the terminal length of the 

whisker. Thick whiskers grow longer than thinner ones because this growth 

can be afforded by the continual supply of building blocks in the CVD 

system. It is shown below that in the absence of constant supply it is only the 

thin wires that grow long whereas the thick ones grow short. By plotting 

growth rate, V, [442] or terminal length l∞ [443] of the whisker versus D gives 

curves with a positive ascent. A plot of V1/n versus 1/D gives a straight line 

graph with a negative slope [442]. 

Recently, an in situ growth profile in real time for tungsten oxide nano-

wires was followed by Kasuya et al.  (2008) [444] by injecting ultra-small flow 

rates of O2 on a heated tungsten surface placed on a scanning electron 

microscope stage. It was difficult to ascertain if the length–and–diameter data 

would be in agreement with the VLS mechanism because the images were 

rather poor. This was due to the poor vacuum caused by the intentional 

injection of O2 which was useful for the targeted reaction. The length of the 

nano-wire as a function time l(t) was found to take the form of  

 

( ) ( )[ ]tltl α−−= exp10         (5.9) 



 185

 

where l0 is the final length and α is the growth or decay coefficient. 

 

5.33 Need for a New Model of Growth Mechanism 

 

What is studied here is the final state of the fully-grown WO3 

nanostructures. The present data for length and corresponding diameter for 

each nano–wire show contrary trends to the traditional (VLS) model. Since 

the production of solid-state nano–wires is after annealing of the solid-state 

particles, the mechanism of growth can neither be according to liquid-based 

“Solution-Liquid-Solid” mechanism proposed by Trenter and Buhro [445,446] 

nor in line with the “Super-Critical Fluid Synthesis” mechanism proposed by 

J D Holmes [447] and which has been later supported by Korgel and co–

workers [448]. These data certainly support the proposed “Solid Vapour Solid 

(SVS)” mechanism reported in Mwakikunga et al.   [42] where the solid–state 

W18O49 nano–tips produced by annealing solid–state WO3 nano–spheres 

(prepared by ultrasonic spray pyrolysis) in argon environment was reported. 

Synthesis of solid materials from solid precursors is not new. Solid-state 

reactions are very slow and difficult to carry out to completion unless carried 

out at very high temperatures where reacting atoms can diffuse through solid 

material to the reaction front more easily. Transformation of one phase to 

another (with the same chemical composition) can also occur in solid state, 

either at elevated temperatures or elevated pressures (or both). For the 
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growth rate of many solid-state reactions (including tarnishing), inter-

diffusion of ions through the product layer increases the thickness ∆x 

parabolically with time (∆x)2∝ t [449]. This is a sharply different dependence 

from the Eq. 1 proposed by Kasuya et al.  [444] above. In some solid–state 

processes, nucleation can be homogeneous. This is often the case for thermal 

decomposition, for example, as is the case in the current reactions 

 

( ) 2
;17;500
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0/
OnanowiresWO

slabs
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ArgonhoursC + →






    (5.10) 

 

In this Letter, Mwakikunga et al.  introduced for the first time the statistical–

mechanical aspects of this proposed SVS model as illustrated in Fig. 2.23. of 

the nanowires from a spherical layer of atoms 

 

5.34 The Solid-Vapour-Solid Nanowire Growth Theory  

 

For the sake of simplicity, consider the source of molecules to be a solid 

sphere of radius R0, containing molecules of mass, M, and assume the 

molecules to be spherical of average molecular diameter, Ω. Assume further 

that in changing the morphology from a sphere to a wire, only the surface 

molecules can migrate from the sphere to the newly-forming wire or rod. For 

instance it has been demonstrated [450] that the surface diffusive flux, JS of 

atoms on a surface of a slab of length L given by JS = -(dc/dx)∫0LD(y)dy is 

different from the more familiar bulk diffusive flux written from the first 
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Fick’s law as JB = -DB(dc/dx)L where dc/dx is the concentration gradient. In 

this case, transformation from sphere to rod takes place layer after layer. The 

sphere shrinks but the as-forming rod lengthens. 

If the sphere is amorphous and the wire is crystalline as normally 

observed experimentally, then the densities of the material in the initial 

sphere and the final wire are different and can be written respectively as ρam 

and ρcryst. The number of atoms in the first layer of the sphere can therefore be 

written as 

M
RN amsurf ρπ Ω= 2

01 4         (5.11) 

If all these atoms assemble into a rod of diameter D and length l1 then the 

number of molecules in the rod can be written in terms of length l1 as 

M
lDN crystrod ρπ
1

2
1 4

=         (5.12) 

However, not all the atoms in Eq 5 end up making the rod. The actual fraction 

that self-assembles into the rod is proportional to the Boltzmann’s fraction 

which depends on the temperature T of the ambient given as 
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1         (5.13) 

EA is the activation energy of the atoms. 

After the first layer has assembled into the rod of length l1, the next 

layer in the sphere has a radius of R0-Ω which forms the next segment of the 

rod of length l2. The subsequent layers have radii of R0-2Ω, R0-3Ω, R0-4Ω, R0-
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5Ω, and so forth. The ith layer will have a radius of R0-(i-1)Ω such that the 

number of atoms in ith layer is 

( )[ ]2
0 14 Ω−−Ω= iR

M
N amsurf

i

ρπ       (5.14) 

This corresponds to the number of atoms in the ith segment of the rod as 

( )[ ]
2

2
0

1
1exp16

D
iR

Tk

E
l

B

A

cryst

am
i Ω−−








−

Ω
=

ρ
ρ

     (5.15) 

The total length of the wire is a summation of all the segments of the wire 

emanating from each corresponding layer in the source sphere. 
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Parameter ζ is a function of temperature T and also depends on the geometry 

of the source of the atoms. The higher the annealing temperature, T, the 

higher the slope, ζ. This fact may mean that thinner nanowires can be 

obtained at higher annealing temperatures. But there must be a lower limit to 

how thinner nanowires can get in the SVS mechanism since at much higher 

temperatures all solid state starting material should evaporate away leaving 

nothing to form the nano-wires with. These limits are yet to be determined. 

The same question has been asked if there is a thermo-dynamical lower limit 

to the nano-wires growth by VLS [451]. It can be seen that if the source is 

equally crystalline then the ratio of the densities in the source to the final 

structure is unity. By quick inspection, one can see that the geometry 
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described by the summation in Eq. 84 is proportional to the total surface area 

of all atomic or molecular layers in the source. A plot of l versus 1/D2 should 

be a positive straight line graph with a y-intercept of zero and a slope of ζ. 

Similarly a plot of aspect ratios l/D versus 1/D3 is supposed to be a positive 

straight line going through the origin and having the slope, ζ. 

In the VLS mechanism, given a constant flux of molecules in the 

source, a nano-wire that has a large diameter will grow much longer as 

compared to when it starts out with a small diameter. In the SVS growth, the 

thinner the wire the longer it is and vice versa [as shown in the plots of Fig. 

5.24 (a)]. When aspect ratios, defined here as the ratio of length to diameter, is 

plotted against diameter, the same profile is obtained [Fig. 5.24 (b)]. When 

length and aspect ratio are plotted against 1/D2 and 1/D3 respectively, in 

accordance with Eq. 83, positive slopes are manifest (Fig. 5.24) almost equal to 

each other as expected from the above theory and of the order of ∼10-20 m3. 

This value is related to the order of magnitude of the average volume of the 

WO3 nano–wires. It should be noted that reverse growth from one-

dimensional to spherical particles is also possible at suitable annealing 

conditions. For instance, nano-belts of Zn acetate were converted into 

aggregates of ZnO nano-particles as reported in this journal [452]. 
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Fig. 5.24 (a) length of nanowire versus its diameter and length versus 1/d2 

fitted with Eq. 5.16 and (b) aspect ratio of the nanowire vesus d and 1/d3 

fitted with Eq. 5.16 divided by d. 

 

5.36 VO2 nanobelts from laser pyrolysis 

Although production of VO2 nanobelts by laser pyrolysis of VCl4 in 

ethanol and aqueous V2O5 was discussed in Mwakikunga et al.  [42], the 

presentation was brief. The procedure here was similar to the one used during 

the production of WOx nanowires. The belts also appeared only after 

annealing of the as-deposited samples for 17 hours in flowing argon 

suggesting the same growth model – the SVS theory – is the mechanism of 

growth. These structures are long drawn-out with some of these extending to 
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as much 100 µm [Fig. 5.25, 5.26]. The bundling together of nano-belts due to 

Van der Waal’s attractive forces is clearly seen in the VCL1 samples ran under 

oxygen. The cracks seen in W-based sample above are also seen in this V-

based sample ran in the same gas environment. However the yield of nano-

belts in the V-based sample is not as high as the W-based one. This could be 

due to the higher reactivity of vanadium alkoxide in O2 than that of tungsten 

alkoxide. This anomalous reactivity of V-(OR)4 presents violent 

decomposition and deposition and hence may impede salient self assembly. 

No belts or other 1D nanostructures are observed in the VCL2 sample 

synthesized under C2H2 showing that the O atoms in the alkoxide are not 

enough to sustain self assembly of the decomposed V-(OR)4. Also no nano-

belts are observed in the V2O5A sample ran under O2. In this case, the 

vanadium pentoxide already has enough oxygen required to satisfy the 

stoichiometry of these vanadium oxides. The presence of O2 in the carrier gas 

plays no role in this case and hence no nano-belts could be observed. 
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Fig. 5.25 Scanning electron micrographs of VO2 nano-rods grown from VCl4 + 

ethanol under oxygen as a central carrier gas and C2H2 as the secondary 

carrier gas.  
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Fig.5.26 (a) Scanning electron micrographs of VO2 nano-rods grown from 

aqueous V2O5 under C2H2 as a carrier gas (inset) typical dense distribution of 

the belts at low resolution (b) low resolution TEM image of bamboo 

structured carbon nanotube found amidst the VO2 ribbons and (c) a higher 

magnification of the CNT showing disorder amidst ordered growth. 

 (a) 

(b) (c) 
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5.37 Size effects on the thermochromism of VO2 

The study of thermochromism in the current work was carried out by 

evaluating the hysteresis width (HW) as shown by a typical resistance versus 

temperature chart in Fig. 5.27.  

 

 

 

 

 

 

 

 

 

 

 

Fig 5.27 Resistance of a VO2 nanoribbon film versus temperature for heating 

and cooling phases showing an enhanced hysteresis 

 

The previous models as introduced in Chapter 3 had some shortfalls. 

Although Lopez et al.  were initiators in showing the broadening of the 

hysteresis width (HW) as the grain size decreased, they had no explicit theory 

that related the two. The Pan et al.  model based on the Gaussian could fit the 

hysteresis profiles. In the current study, the Pan et al.  model was employed in 
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deriving the relationship between HW and particle size d. This attempt gave 

unsatisfactory results.  

There was therefore need for another approach. In this study, the 

Lopez’s proposal of a stress-free Gibbs free energy was replaced with the 

following argument. The energy expended in transforming a crystallite from 

monoclinic at Troom to tetragonal structure above the transition temperature 

Tc+ is kB(Tc+ - Troom) whereas the energy lost in restoring this crystallite from 

tetragonal at a temperature T > Tc+ back to room temperature via another 

transition temperature Tc- is kB(Tc- -Troom). The difference between these 

energies gives the energy of the hysteresis and this energy difference is kB(Tc+ 

- Tc-). One assumes that this energy is responsible for the amount of stress that 

is introduced to the structure as the materials transforms from monoclinic 

phase to that of tetragonal and vice versa. The stress in the structure is 

proportional to this residual hysteresis energy. In its full form, one would 

represent stress as rank two tensor written as a 3×3 matrix as first proposed 

by Einstein. However, for simplicity and relevance to this work, the empirical 

expression relating yield stress to the grain size was adopted from the so-

called Petch relation in metallurgy [431] given as  

 

d

k
s

0
0 += σσ         [5.18] 

Where σ0 is yielding stress for a material in bulk form and k0 is constant for a 

particular material. As the particle size d decreases (to nano-scale) the second 

term becomes important and yielding stress increases abruptly. 
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 Based on the assumption that the residual energy kB(Tc+ - Tc-) is 

proportional to the stress it causes one then can write: 

( ) ( ) 
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One assumes further from experimental fact that the area under the hysteresis 

curve remains almost constant, that is, as the HW increases due to size effects 

the HJ increases due to the same effect. Hence one can write 

 

( )( ) 2β≈HJHW         [5.20] 

where β2 is a constant. Therefore the hysteresis jump (HJ) as a function of 

particle size can be given as: 
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The charts in Fig. 5.28 illustrate the relationship between HW and 

particle size d. In (a) a graph is plotted of HW against d. This graph compares 

the present results with those of others as indicated in the caption. The 

inverse nature of the HW as a function d is confirmed. In (b) a chart of HW 

versus d-0.5 is presented and a linear relationship is clearly evident as one 

expects. However, if the relationship went being linear, then the HW 

increases to infinity. This means that as VO2 particles tend to nano-scale, the 

HJ tends to zero; meaning that the materials is thermally stable but cannot  
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Fig 5.28 (a) HW against d: The numbers over each point indicate source of 

data: (1) Current work (unpublished), (2,3,4) Lopez et al. , Ref. 429, (5) 

Miyazaki et al. , Ref. 432 (6) Choi et al. , Ref 433, (7,9) Current work, Ref. 39, (8) 

Kivaisi et al. , Ref. 434 (b) HW against d-0.5 showing the linearity limited to  

 

switch very well. This is not expected. The reality is that the HJ decreases but 

is never zero. This places an upper limit to the HW as seen in Fig. 5.28 (b) 
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where the non-linear curve has been drawn to guide the reader’s eye. bulk 

VO2; at nanoscale, linearity is broken as illustrated with a broken line in order 

to guide the eye. 

Further a survey of models on metal- insulator transitions and the VO2 

thermo-chromism can be found in a book chapter by Mwakikunga et al.  [456] 

also attached in the Appendices A6 of this thesis. Other relevant publications 

are not attached to this Thesis but may be found in the public domain. 
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Chapter 6 

Concluding Remarks and Other Research Spin-offs from the Current Study 

6.1 Summary of objectives 

In this study, the pursuit for nano particles of VO2 and WO3 was 

carried out using ultrasonic spray pyrolysis. This was done in order to study 

the change in the nanoparticles’ respective thermochromic and gaso-chromic 

properties. Nano-crystals of VO2 were successfully obtained whose average 

size was determined to be about 800 nm by using a Jeol JSM-5600 scanning 

electron microscope. After using a better LEO 1525 field emission scanning 

electron microscope (FESEM) – operated at 3 - 22 kV, the particle size in these 

samples has been re-determined and shown in this thesis to be about 80 nm 

instead with smallest particles being about 30 nm. This was arrived at by 

neglecting the few large agglomerates which were clearly visible under this 

microscope. Their thermochromic properties showed narrow hysteresis width 

of 10 K.  

 

6.2 From Ultrasonic Spray Pyrolysis to Laser Pyrolysis 

It has been shown how the attention shifted to laser pyrolysis for 

smaller particles than 30 nm. For VO2, nanobelts were discovered rather than 

the spherical particles that were being sought. The belts had lengths up to 10 

microns, widths up to 1 microns and thickness down to 200 nm. On WO3 

from LP, as reported in Mwakikunga et al. of Ref. 40 agglomerates of typically 
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about 1 to 2 µm were obtained, each of them containing particles of diameter 

of 185 nm.  

 

 

6.3 The Discovery of WO3 Nanowires by Laser Pyrolysis 

The consolation was the discovery of nanowires sprouting from most 

of these agglomerates. Naturally, these findings brought in more questions as 

to how these nano-structures grow from spherical agglomerates and from 

thin slabs. 

Several experiments to solve this puzzle were tried. One major plan 

was to anneal WO3 spheres grown from either LP or USP and image them 

insitu either with TEM or SEM. TEM was there at hand. From these 

experiments, no nanowires were seen. This could have been due to high 

vacuum condition in TEM which are very different conditions used in the 

normal annealing process in the laboratory- with argon running at almost 

atmospheric pressure. This important experiment was reported in Ref. 43.  

 

6.4 From Laser Pyrolysis Back to Ultrasonic Spray Pyrolysis –Role of 

Annealing in the Production of the Nanowires and Nanobelts 

 

The other major and cheaper experiment was to anneal these USP WO3 

spheres under the same conditions used when annealing the LP samples that 

led to the discovery of the nanowires and nanobelts. Nanowires again 

appeared and results of this experiment – the condition for obtaining the 
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nano-wires of W18O49 – were reported, as it was confirmed from the current 

TEM studies, in Ref. 42 (attached). A growth mechanism which has been 

coined solid-vapour-solid (SVS) mechanism was proposed which has recently 

been followed up and validated with length-diameter data from the 

nanowires in Ref. 43 (attached).  

The search for the small was not over. With the novel results from LP 

and coupled with a better SEM microscope at the research group’s disposal, 

other nanostructures in old samples synthesized by USP were sought. Ultra 

thin nano-ribbons of VO2 were found in two samples grown under argon and 

hydrogen respectively at a furnace temperature of 700oC. The TEM, AFM and 

electronic measurements with a four-point probe technique were reported in 

the preceding chapter as well as in Mwakikunga et al.  [454,455]. Of interest 

were the hysteresis parameters of width (HW) and jump (HJ). A theoretical 

model has been developed for these parameters in Chapter 4 and these 

models have been used to explain observed findings in Chapter 5. These 

findings include results from other authors apart from the present findings 

and the trend of the present data was in very good agreement with the 

previous ones and the theoretical model that was developed [455]. Other 

parameters that would affect the hysteresis width such as the substrate were 

not considered and this forms part of the present outlook. 
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6.5 Strange Things Happens to Wires at the Nanoscale 

Also in this thesis it has been shown that phonon confinement by 

means of Raman spectroscopy was observed in the WO3 nanowires and the 

phonon confinement models available in literature have been used to obtain, 

for the first time, the phonon dispersion relations for WO3. This was reported 

in Ref. 41. 

Also Raman spectroscopy of the VO2 ribbons has shown optical 

phonon confinement of the 145 cm-1 TO-phonon of the 10-cm-thin VO2 ribbon. 

A new phonon confinement model was derived and fitted to the ribbon data. 

This was accomplished by transforming the polar-coordinate-based Richter et 

al.  equation to the Cartesian coordinates and isolating the one-dimension in 

which optical confinement happens. Also, ribbons with thickness less than 5 

nm display both the optical phonon confinement of this phonon and TO 

phonon splitting. The splitting has been explained by using Lermann et al.  

and Volodin et al.  previous treatments on ZnSe and GaAs quantum wires 

respectively. However, Lermann’s theory was shown to have a considerable 

departure from the experimental values of splitting especially when the 

quantum wire thickness went below 50 nm. 

 

6.6 Possible Research Projects From This Study 

 

To end this thesis one can propose by pointing out a few possible areas 

of this research that would need further pursuit as separate projects.  
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The first would be improvements on the laser pyrolysis technique to 

optimise it to further reduce the particle size from the current 185 nm. One 

way is to prevent agglomeration. There are so many methods in literature 

which can be used to disperse the nanoparticles so that they end up being 

mono-diperse including collecting the powder in a dispersing liquid such as 

iso-propanol. This would mean a major change to the design of the laser 

pyrolysis. Another way is to replace the pneumatic nozzle system that has 

been using all along with the ultrasonic spray nozzle system. As seen in 

Chapter 2, ultrasonic nebulization is very efficient in producing nano-droplets 

and changing the laser pyrolysis design to harness the USP nozzles would be 

a way to improving the size of the particles obtained from this setup. 

The second aspect is electrochromic properties of the so-obtained WO3 

particles. This would require a fully equipped materials processing clean 

laboratory with ability to processing different type of materials including 

transparent conducting oxides such as ZnO, electrolyte materials and 

ceramics for fabricating devices. 

Next are gas-sensing properties of WO3. Owing to the fact that sensing 

of WO3 particles is a well studied area of research, the new things that can be 

done would be sensing properties of individual nanowires. With the 

nanowires of this material at hand, establishing nano-contacts to the 

individual nanowire and obtaining the current-voltage characteristics of this 

wire in the presence of various gases at varying ambient temperatures would 

be another exciting project. One could not perform these intricate experiments 
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due to lack of facilities that would enable one to build contacts to the nano-

wires at nano-scale. Gillet et al.  [435] have previously done i-v curves of a 

WO3 nanorod in dry air and humid air with an AFM machine without 

heating. A number of questions on the so many unknowns were raised in 

their report. Nanowires that are even thinner than nanorods would certainly 

bring up so many additional “wonderland-like” unknowns and this would be 

a route worth considering. 

Phonon confinement has been studied widely. The phonon 

confinement by Richter and the modifications for thin films, nanowires, 

quantum dots, slabs and the current modification for ribbons have had their 

achievements. However, in some materials, when the confining dimension(s) 

become(s) lower than 5 nm, most of the phonon confinement theories fail. 

Phonon splitting is another phenomenon which is still not conclusive. 

Lermann’s theory based on strain relaxation between the lattice of the 

material and the substrate does confirm that as the quantum structure size 

decreases, the phonon splitting increases. This theory however requires 

improvement as there is explicit departure from experimental data below 50 

nm. 
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Appendix_T1    Table showing research in materials synthesized by ultrasonic spray 
pyrolysis from 1999 to 2008 

Final material Starting Materials Synthesis parameters 

(f, G, tA, tR, tD, TF, TA, TS,)∗ 

Refs. 

NiO-Ce0.9Gd0.1O1.95 

LiM 0.5Mn1.5O4-δ 

 

LiFe1-xMxPO4 

La0.6Sr0.4CoO3-δ 

[Ni0.4Co0.2Mn0.4]O4 

LiMn1.825Cr0.175O4 

LiM xMnO4 

 

 

CoTMPP/C 

InxSy 

 

 

ZnO:(Al,N) 

ZnO 

ZnO µ-rods 

Zn(Mg, Cd)x O 

ZnO:In 

Zn1-xCdS 

ZnO LEDs 

p:ZnO 

ZnO/Au/Zn/Au 

Zn1-xMxO 

Zn(Si,Cr)O4:Mn 

 

TiO2 

SrTiO3:Pr,Al 

Co3O4,CuO,NiO 

ZrOx:Ba,Y 

ZrO2,CeO2,YSZ 

 

 

AgI 

F:CdO 

γ-Fe3O3/MgO 

Ca(PO)4(OH)2-Hδap 

VO2 

Co nanoparticles 

SnO2:Sb,F (TCO) 

Al2O3 

CeO2 

 

In2O3-ZnO 

GdCo1-xCuxO3-δ 

γ-Gd2S3 

 

 

Ce(NO3).6H2O,Ni(NO3)2.6H2O, Gd(NO3)2.6H2O 

Li(NO3), Ni(NO3).6H2O, Mn(NO3)2.4H2O 

 

LiNO3,FeNO3,H3PO4,Mg(NO3)2, C6H8O6 

La, Sr, Co nitrates in dist. H2O 

Ni, Co, Mn nitrates in dist. H2O 

Li, Mn, Cr nitrates,  

Li, Co, Mn, Al nitrates 

 

 

CO(NO3),tetramethoxyphenylporphyrin-H2TMPP 

 InCl3 +SC(NH2)2 in ethanol 

 

 

Zn(CH3COO)2.2H2O, CH3COONH4, Al(NO3)3 

Zn(NO3)+H2O, σ=7.2×10-3 Nm-1,ρ=1030.3kgm-3 

ZnCl2 + distilled H2O 

Zn(CH3COO)2, Mg(CH3COO)2, Cd(CH3COO)2 

Zn(CH3COO)2.2H2O, Doping In/Zn=1/5 

ZnCl2 + dist H2O, CdCl2.H2O, CS(NH2)2 

Zn(CH3COO)2, Mg(CH3COO)2,CH3COONH4:In 

Zn(CH3COO)2,CH3COONH4, Al(NO3)3.9H2O 

ZnCl2, CS(NH2)2 thiourea 

ZnCl2+HCl,FeCl3, AgNO3 

TEOS+ Zn, Mn nitrates 

 

TiO[CH3COH=COCH3]2, CH3OH 

Sr,Al,Pr,TiO nitrates, acac 

Co, Cu, Ni nitrates, C6H8O7.H2O 

Zr, Ba,Y nitrates, chlorides in dist. H2O 

Zr, Y, Ce acetate hydrates 

 

 

AgNO3, KI 

Cd-acetate, NH4F 

Mg(NO3)2.6H2O, Fe(NO3)2.7H2O 

Ca(NO3)2.4H2O, H3PO4, H2O, NaNO3 

 

NH4VO3+VCL3 in dist. H2O 

Cemented W carbide scrap 

Sn, Sb chlorides in alcohol, NH4F 

Al acetylacetonate in methanol + H2O 

Ce nitrate 

 

In acetate + Zn acetate in alcohol 

Gd,Cu,Co nitrate hydrates 

GdCl3, CS(NH2)2 thiourea 

 

1.65 MHz, N2, 1Lmin-1, 2 min (tD) 

1.7 MHz, air, 10 L min-1, 500oC(TF) 

 

TF=450oC, TA=700oC 

1.6MHz, oxygen, TF=1000oC 

1.7MHz, air 10L/mn, tR=2s, 500-900oC 

1.7MHz, air, 0.5dm3/mn, tR=5s,1073K 

1.67MHz, 0.38 m3/mn tR=1.5s, 900oC 

 

 

2.4MHz,N2,5dm3/mn,800oC 

N2, 15Lmin-1tD=20min, TS=380oC 

 

 

N2, Corning 7059, 450oC (TA) 

1.7 MHz, (2.8 µm droplet) 

1.63 MHz, air, 2mLmn-1, 100min (tD) 

N2, Si(100) 

120 kHz, air, 200 mbar, 370oC (TS) 

Air, 5 mL min-1, 20min (tD), 250oC (TS) 

GaAs(100), TS=450oC 

1.7MHz, TS=450oC 

TS=490oC 

1.63MHz,air,2mLmn-1,TS=500oC 

1.7MHz,air,2dm3mn-1, tR=4.8mn,800oC 

 

1.2MHz, air, 3.5L/m, tD=7mn, 450oC 

1.67MHz, air 0.5dm3/mn, 1300oC 

1.7MHz, air, 500oC 

2.6MHz, O2, 150dm3/h,800-1200oC 

1.65MHz, air 20L/mn, tR=3.2s,650oC 

 

 

1.7 MHz 

58 kHz, N2, 1mLmin-1,15min (tD) 

3L/mn, TF-500-800oC 

1.6MHz, Ar, 3L/m,500-700oC 

 

1.7MHz,11L/mn,tD=30mn,500-700oC 

800kHz, H2 12mL/mn,700-900oC 

O2 & N2 200cm3/mn, tD=60mn 500oC 

1.5L/mn, td=14mn, 375oc 

1.7MHz, air 40L/mn, 600-1000oC 

 

O2 600cm3/mn, tD=90mn, 550oC 

1.7Mhz,tR=3s,TF=900oC 

N2 2-3L.mn-1, as-USP, 280-350oC 

 

[98,145,1588,160] 

[99,142,143,200,201,198,236] 

 

[113,140,154,211] 

[120] 

[139] 

[122] 

[149,163,166,169] 

 

 

[123] 

[109] 

 

 

[100,127,133,161,159] 

[101,134,146] 

[105,126] 

[104,115,135, 153] 

[107,114,115,203] 

[109,118] 

[114,243] 

[115] 

[116] 

[124,224] 

[164,212] 

 

[110,125,167,173,201] 

[206] 

[111] 

[129,215,226] 

[231,236,244,236]  

 

 

 [103,131] 

[106,117] 

[119] 

[121,129] 

 

[131] 

[136] 

[141,169,210,232] 

[144] 

[147,220] 

 

[148,162] 

[150] 

[151] 

 

 

                                                 
∗ f = frequency of nebulizer, G = type of carrier gas, tA = annealing period of time, tR = residence time, tD =  period of deposition, TF =  furnace 
temperature, TA = annealing temperature, TS = substrate temperature 
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Final material Starting Materials Synthesis parameters 

(f, G, tA, tR, tD, TF, TA, TS,)
∗ 

Refs. 

WPA 

CdS 

BiSI rods 

Bi2S3 

Silica 

 

NiO 

Al2O3 

Fe(III) oxide 

 

Eu2O3 

Y2O3:Eu 

La2O3 

WO3 

Y0.9Ba2Cu0.4O 

 

Bi2Sr2CaCu2Ox 

Cd:Tl-2223 

La1-xSrxGa1-yMgyO 

Ba-Ca-Cu-O 

 

YAG(Y 3Al5O12):Ce 

Mullite (AlTiO x) 

TiO2 

Cu1.1Mn1.9O4 spinel 

RuO2 

 

 

29-tungstophosphoric acid 

CdCl2, (NH2)2CS thiourea 

BiCl3, CS(NH2)2, I in ethanol 

Bi(NO3)3.5H2O, CS(NH2)2, H2O 

Na2O.3SiO2.5H2O, H3BO3, (NH2)2CO 

 

NiNO3.6H2O, ethanol 

Al acetylacetonate, MeOH, acetic acid 

Fe acetylacetonate, ethanol, H2O 

 

Eu Acac [Eu(CH3COCHCOCH3)3] 

Y,Eu,Ce nitrates 

La(CH3COCHCOCH3)3 

H26N6O41W12 in dist. H2O 

Y(NO3)3, Ba(NO3)2, Cu(NO3)2, dist. H2O 

 

Bi2O3+2SrCO3+CaCO3+2CuO 

Ba,Ca,Cd,Cu nitrates, H2O 

La,Sr,Ga oxides, carbonates or nitrates 

Ba,Ca,Cu nitrates 

 

Y, Al, Ce nitrates 

TEOS in ethanol, aq. Al nitrates in HNO3 

Ti(i-C3H7O4)4, C4H9OC2H4OH 

Cu, Mn nitrates 

RuCl3, ethanol, H2O 

 

1.7MHz, N2 0.022L/mn, 800oC 

N2 5mL/mn, TS=473-623K 

N2 2.5L/mn, as-USP, 320oC 

N2 200L/hr, asy-USP, 450oC 

1.67MHz, air 5-25L/mn 1000oC 

 

Air 5L/mn, tR=5s as-USP, 400oC 

tD=120mn,240-440oC 

air, 4-9L/mn,asy-USP 

 

Air 7L/mn asy-USP, 550oC 

2L/mn,500-600oC, TA=900oC 

Air, 6-7Lmn, asy-USP, 550oC 

40kHz, Argon 1L/mn with urea 

700-900-500oC, 90 mins 

 

1.5MHz, 500-900oC 

TS=150oC,TA=890oC 

TF=1173K, TA=1400oC 

tD=5min,Ts=150oC, TA=450oC 

 

1.75MHz, N2 2L/mn, 900oC 

30-40dm3/h, 900oC 

ESD-USP, TF=250oC 

2MHz, N2 5-10L/mn, 725-1200K 

40kHz, 1mL/mn, TS=190oC 

 

[152] 

[155,221,239] 

[156] 

[204] 

[265] 

 

[203] 

[207,227] 

[213] 

 

[213] 

[229] 

[217] 

[219,222] 

[213,137,139,198,199,209] 

 

[139,219] 

[233,237] 

[239] 

[243] 

 

[223,230] 

[229,234,235,245] 

[236] 

[241] 

[240] 

 

 

 

                                                 
∗ f = frequency of nebulizer, G = type of carrier gas, tA = annealing period of time, tR = residence time, tD =  period of deposition, 
TF =  furnace temperature, TA = annealing temperature, TS = substrate temperature 
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Appendix T2: List by year of materials synthesized by laser pyrolysis from 1974 

Year Articles/year Materials References 

1974 1  294 

1975 1  295 

1977 1   

1978 2   

1983 3   

1984 1 Light olefins 305 

1987 1 Graphite rods 306 

1989 1 Cr2O3 307 

1990    

1991 2 C: FexCy particles 

Diamond 

309,310 

1992 2 Fe and Fe/C 

Fe 

311,312 

1993 2 Fe 

α-Fe,Fe3C,Fe7C3 

313 

1994 1 Si  314,315 

1995 5  

Si-nitride 

C blacks 

Naphtha & MoN2 

Rb:MoS2 

316-320 

1996 1 Si oxides 321 

1997 5  

 

fullerenes 

nanopowders 

carbon nitride 

322-325 

1998 6 Hydrocarbons, Si, FexOy,Fullerene /soot 

Ta:TiO2, SiCN 

325-330 
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Year Articles/year Materials References 

1999 5 Carbon nitrde 

Fullerenes 

FexCy & Fe 

SiC 

 

SiC 

331,333,335 

 

332,334 

2000 9 Si NPs 

FexOy 

Fullerene 

Fullerenes 

Fullerenes 

Fe clusters 

Fullerene  

Metal NPs 

Si & Fe NP 

336 

339 

342 

337 

340 

343 

338 

341 

344 

2001 6 SiC 

SiC(B) 

Fe NCs 

C NPS 

Maghemites 

SiQDs:Diamond 

345 

349 

346 

349 

347 

350 

351 

2002 5 Fe-Si NP 

NPs 

SiC 

Maghemites 

 351 

353 

355 

352 

354 

 

2003 4 Si/C/N 

FexOy 

Fullerenes 

Fe:C 

 356 

358 

357 

359 

 

2004 8 Fe:C 

C 

Te films 

Fe 

SiCN 

Fullerenes 

Maghemite 

C 

360 

363 

 

361 

364 

366 

362 

365 

367 

2005 10 Co 

CN 

SiC,TiC 

Fe:FexOy 

coreshell 

Ti:γFexOy  

Fe 

Fe:Graphite 

coreshells 

Si NCs 

 

Fe/FeC/C 

coreshells 

Si  

368 

371 

373 

376 

 

369 

372 

374 

 

370 

 

375 

2006 16 TiC 

PAHs 

NPs 

SiCN 

Mag.  

SnTe 

general 

simulation 

simulation 

SiC 

General  

Fe3C 

FexCy 

Ncatalysts 

M:polymer 

Fe:FexOy 

coreshells 

377 

380 

383 

386 

389 

378 

381 

384 

387 

390 

379 

382 

385 

388 

391 

2007 13 Si NCs 

Fe 

Fe3C 

Fe:py CS 

Nano C 

Fe/Fe2O/p 

TiO2 

C:Fe 

NPs 

 

SiC,TiC,ZrC 

Maghenite 

C 

TiO2 

392 

395 

398 

401 

404 

393 

396 

399 

402 

 

394 

397 

400 

403 

2008 3 General  WO3 NWs WO3 NWs 405 40 43 
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