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Carbon nanomaterials exhibit many remarkable electrical and physical properties.  An 

ongoing challenge associated with specific novel carbon nanomaterials, such as graphene, 

is the development of large-scale production methods at low cost.  The broad objective of 

this work is to investigate flame synthesis of carbon nanomaterials, specifically graphene 

and carbon nanotubes (CNTs), using open-atmosphere processing, with an eye towards 

scalability.  An experimental study using a novel setup, based on multiple inverse-

diffusion flames is undertaken to investigate the direct flame-synthesis of CNTs and 

graphene on metal substrates.  

Few-layer graphene (FLG) is grown on copper and nickel substrates at high rates 

using the novel flame-synthesis burner.  Substrate material (i.e. copper, nickel, cobalt, 

iron, and copper-nickel alloy), along with its temperature and hydrogen pretreatment, 

strongly impacts the quality and uniformity of the graphene films.  The growth of FLG 

occurs in the temperature range 750-950
°
C for copper and 600-850

°
C for nickel and 

cobalt.  For iron, the growth of graphene is not exclusively observed.   
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 CNT growth is observed on a number of substrates.  Transitional growth between 

CNTs and graphene films occurs on nickel and nickel alloys, depending on composition 

and temperature.  For nickel, copper-nickel, nitinol, and Inconel substrates, CNTs grow at 

500°C.  The transitional growth to few-layer graphene is observed on nickel, copper-

nickel and Inconel by changing the substrate temperature to 850°C.  The growth of 

graphene is not observed on nitinol for the examined experimental conditions.  

 The growth of few-layer graphene films and CNTs are also investigated using 

various metal-oxide spinels as catalysts.  The growth of CNTs is examined on NiAl2O4, 

CoAl2O4 and ZnFe2O4 using counterflow diffusion flame and multiple inverse-diffusion 

flames, while the growth of graphene is examined on CuFe2O4 using multiple inverse-

diffusion flames. 

Finally, the growth of CNTs and iron oxide is studied on stainless steel.  At low 

temperatures (500
o
C) the growth of α-Fe2O3 is observed, while at higher temperatures 

(850
o
C) the growth of CNTs is observed.  Additionally, by following a two-step growth 

process, where the temperature is changed from 500
o
C to 850

o
C, the growth of CNTs and 

γ-Fe2O3 occurs. 
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Preface 

Much of the content in Chapters 4, 5, 6, 7, and 8 is verbatim from published or soon to be 

submitted for publication papers [1-4]; and I have obtained permission from the co-

authors to include them in my thesis.  Additionally, other chapters have wording similar 

to or identical to that found in the papers referenced below. 
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Chapter 1 

1. Introduction 

 

Flame synthesis is widely used to manufacture commercial quantities of nanoparticles.  

Of the most commonly used nanoparticles, i.e. carbon black, fumed silica, and titania, 

flame synthesis is the dominant technique in the production of these materials.  

Production volume of the flame synthesis industry is on the order of 100 metric tons per 

day [1].  

 A key advantage of flames is that it readily provides the high temperature 

necessary for gas phase synthesis.  Additionally, flames can naturally provide a 

carbonizing or oxidizing environment.  The scalability of flames has been demonstrated 

since World War II, when there was a high demand for carbon black due to the growing 

tire market [2].  Shortly after, flames were widely used in the production of fumed SiO2, 

TiO2, and Al2O3, where chloride-based precursors are typically used to inject Si, Ti, or Al 

into the synthesizing flame.  A similar process is currently utilized to synthesize SiO2-

GeO2 for the commercial manufacturing of light guides and optical fibers [2].      

 The importance of flame synthesis is apparent, as the technique continues to 

develop, being used currently in the production of advanced materials.  While the flame 

synthesis of aerosol represents a major industry, limited progress has been reported in the 

extension of flames to a chemical vapor deposition (CVD)-type process.  Such 

development could lead to a more scalable and robust method for the growth of 

nanomaterials on substrates and surfaces, e.g. as coatings.    
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1.1 Motivation  

Carbon-based nanostructures and films define a new class of engineered materials that 

display remarkable physical, photonic, and electronic properties.  Graphene is a 

monolayer of sp
2
-bonded carbon atoms in a two-dimensional (2-D) structure.  This layer 

of atoms can be wrapped into 0-D fullerenes, rolled into 1-D nanotubes, or stacked as in 

3-D graphite.  Graphene and carbon nanotubes (CNTs) exhibit unique electronic and 

photonic properties, high thermal conductivity, and exceptional mechanical strength.  

Recently, the discovery of graphene by micro-cleaving has generated intensive 

experimental research into its fabrication.  Production methods that currently exist 

include ultrahigh vacuum (UHV) annealing of SiC, and chemical vapor deposition 

(CVD).  Common techniques for CNT fabrication include plasma-arc discharge, laser 

ablation, and CVD.  

Although these methods have been met with some success, they are not readily or 

economically scalable for large-area applications or may be subject to batch-to-batch 

inconsistencies.  Combustion synthesis has demonstrated a history of scalability and 

offers the potential for high-volume continuous production at reduced costs.  In utilizing 

combustion, a portion of the hydrocarbon gas provides the elevated temperatures 

required, with the remaining fuel serving as the hydrocarbon reagent, thereby constituting 

an efficient source of both energy and hydrocarbon reactant.  This can be especially 

important as the operating costs for producing advanced materials, especially in the 

semiconductor industry, far exceed the initial capital equipment costs.  Various 

morphologies of CNTs, carbides, and semiconducting metal-oxide and carbide nanowires 
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have been produced using air-fuel combustion-based configurations, using both aerosol 

and supported-substrate methods. 

The growth of these nanostructures and films over large areas remains especially 

challenging.  Moreover, current processing methods can be complex, while still 

characterized by low growth rates and low total yield densities.  Accordingly, it is evident 

that there is a strong need for better methods of synthesizing nanostructured materials, 

particularly carbon-based nanostructures. 

 

1.2 Research Innovation and Direction 

The unique synthesis configuration undertaken in this work is the multiple inverse-

diffusion (non-premixed) flame burner, where the post-flame species are directed at a 

substrate to grow carbon nanomaterials.  The burner operates in an inverse mode, where 

for each distinct flame in the planar array, oxidizer is in the center, and fuel (e.g. H2, 

CH4) surrounds it.  The hydrocarbon species (rich in Cn and CO), which serve as reagents 

for graphene or CNT growth, are generated in much greater quantities than that 

achievable in stable, self-sustained premixed flames.   By using diffusion flames (burning 

stoichiometrically in the reaction zone), flame speed, flashback, and cellular instabilities 

related to premixed flames are avoided.   

Operation of a multiple inverse-diffusion burner has no scaling problems by 

allowing for stability at all burner diameters, where the issuing flow velocity can be 

independent of the burner diameter.  Moreover, since many small diffusion flames are 

utilized, overall radially-flat profiles of temperature and chemical species are established 

downstream of the burner, ensuring uniform growth. Advantages of the this method are 
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scalability for large-area surface coverage, increased growth rates, high purity and yield, 

continuous processing, and reduced costs due to efficient use of fuel as both heat source 

and reagent.  

The research is primarily focused on growing carbon nanomaterials using transitional 

metals and alloys, such as copper (Cu), nickel (Ni), cobalt (Co), iron (Fe), Inconel, Ni-Cu 

alloy, and stainless steel.  The key factors for carbon nanomaterial growth on metals 

involve carbon solubility, melting point, and chemical stability.  Given the different 

properties of each transitional metal, we seek to identify the conditions suitable for the 

growth of graphene and CNTs.  Our system requires no prior substrate preparation and 

permits open-environment processing.  Also, using the multiple inverse-diffusion flame 

setup, we examine the effects of flame structure, flame temperature, fuel to oxidizer ratio, 

inert addition, hydrogen addition, residence time, and other parameters that impact the 

formation of graphene and CNTs. 

 

1.3 Research Objective 

While a number of different flame configurations are used for the production of CNTs, 

the number of reports on the flame synthesis of graphene is limited.  A key reason for this 

discrepancy is that graphene was only recently “discovered” as compared to CNTs.  

Another reason is that the flame synthesis of graphene may be more challenging when 

compared to that for CNTs.  Graphene being a two-dimensional material requires large-

scale production across a substrate.  Due to the temperature and species gradients that 

occur in most flames, it is difficult to scale the growth of graphene across an entire 

substrate.  Moreover, a reduced environment with carbon rich species, which is necessary 
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for graphene growth, is difficult to achieve in most flames.  The method of interest of this 

thesis is based on operating multiple diffusion flames in an inverse mode.  This multiple 

inverse-diffusion flame burner can establish a reduced environment with carbon rich 

species suitable for the growth of graphene.  At the same time, this burner can be used for 

the growth of CNTs. 

Therefore, the objective of this thesis is to investigate the growth of graphene 

using flame synthesis.  The use of flames for graphene synthesis is still in its early stage, 

hence this work will aim to increase the fundamental understanding of the mechanisms 

involved for graphene growth.  Additionally, this thesis seeks to establish the parameters 

suitable for the growth of graphene and CNTs using the multiple inverse-diffusion 

burner.    

The research components of this thesis involve: 

1 Novel Multiple Inverse-diffusion Flame Burner.  A new setup, based on multiple 

inverse diffusion flames, is designed and built for carbon nanomaterial synthesis.  

2 Graphene Film Synthesis. In order to use graphene or few-layer graphene (FLG) in 

many applications, large-scale synthesis methods are required. This thesis 

investigates the direct flame-synthesis of FLG on transitional metals.  FLG can be 

transferred to SiO2/Si and quartz by spin-coating a thin layer of poly-

methylmethacrylate (PMMA) and etching away the transitional metal.  Once 

transferred, the optoelectronic properties of the FLG are examined.  Raman 

spectroscopy, analytical electron microscopy techniques, and X-ray photoelectron 

spectroscopy are used to verify the quality and uniformity of the FLG across the 

substrate.  
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Substrate material (i.e. copper, nickel, cobalt, iron, and copper-nickel alloy), 

along with its temperature and hydrogen pretreatment, strongly impacts the quality 

and uniformity of the graphene films.  Thus these parameters are examined in the 

growth of FLG.   

3 CNT Synthesis.  In previous studies [3,4], well-aligned multi-walled CNTs with 

uniform diameters (<15 nm) were grown in 1 and 2-D diffusion flame configurations, 

which are excellent for fundamental investigation, but are limited in their potential for 

scale up.  Hence, the scalable growth of CNTs on large substrates is explored using 

the novel burner.  

4 Transitioning Growth from CNTs to Graphene.  This thesis investigates the 

conditions that enable the transitional growth between CNTs and graphene using the 

multiple inverse-diffusion burner.   

5 Graphene and CNT Synthesis using Spinels. Solid oxide solutions containing 

transition metal ions (spinels) have been used to produce CNTs.  Spinels can be 

readily reduced at high temperatures and provide metal particles, which can enable 

the scalable growth of CNTs and graphene on composites or arbitrary substrates.  

CNT and graphene growth occurs through decomposition of flame-generated carbon 

precursors (e.g. CH4, CO and C2H2) over nanoparticles (i.e. Cu, Ni, Co, and Fe) 

reduced from the solid oxide.  The growth of CNTs is explored on NiAl2O4, CoAl2O4 

and ZnFe2O4, using  both counterflow diffusion flame and multiple inverse-diffusion 

flames, while the growth of graphene is investigated on CuFe2O4 using only multiple 

inverse-diffusion flames.    
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6 CNT and Iron-oxide Synthesis on Stainless Steel.  This thesis explores the growth of 

CNTs and iron-oxide on a stainless steel substrate using multiple inverse-diffusion 

flames.  

 

1.4 Approach  

Figure 1.1 depicts the general approach undertaken to understand the growth mechanisms 

involved in flame synthesis of CNT and graphene films.  A number of different 

parameters are investigated, and the results from the ex-situ characterization help to guide 

the experiment.  Overall a set of optimal parameters are determined for graphene and 

CNT growth.  

 

Figure 1.1.  General approach used for nanomaterial synthesis. 
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1.5 Outline of this dissertation  

Chapter 2 provides a background review on graphene and CNTs along with different 

synthesis methods.  Chapter 3 describes the experimental setup and the characterization 

techniques employed.  Chapter 4 discusses the structure, property, and thickness of the 

graphene films prepared on copper and nickel.  Chapter 5 further discusses the role of the 

substrate material, such as copper, nickel, cobalt, copper-nickel, and iron, on the growth 

of graphene.  Additionally the impact of hydrogen and substrate temperature is discussed.  

Chapter 6 presents the growth of CNTs on various transitional metal alloys.  Chapter 7 

discusses the transition between CNTs and graphene on nickel alloys as a function of 

temperature.  Chapter 8 investigates the use of metal-oxide spinels for the growth of 

graphene and CNTs.  Chapter 9 examines the growth of iron oxide and CNTs on stainless 

steel as a function of temperature.  Lastly, Chapter 10 highlights some concluding 

remarks and suggestions for future work.   
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Chapter 2 

2. Literature Review 

2.1 Introduction  

Carbon atoms can be arranged in a number of different structural forms (Fig. 2.1), which 

greatly impacts the properties of the material.  The oldest forms of carbon that were 

discovered include diamond and graphite.  Diamond is the strongest and hardest known 

material, while graphite is one of the best lubricants.  Other forms of carbon include 

fibers and tubes, which can have an extremely high strength, and fullerene molecules that 

are comprised of 60 carbon atoms in a soccer ball shape [1].  These different structures, 

with varying properties all have the same building block that is carbon.  Hence the 

fascination and amazement around carbon has been recorded for centuries and new forms 

are still being discovered (Table 2.1).               

 

Figure 2.1  Various forms of pure carbon (reproduced from [2]). 

Diamond 

C60 Buckminsterfullerene

Graphite

Nanotube
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First "lead" pencils 1600's 

Discovery of the carbon composition of 

diamond 

1797 

First carbon electrode for electric arc 1800 

Graphite recognized as a carbon polymorph 1855 

First carbon filament 1879 

Chemical vapor deposition (CVD) of 

carbon patented 

1880 

Production of first molded graphite 

(Acheson process) 

1896 

Industrial production of pyrolytic graphite 1950s 

Industrial production of carbon fibers from 

rayon 

1950s 

Discovery of low-pressure diamond 

synthesis 

1970s 

Development of diamond-like carbon 

(DLC) 

1980s 

Discovery of the fullerene molecules Late 1980s 

Discovery and development of carbon 

nanotubes (CNTs) 

1991 

Industrial production of CVD diamond 1992 

4 cm long single-wall nanotube (SWNT) 2004 

Discovery of Graphene 2004 

Sorting of CNTs by size and properties  2006 

CVD production of large graphene films  2010 

Table 2.1  Chronology and Development of Carbon (reproduced from [3]). 
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The allotropes of carbon play an important role in the progress of nanoscience. 

New properties of carbon nanostructures are constantly being realized, resulting in the 

discovery of numerous applications.  A key component for such applications requires an 

understanding of the synthesis of carbon nanostructures.  Hence this chapter will discuss 

the properties, applications, and synthesis of carbon nanostructures.  Specifically the 

focus will be on sp
2
 hybridized carbon, graphene and nanotubes, which has intrigued 

scientist the most over the past decade.     

2.2 Graphene Background 

2.2.1  Graphene structure and properties  

Graphene comprises of a monoatomic layer of carbon atoms arranged hexagonally. The 

hexagonal graphene lattice belongs to the plane group p6m with a basis of two carbon 

atoms.  Intrinsic ripples within graphene are confirmed using Monte Carlo simulation [4] 

and transmission electron studies (TEM) [5].  These ripples tend to have a horizontal 

dimension of 8 to 10 nm with a vertical displacement of 0.7 to 1 nm (see Fig. 2.2).  The 

stacking of graphene layers along the vertical axis is known as graphite.  When the 

stacking is under 10 layers the material is referred to as few-layer graphene (FLG).   

 

 

Figure 2.2  Monte Carlo simulation of rippled graphene. The arrows are ~8 nm long 

(reproduced with caption from [4]).  
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The bond between carbon atoms within graphene occurs due to sp
2
 orbital 

hybridization, which is comprised of a single 2s carbon orbital along with two 2p carbon 

orbitals. This results in the carbon atom forming three sigma (σ) bonds with its nearest 

neighbors. The bond direction is along the hexagonal graphene plane. Additionally, there 

is a half-filled 2p orbital which results in the formation of pi (π) bonds that is 

perpendicular to the graphene plane. The σ bonds give arise to the mechanical properties 

of graphene, while the π bonds enable electrical conduction in graphene or graphite. 

 

2.2.1.1  Electrical properties  

Graphene has a unique structure for its charge carriers that resemble massless relativistic 

particles (Dirac fermions) [7-9].  Also, the primary Brillouin zone contains two different 

points K and K’ (Dirac points), where a band crossing takes place, this results in 

graphene being a zero band gap semiconductor (see Fig. 2.3). Graphene exhibits high 

electronic conductivity due to its well-defined crystal structure.  For mechanically 

exfoliated graphene on Si/SiO2, the mobility is measured at ~200,000 cm
2
 at a carrier 

density of 2 x 10
11

 cm
-2

 [10,11] (see Fig. 2.4). 
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Figure 2.3  Bandgap in graphene devices. Schematic diagrams of the lattice structure of 

monolayer (a) and bilayer (b) graphene. The green and red colored lattice sites indicate 

the A (A1/A2) and B (B1/B2) atoms of monolayer (bilayer) graphene, respectively. The 

diagrams represent the calculated energy dispersion relations in the low-energy regime, 

and show that monolayer and bilayer graphene are zero-gap semiconductors (for bilayer 

graphene, a pair of higher-energy bands is also present, not shown in the diagram). (c) 

When an electric field ( ) is applied perpendicular to the bilayer, a bandgap is opened in 

bilayer graphene, whose size (2 ) is tunable by the electric field (reproduced with caption 

from [6]). 

 

 

Figure 2.4  (A) Measured four-probe resistivity as a function of gate voltage before (blue) 

and after (red) current annealing; data from traditional high-mobility device on the 

substrate (gray dotted line) shown for comparison. The gate voltage is limited to ±5 V 

range to avoid mechanical collapse. (B) Mobility as a function of carrier density n for the 

same devices. (C) AFM image of the setup before the measurements (reproduced with 

caption from [10,11]). 
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2.2.1.2  Mechanical properties   

The mechanical properties of graphene are measured using numerical simulation, AFM, 

and Raman.  It is reported that the Young’s modulus of graphene is 1 TPa and the 

fracture strength is 130 GPa [12].  Similar results are observed for FLG [13].  

Compressive and tensile strain can be measured by monitoring the change in the G and 

2D peak of the Raman spectrum, when a stress is applied [14].  Mechanical properties of 

graphene are summarized in Table 2.2.      

 

Table 2.2  Mechanical properties of graphene (reproduced with caption from [11]). 

  

2.2.1.3  Optical properties  

Graphene absorbs only 2.3% of incident light over a broad wavelength from 300 to 

2,500nm.  A peak in the ultraviolet region (~270nm) occurs due to an exciton-shifted 

singularity in the graphene density of states [15]. In FLG, each layer is perceived as a 2D 

electron gas, hence little perturbation happens from adjacent layers [15].  Thus, the 

absorption of light follows a linear relation with the increase of each layer of graphene 

[16].  Optical image contrast enables the identification of graphene on Si/SiO2.  This 

technique can also be used to approximate the number of graphene layers (see Fig. 2.5).  
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Figure 2.5 (a) Photograph of a 50-μm aperture partially covered by graphene and its 

bilayer. The line scan profile shows the intensity of transmitted white light along the 

yellow line. Inset shows the sample design: a 20-μm thick metal support structure has 

apertures 20, 30, and 50 μm in diameter with graphene flakes deposited over them; (b) 

Optical image of graphene flakes with one, two, three, and four layers on a 285-nm thick 

SiO2-on-Si substrate (reproduced with caption from [17-19]). 

 

2.2.1.4  Thermal properties  

Thermal management is a key factor that determines the performance of a material for 

electronic devices.  Large amounts of heat need to effectively be dissipated for higher 

performance electronic devices.  Recently, extremely high thermal conductivity ~5000 

W/mK was reported for suspended graphene [20], whereas for supported graphene this 

value is around 600 W/mK [21].  An effective method to measure the thermal 

conductivity is using confocal micro-Raman spectroscopy (see Fig. 2.6).  The 

temperature change is determined by measuring the shift in the graphene G peak. For 

FLG the thermal conductivity is typically lower and in the range between 1000 to 3000 

W/mK [22]. A number of factors such as defects, edge scattering, and doping can 

strongly impact the thermal conductivity of graphene [23,24]. Typically much lower 
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values are observed for non-pristine graphene such as graphene oxide [25] (see Table 

2.3).    

 

Figure 2.6  Thermal conductivity measurement of graphene using Raman spectroscopy 

(reproduced with caption from [22]). 

 

 

Table 2.3 Thermal conductivity of graphene and graphene oxide based materials 

(reproduced with caption from [11]). 
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2.2.2  Graphene synthesis  

Initially discovered by micromechanical exfoliation of graphite [26], graphene has 

generated intense experimental research on its fabrication.  Widespread use of graphene 

will require large-scale synthesis methods.  Production methods for graphene that 

currently exist include mechanical or liquid exfoliation, ultrahigh vacuum (UHV) 

annealing of SiC, and chemical vapor deposition (CVD).  Additionally, the chemical 

conversion of graphite to graphene oxide can be performed.  

 

2.2.2.1  Micromechanical exfoliation 

Micromechanical exfoliation involves peeling highly ordered pyrolytic graphite (HOPG) 

using adhesive tape [27] (see Figure 2.7).  Since each layer of graphene is connected to 

the other layer by van der Waals bonding, it is feasible to cleave HOPG.  Typically the 

peeling is performed multiple times.  This process can also be used to produce FLG.  This 

is the simplest method for graphene production and is commonly used in laboratory 

experiments, however it is not scalable for large-scale graphene growth.       

 

Figure 2.7 Mechanical exfoliation of graphene using scotch tape from HOPG (reproduced 

with caption from [11]).  
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2.2.2.2  Liquid-phase exfoliation 

Liquid-phase exfoliation (LPE) involves using a solvent to exfoliate graphite by 

ultrasonication [28,29].  Commonly used solvents include acetic acid, sulfuric acid, and 

hydrogen peroxide [11].  The ultrasonication time is usually 60 minutes with a power of 

250 to 500 W.  Green and Hersam reported the use of sodium cholate as a surfactant for 

the exfoliation of graphene [30] (see Fig. 2.8).  Additionally, they were able to separate 

the sheets by density gradient ultracentrifugation, which enabled the isolation of graphene 

from FLG.  LPE can also be used for the production of graphene nanoribbons [31], where 

the width of the graphene sheet is less than 10 nm.  While LPE represent a scalable 

method for the production of graphene, large scale film growth remains challenging.   

 

Figure 2.8 (A) Photograph of a centrifuge tube following the first iteration of density 

gradient ultracentrifugation (DGU). The concentrated graphene was diluted by a factor of 

40 to ensure that all graphene bands could be clearly resolved in the photograph. Lines 

mark the positions of the sorted graphene fractions within the centrifuge tube. (B and C) 

Representative AFM images of graphene deposited using fractions f4 (B) and f16 (C) 

onto SiO2. (D) Height profile of regions marked in panels B (blue curve) and C (red 

curve) demonstrating the different thicknesses of graphene flakes obtained from different 

DGU fractions (reproduced with caption from [11,30]). 



                                                                                                                                 19 

 

 

2.2.2.3  Graphene Oxide  

Production of graphite oxide using the Hummers method has been known for over 50 

years [32].  Strong acids such as sulfuric acid (H2SO4), sodium nitrate (NaNO3), or 

potassium permanganate (KMnO4) are used in the production of graphite oxide.  The 

sonication of graphite oxide results in the synthesis of graphene oxide (GO).  Through 

this process, it is possible to obtain monolayer or few-layer GO.  However this method 

disrupts the sp
2
 lattice of graphene, as it can contain epoxide or hydroxyl groups.  The 

reduction of GO (called rGO) [33] can partially remove the hydroxyl or epoxide groups 

(see Figure 2.9). Despite the reduction, rGO does not exhibit the same properties as 

graphene. Nevertheless, this method has several advantages such as the ability to produce 

large sheets at low cost using a facile process [34].   

 

Figure 2.9  Illustration on the preparation of reduced graphene oxide (reproduced with 

caption from [35]). 
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2.2.2.4  Annealing of Silicon Carbide (SiC) 

When a SiC substrate is heated to a high temperature (around 1200
o
C), under ultrahigh 

vacuum (UHV), the silicon atoms sublimate from the surface [11].  Subsequently the 

carbon atoms rearrange to form graphene or FLG.  A number of parameters such as time 

and temperature strongly impact the film thickness and growth quality [36,37].  A key 

advantage of this process for the semiconductor industry is the direct growth of graphene 

on an insulating surface.  However, the price of a SiC wafer is expensive and the transfer 

of graphene to other substrates from SiC is challenging.  While the growth of graphene 

on SiC is suitable for certain high performance applications, such as THz frequency 

electronics [38], it is not viable for a wider range of graphene driven applications.      

2.2.2.5  CVD Synthesis 

Chemical vapor deposition (CVD) of graphene on transition metals such as nickel (Ni) 

[39,40] and copper (Cu) [41,42] shows the most potential for large-volume production of 

graphene.  While still in its early stages, CVD-grown graphene has already demonstrated 

excellent device characteristics [43], including an electron mobility of 7,350 cm
2
V

-1
s

-1
 

[38].  In addition, large scale roll-to-roll production of 30-inch graphene films was 

demonstrated using CVD [43] (Fig. 2.10).  The graphene obtained from this process is of 

high quality, with a sheet resistance of ~125 Ω/square and 97.4% optical transmittance.  

Graphene growth using CVD is fairly straightforward (Fig. 2.11), where a copper 

or nickel substrate is placed in an isothermal reactor at a temperature of around 1000
o
C.  

After the substrate is placed in the CVD reactor, hydrogen is added to the reactor.  This 

step is critical to eliminate any oxide layer present on the metal, for the case of Cu this 
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will reduce any native layers of CuO and Cu2O.  The hydrogen atmosphere also 

facilitates the growth of grain boundaries [38], which is necessary for the growth of high 

quality graphene.  Afterwards, a hydrocarbon gas (usually methane) is added to the 

reactor.  The hydrocarbon gas provides the necessary carbon species used in the growth 

of graphene.  The hydrocarbon to hydrogen ratio plays an important role in the growth of 

graphene.  If insufficient hydrogen is present, this could result in oxidized metal layers 

being present, which will lead to a disordered graphene structure.  In contrast, excess 

hydrogen can etch away graphene.  On polycrystalline substrates, the graphene flakes 

tend to have different lattice orientations. 

 

Figure 2.10 a) Schematic of the roll-based production of graphene films grown on a 

copper foil. The process includes adhesion of polymer supports, copper etching (rinsing) 

and dry transfer-printing on a target substrate. A wet-chemical doping can be carried out 

using a setup similar to that used for etching. (a) Roll-to-roll transfer of graphene films 

from a thermal release tape to a PET film at 120
o
C. (c) A transparent ultralarge-area 

graphene film transferred on a 35-in. PET sheet. (d) An assembled graphene/PET touch 

panel showing outstanding flexibility (reproduced with caption from [11,43]). 
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Figure 2.11 Schematic illustrating the three main stages of graphene growth on copper by 

CVD: (a) copper foil with native oxide; (b) the exposure of the copper foil to CH4/H2 

atmosphere at 1000 
o
C leading to the nucleation of graphene islands; (c) enlargement of 

the graphene flakes with different lattice orientations (reproduced with caption from 

[38]). 

 

Using CVD, graphene is grown onto transition metals, which provide a low 

energy pathway by forming intermediate compounds for the growth of graphene.  The 

first row of transition metals (Fe, Co, Ni, and Cu) is of great interest due to their low cost 

and high availability.  The difference in the carbon solubility between these metals (Fig. 

2.12) impacts the growth quality.  Fe has an asymmetrical distribution of electrons in the 

d-shell, which gives rises to its high carbon solubility and Cu has a filled 3d shell and has 

the lowest solubility of carbon.  Co and Ni have carbon solubility that falls in between Fe 

and Cu.  Due to its low carbon solubility, Cu is an ideal metal for growing single layer 

graphene.  When using Ni and Co it is common to get up to 10 layers of graphene. 

Similarly on Fe it is common to have FLG.  Figure 2.13 illustrates the growth of 

graphene or FLG on Ni, Fe, Co, and Cu using CVD.   
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Figure 2.12 Binary phase diagrams of transition metals and carbon. (a) Ni–C; (b) Co–C; 

(c) Fe–C; (d) Cu–C. The low carbon solubility in Cu, of 0.008 weight % at 1084 °C is 

highlighted in the inset of panel (d) (reproduced with caption from [38]). 
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Figure 2.13 Typical optical microscopy images, SEM images, and Raman spectroscopy 

of MLG and FLG grown on Ni (a-c), Fe (d-f), Co(g-i), and Cu (j-l) foil substrates using 

ethylene as the carbon source at 975
o
C. The growth time was 3 min, and the gas mixing 

ratio of C2H4/H2 was 5/500, and the cooling rate was 60 
o
C min

-1
. (a, d, g, and j). Optical 

microscope images of graphene. (b, e, h, and k) SEM images of graphene. (c, f, i, and l) 

Raman spectroscopy of graphene. Cu substrate background was subtracted. The spectra 

were normalized with the G-band (reproduced with caption from [44]). 
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The growth of graphite on Ni has been known and studied for nearly 50 years.  

From the phase diagram of nickel and carbon (Fig. 2.12), we see that at temperatures 

above 800
o
C, Ni and C form a metastable solid phase Ni3C.  Upon cooling, the carbon 

diffuses out of the Ni to form graphene layers.  This diffusion occurs at the grain 

boundaries, where the nucleation of graphene takes place.  However, due to the curvature 

of the grain boundaries, it is common for the nucleation of several layers of graphene to 

occur.  For this reason, it is difficult to grow a single layer of graphene on a large Ni 

substrate.  Additionally the nucleation of graphene results in the formation of graphene 

flakes, which then join with other flakes and grow in size.  When graphene flakes 

connect, wrinkles tend to form due to stress [40].  With such wrinkles, the subsequent 

formation of additional graphene layers result in a disordered structure. 

Graphene growth on Cu is not caused by the out-diffusion of carbon atoms, as is 

observed in the case of Ni.  Due to the fact that only a trivial amount of carbon is 

absorbed in copper, the graphene formation occurs due to the breakdown of the 

hydrocarbon gas on the surface.  Once the copper surface is covered by graphene, this 

deactivates the formation of any additional carbon structure since no metal catalyst is 

accessible [42].  Hence, Cu has proven to be especially effective in limiting the growth of 

graphene to a single layer and has been widely studied for the growth of graphene (Table 

2.4) using CVD.   

The graphene growth difference on metals was shown in an insightful experiment 

by the Ruoff group [45].  When using carbon isotope labeling (
12

C and 
13

C) the Raman 

peak of graphene is different.  Hence, in their experiment they used a sequence process of 

12
CH4 followed by 

13
CH4 to grow graphene.  In the case of Ni, the formation of graphene 
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had a random mix of 
12

C and 
13

C.  In contrast to Ni, Cu had regions of only 
12

C graphene 

and the overall growth pattern followed the precursor time sequence.  

Most practical applications of graphene require that the underlying surface be 

insulating.  For this reason, it is important to transfer the graphene sheet from the metal to 

an insulating surface such as SiO2 [42].  Additionally, this transfer is required to measure 

the opto-electronic properties of the synthesized graphene.  The commonly used process 

to transfer graphene is to first deposit and cure poly(methylmethacrylate) (PMMA) on the 

metal sheet.  Afterwards, etch the Cu metal sheet using iron chloride (FeCl3 in HCl/H2O). 

This gives a floating sheet of PMMA and graphene, which is rinsed in deionized water. 

Subsequently, one can transfer this layer to an insulating surface and use acetone to 

remove the PMMA layer (Fig. 2.14).  The transfer of the graphene sheet does result in 

cracks, particularly when transferring from Ni to an insulating surface.  In order to 

minimize the cracks, it is critical to have good adhesion between the graphene layer and 

the insulating substrate.  For this reason, the use of polyethylene terephthalate (PET) has 

been researched, which is shown to have good adhesion with graphene [38]. Other 

methods, such as applying a second coating of PMMA before using acetone have also 

shown to reduce the number of cracks [46].  
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Table 2.4 Summary of CVD conditions reported in the literature to grow graphene on 

copper (reproduced with caption from [38]).  
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Figure 2.14 Schematic illustration of CVD growth of graphene and its transfer process 

(reproduced with caption from [47]). 

 

2.2.2.6  Plasma enhanced CVD  

Plasma enhanced CVD (PECVD) is another method used for the production of graphene 

that is comparable to the thermal CVD process [48-50].  Both the growth of graphene and 

FLG has been reported using PECVD.  Typical growth conditions are 5 to 100% CH4 in 

H2 with a substrate temperature of 680
o
C [11,51]. The power of the plasma is 900W.  A 

key advantage of the process is the ability to grow graphene at lower temperatures and 

shorter duration (<5min).  However, the quality of the graphene film is typically lower 

when compared to thermal CVD.  

 Other less common methods used for the production of graphene that are not 

covered in this chapter are, total organic synthesis, un-zipping CNTs [52], and laser 

deposition [53].  
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2.3. Carbon Nanotube Background 

2.3.1  Carbon Nanotubes structure and properties  

Carbon nanotubes (CNTs) are sheets of graphene that can be rolled to form a tube.  A 

single-wall nanotube (SWNT) comprises of a single graphene sheet, while a multi-wall 

nanotube (MWNT) is formed from multiple graphene sheets [54].  The diameter of a 

SWNT is 1.4 nm, while the diameter of a MWNT can range from ten to several hundred 

of nanometers. For MWNTs, the spacing between the graphene layers is 0.34 nm.  The 

length of a CNT easily extends to the order of a micron, hence the disparity between the 

length and diameter makes CNTs a very unique structure.  CNTs have the highest aspect 

ratio (length to diameter) among all known materials.  Another key category that is used 

to describe a CNT is chirality [55], which signifies the twist within the graphene wall of 

the CNT.  Depending on the chirality, the CNT can either be semiconductive or metallic. 

The chirality of a CNT is uniquely identified using two indices (n,m) (Fig. 2.15). 

Commonly classified CNTs include arm-chair, (m,m) nanotubes, and zig-zag, (n,0) 

nanotubes (Fig. 2.16).   

 

Figure 2.15 Schematic honeycomb structure of a graphene sheet. Carbon atoms are at the 

vertices. SWNTs can be formed by folding the sheet along lattice vectors. The two basis 

vectors a1 and a2, and several examples of the lattice vectors are shown (reproduced with 

caption from [55]). 
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Figure 2.16  Schematic structures of SWNTs (a) A (10,10) arm-chair nanotube (metallic 

nanotube). (b) A (12, 0) zigzag nanotube. (A small band gap can develop due to the 

curvature of the nanotube.) (c) The (14, 0) zigzag tube is semiconducting. (d) A (7, 16) 

tube is semiconducting. This figure illustrates the extreme sensitivity of nanotube 

electronic structures to the diameter and chirality of nanotube (reproduced with caption 

from [55]). 

 

 The structure of a CNT, such as chirality and diameter, strongly impact its 

properties.  Similar to graphene, CNTs exhibit high strength due to the sp
2
 bonded carbon 

atoms.  A Young’s modulus of 1 TPa with a tensile strength of 63 GPa has been observed 

for CNTs [56,57].  Additionally CNTs are extremely flexible [57], however they undergo 

buckling under compression.  Both MWNTs and SWNTs show excellent thermal 

properties along the tube length.  The thermal conductivity for an isolated SWNT is 

around ~6600 W/mK [58], which is similar to the value obtained for graphene.  

 The electrical properties of a CNT can vary significantly based on the chirality. 

Depending on the indices (n,m), a SWNT is metallic when n – m = 3i, where i is an 
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integer.  All armchair nanotubes are metallic and roughly one-third of zigzag nanotubes 

are metallic.  The current density for a metallic nanotube can be 1000 greater than metals 

such as copper and silver [59].  Additionally CNTs have unique chemical properties 

when compared to other graphitic structures.  This is due to the curvature induced   σ – π 

hybridization on the surface and the large number of topological defects [59].   

 

2.3.2  CNT Synthesis  

Three basic components are typically required for the synthesis of CNTs: (i) a source of 

carbon; (ii) a source of heat; and (iii) the presence of certain metals.  A number of 

techniques have been developed for CNT synthesis, which include arc discharge, pulsed 

laser vaporization, and chemical vapor deposition.  

2.3.2.1  Arc discharge  

Arc discharge is the first method used for the synthesis of CNTs in 1991 by Iijima [60]. 

This technique involves the use of two graphite electrodes in a low-pressure chamber 

filled with argon or helium (Fig. 2.17a) [61].  A direct current is applied that causes the 

vaporization of the electrode, which results in the production of CNTs, amorphous 

carbon, fullerenes and other carbonaceous products.  SWNTs are formed by inserting a 

metal catalyst (Ni, Co or Fe) in the graphitic anode, while leaving the cathode as pure 

graphite [62].  While this process has played a critical role in the discovery of CNTs it is 

not preferred for scalable industrial production.  The overall synthesis process is 

discontinuous with significant attention needed between batches. 
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2.3.2.2  Pulsed Laser Deposition   

The pulsed laser deposition (PLD) method was initially developed by Smalley’s group at 

Rice University for the synthesis of CNTs (in 1995) and fullerenes [63].  In this 

technique, a laser is used to vaporize a graphite target or a carbon-containing feedstock 

(CH4 or CO) at low pressure (Fig. 2.17b).  The target is typically placed in a temperature 

controlled furnace. SWNTs are observed using a metal catalyst and optimal inert gas and 

catalyst mixture are similar for arc discharge and PLD [64].  While PLD is more scalable 

when compared to arc discharge, lasers are a costly energy source and thus not suitable 

for large scale production.   

2.3.2.3  Chemical Vapor Deposition   

Chemical vapor deposition (CVD) is a well-established and scalable method for the 

growth of CNTs (Fig. 2.17c).  A number of different CVD configurations have been 

utilized, including horizontal furnace, fluidized bed reactor, vertical furnace, and plasma 

enhanced CVD [62].  A key advantage of the horizontal furnace is that it is isothermally 

heated; hence there is no temperature gradient across the substrate.  A wide range of 

temperatures from 500
o
C to 1100

o
C have been reported for CNT growth.  A lower 

temperature growth typically involves using a plasma enhanced (PECVD) [65].  A 

number of different hydrocarbons in the form of gas, liquid, and solid can be used.  

The metal catalyst/substrate strongly impacts the growth of CNTs in a CVD 

reactor.  There are two methods for the introduction of the catalyst, the first being it is 

placed on the substrate prior to the synthesis, known as surface deposition, or the second 

being it is introduced as a precursor during the growth process, known as floating 
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catalyst.  The growth of MWNTs is usually observed during the surface deposition 

method, while the growth of SWNTs is observed using the floating catalyst method. 

Large quantities of CNTs have been produced using CVD, where Smalley and co-

workers reported that a high pressure reactor can yield ~10g/day of SWNTs [62,66].  A 

drawback of the CVD method is the time required for the synthesis process.     

  

 

Figure 2.17 Methods currently applied for the growth of CNTs: (a) the arc-discharge 

method; (b) the pulsed laser vaporization method; (c) the chemical vapor deposition 

method (reproduced with caption from [62]). 
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2.4 Applications of Graphene and Carbon Nanotubes 

The electrical, mechanical, and chemical properties of graphene and CNTs afford a wide 

range of applications.  Specific applications that are discussed in this section include 

sensors, transparent conductive films, clean energy devices, field effect transistors, 

composites, oxidation resistance, and catalysis.  

2.4.1  Sensors  

Due to the change in conductance as a function of surface adsorption, coupled with large 

specific surface area, both graphene and CNTs are promising materials for sensors 

[67,68].  A number of experiments have demonstrated the use of CNTs and graphene for 

sensors.  Adu et al. [69] showed the change in voltage by flowing He, N2, and H2 on a 

tangled mat of SWNTs.  Varghese et al. [70] constructed a device based on MWNTs to 

detect humidity, ammonia, carbon monoxide, and carbon dioxide.  There are a few 

drawbacks of using pristine CNTs as sensors, such as they lack specificity to distinguish 

between gases and limited sensitivity for certain gases.  Recently new sensors are being 

developed based on the functionalization of CNTs with conducting polymers and metal 

nanoparticles [71].  These new sensors should help overcome the limitations associated 

with sensors based on pristine CNTs.    

Graphene is also a promising candidate for the detection of gases.  Figure 2.18 

illustrates a typical setup where graphene is used to detect NH3. These results illustrate 

that NH3 molecules adsorb and dope the graphene surface.  Studies suggest that NH3 and 

CO molecules are donors, while H2O and NO2 are acceptors, on the graphene surface 

[72]. Graphene oxide is also used for various sensing applications, where it can detect at 



                                                                                                                                 35 

 

 

the parts-per-billion level [17]. Additionally, hybrid films based on CNTs and graphene 

exhibit enhanced sensitivity [73].    

 

Figure 2.18 (a) Schematic of a graphene gas sensor device. (b) Evolution of Ids - Vgs 

curves with the exposure to NH3 of the graphene for different durations (reproduced with 

caption from [17]). 

 

2.4.2  Transparent Conductive Films 

Indium tin oxide (ITO) is widely used in the production of transparent electrodes and is 

often the bench mark when comparing other transparent conductive films.  Commercially 

available ITO has a transmittance of around ~80% and a sheet resistance of 10 Ω/sq [32]. 

Due to the scarcity and rising cost of ITO, the scientific community is focused on 

developing alternatives to ITO.  Graphene and CNTs have the potential to replace ITO in 

devices.  While most methods that are used for graphene production result in a higher 

sheet resistance when compared to ITO (Fig. 2.19), the properties of CVD prepared 

graphene on Cu are similar to that of ITO (Table 2.5).  As for CNTs, a major drawback is 

the resistance from tube to tube, resulting in a higher sheet resistance (Table 2.6). 

Networks containing CNTs and graphene flakes could possible lower the sheet resistance 
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for CNT based transparent electrodes [74]. Nevertheless, graphene and CNTs are of 

significant importance as a viable alternative to ITO.  

 

 

Figure 2.19 Transmittance versus sheet resistance for graphene based on production 

strategies: triangles, CVD; blue rhombuses, micromechanical cleavage (MC); red 

rhombuses, organic synthesis from polyaromatic hydrocarbons (PAHs); dots, liquid-

phase exfoliation (LPE) of pristine graphene; and stars, reduced graphene oxide (RGO). 

A theoretical line as for equation is also plotted for comparison (reproduced with caption 

from [32]). 

 

 

Table 2.5 Comparison of sheet resistances of graphene based transparent conductive 

films (reproduced with caption from [74]). 
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Table 2.6 Comparison of sheet resistances from SWNT based transparent conductive 

films (reproduced with caption from [74]). 

 

2.4.3  Clean energy devices  

Carbon nanomaterials such as CNT, graphene, fullerene and carbon black are widely 

used in clean energy related devices.  Two specific applications that has been the focus of 

the scientific community, is the use of CNT or graphene based electrodes for 

electrochemical double layer capacitors (ELDC) and rechargeable lithium ion batteries 

(RLBs).  While the use of CNTs in clean energy applications has been predicted since the 

1990s [75], more recently graphene is expected to be a promising electrode material due 

to its high theoretical surface area of 2630 m
2
g

-1
 [67].    

 ELDCs are ultracapacitors that store charge at the interface between a high 

surface area electrode and electrolyte [67].  Activated carbon (supplemented with carbon 

black), due to its high specific surface area, is often used as an electrode in an EDLC. 

While the specific surface area (SSA) is the most important parameter that determines the 

performance of an ELDC, other parameters such as long cycling life and thermal stability 

are of equal importance.  Ni et al [76] used MWNTs as an electrode material for an 

EDLC with an SSA of 430m
2
g

-1
 and capacitance of 113 F g

-1
.  While a range of SSA and 
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capacitance values have been reported for graphene based EDLCs, Vivekchand et al. [77] 

demonstrated the use of reduced graphene oxide as an electrode with a SSA of 925m
2
g

-1
 

and capacitance of 117 F g
-1

.  In general graphene has a higher SSA and capacitance 

when compared with CNTs (Table 2.7).  

 

 

Table 2.7 Comparison of the EDLCs based on different carbon materials (reproduced 

with caption from [78]). 

  

RLB is the most used battery for portable electronics due to its high energy 

density, high voltage, and long cycling life.  The development of future devices, such as 

electric vehicles, depends on the continued advancement of RLBs.  Graphite is the 

commercialized anode used in LIB due to its good life-cycle performance and high 

columbic efficiency [78]. A limitation of graphite is that the specific capacitance is 

restricted to 372 mA h g
-1

, due to the formation of LiC6.  Kudo et al. [79] demonstrated 

that the specific capacitance of graphene oxide is 540 mA h g
-1

, which can further 

increase to 730 or 784 mA h g
-1

, with the addition of CNTs or C60. However a drawback 

is the rapid decrease in performance with increasing cycle numbers (Fig. 2.20).   
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Figure 2.20 Charge/discharge cycle performances of (a) graphite, (b) graphene, (c) 

graphene + CNT, and (d) graphene + C60 at a current density of 0.05 A g
-1

 (reproduced 

with caption from [78,79]). 

 

While significant progress has been made in the use of graphene for clean energy 

devices, numerous challenges still remain.  Specific challenges include: (i) structural 

defects and restacking of graphene limit the exposed surface area, such that the high 

theoretical SSA of graphene is unachievable, (ii) chemical and physical instability limits 

the life-time of graphene based devices, and (iii) a better understanding of the mechanism 

involved with the use of graphene.  Nevertheless, researchers believe graphene can still 

overcome many of the bottlenecks of current clean energy devices [78].      

2.4.4  Field effect transistor 

Due to the unique band structure and bipolar carriers of graphene, a gate electrical field 

can control the electrons and holes for usage in field effect transistors (FET) [67].  

Various high frequency FETs have been built using graphene.  A cutoff frequency of 100 

GHz was reported using graphene synthesis on SiC [80].  Similarly, CVD graphene from 
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copper was transferred to a wafer of diamond-like carbon and a cutoff frequency of 155 

GHz was reported [81].  Such performance can enable the next generation of transistors 

for radio-frequency applications.  Since graphene is a zero bandgap material, such 

devices cannot be used to replace silicon-based microprocessors.  Therefore the 

introduction of a bandgap within graphene is the subject of scientific research [82]. 

2.4.4  Composites 

Graphene and CNTs based polymer composites have shown enhanced properties related 

to tensile strength, elastic modulus, electrical conductivity, and thermal conductivity. A 

challenge associated with CNT based composites is that the CNTs tend to stay in 

bundles, rather than being distributed evenly throughout the composite [83,84]. Due to 

the high specific surface area, graphene can further increase the performance of various 

composites.  Graphene based polymer composites that have been studied include 

polystyrene (PS), PMMA, polyvinyl alcohol (PVA), polypropylene (PP), epoxy, 

polyester, silicone foam, polyurethane, poly(vinyldiene fluoride), and polycarbonate [67]. 

The addition of graphene-oxide to PVA (at 0.7% loading) resulted in a 76% increase in 

the tensile strength and 62% increase in the Young’s modulus [85].  

 There is a need for improved thermal interface materials (TIMs), specifically in 

use in electronics.  Current polymer or grease based TIMs use silver particles, which 

require a high volume fraction (up to 70%) [22].  CNT or graphene based TIMs can 

significantly enhance the thermal conductivity of a base material at a much lower volume 

fraction (Table 2.8).   
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Filler Enhancement Volume fraction Base material 

MWCNT  160% 1.0 vol.% Oil 

SWCNT 125% 1.0 wt% Epoxy 

SWCNT 200% 5.0 wt% Epoxy 

Graphite nanoplatelets 3,000% 25.0 vol.% Epoxy 

Graphene oxide nanoparticles 30–80% 5.0 vol.% Glycol; paraffin 

Graphene oxide 400% 5.0 wt% Epoxy resin 

Graphene 500% 5.0 vol.% Silver epoxy 

Graphene 1,000% 5.0 vol.% Epoxy 

Table 2.8 Thermal conductivity enhancement in nanocarbon composites (reproduced with 

caption from [22]). 

 

2.4.5  Oxidation Resistance    

Many applications of refined metals require a protective coating that prevents against 

oxidation.  The production of such coatings is a major industry [86], which uses many 

different methods, such as coating with organic layers, paints, polymers, and amorphous 

carbon.  In many cases the physical properties of the reactive metals are modified. 

Graphene and FLG offer the advantage of providing a coating that is one to a few atoms 

thick, while preserving the metal properties.  Recently CVD grown graphene on Cu and 

Ni/Cu served as an excellent passivation layer for the metal [86].  While slight oxidation 

does occur at the graphene grain boundaries, the graphene layer provides perfect 

protection within the grains.  Figure 2.21 illustrates the role of CVD grown graphene as a 

protective layer on Cu and Cu/Ni.  
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Figure 2.21 (a) Illustration depicting a graphene sheet as a chemically inert diffusion 

barrier. (b) Photograph showing graphene coated (upper) and uncoated (lower) penny 

after H2O2 treatment (30%, 2 min). (c) Photographs of Cu and Cu/ Ni foil with and 

without graphene coating taken before and after annealing in air (200 
o
C, 4 h) 

(reproduced with caption from [86]). 

 

2.4.6  Catalysis  

Another important application of graphene and CNT is in the area of catalysis. Hybrid 

materials of CNTs (or graphene) with metal nanoparticles can enable enhanced diffusion 

and fast transfer electron kinetics [87]. These hybrid catalysts have been used for various 

reactions, such as methane decomposition, methanol oxidation, ethylene 

hydroformylation, butene hydrogenation, and NO decomposition [88].  In addition, a 

number of promising results based on FLG as a catalytic support have been obtained 

[89].       
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2.5 Flame Synthesis  

Flame synthesis is not as widely studied for material synthesis when compared to CVD, 

but it offers several key advantages such as scalability and cost effectiveness.  The most 

commonly used flame types include premixed, normal diffusion, inverse diffusion, and 

co-flow (Fig. 2.22).  Since the early 2000s a number of researchers have focused on the 

use of flames for CNT synthesis.  However, the development of flame synthesis for 

graphene is still in its early stage. In addition to flame type, a number of parameters such 

as temperature, species concentration, and velocity impact the growth of CNTs or 

graphene.         

 

 

Figure 2.22 Premixed, Normal Diffusion, Inverse Diffusion, and Counter-flow Diffusion 

Burner Setups 

 

2.5.1  Flame Synthesis of CNTs 

A number of works have demonstrated the use of flames for CNT synthesis, utilizing 

normal diffusion, inverse diffusion, counter-flow, and premixed flames.  A diffusion 

flame occurs when the oxidizer and fuel are initially separated, and mix through diffusion 

during the combustion process.  Normal diffusion flame (over-ventilated flame) typically 

Fuel 

Oxidizer
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comprises of two concentric tubes, where the fuel is inserted in the inner tube and 

oxidizer flows in the outer tube.  An inverse diffusion flame (under-ventilated flame) has 

the opposite flow configuration (fuel in the outer tube and oxidizer in the inner tube) 

when compared to a normal diffusion flame.  For over-ventilated flames, fuel rich species 

(such as CO and H2) are only located inside the flame, while for under-ventilated flames, 

fuel rich species are present outside the flame (Fig. 2.23).  This fundamental difference 

enables a wider growth region for CNTs when using an inverse diffusion flame as 

compared to using a normal diffusion flame.  A counter-flow flame setup involves the 

use of two converging nozzles facing each other, where the oxidizer flows from one 

nozzle and the fuel flows from the other nozzle.  A premixed flame (e.g. Bunsen flame) is 

established when the oxidizer and fuel are completely mixed before combusting.       

 

Figure 2.23 Flame profile of an over-ventilated and under-ventilated flame. 

 

2.5.1.1  Normal Diffusion Flames 

Yuan et al. [90] in 2001 reported the synthesis of MWNTs using a normal diffusion 

flame.  The fuel, methane, was issued from a 1.1 cm diameters stainless-steel tube, which 

was surrounded by air flowing through a 5 cm diameter tube.  The flame height (H) was 
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65mm.  A Ni/Cr wire was inserted into the flame and held for 15-30 minutes.  The 

optimal height for CNT growth was around H/5 to H/3.  The wire contained MWNTs 

with a diameter between 20 to 60nm.  Yuan et al. [91] also used the same burner with 

ethylene as the fuel and they found that the addition of nitrogen led to the alignment of 

MWNTs.  This could also be due to the decrease in temperature when adding nitrogen.   

 Hu et al. [92] demonstrated the synthesis of well-aligned MWNTs using an 

ethylene diffusion flame.  The CNTs were grown directly on a silicon substrate using 

thin-film anodic aluminum oxide (AAO) as the template.  Catalytic cobalt particle were 

electrodeposited on the template.  It was found that the diameter and length of the CNTs 

can be controlled using the template.  The sample was placed 4 mm above the burner, 

where the flame diameter was around 10 mm.  Hence the growth of CNTs was restricted 

to a small region within the flame, which is a limitation for scaled growth across large 

substrates.  Vander Wal [93] also reported the growth of CNTs using a normal diffusion 

flame.  Metal nanoparticles supported on TiO2 were used as the catalyst.  The shape of 

the nanoparticles determined the nanotube morphology, which were all MWNTs.  It was 

shown that reactive radicals such as hydrogen can etch amorphous carbon and prevent 

pyrolytic carbon buildup.   

2.5.1.2 Inverse Diffusion Flames 

Lee et al. [94,95] in 2004 reported the growth of MWNTs using an inverse ethylene 

diffusion flame.  The inner tube had a diameter of 11 mm, which used for air.  The outer 

tube had a diameter 94 mm, which was used for nitrogen and ethylene.  Air was supplied 

at a flow rate of 0.8 l/min, while the flow of ethylene and nitrogen was 5 and 30 l/mi, 
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respectively.  Stainless steel plates coated with Ni(NO3)2 were used as the substrate. 

Unlike a normal diffusion flame, no oxidizer was present outside the flame front, hence 

the growth of CNTs was observed 5 to 7 mm from the flame center in the radial direction. 

The growth of MWNTs was mostly observed in the temperature range of 1000 to 1300K, 

while the growth of nanofibers was commonly observed in the temperature range of 

800K to 1000K.  Unrau et al. [96] using an oxy-ethylene inverse diffusion flame reported 

the growth of SWNTs.  Ferrocene was introduced through a bubbler as a floating catalyst, 

which enabled the growth of SWNTs.  

 Xu et al. [97] demonstrated the growth of well-aligned MWNTs using a methane 

inverse diffusion flame.  A number of parameters including alloy composition (Fe, 

Ni/Cu, and Ni/Cr/Fe), sampling position, and applied voltage bias were investigated. 

Spontaneous Raman spectroscopy enabled local gas-phase temperature and carbon-based 

species (e.g. CO, C2H2) measurements.  It was shown that the substrate composition, 

sampling position, temperature, and species concentration all impact the growth of CNTs. 

Figure 2.24 depicts the influence of alloy composition and sampling position on the 

growth of CNTs.  It is evident that such fluctuation in CNT quality based on sampling 

position would limit the scalable and uniform growth of CNTs across a large substrate.   
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Figure 2.24  FESEM images of CNT morphology corresponding to catalytic probe 

composition (column) and flame sampling height (row). The alloy probes are operated at 

floating potential mode (FPM) for a 10 min sampling duration (reproduced with caption 

from [97]). 

 

2.5.1.3  Counter flow diffusion Flames  

The counter flow diffusion flame (CDF) was first used for the production of various 

oxide nanomaterials such as Al2O3, SiO2, and GeO2 [98,99], and more recently, the CDF 

burner has commonly been used for the growth of CNTs [100].  Xu et al. [101] 

demonstrated the growth of CNTs using a CDF burner on various metal alloys (i.e., Fe, 

Fe/Cr, Ni/Cu, Ni/Ti, Ni/Cr, and Ni/Cr/Fe).  It was shown that the alloy composition 



                                                                                                                                 48 

 

 

strongly impacts the growth of CNTs, along with gas-phase temperature, and local C2H2 

concentration.  Additionally, using spontaneous Raman spectroscopy a universal growth 

condition for CNTs was established that can be translated between different burner 

configurations.  Merchan-Merchan and co-workers [102,103] also demonstrated the 

growth of CNTs using the CDF burner on a Ni alloy probe.  Their study investigated 

different flame parameters and the application of an external electric field on the growth 

of CNTs.  A catalytic probe was inserted using a protecting shield in the yellow soot 

region of the flame.  Based on the flame height different morphologies of MWNTs were 

observed.  The application of an external electrical field enabled the vertical alignment of 

MWNTs.  Li et al. [104] investigated the growth of CNTs using the CDF burner on a Ni 

alloy probe and a Si substrate coated with porous anodic aluminum oxide.  The flame 

profile of a CDF burner is well understood by the combustion community and is well-

suited for the fundamental investigation of nanomaterial synthesis.  A limitation of the 

CDF flame is the inability to grow CNTs across large regions due to the temperature and 

concentration gradients.  Additionally, the growth typically occurs on a wire probe, as 

any large substrate would impact the flow structure of the CDF flame. 

2.5.1.4 Premixed Flames  

The use of a premixed flame for CNT synthesis was first reported by Duan and 

McKinnon in 1994 [105].  MWNTs were observed in a fuel rich benzene-air premixed 

flame at low pressure.  Significant amount of amorphous soot was also present.  

Chowdhury et al. in 1995 [106] observed the presence of fullerenes and MWNTs using 

benzene, acetylene, and ethylene premixed flames at low pressures.    
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 Vander Wal et al. [107] investigated the effects of fuel on the growth of CNTs 

using a premixed flame.  Cobalt was used as the catalyst for CNT growth and the gas 

temperature was 800
o
C.  The growth of MWNTs was observed using an ethane, ethylene, 

acetylene, and propane fuel rich flame.  However the growth of CNTs was not observed 

using a methane flame, at a fuel rich equivalence ratio from 1.5 to 2.  This is contrary to 

the results reported using a diffusion flame, where the growth of CNTs is observed using 

a methane flame.  

 A study comparing the use of a premixed and diffusion flame for CNT and 

fullerene growth was performed by Goel et al [108].  Benzene was used as the fuel and it 

was found that a diffusion flame results in a higher yield of CNTs.  Additionally, the 

growth of CNTs using a premixed flame is strongly dependent on the residence time.  

Woo et al. [109] used a double-faced wall stagnation flow burner for the production of 

CNTs.  Each burner operated in a premixed mode with ethylene as the fuel.  A Ni-coated 

plate was used as the catalyst and MWNTs were observed on the substrate.  The use of a 

stagnation flame represents a scalable method for the growth of CNTs on a substrate.     

Height et al. [110] using an acetylene premixed flame reported the growth of 

SWNTs.  Iron pentacarbonyl was introduced through a bubbler as a floating catalyst, 

which enabled the growth of SWNTs.  Thermophoretic sampling was used to collect the 

CNTs at different temperatures, 1500 to 1800 K, and different equivalence ratios, 1.5 to 

1.9.  The diameters of the individual CNTs were between 0.9 and 1.5nm.  

The use of premixed flames has emerged as an alternative to CVD for CNT 

production [62].  However, there are still a number of challenges associated with using 

premixed flames for CNT production, such as catalyst poisoning due to soot precursors. 
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Therefore, it is important to develop flames free of soot such as an inverse diffusion 

flame [96].  Additionally, by using diffusion flames (burning stoichiometrically in the 

reaction zone), flame speed, flashback, and cellular instabilities related to premixed 

flames are avoided.   

 

Table 2.9 Summary of different flame configurations used for CNT synthesis (reproduced 

from [62]). 
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2.5.2  Flame Synthesis of Graphene 

Whereas a number of different flame configurations have been used for the production of 

CNTs, the number of reports on the flame synthesis of graphene has been limited.  While 

a key reason for this discrepancy is that graphene was only recently discovered (2004) 

when compared to CNTs (1991).  Another important reason is that the flame synthesis of 

graphene is more challenging when compared to CNTs.  Graphene being a two-

dimensional material requires large-scale production across a substrate.  Due to the 

temperature and species gradients that occur in most flames, it is difficult to scale the 

growth of graphene across an entire substrate.  Moreover, a reduced environment with 

carbon rich species, which is necessary for graphene growth, is difficult to achieve in 

most flames.  

 Similar to earlier CNT flame synthesis research results, where the growth of 

CNTs was observed near the soot region of a premixed flame, carbon particles containing 

graphene were observed in a Bunsen (propane) flame [111].  These particles were 

collected by placing a transmission electron microscopy (TEM) grid 2 cm above the tip 

of the burner.  The grid was held within the flame for 10 to 50ms.  The graphene films 

were several hundreds of nanometers in size.  

 In an attempt to grow graphene on copper, Li et al. [112] investigated the growth 

of graphene using an ethanol burner.  The substrate was placed within the flame at a 

temperature of 550 to 700
o
C and the flame was extinguished using a cap to prevent the 

oxidation of the copper foil.  The growth of an amorphous carbon film was observed on 

the substrate and XPS confirmed the formation of sp
2
, sp

3
 and C-O bonded atoms. 

Graphene was not observed due to the low-temperature and the presence of oxygen 
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within the flame.  In a different experiment, Li et al. [113] were able to successfully 

synthesize graphene on nickel.  The process utilized two different burners (burner 1 and 

burner 2); with the substrate situated within the interior region of the flame structure itself 

(Fig. 2.25).  Burner 1 (alcohol burner) surrounded the substrate for the entire time, thus it 

prevented air oxidation and served as the carbon source.  Burner 2 (butane-fueled Bunsen 

burner) provided the additional heating of the substrate and served as the carbon source 

for graphene growth as well (also referred as the carburization flame in Fig. 2.25).  The 

flame was extinguished using a cap.  Although the viability of flame synthesis for 

graphene growth was demonstrated, the process resulted in the formation of amorphous 

carbon impurities along with the graphene.  Moreover, the configuration may not readily 

be scalable for large-area graphene production.   

 

Figure 2.25  Schematic of the flame synthesis of FLG on a nickel foil (reproduced from 

[113].  
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2.5.3  Scalable Flame Synthesis of Metal Oxides 

Similar to CNTs, a number of burner configurations have been used for the production of 

metal-oxides.  A particularly exciting burner configuration is the use of multiple diffusion 

flames, where uniform temperatures can be established downstream from the burner. 

Similar to a single diffusion flame, the multiple diffusion flame can either operate in a 

normal or inverse mode.  Prior to the work reported in this thesis, the multiple diffusion 

flame was only operated in a normal configuration mode, where it was used for the 

scalable synthesis of SiO2 [114], Fe2O3 [115], CuO [115], WO3 [116], and MoO3 [117].    

 

2.6 Summary 

Graphene and CNTs with their remarkable photonic, electrical, and mechanical properties 

have attracted significant research interest.  These properties afford a wide range of 

applications, such as flexible touch panels, thin-film transistors, solar panels, and 

corrosion resistant coatings.  Three components are typically necessary for graphene and 

CNT synthesis: carbon, heat, and the presence of certain metals.  CVD is the most 

prevalent technology that is currently used for the synthesis of CNTs and graphene. 

Flame synthesis, which readily provides high temperatures and precursor carbon species, 

serves as a scalable method for the production of carbon nanomaterials.  
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Chapter 3 

3. Experimental Setup 

 

The experimental setup and characterization of graphene and CNTs from flame synthesis 

are discussed in this chapter.  A multiple inverse-diffusion burner is used in the synthesis 

of graphene and CNTs.  The characterization techniques utilized include Raman 

spectroscopy, field-emission scanning electron microscopy (FESEM), transmission 

electron microscopy (TEM), x-ray photoelectron spectroscopy (XPS), and atomic force 

microscopy (AFM) . 

 

3.1 Multiple Inverse-Diffusion Burner Setup 

The multiple inverse-diffusion setup (Fig. 3.1) is where each individual diffusion flame 

runs in an inverse mode (“under-ventilated”).  Water is used to cool the burner and a 

quartz cylinder encompasses the region of the multiple flames.  This prevents oxidizer 

permeation from the ambient and directs optimal gas-phase conditions (i.e. species and 

temperature) to the substrate.  Oxidizer (e.g. air or O2) enters only through the small 

individual stainless steel tubes, while the fuel (e.g. methane, ethylene, acetylene, 

hydrogen, etc.) flows around the tubes.  The top-view of the burner is illustrated in Fig. 

3.2, where a honeycomb fixture is used to mount the tubes.  The fuel flows in all empty 

cells, while the oxidizer flows in the cells with an inserted tube.  Note that the setup is 

open to atmospheric conditions.  For dimensional information of the burner setup please 

refer to the appendix.  
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Figure 3.1 Schematic of the multiple inverse-diffusion flame.  

 

Figure 3.2 Top-view of the multiple inverse-diffusion flame.  

 

Oxidizer/Inert

Multiple Inverse

Diffusion Flames

Cooling

Water

Cooling

Water

Fuel + Inert

Quartz or Acrylic

Enclosure

Honeycomb Structure

Oxidizer

Fuel



                                                                                                                                 65 

 

 

 A detailed schematic of the experimental setup is shown in Fig. 3.3.  Mass flow 

controllers (MFCs) from Emcore are used to precisely regulate the gas flow rates.  A 

computer program using Labview is used to control the MFCs, which ensures the 

reproducibility of the experiment and reduces any experimental error.  An after-burner is 

mounted outside the quartz tube to consume any excess fuel.  A sidewall slot is machined 

within the quartz tube to allow access for an igniter and thermocouple.  A rod is inserted 

from the top to hold the substrate.  The setup is mounted onto an optical table, where it 

can easily be moved in any direction.  Please refer to the appendix for information on the 

fuel and oxidizer flow rates.  

 

Figure 3.3 Schematic diagram of the experimental setup involving the use of a multiple-

inverse diffusion flame. (MFC stands for mass flow controller).  

 

Fuel 1 Fuel 2 Inert Oxidizer

Oxidizer 

Flow

Fuel 

Flow

Multiple Inverse-

Diffusion Flames 

Quartz Tube

After-burner

Substrate holder

Thermocouple 

MFC 1
(Fuel 1)

MFC 2
(Fuel 2)

MFC 3

(Inert – Fuel Side )

MFC 4

(Inert – Oxidizer Side)

MFC 5

(Oxidizer)

Labview



                                                                                                                                 66 

 

 

3.2 Thermocouple (TC) and its coating 

The gas phase temperature is measured using a 125 µm Pt/Pt-10%Rh thermocouple (S-

type) (OMEGA, Model: P10R-005).  To prevent catalytic oxidation on the platinum-

based thermocouple, a silica coating is applied.  This coating is performed using a small 

burner, where silicon oil is injected using a syringe pump.  The thermocouple is held for 

2 seconds within the flame and the procedure is repeated three times.  A microscope is 

used to confirm that a uniform coating of 3± 0.5 µm is applied.  

3.3 Experimental procedures 

For detailed experimental procedures please refer to the appendix.  

3.4 Numerical Techniques 

The flame simulation is performed using FLUENT and the results are included in the 

appendix.  

3.5 Sample Preparation 

All foils investigated are cut into 1cm x 2cm pieces and placed above the burner.  The 

foil can be placed parallel to the burner, where the flow impinges on the substrate, or 

perpendicular to the burner, where the flow runs parallel to the substrate.  For CNT 

growth cases in Chapter 6, the substrate is cleaned in ethanol using ultra-sonication.  In 

all other cases no prior substrate preparation is performed.  Table 3.1 provides a list of 

foils investigated.  
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Name Thickness Company Part # 

Copper Foil 0.025mm Alfa Aesar 13382 

Nickel Foil  0.025mm Alfa Aesar 12722 

Stainless Steel 304 

Foil 

0.025mm Alfa Aesar 41580 

Iron Foil 0.025mm Alfa Aesar 44687 

Cobalt Foil  0.025mm Alfa Aesar 40183 

Nickel Copper Foil 0.51mm Alfa Aesar 45148 

Nickel Copper Foil 0.025mm Goodfellow 430-916-69 

Nickel Foil 201 0.050mm Arnold Magnetics  

Inconel Foil 600 0.050mm Arnold Magnetics  

Table 3.1 List of substrates investigated. 

 

3.6 Characterization techniques 

Table 3.2 summarizes the list of equipment used to characterize the growth of graphene 

and CNTs.  

Technique  Equipment 

Raman spectroscopy Renishaw 1000, laser excitation 514.5 nm 

Atomic force microscopy Digital Instruments Nanoscope II 

X-ray photoelectron spectroscopy Thermo Scientific K-Alpha 

Transmission electron microscopy JEOL 2010F & TOPCON 002B 

Scanning electron microscopy Zeiss Sigma 8100 

Table 3.2 List of characterization techniques. 

 

 



                                                                                                                                 68 

 

 

 

3.6.1  Raman spectroscopy  

Raman spectroscopy is used to investigate the vibrational and rotational modes within a 

crystal or molecule.  The technique involves the use of an incident electromagnetic (em) 

radiation, which alters the electronic cloud of the chemically bonded structure by storing 

energy.  If the stored energy is re-radiated at the same frequency as the incident (em), 

then it is referred to as Raleigh scattering.  When the stored energy is partially absorbed 

within the molecule, a resulting photon of lower energy is generated, which is referred to 

as Stokes scattering.  To the contrary, when the molecule loses energy, a photon of higher 

energy is generated that is referred to as Anti-Stokes scattering.  The Stokes and Anti-

Stokes occurrence are called Raman lines and is based on the vibrational or rotational 

frequency of the structure (see Fig. 3.4). 

 

Figure 3.4. a) Illustration of energy transitions leading to Rayleigh, stokes and anti-stokes 

spectra. b) Schematic Raman scattering spectrum showing Rayleigh line, Stokes and 

Anti- Stokes Raman scattering (reproduced with caption from [1,2]). 
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Raman spectroscopy is a very powerful and important technique for the 

characterization of graphitic materials.  It has been extensively used to characterize 

amorphous carbon, graphite, carbon fibers, glassy carbon, fullerenes, carbon nanotubes, 

and graphene [3].  Figure 3.8 illustrates the Raman spectrum for common sp
2
 bonded 

carbon materials.  Four features of the Raman spectra are used to distinguish between 

different sp
2
 carbon forms, which include the D, G, G’ (or 2D), and Raman breathing 

mode (RBM).  

The G band is related to the bond stretching of sp
2
 bonded carbon atoms.  Any 

modification to the flat structure of graphene, such as an external forcer or the interaction 

by placing another graphene layer, can cause a shift in the G peak.  CNTs due to their 

curved structure result in the occurrence of multiple peaks within the G band, while a 

single strong peak is typically observed for graphene.  Additionally, for CNTs the 

curvature dependence is related to the diameter, which can be probed using the G peak 

[3].   

Similarly all sp
2 

carbon materials have a strong peak in the range of 2500 – 2800 

cm
-1

 called the G’ (or 2D) peak.  This peak is caused by the second-order zone boundary 

phonons and is used to determine the number of layers of graphene.  For graphite, this 

peak (using a 514nm laser) is at ~2727cm
-1

, and for a single layer of graphene, it shifts to 

2660cm
-1

[4].  A 2D peak between these numbers can be used to determine the number of 

graphene layers (Fig. 3.6).  The location of the G’ peak is dependent on the excitation 

laser and the results comparing the peaks using a 514 and 633nm laser is shown in Fig. 

3.6.  The G’ peak is also used for probing the electronic structure of SWNTs [3]. 
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Figure 3.5 Raman spectra of the different types of sp
2
 carbon forms (reproduced with 

caption from [3]).  

 

Figure 3.6 (a) Comparison of Raman spectra at 514 nm for bulk graphite and graphene. 

(b) Evolution of the spectra at 514 nm with the number of layers. (c) Evolution of the 

Raman spectra at 633 nm with the number of layers (reproduced with caption from [4]). 
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The D peak is due to the first-order zone boundary phonons and is used to 

determine the disorder present in the graphene.  For pristine single-layer graphene, there 

should be no D peak present.  However, as the number of graphene layers increases, a D 

peak is normally encountered.  The ratio between the D and G peak is used as a metric to 

measure the disorder present in the graphene, which develops from domain boundaries, 

wrinkles, edges, impurities, and other phenomena. 

 The radial breathing mode (RBM) is important when characterizing SWNTs, 

where it can determine the diameter and optical transition energy for a given tube.  It can 

also be used to understand the tube to tube interaction within MWNTs [3].  Overall 

Raman spectroscopy is a very powerful and important tool when characterizing graphene 

and CNTs.    

 

3.6.2  X-ray photoelectron spectroscopy (XPS) 

XPS is a technique that determines the elemental composition, empirical formula, 

chemical state and electronic state of the elements that occur within a material.  An X-ray 

beam is used to irradiate the material and the number of electrons along with the kinetic 

energy is measured.  XPS is performed under ultra-high vacuum conditions and is a 

surface technique with a penetration depth of 1 to 10nm.  Figure 3.7 summarizes the 

basic components of an XPS system.     
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Figure 3.7 Basic component of an XPS system (reproduced from [5]).  

 

 XPS can be used to determine sp
2
 bonded carbon materials from other carbon 

structures (Fig. 3.8).  For graphite, CNTs, and graphene a single peak at ~284.5 eV is 

typically observed.  Additionally the C1s peak is used to determine the presence of 

oxygen incorporation (C-O) within the graphene structure.  

 

Figure 3.8 Comparison between the C 1s XPS spectra of graphite and those of the 

amorphous carbon films (reproduced with caption from [6]). 
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3.6.3  Atomic Force Microscopy (AFM) 

AFM consists of a cantilever with a sharp tip that is used to scan the surface of a 

substrate.  It can be used to determine the surface morphology and the thickness of a film 

structure.  For few-layer graphene it can be used to estimate the number of layers (Fig 

3.9), where a single layer of graphene has a thickness of 0.7nm. 

 

Figure 3.9 Correlation between the AFM height and number of graphene layers 

(reproduced with caption from [7]).  

  

3.6.4  Field-Emission Scanning Electron Microscopy (FESEM) 

FESEM is used for imaging a sample by scanning it with a beam of electrons.  The 

interaction between the electrons and the material reveal the surface topography.  It is 

commonly used to determine the morphology of the CNTs and graphene films.  Variation 

in the thickness of a graphene film can be observed using FESEM.    
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3.6.5  Transmission electron microscopy (TEM) 

TEM is where a beam of electrons is transmitted through an ultra-thin sample (see Fig. 

3.10).  This technique can be used for imaging or obtaining a diffraction pattern.  For 

graphene, high resolution transmission electron microscopy (HRTEM) can be used to 

depict the hexagonal atomic structure.  Selected area electron diffraction (SAED) can be 

used to determine the crystallinity of the carbon nanomaterial.      

 

Figure 3.10 Schematic diagram of a transmission electron microscope [8]. 
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Chapter 4 

4. Structure, Property, and Thickness of Graphene Films Prepared Using Open 

Atmosphere Flame Synthesis 

 

4.1 Introduction 

Both single-layer and few-layer graphene possess unique properties that afford a wide 

range of applications, including high frequency transistors [1] and transparent electrodes 

[2].  Ultimately, the future of graphene-based devices lies in developing production 

methods that are highly scalable, reliable, efficient, and economical. Mechanical 

exfoliation enabled the isolation of graphene and the discovery of its extraordinary 

electronic properties; however, this method is limited to producing graphene flakes due to 

its lack of scalability.  Sublimation of Si from single-crystal silicon carbide (SiC) offers 

the advantage of direct synthesis of graphene on insulating surfaces [3,4].  Nevertheless, 

this method requires very-high temperatures, which has associated difficulties, and is 

presently constrained by high SiC wafer cost.  Chemical vapor deposition (CVD) of 

graphene on transition metals such as nickel (Ni) [5,6] and copper (Cu) [7,8] shows the 

most potential for large-volume production of graphene.  While still in its early stages, 

CVD-grown graphene has already demonstrated excellent device characteristics [9], 

including electron mobility of 7,350 cm
2
V

-1
s

-1
 [10].  Nevertheless, growth of graphene 

over large areas remains challenging, due to the confinement necessary to operate at 

reduced pressures or suitable environments. 

Flame synthesis has a demonstrated history of scalability and offers the potential 

for high-volume continuous production at reduced costs [11].  In utilizing globally-rich 
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combustion, a portion of the hydrocarbon gas provides the requisite elevated 

temperatures, with the remaining fuel serving as the hydrocarbon reagent for carbon-

based nanostructure growth, thereby constituting an efficient source of energy and 

hydrocarbon reactant.  This aspect can be especially advantageous as the operating costs 

for producing advanced materials, particularly in the semiconductor industry, end up far 

exceeding the initial capital equipment costs. Flame synthesis has been used successfully 

to grow various oxide nanostructures [12,13], single-wall [14] and multi-wall [15] carbon 

nanotubes (CNTs), sheet-like carbon particles [16], and amorphous carbon thin-films 

[17].  Recently, few-layer graphene has been synthesized with flames using alcohol as 

fuel on Ni substrates [18].  The process utilized two different burners, with the substrate 

situated within the interior region of the flame structure itself.  Although the viability of 

flame synthesis to grow graphene was demonstrated, the process resulted in the formation 

of amorphous carbon impurities along with the graphene.  Moreover, the configuration 

may not readily scalable for large-area graphene production.  Flame synthesis of 

graphene on Cu has yet to be reported. 

The synthesis configuration employed in this work is based on a multiple inverse-

diffusion (non-premixed) flame burner, where the post-flame species are directed at a 

substrate to grow graphene; see Fig. 4.1.  Each of the tiny diffusion flames is run in the 

inverse mode (“under-ventilated”), where for each flame, the oxidizer is in the center and 

fuel (e.g. methane) surrounds it.  The net effect is that post-flame gases are largely 

comprised of pyrolysis species that have not passed through the oxidation zone.  In fact, 

the reaction zone serves as a “getterer,” such that the oxygen mole fraction can be 

reduced to ~10
-8

 in the post-flame gases.  Carbon formation processes are effectively 
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separated from oxidation processes in inverse diffusion flames, which also tend to soot 

less than normal diffusion flames [19].  No soot is observed in our multiple-inverse 

diffusion flame setup, for the conditions examined.  Moreover, the hydrocarbon species 

(rich in Cn and CO), which serve as reagents for graphene growth, are generated in much 

greater quantities than that achievable in stable, self-sustained premixed flames.  By 

using diffusion flames (burning stoichiometrically in the reaction zone), flame speed, 

flashback, and cellular instabilities related to premixed flames are avoided.  Operation of 

a multi-element non-premixed flame burner has no scaling problems by allowing for 

stability at all burner diameters, where the issuing flow velocity can be independent of 

the burner diameter.  Moreover, since many small diffusion flames are utilized, overall 

radially-flat profiles of temperature and chemical species are established downstream of 

the burner, ensuring uniform growth.  Confinement in an inert environment or shielding 

with an inert co-flow or tube prevents an encompassing diffusion flame from developing.  

Finally, this flame synthesis configuration is well suited for carbon-based nanomaterial 

synthesis in open-atmosphere environments, affording large-area growth (e.g. by 

translating the burner and rasterizing) at high rates. 
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Figure 4.1 Multiple inverse-diffusion flames provide hydrogen and carbon-rich species 

suitable for growth of graphene and other carbon nanomaterials. 

 

4.2 Experiment 

Few-layer graphene (FLG) films are grown on 25 µm thick Cu and Ni foils (Alfa Aesar), 

placed downstream of our novel burner.  A quartz cylinder encompasses the region of the 

multiple flames and substrate, preventing oxidizer permeation from the ambient and 

directing optimal gas-phase conditions (i.e. species and temperature) to the substrate.  

Note that the setup is open to atmospheric conditions.  Prior to FLG film synthesis, the 

metal substrates are reduced in a hydrogen environment to remove any oxide layers.  This 

treatment is accomplished using the same multiple inverse-diffusion flame burner 

running only hydrogen as fuel at a globally-rich equivalence ratio for 10 minutes.  For 

O

X

i

d

i

z

e

r

F

u

e

l

O

X

i

d

i

z

e

r

F

u

e

l

O

X

i

d

i

z

e

r

F

u

e

l

O

X

i

d

i

z

e

r

F

u

e

l

O

X

i

d

i

z

e

r

F

u

e

l

F

u

e

l

Hydrogen + Pyrolysis Vapors

Flame

Quartz

Enclosure

Graphene on Cu or Ni

Open to 

Ambient



                                                                                                                                 80 

 

 

FLG synthesis, CH4 is introduced into the fuel (with a global equivalence ratio of ~3) for 

5 and 10 min, for Ni and Cu substrates, respectively.  A silica-coated 125 µm Pt/Pt-

10%Rh thermocouple (S-type) measures the substrate temperature to be ~950
°
C.  The 

experiment is finalized by turning off the oxygen, which extinguishes the flame, while 

fuel and inert gases continue to flow, cooling the substrate to room temperature. 

The films grown on Cu are transferred onto SiO2/Si substrates for electrical and 

Raman analysis.  The transfer is done by first spin-coating poly-methyl methacrylate 

(PMMA) on the graphene covering the Cu substrate.  Since the thermofluid mechanics 

give rise to FLG being grown on both sides of the substrate, oxygen plasma is used to 

remove the graphene film from one side.  The PMMA-coated graphene on Cu substrate is 

then immersed in a ferric chloride (FeCl3) solution (23%wt) to etch away the copper.  

The free-floating PMMA coated graphene is then carefully placed on the SiO2/Si 

substrate, and the PMMA is removed in hot acetone.  The final sample is rinsed with 

isopropanol, and dried with N2. 

The FLG is characterized using Raman spectroscopy (Renishaw 1000, laser 

excitation 514.5 nm), atomic force microscopy (AFM, Digital Instruments Nanoscope II), 

X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha), and transmission 

electron microscopy (TEM, JEOL 2010F). For TEM sample preparation, the metal 

substrate is etched away, and the graphene film is placed in ethanol. The obtained 

solution is ultrasonicated for 5min to form a homogenous suspension, and a drop is 

placed on a lacey TEM grid. 
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4.3 Results and Discussion 

Synthesis of FLG has been demonstrated on a number of transition metals.  Due to their 

low cost and acceptability in the semiconductor industry, copper and nickel are promising 

substrates for the growth of graphene.  While a number of parameters such as pressure, 

temperature, and crystal structure influence the growth of graphene, the difference in 

carbon solubility of metals such Cu and Ni results in distinctive growth mechanisms [20].  

From the binary phase diagram of Ni and C [21], at temperatures above 800
°
C, Ni and C 

form a metastable solid phase; upon cooling, the carbon diffuses out of the Ni to form 

graphene/graphite.  Due to this growth mechanism on Ni, the number of graphene layers 

across the substrate remains difficult to control.  In contrast, graphene formation on Cu 

occurs only on the surface due to the extremely-low solubility of carbon in Cu.  

Consequently, once the substrate is covered by graphene, the Cu surface is no longer 

accessible; and deposition of additional layers does not occur [7,20].  Hence, Cu has 

proven to be an excellent substrate for the growth of monolayered graphene; however, 

growing multiple layers has been found to be challenging. 

4.3.1  Flame Synthesis of FLG on Cu 

A photograph of a flame-synthesized FLG film that has been subsequently transferred 

onto a 1cm × 1cm quartz substrate is shown in Fig. 4.2a.  In Fig. 4.2b, an optical image 

shows a graphene flake along with the corresponding atomic force microscopy (AFM) 

image.  The thickness of the graphene films on Cu is found typically to be on the order of 

4nm from AFM height profiles, suggesting that the film consists of 8 to 10 monolayers of 

graphene. 
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Raman spectroscopy enables the identification of single to few-layer graphene 

[22], along with its quality.  Typical Raman spectrum of FLG after transfer onto SiO2/Si 

is shown in Fig. 4.2(c).  Three peaks are noticeably present in the spectrum: (i) the D 

peak at 1351 cm
-1

, which is due to the first-order zone boundary phonons and is used to 

determine the disorder present in the graphene; (ii) the G peak at 1580 cm
-1

, which is 

related to the bond stretching of sp
2
 bonded carbon atoms; and (iii) the 2D peak at ~2700 

cm
-1

, which is caused by the second-order zone boundary phonons.  The ratio between 

the intensities of the G peak (IG) and the 2D peak (I2D) provides an estimate of the 

number of layers [6,23], where, from Fig. 4.2(d), the values are found to range from 1.3 

to 1.7.  For mono and bi-layer graphene, this ratio is less than 1.  If more than 2 layers are 

present, ratios ranging from 1.3 to 2.4 have been reported for FLG.  Reina et al. [23] 

reported IG/I2d ratio of 1.3 for 3 layers of graphene on Ni; and Robertson et al. [24] 

reported values of 1.8 to 2.4 for 5 to 10 layers of graphene on Cu.  The full-width and 

half-maximum (FWHM) of our 2D peak is ~75 cm
-1

, which is consistent with FLG 

grown at atmospheric pressure [8].  The Raman data should be used in conjunction with 

other characterization and verification techniques to corroborate the properties of FLG.  

Transmittance can be used to assess the number of graphene layers, where the opacity of 

monolayer graphene is estimated to be 2.3% [25].  From Fig. 4.3a, the transmittance of 

our FLG films at 550nm is 86%, which correlates to ~6 layers.  Combining our results 

from Raman, AFM, and transmittance, we estimate that 5 to 8 layers of graphene are 

grown uniformly across the Cu substrate using our flame-synthesis technique. 
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Figure 4.2  Few-layer graphene (FLG) film grown by flame synthesis on Cu. (a) 

Photograph of a 1cm x 1cm film transferred onto quartz. (b) Optical microscope image of 

the FLG transferred onto a Si substrate with a 300nm oxide layer and the corresponding 

AFM image and height profile of the FLG transferred on SiO2/Si substrate. (c) Two-

dimensional mapping of the Raman IG/I2D over a 12μm x 12 µm area. (d) Raman 

spectrum of the FLG on SiO2/Si. 

 

The ID/IG ratio observed in our sample is around ~0.35, which is comparable to 

measurements of FLG grown using other methods [8].  The measured disorder in our 

FLG likely arises from the sheets being composed of sub-micron domains.  Using the 

four probe method, the sheet resistance of the FLG is calculated to be 40kΩ/sq at 86% 

transmittance value, which is considerably higher than CVD-grown graphene.  Similarly, 

the high sheet resistance may be attributed to the small domain size of the graphene.  In 

CVD growth, the characteristic domain size of graphene has been increased by lowering 

the global flux of methane [26].  However, the fundamental mechanism for this trend is 
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not clear, as there are many effects intertwined; and additional parameter dependencies 

need to be explored to isolate the controlling mechanism dictating domain size.  We are 

currently investigating the effect of methane flux, as well as other parameters, on 

enlarging domain size for flame-synthesized graphene on Cu. 

 

Figure 4.3 (a) UV-vis spectrum of the FLG transferred onto a quartz substrate.  (b) XPS 

C 1s spectrum of the FLG shows that the oxygen contamination is minimal and is 

comparable to CVD grown graphene. The inset shows the XPS spectra of the film.  

 

A product of hydrogen and hydrocarbon combustion with oxygen is H2O, which 

at high temperatures can result in oxygen doping of graphene.  However, with abundant 

H2 present in the post-flame species, and at relatively “low” growth temperatures 

(~950ºC), such oxidation reactions are minimized.  The X-ray photoelectron 

spectroscopy (XPS) spectrum of the C 1s peak, where the main peak at 284.4eV indicates 
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that most of the atoms are in the sp
2
 C state, is shown in Fig. 4.3b.  Less than 10% of 

oxygen incorporation (e.g. CO) is visible from the XPS figure.  Surprisingly, the amount 

of oxygen-bonded species in our open-ambient flame synthesis process is actually lower 

than that for CVD-grown graphene under near vacuum conditions [9].  Consequently, the 

conditions for our flame synthesis, where H2O oxidation is minimized, O2 is “gettered” in 

the reaction zone, and open-atmosphere processing is afforded, are advantageous for 

scaled growth of graphene over large areas (e.g. over existing structures).  Note that the O 

1s peak, as seen in the inset of Fig. 4.3b, is due to oxygen or water absorbed on the 

surface and is even present in pristine graphene [27].  The oxygen content between 

graphene layers needs to be further investigated.  

The effects of CH4:H2 ratio and temperature are examined in the growth of FLG 

on Cu.  For the standard case, the CH4:H2 ratio is kept at 1:10, and similar results are 

observed when this ratio is varied from 1:5 to 1:20.  However, when the ratio is below 

1:40, no growth of FLG is observed on the substrate.  This result is contrary to that 

reported using atmospheric-pressure CVD [8], where at lower CH4:H2 ratios, monolayer 

graphene is synthesized.  In flame synthesis, temperature is a critical factor in the growth 

of uniform FLG.  At lower gas-phase temperatures, the typical Raman spectrum features 

resemble those of nanocrystalline graphite [28], where a much higher D-peak exists and 

the intensity ratio between the G peak and 2D peak increases, as shown in Fig. 4.4.  Upon 

further reducing the gas-phase temperature, the 2D peak disappears.  However, a G peak 

is still observed, indicating the presence of activated carbon-based materials on the 

copper [29].  The reason for different carbon-based growth on Cu is perhaps due to the 

presence of other gaseous carbonaceous species, such as CO and Cn, in the post-flame 
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environment.  These species can readily decompose at lower temperatures to form carbon 

materials that are stable at lower temperatures.  In another work [17] that attempts to 

grow graphene on copper using flames, a thin carbon film is synthesized with large 

amounts of sp
3
 bonding.  This characteristic of the thin film was attributed to the low 

deposition temperatures of 550
°
C to 700

º
C. 

 

 
Figure 4.4 Analysis of the influence of temperature on the growth of FLG on Cu, 

showing variation in Raman I2D/IG as a function of gas phase temperature. The inset 

shows atypical Raman spectrum observed at lower temperatures. 

 

4.3.2  Flame Synthesis of FLG on Ni 

A typical Raman spectrum of FLG grown on 25µm thick Ni foil is shown in Fig. 4.5a.  

The number of layers of graphene on nickel is estimated based on the location of the 2D 

peak [6].  With the 2D peak at 2720 cm
-1

, this shift corresponds with 5 to 10 layers of 

graphene.  The G peak is at 1583 cm
-1

, and a typical ID/IG ratio is 0.1, which is lower than 

that for the FLG grown on Cu.  This result can be attributed to the different growth 
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mechanism of graphene on Ni compared with that on Cu.  Ni has higher carbon 

solubility, so the growth of graphene occurs due to carbon segregation or precipitation.  

This growth mechanism on Ni should be unaffected by the high carbon flux encountered 

in the flame.  However, in the case of Cu, high carbon flux may lead to smaller graphene 

domain size, and hence more measured disorder.  A HRTEM image and the 

corresponding diffraction pattern are shown in Fig. 4.5b.  The hexagonal symmetry of 

multiple graphene layers can be inferred from the diffraction pattern, although specific 

stacking order of the layers requires additional analysis.  A magnified image of the well-

ordered graphitic lattice is shown in the inset of Fig. 4.5b. 

 
 

Figure 4.5  Few-layer graphene film grown by flame synthesis on Ni.  a) Raman 

spectrum of the FLG on Ni. b) HRTEM image of the FLG. The bottom right inset shows 

the electron diffraction pattern of the graphene sheet, illustrating the well-defined 

crystalline structure. The top left inset shows resolution magnified image of the graphitic 

lattice.  

 

 

The XPS of the graphene on Ni is shown in Fig. 4.6 and the main C 1s peak is at 
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2
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low oxygen concentration is observed for the growth of graphene on Ni. Hence it is 

proposed here that the abundance of H2 in the post-flame species of the multiple inverse-

diffusion flame, limits the oxidation of the graphene film.   

 
 

 

Figure 4.6. XPS C 1s spectrum of the FLG on Ni. 

 

Graphene growth on nickel depends on a number of parameters, such as metal 

substrate thickness, hydrocarbon to hydrogen ratio, growth time, and temperature.  The 

dependence of graphene growth on gas-phase temperature and methane concentration is 

illustrated in Fig. 4.7.  The gas-phase temperature directly affects the gas-phase chemistry 

as well as the rate of hydrocarbon decomposition on the Ni surface, which further affects 

the diffusion rate of carbon atoms into Ni [31].  Hence, at lower gas-phase temperatures, 
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fewer carbon atoms diffuse into Ni, leading to the growth of fewer layers of graphene 

upon cooling.  This effect is evident from optical microscopy of the as-synthesized 

graphene on Ni.  At lower temperatures (i.e. 850ºC), Fig. 4.7a shows lighter regions 

corresponding to FLG; and the color contrast demonstrates that the growth of FLG on Ni 

is not uniform.  With increased temperature (i.e. 950ºC), Fig. 4.7b shows that the Ni foil 

becomes uniformly dark, indicating the presence of more than 10 layers of graphene.  

The dependence of graphene growth on the ratio of methane to hydrogen is shown in Fig. 

4.7c.  When this ratio is lowered to 1:20, the Raman position of the 2D peak (~2700 cm
-1

) 

indicates that fewer than 5 layers of graphene are grown.  Interestingly, such growth is 

similar to the 850ºC temperature growth illustrated in Fig. 4.7a, where the growth is non-

uniform across the substrate. 

 

 

 

Figure 4.7  Investigation of the temperature and methane concentration on the growth of 

FLG on Ni.  a) Temperature = 850°C, CH4:H2 = 1:10.  b) Temperature = 950°C, CH4:H2 

= 1:10.  c) Raman spectra showing the 2D peak at a constant temperature of 950°C. 

 

850OCA

50 μm

CH4/H2 = 1/10

CH4/H2 = 1/20

Raman Shift (cm-1)

In
te

n
si

ty
 (

a.
u

.)

2600 2700 2800

C

950OCB

50 μm



                                                                                                                                 90 

 

 

For the gas-phase synthesis conditions examined, the growth of FLG on Ni results 

in lower disorder, as assessed by Raman, when compared to the growth on Cu.  However, 

the growth is less uniform and comprises more layers (>10), due to the different growth 

mechanism of graphene on Ni, compared to growth on Cu.  The Raman mappings of 

FLG grown on Cu and Ni, respectively, at a CH4:H2 ratio of 1:10, are compared in Fig. 

4.8.  For Cu, methane is introduced for 10 minutes at a temperature of 950
°
C; while for 

Ni, methane is introduced for 5 minutes at a temperature of 850
°
C.  In Fig. 4.8a, for Cu, 

the 2D peak is always at or below 2700 cm
-1

, which is consistent with FLG.  On the other 

hand, in Fig. 4.8b, for Ni, the 2D peak reaches a value of 2727 cm
-1

, indicating the 

presence of more than 10 layers.  As such, the growth of graphene on Cu is self-limiting 

to few-layers for our flame synthesis system at atmospheric conditions. 

 

  

Figure 4.8 Raman mappings of the 2D peak over a 12 µm x 12 µm region at a constant 

CH4:H2 ratio of 1:10.  a) Raman mapping for Cu, illustrating that the growth of graphene 

is self-limiting to a few layers.  b) Raman mapping for Ni, showing regions that correlate 

to more than 10 layers. 
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4.4 Concluding Remarks 

Flame synthesis utilizing a multiple-inverse diffusion flame burner is demonstrated in 

this work to be well-suited for processing carbon-based nanostructures.  Under very rich 

fuel conditions, the configuration generates specific hydrocarbon species that can form 

graphene on a heated metal substrate.  On Cu, 5 to 8 layers of graphene are grown 

uniformly across the substrate.  Due to a different growth mechanism, Ni offers lower 

graphene disorder, but at a cost of more layers created.  The configuration allows for 

detailed probing of the local gas-phase temperature and relevant chemical species such 

that the fundamental growth mechanisms of graphene on various substrates can be 

identified. Finally, the method is scalable and capable of continuous operation in an 

open-ambient environment, presenting the possibility of large-area processing. 
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Chapter 5 

5. Role of Substrate, Temperature, and Hydrogen on the Flame Synthesis of 

Graphene Films 

 

5.1 Introduction 

Transition metals allow the growth of the graphene lattice and provide a low energy 

pathway for hydrocarbon dissociation [1]. Graphene growth has been demonstrated on a 

number of metals, i.e. gold (Au), copper (Cu), cobalt (Co), iridium (Ir), nickel (Ni), 

palladium (Pd), platinum (Pt), rhenium (Re), and ruthenium (Ru) [2,3]. Transition metals 

in the first row from Iron (Fe) to Cu are of particular interest, due to their low cost and 

availability. Fe {[Ar] 3d
6
 4s

2
} has an asymmetrical distribution of electrons in the d-shell, 

which gives rise to its high carbon solubility, Table 5.1. When the solubility of C in γ and 

α phases is exceeded, an intermediate phase Fe3C (cementite) appears. Cu has a filled 3d 

shell, with the lowest carbon solubility of the metals examined. Co and Ni, with orbital 

configurations of 3d
7
 and 3d

8
, respectively,

 
have carbon solubilities that fall in between 

Fe and Cu. The growth of graphene on Ni occurs primarily in two-steps: (a) carbon atoms 

are adsorbed onto and incorporated within the Ni substrate, and (b) graphene grows layer 

by layer due to precipitation (out-diffusion) of carbon atoms from the Ni substrate upon 

cooling. In contrast, the formation of graphene on Cu occurs purely by a surface growth 

process [1]. While surface growth also exists for Ni [4], the primary growth mechanism is 

due to carbon dissolution-precipitation. Hence, owing to its low carbon solubility, Cu is 

an ideal metal for limiting the number of graphene layers formed [5]. With Ni and Co, the 

formation of several layers of graphene is common [2].  
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Ruoff and co-workers [6] examined the difference in CVD growth of graphene on 

Ni and Cu, by using carbon isotope (
12

C and 
13

C) labeling and examining the Raman 

spectrum of the graphene, which is different for each isotope. Employing a sequenced 

delivery of 
12

CH4 followed by 
13

CH4, the Ni case showed that the formation of graphene 

had a random mix of 
12

C and 
13

C. Conversely, Cu had regions of only 
12

C graphene, with 

the overall growth pattern following the precursor time sequence. Using Fe, CVD growth 

of graphene is especially challenging, only occurring under very specific conditions [2]. 

Using flame synthesis [7], we disclosed recently that on Cu, 5 to 8 layers of graphene are 

grown uniformly across the substrate; while on Ni, the number of layers grown is 

difficult to control due to the different growth mechanism. With carbon solubility being a 

critical parameter involved in the growth of graphene, we investigate synthesis on Cu, Ni, 

Co, Fe, and Cu-Ni alloy. Alloys such as Cu-Ni permit adjustment of the overall carbon 

solubility, and hence can play an important role in the optimization of the graphene 

growth process [8]. 

Metal/Alloy Carbon Solubility 
(maximum) 

Melting Point 

Cu 0.04 at % 1085 oC 

Ni 2.7 at % 1455 oC 
Co 4.1 at % 1495 oC 
Fe* ~7.5 at % (γ)* 1538oC 
Cu-Ni alloya 0.04 – 2.7 at % 1085-1455 

oC 
a
 Properties vary according to the atomic ratio of Ni and Cu. 

* Carbide formation (e.g. Fe3C) with >25 at %. 

Table 5.1 Properties of the different metals and alloys examined as substrates for 

graphene growth 
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Pressure, crystal structure, temperature, and hydrogen also play important roles. 

In a previous CVD study using acetylene as the carbon source [9], graphene quality 

improved significantly when increasing the temperature from 700
°
C to 1000

°
C.  

Hydrogen has been shown to impact nucleation, domain size, and growth rate in CVD 

synthesis [10]. Thus, in this work, the influences of temperature and hydrogen on the 

growth of graphene are investigated for our flame synthesis method. 

 

 

Figure 5.1 Schematic of the experimental setup. Product species of multiple inverse-

diffusion flames impinge on a metal substrate (i.e. Cu, Ni, Co, Fe, or Cu/Ni) growing 

graphene. 
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5.2 Experimental Procedure 

Graphene film growth is examined on 25 µm thick foils of Co, Cu, Fe, Ni, and Cu-Ni (Ni 

67% wt, Cu 33% wt) (Alfa Aesar). Prior to synthesis, the metal substrates are reduced by 

operating the burner with hydrogen as the sole fuel under “globally-rich” conditions for 

10 min, thereby removing oxide layers. Afterwards, CH4 is introduced (with a “global” 

equivalence ratio of ~3) for 5 or 10 min.  The 5 min condition is used for Co, Ni, Fe, and 

Cu-Ni, which helps to control the number of graphene layers. The growth time for Cu is 

10 min. The input fuel ratio for CH4 and H2 is maintained at 1:10. The substrate is held at 

a fixed position from the burner and is cooled to regulate the temperature, which is 

measured using both thermocouple and pyrometer. The typical growth temperature for 

Cu is 950
°
C and for Co, Fe, Ni, and Cu-Ni is 850

°
C.  The graphene films are 

characterized using Raman spectroscopy (Renishaw 1000, laser excitation 514.5 nm), X-

ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha), transmission electron 

microscopy (TEM, Topcon 002B), and scanning electron microscopy (FESEM, Zeiss 

Sigma 8100). 

5.3 Results and Discussion 

5.3.1  Effect of substrate material 

Raman spectroscopy identifies single to few-layer graphene (FLG) [11]. The first order 

Raman spectra of graphite, is comprised of the D, G, and 2D bands, which are located at 

shifts of ~1350 cm
-1

, ~1580cm
-1

, and ~2700cm
-1

, respectively. The G band is produced 

by the C-C stretching mode of sp
2
 bonded carbon atoms.  The 2D band, which is related 

to the second-order zone boundary phonons, can be used to determine the number of 

graphene layers. For graphite, this Raman shift is ~2727cm
-1

; and for a single layer of 
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graphene, it is ~2660cm
-1

.  A 2D peak between these wavenumbers is typically 

associated with FLG. The ratio between the intensity of the G peak (IG) and the 2D peak 

(I2D) can be used to approximate the number of graphene layers. For graphene film 

synthesized on Cu, IG/I2D = 1.35, Fig. 5.2a, indicating FLG. In combination with Raman, 

atomic force microscopy, and UV-vis spectroscopy, 5 to 8 layers of graphene are 

assessed to have grown uniformly on the substrate [7]. The D peak is due to the first-

order zone boundary phonons and is used to determine the disorder present in the 

graphene film. For pristine single-layer graphene, there should be no D peak present.  

However, as the number of graphene layers increases, a D peak is normally encountered.  

The intensity ratio between the D peak (Id) and IG is used as a metric for the disorder 

present in the graphene, which develops from domain boundaries, wrinkles, edges, 

impurities, and other factors. In the case of Cu, due to a surface growth mechanism, small 

graphene domains are formed, giving rise to a higher D peak. The domain size of the 

graphene film can be calculated using the following equation [11]. 

Eq. 1:     ID/IG = C (λ) / La, 

where La [nm] is the domain size, λ [nm] wavelength of the incident light, and C (λ) is 

calculated as 2.4 x 10
-10

 × λ
4
.  The typical domain size of graphene on Cu is ~45nm. Most 

applications require the transfer of graphene onto an insulating surface. In the case of Cu, 

the transfer of the graphene film can be performed by spin-coating a thin layer of poly-

methylmethacrylate (PMMA) on top of the film and etching away the Cu metal substrate 

below. The PMMA is then dissolved using hot acetone.  Figure 5.2b shows a transferred 

graphene film onto quartz, and the inset shows the transfer onto SiO2/Si.  
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Figure 5.2 Growth of few-layer graphene (FLG) film on Cu. (a) Raman spectrum of the 

film. (b) Photograph of the film transferred on quartz; the inset shows the film transferred 

onto a SiO2/Si substrate.   

 

Growth characteristics of graphene films grown on Ni, Co, and Cu-Ni alloy are 

shown in Fig 5.3a. The Raman spectra illustrate similar growth on all three substrates. 

Carbon atoms readily dissolve within the Ni and Co substrates (given higher solubilities 

compared to Cu), with graphene growth ensuing upon cooling. A lower D peak, 

compared to that for Cu, is observed for all three substrates, where the typical domain 

sizes of the graphene films are 150nm, 70nm, and 50nm for Ni, Co, and Cu-Ni, 

respectively,.  The relatively higher D peak for the Cu-Ni alloy is likely due to the 

presence of Cu, and to the increased role of a surface growth mechanism. TEM shows the 

well-defined crystalline structure of the graphene film on Ni, Fig. 5.3b. 
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Figure 5.3 Growth of few-layer graphene (FLG) film on Ni, Co, and Cu-Ni. (a) Raman 

spectra of the graphene films. (b) TEM image of the graphene film synthesized on Ni, 

with the inset showing the diffraction pattern.  

 

From the phase diagram of nickel and carbon, at temperatures above 800
°
C, Ni 

and C form a metastable solid phase Ni3C [2]. Upon cooling, the carbon diffuses out of 

the Ni to form graphene layers. A similar process occurs for Co, except that diffusion and 

nucleation of graphene takes place at the grain boundaries. As a result, controlling the 

number of graphene layers on a large Ni or Co substrate is difficult. Additionally, the 

number of graphene layers is typically greater at the grain boundaries, resulting in the 

formation of wrinkles [2]. As seen in the local contrasts within the FESEM image, 

Fig.5.4c, the number of graphene layers across Ni varies. Figure 5.4d shows the 

formation of wrinkles at the grain boundaries of the underlying Ni. Graphene growth on 

Cu is not caused by the out-diffusion of carbon atoms, given that only a trivial amount of 

carbon is absorbed into bulk copper, but rather by breakdown of the hydrocarbon gas on 

the surface. Once the copper surface is covered by graphene, the formation of any 

additional carbon structure [1] is deactivated. Hence Cu has proven to be especially 
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effective in limiting the growth of graphene layers. A uniform graphene film on Cu is 

observed from the FESEM image, Fig. 5.4a. Moreover, no wrinkles form at the Cu grain 

boundaries. The additional layers formed on Ni seem to be confirmed by Figs. 5.4c and 

5.4d, which show darker areas where FLG has detached locally from the substrate, 

probably due to a combination of growth stresses and thermal expansion misfit stresses 

during cooling after deposition.  These effects are dependent critically on film thickness; 

the fewer the layers, the less susceptible the film is to delamination. Although lower D 

peaks typify Ni and Co, Cu is preferred normally because it yields more uniform 

graphene. 

 

Figure 5.4 FESEM images comparing the growth of graphene on Cu and Ni. (a) Low 

magnification image of graphene film on Cu. (b) High magnification image of graphene 

film on Cu. (c) Low magnification image of graphene film on Ni. (d) High magnification 

image of graphene film on Ni. 
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Unlike the cases for Cu, Ni, and Co, the growth of graphene is not exclusively 

observed on Fe, despite the presence of a Raman 2D peak (Fig 5.5a) indicating graphitic-

type structure [11]. Although carbon is highly soluble within Fe (see Table 5.1), Fe3C 

readily forms, which can break up the Fe substrate surface. As a result, a disordered 

structure can result, Fig. 5.5b, with Raman corroborating a large D peak (Fig 5.5a). . For 

the cases of Ni and Co, which have higher carbon solubilities than that for Cu, lower D 

peaks are observed compared to that for Cu. However, for the case of Fe, which has 

higher carbon solubility than that for Ni and Co, a higher D peak is observed compared to 

those for Ni, Co, or Cu. Similarly, a higher D peak is observed for Co compared to that 

for Ni. While growth of FLG has been observed on Fe using CVD [12], no such growth 

is observed in our flame synthesis process. In typical thermal CVD, hydrocarbon 

dissociation on the metal surface constrains the amount of carbon atoms present [1]. As 

such, single-layer graphene is attainable on various metals. In our setup, the post-flame 

gases are already comprised of relevant carbon-rich pyrolysis species and radicals, 

supplying carbon atoms at quantities that are perhaps too copious for constrained 

graphene formation, overgrowing into a disordered structure. 
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Figure 5.5 Growth of a disordered graphitic structure on Fe. (a) Raman spectrum of the 

material. (b) Low magnification FESEM image of the material growth on Fe; the inset 

shows a high magnification image. 

 

5.3.2  Effect of substrate temperature 

Conventional CVD synthesis of graphene on transitional metals involves high substrate 

temperatures, which are critical for hydrocarbon dissociation within the thermal boundary 

layer. At substrate temperatures below 850
°
C, no growth of graphene occurs on Cu [13]. 

However, lower temperature growth is critical for industrial feasibility and economic 

cost. Recently, low temperature growth of graphene has been reported using microwave 

[14] and plasma enhanced [15] CVD. The plasma or microwave source provides 

hydrocarbon dissociation to enable low-temperature growth of graphene. However, in 

such cases, a large D (disorder) is typically encountered. In our setup, combustion 

provides hydrocarbon dissociation such that post-flame gases are comprised of relevant 

carbon-rich pyrolysis species (such as CO and Cn); therefore high substrate temperatures 

are not necessary for graphene growth. 
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Figure 5.6 Analysis of the influence of temperature on the growth of graphene. (a) Raman 

spectrum on Cu. (b) Raman spectrum on Ni. (c) Raman spectrum on Co. 

 

Raman spectroscopy analyzes the influence of substrate temperature on graphene 

growth, Fig. 5.6.  For Cu at 750
°
C, the 2D peak indicates the presence of graphitic-type 

structure. However, the large D peak stems from a small domain size of 20nm for the 

film. The graphene film at this temperature is easily transferred onto an insulating 

surface. Further reduction of the temperature to 600
º
C or 500

°
C results in the formation of 

an amorphous carbon film [16], with no 2D peak present, Fig 5.6a. For Ni and Co, 

growth of high quality graphene films is observed at 750
°
C, where the domain sizes are 

100nm and 50nm, for Ni and Co, respectively. At a temperature of 600
°
C, graphene films 

on Ni or Co are still observed, although higher D peaks are associated, with the D peak 

for Co being usually higher than that for Ni. The surface growth mechanism for Cu 

requires higher growth temperatures, while the precipitation growth mechanism upon 

cooling can transpire at lower temperatures. Thus, the choice of metal substrate can play 

an important factor in the growth of low temperature graphene. In all three cases of Cu, 
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Ni, and Co, higher D peaks are encountered at lower temperatures; therefore, the 

temperature of the substrate also determines the domain size of the graphene film.  

When the growth temperature of Ni or Co is further lowered to 500
°
C, a small 2D 

peak appears, Fig. 5.6b and Fig. 5.6c, representative of graphitic-type structure. FESEM 

divulges the growth of carbon nanotubes (CNTs), Fig. 5.7a. Flame synthesis of CNTs is 

facilitated by catalytic nanoparticle formation, which precedes the initiation and growth 

of CNTs. On bulk metals, nanoparticle formation can follow due to the carbide-induced 

breakup of the substrate [17,18]. Nevertheless, at 500
°
C, carbon solubility of Ni and Co is 

limited, inhibiting the formation of carbides. Thus, nanoparticle formation likely happens 

during hydrogen flame reduction of the thin oxide layers, which are present on Co and 

Ni. In both cases, the growth of CNTs on Ni and Co is not uniform across the substrate, 

presumably due to a paucity of nanoparticles. In previous flame synthesis studies, albeit 

for different configurations and conditions, alloys of Ni yielded higher densities of CNTs 

[19]. Likewise, for Cu-Ni substrate at 500
°
C, CNTs grow uniformly across the substrate, 

Fig 5.7b and Fig 5.7c. This higher yield may be due to breakup of the surface oxide, Fig. 

5.7d, leading to plentiful nanoparticles on the substrate. Notwithstanding, it is not entirely 

clear if the breakup occurs due to it being an alloy or to the method in which it is 

manufactured. No CNTs are grown on the Cu substrate. 
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Figure 5.7  FESEM image showing the low-temperature (500
°
C) growth condition. (a) 

High magnification image on Ni. (b,c) Low magnification image on Cu-Ni. (d) High 

magnification image on Cu-Ni. 

 

5.3.3  Effect of hydrogen 

The effect of hydrogen on the growth of graphene is investigated for Cu as substrate. Cu 

has an oxide surface layer that can inhibit graphene growth [2]. XPS is performed on the 

Cu substrate before and after graphene growth, Fig. 5.8a. The broad Cu(2p3/2) and 

Cu(2p1/2) peaks, for the as-received Cu foil, confirm the presence of various copper 

oxides (Cu2O, CuO) [[20]. After graphene growth, sharper Cu(2p3/2) and Cu(2p1/2) peaks 

are observed, indicating removal of the oxide layer [20].  A hydrogen reducing 

environment enables removal of the oxide layer. When the Cu foil is not treated in a 
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hydrogen reducing environment prior to the growth of graphene, the Raman spectrum 

reveals that the film is highly disordered, Fig. 5.8b, and non-uniform across the substrate. 

The hydrogen reduction pre-treatment also enlarges the Cu grain size for higher quality 

graphene [2]. Besides the initial reduction of the oxide layer, hydrogen is needed during 

the growth process of graphene. Carbon atoms are thermodynamically unfavorable on Cu 

[21]; and hydrogen aids the formation of active carbon species (primarily CHx) on the Cu 

surface for graphene growth.  Moreover, hydrogen etches away unwanted weak carbon-

carbon bonds [10]. In atmospheric pressure CVD (APCVD), the growth of graphene is 

strongly dependent on hydrogen concentration. With insufficient hydrogen, the graphene 

film tends to be disordered [1], and no graphene is grown in the absence of hydrogen 

[10]. On the other hand, the growth of graphene is achievable during flame synthesis, 

without externally-added hydrogen, Fig. 5.8b, because the fuel-rich combustion of 

methane inherently produces hydrogen along with carbon-rich pyrolysis species. 

However, the quality of the graphene film is modest, as evident from the Raman 

spectrum. Thus, hydrogen addition is needed to grow high-quality graphene films with 

large domain size. 
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Figure 5.8 (a) XPS core-level Cu 2p spectrum of the Cu foil before and after the growth 

of graphene. (b) Raman spectrum of the film with no H2 pretreatment (but H2 is used 

during the growth process) and no external H2 as fuel during the growth process (but H2 

is used during the pretreatment process). 

 

5.4 Concluding Remarks 

Flame synthesis of graphene is investigated on Cu, Ni, Co, Fe, and Cu-Ni substrates. On 

Cu, FLG is grown uniformly across the substrate. Ni offers the advantage of a lower 

disorder graphene, but the growth is not uniform across the substrate, with formation of 

wrinkles appearing along the grain boundaries. The graphene quality is slightly higher on 

Ni compared to that on Co or Cu-Ni alloy. On Fe, no graphene film is found to grow.  

 Flame synthesis offers the advantage of providing various gaseous carbonaceous 

species, which can enable the low temperature growth of graphene. Graphene films are 

observed on Ni and Co at temperatures from 600
°
C to 750

°
C. In the case of Cu, graphene 

grows at 750
°
C, but amorphous carbon develops at 600

°
C. In all cases, higher 

temperatures produce better quality graphene films. Starting at 500
°
C, CNTs grow on Ni, 

Co, and Ni-Cu. CNT yield on Ni-Cu alloy is abundant due to ready breakup of the 
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surface oxide. Hydrogen plays crucial roles in graphene growth by removing oxide layers 

on and by modifying grain size of the substrate prior to synthesis (without which the 

graphene film is not uniform and highly disordered), facilitating the formation of active 

species for synthesis, and etching away sp
3
 carbon during synthesis to produce high 

quality graphene films. Other parameters such as pressure, crystal structure, and cooling 

rate are currently being investigated, along with measuring species concentrations using 

laser-based diagnostics to determine local growth conditions.  The novel multiple 

inverse-diffusion flame burner is expected to enable the scalable production of advanced 

sp
2
 carbon nanomaterials, from 0D fullerenes to 1D CNTs to 2D graphene. 
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Chapter 6 

6. CNT Synthesis on Transitional Metal Alloys 

 

6.1 Introduction  

The unique flame setup employed in this chapter is the multiple inverse-diffusion flame. 

Earlier reports for CNT synthesis using flames involved the use of normal diffusion 

flames (NDFs) [1] and premixed flames (PFs) [2].  More recently, the growth of CNTs 

was demonstrated using a single inverse-diffusion flame (IDF) [3].  IDF offers several 

key advantages for the growth of CNTs when compared to NDF and PF [3].  However, 

due to large gradients present in a single diffusion flame, it is difficult to scale the growth 

of CNTs across a large substrate.  The multiple inverse-diffusion flame enables has no 

scaling problems, as the flow velocity is independent of the overall burner diameter. 

Since many small diffusion flames are used, overall radially-flat profiles of temperature 

and chemical species occur downstream from the burner.  This ensures uniform growth 

across the substrate.  

 The growth of CNTs is investigated on various transition-metal alloy substrates. 

Under suitable conditions, the formation of catalytic nanoparticles occurs, and carbon-

based species undergo dissociative adsorption and diffuse into the catalytic nanoparticles 

for CNT growth [4].  The nanoparticles either detach from the substrate and are situated 

at the tip of the CNT or remain attach to the surface of the substrate and are situated at 

the base of the CNT.  For the growth of CNTs directly on transition-metals, catalytic 

nanoparticle formation primarily occurs due to surface breakup induced by surface 

carbonization.  Carbide induced breakup of the surface is commonly reported as the CNT 
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growth mechanism for rich hydrocarbon-based flames [3,5].  Once the dissolved carbon 

reaches a threshold concentration, the formation of carbide occurs, and due to lattice 

mismatch between the carbide phase and the transition-metal stresses form on the 

substrate surface.  Surface breakup typically appears along the weakest regions, such as 

grain boundaries and edge dislocations, due to the increased lattice stress and higher 

carbon concentration.  Such growth mechanism results in the formation of a wide variety 

of geometries and sizes [6-8].  Other mechanisms for the formation of nanoparticles on a 

substrate, include hydrogen reduction and evaporation-condensation [3].  For the 

hydrogen reduction mechanism, the presence of oxygen species, such as OH near the 

flame front, can result in the local oxidation of the substrate, which can then be reduced 

due to any hydrogen species within the flame.  Under the evaporation-condensation 

mechanism the surface metal evaporates and then diffuses back, where it can condensate 

as nanoparticles.  Based on prior studies [3], the hydrogen reduction and evaporation-

condensation mechanism play a limited role in the growth of CNTs.  Firstly, oxygen 

species that readily breakdown, such as OH, only exist near the flame front, which is not 

suitable for the growth of CNTs.  Secondly, with a growth temperature much lower than 

the melting point, the production of metal vapor is minimal.  Hence the dominant 

mechanism for CNT growth is due to the carbide breakup of the surface.  Due to different 

carbon solubilities within metals, the type of metal or metal alloy plays a critical factor in 

the growth of CNTs.  
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6.2 Experimental Setup 

CNTs are grown on different transition-metal substrates (Fe, Ni/Cr/Fe, and Ni/Ti), which 

are listed in Table 6.1.  The substrates are cleaned in ethanol using an ultrasonic cleaner, 

and then are air-dried.  The same multiple inverse diffusion-flame that was used for the 

growth of graphene, (Chapter 4 Fig. 1), is used for CNT synthesis, with ethylene as the 

sole fuel source.  The substrate is held within the flame for 10 minutes.  A silica-coated 

125 μm Pt/Pt-10%Rh thermocouple (S-type) measures the gas phase temperature to be 

around 800
o
C.  After synthesis, the substrate is examined directly using Field Emission 

Scanning Electron Microscopy (FESEM).  

Chemical Composition Melting Point (K) 

 

99.95% Fe 

 

1808 

 

56% Ni / 44% Ti 

 

1583 

 

60% Ni / 16% Cr / 24% Fe 

 

1623 

Table 6.1 Catalytic metal alloys investigated 

 

6.3 Results and Discussion 

The growth of CNTs using combustion is a complex process, where both nanoparticle 

formation and CNT growth occur under very specific conditions.  Using the multiple 

diffusion flame setup, the growth of CNTs only occurs under inverse (fuel rich) 

conditions, where the oxygen is completely consumed.  In this chapter the growth of 

CNTs is investigated on different alloy composition.  The growth of micro- and nano-

scale carbon fibers and tubes are observed on the Fe substrate, Fig 6.1.  Large scale 
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growth is observed across the substrate, Fig. 6.1a, however the tubes tend to be twisted, 

coiled, and entangled.  While there is a large distribution in the diameter of the CNTs 

grown using the Fe substrate, CNTs with a diameter of 100nm to 150nm are commonly 

observed using FESEM, Fig. 6.1d.  Next the growth of CNTs is investigated using 

Ni/Cr/Fe, where large quantities of CNTs cover the substrate, Fig. 6.2a.  The CNTs are of 

fairly uniform diameter, ranging from 30nm to 50nm.  Additionally, regions of vertically-

aligned CNTs are obtained from the Ni/Cr/Fe substrate, Fig. 6.2d.     

 

Figure 6.1 FESEM images of CNT morphology using a Fe substrate. 

20 μm 10 μm

2 μm 1 μm

a b

c d
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Figure 6.2 FESEM images of CNT morphology using a Ni/Cr/Fe substrate. 

 

 The difference in the quality of CNTs obtained from the Fe substrate, compared to 

the Ni/Cr/Fe substrate, can possibly be attributed to the difference in the carbon solubility 

between Fe and Ni.  Fe has higher carbon solubility [9] when compared to Ni, which can 

result in significant quantities of micro- and nano-sized particles.  Hence, larger diameter 

CNTs are observed on the Fe substrate.  In the case of Ni, the formation of nanoparticles 

is more uniform and limited [5], thus explaining the smaller diameter of CNTs.  Similar 

to the growth on Ni/Cr/Fe, large quantities of CNTs cover the Ni/Ti substrate, Fig. 6.3a. 

The CNTs grown on Ni/Ti are fairly uniform with a typical diameter that is less 50nm.  

Based on these results, nickel alloys result in higher quality CNT growth with small 
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diameters when compared to the growth of CNTs using Fe.  Similar results have been 

observed in prior flame synthesis studies [3,5].  

 

 

Figure 6.3 FESEM images of CNT morphology using a Ni/Ti substrate. 

 

 The growth of coiled CNT structures is also observed on the Ni/Ti substrate, Fig. 

6.3b inset.  Such growth occurs due to the introduction of defects (pentagon rings and 

heptagon rings) into the hexagonal rings [10], which is caused by the shape of the catalyst 

particle.  Distinct crystalline facets of the catalyst particle can have different carbon 

precipitation rates during the CNT growth process.  This results in an uneven extrusion 

velocity of carbon, which can introduce pentagon and heptagon rings (Fig. 6.4).   

2 μm
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Figure 6.4 Simulated SWNT bends. (a) A 34
o
 bend from a pentagon and heptagon defect 

on opposite sides. (b) – (d) from three pentagon-heptagon defects on different sides. (e) A 

8
o
 bend from two fused defects. (f) A 4

o
 bend from a fused defect. (Reproduced with 

citation [10])  

 

6.4 Concluding Remarks 

Transition metals (e.g. Ni, Co, and Fe) and their alloys are well known to serve as 

catalysts for CNT growth.  Under the right conditions, catalyst nanoparticles are formed, 

and carbon-based precursor species readily undergo dissociative adsorption and diffuse 

through the catalyst nanoparticles and grow into CNTs.  Using our flame setup, no 

pretreatment of the substrate is needed; our single-step method induces catalyst 

nanoparticle formation along with subsequent CNT growth.  With the temperature and 
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chemical species concentrations in the post-flame gases radially flat, uniform synthesis of 

CNTs is possible across large substrates.  The growth of CNTs is demonstrated on Fe, 

Ni/Cr/Fe/, and Ni/Ti substrates and it is shown that the alloy composition strongly 

impacts CNT morphology.  Higher quality CNTs with smaller diameters are observed on 

Ni/Cr/Fe and Ni/Ti when compared to the CNTs from Fe. 
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 Chapter 7 

7. Transitioning Growth from CNTs to Graphene Films on Nickel Alloys 

 

7.1 Introduction 

Allotropes of carbon, specifically graphene and carbon nanotubes (CNTs) are the subject 

of great scientific interest.  Graphene and CNTs, comprised of sp
2
-bonded carbon atoms, 

exhibit remarkable electrical and mechanical properties, with the potential to replace 

silicon in electronic devices [1,2].  The growth of carbon nanomaterials on metals has 

been well studied using chemical vapor deposition (CVD).  Graphene can be grown on 

Copper (Cu) [3] and Nickel (Ni) [4] foils at temperatures ~1000°C.  The temperature and 

substrate composition are of critical importance in the growth of graphene [5,6].  For 

CNTs, the substrate is normally seeded with catalytic nanoparticles (Ni, Co, or Fe), with 

a typical growth temperature ~500°C [7].  While CVD has emerged as the leading 

technology for the production of graphene and CNTs, the processes are costly, require 

lengthy processing times, and are restricted to confined synthesis.  

A common requirement in the growth of carbon nanomaterials is a carbon 

feedstock and heat.  Flame synthesis offers the advantage of efficiently providing both 

elevated temperature and precursor carbon species for growth.  Recently, we reported the 

growth of few-layer graphene (FLG) films on Cu and Ni substrates using flame synthesis 

[8] in open environments (chapter 4).  The growth of CNTs [9-11] using flame synthesis 

has been widely demonstrated, however this chapter evinces that by varying the 

temperature, growth can transition between CNTs and FLG.  Additionally, while the 

growth of CNTs has been demonstrated on a number of Nickel alloys [9,10,12]   (Cu-Ni, 
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Ni-Fe-Cr, Ni-Ti, and Co-Ni), the growth of graphene has only been demonstrated on Cu-

Ni [13].  Finally, our system requires no prior substrate preparation, permits open-

environment processing, and affords high growth rates. 

 

Figure 7.1 Schematic diagram of the experimental setup. The substrate (Ni, Cu-Ni, 

Inconel, or nitinol) is held at a high temperature (850°C) or a low temperature (500°C). 

 

7.2 Experiment 

In our setup, the pyrolysis gases of a multiple-diffusion-flame burner [8] impinges on a 

substrate, enabling the growth of carbon nanomaterials (see Fig. 7.1).  The burner 

operates in an inverse mode, where for each distinct flame in the planar array, oxidizer is 

in the center, and fuel (e.g. H2, CH4) surrounds it [8].  This design results in: (i) input 

oxygen being completely consumed, (ii) large quantities of hydrogen and carbon-rich 

species being generated, and (iii) radially uniform scalar properties being established 

axially downstream.  Ni, Cu-Ni (Ni 67% wt, Cu 33% wt), Inconel 600 (Ni 72% wt, Cr 

16% wt, Fe 12% wt) and nitinol (Ni 55% wt, Ti 45% wt) are investigated as substrates.  

Non-premixed
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Prior to any carbon-based synthesis, the metal substrates are reduced by operating the 

burner under a globally-rich hydrogen condition for 10min.  Subsequently, CH4 is 

introduced (with a global equivalence ratio of ~3) for 5 to 10min.  The gas input ratio 

between CH4 and H2 is kept constant at 1:10.  For a fixed substrate distance of 15mm 

above the flame, the temperature of the substrate is varied from 850°C to 500°C (by 

cooling), and is measured using both thermocouple and pyrometer.  The reduction pre-

treatment temperature is the same as the growth temperature.  Although the flame 

temperature is kept constant, the type and concentrations of the hydrocarbon species at 

the substrate could differ for the two different surface temperatures.  Thus, future work 

will involve measuring the species concentrations using laser-based diagnostics to 

explicitly determine the local growth conditions. 

 

7.3 Results and Discussion 

Raman spectroscopy identifies FLG [14], where the first order Raman spectra is 

comprised of the D, G, and 2D bands, which are located at shifts of ~1350 cm
-1

, 

~1580cm
-1

, and ~2700cm
-1

, respectively [15].  For Ni, the growth of FLG growth occurs 

at 850°C (Fig. 7.2a).  Characterization using TEM corroborates the growth of FLG (Fig. 

7.2b).  At 850°C, no CNTs are grown on Ni for fixed flame conditions, as verified by 

FESEM (Fig. 7.2c).  When the substrate temperature is lowered to 500°C, multi-wall 

carbon nanotubes (MWNTs) are observed, as shown in Fig. 2d.  The direct growth of 

CNTs using bulk metals involves initial catalytic nanoparticle formation on the substrate 

followed by initiation and growth [11].  Nanoparticle formation on bulk metals can be 

due to carbide-induced breakup of the substrate or mechanical roughening.  However, at 
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500°C the carbon solubility in Ni is minimal, hence nanoparticle formation likely occurs 

during the hydrogen flame reduction of the thin oxide layer on the Ni substrate.  A 

critical parameter that determines the growth of graphene versus CNTs is related to the 

carbon solubility of the bulk metal.  At high temperatures, carbon atoms are soluble in Ni 

[16]; and upon cooling, the carbon precipitates out to form FLG.  In contrast, at low 

temperatures, hydrocarbon pyrolysis gases adsorb on the substrate, leading to the 

formation of CNTs [17]. 

 

Figure 7.2  Carbon nanomaterial growth on Ni. (a) Raman spectrum of the few-layer 

graphene (FLG) synthesized on Ni at a temperature of 850°C. (b) HRTEM image of the 

FLG, the top right inset is magnified image of the graphene lattice. (c) SEM image of the 

FLG on Ni, the top right inset is a magnified image of Ni. No CNTs are observed. (d) 

CNTs grown on Ni at 500°C. 
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CVD growth of graphene on metals involves a high substrate temperature, which 

is necessary for hydrocarbon dissociation within the boundary layer.  Lower temperature 

growth is important for industrial feasibility and economic cost.  In our setup, combustion 

provides hydrocarbon dissociation such that post-flame gases are comprised of relevant 

carbon-rich pyrolysis species (such as CO and Cn); hence a high substrate temperature is 

not necessary for graphene growth.  Figure 7.3 shows the Raman spectrum of the 

graphene growth on Ni at different temperatures.  The growth of FLG is observed at 

750
°
C and 600

°
C, without the presence of CNTs.  At 600

°
C a higher D peak is observed, 

Fig. 7.3.  The D peak is related to the disorder present in the graphene film and a larger 

disorder peak is typically encountered in the low temperature growth of graphene [18]. 

The growth of CNTs on Ni is only observed at temperatures starting at around 500
°
C, 

where a small 2D peak is observed within the Raman spectrum, Fig. 7.3.  

 

Figure 7.3 Raman spectrum showing the influence of temperature on the growth of FLG 

on Ni.  
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The carbon solubility of a metal plays a critical role in the growth of graphene. 

Copper due to its low carbon solubility is an ideal metal for limiting the growth of 

graphene layers [8].  Alloys such as Cu-Ni can adjust the overall carbon solubility, and 

hence are expected to be an important alloy in the optimization of graphene synthesis 

[13].  The Raman spectrum, Fig. 7.4a, confirms the growth of FLG on Cu-Ni at a 

temperature of 850
°
C.  The disorder (D) peak is higher for Cu-Ni as compared to Ni. 

Using the FESEM, Fig. 7.4b, no CNTs are observed at this temperature.  When the 

temperature of the Cu-Ni substrate is lowered to 600
°
C, the growth of CNTs occurs on 

the substrate, Fig. 7.4c.  Higher yields of CNTs occur at a temperature of 500
°
C for Cu-

Ni, Fig. 7.4d.  Hydrogen etching results in the production of small Ni nanoparticles from 

Cu-Ni alloy; however this process does not readily occur on pure Ni [19].  Due to the 

formation of numerous Ni nanoparticles, a higher yield of CNTs occurring at a wider 

temperate range is observed on the Cu-Ni, when compared to pure Ni.  A larger 

concentration of nanoparticles seems to occur at the grain boundaries, as large quantities 

of CNTs are visible near the grain boundaries, Fig. 7.4c.  No growth of CNTs occurs at 

850
°
C on Cu-Ni, as it is possible the high temperature increases the pyrolytic process on 

the substrate and hydrocarbons adsorb to fast to be incorporated as CNTs [17]. 

Additionally, carbon atoms are soluble within Ni at 850
°
C that results in the formation of 

FLG upon cooling.  
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Figure 7.4  Carbon nanomaterial growth on Cu-Ni. (a) Raman spectrum of the few-layer 

graphene (FLG) synthesized on Cu-Ni at a temperature of 850°C. (b) SEM image of the 

FLG on Cu-Ni. No CNTs are observed. (c) CNTs grown on Cu-Ni at 600°C. (d) CNTs 

grown on Cu-Ni at 500°C. 

Next the transitional growth between graphene and CNTs is investigated on 

Inconel and nitinol.  At a temperature of 850
°
C the growth of FLG is observed on 

Inconel, Fig 7.5a.  The exclusive growth of FLG is not observed on nitinol for the 

examined experimental conditions.  Although carbon is highly soluble within Ni-Ti [20], 

TiC1-x readily forms [12], which can break up the substrate surface.  This results in a 

disorder structure at a temperature of 850
°
C, Fig 7.5b.  When the temperature is lowered 

to 500
°
C, the growth of CNTs is verified on Inconel and nitinol using FESEM, Figs. 7.5c 

and 7.5d, respectively.  The yield of CNTs as assessed from the FESEM, is noticeably 
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lower on the pure Ni substrate (Fig. 7.2d) as compared to the Inconel and nitinol substrate 

(Figs. 7.5c and 7.5d).  Such results match those from prior flame synthesis studies, albeit 

in different flame configurations, where alloys of Ni/Cr/Fe and Ni/Ti [9,10] result in the 

optimal growth of CNTs.  The diameter of CNTs observed on Ni, Cu-Ni, Inconel, and 

nitinol is between 50 to 100 nm.  H2 is known to etch sp
2
 bonded carbon atoms, and a 

high H2 to CH4 ratio for the feed gas leads to defective and large diameter CNTs [21]. 

Additionally, H2 can etch away smaller diameter CNTs.  Controlled experiments on 

Inconel and nitinol, where no hydrogen was added to the fuel, reduced etching of sp
2
 

bonded carbon atoms, producing CNTs that are more uniform and of smaller diameter, 

less than 50 nm (Figs. 7.5e and 7.5f).   
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Figure 7.5  Carbon nanomaterial growth on Inconel and nitinol. (a) Raman spectrum of 

the few-layer graphene (FLG) synthesized on Inconel at a temperature of 850°C.The top 

right inset is the SEM image of the FLG on Inconel. (b) Raman spectrum of the growth 

on nitinol at a temperature of 850°C. The top right inset is the SEM image showing the 

disorder structure on nitinol. (c) CNTs grown on Inconel at 500°C. (d) CNTs grown on 

nitinol at 500°C. (e) CNTs grown on Inconel without the addition of hydrogen as fuel. (f) 

CNTs grown on nitinol without the addition of hydrogen as fuel. 

7.4 Concluding Remarks 

The importance of Ni alloys and temperature on the flame synthesis of carbon 

nanomaterials is highlighted.  At a substrate temperature of 500
°
C, the growth of CNTs is 

observed on Ni, Cu-Ni, Inconel, and nitinol.  When the substrate temperature is increased 

to 850
°
C, growth can transition from CNTs to FLG on Ni, Cu-Ni and Inconel.  The 

advantages of our process are tunability to produce graphene and CNTs; synthesis at 

atmospheric conditions without a confining chamber; continuous rapid growth process 

(minutes versus hours); and efficient and economical use of CH4 and H2 in providing the 

elevated temperature and species necessary for growth. 
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Chapter 8 

8. Synthesis of CNTs and Graphene Films using Metal-Oxide Spinels 

 

 

8.1 Introduction  

Nano-sized metal oxides are a promising material for enhancing the rate capability of 

electrodes, however due to particle agglomeration and low electrical conductivity their 

use has resulted in very limited improvement in the rate capability [1]. Composite 

materials, involving metal oxides and nano-carbon (graphene or CNTs), can improve 

electrical conductivity and reduce particle agglomeration. Hence such materials can 

significantly improve the performance of various electrodes [2]. The use of solid oxide 

solutions containing transition metal ions (spinels) can enable the scalable growth of 

CNTs and graphene on arbitrary substrates. Strategically selected metal oxides, such as 

Mg1-xCoxO, can be easily removed from the substrate by a mild non-oxidative washing 

with aqueous HCl [3,4]. This can enable the direct growth of graphene on an insulating 

surface, which has been a major focus of the CVD community [5].Other applications 

include hot pressing the CNT (or graphene) and spinel composite into larger massive 

composites [6].  

As a precursor to catalytic CNT growth with CVD, spinels subjected to high 

temperature reduction, resulting in the formation of metal  catalysts. Peigney’s group [7-

13] has successfully produced CNTs (high purity SWNT bundles) and CNTs/metal-oxide 

nanocomposites using CVD with H2 and CH4 as the precursor. Additionally, the group 

has extensively investigated the effects of various solid solutions on the growth of CNTs 
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and nanocomposites. Some of the drawbacks of this CVD method include a long 

processing time (reaching 4 hours [11]), cumbersome batch processing, and the sizable 

consumption of both H2/CH4 gas and electrical energy.  

The growth of a composite material involving spinels and reduced graphene oxide 

has been reported using a solution synthesis method [2,14]. However, graphene oxide 

does not exhibit the unique properties of graphene [15]. To the best of our knowledge, 

composite materials involving the synthesis of spinels and graphene has yet to be 

reported. Additionally, flame synthesis of CNTs using spinels has yet to be demonstrated. 

In this study, the catalytic synthesis of CNTs and graphene using metal oxide solutions of 

Cobalt Aluminate (CoAl2O4), Nickel Aluminate (NiAl2O4), Zinc Ferrite (ZnFe2O4), and 

Copper Ferrite (CuFe2O4) is demonstrated using a counter flow diffusion flame (CDF) 

and a multiple inverse-diffusion flame. The CDF was first used for the production of 

various oxide nanomaterials such as Al2O3, SiO2, and GeO2 [16,17], and more recently, 

the CDF burner has commonly been used for the growth of CNTs [18] along with other 

nanomaterials [19,20]. Our group [21] has previously demonstrated the growth of CNTs 

using a CDF burner on various metal alloys (i.e., Fe, Fe/Cr, Ni/Cu, Ni/Ti, Ni/Cr, and 

Ni/Cr/Fe). It was shown that the alloy composition strongly impacts the growth of CNTs, 

along with gas-phase temperature, and local C2H2 concentration. Merchan-Merchan and 

co-workers [22,23] also demonstrated the growth of CNTs using the CDF burner on a Ni 

alloy probe. Their study investigates the flame parameters and the application of an 

external electric field on the growth of CNTs.  Li et al. [24] investigated the growth of 

CNTs using the CDF burner on a Ni alloy probe and a Si substrate coated with porous 

anodic aluminum oxide. The flame profile of a CDF burner is well understood by the 
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combustion community and is well-suited for the fundamental investigation of 

nanomaterial synthesis.  Hence, the CDF flame is used to study the influence of different 

metal oxide solutions on the growth of CNTs. A limitation of the CDF flame is the 

inability to grow CNTs across large regions due to the temperature and concentration 

gradients. Additionally, the growth typically occurs on a wire probe, as any large 

substrate would impact the flow structure of the CDF flame. For scalable growth of 

CNTs on metal-oxide spinels, the multiple inverse-diffusion flame is employed, where 

the burner operates in a novel inverse mode. Recently we reported the growth of CNTs 

and few-layer graphene (FLG) films using this burner in an open environment [25]. In the 

setup, for each individual flame, the oxidizer is in the center and the fuel (H2, CH4) 

surrounds it. This enables the generation of large quantities of hydrogen and carbon-rich 

species, the complete consumption of oxygen, and the formation of radially uniform 

scalar properties (e.g. temperature, carbon species). Graphene synthesis normally occurs 

on large substrates, for this reason we only use the multiple-inverse diffusion flame for 

graphene growth on spinels. Additionally, the multiple-diffusion-flame readily provides 

the large quantities of hydrogen, which is necessary for the synthesis of graphene.    
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Figure 8.1 Schematic of the experimental setup (a) Counterflow diffusion flame (CDF) 

with a probe inserted for CNT growth. (b) Product species of multiple inverse-diffusion 

flames impinge on a substrate for CNT or graphene growth. 

 

8.2 Experiment 

8.2.1  Spinels preparation 

All spinel powders are prepared by a co-precipitation process that is different from the 

combustion route used by Peigney’s group. 

8.2.1.1  Cobalt aluminate (CoAl2O4)     

While maintaining a pH of 10.0 with dilute ammonia, an aqueous mixture of 1:2 

CoSO4·7H2O and Al(NO3)3·9H2O is titrated into an alkali solution. The resulting 

suspension is allowed to stir for 12 hours, after which the precipitates (a mixture of cobalt 

hydroxide and aluminum hydroxide) are separated from the solution with a wet filter, and 

washed with de-ionized water and ethyl alcohol. After drying at 70
o
C overnight, the 

samples are heated for 1 hour at 950
o
C in a hot air oven and the CoAl2O4 product is 

ground to a fine powder with a pestle and mortar 
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8.2.1.2  Nickel aluminate (NiAl2O4) 

 Using Ni(NO3)2·6H2O as the starting reagent, NiAl2O4 powders are obtained with much 

the same approach as CoAl2O4, with the exception that final annealing temperature is 

900
o
C. 

8.2.1.3  Zinc ferrite (ZnFe2O4) 

The preparation is again identical to that used for CoAl2O4, but the starting reagents are 

ZnCl2 and FeSO4·7H2O and the annealing process takes place at 1000
o
C. 

8.2.1.4  Copper Ferrite (CuFe2O4) 

The production of CuFe2O4 is similar to the co-precipitation process described elsewhere 

[26]. A mixture of Cu(NO3)2·3H2O and Fe(NO3)3·9H2O in a 1:20 ratio is dissolved in de-

ionized water (50 ml and titrated with 37.5 ml of 4M NaOH at 90
o
C. The solution is 

allowed to age at 90
o
C for 2 hours, and following wet filtration, the precipitate is dried 

overnight at 80
o
C. Finally the sample is heated in air at 600

o
C for 4 hours.   

8.2.2  Spinels coating onto the support substrates 

The as-prepared spinel powders are put into ethanol with a weight ratio of 20% spinel, 

and ultrasonicated for 20 minutes to a form homogeneous suspension. For CNT growth 

using the CDF, the CoAl2O4, NiAl2O4, or ZnFe2O4 suspension is dropped onto the surface 

of a spatula-shaped copper substrate with a dimension of 0.8mm wide and 0.2mm thick 

(at the flat end). For CNT growth using the multiple inverse-diffusion flame, the 

CoAl2O4, NiAl2O4, or ZnFe2O4 suspension is dropped onto a 25µm thick Cu foil or 

1.5mm thick quartz substrate. For graphene growth using the multiple inverse-diffusion 
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flame, the CuFe2O4 suspension is dropped onto a 1.5mm thick quartz substrate. In all 

cases the substrates are ready to use after being dried in air. 

 

8.2.3  Flame setup  

8.2.3.1  Counter flow diffusion flame (CDF)  

The CDF utilized in this work is the same setup that was used for the synthesis of CNTs 

using a metal probe [21] and tungsten oxide nanowires [19]. The burner consists of two 

convergent nozzles, Fig. 8.1a, with a 15-mm separation distance. Air acts as an oxidizer, 

entering from the top burner and a nitrogen (N2) diluted fuel (CH4) flows from the bottom 

burner, thus establishing a flat flame. The ratio between N2:CH4 is held constant at 1:1. 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 dwelling there for 10 

minutes, the substrate is removed.   

8.2.3.2  Multiple-inverse diffusion flame 

The same multiple-inverse diffusion flame, Fig. 8.1b, has been employed for the scalable 

growth of FLG using Cu or Ni and CNTs using Ni/Ti [25]. Graphene growth is examined 

on a Cu foil and CuFe2O4 covered quartz substrate. Prior to synthesis the substrates are 

reduced by operating the burner with hydrogen as the sole fuel for 10 min. Afterwards, 

CH4 is introduced (with a “global” equivalence ratio of ~3) for 10 min.  The input fuel 

ratio for CH4 and H2 is maintained at 1:10. The substrate is held at a fixed position from 

the burner and the temperature is measured using a thermocouple and pyrometer. The 

growth temperature for FLG is 950
°
C. For CNT synthesis on CoAl2O4, NiAl2O4, or 
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ZnFe2O4 either methane or ethylene is used as the fuel with minimal hydrogen. The 

substrate temperature is held between 500
o
C to 750

o
C.  

8.2.4  Characterizations of the spinels, as-grown CNTs and FLG 

The as-prepared spinels are studied by X-ray diffraction (XRD) using Cu-Kα radiation 

(λ=0.15418nm), and the as-grown CNTs are investigated directly using scanning electron 

microscopy (FESEM) to assess CNT morphology.  After ultrasonic treatment, low 

magnification transmission electron microscopy (TEM) and high resolution TEM 

(HRTEM) characterize the individual CNT and bundles. The graphene films are 

characterized using Raman spectroscopy (laser excitation 514.5 nm), X-ray photoelectron 

spectroscopy (XPS), and FESEM. 

 

Figure 8.2 XRD patterns of as-prepared spinel solid solutions 
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8.3 Results and Discussion 

8.3.1  XRD analysis of as-prepared spinels 

The as-prepared spinel solid solution powders are analyzed by XRD, and their patterns 

are shown in Fig. 8.2. For CoAl2O4, all peaks correspond to cobalt aluminate without 

impurities. Although all the peaks are accounted for the NiAl2O4 phase in the nickel 

aluminate solution, they are a bit wider than the CoAl2O4 peaks reflecting a smaller 

crystallization size and a poorer crystallization level [11]. For zinc ferrite, the peaks are 

attributed to the ZnFe2O4 phase, where the peaks are the sharpest, showing a better 

crystallization level when compared to CoAl2O4 or NiAl2O4. The XRD result of CuFe2O4 

is similar to that of ZnFe2O4. 

8.3.2  CNT Synthesis  

Three spinel solid solutions, NiAl2O4, CoAl2O4, and ZnFe2O4, are investigated for the 

growth of CNTs. The catalyst nanoparticles (Ni, Co, and Fe) form by reducing the spinel 

in an H2 environment. The catalytic nanoparticles can either form on the interior of the 

reduced grain, where they will remain inactive, or attach to the surface of the reduced 

grain where CNT growth primarily occurs [27]. Carbon precursors present in the flame 

(CH4, CO, and C2H2), readily undergo dissociative adsorption on the surface of the 

catalytic nanoparticles and diffuse to grow into CNTs [28]. The nanoparticles either 

remain attached to the surface of the substrate and the base of the CNTs, or detached 

from the substrate surface and situated at the tip of the CNTs.    
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Figure 8.3 CNT growth using NiAl2O4 and CoAl2O4. (a) High magnification FESEM 

image of CNTs covering a single reduced NiAl2O4 grain. The top right inset shows a low 

magnification image of CNTs from NiAl2O4. (b) High magnification FESEM image of 

CNTs covering a single reduced CoAl2O4 grain. The top right inset shows a low 

magnification image of CNTs from CoAl2O4. (c) TEM image of CNTs from NiAl2O4. (d) 

HRTEM image of a CNT from NiAl2O4 (adapted from [29].       
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Figures 8.3a and 8.3b show the typical FESEM images of CNTs grown from 

NiAl2O4 and CoAl2O4 using the CDF. Figure 8.3a depicts the growth of CNTs from a 

single grain of NiAl2O4. The grain is uniformly and densely covered with CNTs, which 

have an outer diameter range of 20-50 nm and a length of more than 10μm. From the 

inset in Fig.8.3a, it is observed that all reduced grains are covered with densely packed 

CNTs.  A similar growth pattern occurs for CoAl2O4, Fig. 8.3b.  From detailed FESEM 

observations, the overall yield of CNTs from NiAl2O4 is a bit higher when compared to 

CoAl2O4. The higher yield of CNTs on NiAl2O4 is possibly due to the poorer 

crystallization level of the nickel aluminate solution (as observed from XRD). Since CNT 

growth occurs due to metal particles that are present on the surface of the reduced grain, 

the obtainability of active particles is related to the surface area of the grain. Poorly 

crystallized oxide solid solutions [11] have a higher specific surface area, thus a higher 

concentration of Ni nanoparticles form on the surface of the reduced grain, resulting in an 

increased CNT yield.  The detailed structure of the as-grown CNTs is studied by 

performing TEM. Figure 8.3a shows several CNTs grown from NiAl2O4, whose 

diameters spread from ~20 to 40nm. A HRTEM in Fig. 8.3d shows that the graphitic 

walls of the CNTs are of high quality and parallel to each other.  
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Figure 8.4 CNT growth using ZnFe2O4. (a) High magnification FESEM image of CNTs 

covering reduced ZnFe2O4 grains. The top right inset shows a low magnification image. 

The bottom right inset shows larger diameter CNTs prepared from poorly crystallized 

ZnFe2O4. (b) TEM images of CNTs from ZnFe2O4. The right inset is a HRTEM image of 

a CNT. (c) Raman spectra of as-grown CNTs from ZnFe2O4 (adapted from [29]).  

 

CNTs synthesized from ZnFe2O4 are a mixture of MWNTs and SWNTs, Fig. 8.4. 

Comparing the FESEM images from the growth of NiAl2O4 and CoAl2O4, it can be seen 

that the CNTs synthesized from ZnFe2O4 (Fig. 8.4a) are much thinner, with a diameter 

less than 15nm, and also shorter with a typical length of 2μm.  From HRTEM 

observation, Fig. 8.4b, the growth of SWNTs range in diameter from 3nm to 10nm. The 

presence of SWNTs is also confirmed by evaluating the as-grown CNTs using Raman 

Spectroscopy, excited at two laser wavelengths: 633nm and 785nm.  From Fig. 8.4c, the 

Radial Breathing Modes (RBM) frequencies are collected, corresponding to the two 

excitations.  Using the RBM, the following values are calculated for the SWNT 

diameters, 0.87nm, 1.34nm, 1.52nm, 0.84nm, and 1.08nm [30,31]. These values 
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correspond to the following RBM peak positions (λ, cm
-1

) 283, 184, 163 (from the 

633nm excitation), 293 and 228 (from the 785nm excitation), respectively. The small 

diameter CNTs could possibly be a result of the well-crystallized level of the zinc ferrite 

solution, as pointed out in XRD patterns. The well crystallized solid solution has a low 

specific surface area, hence favoring the formation of metal particles of smaller size [11]. 

This results in a low yield of CNTs, where the average diameter is smaller.  

The crystallinity of the zinc ferrite solution is modified by lowering the annealing 

temperature from 950
o
C to 600

o
C. XRD confirms that this modification lowers the 

crystallization level of the spinel. The bottom right inset in Fig. 8.4a depicts the CNTs 

synthesized from the poorly crystallized ZnFe2O4 spinel. CNTs are primarily comprised 

of MWNTs with a diameter ranging from 20 to 40 nm to greater than 200 nm. While 

poorly crystallized oxide solution can increase the yield of CNTs, as was observed when 

comparing the growth of NiAl2O4 and CoAl2O4, similar results are not observed for 

ZnFe2O4. The poorly crystallized ZnFe2O4 can have a very high specific surface area, 

which results in most of the metallic ions being located at or near the surface of the 

unreduced grains. After reduction to the metallic states, these particles coalesce at the 

surface of the reduced grain to form much larger particles [32]. Rather then increasing 

CNT yield, this leads to fewer CNTs of a larger average diameter.  Moreover, upon 

heating in the CNT growth process, the recrystallization of the poorly crystallized solid 

solution provokes the entrapment of carbon within the reduced grain and deteriorates the 

mechanical property of any CNT containing composites [11].   Hence, the crystalline 

quality of the spinel solution plays a critical role in the growth of CNTs. Typically, well 

crystallized solutions result in SWNTs or MWNTs with a small diameter. The yield of 
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CNTs obtained from ZnFe2O4 is lower when compared to both NiAl2O4 and CoAl2O4. 

For ZnFe2O4, while zinc reduces fairly easily, Fe is slower and more difficult to reduce. 

Hence the formed Fe nanoparticles are less numerous, possibly resulting in a lower yield 

of CNTs.   

 

Figure 8.5 Growth of CNTs using the multiple inverse-diffusion flame. (a) Low 

magnification FESEM image on CoAl2O4. The top right inset shows a high magnification 

image. (b) Low magnification FESEM image on NiAl2O4. The top right inset shows a 

high magnification image. (c) Low magnification FESEM image on ZnFe2O4. The top 

right inset shows a high magnification image. The top left inset shows the growth of no 

CNTs at a temperature of 500
o
C on ZnFe2O4. 

 

Because of the impact on the flow structure of the flame, a limitation of the CDF 

is an inability to synthesize materials on large substrates. Scalable growth of CNTs on 

arbitrary large substrates is demonstrated using the multiple inverse-diffusion flame, with 

similar results observed by coating either a quartz or copper substrate with the spinel 

solution. Figure 8.5 shows typical CNTs grown using CoAl2O4, NiAl2O4, and ZnFe2O4. 

The temperature of the substrate is measured using a pyrometer and thermocouple. 

Optimal growth of CNTs using NiAl2O4 and CoAl2O4 occurs in the temperature range 

from 500
o
C to 750

o
C. However, for ZnFe2O4 no CNT growth is observed at a 

temperature of 500
o
C (top left inset in Fig. 8.5c). This result is consistent with the 
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findings of others, where the use of Fe in the catalytic growth of CNTs normally requires 

a higher temperature then equivalent growth with Ni or Co [33].   

 

8.3.3  Graphene Synthesis  

Graphene is typically synthesized on Cu foils at a growth temperature of 1000
o
C.  Due to 

its low carbon solubility, Cu is the preferred metal for the growth of graphene [34]. A key 

difference in the optimal growth conditions between CNTs and graphene is the role of 

hydrogen.  For graphene, a large partial pressure of hydrogen ensures the growth of 

graphene grains and etches away unwanted carbon bonded atoms [35]. However, a high 

partial pressure of hydrogen is not optimal for CNT growth, leading to defective and 

larger diameter CNTs [36]. For graphene synthesis, the CH4:H2 ratio is held constant at 

1:10. Another difference is the growth temperature, the optimal temperature for CNT 

growth is 750
o
C, while for graphene, the substrate temperature is held at 950

o
C. In order 

to precisely control conditions over the entire substrate, the growth of graphene on 

CuFe2O4 is investigated using the multiple inverse-diffusion flame setup and the results 

are compared with the growth of graphene directly on Cu [25]. The CuFe2O4 solution is 

coated directly on quartz, which eliminates the influence of the underlying transitional 

metal on the growth of graphene.  

Raman spectroscopy is commonly used in the identification of graphene and FLG 

[37,38]. Three peaks are typically associated with single to few-layer graphene. A D peak 

at ~1350 cm
-1

, which is associated with the first-order zone boundary and measures the 

defect in the graphene, a G peak at ~1580 cm
-1

, which is caused by the C-C stretching 

mode of sp
2
 bonded carbon atoms, and a 2D peak at ~2700cm

-1
, which is related to the 
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second-order zone boundary phonons. The ratio between the intensity of the G peak (IG) 

and the 2D peak (I2D) is used to approximate the number of graphene layers. For single to 

bi-layer graphene, this ratio is less than 1 and greater than 1 for FLG.  The IG/I2D ratio for 

the synthesis on Cu is 1.35, Fig. 8.6a, which is consistent with FLG. The results of the 

Raman spectrum are consistent with atomic force microscopy, and UV-vis spectroscopy, 

where 5 to 8 layers of graphene are grown uniformly on the substrate [25].  For graphene 

film synthesized on CuFe2O4, IG/I2D = 1.23, Fig. 8.6a, indicating FLG similar to that of 

Cu. The intensity ratio between the D peak (Id) and IG is used as a measure for the 

disorder present in the graphene, which arises from domain boundaries, edges, wrinkles, 

impurities, and other factors. The domain size of the graphene film can be calculated 

using the following equation [39].  

Eq. 1: ID/IG = C (λ) / La, 

where La [nm] is the domain size, λ [nm] wavelength of the incident light, and C (λ) is 

calculated as 2.4 x 10^
-10

 x λ
4
.  The typical domain size of graphene on Cu and CuFe2O4 

is ~45nm and ~12nm, respectively. The smaller domain on CuFe2O4 is possibly due to 

the crystalline structure of the spinel.  
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Figure 8.6 Growth of graphene using the multiple inverse-diffusion flame. (a) Raman 

spectrum of few-layer graphene (FLG) on Cu and CuFe2O4 coated on quartz. (b) FESEM 

image of the CuFe2O4 coated with graphene. The top right inset is a high magnification 

image.   

 

 The quality of the graphene film on CuFe2O4 is assessed using X-ray 

photoelectron spectroscopy (XPS) spectrum of the C 1s speak and the results are 

compared with the growth of graphene on Cu, Fig. 8.7. For CuFe2O4, the main C 1s peak 

is at 284.2 eV, which indicates most of the atoms are in the sp
2
 C state [40]. Other peaks 

indicate the presence of oxygen incorporation, which can be possible due to the structure 

of the copper ferrite spinel. Lower oxygen concentration is observed for the growth of 

graphene on Cu, where the oxygen concentration is even lower than CVD-grown 

graphene near vacuum conditions [41].  The carbon - oxygen bond for the graphene on 

CuFe2O4 is similar to that of CVD grown graphene, therefore it is postulated here that the 

abundance of H2 in the post-flame species of the multiple inverse-diffusion flame, limits 

the oxidation of the graphene film.   
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Figure 8.7  XPS C 1s spectrum of FLG synthesized using Cu foil and CuFe2O4. 

  

8.4 Concluding Remarks 

MWNTs, SWNTs, and FLG are synthesized through the decomposition of carbon 

precursors (e.g. CH4, CO and C2H2) over nanoparticles (i.e. Cu, Ni, Co and Fe) prepared 

from reduced spinel solid solutions (i.e. NiAl2O4, CoAl2O4, ZnFe2O4, CuFe2O4). The 

spinels are prepared by a co-precipitation method, and the production process of CNTs 

and FLG under atmospheric pressure is continuous and energy-efficient. CNT growth 

activities are investigated as functions of spinel solid solutions and substrate temperature 

using the CDF and multiple inverse-diffusion flame. MWNTs are observed on NiAl2O4 

and CoAl2O4, while a mixture of MWNTs and SWNTs are observed on ZnFe2O4. The 

crystallinity of the spinel solution plays a critical role in the yield and size of the CNTs. 
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Low temperature growth of CNTs at 500
o
C occurs for NiAl2O4 and CoAl2O4, whereas a 

high growth temperature of 750
o
C is required for ZnFe2O4. The growth of graphene using 

the multiple inverse-diffusion flame occurs on CuFe2O4 at a temperature of 950
o
C. 

Raman spectroscopy confirms the growth of FLG on CuFe2O4, which is similar to the 

growth of FLG on Cu foil. XPS confirms the limited oxidation of the FLG on CuFe2O4. 

The as-grown CNTs/FLG and metal-oxide nanocomposites can be further used to prepare 

dense massive composites, for which the mechanical and electric properties would 

benefit greatly from the properties of the CNTs or FLG. 
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Chapter 9 

9. CNT and Iron Oxide Flame Synthesis on Stainless Steel 

 

9.1 Introduction  

Iron oxide nanoparticles exhibit numerous unique and interesting properties [1], which 

depend strongly on the chemical composition and morphology of the nanoparticle.  The 

most common forms of iron oxides that occur in nature include magnetite (Fe3O4), 

maghemite (γ-Fe2O3), and hematite (α-Fe2O3).  These three oxide materials continue to 

play a critical role in the development of advanced functional devices [2].  While 

chemical vapor deposition is commonly used in the synthesis of iron oxide nanostructures 

[3], flames readily offer an oxidizing environment for the growth of oxide nanomaterials. 

The growth of Fe3O4 nanowires was previously demonstrated using a counterflow flame 

[4,5] and the growth of α-Fe2O3 and γ-Fe2O3 nanowires was reported using a normal 

multiple diffusion-flame [6,7].  Fe2O3 growth occurs in a wide range of equivalence 

ratios, from 0.4 to 1.7, using the multiple diffusion-flames [6,7].  The growth of iron 

oxide can occur due the presence of O2, H2O, CO2, and CO within the flame [5,7].  

 The growth of hybrid materials based on CNTs and metal oxides can be used in 

various applications such as supercapacitors, lithium batteries, electrochemical sensors, 

photocatalysts, solar cells, and gas sensors [8], Table 9.1.  Common methods for the 

production of such materials include sol-gel, hydrothermal synthesis, and thermal 

evaporation-deposition [8].  Supercapacitors based on CNTs/Fe2O3 show promising 

charging-discharging properties, high specific capacitance and respectable cycle stability 

[9].  Multiple inverse-diffusion flames can provide both the carbon species (CH4, CO, 
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C2H2) and oxygen species (H2O, CO2, and CO) required for the growth of CNTs and 

oxide materials, respectively.  Iron based substrates have been successfully used for the 

synthesis of iron-oxide [6] and CNTs [10] using fuel-rich flames.  However, it is not 

entirely clear what results in the production of CNTs versus iron-oxide and yet the 

simultaneous growth of both materials is yet to be demonstrated.  Hence, the growth of 

CNTs and iron oxide is investigated on stainless steel using the multiple inverse-diffusion 

flame.               

 

Table 9.1 Applications, compositions and functions of CNTs-oxides hybrid materials [8].   

 

9.2 Experiment 

In the experimental setup, pyrolysis gases from the multiple inverse-diffusion flame 

impinge on a substrate, enabling the growth of iron oxide or carbon nanomaterials (see 

Fig. 9.1).  The burner operates in an inverse mode, where for each distinct flame in the 

planar array, oxidizer is in the center, and fuel (e.g. H2, CH4) surrounds it.  This design 
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results in radially uniform scalar properties being established axially downstream.  

Stainless steel 304 foils are investigated as the substrate.  Prior to any synthesis, the metal 

substrate is reduced by operating the burner under globally-rich hydrogen conditions for 

10min.  Subsequently, CH4 is introduced (with a global equivalence ratio of ~3) for 5 to 

20 minutes.  The gas input ratio between CH4 and H2 is kept constant at 1:10.  For a fixed 

substrate distance of 15mm above the flame, the temperature of the substrate is held at 

either 850°C or 500°C (by cooling), and is measured using both thermocouple and 

pyrometer.  Figure 9.1 summarizes the experimental conditions along with the 

nanomaterial obtained.  

 

 

Figure 9.1 Schematic diagram of the experimental setup. The stainless steel substrate is 

held either at a high temperature (850°C) or a low temperature (500°C). 
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9.3 Results and Discussion 

9.3.1  High Temperature Growth on Stainless-Steel 

First the high temperature growth condition is examined on stainless-steel.  Previously, 

under the same conditions, the growth of graphene is observed on copper, nickel, cobalt, 

and copper-nickel, chapter 5.  While the synthesis of graphene on stainless-steel is 

observed for certain conditions using chemical vapor depositon (CVD) [11,12], the 

exclusive growth of graphene is not observed using the multiple inverse-diffusion flame 

for the examined experimental conditions.  The growth of CNTs directly on stainless 

steel has been reported using CVD [13] and flame synthesis [10].  At a growth 

temperature of 850
o
C, the growth of mico- and nano-scale carbon fibers and tubes are 

observed, Figs. 9.2a and 9.2b.  Under certain conditions, catalyst particles are formed on 

the stainless-steel substrate, and carbon-based species within the flame undergo 

dissociative adsorption and diffuse through the particles resulting in the growth of carbon 

fibers and CNTs.  The high solubility of carbon within Fe results in the formation of Fe3C 

and the breakup of the surface [14].  This results in the growth of CNTs rather than 

graphene.  The influence of the growth time is examined using FESEM.  After five 

minute growth, Fig. 9.2c, the dark sports correspond to regions of carbon growth, and it is 

observed that the substrate is not uniformly covered in CNTs.  When the growth time is 

increased to 20 minutes, Fig. 9.2d, the substrate is uniformly covered with mico- and 

nano-scale carbon fibers and tubes.  
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Figure 9.2  Carbon nanomaterial growth on stainless steel at a temperature of 850°C.  

(a,b) SEM image of the growth of micro- and nano-scale carbon fibers and tubes. (c) The 

growth after CH4 is introduced for 5 minutes (dark regions correspond to CNTs). (d) The 

growth after CH4 is introduced for 20 minutes. 

 

Raman spectroscopy and XPS is further used to characterize the growth of CNTs 

on stainless-steel.  The D, G, and 2D peak within the Raman spectrum, Fig. 9.3a, confirm 

the graphitic structure of the CNTs.  At high temperatures (corresponding to the CNT 

growth regime), the C 1s peak (from XPS) is located at ~284.6eV (Fig. 9.3b), which 

indicates that most of the atoms are in a sp
2
 C state (binding energy 284.4 eV) [15].              
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Figure 9.3 (a) Raman spectrum of the high temperature growth condition. (d) XPS 

spectrum of the of the high temperature growth condition. 

 

9.3.2  Low Temperature Growth on Stainless-Steel 

Intriguingly, when the stainless steel temperature is lowered to 500
o
C, a nanocrystalline 

iron-oxide film nucleates and grows on the substrate, as shown in Fig. 9.4a.  While 

oxygen is completely consumed using the inverse-diffusion flame, the growth of iron-

oxide occurs due to the presence of CO and H2O within a fuel-rich flame [5,7].  Raman 

spectroscopy enables the identification of different iron-oxide phases [16-18].  The 

Raman spectrum taken of the film, Fig. 9.4b, show major peaks at 238, 300, 417, 500, 

616, and 1320 cm
-1

.  These peaks are associated with α-Fe2O3 (hematite) and several key 

features help to distinguish it from other iron phases.  Hematite being an 

antiferromagnetic material has a collective spin movement, which when excited is called 

a magnon.  The strong peak at 1320 cm
-1

 result from a two-magnon scattering that arises 

from the interaction of the antiparallel spin sites [17].  It is important to note that the 

1320cm
-1

 is commonly mistaken for carbonaceous materials (such as diamond); therefore 
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it is important to collect the entire spectra between 200 and 1800 cm
-1

 when 

distinguishing between α-Fe2O3 and carbonaceous materials [19].  The narrow doublet at 

238 and 300   cm
-1

 is associated with α-Fe2O3 [16], where slight shifts in the range of 5 to 

20 cm
-1

 occur due to different laser powers [17].  Hematite can have various colors [16] 

and the growth of α-Fe2O3 result in the formation of a yellowish color on stainless-steel, 

Fig 4a (bottom right inset).  

 

Figure 9.4 Iron oxide growth on stainless steel at a temperature of 500°C. (a)  SEM 

image shows the growth of a nanocrystalline iron-oxide film at 500°C. The top right inset 

shows a magnified SEM image of the film. The bottom right inset shows an optical image 

of the film. (b) Raman spectrum confirms the growth of  α-Fe2O3. 

 

 Further characterization of nanocrystalline α-Fe2O3 is performed using TEM and 

XPS.  The TEM image, Fig. 9.5a, show that the particle sizes are in the range of 20 to 60 

nm, however they tend to agglomerate and sinter.  The pattern obtained from the selected 

area electron diffraction (SAED) (Fig. 9.5b) of the particles corresponds to α-Fe2O3. 

Chemical composition of iron oxide can be distinguished by the XPS analysis of the Fe 

2p orbital [20,21].  Peaks for Fe 2p3/2 and Fe 2p1/2 are located at 710.7 and 724.5 eV, 
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respectively, Fig. 9.6a.  These peaks correspond to the 3+ ion in Fe2O3, as the peaks for 

the 2+ ion in Fe3O4 are located at 709.8 eV (Fe 2p3/2) and 722.8 eV (Fe 2p1/2 ) [21]. 

Additionally the identified satellite peaks at 718.9 and 732.8 eV confirm the growth of 

Fe2O3.  Argon ion beam etching is performed for 10 seconds on the α-Fe2O3 coated 

stainless substrate.  XPS results for the etched substrate depict that the satellite peaks are 

no longer present, Fig. 9.6b, indicating the absence of F2O3.  Hence only a thin layer 

(under 5nm) of α-Fe2O3 growth occurs on the substrate. 

 

Figure 9.5 (a) TEM image of the iron oxide nanoparticles.  (b) SAED confirming the 

growth of   α-Fe2O3. 
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Figure 9.6 (a) Fe 2p XPS spectrum of α-Fe2O3.  (b) Fe 2p XPS spectrum after argon ion 

beam etching. 

 

9.3.3  Two-step Growth Process on Stainless-Steel 

After a thin film of nanocrystalline α-Fe2O3 is grown across the substrate, the temperature 

is raised from 500
o
C to 850

o
C.  The growth of larger nanocrystalline iron-oxide, up to 

300nm, is observed (Fig. 9.7a).  Additionally, the growth of CNTs can occur alongside 

iron-oxide, as shown in Fig. 9.7b.  This result demonstrates the ability to grow hybrid 

materials of iron-oxide and CNTs, without the need of any additional catalyst on the 

same substrate.  The characterization of the iron-oxide/CNT hybrid structure is performed 

using Raman spectroscopy, Fig. 9.8a.  The peaks at 1350, 1593, and 2700 cm
-1

 

correspond to the growth of CNTs, while the peaks at 553, 687, and 714 cm
-1

 correspond 

to the growth of γ-Fe2O3.  A key feature of the Raman spectrum for γ-Fe2O3 is a broad 

and strong feature at 680-720cm
-1

 with the presence of a shoulder peak [16].  The 

transformation from α-Fe2O3 to γ-Fe2O3 normally occurs in a reducing environment [22-

24].  It is possible that the large quantity of hydrogen present within the flame enables the 
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transformation from α-Fe2O3 to γ-Fe2O3 and the water vapor enables the growth of larger 

iron-oxide crystals at high temperatures.  The growth of larger iron-oxide crystals is 

further verified using TEM, Fig. 9.8b.  Additionally, HRTEM confirms the commonly 

observed (313) plane of γ-Fe2O3, inset Fig. 9.8b.      

 

Figure 9.7 Growth on stainless steel after a two-step growth process. (a) The growth of 

nanocrystalline iron oxide. (b) Hybrid growth of CNTs and iron oxide.   

 

 

Figure 9.8 (a) Raman spectrum confirming the growth of γ-Fe2O3 and CNTs. (b) TEM 

analysis of the γ-Fe2O3 crystal. The top right inset shows a HRTEM image of γ-Fe2O3.   
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9.4 Concluding Remarks 

The importance of substrate temperature on the flame synthesis of iron oxide and CNTs 

is highlighted.  By varying the temperature, growth can transition from CNTs to iron 

oxide.  At low temperatures (500
o
C) the growth of α-Fe2O3 is observed, while at higher 

temperatures (850
o
C) the growth of CNTs is observed.  Additionally, by following a two-

step growth process, where the temperature is changed from 500
o
C to 850

o
C, the growth 

of CNTs and γ-Fe2O3 occurs.  The advantages of our process are tunability to produce 

CNTs, nano iron-oxide, and their composites; synthesis at atmospheric conditions 

without a confining chamber; continuous rapid growth process; and efficient and 

economical use of CH4, H2O and H2 in providing the elevated temperature and species 

necessary for growth. 
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Chapter 10 

10. Concluding Remarks 

 

10.1 Summary of results and conclusion  

Over the past few years, graphene and other two-dimensional (2D) nanomaterials, with 

their remarkable photonic, electrical, and mechanical properties, have attracted 

significant research interest.  A graphene layer of sp
2
-bonded carbon atoms can be folded 

into zero-dimensional (0D) fullerenes, rolled into one-dimensional (1D) nanotubes, or 

stacked into three-dimensional (3D) graphite.  Flame synthesis, which readily provides 

high temperatures and precursor carbon species, serves as a scalable method for the 

production of 0D and 1D carbon nanostructures.  In this thesis the growth of graphene 

using flame synthesis is demonstrated, further establishing the importance of this method 

in producing carbon nanomaterials at high rates. 

The properties of graphene afford a wide range of applications, such as flexible 

touch panels, thin-film transistors, solar panels, and corrosion resistant coatings.  With a 

unique band structure and bipolar carriers, a gate electrical field can control electrons and 

holes for usage in field effect transistors [1].  Graphene conductance changes as a 

function of surface absorption, making it a promising application in sensors to detect 

molecules.  With transmittance and conductance values of >90% and 30Ω/sq (sheet 

resistance) respectively, graphene has the potential to replace indium tin oxide [2] in 

numerous devices such as liquid crystal displays, solar panels, and EM shields.   By way 

of increased research focused on graphene, new and exciting applications are constantly 

being uncovered. 
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Isolating monolayer graphene by microcleaving and discovering its amazing 

properties have generated intense experimental research on its fabrication.  However, 

widespread use of graphene will require large-scale synthesis methods.  Production 

methods that currently exist include ultrahigh vacuum (UHV), annealing of SiC, and 

chemical vapor deposition (CVD).  CVD, where hydrocarbon gas is pyrolyzed near the 

substrate at temperatures ~1000
o
C, has emerged as the primary method for the production 

of graphene.  Although these techniques can fabricate graphene, the processes are 

typically expensive, require long processing times, and are limited to confined synthesis. 

Flame synthesis of graphene offers several advantages, such as the potential for 

continuous production at reduced costs.  When utilizing combustion, the hydrocarbon gas 

provides both the high temperature and carbon species necessary for growth, resulting in 

an efficient and robust process.  In our setup, the product gases of multiple inverse-

diffusion flames impinge on a substrate, enabling the growth of graphene. Specifically, 

each distinct flame burns in an inverse mode, where oxidizer is in the center with fuel 

(e.g. H2, CH4) surrounding it.  This novel synthesis configuration offers: (i) establishment 

of radially uniform properties downstream from the burner, (ii) production of large 

quantities of hydrogen and carbon-rich species, (iii) complete consumption (and 

gettering) of oxygen in the reaction zones, (iv) avoidance of instabilities and flame-speed 

constraints related to premixed flames, and (v) fabrication in open-environments.  No 

visible soot is observed for the experimental conditions examined; in general, inverse 

diffusion flames (IDFs) tend to soot less than normal diffusion flames (NDF).  

Few-layer graphene (FLG) is grown on copper and nickel substrates at high rates 

using a novel flame synthesis method in open-atmosphere environments.  Transmittance 
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and resistance properties of the transferred films are similar to those grown by other 

methods, but the concentration of oxygen, as assessed by XPS, is actually less than that 

for CVD-grown graphene under near vacuum conditions.  Substrate material (i.e. copper, 

nickel, cobalt, iron, and copper-nickel alloy), along with its temperature and hydrogen 

pretreatment, strongly impacts the quality and uniformity of the graphene films.  On Cu, 

5 to 8 layers of graphene are grown uniformly across the substrate.  Ni offers the 

advantage of a lower disorder graphene, but the growth is not uniform across the 

substrate, with formation of wrinkles appearing along the grain boundaries.  The 

graphene quality is slightly higher on Ni compared to that on Co or Cu-Ni alloy.  On Fe, 

no graphene film is found to grow. 

Flame synthesis offers the advantage of providing various gaseous carbonaceous 

species, which can enable the low temperature growth of graphene.  The growth of FLG 

occurs in the temperature range 750-950
°
C for copper and 600-850

°
C for nickel and 

cobalt.  In the case of Cu, graphene grows at 750
°
C, but amorphous carbon develops at 

600
°
C.  In all cases examined, higher temperatures produce better quality graphene films.  

Starting at 500
°
C, CNTs grow on Ni, Co, and Ni-Cu.  CNT yield on Ni-Cu alloy is 

abundant due to ready breakup of the surface oxide.  Hydrogen plays crucial roles in 

graphene growth by removing oxide layers on and by modifying grain size of the 

substrate prior to synthesis (without which the graphene film is not uniform and highly 

disordered), and by facilitating the formation of active species for synthesis, and etching 

away sp
3
 carbon during synthesis to produce high quality graphene films. 

For CNT growth, ethylene is used as the fuel source, with a Ni/Cr/Fe, Ni/Ti, or Fe 

substrate placed in the post-flame region.  Transition metals (e.g. Ni, Co, and Fe) and 
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their alloys are well known to serve as catalysts for CNT growth.  Under the right 

conditions, catalyst nanoparticles are formed, and carbon-based precursor species readily 

undergo dissociative adsorption and diffuse through the catalyst nanoparticles and grow 

into CNTs.  Using our flame setup, no pretreatment of the substrate is needed; our single-

step method induces catalyst nanoparticle formation along with subsequent CNT growth. 

The transitional growth between CNTs and graphene films is investigated on 

nickel and nickel alloys.  The input CH4 to H2 ratio (1:10) is held constant.  For nickel, 

copper-nickel, nitinol, and Inconel substrates, CNTs grow at 500°C. The transitional 

growth to few-layer graphene is observed on nickel, copper-nickel, and Inconel by 

changing the substrate temperature to 850°C.  The growth of graphene is not observed on 

nitinol for the examined experimental conditions.  

Graphene films, multi-walled and single-walled carbon nanotubes (MWNTs and 

SWNTs) are grown directly on spinel solid solutions using flame synthesis.  CNT and 

graphene growth occurs through decomposition of flame-generated carbon precursors 

(e.g. CH4, CO and C2H2) over nanoparticles (i.e. Cu, Ni, Co, and Fe) reduced from the 

solid oxide.  The spinels are prepared by a co-precipitation method, and the production 

process of CNTs and FLG under atmospheric pressure is continuous and energy-efficient.  

The growth of CNTs occurs on NiAl2O4, CoAl2O4 and ZnFe2O4 using counterflow 

diffusion flame and multiple inverse-diffusion flames.  MWNTs are observed on NiAl2O4 

and CoAl2O4, while a mixture of MWNTs and SWNTs are observed on ZnFe2O4.  The 

crystallinity of the spinel solution plays a critical role in the yield and size of the CNTs.  

Low temperature growth of CNTs at 500
o
C occurs for NiAl2O4 and CoAl2O4, whereas a 

high temperature of 750
o
C is required for growth of ZnFe2O4.  The growth of graphene 
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occurs on CuFe2O4 using multiple inverse-diffusion flames.  Raman spectroscopy 

confirms the growth of FLG on CuFe2O4, which is similar to the growth of FLG on Cu 

foil.  XPS confirms the limited oxidation of the FLG on CuFe2O4.  The as-grown 

CNTs/FLG and metal-oxide nanocomposites can be further used to prepare dense 

massive composites, for which the mechanical and electric properties would benefit 

greatly from the properties of the CNTs or FLG.  

When stainless steel foil is used as the substrate material, the growths of CNTs 

and iron oxide are observed. By varying the temperature, growth can transition from 

CNTs to iron oxide.  At low temperatures (500
o
C) the growth of α-Fe2O3 is observed, 

while at higher temperatures (850
o
C) the growth of CNTs is observed.  Additionally, by 

following a two-step growth process, where the temperature is changed from 500
o
C to 

850
o
C, the growth of CNTs and γ-Fe2O3 occurs.  The growth of hybrid materials based 

on CNTs and metal oxides (such as iron oxide) can be used in various applications such 

as supercapacitors, lithium batteries, electrochemical sensors, photocatalysts, solar cells, 

and gas sensors. 

The novel non-premixed flame synthesis process is expected to complement 

CVD-type processes in the growth of graphene and CNTs.  Elevated gas-phase 

temperatures and flame chemistry provide the precursors for growth, making 

hydrocarbon (as well as doping precursor) decomposition more independent of substrate 

temperature, offering an additional degree of freedom in tailoring film characteristics.  

The encompassing quartz cylinder, which prevents oxidizer transport from the ambient, 

can also serve as a “reactor wall,” whose cooling/heating rate can be tuned to optimize 

gas-phase chemistry and temperature reaching the substrate for ideal carbon-based 
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growth.  The present setup affords fast growth rates due to innately high flow rates of 

precursor species; control of temperature and reagent species profiles due to precise 

heating at the flame-front, along with self-gettering of oxygen; and reduced costs due to 

efficient use of fuel as both heat source and reagent.  Growth is uniform because the 

configuration produces post-flame gases downstream that are quasi one-dimensional, i.e. 

radially-uniform in temperature and chemical species concentrations.  Finally, the method 

is scalable and capable of continuous operation in an open-ambient environment, 

presenting the possibility of large-area processing. 

 

10.2 Suggestions for future work  

The growth of single-layer graphene should be further investigated using the multiple 

inverse-diffusion flame.  In principle, the current flame synthesis technique is sufficiently 

versatile to deposit a single layer of graphene.  One of the key parameters is the methane 

flux, which is documented as being about 2 orders of magnitude less for CVD grown 

single-layer graphene, when compared to the method in this thesis.  The multiple inverse-

diffusion flame system is presently optimized for high flow rates (and correspondingly 

high growth rates at atmospheric conditions).  By lowering the pressure, the velocities 

through the multiple jets will increase, allowing stabilization of the inverse flames at 

smaller fluxes.  As a result, using fluxes that are comparable to CVD graphene, the 

multiple inverse-diffusion flame should enable the growth of monolayer graphene. 

However, low pressure minimizes a key advantage of the current method, i.e. open 

environment processing.  Therefore, it is important to investigate other parameters that 
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can enable a low flux, at atmospheric pressure, and still achieve high-quality monolayer 

graphene.  

Typically CVD synthesis of graphene on transitional metals involves high 

temperatures (above 850°C), which is critical for hydrocarbon dissociation.  In our setup 

when using methane and hydrogen as the fuel, the post-flame gases are already 

comprised of relevant carbon-rich pyrolysis species.  This could possible prevent the 

growth of single layer graphene; therefore, it is important to investigate the synthesis of 

graphene using a hydrogen flame, with methane introduced further downstream.  

Crystal structure and cooling rate can impact the growth of graphene and should 

be further investigated.  Additionally laser-based diagnostics can be used to determine 

local growth conditions such as species concentrations and temperature.   

Alloying or doping of graphene with nitrogen and/or boron should be explored 

using the multiple inverse-diffusion flame.  Precursors such as ammonia (NH3) can be 

introduced with the fuel to provide a source of nitrogen.  Similarly, borane (BH3) or 

borane-ammonia (H3NBH3) can be used a source for boron and/or nitrogen.   

Furthermore, it is important to expand on the growth model for graphene in 

flames and at atmospheric conditions.  For example, under atmospheric conditions it is 

not entirely clear if few-layer graphene is AB-stacked or turbostratic.  Also investigation 

needs to be done to see if the formation of nanocrystalline graphite occurs.  Various 

discussions presented in this thesis are referenced to results and discussions obtained 

from CVD growth of graphene, whose ultimate fundamental mechanisms may differ for 

flame synthesis of graphene.  Additionally, in-situ experiments related to graphene 

growth are critical for the further development of CVD and flame synthesis of graphene.  
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It is hoped that by further exploring the growth of graphene, flame synthesis (or flame-

assisted CVD) emerges as a viable complement to conventional-CVD graphene growth, 

thus further enabling large scale applications of graphene materials.  In addition to 

graphene and CNTs, the multiple inverse-diffusion flame is suitable for the growth of 

other carbon nanomaterials, such as nanodiamond and fullerenes.       
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