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Dissertation Director: 

Professor Stephen D. Tse 
 

 

The synthesis of carbon nanotubes (CNTs) and metal-oxide nanowires (e.g. ZnO, 

WO2.9) are examined experimentally by inserting probes into various flame geometries at 

atmospheric pressure.  The main probed-flame configurations are the inverse co-flow 

diffusion flame (IDF) and the counter-flow diffusion flame (CDF), which are compared 

with each other to assess the translatability of local synthesis conditions in producing the 

same growth attributes and morphologies.  The CDF is characterized using laser-based 

spontaneous Raman spectroscopy (SRS), and validated with simulations using detailed 

chemical kinetics and transport.  SRS is used to measure local conditions in the 2-D axi-

symmetric IDF.  Properties of the as-synthesized nanostructures are determined by field-

emission scanning electron microscopy (FESEM), high-resolution transmission electron 

microscopy (TEM), energy dispersive X-ray spectroscopy (EDXS), and resonance 

Raman spectroscopy (RRS). 

Various morphologies of CNTs are grown catalytically on metal-alloy substrates of 

different compositions (i.e., Fe, Fe/Cr, Ni/Cu, Ni/Ti, Ni/Cr, Ni/Cr/Fe), as well as on 

metal-oxide solid solutions (i.e. NiAl2O4, CoAl2O4 and ZnFe2O4).  Vertically well-aligned 

multi-walled CNTs (MWNTs) with uniform diameters are obtained from Ni/Cr/Fe and 
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Ni/Ti alloys.  CNTs produced from ZnFe2O4 substrates are found to be a mixture of 

MWNTs and single-walled carbon nanotubes (SWNTs) with at least 30% SWNTs by 

number.  Effects of local gas-phase temperature, substrate temperature, carbon-based 

precursor species concentrations, and substrate voltage bias on CNT formation, diameter, 

growth rate, yield, density, and morphology are investigated. 

Aligned single-crystal tungsten oxide nanowires with diameters of 20-50nm are 

grown directly from tungsten substrates at high rates, with local gas-phase temperature 

and chemical species specified at the substrate for self-synthesis.  Voltage bias is shown 

to dramatically alter the morphologies of the as-synthesized WOx nanomaterial.  Single-

crystalline ZnO nanowires are grown directly on zinc-plated steel substrates at high rates 

with no catalysts.  Larger-diameter (>100nm) nanowires are produced at higher 

temperatures; while smaller-diameter (25-40nm) nanowires are produced at lower 

temperatures, and only on the fuel side of the reaction zone.  Reactions with H2O appear 

to be the dominant route for nanowire synthesis.  Nanoribbons and other nanowire-based 

morphologies are also found and discussed. 
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Preface 
 

All the spontaneous Raman spectroscopy measurements in this dissertation are performed 

by Mr. Xiaofei Liu who is listed as an author for the papers related to this work.   

Much of content in Chapters 6, 7, 9 and 11 is verbatim from the published and 

submitted corresponding papers1,2,3,4, and I have obtained permission from the 

co-authors. 
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Chapter 1 

Introduction 

 
One-dimensional (1D) nanostructures such as tubes, rods, wires, and ribbons are 

generally defined as structures having a characteristic dimension less than 100nm and a 

high length-to-diameter aspect ratio1.  Such structures have triggered significant research 

attention in recent years, due to their many unique properties and potential applications, 

which are superior to their bulk counterparts.  These properties are intrinsically 

associated with their low dimensionality and quantum confinement effects1, making them 

suitable as building blocks for future electronics and photonics 2 , 3 , 4 , as well as for 

biological applications5 .  They are also expected to play an important role as both 

interconnects and functional units in fabricating electronic, optoelectronic, 

electrochemical, and electromechanical nanodevices1,6,7.   

Although various approaches have been employed to fabricate 1D nanostructures, 

flame synthesis is investigated in this work due to its unique advantages of high growth 

rate, controllability, and processing continuity.  At the same time, the inherent gradients 

allow for examination of a large parameter space, providing the local conditions, i.e. 

temperature and chemical species, conducive for carbon nanotube (CNT) and metal-

oxide nanowire growth.  

This dissertation focuses on investigating the growth of 1D nanostructures in flame 

configurations in order to better understand the fundamental mechanisms.  Specifically, 

the investigated 1D nanostructures include CNTs and metal-oxide nanowires (i.e. ZnO, 
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WO2.9, Fe2O3/Fe3O4, CuO/Cu2O).  Reviews of these 1D nanostructures in terms of their 

properties and synthesis are given in Chapter 2. 

In this chapter, the motivation and objectives of this work are presented, along with 

strategies and innovations.  Ensuing, an overview of the thesis is given, which includes 

experimental methods, computations, and major findings.  Finally, highlights of the work 

are summarized followed by the content outlines of each chapter. 

 

1.1 Motivation and objective 

1D nanostructures have been successfully fabricated using various techniques such as arc 

discharge (AD), laser ablation (LA), chemical vapor deposition (CVD), and molecular 

beam epitaxy (MBE).  However, these techniques are often energy intensive (e.g. CVD 

and LA), are characterized by batch-to-batch inconsistencies (e.g. AD and LA), or require 

expensive vacuum equipment (e.g. AD, CVD and MBE).  Moreover, they are not readily 

or economically scalable for large-scale applications.  In contrast, flame synthesis can be 

a cost effective technique with a demonstrated history of scalability (e.g. commercial 

production of titania, silica, carbon black, etc.).  Flame synthesis features energy-

efficiency (by providing both heat and chemical reagents), large parameter space (by 

offering examination of key affecting factors in a single flame), high growth rate (by 

operating at atmospheric pressure), controllability (by adjusting flame stoichiometries 

and velocities), and processing continuity (by maintaining a constant flow process).  As a 

result, flames can be tuned to specify the local temperature and chemical species 

concentrations that are optimal for CNT and metal-oxide nanowire growth. 
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In this work, we focus on two flame configurations, namely the inverse diffusion 

flame (IDF) and the counter-flow diffusion flame (CDF).  An IDF features a large 

parameter space, due to its 2-D geometry.  Moreover, the carbon-related growth species 

generated in IDFs can be much greater in concentration than that practically achieved in 

pre-mixed flames, which should enhance the yield of CNTs.  At the same time, IDFs 

separate soot formation processes from oxidation processes more effectively, and also 

tend to soot less than normal diffusion flames (NDFs).  The soot formation processes 

would compete with CNT formation routes, as well as contaminate metal-oxide 

nanowires.  The quasi-one-dimensionality of the CDF allows for simulation involving 

detailed chemistry and transport, which can be verified by gas-phase spontaneous Raman 

spectroscopy (SRS).  By designing a flame through simulation and then by investigating 

the local conditions for materials synthesis, a CDF provides facile examination of the 

appropriate variables. 

As a first step towards large-scale synthesis, CNT and metal-oxide nanowire 

synthesis in flames need to be explored.  We investigate effects of various parameters 

(i.e. local gas-phase temperature, gas-phase species concentrations, substrate temperature, 

catalyst composition, and substrate voltages bias) on the growth properties (i.e. quantity, 

alignment, diameter, length, and morphology).  

Theoretically, the local growth conditions of 1D nanostructures should be 

“universal,” independent of the specific flame configuration, or even gas-phase synthesis 

method.  This motivates us to compare different flame configurations.  Particularly, we 

investigate the growth of CNTs and ZnO in IDFs and CDFs, where the local conditions 

are the same, despite geometrical differences.  
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Therefore, the objective of this work is to increase fundamental understanding of the 

mechanisms of CNT and metal-oxide nanowire formation using flame synthesis.  It will 

be shown that the crystallography, microstructure, and characteristics of organic and non-

organic nanomaterials produced in well-defined flames can be correlated to local-gas 

conditions and properties of the substrate. 

The primary research components are to: 

(a) Conduct experiments in aerodynamically simple flow fields, mainly IDFs and CDFs, 

to characterize the effects of fuel composition, flame temperature, oxygen 

concentration, strain rate, and other controllable process parameters on nano-

tube/rod/wire properties; 

(b) Investigate the influence of the nature as well as the content of the transition metal 

component (Ni, Fe, and Co) in metal alloys and spinel solid solutions on the CNTs 

formed; 

(c) Perform direct synthesis of metal-oxide nanowires on/from metal substrates in 

oxidizing zones of the flame structure; 

(d) Probe the influence of electric fields to control nano-tube/rod/wire purity, 

morphology, alignment, and growth rate; 

(e) Measure the local conditions in the flames using laser-based diagnostics, with 

comparisons to simulations using detailed chemistry and transport. 

(f) Characterize the as-synthesized nanomaterial properties using field emission 

scanning electron microscopy (FESEM), high-resolution transmission electron 

microscopy (HRTEM), and energy dispersive X-ray spectroscopy (EDXS), and 

correlate them to the local gas-phase conditions. 
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1.2 Strategies and innovations in this work  

The IDF, which is formed by flowing oxidizer in the center of a jet with fuel co-flowing 

on the outside, can be especially advantageous in synthesizing CNTs.  A net effect of the 

configuration is that post-flame species are largely comprised of pyrolysis vapors that 

have not passed through the oxidation zone.  Consequently, the hydrocarbon and 

pyrolysis species generated can be much greater in concentration than that practically 

achieved in premixed flames (PFs).  By using diffusion flames (burning 

stoichiometrically), flame-speed and cellular stabilization problems related to PFs are 

also avoided. 

Despite the large-parameter-space advantages provided by the large gradients in the 

IDF, they also smear the resolution of local conditions when probed.  The 1-D CDF, 

established by oppositely impinging oxidizer and fuel flows, is only characterized by 

gradients in the axial direction.  Thus, a radially inserted probe defines a single local 

growth condition.  Moreover, the quasi-one-dimensionality of the CDF offers a simple 

and well-defined flame geometry allowing for meaningful comparisons between precise 

experimental probing and detailed computational simulations, facilitating deduction of 

controlling mechanisms. 

Since the hydrocarbon fuel not only provides the source of process heat but also the 

carbon-based growth reagents to make CNTs, we specifically investigate methane/air 

systems, thus exploring the possibility of using natural gas in atmospheric air to 

economically synthesize large quantities of CNTs.  

In order to achieve high-purity yields, we probe CNT synthesis in soot-free regions of 

the flow field where C-related species (i.e. CO and C2) concentrations are still high.  
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Since soot formation is a rate process, subject to residence-time considerations, the 

aerodynamic straining implicit in CDFs becomes beneficial.  Because growth from 

acetylene into a phenyl ring occurs relatively slowly in comparison to ring-growth 

reactions, it may be possible to produce CNTs in an acetylene-rich flame without a lot of 

soot byproduct. 

For metal-oxide nanowire production, flame synthesis can be a robust process with 

high growth rates needing no catalysts or vacuum systems.  Flames inherently provide for 

(i) an elevated enthalpy source to bring metal substrate atoms into the gas phase, (ii) the 

gas-phase chemical species (e.g. O2, H2O, CO2) to produce the requisite oxide, and (iii) a 

favorable temperature gradient (from a cooler substrate to a hotter gas-phase) for 

condensation-based growth of the nanowires. 

Additionally, electrical force fields can be used to improve uniformity and 

productivity.  Several works8,9,10,11,12,13,14 in CVD and plasma CNT synthesis systems 

have reported successful electromagnetic-field application to control CNT coiling, 

alignment, and growth rate.  However, despite the promise of electric field control and its 

elucidated feasibility, only the recent work of Merchan-Merchan et al15 (and this work) 

has examined its application in flame synthesis of CNTs.  Both Ref. 15 and our work (as 

will be seen) show that CNT alignment and growth rates can be enhanced under electric 

fields. 

We tailor our IDFs and CDFs such that the local growth conditions probed are 

similar.  Optimal local conditions for CNT and metal-oxide nanowires synthesis should 

be translatable, and such comparisons allow for assessment of the role of spatial gradients 
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in temperature and species in affecting morphologies and growth rates of CNT and metal-

oxide nanowires. 

 

1.3 Overview  

 

 

Figure 1.1 The flowchart of this work 

 

The flowchart of the investigative strategy employed in this work is illustrated in 

Figure1.1, where the ultimate goal is to produce tailored 1D nanostructures.  A number of 

flame configurations are utilized and compared, including PFs, NDFs, IDFs, and CDFs.  

The flame structures of CDFs are computed using detailed chemical kinetics (GRI-Mech 
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1.2) and molecular transport, and then probed with SRS to map gas-phase temperature 

and major growth-involved species concentrations, along the axial centerline.  By 

comparing the simulation and measurements, the nature of the material processing flow 

field can be revealed.  The flame structures of IDFs are measured by SRS as well, 

including the gas-phase temperatures and concentrations of major species (i.e. N2, H2, 

CO, C2H2, O2, and H2O) at specific locations of CNT and ZnO growth.  Temperatures 

within the flame structures (IDFs and CDFs) are also measured using a 125 µm Pt/Pt–

10%Rh thermocouple (S-type) coated with silica to assess the actual substrate 

temperatures, which are expected to differ from gas-phase temperatures due to radiative 

effects and conductive losses along the probe lengths.   

Various morphologies of MWNTs are produced catalytically on metal-alloy 

substrates with different compositions (i.e., Fe, Fe/Cr, Ni/Cu, Ni/Ti, Ni/Cr, Ni/Cr/Fe) in 

both IDFs and CDFs.  Vertically well-aligned MWNTs with uniform diameters from 

Ni/Cr/Fe and Ni/Ti alloys are obtained, and special-structured CNTs such as regularly 

coiled CNTs, large bending CNTs, and Y-junction CNTs are observed.  CNTs are also 

grown by in-situ reduction of metal-oxide solid spinel solutions (i.e. NiAl2O4, CoAl2O4 

and ZnFe2O4) serving as catalytic substrate in the CDFs.  It should be noted that CNTs 

produced from ZnFe2O4 are found to be composed of at least 30% SWNTs.  Effects of 

other parameters on CNT growth are also studied, including local gas-phase temperature, 

carbon-based precursor species (e.g. CO, C2H2) concentrations, and substrate voltages 

bias.  Our results show that voltage bias on the substrate is conducive to forming aligned 

CNTs, as well as enhancing their growth rates as compared to grounded conditions.  As 
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will be seen, the variation of the aforementioned parameters strongly affects CNT 

formation, diameter, growth rate, yield, and morphology.  

Experimental analyses evince the feasibility of producing 1D metal oxide 

nanostructures from flames.  In this work we fabricated 1D metal oxide nanostructures in 

flames directly from substrates, including nanostructures of zinc oxide, tungsten oxide, 

iron oxide, and copper oxide. 

Aligned single-crystal WO2.9 nanowires are grown on the oxidizer side in CDFs 

directly from tungsten substrates.  The nanowires have diameters of 20-50nm, lengths > 

10µm, coverage density of 109-1010cm-2, and growth rates > 1µm/min.  Tungsten oxide 

nanowires are also produced on the fuel side of CDFs, but exhibit decreased yield and 

lack of vertical alignment.  Applying voltage to the substrate results in a change of 

morphology for the tungsten oxide nanostructures.  

Various ZnO nanostructures (i.e. nanowires, nanorods, nanoribbons, and complex 

hierarchal structures) are sythesized in both IDFs and CDFs, on Zn-plated steel 

substrates.  ZnO nanomaterials from both the fuel side and the oxidizer side are examined 

and compared, revealing that H2O plays a major role and that the growth direction of 

nanowires from the fuel side can be different from that from the oxidizer side.  

Preliminary results of nanowries of iron oxide and copper oxide are obtained in CDFs. 

By comparing the growth conditions of CNTs in IDFs and CDFs, local synthesis 

conditions for CNTs in the flame environment are extracted.  Conditions for similar 

growth in IDFs and CDFs for ZnO nanostructure synthesis are found to coincide, 

revealing that local conditions for CNT and ZnO growth and their corresponding 

morphologies can be reasonably translated between different configurations. 
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1.4 Outline of this dissertation 

Chapter 2 gives a background of the1D nanostructures synthesized in this work, as well 

as a review of different synthesis methods.  Chapter 3 describes the detailed experimental 

setup, diagnostics, and methods.  Chapter 4 the addresses experimental characterization 

of the employed flame structures and compares them with simulations.  Chapter 5 

presents CNT results from PFs and NDFs, and compares them with works from others.  

Chapter 6 investigates CNT growth from IDFs on catalytic metal alloy substrates.  

Chapter 7 examines CNT growth from quasi-1-D CDFs on catalytic metal alloys.  

Chapter 8 presents CNT synthesis from metal-oxide spinel substrates in CDFs.  Chapter 9 

examines the nanorods/wires/ribbons of ZnO produced in the IDF.  Chapter 10 examines 

these ZnO nanostructures produced in the 1-D CDF.  Chapter 11 investigates tungsten 

oxide nanowires produced in CDFs.  Finally, Chapter 12 offers some concluding remarks 

and suggestions for future work.  Appendix 1 gives some preliminary results for iron 

oxide and copper oxide nanowire formation.  Appendix 2 lists GRI Mech 1.2, the 

optimized chemical kinetic mechanism for natural gas combustion. 
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Chapter 2 

Literature Review 

 
Over the past decade, much effort has been made targeting research related to 1-D 

nanostructures.  Research on carbon nanotubes (CNTs) has been conducted extensively 

since its discovery in 1991.  Fabrication of CNTs has made a lot of progress in terms of 

yield, alignment, and patterned-growth.  Many properties of CNTs have been 

investigated, for which applications have been explored.  In the late 90’s, nanowires (e.g. 

SiC, Si, and ZnO) and inorganic nanotubes gained much research interest.  In this 

chapter, a review of the 1D nanostructures examined in this dissertation is presented, 

namely CNTs and metal-oxide nanowires of zinc oxide, tungsten oxide, iron oxide, and 

copper oxide.  Gas-phase synthesis methods are presented, along with a review of flame 

synthesis. 

 

2.1 An overall introduction to gas-phase synthesis of 1D nanostructures 

Gas-phase processes are generally purer than liquid-based processes.  Even the most 

ultra-pure water contains traces of minerals that can be detrimental to the final properties 

of nanostructured materials.  Impurities seem to be avoidable only in vacuum and gas-

phase systems.  Moreover, liquid-based techniques are usually a batch process. 

For the synthesis of CNTs and metal-oxide nanowires, gas phase processes generally 

utilized include arc discharge (AD), laser ablation (LA), physical vapor deposition 

(PVD), and chemical vapor deposition (CVD).  A precursor vapor is usually generated 
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first, which is then transported from a high temperature zone to low temperature zone.  A 

substrate (with or without catalyst pre-deposited) is placed in the downstream low 

temperature zone.  When the precursor vapor sweeps past the substrate, part of the vapor 

diffuses to and deposits on the substrate where CNT or metal-oxide nanowires nucleate 

and grow. 

 

2.2 CNT background and its gas phase synthesis 

The credit for the discovery of CNT remains in debate 1 , especially for MWNTs.  

However, there is no doubt that the work on MWNTs was boosted by the report made by 

Iijima in 19912 showing their occurrence in the hard deposit growing at the cathode 

during electric arc experiments intended to produce fullerenes1. 

 

2.2.1 Molecular Structure of CNTs 

CNTs belong to the architecture of sp2-bonded carbon, where topological defects can 

create unique, closed shell structures out of planar graphite sheets3.  As indicated in 

Figure 2.1, there are two types of CNTs, i.e. SWNT and MWNT.  A SWNT can be 

visualized by simply rolling up a graphite sheet into a seamless cylinder and capping each 

end with half of a fullerene molecule.  A MWNT can be considered as a collection of 

SWNTs forming concentric cylinders with a common central hollow, and a spacing 

between the layers that is ~0.34nm (close to that of the interlayer distance in graphite) 

(Figs.2.1 (b) and (c)). 

 
 
 
 



 14

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 High-resolution transmission electron microscopy images of typical SWNT (a) and MWNT (b). 
Closed nanotube tips are also shown in panel (c) (MWNT tips) and panel (d) (SWNT tip, shown by 
arrows). The inner space corresponds to the diameter of the inner hollow in the tube. The separation 
between the closely spaced fringes in the MWNT ((b), (c)) is 0.34 nm, close to the spacing between 
graphite planes. The diameter of the SWNT ((a), (d)) is ~1.2 nm. Every layer in the image (fringe) 
corresponds to the edges of each cylinder in the nanotube assembly (Figure from reference 3). 

 

An important structural characteristic of a CNT is its chirality, which strongly 

determines its properties.  The rolling up of graphene sheets into cylinders can be done in 

several ways, such that in a general nanotube structure, on the curved surface of the tube, 

the hexagonal arrays of carbon atoms wind around in a chiral fashion, introducing 

chirality to the structure3.  This is schematically illustrated in Figure 2.2.  The chiral 

vector is defined on the hexagonal lattice as 21 amanCh += , where 1a  and 2a  are unit 

vectors; and n and m are integers.  The chiral angle, θ , is measured between hC and 1a .  

To form the nanotube, imagine that this cell (Fig.2.2 (a)) is rolled up so that O meets A 

and B meets B', and the two ends are capped with half of a fullerene molecule4,5.  The 

chiral vector OA  thus forms the circumference of the nanotube's circular cross-section, 

and different values of n and m lead to different nanotube structures (Fig.2.2 (b)). 

There are two special structures called armchair nanotube and zigzag nanotube. 

Armchair nanotubes are formed when n = m and the chiral angle is 30° (Fig.2.3 (a)).  
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Zigzag nanotubes correspond to (n, 0) or (0, m) and have a chiral angle of 0° (Fig.2.3 

(b)).  All other nanotubes, with general (n, m) values and chiral angles between 0° and 

30°, are known as chiral nanotubes (Fig.2.3(c)).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Figure 2.2 Schematic diagrams show (a) the winding procedure to form the nanotube cylinder from a 
planar graphene sheet, and (b) all possible structures of SWNTs can be created from chiral vectors with 
different (n,m) (Figure from references 4 and 5). 
 

(b) 

(a) 
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The diameter of a SWNT, td , is found to be: 2122 )()3( nmnmad cct ++= −π , 

where cca −  is the distance between neighbouring carbon atoms in the flat sheet.  In turn, 

the chiral angle is given by tan-1 ))2(3( nmn + 4,5. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 SWNTs with different chiralities. The structural differences can be identified from the open 
ends of the tubes, (a) armchair structure, (b) zigzag structure, (c) general chiral structure (Figure from 
reference 5). 
 

2.2.2 Properties of CNT 

CNTs, with fascinating nanostructures, are expected to exhibit many remarkable 

properties.  These properties are determined mainly by their diameter, length, and 

chirality.  According to theory, nanotubes can either be metallic (green circles in Fig.2.2 

(b)) or semiconducting (blue circles in Fig.2.2 (b)), depending on their chirality. 

  

2.2.2.1 Mechanical properties 

CNTs are considered to be one of the strongest and stiffest materials known, in terms of 

tensile strength and elastic modulus, respectively.  This results from the covalent sp2 

bonds formed between the individual carbon atoms.  A tensile strength of 63 GPa has 

a 

c 

b 

(a) 

(c) 

(b) 



 17

been measured from a MWNT 6 , much higher than that of high-carbon steel 

(approximately 1.2 GPa).  The elastic modulus (Young’s modulus) of a CNT has been 

found to be on the order of 1 TPa7.  Additionally, CNTs have low density for a solid, 1.3-

1.4 g/cm³8, such that its specific strength of up to 48,462 kN·m/kg, compared to high-

carbon steel's 154 kN·m/kg, is the best of known materials.  However, CNTs are not 

nearly as strong under compression.  Due to their hollow structure and high aspect ratio, 

they tend to undergo buckling when placed under compressive, torsional, or bending 

stress. 

 

2.2.2.2 Thermal properties 

All nanotubes are expected to be very good thermal conductors along the tube length, 

exhibiting a property known as "ballistic conduction."  They are also good insulators 

lateral to the tube axis.  An unusually high value of SWNT thermal conductivity, ~6600 

W/mK, was tested for an isolated (10, 10) nanotube at room temperature9, comparable to 

the thermal conductivity of a hypothetical isolated graphene monolayer or diamond9,10.  

The temperature stability of CNTs is estimated to be up to 2800 oC in vacuum and about 

750 oC in air8.  

 

2.2.2.3 Electronic properties 

The extraordinary electronic properties of CNTs are due to the quantum confinement of 

electrons normal to the nanotube axis.  Because of this quantum confinement, electrons 

can only transport along the nanotube axis, and so their wavevectors point in this 

direction4,5.  In general, a SWNT will be metallic when n - m = 3i, where i is an integer; 
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otherwise the nanotube is a semiconductor.  All armchair nanotubes (n=m) are metallic, 

as are one-third of all possible zigzag nanotubes.  Theoretically, metallic nanotubes can 

have an electrical current density more than 1,000 times greater than metals such as silver 

and copper9. 

 

2.2.2.4 Chemical properties 

The enhanced chemical reactivity of CNTs, compared to their graphite counterparts, is 

due to the curvature induced πσ −  hybridization on the surface that alters the energy 

band dispersion close to the Fermi energy3, as well as the presence of large numbers of 

topological defects (e.g., bond rotational defects or pairs of 5-7 rings)11.  Furthermore, the 

cap ends of nanotubes have been shown to be more reactive than the sidewalls12.  When 

the tubes are oxidized, the tube ends are etched away, resulting in open tubes.  The 

presence of pentagonal defects at the ends and the extra dimensional curvature (and 

strain) caused by these defects are responsible for this enhanced tip reactivity.  The 

average Mulliken population (charge density) at a pentagon is 3-4 times larger than at a 

graphene hexagon in both planar and tubular structures3.  Therefore, covalent chemical 

modification of either sidewalls or cap ends becomes possible. 

 

2.2.3 Potential applications of CNT 

The many unique properties of CNT can lead to numerous potential applications. Some 

extensively studied applications are reviewed. 
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2.2.3.1 CNT-based composites 

With remarkable mechanical strength, elasticity and low density, CNTs can be used as 

fillers to create composites with high strength, low weight, and excellent performance13.  

The primary concern associated with CNT-reinforced composites is in forming a strong 

interface between the nanotubes and the matrix such that the load can be effectively 

transferred between them.  This is because it is likely that individual nanotube layers may 

slide with respect to each other in nanotube aggregates during stress transfer, due to the 

weak intertubular bonding in MWNT and SWNT ropes3.  In this regard, the load transfer 

in compression could be better than in tension14, which suggests that under tension, only 

the outer layers of the nanotubes are loaded, whereas in compression, load is transferred 

to all the layers. 

 

2.2.3.2 Production and storage of energy 

Due to their small dimensions, smooth surface topology and high surface specificity, 

CNTs have been found to be superior in electron transfer reactions15,16.  It has been 

predicted that CNTs can store a liquid or a gas in the inner hollow either using gas phase 

adsorption (physisorption) through a capillary effect or using electrochemical storage 

(chemisorption).  However, the experiments on hydrogen storage in nanotube samples 

have not been conclusive or reproducible. 

 

2.2.3.3 Electronic devices 

CNT-based film field emitters have been domonstrated 17 .  A CNT film can, with 

threshold voltages of a few tens of volts, emit electrons at current densities of a few 
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hundred mA/cm2.  The nanotube electron source remains stable over several hours of 

field emission and is stable in air3.  These CNT film field emitters could find their 

applications in flat panel displays, gas discharge tubes in telecom networks, and electron 

guns for electron microscopes.  Field-effect transistors have been fabricated using either a 

single SWNT or CNT films18,19.  Recently a transistor-like structure was reported only 

using a Y-branched carbon nanotube, making an overall CNT-based nanoelectronic 

architecture more complete and feasible20. 

 

2.2.3.4 Sensors and nanoprobes 

Individual MWNTs or SWNTs have been used as a nanoprobe, by attaching a CNT to the 

end of an AFM or STM tip, for imaging 21 .  Due to extremely small sizes, good 

conductivity, and high mechanical strength, these CNT-based nanoprobes can enhance 

imaging resolution compared to conventional Si or metal tips.  Also, due to their high 

elasticity, the tips do not suffer from crashes on contact with the substrate, as any impact 

should cause buckling in the nanotube structure that is reversible3. 

 

2.2.4 CNT synthesis 

2.2.4.1 CNT growth mechanism 

The growth mechanism of CNTs is not exactly known, and there remains no consensus.  

More than one mechanism might be involved in the formation of CNTs.  One of the most 

accepted mechanisms22,23 (known as Baker mechanism24) is proposed as follows (Fig. 

2.4).  Catalytic nanoparticles from transitional metal/metal alloys (e.g. Fe, Ni, and Co) 

are assumed to be spherical or pear-shaped that are either floating or supported on a 
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substrate.  The catalytic decomposition of the carbon precursor molecules (e.g. CH4, CO, 

C2) will take place on only one half of the nanoparticle surfaces (this is the lower 

curvature side for the pear shaped particles).  The released carbon atoms diffuse into the 

nanoparticles along the concentration gradient and precipitate in solid carbon form on the 

opposite half around and below the bisecting diameter, when carbon supersaturation 

occurs upon reaching the carbon solubility limit in the nanoparticle at a given 

temperature25.  The specific physical form (e.g. MWNT, SWNT, amorphous carbon and 

particle-encapsulated graphite cell) of the precipitated solid carbon depends on several 

factors, including catalyst particle size26 and precipitation rate27.  When the precipitation 

rate is in equilibrium with or less than the carbon diffusion rate, graphitic layers are 

formed surrounding the catalytic nanoparticles resulting in the thermodynamically most 

stable carbon forms27.  When the carbon diffusion rate exceeds the precipitation rate, 

amorphous carbon growth may result.  Only when the precipitation rate is larger than the 

carbon diffusion rate can CNTs growth occur27.  Generally only catalytic nanoparticles 

that are sufficiently small (<20nm) are active for CNT nucleation and growth, with the 

tube diameter corresponding to that of the catalytic nanoparticle.  That a nanoparticle of 

larger size tends to precipitate carbon forms other than CNTs is likely due to a diffusion 

rate greater than the precipitation rate, where the larger nanoparticle takes a longer time 

to reach the carbon supersaturation.  From the point of view of minimizing energy, it 

would be energetically more costly for a larger nanoparticle to form a CNT than to 

precipitate other carbon forms28.  In terms of CNT growth, however, solid carbons do not 

precipitate from the apex of the hemisphere, which accounts for the hollow core that is 

characteristic of CNTs.  The tubule formation is due to solid-state atom diffusion at high 
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temperatures.  Energetically, the tubule formation is attributed to the exceptionally low 

surface energy of the (0002) plane of graphite29.  The tube is elongated by incorporating 

carbon into the graphitic lattice when more deposited carbon either diffuses into or over 

the surface of the catalytic nanoparticle of the particle30.  A slow graphitization of CNT 

walls also happens during CNT elongation.  The graphitization likely results from the 

annealing process that was observed in real time in a high resolution transmission 

electron microscope29.  For supported catalysts, CNTs can form either by “extrusion” 

(also known as base growth), in which CNTs grow upward from the nanoparticles that 

remain attached to the substrate, or the nanoparticles detach and situate at the head of the 

growing CNT (known as tip-growth31). 

 
 

 
Figure 2.4 Schematic diagram of a possible growth mechanism of CNTs based on catalysts (Figure from 
reference 27). 
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Another often talked-about growth mechanism is the so-called yarmulke mechanism 

(Yiddish for skull cap)28.  The key characteristic of this mechanism lies in CNT 

nucleation.  When carbon precursor molecules (e.g. hydrocarbon) hit the surface of a 

catalytic nanoparticle (e.g. Fe, Ni, and Co), they stick to the nanoparticle and one of the 

hydrogen-carbon bonds can be catalytically broken, with the hydrogen going and leaving 

carbon behind.  The carbon atoms bond to the nanoparticle, allowing the carbon atoms to 

effectively dissolve.  These dissolved carbon atoms can diffuse into the particle and 

wander around.   They can make and break bonds with metal atoms within the 

nanoparticle.  They can also make and break bonds with each other32.  Once carbon 

atoms become supersaturated in the nanoparticle, the overall circumstance would 

energetically favor linking the carbons together in the form of a hexagonal sheet that 

conforms to the curvature of the particle32.   The "yarmulke mechanism" is such called 

because it resembles a little skullcap.  In the case of nanoparticles supported on a 

substrate, the carbon "yarmulke” goes about half way around and then lifts off, with the 

particle remaining at the root32.  The tube then starts growing longer by inserting newly 

arriving carbons into the tube network.  In the case of floating catalytic nanoparticles, the 

strain of the carbon sheet trying to curve around the nanoparticle is so high that often it 

only makes a little half cap before beginning to make a tube32.  In terms of MWNT, a 

second yarmulke can form underneath the first with a space roughly close to the 

interlayer spacing of graphite (~0.34nm)28.  As additional yarmulkes grow, one beneath 

the other, older yarmulkes are forced to lift up such that a MWNT is formed, whose open 

end remains chemisorbed to the catalytic particle.  But as the strain resulting from 

increasing curvature of new walls becomes too large, nucleation of new inner walls will 
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stop.  This might explain why the inner diameters of MWNTs are rarely smaller than 3 

nm28.  In this mechanism, the diameters of CNTs are also associated with the nanoparticle 

size.  Again the larger particles are inactive for CNT growth. 

It is worth discussing carbon monoxide (CO) among the many carbon precursors.  CO 

is a carbon precursor used often in CNT synthesis27,33,34 ,35 ,36.  Solid carbon can be 

produced by CO self-disproportionation (known as the Boudouard reaction): 

                                            CO (g)
 + CO (g) →C (s) + CO2

 (g)                                          (2.1) 

which occurs catalytically on the surface of the nanoparticle36.  This reaction is 

exothermal and reversed at high temperature27.  Unlike pyrolysis of hydrocarbon 

precursors, the CO disproportionation route is clean and simple making it an ideal choice 

for CNT synthesis.  Hydrocarbon precursors readily undergo complex self-pyrolysis at 

temperatures higher than 800-900 °C28.  However, thermodynamic calculations show that 

unsaturated hydrocarbons (e.g. C2H2 and C2H4) can decompose favorably (by the reaction 

CxHy → xC + 1/2yH2) at a low temperature (200 oC), resulting from easily disrupted π-

bonds in their structure25.  The pyrolysis of hydrocarbons can make the carbon feeding 

rate much greater than the tube growth rate, resulting in substantial amorphous 

overcoating28.  Subsequent processing steps would be needed to remove the overcoating, 

which would complicate efforts to scale up production36.  Also the pyrolysis of 

hydrocarbons can deactivate catalysts by accumulating amorphous carbon on the catalyst 

surface25.  CO does not suffer this problem, making it an ideal precursor to produce high 

quality CNTs.  Figure 2.5 presents thermodynamic data on the CO disproportionation 

reaction.  As can been seen, the effective CO disproportionation reaction is limited to a 

temperature range of 520–800oC at normal pressure25.  The reaction becomes inhibited 
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when temperatures are higher than about 900oC (CO and CO2 equilibrium composition is 

97% and 3%, respectively)27.  But this limitation can be overcome by increasing the CO 

pressure, shifting the effective CO disproportionation reaction temperature range to 

higher temperatures27.  This attempt has been made to increase the SWNT production 

yield by increasing the CO pressure35,36.   The increase in the yield of CNTs in a CO 

system can also be achieved by hydrogen addition according to the reaction34: 

                                         CO (g) + H2 
(g) ↔ H2O (g) + C (s)                                             (2.2) 

Nevertheless, CO disproportionation is much slower than hydrocarbon thermal 

decomposition at a given temperature and pressure36.  Addition of a small amount of 

hydrocarbon (e.g. methane) helps increase the yield of clean CNTs, while a large amount 

of methane produces CNTs with significant amorphous overcoating36. 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 2.5 Thermodynamic data for CO disproportionation:  free energy change, ∆G, and equilibrium 
concentration of CO in the gaseous phase. Kinetic data: CO concentration after disproportionation on the 
surface of a high-porosity nickel catalyst (Figure from reference 27). 
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In the following section, brief introductions to synthesis approaches are given for arc 

discharge, laser ablation, and chemical vapor deposition.  Flame synthesis will be 

explained in detail in a later.  

 

2.2.4.2 Arc discharge 

Sumio Iijima2 reported MWNTs by using the arc discharge technique in 1991.  This 

technique usually uses two graphite electrodes (with or without catalysts) separated by an 

appropriate distance in a low-pressure chamber that is filled with noble gases (usually 

argon/helium)37.  One of the electrodes is vaporized when a high temperature discharge is 

created between the two electrodes by a high direct current.  The vaporized carbon 

deposits, and CNTs form on the other electrode and on the chamber wall.  This technique 

generally produces a mixture of CNTs, amorphous carbon, fullerenes and other 

carbonaceous products, and the CNTs need to be separated from this mixture. 

Nonetheless, it is possible to selectively produce SWNTs or MWNTs depending on 

the exact method.  To grow SWNTs, metal catalysts, such as Fe, Co, or Ni are usually 

doped into the anode.  The quantity and quality of as-obtained SWNTs are determined by 

various parameters, including the metal concentration, inert gas pressure, gas type, 

electric current, and system geometry.  The diameter of SWNTs generally ranges from 

1.2 to 1.4 nm.  If both electrodes are pure graphite without metal catalysts doped, the 

primary products are MWNTs.  The inner diameter of as-prepared MWNTs is typically in 

the range of 1-3 nm with an outer diameter of approximately 10nm. 
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2.2.4.3 Laser ablation 

Smalley's group at Rice University reported the synthesis of SWNTs by laser ablation in 

199538.  In the laser ablation technique, a pulsed or continuous laser is used to vaporize a 

graphite target39 or a volume of carbon-containing feedstock gas (CH4 or CO)31 at a low 

pressure.  The vaporized species is then transferred, and CNTs-containing products are 

deposited on a collector.  Laser ablation is almost similar to arc discharge in terms of the 

optimum background gas and catalyst mix.  This might be due to the same mechanism in 

both systems31.  Uniform SWNTs can be formed using metal catalysts (e.g. Fe, Ni, and 

Co) in laser ablation.  SWNTs are usually self-assembled to be “ropes” by van der Waals 

forces.  The size of the SWNTs ranges from 1-2 nm with a narrower size distribution than 

SWNTs produced by arc-discharge. 

 

2.2.4.4 Chemical vapor deposition 

Chemical vapor deposition (CVD) synthesis is the most explored technique.  In general, 

carbon precursors in the gas phase (e.g. CH4, CO, C2H2) at elevated temperatures are 

swept into a furnace or a chamber which houses a substrate coated with transition metal 

catalysts.  When the gas precursors diffuse to the substrate, the precursors catalytically 

decompose on the heated substrate and then CNTs grow on the substrate.  This technique 

was demonstrated to have a good control over alignment40,41, diameter, growth rate, as 

well as positional control on nanometer scale42.  The characteristic temperature for CVD 

is usually between 650–900 oC41,42,43,44.  Different specific techniques for CNT synthesis 

with CVD have been developed, such as plasma enhanced CVD, thermal chemical CVD, 

alcohol catalytic CVD, vapor phase growth, aero gel-supported CVD, and laser assisted 
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CVD31.  Generally, there are two ways to prepare catalysts for CNT growth in CVD 

techniques.  On way is to support catalysts on a substrate.  The catalysts are generally 

first sputtered onto a substrate.   The nanosized catalytic metal particles are then formed 

using either chemical etching or thermal annealing.   When a catalytic metal film is 

supported on a substrate, the thickness of the catalytic film can determine the diameter 

range of the CNTs31.  Metal-oxide solid solutions are also used to prepare catalytic 

nanoparticles.  Fresh nanoparticles can be produced upon the reduction (e.g. by 

hydrogen) of metal-oxide solutions, and dispersed on the surface of the reduced matrix.  

Another way is to prepare catalysts in the gas phase.  One example is to use ferrocene 

(Fe(CO)5) as the catalyst precursor 45 .  Ferrocene is vaporized, decomposed, and 

condensed into Fe nanoparticles.  These nanoparticles are introduced into the synthesis 

system by carrier gas such that CNTs can form.  The temperatures for CNT production by 

CVD generally range from 650–900 oC46,47.  Various MWNTs and SWNTs can be 

prepared by CVD depending on the specific techniques and the experimental conditions. 
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2.2.4.5 Summary of the three synthesis methods 

Table 2.1 Summary of some characteristics of arc discharge, laser ablation, and chemical vapor 

deposition31.  

 Arc discharge Laser ablation Chemical vapor deposition 

Typical CNT 

yield 

30 to 90% up to 70% 20 to 100 % 

 

SWNT 

Short tubes with diameters 

of 0.6 - 1.4 nm 

Long bundles of tubes (5-

20 microns), with 

individual diameter from 

1-2 nm. 

Long tubes with diameters 

ranging from 0.6-4 nm 

 

 

MWNT 

Short tubes with inner 

diameter of 1-3 nm and 

outer diameter of 

approximately 10 nm 

Not very much interest in 

this technique, as it is too 

expensive, but MWNT 

synthesis is possible. 

 

Long tubes with diameter 

ranging from 10-240 nm 

 

 

 

Advantages 

Can easily produce 

SWNTs and MWNTs. 

SWNTs have few 

structural defects; MWNTs 

without catalyst, not too 

expensive, open air 

synthesis possible 

Primarily SWNTs, with 

good diameter control and 

few defects. The reaction 

product is quite pure. 

 

Easier to scale up to 

industrial production; long 

length, simple process, 

SWNT diameter 

controllable, quite pure 

 

 

Disadvantages 

Tubes tend to be short with 

random sizes and 

directions; often needs a 

lot of purification 

Costly technique, because 

it requires expensive lasers 

and high power 

requirement, but is 

improving 

CNTs are usually MWNTs 

and often riddled with 

defects 
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2.3 Backgrounds of metal-oxide nanowires and their gas-phase synthesis 

2.3.1 ZnO structure, properties, and applications 

Nanostuctured ZnO materials have received much attention due to their distinguished 

performance in electronics, optics, and photonics.  Since the 1960s, synthesis of ZnO thin 

films has been an active field due to their applications as sensors, transducers, and 

catalysts48. 

At ambient conditions, the thermodynamically stable phase is wurtzite ZnO having a 

hexagonal unit cell with lattice parameters a = 0.3296nm and c = 0.52065nm.  The 

structure can be described simply as a number of alternating planes composed of 

tetrahedrally coordinated O2− and Zn2+ ions, stacked alternately along the c-axis48.  The 

tetrahedral coordination in ZnO leads to a noncentral symmetric structure that 

consequently results in strong piezoelectric and pyroelectric properties.  These properties 

could find their applications in mechanical actuactors and piezoelectric sensors. 

In addition, ZnO can be used for short wavelength optoelectronic applications due to 

its wide band-gap (3.37 eV).  The high exciton binding energy (60 meV) in the ZnO 

crystal can ensure efficient excitonic emission at room temperature, and room 

temperature ultraviolet (UV) luminescence has been reported in disordered nanoparticles 

and thin films48.  ZnO is also transparent to visible light and can be made highly 

conductive by doping.  Furthermore, ZnO is bio-safe and biocompatible, making it useful 

for biomedical applications without coating49. 

Intensive research has been focused on fabricating ZnO nanostructures and in 

correlating their morphologies with their size-related optical and electrical properties50,51.  

Various kinds of ZnO nanostructures have been realized, such as nanorods, nanowires, 
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nanobelts, nanotubes, nanohelixes, seamless nanorings, polyhedral cages, and 

nanocombs49,52, as seen in Fig. 2.6. 

 

 
Figure 2.6 A collection of nanostructures of ZnO synthesized under controlled conditions by thermal 
evaporation of solid powders (Figure from reference 49).  
 

2.3.2 Tungsten oxide structure, properties, and applications 

Tungsten oxides have been intensively studied for a long period of time due to their 

promising physical properties (e.g. n-type semiconductor and photocatalyst) and 

applications (e.g. gas sensors for the determination of NO2 and hydrogen) in chemistry53.  

Tungsten oxide can exhibit different crystal structures, such as cubic and monoclinic 

WO3, tetragonal WO2.9, and monoclinic W18O49.  WO3 has been used to construct 

electrochromic windows, optical devices, and gas sensors.  The oxygen reduced sub-
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stoichiometric tungsten oxides also display promising physical and chemical properties, 

such as the superconductivity of WO3-x plate-like sheet particles and the catalytic activity 

of WO2 crystal54. 

Recently, nanostructured tungsten oxide materials have attracted considerable 

attention due to their unique properties, compared those of their bulk counterparts, such 

as eletrochromic 55 , gaschromic 56 , and optochromic 57  properties.  Based on these 

properties, devices such as information display, gas sensor, smart window, have been 

fabricated.  Among the nanosized tungsten oxides, one-dimensional nanorod and 

nanowire are especially interesting, and various approaches, such as the vapor transport 

method58 and the wet chemical method59, have been reported with successful fabrication. 

 

2.3. 3 Iron oxide and copper oxide properties and applications 

Iron oxides are widely used as semiconductor, recording material, and photocatalyst60.  

Hematite (a-Fe2O3), the most stable form of iron oxide under ambient conditions, has 

received considerable attention as a solar energy conversion material due to its excellent 

properties, such as a small bandgap (2.1 eV), high resistivity to corrosion, and low cost61.  

Recent research has shown that the high aspect ratio of magnetic nanowires can produce 

a larger magnetic moment than that observed in particles of the same volume, providing 

significant benefits in numerous applications.  One-dimensional nanostructures of 

magnetite (Fe3O4), hematite (α-Fe2O3), and −ε Fe2O3 also provide ideal theoretical 

systems for fundamental studies of electron spin and magnetic behavior of materials near 

quantum levels62.   
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Copper oxide is a p-type semiconductor, and it is useful for the preparation of organic 

catalysts.  Applications of copper oxides have recently been extended to gas sensors63.  

Cuprous oxide (Cu2O) is a nonstoichiometric p-type semiconductor with a bandgap of 2.0 

eV and recently has been proposed as a photocatalytic material for splitting water into H2 

and O2 via visible light irradiation64.  CuO is a p-type semiconductor with a band gap of 

1.2 eV commonly studied for its photoconductive properties65. 

The synthesis of these materials is given as preliminary results in Appendix 1. 

 

2.3.4 Gas phase synthesis of metal-oxide nanowires 

2.3.4.1 Growth mechanism  

The growth mechanisms of metal-oxide nanowires can be divided into vapor-liquid-solid 

(VLS) requiring a metal particle as catalyst66 and vapor-solid (VS)67. 

Employing the vapor-solid (VS) mechanism, starting materials in a solid form of 

metal-oxides or metals (powder or other forms) are loaded into a synthesis tube or 

chamber in a vacuum environment.  The starting materials are heated (e.g. electrically 

resistance and laser ablation) into a vapor phase.  The temperatures required are different 

for different starting materials (usually a little bit lower than their melting points)48.  The 

generated vapors in the higher temperature zone are transported by inert carrier gases 

(e.g. argon) to a downstream region of lower temperature where a substrate is placed.  

The vapors start to condense and deposit onto the substrate where nanowires nucleate and 

grow.  Nanowires with different morphologies and diameters can be collected in different 

lower temperature zones62.  At the initial stage of nucleation, the growth rates in different 

crystallographic planes compete against each other.  A specific plane exhibiting the 
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fastest growth rate is usually favored leading to a preferential growth along that 

direction68.  Thus a nanowire can be formed by condensing the newly incoming vapor on 

that specific favorable plane.  The growth rate is generally determined by the surface free 

energy of the crystallographic plane.  Crystallographic planes with relatively higher 

surface free energies are thermodynamically more unstable and vulnerable to attack of 

external molecules68.  The surface free energy G of a specific crystallographic plane can 

be expressed as nG ×= µ , where µ is the chemical potential of the species, and n is the 

atom number located on the plane69.  The fastest growth rate usually occurs on a close-

packed crystallographic plane that has a maximum number of atoms.  For the VS 

mechanism, the supersaturation ratio of the condensing species in the gas plays a key role 

for nanowire growth 70 , 71 ,68.  To form nanowires, the supersaturation ratio of the 

condensing species must be kept below some critical value, above which two-

dimensional or even isotropic growth occurs68.  A low supersaturation ratio is required 

for anisotropic growth to form nanowires, whereas a medium supersaturation ratio leads 

to growth of bulk crystals.  A high supersaturation ratio results in homogeneous 

nucleation in the vapor phase leading to powder formation68.  As such, the local growth 

conditions (e.g. temperature and species concentration) can vary the critical 

supersaturation ratio, changing the morphologies of as-grown nanostructures. 

The vapor-liquid-solid mechanism was proposed by Wagner et al72 in 1964 when they 

produced single crystal Si whiskers.  Generally, VLS growth for metal-oxide nanowires 

is composed of four main steps73:  (1) generation and transport of growth species in vapor 

phase, (2) chemical reaction on the liquid catalyst droplet surface, (3) diffusion in the 

liquid phase, and (4) crystallization at the liquid-solid interface.  Nanowires synthesized 
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by VLS are characterized by a metal or alloy particle located at the growth front of the 

wires.  The particle, acting as catalyst, is maintained in the liquid phase (droplet) during 

the nanowire gowth, directing the nanowire growth orientation and eventually 

determining the nanowire diameter.  In many aspects, VLS for metal-oxide nanowire 

growth is very similar to the process of catalytic growth of CNTs. 

Many different specific fabrication techniques have been created for the gas phase 

synthesis of metal-oxide nanowires, such as chemical vapor deposition74, metal-organic 

vapor phase epitaxy (MOVPE)75, physical vapor deposition76.  All these techniques are 

exclusively based on VS or VLS mechanism. 

 

2.3.4.2 Physical vapor deposition 

The starting materials are vaporized at an elevated temperature.  The resultant vapors 

condense under certain conditions (e.g. temperature, pressure, and substrate properties) to 

produce the desired nanowires77.  Kong et al78 reported a massive production of ZnO 

nanowires using a physical vapor deposition approach.  A powder mixture of 70% pure 

zinc and 30% (wt%) of pure selenium was heated in a quartz tube to 1100 °C for 10 h at a 

wet oxidation atmosphere (~10% O2 plus 5% H2, and 85% Ar) under a pressure of about 

100 torr.  A dark-red colored, wool-like product was collected on a water-cooled copper 

collector after cooling down to the room temperature.  The collected products were 

identified as ZnO nanowires having an average diameter around 60 nm and length up to a 

few micrometers. 

Different ZnO nanostructures can be grown by tuning the growth rates along the 

different growth directions48.  There are several processing parameters such as 
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temperature, pressure, flow species composition, flow rate, substrate characteristics, and 

residence time, which can be controlled and need to be selected properly before and/or 

during the growth process48.  The local temperature determines the type of product that 

will be obtained likely resulting from the temperature-dependent supersaturation ratio (as 

discussed previously for the VS growth mechanism). 

 

2.3.4.3. Chemical vapor deposition 

This technique generally involves chemical reactions on the substrate to produce 

nanowires.  For example, Li et al79 produced tungsten oxide nanowires with diameters 

ranging from 10 to 50 nm and lengths up to several micrometers using CVD.  First, 

mesolamellar tungsten oxide (referred to as WO-L) with intercalated 

cetyltrimethylammonium (CTA+) cations was prepared through the cocondensation 

reaction of sodium tungstate (Na2WO4) and cetyltrimethylammonium bromide (CTAB) 

under mild hydrothermal conditions.  Then the as-prepared WO-L precursor was loaded 

in a quartz boat and placed in the hot zone of a quartz tube furnace, where calcinations 

occur at 720 °C for 2 h with a pressure range from 10-1 to 10-2 atm.  Ar (99.9%) was 

flowed into the tube to protect the medium from reacting further.  After cooling down to 

the room temperature, tungsten oxide nanowires were finally produced.  It was observed 

in their experiments that high argon flow rate and low temperature rising speed were 

favorable for the formation of tungsten oxide nanowires. 

 

2.3.4.4 Metal-organic vapor phase epitaxy 
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This method employs metalorganic materials as the precursor for nanowire growth.  

Using this technique, Park et al80 grew vertically well-aligned ZnO nanowires on Al2O3 

(001) substrates at 400°C.  Diethylzinc (DEZn) was used as Zn precursor and introduced 

into the MOVPE system at low-pressure, along with oxygen as reactant and argon as 

carrier gas.  A typical growth temperature was in the range of 400–500°C, and the growth 

time is 1 hour with no catalysts involved.  The as-obtained ZnO nanowires exhibited 

uniform diameter (~25nm) and length (~800nm).  

 

2.4 Flame synthesis of 1D nanostructures 

Due to the various advantages presented by flame routes mentioned in Chapter 1, the 

flame synthesis of 1D nanostructures, primarily CNTs, has been explored by several 

research groups over the last few years.  

 

2.4.1 Flame synthesis of CNTs    

A number of works have shown that flame synthesis can be exploited as a relatively 

inexpensive, yet robust method for growing filamentous carbon nanostructures.  These 

works are primarily focused on premixed flames and normal diffusion flames, whereas 

inverse diffusion flames and counter-flow diffusion flames (as studied in this work) have 

been rarely researched.  A premixed flame is defined as a flame where the oxidizer and 

fuel are completely mixed before burning (e.g. Bunsen flame).  A normal diffusion flame 

is defined here as a flame established in a co-flow jet burner where the fuel is issued from 

the inner tube and the oxidizer is flowed through the outer annulus.  When the fuel and 

oxidizer are inverted in a co-flow jet burner, an inverse diffusion flame is formed.  A 
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counter-flow flame is established from two converging nozzle burners arranged in an 

opposed setup with a fixed distance, where oxidizer issued from one burner impinges 

onto the fuel flow issued from the other burner. 

 

2.4.1.1 CNTs in premixed flames 

Initial studies of CNTs in premixed flames began in 1994.  Howard and coworkers in 

199481 and 199582 reported CNT synthesis in a premixed flame under low pressure (20–

97 torr), with burner gas velocity between 25 and 50 cm/s.  They explored a number of 

different fuels and fuel/oxygen compositions (C/O ratios) including acetylene (C/O 1.06, 

φ=2.65), benzene (C/O 0.86–1.00, φ=2.15–2.65) and ethylene (C/O 1.07, φ=3.21), with 

diluent concentrations between 0% and 44 mol%.  The equivalence ratio (φ) is defined as 

the actual fuel/oxygen ratio divided by the stoichiometric fuel/oxygen ratio corresponding 

to conversion of all carbon to CO2 and all hydrogen to H2O83.  These flames were 

‘sooting' flames as soot agglomerates suspended in the flame gases were spontaneously 

generated.   The reported CNTs ranged from 2 nm to 30 nm in size with a hollow core 

measuring about 1 nm to 10 nm in diameter and containing 5 to 20 shells82.  Around the 

same time in 1994, Duan et al84 also reported the synthesis of CNTs in a premixed flame 

established by mixing benzene vapor, oxygen, and argon above a water-cooled burner 

surface.  The pressures varied from 30 to 70 torr, and the C:O ratio was 0.9.  Large 

quantities of fullerene-rich soot were produced in the flame front, in which nanotubes 

were randomly distributed.  All the nanotubes were identified as MWNTs with the 

number of walls usually higher than ten.  For some tubes, the walls were up to 0.1 µm 

thick.  Their lengths range from 0.3 to 2 µm. 
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 Very small amounts of SWNTs were observed in 1996 by Richter et al85 in an 

acetylene/oxygen/argon-premixed flame, and no detailed information was given.  A 

detailed study of SWNTs in premixed flames was reported in 2000 by Diener et al86.  The 

work was performed in premixed flames using different fuel gases (acetylene, ethylene, 

or benzene) in a low-pressure chamber (80 torr).  Iron and nickel biscompounds 

(cyclopentadiene) were vaporized and introduced into an inert gas (argon) feed line that 

mixes with the fuel gas and oxygen at the burner.  SWNTs were observed in acetylene 

and ethylene sooting flames (over equivalence ranges of 1.7–3.8) along with a few 

MWNTs (<5% of all CNTs), while only MWNTs were observed in benzene flames (over 

equivalence ratios of 1.7–3.4).  These long (> 10µm) MWNTs were filled with metals 

exhibiting many defects.  The absence of SWNTs in benzene flames was attributed to the 

slower dissociation rate of benzene on the nanometer-sized particles versus these for 

acetylene and ethylene. 

Later on, Vander Wal and coworkers also conducted research on CNT (SWNT and 

MWNT) synthesis in premixed flames87,88,89,90,91,92,93,94.  They usually utilized an annular 

burner configuration consisting of a 50 mm diameter sintered metal plate with a central 

tube of 11 mm diameter mounted flush with the surface of the burner plate83,95.  A fuel-

rich premixed flame was established on the outer annular section of the burner plate. 

Reactant gas mixtures, including metal catalyst species, were introduced through a 

central tube.  A chimney was placed vertically in the flame gases and CNT samples were 

collected at the exit of the chimney.  In a comparative study of CNTs synthesized in 

premixed flames and in a high-temperature tube furnace88, the premixed flame used 

acetylene/air mixtures of equivalence ratios between 1.4 and 1.62.  Two types of reactant 
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gas mixtures were examined (carbon monoxide/hydrogen and acetylene/hydrogen), along 

with iron or nickel nanoparticles.  It was found that the reactant gas mixture of carbon 

monoxide/hydrogen generally yielded SWNTs with iron, while the acetylene/hydrogen 

mixture usually produced MWNTs with nickel.  This observation was attributed to the 

susceptibility of the metal nanoparticle toward restructuring induced by adsorption of 

CO96.  Iron is known to readily undergo such restructuring upon CO absorption.  The 

restructuring enhances the reactivity of an iron nanoparticle such that it begins to catalyze 

SWNTs at an earlier particle growth stage (smaller diameter).  Nickel does not undergo 

such restructuring upon CO adsorption, and thus can remain inactive toward catalyzing 

CNT growth from CO.  In addition, they found that acetylene did not induce such 

restructuring towards either iron or nickel.  Vander Wal and coworkers investigated a 

number of techniques to introduce metal catalyst particles into the aerosol-based 

synthesis system.  In one study89, an ultrasonic nebulizer was used to produce a fine mist 

of aerosol droplets from a solution of metal nitrate or ferrofluid.  These droplets were 

entrained into a flow of inert gas or CO, where the water was removed by a dryer at 

140oC, to produce an aerosol of metal nitrate particles or ferrofluid particles.  SWNT 

growth was observed for the residence times of catalytic nanoparticles less than 100ms 

within the flame.  In another study90, ferrocene was used as a catalyst precursor reagent 

introduced via sublimation into the reactant gas mixture in the center tube.  A sample 

holder containing ferrocene was placed within the central tube.  By adjusting the height 

of the sample holder to vary the sublimation temperature, the mass introduction rate of 

ferrocene was controlled from 1 to 50 mg/min.  The ferrocene vapor was entrained into 

the reactant gas mixtures.  In contrast to the aerosol catalyst methods discussed above, 
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supported catalyst methods have been used in several studies of MWNT growth in 

premixed flames for various hydrocarbon fuels and equivalence ratios93,94.  For example, 

a submonolayer film (<10 nm) of cobalt as catalyst was coated onto 304 stainless steel 

meshes (400 x 400 mesh with 0.0009 in. diameter wire) by physical vapor deposition 

(PVD).  Metal islands resembling droplets were formed upon the mesh support to serve 

as catalyst particles.  Meshes were maintained in the flame gases for 12 min, measured 

from the time of insertion to extraction.  Samples were collected from the different height 

within the flame and cooled by immersion in flowing N2 through a 1 in. diameter quartz 

tube to avoid air oxidation. 

Height and coworker83 studied SWNTs produced in a premixed acetylene/oxygen/15 

mol% argon flame operated at a pressure 50 torr.  Iron pentacarbonyl (Fe(CO)5) was used 

as the metallic catalyst precursor, with the vapor supplied to the premixed feed gases via 

a temperature-controlled (4.0 ± 0.5°C) bubble saturator unit using argon as the carrier 

gas. The catalyst-feeding rate was adjusted by proportioning the total argon flow between 

the saturator and a bypass line, with typical Fe(CO)5 feed concentrations of 6000 ± 500 

ppm (molar).  Thermophoretic sampling was conducted at various heights-above-burner 

(HAB).  The immediate post-flame region (10–40 mm HAB) was dominated by catalyst 

particle formation and growth.  SWNTs were observed to form after 40 mm HAB with an 

order of magnitude growth-rate between 10 and 100 µm per second.  The as-obtained 

SWNTs were revealed to be bundles with individual SWNT diameters between 0.9 and 

1.5 nm.  Particles associated with SWNT bundles were identified as primarily Fe2O3.  A 

SWNT formation ‘window' was observed with formation limited to fuel equivalence 

ratios between 1.5 and 1.9. 
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2.4.1.2 CNTs in normal diffusion flames 

In 2001, Yuan et al97 reported the synthesis of MWNTs in a laminar co-flow methane-air 

diffusion flame using the catalyst-supported method.  Methane (99.9% purity) was 

flowed through a 1.1 cm diameter stainless-steel tube, which was surrounded by a 5 cm 

diameter tube through which air was issued.  A normal diffusion flame was established 

on the burner port at atmospheric pressure.  A stainless-steel grid with a holding wire of 

0.4 mm diameter bare Ni/Cr (60%Ni/ 26%Cr/14%Fe) was inserted horizontally into the 

flame at certain height and was retained for 15-30 min.  The materials found on the grid 

contained MWNTs with diameters between 20 and 60 nm.  The encapsulated 

nanoparticles were identifies as nickel oxides, suggesting their ability catalyze MWNT 

growth.  The growth zone of MWNTs was found to be on the fuel side and in the post-

flame region where oxygen concentration is low.  Using the same setup, Yuan and 

coworkers98  produced entangled and curved MWNTs from an ethylene–air diffusion 

flame with yield rate of 3 mg/min.  These MWNTs were 10nm to 60nm in diameter.   

The entangled MWNTs were straightened by adding nitrogen to the flame, probably due 

to lowering of the flame temperature.  Well-aligned MWNTs were produced on a cobalt-

electrodeposited stainless steel grid placed in the nitrogen-diluted ethylene diffusion 

flame.  These well-graphitized MWNTs were about 20 nm in diameter and 10 µm in 

length. 

Vander Wal 99  also reported MWNTs grown on supported catalysts in a normal 

diffusion flame.  The flame was stabilized on burner consisting of a central fuel tube 

(11.0 mm inner diameter) surrounded by an air co-flow.  Metal nitrate as catalyst 
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precursor was supported on TiO2 powder (400 mesh).  The metal catalyst particle shape 

was found to determine the nanotube structure.  

 

2.4.1.3 CNTs in inverse diffusion flames 

Relatively little research has been conducted on the synthesis of CNTs in inverse 

diffusion flames.  In 2004, Lee et al100,101 reported the synthesis of MWNTs in an inverse 

ethylene diffusion flame using the supported catalyst techniques.  The burner consisted of 

two concentric tubes, with 11 and 94 mm diameters, respectively.  An inverse diffusion 

flame was established by supplying air through the central tube at a fixed rate of 0.8 l/min 

while flowing the mixture of ethylene and nitrogen througn the outer tube at fixed rates 

of 5 and 30 l/min, respectively.  The visible flame length was approximately 20 mm with 

mainly blue color due to the large amount of nitrogen dilution.  A Pyrex glass chimney 

was installed to prevent ambient air from perturbing the flame.  Two bare stainless steel 

(304) plates coated with Ni(NO3)2 (nickel nitrate, hex-hydrate) was placed at a height 10 

mm above the burner and retained for 120s.  MWNTs with diameters of 20–60 nm were 

formed on the substrate.  By controlling a radial distance from the flame to the substrate 

the effects of temperature variation of the catalyst substrate on the formation of 

nanomaterials were investigated.  The CNTs were found to grow in the region of 5–7 mm 

from the flame center along the radial direction.  The gas temperature for this region 

ranged from 1300 to 800 K.  However, nanofibres dominate the region ranging from 

1000 to 800 K, and the region ranging from 1300 to 1000 K was dominated by MWNTs. 
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2.4.1.4 CNTs in counter-flow diffusion flames 

Like the inverse diffusion flame, counter-flow diffusion flames have been relatively 

unexplored for CNT synthesis.  In 2001, Merchan-merchan et al102 reported the growth of 

MWNTs in a counter-flow diffusion flame without catalysts.  A flame was established in 

a counter-flow burner consisting of two opposing streams of gases.  The fuel (methane) 

was issued from the top nozzle and the oxidizer (50%O250%/N2 mixture) was supplied 

from the bottom nozzle.  Co-flowing nitrogen was supplied through a cylindrical annular 

duct around the outer edge of the oxidizer nozzle, extinguishing the flame near the outer 

jacket and preventing dissipation into the environment.  The quantity of obtained 

MWNTs was small, and the quality of the MWNTs was not given.  The growth of 

nanotubes was proposed to be through pyrolysis of hydrocarbons resulting from an 

increase of radicals due to oxygen enrichment.  Later in 2003, Saveliev and Merchan-

merchan et al103 reported a relatively large quantity of MWNTs and carbon nanofibres in 

the same flame by inserting a Ni-alloy probe.  The 0.64-mm diameter probe with a length 

of 40mm was Ni-based alloy with composition 73%Ni/17%Cu/10%Fe.  The catalytic 

probe was inserted radially through a flame-protecting shield into the yellow soot-

containing region of the flame (the fuel side) and was retained for 10 min.  The different 

positions (heights) along the flame axis were investigated, and various morphologies of 

MWNT and nanofibres were observed.  The diversity of formed nanomaterials was 

attributed to the strong variation of flame properties along the flame axis including 

temperature, hydrocarbon and radical pool.  In 2004, Merchan-merchan et al104 produced 

vertically aligned MWNTs on the same composition catalytic probe in the same flame by 

means of an electric field induced from the flame.  It was observed that the presence of an 
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electric potential provides the ability to control the nanostructure morphology and 

synthesis rate.  A thick layer (35–40 µm) of vertically aligned MWNTs was formed on 

the probe surface, which exhibited uniformity and narrow distribution of nanotube 

diameters. 

 

2.4.1.5 Summary of some flame geometries for CNT growth 

Table 2.2 lists some reported flame types and growth conditions under which CNTs are 

produced. 
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Table 2.2 Summary of some specific flame configurations reported for CNT synthesis (reference 83) 
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As can be seen, most of the above-referred papers focus on premixed flames and 

normal jet diffusion flames.  Moreover, no detailed flame structures were given such that 

the correspondence of the local growth conditions and CNT properties remain unclear.  In 

addition, the derivation of a general growth condition in flame environment still remains 

challenging due to the lack of comparisons among flame geometries.  This research work 

concentrates on CNT production from inverse diffusion flames and counter-flow 

diffusion flames.  The detailed flame structures will be given computationally and 

experimentally to map out the relations between the local growth conditions and CNT 

properties.  Influences of catalyst properties and external electrical application on the 

CNT growth in the flame environment will be intensively investigated.  “Universal” 

growth conditions in flames will be established through comparisons between IDFs and 

CDFs. 

 

2.5.2 Flame synthesis of metal –oxide nanowires 

Although many techniques have emerged to fabricate 1-D nanostructures of metal-

oxides, this work represents some of the first investigated flame synthesis of metal-oxide 

nanowires105,106,107,108.  Recently, Height et al109 reported the nanorods of ZnO made by 

flame spray pyrolysis, and Merchán-Merchán et al 110  presented flame synthesis of 

molybdenum oxide whiskers.  Through experimental analysis, the feasibility and 

advantages of 1D nanostructures of metal oxide from the flame technique are presented.  

For the first time, this work successfully produces 1D nanostructures of metal-oxide 

directly from metal substrates in flames, including nanorods/wires/ribbons of ZnO, 

tungsten oxide nanowires, and nanowires of iron oxide and copper oxide. 
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Chapter 3 

Experimental Setup 

 
The synthesis experimental setups and characterization techniques of 1D nanostructures 

from flames are described in this chapter.  Two different setups are used in this work to 

probe the flame synthesis of 1D nanostructures.  One setup is based on a co-flow jet 

burner, on which premixed flames (PFs), normal diffusion flames (NDFs), and inverse 

diffusion flames (IDFs) are produced.  Another setup is based on two opposing flow 

burners in which CDFs are established.  The in-situ gas-phase diagnostic utilizes laser-

based spontaneous Raman spectroscopy, which is described in Chapter 4. The 

characterization techniques include field-emission scanning electron microscopy 

(FESEM), transmission electron microscopy (TEM), energy dispersive X-ray spectrum 

(EDXS), and resonance Raman spectroscopy (RRS).  

 

3.1 Setup based on a co-flow jet flow burner 

This setup is mainly composed of a jet flow burner, subsystem of flow controlling and 

metering, and a three-way translator.  The schematic diagram of this setup is shown in 

Fig. 3.1 and a picture of the actual setup is given in Fig. 3.2. 

 

3.1.1 The co-flow jet flow burner 

The jet flow burner (Fig. 3.1) consists of two concentric tubes.  The central tube is 

stainless steel with a 1.22 02.0± cm inner diameter, a wall thickness of 0.23 01.0± mm 
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and a length of 70 05.0± cm.  This tube is placed through a concentric brass tube with an 

8.9 05.0± cm outer diameter, a wall thickness of 3 01.0± mm, and a length of 

16 05.0± cm.  The annular region is filled with 3 01.0± mm glass beads to distribute the 

gas flow, which ultimately flows through a honeycomb to produce a flat velocity profile.  

The central tube is sufficiently long to produce a fully developed laminar velocity profile 

at the burner exit 1 .  An encompassing cylindrical quartz tube (Fig.3.2 A) prevents 

ambient leakage, on which sidewall slots are machined to allow the access of a flame 

igniter, sampling probe, and thermocouple. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 The schematic diagram (IDF) of the synthesis experimental setup based on a jet flow burner 
(MFC stands for mass flow controller). 
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N2 flowing through the co-flow region.   A normal diffusion flame can be established by 

flowing fuel through the central tube and issuing oxidizer through co-flow region.   When 

fuel issues out of the co-flow region and oxidizer issues from the inner tube, an inverse 

diffusion flame is established, and an additional flame support afterburner at the top of 

the quartz tube (Fig.3.2 A) is employed as an afterburner to consume up the excess fuel.  

The flame heights and sampling positions are measured with a cathetometer (Fig.3.2E), 

and the measurement is reproducible to approximately 0.5mm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
Figure 3.2.  The real experimental setup of synthesis based on a jet flow burner.  (A)  a jet flow burner with 
a glass shield, (B) a 3-way translator, (C) mass flow controllers, (D) a LabVIEW program running on a 
computer to control the mass flow controllers, (E) a  cathetometer measuring the flame hieght and the 
smapling position. 
       

(E) 
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Additionally, the burner setup (Fig.3.2A) is easily movable, and it is very convenient 

to experimentally probe the flame structures by mounting the burner to a milling machine 

top so that it can be translated in three dimensions while keeping the excitation laser 

beam fixed for Raman studies.  

 

3.1.2 Subsystem of flow controlling and metering 

Mass flow controllers (MFCs) from Brooks Company  (model 5850) are chosen to meter 

and control the gas flow rates (Fig. 3.2C).  A computer program is developed from 

labVIEW to control the mass flow controllers through the data acquisition boards 

(Fig.3.2D).  This can ensure the reproducibility of the flame and reduce the experimental 

error.   

 

3.1.3 Three-way translator 

A three-way translator (spacially resolution of 0.5mm) was designed and built as shown 

in Fig.3.2B, on which a sample holder is installed.  Using this translator, a sampling 

probe can be inserted into and withdrawn from the flame structure through the sidewall 

slot on the glass shield.  Voltage bias can be applied to the sampling probe as well 

(Fig.3.1).   In addition, a thermocouple can be mounted to the sample holder to measure 

the flame temperature profiles along the radial and vertical directions.  

 

3.1.4 Thermocouple (TC) and its coating 

To better evaluate the substrate temperatures, temperatures within flame structures are 

measured using a 125µm Pt/10%Rh-Pt S type thermocouple (OMEGA, Model: P10R-
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005).  TC junction is coated with silica to prevent catalytic oxidation on platinum-based 

TC in the flames.  A small burner is employed to do the coating.   A small premixed 

flame is established on the burner, and the silicon oil (Fisher scientific, Part No: 

NC9611089) is injected into the gas mixture by a syringe pump at a rate of 0.5 05.0±  

ml/min.   While the silicon oil is oxidizing in the flame, the TC junction is inserted into 

the flame.  The TC junction is retained for 2 seconds in the flame, and the process is 

repeated 3 times.  Examination under a microscope shows that the silica coating is 

uniform and 3 5.0± µm in thickness.  

 

3.2 Setup based on two-jet flow burners 

A setup based upon two aerodynamically converging nozzle burners was designed and 

built.  This setup mainly consists of two opposing burners, a subsystem of flow 

controlling and metering, a ventilation hood, water cooling lines, a cathetometer, and a 

three-way translator for the catalytic probe.  The entire setup is mounted on a small 

milling machine top to make easy access for investigating the flame structures by laser 

diagnostics.  The schematic diagram of this setup is shown in Figure3.3 and a picture of 

the actual setup is given in Figure 3.4.   
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Figure 3.3 the schematic diagram of the counter-flow burners setup. 
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Figure 3.4.  The real experimental setup based on counter-flow burners.  (A)  burners with water-cooling 
lines, (B) a 3-way translator, (C) a sampling holder, (D)mass flow controllers, (E) a LabVIEW program 
running on a computer to control the mass flow controllers, (F) a  cathetometer measuring the flame hieght 
and the smapling position, (G) a small milling machine, (H) the ventilating hood,  (I) UNISTRUT support. 
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The burner configuration, as shown in Fig. 3.3 and Fig. 3.4A, consists of two convergent 

nozzles with a 19mm exit diameter and 15mm separation distance.  The exit flows have a 

top-hat velocity profile.  Airflow as oxidizer is issued from the top burner, and nitrogen-
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(CDF).  Co-flowing nitrogen eliminates oxidizer entrainment into the flame, extinguishes 
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monitored by a cathetometer (Gaertner scientific corporation, Serial No. 1089A) and 

flickering of these flames is minimal, with less than ±75µm of spatial displacement.  A 

picture of the CDF is shown in Figure 3.5.  

                                                 

Figure 3.5 A CDF flame. 

 

3.2.2 Description of other subsystems  

The burner configuration is supported with a UNISTRUT frame (Fig. 3.4I), which is 

mounted to a small milling machine.  An enclosure is built with transparent glass to 

protect the flame from disturbance by surroundings.  At the top of the frame is located a 

ventilating hood to remove the excess fuel and flame gas products.  The subsystem of 

flow controlling and metering, and the three-way translator are almost the same as those 

depicted in a jet flow burner based setup.  
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3.3 Experimental procedures 

Two main flame configurations are utilized in this work: inverse diffusion flame and 

counter-flow diffusion flame.  The experimental procedures for operating these two 

configurations are given below (a labVIEW program interface is illustrated in Table 3.1).  

 

3.3.1 Experimental procedure for Inverse Diffusion Flames 

(1) Place the experimental setup under a ventilation hood.  

(2) Turn on the roof fan. 

(3) Turn on the compressed air on the wall. 

(4) Turn on the methane cylinder and the nitrogen cylinder, setting the regulator 

pressure for both to 20 psi.  

(5) Turn on the valves immediately upstream of the mass flow controllers (MFCs): 

MFC1 for methane and MFC2 for air. 

(6) Turn on the power for the MFCs. 

(7) Open the LabVIEW program: set MFC1 at 10 L/Min. and MFC2 at 0.8 L/Min. 

(8) Turn on the valve for nitrogen metered by a flow meter (Brooks Instruments, 

Model No.: 1110-05H1B1A, Serial No.: 7811H63094): set the flow meter at 4.2 

L/Min. 

(9) Click on the RUN button in the LabVIEW program to run the program. 

(10) Ignite the flame, and also ignite the afterburner on top of the quartz tube to burn 

out the excess methane. 

(11) Set up the cathetometer, and make sure that it is level. 

(12) Measure the flame height.  
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(13) Mount the substrate to the translator; adjust its height to the investigated flame 

height; and insert it radially into the flame. 

(14) Run the experiment for about 10 minutes. 

(15) When the sample is done, withdraw it from the flame, put it on a SEM sample 

stub; get ready to examine it using FESEM. 

(16) After all the experimental runs are finished, shut off the methane cylinder first; 

let the flame burn until it goes out. 

(17) Shut off the nitrogen cylinder and the compressed air. 

(18) Shut off all the valves. 

(19) Shut off the MFC power and the LabVIEW program. 

 

3.3.2 Experimental procedure for Counter-flow Diffusion Flames 

(1) Place the experimental setup under a ventilation hood.  

(2) Turn on the roof fan. 

(3) Turn on the compressed air.  

(4) Turn on the methane cylinder and the nitrogen cylinder, setting the regulator 

pressure for both to 20 psi.  

(5) Turn on the cooling water.  

(6) Turn on the valves immediately upstream of the mass flow controllers (MFCs). 

(a) Flame with 50% methane and 50% nigtrogen. 

MFC1: methane, set at 1.32 L/Min. 

MFC2: nitrogen for diluting methane, set at 1.32 L/Min. 

MFC3: air, set at 2.58 L/Min. 
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MFC4: not used for this flame, set at 0. 

MFC5: nitrogen for co-flow on the fuel side, set at 2.4 L/Min. 

MFC6: nitrogen for co-flow on the oxidizer side, set at 3.2 L/Min. 

(b) Flame with 42% methane plus 3% acetylene and 55% nitrogen (labVIEW 

settings for this fame are given at the end to be an example). 

MFC1: methane, set at 1.11 L/Min. 

MFC2: nitrogen for diluting methane, set at 1.45 L/Min. 

MFC3: air, set at 2.58 L/Min. 

MFC4: acetylene, set at 0.08 L/Min. 

MFC5: nitrogen for co-flow on the fuel side, set at2.4 L/Min. 

MFC6: nitrogen for co-flow on the oxidizer side, set at 3.2 L/Min. 

 (7) Turn on the power for MFCs. 

(8) Open the LabVIEW program: set MFCs at values specified in step 6. 

(9) Click on the RUN button in the LabVIEW program to run the program. 

(11) Ignite the flame. 

(12) Set up the cathetometer, and make sure that it is level. 

(13) Measure the flame height. 

(14) Mount the substrate to the translator; adjust its height to the investigated flame 

height; and insert it radially into the flame. 

(15) Run the experiment for about 10 minutes 

(16) When the sample is done, withdraw it from the flame; put it on a SEM sample 

stub, get ready to examine it using FESEM. 
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(17) After all the experimental runs are finished, shut off the methane cylinder first; 

let the flame burn until it goes out. 

(18) Shut off the nitrogen cylinder, the compressed air, and the cooling water. 

(19) Shut off all the MFC valves. 

(20) Shut off the MFC power and the LabVIEW program. 
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Table 3.1 An interface of labVIEW program for controlling the mass flow controllers. 
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3.3.4 Information of MFCs and gases used in this work 

MFCs and gases used in this work are summarized in Table 3.2 and Table 3.3 

respectively.  

Table 3.2 Information of MFCs used. 

Name Model No. Flow range (L/min.) 

Inverse Diffusion Flame 

MFC1 5850EME3DAMVEKC 2 

MFC2 5850EME3CAL4BKC 20 

Counter-flow Diffusion Flame 

MFC1 5850EMF3CAK2BKC 10 

MFC2 5850EME3CAMVEKC 2 

MFC3 5850EME3DAFRBKC 10 

MFC4 5850EME3CAC1BKA 1 

MFC5 5850EME3CAL4BKC 20 

MFC6 5850EMF3CAK2BKC 10 

 

Table 3.3 Information of gases used. 

Name Purity 

Methane (CH4) CP grade (99%) 

Acetylene (C2H2) CP grade (98%) 

Ethylene (C2H4) CP grade (99.5%) 

Nitrogen (N2) Extra dry grade (99.6%) 

Hydrogen (H2) Extra dry grade (99%) 
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3.4 Sample preparation 

All the probes tested in this work are 40 1± mm long cut from their corresponding 

commercially obtained wires/sheets.  These probes are generally cleaned for 5± 0.2 min 

in ethanol in an ultrasonic cleaner, and then are air-dried.  To facilitate the identification 

of nanomaterial growth regions on the probe, these probes are marked at 2±  0.5 mm 

intervals at the tested end by using a razor.  The tested probes in this work are given in 

Table 3.4. 

 

Table 3.4 Some information about tested probes. 

Name Company Part # 

99.5% Fe              Omega              Spir-032 

83% Fe / 17% Cr      A-1 wire tech, Inc.               570890 

45% Ni / 55% Cu              Omega              Spir-032 

56% Ni / 44% Ti       Small Parts, Inc              NW-032 

80% Ni / 20% Cr              Omega             Ni80-032 

60% Ni / 16% Cr / 24% Fe              Omega             Ni60-032 

Zinc-galvanized steel McMaster-Carr 8943K14 

99.95%W Small Parts, Inc TW-032 

 

 

3.5 Characterization techniques 

There are many different tools to characterize the nanostructures, including in-situ and 

ex-situ techniques.  In this work, the ex-situ techniques employed are FESEM, TEM, 

EDXS, and RRS.  
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3.5.1 FESEM 

Scanning electron microscopy (SEM) is a basic tool for present nanotechnology, and is 

usually used to observe the morphologies of as-grown nanostructures, and estimate the 

size and yield of those nanostructures.  This work uses a SEM with field emission 

electron source (called FESEM, LEO Zeiss Gemini 982, operated at 5 kV) to investigate 

the morphologies of 1D nanostructrues produced from flames, and estimate the size and 

yield of these structures at various magnifications ranging from 1000 to 50000.  The 

probe with as-deposited nanomaterials is glued to a pin mount (SPI, part# 1507L) using a 

9mm carbon tab (SPI, part # 5073).  The pin mount is then placed in a vacuum desiccator   

(SPI, part#1822) for at least 12 hours.  

 

3.5.2 TEM 

TEM is performed on a TOPCON 002B ultrahigh resolution transmission electron 

microscope operated at 200kV in order to probe the detailed structures of the synthesized 

nanomaterials.   Nanomaterials from flames are sonicated in methanol and then dispensed 

onto holey/lacey carbon coated copper grids (300 mesh, SPI, part#3630C) for TEM 

examination.  Various magnifications are used ranging from 29k to 490K.  The atomic-

level structures of these 1D nanomaterials are examined using HRTEM (490K).  Selected 

area electron diffraction (SAED) is conducted on TEM to evalutate the crystallinity and 

phase composition of the nanomaterials.  
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3.5.3 EDXS 

The elemental compositions of as-prepared nanomaterials from flames are analyzed using 

EDXS attached to either TEM or FESEM.  EDXS is conducted for nanomaterials ranging 

from a single nanostructure to bundles of nanostructures.   

 

3.5.4 RRS 

The “conventional” Raman scattering signal (which will be discussed in Chapter 4) is 

usually weak.  Hundreds of bands might be shown in "conventional" Raman spectra for 

large molecules2 (CNTs belong to large molecules).  However, the scattering efficiency 

gets larger when the excitation laser frequency is tuned to match the energy between 

optically allowed electronic transitions (resonance) in the material3.  Vibrational modes 

associated with that particular excited electronic state are greatly enhanced2.  The 

enhanced signal usually overwhelms Raman signals from all of the other transitions.  For 

instance, for CNTs, resonance with a π-π* transition enhances stretching modes of the π-

bonds involved with the transition, while the other modes remain unaffected4.  This 

intensity enhancement process is known as resonance Raman scattering (RRS).  Usually 

Raman spectra are independent of the electronic structure of the material and the laser 

energy used to excite the Raman spectra2.  But in RRS, the resonance Raman intensity 

depends on the density of electronic states (DOS) available for the optical transitions, 

which is very important for one-dimensional (1D) systems2.  For single-walled CNTs 

(SWNTs), the transition energies depend on the diameter and chirality.  As such, rich 

information of CNTs can be extracted from their resonance Raman spectra.  In case of 

CNTs, tunable lasers are very important and convenient (where the wavelength can be 
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altered within a specific range), such that a response from a few nanotubes dominates the 

Raman spectrum for a particular laser excitation line.  RRS is now considered as an easy 

and quick characterization tool for CNT samples, especially for SWNTs.  The Raman 

spectra from CNTs are rich in information about the structure and properties of 

nanotubes5.  In this work, Raman spectroscopy (performed on a Renishaw System 1000 

micro-Raman spectrometer) is excited at two laser wavelengths: 633nm and 785nm, and 

used to detect the abundance, diameter distribution, and purity of SWNTs.  The typical 

SWNT diameters can then be calculated from Raman spectra by using the empirical 

relationship λ248=d , where )(nmd  indicates the nanotube diameter and λ  (cm-1) is 

the Raman shift6,7.  

 
Reference 
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3Jorio A., Pimenta M.A., Souza Filho A.G., Saito R., Dresselhaus G. and Dresselhaus M.S., Characterizing 
carbon nanotube samples with resonance Raman scattering, New Journal of Physics, 5:139.1–139.17, 2003 
4Resonance Raman spectroscopy, http://en.wikipedia.org/wiki/Resonance_Raman_spectroscopy 
5Jorio A., Pimenta M.A., Souza Filho A.G., Saito R., Dresselhaus G. and Dresselhaus M.S., Characterizing 
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Chapter 4 

Flame Structure Characterizations 

 
Local temperature and growth-related species are determinative in the synthesis of 1D 

nanostructures.  Probing these parameters is essential in controlling and optimizing the 

produced nanostructures and in increasing the understanding of the fundamental growth 

mechanisms.  The establishment of correlations between these parameters, especially 

species, and the corresponding nanostructures is not always straightforward in synthesis 

systems such as electric arc discharge and laser ablations.  Utilizing well-defined flame 

systems, however, can be advantageous for the investigation of local temperature and 

growth-related species through comparative modeling of the flame flow field and 

diagnosing through laser-based spectroscopy.   At the same time, oxygen concentration 

distribution can be well controlled from the source to the reaction zone.  

In this chapter, the simulation and experimental validation (through spontaneous 

Raman spectroscopy (SRS)) of flame structures of CDFs are described.  Favorable 

comparisons between the simulation and the measurement for the well-defined 1-D 

configuration give confidence to the SRS measurement of flame structures of IDFs. 

 

4.1 Flame structures of CDFs 

As presented in Chapter 3, a flat flame can be formed in between when the fuel and 

oxidizer issued from the bottom and top burners, as they impinge at atmospheric 

pressure.  The flame is aerodynamically well-defined, with gradients existing only in the 
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axial direction, and can be easily probed by SRS and compared with simulations 

involving detailed chemical kinetics and transport.  A picture of an actual CDF is given in 

Fig. 4.1.    

 

 

 

 

 

 

 

Figure 4.1 A real flame is established between the two burners. 

 

4.1.1 Simulation of CDF 

 

 

 

 

 

 

 

 

Figure 4.2 The schematic flow field with a flame established on the oxidizer side 
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flame established on either the oxidizer side or fuel side depending on the flow rates and 

gas compositions.  In the case of a flame established from the oxidizer side, fuel coming 

out from the burner reaches the stagnation surface due to the forced convection, and then 

further diffuses toward the flame where the oxidization reaction occurs.   

The cylindrical coordinates are introduced as in Fig.4.2, along with the schematic 

streamlines of flow field.  Starting with the Navier-Stokes equations, a stream function is 

introduced in the form )(2 zUr=ϕ  where )(zU is the axial mass flux.  By defining1                                  

                                                   rUur
r

2==
∂
∂ ρϕ ,                                                        (4.1) 

                                                               and  

                                               
dz
dUrvr

z
2−==

∂
∂

− ρϕ ,                                                    (4.2)  

the mass continuity equation is satisfied 

                                                   0)()( =
∂
∂

+
∂
∂ vr

r
ur

z
ρρ ,                                              (4.3)          

where u is the axial velocity , v  is the radial velocity, and ρ  is the density of the gas 

mixture.  From Equations (4.1) and (4.2), u  depends only on z , and v  varies linearly in 

r .  The temperature T  and species mass fraction kY  are also assumed to be functions of 

z alone.  Defining 
r
vzG =)(  as reduced radial velocity, Equation (4.3) becomes 

                                                           0=+ G
dz
dU ρ .                                                     (4.4) 

Introducing the above assumptions and definitions into the linear momentum equation 

(while neglecting buoyancy effects), the momentum equation is reduced to  
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                                                   02)( 2 =−+− GJ
dz
dGU

dz
dG

dz
d ρµ ,                           (4.5) 

where 
r
p

r
J

∂
∂

=
1  ; and p is the thermodynamic pressure.  Also, 0=

dz
dJ , and µ  is the 

viscosity of the gas mixture. 

With the K  species included, the species equation is given as 

                                   0)(2 =−+ kkkk
k WVY

dz
d

dz
dY

U ωρ &  ),1( Kk = ,                              (4.6) 

where kV is the diffusion velocity of thk  species, kW  is the molar weight of thk  species, 

and kω& is the molar rate of production of the thk  species by chemical reaction.  

The energy conservation equation is then  

                           0)()(2
11

=Σ+Σ+−
== kkk

K

kpkkk

K

kp Wh
dz
dTcVY

dz
dT

dz
d

dz
dTUc ωρλ & ,              (4.7) 

where pc is the specific heat of the gas mixture; λ  is the mixture thermal conductivity; 

pxc  is the specific heat of the thk  species, and kh  is the specific molar enthalpy of the 

thk species.   

The problem is reduced to a one-dimensional boundary problem with boundary 

conditions prescribed as  

                                    at :0=z  00
00 ,,0,

2 kk YYTTG
u

U ====
ρ

,                             (4.8) 

and 

                                    at :Lz =  kLkL
LL YYTTG

u
U ==== ,,0,

2
ρ .                            (4.9) 

The required thermodynamic properties ( kpkk hcc ,, ), the transport coefficients ( µλ, ), 

and the chemical production rate (ω& ) (which involve detailed transport and complex 
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chemical kinetics) are calculated using CHEMKIN 2  and TRANSPORT 3  subroutines.  

The flame structures are simulated using a CDF program4, which solves for the above 

governing equations and boundary conditions.  

The numerical calculation procedure is illustrated in Fig. 4.3.  The elementary 

reaction mechanism (involving 177 reactions and 32 species) is given in Appendix 2 

from GRI-Mech 1.25.   Additional reactions for CH* chemiluminescence from Tse et 

al6have been included. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 Relationship of the CDF Program4 to the CHEMKIN and TRANSPORT preprocessors, and to 
the associated input and output files7. 

CDF 



 76

Various flame structures with different fuel compositions are computed, among which 

two are chosen to run the experiments for nanomaterial synthesis.  One is the flame 

structure produced with 50% CH4 diluted by 50% N2 as given in Fig. 4.4, and another is 

shown in Fig. 4.5 with 42 % CH4 plus 3% C2H2 diluted by 50% N2.  The role of addition 

of C2H2 to the fuel will be discussed in Chapter 7.  In both flame structures, the flow 

velocity at the nozzle exit is 15± 0.5 cm/s and the flow overall strain rate is around 20 s-1.   

The stagnation plane in both flames is illustrated as a dash line, showing that the flames 

are situated on the oxidizer side.  
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Figure 4.4 A flame structure with 50%CH4 diluted by 50% N2, (a) the real corresponding flame, (b) the 
temperature profile and velocity distribution along the axial z direction with the stagnation plane marked, 
(c) the profiles of major species. 
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Figure 4.5 A flame structure with 50%CH4 plus 3% C2H2 diluted by 50% N2, (a) the real corresponding 
flame, (b) the temperature profile and velocity distribution along the axial z direction with the stagnation 
plane marked, (c) the profiles of major species. 
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4.1.2 Flame structures measured by SRS and compared with simulations  

SRS is a spectroscopic technique that can be used to detect the temperature and species 

concentrations in the gas phase.  Since vibrational information is very specific for the 

chemical bonds in molecules, SRS provides a fingerprint by which the molecule can be 

identified.  The Raman effect occurs when light impinges upon a molecule and interacts 

with the electron cloud of the bonds of that molecule.  The incident photon (light 

quantum) excites one of the electrons into a virtual state.  For the spontaneous Raman 

effect, the molecule will be excited from the ground state to a virtual energy state (Fig. 

4.6)8, and then relax into a vibrational excited state, which generates Stokes Raman 

scattering.  If the molecule was already in an elevated vibrational energy state, the Raman 

scattering is then called anti-Stokes Raman scattering.  A molecular polarizability 

change, or amount of deformation of the electron cloud, with respect to the vibrational 

coordinate is required for the molecule to exhibit the Raman effect.  The amount of the 

polarizability change will determine the intensity, whereas the Raman shift is equal to the 

vibrational level that is involved.  

. 
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Figure 4.6 Energy level diagram showing the states involved in Raman signal. The line thickness is 
roughly proportional to the signal strength from the different transitions (Figure from reference 8). 

 

We utilize SRS (setup as shown in Fig. 4.7) to measure the gas-phase temperatures 

and concentrations of major species at specific locations.  The excitation source is a 

frequency-doubled (532nm) Nd:YAG laser operating at 10 Hz.  The laser beam is 

focused into the test section with a 300mm focal-length plano-convex fused silica lens.  

Detection of the vibrational Stokes Q-branch Raman signal is accomplished by passing 

the collected light from a 100µm diameter × 100µm length measuring volume through a 

Raman notch filter plus a depolarizer and into a 0.5m imaging spectrometer with a 2400 

groove/mm grating, with an ICCD camera as detector.  The use of the pulse laser source 

and gated detector significantly improves the signal to noise ratio.  Temperature 

measurements are obtained by least-squares fitting the shape of the N2 Raman spectrum 

to theoretical library spectra spaced 50K apart.  The uncertainty in the fitted temperature 

is less than ±50K, and the reproducibility of the measurements is within ±20K.  Species 
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mole fraction profiles are determined from the strength of the Raman signal of individual 

species, relative to N2.  The signals used to determine the concentrations of CH4, H2, CO, 

C2H2, CO2, and H2O are collected at Raman shifts of 2915, 4160, 2145, 1980, 1388, and 

3657cm−1, respectively.  The interference from the O-branch of N2 on the CO spectrum is 

considered and subtracted.  Broadband florescence from C-related species are also 

subtracted. The reproducibility of the concentration measurements is usually within ±5%.  

The measurements of the flame structure with 50% CH4 by SRS are shown in Fig. 4.8 

and compared with simulations, evincing the accuracy of the simulations and their 

suitability in guiding experiments and interpreting results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.7 The setup of flame structure measurement by SRS 

 



 82

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 4.8 Flame structure with 50%CH4 measured by SRS and compared with simulations, (a) 
temperature profile along the axial z direction, and (b) the molar fractions of major species along the axial z 
direction. 
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4.2 Flame structures of IDFs measured by SRS 

A mixture of 10 L/min CH4 and 4.2 L/min N2 flows through the outer annulus, and air at 

0.8 L/min flows through the center tube, so an IDF is established at the central tube exit.  

The visible flame is about 15mm in height with ~9mm (bluish chemiluminescence from 

CH*) of it at the base being from primary reaction zone and ~6mm (faint orange) of it at 

the top being from pyrolysis and sooting mechanisms.  The actual flame is shown in Fig. 

4.9, and this flame is used to explore the synthesis of CNTs and ZnO nanostructures.  The 

temperature and major species along z and r directions are measured using the same SRS 

setup for CDF.  Due to the sensitivity of ZnO nanostructures to growth conditions, flame 

structures at more points along the z and r directions are measured for the growth of ZnO 

nanostructures.   The measured profiles of temperature and major species along the z and 

r directions at the specific positions using SRS are presented in Chapter 9 for the 

production of ZnO nanostructures, and are described in Chapter 6 for CNT synthesis.  As 

such, to avoid duplication, they are not shown in this chapter, as they are used in the 

discussion of growth mechanism in those chapters.  
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Figure 4.9 The real IDF established at the center tube exit. 

 

4.3 Conclusions 

The CDFs are simulated by a program involving detailed chemical kinetics and transport 

properties.  SRS is employed to validate these flame structures.  The measurement results 

are compared with the simulated results, and are in excellent agreement with the 

simulations.   The profiles of temperature and major species for IDFs are obtained by 

SRS as well, but shown in Figs 6.2 and 9.2 of Chapter 6 and 9, respectively. 
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Chapter 5 

Initial Results of CNTs Grown from Premixed Flames 

and Normal Diffusion Flames to Compare with Works 

of Others 

 
The first flame-synthesized CNTs reported in the literature were with premixed flames 

(PFs) 1 and normal diffusion flames (NDFs)2 .  Vander Wal1 demonstrated the flame 

synthesis of SWNTs using Fe nanoparticles.  Fe was found to exhibit preferential 

reactivity toward CO for SWNT catalysis with this reactivity being strongly dependent 

upon catalyst particle size within their flame conditions.  Yuan et al2 observed entangled 

MWNT formation (with a diameter range of 20-60nm) directly on Ni/Cr wires in a sooty 

laminar co-flow methane flame.  Height and co-workers3 used premixed co-flow flames 

to grow SWNTs, studying the effects of flame position and air-to-fuel ratio.   

In this research, PFs and NDFs are initially examined and compared with the results 

of others to benchmark and validate the flame synthesis process. The various PFs and 

NDFs are established using the co-flow jet flow burner described in Chapter 3.  Different 

fuels (methane, acetylene and ethylene) are investigated with different catalysts tested 

(iron, nickel, and cobalt).   Some FESEM images of CNTs produced from these flames 

are given and compared with the results of others in Fig. 5.1 and Fig. 5.2.  

Figure 5.1 compared our results with those reported by Yuan et al in methane2 (CH4) 

and ethylene (C2H4)4 NDFs.   In methane flames, a stainless steel grid with a holding Ni-
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Cr wire is inserted into the flame, and the materials deposited on the Ni-Cr holding wire 

are examined.  Our results and those by Yuan et al2 are given in Fig. 5.1 (a) and (d), 

which show the similar morphology (entangled CNTs) and diameters.  As reported by 

Yuan et al, we observe that the growth region of CNT is limited to the fuel side.   

Moreover, closer to the flame axis, CNT yield decreases or CNT growth stops probably 

due to the significant increase of carbon-containing pyrolysis products, especially 

polycyclic aromatic hydrocarbons (PAHs)2.   PAHs can deactivate the catalyst required 

for CNT growth because PAHs are large aromatic structures with high thermodynamic 

stability and resistant to catalytic decomposition5,6.  In ethylene NDFs, similar entangled 

CNTs are obtained using the same stainless steel grid with the same holding Ni-Cr wire, 

as shown in Fig. 5.1(b) (our results) and (e) (results by Yuan et al4).   However, aligned 

CNTs are produced in a nitrogen-diluted ethylene NDF using a Co-coated stainless steel 

grid with the same Ni-Cr holding wires (Fig. 5.1(c) and (f) represent our result and that 

by Yuan et al respectively).  Yuan et al attributed this alignment to the temperature 

decrease (from 1547 oC to 1244 oC) at the sampling position due to the nitrogen addition, 

which reduce the pyrolysis rate of hydrocarbon products in the flame.  In addition, this 

alignment likely has something to do with the formation, interaction, and carbon 

solubility of catalytic nanoparticles resulting from the decreased temperature.   
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Figure 5.1 CNTs in normal diffusion flames by this work (left column) are compared with those reported 
by Yuan et al (right column, references 2 and 4). 
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Our CNTs  (left column in Fig. 5.2) grown in premixed flames are compared with 

those reported by Vander Wal et al7(right column Fig. 5.2).  One of the requirements for 

CNT synthesis is the supply of carbon source.  In PFs, a fuel-rich (the equivalence ratio 

φ  >1) flame is usually used to provide extra fuel as carbon source.  For comparisons, we 

conduct some PF experiments at φ =1.6 (φ =1.62 by Vandel Wal et al).  These groups of 

experiments are conducted to identify the effects of fuels and catalysts on CNT growth in 

PFs.  Two fuels studied are ethylene (C2H4) and acetylene (C2H2), along with two forms 

of catalysts (Co-coated stainless steel grid and pure stainless steel grid (SS)).   Our results 

and those by Vander Wal et al7 show the similarity in terms of diameter and 

morphologies.  The Co-coated stainless steel usually produce uniform diameter of CNTs 

(Figs. 5.2(a), (e), (c) and (g)) due to the size uniformity of deposited catalytic Co 

particles.   CNTs with different diameters and morphologies usually occur using stainless 

steel only (Figs. 5.2(b), (f), (d) and (i)).  In case of pure stainless steel grid, the required 

catalytic nanoparticles are formed generally through the steel surface breakup induced by 

the surface carbide formation, which usually create a wide range of crystal particle sizes 

and shapes.   According to the theory that the diameter of CNT usually reflects the size of 

the associated catalytic nanoparticle8, these surface-breakup-formed nanoparticle account 

for the varied diameters and morphologies.  While the stainless steel grid is coated with 

Co particles, the size uniform Co particles dominate the CNT growth explaining the 

uniformity of CNTs.   It is also observed that CNTs produced in acetylene are a little bit 

larger than those in ethylene.  The reason is ascribed to the higher H2 concentration in the 

acetylene flame7.  H2 facilitates carbide formation followed by surface breakup by etching 
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or removing surface-adsorbed carbon, thus promoting the contribution of surface-break-

formed nanoparticles in CNT growth.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 CNTs in premixed flames by this work (left column) are compared with those reported by 
Vander Wal et al (right column, from reference 7). 
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As seen from the above comparisons and discussions, CNT growth in flames involves 

several factors (e.g. temperature, chemical species, catalyst formation).  These initial 

results validate and reproduce the results of others, aiding in identifying the range of 

conditions appropriate for CNT synthesis in flames.  Subsequently, we examine CNT 

synthesis for similar ranges of local conditions (e.g. temperature), but in other strategic 

geometries, whereby fundamental growth conditions can be more easily identified and 

isolated.   
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Chapter 6 

CNTs from Methane Inverse Diffusion Flames 

 
6.1 Introduction 

The unique flame configuration employed in this chapter is the inverse diffusion flame 

(IDF), where oxidizer is issued from the center jet while fuel is issued from the 

surrounding co-flow.  The configuration was concurrently examined by Lee and co-

workers 1 , 2 .  The net effect of this geometry is that post-flame species are largely 

comprised of pyrolysis vapors that have not passed through the oxidation zone.   As such, 

soot formation processes, which compete with CNT formation routes, are more 

effectively separated from oxidation processes in IDFs, which also tend to soot less than 

normal diffusion flames (NDFs)3.  Furthermore, the hydrocarbon and pyrolysis species 

(rich in Cn and CO) generated can be much greater in concentration than that practically 

achieved in PFs.  By using diffusion flames (burning stoichiometrically), flame-speed 

and cellular stabilization problems related to PFs can be avoided.  In our setup, transition-

metal alloy probes (with and without voltage bias) are inserted radially into the flame 

structure at various location heights to probe for conducive regions of CNT synthesis.  

Under favorable conditions, catalyst nanoparticles are formed, and carbon-based 

precursor species readily undergo dissociative adsorption and diffuse through the catalyst 

nanoparticles and grow into CNTs4, with the nanoparticles either remaining attached to 

the substrate and situated at the base of the growing CNT or detaching from the probe 

and situated at the tip of the growing CNT.  Since both CO and C2 species can participate 
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in the growth processes of CNTs, their local concentrations must be characterized to 

understand the initial chemical reaction pathways and the conditions promoting their 

kinetic dominance.  As such, local gas-phase temperatures and concentrations of 

precursor species are measured at those locations of direct CNT formation.  

In our case, CNTs grow directly from the transition-metal alloy probes.  The required 

catalytic nanoparticles responsible for CNT growth are formed primarily through the 

probe surface breakup induced by surface carbonization.  Carbide induced breakup of the 

metal probe surface occurs often within a rich hydrocarbon-based flame.  When the metal 

probe is inserted into the flame, carbon deposits and builds upon the surface.  If the 

dissolved carbon reaches a concentration sufficient to form carbide phase, the resulting 

lattice mismatch between the carbide phase and the underlying metal creates stresses 

localized within the surface region5.  Surface breakup will proceed along the weakest 

sections such as grain boundaries and edge dislocations where lattice stresses are 

concentrated, and the carbon concentration will likely be highest5.  This formation 

mechanism of catalyst nanoparticles generally creates a wide variety of sizes and 

geometries6,7,8,9, which are determined by various factors, such as temperature, chemical 

species, and carbon solubility of the metal.  Different metals and metal alloys show 

different carbon solubilities that also vary with temperature10.   Additionally, hydrogen 

can facilitate the carbide breakup process by etching or removing surface-adsorbed 

carbon where the rate of carbon deposition exceeds that of solvation5.  All these 

parameters affect the formed nanoparticle properties such as size and yield, which will 

impact CNT morphologies and properties, as shown in this and other chapters.   



 94

Two other possible mechanisms for the direct formation of nanoparticles on a metal 

probe surface in flames are hydrogen reduction and evaporation–condensation.  The 

inherent presence of oxygen-bearing species (e.g. OH) near the flame front on the fuel 

side can lead to local oxidization of the metal probe.   Nanoparticles can then be formed 

from the oxidized metal through hydrogen reduction.   When the metal probe is inserted 

into the flame, surface metal can evaporate.  The evaporated metal might diffuse back 

and deposit on the probe surface where nanoparticles can be created through 

condensation.  However, based on our studies and observations, these two mechanisms 

contribute little to nanoparticle formation, since oxygen-containing species are limited to 

a small region near the flame front that is usually not favorable for CNT growth.  In the 

CNT growth zone, the temperature is generally much lower than the melting point of the 

metal probe, so very little metal vapor can be generated.  Furthermore, carbon-bearing 

species are overwhelmingly dominant in the local flame structure such that the surface-

breakup mechanism dominates for nanoparticle formation. 

Additionally, the use of electrical force fields provides an advantageous tool to 

improve uniformity and productivity in gas-phase synthesis processes.  Several 

works11,12,13,14,15,16,17 in CVD and plasma CNT synthesis systems have reported successful 

electromagnetic-field application to control CNT coiling, alignment, and growth rate.  

However, despite the promise of electric field control and its elucidated feasibility, only 

the recent work of Merchan-Merchan et al 18  has examined its application in flame 

synthesis of CNTs.  Both Ref18 and our work (as will be seen) show that CNT alignment 

and growth rates can be enhanced under electric fields. 
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In the following sections, we will show that the variation of catalyst type, flame 

position (radial r as well as axial z), and voltage bias strongly influences CNT 

morphologies. 

 

6.2 Experiment 

The experimental setup is shown in Fig. 3.1 and Fig. 3.2.   The established IDF is the 

same as the one presented in the Section of 4.2, with its flame structures for CNT growth 

measured by SRS.  A picture of the IDF is given in Fig. 6.1, along with the investigated 

axial positions.  Its flame structures as measured by SRS are plotted in Fig. 6.2, with the 

CNT growth regions marked.  Transition-metal alloy probes with different compositions 

(i.e. Fe, Ni/Cu, and Ni/Cr/Fe) are inserted radially/horizontally (see Fig.6.1) into the 

flame structure at specific vertical positions to induce catalyst nanoparticle formation and 

subsequent CNT growth (Some properties of tested probes are given in table 6.1).  The 

Fe and Ni/Cu probes are both 0.8mm in diameter; the Ni/Cr/Fe probe is 1 mm in 

diameter.  The substrates are operated at floating potential mode (FPM), where the flame 

induced voltages are measured for each case, as well as grounded and with applied 

voltage bias.  A dual-polarity power supply connected to the end of a probe maintains a 

given bias voltage; the burner assembly is always kept at ground potential. 
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Table 6.1 Catalytic metal alloys investigated 

Chemical composition Melting point (K) 
99.5% Fe 1808 
45% Ni / 55% Cu 1493 
60% Ni / 16% Cr / 24% Fe 1623 

 

Post-synthesis, the surfaces of the probes are imaged directly using FESEM to assess 

CNT morphology.  After ultrasonic treatment, HRTEM characterizes individual CNTs 

and bundles; XEDS analyzes the included catalyst nanoparticles. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.1 IDF with methane (CH4) as fuel 
 

6.3 Results and discussion 

6.3.1 Effect of alloy composition and local flame conditions on morphology 

Although the synthesis process is quite complex, involving both catalyst nanoparticle 

formation and CNT growth, under very specific conditions, the setup allows for strategic 

control of the many process parameters involved.  We investigate the effect of different 

vertical (z) and radial (r) sampling positions in the IDF (see Fig. 6.1), as well as alloy 
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composition of the catalytic substrate, on CNT morphology. For example, at z = 6mm, no 

CNTs or fibrous nanostructures are found to have been grown on any of the probes, 

despite sufficient concentrations of CO and C2H2, as indicated by SRS measurements 

(Fig. 6.2(a)).   Two reasons might be responsible for the absence of CNTs at this position.  

One is the lack of catalytic nanoparticles.  With melting temperatures for Fe, Ni/Cu, and 

Ni/Cr/Fe as shown in Table 6.1, the temperatures (well below 1100K) may be too low 

(Fig.6. 2(a)) for the formation/extraction of catalytic nanoparticles on/ from the probes.  

Since both the carbon solubility and the carbon diffusion coefficient in a metal are 

temperature-dependent and decrease with decreasing temperature 19 , 20  the dissolved 

carbon may not reach a concentration sufficient to form a carbide phase. As such no 

surface breakup can occur to produce the catalytic nanoparticles.  Another reason could 

be the deactivation of catalytic nanoparticles. Even with a small amount of catalytic 

nanoparticles, they could be deactivated due to the formation of coking layer (e.g. 

amorphous carbon), resulting from a relatively faster carbon deposition rate than the 

carbon diffusion inside the nanoparticles at this position.   Additionally, the cleaning role 

of hydrogen by etching away amorphous carbon is not available due to absence of 

hydrogen at this position21. 
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Figure 6.2 Gas-phase temperature (Raman) and species mole fraction profiles as measured by SRS, 
including thermocouple temperature (TC), at investigated sampling heights within the flame structure of 
Fig. 6.1: (a) z = 6mm, (b) z = 9mm, (c) z = 12mm, and (d) z = 15mm. 
 

Figs. 6.3(a)–(c) show filamentous nanomaterials grown on probes of different 

compositions positioned at z = 9mm.  At this height, use of the Fe probe results in micro- 

and nano-scale carbon fibers and tubes, as seen in Fig. 6.3(a), which are characterized by 

various forms along with a large distribution in diameter.  The fibers tend to be coiled 

and very entangled.  Moreover, CNTs and carbon fibers are found to grow only near the 

centerline of the flame.  This is reasonable since the temperatures are perhaps high 

enough only in this region (see Fig. 6.2(b)) to form the requisite catalytic Fe 

nanoparticles, along with supplying sufficient concentrations of CO and C2H2 species to 

induce CNT growth.  For the Ni/Cu (Fig.6. 3(b)) and Ni/Cr/Fe (Fig. 6.3(c)) probes, 
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CNTs, characterized by the catalyst at the tip mechanism, grow profusely in the r = 2–

3mm region of Fig. 6.2(b).  This region is located just outside the visible soot/pyrolysis 

regime shown in Fig. 6.1. Gas-phase temperatures around 1100K (Fig. 6.2(b)) seem 

sufficient to produce the Ni catalytic nanoparticles from these probes (which have much 

lower characteristic melting temperatures than iron), as well as support CNT growth with 

ample concentrations of CO and C2H2 available.  The CNTs are dispersed evenly on the 

probe surface without intermixed fibers, and exhibit rather uniform diameters of around 

15–20nm.   

Figs. 6.3(d)–(f) manifest filamentous nanomaterials grown on the probes positioned at 

z = 12mm, which turns out to be the optimal location height for CNT growth.  A Fe probe 

still produces micro- and nano-scale carbon fibers and tubes that tend to be coiled, 

entangled, and twisted, as shown in Fig. 6.3(d).  These nanomaterials exhibit diverse 

forms with diameters more uniform than those for Fe probes at previous flame height 

locations; however, their diameters are much larger than those formed from the nickel-

based catalysts.   Nanomaterials on the iron probe are still produced near the flame 

centerline (Fig. 6.2(c)), where the temperature is highest.  For the Ni/Cu (Fig. 6.3(e)) and 

Ni/Cr/Fe (Fig. 6.3(f)) probes, CNTs form in the r = 1.75–3.25mm region of Fig. 6.2(c), 

which is again outside the visible soot/pyrolysis region of Fig. 6.1. Nanomaterials 

harvested on the Ni/Cu probe (Fig. 6.3(e)) show little difference from those grown at the 

z = 9mm location (Fig. 6.3(b)).  However, we now find that vertically well-aligned CNTs 

(Fig. 6.3(f)) are obtained for the Ni/Cr/ Fe probe.  These CNTs are characterized by dense 

compactness and vertical orderliness with a uniform diameter.  As revealed by TEM (Fig. 

6.4(a)), the synthesized materials are MWNTs with strong graphitic structure and a 
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diameter of about 15nm.  Fig.6. 4(b) shows the catalyst nanoparticles at the tips of a 

bundle of these MWNTs; and EDXS identifies the elemental composition of single 

catalyst nanoparticles (Fig. 6.4(c)), confirming that transition metal nanoparticles were 

extracted from the Ni/Cr/Fe probe.  It is interesting to note that well-aligned CNTs are 

formed near the r = 3.25mm region where there is almost no C2H2, but plenty of CO, for 

the Ni-based probes.  The gas-phase temperature is ~1100K and the probe temperature 

(estimated through the thermocouple measurement) is ~1000K. 

 

 
 
Figure6. 3 FESEM images of CNT morphology corresponding to catalytic probe composition (column) 
and flame sampling height (row) of Fig. 6.1. The alloy probes are operated at floating potential mode 
(FPM) for a 10 minute sampling duration. 
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Figs. 6.3(g)–(i) show nanomaterials grown on the probes positioned at z = 15mm, 

corresponding to the location of the visible soot/pyrolysis tip (Fig. 6.1).  Nano-scale tubes 

without intermixed microscale materials are obtained from the Fe probe (Fig. 6.3(g)), 

with much more uniform and smaller diameters than those grown from the same Fe probe 

positioned at lower heights.  Nonetheless, the diameters are still much larger than those 

produced from nickel based catalysts of Figs. 6.3(h) and (i).  The tubes are still often 

coiled and entangled.  Again, CNTs only grow near the flame centerline (Fig. 6.2(d)).  

For the Ni/Cu probe at this flame height, as shown in Fig. 6.3(h), the CNTs are 

characterized by almost the same aspects as those of previous sample location heights, 

but with shorter lengths.  Similarly, for the Ni/Cr/Fe probe, CNTs formed are still 

vertically well-aligned (Fig. 6.3(i)), but of shorter lengths as compared to those at z = 

12mm. The CNTs have a uniform diameter of around 15–20nm and are vertically 

bundled into regular patterns covering the probe surface.  Notice the thick “white’’ layer 

of catalysts at the top of the CNTs.  We hypothesize that, similar to the well-aligned case 

at z = 12mm, a layer of particles of Ni–Fe–Cr–O composition are initially lifted off the 

surface of the probe, from which elemental transition nanoparticles are reduced which, in 

turn, catalyze nanotube growth.  An oxide layer of Cr2O3 is likely formed at the probe 

surface that prevents additional probe material from leaving the surface.  In a way, one 

can view the growth mechanism as conforming to the particle-at-the-base mechanism, 

with the outwardly-growing top ‘‘white’’ layer considered the ‘‘base’’.  Again, CNTs 

from the Ni-based catalytic probes grow well outside the visible soot/pyrolysis region.  

The flatter temperature distribution and higher temperatures can perhaps explain the 

shorter CNT lengths and wider CNT growth regions (r = 2–4.5mm of Fig. 6.2(d)), as well 
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as the orderly-arrayed patterns for Ni/Cr/Fe.  Note that the estimated probe temperatures 

are at least 100K below the gas-phase temperature.  It seems that CO is mainly 

responsible for CNT formation (Fig. 6.2(d)), as C2H2 is absent in these regions. 

 
 
 

 
 
Figure 6.4 TEM images of CNTs grown from Ni/Cr/Fe probe at z = 12mm, along with XEDS spectrum of 
the catalyst nanoparticles. (a) High resolution TEM image showing well-graphitized MWNT with a hollow 
core. (b) Low magnification TEM image showing the catalyst particles at the CNT tips. (c) EDXS spectrum 
showing elemental composition of catalyst nanoparticle at tip of a MWNT. 

 

As seen from Fig. 6.2, hydrogen is present only for probe location heights (z = 9, 12, 

15mm) correlating to CNT synthesis.  Hydrogen cannot only form sufficient 

concentrations of hydrocarbons, but also satisfy unfilled carbon valences at the 

precipitating rear facets of the metal catalyst.  The catalyst metal particles can also be 
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obtained by selective hydrogen reduction of the alloy, and preliminary results show that 

hydrogen prolongs the life of the catalysts.  At the same time, however, there may exist 

competition between etching of sp2 carbon by H atoms and deposition of sp2 carbon by 

hydrocarbon intermediates.  Future studies will involve in-situ measurements of the H 

radical using laser induced fluorescence (LIF). 

Compared to NDFs, an advantage of IDFs for producing CNTs is that the pyrolysis 

zone of the IDF is outside the oxidation zone.  Thus oxidation effects on CNT formation 

can be avoided. Also, polycyclic aromatic hydrocarbon (PAH) formation pathways are 

likely altered, which can be conducive to CNT growth from supported catalysts sensitive 

to PAH deactivation, thereby broadening the growth range.  From our studies, the 

diameters of deposited materials from Fe probes decrease and become fairly uniform as 

the location height probed in the flame is increased.  As probe-location height is scanned, 

CNTs from Ni/Cr/Fe probes change from randomly directed growth to vertically well-

aligned growth.  At the tip of the visible soot region, the lengths of CNTs from all probes 

are much shorter than that at locations just a few millimeters below.  While filamentous 

carbon grows on the Fe probes in the range of 9.00 −≈r mm (at the appropriate vertical 

locations in the flame), no CNT formation—only amorphous carbon and soot—was 

found for the Ni/Cu and Ni/Cr/Fe probes in this region.  We find that Fe-based catalysts 

are much more likely to produce large, twisted CNTs, as shown in Fig. 6.3(a).  We 

hypothesize that this may be due to the high Curie temperatures for Fe, which along with 

the presence of flame-induced magnetic fields, result in circular catalyst nanoparticle 

motion within the high temperature zones. 
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Given that optimal conditions for CNT growth are attained at z = 12mm for the 

Ni/Cr/Fe probe in terms of diameter, growth rate, and alignment, sampling time is varied 

to study the growth rate of CNTs under that condition.  The synthesized CNTs are about 

1µm in length after 5 minutes, 5 µm after 10 minutes, and 10 µm after 30 minutes.  The 

diameters remained the same for all durations. 

 

6.3.2 Effect of voltage bias on morphology and alignment 

 
 
 

Figure 6. 5 Effect of voltage bias applied to Ni/Cr/Fe catalytic probe at z = 12 mm and r = 1.75–3.25mm 
(same positions as in Fig. 6.3(f)) on resulting CNT morphology. 
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We investigate the effect of voltage bias on the Ni/Cr/ Fe sampling probe on CNT 

growth. The ideas behind using electrical assistance are to electrophoretically keep soot 

particles and their precursors from contaminating the CNT yield, and to optimize 

hydrocarbon precursor delivery to the catalyst nanoparticles through chemical effects 

induced by transposing and re-distributing ionic species by the action of the electric 

fields.  Our results show that voltage bias on the substrate is conducive to aligning CNTs, 

as well as enhancing their growth rates as compared to grounded conditions, as depicted 

in Figure 6.5.  Again, the previously optimal condition at z = 12 mm and r = 1.75–

3.25mm is examined.  Both negative and positive voltages seem to improve CNT 

alignment and growth (with negative voltages working a bit better), which we cannot 

presently explain.  Note that operating the probe in FPM results in negative voltages (~24 

mV, as induced by flame-generated ions and electrons), and well-aligned CNTs, as seen 

in Fig. 6.5(b). 

 

6.4 Concluding remarks 

The robustness of flame systems to harvest various morphologies and micro-structures of 

CNTs is evinced in our results.  The large thermal and chemical gradients characterizing 

flames are especially advantageous for determining CNT growth conditions in that a 

large parameter space of conditions can be found within a single flame.  By probing a 

flame such as that shown in Fig. 6.1 at various heights, local flame structure conditions 

amenable for CNT growth are readily found.  In comparison, systematic variation of 

parameters such as chemical species and temperature in a CVD reactor would be very 

time-consuming and tedious.  Further utilization of advanced laser-diagnostics to 
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determine the local in-situ temperature and gas-phase chemical species concentrations for 

given CNT morphologies and growth rates not only reveal fundamental mechanisms, but 

also establish ‘‘universal’’ conditions which should be directly applicable as specific 

operating conditions for other methods of synthesis.  It is worth noting, however, that 

since there is a large temperature gradient in the radial direction, the temperature and its 

gradient at the surface of the probes are likely to be less than those in the gas-phase (due 

to radiative effects and conductive losses).  This in effect smears out the spatial 

resolution, and affects the interpretation of the conditions as local measurements, with 

respect to CNT growth. Moreover, since there must exist a transient period of 

nanoparticle formation prior to actual CNT growth, CNT formation and morphology is 

likely influenced by transient heating effects and spatial gradients.  As such, absolute 

temperature and species concentrations may not be the only parameters identifying 

specific conditions for CNT growth in our configuration.  For example, although gas-

phase temperatures and CO and C2H2 mole fractions are comparable at locations [z = 

9mm, r = 1.0 mm] and [z = 12 mm and r = 0], as seen in Figs. 6.2(b) and (c), the Fe probe 

inserted at the latter location is more conducive to CNT growth than at the former.  More 

study is needed, especially of the gas/solid interactions.   

As seen from our results, alloy composition strongly affects CNT morphology.  We 

generally observe CNT growth that complies with the tip-growth mechanism.  Flame 

structure plays an important role, producing the requisite catalytic nanoparticles, 

pyrolyzing the fuel into the appropriate reagents (e.g. C2H2 and CO) at proper 

concentrations and temperatures, and facilitating carbon migration diffusion through the 

particle and precipitation to form the CNT. Using Ni/Cr/Fe probes, we obtained vertically 
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well-aligned CNTs with uniform diameters of 15nm in our methane-based IDF.  The 

smallest CNT diameters found were around 4 nm.  While other works18, 22 , 23 , 24 , 25 

employing NDFs found CNT formation to occur in the soot-laden regions of their flames, 

our IDF experiments have shown that optimal CNT growth occurs in regions just outside 

of visible soot/precursor luminescence.  Nevertheless, due to the T4 dependence of soot 

luminosity, particulate Rayleigh scattering should be employed in future studies to verify 

that soot particles are actually absent from the region.   
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Chapter 7 

CNT Synthesis on Catalytic Metal Alloys in 

Methane/Air Counter-flow Diffusion Flames 

 
7.1 Introduction 

In the previous Chapter, an IDF was used to scan a large parameter space of conditions to 

find auspicious local conditions for CNT growth.  However, the 2-D geometry presents 

large gradients in the radial direction, making it difficult to isolate certain conditions.  

The CDF is a quasi-one dimensional flame with ideally no gradient in the radial 

direction.  As such, conditions can be sought as a function of axial position.  Moreover, 

the simple and well-defined flame geometry allows for meaningful comparisons between 

precise experimental probing and detailed computational simulations, facilitating 

deduction of fundamental controlling mechanisms.   We note that Merchan-Merchan and 

co-workers 1 , 2 , 3  have also utilized this geometry (only for oxygen-enriched flames).  

Additionally, since the hydrocarbon fuel not only provides the source of process heat but 

also the carbon-based growth reagents to make CNTs, we specifically investigate 

methane/air systems, thus exploring the possibility of using natural gas in atmospheric air 

to economically synthesize large quantities of CNTs.  We also examine the effects of 

acetylene addition.  Acetylene is often necessary for metal-catalyzed CNT growth since 

C2 species readily undergo dissociative adsorption.  Concurrently, however, the 

molecular path towards soot formation requires C2 species, most notably acetylene 

(C2H2), which is essential to the formation of the first aromatic ring, benzene, enabling 
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subsequent polycyclic aromatic hydrocarbon (PAH) growth.  PAHs can then form soot 

particles adulterating the yield.  Moreover, PAHs (which are particularly stable 

thermodynamically and resistant towards catalytic dissociation4,5) can be detrimental to 

CNT growth by deactivating the metal-catalyst species.  In line with the previous 

consideration, in order to achieve high-purity yields, we probe CNT synthesis in soot-free 

regions of the flow field where C-related species (i.e. CO and C2) concentrations are still 

high.  Since soot formation is a rate process, subject to residence-time considerations, the 

aerodynamic straining implicit in CDFs becomes advantageous.  Because growth from 

acetylene into a phenyl ring occurs relatively slowly in comparison to ring-growth 

reactions, it may be possible to produce CNTs in an acetylene-rich flame without a lot of 

soot byproduct.  Finally, we tailor our flames such that the local growth conditions are 

similar to those that we employed in Chapter 6 in synthesiation of CNTs on metal alloys 

in IDFs.  Optimal local conditions for CNT synthesis should be “universal,” as stated in 

Chapter 6, and such comparisons allow for assessment of the role of spatial gradients in 

temperature and species in affecting CNT morphologies and growth rates. 

 

7.2 Experiments and Computations 

The experimental setup employed in this chapter is as shown in Figs.3.3 and 3.4 in 

Chapter 3.  Two specific CDFs are established, which we refer to as Flame#1 and 

Flame#2.  Flame#1 is a non-sooty 50%CH4/50%N2-verus-air flame (Figure 7.1 (a)). 

Flame#2 is a 42%CH4/3%C2H2/55%N2-verus-air flame, with a very-thin visible soot 

layer adjacent to the blue flame chemiluminescence, as seen in Fig. 7.1 (b).  Flame 

structures of these two CDFs are simulated, as shown in Figs. 4.4 and 4.5 in Chapter 4.  
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For the purpose of discussions, they are given again in Figs. 7.1(c) and 7.1(d) 

respectively (along with the regions probed).  Both flames have the same characteristic 

peak temperature.  A metal alloy probe (0.8mm) is inserted into the hydrocarbon-rich fuel 

side of the flow field (strategically in the stagnation region to minimize flame 

perturbation), thereby precipitating CNT growth via carbon migration diffusion through 

the catalytic nanoparticles extracted from the probe.  Prior to synthesis, all metal-alloy 

probes are ultrasonically cleaned in ethanol and pretreated with diluted nitric acid to 

remove natural oxidize layers.   

 

 

 
 
Figure 7.1 Experimental setup for (a) Flame #1, and (b) Flame #2, with visible orange soot layer. Flame 
structure for (c) Flame #1, and (d) Flame #2. Thermocouple measurements (TC) assess actual probe 
temperatures. Strain rate is 20 s-1. 
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7.3 Results and discussions  

Table 7.1 summarizes the metal-alloy substrates examined.  In general, transition metals 

(Ni, Co, and Fe) and their alloys have been used as catalysts for CNT growth.  Bimetallic 

catalysts, such as alloys, are known to increase the yield of CNTs6.  Alloys show a 

decrease in their melting temperature and an increase in the carbon solubility as 

compared to single metals7.  Since both CO and C2 species can participate in the growth 

processes of CNTs, we tailor our flames such that there are sufficient concentrations of 

them in the regions that we probe.  Flame#1 and Flame#2 mainly differ by the C2H2 

concentrations in the region of interest, as seen in Figs.7.1(c,d).  Since our synthesis 

process involves both catalyst nanoparticle formation and CNT growth, the temperatures 

in the probed region must be conducive for nanoparticle nucleation and active catalytic 

behavior.  In this respect, hydrogen presence in the flame structure (see Figs.7.1(c,d)) is 

very important.  Catalyst metal particles can also be obtained by selective hydrogen 

reduction of the alloy, and preliminary results show that hydrogen prolongs the life of the 

catalysts, perhaps by satisfying unfilled carbon valences at the precipitating rear facets of 

the metal catalyst.  At the same time, however, there may exist competition between 

etching of sp2 carbon by H atoms and deposition of sp2 carbon by hydrocarbon 

intermediates.  Consequently, we carefully assess CNT morphologies as functions of 

local gas-phase temperatures, concentrations of precursor species, and metal alloy 

compositions. 
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Table 7.1 Catalytic metal alloys investigated. 
 

Chemical composition Melting point (K) 
99.5% Fe 1808 
83% Fe / 17% Cr 1763 
45% Ni / 55% Cu 1493 
56% Ni / 44% Ti 1583 
80% Ni / 20% Cr 1673 
60% Ni / 16% Cr / 24% Fe 1623 

 

Figure7.2 compares the morphologies of MWNTs synthesized on different metal 

alloys in Flame#1 and Flame#2.  The Fe/Cr case is not shown in Fig.7.2 because no 

filamentous carbon grows on its surface for the flame conditions tested.  As can be seen, 

filamentous carbon grows on 99.5% Fe, and CNTs grow on Ni-included Cr-containing 

alloys (i.e. Ni/Cr and Ni/Fe/Cr).  Although the melting temperature of the Fe/Cr alloy is 

lower than that of the pure Fe metal, and nanoparticles are readily formed on the probe, 

Cr presence in the nanoparticles may deactivate or lower the catalytic activities of the Fe, 

perhaps due to the formation of stable chromium carbide (CrC).  Chromium carbide 

formation can compete for incoming carbon, delaying the carbon saturation in 

nanoparticles.  Moreover, once the chromium carbide is formed, its low carbon 

diffusivity would slow down the diffusion rate of carbon in the nanoparticles8.  These 

effects may inhibit CNT nucleation in the Fe/Cr alloy.  On the other hand, it seems that 

Ni presence in Cr-containing nanoparticles permits favorable carbon solubility (Table 

7.2) and CNT precipitation at these temperatures, despite the possible formation of CrC.  

Taking a look at Table 7.2, we can notice that the carbon diffusivities in Ni and Fe are 

similar (2×10-11 and 1.5×10-11 respectively), while the carbon solubilities in Ni and Fe at 

their melting points are 10.7% and 20.2%, respectively.  As such, carbon would be 

saturated earlier and precipitated sooner in Ni than in Fe9.   Therefore, chromium carbide 
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formation might not be able to exert its effects to the extent that it would prevent the 

CNT nucleation as it may in the Fe/Cr alloy. 

 

Table 7.2 Carbon solubility in selected transition metals10,11,12 

Name Melting point  
(Tm) (K) 

Carbon solubility (%)  
at Tm 

Carbon diffusion coefficient in metal  
(m2s-1) at 1273 K 

Iron (Fe) 1808 20.2 1.5 x 10-11 

Cobalt (Co) 1768 13.9 1 x 10-11 

Nickel (Ni) 1726 10.7 2 x 10-11 

Copper (Cu) 1356 2 x 10-4 Not available 
 

We now examine the CNTs produced in Flame#1 (left-hand column of Fig.7.2).  For 

the 99.5% Fe probe, micro- and nano-scale carbon fibers and tubes are produced, as seen 

in Fig.7.2 (a), which are characterized by various forms along with a large diameter and 

distribution (50-100nm).  The fibers/tubes tend to be coiled and entangled.  Also 

compared to other metal alloys, CNT yield from the Fe substrate is low.  We next 

consider the three bimetallic Ni-based alloys starting with the lowest melting 

temperature.  The Ni/Cu probe is covered with an entangled mat of CNTs of uniform 

diameter (~20nm), as shown in Fig.7.2(c).  Randomly-directed entangled CNTs cover 

uniformly the surfaces of both Ni/Ti and Ni/Cr probes, as indicated in Figs.7.2 (e,g).  The 

Ni- and Fe- containing alloy, i.e. Ni/Fe/Cr, allows for entangled growth of CNTs directed 

outwards from the probe surface with a layer of catalysts at the top of the CNTs.  Among 

the Ni-containing metal alloys, Ni/Cr/Fe and Ni/Cu tend to grow CNTs of smaller 

diameter (~10-25nm), while Ni/Cr and Ni/Ti grow CNTs of relatively larger diameter 

(~20-40nm). 

TEM imaging reveals that the CNTs synthesized on the alloys are MWNTs with 

strong graphitic structure.  Figure 7.3 shows characteristics of the MWNTs produced by 
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the Ni/Cu alloy.  Figure 7.3(a) presents a low magnification TEM image of bundles of 

MWNTs, some with catalyst nanoparticles at the tips and some with open tips caused by 

the removal of catalyst nanoparticles during ultrasonication.  Figure 7.3(b) displays a 

HRTEM image of a helical MWNT node (as will be seen in the inset of Figure 7.6 (d)) 

showing that the graphitic layers are circulating around the center of the node, and there 

is a hollow structure at the center13 (Formation of the node will be discussed later, and 

images in Ref 13 are shown in Figure 7.4 for comparison), where the spacing between the 

graphitic layers is ~0.34nm13, 14 , 15 .  Figure 7.3(c) shows a 25nm-diameter MWNT 

segment with parallel graphite walls enclosing a hollow core16. 
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Figure7. 2 Typical FESEM images of MWNTs grown on different catalytic metal alloy probes for Flame 
#1 and Flame #2.  The axial height z corresponds to distance from the fuel nozzle as shown in Fig. 7.1. 
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Figure 7. 3 TEM images of MWNTs grown on Ni/Cu probe inserted at z=6.2mm in Flame #1.  (a) Low 
magnification TEM image shows MWNTs of different diameters ~10-25nm.  Inset shows a high-bent CNT.  
Arrows show included catalyst nanoparticles.  (b) HRTEM image of a helical MWNT node with a hollow 
structure at the node center, as indicated by arrow.  (c) HRTEM image of graphitic wall layers of a MWNT 
with a hollow core, as indicated by the arrow. 
 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7.4  (a) Morphologies of the helical MWNTs,  (b) High-resolution TEM image recorded from a 
node (as indicated by an arrowhead in (a)) (Figure from Ref. 13) 
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The effects of C2H2 addition to the fuel on CNT growth are displayed in the right-

hand column of Fig.7.2, corresponding to Flame#2.   As can be seen in Fig.7.1 (d), C2H2 

mole fraction at the probe location is about 6 times higher for Flame#2 than Flame#1, 

while gas-phase temperature and CO mole fraction remain about the same.  The amount 

of C2H2 addition was determined by matching the local gas-phase probe conditions (i.e. 

temperature, C2H2, CO, H2) for Flame#2 to that measured (through SRS) for optimal 

CNT growth in Chapter 6 which used an IDF that resulted in vertically well-aligned 

CNTs for the Ni/Cr/Fe probe.  Parenthetically, we note that due to the geometry 

differences, it was difficult to match the actual substrate probe temperature, which was 

about 100oC higher for the CDF than for the IDF, due to less conductive losses along the 

length of the probe.  Nonetheless, vertically well-aligned CNTs normal to the Ni/Cr/Fe 

alloy surface (Fig.7.2 (j)) are obtained, showing that local conditions for CNT growth and 

morphology can be translated between different flame configurations of synthesis.  C2H2 

addition affects the morphology significantly for the Ni/Cr/Fe alloy, by aligning the 

CNTs.  For the other metal alloys, the effects are more subtle, with close examination 

revealing that the characteristic diameters may be a bit smaller and the overall yield a bit 

higher, as shown in Fig.7.2, due to the increase of C-related species concentrations. 

C2H2 addition is found to significantly affect the floating potential, as induced by 

flame-generated ions and electrons, on the Ni/Cr/Fe probe.  For Flame#1, the floating 

potential is -2mV, while for Flame#2, it is -14mV.  The floating potential for the IDF in 

Chapter 6 is -24mV; the difference in induced voltages may be due to differences in ion 

deposition rates from different probe temperatures.  Nevertheless, the study in Chapter 6 

and by others17 has shown that such electric potentials can significantly affect CNT 
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alignment.  Although applied potentials as small as a few tens of millivolts can develop 

an electric field exceeding 1000V/cm at the characteristic nanotube diameter17, perhaps 

causing alignment, we do not observe alignment in the other metal alloys, even under 

applied voltage bias.  As such, the density of catalytic nanoparticles formed is likely the 

key parameter, which allows for neighboring CNTs to provide vertical support for each 

other so that orderly growth perpendicular to the substrate occurs.  Carbide induced 

breakup of the alloy surface to form catalyst nanoparticles responsible for CNT growth 

may be affected by C2 transport to the surface, as reflected by the induced voltage.  

Methane is known as the most stable hydrocarbon and starts its thermal decomposition at 

approximately 900oC 18 .  The stability of hydrocarbon molecules decreases with 

increasing number of carbon atoms in saturated hydrocarbons (CH4, C2H6 and C3H8)10.  

Unsaturated hydrocarbons (e.g. C2H2) are more reactive and unstable resulting from the 

more easily disrupted π-bonds in their structure.  Thermodynamic calculations show that 

the decomposition of unsaturated hydrocarbons (through the reaction CxHy → xC + 

1/2yH2) is already favorable at the lowest calculated temperature (200oC).  In fact, 

especially acetylene (C2H2) is thermodynamically unstable already at 25oC 19,10.  The 

decomposition proceeds readily and the reaction products might undergo further reactions 

(e.g. decomposition and polymerization) at high temperatuures10, explaining the presence 

of the sooting layer and the increased voltage potential (resulting from more ions) due to 

the addition of acetylene.   

EDXS of a single catalyst nanoparticle at the tip of a CNT grown from a Ni/Cr/Fe 

probe reveals that both Fe and Ni are present.  Re-inspecting the FESEM image of 

Fig.7.2 (j), it seems that a layer of densely packed nanoparticles of Ni-Fe-Cr composition 
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is uniformly lifted off the surface of the probe, catalyzing aligned nanotube growth.  

Interestingly, the Ni/Cr/Fe alloy is more favorable for aligned-CNT growth than is Ni/Cr 

(Figs.7.2 (g,h)) or Fe/Cr (which does not catalyze CNT growth at all).  As such, it is 

possible that Ni is the active catalyst in this nanoparticle, and the presence of Fe in the 

alloy solution alters mixture properties such that closely-packed nanoparticle nucleation 

is possible.  This hypothesis seems plausible given the observation that the nanoparticles 

at the tips of the CNTs are often larger in diameter than the CNTs themselves.  

Nonetheless, more study is needed. 

      

 
Figure7. 5 FESEM of well-aligned MWNTs grown on Ni/Ti probe inserted at z=6.2mm in Flame #2.  (a) 
Low magnification, and (b) high magnification of vertically well-aligned MWNTs of ~10nm diameter.  (c) 
Bundles of well-aligned MWNTs.  (d) Bundled “walls” of well-aligned MWNTs. 
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Particularly interesting CNT-growth morphology is manifested by the Ni/Ti alloy 

under Flame#2 conditions.  Although the majority of the surface of the probe is covered 

with entangled CNTs as shown in Fig.7.2 (f), selected areas display high growth rates of 

well-aligned MWNTs with much smaller diameter (~10nm), as shown in Figure 7.5.  

These MWNTs are very densely packed, much more so than those grown from the 

Ni/Cr/Fe alloy (Fig.7.2 (j)).  For 10-minute growth duration, the MWNTs are about 20µm 

in length.  As shown in Figs.7.5(c,d), these MWNTs are often found in bundles held 

tightly together by Van der Waals forces.  These different morphologies of CNTs appear 

to sprout out of fissures on the substrate surface.  In hydrocarbon-rich flames, carbide-

induced breakup of the alloy surface can occur along grain boundaries and other faults 

due to volumetric lattice mismatch between the carbide and surrounding metal20.  As 

such, non-homogeneities in the grain structure and crystallinity of the metal-alloy probe 

formed by the die during the drawing process may allow for densely-packed nucleation 

of nanoparticles in these selective sites.   Among these nanoparticles, titanium carbide 

(TiC) might exist either in the form of nanosized TiC particles or in the form of TiC 

phase incorporated in the Ni nanoparticles.  Unlike chromium carbide, nanoscaled TiC 

particles (<50nm) exhibit a sufficiently fast diffusion rate of carbon through them.  CNTs 

formed from TiC nanoparticles have been successfully demonstrated8.  As a result, TiC 

nanoparticles can increase CNT yield, while TiC phase incorporated into the Ni 

nanoparticles should not affect the diffusion and saturation of carbon in the Ni 

nanoparticles.   Further, considering the relatively low carbon solubility of Ni compared 

to that of Fe (Table 7.2), CNTs should be precipitated out without significant growth of 

Ni nanoparticles, explaining the smaller CNT diameter (~10nm, Figure 7.5).   
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The large characteristic thermal and chemical gradients characterizing our flames are 

especially advantageous for determining CNT growth conditions in that a large parameter 

space of conditions can be easily investigated within a single flame.  Metal alloys are 

tested at different axial locations z in Flame#1 and Flame#2.  In both flames, no 

filamentous carbon (only amorphous carbon) deposits above z=6.6mm, corresponding to 

the fuel side where the local gas-phase temperature is 1350K, despite increasing 

concentrations of CO and C2H2.  This is likely due to deactivation of the catalyst at 

higher temperatures, resulting from metal surface coking due to the rapid amorphous 

carbon deposition.   The evaporation of nanoparticles at these higher temperatures might 

also account for the absence of CNTs.   A remarkable increase in the ratio of surface 

atoms to internal atoms occurs as the metal particle size decreases to nanometer scale, 

which results in differences in various physical and chemical properties compared to the 

bulk material, e.g. lower melting temperatures and higher carbon solubilities in metals10.   

This is because the atoms located on the surface are electronically and coordinatively 

unsaturated and thus are more reactive and mobile.  The melting temperature of a particle 

(Tc) with radius r can be approximated by                                   
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where T0 is the bulk melting temperature; Hfusion is the latent heat of fusion; ρs and ρl are 

the densities of solid and liquid metal, respectively; σsl is the solid–liquid interfacial 

energy; and σl is the surface energy of the liquid10,21.  The melting temperature of metal 

particles smaller than approximately 100 nm can be significantly reduced from the bulk 

value, especially for particles below 10 nm22.    
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Figure 7.6 FESEM images of MWNTs grown on Ni/Cr probes inserted at different axial locations z, near 
the stagnation plane for Flame #1 and Flame #2.  Insets show interesting structures. 

 

Figure 7.6 shows FESEM images of MWNTs grown on Ni/Cr probes inserted at three 

different axial locations (near the stagnation point) in the two flames, respectively, where 

the gas-phase temperatures range from 1300K to 1000K with decreasing axial height.  As 

can be seen in Figs.7.6 (a-c) for Flame#1 and Figs.7.6 (d-f) for Flame#2, there appear to 

be a very-slight decreases in CNT diameters, but obvious decreases in yields and lengths.  

The catalyst nanoparticles are active at these temperatures, and the increase in CNT 

diameter with axial height may be attributable to continued nanoparticle growth with 

increasing temperature (see Figs.7.1(c,d)).  The decrease in CNT yield with decreasing 

axial height is attributable to reduced rates of catalytic nanoparticle formation at lower 

temperatures.  Below z= 5.8mm in Flame#1 and Flame#2, where the local gas-phase 
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temperatures are ~950K, CNTs are no longer observed, despite sufficient concentrations 

of CO for both flames and sufficient concentrations of C2H2 for Flame #2.  This result 

corresponds to lack of nanoparticle formation at these temperatures.  Note from Figs.7.1 

(a,b) that probe temperatures and gas-phase temperatures are approximately the same in 

the region of CNT formation.  Similar trends are found for the other metal alloy 

compositions. 

Finally, since the axial gradients are large in our flames, we assess the effects of 

probe diameter on CNT growth.  Large diameter probes could experience significantly 

different chemical species concentrations and local gas-phase temperatures between the 

top and bottom surface of probe due to the large gradients.  The large diameter probes 

could also disturb more severely the flow field, affecting the local reactions.  

Additionally, large diameter probes might suffer more heat loss through radiation and 

conduction.  All these effects could impact CNT growth.   As such, two different 

diameters (0.5mm and 0.8mm) of Fe and Ni/Ti probes are compared.  The results show 

no discernable differences in characteristics of as-grown MWNTs.  The reason may be 

that the probe diameter is not large enough to change CNT growth significantly.  We 

conclude that for the characteristic probe diameters employed in this work, the CNT 

morphologies and characteristics obtained correlate well with local absolute conditions. 

 

7.4 Concluding Remarks 

In the present investigation, we have successfully grown CNTs on various catalytic metal 

alloys in non-sooting methane/air CDFs.  Alloy composition strongly affects CNT 

morphology, along with gas-phase temperature and local C2H2 concentration.  Vertically 
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well-aligned MWNTs are synthesized on Ni/Cr/Fe (~20nm diameter) and Ni/Ti (~10nm 

diameter), when there is sufficient C2H2 concentration.  Notably, C2H2 addition affects 

the potential induced on the substrate.  

 

 

 

 

 

 

 

 

 

 

 

Figure 7.7 Examples of simulated SWNT bends. (a) a 34° bend has one pentagon and one heptagon in the 

opposite sites of the joint; (b)–(d) a 26° bend has three pentagon-heptagon defects with one in opposite sites 

and the other two defects (fused pentagon heptagon pairs) in different arrangements; (e) a 8° bend has two 

fused defects; and (f) a 4° bend has only one fused defect  (Figure from reference 23). 

 

We also observed some special structured CNTs such as coiled and highly bent 

CNTs, as seen in the insets of the figures (Fig. 7.6 (d) and (e)).  Structurally, these types 

of structures result from the introduction of defects (pentagon rings and heptagon rings) 

into the usual network of hexagonal rings (Figure7.7) 23 .  These defects are likely 

introduced into the hexagonal ring network due to the shape of the catalyst particle.   This 
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explanation is based on the assumption that dissociative adsorption and carbon 

dissolution occur on different crystalline facets of the catalyst particle24.  The different 

facets of catalyst nanoparticle could exhibit different carbon precipitation rate during the 

CNT growth, causing non-homogeneity of the extrusion velocity of carbon on different 

facets that can introduce the pentagon and heptagon rings.   Comparisons with our 

previous work using CDFs in Chapter 6 evince that local condition (i.e. temperature and 

growth related chemical species) for CNT growth and morphology can be translated 

between different configurations of synthesis. 
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Chapter 8 

MWNTs and SWNTs Catalytically Synthesized from  

Spinels in Methane/Air Counter-flow Diffusion  

Flames 

 
 8.1 Introduction 

Among the many factors involved in carbon nanotube (CNT) synthesis, catalyst 

properties such as size, density, and distribution play a key role.  Using catalytic chemical 

vapor deposition method (CCVD), Colomer et al.1explored the relationship between CNT 

production and different catalyst metals supported on different substrates.  In their work, 

both isolated single-walled CNTs (SWNTs) and SWNT bundles were prepared by 

flowing an ethylene-nitrogen mixture (30 and 80 ml min-1 respectively) over different 

types of supported metal catalysts in a fixed-bed reactor at 1080 oC for 60 mins.  Various 

catalytic metals (Co, Ni, Fe) and metal mixtures (Co-Fe, Ni-Co, Co-Fe, Co-Ni-Fe) 

supported on different supports (alumina and silica) were investigated.  Although SWNTs 

were obtained in all cases, the authors observed that the yield differences of SWNTs 

depending on the nature of the metal and the type of the support.  For metal catalysts, 

alumina support showed greater SWNT yield than fumed silica, whereas for metal 

mixtures, support material did not play an important role.  Individual SWNTs were 

observed for all metals, but Co and Fe seemed to behave more actively than Ni, with 

some SWNT bundles also detected in the samples from Co and Fe.  Fe-Co and Fe-Co-Ni 

mixtures supported on alumina were found to be the most effective among all the metal 



 129

mixtures, with a significant amount of SWNT bundles obtained from these two mixtures.  

In addition, individual SWNTs were observed to have a larger diameter (~2nm) that was 

considered to be associated with the size of catalytic metal particle, while each SWNT in 

the bundle showed a smaller diameter (~0.7nm) that was explained to be linked to the 

nature of the metal surface.  In Colomer et al.’s another work2, the authors pointed out 

that the choice of the support and the choice of the metals or metal mixtures seem be 

determinant in the synthesis of single-walled carbon nanotubes (SWNTs).  As-grown 

SWNT samples from Fe and Fe-containing mixtures contained more MWNTs and 

encapsulated metal particles than did the SWNT samples from Co catalysts.  The authors 

further reported that only catalyst particles with a size smaller than 15nm were active for 

growing SWNT bundles, whereas larger particles were often observed to be encapsulated 

by several graphitic layers.  An attempt was made by Kukovecz et al.3 to synthesize 

MWNTs using cobalt, iron, and nickel supported on different types of silica-aluminas to 

investigate the mechanisms governing their nanotube-producing activity.  They reported 

that increasing the reaction temperature and the flow rate of acetylene increased the 

deposited carbon.  The catalytic activity of metal particles was enhanced by increasing 

the silica in the support mixture, but this also resulted in an increase in the thickness of 

the CNTs.   

The main difficulty is to obtain these nanometric particles at the relatively high 

temperature (usually higher than 600 ºC) required for the formation of CNTs.   The 

reduction of metal-oxide solid solutions produces metal particles at a high enough 

temperature for hydrocarbon gas to immediately interact with them, thereby forming 

CNTs prior to any considerable particle growth4.  As such, very small diameter CNTs can 
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be grown, with CNT diameter correlating with catalytic particle size.  In contrast, 

materials derived from the impregnation of a substrate by a transition metal salt usually 

produced large carbon fibers, some of which are hollow, with only a small proportion of 

true CNTs4.  Employing different oxide solid solutions (e.g. Al1.8Fe0.2O3, Mg1-xCoxO), 

Peigney’s group5,6,7,8 has successfully produced CNTs (with high purity and high amount 

of SWNT bundles) and CNTs-metal-oxide nanocomposites using CCVD in a H2-CH4 

atmosphere. They also extensively investigated the effects of various compositions of 

solid solutions on the growth of CNTs and nanocomposites.  The decomposition of CH4 

over incipient nanoparticles prevents further particle growth resulting in a very strong 

proportion of SWNTs and double-walled carbon nanotubes (DWNT) compared to other 

carbon structures9.  

Another advantage of utilizing metal-oxide solid solutions is that the production of 

CNTs can be achieved by purposely selecting the composition of the metal-oxide 

solution, for example, using Mg1-xCoxO because MgO can be easily removed from the 

material by a mild non-oxidative washing with HCl aqueous solution5,10.  Additionally 

this route can result in direct synthesis of CNT-containing nanocomposites from which 

macroscopic dense ceramic-matrix composites can then be prepared by hot pressing11.   

Because most of the research on CNT-containing composites so far has dealt with 

polymer-matrix materials, ceramic-matrix composites have been much less 

investigated12.  The significance of directly growing CNT-containing nanocomposites lies 

not only in the remarkable mechanical properties of CNTs, but also in their interesting 

electronic characteristics. Ceramics and metal-oxide nanocomposites are generally 

insulators.  However, to avoid the electrostatic charging of an insulating matrix, an 
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electrical conductivity above 10-4 S/cm is needed, which is required to provide 

electrostatic discharge as well as electromagnetic radio-frequency interference 

protection12.  CNT-containing nanocomposites grown directly from metal-oxide solid 

solutions have been shown to possess an electrical conductivity of the order of 1 S/cm, 

due to the percolation of the CNTs network 11,13.  

Some of the drawbacks of the above-mentioned CCVD method using metal oxide 

solid solutions involve long processing time (up to 4h7), non-continuous batch 

processing, and high energy consumption (e.g. using H2/CH4 as gas supply while heating 

the furnace electrically).  For cost-reducing large-scale applications, synthetic methods 

should be continuous and energy-efficient, utilizing inexpensive starting materials.  In 

this chapter, the catalytic synthesis of CNTs (MWNTs and SWNTs) in a soot-free 

methane/air CDF by using catalysts elements (Ni, Co and Fe) found within metal-oxide 

solid solutions (i.e. NiAl2O4, CoAl2O4 and ZnFe2O4) serving as substrates is reported.  

The CDF geometry is chosen for the reasons given in Chapter 7 (Introduction part).   An 

attempt is made to explore a common growth environment independent of the specific 

form of catalyst support by comparing alloy-supported (Chapter 7) and metal-oxide 

supported forms (this chapter).  We not only demonstrate the successful growth of CNTs 

using metal-oxide solid solutions in the flame environment under atmospheric pressure, 

but also probe some growth parameters in order to optimize their growth.  It is envisioned 

that our technique can be employed to directly produce CNT-metal-oxide and CNT-

ceramic nanocomposite powders from which massive CNT-containing composites can be 

synthesized.  
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8.2 Experiments and Computations 

8.2.1 Spinels preparation 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.1 Schematic structure of Spinel having a chemical formula of AB2O4 where B is yellow, A is blue 
and O is green.  It consists of a B cation in the center of an oxygen octahedron and an A cation in the center 
of an oxygen tetrahedron. 
 

Spinels have a chemical formula of AB2O4, where a B cation is in the center of an oxygen 

octahedron and an A cation is in the center of an oxygen tetrahedron.  Spinels have face 

centered cubic (FCC) oxygen sub-lattice and contain 8 molecules in the unit cell (i.e. 

A8B16O32). The unit cell of so-called normal spinels (investigated in this Chapter) 

therefore has 32 oxygen ions, 32 octahedral holes (half filled by B) and 64 tetrahedral 

holes (1/8 filled by A), as shown in Fig. 8.1.  As a result, the matrix nature of the oxide 



 133

solid solution allows for spatially-distinct and size-limited metal nanoparticles to form on 

its surface.  According to the generally-accepted growth mechanism of CNTs, CNT 

diameter is determined by the size of the catalytic nanoparticle.  Spinels are expected to 

give well-spaced SWNTs and MWNTs of seemingly “uniform” diameters, controllable 

within the 1.5 to 15nm range.  The normal spinels examined in this chapter include: 

NiO·Al2O3=NiAl2O4; CoO·Al2O3=CoAl2O4; and ZnO·Fe2O3=ZnFe2O4.  All spinel 

powders are prepared by a co-precipitation process.  

 

8.2.1.1 Cobalt aluminate (CoAl2O4)     

A mixture of CoSO4٠7H2O and Al(NO3)3٠9H2O in a 1:2 ratio is dissolved in de-ionized 

water. This mixture is mixed into an alkali solution where ammonia is added 

simultaneously to keep the pH value of the whole solution system at 10.  The solution 

system is stirred magnetically for 12 hours.  The precipitates (the mixture of cobalt 

hydroxide and aluminum hydroxide) are separated from the solution with a filter, and 

washed with de-ionized water and ethyl alcohol. After being dried at 70 oC in air for 12 

hours, the samples are heated at 950 oC in an oven for 1 hour. The obtained the CoAl2O4 

solids are ground with a pestle and mortar into a fine powder. 

 

8.2.1.2 Nickel aluminate (NiAl2O4) 

 NiAl2O4 powders are obtained and heated in the oven at 900 oC through the same 

procedures as in the preparation of CoAl2O4, with the exception that the starting reagent 

is Ni(NO3)2٠6H2O. 
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8.2.1.3 Zinc ferrite (ZnFe2O4) 

The preparation is again identical to that used for CoAl2O4, except that ZnCl2 and 

FeSO4٠7H2O are used as starting reagents and heated at 1000 oC. 

 

8.2.2 Characterizations of spinels 

The as-prepared spinels are characterized by X-ray diffraction (XRD) using Cu-Kα 

radiation (λ=0.15418nm).  Their patterns are shown in Fig. 8.2.  All peaks in the second 

spectrum are indexed to the CoAl2O4 phase without impurities in the cobalt aluminate. 

Although all the peaks are accounted for the NiAl2O4 phase in the nickel aluminate 

solution, the peaks are a bit wider than those for the CoAl2O4 peaks shown in the cobalt 

aluminnate, which reflect the smaller crystallization size and a poorer crystallization 

level7 than CoAl2O4 phase in the cobalt aluminate solution. For zinc ferrite, the peaks can 

be attributed to ZnFe2O4 phase, where the peaks are the sharpest showing the best 

crystallization level among the three solid solutions. 

 

 

 

 

 

 

 

 

 

 

Figure 8.2 XRD patterns of as-prepared spinel solid solutions. 
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 8.2.3 Spinels coating onto the support substrates 

The as-prepared spinel powders are put into ethanol with a weight ratio of 2% spinel, and 

then ultrasonicated for 20 minutes to form a homogeneous suspension.  This suspension 

is dropped onto the surface of the flat end of a spatula-shaped copper substrate with a 

dimension of 0.8mm wide and 0.2mm thick at the flat end.  These substrates are ready to 

be tested for CNT growth after being dried in air. 

 

8.2.4 Experiment 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.3 Experimental setup (a) and Flame structure (b). Thermocouple measurements (TC) assess actual 
probe temperatures. Strain rate is 20s-1 (reproduced from Chapter 7). 
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The experimental setup described in Chapter 7 is used.  The Flame#1 in Chapter 7 is 

investigated and reproduced here (Fig. 8.3).  A spinel-coated copper substrate is inserted 

into the hydrocarbon-rich fuel side of the flow field by mounting the substrate to a linear 

translation stage.  After 10 minutes, the substrate is removed, and then a second substrate 

is inserted immediately.  It is envisioned that a continuously fed wire may be used to 

produce CNTs in a continuous process.  The as-grown carbon materials are investigated 

using FESEM to assess CNT morphology.  After ultrasonic treatment, low magnification 

TEM and HRTEM characterize individual CNTs and bundles.  

 

8.3 Results and discussions 

8.3.1 Effects of spinel solid solutions on CNT growth  

 

Table 8.1 Temperatures at which spinels are reduced by hydrogen45,14,15 

Spinels Reduction temperature by H2 

NiAl2O4  790 oC  

CoAl2O4  870 oC  

ZnFe2O4  650 oC  

 

Three spinel solid solutions, NiAl2O4, CoAl2O4 and ZnFe2O4, are investigated in our 

experiment to assess the quality and quantity of CNTs grown from them. The catalyst 

nanoparticles (Ni, Co and Fe) are extracted from the metal-oxide substrate by the in-situ 

reduction from their corresponding ion states in the three corresponding spinel solid 

solutions with flame-generated H2
16 and CO17 species as reductants, as shown in Fig.8.3 

(c).   Table 8.1 shows the temperature of hydrogen reduction for these three metal-oxide 
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solutions.  The prepared catalyst nanoparticles can either stay inside or attach to the 

surface of the reduced grains, yet only nanoparticles present on the surface of the reduced 

grains can catalyze CNT growth, whereas those present in the interior of the grains 

remain inactive5.  Carbon precursors (e.g. CH4, CO and C2H2) readily undergo 

dissociative adsorption over the incipient catalytic nanoparticles and diffuse on their 

surface or through them to grow into CNTs18. The nanoparticles can either remain 

attached to the suface and situated at the base of the growing CNT or detach from the 

surface and situated at the tip of the CNT. 
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Figure 8.4 Typical FESEM images of CNTs grown from spinel solid solutions at z=6.2mm. (a) Low 
magnification image of CNTs from NiAl2O4. (b) High magnification image of CNTs covering a single 
reduced NiAl2O4 grain. (c) Low magnification image of CNTs from CoAl2O4. (d) High magnification 
image of CNTs covering a single reduced CoAl2O4 grain. (e) Low magnification image of CNTs from 
ZnFe2O4. (f) High magnification image of CNTs covering reduced ZnFe2O4 grains. 
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 (c)  (d)

 (e)  (f)
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Figure 8.4 shows the typical FESEM images of CNTs grown from the spinel solid 

solutions.  As seen in Fig. 8.4 (a) (a low magnification image of CNTs grown from 

NiAl2O4), a large yield of densely-packed CNTs cover all reduced grains.  A closer look 

at the surface of a single reduced grain, as shown in Fig.8.4 (b), shows that the grain is 

covered uniformly and densely with CNTs arranged in long entangled bundles with outer 

diameters of 20-50nm and lengths of more than 10µm.  Similar CNT morphologies as 

those from NiAl2O4 are obtained from CoAl2O4 in terms of length, diameter, and yield, as 

shown in Fig. 8.4 (c) (low magnification) and Fig.8.4 (d) (higher magnification), where 

CNTs cover the surfaces of the reduced CoAl2O4 grains.  From our experimental 

observation, the overall yield of CNTs from NiAl2O4 is a bit higher than from CoAl2O4. 

The reason could be due to the poorer crystallization level of the nickel aluminate spinel. 

Because the only metal nanoparticles active for CNT growth are those located at the 

surface of the reduced grains, the active-to-inactive nanoparticle ratio could be increased 

using powders with a high specific surface area such as poorly crystallized oxide solid 

solutions7.  The concentration of nickel nanoparticles on the surface of the reduced grains 

is a bit higher than that for cobalt nanoparticles, perhaps due to poorer bulk 

crystallization level of nickel aluminate spinel giving a higher CNT yield.  However, for 

the solid solutions having a relatively high specific area, most of the metallic ions are 

located at or near the surface of the unreduced grains and can readily be reduced to the 

metallic states, giving rise to a very high number of metal particles.  These in turn can 

easily coalesce at the surface of the reduced grain to form much larger particles leading to 

CNTs of larger diameter19.  Moreover, upon heating during the CNT growth process, the 

recrystallization of poorly crystallized solid solution can provoke the entrapment of 
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carbon within the reduced grain to potentially deteriorate the mechanical property of the 

CNT-containing composites prepared from these nanocomposite powders7.  CNTs from 

ZnFe2O4 are a mixture of MWNTs and SWNTs, as shown in Fig.8.4 (e), (a lower 

magnification FESEM image).  By noting that the magnification of Fig.8.4 (e) is the 

same as the magnifications of Fig. 8.4 (b) and Fig. 8.4 (d), we can see that a majority of 

CNTs from ZnFe2O4 are much thinner than those from either NiAl2O4 or CoAl2O4, with a 

diameter less than 15nm, and also shorter with lengths around 2µm.  Fig. 8.4 (f) shows a 

higher magnification FESEM of CNTs from ZnFe2O4, which mainly contains SWNTs 

with diameters around 5nm.  CNTs from ZnFe2O4 are not only thinner and shorter than 

those from both NiAl2O4 and CoAl2O4, but also lower in overall yield.  The reason may 

be attributed to the well-crystallized level of zinc ferrite spinel, as indicated in the XRD 

patterns.  The well crystallized solid solution has a low specific surface area favoring the 

formation of metal particles of smaller size20, resulting in a low but high quality yield of 

CNTs with smaller size and higher aspect ratio7.  Furthermore H2 likely increases the 

mobility of reduced metal nanoparticles on the surface of the solid spinel grains, causing 

the metal nanoparticles to coalesce into larger nanoparticles21.  This effect may be more 

prominent for Ni and Co particles than for Fe particles.  Since the zinc (Zn) of zinc ferrite 

spinel reduces faster and more easily than does the Fe22, the formed Fe nanoparticles are 

likely to be smaller and less numerous.  In addition, the reduced Zn evaporates easily in 

the CNT growth region (above 700 oC) due to its low melting point (~419 oC).  The local 

Zn vapor could decrease the effect of the enhancing aspect of H2 in terms of the mobility 

of metal particles, making the formed Fe nanoparticles less prone to coalescence.  Also, 

the local Zn vapor could affect the precipitation and diffusion of the carbon precursors 
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(CH4, CO and C2H2) over Fe catalytic   nanoparticles.  All these factors could cause the 

resulting CNTs to be thinner and shorter, along with a CNT yield that is lower compared 

to those from NiAl2O4 and CoAl2O4.  Comparison of the FESEM images of our results 

with those from Peigney’s group5,6,7,8, 23 (Figure 8.5) shows that our CNT yield is 

obviously higher, probably due both H2 and CO acting as reducing agents in our growth 

process instead of H2 only in their process.  For instance, ZnFe2O4 can be reduced by CO 

through the reaction24 

                               ZnFe2O4
(s) + 4CO(g) →  Zn (g) + 2Fe(s) + 4CO2

(g)                         (8.1) 

CO can also increase the catalytic activity25, contributing to CNT growth as carbon 

precursor.  

 

 

 

 

 

 

Figure 8.3 SEM images of CNTs referenced from Peigney’s group paper (Figure from reference 23).  
CNTs formed from Mg0.90Fe0.10O solid solutions prepared with a urea ratio of 1 (c), 4 (i), and 8 (f) 
respectively.  
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Figure 8.6 TEM images of CNTs from NiAl2O4 are taken (a-c), and (d-f) show the CNT TEM images from 
ZnFe2O4, (g) displays the Raman spectra of as-grown CNTs from ZnFe2O4.   
 
 

The detailed structures of as-grown CNTs are studied using TEM.  Fig.8.6 (a) shows 

CNTs grown from NiAl2O4, whose diameters range from 20-40nm.  A HRTEM is taken, 

as in Fig.8.6 (b), showing the broken graphite layers on the CNT (as indicated by a 

rectangle), and the non-broken layers are parallel to the CNT core (directed by the 

arrow).  This shows that CNTs are not nearly as strong under compression and shear 

stress due to their hollow structure and high aspect ratio; as such they tend to undergo 
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buckling and fracture when placed under compressive, torsional or bending stress.  

Fig.8.6 (c) shows a HRTEM image of the CNTs from NiAl2O4 where the well-graphized 

walls are seen to be parallel to each other, showing the good quality of as-synthesized 

CNTs.  As observed from FESEM images, much thinner CNTs are obtained from 

ZnFe2O4.  This observation is confirmed by the TEM images, as in Fig. 8.6 (d), in which 

the outer diameters of CNTs are less than 15nm, and in the inset of Fig. 8.6 (d) that 

presents a SWNT with a diameter of around 3nm.  Y-junction CNTs are also observed 

from ZnFe2O4, as shown in Fig.8.6 (e) (showing a single Y junction), and in Fig. 8.6 (f) 

(where multiple Y junctions are shown).  These Y shaped topologies have been 

extensively studied due to their application as intratube heterojunction nanoelectronic 

devices26,27.  The asymmetry in the I-V curve around zero bias found at the Y junction 

suggests that Y-junction nanotubes may be of use in this direction28.  Also, the Y-junction 

nanotubes are expected to reinforce composites better than straight ones29.  As discussed 

in Chapter 7, the formation of Y-shaped CNTs results from the insertion of non-

hexagonal rings (pentagons and heptagons) in the hexagonal network in the region where 

the branches are joined together.  A model of a Y-shaped CNT is shown in Figure 8.730. 

                

 

 

  

 

 

 
Figure 8.7 a model of Y-shaped CNT, where the dark black rings are pentagons and heptagons introduced 
into the hexagon network at the junction  (Figure from reference 30). 
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The presence of SWNTs from ZnFe2O4 is also confirmed by evaluating the as-grown 

CNTs using Raman Spectroscopy (performed on a Renishaw System 1000 micro-Raman 

spectrometer) excited at two laser wavelengths: 633nm and 785nm.  As shown in Fig. 8.6 

(g), two Radial Breathing Modes (RBM) frequencies are collected corresponding to the 

two excitations.  From these, the typical SWNT diameters can then be calculated to be 

0.87nm, 1.34nm, 1.52nm, 0.84nm, and 1.08nm by using the empirical relationship 

λ248=d , where )(nmd  indicates the nanotube diameter 31 , 32 .  These calculated 

diameters correspond to the RBM peak positions λ (cm-1)=283, 184, 163 (from 633nm 

excitation), 293 and 228 (from 785nm excitation), respectively. 
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Figure 8.8 Special-structured CNTs grown from spinel solid solutions. (a) Typical regularly coiled CNTs 
from CoAl2O4. (b) Typical TC-type CNTs from NiAl2O4. (c) Ultra-long CNTs from NiAl2O4. 
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In CNTs grown from NiAl2O4 and CoAl2O4, we also observe many spring-like 

regularly coiled carbon nanotubes (CCNTs), as indicated by the arrows in Fig. 8.8 (a).  

The inset in Fig. 8.8 (a) shows an enlarged image of one segment of a typical CCNT.  

This special structure has unique properties and could be used for many applications such 

as novel devices and sensors35, nanoelectromechanical systems (NEMS)35, microwave 

adsorption materials 33 , and elastic filling in composites33.  We also observe the 

thermocouple (TC)-like nanotubes from NiAl2O4 and CoAl2O4, as circled in Fig. 8.8 (b).  

The inset in Fig. 8.8 (b) shows the enlarged image of the junction (bend) of TC nanotube 

where the bending angle almost reaches 180o.   The bending angle could follow a simple 

topological relation34.  These structures are produced due to the difference in carbon 

diffusion rates on the crystallographic faces of the catalytic particles35,36, as discussed in 

Chapter 7.   The pentagon carbon ring cause a hexagonal network curve inward creating a 

surface with positive curvature while a heptagonal carbon ring is needed to make the 

hexagonal network curve outward forming a negative curvature37.  Both pentagons (P) 

and heptagons (H) are required to accommodate the change of surface curvature, making 

it possible to create any geometrical surface theoretically38,39.   If a pair of P-H carbon 

rings is formed during the CNT growth, the tube will be forced to turn (Figure 8.9 (a))39.   

Another turn is introduced if a second pair of P-H carbon rings is created.   As more P-H 

carbon rings build up, a node with a sharp total twist angle (e.g. TC-like CNT in this 

work) is formed40.   If the orientation of P-H pairs rotates along the CNT body during the 

growth, a helical or coiling structure will be formed41,42 (Fig. 8.9 (b) and Fig. 8.8 (a)).   

The periodicity (L) and coiling diameter (D) are determined by the twist angle and the 

distance between the adjacent P-H pairs39 (Fig. 8.9(b)).   The fluctuation in the creation 
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rates of P-H pair resulting from the change in the local growth conditions during the CNT 

growth can produce a complex shape, which is likely to be the reason that the carbon 

structures are very versatile39.  

 

 

 

 

 

 

 

 

 

 

 
Figure 8.9 (a) Formation of a node along the body of a carbon nanotube as a result of introducing the 
paired pentagon (P) and heptagon (H) carbon rings. The node is formed if the density of the P-H pairs is 
high and the interpair distance is short. (b) Formation of a helical carbon nanotube by twisting the 
orientations of the P-H pairs along the body of the nanotube. A coil structure is formed if the twisting angle 
and interpair distance are kept constant (Figure from reference 39). 

 

Additionally, we obtain ultra long CNTs and carbon nanofibers (CNFs) from 

NiAl2O4, having a diameter of less than 200nm and a length up to more than 200µm long, 

as shown in Fig. 8.8 (c) (the longest one followed by arrows).  These filamentous carbons 

seem to originate from very fine sized nickel aluminate grain, while some filaments rest 

on other grains in the elongation process, as indicated by callouts A1 and A2 respectively 

in Fig. 8.8 (c).  Low grain sizes have a high specific surface area that produces more 

metal nanoparticles on the surface of reduced grains, and low size grains also cause the 
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preferable segregation of NiO.  The presence of NiO causes the reduction of the nickel 

aluminate solution at lower temperature5 due to the lower reduction temperature of 

NiO(~400 oC)43,44compared to the relatively high reduction temperature (~790 oC) of 

NiAl2O4
45.  The Ni ions in the NiO are also much easier to be reduced than those Ni ions 

incorporated in the crystalline lattice of NiAl2O4
43.  Therefore, a large amount of nickel 

catalyst nanoparticles could be formed on a fine reduced grain in a very short time and 

coalesce more easily leading to the formation of very long CNTs and CNFs of large 

diameter.  This view has been advanced by Ivanov et al46, where the longest tubes are 

also the thickest. 

 

8.3.2 Effects of axial locations on CNT growth  

Our flame is characterized by large characteristic thermal and chemical gradients in the 

axial direction that are advantageous for investigating CNT growth conditions within a 

single flame due to the large parameter space of conditions.  However, this could result in 

the uniformity of CNTs in the axial direction in terms of yield, diameter, and purity.  

Spinel solid solutions are tested at different axial z locations in the flame.  No filamentous 

carbons (only amorphous carbons) are observed above z=6.6mm, corresponding to the 

fuel side where the local gas-phase temperature is around 1350K.  This is reasonably in 

line with the observation reported by Peigney8, who observed only some CNTs at 

temperatures close to 1070oC (1340K), despite increasing concentrations of carbon 

precursors such as CO and C2H2.  Again, this is likely due to deactivation of the catalysts 

at higher temperatures.  Figure 8.10 shows FESEM images of MWNTs grown from 

NiAl2O4 solid solutions tested at three different axial z locations in the flame where the 

gas-phase temperatures range from 1300K to 1000K with decreasing axial height.  As can 
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be seen in Figs.8.10 (a-c), there appears to be a slight difference in CNT diameters and 

lengths, but there are obvious differences in the yields.  Although the Ni nanoparticles 

reduced from solid solutions are active at these temperatures, the yield in Fig. 8.10 (b) is 

the highest.  This is may be because increasing the reduction temperature increases the 

reduction yield and thus favors the formation of surface metal particles to produce more 

CNTs8.  The yield decrease in Fig. 8.10 (a) could mainly be due to the deactivation of a 

portion of formed Ni nanoparticles at a relatively higher temperature than in Fig.8.10 (b), 

whereas the decreased CNT yield in Fig.8.10 (c) is primarily attributed to the lower 

formation rate of Ni nanoparticles reduced from the solid solutions at lower temperatures.  

Below z= 5.8mm in the flame, where the local gas-phase temperatures are around 950K, 

CNTs are no longer observed, despite sufficient concentrations of CO and CH4 in the 

flame.  This corresponds to lack of nanoparticle formation at these temperatures, 

consistent with the required temperature (usually above 600oC) for catalytic methods6.  It 

is also in reasonable agreement with Hernadi’s report that no carbon materials are 

deposited at 700 oC using methane as precursor47.  The CNT growth temperature range in 

our experiment is found to be similar to the temperatures used in CVD5,6,7,8,11,28,29,48.  

Note from Fig.8.3 (b) that TC-measured temperatures for the substrate and gas-phase 

temperatures are approximately the same in the region of CNT formation.  This means 

that there is no temperature gradient between the substrate and the gas-phase during CNT 

growth.  Similar trends are found for CoAl2O4 and ZnFe2O4 solid solutions. 
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Figure 8.10 FESEM images of CNTs grown from NiAl2O4 at different axial z locations. (a) z=6.4mm. (b) 
z=6.2mm. (c) z=5.8mm. 
 

8.3.3 Effects of H2 on CNT growth 
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Figure 8.11 (a) the temperature profile and velocity distribution along the axial z direction with the 
stagnation plane marked, and (b) the profiles of major species of a counter-flow diffusion flame with 
100%H2 versus air.  
 

Additionally, we have investigated a two-step growth process composed of H2 reduction 

of spinel metal-oxide powders in a pure H2 counter-flow flame, followed by CNT growth 

from these H2-reduced powders in a pure methane counter-flow flame.  Figure 8.11 

shows a computed flame structure of the pure H2 CDF, along with the examined position 

marked.  

Figure 8.12 gives the CNTs grown from the two-step growth, where the NiAl2O4 

powders are reduced for 2 minutes at ~1100K in the pure H2 flame.  Then the CNTs are 

produced from these reduced powders for 10 minutes at ~1100K in the pure methane 

flame.  The results (Fig.8.12) show no obvious differences from the CNTs obtained 

without the first independent step of H2 reduction in terms of CNT yield, diameter, and 

length.  These could be explained by the inevitable appearance of H2 resulting from the 
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methane pyrolysis in the pure methane flame, as seen in Fig. 8.3(b).  As such, using CO 

flame would be better in isolating nanoparticle and CNT formation routes, where 

nanoparticle size and formation is controlled in a H2 flame, and CNT growth is controlled 

in a CO flame without H2 presence.  

 

 

 

 

 

 

 

 
Figure 8.12 FESEM images of CNTs obtained by two-step growth. (a) low magnification showing reduced 
NiAl2O4 grains covered with a layer of CNTs and (b) higher magnification depicting the CNTs dispersing 
on  the surface of a single grain. 
 

8.4 Concluding remarks 

MWNTs and SWNTs are synthesized catalytically through decomposition of carbon 

precursors (e.g. CH4, CO and C2H2) over catalyst nanoparticles (i.e. Ni, Co and Fe) in-

situ reduced from spinel solid solutions (i.e. NiAl2O4, CoAl2O4 and ZnFe2O4) in a 

methane/air CDFs.  The spinels are prepared by co-precipitation method, and the 

production process of CNTs can be a continuous and energy-efficient process under one 

atmospheric pressure.  CNT growth activities are investigated as functions of spinel solid 

solution composition, local gas-phase temperatures, C-related species concentrations, and 

sampling positions.  CNTs grown from ZnFe2O4 are found to be a mixture of MWNTs 

 (a)  (b)
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and SWNTs with ~ 30% SWNT content.  Special-structured CNTs such as regularly 

coiled CNTs, large bending CNTs, and Y-junction CNTs are observed.  Without CNT 

extractions, these as-grown CNT-containing nanocomposites can be further used to 

prepare dense composites, for which their mechanical and electric properties could be 

quite interesting.  
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Chapter 9 

Nanostructured ZnO Materials from Inverse Diffusion  

Flames 

 
9.1 Introduction 

In previous Chapters, CNTs were grown off of catalytic substrates in the carbon rich 

region of the flames.  In this chapter, we demonstrate the growth of metal-oxides directly 

from the base-metal substrate.  Zinc, a low-melting-point metal, is examined as substrate 

in producing ZnO nanowires.  Several techniques for the fabrication of one-dimensional 

ZnO nanowires have been explored using different starting materials, e.g. zinc metal 

powder1,2,3,4,5,6,7,8,9, ZnO powder10,11,12,13,14,15,16, and metal organic precursor17,18,19.  The 

vapor pressure of zinc is sufficiently high to grow nanowires at low temperatures.  Lyu 

and coworkers5,6 synthesized well-aligned single-crystalline ZnO nanowires on NiO-

nanoparticle deposited Al2O3 substrates situated 3-5mm above metal zinc powder in a 

tube furnace flowing Ar at 450°C for 1hr.  Nanowires of uniform 55-nm diameter and up 

to 2.6-µm length grew in the c-axis direction. Higher temperatures (and carbon 

assistance) are needed when starting with ZnO.  Dang et al.8 heated Zn powder at 550°C 

for 30min in a quartz tube by flowing 20% O2 and 80% Ar to produce ZnO nanowires on 

the surface of the original powder.  The single-crystalline nanowires had diameters of 20-

60 nm and lengths of tens of microns, but had 2 different growth directions, i.e. [001] and 

[210].  Higher temperatures (and carbon assistance) are needed when starting with ZnO.  

Huang et al.10 grew ZnO nanowires on Au-coated silicon substrates placed downstream 
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of a mixture of ZnO and graphite powders heated to 900-925°C under a flow of Ar for 5-

30min.  Depending on the catalytic Au-layer thickness, nanowire diameters ranged from 

50-200nm and up to 50µm long, with [0001] preferential growth direction.  Banerjee et 

al.15 heated ZnO and graphite powders at 900-1100°C in an airflow under 0.1 to 10 torr, 

and nanowires grew downstream on graphite flakes (700-900°C).  The nanowires, with 

growth direction [0001], ranged from 30-100nm and lengths 2-15µm, with samples 

collected closer to the source being longer with smaller diameter.   Metalorganic vapor 

phase epitaxy (MOVPE) can produce nanorods if the temperature is low; higher 

temperature results in flat epilayer growth18.  Park et al.17 reported low-pressure MOVPE 

growth of ZnO nanorods on Al2O3 substrates at temperatures between 400-500°C, using 

diethylzinc (DEZn) with O2 and Ar. Vertically well-aligned nanorods of uniform 

diameter of ~25nm and lengths of 800nm grew along the c-axis direction in 1hr.  

As shown above, ZnO growth can be based on various growth mechanisms, i.e. 

vaporliquid-solid (VLS) (catalytic and self-catalytic) and vapor-solid (VS), which may 

even occur simultaneously due to the low melting temperature and high vapor pressure of 

zinc (and its suboxides), perhaps explaining the various morphologies often exhibited by 

ZnO, and the need to define conditions carefully in order to isolate, control, and optimize 

nanowire growth.  Moreover, processing can be complex involving graphite (or carbon 

nanotube) powders10,11,12,13,14,15, multiple steps2,3,16,19, catalysts1,3,10,13, nanoparticle 

seeding2,5,6, and low pressure systems7,11,13,14,15,16,17,18,19, as well as long processing times.  

In this Chapter, a robust flame synthesis method is employed to grow single-crystalline 

nanowires with uniform diameters, with growth rates of microns/min, without any 

pretreatment or catalysts, in open environments, and directly on zinc-plated substrates. 



 158

Diameters ranging from 25-400nm are selectable depending on local chemical species 

and temperature conditions.  

 

9.2 Experiment 

The raw substrate is studied by XRD using Cu-Kα radiation (λ=0.15418nm), and XRD 

spectrum of the raw substrate surface shows that all peaks can be indexed to zinc 

(PDF#040831, Figure 9.1). 

 

 

 

 

 

 

 

 

 

Figure 9.1 XRD pattern of the raw substrate surface 

 

 The experiments for present study are conducted in the same flame configuration 

(Figure 9.2) as used in Chapter 6, namely, an IDF established on a co- flow burner.   SRS 

is employed to measure the gas-phase temperatures and concentrations of oxygen-related 

species (i.e., O2, H2O, CO) at the specific locations (r and z) where ZnO nanomaterials 

are produced, as illustrated in the Figure 9.3.  
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Zinc-galvanized steel sheets are machined into 120mm-long substrates with 

rectangular cross section of 1mm width and 0.5mm thickness, which are then 

ultrasonically cleaned.  By mounting them on two-axis positioner, the substrates are then 

inserted radially/horizontally (r) into the flame structure at various axial positions (z), as 

shown in Fig. 9.2, where local temperature and gas-phase chemical species are 

appropriate to promote reactions leading to zinc oxide.  This geometry permits facile 

examination of the parameter space, as well as substrate probing of the fuel side of the 

flame structure for nanowire growth without piercing the reaction zone and allowing 

oxygen leakage, thereby isolating O2 versus H2O reactions with Zn. The processing time 

in the flame is 10 minutes for each substrate 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.2 An IDF with investigated positions for ZnO nanostructure growth 
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The morphologies of as-grown zinc oxide nanostructures are examined using field-

emission scanning electron microscopy (FESEM), with elemental analysis conducted 

using energy dispersive x-ray spectroscopy (EDX).  Structural features of the 

nanomaterial are investigated using high-resolution transmission electron microscopy 

(HRTEM), along with selected area electron diffraction (SAED). 
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Figure 9. 3 The profiles of temperature and major species measured by SRS for the production of ZnO 
nanostructures, at (a) z= 6mm, (b) z=7mm, (c) z=8mm, (d) z=9mm, (e) z=12mm and (f) z=15mm, along 
with the temperatures measured by thermocouple (TC) 
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9.3 Results and Discussion 

Due to the sensitivity of ZnO nanostructures to their growth conditions (e.g. temperature 

and growth-related chemical species), examination of various temperatures and chemical 

species is required to understand the growth mechanism of ZnO nanostructures and to 

map the relations between ZnO nanostructures/morphologies and their corresponding 

growth conditions in flames.  IDFs favor such examination as they present large gradients 

of temperature and chemical species in both axial (z) and radial (r) directions.  As such 

ZnO growth for different axial and radial positions in IDFs are investigated.  We first 

present and discuss the results at z=8m – a characteristic axial position where a variety of 

ZnO nanostructures (e.g. nanowire, nanoribbon and hierarchal structure) are obtained.  

As evinced from Fig.9.3 (c) (z=8mm), nanowires are produced on both the fuel and 

oxidizer sides of the reaction zone, suggesting that the route for synthesis is not only 

through reactions with oxygen.  In fact, there appears (as seen from Fig. 9.3 (c)) to be a 

threshold for oxygen concentration for the formation of nanowires, although the 

phenomenon may actually be coupled with H2 presence, to be discussed later.  Figure 

9.4(a) shows a FESEM image of large hexagonal-cross-section nanowires growing in the 

[0001] direction, corresponding to the growth conditions marked on Fig.9.3(c) on the 

oxidizer side of the reaction zone. These as-grown nanowires are 100-400nm in diameter, 

with lengths of more than 10µm for a sampling duration of 10min.  Nanowires of 

diameters <100nm (and lengths ~5µm) are grown only on the fuel side and at 

temperatures <1100K.  The smallest nanowires are 25-40nm in diameter (e.g. Fig.9.4 

(b)), and are formed at ~800K at the growth boundary for the case of Fig. 9.3(c).  Similar 

to other works4,6,18, there is a correspondence of larger-diameter (and hexagonal crystal 
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morphology) nanowires with high temperatures.  Interestingly, transition from nanowire 

to nanoribbon formation (Fig.9.4(c)) is found sparsely near these ~30-nm nanowires, 

suggesting that the local nanostructured growth conditions are at a critical juncture in 

terms of species concentration rather than just temperature.  Nonetheless, EDX spectra 

[Fig.9.4 (d)] for all growth regions marked on Fig.9.3(c) and shown in Fig.9.4 reveal that 

the nanostructures are composed of only Zn and O, in proportions indicating that the as-

synthesized nanomaterials are ZnO.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.4 FESEM images corresponding to growth characteristics marked in Fig.9.1(c) of (a) 100-400nm 
diameter nanowires, where arrows show interpenetrative growth, (b) < 50nm diameter rnanowires, and (c) 
nanowires with transition to nanoribbons at the tips. (d) EDX spectra of as-grown nanowires. 
 

(a)

 1µm 

500 nm 

(c)

      1µm 

(d)

1 µm 

(b)



 165

Figure 9.5(a) presents a low magnification bright-field TEM image of a uniform 35-

nm nanowire.  Although nanowires reported in the literature are almost exclusively found 

to grow in the [0001] direction (due to the lowest surface energy of the (0002) facet20), 

Fig.9.5 (b) shows a HRTEM image, where it’s zoomed inset and SAED pattern both 

reveal that the growth direction is [11 2 0].  High magnification (Fig.9.5(c)) divulges that 

the nanowire is dislocation free and single crystalline in nature.  The d-spacings 

calculated from the SAED pattern inset match well with d-spacings of (11 2 0) and 

(10 1 0) respectively (PDF#800075), confirming the wurzite ZnO structure.  Fourier 

transform pattern of the HRTEM image further verifies these d-spacings, as well as the 

growth direction along [11 2 0], for nanowires with diameters <<100nm. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.5 TEM images showing (a) a uniform 35-nm diameter nanowire, (b) a nanowire with [11 2 0] 
growth direction, (c) lattice fringes of a nanowire, along with SAED pattern (inset), and  (d) a nanowire tip. 
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 The growth mechanism of the nanowires appears to be VS.  In the VLS process, 

growth is promoted by a liquid-solid interface, generally identified by the presence of 

droplets at the nanowire tips.  The morphology of a nanowire shown in Fig.9.5 (d) reveals 

no metal nanoparticle at its tip.  Although some works, e.g. Ref. 8, have proposed a base 

growth “self-catalytic” VLS mechanism, the presence of interpenetrative growth of 

nanowires, as seen in Fig.9.4 (a), similar to that of Ref21 20, and the transitioning from 

nanowire to nanoribbon growth at the tips, as seen in Fig.9.4(c), provide further evidence 

for vapor phase transport and deposition.  

 The specific case of Fig.9.3(c) (z=8mm) shows gas-phase temperatures ranging from 

800-1500K as being conducive for nanowire growth.  Thermocouple measurements 

indicate that local substrate temperatures are 50-200K lower, as seen in Fig.9.3. The 

melting point of zinc is 692K, and the boiling point is 1180K.  For substrate temperatures 

within this range, there will be a liquid layer of zinc on the substrate, along with a high 

Zn vapor pressure. 

The exothermal reactions of condensed zinc with water vapor provides the possibility 

of (ZnO)n cluster formation22: 

                         n(Zn)S,L + nH2O → (ZnO)n + nH2.  (+219.60 kJ/mol)                       (9.1) 

For (Zn)L, small clusters should have a high mobility, allowing coagulation into 

nanoparticles22, which serve to nucleate zinc oxide nanowires.  For (Zn)S, when the 

substrate temperature is below (or near) the melting point, initial nanostructural growth 

can occur through an epitaxial process22.   Again, as seen in other works, the vapor 

pressure of zinc at temperatures slightly lower than its melting point can be enough for 

gas-phase growth23.  Depending on the preferential faceting of the initial nanostructured 
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seeds, ensuing elongated growth along a given direction proceeds from diffusion and 

condensation of zinc oxide vapor as adatoms at the tip of a nanowire (although growth 

through a base mechanism8,16may co-exist).  It is known that higher Zn vapor partial 

pressure can suppress the growth velocity of ZnO along the [0001] direction24.  The 

direction of [ 0211 ] is preferred as the growth velocity in [ 0211 ] is faster than any other 

direction in the c plane owing to the lower bind energy25.   This may help to explain the 

favored [11 2 0] growth direction of the smaller diameter nanowires, synthesized at low 

gas phase temperatures (~800K), versus the [0001] growth direction of the larger 

diameter nanowires, synthesized at high temperatures. 

Zn vapor readily oxidizes in the gas phase, forming ZnO.  Although Zn can react with 

oxygen, the experiments (see Fig.9.3 (c)) show that increased O2 concentrations preclude 

nanowire formation. This effect is probably due to oxidation of the zinc substrate surface 

where the high- melting-point (2248K) oxide layer prevents Zn vaporization. Other 

works8,15 have also reported the inhibiting effect of increased oxygen partial pressure on 

ZnO nanostructured growth. Nevertheless, the presence of hydrogen, which bounds the 

nanowire growth region shown in Fig.9.3(c), likely plays a critical factor by reducing any 

formed oxide layer, exposing base metal. 

There exists ample water vapor (a combustion by-product) at elevated temperatures 

such that the endothermic gas-phase reaction, 

                                              Zn 
(g) + H2O (g)

 → ZnO(g) + H2
(g),                                   (9.2) 

can generate ZnO vapor.  Nanowires can then be formed through condensation and 

deposition of vapor ZnO, from a hotter gas phase to a cooler substrate, on both the 

oxidizer and fuel sides of the flame structure (Fig.9.3(c)).  Gibbs free energies 0G∆ for 
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reactions (9.1) and (9.2) are calculated (at 1 atm.) and given in Table 9.1 (all 

thermochemical data are from reference26).   As can bee seen in Table 9.1, both reactions 

are spontaneous within the temperature range of ZnO growth.  

 
Table 9.1 Gibbs free energies of reactions 9.1 and 9.2 within investigated growth temperature range26  

 
T (K) 0G∆ (kJ/mol, Eq. (9.1)) 0G∆ (kJ/mol, Eq. (9.2)) 
800 -66.137 -103.923 
1000 -55.437 -73.072 
1200 -43.033 -43.033 
1400 Not available  -13.67 
1600 Not available 15.113 

 

Similar to H2O, CO2 (another combustion by-product) is found on both sides of the 

reaction zone.  A heterogeneous mechanism, where Zn adsorbing on a ZnO nanowire 

reacts directly with CO2, can produce ZnO growth27.  At the same time, CO can adsorb 

on adsorbed Zn to form a Zn-CO species that reacts with CO2, forming solid ZnO27.  It is 

likely that this set of surface reactions dominates at low temperature (e.g. in the synthesis 

of the small diameter [11 2 0] nanowires), while the homogeneous water vapor route 

dominates at high temperature (e.g. in the synthesis of the larger diameter [0001] 

nanowires), further explaining the differences in diameter and morphology.   

While temperature decreases steadily with radius in the characteristic case of 

Fig.9.3(c) (z=8mm), the species concentrations are not fixed and are, in fact, non-

monotonic. Thus, temperature is not the only variable governing nanostructure growth 

morphology as a function of radial position; and the departure from the “conventional” 

nanowire as seen in Fig.9.4(c) is not surprising (to be discussed later).  Nevertheless, 

other axial locations were investigated; and the results show that for the same quantitative 

local conditions (temperature and species), the same growth morphology is attained, 
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corroborating that optimal local conditions for ZnO nanowire synthesis are “universal” 

and likely to be translatable to other methods and geometries of gas-phase synthesis.  For 

example, at both z=12mm and 15mm, the probed locations are in the post-flame zone 

where no oxygen is available (see Figs.9.3 (e) and (f)).  In these regions, only nanowire 

structures are obtained, similar to Fig.9.4 (b).  At both z=12mm and 15mm, where local 

conditions are ~1250K with ~3% H2O mole fraction and ~1050K with ~1% H2O mole 

fraction, respectively, nanowires of ~120 nm (Fig. 9.6 (a)) and ~40 nm (Fig. 9.6 (b)) in 

diameters are grown, respectively, similar to the characteristic case of Fig.9.3(c) for 

z=8mm. 

 

 
Figure 9. 6 FESEM images of ZnO nanowires produced at z=12mm and 15mm, (a) ~120nm,  (b) ~40nm.  
 

Morphologies related to the “basic” nanowire are often formed.  At z=6mm, for 

regions of moderate-to-low temperature (~950K) and low H2O mole fraction (<1%), 

hierarchical architectures of long ZnO nanowires with diameters of 30-50nm are 

produced (Fig.9.7 (a)).  The growth of such hierarchical structures is generally considered 

to be based on two stages28,29.  The first stage is the formation of the primary nanowire 

along its fast growth direction, and the second stage is the nucleation and epitaxial 

growth of secondary nanowires on the primary nanowire.   A low magnification TEM of 

 1 µm 

(a)

  1 µm 

(b)
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such a hierarchy structure is shown in Figure 9.8(a), which is composed of a long trunk 

wire and short thin branch wires (~15nm) with a uniform cross-section.  A hierarchy 

structure with nucleation sites (indicated by arrowheads) on the trunk is presented in Fig. 

9.8(b), indicating the two-stage growth mechanism.  The moderately low temperature, 

low H2O concentration, and relatively high concentrations of CO2 and CO for this 

synthesis condition further support the role of the aforementioned surface-reaction 

growth mechanism. These hierarchical nanostructures may be helpful in studies of 

nanostructure growth mechanism and may find applications in nanoelectronics, opto-

electronics, catalyst, and displays28. 

 

 
Figure 9.7 FESEM images of (a) hierarchical architectures of long nanowires, (b) hierarchical structures of 
short nanorods, (c) nanoribbons, (d) intermixed nanowires and nanoribbons, (e) nanocones, and (f) short 
nanoneedles. 

 

At z=7mm, for regions of temperature ~1100K and H2O mole fraction ~10%, 

hierarchical structures of short nanorods are obtained (Fig.9.7 (b)). The secondary 

nanorods exhibit hexagonal cross-section, with the gas-phase water route likely coming 

(a) 

(d) (e)

(b) (c)

(f)



 171

into play. In the temperature range of 950-1000K and H2O mole fraction of ~4%, 

nanoribbons appear as shown in Fig. 9.7(c).  In comparison with the z=8mm case (Fig. 

9.3(c)) for the same temperature range, where transition from nanowires to nanoribbons 

occurs as shown previously in Fig.9.4(c), higher H2O concentration at the z=7mm 

location instead produces full nanoribbons (Fig. 9.7(c)), with widths of ~100nm and 

lengths up to 10µm.  Figure 9.7(d) shows another morphology in the transition from 

nanowires to nanoribbons at the z=8mm location (complementing that of Fig.4 (c)), 

where very-small-width (~20nm) nanoribbons are intermixed with very-small-diameter 

(~10nm) nanowires. 

 

 

 

 

 

 

 

 

Figure 9.8 low magnification TEM images of hierarchical structures, (a) a hierarchy with a long trunk and 
short thin branched wires, and (b) a hierarchy with nucleation sites on the trunk. 

 

At z=9mm, nanoribbon morphologies disappear. For regions of high gas-phase 

temperature (1400-1500K), substrate temperature near the 1180K, and ~9% mole fraction 

H2O concentrations, nanocones (with base diameters of 600-800nm tapering into a very 

sharp tip) emerge (Fig. 9.7(e)).   These nanocones could offer potential application as 

probing tips with high spatial resolution in both vertical and horizontal dimensions or 

100 nm 

(a) (b)

100 nm



 172

field-emission tips due to the increased field-enhancement factor30.  The formation of this 

structure is probably due to the insufficient supply of ZnO vapor during the growth 

period, explaining the formation of the very sharp tip.  For moderate temperatures, 

nanowires similar to Fig. 9.4(a) are found; while for low temperatures (600-700K) and 

H2O mole fractions <5%, short nanoneedles (Fig. 9.7(f)) of only ~10nm diameter appear, 

branching from common points that are likely be ZnO/Zn liquid droplets at such low 

temperatures. 

 As the interpenetrative growth (shown by the arrowhead in Fig.9.4 (a)) indicates 

nanowire formation through VS mechanism, the formation of slabs (directed by 

arrowheads in Figure 9.9 (a)) can also show the VS mechanism.  These slabs may result 

from depositing vapor and filling the gaps between the cross-linked rods31.  The thickness 

of these slabs is roughly the same as the rod’s diameter.  TEM image (Fig. 9.9(b)) shows 

a cross-link of two nanowires.  

 

 

 

 

 

 

 

 
 

 

Figure 9.9 the formation of slab-shaped structures shown in (a) a FESEM image and (b) a TEM image. 

(b) 

(a) 

        2µm 
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The possible growth regions of different major ZnO nanostrucures (nanorods and 

nanowires) in our experiments are listed in Table 9.2.  The nanorods here are defined as 

the structures with a diameter greater than 100nm, while the nanowires are defined as the 

structures with a diameter less than 100nm.  The corresponding temperatures and growth-

related chemical species in these growth regions can be obtained by referring to the SRS 

measurements in Fig. 9.3. 

 
Table 9.2 Summarizes the possible growth regions of different ZnO nanostructures in our experiment. 

 
     r (mm) 

        0                 1                 2                    3                    4                   5                 6  
15 [            100<d<150                    ] [      50< d< 100     ]         
12 [     100<d<300   ] [                   40<d<100                  ] 
9 [                     150<d<600                     ] [100<d<150 ] [           20<d<100      ] 
8 [          200<d<450            ] [      100<d<200     ] [ 30<d<100 ] 
7 [        200<d<450  ] [ 100<d<200] [           30<d<100      ] 
6                                        [ 150<d<300  ] [ 100<d<200] [           30<d<100      ]   

* d stands for diameter (unit: nm) 
 

As mentioned previously, other morphologies do indeed appear.  Almost all of the 

diverse nanostructures for ZnO reported in the literature can be found in our system.  

Non-nanowire-like structures are formed, such as bicrystal32, nanowall33, nanosaw34, and 

nanocage35, (see Figure 9.10).  These structures are small in quantity and generally 

present in regions with low temperature (<800K) and low H2O concentrations (<1%) on 

the fuel side.  Since these structures are usually obtained in small cavities on the substrate 

surface, the formation of these structures probably results from the very locally kinetic 

change in the vapor deposition induced by the turbulence flow inside the small craters.  

The bicrystal (Fig. 9.10(a)) is composed of two crystals forming a twin structure with a 

single twin boundary along the length.  An enlarged view of the tip portion of a bicrystal 

z (mm) 
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is presented to show the sharp boundary at the center (inset in Fig. 9.10(a)).  These 

unusual structures offer a model system for studying charge and mass transport 

across/along a single planar defect36.  Fig. 9.10 (b) depicts single-sided teethed ZnO 

nanosaw structures.  This polar surface-induced asymmetric growth could be attributed to 

the self-catalysis of the Zn-terminated (0001) surface that is chemically active while the 

negatively charged O-terminated polar surface is chemically inert34.  The nanostructure 

resembling walls is shown in Fig. 9.10 (c), and these nanowalls are connected to each 

other, displaying an irregular network with wall thicknesses of about 20-40 nm, with 

varying “pore” sizes.  These nanowalls can be potentially used for photocatalysts, 

optoelectrics33, energy storage or conversion and data storage and memory devices37.   

Hexagon-based polyhedral cages (Fig. 9.6 (d)) exhibit unique geometrical shapes, which 

could be a single crystal or a “single crystalline” textured nanostructure, and can be a 

potential candidate for drug delivery application35. 
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Figure 9.10 FESEM images of some ZnO nanostructures at z=8mm (also present in other axial positions), 
(a) bicrystals, (b) nanosaws, (c) nanowalls, and (d) nanocages 
 

9.4 Conclusion 

The synthesis of single-crystalline, ZnO nanowires grown directly on zinc-plated 

substrates at high rates in a flame process has been demonstrated, with the potential for 

large growth areas at atmospheric pressure. Only a few works, e.g. Ref.8 have reported 

direct growth on the starting materials (as well as multiple growth directions), with most 

using substrates as collectors. The liquid interface present in our system appears to inhibit 

well-aligned growth; however, use of templated/patterned substrates should produce such 

control, along with crystal growth direction. At the same time, local specification of 

temperature (e.g. low or high) and species (e.g. O2, CO2, or H2O) can be readily tuned in 

(d) 

250 nm 
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250 nm 
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100 nm 

(a)

1 µm 
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our flame system, along with substrate temperature, to achieve a desired growth 

characteristic. 
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Chapter 10  

ZnO Nanomaterials from Counterflow Diffusion 

Flames 

 

10.1 Introduction 

As shown in Chapter 9, various ZnO nanostructures can be obtained in IDFs, given the 

appropriate local growth conditions (e.g. temperature and growth-related chemical 

species).  However, the large radial gradients in IDFs can result in non-uniformity of 

ZnO nanostructure, making it somewhat difficult to properly assess the growth conditions 

of specific ZnO nanostructures.  To better correlate ZnO morphologies with local 

conditions, counter-flow diffusion flames (CDFs) with quasi-one-dimensionality are 

employed in this chapter, where the gradients vary mainly in the axial direction.  The 

axial separation of fuel side and airside with respect to the reaction zone in CDFs also 

makes it easy to evaluate the effects of H2O versus O2 in the synthesis of ZnO 

nanostructures.  Another motivation of adopting CDFs is to see if the obtained relations 

between ZnO nanostructures and their corresponding local conditions in IDFs can be 

translatable to another configuration of synthesis.  Conditions for ZnO nanstructures in a 

flame environment could be established that may be directly applicable as specific 

operating conditions for other flame configurations, as well be reference conditions for 

other methods of synthesis.   
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10.2 Experiments and computations 

The CDF experiment setup used in this chapter is as shown in Fig. 4.4 and Fig. 7.1(a).  

To be convenient for discussions, the flame structure determined computationally and 

experimentally (by SRS) is plotted again in Fig. 10.1, along with the actual flame with 

schematic insertion of substrates on the both sides of flame (Fig.10.1 (a)).  The actual 

probed axial positions are marked in Fig. 10.1(b) and listed in Table 10.1 along with the 

growth conditions at each position.    

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

z

r

Zn-plated substrates 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5
300
400
500
600
700
800
900

1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200

-    Simulation
 SRS

Te
m

pe
ra

tu
re

 (K
)

Axial distance z (cm) from fuel nozzle

(b) 
Probed axial positions on

the fuel side 

Probed axial 

positions on the 

air side 



 180

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.1. Flame structure with 50%CH4 measured by SRS and compared with simulations, (a) an actual 
CDF with substrates inserted, (b) temperature profile along the axial z direction and the probed positions, 
and (b) the molar fractions of major species along the axial z direction. 

 

10.3 Results and discussions 

To perform comparisons between IDFs and CDFs, six characteristic axial (z) positions in 

CDFs are examined, three of which are located on the airside and another 3 on the fuel 

side (Table 10.1).  The growth conditions (e.g. temperature, water vapor/oxygen 

concentration) for ZnO nanostructures at these positions are similar to those in IDFs 

where ZnO nanowires with diameters of ~450nm, ~150nm, less than 100nm respectively 

are produced on the fuel side and ZnO nanowires of ~500nm and ~200nm along with 

micro-sized ZnO islands/chunks respectively are obtained on the airside.  

Correspondingly, similar ZnO nanostructures are expected at these positions in CDFs.   
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Table 10.1 the axial positions investigated in CDFs 

Axial position z (mm) T (K) O2 (mole fraction %) H2O (mole fraction %)

5.7 1000 0 8 

6.4 1300 0 10  
Fu

el
 si

de
 

7.2 1600 0 13 

9 1600 6 12 

9.4 1300 10 10  
A

irs
id

e 

9.8 1000 13 8 

 

 Figure 10.2 shows the various structures obtained at z=9mm (Table 10.1).  

Nanorods with a diameter of around 450nm are shown in Fig. 10.2(a), displaying uniform 

hexagonal cross-section along the growth direction, similar to the nanorods obtained in 

IDFs (Fig. 9.4(a)).  “Welded” joints of nanorods are observed as in Fig. 10.2(b), which 

might be formed by a sintering process at the high local temperature1.  Fig. 10.2(c) gives 

nanorods with a sharp tip (similar to the structures in Fig 9.7 (e) in IDFs) might result 

from the local decrease in supply of ZnO vapor as more source materials are consumed2. 

Fig. 10.2(d) shows so-called “nanonails”3,4 that display a gradually decreasing cross 

section from the top to bottom of the structure.  The growth of nanonails is likely due to 

better absorption of incoming ZnO vapor at the top than at the bottom due to their large 

packing density4.  Nanorods with sharp tips arranged into flower-like patterns are shown 
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in Fig. 10. 2(e).  The nanorods grow out of the substrate radiatively at different angles 

(with respect to the substrate) to develop into flower patterns.  Many ZnO nuclei formed 

at the early stages are likely to aggregate together, with a number of nanorods growing 

from them to form the flower-like pattern5.  Although these nanorods with a sharp tip do 

not seem to exhibit hexagonal cross section, they are likely comprised of hexagonal 

facets4.  Complicated structures are developed by multiple growths of nanorods as in 

Fig. 10.2(f), where the structure resembles a bunch of grapes.  Fig 10.2 (g) gives a slab 

shape structure formed by subsequent filling of the gaps among the nanorods, showing 

similarity with the structures formed in IDFs (Fig. 9.9 (a)).  Tetrapod-shaped structures, 

as shown in Fig. 10.2(h), are comprised of four rod-shaped arms formed at tetrahedral 

angles from a central core6.  These four arms have hexagonal cross section nanorods 

with uniform diameter and length.  It is generally proposed that the presence of a 

tetrahedral zinc blende core nucleate the growth of four cylindrical arms7.  Fig. 10.2 (i) 

displays some defective hexagonal nanorods, as indicated by arrowheads.  These defects 

imply the vapor-solid growth mechanism of ZnO nanomaterials in flames.   

Although these nanorods at z=9mm can be self-assembled into different structures 

and exhibit different morphologies, most of them range from 300nm to 500 nm in 

diameter and have symmetrical hexagonal facets, indicating a strong preferred orientation 

along the c -axis of ZnO5, corresponding to those structures produced in IDFs for similar 

growth conditions (temperature between ~1500K and ~1600K, O2 ranging from 5% to 7 

% while H2O from 9% to 11%) .   
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Figure 10.2 FESEM images of nanomaterials from the axial position on the oxidizer side where 
T=~1600K. 

 

The structures and morphologies shown in Figs. 10.2(c), (e), (f) and (h) are generally 

sprout from small craters on the substrate surface.  Compared to the size of nanomaterial, 

the growth condition changes (e.g. vapor deposition rate) induced by these craters are 

large enough to change the structures and morphologies of as-grown nanomaterials, as 

manifested in IDFs (Fig.9.10).    

    

 (c)  (a)  (b)

 (e)  (f) 

(g) 

 (d) 

(h) (i)
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Figure 10.3 FESEM images of nanomaterials from the axial position on the oxidizer side where T=~1300K. 
(a) Nanorods, (b) nanoribbons, (c) tower-like structure, (b) chain-like structure. 

 

Another axial position (z=9.4) on the oxidizer side is examined (Table 10.1).  Figure 

10.3 displays some FESEM images of as-observed ZnO nanomaterials at this position.  

The majority of ZnO nanomaterials are nanorods ranging from 100nm-200nm in 

diameter.  As shown in Fig.10.3 (a), the inset shows a high-magnification image of 

nanorods displaying clearly hexagonal facets.  The correspondence of nanostructures 

and growth conditions at this position is reasonably in agreement with that obtained in 

IDFs where nanorods of ~100nm to ~200nm in diameters are produced in the region 

whrere temperature is between ~1200K and ~1300K, O2 is from 8% to 12 %, and H2O is 

from 7% to 11%.  Radially away from the flame centerline, a small quantity of ZnO 

nanoribbons (Fig.10.3 (b)) is found to be intermixed with nanowires (~20nm in 

(a) (b)

(d)(c) 
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diameter).  These nanoribbons on average are 50nm wide, but are uniform in thickness 

at ~10nm.  In contrast to the nanoribbons observed only on the fuel side in IDF in 

Chapter 9, these nanoribbons grow on the oxidizer side.  The reason could be associated 

with the much lower O2 concentration (estimated less than 1%) and lower temperature 

(<900K) in this case, favoring the nanoribbon growth.  These nanoribbons are observed 

away from the flame center and close to the outside N2 co-flow, diluting the local O2 

through diffusion and further cooling the local substrate surface through convection.  

Tower-like structures are observed in Fig. 10.3(c), and these structures consist of many 

individual hexagonal plates piled up layer upon layer8.  The individual hexagonal plates 

have a diagonal length of ~3µm and a thickness of about 200nm.  By the same token, 

chain-like structures shown in Fig. 10.3(d) are composed of many ZnO sharp cones 

connected to one another.  Each cone is characterized an obvious hexagonal bottom with 

a sharp tip.  

ZnO nanomaterials at an axial position (z=9.8mm) with a lower temperature (Table 

10.1) are also probed to study the effects of oxygen.  At this position, the main products 

are the micro-sized columns (Fig. 10.4(a)).  These columns show irregular hexagonal 

cross sections and are at least 10µm in diameter. They are also observed in IDFs where 

temperature ranges from ~950K to ~1100K, and O2 from ~13% to ~15%.  Such columns 

are probably nucleated from big Zn droplets.  A small amount of nanosheets with a 

thickness of ~50nm and various shapes are observed radially away from the flame 

centerline.  These nanosheets can roll up to form pipes, and can also connect to each 
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other to form channels.  From the environment of ZnO nanoribbons and nanosheets in 

IDFs, we suspect in CDFs that the local growth condition for nanosheets is similar to the 

growth condition for nanoribbons.           

 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.4 FESEM images of nanomaterials from the axial position on the oxidizer side where T=~1000K. 
(a) Microsized columns/chunks, (b) nansheets. 

 

The fuel side of CDF is investigated to study the effects of H2O on ZnO growth, since 

O2 does not exist on the fuel side while H2O does (Fig.10.1 (c)).  Another necessity for 

exploring the fuel side of the CDF is to compare it to the growth conditions of ZnO on 

the fuel side of the IDF.  To match the temperatures probed on the airside of CDF, three 

axial positions on the fuel side are examined (Table 10.1).  Figure 10.5 shows the 

nanostructures obtained from these positions.  As expected, perfect hexagonal nanorods 

are observed at T=~1600K  (z=7.2 mm, Table 10.1)) with uniform diameter of ~450nm 

(Fig. 10.5(a)), which is in agreement with the results for IDFs where ~500 nm diameter 

nanorods are produced on the fuel side with temperature ~1600K and H2O as ~12%.  By 

comparing the growth conditions at this position (z=7.2mm) with those at position 

(a) (b)
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z=9mm on the airside where the temperature are the same (Table 10.1), it seems that the 

temperature plays a key role in determining the ZnO nanostructure in high temperature 

zone as the ZnO nanorods at both positions are almost the same (in terms of diameter) 

despite the difference in O2 concentration (Fig. 10.2 (a) and Fig. 10.5(a)).  Nanorods 

produced at T=~1300K (z=6.4mm) have an average diameter of ~150nm and a length up 

to 30µm (Fig. 10.5(b)), showing similarity to the results in IDFs where nanorods with a 

diameters of ~200nm correspond to a growth condition with temperature be ~1300K and 

H2O be 12% on the fuel side.  Fig. 10.5(c) (z=5.7mm) shows thin nanowires ranging 

from ~30nm to ~100 nm in diameter.  Most of them have a diameter of ~50nm and up to 

tens of micrometers long, displaying consistency with the results in IDFs where similar 

ZnO nanowires (~40nm-~100nm in diameter) grow for approximately the same 

conditions on the fuel side (temperature as ~1000K-~1100K and H2O as ~8%-~10%).  

Away from the flame centerline at this position, a very small quantity of nanoribbons is 

observed (Fig. 10.5(d)).  These nanoribbons are ~150nm wide and ~25nm thick, and can 

be up to several tens of micrometers in length, the same as produced in IDFs under 

similar condition (temperature<1000K and H2O as ~2%).           
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Figure 10.5 ZnO nanomaterials from the fuel side. (a) T=~1600K, (b) T=~1300K, (c) and (d) T=~1000K.  

 

In theory, the same morphology of ZnO nanomaterials are supposed to be produced 

across the radial direction at an axial position on both the oxidizer and fuel sides of 

CDFs.  However, our results show that to some extent, different morphologies and 

structures appear along the radial directions of the axial positions.  For example, at 

T=1600K (z=9.0mm) on the oxidizer side, although major products are nanorods with a 

hexagonal cross section (Fig. 10.2), there is some quantity of tetrapod structures and 

nanorods with a sharp tip.  Beside the aforementioned effects resulting from an uneven 

substrate surface, other parameters may play roles.  CDFs are considered to be quasi 

one-dimensional flame structures, but they are not truly one-dimensional since there is a 

radial velocity and radial velocity gradient, along with non-radial experimental boundary 

(a) 

(d)(c) 

(b)
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condition.  The radial velocity and its gradient could affect the distribution of 

temperature and species along the radial direction of an axial position.  In addition, the 

insertion of substrates into the flame can exert some disturbances to the flow field, further 

causing certain changes of the flame structure.  The growth condition changes induced 

by all these factors may be enough to change the structures and morphologies of 

as-prepared ZnO nanomaterials, since they are very sensitive to the local growth 

environment.  Wang et al9 reported in their experiment that the temperature, vapor 

flow, and the availability of the Zn-O vapor could affect the morphologies of as-prepared 

ZnO structures.  The work by Hu et al8 concluded that ZnO morphologies are closely 

related with the reaction temperature, oxygen partial pressure and the flow rate.  Gao et 

al10  also mentioned that the local temperature and surface diffusion rate have an 

influence on ZnO nanostructures.  Nevertheless, the uniformity of ZnO nanomaterials in 

CDFs is reasonably acceptable, namely, one structure/morphology constituting the major 

product (~70% by volume) harvested at an axial position.  At the same time, we notice 

that the above-mentioned changes in the radial direction seem to not be strong enough to 

influence the CNT growth from CDFs, as reported in Chapters 7 and 8, with reasonably 

uniform CNTs harvested along the probe in terms of diameter, yield and alignment.  The 

sensitivity of ZnO nanostructures to the slight radial gradient might be due to the liquid 

layer and the Marangoni effect.  As discussed in Chapter 9, a liquid Zn layer may exist 

on the substrate surface due to the low melting point of Zn (692K).  The surface tension 

of this liquid layer is temperature dependent and would decrease with increasing 
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temperature11.  Thus a surface tension gradient would be created on the liquid layer 

resulting from the presence of the actual temperature gradient along the radial direction in 

CDFs (due to experimental conditions).  Such a gradient in surface tension will naturally 

cause the liquid to flow away from regions of low surface tension, as a liquid with a high 

surface tension pulls more strongly on the surrounding liquid than one with a low surface 

tension12.  This effect (a mechanism of mass transfer) is called Marangoni effect.  This 

Marangoni effect probably affects the local nucleation of ZnO nanostructures, the 

preferential faceting of nanostructures, the local reaction of Zn with H2O, and the 

absorption of ZnO vapor, resulting in the different nanoturtures and morphologies of final 

as-grown ZnO, along the radial length of the probe.     

By comparing to the IDFs, some similar conclusions can be drawn.  On the oxidizer 

side where oxygen content is ~above 15%, no nanosized materials, but instead 

microsized ZnO islands/columns/chunks, are produced (Fig. 10. 4(a)), though the 

temperature (~1000K) may be favorable for thick ZnO nanorod growth.  The diameter 

of nanorods/wires increases with increasing temperature.  Higher growth temperatures 

will favor formation of ZnO nanowires/rods with larger diameters, and a higher growth 

temperature is also beneficial to the synthesis of ZnO nanowires/rods possessing perfect 

hexagonal crystal morphology.  The relations of ZnO nanostructures and their local 

growth environments are also similar between IDFs and CDFs, as discussed previously at 

each investigated axial position.  These conclusions should play a guiding role in the 

synthesis of ZnO nanomaterials from flame environments.    
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Figure 10. 6 EDXS spectra of as-produced ZnO nanomaterials from CDFs. (a) on the oxidizer side, and (b) 
on the fuel side. 

 

Concerning growth mechanisms, the same mechanisms are proposed as discussed for 

the IDFs.  The as-produced ZnO nanomaterials are analyzed using EDXS to identify 

their elemental compositions.  Figure 10.6 displays two representative EDXS spectra, 

one collected from the oxidizer side (Fig. 10.6(a)) and another from the fuel side (Fig. 

10.6(b)).  These spectra contain elemental oxygen and elemental zinc only, indicating 

the as-prepared materials are ZnO.  

     
 
 
 
 
 
 
 
 

(b)(a)
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Figure 10.7 TEM images of ZnO nanorods/wires from the fuel side of CDF. (a) A nanorod with a diameter 
of ~150 nm, (b) the tip of a nanowire of ~70nm in diameter, and (c) the HRTEM of (b) along with its 
SAED. 

 

As seen from FESEM images, the majority of ZnO nanorods produced on the 

oxidizer side exhibit hexagonal facets suggesting they grow along the [0001] direction, 

whereas the ZnO nanorods/wires grown from the fuel side often have different growth 

directions, as examined in IDFs in Chapter 9.  For comparison, we focus on 

characterizing the ZnO nanorods/nanowires from the fuel side of CDFs by using TEM 

and HRTEM.  Figure 10.7 describes TEM and HRTEM images of nanorods/wires 

prepared from the fuel side, along with its SAED pattern.  A low magnification TEM 

(a)

(b) (c)
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image of a rod-shape structure is shown in Fig. 10.7(a).  This nanorod is around 150nm 

in diameter with a uniform cross section along its growth direction.  Fig. 10.7(b) shows 

the tip of a nanowire with a diameter of ~70nm, suggesting vapor-solid growth.  A 

HRTEM image of the edge of this nanowire tip is depicted in Fig. 10.7(c).  The inset in 

Fig.10.7(c) is a corresponding SAED from which the growth direction of the nanowires is 

determined to be along [11 2 0].  This growth direction is surprisingly the same as the 

growth direction [11 2 0] of ZnO nanowires observed from the fuel side of IDFs.  This 

agreement further shows that despite different flame configurations with inherently 

different gradients, similar local growth environments result in similarly structured ZnO 

nanomaterials.  The correspondence might also apply to other 1D nanomaterials 

synthesis via the flame route as well. 

 

10.4 Conclusions     

In this chapter, ZnO nanostructures fabricated in CDFs are demonstrated, and parametric 

studies are performed.  The agreements between IDFs and CDFs are acceptable in terms 

of ZnO nanostructure morphology, with the corresponding growth conditions almost 

identical. 
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Chapter 11 

Tungsten Oxide Nanowires from Counterflow Diffusion  

Flames 

 
11.1 Introduction 

In this chapter, we examine the synthesis of tungsten oxide (WOx) nanowires from 

tungsten (W) substrates that have a much higher melting temperature (3695K) than Zn.  

As such, the substrate remains in the solid phase, and the Marangoni effect does not take 

place for WOx synthesis, which can occur for ZnO synthesis resulting in non-uniformity 

of ZnO nanostructures as reported in Chapter 11.  The unique properties and associated 

applications of WOx nanowires (as reviewed in Chapter 2) motivate us to explore this 

material.    

 Gu et al 1  obtained tungsten oxide nanowires on tungsten tips, pre-treated with 

electrochemical etching, by heating them to 700ºC in argon flow.  The nanowires had 

diameters of 10-30nm and an average length of 0.3µm after 10min.  Later, Li et al2 grew 

quasi-aligned single-crystalline W18O49 nanotubes and naowires by heating tungsten foils 

as targets (1000-1050ºC) and using a Ta wafer (650ºC) as substrate at low pressures (0.2-

10torr).  After 2 hours, the nanowires were 20-100nm in diameter and < 3µm long.  Qi et 

al3 obtained potassium-doped tungsten oxide nanowires by heating a tungsten plate (625-

650ºC) covered with a layer of potassium halide salts for 2 hours.  The heavily-doped 

wires had diameters of ~400nm and average lengths of 10µm.  Liu et al4 heated a thin 

tungsten filament (1400ºC) in a vacuum chamber with some air leakage (oxygen partial 
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pressure ~2.7×10-5 torr) for 48 hours to grow undoped/doped tungsten oxide nanowires.  

The wires were found standing straight and clean on the filament, being ~30nm in 

diameter and up to a few tens of microns long.  Wang et al5 synthesized dense and well-

crystallized monoclinic W18O49 (010) nanowires with diameters of 10~20nm and lengths 

of 0.15-0.2µm in 1h from annealing (680ºC) and then oxidizing in O2 (450ºC) WCx films. 

As can be seen above, processing can be complex, involving pretreatment1, catalysts3, 

and vacuum systems2,4, while still characterized by low single-nanowire growth rates and 

low total yield densities.  Consequently, studies on nanoscale WOx materials and their 

applications are presently limited due to lack of easy processes for high- rate, yield, 

purity, and orientation synthesis of such materials.  The growth of tungsten oxide 

nanowires over large areas remains especially challenging.  In this chapter, CDFs are 

employed to grow well-aligned, single-crystal nanowires with diameters ranging from 

20-50nm, coverage density of 109-1010cm-2, and growth rates of microns per minute, 

without any pretreatment and in open environments.  The method is also robust in that the 

combustion process inherently provides for (i) an elevated enthalpy source to evaporate 

the metal substrate atoms, (ii) the gas-phase chemical species (e.g. oxidizer, water vapor, 

hydrogen) to produce the requisite oxide, and (iii) a favorable temperature gradient for 

growth of the nanowires. 

 

11.2 Experiments 

The CDF used in this chapter is the same as the Flame #1 in Chapter 7.  Its computed 

flame structure is re-plotted in Figure 11.1, along with the substrate position marked.  An 

actual flame with the schematic insertion of tungsten substrate into it is also given in Fig. 
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11.1(a) for convenience.  A tungsten wire substrate (99.95% purity, 0.5mm diameter), 

without any pre-treatment, is inserted radially into the flame structure at the axial position 

z = 0.88cm (Fig.11.1), where the temperature and oxygen supply are sufficient to 

promote reactions leading to tungsten oxide.   The morphology of as-grown tungsten 

oxide nanowires is examined using FESEM.  Elemental analysis is conducted using 

EDXS attached to FESEM.  Structural features of the nanomaterial are investigated using 

HRTEM, along with SAED. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 11.1 Gas-phase flame structure of CDF. Tungsten substrate position is marked. 
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11.3 Results and discussions 

Figure 11.2(a) shows a low magnification FESEM image of a dense yield of 

nanomaterials grown directly on a tungsten substrate.  A magnified image of a top view 

(Fig.11.2(b)) shows vertically-oriented nanowires.  A side view (Fig.11.2(c)) reveals 

individual nanowires, as well as those grouped in small bundles.  The as-grown 

nanowires have diameters of 20-50nm, with lengths of more than 10µm for a sampling 

duration of 10 minutes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 11.2 (a) Low magnification FESEM image of as-grown tungsten oxide nanowires showing high 
density of yield.  (b) Typical FESEM image of nanowires from a magnified top view.  (c) Typical FESEM 
image of nanowires from a side-view.  (d) EDXS spectra of as-grown nanowires. 
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EDXS mappings for different growth regions of various sizes, from 10µm × 10µm to 

single nanowires, are essentially the same with no discernable differences.  The EDXS 

spectra, Fig.11.2 (d), show that the nanowires are composed of W and O, along with 

negligible amounts of C.  The presence of C results most likely from deposition of C on 

the nanowires from carbon-containing species that diffuse from the reaction zone during 

processing.  Nevertheless, the findings indicate that the as-synthesized materials are 

nanosized tungsten oxide wires. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 11.3   (a) TEM image showing a 20nm nanowire and platelets, along with the selected area electron 
diffraction pattern (inset).  (b) HRTEM image of a single tungsten oxide nanowire, along with lattice-plane 
spacing (inset).  (c) HRTEM of a nanowire tip, with ledge growth suggesting VS mechanism. 
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Tungsten oxide can exhibit different crystal structures, such as cubic and monoclinic 

WO3, tetragonal WO2.9, and monoclinic W18O49.  Figure 11.3(a) presents a low 

magnification bright-field TEM image of a 20nm nanowire.  Nanocrystallized tungsten 

oxide platelets (as indicated by the arrow) which come off the surfaces of bundled 

nanowires during TEM sample preparation can also be observed.  The inset in Fig.11.3 

(a) is a SAED pattern from the tungsten oxide nanowire and platelets.  The indexed 

SAED pattern with the first three highest intensities of 3.779Å, 3.126Å and 2.67Å match 

very well with the tetragonal phase of WO2.9 with lattice constants of a = 5.3Å, b = 5.3Å, 

and c = 3.83Å (PDF card #18-1417).  These d-spacings correspond to {110}, {101}, and 

{200}, respectively. 

HRTEM imaging of a typical flame-grown nanowire is shown in Fig.11.3 (b), 

revealing its dislocation-free, single-crystalline nature.  Analysis of the two-dimensional 

Fourier transform pattern of the TEM image gives an average spacing for the lattice 

planes of 3.78Å, which corresponds to the reflections from d-spacings of (110) planes of 

the tetragonal WO2.9 phase.  Thus, these as-grown single crystalline nanowires have 

preferable growth along the [110] direction, as indicated in Fig.11.3 (b). 

The mechanism of formation of these nanowires appears to be by vapor-solid (VS) 

growth.  In the vapor-liquid-solid (VLS) process, the growth is promoted by a liquid-

solid interface, generally marked by the presence of droplets at the tips of the nanowires.  

The morphology of a nanowire is shown in Fig.11.3(c), evincing no metal nanoparticle at 

its tip.  The TEM image further reveals thickening by a ledge-growth mechanism, which 

is additional evidence for vapor-phase transport and deposition. 
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Figure 11.1 shows that the gas-phase temperature at the substrate is ~1720K, with the 

tungsten-substrate temperature estimated to be ~1600K, which is sufficiently high to 

evaporate tungsten/oxygen species.  With available oxygen at the probe location, as 

displayed in Fig.11.1, conditions are then favorable for evaporated tungsten/oxygen 

species to react with oxygen to form tungsten oxide.  At the same time, oxygen can react 

with the tungsten substrate to form tungsten oxide, which may then evaporate due to its 

low melting temperature (~1870K).  In fact, formation of vapor-phase tungsten oxide 

species can be quite spontaneous, e.g.6 

                              W(s) + O2
 (g) → WO2

 (g), ∆G = -40.08kJ/mol·K (1723K).              (11.1) 

Initial formation of tungsten oxide nanoparticles on the surface of the substrate serves to 

nucleate the tungsten oxide nanowires.  Subsequent elongated growth along the [110] 

direction results from preferential diffusion and condensation of tungsten oxide vapor as 

adatoms at the tip of a nanowire. 

With solid phase WO2 readily transformed into WO3, i.e.6 

                          WO2
(s) + ½O2

(g) → WO3
(s), ∆G = -108.24kJ/mol·K (1273K),          (11.2) 

we hypothesize that, given the elevated temperature in the probe region (near the tungsten 

oxide decomposition temperature of ~1720K), decomposition of solid-phase WO3 results 

in the formation of the final WO2.9 tetragonal phase.  The positive temperature gradient 

extending outward from the (cooler) substrate surface into the (hotter) surrounding gas 

likely promotes the vertical orientation of the nanowires. 

The high growth rates that are observed in the flame process are due to favorable 

local conditions allowing for various mechanisms to occur simultaneously.  The presence 

of water vapor (a combustion by-product) at the probe location (Fig.11.1) may further 
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enhance the nanowire growth process.  Water vapor can not only form tungsten oxide, 

e.g.7: 

                                        W(s) + 3H2O(g) → WO3
(s) + 3H2

(g),                                      (11.3) 

but it can also increase the rates of tungsten oxide evaporation and hydrate species 

formation, e.g.8: 

                                         WO3
(s) + H2O(g) → WO2(OH)2

(g).                                      (11.4) 

In addition, the elevated temperatures and radical species, e.g. OH and H, innate in 

the flame permit nanowire growth without substrate pretreatment or external catalysts.  

Gu et al1 observed that a clean and unoxidized tungsten surface was necessary for 

tungsten oxide nanowire growth.  However, similar to Liu et al4, we grow tungsten oxide 

nanowires with high quality, orientation, and purity from oxidized surfaces.  Other works 

have found that H2 reduction1 prior to heat treatment is necessary to grow nanowires on 

tungsten substrates.  Again, this is not necessary in our experiments.  As can be seen in 

Fig.11.1, small concentrations of H2 are inherently present at the probe location, which, 

in combination with the elevated temperatures, can aid in initial nanoparticle formation.  

Finally, the high characteristic temperature in the flame process induces nanowire growth 

without the help of catalysts.  External catalysts are needed to produce tungsten oxide 

nanowires in the temperature range of 873-973K1,3,7, while neither catalyst nor 

pretreatment of substrate is necessary in the temperature range of 1073-

1873K2,4,9,10,11,12,13. 
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11.4 Results at other axial positions on the oxidizer side 

Additional axial positions on the oxidizer side are examined in order to investigate 

possible affecting parameters.   Figure 11.3 displays some FESEM images of tungsten 

oxide nanowires collected from an axial position (z=9.1mm) on the oxidizer side, where 

the gas-phase temperature is about 1500K (substrate ~1400K) and O2 and H2O are ~8% 

and ~11% respectively.  Compared to the results at z=8.8mm, the length and diameter of 

nanowires are almost the same.  But the overall yield is found to decrease, simply 

resulting from the reduced WOx vapor due to the lower temperature.  As shown in Fig. 

11.3(a), the substrate surface is populated with flower-shaped patterns that are composed 

of radiatively emanating nanowires.  Fig.11.3 (b) depicts a zoomed-in pattern of 

nanowires.   Many WOx nuclei formed at the early staged are likely to aggregate together, 

with nanowires growing from these aggregated nucleation sites to form a flower-like 

pattern, similar to the formation of flower-like ZnO nanorods in Chapter 10 (Fig.10.2 

(e)).  Radially away from the flame center at this position, a small quantity of scattered 

nanowires is observed to spread over the substrate surface, as illustrated in Fig. 11.3(c).  

 
 

 
Figure 11.3   Tungsten oxide nanowires collected from where temperature is ~1500K. (a) nanowires form 
to flower-shaped patterns, (b)  A pattern with nanowires parallel to the substrate, (c) mat of nanowires. 
 

(a) (c)(b)
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At axial position (z=9.6), the temperature is around 1100K and O2 and H2O are ~13% 

and ~8%, respectively.  As seen from Fig. 11.4, the yield is significantly decreased.  Very 

few nanowire clusters are found on the substrate surface, as seen from Fig. 11.4(a).  An 

interesting ribbon-shaped tungsten oxide nanostructure is displayed in Fig. 11.4(b), which 

is ~20nm in thickness, with width ~5µm and length ~80µm.  The end section of this 

nanoribbon (as marked in Fig. 11.4(b)) is magnified in Fig. 11.4(c).  The formation of 

this ribbon could be explained as vapor-solid filling of the gaps between parallel 

nanowires, with the thickness of this ribbon shown to be equal to the diameter of thin 

nanowires, similar to the ZnO slabs in Chapter 10 (Fig.10.2 (g)).  Such ultrathin sheets 

are of interest in terms of properties and applications.  It is worth the additional effort to 

study the formation of such ultrathin ribbons with larger areas.    Compared to other 

positions (z=8.8mm and 9.1mm), the diameters of the nanowire are still almost the same. 

The decrease in yield at this axial position again results from the lesser supply of tungsten 

suboxide species vapor at these relatively lower temperatures, due to the high melting 

temperature of tungsten.  It can be concluded that the yield of tungsten oxide 

nanomaterials decreases with the decreaseing flame temperatures on the oxidizer side, 

despite increasing O2 concentrations.  

 

 
Figure 11.4 Tungsten oxide nanomaterials collected from where temperature is ~1100K,  (a) nanowires 
form to tree-like structure, (b) A nanoribbon, (c) Enlarged end section of the nanoribbon showing its 
formation mechanism. 

(a) (c)(b)
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11.5 Results from the fuel side 

Unlike the oxidizer side, more carbon-containing species occur on the fuel side where 

growth of CNTs is usually explored.  Tungsten carbide nanocrystals (for example, 

nanowires and nanorods) have been fabricated by a number of techniques such as thermal 

annealing14, and pyrolysis of W-containing compound15.  As such, tungsten carbide 

nanomaterials are expected to be made on the fuel side of the CDFs in our experiments 

due to the disappearance of O2.  By inserting the tungsten substrates into the positions on 

the fuel side where the temperatures are the same as those at positions on the oxidizer 

side (Fig. 11.1), namely, ~1720K, ~1500K, and ~1100K respectively, tungsten-based 

nanowires are produced, as shown in Fig. 11.5.            

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.5 Tungsten oxide nanowires from the fuel side of CDF at temperatures of (a)  ~1720K, (b)  
~1500K, and (c) ~1100K, (d) a representative EDX spectrum of as-produced materials. 

(a) 

(d)(c) 

(b)
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All these materials are examined using EDXS, with the spectra basically the same.   

A representative spectrum is given in Fig. 11.5(d) where W and O elements are identified 

along with some C, indicating that these nanowires are actually tungsten oxide instead of 

tungsten carbide.  In fact, no differences can be seen between this spectrum and the EDX 

spectrum collected from the oxidizer side (Fig. 11.2(d)).  

The presence of oxide nanowires on the fuel side is likely attributed to the reaction of 

H2O with tungsten (Equation (11.3), W(s) + 3H2O(g) → WO3
(s) + 3H2

(g)) on the fuel side.  

The preference of tungsten oxide formation over tungsten carbide formation may be due 

to tungsten oxide having a lower free energy than tungsten carbide at high temperatures.  

In other words, it is more spontaneous to produce tungsten oxide than to produce 

tungsten carbide.  Tungsten carbide can be produced through the following reactions16 

 

                                                    W (g) + C (g)→WC (g)                                           (11.5) 

or/and 

                                           W (g) + CH4 
(g) →WC (g)+ 2H2 

(g)                                  (11.6) 

The Gibbs free energies of reaction for these reactions (Equations (11.3), (11.5) and 

(11.6)) are calculated (at 1 atm) and listed in Table 11.1 (all thermochemical data are 

from Ref.1717, and tungsten in Equation (11.3) is taken as gas state).   
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Table 11.1 Gibbs free energies of reaction of Equations (3), (5) and (6) within investigated growth 
temperature range (thermochemical data from reference 17) 
 

T (K) 0G∆ (kJ/mol, Eq. (3)) 0G∆ (kJ/mol, Eq. (5)) 0G∆ (kJ/mol, Eq. (6)) 
800 -762.365 -1366.84 -772.341 
1000 -714.668 -1305.621 -764.505 
1200 -672.264 -1243.921 -756.595 
1400 -628.658 -1181.902 -748.489 
1600 -585.694 -1119.677 -740.199 
1800 -556.097 -1057.371 -731.774 

 

From Table 11.1, however, we find that the Gibbs free energies for these three 

reactions (i.e. Eqs. (11.3), (11.5), and (11.6)) are all favorable in their forward reactions 

in producing tungsten oxide and tungsten carbide.   As such the lack of tungsten carbide 

formation for the temperatures examined on the fuel side is likely due to highly different 

kinetic rates, which can not be readily assessed using an equilibrium thermodynamic 

analysis.  An aspect controlling the kinetic rates is the activation energy, which we 

suspect is much greater for the reactions (11.5) and (11.6).    This hypothesis is supported 

by other works, where tungsten carbide formation is reported only at higher temperatures 

(>1673K) under hydrogen environment using pure tungsten as reactant17,18,19,20,21.  For 

this reason, due to our lower temperatures, tungsten oxide rather than tungsten carbide is 

preferably obtained.  Nonetheless, more study is needed.  

At a temperature of ~1720K (same temperature as on the oxidizer-side synthesis), as 

shown in Fig.11.5 (a), nanowires with a lower degree of vertical alignment and a lower 

yield are obtained, compared to nanowires produced on the oxidizer side (Fig. 11.2).  The 

lower yield probably results from lack of availability of O2 on the fuel side, as the H2O 

concentrations on both sides are almost same (~13% on the oxidizer side and ~14% on 

the fuel side).  With the melting temperature of tungsten too high for W vapor to be 

present, gaseous tungsten/oxygen species for much is critical.  As such, Eqs. 11.1 and 
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11.2 are probably more important than Eq. 11.3 in forming WOx subspecies necessary for 

nanowire growth.  The lower degree of vertical alignment suggests that besides the 

temperature gradient (from the cooler substrate to the hotter gas phase) mentioned 

previously, some other factors could also contribute to this alignment, such as the spatial 

crowding effect11.  A high density of nucleation sites on the surface leads to a crowding 

effect where vertically aligned growth of nanowires can occur when wires support one 

another during the growth.  The yield at a temperature of ~1500K (Fig. 11.5(b)) is lower 

than the yield at a temperature of ~1720 K (Fig. 11.5(a)).  It is also lower than the yield 

from the same temperature on the oxidizer side (Fig.11.3 (a)).  The same observation 

applies to the yield at temperature of ~1100K (Fig. 11.5(c)).  The diameters of all the 

nanowires, however, are not obviously different.  These results suggest that both 

temperature and availability of O2 are key factors governing nanowire yield as lower 

temperatures where direct formation of WOx subspecies is reduced.  

 

11.6 Preliminary results of effects of application of electric fields  

As electric fields can affect CNT growth, application of electric fields may also affect the 

growth of tungsten oxide nanowires.  As expected, applied external electric fields 

dramatically change the morphologies of as-synthesized nanowires, as depicted in Fig. 

11.6, where the bias voltages applied are +10V, -5V, and -10V, respectively.  Layers of 

tungsten oxide are stripped off the substrate, where nanowires grow from both sides of 

those pieces to form double sided comb structures (Fig. 11.6 (a) and (b)) and double-

sided saw shapes (Fig. 11.6 (c)).  Again, these morphologies appear based on the unit 

nanowires, where vapor-solid has filled in the gaps.  These morphologies might result 
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from some interaction of applied electric fields with the flame-induced ion cloud around 

the substrate, and further investigation is needed. 

 

 
Figure 11.6 Effects of electric fields on tungsten oxide nanowires investigated at temperature of ~1720K 
on the oxidizer side, (a) +10V, (b) –5V, and (c) –10V. 
 

11.7 Conclusions 

In summary, we demonstrate the synthesis of vertically aligned, single-crystalline, 

tetragonal WO2.9 nanowires grown directly from tungsten substrates at high rates in a 

flame process.  The growth mechanism appears to be vapor-solid based, with key 

parameters being the radical species present, oxidizer and water vapor concentrations, 

substrate temperature, and gas-phase temperature.  Systematic variation of these 

parameters is readily achieved in our flame technique, which would be very time-

consuming and tedious in other heat-treatment and CVD methods.  Effects of applied 

electric fields are preliminarily probed.  Finally, our technique is promising for large-

scale applications due to its simplicity, scalability, and economy. 
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Chapter 12 

Concluding Remarks 

 
12.1 Reviews of results and conclusions 

In recent years, one-dimensional (1D) nanostrucutres, such as tubes, rods, wires, and 

ribbons, have been extensively explored due to their many unique properties and their 

potential applications in electronics, photonics, and biological processes.  Although 

various approaches have been developed to fabricate 1D nanostructures, flame synthesis 

offers many advantages, such as energy-efficiency, large parameter space, high growth 

rate, process controllability, processing continuity, and promising scalability.  Flames 

provide the local conditions, i.e. temperature and chemical species, which can be 

conducive for CNT and metal-oxide nanowire growth.  Moreover, well-defined flame 

configurations allow for the probing of fundamental controlling mechanisms (e.g. using 

laser-based spectroscopy), which are difficult to realize in many other current methods of 

synthesis. 

In this work, the fundamental growth of 1D nanostructures in strategic flame 

configurations is investigated.  Specifically, the investigated 1D nanostructures include 

CNTs and metal-oxide nanowires (i.e. ZnO, WO2.9, Fe2O3/Fe3O4, CuO/Cu2O).  The 

probed flame configurations consist of premixed flames (PFs), normal diffusion flames 

(NDFs), inverse diffusion flames (IDFs), and counter-flow diffusion flames (CDFs). 

Methane is chosen as the primary fuel due to its well-known chemical kinetics, relative 
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non-sootiness, and potential cost-effectiveness (e.g. natural gas).  Emphasis is placed on 

using IDFs and CDFs for the production of CNTs and nanowires. 

The 1-D CDF, characterized ideally by gradients only in the axial direction, permits 

simulation involving detailed chemistry (e.g. GRI-Mech 1.21) and transport, which can be 

verified by gas-phase spontaneous Raman spectroscopy (SRS).  A radially inserted 

probe substrate defines a single local growth condition.  As such, by designing a flame 

structure through simulation and then by investigating the local conditions for materials 

synthesis, a CDF provides facile examination of the appropriate parameter space. 

The IDF, featuring a large parameter space due to its 2-D axi-symmetric geometry, 

can be especially advantageous in synthesizing CNTs.  Post-flame species are largely 

comprised of pyrolysis vapors that have not passed through the oxidation zone.  As a 

reult, soot formation processes, which compete with CNT formation routes and 

contaminate metal-oxide nanowires, are more effectively separated from oxidation 

processes in IDFs, which also tend to soot less than NDFs.  Furthermore, the 

carbon-related growth species generated in IDFs can be much greater in concentration 

than that practically achieved in PFs, which should enhance the yield of CNTs.  By 

using diffusion flames (burning stoichiometrically), flame-speed and cellular stabilization 

problems related to premixed flames are avoided.  The flame structures of IDFs are 

measured by SRS at specific locations of CNT and ZnO growth. 

Temperatures are also measured using a 125 µm Pt/Pt–10%Rh thermocouple (S-type) 

coated with silica to assess the actual substrate temperatures, which are expected to differ 
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from gas-phase temperatures due to radiative effects and conductive losses along the 

probe lengths. 

In general, transition metals (e.g. Ni, Co, and Fe) and their alloys have been used as 

catalysts for CNT growth.  Bimetallic catalysts, such as alloys, generally exhibit a 

decrease in their melting temperature and an increase in their carbon solubility as 

compared to single metals2, and are known to increase the yield of CNTs3.  The growth 

and properties of CNTs strongly depend on the properties of the catalysts, namely 

nanoparticle size, catalyst film thickness, and catalyst composition.  In this work, 

different catalytic substrates are investigated, including different metal-alloy substrates 

(i.e., Fe, Fe/Cr, Ni/Cu, Ni/Ti, Ni/Cr, Ni/Cr/Fe).  The requisite catalytic nanoparticles are 

formed dominantly through the substrate surface breakup induced by the lattice mismatch 

between the metal and the surface-formed carbide, with various morphologies of 

MWNTs grown.  Vertically well-aligned MWNTs with uniform diameters are obtained 

using Ni/Cr/Fe and Ni/Ti alloys as substrates.  Special-structured CNTs such as 

regularly coiled CNTs, large bending CNTs and Y-junction CNTs are observed.  We 

observe that Ni-containing alloys generally produce a higher yield and smaller diameter 

of CNTs, likely due to its relatively low carbon solubility and rapid carbon diffusivity. 

Catalytic nanoparticles are also produced in situ by reducing metal-oxide solid 

solutions (e.g. by local H2 found in the flame structure), which allows for 

spatially-distinct and size-limited metal nanoparticles to form on the substrate surface.  

Solid metal-oxide spinel solutions with different transition metal ions (i.e. NiAl2O4, 
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CoAl2O4 and ZnFe2O4) are examined, and large quantities of CNTs are produced.  Yield 

from ZnFe2O4 is found to be lower than those from NiAl2O4 and CoAl2O4, which could 

be attributed to the difficulty in reducing the solution to form Fe nanoparticles.  For the 

same reasons perhaps, CNTs produced from ZnFe2O4 are found to contain at least 30% 

SWNTs. 

CO, C2H2, and C2 are identified as the main carbon precursors to CNT synthesis.  It 

is found that CO is more active than C2H2.  In particular, the effects of acetylene 

addition are examined.  Acetylene is often necessary for metal-catalyzed CNT growth 

since C2 species readily undergo dissociative adsorption.  Concurrently, however, the 

molecular path towards soot formation requires C2 species, most notably acetylene 

(C2H2), which is essential to the formation of the first aromatic ring, benzene, enabling 

subsequent polycyclic aromatic hydrocarbon (PAH) growth.  PAHs can then form soot 

particles adulterating the yield.  Moreover, PAHs can deactivate the metal-catalyst 

species.  However, our result shows that the addition of C2H2 enhances the vertical 

alignment of CNTs from Nr/Fe/Cr alloy in CDFs, along with imposing a negative voltage 

bias to a floating point substrate.  In addition, H2 is generally present, which prolongs 

the life of the catalysts, despite competition between etching of sp2 carbon by H atoms 

and deposition of sp2 carbon by hydrocarbon intermediates. 

The effects of other parameters on CNT growth are also studied, which mainly 

include the local gas-phase temperatures and voltages bias applied to the substrates.  

High temperature generally increases the CNT yield, but up to a point, where higher 
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temperatures result in decreased yield, likely due to deactivation or evaporation of 

catalytic nanoparticles.  The temperature range for CNT growth in our system is 

observed to be between 900-1300K, which is in good agreement with those using the 

CVD method.  The lower yield at low temperature results from the lack of catalytic 

nanoparticle formation.  Our results show that applied voltage bias on the substrate is 

conducive to aligning CNTs, as well as enhancing their growth rates as compared to 

grounded conditions. 

To the best of our knowledge, this work represents some of the first work on the 

flame synthesis of 1D metal-oxide nanostructures.  The flame synthesis of zinc oxide 

nanostructures and tungsten oxide nanowires are focused in this work. 

Single-crystalline ZnO nanowires are grown directly on zinc-plated steel substrates 

(characterized by a low melting point) at high rates (microns/minute) with no catalysts.  

The growth of the nanostructures is very sensitive to local gas-phase chemical species 

concentrations (i.e. O2, H2, CO2, H2O) and temperature (800-1500K).  Larger-diameter 

(>100nm) hexagonal-cross-section nanowires, with [0001] growth direction, are 

produced at higher temperatures; while smaller-diameter (25-40 nm) nanowires, with 

[11 2 0] growth direction, are produced at lower temperatures, and only on the fuel side of 

the reaction zone (with no oxygen present).  H2O appears to be the main route for 

synthesis.  Nanoribbons and other nanowire-based morphologies are also found and 

discussed.  The sensitivity of ZnO nanostructure morphology to radial position on the 

substrate (despite small gradients which do not affect CNT morphology) likely results 
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from the presence of a liquid layer on the substrate surface subject to Marangoni forces. 

Aligned single-crystal tungsten oxide nanowires are grown directly from tungsten 

substrates (characterized by a high melting point) at high rates.  The nanowires have 

diameters of 20-50nm, lengths > 10µm, coverage density of 109-1010cm-2, and growth 

rates > 1µm/min.  Growth occurs by the vapor-solid mechanism, with local gas-phase 

temperature (~1720K) and chemical species (O2, H2O, and H2) strategically specified at 

the substrate for self-synthesis.  Although nanowires are grown on both sides of the 

reaction zone for the same temperature, indicating the role of H2O in synthesis, the yield 

on the fuel side is very small, signifying the importance of O2.  Voltage bias is shown to 

dramatically change the morphologies of the as-synthesized WOx nanowires.  Some 

exploratory results relating to the synthesis of nanowires of iron oxide and copper oxide 

are presented and discussed in Appendix 1.  It is found that the substrate is hotter than 

the gas phase for in the synthesis of these materials, suggesting a purely surface 

chemistry route for synthesis. 

By determining local in-situ temperature and gas-phase chemical-species 

concentrations corresponding to given 1D nanostructure morphologies and growth rates, 

not only are fundamental mechanisms revealed, but flame-configuration-independent 

conditions are also established, which should be directly applicable as specific operating 

conditions for other gas-phase synthesis methods.  In this work, the local growth 

conditions for CNTs are compared between IDFs and CDFs, and the same comparison is 

also done for ZnO.  We find that local conditions for CNT and ZnO growth and 
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morphology can be reasonably transferred between different flame configurations.  For 

example, vertically well-aligned CNTs can be grown on Ni/Cr/Fe alloy substrates in both 

IDFs and CDFs, where the local conditions match reasonably (temperature difference 

within 50K, and difference of growth-related species concentrations within 0.1% in mole 

fraction).  ZnO nanowires with a diameter of ~50nm are collected on the fuel sides in 

both IDFs and CDFs where the temperature is ~1000K and H2O is ~9% in mole fraction.  

If carefully extracted, universal synthesis conditions may be obtained that can be 

acceptably independent of the specific flame configuration. 

 

12.2 Suggestions for future work 

Vertically-aligned CNTs are produced, but a more quantitative method is needed to 

evaluate the alignment.  That is, how can we characterize the alignment quantitatively in 

terms of its properties and applications?  This quantitative analysis might be done by 

measuring such properties as electron tunneling density and monitoring the performance 

of CNT based gas sensors. 

Reducing oxide solid solutions in the flames provides a way to produce CNTs of high 

yield, as well as to form CNTs based nanocomposites.  Further studies on the ZnFe2O 

solid solution are worthwhile as this solution can produce SWNTs and MWNTs with less 

wall numbers.  The effect of degree of crystallinity of the spinels should be investigated. 

CNTs with remarkable alignment and high yield are fabricated from Ni/Ti alloy, as 

reported for CDFs in Chapter 7.  These MWNTs have much thinner diameter; however 
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they grow from fissures on the substrate rather than covering most of the surface area of 

the substrate.  Additional research is needed to examine the reasons for this 

phenomenon. 

Application of external electric fields to substrates is shown to change the 

as-produced CNT morphologies and to enhance the CNT yields, particularly oin 

improving their vertical alignment as demonstrated in Chapters 6 (IDF) and 7 (CDF).  

Both negative and positive bias voltage is found to support aligned growth.  The exact 

driving force behind this effect needs to be investigated further. 

As reported, ZnO can engender a family of different nanostructures.  Different ZnO 

nanostructures can be grown in a single experiment, resulting from the gradients of local 

growth conditions such as temperature and gas phase species, which at the same time also 

make it difficult to manipulate these materials.  Therefore, uniformity of nanostructures 

is required for up-scaled production. 

Preliminary investigation of external electric fields on morphologies of tungsten 

nanowires has been conducted, but more research is advised.  Initial results show that 

nanowires of iron oxide and copper oxide can be readily fabricated from CDFs.  The 

same parametric studies carried out for ZnO are needed for these systems.  Finally, 

besides the growth of 1D nanostructures from flames, further investigation of their 

properties is recommended.  The measurement and exploration of electronic and 

photonic properties of as-prepared nanomaterials in-situ, can help to better direct the 

growth of these nanostructures and their direct inclusion into devices. 
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Appendix 1 

Some Preliminary Results of Nanowires of Iron Oxide 

and Copper Oxide from CDFs 

 
1. Preliminary results of nanowires of iron oxide 

Iron oxides are widely used as semiconductor, recording material and photocatalyst1.  

Nanoscaled magnetic ferrites (Fe3O4) are of particular interest due to their size and 

chemical compatibility with biological tissues and their unique combination of electronic 

and magnetic properties.  Plenty of current research is focused on developing ferrite 

nanoparticles for ultrahigh density memory storage and advanced communications 

devices2.  On the basis of experiments, one-dimensitional nanostructured ferrites are 

expected to exhibit many properties unlike those of particles of the same phase2.  Recent 

research has shown that the high aspect ratio of magnetic ferrite nanowires can produce a 

larger magnetic moment than that observed in particles of the same volume, providing 

significant benefits in numerous applications.  Hematite (α-Fe2O3), the most stable iron 

oxide under ambient conditions, has received considerable attention as a solar energy 

conversion material due to its excellent properties, such as a small band gap (2.1 eV), 

high resistivity to corrosion, and low cost3.  One-dimensional nanostructures of magnetic 

ferrite, hematite, and −ε Fe2O3 also provide ideal theoretical systems for fundamental 

studies of electron spin and magnetic behavior of materials near quantum levels2.   

In this section, iron oxide nanowires are prepared from CDFs with 50%CH4/50%N2 

reacting with air at atmospheric pressure.  The process for growing iron oxide nanowires 
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is similar to those for zinc oxide and tungsten oxide (Chapters 10 and 11).  An ultrasonic-

cleaned pure iron substrate (melting point: 1811K) with diameter of ~0.8mm is inserted 

into the flame on the oxidizer side where the gas-phase temperature is around 1000K 

(z=9.8mm, substrate temperature: ~1100K) and the concentrations of O2, H2O, and CO 

are about 14%, 7%, and 0.4% respectively.   The experimental duration is 10 minutes. 

The as-produced materials are scanned post-experiment using FESEM.  Appendix 1.1 

shows FESEM images of iron oxide nanomaterials.   Thin nanowires of ~20nm in 

diameter are intermixed with thick nanorods of around 100nm in diameter as shown in 

Appendix 1.1(a).  Ribbon/leaf shaped nanomaterials4  are also observed as shown in 

Appendix 1.1(b).   One chemical pathway for the formation of iron oxide is as follows 

                                             )(
32

)(
2

)( 234 sgs OFeOFe →+                         (Appendix 1.1) 

As seen, the gas-phase temperature (~1000K) at this position is much lower than the 

melting point of iron (1811K).  As such the vapor pressure of iron is very low at such low 

temperature4 (e.g. iron vapor pressure is 5.5 x 10-3 Pa at 1489K5) and Fe evaporation 

followed by condensation process will be negligible3.  The 1D growth of iron 

nanostructures, therefore, seems, inexplicable by the vapor-liquid-solid (VLS) and vapor-

solid (VS) mechanisms.  The former is unlikely due to the fact that no spherical particles 

have been found at the tips of the nanowires, and the latter is ruled out due to either the 

very low vapor pressure of iron3,4 and the higher substrate temperature (~1100K versus 

the gas-phase ~1000K, resulting from radiation from the flame above as seen in 

Fig.11.1).   These discussions are supported by observations in Refs 3 and 4 where iron 

nanowires were fabricated on pure iron substrate (99.96 wt% of Fe) at temperatures of 

813K-923K in an oxygen-containing environment (i.e. O2 and H2)3,6 and nanobelts and 
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nanowires of iron oxide were produced by flowing O2 over pure iron foil (99.9% purity) 

in a temperature range of 673K –1073K4.  At such low temperatures, the iron oxide 

nanostructures might be formed through the tip-growth mechanism proposed by Takagi 

et al7, which states the growth occurs by diffusion of iron atoms or ions from the base to 

the tip of the nanowire where they react with oxygen from mixture gases.  There are two 

possible processes of supplying iron atoms for iron oxide nanostructures growth: (1) 

surface diffusion along the sides of the nanostructures, and (2) internal diffusion along 

planar defects (e.g. twin and stacking fault) up the axis of the nanostructures3,8,9,10.  But at 

this point, we cannot tell their phases, namely Fe3O4, α-Fe2O3, or −ε Fe2O3, and further 

studies are needed. 

 
 
 
 
 
 
 
 
 
 
 

 
Appendix 1.1 FESEM images of (a) nanowires and nanorods, and (b) nanoribbons of iron oxide. 

 

2. Some results of nanowires and nanoribbons of copper oxide 

Copper oxide is a p-type semiconductor and is useful for the preparation of organic 

catalysts, and more recently, gas sensors11.  Cuprous oxide (Cu2O) is a nonstoichiometric 

p-type semiconductor with a band gap of 2.0 eV and has been proposed as a 

photocatalytic material for splitting water into H2 and O2 via visible light irradiation12.  

(a) (b)
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CuO is a p-type semiconductor with a band gap of 1.2 eV commonly studied for its 

photoconductive properties13. 

Nanomaterials of copper oxide synthesized via flames are demonstrated here.  CDFs 

with 50%CH4 diluted by 50%N2 are used to conduct the experiments.  After pure copper 

substrate (melting point: 1358K) with a diameter of ~1mm are cleaned ultrasonically, 

they are inserted into the flame on the oxidizer side (z=9.9mm) where the gas-phase 

temperature is around 900K (substrate temperature: ~1000K) and the concentrations of 

O2, H2O, and CO are about 15%, 5%, and 0.3% respectively.  The experimental duration 

is 10 minutes, and then the as-produced materials are examined using FESEM.   

 

 
 
 
 
 
 
 
 
 
 
 

 
Appendix 1.2 FESEM images of copper oxide nanomaterials. (a) nanorods , (b) nano-ribbons, rods and 

wires 
 

Some preliminary results are shown in Appendix 1.2.  Nanorods with a diameter of 

about 100nm are given in Appendix 1.2(a).  A mixture of thin nanowires, nanorods and 

nanoribbons are shown in Appendix 1.2(b).  Similar to the iron-oxide case, the substrate 

is hotter than the gas phase, suggesting that the condensation mechanism is unlikely.  

Again, a heterogeneous route may be controlling.  Because these results are preliminary, 

more work is required to examine their phases and crystallinity.   

(b)(a) 
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Appendix 2.  Reaction mechanism in GRI-Mech 1.2 
Rate coefficient in the form )/exp( RTEATK f −= β  (units are moles, cubic centimeters, seconds, 
Kelvins and calories per mole)  
 
          Reactions                           A         β          E  
 
1.   2O+M<=>O2+M                         1.200E+17   -1.000        0.00            
     Enhanced third-body efficiencies:     
     H2/ 2.40/ H2O/15.40/ CH4/ 2.00/  
     CO/ 1.75/ CO2/ 3.60/ C2H6/ 3.00/  
     AR/ 0.83/       
2.   O+H+M<=>OH+M                        5.000E+17   -1.000        0.00            
     Enhanced third-body efficiencies: 
     H2/2.00/ H2O/6.00/ CH4/2.00/  
     CO/1.50/ CO2/2.00/ C2H6/3.00/  
     AR/0.70/              
3.   O+H2<=>H+OH                         5.000E+04    2.670     6290.00            
4.   O+HO2<=>OH+O2                       2.000E+13    0.000        0.00            
5.   O+H2O2<=>OH+HO2                     9.630E+06    2.000     4000.00            
6.   O+CH<=>H+CO                         5.700E+13    0.000        0.00            
7.   O+CH2<=>H+HCO                       8.000E+13    0.000        0.00            
8.   O+CH2(S)<=>H2+CO                    1.500E+13    0.000        0.00            
9.   O+CH2(S)<=>H+HCO                    1.500E+13    0.000        0.00            
10.  O+CH3<=>H+CH2O                      8.430E+13    0.000        0.00            
11.  O+CH4<=>OH+CH3                      1.020E+09    1.500     8600.00            
12.  O+CO+M<=>CO2+M                      6.020E+14    0.000     3000.00            
     Enhanced third-body efficiencies: 
     H2/2.00/ O2/6.00/ H2O/6.00/  
     CH4/2.00/ CO/1.50/ CO2/3.50/  
     C2H6/3.00/ AR/0.50/     
13.  O+HCO<=>OH+CO                       3.000E+13    0.000        0.00            
14.  O+HCO<=>H+CO2                       3.000E+13    0.000        0.00            
15.  O+CH2O<=>OH+HCO                     3.900E+13    0.000     3540.00            
16.  O+CH2OH<=>OH+CH2O                   1.000E+13    0.000        0.00            
17.  O+CH3O<=>OH+CH2O                    1.000E+13    0.000        0.00            
18.  O+CH3OH<=>OH+CH2OH                  3.880E+05    2.500     3100.00            
19.  O+CH3OH<=>OH+CH3O                   1.300E+05    2.500     5000.00            
20.  O+C2H<=>CH+CO                       5.000E+13    0.000        0.00            
21.  O+C2H2<=>H+HCCO                     1.020E+07    2.000     1900.00            
22.  O+C2H2<=>OH+C2H                     4.600E+19   -1.410    28950.00            
23.  O+C2H2<=>CO+CH2                     1.020E+07    2.000     1900.00            
24.  O+C2H3<=>H+CH2CO                    3.000E+13    0.000        0.00            
25.  O+C2H4<=>CH3+HCO                    1.920E+07    1.830      220.00            
26.  O+C2H5<=>CH3+CH2O                   1.320E+14    0.000        0.00            
27.  O+C2H6<=>OH+C2H5                    8.980E+07    1.920     5690.00            
28.  O+HCCO<=>H+2CO                      1.000E+14    0.000        0.00            
29.  O+CH2CO<=>OH+HCCO                   1.000E+13    0.000     8000.00            
30.  O+CH2CO<=>CH2+CO2                   1.750E+12    0.000     1350.00            
31.  O2+CO<=>O+CO2                       2.500E+12    0.000    47800.00            
32.  O2+CH2O<=>HO2+HCO                   1.000E+14    0.000    40000.00            
33.  H+O2+M<=>HO2+M                      2.800E+18   -0.860        0.00            
     Enhanced third-body efficiencies: 
     O2/0.00/ H2O/0.00/ CO/0.75/  
     CO2/1.50/ C2H6/1.50/ N2/0.00/ 
     AR/0.00/               
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Appendix 1 (continued) 
          Reactions                           A         β          E  
 
34.  H+2O2<=>HO2+O2                      3.000E+20   -1.720        0.00            
35.  H+O2+H2O<=>HO2+H2O                  9.380E+18   -0.760        0.00            
36.  H+O2+N2<=>HO2+N2                    3.750E+20   -1.720        0.00            
37.  H+O2+AR<=>HO2+AR                    7.000E+17   -0.800        0.00            
38.  H+O2<=>O+OH                         8.300E+13    0.000    14413.00            
39.  2H+M<=>H2+M                         1.000E+18   -1.000        0.00            
     Enhanced third-body efficiencies: 
     H2/0.00/ H2O/0.00/ CH4/2.00/  
     CO2/0.00/ C2H6/3.00/ AR/0.63/                       
40.  2H+H2<=>2H2                         9.000E+16   -0.600        0.00            
41.  2H+H2O<=>H2+H2O                     6.000E+19   -1.250        0.00            
42.  2H+CO2<=>H2+CO2                     5.500E+20   -2.000        0.00            
43.  H+OH+M<=>H2O+M                      2.200E+22   -2.000        0.00            
     Enhanced third-body efficiencies: 
     H2/0.73/ H2O/3.65/ CH4/2.00/  
     C2H6/3.00/ AR/0.38/                                 
44.  H+HO2<=>O+H2O                       3.970E+12    0.000      671.00            
45.  H+HO2<=>O2+H2                       2.800E+13    0.000     1068.00            
46.  H+HO2<=>2OH                         1.340E+14    0.000      635.00            
47.  H+H2O2<=>HO2+H2                     1.210E+07    2.000     5200.00            
48.  H+H2O2<=>OH+H2O                     1.000E+13    0.000     3600.00            
49.  H+CH<=>C+H2                         1.100E+14    0.000        0.00            
50.  H+CH2(+M)<=>CH3(+M)                 2.500E+16   -0.800        0.00            
     Low pressure limit:                 3.200E+27   -3.140     1230.00             
     Troe parameters: a =0.6800, 
     ***T =78.00, *T =1995.00, **T =5590.00                                   
     Enhanced third-body efficiencies: 
     H2/2.00/ H2O/6.00/ CH4/2.00/  
     CO/1.50/ CO2/2.00/ C2H6/3.00/  
     AR/0.70/              
51.  H+CH2(S)<=>CH+H2                    3.000E+13    0.000        0.00            
52.  H+CH3(+M)<=>CH4(+M)                 1.270E+16   -0.630      383.00            
     Low pressure limit:                 2.477E+33   -4.760     2440.00             
     Troe parameters: =a 0.7830, 

     =***T 74.00, =*T 2941.00, =**T 6964.00                                   
     Enhanced third-body efficiencies: 
     H2/2.00/ H2O/6.00/ CH4/2.00/  
     CO/1.50/ CO2/2.00/ C2H6/3.00/  
     AR/0.70/              
53.  H+CH4<=>CH3+H2                      6.600E+08    1.620    10840.00            
54.  H+HCO(+M)<=>CH2O(+M)                1.090E+12    0.480     -260.00            
     Low pressure limit:                 1.350E+24   -2.570     1425.00             
     Troe parameters: =a 0.7824, 

     ***T =271.00, =*T 2755.00, =**T 6570.00                                   
     Enhanced third-body efficiencies:      
     H2/2.00/ H2O/6.00/ CH4/2.00/  
     CO/1.50/ CO2/2.00/ C2H6/3.00/  
     AR/0.70/              
55.  H+HCO<=>H2+CO                       7.340E+13    0.000        0.00            
56.  H+CH2O(+M)<=>CH2OH(+M)              5.400E+11    0.454     3600.00            
     Low pressure limit:                 1.270E+32   -4.820     6530.00             
     Troe parameters: =a 0.7187, 
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Appendix 1 (continued) 
          Reactions                          A         β          E  
 

     =***T 103.00, =*T 1291.00, =**T 4160.00                                   
     Enhanced third-body efficiencies:     
     H2/2.00/ H2O/6.00/ CH4/2.00/  
     CO/1.50/ CO2/2.00/ C2H6/3.00/                       
57.  H+CH2O(+M)<=>CH3O(+M)               5.400E+11    0.454     2600.00            
     Low pressure limit:                 2.200E+30   -4.800     5560.00             
     Troe parameters: =a 0.7580, 

     =***T 94.00, =*T 1555.00, =**T 4200.00                                   
     Enhanced third-body efficiencies: 
     H2/2.00/ H2O/6.00/ CH4/2.00/  
     CO/1.50/ CO2/2.00/ C2H6/3.00/                       
58.  H+CH2O<=>HCO+H2                     2.300E+10    1.050     3275.00            
59.  H+CH2OH(+M)<=>CH3OH(+M)             1.800E+13    0.000        0.00            
     Low pressure limit:                 3.000E+31   -4.800     3300.00             
     Troe parameters: =a 0.7679, 

     =***T 338.00, =*T 1812.00, =**T 5081.00                                    
     Enhanced third-body efficiencies: 
     H2/2.00/ H2O/6.00/ CH4/2.00/  
     CO/1.50/ CO2/2.00/ C2H6/3.00/                       
60.  H+CH2OH<=>H2+CH2O                   2.000E+13    0.000        0.00            
61.  H+CH2OH<=>OH+CH3                    1.200E+13    0.000        0.00            
62.  H+CH2OH<=>CH2(S)+H2O                6.000E+12    0.000        0.00            
63.  H+CH3O(+M)<=>CH3OH(+M)              5.000E+13    0.000        0.00            
     Low pressure limit:                 8.600E+28   -4.000     3025.00             
     Troe parameters: =a 0.8902, 

     =***T 144.00, =*T 2838.00, =**T 45569.00                                   
     Enhanced third-body efficiencies: 
     H2/2.00/ H2O/6.00/ CH4/2.00/  
     CO/1.50/ CO2/2.00/ C2H6/3.00/                       
64.  H+CH3O<=>H+CH2OH                    3.400E+06    1.600        0.00            
65.  H+CH3O<=>H2+CH2O                    2.000E+13    0.000        0.00            
66.  H+CH3O<=>OH+CH3                     3.200E+13    0.000        0.00            
67.  H+CH3O<=>CH2(S)+H2O                 1.600E+13    0.000        0.00            
68.  H+CH3OH<=>CH2OH+H2                  1.700E+07    2.100     4870.00            
69.  H+CH3OH<=>CH3O+H2                   4.200E+06    2.100     4870.00            
70.  H+C2H(+M)<=>C2H2(+M)                1.000E+17   -1.000        0.00            
     Low pressure limit:                 3.750E+33   -4.800     1900.00             
     Troe parameters: =a 0.6464, 

     =***T 132.00, =*T 1315.00, =**T 5566.00                                   
     Enhanced third-body efficiencies:          
     H2/2.00/ H2O/6.00/ CH4/2.00/  
     CO/1.50/ CO2/2.00/ C2H6/3.00/  
     AR/0.70/              
71.  H+C2H2(+M)<=>C2H3(+M)               5.600E+12    0.000     2400.00            
     Low pressure limit:                 3.800E+40   -7.270     7220.00             
     Troe parameters: =a 0.7507,  

     =***T 98.50, =*T 1302.00, =**T 4167.00                                   
     Enhanced third-body efficiencies: 
     H2/2.00/ H2O/6.00/ CH4/2.00/  
     CO/1.50/ CO2/2.00/ C2H6/3.00/  
     AR/0.70/              
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Appendix 1 (continued) 
          Reactions                           A         β          E  
 
72.  H+C2H3(+M)<=>C2H4(+M)               6.080E+12    0.270      280.00            
     Low pressure limit:                 1.400E+30   -3.860     3320.00             
     Troe parameters: =a 0.7820, 

     =***T 207.50, =*T 2663.00, =**T 6095.00                                    
     Enhanced third-body efficiencies: 
     H2/2.00/ H2O/6.00/ CH4/2.00/  
     CO/1.50/ CO2/2.00/ C2H6/3.00/  
     AR/0.70/              
73.  H+C2H3<=>H2+C2H2                    3.000E+13    0.000        0.00            
74.  H+C2H4(+M)<=>C2H5(+M)               1.080E+12    0.454     1820.00            
     Low pressure limit:                 1.200E+42   -7.620     6970.00             
     Troe parameters: =a 0.9753, 

     =***T 210.00, =*T 984.00, =**T 4374.00                                    
     Enhanced third-body efficiencies:   
     H2/2.00/ H2O/6.00/ CH4/2.00/  
     CO/1.50/ CO2/2.00/ C2H6/3.00/  
     AR/0.70/              
75.  H+C2H4<=>C2H3+H2                    1.325E+06    2.530    12240.00            
76.  H+C2H5(+M)<=>C2H6(+M)               5.210E+17   -0.990     1580.00            
     Low pressure limit:                 1.990E+41   -7.080     6685.00             
     Troe parameters: =a 0.8422, 

     =***T 125.00, =*T 2219.00, =**T 6882.00                                    
     Enhanced third-body efficiencies: 
     H2/2.00/ H2O/6.00/ CH4/2.00/  
     CO/1.50/ CO2/2.00/ C2H6/3.00/  
     AR/0.70/              
77.  H+C2H5<=>H2+C2H4                    2.000E+12    0.000        0.00            
78.  H+C2H6<=>C2H5+H2                    1.150E+08    1.900     7530.00            
79.  H+HCCO<=>CH2(S)+CO                  1.000E+14    0.000        0.00            
80.  H+CH2CO<=>HCCO+H2                   5.000E+13    0.000     8000.00            
81.  H+CH2CO<=>CH3+CO                    1.130E+13    0.000     3428.00            
82.  H+HCCOH<=>H+CH2CO                   1.000E+13    0.000        0.00            
83.  H2+CO(+M)<=>CH2O(+M)                4.300E+07    1.500    79600.00            
     Low pressure limit:                 5.070E+27   -3.420    84350.00             
     Troe parameters: =a 0.9320, 

     =***T 197.00, =*T 1540.00, =**T 10300.00  
     Enhanced third-body efficiencies:                           
     H2/2.00/ H2O/6.00/ CH4/2.00/  
     CO/1.50/ CO2/2.00/ C2H6/3.00/  
     AR/0.70/              
84.  OH+H2<=>H+H2O                       2.160E+08    1.510     3430.00            
85.  2OH(+M)<=>H2O2(+M)                  7.400E+13   -0.370        0.00            
     Low pressure limit:                 2.300E+18   -0.900    -1700.00             
     Troe parameters: =a 0.7346, 

     =***T 94.00, =*T 1756.00, =**T 5182.00                                    
     Enhanced third-body efficiencies: 
     H2/2.00/ H2O/6.00/ CH4/2.00/  
     CO/1.50/ CO2/2.00/ C2H6/3.00/  
     AR/0.70/              
86.  2OH<=>O+H2O                         3.570E+04    2.400    -2110.00            
87.  OH+HO2<=>O2+H2O                     2.900E+13    0.000     -500.00            
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Appendix 1 (continued) 
          Reactions                           A         β          E  
 
88.  OH+H2O2<=>HO2+H2O                   1.750E+12    0.000      320.00            
     DUPLICATE                                                                      
89.  OH+H2O2<=>HO2+H2O                   5.800E+14    0.000     9560.00            
     DUPLICATE                                                                  
90.  OH+C<=>H+CO                         5.000E+13    0.000        0.00            
91.  OH+CH<=>H+HCO                       3.000E+13    0.000        0.00            
92.  OH+CH2<=>H+CH2O                     2.000E+13    0.000        0.00            
93.  OH+CH2<=>CH+H2O                     1.130E+07    2.000     3000.00            
94.  OH+CH2(S)<=>H+CH2O                  3.000E+13    0.000        0.00            
95.  OH+CH3(+M)<=>CH3OH(+M)              6.300E+13    0.000        0.00            
     Low pressure limit:                 2.700E+38   -6.300     3100.00             
     Troe parameters: =a 0.2105,  

     =***T 83.50, =*T 5398.00, =**T 8370.00 
     Enhanced third-body efficiencies:                                  
     H2/2.00/ H2O/6.00/ CH4/2.00/  
     CO/1.50/ CO2/2.00/ C2H6/3.00/                       
96.  OH+CH3<=>CH2+H2O                    5.600E+07    1.600     5420.00            
97.  OH+CH3<=>CH2(S)+H2O                 2.501E+13    0.000        0.00            
98.  OH+CH4<=>CH3+H2O                    1.000E+08    1.600     3120.00            
99.  OH+CO<=>H+CO2                       4.760E+07    1.228       70.00            
100. OH+HCO<=>H2O+CO                     5.000E+13    0.000        0.00            
101. OH+CH2O<=>HCO+H2O                   3.430E+09    1.180     -447.00            
102. OH+CH2OH<=>H2O+CH2O                 5.000E+12    0.000        0.00            
103. OH+CH3O<=>H2O+CH2O                  5.000E+12    0.000        0.00            
104. OH+CH3OH<=>CH2OH+H2O                1.440E+06    2.000     -840.00            
105. OH+CH3OH<=>CH3O+H2O                 6.300E+06    2.000     1500.00            
106. OH+C2H<=>H+HCCO                     2.000E+13    0.000        0.00            
107. OH+C2H2<=>H+CH2CO                   2.180E-04    4.500    -1000.00            
108. OH+C2H2<=>H+HCCOH                   5.040E+05    2.300    13500.00            
109. OH+C2H2<=>C2H+H2O                   3.370E+07    2.000    14000.00            
110. OH+C2H2<=>CH3+CO                    4.830E-04    4.000    -2000.00            
111. OH+C2H3<=>H2O+C2H2                  5.000E+12    0.000        0.00            
112. OH+C2H4<=>C2H3+H2O                  3.600E+06    2.000     2500.00            
113. OH+C2H6<=>C2H5+H2O                  3.540E+06    2.120      870.00            
114. OH+CH2CO<=>HCCO+H2O                 7.500E+12    0.000     2000.00            
115. 2HO2<=>O2+H2O2                      1.300E+11    0.000    -1630.00            
     DUPLICATE                                                                      
116. 2HO2<=>O2+H2O2                      4.200E+14    0.000    12000.00            
     DUPLICATE                                                                      
117. HO2+CH2<=>OH+CH2O                   2.000E+13    0.000        0.00            
118. HO2+CH3<=>O2+CH4                    1.000E+12    0.000        0.00            
119. HO2+CH3<=>OH+CH3O                   2.000E+13    0.000        0.00            
120. HO2+CO<=>OH+CO2                     1.500E+14    0.000    23600.00            
121. HO2+CH2O<=>HCO+H2O2                 1.000E+12    0.000     8000.00            
122. C+O2<=>O+CO                         5.800E+13    0.000      576.00            
123. C+CH2<=>H+C2H                       5.000E+13    0.000        0.00            
124. C+CH3<=>H+C2H2                      5.000E+13    0.000        0.00            
125. CH+O2<=>O+HCO                       3.300E+13    0.000        0.00            
126. CH+H2<=>H+CH2                       1.107E+08    1.790     1670.00            
127. CH+H2O<=>H+CH2O                     5.710E+12    0.000     -755.00            
128. CH+CH2<=>H+C2H2                     4.000E+13    0.000        0.00            
129. CH+CH3<=>H+C2H3                     3.000E+13    0.000        0.00            
130. CH+CH4<=>H+C2H4                     6.000E+13    0.000        0.00            
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Appendix 1 (continued) 
          Reactions                           A         β          E  
 
131. CH+CO(+M)<=>HCCO(+M)                5.000E+13    0.000        0.00            
     Low pressure limit:                 2.690E+28   -3.740     1936.00             
     Troe parameters: =a 0.5757, 

     =***T 237.00, =*T 1652.00, =**T 5069.00                                    
     Enhanced third-body efficiencies: 
     H2/2.00/ H2O/6.00/ CH4/2.00/  
     CO/1.50/ CO2/2.00/ C2H6/3.00/  
     AR/0.70/              
132. CH+CO2<=>HCO+CO                     3.400E+12    0.000      690.00            
133. CH+CH2O<=>H+CH2CO                   9.460E+13    0.000     -515.00            
134. CH+HCCO<=>CO+C2H2                   5.000E+13    0.000        0.00            
135. CH2+O2<=>OH+HCO                     1.320E+13    0.000     1500.00            
136. CH2+H2<=>H+CH3                      5.000E+05    2.000     7230.00            
137. 2CH2<=>H2+C2H2                      3.200E+13    0.000        0.00            
138. CH2+CH3<=>H+C2H4                    4.000E+13    0.000        0.00            
139. CH2+CH4<=>2CH3                      2.460E+06    2.000     8270.00            
140. CH2+CO(+M)<=>CH2CO(+M)              8.100E+11    0.500     4510.00            
     Low pressure limit:                 2.690E+33   -5.110     7095.00             
     Troe parameters: =a 0.5907, 

     =***T 275.00, =*T 1226.00, =**T 5185.00  
     Enhanced third-body efficiencies:                                   
     H2/2.00/ H2O/6.00/ CH4/2.00/  
     CO/1.50/ CO2/2.00/ C2H6/3.00/  
     AR/0.70/              
141. CH2+HCCO<=>C2H3+CO                  3.000E+13    0.000        0.00            
142. CH2(S)+N2<=>CH2+N2                  1.500E+13    0.000      600.00            
143. CH2(S)+AR<=>CH2+AR                  9.000E+12    0.000      600.00            
144. CH2(S)+O2<=>H+OH+CO                 2.800E+13    0.000        0.00            
145. CH2(S)+O2<=>CO+H2O                  1.200E+13    0.000        0.00            
146. CH2(S)+H2<=>CH3+H                   7.000E+13    0.000        0.00            
147. CH2(S)+H2O(+M)<=>CH3OH(+M)          2.000E+13    0.000        0.00            
     Low pressure limit:                 2.700E+38   -6.300     3100.00             
     Troe parameters: =a 0.1507, 

     =***T 134.00, =*T 2383.00, =**T 7265.00  
     Enhanced third-body efficiencies:                          
     H2/2.00/ H2O/6.00/ CH4/2.00/  
     CO/1.50/ CO2/2.00/ C2H6/3.00/                       
148. CH2(S)+H2O<=>CH2+H2O                3.000E+13    0.000        0.00            
149. CH2(S)+CH3<=>H+C2H4                 1.200E+13    0.000     -570.00            
150. CH2(S)+CH4<=>2CH3                   1.600E+13    0.000     -570.00            
151. CH2(S)+CO<=>CH2+CO                  9.000E+12    0.000        0.00            
152. CH2(S)+CO2<=>CH2+CO2                7.000E+12    0.000        0.00            
153. CH2(S)+CO2<=>CO+CH2O                1.400E+13    0.000        0.00            
154. CH2(S)+C2H6<=>CH3+C2H5              4.000E+13    0.000     -550.00            
155. CH3+O2<=>O+CH3O                     2.675E+13    0.000    28800.00            
156. CH3+O2<=>OH+CH2O                    3.600E+10    0.000     8940.00            
157. CH3+H2O2<=>HO2+CH4                  2.450E+04    2.470     5180.00            
158. 2CH3(+M)<=>C2H6(+M)                 2.120E+16   -0.970      620.00            
     Low pressure limit:                 1.770E+50   -9.670     6220.00             
     Troe parameters: =a 0.5325, 

     =***T 151.00, =*T 1038.00, =**T 4970.00  
     Enhanced third-body efficiencies:                                   
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Appendix 1 (continued) 
          Reaction                            A         β          E  
 
     H2/2.00/ H2O/6.00/ CH4/2.00/  
     CO/1.50/ CO2/2.00/ C2H6/3.00/  
     AR/0.70/              
159. 2CH3<=>H+C2H5                       4.990E+12    0.100    10600.00            
160. CH3+HCO<=>CH4+CO                    2.648E+13    0.000        0.00            
161. CH3+CH2O<=>HCO+CH4                  3.320E+03    2.810     5860.00            
162. CH3+CH3OH<=>CH2OH+CH4               3.000E+07    1.500     9940.00            
163. CH3+CH3OH<=>CH3O+CH4                1.000E+07    1.500     9940.00            
164. CH3+C2H4<=>C2H3+CH4                 2.270E+05    2.000     9200.00            
165. CH3+C2H6<=>C2H5+CH4                 6.140E+06    1.740    10450.00            
166. HCO+H2O<=>H+CO+H2O                  2.244E+18   -1.000    17000.00            
167. HCO+M<=>H+CO+M                      1.870E+17   -1.000    17000.00            
     Enhanced third-body efficiencies: 
     H2/2.00/ H2O/0.00/ CH4/2.00/  
     CO/1.50/ CO2/2.00/ C2H6/3.00/                       
168. HCO+O2<=>HO2+CO                     7.600E+12    0.000      400.00            
169. CH2OH+O2<=>HO2+CH2O                 1.800E+13    0.000      900.00            
170. CH3O+O2<=>HO2+CH2O                  4.280E-13    7.600    -3530.00            
171. C2H+O2<=>HCO+CO                     5.000E+13    0.000     1500.00            
172. C2H+H2<=>H+C2H2                     4.070E+05    2.400      200.00            
173. C2H3+O2<=>HCO+CH2O                  3.980E+12    0.000     -240.00            
174. C2H4(+M)<=>H2+C2H2(+M)              8.000E+12    0.440    88770.00            
     Low pressure limit:                 7.000E+50   -9.310    99860.00             
     Troe parameters: =a 0.7345, 

     =***T 80.00, =*T 1035.00, =**T 5417.00                                    
     Enhanced third-body efficiencies: 
     H2/2.00/ H2O/6.00/ CH4/2.00/  
     CO/1.50/ CO2/2.00/ C2H6/3.00/  
     AR/0.70/              
175. C2H5+O2<=>HO2+C2H4                  8.400E+11    0.000     3875.00            
176. HCCO+O2<=>OH+2CO                    1.600E+12    0.000      854.00            
177. 2HCCO<=>2CO+C2H2                    1.000E+13    0.000        0.00            
178. CHA+O2=>CH+O2                  2.40E+12     0.5          0.    
179. C2H+O2=>CHA+CO2               4.50E+15     0.00     25083.61  
180. C2+OH=>CHA+CO                       3.61E+11     0.00         0.    
181. C2+H2<=>C2H+H                       4.00E+05     2.4       1000.    
182. C2+O2<=>CO+CO                       5.00E+13     0.00         0.     
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